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Foreword

Intracerebral Hemorrhage is the first major text
devoted to non-traumatic intracerebral hemorrhage
(ICH) to appear in almost 20 years. The 21 chapters
detail a generation of progress since the introduction
of brain computerized tomography (CT) in 1973. At
that time, and for the first time, the phenotype of
non-traumatic ICH could be clarified. The Polaroid-
print images of ICH pasted into patient medical
records were understandable in all languages. The
distinction between ICH and territorial cerebral
infarction was no longer fuzzy, to await the final
verdict at the autopsy table. Testable hypotheses
replaced speculation.

During the next two decades, faster and more
accurate CT scanning and then magnetic resonance
imaging (MRI) allowed rigorous clinical-radiographic
studies (Chapters 8–10). Publications related to ICH
sky-rocketed in number. In 1991, the National Insti-
tutes of Health funded the first investigator-initiated
R01 research grant to study ICH in emergency
departments. The US federal funding of additional
studies of ICH surged. Worldwide, CT-based clinical
studies described the dynamic profile of ICH. The
pivotal role of ICH volume growth in clinical deteri-
oration during the first minutes and hours after
symptom onset was established. In parallel with the
studies of ICH in the emergency department setting,
experimental (Chapters 17, 18) and clinical studies
proceeded (Chapters 1–8). Subtypes of ICH were
identified with greater precision, facilitating epidemi-
ological studies, mechanistic experimental studies,
and, more recently, genetic studies by subtype.

Outcomes research has clearly shown that survival
and recovery after ICH is improved when patients are
cared for in specialized neurological intensive care
units, with a focus on aggressive medical support
and best medical practices. The search for a “magic
bullet” has been more elusive. In 1995, recombinant
tissue plasminogen activator (rt-PA) was shown to be
safe and effective as treatment for ischemic stroke, if

administered intravenously within 3 hours of symp-
tom onset. Medical centers engaged in administration
of rt-PA as urgent treatment geared-up for a similar
emergency approach to ICH. Complex multi-
departmental systems for urgent patient transport,
diagnosis, and treatment were already in place at these
centers. Active bleeding during the first minutes and
hours after ICH onset provides a logical therapeutic
target. The 40%-plus major morbidity and mortality
following ICH has provided opportunity for firm
clinical end points to evaluate treatment outcomes.
Accordingly, attempts at very early surgery via crani-
otomy or endoscopic techniques were initiated
(Section 5). Thrombolytic agents including instilla-
tion of rt-PA were utilized in several trials. Unfortu-
nately, these attempts at treatment within 3–12 hours
suffered from slow enrollment and from disappoint-
ing therapeutic results. Surgical evacuation of ICH
within 90 minutes, or even 3 hours, was not an
achievable goal, and complete surgical evacuation
has been difficult to achieve. Fortunately, encouraging
technical results were observed following catheter-
based techniques for clot removal in the setting of
intraventricular hemorrhage, particularly when
employed in combination with locally instilled
thrombolytic drugs. Controlled studies of these tech-
niques for parenchymal and intraventricular hemor-
rhage are currently underway (Chapter 15).

In 2005, the long-awaited results of the Inter-
national Surgical Trial in Intracerebral Haemorrhage
(STICH) were published, the results of which are
discussed in Chapter 14 by the principal investigator,
David Mendelow. The STICH trial was a major
accomplishment as 1033 patients were randomized
at 83 centers from 27 countries. Overall, the operated
patients did not benefit, though subgroup analysis
suggested that early surgery may improve outcomes
for patients with lobar ICH. The STICH II trial,
designed to answer that question, is also described
by Dr. Mendelow in Chapter 14.
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Medical treatments for ICH are detailed in
Sections 5, 6, and 7. General supportive treatments
in intensive care units and rehabilitation treatments
in dedicated units have improved outcomes. For
specific medical treatment, ongoing bleeding
following onset of ICH is the logical target for inter-
vention. Optimal management of blood pressure,
and perhaps even acute lowering of blood pressure,
may be shown to influence outcome (Chapter 13).
Of particular interest, the recent randomized trials of
procoagulant therapy have shown promise in
slowing bleeding (Chapter 21). Both the phase II
and phase III studies of recombinant factor VIIa as
very early treatment for ICH demonstrated lower
ICH volumes in the actively treated patients com-
pared to those treated with placebo. Clinical out-
comes were improved in the phase II trial but not
in the phase III trial. In the future, initiation of
procoagulant treatment even earlier and with
improved patient selection may be shown to enhance
clinical outcomes after ICH.

Perhaps most importantly, the biggest transform-
ation over the past 20 years has been widespread
acceptance of the concept that ICH is a treatable
medical illness. Historically ICH was viewed as a
hopeless, life-negating event for which caregivers
had nothing to offer other than prayers and compas-
sion. What has become dramatically clear, however,
is that many ICH patients die as a result of self-
fulfilling prophecies of doom. As caregivers have
been more aggressive with their interventions and
persistent with their support, the biggest surprise
has been how often functional recovery far exceeds
what we once thought was possible. This is the key
insight that has served as the ultimate motivation for
the contributors to this book, who have devoted their
careers to finding effective treatments for this devas-
tating disease.

Thomas Brott, MD
Mayo Clinic

Jacksonville, FL

Foreword
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Section 1
Chapter

1
Epidemiology

The epidemiology of intracerebral
hemorrhage
Matthew L. Flaherty, Daniel Woo, and Joseph P. Broderick

Introduction
Advances in brain imaging have dramatically changed
our understanding of intracerebral hemorrhage
(ICH). In the pre-CT era, many small ICHs were
misclassified as ischemic strokes and patients with
massive ICH or subarachnoid hemorrhage (SAH)
were often difficult to correctly classify. This chapter
reviews the epidemiology of non-traumatic ICH in
light of modern neuroimaging and includes discus-
sions of the incidence, etiology, clinical presentation,
and natural history of this condition.

Incidence of intracerebral hemorrhage
Intracerebral hemorrhage accounts for 10–15% of all
strokes in Western populations and is defined as
the non-traumatic, abrupt onset of severe headache,
altered level of consciousness, or focal neurological
deficit associated with a focal collection of blood
within the brain parenchyma on neuroimaging or at
autopsy which is not due to trauma or hemorrhagic
conversion of a cerebral infarction [1].

The incidence of ICH is defined as the percentage
of a population experiencing a first ICH in a given
time period (usually a year). When reviewing studies
of ICH incidence it is important to consider the
criteria utilized, as investigators may include or exclude
hemorrhages associated with vascular malformations,
anticoagulants, thrombolytic agents, or illicit drugs.
Comparisons of incidence rates are further comp-
licated by methodological differences in case ascer-
tainment, imaging rates, variations in population
structure, and the range of ages reported.

Given these limitations, incidence rates of ICH in
the Western hemisphere during the CT era have gen-
erally ranged from 10 to 30 cases per 100 000 persons

[2–11]. Intracerebral hemorrhage incidence rates are
higher in eastern Asia, where ICH has historically
accounted for a larger percentage of all strokes than
in Western populations [12–14]. This balance may be
changing due to declining rates of ICH in the East
[12,15,16].

The incidence of ICH declined between the 1950s
and the 1980s [17–19]. Studies of incidence trends
in subsequent years have produced mixed results.
There was a trend toward a reduction in ICH inci-
dence in Oxfordshire, England between 1981 and
2006 [20]. Intracerebral hemorrhage incidence also
declined during the 1990s in several Chinese cities
[12]. However, similar declines have not been seen
in other studies [2,8,21,22]. The stabilization of ICH
incidence in the last two decades is at least partially
attributable to the detection and proper classification
of small hemorrhages with modern neuroimaging
[8,23,24].

Risk for ICH appears to be marginally greater in
men than in women, driven by an excess of deep
hemorrhages [11,25,26]. In the United States blacks
and Hispanics have significantly higher rates of ICH
than whites [11,27]. Among blacks and Hispanics, the
excess risk of ICH is most notable in young and
middle-aged persons (Table 1.1) [11,27,28].

The predominant location of ICH within the brain
varies in different populations (Table 1.2). In the
United States, Europe, and Australia, deep cerebral
ICH (hemorrhage originating in the periventricular
white matter, caudate nucleus, internal capsule, puta-
men, globus pallidus, or thalamus) is most common,
followed closely by lobar hemorrhages originating in
the gray matter or subcortical white matter. In a large
population-based study in Japan, however, lobar
hemorrhage accounted for only 15% of ICHs [13].

Intracerebral Hemorrhage, ed. J. R. Carhuapoma, S. A. Mayer, and D. F. Hanley. Published by Cambridge University Press.
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In most populations, cerebellar hemorrhage accounts
for approximately 10% of ICH and brainstem hemor-
rhage for 5–10% of ICH (Table 1.2). In the United
States, the greatest excess risk of ICH in blacks and
Hispanics as compared to whites occurs in deep cere-
bral and brainstem locations (Table 1.1) [11,28].

Risk factors for intracerebral
hemorrhage
Age and race
Age is the greatest risk factor for ICH. Incidence
rates increase dramatically among persons older
than 60 (Fig. 1.1). As discussed previously, there are
geographic and racial variations in ICH incidence.
Studies to date have not determined whether these
variations can be explained entirely by known risk

factors or whether there are additional factors, possibly
genetic, which remain undiscovered.

Hypertension
Hypertension is the most important and prevalent
modifiable risk factor for ICH. In the biracial popula-
tion of Greater Cincinnati during 1988, the presence
of hypertension among patients with ICH was remark-
ably similar for whites (73%), African-Americans
(71%), men (72%), and women (73%) [29]. Untreated
hypertension is a greater risk factor than treated
hypertension, and hypertensive patients who discon-
tinue their medications have greater risk than those
who continue them [30,31].

Among modifiable risk factors for ICH, hyper-
tension accounts for the greatest attributable risk
for hemorrhage in deep hemispheric and brainstem

Table 1.1. Age-specific risk ratios for ICH defined by location in the Greater Cincinnati Area, black vs. white*

Age Lobar Deep Brainstem Cerebellum

RR 95% CI RR 95% CI RR 95% CI RR 95% CI

20–34 2.1 0.5–9.3 2.1 0.5–9.3 0 0–20.1 0 0.67

35–54 3.7 2.1–6.7 4.5 3.0–6.8 9.8 4.2–23.0 4.0 1.5–10.8

55–74 1.7 1.1–2.7 2.3 1.7–3.3 3.0 1.2–7.4 0.8 0.2–2.4

75–84 1.2 0.7–2.0 1.1 0.7–1.8 3.6 1.2–11.1 0.7 0.2–2.1

85þ 1.0 0.4–2.2 0.9 0.4–1.9 0 0–3.3 0.6 0.1–3.7

All 1.4 1.0–1.8 1.7 1.4–2.1 3.3 2.0–5.5 0.9 0.5–1.6

Notes: *Risk ratio calculated from unadjusted incidence rates.
RR¼ risk ratio, RR> 1 indicates greater risk among blacks.
Source: From [11].

Table 1.2. Proportional distribution of ICH in different studies

Total ICH Lobar (%) Deep (%) Brainstem (%) Cerebellum (%)

Greater Cincinnati [11] 1038 359 (35) 512 (49) 65 (6) 102 (10)

Izumo City, Japan [13] 350 53 (15) 242 (69) 30 (9) 25 (7)

Southern Sweden [148] 341 176 (52) 121 (36) 15 (4) 29 (9)

Jyvaskyla region, Finland [9] 158{ 53 (34) 77 (49) 11 (7) 17 (11)

Dijon, France [149] 87 16 (18) 58 (67) 5 (6) 8 (9)

Perth, Australia [150] 60* 19 (32) 31 (52) 4 (7) 6 (10)

Notes: {Includes 9 intraventricular hemorrhages, here included in the deep group.
*Includes 13 “massive cortical” hemorrhages, here included in the deep group.
Source: From [11].
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locations [32]. The role of hypertension in lobar ICH
is less clear, but accumulating evidence suggests
hypertension is also a risk factor for hemorrhage in
this location (albeit less potent) [31,33]. The relative
effect of hypertension as a risk factor for ICH is
greater in younger patients than the elderly [31,34].
In one case-control study the odds ratio for hyper-
tension in ICH fell from 7.7 among patients age

15–54 years to 1.3 among those aged 65–74 years
[31]. Treatment trials for hypertension have shown
reduced ICH risk with improved blood pressure
control [35,36].

The use of illicit sympathomimetic drugs, particu-
larly cocaine and amphetamines, has been associated
with hemorrhagic stroke in some (but not all) studies
[37–39]. This relationship may be due to drug-induced
hypertension or drug-induced cerebral vasculitis.

Cerebral amyloid angiopathy
Once thought to be a rare cause of ICH, cerebral
amyloid angiopathy (CAA) is now considered an
important cause of lobar hemorrhage in the elderly
(Fig. 1.2) [40–42]. Its principal pathological feature
is the deposition of amyloid protein in the media and
adventitia of leptomeningeal arteries, arterioles, capil-
laries, and, less often, veins [40–44]. The hypothesized
pathogenesis of ICH due to CAA involves destruction
of the normal vascular structure by deposition of
amyloid in the media and adventitia and subsequent
miliary aneurysm formation or double barreling and
fibrinoid necrosis [40–42]. The brittle blood vessels
and microaneurysms may then be prone to rupture in
response to minor trauma or sudden changes in blood
pressure [19]. Cerebral amyloid angiopathy may also
be responsible for transient neurological symptoms
and dementia with leukoencephalopathy [45].
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Fig. 1.1 Annual age-specific, race-stratified incidence rates of ICH
per 100 000 persons in the Greater Cincinnati/Northern Kentucky
region, 1998–2003 (author’s unpublished data).

(a) (b) (c) 

Fig. 1.2 Gradient echo MRI of a patient with previous microhemorrhages in multifocal regions typical of cerebral amyloid angiopathy.
(a) T1-weighted image demonstrating an old lesion in the left frontal lobe. (b) T2-weighted image demonstrates a hemosiderin ring around
the left frontal lesion. (c) Gradient echo imaging reveals microbleeds in the right frontal and parietal lobes.
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Amyloid protein becomes increasingly frequent in
cortical blood vessels with advancing age, affecting
only 5–8% of persons age 60–69 years but 57–58%
of those age 90 years or older [46, 47]. The deposition
of amyloid is most prominent in the parieto-occipital
regions and is rarely found in the basal ganglia or
brainstem [40–43]. Cerebral amyloid angiopathy
equally affects men and women [41].

Apolipoprotein E and CAA
The relationshiop of Apolipoprotein E and CAA is
discussed in more detail in Chapter 4. Several studies
have examined the relationship of Apolipoprotein E
E2 and E4 with lobar ICH and CAA [32,33,48–51].

In a population-based, case-control study of
hemorrhagic stroke in Greater Cincinnati/Northern
Kentucky (the Genetic and Environmental Risk Factors
for Hemorrhagic Stroke, or GERFHS, study), cases
of lobar ICH were age-, race-, and gender-matched to
controls from the same population, allowing investiga-
tors to control for putative ICH risk factors and deter-
mine the prevalence of Apolipoprotein E genotype in
the population from which cases were identified.
After controlling for the presence of hypertension,
hypercholesterolemia, frequent alcohol use, smoking
history, and other risk factors, Apolipoprotein E E4
was found to be an independent risk factor for lobar
ICH but not non-lobar ICH. In addition, haplotypes
inferred using 12 markers over the 50 untranslated
region, promoter region, and exons of the Apolipo-
protein E gene identified significant association with
lobar ICH, which suggests that regulation of the gene
may affect the risk of disease [33].

Aneurysms and vascular malformations
Although ruptured berry aneurysms typically cause
SAH, on occasion bleeding is directed into the brain
parenchyma without significant subarachnoid exten-
sion [52]. Vascular malformations associated with
ICH include arteriovenous malformations (AVMs),
cavernous malformations, dural arteriovenous fistulae,
venous malformations, and capillary telangiectasias
[53]. Reports of ICH mechanism suggest that aneur-
ysms and vascular malformations are particularly
important as a cause of ICH among young people
[52,54–56]. In a prospective autopsy series, 4% of all
brains were found to have vascular malformations,
of which 63% were venous malformations. This

contrasts starkly with lesions that cause hemorrhage
as reported by autopsy (Table 1.3). While venous
malformations are the most common lesions in the
general population, they are associated with only a
small percentage of ICH cases. Similarly, cerebral tel-
angiectasias are more common at autopsy than AVMs
or cavernous malformations but rarely hemorrhage.
The natural history, clinical evaluation, and manage-
ment options for intracranial vascular malformations
have been recently reviewed [53].

Anticoagulant- and thrombolytic-
associated ICH
The use of warfarin for prevention of ischemic stroke
among patients with atrial fibrillation increased signifi-
cantly during the late 1980s and 1990s following pub-
lication of the Stroke Prevention in Atrial Fibrillation
(SPAF) trials, European Atrial Fibrillation Trial,
and other important studies on this topic [57–60].
Warfarin distribution in the United States quadrupled
on a per-capita basis during the 1990s [61]. During
the same period, the incidence of anticoagulant-
associated intracerebral hemorrhage (AAICH) quintu-
pled in the Greater Cincinnati region [61]. Studies from
other regions have shown similar trends [62,63].

In most trials of warfarin for treatment of atrial
fibrillation or myocardial infarction the risk of
AAICH has ranged from 0.3% to 1.0% per patient-
year, with risk on the lower end of this spectrum in
more recent studies [64,65]. Several trials have tested
warfarin for secondary stroke prevention in patients
with cerebral ischemia of non-cardiac origin. The
Warfarin-Aspirin Recurrent Stroke Study (WARSS)

Table 1.3. Comparison of the frequency of vascular
malformations in autopsy series vs. series of symptomatic
ICH patients

Population-based
autopsy [151]

ICH patients
autopsy [152]

Venous 105 (63%) 2 (1.3%)

Telangiectasia 28 (17%) 1 (0.6%)

Arteriovenous 24 (14%) 159 (88%)

Cavernous 16 (10%) 6 (3%)

Mixed type N/A 11 (6%)

Note: Some patients had more than one type of malformation.
N/A ¼ not reported.
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compared aspirin to warfarin (goal INR 1.4–2.8), and
found no difference between groups in effectiveness
or risk of major hemorrhage (including ICH) [66].
The Stroke Prevention in Reversible Ischemia Trial
(SPIRIT) compared aspirin to high intensity warfarin
(goal INR 3.0–4.5) [67]. It was stopped before com-
pletion because of a 7.0% annual risk of major hem-
orrhage in the warfarin group, including a 3.7%
annual risk of intracranial bleeding [68].

Studies of anticoagulation outside of clinical trials
show that well-managed warfarin at conventional
INRs can produce acceptable rates of ICH (similar
to or slightly higher than in trials); however, the
hemorrhage risk must be balanced against the benefit
of anticoagulation for each patient [64,69–72]. The
relative risk of ICH in anticoagulated patients as
compared to the general population is approximately
7–10 [64,69]. Data from clinical trials and community
surveillance suggest that clinical factors that increase
the risk of AAICH are advanced age, prior ischemic
stroke, hypertension, leukoaraiosis, and higher inten-
sity of anticoagulation [64,65,68]. The addition
of antiplatelet agents to warfarin probably increases
the risk compared to warfarin alone [64,65,73].
Strict management of blood pressure and INR
in anticoagulated patients reduces the risk of
hemorrhage [65].

Thrombolysis for myocardial infarction carries a
small but definite risk of intracranial hemorrhage.
Rates of intracranial hemorrhage in this setting have
generally ranged from 0.4% to 1.5% of patients treated
with various regimens of thrombolytic agents and
anticoagulants [74–76]. Risk factors for hemorrhage
after thrombolysis for myocardial infarction include
older age, female sex, black race, hypertension, prior
stroke, excessive anticoagulation, and lower body
weight [74,76,77]. In the large GUSTO-1 trial, the
majority of such hemorrhages were intraparenchymal
(81%) or intraparenchymal plus subdural (15%), with
relatively few pure subdural (3%) or pure intraventri-
cular (1%) bleeds [75]. Among intraparenchymal
hemorrhages, the majority (77%) occurred in lobar
regions of the brain [75]. Intraventricular (49%)
and subarachnoid (11%) extension of bleeding was
relatively common [75].

Thrombolytic treatment of ischemic stroke
carries a greater risk of intracranial hemorrhage
than thrombolysis for myocardial infarction, but
discussion of this matter is beyond the scope of this
chapter [78].

Antiplatelet drugs
Antiplatelet drugs probably increase the risk of ICH
by a small amount [79]. The absolute risk of intracra-
nial hemorrhage among elderly persons taking aspirin
has been estimated at 0.2–0.3% annually (vs. 0.15% in
similar persons not taking antiplatelets or anticoagu-
lants) [65]. This risk increases with age and aspirin
doses > 325mg daily [79,80]. In trials comparing the
antiplatelet agents clopidogrel or ticlopidine to aspirin
among patients at high risk of vascular events, rates of
intracranial hemorrhage were similar between groups
[81]. However, the combination of aspirin plus clopi-
dogrel led to more intracranial hemorrhages than
clopidogrel alone when used for secondary stroke
prevention in the MATCH trial [65,82]. A meta-
analysis of trials using dipyridamole for secondary
stroke prevention found the combination of aspirin
and dipyridamole did not cause more bleeding than
aspirin alone, although specific rates for intracranial
hemorrhage were not reported [83].

Cerebral microbleeds
The use of gradient echo MRI to detect small, asymp-
tomatic hemorrhages in the brain parenchyma
(“microbleeds”) has received considerable recent
attention. Gradient echo MRI accentuates signal
dropout from chronic blood products and is more
sensitive at detecting small hemorrhages than stand-
ard T2 sequences [84,85]. The prevalence of micro-
bleeds in the general population is best estimated
from two studies of middle-aged and elderly adults
without known cerebrovascular disease or dementia,
in which microbleeds were found in 6.4% and 4.7%
of the respective populations [86,87]. Microbleeds are
associated with both ischemic (especially lacunar)
and hemorrhagic cerebrovascular disease as well as
hypertension, leukoaraiosis, advancing age, and male
gender [86–89]. Microbleeds are common in hemor-
rhagic stroke, occurring in 54–71% of ICH patients
(Fig. 1.2) [90]. They appear to be equally prevalent
in cases of deep cerebral and lobar hemorrhage, and
are therefore not specific for amyloid angiopathy
or hypertensive ICH; however, in some studies the
location of microbleeds has correlated with the site of
symptomatic hemorrhage (i.e., deep cerebral micro-
bleeds are associated with deep cerebral ICH while lobar
microbleeds are associated with lobar ICH) [91,92].
Many clinicians consider microbleeds to be markers
of small-vessel disease and a hemorrhage-prone state.
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Although microbleeds have been associated with a
variety of demographic variables and disease states,
their practical value in predicting hemorrhage risk is
less clear. A small, prospective Chinese study scanned
121 acute stroke patients with gradient echo MRI
and found that 35.5% had microbleeds. Over a mean
follow-up of 27.2 months, 4 patients (9.3%) with
microbleeds had a subsequent ICH, compared to 1
patient (1.3%) without microbleeds (p¼ 0.053) [93].
Additionally, in a referral-based study of lobar ICH
patients, increasing burden of microbleeds was shown
to predict recurrent hemorrhage [94]. However, these
studies are too small to guide patient management
at present. The power of microbleeds to predict sub-
sequent hemorrhagic and ischemic cerebrovascular
disease and the value they might add to risk–benefit
analyses for antiplatelet or anticoagulant use are
important questions which remain unanswered.

Prior cerebral infarction
Prior cerebral infarction is associated with a 5- to
22-fold increased risk of ICH [32,95,96]. The strong
relationship between ICH and cerebral infarction is
not surprising since hemorrhage and infarction share
similar risk factors, such as hypertension. In the
GERFHS case-control study in Greater Cincinnati
15% of ICH patients had a history of previous ische-
mic stroke; the multivariate odds ratio for ICH in
patients with prior stroke compared to controls was
7.0 [32].

Hypocholesterolemia
While hypercholesterolemia is a risk factor for cardiac
disease and ischemic stroke, hypocholesterolemia
appears to increase risk of ICH. Data from case-control
studies have been mixed, but the preponderance of
evidence supports an inverse relationship between
cholesterol levels and ICH risk [26,97–102]. This
relationship is also supported by several cohort stud-
ies [26]. Potential explanations for the association
of low cholesterol and ICH include reduced platelet
aggregation, increased fragility of the cerebral vascu-
lature, and confounding by medical illness or nutri-
tional deficiencies [98]. Given these findings, there is
theoretical concern that widespread use of cholesterol
lowering medications may increase rates of ICH.
Analysis of the GERFHS study showed that hypercho-
lesterolemia was protective for ICH, but that statin
use was not associated with increased ICH risk [97].

Large randomized trials of statin drugs for primary
and secondary prevention of cardiovascular disease
have not shown increased ICH rates [103,104]. How-
ever, a randomized trial of high-dose atorvastatin
versus placebo for patients with transient ischemic
attack or stroke did find a trend toward more hemor-
rhagic strokes among the atorvastatin group during
follow-up [105].

Heavy alcohol use
Numerous studies have identified a relationship
between alcohol use and the risk of hemorrhagic
stroke [26,37,106,107]. There is probably a dose–
response relationship with increased risk among
heavy but not light drinkers [26,107]. Heavy alcohol
use has also been implicated in early hematoma
expansion, possibly due to adverse effects upon platelet
and liver function [108].

Tobacco use
There may be a weak association between tobacco
use and ICH but data have been conflicting [26,37].
Several recent studies suggest that current smoking
(as opposed to past smoking or never smoking)
increases the risk of ICH in a dose-dependent manner
[38,109,110].

Diabetes
Diabetes is associated with greater risk of ICH in
some case-control studies. A review of available data
produced an overall risk ratio of 1.3 with borderline
statistical significance [26]. The association of dia-
betes and ICH may vary by age group and location
of hemorrhage [38]. Clarification of the role of dia-
betes as a “minor risk factor” for ICH will require
larger studies [111].

Heritability
There is a genetic component to ICH risk but its
absolute value is small. Among probands in the
GERFHS case-control study, 6% of patients had an
affected first-degree relative and 6% an affected
second-degree relative. Among cases the odds ratio
for an affected first-degree relative was high (6.3) but
the population attributable risk was low (0.05) [32].
The association of apolipoprotein genotypes with
lobar ICH was previously discussed.
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Clinicalpresentationandnaturalhistory
of intracerebral hemorrhage
The Harvard Cooperative Stroke Registry reported
on the clinical findings associated with stroke [112].
The clinical features used to define ICH were presen-
tation with a gradual progression (over minutes or
days) or sudden onset of focal neurological deficit,
usually accompanied by signs of increased intracranial
pressure such as vomiting or diminished conscious-
ness. As many as 91% of patients were hypertensive
(blood pressure 160/100mmHg or higher) at the onset
of their stroke.

Vomiting was far more common in ICH and SAH
(51% and 47% respectively) than for ischemic stroke
(4–10% of cases). While SAH presented with head-
ache at onset in 78% of cases, 33% of cases of ICH
also had a headache at onset compared to 3–12% of
ischemic stroke subtypes. Finally, SAH and ICH both
presented with coma in 24% of cases compared to
0–4% of ischemic stroke subtypes. A particular charac-
teristic of ICH was the smooth or gradual progression
of stroke in 63% of cases, with sudden onset in 34% of
cases (Table 1.4). A smooth or gradual onset of stroke
was seen in only 5–20% of ischemic stroke subtypes
and 14% of SAH. Thus, ICH is the stroke subtype most
likely to worsen significantly in the first 24 hours.

Hematoma growth
Intracerebral hemorrhage was traditionally viewed as
a monophasic event with a brief episode of bleeding

followed by increasing edema and clinical deterior-
ation. This view is no longer accepted. A prospective,
population-based study of spontaneous ICH in
1993 showed that among hemorrhages imaged within
3 hours of onset 26% increased by > 33% in volume
in the next hour and 38% increased by > 33% volume
within the first day (Fig. 1.3) [113]. The importance
of ICH expansion has been confirmed by other stud-
ies which demonstrate that most hematoma growth
occurs within six hours of onset, and that growth
is associated with worse outcomes [108,114–116].
Based upon these findings, the use of ultra-early
hemostatic therapy to reduce hematoma growth and
potentially improve outcome following ICH has
become an active area of research [117]. Clinical
predictors of early hematoma growth have been diffi-
cult to consistently identify. In one retrospective study
hypertension (systolic blood pressure� 160) was
associated with enlargement [116]. This finding has

Table 1.4. Clinical presentation of symptoms by subtype
of stroke

Thrombosis Lacune Embolus ICH SAH

Maximal
at onset

40% 38% 79% 34% 80%

Stepwise 34% 32% 11% 3% 3%

Gradual 13% 20% 5% 63% 14%

Fluctuating 13% 10% 5% 0% 3%

Source: From [112].

(a) (b) 

05:22

06:50

Fig. 1.3 Increase in hemorrhage size.
A thalamic ICH (a) is seen in this patient
with a history of hypertension. The
patient’s condition deteriorated over
the next hour and repeat imaging
(b) demonstrates enlargement of the
hematoma and rupture into the ventricles.
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not been prospectively confirmed [113,118]. Another
retrospective study identified earlier patient presenta-
tion, heavy alcohol consumption, reduced level of con-
sciousness, and an irregularly shaped hematoma as
predictors of enlargement [108]. The authors did not
include hypertension after admission in their multi-
variate model because of concern that hypertension
was an effect rather than a cause of hematoma growth
[108]. Serum factors associated with hematoma growth
have included low fibrinogen levels and elevated levels
of interleukin-6 and cellular fibronectin [108,119].

Conflicting reports have compared the size of
AAICH and bland ICH at presentation to medical care;
some find no difference in size and some find larger
hemorrhages in anticoagulated patients [120–122].
After presentation, hematoma enlargement and clini-
cal deterioration are more common in anticoagulated
patients [64,120,123]. Failure to promptly correct
elevated INRs has been associated with hematoma
enlargement [124].

Perihematomal edema
With the advent of CT technology, much has been
learned about perihematomal edema. When whole
blood is infused into the cerebral lobes of pigs,
perihematomal edema develops within one hour of
infusion [125]. Yet when packed red blood cells (no
serum) are injected, edema does not develop for
nearly 72 hours. This suggests that factors within
serum are responsible for acute perihematomal

edema, while lysis of red blood cells contributes to
edema at approximately 72 hours [125,126]. Studies
have subsequently demonstrated that edema forma-
tion can occur when clotting factors alone (without
serum or red blood cells) are injected into animal
brains [127,128]. Thrombin and the fibrinogen cas-
cade have been implicated in edema formation [127].

In humans, most hemorrhages due to thromboly-
sis are large and have little perihematomal edema
[75]. Thrombolysis-related ICH has visible perihe-
matoma less often than spontaneous ICH and has
lower absolute and relative volumes of edema [129].
Figure 1.4 compares a case of spontaneous ICH to a
case of ICH with coagulopathy.

Among patients not receiving anticoagulants, abso-
lute edema volume generally doubles within the first
day, while relative edema volume (defined as absolute
edema volume divided by hematoma size) increases by
a lesser amount [130]. One study found that greater
relative edema volume in the hyperacute period para-
doxically predicted better clinical outcomes, possibly
because such edema resulted from successful hema-
toma clotting, but this finding has not been replicated
[115,131]. Significant delayed edema may occur days
to a week after initial bleeding and has been associated
with neurological deterioration [132].

Morbidity and mortality
Intracerebral hemorrhage is often clinically devasta-
ting. Thirty-day case fatality rates in most studies

(a) (b) Fig. 1.4 (a) Spontaneous ICH
with perihematomal edema.
(b) Coagulopathy-associated ICH with
minimal perihematomal edema despite
greater hemorrhage size.
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range from 40% to 50%, with approximately half of
deaths occurring within two days of onset [133–135].
Patients with ICH fare worse than those with ische-
mic stroke, and few are left without disability [133,
134]. Mortality after ICH was reportedly as high
as 90% in the pre-CT area [17]. The lower mortality
in more recent studies likely reflect a combination
of identification bias in the pre-CT era (with mild
hemorrhages misclassified as ischemic infarcts) and
improved supportive care [23,135]. A study compar-
ing mortality after ICH in 1988 and the late 1990s
found no improvement in outcomes during that
period [135].

Prognostic indicators
A variety of reports have examined clinical and radio-
graphic factors associated with prognosis after ICH.
Predictors of poor outcome include advanced age,
poor neurological status at presentation (as measured
by Glasgow Coma Scale [GCS] score), larger hema-
toma size, early hematoma growth, intraventricular
extension of hemorrhage, anticoagulant use, and
brainstem location of hemorrhage [13,121,135–138].

In a population-based study in Greater Cincinnati,
the volume of ICH in combination with the GCS
predicted overall 30-day mortality with 96% sensi-
tivity and 98% specificity (Table 1.5). Patients with a
volume of 60 cm3 and a GCS score � 8 had a pre-
dicted mortality of 91% while those with a volume
of � 30 cm3 and a GCS score � 9 had a predicted
mortality rate of 19%. For ICH with a volume of
� 60 cm3, the 30-day mortality for deep hemorrhages
was 93% and for lobar hemorrhages was 71%
(Table 1.5) [137]. Several prediction models for out-
come after ICH have been developed but have not
gained widespread clinical use [136,138]. Nonetheless,
in a recent study more deaths caused by ICH were
associated with withdrawal of care or a “comfort care”

approach (68%) than progression to brain death
(29%) or medical complications (3%) [139]. The
“self-fulfilling prophecy” in neurological catastrophes
like ICH has been described as the preconceived
notion that medical care is futile, followed by
withdrawal of care and death of the patient [140].
The complicated determinants of morbidity and mor-
tality following ICH, together with expectations of
the patient, family, and physicians require careful
consideration in each case.

Risk of ICH recurrence
Because ICH is less common and more deadly than
ischemic stroke, studies estimating ICH recurrence
risk have been more difficult to perform. A review
of studies tracking ICH recurrence found an aggre-
gate risk of 2.4% per patient-year [141]. The studies
selected excluded patients with “secondary” causes of
ICH such as vascular malformations or anticoagula-
tion. Most studies have found ICH recurrence is more
common following lobar ICH than non-lobar ICH.
In the cited review, risk of recurrence among patients
presenting with lobar ICH was 4.4% per year, com-
pared to 2.1% annually for those with non-lobar
hemorrhage [141]. Risk of new cerebral ischemia
(1.1% per year) was lower than the risk of recurrent
ICH [141]. One study found that Apolipoprotein
E2 or E4 genotypes increase the risk of recurrence
following lobar ICH, presumably because of their
association with amyloid angiopathy [142]. The 21%
two-year recurrence risk after lobar ICH in this study
was greater than other reports and likely reflects
the highly selected patient cohort [142]. A recent
population-based study of ICH in Izumo City, Japan,
documented an annual recurrence risk of 2.3% among
279 patients [143]. Location of ICH did not predict
recurrence in this population, consistent with epi-
demiological data showing that lobar hemorrhage

Table 1.5. Mortality of ICH based on volume and location of hematoma

Overall 30-day mortality (n¼ 188) � 30 cm3 ICH 30–60 cm3 ICH � 60 cm3 ICH

Lobar (n¼ 66) 39% 23% 60% 71%

Deep (n¼ 76) 48% 7% 64% 93%

Pontine (n¼ 9) 44% 43% 100% N/A

Cerebellum (n¼ 11) 64% 57% 75% N/A

Note: N/A ¼ not applicable.
Source: From [137].
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(and presumably amyloid angiopathy) is less
prominent in Asian populations than in the United
States or Europe.

Primary intraventricular hemorrhage
Primary intraventricular hemorrhage (IVH) is rare
among adults, comprising 2–3% of ICH admissions
[144–147]. Study of this subject has been limited to
small case series [144–147]. Signs and symptoms
of IVH frequently include headache, vomiting, and
altered level of consciousness. Many patients are
hypertensive or coagulopathic and some have vascu-
lar malformations defined by angiography. Hydro-
cephalus and elevated intracranial pressure are
frequent and potentially fatal complications.
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Section 2
Chapter

2
Etiology of non-traumatic intracerebral hemorrhage

Acute hypertensive response
in intracerebral hemorrhage
Ameer E. Hassan, Haralabos Zacharatos, and Adnan I. Qureshi

Acute hypertensive response is the elevation of blood
pressure above normal and premorbid values that
initially occurs within the first 24 hours of symptom
onset in patients with intracerebral hemorrhage
(ICH). We reviewed the existing data pertinent to
acute hypertensive response derived from scientific
guidelines, randomized trials, non-randomized con-
trolled studies, and selected observational studies.

Chronic hypertension and intracerebral
hemorrhage
Incidence of intracerebral hemorrhage
and hypertension
Spontaneous, non-traumatic ICH from intraparen-
chymal blood vessels makes up approximately 8–15%
of all strokes. Approximately 80–85% are primary
spontaneous ICH which are either secondary to arter-
ial hypertension or cerebral amyloid angiopathy [1].
It is estimated that 70% of the primary spontaneous
ICH cases are attributed to arterial hypertension while
roughly 5–20% are secondary to cerebral amyloid
angiopathy. A total of 15–20% of stroke cases are
attributed to secondary spontaneous ICH, related to
oral anticoagulation (~ 4–20%), tumors (~ 5%), vas-
cular malformations (~ 1–2%) and more uncommon
reasons, such as sinus venous thrombosis, cerebral
vasculitis, drugs, eclampsia, and others (~1%) [2–6].

Risk factors for intracerebral hemorrhage
Hypertension is the most frequent and most import-
ant risk factor for ICH [1]. A rigorous identification
of modifiable (hypertension, smoking, low cholesterol
levels, diabetes, increased alcohol consumption, and

drugs) and un-modifiable (increased age, male gender,
and cerebral amyloid angiopathy) risk factors that
contribute to ICH and its recurrence must be carried
out due to the high morbidity and mortality associ-
ated with it. Other risk factors include gender (3.7- to
4.6-fold increase in men), age (almost twofold increase
every ten years), smoking (2.1- to 2.7-fold increase),
low cholesterol levels (< 150mg/dl; increased twofold),
diabetes (1.3-fold), increased alcohol consumption
(moderate, 36–56 g/day: twofold increase; excessive,
> 56 g/day: fourfold increase), drugs (i.e., cocaine and
amphetamines) and coagulopathies [7–12].

The risk of ICH in one study showed that it
doubled every decade, in-line with the results of other
studies [7,13–15]. Age, > 65 years old, and non-white
ethnicity have both been consistently positively asso-
ciated with ICH [16,17]. In young patients in whom
other causes such as arteriovenous malformation
or trauma have been excluded illicit drug use, which
leads to elevated systolic blood pressure, such as
amphetamines, cocaine, and phenylpropanolamine
should be excluded [18,19].

There are large racial variations with increased
rates of intracerebral hemorrhage in Hispanic, Asian
and African-American populations in comparison
with the white population [2,4,20–24]. The relative
rate of 1.89 for African Americans versus whites was
also similar to estimates reported in the literature
[4,13,14,25–27]. Qureshi et al. examined the relation
between ethnicity and ICH in NHANES I (First
National Health and Nutrition Examination Survey
Epidemiological Follow-up Study) and reported that
much of the association with ethnicity was mediated
through hypertension and education [26].

Hypertension continues to be implicated as the
most important risk factor for ICH as more studies
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are conducted. In a recent Korean study the risk of
ICH was 4.9� for stage one hypertension (blood pres-
sure 140–159/90–99mmHg), 11.6� for stage two hyper-
tension (blood pressure 160–179/100–109mmHg),
and 28.8� for stage three hypertension (blood
pressure > 180/> 109mmHg), as compared with nor-
motensive (blood pressure < 140/< 90mmHg) sub-
jects [28]. In one study, the odds ratio for ICH was
3.5 with untreated hypertension but only 1.4 for
treated hypertension, which suggests that treatment
of hypertension can prevent ICH [29]. More direct
evidence comes from a study of 4736 patients
> 60 years of age with isolated systolic hypertension,
wherein treatment resulted in an adjusted relative risk
of 0.46 for ICH, and the benefit was observed within
one year [30]. Systolic blood pressure > 160mmHg,
also contributes to increased incidence of ICH in
patients who are on oral anticoagulation [31].

Pathology of hypertension and intracerebral
hemorrhage
Hypertension contributes to decreasing the elasticity
of arteries, thereby increasing the likelihood of rup-
ture in response to acute elevations in intravascular
pressure [32]. Hypertensive patients suspected of
primary intraparenchymal hematoma died and were
subsequently autopsied in order to assess the alter-
ations of extraparenchymal and intraparenchymal
vascular structures. The spectrum of the lesions
due to arterial hypertension, at the level of the intra-
parenchymal blood vessels, included all steps of vas-
cular wall degeneration, from hypertrophy of smooth
muscle layer to complete hyalinization of arterial
wall, but with a focal irregular distribution, not
related with the proximity of hemorrhagic focus
[32]. The capillary walls showed focal or circumferen-
tial thickening due to the densification of the type IV
collagen material from the basement membrane
structure which is attributed to high arterial blood
pressure. The CD34 immunostaining showed that
endothelial cells kept their structural integrity [32].

Over the course of many years, persistent hyper-
tension leads to cerebral vascular wall damage that
can be seen with the hyalinization of excessive fibrillar
material from arteriolar wall or from basement mem-
branes, otherwise termed sclerosis (arteriolar and
even capillary) with hyalinosis. Hypertensive vasculo-
pathy inhibits the contractile capability of arterioles.
The vascular wall resistance to the stress determined

by the elevated values of blood pressure in
hypertension is weakened by the hyaline material.
The presence of hyaline material in the cerebral vas-
cular wall has been correlated with a minimal resist-
ance of the surrounding cerebral parenchyma. It also
has been suggested as an explanation as to why the
cerebral parenchyma is the only tissue in which blood
pressure variations can lead to vascular rupture and
cerebral hemorrhage [32,33].

Association of brain microbleeds,
hypertension, and intracerebral hemorrhage
Magnetic resonance imaging gradient echo T2
sequences display brain microbleeds as small, homoge-
neous, round foci of low signal intensity. A systematic
review of published literature regarding brain micro-
bleeds revealed the prevalence of brain microbleeds
was 5% (95% confidence interval 4–6) in healthy
adults, 34% (95% confidence interval 31–36) in people
with ischemic stroke, and 60% (95% confidence inter-
val 57–64) in people with non-traumatic ICH [34].
By pooling data that could be extracted from similar
studies, it appears that brain microbleeds are associ-
ated with hypertension (odds ratio 3.9, 95% confi-
dence interval 2.4–6.4) and diabetes mellitus (odds
ratio 2.2, 95% confidence interval 1.2–4.2) in other-
wise healthy adults, and they are associated with
hypertension (odds ratio 2.3, 95% confidence interval
1.7–3.0) in adults with cerebrovascular diseases [34].
They are also associated with hypertension, left ven-
tricular hypertrophy, advanced small-vessel disease
and amyloid angiopathy [35]. Cerebral microbleeds
have a topographic distribution similar to that of
ICH, suggesting that they are regionally associated
[17,36]. Hemorrhages that involve the putamen,
globus pallidum, thalamus, internal capsule, periven-
tricular white matter, pons, and cerebellum are often
attributed to hypertensive small-vessel disease, par-
ticularly in a patient with known hypertension [37].
Further strengthening the association between brain
microbleeds and hypertension is a study of hemodi-
alysis patients that did not show an association
between hemodialysis and brain microbleeds, instead
the authors concluded that the presence of other
factors, such as hypertension, strongly contributed
[38]. Microbleeds most commonly appear in patients
with a history of chronic hypertension [39–42]. Many
patients with chronic renal failure have a long history
of chronic hypertension.
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Acute hypertensive response
Acute systolic blood pressure and mean
arterial pressure elevation
Initially, after an acute ICH the blood pressure
reaches a maximum and over the course of the next
24 hours declines spontaneously [43,44]. Elevated
early-mortality rates have been clearly demonstrated
in ICH patients who present with high arterial
pressures [45–55]. Stroke patients are frequently
chronically hypertensive, and their brain hydraulic
autoregulatory curve is shifted to the right [56]. A
mean arterial pressure of approximately 50–150mmHg
helps maintain a constant cerebral blood flow in non-
stroke patients [57]. Higher mean arterial pressure
levels are better tolerated by hypertensive stroke
patients. Stroke patients with a history of hyperten-
sion are at risk of critical hypoperfusion for mean
arterial pressure levels usually well tolerated by nor-
motensive individuals [58]. Mean arterial hyperten-
sion should gradually be reduced below 120mmHg
in persons with a history of chronic hypertension,
but a reduction of > 20% should be avoided and
mean arterial pressure should not be reduced to < 84
mmHg [59,60].

American Heart Association/American Stroke
Association guidelines for management
of acute hypertensive response
With regards to treating hypertension in patients with
ICH hemorrhage the American Heart Association/
American Stroke Association distinguishes between
those patients with and those without elevated intracra-
nial pressure in their blood pressuremanagement guide-
lines. The current American Heart Association/
American Stroke Association guidelines (see Table 2.1)
recommends considering aggressive reductionwhen sys-
tolic blood pressure exceeds 200mmHg ormean arterial
pressure exceeds 150mmHg. In this case, measurements
should be repeated every 5minutes. In patients in whom
systolic blood pressure exceeds 180mmHg or mean
arterial pressure exceeds 130mmHg, and without evi-
dence or suspicion of elevated intracranial pressure, a
modest reduction of blood pressure should be con-
sidered, targeting blood pressure at 160/90mmHg or a
mean arterial pressure of 110mmHg. In this case, meas-
urements should be repeated every 15 minutes. The
blood pressure target of 160/90mmHg is supported by
a prospective observational study that showed a trend
toward improved outcome in ICH patients in whom

Table 2.1. Recommended American Heart Association/American Stroke Association guidelines for treating elevated blood pressure
in spontaneous intracerebral hemorrhage

SBP MAP Suspicion
and/or
evidence of
elevated ICP

CPP Blood pressure
checks/clinical
re-examination

Comment

1 > 200mmHg
or if

> 150mmHg Every 5 min Consider aggressive BP
reduction with continuous IV
infusion

2 > 180mmHg
or if

> 130mmHg Yes > 60–80
mmHg

Consider monitoring ICP and
reducing BP using intermittent
or continuous IV medications
to keep CPP > 60–80mmHg

3 > 180mmHg
or if

> 130mmHg No Every 15 min Consider a modest reduction
of BP (e.g., MAP of 110mmHg
or target BP of 160/90mmHg)
using intermittent or
continuous IV medications
to control BP

Notes: BP¼blood pressure, CPP¼ cerebral perfusion pressure, ICP¼ intracranial pressure, IV¼ intravenous, SBP¼ systolic blood pressure,
MAP¼mean arterial pressure.
Source: Adapted from [62].
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systolic blood pressure was lowered within six hours of
hemorrhage onset; a reduction of systolic blood pressure
to a target of less than 160/90mmHgwas associatedwith
neurological deterioration in 7% of patients and with
hemorrhagic expansion in 9% [61]. The previous recom-
mendationwas tomaintain a systolic blood pressure less
than or equal to 180mmHg and/or a mean arterial
pressure of less than 130mmHg.

In patients in whom systolic blood pressure
exceeds 180mmHg or mean arterial pressure exceeds
130mmHg, and there is evidence or suspicion of
elevated intracranial pressure, monitoring of intra-
cranial pressure and cerebral perfusion pressure
(cerebral perfusion pressure¼mean arterial pressure –
intracranial pressure) is recommended and blood
pressure lowering should be adapted to maintain cere-
bral perfusion pressure greater than 60–80mmHg. In
any case, mean arterial pressure should not be lowered
by more than 20% of the baseline value. In critically
ill patients, blood pressure should preferably be meas-
ured continuously, or every 15 minutes if this is not
possible [62]. A cerebral perfusion pressure greater than
60mmHg is supported by studies done with traumatic
brain hemorrhage and spontaneous ICH [63–66].

European Stroke Initiative guidelines for
management of acute hypertensive response
The European Stroke Initiative recommendation of
blood pressure management is based on a history of

hypertension (see Table 2.2). An upper limit of systolic
blood pressure of 180mmHg and a diastolic blood pres-
sure of 105mmHg is recommended for patients with
known prior hypertension or signs of chronic hyperten-
sion (left ventricular hypertrophy on electrocardiogram
and changes in the retina). If treatment is necessary, the
target blood pressure should be 170/100mmHg (or a
mean arterial pressure of 125mmHg). In patients with-
out known hypertension, the upper recommended
limits are 160mmHg for systolic blood pressure and
95mmHg for diastolic blood pressure. If treatment is
necessary, the target blood pressure should be 150/
90mmHg (or a mean arterial pressure of 110mmHg)
[1,56]. In any case, mean arterial pressure should not be
lowered by more than 20% of the baseline value. In
critically ill patients, blood pressure should preferably
be measured continuously, or every 15 minutes if this is
not possible. European Stroke Initiative guidelines also
recommendadapting arterial bloodpressure thresholds in
patients with increased intracranial pressure tomaintain a
cerebral perfusion pressure of 70mmHgor greater [1,39].

Pathophysiological consequences
of treating acute hypertensive response
Hematoma growth and acute hypertensive
response
Blood pressure monitoring and treatment is a critical
issue in the treatment of acute ICH because studies

Table 2.2. European Stroke Initiative recommendations for treating elevated blood pressure in spontaneous intracerebral
hemorrhage [39]

BP lowering is not routinely recommended. Treatment of elevated BP in patients with acute ICH is recommended if BP is
elevated above the following levels and confirmed by repeated measurements.

a. 170/100mmHg (or a MAP of 125mmHg) is the recommended target BP in patients with a known history of
hypertension or have clinical/ECG changes indicative of chronic hypertension who have a SBP > 180mmHg and/or
DBP > 105mmHg, if treated.

b. 150/90mmHg (or a MAP of 110mmHg) is the recommended target BP in patients without a known history of
hypertension who have a SBP > 160mmHg and/or DBP > 95mmHg, if treated.

c. Avoid reducing the MAP by more than 20%.

d. For patients who are being monitored for elevated ICP the BP limits and targets should be adapted to higher values to
guarantee a CPP > 70mmHg.

Intravenous labetalol or urapidil, intravenous sodium nitroprusside or nitroglycerin and captopril (per os) are the
recommended drugs for BP treatment. Oral nifedipine and any drastic blood pressure decreases should be avoided.

Notes: BP¼blood pressure, CPP¼ cerebral perfusion pressure, DBP¼ diastolic blood pressure, ECG¼ electrocardiogram, ICH¼ intracerebral
hemorrhage, ICP¼ intracranial pressure, MAP¼mean arterial pressure, SBP¼ systolic blood pressure.
Source: Adapted from [56].
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have shown that reducing the blood pressure in acute
ICH may prevent or slow the growth of the hema-
toma as well as decrease the risk of rebleeding. This
is especially true for hemorrhage resulting from a
ruptured aneurysm or arteriovenous malformation,
in which the risk of continued bleeding or rebleeding
is presumed to be highest. Multivariate analyses indi-
cate a strong correlation between elevated systolic
blood pressure and subsequent hematoma expansion
[67,68]. Retrospective analyses indicate that acute
blood pressure reduction has been associated with a
decrease in hematoma expansion [69,70]. Several
retrospective studies show that elevated systolic blood
pressure greater than 160mmHg on admission has
been associated with growth of the hematoma, but
this has not been demonstrated in prospective studies
of ICH growth [68,71–73].

Hemorrhagic enlargement occurs more frequently
in patients with elevated systolic blood pressure, but it
is not known whether this is an effect of increased
growth of ICH with associated increases in intra-
cerebral pressure or whether increased blood pressure
is a contributing cause to the growth of ICH [70]. The
risk of hemorrhagic expansion with mild blood pres-
sure elevation may be lower and must be balanced
with the theoretical risks of inducing cerebral ischemia
in the edematous region that surrounds the hemor-
rhage in primary ICH, in which a specific large-vessel
vasculopathy is not apparent. Baseline blood pressure

was not associated with growth of the ICH in the
Recombinant Activated Factor VII ICH trial and
in the largest prospective study of intracerebral
growth [72–74]. Isolated systolic blood pressure,
less than or equal to 210mmHg, was not clearly
related to hemorrhagic expansion or neurological
worsening [67].

Hypoperfusion in perihematomal area
There still remains an ongoing debate of whether to
aggressively lower blood pressure in the setting of the
acute phase of the ICH. An uncertainty exists of
whether there is a perihematomal area of critical
hypoperfusion that may experience further perile-
sional ischemia as a result of the lowering of the blood
pressure (Fig. 2.1) [75,76]. Decreased cerebral perfu-
sion pressure secondary to the reduced blood pressure
could compromise adequate cerebral blood flow
due to increased intracranial pressure [61]. While
some neuroimaging studies using single-photon
emission computerized tomography, functional MRI
or perfusion computerized tomography suggest that
there may be an area of critical hypoperfusion sur-
rounding the hematoma [77–79], most other studies
using positron emission tomography, MRI perfusion
imaging or perfusion computerized tomography
found reduced cerebral blood flow, but far above
ischemic levels, consistent with oligemia [76,80–84].
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Fig. 2.1 Stages of cerebral blood flow
changes associated with ICH. Upper row:
light checker pattern demonstrates
reduced rCBF (hypoperfusion); dark
checker pattern demonstrates increased
rCBF (hyperperfusion); lower row: light gray
represents regions of hypometabolism.
rCBF, regional cerebral blood flow [60].
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Contradictive results regarding perilesional hypo-
perfusion, hematoma growth, and clinical outcome
are observed in clinical studies of blood pressure
lowering in ICH [50,61,70–74,85,86].

Decrease in perihematomal edema
by reducing blood pressure
The reduction in the volume of the perihematomal
edema, which has a direct correlation to hematoma
volume, may be associated with the decrease in blood
pressure [87,88]. Studies in acute ICH patients using
MRI studies provide evidence that edema in acute
ICH is plasma derived and oligemia is not an etio-
logical factor [81,82]. A combination of clot retrac-
tion, reflecting successful hemostasis and the oncotic
force supplied by thrombin and other proteins
may lead to fluid formation within the perihemato-
mal region. Edema formation may decrease with the
reduction of the blood pressure and subsequently the
capillary hydrostatic pressures as a result of altered
Starling forces around the hematoma [89].

Pharmacological treatment of acute
hypertensive response
Drugs recommended for use in lowering blood pres-
sure in acute stroke include labetalol, hydralazine,
nicardipine, and nitroprusside [90,91]. As of yet there
is no single agent that is recommended to help reduce
blood pressure. Due to the high rates of dysphagia
and impaired consciousness, in acute ICH, intraven-
ous therapy is the route of choice for treatment [89].
The advantage of intravenous drugs is that they also
have a faster onset of action and the dose can be
titrated to achieve a desired blood pressure target
(Table 2.3).

Nicardipine
Nicardipine, a dihydropyridine-derivative antagonist
of the L-type calcium channel, has an onset of action
within minutes. Nicardipine demonstrates greater
selectivity for binding of calcium channels in vascular
smooth muscle cells than in the cardiac myocytes
[92]. This relative tissue selectivity is important in
the drug’s utility for the treatment of hypertension.
In animal studies of cerebral ischemia and myocardial
infarction, nicardipine demonstrated a possible
membrane-stabilizing action, linked to its lipophilic

character [93]. Other dihydropyridine calcium chan-
nel blockers do not share this property [94–96].
Nicardipine is photoresistant, water-soluble, and can
be administered intravenously, unlike other dihydro-
pyridines. Intravenous nicardipine has a rapid onset
of action (1–2 minutes) with an elimination half-life
of 40�10 minutes and the major effects last from
10 to 15minutes. It is also rapidly distributed, extensively
metabolized in the liver, and rapidly eliminated [97].

Several studies have been conducted supporting
the use of nicardipine in the reduction of blood pres-
sure in the acute ICH patient. Powers et al. evaluated
the effect of intravenous nicardipine in seven subjects
with ICH (6–22 hours after symptom onset) [85].
Using a positron emission tomography scan with
O15-water as the radioactive tracer, regional cerebral
blood flow was measured. After baseline measure-
ments of regional cerebral blood flow using the
positron emission tomographic scan were made,
nicardipine was administered as an initial bolus of
2–8mg followed by a continuous infusion of 2 to
15mg/h titrated to reduce mean arterial pressure
by 15%. There was no significant difference in the

Table 2.3. Possible intravenous medications for control of
hypertension in patients with intracerebral hemorrhage

Drug Intravenous
bolus dose

Continuous
infusion rate

Hydralazine 5–20mg IVP
every 30 min

1.5–5 µg/(kg min)

Enalapril 1.25–5mg IVP
every 6 h*

NA

Esmolol 250 µg/kg IVP
loading dose

25–300 µg/(kg min)

Nicardipine NA 5–15mg/h

Nipride NA 0.1–10 µg/(kg min)

Nitroglycerin NA 20–400 µg/min

Labetalol 5–20mg every
15 min

2mg/min
(maximum
300mg/d)

Urapidil 12.5–25mg
bolus

5–40mg/h

Notes: d¼day, h¼ hour, IVP¼ intravenous push, NA¼ not
applicable, min¼minutes.
*The enalapril first test dose should be 0.625mg, because of the risk
of precipitous blood pressure lowering.
Source: From [56,62].
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perihematoma regional cerebral blood flow before
and after treatment using nicardipine. When used
to acutely reduce mean blood pressure below
130mmHg, nicardipine has also been shown to be
safe and effective in acute ICH patients [98]. Qureshi
et al. used nicardipine to achieve the target blood
pressure in 25 of 29 (86%) patients in a single-center
prospective study supplemented by retrospective
chart review. Prolonged hypotension was observed
in one patient and tachycardia in another. Two
patients required additional antihypertensive agents.
Nicardipine was also used in a separate single-center
protocol study for acute blood pressure reduction in
ICH patients (n¼ 188) presenting within 24 hours of
symptom onset [99]. All patients were also treated
with an antifibrinolytic therapy (tranexamic acid 2 g
intravenously over 10 minutes). Nicardipine was
administered as a 2–4mg bolus followed by a continu-
ous intravenous infusion as needed to keep systolic
blood pressure less than 150mmHg. No adverse events
associated with nicardipine were reported. Hematoma
growth occurred in 4.3% of patients, which is
lower than the rate observed in other observational
studies [89].

Labetalol
Labetalol is an a- and b-adrenergic antagonist metab-
olized by the liver that is commonly used in stroke
centers throughout the world. Labetalol can be
administered either as intermittent boluses or as a
continuous infusion. Given intravenously, its hypo-
tensive action begins within 2 minutes, peaks at
5–15 minutes and lasts 2–4 hours [100]. Both European
and North American guidelines recommend intra-
venous labetalol as a first-line agent in ICH patients
requiring acute antihypertensive therapy [56,101].
Intravenous boluses of labetalol (10–80mg bolus
every 10 minutes, up to 300mg) can be used to treat
hypertension in the emergency department.

Studies, using intravenous boluses of labetalol,
have been conducted in patients with ICH and sub-
arachnoid hemorrhage in hopes of determining the
characteristics of blood pressure reduction and its
tolerability. Bolus doses (10–25mg) of intravenous
labetalol reduced systolic blood pressure by 6–19%
and diastolic blood pressure by 3–26% with no
adverse hemodynamic consequences [102]. The time
to maximum reduction of blood pressure in the study
was 5–35 minutes. There was also a prospective study

evaluating the effectiveness of intravenous labetalol in
achieving a blood pressure of less than 160/90mmHg
within 24 hours of symptom onset [61]. Boluses of
10–80mg of intravenous labetalol were administered
provided the heart rate remained greater than 60
beats per minute. The drug was well tolerated, but
only 10 patients achieved the target blood pressure
with labetalol alone and the other 17 required addi-
tional agents (intravenous hydralazine and/or nitro-
prusside) [61]. Intravenous labetalol treatment has
the benefit of minimal side effects with a rapid onset
of action and the disadvantage of sustained hypoten-
sive effect with prolonged usage.

Direct acting vasodilators: hydralazine,
nitroprusside, and glyceryl trinitrate
Hydralazine, a peripheral vasodilator, acts by relaxing
vascular smooth muscle cells leading to the reduction
of arterial blood pressure. There is a latency of less
than or equal to 15 minutes following an intravenous
dose, but thereafter hydralazine reduces blood pres-
sure for less than or equal to 12 hours [100]. Head-
ache, hypotension, and palpitations are the common
side effects associated with hydralazine. Hydralazine
has been used in conjunction with labetalol to lower
systolic blood pressure to less than 160mmHg [61].
Low rates of neurological deterioration were associ-
ated with hydralazine usage and it was well tolerated
by the study participants.

Sodium nitroprusside reduces arterial blood
pressure because it reduces both preload and after-
load. It acts within seconds and lasts for 1–2 minutes
with pretreatment blood pressure levels being
reached within 1–10 minutes after the infusion is
stopped [100].

A prospective feasibility assessment of blood
pressure reduction in acute ICH has also used sodium
nitroprusside. Infusions of 0.2–5 mg/(kg min) were
well tolerated in the ten patients treated with nitro-
prusside [61]. Nitroprusside is also a spontaneous
nitric oxide donor. Nitric oxide is a potent vasodilator
and inhibitor of circulating platelets. The spontan-
eous donation of nitric oxide theoretically makes
nitroprusside a non-optimal agent for use in ICH
patients, although its effect on platelet function in
these patients has not been assessed. One study in
ischemic stroke, however, showed impaired platelet
aggregation with nitroprusside [103].
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Outpatient management of chronic
hypertension following intracerebral
hemorrhage
Recurrent bleeding rates after hypertensive ICH are as
high as 5.4% [104,105]. The European Stroke Initia-
tive and American Heart Association/American
Stroke Association guidelines emphasize the control
of hypertension as the most important modifiable risk
factor for spontaneous ICH in the acute setting. In the
non-acute, outpatient setting, treating hypertension is
the most important step to reduce the risk of ICH and
probably recurrent ICH as well [62]. Modification of
the other risk factors, as discussed above, will also
contribute to the prevention of ICH. An outpatient
regimen of antihypertensive medication begins after
the patient is clinically stable, able to swallow medica-
tion or take oral medications through a gastrointest-
inal tube, and near discharge from the acute care
hospital. A recent systematic review of blood pressure
reduction in the prevention of stroke recurrences,
including ICHs, revealed a positive association between
the magnitude of blood pressure reduction and the risk
of vascular events [106]. These results suggest that
continued outpatient blood pressure monitoring and
treatment does play a significant role in decreasing ICH
recurrence while at the same time suggests there is a
need for further studies to determine which if any
antihypertensive is superior in its treatment effects [29].

There was no strong evidence until recently that
reducing blood pressure after ICH reduces the rate of
recurrent ICH. The PROGRESS (Perindopril Protec-
tion Against Recurrent Stroke) study has also shown
benefits of antihypertensive treatment for high risk,
non-hypertensive individuals as well as for those with
hypertension, with combination, perindopril (angio-
tensin converting enzyme inhibitor) and indapamide
(diuretic) treatment. PROGRESS, a double-blind
randomized trial, comparing perindopril (4mg daily),
with or without indapamide (2–2.5mg daily), versus
placebo for the prevention of recurrent stroke in
individuals with a history of non-disabling cerebro-
vascular disease, irrespective of blood pressure showed
that reducing the blood pressure in this patient popu-
lation also reduced the risk of recurrent strokes [107].
Antihypertensive treatment was initialized at least two
weeks after stroke. In the participants being treated
with perindopril plus indapamide blood pressure was
reduced by a mean of 12mmHg systolic and 5mmHg

diastolic and consequently the stroke risk was signifi-
cantly lower when compared to the double placebo
cohort. A reduction of 5mmHg systolic and 3mmHg
diastolic blood pressure was observed in the group
that received perindopril alone, but the stroke risk
was not discernibly different from that among partici-
pants who received single placebo. In comparison
with double placebo, combination therapy was asso-
ciated with a lower risk of each of the main stroke
subtypes: fatal or disabling stroke (60/1770 versus
110/1774; relative risk reduction 46% [95% confi-
dence interval 27–61]), ischemic stroke (126 versus
191; relative risk reduction 36% [95% confidence
interval 19–49]), and cerebral hemorrhage (12 versus
49; relative risk reduction 76% [95% confidence
interval 55–87]), over the course of four years [107].

Ongoing clinical trials
Until ongoing clinical trials of blood pressure inter-
vention for ICH are completed, physicians must
manage blood pressure on the basis of the present
incomplete evidence, Class IIb, Level of Evidence C.
Blood pressure management represents one of the
major controversies in acute ICH treatment. As of
2007, there are five ongoing trials attempting to evalu-
ate the relationship between blood pressure and
ICH: Antihypertensive Treatment in Acute Cerebral
Hemorrhage (ATACH), Intensive Blood Pressure
Reduction in Acute Cerebral Hemorrhage Trial
(INTERACT), IntraCerebral Hemorrhage Acutely
Decreasing Arterial Pressure Trial (ICH-ADAPT),
IntraCerebral Hemorrhage Acutely Decreasing Arterial
Pressure Extended Trial (ICH-ADAPT-E) and the
Nicardipine for the Treatment of Hypertension in
Patients with Ischemic Stroke, Intracerebral Hemor-
rhage or Subarachnoid Hemorrhage (CARING) trial.

Antihypertensive Treatment in Acute
Cerebral Hemorrhage (ATACH)
The Antihypertensive Treatment in Acute Cerebral
Hemorrhage (ATACH) trial is a prospective, open-
label phase I safety and tolerability study started in
2005 that plans to study 60 patients. The specific goals
are to: (1) determine the tolerability of the treatment as
assessed by achieving and maintaining three different
systolic blood pressure goals with intravenous nicardi-
pine (5–15mg/h intravenous infusion) for 18–24 hours
postictus in subjects with ICH who present within
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6 hours of symptom onset; (2) define the safety,
assessed by the rate of neurological deterioration
during treatment and serious adverse events, of three
escalating systolic blood pressure treatment goals using
intravenous nicardipine infusion: 170–200mmHg,
140–170mmHg and 110–140mmHg; and (3) obtain
preliminary estimates of the treatment effect using the
rate of hematoma expansion (within 24 hours) and
modified Rankin scale (mRS) and Barthel index at
3 months following symptom onset [108,109].

Intensive Blood Pressure Reduction in Acute
Cerebral Hemorrhage Trial (INTERACT)
Started in 2005, the Intensive Blood Pressure Reduction
in Acute Cerebral Hemorrhage Trial (INTERACT) is
a phase III, randomized, open-label, international,
safety/efficacy study. The pilot trial, aiming to study
400 patients, is being done to plan for a major trial
that will determine whether lowering high blood pres-
sure levels after the start of a stroke caused by ICH
will reduce the chances of a person dying or surviving
with a long-term disability. The inclusion criteria for
this trial include: (1) patients with acute stroke due
to spontaneous ICH confirmed by clinical history
and CT scan; (2) at least two systolic blood pressure
measurements of greater than or equal to 150mmHg
and less than or equal to 200mmHg, recorded two or
more minutes apart; (3) able to commence randomly
assigned blood pressure lowering regimen within six
hours of stroke onset; (4) able to be actively treated
and admitted to a monitored facility, e.g. intensive
care unit/acute stroke unit. Patients randomized to
intensive blood pressure lowering are started on
locally available, intravenous treatment and changed
when feasible to oral agents. The specific treatments that
can be used are: labetalol hydrochloride, metoprolol
tartrate, hydralazine hydrochloride, glycerol trinitrate,
phentolamine mesylate, nicardipine, Urapidil, esmolol,
clonidine, enalaprilat and nitroprusside. The primary
end point is mortality and dependency according to an
mRS score of 3–5 at three months [62,110,111].

Intracerebral Hemorrhage Acutely Decreasing
Arterial Pressure Trial (ICH-ADAPT)
and ICH-ADAPT-E
Intracerebral Hemorrhage Acutely Decreasing Arterial
Pressure Trial (ICH-ADAPT) and the Intracerebral

Hemorrhage Acutely Decreasing Arterial Pressure
Extended Trial (ICH-ADAPT-E), initiated in 2007, are
both multicenter, randomized, open-label, blinded-
endpoint trials that are designed to demonstrate
whether blood pressure reduction following ICH stroke
is safe and does not result in cerebral ischemia. Intracer-
ebral Hemorrhage Acutely Decreasing Arterial Pressure
Trial allows for treatment within six hours of the ICH
whereas the ICH-ADAPT-E allows treatment within
24 hours of ICH. Both the ICH-ADAPT and the ICH-
ADAPT-E plan on studying 82 patients. The trials
randomize patients who have acute ICH, confirmed
by CT scan. All primary ICH patients, irrespective of
location (lobar/subcortical or brainstem), as well as
anticoagulant-related hemorrhages will be eligible.
Patients must also have two systolic blood pressure
measurements greater than or equal to 150mmHg
recorded greater than two minutes apart. Those in
the treatment group will receive a 10mg intravenous
bolus of labetalol, administered over oneminute, along
with a protocol designed to achieve and maintain
systolic blood pressure less than or equal to 150mmHg
within one hour of treatment. Patients randomized
to the control group will be managed according to
current American Stroke Association guidelines.

One hour after initial treatment (two hours after
randomization), all patients will undergo a standard
non-contrast CT brain scan. Perfusion CT images will
be acquired with the administration of intravenous
iodinated contrast (40ml) given over 10 seconds with
computed tomography images acquired every 0.5
seconds for 50 seconds. All patients will have a second
non-contrast CT brain scan at 24 hours, in order to
assess for additional hematoma expansion and peri-
hematomal edema volume. Acute parenteral therapy
will be administered only if systolic blood pressure is
greater than or equal to 180mmHg. After 24 hours,
the stroke team physician will manage blood pressure
in the manner they feel is appropriate. Physicians will
be encouraged to start oral antihypertensive therapy,
administered via nasogastric feeding tube if necessary,
after the initial 24 hours. The primary end point is
perihematomal regional cerebral blood flow, as meas-
ured with a CT perfusion scan two hours after anti-
hypertensive therapy is initiated [1,112,113].

CARING trial
The CARING trial, Nicardipine for the Treatment
of Hypertension in Patients with Ischemic Stroke,
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Intracerebral Hemorrhage or Subarachnoid Hemor-
rhage, is a phase IV, prospective, open-labeled study,
that began in 2006. The planned study size is 50
people. It was designed to evaluate the efficacy and
safety of double- or triple-concentrated intravenous
nicardipine for treatment of hypertension in patients
with ischemic stroke, ICH or subarachnoid hemor-
rhage. Any patients older than 18 years old with
ischemic stroke, ICH, or subarachnoid hemorrhage
who require blood pressure control will qualify.
Twenty-five patients will receive double-concentrated
dose; the others (n¼ 25) the triple-concentrated dose.
The treatment period will be determined by the clini-
cian’s clinical judgment for the particular patient.
An average of 72 hours of infusion may be needed
until the blood pressure is ideally controlled by other
agents. The primary end point will be the rate of
peripheral intravenous phlebitis or irritation in
double- or triple-concentrated nicardipine infusion
as well as time and dosage adjustment needed to reach
the target blood pressure range [114].
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Chapter

3 Etiology of tumor-related intracranial
hemorrhage
Andreas F. Hottinger and Lisa M. DeAngelis

Introduction
Cancer-related intracerebral bleeding is an uncommon
cause of hemorrhage and represents only a fraction
of all non-traumatic intracranial hemorrhages (ICHs)
[1]. In the literature, the incidence of tumoral hemor-
rhages has been estimated at 0.8–4.4% of all ICHs
[2–5]. One study of 144 patients found that tumor-
related hemorrhages accounted for 9% of hemor-
rhages; however, there was an overrepresentation
of metastatic brain tumors in this population that
explained the majority of their neoplastic ICHs [6].

Intracerebral hemorrhage is relatively common in
cancer patients and can be demonstrated in 3–14.6%
at autopsy [2,7–11]. The causes of hemorrhage in
cancer patients are multiple and include intratumoral
bleeding, cerebral metastasis, coagulation disorders,
and complications of anticancer treatment (Table 3.1).
In addition to metastases, primary brain tumors can
also present with or develop an ICH. Recognizing that
a neoplasm may be the source of an ICH is of cardinal
importance, particularly when it is the presenting
manifestation [7].

Tumor-related hemorrhages occur in any part
of the central nervous system (CNS) [2]. In most
patients, the site of hemorrhage is the brain paren-
chyma. Subarachnoid (SAH) and subdural hemor-
rhages are less commonly caused by a neoplasm
[12]. Only 0.4% of all SAHs can be attributed to
intracranial neoplasms with roughly half linked to
primary CNS tumors and half linked to metastatic
disease [13]. Subdural hemorrhages secondary to neo-
plasm occur almost exclusively in patients with meta-
static disease and are rarely associated with primary
brain tumors [11,12].

Primary brain tumor
In large series of ICH, primary brain neoplasms
accounted for only 0.8–0.9% of all non-traumatic
hemorrhages [4,14,15], and high-grade gliomas
accounted for up to 65% of these [2,16] (Table 3.2).
The mechanisms of intratumoral hemorrhage
remain unclear, but include tumor necrosis, rupture
of tumor blood vessels and invasion of parenchymal
blood vessels by tumor [17,18]. The blood supply
of intracranial malignant neoplasms depends upon
tumor-generated blood vessels that are distinctly
different from normal cerebral vessels. Tumor vessels
are immature, fenestrated and lack tight junctions,
making them more permeable than normal and
lacking a blood–brain barrier [19]. These neovessels
are associated with high-grade tumors, particularly
glioblastoma multiforme (GBM), and are generated
in response to tumor secretion of vascular endothe-
lial growth factor (VEGF), which is a significant
mediator of angiogenesis [20], and is over–expressed
in up to 95% of all glioblastomas [21]. Vascular
endothelial growth factor is a 34- to 42-kDa heparin-
binding, dimeric, disulfide-bound glycoprotein and
exists as five spliced isoforms having 121, 145, 165,
189, and 206 amino acids. It mediates its actions
through its receptors Flt-1 and Flk-1 [22]. Experi-
mental evidence demonstrates that certain isoforms
of VEGF (121 and 165) are more prone to induce
intratumoral hemorrhage than others [23]. Thus, it
is not surprising that the grade of malignancy is
directly related to the risk of hemorrhage. Up to 8%
of all GBMs show ICH, whereas only 1–2% of low-
grade gliomas are complicated by hemorrhage [16]
(Table 3.2).
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Liwnicz et al. have classified patterns of capillary
growth in brain tumors into three groups: axial, reti-
form, and glomeruloid. Whereas most tumors con-
tain a combination of these capillary types, only the
retiform type is associated with significant intratu-
moral hemorrhage [24]. Retiform capillaries are also
present in abundance in all grades of oligodendro-
gliomas, which may explain the 7–14% incidence of
hematomas (greater than that observed in GBM) in
this otherwise low-grade tumor [9,11]. However,
because this type of tumor is rare, oligodendrogliomas
account for only a small fraction of tumor-related
hemorrhages.

In other primary CNS tumors, the predisposition
to bleed is poorly defined. For instance, meningiomas
represent an unusual cause of ICH, which is seen in
0.6–2% of all meningiomas [2,9,11,25] (Table 3.2).
Bleeding has not been associated with a particular
histological subtype, nor a particular localization
[26,27]. It can occur acutely without antecedent sym-
ptoms, often masking the tumor [27]. Meningiomas
may be complicated by subdural hemorrhages
because of their extra-axial location [28].

Pituitary tumors are benign intracranial tumors
with a high propensity for bleeding [11,29] (Table 3.2).
In approximately 45% of patients the hemorrhage
is small, remains asymptomatic, and can be demon-
strated only byMRI or CT [30]. However, hemorrhage
into a pituitary tumor can cause pituitary apoplexy
with acute headache, coma, and pituitary failure.
Apoplexy occurs in 2–10% of adenomas and can be a
result of hemorrhage or infarction. The diagnosis is
established by neuroimaging [31].

Brain metastasis
Metastatic brain tumors can cause intracerebral
hemorrhage. The overall incidence has not been as
well studied as for primary brain tumors, but in one
series, metastases accounted for 21% of tumor-related
ICHs [2]. Brain metastases from any primary tumor
can cause bleeding, but the different primaries have a
wide variability in their tendency to bleed [2,9,32]
(Table 3.2). This variability is likely explained by the
fact that metastases develop blood vessels similar to
those of their primary sites. Malignant melanoma,

Table 3.1. Etiology and localization of tumor-related intracerebral hemorrhage

Mechanism Localization Typical tumor/cause

Tumor related

Metastatic/primary brain
tumor

Hemorrhage in or adjacent to the tumor Metastatic carcinoma, malignant glioma,
oligodendroglioma

Metastatic or primary
dural or skull tumor

Subdural or epidural hemorrhage Carcinoma, leukemia, lymphoma or meningioma

Neoplastic aneurysm Ruptured aneurysm with parenchymal
hemorrhage

Lung carcinoma or choriocarcinoma

Coagulopathy

DIC Parenchymal or subdural hemorrhage Leukemia, especially acute promyelocytic
leukemia

Thrombocytopenia Parenchymal, subdural or subarachnoid
hemorrhage

Leukemia, chemotherapy-induced

Microangiopathic
hemolytic anemia

Parenchymal hemorrhage Mucin-producing carcinoma, chemotherapy
administration

Treatment related

Chemotherapy Parenchymal hemorrhage with or
without sagittal sinus occlusion

L-asparaginase, thrombocytopenia, coagulopathy

Hemolytic uremic syndrome with
parenchymal hemorrhage

Following various chemotherapeutic agents:
bleomycin, cisplatin, mitomycin C

Note: DIC, disseminated intravascular coagulation.
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germ-cell tumors, renal cell and thyroid carcinomas
can invade and destroy small vessels in the tumor
mass and frequently lead to ICH [9,11]. In a CT-based
study, Weisberg reported that 40% of brain metasta-
ses from melanoma, 70% from renal carcinoma,
but only 5% from bronchogenic carcinomas showed
evidence of hemorrhage [32]. However, due to the
high incidence of bronchogenic carcinoma and its
tendency to metastasize to the brain, it represents
the most common cause of metastatic intracerebral
bleeding [9,11,33,34]. Interestingly, no hemorrhages
were associated with metastatic squamous cell
carcinoma.

A tumor embolus may cause an aneurysm that
can lead to potentially fatal intraparenchymal or
subarachnoid hemorrhages [35–37]. Lung carcinoma
and choriocarcinoma are the most common primary
tumors leading to cerebral neoplastic aneurysms.
Embolic aneurysms are typically located in distal
arterial branches, usually of the middle cerebral
artery.

Other tumor-related ICH
Intracranial hemorrhage can result from coagulopa-
thies associated with cancer or its treatment. These
hemorrhages may occur in the cerebral parenchyma,
the ventricles, subdural or subarachnoid spaces.
Over 90% of patients with systemic cancer will show
laboratory evidence of a coagulation abnormality
[38–40]. Coagulation protein synthesis may be fur-
ther compromised when there is liver dysfunction,
leading either to deficient fibrinolysis or excessive
coagulation [41]. These hemostatic abnormalities can
cause cerebral hemorrhage or CNS infarction with
secondary hemorrhage from intravascular thrombosis
[38,42].

The most frequent form of coagulation dysfunc-
tion is thrombocytopenia. Spontaneous hemorrhage
may develop if platelet levels drop below 10 000/mm3.
In those patients, minor trauma may result in ICH
or spinal hemorrhage may complicate a lumbar
puncture. Thrombocytopenia may result from inva-
sion of the bone marrow by tumor, damage from
chemotherapy or radiotherapy, or when disseminated
intravascular coagulation (DIC) develops [38]. Dis-
seminated intravascular coagulation is particularly
common in acute promyelocytic leukemia (APL)
and has been linked to the release of procoagulants
from the degranulation of promyelocytes [43]. It may

be further exacerbated by tumor cell lysis caused by
administration of chemotherapy [44]. In APL, DIC
typically occurs early in the clinical course and the
resulting ICH may lead to death [45]. Recent use of
retinoic acid for APL has markedly reduced the risk of
ICH early in the course of the disease. Excessive
coagulation, due to abnormal platelet aggregation
and the procoagulant effect of tumor cells or mono-
cytes, can also lead to CNS infarction with secondary
hemorrhage [39,40].

L-asparaginase is used in the induction chemo-
therapy of acute lymphocytic leukemia and can be
complicated in 1–2% of treated patients by cerebral
sinus thrombosis or ICH [46–48]. The mechanism of
thrombosis is related to drug-induced fibrinolysis
or depletion of plasma proteins (especially anti-
thrombin III and fibrinogen) involved in coagulation
[49,50]. The most common CNS complication from
L-asparaginase is thrombosis of the superior sagittal
sinus, which can lead to hemorrhagic venous infarc-
tion of the adjacent cortex.

Hemolytic uremic syndrome (HUS) is characteri-
zed by microangiopathic hemolytic anemia, fever,
thrombocytopenia, and renal failure. It may be com-
plicated by intracerebral hemorrhages [51]. It has
been linked to the administration of a number of
chemotherapeutic agents, including mitomycin C,
bleomycin, and cisplatin. There may be a delay of
several months between administration of the drug
and the development of HUS.

Irradiation of the brain may induce the formation
of vascular abnormalities, including cavernous mal-
formations and aneurysms, which may cause paren-
chymal or subarachnoid hemorrhage, even after a
prolonged interval [52–56]. This has been reported
in the brain and spinal cord.

Diagnosis
Clinical
The clinical presentation of intratumoral hemorrhage
is often indistinguishable from spontaneous ICH
from more typical etiologies such as hypertension.
However, the presence of an underlying structural
lesion may result in more varied clinical presenta-
tions. Therefore, tumor-related ICH can produce a
stroke-like episode with rapid onset of focal neuro-
logical deficits with or without impairment of con-
sciousness and a rapidly devastating clinical course.
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This presentation occurs in 24–67% of patients with
tumor-related ICH depending upon the age of the
study and means of diagnosis [32,34,57–59]. Typic-
ally, older autopsy-based studies are skewed towards
large hemorrhages with rapid symptoms and death,
whereas CT or MR scan-based studies detect smaller
and even asymptomatic hemorrhages. Coma has been
reported in 25–54% of the patients in the older
autopsy-based studies [14,57], but modern experience
suggests that coma is much less frequently associated
with ICH. In patients with an ICH, a history of
headache or segmental signs preceding the acute ictus
should suggest a pre-existing structural lesion. Little
et al. reported that 8 of 13 patients with brain hemor-
rhage from intracranial tumor had subtle pre-existing
neurological symptoms or signs suggestive of an
intracranial mass [14].

The clinical presentation of tumoral intracerebral
bleeding can also follow a more protracted course
and be manifest as subacute neurological signs that
develop over a period of days or even weeks [14,57].
A number of patients will remain asymptomatic,
despite radiological evidence of hemorrhage. These
asymptomatic hemorrhages have been reported to
occur in 20–56% of radiological studies or patho-
logical material obtained at surgery or autopsy [8,11].

Pituitary tumors show a high propensity for intra-
tumoral bleeding [11] (Table 3.2). Because the hem-
orrhage is usually small in size, only about 65% of
radiologically or pathologically proven hemorrhages
will cause clinical symptoms [29,30,60]. In approxi-
mately 55% of these symptomatic cases, the bleeding
will result in pituitary apoplexy characterized by
sudden headache, visual impairment, and ophthal-
moplegia. Vomiting or meningeal signs may also be
present. The differential diagnosis of this syndrome
includes rupture of an aneurysm and SAH [61].

Imaging
The rapid onset of lateralizing neurological abnor-
malities accompanied by decreased level of conscious-
ness suggest ICH, but accurate diagnosis requires
imaging of the brain with a CT or MRI scan [62].
As with intracerebral hematoma from any cause,
tumor-related hemorrhage appears as a hyperdense
lesion on precontrast CT scan [32,33] (Fig. 3.1).
Depending upon its age, hemorrhage from any source
will have a variable appearance on MRI and may
be hypo-, iso- or hyperintense on T1- or T2-weighted

images. Hyperacute blood may appear isointense to
brain on unenhanced T1 images, but the hematoma
becomes hyperintense within several hours. This
hyperintensity can persist for weeks. Sometimes
hematoma is best appreciated on the gradient echo
sequences even when it is not evident on standard T1
or T2 sequences [63].

A number of radiological features may suggest the
presence of an underlying tumor (Table 3.3). The
location of the hematoma may suggest a mass; unlike
the deep basal ganglia or brainstem location of hyper-
tensive hemorrhages, primary tumors tend to occur
in the hemispheric white matter and metastases at the
junction between the gray and white matter [63].
On neuroimaging obtained within hours of symptom
onset, enhancement contiguous to the hemorrhage
following contrast administration suggests the bleed
occurred within a tumor [64,65]. Hypertensive or
traumatic cerebral hemorrhages do not enhance for
days to weeks after the ictus. Other lesions that show
contrast enhancement in the acute phase of the hem-
orrhage often have a specific pattern revealing the
diagnosis. For instance, arteriovenous malformations

Fig. 3.1 Non-contrast brain CT: acute worsening of right
hemiplegia and dysarthria in a patient with glioblastoma
multiforme: hyperdense lesion corresponding to intratumoral
bleeding. Note the extensive area of peritumoral edema.
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typically demonstrate the serpiginous vessels of the
lesion itself, whereas neoplastic enhancement is
usually nodular, diffuse, or ring-like. The presence of
other sites of enhancement in the brain parenchyma
suggests brain metastases. Mixed signal intensities
within the hemorrhage of either a primary or meta-
static brain tumor may be due to subacute low-grade
bleeding over time. The presence of significant edema
around an acute hemorrhage suggests an underlying
mass because it takes several days to develop edema
after a traumatic or hypertensive ICH.

Patients often have multiple brain metastases.
Simultaneous hemorrhage in multiple brain meta-
stases has been noted especially in melanoma,
choriocarcinoma and renal cell carcinoma [32–34]
(Fig. 3.2). Therefore, multiple simultaneous paren-
chymal cerebral hemorrhages of the same age should
suggest intracranial metastases.

In every patient presenting with an intracerebral
hemorrhage, a platelet count and coagulation studies
must be performed. A coagulation abnormality may
suggest an underlying hematological malignancy or
abnormality. In those patients, the history may reveal
easy bruising, mucosal bleeding, or bleeding from the
nose or uterus.

If the etiology of the intracerebral hemorrhage
remains unclear, but tumor is suspected, evacuation
is necessary. Examination of blood clot evacuation
specimens can lead to a diagnosis of tumor in a subset
of cases, particularly if neural tissue is part of the
specimen. A larger quantity of neural tissue submitted
for histological evaluation correlates with a higher
likelihood of establishing the diagnosis [66].

Etiology-specific treatment algorithm
As with any intracerebral hemorrhage from any
cause, the initial treatment of a tumor-related hemor-
rhage is directed at the mass and the management of
increased intracranial pressure or cerebral herniation
[67–69]. A patient with a stable neurological deficit
following intracerebral hemorrhage may be treated
with close monitoring and corticosteroids when
peritumoral edema is present. Subdural hematoma
due to tumor often requires surgical evacuation. This
can often be achieved through a burr hole, so that a
craniotomy can be avoided. Occasionally, placing a
temporary drain or Ommaya reservoir into the sub-
dural space is required to allow drainage of reaccu-
mulated fluid [70]. The fluid drained should be
analyzed cytologically for the presence of tumor cells
even though a negative result does not exclude cancer.
If the subdural hematoma has resulted from subdural
tumor, surgical evacuation of the hematoma should
be followed by whole brain radiotherapy.

Corticosteroids have no established role in the
acute management of primary supratentorial hemor-
rhages, but they are effective in treating the vasogenic
edema caused by a tumor [71]. Treatment of the
edema is important, as it will reduce the total mass

Table 3.3. Radiological findings suggesting tumor-related
hemorrhage

� Presence of significant edema surrounding an acute
hemorrhage

� Contrast enhancement contiguous to an acute
hemorrhage

� Areas of enhancement elsewhere in the brain
suggest the presence of multiple metastases

Fig. 3.2 A 77-year-old patient with
melanoma and multiple hemorrhagic
brain metastases. (a) T1-weighted images:
two hyperintense lesions due to
hemorrhage into metastases. (There is
an artifact due to the presence of a clip: *)
(b) T1-weighted images post-contrast:
an additional metastasis without
hemorrhage is visualized (arrow).
Note the enhancement contiguous to
one hemorrhage (arrowhead) suggesting
the presence of underlying tumoral tissue
as well as the appearance of a third
lesion, which was not hemorrhagic.
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produced by the tumor, hematoma, and edema.
The mechanism of action of steroids is not well
understood but may be linked to a reduction in the
permeability of tumor capillaries [72].

Seizure is a possible presentation of acute hemor-
rhage and needs to be treated with anticonvulsants
[73]. To date, no study has evaluated the indication
of prophylactic antiepileptic treatment in patients
with hemorrhages from brain tumors. In patients
with brain tumors or metastases without hemorrhage,
prophylactic administration of antiepileptic drugs
does not reduce the incidence of subsequent seizure
[74,75]. The Quality Standards Subcommittee of the
American Academy of Neurology therefore advises
against prophylactic anticonvulsant medications as
this does not provide substantial benefit [76]. Even
though patients with tumor-associated hemorrhages
show an increased risk of seizure, there is no evidence
that anticonvulsant prophylaxis is more effective
in this subgroup than in the population of patients
with brain tumors as a whole. Similarly, there is no
evidence that prophylactic antiepileptics reduce the
postoperative risk of seizure following craniotomy
[77,78]. Therefore, prophylactic anticonvulsants should
be avoided.

After the patient has been stabilized acutely,
treatment should be directed against the underlying
tumor. If the patient appears to have a primary brain
tumor, this will likely include neurosurgery. Subse-
quent treatment with cranial irradiation or chemo-
therapy will depend upon the pathological diagnosis.

A single brain metastasis should be resected if
technically feasible [79]. Patients with multiple brain
metastases may benefit from resection if there is a
single large hemorrhagic lesion or a hemorrhagic
mass is responsible for disabling symptoms. In a
patient with a known systemic cancer who suffers an
intracerebral hemorrhage, but in whom the CT or
MRI does not conclusively establish the presence
of a metastasis, careful follow-up with radiological
studies repeated a few weeks after the hemorrhage
should be performed to exclude an underlying tumor.

Depending upon the tumor type, radiotherapy may
either follow resection or be the primary treatment for
patients with multiple brain metastases or when the
tumor is located in an area that is not surgically access-
ible. Radiotherapy should be administered according
to the appropriate protocol regardless of whether the
tumor is associated with hemorrhage. Similarly, radi-
ation should not be delayed because of the presence

of a hemorrhage. However, stereotactic radiosurgery is
not recommended for a tumor following an acute
hemorrhage because of the difficulty defining the
target, the potential for increasing cerebral edema and
the potential for increased risk of further bleeding [80].

The prognosis of a hemorrhagic neoplasm is pri-
marily determined by the prognosis of the underlying
malignancy. If the hemorrhage is asymptomatic or
only minimally symptomatic, the overall prognosis
will not be different from that of an identical non-
hemorrhagic tumor. Therefore, in this situation,
the presence of a hemorrhage within an intracranial
neoplasm should not alter the therapeutic approach.
If the hemorrhage presents with severe neurological
deficits or coma, the prognosis will be poor with
patients typically surviving only days to weeks
[8,14,34,57,58,81].
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Chapter

4 Cerebral amyloid angiopathy

Steven M. Greenberg

Most human diseases have been recognized clinically
many years before they are understood pathologically.
In the case of cerebral amyloid angiopathy (CAA),
this process has occurred precisely in reverse. Amyl-
oid deposits in small- and medium-sized vessels of the
cerebral cortex and leptomeninges (subsequently rec-
ognized as congophilic [1]) were described in the
German neuropathological literature as early as 1909
and 1910 [2,3]. Cerebral amyloid angiopathy was not
linked to clinical disease, however, until the second
half of the twentieth century when it was reported as a
rare cause of hemorrhagic stroke [4–6]. Even today,
with CAA established as a major cause of primary
intracerebral hemorrhage (ICH) in the elderly, our
understanding of the full spectrum of clinical syn-
dromes associated with CAA remains in evolution.

The current chapter will focus on the pathogenesis
of CAA (including the rapidly growing area of trans-
genic mouse models), clinical and genetic risk
factors, presentations and diagnosis, and prospects
for treatment. Various aspects of CAA have also been
discussed in a large number of excellent review art-
icles from leading contemporary authorities on this
disorder [7–16].

Pathogenesis and experimental
systems
Advanced CAA (Fig. 4.1) consists of vascular depos-
ition of amyloid and secondary breakdown of
amyloid-laden vessel walls. Vessels affected by CAA
are the capillaries, arterioles, and small and medium-
sized arteries of the cerebral cortex, overlying lepto-
meninges, and cerebellum; vessels of the white and
deep gray matter structures are largely spared. Earliest
deposition of amyloid occurs at the border of the

vessel media and adventitia, a location postulated to
reflect the clearance of ß-amyloid from the brain via
interstitial fluid drainage pathways along the periar-
terial space (Fig. 4.2) [17]. The prevalence of detect-
able CAA in the aged brain is high, approximately
10–40% in the general elderly and 80% or more
among those with concomitant Alzheimer’s disease
(AD) [13]. The secondary pathological changes asso-
ciated with advanced CAA include loss of vascular
smooth muscle cells, microaneurysms, concentric
splitting of the vessel wall, chronic perivascular or
transmural inflammation, and fibrinoid necrosis
[18–23]. These CAA-related vasculopathic changes
are often accompanied by leakage of blood products
and appear to comprise the substrate for symptomatic
CAA-related ICH [18,19,24–26].

The principal constituent of both vascular amyl-
oid in CAA and plaque amyloid in AD (Fig. 4.1) is the
ß-amyloid peptide (Aß), a 39 to 43 amino acid pro-
teolytic fragment of the 695 to 770 residue ß-amyloid
precursor protein (APP). Deposition of “long” Aß
peptides with carboxyl termini extending to position
42 or 43 (termed Aß42) appears to be a necessary
early step in initiation of CAA [27–29], whereas the
shorter Aß40 (terminating at position 39 or 40) is the
predominant species in vessels with substantial CAA
involvement [30–37]. Other proteins or protein frag-
ments detected in association with vascular amyloid
include Apolipoprotein E, cystatin C, alpha-synuclein,
heparan sulfate proteoglycan, amyloid P component,
and complement proteins [38–44].

Major insights into the pathogenesis of human
CAA have emerged from the rapidly developing field
of transgenic mouse modeling (Fig. 4.3). Mouse lines
overexpressing mutant forms of APP demonstrate
many of the features of advanced human CAA,
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including age-dependent Aß deposition in leptome-
ningeal and cortical arterioles, loss of vascular smooth
muscle cells, aneurysmal dilatation, perivascular
microgliosis and astrocytosis, perivascular microhe-
morrhage, and frank ICH [45–52]. The source of Aß
in these mice is largely neuronal, further supporting
the model of Aß circulation from brain parenchyma
to periarterial space noted above (Fig. 4.2) [17]. Once
CAA appears, non-invasive multiphoton imaging
of mice at different time points suggests that it

progresses primarily by growth of already established
deposits [52,53].

Mouse studies have shed particular light on the
question of which factors predispose to appearance
and growth of CAA in preference to senile plaque
formation. One such factor is the structure of the
Aß peptide itself: amino acid substitutions associated
with hereditary human CAA such as the Dutch
[54,55] or Iowa [56] mutations appear to target the
peptide for vascular deposition [50,57]. Another

(a) (b) Fig. 4.1 Neuropathological appearance of
CAA. Congo red stain (a) shows the
characteristic green birefringence under
polarized light of a vessel with complete
replacement of its wall with amyloid.
Another brain with advanced CAA
(b) demonstrates extensive ß-amyloid
immunostaining in vessels and the
immediately surrounding brain
parenchyma (sometimes referred to as
dyshoric CAA) as well as senile plaques.
(Images courtesy of Dr. Matthew P. Frosch,
Massachusetts General Hospital and
Harvard Medical School, Boston, MA.) See
plate section for color version.
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(3) Degradation of Ab by
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(4) Drainage of Aβ from the brain with
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Ab 

Fig. 4.2 Model for vascular deposition of
ß-amyloid. The diagram demonstrates
several recognized mechanisms for
elimination of Aß from the brain: (1) active
transport of Aß into the blood via
proteins such as low density lipoprotein
receptor-related protein-1 [194,195] and
P-glycoprotein [196]; (2) degradation by
enzymes in the brain parenchyma [197],
(3) microglia [14], and astrocytes [198];
and (4) elimination along the perivascular
pathways by which interstitial fluid drains
from the brain [17,199]. As mechanisms
(1), (2), and (3) fail with age, Aß appears to
become increasingly entrapped from the
interstitial fluid drainage pathways into
the basement membranes of capillaries
and small arteries (shown in green)
[17,200]. (Figure courtesy of Drs. Roy
O. Weller, Roxana Carare-Nnadi, Delphine
Boche, and James A. R. Nicoll, University of
Southampton School of Medicine,
Southampton, UK.) See plate section for
color version.
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identified factor is Apolipoprotein E. Genetic knock-
out of mouse Apolipoprotein E prevented both CAA
and CAA-related hemorrhage [49], whereas knockin
of the human Apolipoprotein E E4 gene preferentially
restored CAA formation [58]. A third factor high-
lighted by mouse studies is inflammation. Overex-
pression of transforming growth factor (TGF)-ß1,
for example, was found to have inverse effects on
plaque and vessel amyloid, decreasing plaque deposits
and increasing extent of CAA [59,60].

Another important role for transgenic mouse and
other experimental systems has been to investigate
physiological and toxic effects of Aß. The peptide
has effects on resting vessel diameter [61] and dilata-
tion to pharmacological or physiological stimuli [47,
62,63], possibly reflecting direct physiological or toxic
effects of Aß on the contractile/relaxation elements of
the vessel wall [64–70]. The b-amyloid peptide also
appears to stimulate synthesis and activation of the
inflammatory mediator matrix metalloproteinase-9
in cerebrovascular endothelial cells [71], offering
another potential cellular mechanism for CAA-related
tissue damage [72]. A further in-vitro property of

Aß is to stimulate tissue-type plasminogen activator
[73,74], potentially promoting ICH through direct
effects on the coagulation/thrombolysis cascade as
well as on the integrity of the vessel wall.

Clinical and genetic risk factors
Cerebral amyloid angiopathy-related ICH accounts
for a substantial proportion of all spontaneous ICH
in the elderly. Typical estimates of 10–20% have been
noted in autopsies of elderly ICH patients [13].
Using a different approach of analyzing consecutive
clinical ICH patients at the Massachusetts General
Hospital (MGH), we have estimated 34% of primary
ICH in the elderly as due to CAA (based on the 46%
of primary ICH noted to occur in lobar locations
multiplied by the 74% of lobar ICH found to have
advanced CAA on neuropathological examination
[75]). Aging of the population, increasing use of
anticoagulants and thrombolytics, and lack of effect-
ive preventative strategies suggest that the absolute
incidence and proportion of CAA-related ICH will
increase.

Advancing age is the strongest clinical risk factor
for CAA-related ICH, as predicted by the age-depend-
ence of the underlying pathology [13,76–79]. All 26
patients identified with CAA-related ICH in three
large autopsy series [5,80,81] were over age 60 and
23 of 26 (88%) over age 70. Consecutive patients at
MGH [82] analyzed for age of first CAA-related
ICH demonstrated similar age-dependence, though
with slightly younger age distribution (mean age of
76.1�8.3) as expected in a clinical series. Ninety-seven
percent of patients were over age 60 at first hemor-
rhage, 75% over age 70, 39% over age 80 and 4% (4 of
105 patients) in their 90s. There was no marked pre-
dilection for gender either in our clinical series (54%
male, 46% female) or in pathological cases (49% male,
51% female) [7].

Dementia has generally been considered a major
risk factor for CAA-related ICH because of the
close molecular relationship between CAA and AD.
A pathological study of 117 consecutive brains with
AD indeed demonstrated advanced CAA to be
common, with moderate to severe CAA pathology in
25.6% and CAA-related hemorrhages in 5.1% [83]. An
MRI-based study of 59 subjects (mean age 77) with AD
found microhemorrhages to be surprisingly prevalent
(32%) [84], though the proportion caused by CAA is
unclear. Another recent study of consecutive subjects

Fig. 4.3 Cerebral amyloid angiopathy in a transgenic mouse.
Cerebral amyloid angiopathy in leptomeningeal and superficial
cortical vessels and amyloid-containing plaques are demonstrated
in the brain of a 22-month old Tg2576 transgenic mouse [201]
Amyloid is stained with thioflavin S and imaged by two-photon
microscopy [52].
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presenting to a memory disorders unit [85] found
corticosubcortical microhemorrhages in 9 of 61
(15%), with 7 of the 9 showing multiple microhe-
morrhage highly suggestive of CAA [75]. Despite
these observations, approximately 60–80% of
patients diagnosed with CAA-related ICH were not
cognitively impaired prior to their initial hemor-
rhagic stroke [7,18,86,87]. It is thus unclear from a
clinical standpoint whether the presence or absence
of dementia is useful in making the diagnosis of
CAA. The association of CAA and AD appears due
in part to the shared genetic risk factor Apolipopro-
tein E E4 [88].

Despite hypertension’s (HTN) clear importance in
promoting necrosis and rupture of the deep penetrat-
ing vessels [89], there is little evidence for a major role
in CAA-related ICH. The estimated prevalence of
HTN in CAA is in the range of 32% (determined
from 107 pathological cases of CAA reviewed by
Vinters [7]) to 52% (measured in our 105 consecutive
clinical cases diagnosed with CAA [82]), figures not
much greater than the expected rate of HTN for the
general elderly. Hypertension is significantly less fre-
quent in lobar ICH than ICH of the deep hemi-
spheres, cerebellum, or pons in most [86,90–92]
(though not all [93,94]) studies of the elderly. Most
notably, midpoint analysis of the population-based
Greater Cincinnati/Northern Kentucky study found
no association between HTN and lobar ICH [95],
though a more recent analysis in this study suggested
that untreated HTN may increase risk [96]. Among
other vascular factors, neither diabetes mellitus nor
coronary atherosclerosis has demonstrated an elevated
frequency in our CAA cohort.

Other clinical risk factors have been suggested for
lobar ICH without specific evidence linking them to
CAA. The Greater Cincinnati/Northern Kentucky
study identified previous ischemic stroke and frequent
alcohol use in addition to Apolipoprotein E genotype
and family history of ICH (see below) as predictors of
lobar ICH in a multivariable model [95]. Low serum
cholesterol has been found to associate with ICH in
several other population-based studies [97–102]. The
few studies that have analyzed ICH according to loca-
tion or presumed etiology have not indicated a spe-
cific relationship of cholesterol to CAA-related
hemorrhages [103,104].

Genetic mutations are rare causes of CAA-related
hemorrhage, though those mutations that have been
identified have proven highly instructive [105]. Most

of the mutations associated with CAA-related ICH
occur in the Aß-coding region of APP [54–56,106–
110], a striking contrast to the AD associated
mutations that flank the Aß-coding segment [111].
Another interesting aspect to the CAA-associated
mutations of APP is that the same amino acid substi-
tution can result in hemorrhagic strokes in one family
and CAA without major ICH in another [112,113],
suggesting that there are other genetic or non-genetic
cofactors required for expression of a full hemor-
rhagic phenotype. Other familial CAAs with vascular
deposition of amyloids unrelated to Aß include the
Icelandic cystatin C mutation with early onset and
severe ICH [114,115], the dementia syndromes asso-
ciated with mutations of the BRI protein [116,117],
and mutations of the transthyretin gene affecting the
central nervous system primarily by meningeal hem-
orrhage [118–123].

Apolipoprotein E has emerged as the strongest gen-
etic risk factor for the much more common sporadic
form of CAA-related ICH. The Apolipoprotein E E2
and E4 alleles appear to promote CAA-related ICH at
two distinct steps in the disease’s pathogenesis, E4
predicting increased deposition of Aß in vessels (as
it does in plaques) [88,124–128] and E2 associating
with the CAA-related vasculopathic changes such as
concentric vessel splitting and fibrinoid necrosis
[26,129]. Each of these alleles was more than twofold
overrepresented among 182 reviewed pathological
cases of CAA-related ICH [130]. The general import-
ance of Apolipoprotein E to lobar ICH was further
supported by the Greater Cincinnati/Northern Ken-
tucky analysis, in which presence of Apolipoprotein
E E2 or E4 associated with an adjusted odds ratio for
lobar ICH of 2.3 [95]. The Apolipoprotein E alleles
had an attributable risk for lobar ICH of 29% in this
study, the largest proportion for any risk factor exam-
ined. Both Apolipoprotein E E2 and E4 appear to
associate not only with increased risk for ICH occur-
rence, but also with a younger age of first hemorrhage
[129] and a shorter time till ICH recurrence
(see below) [131].

The Greater Cincinnati/Northern Kentucky study
found substantial risk for lobar ICH associated with
family history of ICH even after controlling for Apo-
lipoprotein E genotype [95] suggesting other as yet
unidentified genetic risk factors for sporadic CAA.
Among the long list of potential candidate genes
are those encoding for presenilin-1, neprilysin and
TGF-ß1 [132–134].
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Clinical presentation and diagnosis
Spontaneous and iatrogenic ICH
Cerebral amyloid angiopathy-related hemorrhages
largely follow the distribution of the vascular amyloid,
appearing with highest frequency in the cortico-
subcortical or lobar regions, less commonly in cerebel-
lum, and generally sparing the brainstem and deep
hemispheric structures [7,81]. Among the cortical
lobes, CAA-related hemorrhages occur preferentially
in the occipital and temporal lobes relative to their
cortical volumes (Fig. 4.4) [135]. This pattern of
hemorrhage distribution also appears to reflect the
distribution of vascular amyloid deposits, reported
in several series to favor posterior brain regions
[76,77,136]. Although lobar ICH in CAA often
dissects into the subarachnoid space [81,137–139],
primary subarachnoid hemorrhage due to CAA is
rare [138, 140].

Cerebral amyloid angiopathy-related lobar ICH
presents similarly to other types of lobar ICH [141]
with acute onset of neurological symptoms and the
variable presence of headache, seizures, or decreased
consciousness according to hemorrhage size and loca-
tion. Cerebral amyloid angiopathy-related hemor-
rhages can also be small and clinically silent [6].
These “microbleeds” are well visualized by gradient
echo or T2*-weighted MRI techniques (Fig. 4.5),

which enhance the signal dropout associated with
deposited hemosiderin [142–145]. By detecting even
old hemorrhagic lesions, gradient echo MRI provides
a clinical method for demonstrating an individual’s
lifetime history of hemorrhage and thus for identify-
ing the pattern of multiple lobar lesions characteristic
of CAA.

The Boston criteria for CAA codify the typical
features of CAA-related ICH into diagnostic categor-
ies of “definite,” “probable,” and “possible” disease as
listed in Table 4.1 [75,86]. While diagnosis of definite
CAA requires demonstration of advanced disease
through full postmortem examination, a clinical diag-
nosis of probable CAA can be reached during life by
radiographic evidence of two or more strictly lobar or
corticosubcortical hemorrhagic lesions without other
definite hemorrhagic processes. In a clinical-patho-
logical validation study, 13 of 13 subjects diagnosed
clinically with probable CAA also showed CAA
pathologically [75], suggesting that the criteria may
be sufficiently specific to be useful in practice. In the
same study, gradient echo MRI detected the diagnos-
tic pattern in 8 of 11 patients (73%) with pathologic-
ally documented CAA, providing an estimate for
the sensitivity of the diagnosis. The Boston criteria
propose a separate category of probable CAA with
supporting pathology for patients with lobar ICH
and a brain sample (biopsy or resected hematoma

Fig. 4.4 Three-dimensional
representation of the distribution of
CAA-related hemorrhages. Each dot
represents the center of a hemorrhage in
a set of 20 patients with probable CAA
mapped onto a composite three-
dimensional template [135]. See plate
section for color version.
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Fig. 4.5 Magnetic resonance imaging
appearance of CAA. Axial MRI images are
shown for a 76-year-old woman with
progressive deficits of cognition and gait
and no known vascular risk factors.
Gradient echo images (a) demonstrate
multiple strictly lobar microbleeds
(arrowheads) as well as a larger left frontal
hemorrhage, meeting Boston criteria for
probable CAA. Fluid attenuated inversion
recovery sequences (b) highlight
confluent areas of white matter
hyperintensity.

Table 4.1. Boston criteria for diagnosis of CAA-related ICH

Definite CAA

Full postmortem examination of brain showing lobar ICH, severe CAA [19], and no other diagnostic lesion

Probable CAA with supporting pathology

Clinical data and pathological tissue (evacuated hematoma or cortical biopsy) showing lobar ICH, some degree of CAA in
pathological specimen, and no other diagnostic lesion

Probable CAA

Clinical data and MRI or CT scan showing two or more hemorrhagic lesions restricted to lobar regions (cerebellar
hemorrhage allowed), age � 55, and no other cause of hemorrhage*

Possible CAA

Clinical data and MRI or CT scan showing single lobar ICH, age � 55, and no other cause of hemorrhage*

Notes: *Other causes of ICH defined as excessive anticoagulation (International Normalized Ratio > 3.0), antecedent head trauma or ischemic
stroke, central nervous system tumor, vascular malformation, or vasculitis, blood dyscrasia or coagulopathy. INR > 3.0 or other non-specific
laboratory abnormalities permitted for diagnosis of possible CAA.
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specimen) with CAA. A validation study for this
diagnosis suggested that CAA of at least moderate
severity in a random tissue sample was a reasonably
specific marker for severe CAA in the brain as a
whole [79].

Iatrogenic ICH related to anticoagulation or cor-
onary thrombolysis comprises an important and
highly lethal manifestation of CAA. Anticoagulation
is hypothesized to promote ICH by allowing small
leakages of blood to expand into large symptomatic
hemorrhages [146] and might thus be particularly
risky in the setting of advanced CAA. This possibility
is supported by demonstration of advanced CAA in
individual cases of ICH following either coronary
thrombolysis [147–149] or anticoagulation [150].
The largest series of consecutive pathological cases
found CAA in 3 of 5 lobar ICHs following thrombo-
lysis for acute myocardial infarction [151] and 7 of 11
lobar ICHs occurring on warfarin [152]. The associ-
ation of CAA with anticoagulation-related ICH was
further supported by an increased frequency of the
Apolipoprotein E E2 allele among patients with lobar
ICH on warfarin relative to control patients on
warfarin without ICH [152]. The apparent link
between CAA and iatrogenic ICH might partially
explain the noted age-dependence of these compli-
cations [153–156].

Presentations without major hemorrhage
A notable finding in very severe cases of CAA is
cognitive impairment independent of major hemor-
rhagic stroke. Cognitive impairment has been
observed in both familial [56,157,158] and sporadic
[159,160] instances of severe CAA, generally in the
absence of extensive AD pathology [56,161]. These
observations suggest that CAA can cause clinically
important cognitive dysfunction in the broader popu-
lation of elderly with lesser extents of vascular amyl-
oid [162,163]. This possibility has received further
support from two population-based studies correlat-
ing cognitive testing or dementia status of subjects
during life with neuropathological findings at aut-
opsy. Among subjects in the population-based Medi-
cal Research Council (MRC) study [164], severe CAA
was associated with an impressively elevated odds
ratio for dementia of 7.7 (95% confidence intervals
[CI] 3.3–20.4). The relationship between CAA and
dementia could easily be confounded by potential
covariates such as age or the accompanying presence

of AD pathology; the magnitude of the odds for
dementia (9.3, 95% CI 2.7–41.0) was no lower, how-
ever, in multivariable analysis controlling for age,
brain weight, neuritic and diffuse plaques, neocortical
and hippocampal neurofibrillary tangles, Lewy bodies,
and cerebrovascular disease. In the population-based
Honolulu-Asia Aging study (HAAS) [165], AD plus
CAA was associated with significantly worse cogni-
tive performance on testing during life than AD with-
out CAA. Like the findings in the MRC study, this
effect of CAA remained independent in analysis
controlling for potential confounders such as age,
tangle and plaque counts, infarctions, and Apolipo-
protein E genotype.

Analysis of white matter damage in patients diag-
nosed with CAA points to the possibility that CAA-
related vascular dysfunction may lead to cognitive
impairment. White matter damage in advanced
CAA (Fig. 4.5) is ascribed to decreased perfusion via
amyloid-laden overlying cortical vessels [166], as the
white matter itself is largely spared from CAA. Stud-
ies of consecutive patients with probable CAA have
found white matter lesions to be both common and
severe. In one analysis, white matter hypodensity
(measured in the hemisphere contralateral to the
ICH) was detectable by CT scan in 69 of 88 subjects
(78%) and of severe extent (3 or 4 on a 0 to 4 point
scale) in 34 of 88 (39%) [87]. An overlapping study
using volumetric MRI techniques found nearly
double the volume of normalized white matter hyper-
intensity in 42 subjects with probable CAA compared
to 54 similar aged subjects with AD or mild cognitive
impairment (19.8 versus 10.8 cm3, p¼ 0.01) [167].
These studies, together with neuropathological data
[168], support an association between CAA and
damage of the deep white matter. Further analysis of
subjects with probable CAA found that severe
white matter hypodensity on CT was independently
associated with the presence of pre-ICH cognitive
impairment with an odds ratio greater than 3 [87],
suggesting that extent of white matter damage might
be an important mechanism for the cognitive effects
of advanced CAA.

One further group of patients with CAA, white
matter lesions, and cognitive impairment is the sub-
group with vascular inflammation. Although some
increase in inflammatory cells may be a common
feature of advanced CAA [18,20], this subgroup
demonstrates more robust reactions including peri-
vascular mononuclear and multinucleated giant cells
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[169] or frank vasculitis [170–174]. In the MGH
series, perivascular inflammation was identified in 7
of 42 (17%) consecutive tissue samples from patients
pathologically diagnosed with CAA [169], a possible
overestimate of the disorder’s frequency because of
the tendency to perform biopsy in patients with atyp-
ical clinical presentations. Patients with CAA-related
inflammation generally present with subacute cogni-
tive decline, seizures, or focal or diffuse ischemic
injury rather than symptomatic ICH. Many patients
show both clinical improvement and partial reso-
lution of their white matter lesions upon treatment
with immunosuppression [169,171,175], suggesting
that CAA-related inflammation may be a treatable
form of CAA.

Cerebral amyloid angiopathy can also present
with transient neurological symptoms [159,176,177],
another syndrome where diagnosis during life is of
particular practical importance. The neurological
symptoms can include focal weakness, numbness,
paresthesias, or language abnormalities, often occur-
ring in a recurrent and stereotyped pattern. Spells
typically last for minutes and may spread smoothly
from one contiguous body part to another during a
single spell. Transient neurological symptoms in CAA
appear to be related to the hemorrhagic rather than
the ischemic component of the disease, as gradient
echo MRI frequently demonstrates otherwise asymp-
tomatic hemorrhage in the cortical region corres-
ponding to the spell [159]. Spells often cease with
anticonvulsant treatment. The major practical issue

is to differentiate these episodes by clinical or radio-
graphic means from true transient ischemic attacks,
as anticoagulation of patients with advanced CAA
may substantially raise the risk for future hemor-
rhagic stroke.

Clinical course and treatment
Initial outcome and risk of recurrence
Despite improvements in the critical care of stroke,
CAA-related lobar ICH remains a highly lethal clinical
event: three-month mortality of 28.6% and independ-
ent functional outcome of only 30.7% were noted in
theMGH study of 184 consecutive non-anticoagulated
primary lobar ICH patients age � 55 [178]. Although
lobar hemorrhages may be less likely to affect critical
brainstem or thalamic structures than deep hemi-
spheric ICH, they also carry several negative prognos-
tic features such as higher age [86] and larger volume
[179] that likely account for the comparably poor
outcomes of ICH in the two locations [178].

Recurrent hemorrhagic stroke represents a major
neurological risk for survivors of an initial CAA-related
ICH. A pooled analysis of patients followed after lobar
ICH reported a recurrence rate of 4.4% per year [180],
with even higher rates noted among consecutive lobar
ICH patients seen at MGH [131]. Lobar ICH is associ-
ated with substantially higher risk of recurrence com-
pared to deep hemispheric ICH (Fig. 4.6) [181]. The
recurrences, like the initial hemorrhages, are typically
lobar. Although the site of recurrence is typically
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Fig. 4.6 Recurrence risk for lobar and deep
hemispheric ICH. A Kaplan-Meier plot
demonstrates significantly elevated risk for
ICH recurrence among consecutive subjects
with lobar (n¼ 127) relative to basal
ganglionic (n¼ 80) ICH [181]. HR ¼ hazard
ratio.
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distinct from the initial hemorrhage, there is a
significant tendency for new hemorrhages to occur in
the same lobe as the initial hemorrhage [135].

Identified risk factors for ICH recurrence are the
number of previous hemorrhages and Apolipo-
protein E genotype [131, 182]. In a study of 94 con-
secutive lobar ICH patients, the three-year cumulative
recurrence risk increased from 14% to 17%, 38%, and
51% for subjects with 1, 2, 3–5, or > 5 hemorrhagic
lesions detected at baseline [182]. Possession of either
Apolipoprotein E E2 or E4 was also associated with
increased risk of recurrence, with highest risk among
the subgroup with the rare Apolipoprotein E E2/E4
genotype [131]. Another potential risk for recurrence
is the presence of white matter disease [87], though the
mechanism for this effect remains unknown. Patient
age, sex, and other vascular risk factors such as hyper-
tension or diabetes mellitus were not found to affect
risk of ICH recurrence in these studies.

The effect of anticoagulation on risk of ICH
recurrence in CAA is unknown, but based on the
underlying role played by CAA in some anticoagu-
lant-related hemorrhages (see above), it is presumed
to be substantial. Intracerebral hemorrhage during
anticoagulation is associated with very poor outcomes
[178], raising the question of whether a history of
previous lobar ICH should be considered a near
absolute contraindication to future anticoagulation.
A decision analysis addressing this question for a
hypothetical survivor of lobar ICH who also had
non-valvular atrial fibrillation found that the risks of
anticoagulation outweighed its benefits under a wide
range of realistic assumptions [183]. It is therefore
reasonable practice to avoid anticoagulation following
lobar ICH possibly related to CAA. Antiplatelet medi-
cations, conversely, appear not to have large effects on
the risk or severity of recurrent ICH [178,181]
and may therefore be a safer alternative in lobar
ICH patients with strong need for antithrombotic
treatment.

Treatment
No evidence has emerged that CAA-related ICH
behaves differently from other ICH subtypes in the
first hours or days of onset, though this remains an
active area of investigation. Lobar location does not
appear to affect the likelihood of hematoma expan-
sion [179, 184], and despite theoretical concerns
about the fragility of amyloid-laden vessels, CAA does

not appear to associate with adverse response to
hematoma evacuation [8, 185–189]. It is therefore
reasonable to follow the guidelines for acute medical
and surgical management of ICH outlined by the
American Heart Association Stroke Council [190]
without specific modification for CAA. Surgical spe-
cimens from hematoma resection (including leptome-
ningeal tissue if available) should be examined by
histochemical and immunochemical methods for the
presence and severity of CAA [79].

Future treatments for CAA are likely to focus on
preventive or protective therapy aimed at decreasing
the deposition or toxicity of vascular amyloid. An
example of such an approach is a glycosaminoglycan
mimetic designed to interfere with amyloid aggrega-
tion and deposition [191] recently evaluated for CAA
in a safety, tolerability, and pharmacokinetic study
[192]. Our rapidly increasing understanding of the
pathogenesis of CAA and AD are likely to supply
many new targets for treatment [193], suggesting
good prospects for developing effective therapies for
this challenging disorder.
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Chapter

5 Coagulopathy-related intracerebral
hemorrhage
Hagen B. Huttner and Thorsten Steiner

INTRACEREBRAL HEMORRHAGE RELATED
TO ORAL ANTICOAGULANT THERAPY

Introduction
Over the recent years, there has been significant
progress on the understanding of spontaneous intra-
cerebral hemorrhage (ICH) concerning its pathophy-
siology, hematoma expansion, treatment, and the
critical time window for controlling the bleeding.
On the contrary, the current understanding of
ICH related to oral anticoagulant therapy (OAT) is
rather limited. The pathophysiology, incidence, and
time course of hematoma expansion, as well as critical
time window for treatment of OAT-related ICH
(OAT-ICH) are not well defined. Furthermore, des-
pite the fact that ICH is the most serious and fatal
complication of OAT, currently there are no univer-
sally accepted guidelines on treatment. Treatment
modalities vary and supportive evidence from ran-
domized controlled trials does not exist. With respect
to the established benefit of OAT in the prevention
of stroke in patients with atrial fibrillation [1] and
taking the increasing number of aging population
into account, application of OAT is expected to
increase and thus the number of patients who suffer
from OAT-ICH.

This chapter provides information about the epi-
demiology of OAT-associated ICH, its pathophysio-
logy, and treatment options based on the currently
available data. The open questions regarding the
optimal treatments and time window for controlling
the bleeding will also be discussed and future research
fields depicted in which randomized controlled
clinical trials are urgently needed. This chapter
considers the scientifically relevant findings and

represents a clinically orientated foundation of how
to manage OAT-ICH.

Epidemiology
Worldwide, the incidence of spontaneous intracranial
hemorrhage ranges from 10 to 20 per 100 000 popu-
lation per year [2]. The incidence is higher in
the Afro-Caribbean and Japanese, around 55 per
100 000 population [3]. The reported incidence of
OAT-ICH ranges from 0.25 to 1.1 per 100 patient-
years [4–8] and is seven- to tenfold higher than in
patients who are not on OAT [9–12]. Approximately
70% of OAT-associated intracranial bleedings are
ICH, the majority of the remainder are subdural
hematomas [10].

One of the most common indications for OAT is
to prevent stroke in patients with atrial fibrillation.
Unfortunately, while OAT effectively decreases the
risk for thromboembolic stroke in this group of
patients, OAT also increases the risk for ICH (placebo
[0.1%] versus warfarin [0.3%–3.7%]) [1,10,13]. Fur-
thermore, the use of warfarin is associated with worse
outcome in patients with ICH. Flibotte et al. found
that the use of warfarin significantly increases the
likelihood of death when controlling for baseline
ICH and intraventricular hemorrhage volumes [14].
In addition, the use of warfarin and increased inten-
sity of anticoagulation are independent predictors of
three-month mortality [12]. These described risks
strongly affect the decision to use OAT in atrial fib-
rillation, resulting in an underuse in patients who
will benefit from the treatment particularly among
the elderly [15]. With the growing number of elderly
individuals, the prevalence of atrial fibrillation is
expected to rise dramatically [16]; hence the increased
number of patients on OAT and patients with
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OAT-ICH [17,18]. Identifying effective treatments for
OAT-ICH might decrease mortality and improve the
outcome in this group of patients. As a result, it might
also help optimize the use of OAT in patients with
atrial fibrillation.

Outcome
Intracerebral hemorrhage is the deadliest form of
stroke, with a mortality rate between 30% and 55%
[11,19,20]. The mortality rate is increased to as high
as 67% in patients who are on oral anticoagulants
[11,12]. An overall poor outcome after three months
in patients with primary ICH and OAT-ICH has
been described [14,20–25] and the majority of surviv-
ing patients with OAT-ICH remains severely dis-
abled [12,14]. The use of warfarin and an increased
intensity of anticoagulation were shown to be inde-
pendent predictors of three-months mortality [12,26].
Hematoma volume is the most powerful predictor of
neurological deterioration, functional outcome, and
mortality in both spontaneous ICH and OAT-ICH
[21,27]. However, earlier data did not find a strong
correlation between hematoma volume and outcome
in OAT-ICH patients [28], whereas more recent data
suggested a strong correlation [27]. This correlation
may be dominated by the effect of hematoma volume
on mortality [27]. Moreover, there is a relationship
between ICH volume and mortality at 30 days and
6 months [29]. Treatments that stop the bleeding
quickly will limit the hematoma expansion and
decrease the hematoma volume which would likely
be associated with decreased mortality and better
outcome [14,30].

Pathophysiology
Over the recent years, we have gained significant
insights into the pathophysiology of spontaneous
ICH. On the contrary, the pathophysiology of
OAT-ICH remains poorly understood. This section
discusses the current concepts of OAT-ICH and high-
lights the areas where further studies are required.

What causes ICH during OAT:
current concepts
Hart and colleagues have hypothesized that the use of
OAT merely unmasks pre-existing subclinical intra-
cerebral bleeding especially in patients with under-
lying hypertension and cerebrovascular disease [31].

This hypothesis is based on the following findings.
First, a study by Roob et al. using gradient echo MRI,
indicated that microbleeds may be found even in
neurologically normal individuals and are strongly
associated with higher age and hypertension [32].
Second, cerebral amyloid angiopathy is most com-
monly found in people over 65 years old and has been
identified as a major risk factor for spontaneous ICH
in the elderly [33]. Both advancing age and cerebral
amyloid angiopathy are also important contributory
factors to lobar ICH in patients who are on OAT [34]
and the bleeding rate is increasing with age [35],
implying that both spontaneous and OAT-ICH
have the same underlying cause. Third, data from
the Stroke Prevention in Reversible Ischemia Trial
(SPIRIT) and the European Atrial Fibrillation Trial
(EAFT) revealed that those patients who were on
OAT with an average INR > 3 were at a remarkably
higher risk of suffering from fatal primary cerebro-
vascular event (i.e., OAT-ICH) than patients with
atrial fibrillation being treated with aspirin [36,37].
Moreover, the studies showed that the presence of
white matter lesions, so-called “leukoaraiosis” on CT
scans, was an independent predictor of ICH [36]. In
summary, all the mentioned findings indicate that
the underlying causes of both spontaneous and
OAT-ICH might be the same, and OAT might only
be a precipitating factor. Nonetheless, so far, suppor-
tive evidence is based on a limited number of patients.

It is also possible that OAT directly causes ICH.
Oral anticoagulants interfere with the synthesis of
vitamin K-dependent clotting factors resulting in
dysfunctional factors VII, IX, X, and prothrombin
[38–40]. Adequate levels and functional forms of
these clotting factors are essential to counteract the
burden placed on blood vessels as part of normal daily
activities and prevent spontaneous bleeding [39,41].
Patients who are on OAT are at an increased risk for
not only intracerebral bleeding but also bleeding in
other organ systems [5,10]. The bleeding could be a
direct result of the insufficient levels of functional
factors VII, IX, X, and prothrombin [40].

Clearly, further studies which include larger
numbers of patients are required to understand better
the pathogenesis of OAT-ICH. Furthermore, if the
underlying causes of spontaneous ICH are indeed
the same as those of OAT-ICH, it will be useful to
know whether screening for underlying conditions
such as leukoaraiosis or microbleeds can identify
patients who are at high risk of developing ICH.
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Genetic aspects
Coumarins inhibit the vitamin K epoxide reductase
multiprotein complex (VKOR), which is essential for
the formation of several blood coagulation factors
[42]. Recently published data indicate that there might
be a so called warfarin resistance both in animals and
humans [42–44]. The VKOR is thought to be involved
in two diseases, the combined deficiency of vitamin
K-dependent clotting factors type 2 (VKCFD2) and the
warfarin resistance, due to a mutated gene vitamin K
epoxide reductase complex subunit 1 (VKORC1) [42].
Further research will hopefully provide a better under-
standing of the pharmacological action of coumarins
andmay lead tomore rational design of anticoagulants
targeting VKOR.

With regard to the cerebral amyloid angiopathy, the
presence of specific alleles such as the E2 or E4 alleles of
the Apolipoprotein E gene appears to increase the risk of
ICH by augmenting the vasculopathic effects of amyloid
deposition in cerebral vessels [33,45]. Although these
genotypes predict the recurrence of lobar ICH [45], up
to now the sensitivity and specificity of genotype
screening are not sufficient to be used as an indicator
of amyloid angiopathy [34]. At present, there is no
accurate diagnostic test for asymptomatic cerebral amyl-
oid angiopathy; hence improvements in testing are
needed. Subsequently, clinical trials will be required to
determine whether such a test can help stratify the risk of
ICH in patients who are under OAT.

Imaging
Hematoma shape
Oral anticoagulant therapy – related intracerebral
hemorrhage might occur at the same sites as sponta-
neous ICH, although a slightly more frequently lobar
location has been reported [31,46,47]. Compared to

primary spontaneous ICH, OAT-ICHs have been
thought to occur in more “irregular” shapes [48,49].
According to a study from Fujii, who focused on
hematoma enlargement but also characterized three
hematoma shapes [48], our group hypothesized that
OAT-ICH significantly more often shows other than
the common round-to-ellipsoid shape.We categorized
the hematoma shape into (i) round-to-ellipsoid with
smooth margins, (ii) irregular with frayed margins,
and (iii) multinodular to separated (Fig. 5.1). Interes-
tingly, we found OAT-ICH to occur in over 60% in
irregular and separated forms [50].

Hematoma volume can easily be estimated using
the so-called ABC/2 formula, a bed side technique,
which is derived from an approximation according to
the formula for ellipsoids, in which A is the greatest
hemorrhage diameter, B is the diameter 90 degrees to
A, and C is the approximate number of CT slices with
hemorrhagemultiplied by the slice thickness [51–53]. In
consequence to our findings, the ABC/2 formula, which
therefore calculates hematoma volumemost precisely in
round-to-ellipsoid shapes of hematomas, overestimated
ICH volume in OAT-ICH. Alteration of the denomin-
ator to 3 revealed a more precise volume estimation in
cases of irregularly and separate shaped ICH [50]. As
hematoma volume is one of the most important predic-
tors for poor outcome [21,25], a falsely large estimated
hematoma volume might influence initial treatment
decisions, such as “do not resuscitate” orders, and there-
fore lead to undesirable self-fulfilling prophecies with
regard to outcome [54]. Accurate hematoma measure-
ments are also of importance for clinical trials, where
ICH volume change may be a surrogate end point.

Hematoma expansion in OAT-ICH
Intracerebral hemorrhage is a dynamic process. In
spontaneous ICH, hematoma expansion occurs in

Fig. 5.1 Examples of various
shapes of hematoma in OAT-ICH
(a) round-to-ellipsoid, (b) irregular, and
(c) separated.
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nearly 38% of patients in the early hours after onset
[19], and extravasation of contrast agents within the
hematoma, a possible indicator of ongoing bleeding,
has been detected in 46% of spontaneous ICH [55]. In
contrast, incidence and time course of hematoma
expansion in OAT-ICH remain poorly understood.
In a retrospective study based on 47 patients with
ICH associated with OAT, hematoma expansion was
found in 28% of patients within 24 hours of onset
[56]. However, apart from vitamin K, patients also
received fresh frozen plasma (FFP) and prothrombin
complex concentrates (PCC), and it remained unclear
which treatments those patients with hematoma
expansion had received. In another study, based on
a follow-up CT scan up to seven days, hematoma
expansion was found in 16% (9/57) of patients who
were not on OAT compared with 54% (7/13) in those
who received OAT [14]. Furthermore, expansion was
also found later in the clinical course compared with
patients with ICH who were not on OAT, suggesting
that OAT prolongs the bleeding episode. In addition,
the use of warfarin was an independent predictor
of hematoma expansion (odds ratio [OR] 6.2, 95%
confidence intervals [CI] 1.7–22.9) but interestingly
no relationship between an exceeded INR and ICH
volume at presentation could be demonstrated
[14,56–58]. In spontaneous ICH, it has been proposed
that hematoma expansion results from persistent
bleeding or rebleeding from a single site of arterial
rupture or secondary bleeding in the perilesional
tissue [59]. Oral anticoagulants not only impair the
formation of a fibrin clot but also cause premature
clot lysis. Therefore, the mechanisms underlying
hematoma expansion in OAT-ICH are likely to be
the same as that in spontaneous ICH, but with a
higher degree of severity.

In summary, the incidence and dynamics of
hematoma expansion in OAT-ICH remain to be
established. Current data suggest that the natural
course of hematoma expansion in this group of
patients is more prolonged as compared to spontan-
eous ICH. This may provide a longer time window
for treatment of OAT-ICH.

Brain edema in OAT-ICH
Cerebral hematoma leads to the development of
edema in the surrounding parenchyma. It has been
proposed that factors released from activated platelets
at the site of bleeding, for example vascular endothelial

growth factor, may interact with thrombin to increase
vascular permeability and contribute to the develop-
ment of edema [60]. Thrombin was found to play a
key role in edema formation [60]. Several studies in
spontaneous ICH have proposed that the role of
perihematomal ischemia is small [61]. In OAT-ICH,
however, no similar studies have been undertaken.
Results from clinical trials on recombinant coagula-
tion factor VIIa, a drug which enhances thrombin
generation, showed that edema was decreased in
the treated group as compared to placebo, which
may be due to the short time window until applied
(< 4 hours) [62]. Whatever the role of thrombin in the
development of edema might be, it appears that an
early and effective hemostatic treatment ameliorates
the process. Nevertheless, further research on the
precise mechanism of edema is needed.

Current treatment strategies
Coumarins are vitamin K antagonists that produce
their anticoagulant effect by interfering with the cyclic
interconversion of vitamin K and its 2,3-epoxide,
resulting in the synthesis of non-functional vitamin
K-dependent coagulation proteins (i.e., factors II,
VII, IX, and X) [39,40]. The decreased levels of func-
tional coagulation factors lead to an increased risk of
bleeding complications. The commonly used couma-
rin derivative (the coumadin warfarin) has a half-life
of 36–42 hours and other coumarin derivatives have
a half-life up to 7 days [40,63]. Hence, the aims of
OAT-ICH management are to control bleeding, limit
hematoma expansion, and prevent rebleeding by
prompt reversal of the anticoagulant effect. Treatment
options include the use of vitamin K, FFP and PCC
[64]. In addition, recent data indicate that activated
recombinant factor VII (rFVIIa) might be an effective
treatment as well [30,65,66].

Despite ICH being the most fatal complication of
OAT, currently there are no standardized guidelines
for the reversal of anticoagulant effect in this group of
patients. The United Kingdom (UK) guidelines rec-
ommend intravenous vitamin K (5–10mg), and the
use of factor concentrate, because rapid reversal of
over-coagulation is more readily achieved than
with FFP [67]. Another UK guideline issued by the
Northern Region Hematologists’ Group recommends
intravenous vitamin K (5mg) and PCC (30U/kg)
[40]. The United States guidelines state that intraven-
ous vitamin K (10mg) and PCC should be given but
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do not state the dose of PCC [63]. The guidelines of
the American Heart Association (AHA) and the
European Stroke Initiative (EUSI) recommend
the use of intravenous vitamin K (10mg) to reverse
the effect of warfarin and to replace clotting factors.
Concerning the latter both recommendations men-
tion PCC and FFP, while the AHA is also considering
factor IX complex concentrates and rFVIIa [68,69].
Both recommendations make the point that
factor concentrates may act faster but may have an
increased thromboembolic risk, while FFP is associ-
ated with greater volumes and much longer infusion
time. This following section discusses the use of vita-
min K, FFP, PCC, and rFVIIa based on currently
available data.

Vitamin K
The effect of vitamin K on the correction of abnormal
hemostasis is not immediate and it takes at least
2–6 hours for an initial effect, and even up to 4 days
for an adequate response. Consequently, the use of
vitamin K alone is not a treatment of choice for acute
management of ICH and concomitant treatment with
coagulation factor replacement is required. Neverthe-
less, the administration of 5–20mg of vitamin K intra-
venously is necessary to achieve a sustained reversal of
anticoagulant effect [40,63,67]. Side effects of intraven-
ous vitamin K include allergic reactions and therefore
it should be injected slowly.

Fresh frozen plasma
Fresh frozen plasma (FFP) contains all coagulation
factors in a non-concentrated form. Hence, a large
volume is required by each patient to achieve effective
hemostasis [9,38,70]. In principle, 1ml of FFP per kg
body weight increases the levels of coagulation factors
by 1–2 IU/dl [71]. However, the actual contents of
vitamin K-dependent coagulation factors in each
unit of FFP vary considerably [38] because of donors’
biological and process variabilities. Consequently, the
efficacy of FFP in controlling bleeding is unpredict-
able and it may not fully reverse an increased INR
[38,67]. Moreover, FFP will not raise the level of
factor IX more than 20% and this effect is not
reflected by an INR [67].

Fresh frozen plasma units require compatibility
testing and have to be thawed before transfusion.
From the time a request has been made to the time
the FFP units are available, it takes at least 45 minutes.

Furthermore, the large volume required and a rapid
transfusion rate might lead to circulatory overload.
Therefore, in the case of life-threatening bleeding
such as ICH, FFP is not an ideal treatment option.
In addition, FFP transfusion is associated with several
potential adverse reactions including citrate toxicity,
allergic reactions, transfusion-related acute lung injury
(TRALI), and blood-borne infections [72,73].

Prothrombin complex concentrates
Prothrombin complex concentrates (PCC) contain
coagulation factors VII, IX, X, and prothrombin as
well as proteins C, S, and Z in a more concentrated
form as compared to FFP. The potency of a PCC is
expressed as factor IX content in International Units
(IU) and it varies from preparation to preparation
[41,74]. Based on data obtained from patients with
hemophilia B, a dose of 1 IU of factor IX per kg body
weight increases the level of plasma factor IX by
1 IU/dl [41,74].

Studies based on small numbers of patients showed
that PCC were superior to FFP for the reversal of
anticoagulant effect of OAT in terms of complete
INR-reversal [38,64]. The effect of PCC was also signifi-
cantly more pronounced and faster compared with FFP
[75]. Moreover, neurological deterioration was signifi-
cantly less in patients treated with PCC than those with
FFP [75]. Therefore, in the case of OAT-ICH, the use of
PCC may result in an improved neurological status [9].
Nonetheless, a retrospective study by Sjöblom and
coworkers comparing vitamin K, FFP, PCC, and no
treatment in 151 patients with OAT-ICH treated at
ten Swedish hospitals did not find any evidence that
any treatment was superior to the others, based on
mortality rate at three months [29].

Prothrombin complex concentrates are manu-
factured from pooled plasma. Similarly to any
plasma-derived products, there is a risk of transfusion-
transmitted infection. Because the manufacturing
process of a PCC incorporates a viral inactivation step,
the risk of transmission of transfusion-transmitted
known pathogens is small but cannot totally be excluded
[76]. Furthermore, the risk of emerging pathogens of
which the pathogenesis and clinical relevance are not
fully understood is increasing [76]. Other potential
adverse effects of PCC are allergic and anaphylactic
reactions. In addition, some preparations of PCC are
associatedwith high degrees of thrombogenicity increas-
ing the risk of thromboembolic events such as deep vein
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thrombosis, pulmonary embolism, myocardial infarc-
tion, and disseminated intravascular coagulation (DIC)
[41,74].

Recombinant coagulation factor VIIa
Among all the vitamin K-dependent coagulation
factors, factor VII has the shortest half-life and has
been reported to be the most affected coagulation
factor protein during treatment with OAT [65]. Acti-
vated recombinant factor VII (rFVIIa) is the physio-
logical initiator of coagulation, and it is therefore
plausible that factor VIIa could be an alternative
treatment to FFP and PCC in OAT-ICH (Fig. 5.2).

A recent publication by Mayer et al. based on a
double-blind, randomized, placebo-controlled trial
involving 399 patients with primary ICH, has shown
that a single dose of rFVIIa given within four hours
after the onset of ICH effectively limits hematoma
expansion, reduces mortality, and improves func-
tional outcomes at three months [62].

Regarding the use of rFVIIa in OAT-ICH, there
are limited data. In healthy individuals receiving
OAT, rFVIIa successfully normalized the INR, and
the effect lasted longer when higher doses were used
[65,77]. However, only a few patients have been
treated with rFVIIa so far [30,66,77–79]. Boffard
and colleagues found a significant reduction in the
need of red blood cell transfusions when using rFVIIa
in patients with blunt trauma [79]. Freeman et al.
showed that rFVIIa rapidly lowered elevated INR
levels and moreover seemed to be safe in ICH patients
[30]. Furthermore, when administered in addition to
FFP, a significant decrease in FFP requirement was
shown resulting in a facilitating faster correction of
increased INR levels [78]. Nonetheless, several fea-
tures of rFVIIa are desirable for acute treatment of
OAT-ICH patients. These include rapid and local
action at the site of vascular injury, low volume, and
the promising efficacy and safety profiles based on a
recent study in primary ICH [62,80]. Furthermore the
meaning of the INR as a measurement for the effect of
rFVIIa in OAT-ICH is unclear (see below).

Guidelines for reversal
of anticoagulant effect
Standardized guidelines for treatment of intracerebral
bleeding in patients who are under OAT are still
lacking. Although it is generally agreed that vitamin K

administration is essential, the recommended dose
varies considerably. Currently, PCC appears to be
the preferred treatment of choice for an immediate
reversal of the anticoagulant effect. However, there is
no supportive evidence which is based on a large-scale
randomized controlled trial. Data are mainly derived
from retrospective studies or prospective studies that
included only limited numbers of patients. Similarly
to vitamin K, there is considerable variability in the
recommended dose of PCC. Large-scale, randomized
controlled trials are needed to prove whether one
treatment is superior to the others. Furthermore, the
potential role of rFVIIa requires further investigation.

The guidelines from the American Thoracic Soci-
ety state that 10mg of intravenous vitamin K and
PCC should be given but do not specify the dose of
PCC [63]. The guidelines issued by the Australasian
Society of Thrombosis and Hemostasis recommend
5–10mg of intravenous vitamin K, 25–50 IU/kg of
PCC, and 150–300ml FFP [81]. The recommendation
for the concomitant use of PCC and FFP is because
the PCC preparation licensed in Australia and New
Zealand at the time the guidelines were published in
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Fig. 5.2 Coagulation is initiated by the binding of FVIIa to the
exposed tissue factor (TF) on subendothelium at the site of vascular
injury. TF–FVIIa complex activates FIX and FX. Factor IXa also
activates FX. FXa, in turn, rapidly converts prothrombin to thrombin,
generating small amounts of thrombin. Thrombin activates FV and
FVIII accelerating the activation of prothrombin and FX, respectively.
Thrombin also activates FXI to FXIa which, in turn, activates FIX. The
generation of large amounts of FXa by FIXa and FVIIIa ensures that
sufficient amounts of thrombin are continuously generated to
convert fibrinogen to fibrin. Thrombin activates FXIII to FXIIIa
which then cross-links the soluble fibrin monomers to form a
stable fibrin clot.
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2004 did not contain FVII. The AHA and EUSI
guidelines also recommend intravenous vitamin K
(10mg) and the application of factor concentrates
[68,69].

We recommend administering 10mg vitamin K
with every treatment to support the supply of pro-
thrombin-dependent clotting factors. Currently, PCC
appears to be a logical treatment for an immediate
reversal of the anticoagulant effect, keeping in mind,
however, that concerns about thromboembolic side
effects persist. While FFP is widely available, its effi-
cacy is difficult to predict due to the variable contents
of coagulation factors in each unit. Furthermore, the
large volumes required limit its use in patients with
impaired cardiac function. Treatment should be
repeated as long as the INR is not normalized. The
alternative use of rFVIIa in OAT-ICH may be con-
sidered but requires further investigation as other
treatments do.

Considerations central to the decision of whether
and when to resume therapeutic anticoagulation in
patients who have suffered OAT-ICH include whe-
ther intracranial bleeding has been fully arrested, the
estimated ongoing risk of thromboembolism, and
the presumed pathophysiology of the ICH, which will
determine the risk of hemorrhage recurrence [82–85].
Costs of these treatments are difficult to predict for
medical (interindividual variability of effect, variabi-
lity of product), economic, and political reasons (in a
patient of 70 kg with an INR of 3 on admission the
costs to decrease the INR to 1.4 or lower may be
€330–€550 for FFP (2000–3500ml), €400–€900 for
PCC (� 2000 units), and €3500–€5500 for rFVIIa
(single dose). However, it is of utmost importance to
realize that the clinical effect of a treatment should
finally determine the clinical decision of treatment
and still neither treatment has prospectively shown
to be effective.

Unresolved issues on treatment
Time window for treatment
In spontaneous ICH, evidence suggests that signifi-
cant hematoma expansion occurs during the first
three hours of onset, and this is the critical time
window for a hemostatic treatment [59,80]. In OAT-
ICH, it is likely that the natural course of hematoma
expansion is more prolonged, perhaps up to 24 or
48 hours [14,86]. This, on the one hand, might be

beneficial as it will provide a longer time window
for treatment. On the other hand, it could make the
designing of a trial protocol more complicated in
terms of the timing of treatment and number of doses
needed.

Dose regimen
In spontaneous ICH, the administration of an effect-
ive hemostatic agent at an early stage accelerates the
formation of a fibrin clot which stops the bleeding
[62,80]. In this case, it seems that only one single dose
is sufficient, provided that other supportive cares such
as control of blood pressure are optimized. However,
in OAT-ICH the underlying coagulopathy prolongs
the time course of bleeding or rebleeding, and re-
peated dosing or a higher dose might be essential. In
this respect, the interval and duration of treatment
required for reversal of INR may differ. Due to a
different half-life, this may be different for warfarin
and coumarin as well.

Restarting oral anticoagulants
During the acute phase of OAT-ICH, the oral anti-
coagulants are usually suspended. However, there is no
consensus on how long OAT should be suspended and
whether the use of an alternative anticoagulant is
essential during this period. In addition, there are no
data on the risk of rebleeding after OAT is re-initiated.

Data from a retrospective study in 39 patients with
OAT-ICH revealed that warfarin could be withdrawn
for two days to three months without causing throm-
boembolism [82]. Furthermore, a second bleeding
was not observed after anticoagulants or antiplatelet
agents were reinstated [82]. In another retrospective
study based on 141 patients, warfarin was withheld
for a median of 10 days [83,87]; only 3 patients had
an ischemic stroke within 30 days.

In contrast to the above studies, we used heparin
in 15 patients with OAT-ICH during the period in
which OAT was withheld [85]. During the acute
phase, the INR was completely normalized and
subsequently OAT was substituted by either full- or
low-dose heparin. In 4 (out of 15) patients receiving
full-dose heparin (partial thromboplastin time 1.5- to
2.0-fold of normal), there were no complications.
However, three of seven patients given low-dose
heparin developed severe cerebral embolism. Further-
more, three of four patients in whom the INR was
partially corrected developed rebleeding. Due to the
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limited number of patients, we were unable to draw a
definitive conclusion.

Recently, ximelagatran and warfarin have been
compared with regard to stroke prevention in the
SPORTIF V trial in patients with non-valvular atrial
fibrillation, and for the treatment of deep vein throm-
bosis in the THRIVE trial [88,89]. After a mean
follow-up of 20 months in SPORTIF V, the primary
end point of stroke or systemic embolic events
occurred in 37 patients in the warfarin group (out of
1962) and 51 in the ximelagatran group (out of 1960
patients). There was no significant difference bet-
ween the groups with respect to a major bleeding. In
THRIVE, the primary efficacy end point of recurrent
venous thromboembolism occurred in 26 out of 1240
patients in the ximelagatran group and 24 out of
1249 patients in the warfarin group. In conclusion,
the trials comparing ximelagatran with warfarin as
prophylaxis for stroke in atrial fibrillation and in the
treatment of venous thromboembolism showed a
non-inferiority of ximelagatran. However, severe side
effects on the hepatic function in the ximelagatran
group were observed and until now no US Food and
Drug Administration (FDA) approval for ximelaga-
tran has been applied.

In summary, current data suggest that OAT can
be withheld for at least 2–3 weeks without increasing
the risk of thromboembolism [82–84]. Moreover, the
risk of thromboembolism in patients who have deve-
loped ICH remains high and restarting OAT does
not seem to increase the risk of recurrent ICH [9].
Nevertheless, so far, all data are based on retrospective
studies.

Monitoring the hemostasis status during
the reversal of anticoagulant effect
Because of the narrow therapeutic range of OAT,
patients who are on OAT require close monitoring.
The INR has been widely employed for this purpose.
However, results from the Stroke Prevention in Atrial
Fibrillation Study showed that warfarin increases the
risk of ICH even when an INR is maintained within
the therapeutic range of 2 to 4.5 (placebo vs. warfarin,
0.1% vs. 0.3–3.7%) [1,13]. Furthermore, around 70%
of OAT-ICH occur at an INR of � 3.0 [12]. When an
INR is greater than 4.0, the reported risk of ICH is 2%
per year [26].

The INR is designed specifically for patients
receiving OAT who are in a stable state, consequently

the use of an INR alone provides an adequate assess-
ment of the hemostatic status of patients with
OAT-ICH during replacement therapy with FFP or
PCC [38]. This is due to the test system being more
sensitive to decreased levels of factors VII and X, and
prothrombin, but not to decreased levels of factor IX.
Makris et al. demonstrated that during a stable
state, factor IX levels in patients who are on OAT
are correlated with INR. By contrast, following FFP
transfusion, the correction of INR does not concomi-
tantly correct the factor IX levels [38]. Therefore, the
use of INR as an indicator of anticoagulant reversal
might not reflect the actual status of all vitamin K-
dependent coagulation factors. The measurement of
individual coagulation factors provides a better indi-
cator of the patient’s hemostatic status but is not
practical particularly in case of emergency. An alter-
native practical monitoring test is currently not
available.

Thromboelastography is a system which records a
profile of clot formation in whole blood [90]. The
system provides an overall picture of the coagulation
and fibrinolytic status. Based on seven patients with
central nervous system bleeding during OAT who
were treated with rFVIIa, Sorensen and colleagues
showed that it may be feasible to use thromboelas-
tography to monitor the hemostatic status of these
patients [77]. Nevertheless, more data on the applica-
tion of thromboelastography in monitoring the rever-
sal of the anticoagulant effect is needed to prove the
usefulness of the system.

Summary
The current knowledge on ICH associated with OAT
is still limited and far behind spontaneous ICH. Des-
pite the fact that ICH is the most serious complication
of OAT, there are no standardized guidelines for
treatment of bleeding. Current treatments are aiming
at the normalization of the iatrogenic coagulation
disorder, and are not based on evidence from ran-
domized controlled trials. Moreover, many patients
with OAT-ICH are at high risk of thromboembolism.
The risk of thromboembolism that is associated with
current hemostatic treatment strategies which aim to
normalize coagulation is unknown.

Further studies are needed to establish the
incidence, pathophysiology, and time course of hema-
toma expansion in patients with OAT-ICH. More-
over, as the bleeding period in ICH patients who are
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on OAT is likely to be more prolonged and extensive
than that in spontaneous ICH, effective treatment
regimens might also differ in terms of the time
window, dose, repeated dose, and duration of treat-
ment. In addition, an optimal treatment for patients
who are on warfarin and coumarin might not be
the same. These are important issues which require
further investigation.

As the aging population is increasing, the number
of patients with atrial fibrillation who require prophy-
lactic OAT will increase. Consequently, the frequency
of OAT-ICH is expected to rise as well. Hence,
identifying an effective treatment for controlling the
bleeding will lead to decreased mortality and improve
outcome.

INTRACEREBRAL HEMORRHAGE RELATED
TO OTHER ANTICOAGULANT TREATMENT

Heparin
Heparin, the cofactor of antithrombin III in low dose
antagonizes factor Xa, in high dose directly antagon-
izes thrombin [91–93]. The half-life is dose-depend-
ent between 1.5 and 5 hours [92]. Administration
must be parenteral, the degradation is carried out by
heparinases and the elimination via the kidneys [91].
Side effects include thrombocytopenia, loss of hair,
anaphylaxy, and in chronic use osteoporosis [94].
Intracerebral hemorrhage associated with the heparin
therapy has been reported about previously (IST/
CAST studies) [85,95–97]. However, low-dose hep-
arin seems to be safe in patients with ICH to prevent
thromboembolic complications [97].

Thrombolysis-associated ICH
With the increasing appropriateness of thrombolysis
using recombinant tissue plasminogen activator
(rt-PA) in cerebral ischemia, over the last few years
the risk of thrombolysis-associated ICH has grown.
Thrombolysis-related ICH can occur either after sys-
temic intravenous or after intra-arterial thrombolysis
(ECASS I–II/ATLANTIS/PROACT) [96,98–100]. Risk
factors for hemorrhagic transformation after throm-
bolysis are severity of the neurological deficit, age,
increased serum glucose levels on admission, and
elevated systolic blood pressure [99]. Thrombolysis
must be stopped and CT scan performed immediately
in cases of neurological deterioration.

The half-life of t-PA is about 8 minutes; however,
decomposition products may be effective for several
hours. Treatment includes FFP or PCC, but neither
option has been reliably evaluated. Furthermore,
in animal studies matrix-metalloproteinases are cur-
rently being tested [101].
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Chapter

6 Vascular malformations of the brain

Christian Stapf and J. P. Mohr

Vascular malformations constitute an important
cause of intracranial hemorrhage especially in younger
patients. However, this group of pathologies is quite
heterogeneous and comprises a large spectrum ran-
ging from sporadic congenital lesions (such as brain
arteriovenous malformations [AVMs]) to genetically
determined familial disorders that may progress
over time (e.g., hereditary hemorrhagic telangiectasia,
familial cerebral cavernous malformations, etc.).

No defined strategies exist for the diagnostic
workup after acute intracerebral hemorrhage (ICH),
and no diagnostic criteria have been established or
prospectively validated so far. Therefore, the timing
and use of currently available diagnostic tools (such
as angio-CT, MRI, MRA, MRV, and cerebral angio-
graphy) varies depending on individual attitudes, local
routine, regional traditions, and national healthcare
plans. Data from a recent prospective series suggested
that cerebral angiography may have a low yield in
identifying an underlying vascular malformation in
ICH patients older than 45 years with a history of
hypertension and who present with a thalamic, putam-
inal, or posterior fossa bleed [1]. Current recommen-
dations favor angiography for all cases without a clear
cause of hemorrhage, particularly for young, normo-
tensive patients [2,3]. Nonetheless, timing of cerebral
angiography after acute ICH depends usually on the
patient’s clinical state and the neurosurgeon’s judg-
ment about the need for surgical intervention. Conse-
quently, the underlying pathology may be missed in
those who die or who have severe morbidity at initial
presentation. In other cases, an underlying AVM or
aneurysm may be compressed by mass effect of
the initial hematoma and only be visible on follow-up
angiography. Cavernous malformations presenting
with hemorrhage beyond the limits of the actual

malformations may only be identified on MRI after
hematoma resorption, i.e. several months after the
index bleed. The outdated concept of so-called
“primary intracerebral hemorrhage” adds to the possi-
bility that intracranial vascular malformations may
still be under-diagnosed in ICH patients [4].

In principle, vascular malformations may arise
from any segment of the different functional units
of the brain vasculature, including arteries, arterioles,
capillaries, venules, and veins. This may be due to
developmental derangement during the time of the
vessel formation, or may occur later in time based on
external risk factors and genetic predisposition
(Fig. 6.1). Many of these anomalies are associated
with an increased risk of hemorrhage, as structural
changes of the vascular wall lead to often progressive
hemodynamic changes and lower resistance to intra-
luminal volume and pressure. As a general rule, the
average risk of spontaneous hemorrhage appears to
be rather low if the vascular malformation is diag-
nosed unruptured. Most types have been associated
with higher bleeding rates if hemorrhage occurred at
initial presentation.

Anomalies of the arterial wall
Aneurysms
Aneurysms do not constitute vascular malformations
sensu stricto, but their formation represents the most
frequently observed structural anomaly of intracra-
nial arteries after endoluminal changes due to athero-
sclerosis. Aneurysm rupture constitutes the principal
cause of non-traumatic subarachnoid hemorrhage
(SAH) with an overall crude annual incidence
between 10 and 15 per 100 000 in the western world
and up to 30 per 100 000 in high-risk populations such
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as Asia or Finland [5]. Both aneurysm development
and growth depend on familial predisposition and
additional risk factors such as increasing age, female
sex, smoking, and alcohol consumption. Looking at
age alone, most prospective and retrospective studies
have independently demonstrated an almost steady
increase of annual incidence rates with age, with
values ranging from below 5 per 100 000 for those
younger than 35 years and rates between 30 and 40
per 100 000 for individuals aged 75 or older [6,7].
Morphological factors favoring hemorrhage from
previously unruptured aneurysm include increasing
aneurysm size and location in the posterior (i.e. ver-
tebrobasilar) circulation [8].

Recent US population estimates suggest an overall
mortality rate of 2.77 per 100 000 person-years attrib-
utable to aneurysm rupture [9]. Most of the larger
outcome studies indicate that roughly one-third of
patients who suffer a first-ever SAH die in the acute
state, another third will survive with a disabling defi-
cit, and only one-third will not be disabled from the
event. The probability of survival seems to be lower
in women [9] and has been shown to depend on the
degree of initial neurological impairment [10], com-
monly graded according to the Glasgow Coma Scale
[11] or by the grading system as proposed by Hunt
and Hess [12].

In some instances, rupture of an intracranial
aneurysm may lead to intraparenchymatous cerebral
hemorrhage, particularly if located on middle cerebral
artery (MCA) branches, or in distinct etiological
subtypes, such as dissecting or mycotic aneurysms
(Fig. 6.2). Therefore, whenever an intracerebral
hematoma reaches down to the level of the carotid

tip or circle of Willis arteries or if ICH is associated
with subarachnoid bleeding into the basal cisterns, an
underlying aneurysm should be excluded by MRA,
CT angiography (CTA) or conventional angiography
in the acute phase as re-rupture rates seem to be
similarly high as in cases with isolated SAH. Some
arterial aneurysms develop in the context of an AVM
and may add to the potential hazard of intracranial
hemorrhage associated with such lesions (see below).

No systematic data exist on whether endovascular
or surgical techniques should be preferred after intra-
cerebral (i.e., intraparenchymatous) aneurysm bleed-
ing. Recent outcome data on aneurysm treatment
after SAH favor endovascular embolization [13,14].
Individual treatment decisions should be based on
a multidisciplinary consideration of the patient’s age
and clinical condition, aneurysm anatomy, and the
indication for additional hematoma evacuation or
placement of a ventricular drain.

Telangiectasias
At the level of the arterioles, telangiectasias may develop
as clusters of pencil-like vessels located mainly in the
brainstem or cerebellum. Even though considered true
vascular malformations, they have long been considered
curiosities for the pathologist and are of only minor
clinical significance, as they may not be an actual source
of symptomatic bleeding [15]. They may demonstrate
small microhemorrhages on histological examination,
but the size of the hemorrhage does not appear to be
massive enough to create a clinical syndrome. Now-
adays, telangiectasias may be detected on MRI with
and without contrast injection (Fig. 6.3).

ANEURYSM
TELANGIECTASIA

MOYAMOYA

AVM

DEVELOPMENTAL
VENOUS ANOMALY

CAVERNOMA

ARTERY ARTERIOLES VENULES VEIN

CAPILLARIES

Fig. 6.1 Schematic overview of cerebral
vascular malformations and anomalies.
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So-called familial hemorrhagic telangiectasia or
Osler-Weber-Rendu syndrome is an autosomal dom-
inant disorder associated with multiple “telangiecta-
sias” elsewhere in the body, which actually constitute
tiny vascular nodules with arteriovenous shunting.
Their number may increase during lifetime with the
mostly affected organs being the mucosa, skin, and
lungs. If located in the brain, these lesions may behave
similar to sporadic AVM and may cause spontaneous
rupture with intracranial hemorrhage (see below) [16].

Moyamoya
Moyamoya is a rare form of chronic cerebrovascular
occlusive disease with angiographic findings of

progressive stenosis or occlusion of the circle of
Willis arteries together with a network of dilated
perforating neovessels in the vicinity of the occlusion
[17]. The initial description arose from the angio-
graphic appearance of this pathological vasculariza-
tion at the base of the brain: the tiny size and large
number of vessels imaged made the combination look
like a “cloud” or a “puff of smoke” instead of single
arteries [18]. The numerous, dilated small neovessels
have also been termed “rete mirabile.”

In the vascular network of perforating arteries
(the so-called moyamoya vessels) various histological
changes can be observed: the distal portion of the
carotid arteries as well as those constituting the circle
of Willis often show fibrocellular intimal thickening,

Fig. 6.3 Asymptomatic pontine
telangiectasia with hyperintense signal
on T2-weighted MR images (a) and on
T1-weighted images after contrast
injection (b).

Fig. 6.2 Right frontal hematoma
with ventricular extension and
subarachnoid hemorrhage.
(a) (Non-contrast CT scan) due to
rupture of an aneurysm of the
anterior communicating artery;
(b) diagnostic angiography with left
carotid injection.
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waving of the internal elastic lamina, and attenuation
of the media. Dilated neovessels are found around
the circle of Willis, and reticular conglomerates of
small vessels may appear in the pia mater. With
hemodynamic stress or aging, the dilated arteries with
attenuated walls may predispose to the formation of
microaneurysms, and their rupture is considered one
of the mechanisms leading to parenchymatous hemo-
rrhages in moyamoya patients.

Annual incidence estimates of symptomatic
moyamoya range between 0.06 per 100 000 in whites
and 0.54 per 100 000 in Japan, but seem to be almost
twice as high in women, and show two age distribu-
tion peaks around 10–20 and 40–50 years [19–22].
Clinically, ischemic and hemorrhagic symptoms are
encountered. The ischemic type dominates in child-
hood, and clinically transient ischemic events occur
more often than infarctions with persistent neuro-
logical deficits. Hemorrhagic complications are more
frequent in adult patients. Bleeding occurs often in
repetitive intervals, and massive bleeding, although
infrequent, is the principal cause of death.

Hereditary factors and ethnic origin may play a role
in the occurrence or susceptibility to idiopathic moya-
moya disease, as suggested by the occasional familial
occurrence (12% in Japanese cases) [22]. A secondary
moyamoya syndrome may be seen in association with
other congenital diseases such as sickle cell anemia, von
Recklinghausen disease (neurofibromatosis type 1),

and Down syndrome (trisomy 21) [23]. However,
the clinical manifestation and disease progression is
not congenital and may also be seen as secondary
complication of early-onset intracranial atheroscler-
osis, autoimmune disease, vasculitis, meningitis,
post-radiation changes, cranial trauma, and brain
neoplasm [17,24].

Typical angiographic findings were considered
indispensable for the diagnosis of moyamoya, but as
the quality of MRI and MRA greatly improved, the
diagnosis was also made if they clearly demonstrated
all the findings indicative of moyamoya (Fig. 6.4) [17].

In advanced stages of moyamoya, some degree of
early venous drainage may be seen on angiograms
suggesting arteriovenous shunting at the level of the
neovessel network. On the other hand, moyamoya-
type vascular changes have been observed on high-
flow feeding arteries in brain AVMs. Whether the two
entities are linked biologically, or whether the moya-
moya type vascular pathology observed in AVM
patients merely results from hemodynamic changes
associated with the AVM remains as yet unclear.

Anomalies of the capillary junction
Brain arteriovenous malformations
Among vascular malformations causing intracranial
hemorrhage, brain AVMs are among the most fre-
quently encountered. Brain AVMs commonly affect

Fig. 6.4 Moyamoya disease with typical angiographic and MR imaging features: After injection of the right common carotid artery
(a) visualization of distal internal carotid artery (ICA) occlusion with filling of dilated neovessels (moyamoya vessels). The gradient echo (T2*)
MR shows subacute ICH at the level of the right lateral lenticulostriate arteries (b). Old ischemic lesions in the distal right MCA and deep left
MCA territory can be seen on FLAIR (c).
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distal arterial branches and in roughly half of the cases,
the malformation is found in the borderzone region
shared by the distal anterior, middle, and/or posterior
cerebral arteries [15]. Morphologically they resemble
tortuous agglomerations of abnormally dilated arteries
with drainage into deep and/or superficial veins. In its
core region or “nidus,” the AVM lacks a capillary bed,
thereby allowing high-flow arteriovenous shunting
through one or more fistulae. The lack of capillary
resistance turns an AVM into a high-flow and low-
pressure lesion that may not directly depend on the
systemic blood pressure (explaining why AVMs tend
not to rupture in a context of physical exercise).

The annual incidence of AVM hemorrhage in the
general population is 0.5 per 100 000, but with the

increasing availability ofMR brain imaging, evenmore
unruptured AVMs are diagnosed every year in the
western world and typical symptoms include seizures
or headaches. Some present with progressive or fluc-
tuating neurological deficits without signs of hemor-
rhage. An increasing number of patients are diagnosed
with an incidental finding of an asymptomatic malfor-
mation. Overall, women and men are equally affected
with a mean age at diagnosis around 40 years [25].
Familial AVMs are extremely rare and have been
described in only 25 pedigrees world wide [26].

Risk factors for spontaneous bleeding include
mainly a history of prior hemorrhage, but also mor-
phological characteristics such as deep AVM location
and exclusive deep venous drainage (Fig. 6.5) [27].

4.5%
(95% CI 1.5–7.0)

14.8%
(95% CI 0.7–21.2)

34.3%
(95% CI 12.4–38.1)

11.4%
(95% CI 1.9–16.9)Exclusive

deep
venous
drainage

Hemorrhagic AVM
Presentation

5.5%
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(95% CI 0.1–4.3)
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(95% CI 0.0–5.8)
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Non-Hemorrhagic AVM Presentation

Fig. 6.5 Columbia AVM Hemorrhage Risk Model (based on prospective observational data from n¼ 622 untreated AVM cases).
(Modified from [27]).
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Brain AVMs without these risk factors seem to carry a
rather low hemorrhage risk (< 1% per year). Whether
or not associated aneurysms on feeding arteries or
within the AVM nidus constitute an additional risk
is subject to current debates. Overall, Hispanic
Americans seem to carry a higher risk of AVM rup-
ture as compared to whites [28]. If rupture occurs,
the clinical deficits tend to be less severe and the
associated mortality far lower as compared to ICH
from other causes [29].

Even though many AVMs can be detected on
MR brain imaging, diagnostic four-vessel angiog-
raphy remains the gold standard for the correct
diagnosis on anatomic characterization of these
malformations (Fig. 6.6). Cerebral angiography
may also help to differentiate brain AVMs from
other types of intracranial anomalies with arterio-
venous shunting (Table 6.1). In a standard descrip-
tion of a newly diagnosed brain AVM, important
morphological baseline variables include the max-
imal AVM diameter, the topographic nidus location
in the brain, the arterial supply (number and type
of feeding artery), the presence of associated (i.e.,
feeding-artery or intranidal) aneurysms, arterial
stenosis with or without moyamoya-type changes,
deep and/or superficial venous drainage, as well as
the presence of any venous outflow stenosis and/
or ectasia.

As a complex neurovascular disorder, brain
AVMs are ideally managed by a multidisciplinary
team of vascular neurologists, neuroradiologists,
neurosurgeons, and radiotherapists. Seizures, head-
aches and chronic disability require symptomatic
treatment and follow-up by a neurologist, while
people with AVMs that have bled need appropriate
monitoring in a dedicated neuroscience or stroke
unit [30]. Current interventional treatment options
comprise any combination of endovascular emboli-
zation (interventional neuroradiology), microsurgical
removal (neurosurgery), and/or stereotactic radio-
therapy (radiosurgery) [31]. Despite technical
advances in these treatments during recent decades,
none – either individually or in combination – has
been tested in a controlled study.

The reported associated morbidity from any inter-
vention is around 10% in most recent endovascular,
neurosurgical, and radiotherapy series. The best pos-
sible treatment strategy should be discussed in view
of the topographic and morphological characteristics
and possible risk factors for natural history and

treatment risk. Intervention seems justified in many
ruptured brain AVMs, mainly to prevent subsequent
hemorrhage. No systematic data exist on the best
timing for intervention (early versus late after AVM

Fig. 6.6 Intracerebral hemorrhage due to an arteriovenous
malformation. T1-weighted MRI (a) showing a hyperintense left
temporal hematoma with an AVM nidus (arrow) visualized in the
vicinity of the hemorrhage. Carotid artery angiography confirms the
presence of a brain AVM fed by cortical MCA branches and with
superficial venous drainage (b).
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rupture), but recent series suggest the risk of
re-rupture seems particularly high (18% within the
first year after the initial hemorrhage) [32]. The bene-
fit from prophylactic intervention in patients with
unruptured brain AVMs is currently unproven and
subject to an ongoing international treatment trial
[33,34].

Dural arteriovenous fistulae
Dural arteriovenous fistulae (DAVFs) constitute
arteriovenous shunts at the level of the meninges
that are usually supplied by branches of the external
carotid and/or vertebral artery. They are generally
considered acquired lesions due to trauma or venous
occlusion and have an extracerebral location. Often
they present with pulse-synchronic bruits, headaches,
and signs of increased intracranial pressure, but
they may also cause progressive neurological deficits
and intracranial bleeding, including ICH. Those
with direct or retrograde venous outflow into cerebral
veins have been associated with hemorrhagic presen-
tation or progressive neurological symptoms at initial

diagnosis, but no controlled longitudinal data exist on
the actual longitudinal risk of these lesions. Nonethe-
less, the most widely used classification as proposed
by Merland and Cognard is mainly based on the
venous outflow pattern as these characteristics may
also impact on the endovascular treatment approach:
in type I fistulae, meningeal branches shunt directly
into a dural sinus without retrograde venous filling.
Type II lesions are similar to type I but show venous
reflux from the dural sinus into subarachnoid veins.
Type III fistulae connect directly to cortical veins.
If the latter type shows venous ectasias, it is labeled
type IV. The rare infratentorial type V lesions show
retrograde venous drainage into the spinal venous
system [35].

A common presentation of a dural arteriovenous
shunt is the carotid-cavernous fistula. This subtype
consists of mainly a single shunt (rarely several trans-
dural feeders) which links the internal carotid artery
during its passage through the cavernous sinus with
a portion of the cavernous sinus. Although they often
arise following trauma, they are also known to occur
spontaneously, especially in the elderly. The classic

Table 6.1. Brain AVM differential diagnosis: intracranial arteriovenous fistulae

Entity Pathogenesis Clinical characteristics

Vein of Galen aneurysmal
malformation [46,47]

Persistent dilated embryonic vein of the
prosencephalon, posterior choroidal artery
affected

Congestive heart failure in
neonates, intracranial hemorrhage
in infants

Dural arteriovenous fistula
[35]

Different types (traumatic, secondary to venous
occlusion, etc.)

Arterial supply through meningeal
arterial branches. High recurrence
rate

Hereditary hemorrhagic
telangiectasia (Osler-
Weber-Rendu)

Capillary regression leads to multiple small
AV-shunts in various tissues

Vascular abnormalities in nose, skin,
lung, brain, and gastrointestinal
tract

Encephalo-trigeminal
syndrome (Sturge-Weber) [48]

Phakomatosis Neurocutaneous syndrome
affecting the meninges, not the
brain

Cerebro-retinal angiomatosis
(von Hippel-Lindau) [48]

Phakomatosis Associated malignancy

Wyburn-Mason (or Bonnet-
Dechaume-Blanc) syndrome
[49,50]

Phakomatosis Neurocutaneous syndrome with
metameric brainstem AVM in
newborns

Neovascular collaterals Venous thrombosis or arterial occlusion may
lead to focal angioneogenesis with early AV
shunting

Postthrombotic syndrome,
moyamoya syndrome, etc.
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symptom complex features an injected sclera of the
affected eye, chemosis, ophthalmoplegia, a bruit, and,
in severe cases, even loss of vision [36].

Quite commonly, DAVFs are missed on standard
CT, MRI, and MRA images, and their definite dia-
gnosis is mainly based on diagnostic cerebral angio-
graphy after obligatory injection of the common
carotid and vertebral arteries (Fig. 6.7).

Most often, DAVFs are treated using an endovas-
cular approach, either via the feeding artery system,
or via retrograde occlusion of the draining veins.
Depending on the topographic location, direct embo-
lization via transcranial puncture or neurosurgical
occlusion of the venous draining system constitute
alternative therapeutic strategies.

Cavernous malformations
Cerebral cavernous malformations (CCMs) or caver-
nomas constitute abnormally enlarged capillary

cavities without intervening brain parenchyma. The
lesions may occur anywhere including the cortical
surface, white matter pathways, basal ganglia, or deep
in the brainstem. They rarely occupy a clinically
significant amount of space in the brain but may
be located in clinically important regions and are
occasionally multiple. Their cavernous channels
often show multiple areas of thrombosis and hemosi-
derin deposits as remnants of prior intracavernoma-
tous (less often extra-cavernomatous) hemorrhage.
Blood flow through these lesions is minimal, and
therefore they are generally not seen on diagnostic
angiograms.

They may be recognized as round, slightly hyper-
dense lesions on non-contrast head CT showing some
ring enhancement after injection (Fig. 6.8a and b). In
most cases, the diagnosis is easily established on brain
MRI with a typical popcorn-shaped, mixed hyper-
and hypointense appearance and usually a hypoin-
tense perilesional signal on FLAIR and T2-weighted
images (Fig. 6.8c). Gradient echo (T2*-weighted)
imaging carries the highest sensitivity for the detection
of CCM revealing intralesional paramagnetic hemo-
siderin deposits as hypointense signals (Fig. 6.8d).
Extracerebral manifestations may affect cranial nerves
(rare, but most commonly the trigeminal, optic, or
oculomotor nerves), the spinal cord, the retina (in up
to 5% of familial CCM cases), and the skin (visible as
isolated hyperkeratotic cutaneous capillary venous
malformations, so far described in cases with familial
CCMs only).

Based on autopsy data, prevalence estimates for
CCMs in the general population range between 100
and 500 per 100 000. Women and men appear to be
equally affected. The mean age at diagnosis spreads
around age 30 in most recent series, with an estimated
annual detection rate of 0.56 per 100 000 [37]. The
proportion of familial cases ranges between 10% and
40% in most western populations, but the highest
frequency (50%) has been reported in Hispanic
Americans, suggesting a genetic founder effect [38].
Patients harboring multiple CCMs have a high like-
lihood of carrying a genetic mutation.

Clinically, it is often difficult to determine a one-
to-one relationship between lesion and symptoms. At
initial diagnosis the latter include epileptic seizures
in 45%, symptomatic hemorrhage in 40%, and
headaches or other/unrelated symptoms leading to
diagnostic imaging in 15%. Among patients with
familial CCMs, 60% will become symptomatic. The

Fig. 6.7 Dural arteriovenous fistula visualized on angiography after
injection of the right external carotid artery showing arteriovenous
shunting into the right transverse sinus, occlusion of the distal
sigmoid sinus, and retrograde venous outflow into the superior
sagittal sinus.
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proportion of symptomatic patients among sporadic
cases remains as yet unknown. Three different gene
loci have been defined so far, all leading to autosomal
dominant pattern of inheritance: CCM1 or KRIT1 is
located on chromosome 7q and accounts for over
40% of familial cases (up to 70% in Hispanic Ameri-
cans); CCM2 or MGC4607 is on chromosome 7p and
can be found in roughly 30%; finally CCM3 or
PDCD10 has been mapped to chromosome 3q and
is the underlying defect in 15%. Another 15% of
familial cases show no mutation in the three loci,
which is why at least one more gene defect can be
suspected [38].

In routine clinical practice, the diagnosis of
CCMs should be stratified by patient history (symp-
tomatic versus asymptomatic, family history), MR
imaging data (anatomic location, single versus mul-
tiple CCMs, hemorrhagic versus non-hemorrhagic,
with or without associated developmental venous

anomaly), and genetic test results (if performed).
Ideally, the hemorrhage status is specified based
on extra- versus intracavernomatous bleeding,
and whether the MRI signal suggests acute blood
or chronic hemosiderin deposits (Table 6.2). In the
early days of MR imaging in surgical CCM patients,
an initial morphological classification has been
proposed based on their appearance on T1- and
T2-weighted sequences: Type 1 cavernomas are
hyperintense lesions indicating recent hemorrhage.
Type 2 malformations are those most often seen in
daily practice; they harbor mixed hyper- and
hypointense signals suggestive of mixed subacute
and chronic hemorrhage signs or calcifications.
Type 3 lesions are hypointense and mostly asymp-
tomatic. Type 4 CCMs are also assumed to be
asymptomatic and can be detected on gradient echo
(T2*) imaging alone. The latter group, however,
may be difficult to differentiate from other causes

Fig. 6.8 Multiple cerebral
cavernomatosis in a patient with proven
CCM1/KRIT1 mutation. A subcortical right
hemispheric CCM with hyperdense “ring”
can be appreciated on non-contrast,
(a) (arrow) and post-contrast, (b) (arrow)
cranial CT. Brain MRI shows the same
malformation with a mixed hyperintense/
hypointense “popcorn” signal and a
hypointense perilesional rim on FLAIR,
(c) (arrow) and presence of multiple
hypointense CCMs using the
T2*-weighted (gradient echo) sequence,
(d) (arrows).
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of cerebral microbleeds, such as amyloid angiopa-
thy, arteriolosclerotic small-vessel disease, cerebral
autosomal dominant anteriopathy with subcortical
infarcts and leucoencephalopathy (CADASIL), vas-
culitis, and others [39].

On longitudinal patient follow-up the number of
CCMs may increase over time, especially in genetic
CCM types. A given cavernoma may remain stable,
increase in volume or even regress [40]. The crude

average hemorrhage risk of a cavernoma seems to
be as low as 0.6% per year [41]. Factors favoring
symptomatic hemorrhage include a history of prior
cavernoma hemorrhage, strategic locations such as
the brainstem and basal ganglia, and anticoagula-
tion therapy [42]. Pregnancy as a risk factor for
cavernoma hemorrhage remains controversial. No
data exist on whether or not antiplatelet drugs modify
the risk of bleeding. Overall, even in genetically deter-
mined cases, the long-term prognosis is favorable
with 80% preserved long-term autonomy, with less
favorable outcome seen in patients with brainstem
CCM [38].

If indicated, neurosurgical excision is the treat-
ment of choice as outcome after stereotactic radio-
therapy appears to have less favorable results [43,44].
The decision for intervention is ideally based on a
multidisciplinary discussion considering the overall
profile of the patient (Table 6.2). Surgery is generally
limited to symptomatic CCMs associated with
therapy-resistant epilepsy, progressive CCM enlarge-
ment, or after symptomtic CCM hemorrhage. If
extra-lesional CCM bleeding has occurred, surgical
excision may not only eliminate the risk of subse-
quent hemorrhage, but the risk of intervention itself
may also be lower as the surgical approach in the
post-acute phase is facilitated by the pre-existing
bleeding cavity. Due to the progressive multiplication
of lesions over time, surgical intervention is not gene-
rally recommended in patients with familial CCM.
Resection of an associated developmental venous
anomaly (see below) is contraindicated as its occlu-
sion may lead to venous stasis, brain edema, and
eventual hemorrhage.

Anomalies of cerebral veins
Developmental venous anomaly
A developmental venous anomaly (DVA) is found in
up to 30% of CCM patients [45]. In the pre-MRI era,
so-called “venous malformations” were considered a
possible cause of ICH. The term is now obsolete, as
DVAs constitute mainly asymptomatic variants of the
physiological white matter or tectal venous drainage
system. They are represented by a deep prominent
vein which shows late on the venous phase of an
arteriogram and is associated with a finger-like pro-
jection from the main vein. An associated cavernoma

Table 6.2. Neurological classification of cerebral cavernous
malformation

Parameter

Clinical Symptomatic Asymptomatic

� Seizures

� Hemorrhage

� Headache

Family
history

Positive Negative

� Pedigree

� Pattern of
inheritance

Imaging MRI (T1 þ/� contrast, T2 or FLAIR, T2*)

Number Multiple Single

� Anatomic
location

� Anatomic
location

Size Maximum cavernoma diameter

Hemorrhage Acute bleeding Chronic
hemosiderin

Extra-
cavernomatous

Intra lesional

DVA Present Absent

Genetic
testing

Positive Negative

� CCM1 (KRIT1)

� CCM2
(MGC4607)

� CCM3
(PDCD10)

Note: DVA, developmental venous anomaly.
Source: Adjusted after [51].
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constitutes the actual bleeding source, if hemorrhage
occurs in the vicinity of a DVA (Fig. 6.9).
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Chapter

7 Cerebral venous thrombosis
and intracerebral hemorrhage
Isabelle Crassard and Marie-Germaine Bousser

Introduction
Cerebral venous thrombosis (CVT), a rare variety of
cerebrovascular disease, is a well-established cause of
intracerebral hemorrhage (ICH). Indeed, recognized
since the beginning of the nineteenth century [1], this
disease was mostly diagnosed at autopsy which usually
showed hemorrhagic lesions which were long thought
to contraindicate the use of heparin [2,3]. In the last
25 years, the widespread use of neuroimaging has
allowed early diagnosis of CVT and has thus complete-
ly modified our knowledge of this condition. More
common than previously thought, CVT is characte-
rized by a wide spectrum of clinical presentations and
of neuroimaging changes, with hemorrhagic lesions
in about one-third of cases. The overall outcome is
frequently favorable with a mortality rate well below
10% but hemorrhagic varieties of CVT (H-CVT) are
usually associated with a more severe clinical presen-
tation and a worse outcome than non-hemorrhagic
varieties. Cerebral venous thrombosis as a cause of
ICH is crucial to recognize because it is the only variety
of ICH that should be treated with heparin.

Anatomy of the cerebral
venous system
Blood from the brain is drained by cerebral veins that
empty into dural sinuses, themselves mostly drained
by the internal jugular veins [4,5,6] (Fig. 7.1).

Cerebral veins
Three groups of veins drain the venous blood of the
brain.

Superficial cerebral veins
Some of the cortical veins (frontal, parietal, and
occipital superior cortical veins) drain the venous
blood of the cortex into the superior sagittal sinus
(SSS) whereas others, mainly the middle cerebral vein
drain into the cavernous sinuses. They are linked
by numerous anastomoses allowing, in case of throm-
bosis, the development of collateral circulation. The
main collateral veins are the vein of Labbé connecting
the middle cerebral veins to the lateral sinus (LS) and
the great anastomotic vein of Trolard connecting
the SSS to the middle cerebral veins. These cortical
veins are characterized by the presence of thin walls,
the absence of muscle fibers and valves, permitting
both dilatation and reversal of flow when the sinus
into which they drain is occluded. Because of their
thin walls and their ability to dilate, cortical veins, by
contrast to arteries, may rupture if the venous pres-
sure increases. The number and location of cortical
veins are variable, which explains both the difficulty
in their angiographic diagnosis and the absence
of well-delineated cortical venous territories, and
hence the absence of well-identified “venous” clinical
syndromes similar to the arterial clinical syndromes.

Deep cerebral veins
Internal cerebral and basal veins drain the blood
from the deep white matter of the cerebral hemi-
spheres and from basal ganglia. They join to form
the great vein of Galen followed by the straight
sinus (SS). By contrast to the superficial veins, the
deep venous system is constant and well visualized on
imaging, so that its occlusion or absence is easily
recognized.
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Veins of the posterior fossa
These are divided into three groups: the superior
veins drain into the galenic system; the anterior ones
into the petrosal sinus; and the posterior ones into the
torcula, the SSS, and the lateral sinuses. They are also
variable so that the diagnosis of their rare thrombosis
is very difficult.

Dural sinuses
Superior sagittal sinus (SSS)
The SSS lies in the attached border of the falx cerebri
and extends from the foramen cecum to the occipital
protuberance where it joins the SS and the LSs to
form the torcular Herophili. Its anterior part can be
narrow or even missing, mimicking an occlusion. It is
then replaced by two superior cerebral veins that join
behind the coronal suture. The SSS drains the major
part of the cortex but it also receives diploic veins
that are connected to scalp veins by emissary veins
(explaining some CVT after minor head trauma by
local spreading of a thrombosed scalp vein).

Lateral sinuses (LSs)
The LSs start at the torcular Herophili to reach the
jugular bulbs. They consist of two portions: the trans-
verse sinus lying in the attached border of the tento-
rium and the sigmoid sinus directly applied to the
inner aspect of the mastoid process. The LSs drain
the blood flow of the cerebellum, the brainstem, and

the posterior part of the cerebral hemispheres. They
also receive some diploic veins and some small veins
from the middle ear. There are numerous LS anato-
mical variations: the two most frequent are the
absence of transverse sinus replaced by a large cortical
vein draining directly into the sigmoid sinus and
hypoplasia of the left LS [2].

The dural sinuses contain most of the arachnoid
villi and granulations in which cerebrospinal fluid
(CSF) absorption takes place. In this way dural sinuses
play a major role in CSF circulation and pressure,
which explains the high frequency of raised intracra-
nial pressure in CVT involving the dural sinuses.

Cavernous sinuses
These consist of trabeculated cavities formed by the
separation of the layers of the dura. They are located
on both sides of the sella turcica, just above and
outside the sphenoid air sinuses. They drain the blood
flow from the orbits by the ophthalmic veins and
from the anterior part of the base of the brain through
the sphenoparietal sinus and the middle cerebral
veins. They themselves drain into the superior petro-
sal and inferior petrosal sinuses then into the internal
jugular veins.

Topography
All studies show that the frequency of sinus throm-
bosis far outweighs that of cerebral veins thrombosis
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Fig. 7.1 Anatomy of dural sinuses and cerebral veins. Anatomic drawings of lateral view (a) and anteroposterior view (b).
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but it should be emphasized again that the diagnosis
of cortical vein thrombosis on angiography or even
on MRI T2* is extremely difficult so that cortical vein
thrombosis is likely to be vastly overlooked [7–13].
The most commonly affected vessels are LS and SSS
followed by cortical veins, deep venous system, and
cavernous sinus (Table 7.1).

In a majority of cases thrombosis involves several
sinuses and veins, the most frequent association being
SSSþ LS, SSSþ cortical veins, LSþ temporal veins,
deep veins with SS. This frequent multiple sinus and
vein involvement also accounts for the lack of well-
defined topographical clinical syndromes in CVT.
The pattern of distribution of sinus and veins involve-
ment differs in hemorrhagic and non-hemorrhagic
varieties of CVT with an at least four times more
frequent involvement of cortical veins in hemorrhagic
varieties (Table 7.1).

Pathology and pathophysiology
Thrombosis within a cerebral vein or sinus is a
dynamic process with a tendency to propagate for-
wards or backwards from the point of origin [5]. In
some cases thrombosis may occur simultaneously at a
number of different sites. If lysis of the red thrombus
does not take place immediately, older parts of the
thrombus may become organized and attached to the
venous wall, with sometimes recanalization, while
fresh thrombus may remain free within the lumen.

The effects of venous thrombosis on the cerebral
tissue depends upon many parameters such as type of
vessel involved, availability of pre-existing collateral
channels, and extent of thrombus propagation [2].

Thus, CVT may have no consequence on the brain
parenchyma, as in some cases of isolated LS throm-
bosis. More frequently, elevated cerebral venous pres-
sure due to venous occlusion results in a spectrum
of pathophysiological changes including a dilated
venous and capillary bed, development of interstitial
brain tissue edema, increased CSF production,
decreased CSF absorption, and rupture of cerebral
veins leading to hemorrhagic lesions [14]. The patho-
physiology of venous hemorrhages in CVT has been
widely discussed. Some experimental studies have
highlighted the importance of extensive occlusion of
cortical veins [15–19] whereas others report the pos-
sibility of hemorrhagic lesions after induction of SSS
thrombosis only [20]. Whatever the site of throm-
bosis (cortical veins and/or sinuses) hemorrhagic
lesions secondary to ruptured veins can present with
a huge diversity in size and location. The hemorrhage
may be limited to a few petechiae, detectable only on
T2*, particularly suggestive of CVT when they are
superficial, bilateral, and organized in clots. Some-
times the pattern is that of a “hemorrhagic infarct”
consisting of a bleed of variable degree within areas of
pure edema or ischemic edema. The most classical
presentation is that of bilateral triangular hemor-
rhagic infarcts, located in the superior and internal
part of both hemispheres, due to thrombosis of SSS
and its tributary cortical veins [2]. This term “hemor-
rhagic infarct” has been very misleading because it
suggests a similarity with hemorrhagic infarcts of
arterial origin and it was one of the reasons why
heparin was so long thought to be contraindicated
in CVT. It is now well established that
the pathophysiology of these two conditions widely

Table 7.1. The sites of thrombosis in large series of CVT

ISCVT N¼ 624 Authors’ series N¼ 234

Hemorrhagic
forms N¼ 58

Non-Hemorrhagic
forms N¼ 176

Superior sagittal sinus 313 62% 124 53% 34 58% 90 51%

Lateral sinus 184 79% 40 69% 144 81%

– Right 257 41% 44 19% 16 28% 28 16%

– Left 279 45% 97 41% 25 43% 72 41%

Straight sinus/deep venous system 180 29% 39 17% 6 10% 33 19%

Cortical veins 107 17% 44 19% 21 36% 23 13%

Note: 49 patients of the authors’ series have been included in ISCVT.
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differs so that heparin is indicated in venous hemor-
rhagic infarcts but contraindicated in arterial hemor-
rhagic infarcts. Hemorrhagic lesions may also become
confluent, particularly in the white matter, leading to
a true hematoma. Thus a temporal hematoma, some-
times with a severe mass effect, can complicate LS
thrombosis with involvement of its tributary vein,
the vein of Labbé [21–23]. Similarly uni- or bilateral
thalamic hematoma may occur after internal cerebral
vein(s) and/or SS thrombosis [24,25]. When bilateral,
thalamic hematoma are highly suggestive of deep
venous system thrombosis. Cerebellar hemorrhages
due to cerebellar vein thrombosis is extremely rare
and, by itself, not distinguishable from other varieties
of cerebellar hematoma [2]. Other varieties of intra-
cranial hemorrhages due to CVT are rare. Subarach-
noid hemorrhage (SAH) may be associated with ICH
or occur in isolation, due to cortical vein thrombosis.
It is usually a small cortical SAH highly different from
aneurysmal SAH [26,27]. Exceptionally, subdural
hematoma can also reveal CVT [28–29].

Incidence
The exact incidence of CVT is unknown but much
higher than thought on old autopsy series [3,5,30] as
suggested by the publication of large clinical series
[7–12] and by the inclusion in three years of 624 cases
in the International Study on Cerebral Vein and
Dural Sinus Thrombosis (ISCVT), a multicenter pro-
spective cohort of adult patients [13]. It is considered
to affect about 5–10 people per million and to account
for 0.5% of all stroke [31]. The frequency of hemor-
rhagic CVT varies according to diagnostic criteria:
from nearly 100% in old autopsy series to 12.5–46%
in seven recent series based on neuroimaging
(Table 7.2). Thus H-CVT roughly accounts for one-
third of all CVT. In our own series of 234 patients
diagnosed in our institution between 1997 and 2007,
58 patients (25%) had an H-CVT defined as any

parenchymal hemorrhag visible on CT and/or MRI.
Eleven of these patients (19%) had associated small
localized SAH and three (5%) an associated subdural
hematoma. Eleven other patients (5%) had either
isolated SAH or subdural hematoma.

All age groups can be affected, with however a
slight preponderance in young women because of
specific causes such as pregnancy, postpartum, and
oral contraceptives. Both in ISCVT and in our series,
the same sex-ratio was observed in H-CVT and
non-H-CVT. In our series, the female/male ratio
was 4/1. In both series, patients were a little older
when they had ICH (39.5 years old vs. 35.7 years old
in Lariboisière’s series).

Cerebral venous thrombosis in neonates is a con-
dition that widely differs from CVT in children and
adults because of the frequent association with an
acute illness at time of diagnosis and the clinical
presentation with seizures and lethargy [32–35]. Par-
enchymal lesions are frequent, present on neuroima-
ging in 40–60% of cases [32,35], with a very frequent
hemorrhagic component and an intraventricular
hemorrhage in 20% of cases [35].

Causes
Numerous causes and risk factors have been identi-
fied in CVT. They include all known medical, surgi-
cal, gyneco-obstetrical causes of deep vein thrombosis
in the legs, as well as a number of local causes either
infective or non-infective, such as head trauma, brain
tumors, arteriovenous malformations, and local infec-
tions such as otitis or sinusitis (Table 7.3). Medical
causes and risk factors include congenital or acquired
prothrombotic conditions, malignancies, hemato-
logical diseases, vasculitis, or other inflammatory
systemic disorders. Diagnostic and therapeutic pro-
cedures such as surgery, lumbar puncture, jugular
catheter and medications in particular oral contracep-
tives, hormone replacement therapy, steroids, and

Table 7.2. Frequency of hemorrhagic forms in different series of patients with CVT

References Milandre et al.
1989 [8]

Cantu et al.
1993 [9]

Daif et al.
1995 [10]

De Bruijn et al.
2001 [11]

Ferro et al.
2001 [12]

ISCVT
2004 [13]

Authors’
series
2007

Number of
patients

20 95 40 59 142 624 234

Hemorrhagic
CVT

4 (20%) 44 (46%) 5 (12.5%) 21 (36%) 49 (35%) 245 (39%) 58 (25%)
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oncology treatments can also cause or predispose to
CVT [2]. Various causes and risk factors are often
associated in CVT, 28% in our series and 44% in
ISCVT. The most frequent association is that of oral
contraceptive use and congenital thrombophilia. This
means that even when an obvious cause is present,
a systematic complete etiological workup should be
performed. However, in around 15% of cases, no cause
or even risk factor is found, which stresses the need
for a long follow-up with repeated investigations.

There are very few data about the distribution of
causes according to the presence or absence of ICH in
CVT, but the small number of cases due to a given
cause makes it unlikely to find significant differences.
In ISCVT, the only difference found was a higher
frequency of congenital thrombophilia in H-CVT
[36]. No difference was found in our series as regards
the various causes or risk factors and the frequency of
their association. The etiological workup of H-CVT
should thus be similar to that of all other CVT.

Clinical presentations
Cerebral venous thrombosis presents with a remark-
ably wide spectrum of signs and modes of onset, thus
potentially mimicking numerous neurological condi-
tions [2,31,37,38]. The most frequent symptoms
and signs are headache, seizures, focal neurological
deficits, altered consciousness, and papilledema which
can present in isolation or in association (Table 7.4).
Although they can all be present in H-CVT and
non-H-CVT, their respective frequency varies widely
(Table 7.5). In our series focal deficits and seizures
were both present at admission in 50–60% of cases
and disorders of consciousness in 40%. For these three
symptoms, the frequency is two to three times that
observed in non-H-CVT. By contrast, isolated head-
ache was present in only 1/58 patients with H-CVT

Table 7.3. Chief causes and risk factors of CVT

Local causes

Infectious Direct septic trauma

Intracranial infection: abscess,
subdural empyema, orbital
cellulitis, tonsillitis, cutaneous
cellulitis

Non-infectious Head or neck tumors,
neurosurgical procedures

Head injury

After lumbar puncture

Jugular catheterization

General infections Meningitis, systemic
infectious disease

Thrombophilia/
Acquired
prothrombotic states

Factor V Leiden mutation,
G20210A prothrombin
mutation,
Hyperhomocysteinemia
and methylene
tetrahydrofolate reductase
(MTHFR) mutation

Antithrombin, protein S,
protein C deficiencies

Disorders of fibrinolysis

Antiphospholipid antibodies

Paroxysmal nocturnal
hemoglobinuria

Disseminated intravascular
coagulation

Hematological
conditions

Polycythemia,
thrombocythemia

Iron deficiency anemia

Leukemia, lymphoma

Systemic diseases Systemic lupus
erythematosus, Behcet
disease, Wegener
granulomatosis,
inflammatory bowel disease,
sarcoidosis, thyroiditis

Cancers

Gyneco-obstetrical
conditions

Post partum, puerperium

Oral contraceptives

Medications Corticoids, L-asparaginase,
epsilon aminocaproic acid,
tamoxifen

General conditions Post-surgery

Severe dehydration
(especially in children)

Nephrotic syndrome

Cardiac insufficiency

Section 2: Etiology of non-traumatic ICH

88



compared with 51/176 in non-H-CVT. Papilledema
was less frequent in H-CVT (28%) than in non-
H-CVT (40%) but this difference was not statistically
significant.

The modes of onset were also different with a
more frequent acute onset in H-CVT (Table 7.5).

According to the grouping of symptoms and
signs, four main patterns have been individualized
in CVT [7,37]:
� isolated intracranial hypertension, with headache,

papilledema, and sixth nerve palsy
� focal syndrome, defined by focal deficits and/or

partial seizures. Any brain symptom such as
aphasia, hemiplegia, hemianopia, and so forth can
occur in CVT

� subacute encephalopathy mainly characterized by
a depressed level of consciousness and sometimes
seizures

� cavernous sinus syndrome, with ocular signs
dominating the clinical picture as orbital
pain, chemosis, proptosis, and oculomotor
palsies.

Among the four main patterns of CVT presenta-
tion, two (focal deficits and subacute encephalopathy)
account for nearly all cases (96%). In our series,
isolated cavernous sinus thrombosis never presented

Table 7.4. Chief clinical signs at admission in CVT patients

ISCVT
N¼ 624
patients (%)

Authors’ series
N¼ 234 patients (%)

Headaches 553 89% 229 97%

Papilledema 174 28% 85/230 37%

Motor deficit 232 37% 57 24%

Sensory deficit 34 5% 13 5%

Aphasia 119 19% 31 13%

Altered
consciousness/
coma

137 22% 47 20%

Seizures before
diagnosis

245 39% 81 35%

– Generalized
seizures

42 18%

– Focal þ/–
generalization

43 18%

Other focal
cortical signs

21 3% 7 3%

Bilateral signs 8 3%

Table 7.5. Chief clinical data of CVT patients at hospital
admission in the authors’ series according to the presence of
ICH or not

Hemorrhagic
forms N¼ 58

Non-Hemorrhagic
forms N¼ 176

Headaches 53 (92%) 176 (100%)

Papilledema 16 (28%) 69/172 (40%)

Any focal deficit 44 (76%) 40 (23%)

– Focal motor
deficit

28 (49%) 29 (16%)

– Focal sensory
deficit

6 (10%) 7 (4%)

– Focal motor
or sensory
deficit

30 (52%) 30 (17%)

– Aphasia 23 (40%) 8 (5%)

Disorders of
consciousness

24 (41%) 23 (13%)

Seizures before
admission

32 (55%) 49 (28%)

– Generalized
seizures

20 (34%) 22 (13%)

– Focal þ/�
generalization

16 (28%) 27 (15%)

Mode of onset

� Acute
< 48 h

19 (33%) 29 (16%)

� Subacute
(2–30 days)

37 (64%) 135 (77%)

� Chronic
(> 30 days)

2 (3%) 12 (7%)

Clinical
presentation

– Isolated
headaches

1 51

– Isolated ICH 1 55

– Focal deficit 56 70
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with ICH and among our 58 H-CVT, only one pre-
sented as progressive isolated intracranial hyperten-
sion mimicking idiopathic intracranial hypertension.

Outcome
The outcome of patients with CVT is much better
than that of arterial strokes (Table 7.6). A complete
recovery is observed in 79% in ISCVT and 91% in our
series at one year. Death rates are respectively 4% and
2%. A meta-analysis of recent cohorts, particularly
including the data of ISCVT, finds a slightly worse
prognosis with a 15% overall deaths or dependency
rate [11,13,31,39–43].

Intracerebral hemorrhage has long been recog-
nized a factor of bad prognosis in CVT [11,12]. In
ISCVT, the presence of ICH was a predictor of mor-
tality at 30 days [13]. In our series (Table 7.7), patients
with ICH had a worse prognosis at both end of
hospitalization and at one year of follow-up. The
worse outcome in patients with ICH can be explained
by the presence of the more frequent occurrence of
focal deficits and the presence of large parenchymal
lesions. These can be in such case responsible of
severe mass effect with transtorial herniation that
can lead to death.

Diagnosis
The diagnosis of CVT is based on neuroimaging but,
even though some locations of hemorrhages can be
suggestive of CVT, brain imaging by itself is of little
positive value. The clue to the diagnosis is the imaging
of the venous system itself which may show the
occluded vessel or even more specifically the presence
of the intravascular thrombus. These signs are indis-
pensable to recognize to identify the cause of ICH.

The thrombosed vessel
Computerized tomography scan remains often the
first investigation performed on an emergency basis.
It is particularly useful in order to rule out many of the
conditions that can be mimicked by CVT. Some signs
are the direct reflection of the thrombus such as the
dense triangle (occlusion of SSS by fresh clot on non-
contrast CT), the empty delta sign (filling of collateral
veins in the SSS walls after contrast injection, contrast-
ing with the lack of enhancement of the clot inside
the thrombosed sinus), the cord sign (visualization of
a thrombosed cortical vein on non-contrast CT)
and the spontaneous LS hyperdensity (visualization
of the thrombosed LS) [44–46] (Fig. 7.2). This last

Table 7.6. Clinical outcome in ISCVT and in Lariboisière’s series

ISCVT N¼ 624 Lariboisière N¼ 234

At discharge At last follow-up At discharge At one year (N¼ 211)

Complete recovery (mRS 0–1) 410 (66%) 493 (79%) 166 (71%) 191 (91%)

Partial recovery (mRS 2) 96 (15%) 47 (8%) 42 (18%) 11 (5%)

Dependent (mRS 3–5) 91 (15%) 32 (5%) 22 (9%) 5 (2%)

Death (mRS 6) 27 (4%) 52 (8%) 4 (2%) 4 (2%)

Note: mRS, modified Rankin Score.

Table 7.7. Clinical outcome in our series according to the presence of intracranial hemorrhage or not

Hemorrhagic forms N¼ 58 Non-hemorrhagic forms N¼ 176

At discharge At one year N¼ 49 At discharge At one year N¼ 162

Complete recovery (mRS 0–1) 15 (26%) 34 (70%) 151 (86%) 157 (97%)

Partial recovery (mRS 2) 22 (38%) 8 (16%) 20 (11.5%) 3 (2%)

Dependent (mRS 3–5) 18 (31%) 4 (8%) 4 (2%) 1 (0.5%)

Death (mRS 6) 3 (5%) 3 (6%) 1 (0.5%) 1 (0.5%)
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aspect is important to recognize because it is some-
times difficult to interpret and falsely interpreted as a
localized SAH (Fig. 7.3). The current “gold standard”
is the combination of MRI to visualize the thrombosed
vessel and MRV to detect the non-visualization of the
same vessel [31,47,48]. The clot can take different
appearances according to the evolution of the throm-
bosis. At a very early stage (< 5 days), the occluded
vessel appears isointense on T1-weighted imaging
(WI) and hypointense on T2 and thus very difficult
to differentiate from normal veins. Magnetic reson-
ance venography is then necessary to show the absence
of flow in the affected sinus. A few days later, because
of the conversion of oxyhemoglobin to methemoglo-
bin within the thrombus, the occluded vessel becomes
hyperintense first on T1-WI and later on T2-WI. At
this stage, diagnosis is thus easy (Fig. 7.4). After the
first month, MRI patterns are variable because the
thrombosed sinus can either remain totally or partially
occluded or can recanalize and return to normal. In the
majority of cases, there is an isointensity on T1-WI and

hyperintensity on T2-WI. At 6 months, abnormalities
persist in about two-thirds of cases. The signal is often
heterogeneous but predominantly isointense on T1-WI
and iso- or hyperintense on T2-WI. The combination of
MRI/MRV has the best diagnosis yield because with
MRI alone, flow artifacts may lead to false-positives
andwithMRV alone it is difficult and sometimes impos-
sible, as with all other angiographic techniques, to dif-
ferentiate thrombosis and hypoplasia, a frequent
diagnostic dilemma for LSs. Even with the combination
of MRI and MRV, the diagnosis may still be difficult,
particularly in isolated cortical vein thrombosis which,
in the absence of the characteristic “cord sign” on non-
contrast CT scan or on MRI, occasionally requires
conventional angiography. However, diagnosis remains
difficult with indirect signs such as dilated cortical veins
with a corkscrew appearance, delayed venous emptying,
and collateral circulation. Recently the echo-planar sus-
ceptibility weighted images (T2*) have been shown to
have a great value for diagnosis of CVT. This sequence,
by contrast to T1 and T2, shows the thrombosis as a

Fig. 7.3 (a) Spontaneous hyperdensity of
both lateral sinuses on non-enhanced-CT
that was initially misdiagnosed as
subarachnoid hemorrhage; (b) lateral
sinuses hyposignal on T2* imaging
according to the presence of thrombosis.

(a) (b) (c)

Fig. 7.2 Different aspects of the
thrombus on non-contrast-CT.
(a) Spontaneous hyperdensity of the
lateral sinus; (b) spontaneous
hyperdensity of the superior sagittal sinus
(¼ dense triangle) and of the straight
sinus (arrows); (c) spontaneous
hyperdensity of the superior sagittal
sinus and of a cortical vein (¼ cord sign,
arrow).
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highly hypointense signal related to the magnetic sus-
ceptibility effect and very similar to that observed in ICH
[49–51]. The T2* appears to be of additional value for
the diagnosis of CVT, particularly during the early days
of thrombosis when T1-WI and T2-WI lack sensitivity,
and in the case of isolated cortical venous thrombosis
[51] (Fig. 7.5).

Parenchymal abnormalities
The detection of hemorrhagic lesions is not different
from that of other varieties of ICH: visible on non-

contrast CT and MRI, especially on T2* sequence. On
CT, in the parenchyma, they appear as hyperdensities,
often multifocal and petechial or large (Figs. 7.6
and 7.7). They can be associated with hypodensity
corresponding to edema. Brain swelling can be also
detected. Contrast-enhanced CT may reveal gyral or
ring enhancement in areas of venous infarctions and/
or tentorial enhancement [44,48].

On MRI, an increased signal on both T1-WI and
T2-WI is typically found in hemorrhagic lesions
(Fig. 7.8). These signal changes are frequently sur-
rounded with a large region of edema appearing

Fig. 7.4 Cerebral venous thrombosis on
MRI. (a) Sagittal T1-weighted imaging:
superior sagittal sinus hypersignal;
(b) Coronal T2-weighted imaging:
superior sagittal sinus hypersignal and
lateral sinus hypersignal with homolateral
increased T2-weighted MRI signal in the
mastoid air spaces (thin arrow); (c) T2*
imaging: left lateral sinus hyposignal;
(d) Magnetic resonance venography:
absence of flow in left lateral sinus.

Fig. 7.5 Aspect of isolated cortical
venous thrombosis on T2* imaging:
venous hypointensities (magnetic
susceptibility effect) are observed on the
different planes (arrows) corresponding
to the cortical vein thrombosis as well as
petechial intracerebral hemorrhages.
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Fig. 7.7 Large hematoma with mass
effect in a patient with superior sagittal
sinus thrombosis.

Fig. 7.6 Intracerebral hemorrhages in CVT on non-contrast CT: from petechiae to hematoma. (a, b) superior sagittal sinus thrombosis with
cortical or sub cortical, multifocal, sometimes bilateral hyperdensities, presence of spontaneous hyperdensity of superior sagittal sinus¼dense
triangle; (c) right thalamic hematoma in deep venous system thrombosis; (d) mixture of hypo- and hyperdensity in left temporal lobe in
lateral sinus thrombosis; (e) temporal hematoma in right lateral sinus thrombosis; (f) left frontal hematoma due to cortical vein thrombosis.
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as hypo- or isosignal on T1-WI and hypersignal on
T2-WI. Typically, the hemorrhage in case of CVT is
cortical with subcortical extension. The hemorrhagic
aspect is particularly well detected on T2* sequence.
For instance, this sequence can detect small petechial
haemorrhages not visible on other sequences or on
non-contrast CT. Flame-shaped irregular zones of
lobar hemorrhage in the parasagittal frontal and par-
ietal lobes are very suggestive of SSS thrombosis while
occurrence of hemorrhages in temporal or occipital
lobes can be due to LS occlusion [48]. However, these
signal changes are unspecific and it is their association
with signal changes of the thrombus itself that will
lead to the diagnosis.

Magnetic resonance imaging diffusion (DWI)
shows various patterns [52–60],most frequently hetero-
geneous signal intensity with normal or increased
apparent diffusion coefficient (ADC), suggestive of
vasogenic edema combined with some areas of cyto-
toxic edema. The heterogeneous DWI/ADC pattern of
brain lesions in CVT is markedly different from the low
ADC of arterial infarcts, probably explaining at least in
part the much better recovery observed in CVT than in
arterial occlusion. Some studies included patients with
hemorrhagic lesions [56,58,59] and showed areas of
signal loss corresponding to hematomas. Hemorrhage
may occurwith both types of edema, with coexistence of
various patterns in the same region.

Fig. 7.8 Intracerebral hemorrhages in CVT on MRI. (a) FLAIR imaging: left temporal edema; (b) T1-weighted imaging: large parenchyma
hypersignal with adjacent thrombosed vein appearing as a hyperintense spot; (c) T2-weighted imaging: mixture of hyper- and hyposignal
in parenchyma due to cortical vein thrombosis; (d) FLAIR imaging: small localized subarachnoid hemorrage associated with frontal edema;
(e) T2* imaging: bilateral parenchymal hemorrhages with multiple cortical vein thrombosis; (f) T2* imaging: left intracerebellar hemorrhage in
lateral sinus thrombosis.
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Treatment
As in all CVT, the treatment of CVTwith ICH includes:
� Antithrombotic treatment
� Etiological treatment, particularly in the case of

septic CVT, underlying malignancies, or
connective tissue disease

� Symptomatic treatment, i.e., treatment of
intracranial hypertension, seizures, and headache.

Antithrombotic therapy
The use of heparin was first suggested more than half
a century ago. Its goals are to limit the spread of
thrombus and hence to diminish the intracapillary
pressure, to treat the underlying prothrombotic state,
in order to prevent other venous thrombosis such as
pulmonary embolism, and to prevent the recurrence
of CVT [31,61]. Its use has been debated, particularly
in H-CVT, for fear of increasing the size of hemor-
rhage. This risk has, however, been vastly overesti-
mated with very few properly documented cases and
there is now good evidence that heparin is safe
in CVT, even in patients with hemorrhagic lesions
[62–65].

Two randomized trials have been performed to
assess the benefit/risk of heparin:
� The first one compared dose-adjusted intravenous

heparin and placebo [62]. This study was stopped
after the inclusion of 22 patients because of a
significant difference in favor of heparin with full
recovery in 8 patients contrasting with only 3 in
the placebo group. The authors reported an
additional retrospective study [62] of 102 patients,
including 43 with ICH. Among the 27 patients
treated with dose-adjusted intravenous heparin,
14 (52%) patients recovered completely and 4 died
(15%) whereas of the 13 patients that did not
receive heparin after ICH, 9 died (mortality 69%)
and only 3 patients completely recovered.

� The second compared low-molecular-weight
heparin (LMWH) and placebo in 60 patients [63].
The difference in “poor outcome” defined as
death or a Barthel index score > 15 at 12 weeks
was not significant between the two groups
(13% in the LMWH vs. 21% in the placebo
group). No worsening consequence of new or
enlarged cerebral hemorrhages was observed
even in the 15 patients with hemorrhagic lesions
on initial CT.

A meta-analysis of these two studies has shown
that heparin treatment is associated with a 14% abso-
lute risk reduction in mortality and 15% in death or
dependency with relative reduction of respectively
70% and 56% [63]. Though not quite statistically
significant, these results are clinically relevant and
favor heparin treatment which is now widely used.
Thus in ISCVT, over 80% of the 624 patients were
anticoagulated, with or without ICH [13,36] and in
our series, all patients with acute CVT were treated
with heparin, whether ICH was present or not.

Very few studies were more specifically devoted
to the acute outcome of patients with H-CVT. In a
study of 12 patients, 6 anticoagulated and 6 non-
anticoagulated, no increase in ICH volume or clinical
worsening was observed in the anticoagulated group,
whereas in the non-anticoagulated group, 4 had enlar-
ging hematomas with clinical worsening requiring
surgery in 2 [64]. In a series of 14 with H-CVT,
11 were treated with heparin, one of them had a
minor extension of a very small (< 1 cm3) hemor-
rhagic transformation within a large venous edema
[65]. Three did not receive heparin: two had recurrent
ICH with clinical worsening, one of them was then
treated with heparin with a good recovery whereas
the other died after a third ICH. These data suggest
that in CVT, the increase of ICH or the occurrence of
a new hemorrhage are much more frequently due to
the spontaneous worsening of CVT than to heparin
treatment.

In practice, nowadays, according to the European
Federation of Neurological Societies (EFNS) recom-
mendations, patients with CVT without contraindi-
cations for anticoagulation should be treated either
with body weight-adjusted subcutaneous LMWH or
dose-adjusted intravenous heparin, and concomitant
ICH related to CVT is not a contraindication for
heparin treatment [61].

Despite numerous case reports and small series,
systematic reviews of thrombolysis in CVT show no
good evidence to support the use of either systemic
or local thrombolysis in this condition [66,67]. Fur-
thermore, there are a number of potential biases, such
as publication bias with possible under-reporting of
cases with poor outcome or evaluation bias since
treatment and outcome assessment were non-blind.
In the meta-analysis of 169 CVT patients, 31% had H-
CVT [66] but no detailed data are available about this
specific group. In patients with H-CVT who deterior-
ate despite adequate heparin treatment, mechanical
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thrombectomy seems more appropriate than in situ
thrombolysis.

Symptomatic treatment
In the acute phase, increased intracranial pressure
(ICP) due to large lesions and/or massive brain edema
may be fatal because of transtentorial herniation [68].
This holds particularly true in case of hemorrhagic
lesions, sometimes associated with a “malignant”
edema uncontrolled by antithrombotic treatment.
General recommendations to control acutely increa-
sed ICP should therefore be followed, including
elevated head bed, mannitol, ICU admission with
sedation, hyperventilation to a target PaCO2 of
30–35mmHg, and ICP monitoring. The use of
corticosteroids is not recommended, especially since
they promote thrombosis. In patients with impending
herniation due to unilateral hemispheric lesion or
with temporal herniation due to large temporal hema-
toma, hemicraniectomy or hematoma evacuation are
indicated, even in very severe cases, since first, surgery
can be life saving and second, there is a remarkable
potential for good recovery [69,70].

Antiepileptic drugs are usually prescribed only in
patients who present with seizures (61). Some authors
also use them in patients with parenchymal hemor-
rhagic lesions on admission CT/MRI since they are at
higher risk of seizures.

Patients with ICH frequently have severe head-
aches that may require strong analgesics such as
morphine, but these usually rapidly decrease after
initiation of heparin treatment.

Management during follow-up
The follow-up of patients with H-CVT is similar to
that of patients with non-H-CVT. The aim of con-
tinuing anticoagulation after the acute phase is to
prevent recurrent CVT and other venous throm-
bosis, including pulmonary embolism. Following
the evidence and recommendations in systemic deep
venous thrombosis, anticoagulation with warfarin
for 3–12 months is recommended with an INR of
2–3. In patients with inherited or acquired prothrom-
botic conditions, including patients with the
antiphospholipid-antibody syndrome, a more prolon-
ged oral anticoagulation is recommended. Antiepilep-
tic treatment is required in about 11% of patients,
mostly those who had seizures in the acute phase

or had a hemorrhagic parenchymal lesion [71,72].
The optimal duration of antiepileptic treatment is
unknown. There are no specific data concerning the
risk of recurrence in H-CVT versus non-H-CVT.

Summary
� H-CVT accounts for one-third of all CVT. They

are due to cortical vein thrombosis. Their clinical
presentation differs widely from that of other
CVT with a more frequent acute onset, and far
more frequent focal signs, seizures, and disorders
of consciousness. By contrast, isolated headache
or intracranial hypertension as the only
manifestation is extremely rare. There is no
difference between H-CVT and non-H-CVT as
regards causes or risk factors.

� H-CVT have a huge variety of size and location of
hemorrhagic lesions on neuroimaging, from small
scattered petechiae to huge hematomas. The
diagnosis is based, as in other CVT, on the
visualization of the thrombus itself by MRI T1,
T2, T2*, together with the non-visualization of the
occluded venous segment on MR angiography.

� Although the outcome is more severe than in
non-H-CVT with a 5% mortality, a complete
recovery is observed at one year in three-quarters
of cases.

� The medical treatment of H-CVT is similar to that
of non-H-CVT, primarily based on heparin
(intravenous or LMWH) followed by oral
anticoagulants. Only a small minority of cases
requires surgery, either hematoma evacuation or
hemicraniectomy that can be life saving.
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Section 3
Chapter

8
Clinical presentation

Clinical presentation of intracerebral
hemorrhage
Carlos S. Kase

Intracerebral hemorrhage (ICH) presents clinically in
a variety of ways, depending primarily on the location
and size of the hematoma. These features determine a
set of clinical findings that occur regardless of loca-
tion, as they reflect the intracranial mass effect that
characterizes ICH. These common clinical features
will be discussed first, to be followed by the findings
that are specific to the various locations of ICH.

General clinical features
of intracerebral hemorrhage
Headache is common at the onset of ICH. In the
series of Tatu et al. [1], headache was reported in
36% of the cases, with similar frequency in the putam-
inal (37.5%), thalamic (34.5%), and lobar (36.7%)
locations; headache was more common (58%) in sub-
jects with cerebellar hemorrhage. A higher frequency
of headache at onset of cerebellar and lobar hemor-
rhage in comparison with the deep varieties (putam-
inal, thalamic, caudate) has been reported [2,3]. In the
latter study [3], female gender, meningeal signs, and
signs of transtentorial herniation were features asso-
ciated with headache at ICH presentation. A recent
study by Leira et al. [4] correlated headache at onset
of ICH not only with the presence of mass effect, but
also with features of antecedent infection, as well as
markers of inflammation such as higher body tem-
perature, elevated leukocyte count and sedimentation
rate, and biochemical markers of inflammation
(interleukin-6, tumor necrosis factor-alpha). These
findings raise the interesting possibility of an added
component of ongoing inflammation in the patho-
genesis of headache in ICH.

In terms of headache characteristics, subjects with
putaminal hemorrhage frequently report pain in the

ipsilateral anterior portion of the head [3]. Other
locations of ICH are not associated with specific
headache patterns, except for the description of
predominantly occipital headache in patients with
cerebellar or occipital hematomas [3], although the
latter can at times present with periorbital pain [5].

Seizures at onset of ICH are rare, being reported
with a frequency below 10% in series of ICH that
include all locations [1,6]. However, ICH location
determines risk of seizures, as lobar ICH [7–9], espe-
cially in the frontal lobe [10], has been associated with
increased risk of both immediate (within 24 hours of
ICH onset) and early (within 30 days of ICH onset)
seizures [11]. In the latter study, no differences were
found in 30-day mortality between ICH patients with
and without seizures (immediate or early seizures).
However, in a study in which continuous EEG moni-
toring was used, Vespa et al. [12] found not only a
high frequency of seizures, both convulsive and non-
convulsive, in patients with ICH (28%) in comparison
with those with ischemic stroke (6%), but also corre-
lated the presence of seizures in ICH patients with
clinical deterioration and midline shift, as well as with
a trend towards worse long-term outcome. This study
stresses the value of continuous EEG monitoring of
stroke patients in the ICU as seizures, both overt and
electrographic (which are particularly frequent
among ICH patients), appear to correlate with a more
severe compromise of neurological function and,
possibly, worse outcomes.

Progression of neurological deficits after onset cor-
relates with the common observation of early enlarge-
ment of ICH [13]. This course after onset has been
observed in both deep (putaminal, thalamic) and
lobar ICHs, without a particular site being preferen-
tially associated with early hematoma enlargement [1].
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The studies of Fujii et al. [14] and Brott et al. [15]
documented hematoma enlargement that occurs
predominantly within the first six hours of evolution,
during which time neurological deterioration is
frequently observed. Persistent hypertension has been
frequently mentioned as a risk factor for ICH enlarge-
ment [16,17], but comparisons of patients with
and without hematoma enlargement have failed
to confirm the association between elevated blood
pressure and ICH enlargement [15]. On occasion,
patients with putaminal ICH have a rapid, precipitous
enlargement of the hematoma, often leading to cli-
nical deterioration and death [18], as a result of
postulated acute rebleeding, rather than gradual con-
tinuous leakage at the initial bleeding site.

Clinical features specific
to intracerebral hemorrhage location
Putaminal hemorrhage
The spectrum of clinical presentations of putaminal
ICH has been clarified since the advent of CT scan
[19], as this technique allows the diagnosis of all sizes
of acute hemorrhages, in particular the small ones
that in the pre-CT scan days may have been mis
diagnosed on clinical grounds as infarcts. Early clinico-
CT correlations identified syndromes of small
(moderate hemiparesis and hemisensory deficits),
moderate-size (“classical” syndrome of hemiplegia,
hemisensory loss, lateral gaze paresis, homonymous
hemianopia, and either aphasia or hemi-inattention),
and massive (coma, bilateral Babinski sign, unreactive
dilated pupils, and absent extraocular movements)
hematomas [19].

Clinical syndromes in relationship to the location
of putaminal hemorrhage
Several studies have correlated the anatomical
location of putaminal hemorrhages with their clinical
presentation. Among these, the studies of Weisberg
et al. [20] and Chung et al. [21] have provided a
consistent and comprehensive description of the ana-
tomo-clinical correlations in putaminal ICH. In these
studies, the authors described a number of different
anatomical sites of origin and patterns of extension
of the hemorrhages, and correlated them with the
clinical presentation and outcome. Although they
used slightly different nomenclatures, an analysis of
their studies yields a consistent picture of the clinical

correlates of the various anatomical locations of
putaminal hemorrhage, as follows:

1. Medial putaminal hemorrhage: the ICH originates
from rupture of medial branches of the
lenticulostriate arteries [21], and extends medially
into the genu and posterior limb of the internal
capsule, but without extending through it;
intraventricular hemorrhage (IVH) occurs rarely.
Patients present with contralateral hemiparesis
and hemisensory loss, but without abnormalities
of ocular motility, visual fields, or level of
consciousness. The course is generally benign,
as the hematomas tend to be of small size.
A posteromedial variety of putaminal
hemorrhage, also called “capsular” ICH [21],
due to rupture of branches of the anterior
choroidal artery, presents with generally small
hematomas in the posterior limb of the internal
capsule, with hemiparesis, hemisensory loss, and
dysarthria. This clinical picture can at times
resemble that of the lacunar syndrome of
“pure sensorimotor” stroke [22].

2. Lateral putaminal hemorrhage: the hematoma is
the result of rupture of lateral branches of the
lenticulostriate arteries, and it extends anteriorly
along the external capsule (Fig. 8.1), leading to
contralateral hemiplegia and sensory deficits,
often accompanied by either aphasia or hemineglect
syndromes in dominant or non-dominant
hemisphere hematomas, respectively; it is this
type of “lateral” putaminal ICH in the dominant
hemisphere that has been associated with the
syndrome of conduction aphasia [23], with fluent
speech and preserved comprehension but with
markedly impaired repetition, as a result of
interruption of white matter tracts (arcuate
fasciculus, extreme capsule, temporoparietal
association areas) in the inferior parietal lobe.
These hemorrhages tend to be larger than the
medial ones, and are more often associated with
neurological deterioration and IVH, as a
manifestation of the larger hematoma volume.

3. Putaminal hemorrhage with extension to internal
capsule and subcortical white matter: these are
generally large hematomas that originate from
rupture of posterior lenticulostriate branches,
and extend medially through the internal capsule
(Fig. 8.2) and superiorly into the corona radiata, at
times even extending into several cerebral lobes,
causing more severe syndromes of hemiplegia
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and hemianesthesia, often associated with
homonymous hemianopia and conjugate
ocular deviation, with variable degrees of
depressed consciousness. Intraventricular
hemorrhage occurs especially in the large
hemorrhages, which often lead to mass effect
into the adjacent lateral ventricle. Most patients
who survive are left with permanent
neurological deficits.

4. Massive putaminal-thalamic hematoma: these are
the largest hematomas, with extension from the
putamen into the thalamus (transecting the
internal capsule) (Fig. 8.3) and into the subcortical
white matter. They are invariably associated with
mass effect on the lateral and third ventricles,
IVH is frequent, and mortality can be as high
as 80%; in instances with associated obstructive
hydrocephalus, prognosis worsens [24] to
mortality figures approaching 90% [25]. The
clinical picture is characterized by impaired
consciousness, hemiplegia, abnormalities
of horizontal gaze (ipsilateral conjugate ocular

deviation more often than contralateral
deviation), and homonymous hemianopia.

These clinico-CT correlations allowed Weisberg
et al. [20] to delineate a number of patterns that are
clinically useful: IVH and obstructive hydrocephalus,
typically present in cases of large hematomas, are
associated with high mortality; virtually all putaminal
ICH patients present with combined motor and sen-
sory deficits; the best functional outcome occurs in
patients with medial or lateral putaminal hematomas
that do not involve the internal capsule or the corona
radiata; delayed neurological deterioration occurs
most often in patients with hematomas that extend
into the cerebral hemisphere or the thalamus.

Syndromes due to small putaminal hemorrhages
The availability of CT and MRI have allowed the
documentation of a number of unusual presentations
of small putaminal ICH. These include:

1. Pure motor stroke: rare instances of pure motor
stroke due to small putaminal-capsular
hemorrhages have been documented [26–29].

Fig. 8.2 Large posterolateral hematoma with involvement of left
putamen and internal capsule, abutting the lateral thalamus,
and extending into the ventricular system.

Fig. 8.1 Lateral type of putaminal hemorrhage, located between
the right posterior putamen and the insula.
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The clinical presentation has been with a mild
and rapidly improving pure motor syndrome
affecting the face and limbs as a result of a small
hematoma with origin in the posterior angle of the
putamen, with pressure (but generally without
extension) into the posterior limb of the internal
capsule. In addition, pure “capsular” hemorrhage
has rarely been reported as presenting with pure
motor stroke and dysarthria [21]. These
observations of occasional cases of putaminal ICH
that present with an otherwise “typical” syndrome
of lacunar infarction stress the importance of
imaging in the diagnosis of acute stroke, especially
when antithrombotic or thrombolytic treatment is
being contemplated.

2. Pure sensory stroke: the syndrome of pure sensory
stroke has been rarely observed in instances of
small putaminal ICH. Kim [30] reported three
cases among a group of 152 patients with
putaminal ICH, which were the result of a
posteriorly located small putaminal hemorrhage
that was adjacent to the most posterior portion of
the posterior limb of the internal capsule and the

adjacent thalamus. This resulted in a contralateral
hemisensory syndrome affecting superficial and
deep sensory modalities, with more severe
involvement of the leg than the arm and face.
The imaging studies suggested compromise of
the dorsolateral aspect of the thalamus or the
ascending thalamo-cortical projections located in
the retro-lenticular portion of the posterior limb
of the internal capsule.

3. Hemichorea-hemiballism: this unilateral syndrome
that has been associated with lacunar infarction in
the basal ganglia, thalamus, or subthalamic
nucleus [31] is rarely the result of a small
putaminal hemorrhage. Jones et al. [32] and
Altafullah et al. [33] reported putaminal
hemorrhages of “lateral” [21] location that
resulted in transient contralateral chorea and
ballism, in the absence of hemiparesis,
hemisensory loss, gaze paresis, or hemineglect.

Caudate hemorrhage
Hemorrhage in the head of the caudate nucleus is
the least common of the “deep” hemispheric hemor-
rhages, corresponding to about 2% of ICHs [34]. The
bleeding vessels are Heubner’s artery and the medial
lenticulostriate arteries [21], and the parenchymal
hematoma that results is generally small (Fig. 8.4),
while the main effects of the hemorrhage are those
mediated by the virtually constant IVH, at times
complicated with hydrocephalus [35].

Caudate hemorrhage presents with sudden onset
of headache, vomiting, and altered level of conscious-
ness, resembling subarachnoid hemorrhage (SAH)
from ruptured cerebral aneurysm [34,36]. This
presentation is generally associated with imaging
evidence of a small hematoma in the head of the
caudate nucleus, accompanied by a high frequency
(97%) of intraventricular extension [35]. The CT
features help to distinguish primary caudate ICH
from SAH from a ruptured anterior communicating
aneurysm by the absence of subarachnoid blood in
the basal cisterns and interhemispheric fissure in
caudate hemorrhage [37], a finding that would be
expected to occur regularly in SAH due to rupture
of an anterior communicating artery aneurysm [34].
Less frequently, the hematoma of the caudate head
extends in addition into the internal capsule, and
produces transient contralateral hemiparesis and
ipsilateral Horner’s syndrome [34].

Fig. 8.3 Massive left-sided hemorrhage in the putaminal-capsular
area, with medial extension into the thalamus and ventricular
system.
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Behavioral and neuropsychological abnormalities
can be a prominent part of the clinical picture of
caudate hemorrhage. The neuropsychological abnor-
malities of caudate hemorrhage involve a combina-
tion of abulia (decreased spontaneous motor or verbal
initiative, with delayed performance on command),
confusion, and disorientation at onset, followed by
the development of a prominent amnestic syndrome,
at times accompanied by language disturbances
[34,37,38]. The latter often corresponds to non-fluent
aphasia [38], while occasional examples of transcor-
tical motor aphasia have been reported as well [21].
These deficits are thought to occur as a result of
interruption of cortical-subcortical tracts between
the caudate nucleus and the frontal cortex [37].
Hematomas in the non-dominant hemisphere only
rarely produce unilateral disturbances of attention,
such as the patient with visuospatial neglect reported
by Kumral et al. [38].

The generally small size and localized character of
caudate hemorrhage accounts for the relative paucity
of focal neurological deficits such as hemiparesis [21].
On the other hand, the virtually constant extension

into the ventricular system results in a high frequency
of headache and meningeal signs, resembling the
onset of SAH. In rare instances of caudate ICH with
IVH and acute hydrocephalus [34], a more dramatic
presentation with coma and ophthalmoplegia can
occur, the latter likely due to oculomotor nuclei
involvement as a result of aqueductal dilatation [39].

Thalamic hemorrhage
Thalamic ICH of moderate to large size presents with
the “classical” picture, which includes various combi-
nations of the following features:

1. Contralateral hemiparesis: due to the proximity to
the posterior limb of the internal capsule, thalamic
ICH is associated with hemiparesis in about 95%
of the cases, that is in all but the rare cases of
lesions that are too small and medial or dorsal to
impinge on the internal capsule [40,41]. The
hemiparesis or hemiplegia of thalamic ICH
involves the face, arm, and leg to a similar degree,
and achieves the level of complete hemiplegia in
about 70% of patients [42].

2. Hemisensory syndrome: patients develop
prominent sensory loss, either anesthesia or
hypesthesia affecting face, limbs, and trunk,
generally for all sensory modalities, in as many as
85% of patients with thalamic ICHs of all sizes and
locations within the thalamus [40].

3. Ophthalmological signs: these include paresis of
upward gaze that often results in a position of
downward deviation and convergence of the eyes
at rest (“peering at the tip of the nose”), and
miotic and unreactive pupils, both due to pressure
of the thalamic ICH on the dorsal midbrain [43];
this is often associated with skew deviation and
horizontal gaze disturbances; the latter most
commonly correspond to the typical conjugate
horizontal deviation towards the affected
hemisphere, but examples of contralateral
deviation (“wrong-way eyes”) occasionally occur
[44]. The pathogenesis of this phenomenon is
controversial, but involvement of descending,
crossed oculomotor tracts from the contralateral
hemisphere at midbrain level is favored [45].
Other oculomotor phenomena observed in
thalamic ICH include “acute esotropia” (markedly
adducted eye contralateral to the thalamic
hematoma or bilateral convergence spasm, also
referred to as “pseudo-sixth” nerve palsy) from

Fig. 8.4 Small hemorrhage in the head of the left caudate
nucleus with extension into the adjacent frontal horn of the lateral
ventricle.
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involvement at the midbrain level of supranuclear
fibers with an inhibitory effect on convergence
[46,47].

The clinical syndromes associated with specific
areas of involvement of the thalamus by hemorrhage
have been analyzed by Kumral et al. [42] and Chung
et al. [41]. These authors divided the thalamic hema-
tomas depending on the topography of the hemor-
rhage into anterior, posteromedial, posterolateral,
dorsal, and global, and Chung et al. [41] related these
locations to the presumed arterial rupture within the
thalamus. The clinical features in these various loca-
tions have been described as follows:

1. Anterior type: hematoma located in the most
anterior portion of the thalamus (Fig. 8.5),
presumed from rupture of branches of the “polar”
or tuberothalamic artery; these hematomas are
often associated with IVH and are clinically
characterized by behavioral abnormalities,
especially memory impairment and apathy, with
preserved alertness, rare and transient
sensorimotor deficits, and absent
ophthalmological findings.

2. Posteromedial type: due to rupture of
thalamo-perforating arteries, with hematomas
located in the medial thalamus (Fig. 8.6), with
frequent rupture into the third ventricle and
hydrocephalus, along with extension into the
midbrain, results in memory disturbances and
behavioral abnormalities in small hematomas,
while the larger ones with downward extension
into the midbrain lead to early stupor or coma,
along with severe motor deficits and oculomotor
disturbances.

3. Posterolateral type: results from rupture of
thalamo-geniculate arteries, producing generally
large hemorrhages with extension into the
internal capsule (Fig. 8.7) and ventricular space,
presenting with severe sensorimotor deficits, as
well as aphasia or hemineglect in dominant or
non-dominant hemorrhages, respectively; large
hematomas can in addition feature ipsilateral
Horner’s syndrome, depressed level of
consciousness, and ophthalmological
abnormalities [42]; a substantial proportion of
these patients (about one-third) develop the

Fig. 8.5 Left anterior thalamic hemorrhage with ventricular
extension, presenting with abrupt onset of generalized headache,
with preserved alertness but with abulia.

Fig. 8.6 Large right postero medial thalamic hemorrhage with
extension into the third ventricle.
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delayed onset of a “thalamic pain syndrome”
[41]. The aphasia of dominant posterolateral
thalamic hematomas is often described as
“transcortical motor” [42,48], except that in
hematomas in the pulvinar nucleus the aphasia is
characterized as progressively more paraphasic as
the person continues to talk, eventually becoming
jargon [49]; the syndromes of hemineglect in
non-dominant thalamic hemorrhage can
include contralateral auditory inattention [50],
anosognosia [48], at times with prominent
associated mania [51], as well as examples of
motor neglect or “inertia,” manifested as lack of
use of limbs with normal strength [52]. An
intriguing motor phenomenon described as the
“pusher syndrome” has been described in
patients with thalamic hemorrhage; this refers to
a disturbed perception of the patient’s sense of
own verticality when sitting or standing, resulting
in a tendency to use the unaffected limbs to
“push” self in the direction of the affected side of
the body. This behavior is thought to reflect a
disturbance of perception of body posture in

relation to gravity [53], and it occurs in
posterior thalamic hemorrhages on either the
left or right side.

4. Dorsal type: due to rupture of branches of the
posterior choroidal artery, results in hematomas
located high in the thalamus, which often extend
into the paraventricular white matter and the
ventricular space, with clinical presentation with
mild and transient sensorimotor deficits,
generally without oculomotor abnormalities, with
occasional confusion and memory disturbance in
those located most posteriorly (in the area of the
pulvinar nucleus).

5. Global type: involvement of the whole extent of
the thalamus (Fig. 8.8) by large hematomas that
enter the ventricular system (with associated
hydrocephalus) and extend into the
supra-thalamic hemispheric white matter,
resulting in stupor or coma, severe sensorimotor
deficits, and the “classical” ophthalmological
features of paralysis of upward more than
downward gaze, skew deviation, and small and
unreactive pupils.

Fig. 8.7 Right postero lateral thalamic hemorrhage with extension
into the posterior limb of the internal capsule and ventricular
system.

Fig. 8.8 Massive deep hemorrhage with origin in the left thalamus,
with extension into the basal ganglia, corona radiata, and
ventricular system, with marked shift of the midline.
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Syndromes of small thalamic hemorrhages
In instances of small hemorrhages, a number of dif-
ferent presentations have been described, correspon-
ding to dysfunction of one or a few isolated systems
or nuclei within the thalamus. Some of these syn-
dromes include:

1. Pure sensory stroke: this syndrome, caused most
often by a lacunar thalamic infarction [54], has
been rarely described as a result of a small
thalamic ICH [55–58] (Fig. 8.9). Abe et al.
reported a thalamic hematoma of dorsal location
depicting a hemisensory syndrome with loss of
sensation to pin prick, vibration and joint position
sense, with normal motor strength, while
coordination in the affected arm was abnormal
with eyes closed, reflecting the “sensory” rather
than cerebellar character of the ataxia [55]. The
two patients reported by Paciaroni and
Bogousslavsky [56] had involvement of all sensory
modalities affecting the face, arm, and leg
contralaterally to a small hemorrhage in the center
of the thalamus that affected all the ventral nuclei,
the parvocellular and dorsocaudal nuclei, with
sparing of the pulvinar. The hemorrhages were
thought to have originated from rupture of
thalamo-geniculate branches of the posterior
cerebral artery. In the study of Shintani et al. [57],
two patients with sensory loss predominanting
in the arm and leg had contralateral hemorrhages
in either the ventral-posterior-lateral (VPL)
nucleus, or the ventral-posterior-medial (VPM)
nucleus, while another patient with a restricted
“cheiro-oral” distribution of dysesthesias with
“burning” quality in the absence of sensory loss
had a small hematoma in the border between
VPL and VPM.

2. Sensory ataxic hemiparesis: a syndrome similar to
the ataxic hemiparesis of lacunar infarction was
reported in the setting of small thalamic
hemorrhages by Dobato et al. [59]. However, the
clinical presentation differed from that of lacunar
ataxic hemiparesis in that the ataxia of the cases
reported by Dobato et al. [59] was due to
proprioceptive sensory loss (with improvement
under visual guidance, worse with eyes closed),
as opposed to the cerebellar character of the ataxia
in lacunar ataxic hemiparesis. The hematomas
were small, all located in the dorsolateral
thalamus, associated with markedly impaired

proprioception but with preserved superficial
sensory modalities, and the associated hemiparesis
was transient and of crural predominance.

3. Abnormal involuntary movements: a variety of
abnormal motor phenomena has been described
in patients with generally small thalamic
hemorrhages. These have included a combination
of contralateral upper extremity
choreiform-dystonic movements along with a
pattern of rhythmic alternating movements of low
frequency (“myorhythmia”) in the setting of a
small hemorrhage [60]. A single case of delayed
onset (one month) of a contralateral “rubral”
tremor in the arm in a patient with a small
posterolateral thalamic hemorrhage with
subthalamic extension was reported by
Mossuto-Agatiello et al. [61]. Occasionally, small
thalamic hemorrhages are accompanied by
contralateral ataxia, hemihypesthesia,
hemiparesis (common features of the
posterolateral thalamic lesions leading to the

Fig. 8.9 Tiny hemorrhage in the posterior aspect of the left
thalamus (arrow) in patient on warfarin anticoagulation, presenting
with right “pure sensory” syndrome.
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syndrome of Déjérine-Roussy [62]), and a motor
disturbance consistent with unilateral asterixis
[63]. A case of bilateral facial dystonia and vertical
gaze palsy, which in combination led to the facial
expression known as “risus sardonicus,” resulted
from a right thalamic ICH of moderate size [64].

4. Amnestic syndromes: in addition to the syndromes
of acute and persistent anterograde amnesia in the
setting of anterior and posteromedial hematomas
[65] and small paramedian hemorrhages [66], a
case of transient global amnesia (TGA) has been
described in a patient with a dominant hemisphere
hematoma that involved the rostral-medial
thalamus, with extension into the ventricular
system [67]. The basis of TGA in this setting is
thought to be due to involvement of the anterior
and medial nuclear groups by the ICH, possibly
interrupting the mamillothalamic tract or the
ventroamygdalofugal pathway.

Lobar hemorrhage
Lobar ICH generally presents suddenly, during acti-
vity, like ICH at other sites. The most common symp-
tom, headache, is reported by 50–80% of patients
[7,29,68–72]. Vomiting occurs in 26–45% of patients,
and is usually present early after the onset of head-
ache. Seizures are reported more frequently in lobar
ICH than in other types of brain hemorrhage, with a
frequency as low as 11% [29] and as high as 36% [73],
although a figure of 6% was reported by Flemming
et al. [71]. The seizures typically occur at the onset of
the ICH [74], they are more often focal than general-
ized, and status epilepticus can be a common occur-
rence [73]. Seizures in lobar ICH correlate with the
extension of the hematoma into the cerebral cortex, as
26% of patients with this feature seized at onset, in
contrast with only 3% of those without cortical exten-
sion of the hemorrhage in the series of Berger et al.
[74]. The occurrence of coma at presentation is less
common in patients with lobar ICH than in those
with hemorrhage in the deep gray nuclei. The rela-
tively low frequency of 5–19% of coma at presentation
likely reflects the peripherally located lobar hema-
tomas that produce less displacement or distortion
of diencephalic midline structures concerned with
the maintenance of consciousness [75].

Lobar ICHs occur in any of the cerebral lobes,
generally favoring the parietal and occipital areas
[7,29,68,76,77], although some series have reported a

predominance of frontal [72,78,79] or temporal [71]
locations. The clinical features have distinctive char-
acteristics depending on the affected lobe.

Frontal hematomas
Frontal hemorrhages present with prominent limb
paresis and bifrontal headache, which predominates
on the side of the hemorrhage [68]. The weakness
tends to be more severe in the contralateral arm, at
times as an isolatedmonoplegia. Leg and face weakness
are mild, and conjugate gaze deviation toward the side
of the hematoma is uncommon. Different locations of
hematomas within the frontal lobe can lead to vari-
ations from this clinical presentation. Weisberg [78]
and Weisberg and Stazio [69] made the following
observations: patients with hemorrhages located
superiorly in the frontal lobe, above the frontal horns
of the lateral ventricle (Fig. 8.10), present with frontal
headache and contralateral leg weakness, while those
with inferior frontal hemorrhages, located below

Fig. 8.10 Right superior frontal parasagittal hemorrhage leading
to left hemiparesis with predominance in the leg. Scar from old
infarct in the distribution in the left anterior cerebral artery is also
present.
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the frontal horn of the lateral ventricle, tend to have
more severe clinical presentations, with impaired con-
sciousness, hemiparesis, hemisensory loss, and con-
tralateral horizontal gaze palsy. On rare occasions,
patients with frontal hematomas in anterior locations
(Fig. 8.11) present without hemiparesis or aphasia, but
rather with mental state changes, with prominent
abulia [80].

Temporal hematomas
Temporal hematomas present with specific syndromes
in relation to their laterality and location within that
lobe. Headache is common at onset, and is described as
generally centered in front of the ear or around the
eye [68]. Dominant hemisphere hematomas produce a
fluent aphasia with poor comprehension, and associ-
ated paraphasias and anomia [68,78]. A right visual
field defect, either hemianopia or inferior quadrant-
anopia, generally accompanies temporal hematomas
of posterior location, which are rarely associated with
hemiparesis and hemisensory loss.

In a series of 30 patients with temporal lobe
hematomas, Weisberg et al. [81] reported seizures at
presentation in 23%. Patients with posterior temporal

hematomas had retroauricular headache at onset,
and those with left-sided lesions (Fig. 8.12) had
Wernicke aphasia and right homonymous hemi-
anopia. Patients with right-sided lesions were described
as having a confusional state without other neuro-
logical signs. Many such patients have an agitated
delirium characterized by hyperactivity and pres-
sured speech which goes from one topic to another.
Temporal hematomas with extension to adjacent
lobes produce less well-defined clinical syndromes
that depend on the size of the hematoma and the
degree of involvement of structures adjacent to the
temporal lobe. In those with medial extension into
the basal ganglia area, a combination of hemiplegia,
hemisensory abnormalities, aphasia, hemianopia,
and horizontal gaze palsy leads to a clinical profile
similar to that of large putaminal hemorrhages.
Non-dominant temporal hematomas that extend
superiorly into the parietal lobe are associated with
prominent left-sided hemi-inattention.

Fig. 8.11 Left anterior, para-falcine frontal hemorrhage due to
cerebral amyloid angiopathy in patient who presented with
progressive disorientation and headache, in the absence of motor
symptoms.

Fig. 8.12 Large left temporal hematoma presenting with
features of “amnestic” aphasia and right facial weakness, with
intact limb strength and visual fields.
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Parietal hematomas
Parietal hematomas often present with unilateral head-
ache around the temple area [68]. Hemisensory syn-
dromes dominate the clinical picture, with hypesthesia
that involves the limbs and trunk, in combination with
hemiparesis of variable severity [7,68,78]. Seizures
occurred at the onset in 28% of the patients reported
by Weisberg and Stazio [82]. These authors analyzed
the clinical features of 25 patients with parietal hemor-
rhages. In those with lateral hemorrhages (Fig. 8.13),
motor and sensory deficits predominated, in addition
to homonymous hemianopia in one-half of them.
Aphasia or hemi-inattention occurred depending on
the laterality of the ICH. Patients with medial hema-
tomas (Fig. 8.14) presented with a similar clinical
syndrome, but with more prominent compromise of
consciousness as a result of extension into the thala-
mus, with displacement or distortion of the dience-
phalic midline. In patients with posterior hematomas,
seizures were common at onset, and the clinical

features included constructional apraxia, dressing
apraxia, and hemi-inattention.

Occipital hematomas
Occipital hemorrhages often lead to severe headache
in or around the ipsilateral eye, along with acute
awareness of a visual disturbance which on examin-
ation corresponds to a contralateral homonymous
hemianopia [68]. Hemiparesis does not occur, but
contralateral sensory extinction to double simultan-
eous stimulation, dysgraphia and dyslexia, and the
syndrome of “alexia without agraphia” have been
reported [68,83].

In the series of Weisberg and Stazio [84] patients
with occipital hemorrhages in a medial location
(Fig. 8.15) reported headache and “visual blurring,”
with only homonymous hemianopia on examination,
without weakness, memory disturbances, or com-
promised alertness. Those with laterally located
occipital hematomas (Fig. 8.16) reported headache
at onset, but had no neurological abnormalities on

Fig. 8.13 Right lateral parietal hemorrhage with small halo of
perihematomal edema.

Fig. 8.14 Large right medial parietal hematoma with midline shift
and ventricular extension.
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examination, including visual field defects, sensori-
motor deficits, or behavioral abnormalities. In pati-
ents with large occipital hematomas with extension
to adjacent lobes the neurological deficits tend to be
more dramatic, with disorientation, agitation, contra-
lateral inattention, and homonymous hemianopia.

Cerebellar hemorrhage
In cerebellar hemorrhage, the hematoma collects
around the dentate nucleus and spreads into the hemi-
spheric white matter, often extending into the fourth
ventricle as well (Fig. 8.17). The adjacent pontine teg-
mentum is rarely involved directly by the hematoma,
but is often compressed by it, resulting in most of the
clinical findings in cerebellar hemorrhage.

Symptoms usually develop during activity, and the
most common one is sudden onset of inability to stand
or walk, in the absence of hemiparesis. In rare instances
patients are able to walk a few steps, but scarcely any
patient can walk into the emergency ward or office.
Vomiting is very common, with frequencies reported
in 75–95% of patients [85,86]. Dizziness, often

corresponding to true vertigo, is a symptom reported
in over 75% of patients who are alert on admission [85].
Headache is very common at onset, and is most often of
occipital location, although it is occasionally reported
in the frontal area or even in a retro-ocular position.
Dysarthria, tinnitus, and hiccups can occur, but are less
frequently reported. Loss of consciousness at onset is
distinctly unusual [85].

The physical findings correspond to a combin-
ation of a unilateral cerebellar deficit with variable
signs of ipsilateral tegmental pontine involvement.
Appendicular ataxia occurs in over two-thirds of the
patients who are able to cooperate for cerebellar func-
tion testing. Signs of involvement of the ipsilateral
pontine tegmentum include peripheral facial palsy,
ipsilateral horizontal gaze palsy, sixth cranial nerve
palsy, depressed corneal reflex, and miosis. In non-
comatose patients, a characteristic triad of ipsilateral
appendicular ataxia, horizontal gaze palsy, and peri-
pheral facial palsy has been suggested [85]. Hemi-
plegia and subhyaloid hemorrhages are uncommon
enough in cerebellar hemorrhage that their presence
essentially rules out the diagnosis.

Fig. 8.15 Left medial occipital hematoma, with presentation with
isolated right homonymous hemianopia.

Fig. 8.16 Small right lateral occipital hemorrhage with ventricular
extension, clinically presenting with only diffuse headache,
without visual field defects or other neurological deficits.
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Other findings on neurological examination add
little value to the diagnosis: the pupils are small and
reactive to light, dysarthria is present in two-thirds of
the cases, and the respiratory rhythm is usually
normal. Oculomotor abnormalities, such as ocular
bobbing, have occasionally been reported in cerebellar
hemorrhage [87], but with lower frequency than in
pontine hemorrhage or infarction. Along with these
focal manifestations on neurological examination,
patients with cerebellar hemorrhage may present with
variable degrees of decreased alertness. Of the 56
cases reported by Ott et al, [85] 14 (25%) were alert,
22 (40%) drowsy, 5 (9%) stuporous, and 15 (26%)
comatose. That two-thirds of the patients are respon-
sive (alert or drowsy) on admission justifies the inten-
sive efforts at diagnosing this condition early, as the
outcome is largely dependent on the level of con-
sciousness [85,88].

The clinical course in cerebellar hemorrhage is
notoriously unpredictable: patients who are alert or
drowsy on admission can deteriorate suddenly to
coma and death without warning [85,89], while others
in a similar clinical status have an uneventful course
with complete recovery of function. Although most
patients deteriorate early in the course, occasional

ones show fatal decompensations at a later stage
[90]. The prediction of the clinical course is difficult
when based on clinical parameters on admission;
however, St. Louis et al. [91] provided useful predict-
ive data from a retrospective analysis of 94 patients
with cerebellar hemorrhage. They documented poor
outcome in patients with admission systolic blood
pressure above 200mmHg, hematomas larger than
3 cm in diameter, brainstem distortion on brain
imaging, and acute hydrocephalus. Fatal outcome
was correlated with absence of corneal and oculoce-
phalic reflexes, Glasgow Coma Scale (GCS) score of
less than 8, acute hydrocephalus, and IVH.

Computerized tomography scan in cerebellar hem-
orrhage is a useful indicator of subsequent course.
Hematomas of � 3 cm in diameter, accompanied by
obstructive hydrocephalus and ventricular extension
of the hemorrhage, are often followed by neurological
deterioration, and require emergency surgical drain-
age in order to prevent brainstem compression and
death [92].

The midline variant of cerebellar hemorrhage ori-
ginates from the vermis (Fig. 8.18), and accounts for

Fig. 8.17 Right cerebellar hemorrhage in the area of the dentate
nucleus, with extension into the fourth ventricle.

Fig. 8.18 Large midline (vermian) cerebellar hemorrhage with
direct extension into the fourth ventricle and pontine tegmentum.
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only about 5% of the cases [89]. It virtually always
communicates with the fourth ventricle through its
roof, and frequently extends into the pontine tegmen-
tum bilaterally. The bleeding vessel in this form of
cerebellar hemorrhage corresponds to distal branches
of the superior or the posterior-inferior cerebellar
artery. This variety of cerebellar hematoma represents
a serious diagnostic challenge, and its outcome is
generally poor. A common presentation is with acute
onset of coma, ophthalmoplegia, and respiratory
abnormalities, with variable degrees of bilateral limb
weakness, at times indistinguishable from primary
pontine hemorrhage [93], with which it shares its
poor prognosis. Occasionally, small vermian hema-
tomas have presented with isolated positional vertigo,
resembling benign paroxystic positional vertigo, in
the absence of cerebellar ataxia or tegmental pontine
signs [94].

Midbrain hemorrhage
Spontaneous, nontraumatical primary midbrain hem-
orrhage is rare. In most instances the hemorrhage in
the midbrain represents dissection from a hemorrhage
with primary origin in the thalamus or, less com-
monly, in the pons. When truly a primary hemorrhage
in the midbrain (Fig. 8.19), it most commonly arises
from a ruptured arteriovenous malformation (AVM)
or blood dyscrasia, although occasional examples are
attributed to hypertension [95].

Midbrain hemorrhage generally evolves with a
stepwise course, with onset of either ipsilateral
ataxia or contralateral hemiparesis in combination
with ophthalmoplegia, typically an ipsilateral partial
or complete third cranial nerve palsy. A presentation
with features of the dorsal midbrain syndrome (ver-
tical gaze palsy, nystagmus retractorius, eyelid
retraction, and light-near pupillary dissociation)
has been described in cases of midbrain hemorrhage
[96]. In rare instances, small hemorrhages lead to
more restricted syndromes, such as: contralateral
hemisensory deficits with ipsilateral partial involve-
ment of oculomotor (third nerve) function [97];
features of Weber’s syndrome with ipsilateral third
nerve palsy and contralateral hemiparesis [98], and
even the rare occurrence of isolated ipsilateral third
nerve palsy, without hemiparesis, as a result of a
small hematoma located between the red nucleus
and the cerebral peduncle, causing a “fascicular”
third nerve palsy [99]; and the combination of the

features of the dorsal midbrain syndrome with
associated bilateral fourth nerve palsy [100]. Larger
hematomas can lead to bilateral third nerve palsy,
bulbar weakness, and extensor plantar responses
[95]. In rare occasions, a movement disorder has
developed with a latency of several months after
the acute hemorrhage; the main features have been
contralateral limb dystonia and a tremor with
“rubral” characteristics [101].

Pontine hemorrhage
The clinical spectrum of pontine hemorrhage is quite
wide, as the hematomas may vary a great deal in
terms of size and location within the pons. The “clas-
sical” form of massive bleeding into the pontine base
and tegmentum is associated with a uniformly dismal
prognosis, while smaller hematomas with partial
involvement of either basal or tegmental structures
are compatible with survival, at times with surpris-
ingly mild persistent neurological deficits [102]. Due
to their distinctive clinical features, these anatomically
different forms of pontine hemorrhage will be dis-
cussed separately.

Fig. 8.19 Midbrain hemorrhage, to the right of the midline and
ventral to the aqueduct, causing isolated right third nerve palsy.
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Large paramedian pontine hemorrhage
Massive pontine hemorrhage results from rupture of
parenchymal midpontine branches originating from
the basilar artery. The bleeding vessel is thought to be a
paramedian perforator in its distal portion, causing ini-
tial hematoma formation at the junction of tegmentum
and basis pontis, with subsequent growth into its final
round or oval shape that involves most of the basis and
tegmentum of the pons [103]. The hematoma generally
begins in the mid-pons and extends along the longi-
tudinal axis of the brainstem rostrally into the lower
midbrain, and caudally as far as the pontomedullary
junction. This process of rapid hematoma expansion
leads to destruction of tegmental and ventral pontine
structures, resulting in the classical combination of
involvement of cranial nerve nuclei, long tracts, auto-
nomic centers, and structures responsible for mainten-
ance of consciousness. Large pontine hematomas also
regularly rupture into the fourth ventricle.

Patients with this type of bilateral and massive
pontine hemorrhage often present with acute onset of
occipital headache and vomiting, rapidly followed by
the development of coma. At times, seizures have been
described during this rapidly progressive brainstem
syndrome, probably representing a combination of true
convulsive phenomena in rare instances, along with
seizure “mimics” represented primarily by episodic
decerebrate posturing, in combination with the some-
times violent shivering associated with autonomic dys-
function and rapidly evolving hyperthermia. In some
patients, prior to the development of coma, there may
be a brief period with symptoms of focal pontine
involvement, including facial or limb “numbness,” deaf-
ness, diplopia, bilateral leg weakness, or progressive
hemiparesis. Physical examination often reveals an
abnormal respiratory rhythm with hypoventilation or
apnea [104]. Hyperthermia frequently coexists, with
temperatures above 39 	C in more than 80% of the
cases, in some patients reaching levels of 42–43 	C,
usually in the preterminal stages [105]. Neurological
examination characteristically shows quadriplegia with
decerebrate posturing, bilateral Babinski signs, absent
corneal reflexes, pupillary abnormalities, and various
forms of ophthalmoplegia. The spectrum of oculomo-
tor and pupillary changes includes:

1. Miotic pinpoint pupils of about 1mm in diameter,
reactive to light (if a strong light source is used)
with a tiny constriction that may require a
magnifying lens to be detected. This pupillary

abnormality is the result of bilateral
interruption of descending sympathetic
pupillodilator fibers [44].

2. Absent horizontal eye movements. Their
voluntary and reflex absence is due to bilateral
injury to the paramedian pontine reticular
formation. Small and lateralized hematomas can
lead to variants such as the “one-and-a-half
syndrome” [44] from a combination of
ipsilateral horizontal gaze palsy plus internuclear
ophthalmoplegia, the only remaining horizontal
eye movement being abduction of the eye
contralateral to the hematoma.

3. Ocular bobbing, corresponding to brisk
movements of conjugate ocular depression,
followed by a slower return to midposition,
occurring either spontaneously, or following
noxious stimuli, or upon attempted voluntary
horizontal eye deviation in the awake patient
[106]. Typically, it affects both eyes
simultaneously and is accompanied by bilateral
paralysis of horizontal gaze, but atypical varieties
include unilateral or markedly asymmetric forms,
and those occurring when horizontal eye
movements are still present [107]. The atypical
form is less strictly localizing to pontine disease,
as it can be seen in cerebellar hemorrhage, SAH,
and even in coma of non-vascular mechanism.

Weakness of pontine and bulbar musculature is
invariable with large median hemorrhages; its detec-
tion in the comatose patient is facilitated by the
observation of puffing of the cheeks with expiration,
diminished eyelid tone, and pooling of secretions in
the oropharynx. Facial weakness is often asymmetric
and may be associated with a crossed hemiplegia at
the time the patient is first seen [108].

Limb weakness is always present in large hemor-
rhages involving the basis pontis and tegmentum,
usually as quadriplegia with occasional and minor
asymmetries noted in decerebrate posturing, deep
tendon reflexes, or clonus. Shivering and decerebrate
posturing are characteristic in patients with rapidly
deteriorating motor function.

Unilateral basal or basotegmental hemorrhages
The unilateral basotegmental hemorrhages (Fig. 8.20)
are less common than the large paramedian lesions.
Reports of basal unilateral hematomas diagnosed by
CT scan or MRI have shown more restricted clinical
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presentations [109], including the syndromes of pure
motor stroke [110] and “ataxic hemiparesis” [111],
clinically indistinguishable from lacunar infarction
in the basis pontis. Further examples of restricted
clinical expression of small unilateral basal hema-
tomas include rare instances of isolated abducens
nerve palsy [112], in which a tiny unilateral basal
hematoma led to a “fascicular” abducens palsy from
interruption of the intrapontine nerve fibers at a
distance from the origin from the sixth nerve nucleus.

Lateral tegmental hematomas
Lateral tegmental pontine hematomas usually origin-
ate from rupture of penetrating branches of long
circumferential arteries, as they enter the tegmentum
laterally and course medially. Small hematomas
remain confined to the lateral tegmentum (Fig. 8.21),
while larger lesions spread across to the opposite side
and can destroy the entire tegmentum. Neurological
examination reveals a predominantly unilateral teg-
mental lesion with variable degrees of basal involve-
ment [113,114]. Oculomotor abnormalities, especially

the “one-and-a-half syndrome,” horizontal gaze palsy,
internuclear ophthalmoplegia, partial involvement of
vertical eye movements, and ocular bobbing have been
described [113–115]. Ataxia, either unilateral or bila-
teral, may accompany the oculomotor signs, and an
action tremor has been described as a result of involve-
ment of the red nucleus or its connections [114]. Facial
numbness, ipsilateral miosis, and hemiparesis have
also been noted. Palatal myoclonus has been described
as a persistent sequela, with onset after a latency from
the acute event, and is thought to be due to damage to
the dentato-rubro-olivary pathway, with eventual
development of olivary hypertrophy contralateral to
the original hemorrhage [116].

Medullary hemorrhage
Primary hemorrhage into the medulla oblongata is
the least common of all brain hemorrhages. Single
case reports have delineated a range of clinical pre-
sentations and mechanisms, the latter for the most

Fig. 8.21 Magnetic resonance imaging (gradient echo sequence)
with small hemorrhage on the left side of the tegmentum,
presenting with left “one-and-a-half” syndrome, peripheral facial
palsy, and facial hypesthesia.

Fig. 8.20 Basotegmental pontine hemorrhage, predominating on
the right side, with partial compression and displacement of the
fourth ventricle.
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part corresponding to ruptured AVMs, bleeding due
to anticoagulant treatment, or rare instances of hem-
orrhagic transformation of an ischemic infarct that
presented with the features of Wallenberg’s lateral
medullary syndrome [117–119].

The most consistent clinical profile in medullary
hemorrhage has been with sudden onset of headache,
vertigo, dysphagia, dysphonia or dysarthria, and limb
incoordination. Findings on physical examination
have included palatal weakness, nystagmus, cerebellar
ataxia, limb weakness, and hypoglossal nerve palsy.
Less common signs have been facial palsy and
Horner’s syndrome. As expected, medullary hemor-
rhage patients have had clinical features generally
extending beyond those that characterize the lateral
medullary syndrome due to infarction. Due to the
mass effect and/or medial extension of the hematoma,
elements of medial (hypoglossal nerve palsy) and
ventral (pyramidal tract involvement) medullary
involvement are added to those restricted to the dorso-
lateral medullary infarction of Wallenberg’s.
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9
Diagnostic investigations

Computerized tomography and CT
angiography in intracerebral hemorrhage
Rush H. Chewning and Kieran P. Murphy

Introduction
When patients present with acute onset of focal
neurological deficits urgent neuroimaging is essential.
The initial diagnostic question in these cases is
whether or not the deficits are caused by intracerebral
hemorrhage (ICH). The answer is of utmost impor-
tance in determining the direction of treatment.
Non-contrast CT is the first-line imaging modality
in this setting.

Computerized tomography
Computerized tomography scans are rapid, readily
available, and relatively inexpensive. Most import-
antly they have exquisite sensitivity and specificity,
approaching 100%, in the detection of acute blood [1].
Owing to its high protein concentration and high
mass density, acute hematoma appears as hyperdense
on non-contrast CT (Figs. 9.1, 9.2a, b). However, there
are some rare cases where acute blood may appear
isodense on CT, such as in patients with coagulation
disorders or very low hemoglobin concentrations [2].

The relative density seen on CT varies in accord-
ance with the evolution of the hematoma, and thus is
connected to the timing of the scan. In the hyperacute
phase (less than 12 hours) the bleed appears as hyper-
dense, though the exact boundaries of the hemor-
rhage may be difficult to define given that fresh
blood has similar density to the surrounding brain
parenchyma. As the clot evolves in the acute (12
hours to 2 days) and early subacute (2 to 7 days)
phases the density of the hematoma increases, as
serum is extruded and globin protein concentration
rises. The late subacute phase (8 days to 1 month)
displays declining density due to red blood cell lysis

and globin protein proteolysis. Hematomas in the
chronic phase (greater than 1 month) progress to a
hypodense appearance as they are phagocytosed [3].

In addition to detecting acute blood, non-contrast
CT scans carry the added benefit of revealing worri-
some complications that may be associated with the
hemorrhage. These include extension of the hemor-
rhage into the intraventricular space, hydrocephalus,
edema, mass effect, and herniation. Early discovery
of a complication is paramount to initiating emer-
gent treatment in an effort to reduce morbidity and
mortality.

Volume of hemorrhage on CT is an important
predictor of mortality and functional ability after
ICH [4]. Using non-contrast CT, volume of a hema-
toma can be easily calculated using the formula (A�
B�C)/2, where A is the largest diameter (in cm) of
the hematoma on axial CT; B is the diameter perpen-
dicular to A on the same slice; and C is the slice
thickness multiplied by the number of slices showing
the hemorrhage [5]. Expansion of the hematoma, an
important cause of neurological decline, is detectable
on repeat CT and is an indication for intervention [6].

The initial non-contrast CT scan may provide
clues as to the origin of the bleed, particularly when
combined with the clinical history of the patient.
Primary ICH caused by chronic hypertension should
top the differential in elderly hypertensives whose
scans demonstrate blood in the pons, basal ganglia,
thalamus, or cerebellum. Arteriovenous malforma-
tion (AVM) should be suspected in cases of ICH in
association with perilesional or intralesional large
vessels. Ruptured aneurysm may be the cause when
subarachnoid blood is in the Sylvian fissure in associ-
ation with temporal lobe ICH, or in the intrahemi-
spheric fissure in association with frontal lobe ICH.
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Hemorrhage from a neoplasm or cavernous angioma
should be suspected when calcification is seen [1].
Determination of the source is of great importance
in guiding initial management and treatment. Of
particular concern in identifying the source of the

bleed is assessing the risk for rebleeding. Hemorrhages
from vascular abnormalities, such as aneurysm or
AVM, carry a high likelihood of recurrence, often
with devastating outcomes [7].

The emerging role of CT angiography
Though non-contrast CT may provide clues as to the
source of bleeding, further study is usually required.
Cerebral digital subtraction angiography (DSA) is the
gold standard for locating and assessing vascular
abnormalities [8]. However, advances in CT angiog-
raphy (CTA) (Figs. 9.3, 9.4), coupled with its clinical
advantages, have enabled this modality to gain accept-
ance and widespread use in cases of ICH.

Computerized tomography angiography offers
many clinical advantages over DSA for the evaluation
of intracranial vascular abnormalities in cases of ICH.
As all patients with suspected intracerebral bleeds get a
non-contrast CT as an initial diagnostic study, patients
are already in place for CTA to be performed. Injection
of contrast via a peripheral intravenous catheter
immediately after the patient has undergone non-
contrast CT enables CTA to be conducted rapidly
and without having to move the patient to another
location, such as a dedicated angiography suite. More-
over, not all hospitals have the resources to supply
physicians trained in cerebral angiography at all hours,
nor do all hospitals have dedicated angiography suites.
The relative ubiquity of CT scanners and their ease of
operation convey a great advantage to CTA over DSA.
Additionally, CTA is much less expensive and less
invasive than DSA. While CTA does carry very small
risks, such as radiation exposure, contrast reaction,

Fig. 9.1 Head CT demonstrating SAH around the brainstem and
the left side of the tentorium cerebellum and sylvian region.
This distribution of blood is suspicious for a posterior
communication artery or posterior cerebral artery or superior
cerebellar aneurysm bleed. It is a good idea to look for the cause
of the bleed. Often the aneurysm is apparent as a filling defect
or low attenuation area in the high attenuation blood.

(a) (b) Fig. 9.2 (a and b) The patient with the
head CT in Fig. 9.1 went on to cerebral
angiogram and that demonstrated the left
superior cerebellar artery aneurysm we
see here. It was narrow necked, posterior
fossa in a difficult place for open surgical
repair so we decided to treat it by
endovascular technique. (b) Demonstrates
the successful coiling of the aneurysm
following Guglielmi detachable coil (GDC)
embolization.
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and even rebleeding [9], risks are much lower and less
severe than the risks of DSA, which include permanent
neurological damage and death from stroke [10].

For CTA to supplant DSA in the evaluation of
vascular abnormalities in cases of ICH, it is not
enough for CTA to have clinical advantages over
DSA. Computerized tomography angiography must
be shown to have similar sensitivity and specificity
as DSA in the detection of secondary causes of
ICH, such as aneurysms and vascular malformations.
Meta-analysis of early studies of three-dimensional
computed tomography angiography (3D-CTA) for
the detection of intracranial aneurysms revealed a
sensitivity of 93% [8]. Many of these studies demon-
strated that CTA sensitivity was equal to DSA except
in cases of small aneurysms (less than 4mm) [11,12].
More recent studies have found 3D-CTA to have
sensitivity approaching 100%, and equivalent to that
of DSA [13]. As technological advances in both
scanning equipment and software image processing
improve, increasing sensitivity of CTA for diagnosing
aneurysms may obviate the need for DSA. Though at
this time CTA is also quite good at detecting AVMs,
the inferiority of this modality compared with DSA
in demonstrating the intricate vascular detail of

the lesion make DSA a requirement, particularly for
pre-procedural planning [14,15].

As mentioned previously, detection of hematoma
expansion is of critical importance in cases of ICH, as
it can lead to neurological deterioration and death.
Computerized tomography angiography may be of
benefit in predicting such expansion. One study
described the presence of a focus of enhancement
within an acute ICH, called the “spot sign,” as a
reliable and early predictor of hematoma expansion
[16]. Another study noted that contrast extravasation
on CTA was also an independent predictor of hema-
toma expansion [17]. Findings such as these on CTA
may serve as a more rapid method of discovering
hematoma expansion as compared with repeat CT.
Reducing time to detection allows for earlier inter-
vention and may improve outcomes.

Conclusion
The use of non-contrast CT in the initial evaluation of
patients presenting with suspected ICH is well estab-
lished and universally accepted. Recently, advances in
CTA have enabled this modality to gain wide accept-
ance in evaluating possible secondary causes of ICH,

Fig. 9.3 This is bone subtracted 256 slice CTA of the brain in a
patient with a large aneurysm. This technique allows dynamic
CT to be performed over several cardiac cycles and thus nipples or
rupture points can be seen pulsating allowing differentiation of
ruptured from unruptured aneurysms. As the whole brain is
covered the bone of the skull can be subtracted easily allowing
visualization of the skull base region and in particular better
visualization of posterior communicating artery aneurysms.
See plate section for color version.

Fig. 9.4 This is a 32 slice CTA of the head reconstructed on a
3-D work station. The beautifully demonstrated anterior
communicating artery aneurysm can be seen easily and has been
color-coded (Gray). See plate section for color version.
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such as aneurysm or vascular malformation. As scan-
ner technology and software rendering capabilities
continue to improve, CTA appears poised to replace
DSA and become the new gold standard for such
evaluations.
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Chapter

10 MRI of intracerebral hemorrhage

Ken Butcher and Stephen M. Davis

Diagnosis of intracerebral
hemorrhage with MRI
Stroke clinicians have been somewhat reluctant to con-
sider MRI a reliable tool for the clinical assessment of
intracerebral hemorrhage (ICH). This is based on the
ease of identification of blood on CT scans and
the perceived difficulty associated with visualization
of acute hemorrhage on MRI. We will review the evi-
dence that blood is readily identifiable on MRI and
describe how the use of multiple sequences provides
additional information regarding the age of blood pro-
ducts. Magnetic resonance imaging also makes it pos-
sible to diagnose, or rule out,many underlying etiologies
of secondary ICH and should ideally be considered
a routine investigation in all acute stroke patients.
Finally, we will review studies utilizing MRI to investi-
gate the pathophysiological sequelae of primary ICH.

MRI signal acquisition review
The following is an extremely simplified summary of
basic MRI principles, intended only to provide the
reader with information relevant to the remainder of
the chapter. Interested readers are referred to more
comprehensive MRI texts for additional information
[1,2]. Magnetic resonance imaging signal acquisition
can be summarized in four basic steps. Protons are
initially aligned in a magnetic field. The protons have
a natural magnetic spin, which results in precession
about the longitudinal axis of this magnetic field.
Protons are then excited with a radiofrequency (RF)
pulse. This is followed by proton relaxation (two
types), resulting in an RF signal that is “read out”
by the receiver coil, which is essentially an antenna,
of the MRI. The fourth step is construction of an

image through spatial and frequency encoding of
this signal.

In spin echo (SE) imaging, protons are initially
excited with an RF pulse transmitted at 90	 to the
alignment of the protons in the magnetic field. These
protons are now in a higher energy state and no longer
aligned with the magnetic field axis. In addition, the
precession of the protons is synchronized or “in phase,”
but this is only temporary. Proton relaxation takes two
forms: longitudinal or spin-lattice and transverse or
spin-spin (phase) relaxation, which are the basis of the
T1 and T2 signals respectively. These two forms of
relaxation occur concurrently, although T1 effects are
seen earlier after excitation. Therefore, T1 signals are
maximized by reducing the time between excitation
and signal readout (echo time; TE). Conversely,
T2-weighted images are generated using a longer TE.

Normally, SE images also utilize a second 180	

re-phasing RF pulse, which serves to “re-focus”
images, making them less susceptible to field inho-
mogeneities which occur at the interface between
tissues with different susceptibilities, such as bone
and air or even Cerebrospinal Fluid (CSF) and gray
matter. It is this second RF pulse which produces the
relaxation “echo,” for which SE images are named.
This second RF pulse preserves theMRI signal, improv-
ing image contrast, but also makes detection of mag-
netic inhomogeneities more difficult. T2-weighted
images which are acquired without a 180	 re-phasing
pulse are known as T2* sequences and these are very
susceptible to any inhomogeneities in the magnetic
field. Field inhomogeneities also result from any sub-
stances with unpaired electrons, which are referred to
as paramagnetic. T2* images are therefore sensitive
to the presence of any paramagnetic materials and are
an example of susceptibility-weighted sequences.
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Gradient recalled echo (GRE), sometimes referred
to simply as gradient echo, images are generated in a
different manner to the conventional SE technique
described above. Protons are excited with an RF pulse
of less than 90	, which permits more frequent excita-
tions (decreased repetition time; TR). Unlike SE, an
echo is generated using a biphasic magnetic gradient,
which first de-phases and then re-phases protons, and
gives the sequence its name. The primary advantage
of this sequence is that image acquisition time is
shorter. In addition, as GRE sequences lack the 180	

re-phasing pulse, T2* images are also obtained. In fact,
GRE T2* images are the most common susceptibility-
weighted sequences in clinical use.

Conventional SE and GRE images rely on multiple
RF excitations to produce numerous echoes, which
are used to generate images. Echo-planar imaging
(EPI) is a technique which allows sampling of an
entire volume of tissue with a single RF pulse excita-
tion. This is accomplished through high performance
gradients, which are cycled on and off during a single
period of proton relaxation. This ultra fast technique
therefore allows imaging of physiological phenom-
enon, including water diffusion and blood flow.
The EPI technique can be applied to conventional
SE or GRE images. The decrease in acquisition time
is associated with some increase in artifacts, due
primarily to mismatched timing of echoes as well as
currents (eddy) caused by the gradients themselves.

MRI and blood
Intravascular blood is normally visible on routine
SE sequences only due to the effects of flow, which
disrupt signal acquisition, resulting in the “voids”
familiar to most clinicians. Four factors have been
identified with the potential to alter MRI signal inten-
sity in the presence of extravascular blood. These
are increased red cell density, clot matrix formation,
decreasing cellular hydration, and finally blood
deoxygenation and breakdown [3]. While all of these
ultimately affect the MRI signal, it is the latter which
is most important, due to the susceptibility properties
of these blood components as well as their effects
on relaxivity of adjacent water molecules (protons).
Paramagnetic blood constituents and metabolic
products include deoxyhemoglobin, methemoglobin
and hemosiderin. In contrast, oxyhemoglobin is
diamagnetic and therefore does not result in changes
in MRI signal. In addition to oxyhemoglobin and

deoxyhemoglobin, acute blood also contains signifi-
cant amounts of water in the form of plasma, which is
heavily T2-weighted. Thus, acute intraparenchymal
blood has a mixed signal on traditional T2-weighted
images [3,4].

Studies of hyperacute ICH indicate that the sus-
ceptibility effects are first observed at the periphery
of the hematoma (Fig. 10.1) [5]. This is related to
formation of deoxyhemoglobin and magnetic field
inhomogeneities at the interface with surrounding
normal diamagnetic tissue. This is useful in delineat-
ing the boundary of the hematoma, from the rim of
perihematomal edema, as the latter is always hyper-
intense on T2-weighted images. It is important to
recognize that measurements of hematoma volume
made on MRI will tend to over estimate the true
volume [6]. This is most marked on susceptibility-
weighted images and results from the fact that
the paramagnetic effects of deoxyhemoglobin extend
beyond the physical limits of the hematoma (Fig. 10.1).
This is a relevant consideration, given the well-known
prognostic value of acute hematoma volume [7]. The
hypointensity associated with increasing amounts
of deoxyhemoglobin progressively spreads into the
hematoma core over time.

The paramagnetic effects of acute blood increase
with the strength of the magnetic field. In addition,
susceptibility-weighted sequences including GRE T2*,
which are more sensitive to the paramagnetic effects
of deoxyhemoglobin, make acute blood even more
obvious on MRI (Fig. 10.1) [3,8–10]. As described
above, the absence of a second pulse on the T2*
images results in increased sensitivity to field inhomo-
geneities. Gradient recalled echo T2* images generated
using EPI are equally sensitive to blood products, rela-
tive to non-EPI sequences, although they generally
contain more artifacts (Figs. 10.1 and 10.2). Both of
these susceptibility-weighted sequences are particularly
useful in the diagnosis of both acute and remote ICH.

Magnetic resonance imaging signal changes on
GRE, T1- and T2-weighted images can be used to
estimate the age of intracranial blood. In addition to
the increasingly hypointense T2 signals seen with
progressive deoxygenation, after 72 hours, T1 signal
intensity increases due to the presence of methemo-
globin (Table 10.1). After approximately seven days,
the T2 signal intensity will also increase, as red blood
cells are lysed. Eventually, both T1 and T2 signals are
significantly decreased, as only hemosiderin is left as
a remnant of the hematoma. Depending on the size
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of the hematoma, a CSF filled cavity, which is heavily
T2-weighted, may also be evident.

Comparative studies: MRI and CT
Computerized tomography has long been considered
the gold standard for diagnosis of acute primary ICH.
Conversely, MRI has been shown to have superior
sensitivity for detection of early cerebral ischemia
[11]. In order to avoid unnecessary delays in acute
stroke assessment, which decrease the efficacy of ther-
apies such as thrombolysis, a single imaging investi-
gation is certainly preferable. In cases of suspected
ischemic stroke, the most common differential diag-
nosis is primary ICH.

Although early studies indicated that MRI was
insensitive to the presence of acute intraparenchymal
blood, this appears to be a reflection of the low field
strengths (0.5–0.6 Tesla) and the lack of susceptibility-
weighted imaging sequences available [12]. Since that
time, 1.5 Tesla scanners have become the standard
clinical tool. In the course of investigating the use of
MRI as an assessment tool for ischemic stroke, it has
become clear that acute ICH can be readily diagnosed

and differentiated from ischemia. An early report
found that 6 of 35 stroke patients imaged within
six hours were found with subsequent CT to have
ICH [8]. In all cases, a peripheral hypointense
rim was evident at the site of ICH on SE T1- and
T2-weighted images. Susceptibility-weighted images
including GRE and T2* images demonstrated the
hematomas as unequivocally hypointense regions.

Two prospective studies have confirmed that MRI
can be used to reliably diagnose acute ICH and differ-
entiate it from ischemic infarction. One study evalu-
ated 200 acute stroke patients imaged with CT and
MRI within six hours of symptom onset (median time
to MRI 2 hours, 13 minutes; CT 3 hours, 3 minutes)
[13]. Patients with symptoms suggestive of subarach-
noid hemorrhage were excluded. All patients were
imaged with GRE and diffusion-weighted (DWI)
sequences, using standard 1.5 Tesla MRI scanners.
The MRI scans were evaluated by four independent
and blinded investigators, including two stroke
neurologists and two neuroradiologists. Acute intra-
cranial blood was detected in 28 patients with CT.
In 25 patients, the diagnosis of acute hemorrhage was
confirmed by MRI. In the remaining three patients,

Fig. 10.1 Examples of primary intracerebral hemorrhage (ICH) imaged with CT, echo-planar T2-weighted (T2) and susceptibility-weighted
gradient recalled echo (GRE T2*) MRI. (a) Putamenal ICH (57ml on CT) imaged at 2 (CT) and 4.5 hours (MRI) after symptom onset.
(b) Thalamic ICH (13ml on CT) imaged at 1 (CT) and 4.5 hours (MRI) after symptom onset. Blood appears hypointense on both MRI
sequences, due to the paramagnetic effects of deoxyhemoglobin, which forms initially at the margin of the hematoma (arrows), and are
more marked on the GRE T2* images. Edema and fluid components of the hematoma appear bright on the T2-weighted images. The
paramagnetic effects of the deoxyhemoglobin extend beyond the physical limits of the hematoma, particularly on the GRE T2* images,
an effect sometimes referred to as “bloom.” The GRE T2* images also demonstrate magnetic field inhomogeneities occurring at CSF/bone/air
interfaces (vertical arrows).
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Fig. 10.2 Examples of patients with cerebral microbleeds (CMB). (a–c) Gradient recalled echo (GRE T2*) images of a patient who suffered a
primary intracerebral hemorrhage in the right cerebellar hemisphere. The superior, medial limit of this hemorrhage can be seen in (a) (thick
arrow). The patient also has multiple cerebral microbleeds (CMBs; thin arrows; note not all of the CMBs are indicated). The hypointense signal at
the lateral aspect of the right thalamus, (c) (thick arrow) was also visible on T2-weighted images and was 0.57 cm in diameter. This also
represents hemosiderin secondary to remote ICH, but the criteria for CMB are not met, making it a “macrobleed.” (d) Diffusion-weighted image
showing acute left hemispheric ischemia (arrow). (e) An incidental CMB was found on this GRE T2* image, generated using an echoplanar
imaging sequence. Note the lower clarity of the image relative to the GRE images from the patient shown in a–c. After early anticoagulation for
atrial fibrillation, the patient suffered an ICH, the center of which appears to be related to the site of the CMB (f).

Table 10.1. Appearance of intracerebral hemorrhage on MRI sequences

Time from onset Hematoma constituents T1 T2 SWI (GRE/T2*)

Hyperacute (< 24 hours) Oxyhemoglobin, deoxyhemoglobin, plasma $ Mixed: # (rim)
" (center)

#{

Acute (1–3 days) Deoxyhemoglobin (increased), plasma $ # #
Early subacute (3–7 days) Intracellular methemoglobin, plasma " # #
Late subacute (7–14 days) Extracellular methemoglobin " " #
Chronic (> 2 weeks) Hemosiderin�CSF cavity # # #

Notes: $¼ isointense appearance; "¼ hyperintense appearance; #¼ hypointense appearance (relative to normal gray matter).
{SWI (susceptibility weighted images): gradient recalled echo (GRE) and T2* images are more sensitive than T1 and T2 sequences for
magnetic field inhomogeneities produced by paramagnetic deoxyhemoglobin. SWI images will therefore demonstrate ICH prior to any
observed signal changes on T1/T2 sequences.
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blood was evident on MRI, but interpreted as chronic.
In another four patients, acute hemorrhagic trans-
formation of ischemic infarcts was seen on MRI,
but not on CT. Thus, MRI and CT appeared to have
equivalent sensitivity for the detection of acute
hemorrhage. The misclassification of acute as chronic
hemorrhage in three patients may have been improved
if the raters had been given access to T1-weighted
images. These sequences would be expected to have
demonstrated an absence of either hyperintense signal,
indicating methemoglobin and subacute hemorrhage,
or hypointense signal associated with hemosiderin
and chronic blood (Table 10.1). In contrast to the
similar diagnostic accuracy between the two imaging
modalities for acute blood, MRI was markedly super-
ior for the detection of chronic blood. Evidence of
prior intracerebral bleeding was found in 49 patients
on MRI, with no changes seen on CT scan. The
majority of theses cases (41) included at least one
microbleed, evident on GRE sequences (see below).

A second similar study evaluated a total of 124
acute stroke patients imaged within 6 hours of symp-
tom onset with MRI and CT, which were performed
in random order [14]. A total of 62 patients had an
acute primary ICH diagnosed by CT. Using T1, T2,
DWI and T2* images, three experienced stroke
neurologists/radiologists correctly identified the acute
hematomas on MRI scan. In addition, three medical
students with minimal training were able to differen-
tiate hemorrhage from ischemia with a diagnostic
accuracy of 97%.

Secondary intracerebral hemorrhage
The majority of elderly patients presenting with intra-
cerebral blood have suffered a primary ICH resulting
from spontaneous rupture of an intraparenchymal
blood vessel which has been rendered less compliant
by the chronic effects of hypertension and/or amyloid
deposition [15]. Although studies are limited, approxi-
mately 10–18% of patients above the age of 45 will have
experienced bleeding secondary to a structural lesion
[16]. The probability of secondary ICH decreases with
age and a previous diagnosis of hypertension. Lobar
ICH is more often secondary than those located in the
basal ganglia or brainstem [16]. Determination of the
need for further radiological assessment including
invasive cerebral angiography is a major challenge for
the managing physician.

Magnetic resonance imaging is the initial diagnostic
procedure of choice for investigation of underlying
structural causes of secondary ICH, including vascular
malformations and neoplasms [17]. Although cerebral
angiography remains the gold standard for the diagno-
sis of aneurysms and arteriovenous malformations
(AVMs), the low prevalence and small complication
rate make this an impractical initial investigation
in every case of ICH. Following the diagnosis of
intraparenchymal bleeding on CT, we advise an initial
MRI and proceed directly to angiography only when
the volume of subarachnoid blood is large and/or the
hematoma is in proximity to the circle of Willis.
Magnetic resonance imaging combined with MRA
will reveal most aneurysms greater than 3mm in
diameter as well as larger AVMs [18–20]. It has
superior sensitivity to angiography in the diagnosis
of cavernomas [21,22]. In younger and normotensive
patients, we repeat the MRI in 6–8 weeks to assess
regions which may have been obscured by the para-
magnetic effects of the acute blood.

Subarachnoid hemorrhage
It is generally recognized that MRI is superior to
CT in the evaluation of subarachnoid space diseases
of an inflammatory or neoplastic origin [23]. Acute
subarachnoid hemorrhage (SAH) has been viewed
differently, due to the inability to image blood in the
CSF filled spaces with traditional SE images. Fortu-
nately, FLAIR images have been shown to be much
more sensitive for the presence of acute subarachnoid
blood. The FLAIR sequence has a long echo (readout)
time, making it heavily T2-weighted, but the normally
high CSF signal is effectively nulled by a second RF
pulse, timed to match the longitudinal relaxation
properties of CSF [24]. Edema related to cerebral
pathology has different relaxation properties and is
therefore not suppressed by the FLAIR sequence.
Acute subarachnoid blood also appears hyperintense
on FLAIR images (Fig. 10.3). Although the exact
mechanism of this high signal appearance is unknown,
it may be related to elevated protein concentrations,
which alter the magnetization properties of CSF.
Indeed proteinaceous exudates also result in high
FLAIR signal within the subarachnoid space.

An early systematic analysis of the utility of MRI
in the diagnosis of SAH included only patients more
than three days after symptom onset. In patients
imaged within two weeks of onset, FLAIR detected
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100% of bleeds and was superior to T1 and T2 SE
sequences aswell as CT [25]. After 14 days, the sensitivity
of FLAIR images dropped to 62%, which was still
superior to CT (17%). Another small retrospective
study in the acute phase demonstrated that SAH
evident on CT, performed less than 12 hours prior
to MRI, was correctly identified on FLAIR images
with 100% sensitivity [23]. In addition, FLAIR images
have been shown to demonstrate extremely small
amounts of subarachnoid blood not visible on CT.
Traumatic and aneurysmal SAH can be detected with
equal sensitivity by FLAIR. Acute intraventricular
blood is also easily detectable as high signal on FLAIR
images [26].

Magnetic resonance imaging can also be useful in
the delayed diagnosis of SAH. This often occurs when
thunderclap headache is not investigated immediately
with a CT scan. The hyperdense appearance of sub-
arachnoid blood on CT becomes progressively less

dense in the acute stage. An isodense appearance,
relative to CSF, has been reported as early as 24 hours
after symptom onset and the sensitivity of CT for
subarachnoid blood decreases to 50% after one week
[27,28]. It has been shown in aneurysmal SAH
patients that susceptibility-weighted images demon-
strate hemosiderin deposition within the subarach-
noid space in 72% of patients [29]. In addition, the
hemosiderin was deposited preferentially near the site
of the ruptured aneurysm.

Cerebral microbleeds
Cerebral microbleeds (CMBs) have been defined as
hypointensities, less than 5mm in diameter, most
easily identified on susceptibility-weighted sequences
[30–33]. These foci of MR signal loss represent
deposits of hemosiderin within macrophages, resulting
from past bleeding episodes. Histopathological analysis

Fig. 10.3 Examples of acute
subarachnoid hemorrhage (< 24 hours
after symptom onset) demonstrated with
FLAIR sequences. (a) High signal
corresponding to acute hemorrhage in
the cortical sulci (arrow) secondary to
anterior communicating artery
aneurysmal rupture. (b) Normal FLAIR at
the same level with low signal
corresponding to CSF in the cortical sulci.
(c) High signal indicating acute
hemorrhage in the pre-pontine cistern
(arrow) of another patient found to have
an anterior communicating artery
aneurysm. (d) Normal FLAIR at the level of
the pons demonstrating the normally low
signal of CSF in the cisterns.
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demonstrates a strong association with microangio-
pathy secondary to lipo/fibrohyalinosis and amyloid
deposition [31].

The incidence of CMBs in populations without
neurological disease has been estimated to be between
4% and 6% [34,35]. In the first of these studies involv-
ing 280 healthy elderly individuals, CMBs were seen
more frequently in patients with advancing age,
hypertension, and leukoaraiosis [35]. A large prospec-
tive MRI investigation (n¼ 472), performed as part of
the Framingham risk study, reported the prevalence
of CMBs was 4.7% in a cohort with a mean age of 64
[34]. The frequency of CMBs was 12.6% in patients
over 75 and only 2.2% in those below this age. They
were also more common in men (7%) than women
(2.7%). The majority of patients had only a single
lesion and the most common location was the cere-
bral cortex or subcortical white matter. No associ-
ations could be identified with cardiovascular risk
factors including blood pressure, diabetes, smoking,
cholesterol. Although leukoaraiosis and CMBs
appeared to be correlated in the crude analysis, the
relationship was no longer significant after adjusting
for age and sex.

The frequency of CMBs appears to be elevated in
patients with both ischemic stroke and previous ICH
[36–42]. As many as 71% of patients presenting with
ICH have been found to have CMBs [41]. Estimates
for the prevalence of CMBs in patients presenting
with ischemic stroke range from 20% to 68%
[39,42]. This likely reflects the common risk factors
for ischemic stroke and ICH. Two studies have indi-
cated a positive correlation between lacunar stroke
and CMB lesion load, which is suggestive of common
pathophysiology, specifically small-vessel vasculopathy
[37,41]. Despite these shared pathological mechanisms
and correlations, the development of hemorrhagic
versus ischemic stroke in individual patients is likely
more complex. This seems the most probable explan-
ation for the inconsistent studies assessing the correl-
ation betweenCMBs and small-vessel ischemic changes.

Despite a predilection for lobar location, no associ-
ation between CMBs and Apolipoprotein E genotype
was identified in the Framingham study [34]. This
was somewhat surprising, given the increased risk
for lobar ICH recurrence in patients with the Apoli-
poprotein E E2 and E4 alleles [43]. Thus, it has been
hypothesized that CMBs may be a marker of cerebral
amyloid angiopathy-related lobar ICH [44]. Indeed,
a serial MRI investigation of survivors of lobar ICH

indicated that the development of new CMBs was
associated with Apolipoprotein E E2 and E4 genotypes
[38]. Regardless of genotype, the total hemorrhage
burden detected by MRI, including previous CMBs
as well as larger bleeds, was strongly predictive of ICH
recurrence. Thus, MRI may be useful as a tool for risk
stratification for future ICH in stroke survivors.

The prognostic value of CMBs in therapeutic deci-
sion making remains unclear. It has been proposed
that CMBs may be predictors of symptomatic hemor-
rhagic transformation following thrombolytic therapy
for acute ischemic stroke. Indeed, there have been
reports of increased rates of ICH following both
intra-arterial and intravenous therapy in patients with
CMBs [45,46]. This association has been particularly
compelling in cases where the focus of hemorrhage
has occurred at the site of a CMB, sometimes remote
from the ischemic region [46]. Cerebral microbleeds
may also be useful in stratifying risk–benefit ratios for
patients being considered for long-term anti coagula-
tion. We have observed hemorrhage co-localized with
a CMB in a patient aggressively anticoagulated in the
subacute phase of stroke (Fig. 10.2). At this point,
however, the evidence that CMBs predict hemorrhagic
complications of thrombolytic or anticoagulant ther-
apy is restricted to case reports such as this. Indeed,
another study demonstrated that the presence of CMBs
independently predicted hemorrhagic transformation
of ischemic infarcts, irrespective of treatment with
recombinant tissue plasminogen activator (t-PA) [39].
Thus, while CMBs are likely to be associated with
increased risk of early hemorrhage after ischemic
stroke, it is not clear that thrombolysis necessarily
significantly adds to this risk. Indeed, a preliminary
report from an ongoing trial assessing the ability of
MRI to predict the response to ischemic stroke throm-
bolysis 3–6 hours after onset indicated no increased
risk of symptomatic or asymptomatic hemorrhage in
patients with CMBs [47]. In this study, CMBs were
found in 11 of 70 consecutive patients treated with rt-
PA, none of whom experienced symptomatic hemor-
rhagic transformation. Assessing the absolute risk that
CMBs represent to potential thrombolysis candidates
will require a very large number of patients, but at this
point it does not appear to be excessive.

Role of MRI in acute stroke assessment
It has been clearly demonstrated that MRI is the
investigation of choice for patients presenting with
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acute ischemic stroke symptoms. The studies sum-
marized above have conclusively demonstrated that
concerns about the ability of MRI to detect ICH or
SAH are now unwarranted. In addition, MRI is much
more likely than CT to reveal a secondary cause of
ICH. Magnetic resonance imaging can generally be
performed earlier and with less risk to the patient
than angiography, allowing specific surgical or other
management to begin earlier in cases of secondary
ICH. Finally, MRI is the only diagnostic procedure
that makes it possible to definitively diagnose previ-
ous bleeding episodes. This information is useful in
risk stratification of patients for future ICH and may
alter therapy. Thus, where available and feasible, we
advocate the use of MRI as the preferred hyperacute
investigation for patients presenting with acute focal
neurological deficits.

Pathophysiological investigations
of intracerebral hemorrhage with MRI
The existence and nature of the penumbra in ICH is
arguably the most pressing outstanding information
required by clinicians to make rational management
decisions in ICH patients. The recognition that hema-
toma volume is not static in a significant proportion
of patients has revolutionized the approach to ICH
management [48]. In addition to the promising treat-
ment effects of hemostatic therapy, there is increasing
evidence that clot expansion is correlated with acute
systolic blood pressure [49,50]. Furthermore, there is
some limited evidence from retrospective studies that
higher systolic blood pressure is associated with poor
clinical outcome [51,52]. The hypothesis that blood
pressure reduction may attenuate hematoma expan-
sion is therefore an intriguing possibility. It has also
been postulated, however, that compression of the
microvasculature surrounding the hematoma may
result in decreased regional cerebral blood flow [53].
Therefore, many clinicians remain concerned that
acute blood pressure reduction may aggravate, or
even precipitate, cerebral ischemia within the peri-
hematomal region and/or more globally. These two
theories therefore lend themselves to opposing blood
pressure management strategies and the clinical
dilemma will only be resolved with randomized con-
trolled trials, which are currently underway [54,55].
Of course, proponents of the ischemic hypothesis con-
sider such a trial potentially dangerous. A number of
MRI investigations of regional cerebral blood flow and

ischemia in ICH have been performed, which support
the safety of such a trial.

Blood flow changes in ICH:
perfusion-weighted imaging
The most commonly used MRI perfusion imaging
technique is the dynamic susceptibility contrast
method. This perfusion-weighted MRI (PWI) sequence
allows the visualization of areas of decreased cerebral
blood flow via bolus tracking of intravascular gadolin-
ium contrast media as it transits through the cerebral
circulation. Plotting the change in MRI (T2*) signal
intensity over time, the tissue response curve, allows an
estimate of regional cerebral blood flow. More accurate
measures can be obtained by generating an impulse
response curve, using the technique of deconvolution
[56,57]. The impulse response curve can be used to
estimate regional cerebral blood flow, proportional to
the peak amplitude and regional cerebral blood volume,
which is proportional to the area under the curve.
Commonly, other measures of flow are used, including
the time to peak of the impulse response curve (Tmax)
and mean transit time, calculated as a ratio of regional
cerebral blood volume to regional cerebral blood flow.

Perfusion-weighted MRI sequences have been
utilized in an effort to assess blood flow in ICH.
A total of 59 acute ICH patients in three separate
studies have been studied with PWI (Table 10.2).
The first study of six patients with acute ICH demon-
strated no evidence of focally decreased blood flow in
the perihematomal region [58]. More consistently,
these authors observed a relative hypoperfusion of
the cerebral hemisphere ipsilateral to the hematoma.
The two largest PWI studies in ICH reported mild
hypoperfusion in the perihematomal region and/or
more diffusely throughout the ipsilateral hemisphere
in approximately half (29/53) of the patients studied
(Fig. 10.4) [6,59]. The severity of these changes
appears to be inversely correlated to the time
of imaging [59]. We have also observed that both
perihematomal and diffuse hemispheric perfusion
changes occur only in larger hematomas, generally
larger than 15ml. Furthermore, repeat imaging dem-
onstrated that hypoperfusion is transient, resolving
completely within 3–5 days [6]. Finally, this study also
included an analysis of relative cerebral blood flow and
cerebral blood volume in the perihematomal region.
Although relative cerebral blood flow was decreased
moderately, commensurate with a prolongation of
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MTT, no changes in relative cerebral blood volume
were observed (Fig. 10.4). This is inconsistent with
the traditional hypothesis that perihematomal olige-
mia results from compression of the local microvas-
culature by the hematoma mass effect. Furthermore,
maintenance of relative cerebral blood volume is
incompatible with cerebral ischemia.

The inability to demonstrate significant hypo-
perfusion in patients with small hematomas may be
a limitation of studying blood flow with MRI. The
paramagnetic effects of deoxyhemoglobin extend
beyond the hematoma itself, making determination
of blood flow immediately adjacent to the clot impos-
sible (Fig. 10.1) [6]. It is therefore possible that smaller
hematomas are associated with a more restricted zone
of perihematomal hypoperfusion, below the resolution
of PWI. Nonetheless, nuclear medicine, xenon CT and
perfusion CT studies have all been consistent with the
results of MRI studies [60–68]. All of these studies
indicate that hypoperfusion occurs in the region

surrounding the hematoma acutely in some, but not
all, patients. Hypoperfusion is seen most commonly in
the hyperacute stages and in association with larger
clot volumes. All investigations reveal a pattern of
spontaneous resolution of the blood flow deficits
subacutely.

Edema etiology: diffusion-weighted
imaging
Magnetic resonance imaging also provides another
tool useful in identification of ischemic tissue.
Diffusion-weighted imaging is based on the principle
of detection of spontaneous water molecule move-
ment within the brain. This is accomplished using
diffusion gradients, which successively de-phase and
then re-phase protons [69]. In tissue where water is
freely diffusing, the MRI signal will be attenuated due
to the movement of protons in the intervening period
between the de-phasing and re-phasing of protons.

Table 10.2. MRI investigations of blood flow/perihematomal edema etiology in ICH

Investigator/
Study

Number of
patients

Location of ICH Time of study/
studies from
symptom onset

Primary findings

Carhuapoma
et al. [70] (DWI)

9 Basal ganglia (5)
Thalamus (1)
Lobar (3)

1–9 days Increased perihematomal ADC in 8/9
patients’ voxels with decreased ADC in
1 patient (80ml hematoma)

Kidwell et al. [58]
(PWI and DWI)

12 (DWI)
6 (PWI)

Putamen (5)
Thalamus (4)
Lobar (3)

<5 h Perihematomal Tmax delay
(hypoperfusion) in 2/6 patients. Rim of
peri hematoma decreased ADC values in
3 patients with large hematoma volumes
and mass effect

Schellinger et al.
[59] (PWI and
DWI)

32 Subcortical (27)
Lobar (5)

1.3–5.75 h Perihematomal (4/32) and diffuse
ipsilateral hemispheric (14/32) MTT delay
(hypoperfusion) MTT was inversely
correlated with time to imaging.
Perihematomal ADC was decreased
(7/32), increased or normal (25/32) and
unrelated to perfusion or outcome

Butcher et al. [6]
(PWI and DWI)

21 acute
12 subacute

Putamen (14)
Thalamus (3)
Caudate (1)
Lobar (2)

Scan 1: 4.5–110 h
(50%< 21h)
Scan2:
3–5days(median
4.5d)

Transient perihematomal (11/21) and
diffuse ipsilateral hemispheric (9/21) MTT
delay (hypoperfusion) in patients with
larger hematoma volumes, all of which
resolved by scan 2. Elevated ADC values
positively correlated with perihematomal
edema volumes acutely and subacutely

Notes: DWI, diffusion-weighted imaging; PWI, perfusion-weighted imaging; ADC, apparent diffusion coefficient; Tmax, time to peak of the
impulse residue; MTT, mean transit time.
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In contrast, areas of restricted diffusion will have a
relatively enhanced signal, as there has been little or
no change in spatial position during the application
of the diffusion gradients, resulting in a greater
number of these protons being in phase. Areas of
diffusion restriction are thought to represent cyto-
toxic edema, which occurs as ATPase-dependent
sodium-potassium exchange pumps fail, resulting in
an influx of sodium and water into both neurons and
glia. This results in a sequestration of water within
cells and a constriction of the extracellular space, both
of which restrict the diffusion of water. The degree of
bio energetic compromise can be quantified by the
apparent diffusion coefficient (ADC), which is most
decreased in regions where ATP levels are lowest and

diffusion restriction is greatest. The ADC values are
calculated on a voxel-wise basis using the Stejskal-
Tanner equation, which is essentially an inverse nat-
ural log regression of the ratio of signal intensities
observed at varying diffusion gradient strengths.

Four DWI studies in a total of 71 acute ICH
patients have been reported (Table 10.2) [6,58,59,70].
Perihematomal diffusion restriction was reported
in 11 patients from two studies [58,59]. The degree
and volume of the diffusion restriction regions were
moderate in all cases. Most patients have been
observed to have elevated ADC values in the perihe-
matomal region and this has been interpreted as evi-
dence that edema is plasma derived or vasogenic [70].
In a serial study of diffusion changes in ICH, we

Fig. 10.4 Example of perihematomal blood flow changes in a patient with a putaminal ICH (6 hour after onset). Blood appears black due to
the paramagnetic effects of deoxyhemoglobin. Time to peak of the impulse response curve (Tmax) is delayed > 2 seconds (colored voxels) in
regions of decreased blood flow (units are 1/10 second). This patient had perihematomal (white arrows) and diffuse ipsilateral hemispheric
Tmax delay (gray arrows). Relative cerebral blood volume (rCBV; arbitrary units) in the perihematomal region and ipsilateral hemisphere is
maintained however, which is inconsistent with ischemia. See plate section for color version.
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found that ADC values were consistently elevated in the
perihematomal region [6]. Furthermore, the ADC was
directly correlated to the volume of edema, independent
of hematoma size, at both the acute and subacute time
points. In essence, higher rates of water movement in
the perihematomal region were associated with larger
edema volumes. This was highly consistent with edema
of plasma origin and not ischemia (Fig. 10.5) [6].

In the three studies of concurrent DWI and PWI
in acute ICH, none have reported ischemic signatures,
i.e. a reduction of ADC, in association with perfusion
changes. In one study, a limited number of voxels
with ADC decreases were observed in a single patient,
but this was not associated with any focal change in
cerebral blood flow in the same region [58]. This
suggests that any perihematomal diffusion restriction
changes resulted from failure of energy metabolism
that is not related to ischemia. Similarly, prolongation
of contrast transit time, consistent with relative hypo-
perfusion, is not associated with any reduction in
ADC (Fig. 10.4) [6,59].

Therefore, although hypoperfusion occurs in the
same region as perihematomal edema, the two do not
appear to be causally related. Edema appears to be

plasma derived, rather than cytotoxic. There is little
evidence for cellular ischemia in most patients, the
possible exceptions occurring in those with extremely
large hematomas.

Summary and conclusions
Magnetic resonance imaging has been definitively
demonstrated to be as sensitive as CT for the detection
of acute ICH. In addition, it is muchmore sensitive for
detection of previous bleeding events. Magnetic reson-
ance imaging may also allow the diagnosis of under-
lying etiologies in secondary ICH. Given the proven
benefits of MRI in assessment of ischemic stroke, this
should be considered the initial imaging investigation
of choice in centers where it is readily available.
In addition, MRI is a valuable tool for investigating
the pathophysiology of acute and chronic ICH.
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Chapter

11 Cerebral angiography

Rush H. Chewning and Kieran P. Murphy

Introduction
Patients presenting with acute onset of focal neuro-
logical deficits must be evaluated for intracerebral
hemorrhage (ICH). First-line imaging in these cases
is non-contrast CT of the head. In cases where ICH
is detected and no underlying cause is seen on initial
CT, further evaluation is necessary to determine the
source of the bleed. Advances in CT angiography
(CTA) and magnetic resonance angiography (MRA)
have enabled these modalities to be employed in the
secondary evaluation of patients presenting with ICH.
These non-invasive imaging modalities offer several
clinical advantages over cerebral digital subtraction
angiography (DSA), principally cost savings ($400
for a CTA vs. $8000 for a four-vessel cerebral angio-
gram) and more rapid availability. Computerized
tomography angiography has evolved beyond MRA
now with the advent of whole head volumetric
imaging and 320 slice CTA. However, due to its
superior sensitivity and specificity, DSA remains
the gold standard in the detection and evaluation of
intracranial vascular abnormalities and has a greater
temporal and spatial resolution than CT (0.325mm
isotropic voxels), and far greater than MRA (1mm
range voxel size) [1,2].

There is a trend towards CT being chosen as the
primary modality for diagnosis but there have as yet
been no prospective larger randomized series show-
ing even equivalence let alone superiority. There is
often an institutional practice pattern towards a
patient workup for subarachnoid hemorrhage (SAH).
In Baltimore at Johns Hopkins University we always
go with CT (Fig.11.1), followed by lumbar puncture
if negative, followed by DSA catheter cerebral
angiography if positive. In the same city, at University

of Maryland equally intelligent committed and
scientific physicians have replaced DSA cerebral
angiography with CTA.

Role of cerebral angiography
In patients with non aneurysmal intraparenchymal
hemorrhage (IPH) or intraventricular hemorrhage
(IVH), the vascular anomalies that can cause these are
usually easily seen on CT, post-contrast CT, CTA, or
MRI.Where there is doubt or an atypical appearance or
combination of SAH and IVH, or IPH, a catheter
angiogram is sometimes performed to identify a pos-
sible vascular structural abnormality responsible for
the hemorrhage. Vascular abnormalities presenting as
hemorrhage are at great risk for rebleeding, which
typically leads to severe neurological dysfunction or
death [3]. It is therefore of great concern to rapidly
diagnose an underlying vascular structural abnormality
so that urgent treatment may be initiated to minimize
the risks of recurrent bleed. Common vascular abnor-
malities causing ICH include aneurysm, arteriovenous
malformation (AVM), cavernous malformation, and
dural arteriovenous fistula. More rare causes include
vasculitis,moyamoya disease, and rare hypertensive- or
drug-related vasculopathy hemorrhage. If intracranial
clot thrombolysis is to be performed these possible
causes must be absolutely excluded.

The traditional literature statement is that in 85%
of cases of non-traumatic SAH, ruptured aneurysm is
the underlying cause [4]. Digital subtraction angio-
graphy is the most definitive method of identifying the
aneurysmal source (Figs. 11.2a,b). Three-dimensional
rotational angiography (3DRA) is capable of providing
exquisite characterization of the aneurysm, and is even
more sensitive than planar DSA and has increased
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the sensitivity of DSA beyond 85%. The big advantage
of this technique is in detection of aneurysms that
project posteriorally off the A 1 segment of the anterior
cerebral artery [5]. In spite of this, angiograms will be

negative in 10–20% of cases of SAH [4]. Some of these
patients do, in fact, have aneurysms that are missed by
initial DSA. Vasospasm, thrombosis of the aneurysm,
compression by adjacent hematoma, or poor angio-
graphic technique may account for these false nega-
tives [4]. Repeat DSA should be performed in 7–10
days but if there is any suspicion of a false negative
then repeat study in 2–5 days is indicated.

Non-aneurysmal perimesencephalic hemorrhage
(PMH), a benign condition with a characteristic
cisternal pattern of blood being visible on CT, is
responsible for approximately 10% of cases of SAH.
Some have argued that recognition of this pattern
is sufficient for diagnosis of PMH and that DSA is
not necessary [6,7]. However, others have noted that
ruptured posterior fossa aneurysms may present
with PMH pattern on CT in up to 10% of cases [8].
Therefore, DSA should be considered even when sus-
picion of aneurysm based on CT is low. Aneurysms
can sometimes defy text books, and dogma. Posterior
communicating artery, basilar tip, and superior cere-
bellar artery aneurysms can give pure PMH. The
threshold for catheter angiography should be low.

The remaining 5% of cases of SAH are caused by a
variety of conditions, including AVM, dural arterio-
venous fistula, septic aneurysm, cocaine abuse, and
arterial dissection [4]. In some communities, drug use
will be the most common cause of IVH and IPH.
Digital subtraction angiography plays an important

(a) (b) Fig. 11.2 (a and b) This lateral internal
carotid artery cerebral angiogram shows
a patient after endovascular coiling of
a posterior communicating artery
aneurysm with no flow in the aneurysm.

Fig. 11.1 Head CT without contrast demonstrates diffuse
subarachnoid bleed as high attenuation material in the
subarachnoid space.
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role in the diagnosis of these conditions. However,
most cases of AVM will be seen on initial CT or CTA.
In these cases, the role of DSA is one of pre-procedural
analysis and characterization of the malformation and
its nidus, including identifying specific feeding vessels
and patterns of venous drainage [9].

Patients presenting with a CT pattern of hemor-
rhage in the putamen, thalamus, or posterior fossa,
with no visible abnormality on initial scan most likely
have primary hypertensive ICH. Older age (greater
than 45) and a history of hypertension increase this
likelihood [10]. However, DSA is still indicated in
these cases, as 9–18% of these patients will have
an underlying AVM or aneurysm detected by angio-
graphy [10].

When children present with spontaneous ICH,
developmental malformations, such as AVM, and
vein of Galen aneurysmal malformation or dilatation
(VGAM or VGAD, respectively) are typically the
cause. Evaluation with DSA should be conducted
when CTA or MRA fail to uncover a vascular abnor-
mality. Digital subtraction angiography in children
has been demonstrated to be safe when conducted by
an experienced interventional neuroradiologist [11].

Risks of cerebral angiography
While DSA offers advantages over CTA and MRA,
it does so at the expense of greater risk. It carries
a 1.3–1.8% risk of neurological complication and a
0.2–0.3% risk of permanent deficit [12,13]. Patient
factors, such as age and hypertension, long procedure

times, and relative inexperience of the angiographer
have all been demonstrated to increase rates of neuro-
logical complications [13]. In addition to neurological
adverse outcomes, contrast reactions (including
nephrotoxicity), femoral artery dissection, and hema-
toma can occur. Computerized tomography contrast
accounts for 15% of in-hospital renal failure.

Current management
of intracranial aneurysms
The International Subarachnoid Aneurysm Trial
(ISAT) [14] and the International Study of Unrup-
tured Intracranial Aneurysms (ISUIA) [15,16] are two
landmark studies of intracranial aneurysm therapy.
Neither is perfect but both are changing how we
manage this disease. They cast doubt on well-
developed medical practices and challenge the liveli-
hood of leaders of medical communities all over the
world. Naturally they were interpreted differently by
the coiling (Fig. 11.3), clipping, and watchful waiting
groups depending on how their “team” did. So where
is the signal in the noise?

ISAT, The International Subarachnoid
Aneurysm Trial
The ISAT was a multicenter randomized trial that
compared the safety and efficacy of endovascular coil
treatment versus surgical clipping for the treatment of
ruptured brain aneurysms. To be eligible for enroll-
ment in the ISAT, each patient had to be deemed

Fig. 11.3 Intra-operative image
obtained of a stable coiled aneurysm
while another uncoilable aneurysm was
being clipped. See plate section for color
version.
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equally suitable for either coiling or clipping. The
investigators used the term “clinical equipoise” to
describe this balance. The treatment was on average
performed on 1.7 days after aneurysm rupture. Two
thousand one hundred and forty-three patients were
randomized in 43 centers worldwide. One thousand
and seventy nine patients underwent coiling, 1073
underwent clipping. The ISAT’s primary goal was
to determine which procedure had better patient
outcomes as defined by Rankin scores, a functional
scoring system. The study was ended early by the
Medical Research Council (MRC), because the one-
year post-treatment scores showed 31% of the surgical
patients were disabled or died compared to 24% of
coiled patients. There was a 22.3% overall improve-
ment in the coiled patients. The response to ISAT
in Europe was different to that in America. Our
European colleagues accepted the results as recogni-
tion of technological progress (medical evolution?)
and confirmation of established European medical
practice. Approximately 60–70% of all ruptured
cranial aneurysms are coiled in Europe.

In the USA, however, the study was attacked by
neurosurgeons as being fundamentally flawed. Many
arguments were put forth. It was said that American
neurosurgeons were more skillful than the European
counterparts, more experienced in dealing with rup-
tured aneurysms. We, at Johns Hopkins, were the only
US site in the study, and though we randomized very
few patients, we are very proud of our membership of
this study. We entered because the relationship we had
as a group of neurovascular specialists in interven-
tional neuroradiology, neurosurgery, and neurology
was strong enough to let us randomize. Such random-
ization fundamentally requires honesty about one’s
own technical weakness, and is not possible in com-
bative politicized environments. Neither participation
in, nor the results of this study represented a change in
our daily practice. It has always been our standard
practice to obtain informed consent by offering both
options when they are available, or if not to explain the
benefit of one over the other when equipoise does not
exist. We have always documented these conversations
in the permanent medical record.

ISUIA, The International Study
of Unruptured Intracranial Aneurysms
There have been two ISUIA studies; the first reported
in 1998 was very controversial and widely attacked.

It reported a 0.05% yearly rupture rate for intracranial
aneurysms. The results were clearly affected by the
inclusion of giant skull base aneurysms in elderly
women, which have a very low rupture rate. The more
recently reported ISUIA paper from July 2003 in the
Lancet is a more significant work and represents
a softening of the previous position of the authors.
In this study, unruptured aneurysms were random-
ized to coiling versus clipping, or observation. Once
again, amongst the aneurysm randomized in the
treatment arm an endovascular approach had a 22%
relative risk reduction over conventional surgery,
reinforcing the results of the ISAT.

In the ISUIA study, patients with aneurysms of
the anterior circulation (defined as middle cerebral
artery [MCA] or anterior communicating artery) had
better outcomes when they were clipped rather then
coiled. Very few of these aneurysms were randomized
in the ISAT study, a weakness in that study. This is
consistent with our practice where in the past eight
years we have very rarely treated MCA aneurysms.
We have found it difficult to control coil position
in these clipable aneurysms. In the hands of our
five neurovascular surgeons clips can be placed to
remodel an MCA allowing all branches to be kept
open in a way that would be impossible by coiling.
It must be said, however, that sometimes the clip is
not in the right location (Fig. 11.4). The use of mul-
tiple neuroform stents is being popularized for these
lesions but the published stroke rate exceeds the
surgical complication rate so we do not do this in
our practice.

Despite the many criticisms leveled at the ISUIA
prospective data, it is a helpful study and must make
us reflect on its implications. They conclude that
patients with no history of SAH and an asymptomatic
anterior circulation aneurysm less than 7mm do not
require treatment on a simple analysis of risk–benefit
ratio alone. For other sizes or sites, ISUIA provides
robust information for rupture risk analysis. If treat-
ment is indicated on an individual risk–benefit analy-
sis which treatment should be provided? The ISUIA
study failed to resolve one of the fundamental clinical
problems, which is the discrepancy between their
reported extremely low rupture risk in asymptomatic
aneurysms under 7mm at 0.7% per year compared to
the large proportion of ruptured aneurysms in this
same category. In our practice, we see an average of
172–180 aneurysms a year, and, as in ISAT, 61% of
aneurysms that ruptured are 5mm or less. The ISUIA
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rupture risk is higher for larger aneurysms. How can
this be reconciled with the ISUIA position that these
lesions, the very ones we see most often, have the
lowest rupture rate? The ISUIA investigators (led
by neurologists who have focused on this area for
many years) state posterior circulation aneurysms
(which includes by definition aneurysms of the pos-
terior communicating artery and the vertebral basilar
system) have a higher rupture rate and appear to be
more appropriate for coiling than for clipping.
Patients with a prior history of SAH have a higher
risk of bleeding from any intracranial aneurysm.

Overall, looking at the results of ISUIA and ISAT,
when the anatomy is favorable an endovascular
approach seems to be the treatment of choice in
patients over 50 years of age and in those with poster-
ior circulation aneurysms. For those patients aged
under 50 with anterior circulation aneurysms, the
situation is not so clear. However, in those patients,

treatment options and relative benefits and risks
including post-craniotomy epilepsy must be discussed
carefully with patient and relatives before elective
treatment and conformed consent can be obtained.

On a daily basis, we struggle with the balance of
rupture risk per year versus patient’s life-expectancy.
When the patient is greater than 70 years of age, we
counsel the patient about risks/benefits. In our series,
the risk of death from an endovascular approach in an
unruptured aneurysm is well below 1%, but the risk
of stroke is approximately 5%. The risk of death in an
endovascular approach to a ruptured aneurysm is
approximately 5%. The risk of stroke is also 5%,
and any attempt at thrombolysis in this setting is
usually fatal.

It is critical not to overlook anesthesia in this mix
as their ability to harm your patient during the pro-
cedure far exceeds that of your fellow, but is harder
to identify. The most common anesthesia error is to
keep the patient’s blood pressure too low (mistakenly
applying open operating room traditions to endo-
vascular procedures), thus resulting in watershed
hypoperfusion stroke in these often elderly patients.

We believe that there are three types of intracra-
nial aneurysms. Ones that should be coiled (posterior
circulation), ones that should be clipped (middle cere-
bral and some if not most anterior communicating
artery aneurysms), and a third group that can be
treated in either way. This third group relates to the
ISAT study data. It is clear that ISAT represents an
evolutionary technological trend towards an endovas-
cular or more minimal approach to aneurysms when
they are amenable to coiling. A collaborative multi-
disciplinary team that has trust at its center is essential
to a successful outcome for any patient.

The Center for Medicare and Medicaid Services
(CMS) has prudently mandated there must be
biannual national reporting of individual and site
complication rates for carotid stenting. This approach
mirrors the standard for coronary artery bypass graft
and cardiac surgery. We must adopt the same
approach for intracranial aneurysm therapy. Informed
consent on the morning of a coiling or clipping cannot
be based on the complication rates from peer-reviewed
research performed in centers of excellence. For that
patient it can only be obtained based on the experience
in that center. This data should be available on the
Web so the patient/consumer can make an informed
decision and the truth be told. After the ISAT study
was published many fine seasoned interventional

Fig. 11.4 This lateral internal carotid artery cerebral angiogram
shows a patient status post-clipping of a posterior communicating
artery aneurysm with residual flow in the aneurysm.
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neuroradiologists confronted aggressive actions to
replace them with less trained neurosurgeons. This
kind of political, tribal behavior has no place in medi-
cine practiced in the pursuit of quality. The patient
must be equally safe in all hands.

Current management of cerebral
arteriovenous malformations (AVMs)
and dural arteriovenous fistula (DAVF)
The incidence and prevalence of cerebral AVMs
cannot be precisely established, because of the relative
rarity of the disease and the existence of asymptom-
atic patients [17]. The best available estimate of AVM
incidence is based on a single population-based study,
and shows an overall detection rate of 1.11 per
100 000 person-years, and a rate of 0.94 per 100 000
person-years for symptomatic lesions [17,18]. These
values are lower than the commonly quoted preva-
lence rates derived from autopsy series (0.14–0.5%),
which probably represent overestimates due to selec-
tion bias [17]. The prevalence of detected AVMs
is unknown, but it is lower than approximately 10
per 100 000 population [17]. Despite their congenital
nature, cerebral AVMs can become symptomatic in
any age category, with a mean presentation age of
31.2 years [19]. More than 50% of AVMs present with
intracranial hemorrhage [19,20], which are predom-
inantly intracerebral, but may also be of subarachnoid
or intraventricular location. The overall annual risk of
rupture ranges between 2% and 4% [21,22]. However,
the risk of hemorrhage in patients who initially pre-
sented with a rupture is as high as 17% during the first
year following the event, before decreasing to a base-
line level after three years [23,24,25]. After a second
hemorrhage, this risk further increases to 25% within
the first year [23]. The overall rate of re-hemorrhage
after a first event reaches up to 67% [10]. Besides
prior rupture, risk factors for intracranial hemor-
rhage include deep nidus location, impairment of
the AVM venous drainage, and the presence of
intra/extranidal aneurysms. Contrary to a commonly
held view, the rupture of an AVM is as devastating as
that of an aneurysm: if the latter has a higher mortal-
ity rate, AVM rupture tends to result in more neuro-
logical disability due to the high occurrence of lobar
cerebral hematoma [11]. Mortality rates of the first
AVM-related hemorrhage range between 17.6% and
40.5%, and can be as high as 66.7% for posterior fossa

AVMs [20,26]. Other types of AVM presentation
include general or focal seizures (40%), chronic head-
ache (14%), and persistent or progressive neurological
deficit (12%) [19].

The basic pathophysiological element of a cerebral
AVM is an abnormal connection (or shunt) between
a feeding artery and a draining vein. The capillary
bed is congenitally absent in AVMs. As opposed to a
cortical AVF, which is made of one or a few arterio-
venous shunts, an AVM contains a large number of
shunts, entangled in a central tumor-like component
called the AVM nidus. The AVM nidus can have a
complex angioarchitecture that combines various
types of arteriovenous shunts. Superselective angio-
graphic studies performed prior to embolization
frequently document nidus features that are most
often not detected by other imaging modalities, such
as intranidal aneurysms or high-flow “fistula-like”
connections hidden among more typical moderate-
to-fast arteriovenous shunts.

A DAVF is a rarer entity than an AVM. These are
the most interesting type of vascular malformation.
They are a challenge to understand and treat, but
when deciphered they can be cured. They represent
a pathological response to clotting of a venous path-
way secondary to a mysterious inciting event, usually
some long forgotten episode of infection. After a
period of hypervascularization shunts develop
between arteries and veins of varying size. Issues arise
when arterial pressure is deployed against the walls
of thin walled cerebral veins for prolonged periods.
The same sequence of events that occur with spinal
vascular malformation occur in the brain. The effect
of venous hypertension is to impair venous drainage
of normal brain tissue. This results in stagnation and
sometimes hemorrhage. The treatment is to reduce
the venous pressure. This can be done by closing the
shunt or increasing venous drainage.

Diagnostic imaging
Although DSA remains the most accurate technique
for the diagnosis of cerebral vascular disorders, CT
and MRI now play a significant part in the diagnosis
and management of cerebral AVMs. Fast and widely
available, CT is the first-line imaging technique for
patients presenting with a suspicion of acute intracra-
nial hemorrhage. Contrast-enhanced CT can confirm
the presence of abnormal blood vessels around the
hematoma. The role of CTA in the characterization

Section 4: Diagnostic investigations

144



of cerebral AVMs and AVFs remains undefined (Figs.
11.5 and 11.6). Non-ruptured AVMs may be apparent
on non-enhanced CT, in particular when associated
with large draining veins. Magnetic resonance
imaging is a sensitive modality for the detection,
localization, and sizing of the AVM nidus. It plays
an important role in radiosurgery planning, where it
is used in conjunction with catheter angiography [27],
as well as for the follow-up of treated AVMs.
Magnetic resonance angiography provides limited
information on the nature of the feeding arteries
and draining veins, the dynamic characteristics of
the arteriovenous shunts, or the presence of associ-
ated vascular lesions such as extra- and intranidal
aneurysms and AVFs [28]. The diffusion of modern
non-invasive cerebral imaging has increased the
detection rate and apparent prevalence of intracranial
vascular malformations, including AVMs [2]. It is
important to remember that compression of the nidus
by a hematoma may lead to underestimation of the

actual size of an AVM by any imaging technique,
and may even sometimes completely prevent its
detection. Such mass effect therefore represents a
pitfall for both accurate diagnosis and treatment
planning of AVM. Digital subtraction angiography
remains the gold standard imaging technique for the
evaluation of cerebral AVMs. Modern DSA carries
extremely low risks of complications, and offers
precise information about the nidus configuration,
the number, size, location, and morphology of arterial
feeders and draining veins. Digital subtraction angio-
graphy also documents associated vascular anomalies
with significant management and prognostic impli-
cations, such as arterial and/or venous stenoses or
occlusions, extranidal and intranidal aneurysms, or
the presence of surrounding moyamoya-like vascula-
ture that may simulate AVM nidus. Critical hemo-
dynamic characteristics of the AVM are also better
analyzed by DSA, including the presence of intranidal
AVFs.

Fig. 11.5 (a and b) Lateral common
carotid artery injection showing a
complex dural arteriovenous fistula of the
left transverse sinus. (a) Shows the lesion
prior to embolization, (b) shows the lesion
after glue embolization and near
complete occlusion of the shunt.

Fig. 11.6 (a and b) Patient with a
large AVM and a concomitant small
aneurysm that had bleed. (a) This could
have been missed by a CTA through the
phenomenon of satisfaction of search
by the CTA reviewer and early venous
overlap at the cavernous sinus from the
AVM shunt. We coiled the aneurysm
and glued the AVM at one setting (b).
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Dural arteriovenous fistulae can only be defini-
tively identified and understood with catheter angio-
graphy. They are routinely missed on MRI and CT.
Often the only suggestion of their presence on axial
imaging is some asymmetry in venous flow voids. In
the presence of asymmetric tinnitus that can be heard
on examination on auscultation, we consider angio-
graphy essential.

The role of endovascular therapy
The modern management of AVMs and AVFs is
based on three therapeutic modalities, microneuro-
surgery, endovascular embolization, and stereotactic
radiosurgery [29–32]. Multimodality has been shown
to improve overall patient outcomes in both the adult
and pediatric populations, and has in particular
opened the door to successful therapy of giant and
deeply seated AVMs. Combined AVM therapy by
embolization and surgery has even proved superior
to surgery alone in cost-effectiveness analyses. When
not primarily curative, embolization facilitates sub-
sequent radiosurgery by reducing the volume of the
nidus (in particular for AVMs larger than 10ml),
prepares the resection of surgically accessible
AVMs, and immediately addresses the risks related
to associated intra/extranidal aneurysms and AVFs.
Embolization can also supplement radiosurgery for
AVMs that have not responded to initial radiother-
apy. It is essential for the interventional neuroradiol-
ogist to understand the role of alternative treatment
options and balance the desire to achieve curative
embolization in a careful risk and benefit analysis.
Although many AVMs can, from a technical stand-
point, be totally embolized, partial embolization
followed by surgery or radiosurgery may be ultim-
ately more satisfying in terms of functional outcome.
Lesions safely curable by embolization alone princi-
pally consist of small AVMs with one or a few
arterial feeder(s).

Intracranial aneurysms are frequently associated
with AVMs. When they are found in typical aneurys-
mal locations (i.e., circle of Willis), they should be
treated as independent lesions either endovascularly
or surgically. In such cases, the presence of AVM
feeders and draining veins renders surgical access
more challenging. It is usually suggested to treat the
aneurysm(s) before the AVM itself, although the large
series of Meisel et al. [33] did not document rupture
of untreated proximal aneurysms after partial AVM

treatment. Arteriovenous malformation-related hemo-
dynamic stress plays at least a partial role in the growth
of aneurysms in typical proximal location, as may be
inferred from the progressive shrinkage of these aneur-
ysms sometimes observed after treatment of the AVM.
Aneurysms located either on the arteries feeding the
nidus or within the nidus itself are, on the other hand,
directly dependent on the AVM-related increase of
flow. Embolization is effective for the treatment of these
intranidal aneurysms, which represent a likely site for
AVM rupture, and should constitute a primary target of
endovascular therapy.

Conclusion
Cerebral DSA is the gold standard in the detection
and evaluation of intracranial vascular abnormalities
when patients present with spontaneous ICH. Aneur-
ysms and AVM are the most typical causes of ICH
uncovered by DSA. The procedure is invasive and
carries a small but real amount of risk. However, the
potential for detecting a vascular abnormality with
a high likelihood of rebleeding, causing significant
neurological damage or death, makes DSA a necessity
in the majority of cases where the source of the bleed
is not apparent on initial CT.
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Chapter

12 Laboratory and other ancillary testing
in intracerebral hemorrhage:
an algorithmic approach
Michael Chen and Louis R. Caplan

An accurate etiological diagnosis of spontaneous
intracerebral hemorrhage (ICH) needs to be deter-
mined expeditiously because of the multiple potential
causes and corresponding treatments. Possible etiolo-
gies range from systemic illnesses such as hyperten-
sion, bleeding disorders, and malignancies to specific
vascular abnormalities including amyloid angiopathy,
vascular malformations, and vasculitides, to exogen-
ous factors such as drugs of abuse and head trauma.
Despite themany etiologies, there is some consistency in
the relative frequency of these causal factors in patients
with ICH, as published in case series (Fig. 12.1).

Important pieces of information to obtain from
the medical history that dictate further diagnostic
testing include: the presence of an associated head-
ache, a history of hypertension, a history of trauma
(physical or psychological), recent cognitive decline,
use of anticoagulants or thrombolytics, illicit drugs,
heavy alcohol use, and hematological disorders.
Particular detail should be elicited about any activities
at or before the onset of neurological symptoms.
We have seen several patients with ICH associated
with new onset hypertension, occurring during a time
of increased stress. On examination, findings to look
for include the blood pressure, level of consciousness,
neurological deficits, evidence of bleeding, signs
of drug abuse or head trauma, and a funduscopic
examination.

The subsequent diagnostic steps use the informa-
tion garnered from the history, physical, and neuro-
logical examinations with the findings on CT of the
head. Computerized tomography clearly differentiates
between hemorrhage and ischemic stroke. It also
gives valuable information on location. The location,
shape, and size of the ICH provide further guidance
as to the etiology of the bleed, but the mass of

hemorrhage may obscure clues as to the ICH origin.
Any associated intraventricular, subarachnoid, or
subdural blood are important details that need to be
noted. Hemoglobin appears bright on non-contrast
CT but in rare instances of severe anemia may appear
isodense. Single hematomas tend to be spontaneous
whereas the presence of multiple ICHs without a
history of trauma is often due to bleeding diathesis,
amyloidosis, venous thrombosis, or hemorrhagic
metastases. The presence of perilesional edema within
a few hours after the bleed also suggests a secondary
cause rather than a spontaneous, primary cause.

In addition to a detailed review of the CT scan,
certain initial investigations should be ordered on any
patient with ICH, which include: a complete blood
count, serum electrolytes, renal function tests, a
coagulation profile, an electrocardiogram, and a chest
radiograph.

The overriding concern on initial evaluation of a
patient with spontaneous ICH is not the underlying
etiology but the potential for herniation or mass-
related neurological deterioration. Operative inter-
vention may be necessary, particularly with cerebellar
hemorrhages, to relieve life-threatening mass effect.
Airway protection, normalization of coagulation par-
ameters, and blood pressure control are among the
basic management steps that should precede further
diagnostic and ancillary testing.

Hematoma volume estimation
An estimate of the hematoma volume on CT or MRI
is very useful in not only predicting the clinical
course, but also in guiding management decisions.
The most reproducible and practical method is known
as the (ABC)/2 method described by Kwak [1] (see also

Intracerebral Hemorrhage, ed. J. R. Carhuapoma, S. A. Mayer, and D. F. Hanley. Published by Cambridge University Press.
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Chapter 5). This formula assumes an elliptical shape
to the hematoma. Because hematoma volume is one
of the two most significant predictors of mortality
(along with admission level of consciousness), an
accurate determination is important not only prog-
nostically, but also in directing how the future evalu-
ation should proceed. Broderick found a Glascow
Coma Scale (GCS) score of 8 or less with ICH hema-
toma volume > 60 cm3 predicted a 91% mortality rate
at 30 days [2]. Other factors associated with a poor
outcome include: intraventricular blood, hematoma
expansion, infratentorial vs. supratentorial hemor-
rhage, presence of midline shift or herniation, and
older age [2]. Therapeutic nihilism and acute with-
drawal of care, however, was shown by Becker in a
retrospective analysis to be the biggest predictor of
mortality [3]. He reported a small portion of patients
with a hematoma volume > 60 cm3 and GCS score

< 8 who had treatment maintained and were eventually
discharged to rehabilitation.

Limited diagnostic evaluation
Hypertensive hemorrhage
The most common cause of non-traumatic spontan-
eous ICH is hypertension. The frequency of hyper-
tension underlying spontaneous ICH has been
estimated to be between 72% and 81% [4]. Patients
aged 45–70 comprise this group and often have
hypertension documented in their medical history
and a medication list with several antihypertensive
medications. There may be evidence of retinal hemor-
rhages on fundoscopy, cardiomegaly on chest radio-
graph, or evidence of left ventricular hypertrophy on
electrocardiogram.

History of hypertension 
Evidence of cardiomegaly,
left ventricular hypertrophy

No further testing

Echocardiogram

Concern for :
   Vascular malformation
   Aneurysm
   Illicit drug abuse
   Cavernous angioma 

Concern for :
   Amyloid angiopathy
   Tumor
   Hemorrhagic infarct

MRI/MRA with contrast

History:  Age, hypertension, cognitive decline, head trauma,
anticoagulants, hematological disorders, malignancy, drug use
Examination:  Blood pressure, level of consciousness, neurological
signs, head trauma, signs of bleeding, drug use
Head CT:  Location, shape, size, number, vascular territory and 
associated perilesional edema 

Deep (thalamic, basal ganglia,
pontine, cerebellar) hemorrhage

Lobar
hemorrhage(s)

Single or multiple
venous territory
hemorrhages

Multiple cortical
and subcortical
hemorrhages

Age 45–70

Primary hypertensive
intracerebral hemorrhage

Age < 45 Age > 60

Repeat
MRI/MRA

Coagulation
studies 

Concern for :
   Vasculitis
   Bleeding diathesis
   Coagulopathy

Concern for :
   Venous infarct
   with hemorrhage

MRI/MRA/MRV
Cerebral angiography

Concern for :
   Vasculitis 

CSF
Brain biopsy

Algorithm for laboratory and other ancillary testing in the diagnosis of spontaneous intracerebral hemorrhage

MRI/MRA

Marked signal 
hypointensity on T2*-
weighted  gradient-
refocused echo images

No further testing

Tumor Inconclusive

Amyloid angiopathy

Brain 
biopsy

Cerebral angiography 
Urine/serum toxicology

Drugs 
detected

Aneurysm 
AVM 
Cavernoma

MRI/MRA

Fig. 12.1 Algorithm for laboratory and other ancillary testing in the diagnosis of spontaneous intracerebral hemorrhage.
AVM, arteriovenous malformation; CSF, cerebrospinal fluid.
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The characteristic findings on head CT consist
of ICH located in the deep portions of the brain
such as the basal ganglia, internal capsule, thalamus,
pons, or cerebellum. Putaminal hemorrhages, the
most common of these, usually originate in the
posterior angle of the lentiform nucleus and spread
concentrically in an anterior-posterior fashion. The
lateral branches of the striate arteries are usually
implicated. Thalamic hemorrhages may involve the
anterior, lateral, medial, or posterior portions of
the thalamus. Medially expanding hematomas may
rupture into the third ventricle. The posterior limb
of the internal capsule is often involved with lateral
thalamic hemorrhages. Pontine hemorrhages are
often devastating, and involve the junction between
the basis pontis and tegmentum of the mid-pons.
Cerebellar hematomas are usually in the region of
the dentate nucleus, and usually require emergent
surgery when large.

If there is definitive hypertension by history, on
initial blood pressure recordings, or by ancillary
testing, combined with patient age between 45–70,
and a hemorrhage in the deep portions of the cerebral
hemisphere, no further diagnostic evaluation is
necessary.

Bleeding diathesis
Patients on long-term anticoagulation with warfarin
can usually be easily identified on initial history or
bloodwork revealing a prolonged prothrombin time.
Patients taking warfarin account for approximately
9–11% of all ICH cases [5,6]. It is considered the
second most frequent cause of ICH with cerebellar
or lobar location [7]. Coagulopathy-related hema-
tomas tend to be larger and more commonly lobar.
There is less edema and there are often multiple
hemorrhagic lesions [8]. The intensity of anticoagu-
lant treatment, as expected, also raises the risk of ICH.
Hylek and Singer reported data from an anticoagulant
therapy unit and showed the risk of ICH to double
with each 0.5 point increase in the prothrombin time
ratio above the recommended limit of 2.0 [9]. Severe
and confluent leukoaraiosis was associated with a
higher risk of ICH in patients treated with warfarin
in the Stroke Prevention in Reversible Ischemia Trial
[10]. Characteristic findings on CT scan include
blood-fluid levels, which result from “sedimentation”
of red blood cells in a hematoma that does not clot
because of the anticoagulant effect. Patients who

develop ICH while on heparin anticoagulation may
have had a preceding cerebral infarction. Other risk
factors include excessive prolongation of partial
thromboplastin time, large infarct size, and uncon-
trolled hypertension (> 180/110mmHg) [11]. Despite
the seemingly obvious etiology for hemorrhage on
patients taking antithrombotics, an MRI and MRA
of the brain are usually performed to exclude struc-
tural lesions.

Cerebral ischemia with hemorrhagic
transformation
Hemorrhagic transformation of an ischemic infarc-
tion is a relatively common occurrence, particularly
with cardioembolic strokes and in those treated with
thrombolytics. The MR appearance of hemorrhagic
transformation of an ischemic infarct is similar to
that seen with primary ICH but usually is in the
core of the infarct. In patients treated with throm-
bolytics, hemorrhages tend to occur within the first
24 hours after treatment. In one study, 40% of
hemorrhages started during infusion and another
25% occurred within 24 hours [12]. In the National
Institute of Neurological Diseases and Stroke rt-PA
Stroke Study, the intracranial hemorrhages in the
recombinant tissue plasminogen activator (rt-PA)
group occurred in both the lobar white matter and
the deep gray nuclei and were associated with a high
mortality [13].

Extensive diagnostic evaluation
Although pontine, thalamic, basal ganglia, and cere-
bellar bleeds represent up to 90% of spontaneous ICH
and are usually hypertension related, further careful
evaluation should proceed when the hemorrhage pat-
tern is not strictly in these locations. These patients
are usually young or elderly. Lobar hemorrhages may
be spontaneous and hypertensive, but often are sec-
ondary to the presence of vascular malformations,
tumors, or venous thrombosis. Magnetic resonance
imaging effectively and non-invasively detects for
these secondary causes and is quite useful in dating
previous ICHs and in detecting very small vascular
lesions such as cavernous malformations. During the
period of the acute bleed, the characteristics of the
underlying cause may be obscured by the hematoma.
In many patients, it is best to let some time pass and
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to repeat brain imaging, which usually better differ-
entiates the cause.

Findings on head CT that should prompt consid-
eration of subsequent cerebral angiography include
the presence of subarachnoid or intraventricular
blood, an abnormal calcification or prominent
draining vein, or blood that extends to the perisylvian
or interhemispheric fissure. The procedural risk is
small, but significant given the often critical condition
of patients with ICH. Timing of angiography is
important and should be based on the patient’s clin-
ical condition. Zhu et al. [14] looked at the clinical
variables of age, location of hemorrhage, and history
of hypertension, and the correlation with finding an
underlying vascular abnormality on cerebral angiog-
raphy. They showed that age and presence of pre-
existing hypertension were both independent negative
predictors of angiographic yield. Furthermore, in a
hypertensive patient with putaminal, thalamic, and/or
posterior fossa hemorrhage, angiographic yield was
0%. Angiographic yield was significantly higher in
patients 45 years old or younger who did not have a
pre-existing history of hypertension. Lobar hemor-
rhage had at least a 10% yield in hypertensive older
patients and up to 64% yield in younger normotensive
patients. Putaminal, thalamic, and posterior fossa
ICH grouped together had a yield of 48% in normo-
tensive patients with age less than 45, 7% in normo-
tensive patients older than 45, and 0% in all patients
with pre-existing hypertension. They concluded that
cerebral angiography has a low yield in identifying an
underlying vascular abnormality in patients > 45
years old who have a history of hypertension and a
thalamic, putaminal, or posterior fossa ICH. Repeat
angiography in patients with subcortical ICH has a
high yield and should be considered in younger
patients without hypertension. The guidelines of the
American Heart Association recommend angiog-
raphy for all patients with no clear cause of hemor-
rhage who are candidates for surgery, particularly
young patients without hypertension whose condition
is stable [15].

Age becomes a useful factor in further focusing
the etiological differential diagnosis. With younger
patients, the concern is more for vascular abnormal-
ities and drugs of abuse. With older patients, atten-
tion should be focused on evaluating for cerebral
amyloid angiopathy, and intracranial tumors. There
are then other important etiologies with less of an age
association.

The younger patient with lobar
hemorrhage
Vascular malformations
Spontaneous intracerebral and intraventricular hem-
orrhages in young people are mainly lobar in location
and often result from a vascular malformation [16].
Ruiz-Sandoval et al. collected a series of 200 patients
with ICH less than 40 years of age and found mainly
lobar hemorrhages caused by vascular malformations.
Hypertension remained the cause in most cases of
ICH in the basal ganglia [16].

The first etiological possibility that should be
thought of is ICH due to aneurysmal rupture. Clues
include hematoma location near the Sylvian fissure
or frontal parasagittal region and blood in the sub-
arachnoid space. The putative mechanism is that
the aneurysm ruptures directly into the brain paren-
chyma and gives the appearance of a spontaneous
ICH. In fact, 28% of cerebral aneurysms may present
with intraventricular blood and as many as 40% may
present with intraparenchymal hemorrhage [17].
Middle cerebral aneurysms are often associated with
temporal lobe hematomas. Vertebrobasilar aneurysms
rarely present with ICH. Angiography when the patient
is stable is the next logical step.

If there is no suspicion for an aneurysm, a stroke
protocol MRI/MRA is often used as the next test to
assess for ischemic injury and other vascular malfor-
mations. Magnetic resonance angiography has about
a 90% sensitivity in detecting structural vascular
lesions.

An arteriovenous malformation (AVM) is an
abnormal connection between arteries and veins
without an intervening capillary bed. In addition to
headaches and focal neurological signs, seizures are
often part of the medical history. Aneurysms are
notoriously associated with AVMs and may be
located either in the nidus or on a feeding vessel.
Magnetic resonance imaging/MRA and/or CT may
suggest the diagnosis, with flow voids in the former
and enhancing serpentine structures in the latter.
Arteriovenous malformations < 3 cm are associated
with statistically larger hematoma volumes [17]. Cere-
bral angiography is usually necessary to adequately
characterize the arterial feeders, venous drainage,
and possible associated aneurysms. Seven percent of
AVMs have an associated aneurysm, most of them
located on the feeding artery [17]. The AVM can then
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be graded using the Spetzler-Martin system taking
into account AVM size, eloquence of adjacent brain,
and pattern of venous drainage [18].

Cavernous angiomas tend to have a lower bleeding
potential than AVMs. Magnetic resonance imaging
most sensitively defines cavernous malformations and
has become the diagnostic imaging test of choice [19].
On T2-weighted sequences, cavernous angiomas char-
acteristically appear as irregular lesions with a central
core of mixed signal surrounded by a halo of hypo-
density corresponding to hemosiderin deposits, which
represent previous episodes of bleeding around the
malformation. These lesions are generally single, well-
demarcated with preference for cortical and subcortical
regions of the hemisphere and the pons.

Illicit drug use
Illicit drug use is often suspected in a younger patient
with an ICH or subarachnoid hemorrhage (SAH).
Cocaine and methamphetamine are the drugs most
often implicated in causing both SAH and ICH.
Cocaine-related intracranial hemorrhage, especially
crack cocaine inhalation, has been associated with
a very high frequency of associated aneurysms and
vascular malformations while the frequency of
amphetamine-hemorrhage-related vascular abnormal-
ities is low. However, several reports have noted the
occurrence of ICH and SAH with amphetamine abuse
but found no underlying vascular abnormality on
detailed pathological examination of cerebral vessels
[20]. The hemorrhages were explained by necrotizing
angiitis related to amphetamine misuse associated with
hypertension [21]. On the other hand, there have been
two reports of ruptured AVMs after amphetamine
misuse and a single case after ecstasy abuse [22,23].
McEvoy et al. [20] reported 13 patients over seven
months who had ICH and a history of drug abuse. Of
the ten stable enough for cerebral angiography, all but
one had a vascular abnormality. However, it is diffi-
cult to link any neurological event with a use of
a particular drug. The details of the drug use are
not always easy to clarify. Multiple, often adulterated
substances may be involved. The patient may not be
very forthcoming with details of their drug use.

The mechanisms of amphetamine- and cocaine-
related hemorrhages have been variously explained.
The first is pharmacologically mediated changes in
blood pressure and flow. Amphetamines and cocaine
have pressor effects by preventing the reuptake

of sympathomimetic neurotransmitters by nerve
terminals. An acute sympathetic surge can cause
progressive weakening of blood vessels, aneurysm
formation, and eventual rupture. More than 90% of
cocaine-induced ICH and/or SAH occur during or a
few hours after its use [8]. The vascular wall may
be further directly compromised by drug contents.
Arterial injury can result from embolization of for-
eign material such as talc and microcrystalline cellu-
lose, or from circulating immune complexes. Another
mechanism of ICH from drug abuse, particularly with
intravenous drug users, is via endocarditis. Those
who inject drugs intravenously are especially likely
to develop endocarditis [24]. Embolic material from
bacterial vegetations in the heart can involve the cere-
bral arterial wall and lead to mycotic aneurysms that
rupture. Mycotic aneurysms, however, only occur in
about 1–3% of cases of endocarditis [25]. A final mech-
anism includes coagulopathies related to liver damage.
Excessive alcohol use is well known to affect platelets
and cause a prolongation in the prothrombin time.

The white blood cell count can detect an under-
lying infection that may suggest endocarditis. Urine
screening of drugs of abuse is widely used in the
diagnostic evaluation of these patients. Positive results
can be confirmed by methods such as gas chromato-
graphy and mass spectroscopy. Urine testing only
provides qualitative information on recent drug
use. As urinary levels depend on time and clearance,
they do not correlate with toxic symptoms. A careful
search for endocarditis or other source of emboliza-
tion is warranted, along with an erythrocyte sedimen-
tation rate.

Cerebral angiography is useful if there is a suspicion
for vascular malformations, which appear associated
with chronic amphetamine or cocaine use, cerebral
angiitis, or mycotic aneurysms. All patients with intra-
cranial bleeding after cocaine use should have cerebral
angiography because of the high frequency of associ-
ated vascular lesions. Hart et al. believe that because of
the 1–3% incidence of mycotic aneurysms in patients
with endocarditis and the fact that they tend to heal
with antibiotics, that angiography is not indicated
for evaluation of mycotic aneurysms alone [26]. Brust
et al. feel angiography for detection of mycotic aneur-
ysms is justified because surgical options are safe
and can prevent the high mortality that comes with
rupture of mycotic aneurysms that are treated with
antibiotics alone [27]. As for cerebral angiitis, Citron
et al. reported 14 cases of necrotizing angiitis related

Chapter 12: Laboratory and imaging evaluation

153



to poly-drug abuse [21]. On angiography, they
described a pronounced irregularity and “beading” in
the anterior circulation branches. However, these char-
acteristics are non-specific, and may be seen in vaso-
spasm, fibromuscular dysplasia, atherosclerosis, and
cerebral emboli. Histological examination for vasculitis
may be considered as a confirmatory study but the
treatment of this complication is not entirely clear.

The older patient with lobar
hemorrhage
Cerebral amyloid angiopathy
Spontaneous ICH due to cerebral amyloid angiopathy
(CAA) usually occurs in patients greater than 60 years
of age with a preceding history of progressive cognitive
decline and head CT findings of single or multiple
hemorrhages that extend to the cortical surface. The
hemorrhages follow the distribution of the vascular
amyloid, located mostly in the corticosubcortical or
lobar regions with distinctly less involvement of the
cerebellum and brainstem structures [28]. Despite
extensive leptomeningeal vessel involvement, SAH
from CAA is considered rare [29]. A characteristic
finding on MRI which often strongly supports the
diagnosis are small corticosubcortical lesions on
gradient echo or T2*-weighted images that enhance
signal dropout due to hemosiderin deposition [30].
This finding is often helpful in that the first hemor-
rhage may be indistinguishable from hypertensive
ICH on head CT. The presence of multiple lobar
chronic hemorrhages suggest a chronicity to the
hemorrhages often seen in CAA. Knudsen et al. [31]
recently validated the “Boston criteria for diagnosis of
CAA-related hemorrhage” (Table 12.1) such that a
clinical diagnosis of probable CAA can be reached
during life through radiographic demonstration of
at least two strictly lobar or corticosubcortical hem-
orrhagic lesions without other definite hemorrhagic
process. APOE ε2 and ε4 have emerged as a strong
predictor of risk for sporadic CAA-related ICH.
Each of these alleles was overrepresented more than
twofold among 182 reviewed pathological cases of
CAA-related ICH [32]. A cohort in Greater Cincinnati/
NorthernKentucky found the presence ofAPOE ε2 or ε4
to be associated with an adjusted odds ratio for lobar
ICH of 2.3 [33]. Furthermore, these markers seem to
increase the risk of a younger age at first hemorrhage
and a shorter time until ICH recurrence [34].

When the patient is deemed stable to undergo MRI,
gradient echo sequences can suggest the diagnosis.
Magnetic resonance imaging also helps to exclude
other potential cases of lobar ICH, such as an under-
lying vascular malformation or tumor. Typically no
pathological tissue is available. Despite the association
of the Apolipoprotein E genotype with CAA, neither
the sensitivity nor specificity has yet been determined
with enough accuracy for its routine clinical use. In
the future, it may be useful for determining an indi-
vidual’s recurrence risk. Magnetic resonance imaging
can then be repeated at 4–6 months to repeat the
evaluation for an underlying structural lesion if the
diagnosis is still in doubt.

Intracranial neoplasm
Well-recognized but uncommon, an underlying intra-
cranial tumor may account for only about 2–10% of
ICH cases in autopsy series and clinical-radiological
series [35,36]. However, ICH has been reported to be
the first clinical manifestation of a neoplasm in half of

Table 12.1. Boston criteria for diagnosis of cerebral amyloid
angiopathy-related intracerebral hemorrhage

Definite CAA Full postmortem examination
of brain shows lobar ICH,
severe CAA, and no other
diagnostic lesion

Probable CAA
with supporting
pathological evidence

Clinical data and pathological
tissue (evacuated hematoma
or cortical biopsy specimen)
showing some lobar CAA in
pathological specimen, and
no other diagnostic lesion

Probable CAA Clinical data and MRI or CT
demonstration of two or
more hemorrhagic lesions
restricted to lobar regions
(cerebellar hemorrhage
allowed), patient age > 55
years, and no other cause of
hemorrhage

Possible CAA Clinical data and MRI or CT
demonstration of single lobar
ICH, patient age > 55 years,
and no other cause of
hemorrhage

Source: [From 31].
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reported cases. On CT scan, multiple metastatic
lesions make for a relatively easy diagnosis. However,
cases of ICH into a single lesion may be more difficult
to initially diagnose. Other radiographic findings sug-
gestive of a neoplastic lesion are large areas of low-
density edema surrounding the hematoma or an area
of ring-shaped contrast enhancement at the periphery
of the hematoma [37]. The signal of hematomas sec-
ondary to neoplasms is more inhomogeneous and
complex than in primary spontaneous hematomas.
This is because the hematoma occupies a portion
of the tumor. A contrast MRI study may reveal an
eccentric enhancing rim or nodular mass. The sur-
rounding edema is characteristically finger-like, con-
sisting of vasogenic edema. A delay in the expected
signal evolution of a hematoma is the paramount
finding on MRI that suggests tumor [38]. Other find-
ings more suggestive of a brain tumor include ICH in
the corpus callosum, a ring-like high-density area
corresponding to blood around a low-density center,
and/or a low-density indentation of the periphery of
an ICH on CT.

Sometimes, the hemorrhage fills the entire tumor
cavity, making identification of an underlying tumor
impossible. Hence, follow-up MRI examination may
unmask a tumor as the hematoma resolves. When
the patient is stable, biopsy of the hematoma cavity
should be the next step if the preceding investigations
are inconclusive. Such an invasive investigation is
warranted given the obvious marked differences in
therapy and prognosis between a hematoma caused
by a tumor or hypertension.

Lobar hemorrhage of any age
Cerebral venous thrombosis
Cerebral venous thrombosis (CVT) manifests with a
wide spectrum of symptoms and signs. Headache is
the most common symptom, and usually the earliest
symptom. Hemorrhagic lesions caused by venous
thrombosis are often called hemorrhagic venous
infarcts by pathologists. They are typically large, sub-
cortical, often multifocal hematomas with petechial
hemorrhages within large hypodensities. Rarely, there
may be subarachnoid or subdural hemorrhage associ-
ated. They may be unilateral or bilateral, single or
multiple. The presence of a hematoma indicates mark-
edly elevated venous pressure which is usually associ-
ated with diffuse cerebral swelling and T2-weighted

signal abnormalities in the subcortical white matter
[8]. If the superior sagittal sinus is involved, the hema-
toma may be superficial in the hemispheres and para-
median. If the deep venous system is involved, the
hematoma may be in the basal ganglia and thalami
[39]. Computerized tomography scanning in CVT is of
limited value and is mainly used to exclude other
conditions such as arterial stroke, tumor, abscess, and
SAH. Magnetic resonance imaging or cerebral angio-
graphy is usually required to make the diagnosis.

Cerebral angiography has been the key diagnostic
procedure for many years but has now been super-
seded by MRI. However, for difficult cases, angio-
graphy can prove useful and requires visualization
of the entire venous phase on at least two projections,
with an oblique if possible. Cerebral venous throm-
bosis manifests as partial or complete lack of filling
of veins or sinuses, typically involving the superior
sagittal sinus, lateral sinus, or jugular veins. Delayed
emptying and the presence of collateral pathways are
other important associated angiographic findings.
Cerebral angiography is the most sensitive study for
cortical veins and cavernous sinus thrombosis.

Magnetic resonance angiography has superseded
conventional angiography in the diagnosis of venous
thrombosis primarily because of its sensitivity to
blood flow, ability to visualize the thrombus itself,
and non-invasive nature [7]. Two-dimensional time
of flight is the most common sequence used with 1.5
and 3.0mm-thick slices in the coronal and axial
planes. As with conventional arteriography, the diag-
nostic finding is absent flow. Some difficulty remains
in being able to confidently differentiate between
thrombus, hypoplastic vessels, or benign anomalous
venous anatomy [40].

Cerebrospinal fluid examination is still useful in
the diagnosis in that there is often elevated protein
content, red cells, and sometimes elevated white cells.
Probably more importantly is to exclude a concurrent
meningitis, particularly in septic CVT.

After CVT has been established, determining
the underlying cause of the thrombosis needs to be
pursued, which itself may be difficult because of the
multiple causes.

Cerebral vasculitides
Cerebral vasculitides generally lead to arterial occlu-
sion and cerebral infarction rather than ICH. This
diagnosis is suggested in cases where there is evidence
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of multiple cerebral infarcts or hemorrhages in different
vascular territories. There are multiple causes of intra-
cranial vasculitis, both autoimmune and infectious.
In rare cases, granulomatous angiitis of the nervous
system (GANS) may lead to ICH. Clinically, there is
an evolving headache, progressive cognitive decline,
seizures, and recurrent cerebral infarcts. Because of
the primary involvement of the central nervous
system, systemic manifestations such as fever, mal-
aise, weight loss, anemia, and elevated sedimentation
rates are absent [41]. The diagnosis is strongly sug-
gested with the finding of lymphocytic cerebrospinal
fluid pleocytosis with elevated protein. Cerebral angi-
ography may show a beading pattern in multiple
medium-sized and small intracranial arteries caused
by focal concentric narrowing in the distal vascula-
ture. This appearance may mimic that of vasospasm
in SAH.
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Fig. 4.1 Neuropathological appearance of CAA. Congo red stain (a) shows the characteristic green birefringence under polarized light of a
vessel with complete replacement of its wall with amyloid. Another brain with advanced CAA (b) demonstrates extensive ß-amyloid
immunostaining in vessels and the immediately surrounding brain parenchyma (sometimes referred to as dyshoric CAA) as well as senile
plaques. (Images courtesy of Dr. Matthew P. Frosch, Massachusetts General Hospital and Harvard Medical School, Boston, MA.)

Capillary

Capillary

Artery

Artery

Elimination of Aβ from the brain

(1) Active transport of Aβ into
the blood

(2) Degradation of Aβ 
by tissue enzymes

(3) Degradation of Aβ by
microglia and astrocytes

(4) Drainage of Aβ from the brain with
interstitial fluid along basement membranes in
the walls of capillaries and arteries

(4)

Aβ

Fig. 4.2 Model for vascular deposition of ß-amyloid. The diagram demonstrates several recognized mechanisms for elimination of Aß from
the brain: (1) active transport of Aß into the blood via proteins such as low density lipoprotein receptor-related protein-1 [194,195] and
P-glycoprotein [196]; (2) degradation by enzymes in the brain parenchyma [197], (3) microglia [14], and astrocytes [198]; and (4) elimination
along the perivascular pathways by which interstitial fluid drains from the brain [17,199]. As mechanisms (1), (2), and (3) fail with age, Aß
appears to become increasingly entrapped from the interstitial fluid drainage pathways into the basement membranes of capillaries and small
arteries (shown in green) [17,200]. (Figure courtesy of Drs. Roy O. Weller, Roxana Carare-Nnadi, Delphine Boche, and James A. R. Nicoll,
University of Southampton School of Medicine, Southampton UK.)



Fig. 4.4 Three-dimensional representation of the distribution of CAA-related hemorrhages. Each dot represents the center of a hemorrhage
in a set of 20 patients with probable CAA mapped onto a composite three-dimensional template [135].

Fig. 9.3 This is bone subtracted 256 slice CTA of the brain in a
patient with a large aneurysm. This technique allows dynamic CT to
be performed over several cardiac cycles and thus nipples or rupture
points can be seen pulsating allowing differentiation of ruptured
from unruptured aneurysms. As the whole brain is covered the bone
of the skull can be subtracted easily allowing visualization of the skull
base region and in particular better visualization of posterior
communicating artery aneurysms.

Fig. 9.4 This is a 32 slice CTA of the head reconstructed on a
3-D work station. The beautifully demonstrated anterior
communicating artery aneurysm can be seen easily and has been
color-coded (red).



Fig. 10.4 Example of perihematomal blood flow changes in a patient with a putaminal ICH (6 hour after onset). Blood appears black due to
the paramagnetic effects of deoxyhemoglobin. Time to peak of the impulse response curve (Tmax) is delayed > 2 seconds (colored voxels) in
regions of decreased blood flow (units are 1/10 second). This patient had perihematomal (white arrows) and diffuse ipsilateral hemispheric
Tmax delay (red arrows). Relative cerebral blood volume (rCBV; arbitrary units) in the perihematomal region and ipsilateral hemisphere is
maintained however, which is inconsistent with ischemia.



Fig. 10.5 Echoplanar T2-weighted MRI (T2WI; left) demonstrating a large acute putamenal hematoma imaged 6 hours after onset and
perihematomal edema (arrows; same patient as Fig. 10.4), which expands over 72 hours. Blood appears hypointense (black) due to the
paramagnetic effects of the deoxyhemoglobin, and edema is bright on the acute T2-weighted images. The visibly contracted hematoma
contains methemoglobin at 3 days, making it more hypointense. Diffusion-weighted images also demonstrate the hypointense hematoma, as
well as perihematomal high signal intensity. This is not diffusion restriction, but an effect known as “shine through” resulting from the heavily
T2-weighted edema. The apparent diffusion coefficient (ADC; right) maps indicate elevated rates of water movement in the perihematomal
region (arrows; units are 10–6mm2/s), which are strongly correlated to edema volume both acutely and subacutely. This is consistent with
edema of plasma origin and not ischemia.

Fig. 11.3 Intra-operative image obtained of a stable coiled aneurysm while another uncoilable aneurysm was being clipped.
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Spontaneous intracerebral hemorrhage (ICH) causes
10–15% of first ever strokes and is associated with the
highest mortality of all cerebrovascular events, with
30-day mortality after ICH approaching almost 50%.
Of note, most survivors never regain functional
independence, with only 20% achieving a meaningful
level of functional recovery at six months [1,2]. This
article discusses the basic principles of management
of ICH, including initial stabilization, the prevention
of hematoma growth, hemodynamic goal-setting,
treatment of potential complications such as cerebral
edema, herniation and seizures, and identification of
the underlying etiology. Newer treatment options
such as minimally invasive surgery (MIS) to reduce
clot size are also briefly discussed.

Initial medical stabilization
As in other medical emergencies, initial resuscitative
measures should be directed to establishing adequacy
of airway, breathing, and circulation (ABCs).

Airway: indications for endotracheal intubation
include the lack of adequate airway protection
(Glasgow Coma Scale [GCS] Score < 8),
herniation syndrome, uncontrolled seizures, and
respiratory failure. Airway control might be
suboptimal in patients even with GCS > 8 in the
absence of a good cough/gag reflex who may be
high aspiration risk especially with brainstem
hemorrhages.

Breathing: hyperventilation might be necessary in
the event of acute herniation, but, extrapolating
from brain trauma literature, its prophylactic use
is unlikely to be of benefit. Due to the risk of
cerebral ischemia with prolonged
hyperventilation, cautious slow return to goals of

normocarbia (PaCO2 35–45) after reversal of
herniation is recommended.

Circulation (intracranial): if an intracranial pressure
(ICP) monitor is available, it seems reasonable to
maintain a physiological cerebral perfusion
pressure (> 70mmHg), or in the absence of an
ICP monitor, a systolic blood pressure of greater
than 90mmHg to maintain adequate cerebral
blood flow [3]. Intracranial pressure monitoring
is recommended in patients with GCS < 8. Since
> 80% of patients with spontaneous ICH have
underlying hypertensive disease in whom the
autoregulatory cerebral perfusion pressure/
cerebral blood flow (CPP/CBF) curve is shifted to
the right (CBF is maintained at a CPP range that
is higher than in normotensive patients), the CPP
goal > 70mmHg is more optimal to ensure
adequate CBF compared to the CPP goal
> 60mmHg quoted in the Brain Trauma
guidelines) (Fig. 13.1).

Control of blood pressure
Because hypertension is the most common cause of
spontaneous ICH, its treatment in this setting is of
considerable importance, but the therapeutic goals are
controversial. The debate on blood pressure control
has involved two key points. The first is the possibility
that there is a perihematomal “penumbra” of brain
tissue that is vulnerable to ischemia if blood pressure
is reduced acutely, which results in increased injury in
the zone surrounding the hemorrhage. Recent studies
using positron emission tomography and MRI do not
support the hypothesis of an ischemic perihematomal
penumbra; thus, judicious blood pressure control
seems to be safe [4].
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The second issue is the possibility that hematoma
growth may be accelerated by hypertension in the set-
ting of acute ICH. The occurrence of ICH is strongly
related to premorbid blood pressure; however, the rela-
tionship between the growth of hematoma and uncon-
trolled blood pressure remains to be clarified. Recently,
Jauch and colleagues [5] demonstrated that there was no
definitive correlation between hemodynamic param-
eters, such as blood pressure, and hematoma growth.

The recently updated consensus guidelines [3]
emphasize aggressive blood pressure control for a
systolic blood pressure (SBP) > 200mmHg or mean
arterial blood pressure (MAP) > 150mmHg [1]. For
an SBP > 180mmHg (or MAP > 130mmHg), with a
suspicion of elevated ICP, ICP monitoring is recom-
mended; on the other hand if ICP elevation is not a
concern based on the patient’s neurological examination,
a goal of SBP < 160mmHg or MAP < 110mmHg is
recommended (see Tables 13.1 and 13.2).

The question of whether blood pressure control
influences survival needs to be evaluated in prospective
trials. A multicenter phase I clinical trial is underway
to assess the feasibility and safety of antihypertensive
treatment (with intravenous nicardipine) for patients
who have acute hypertension in the setting of ICH.

Correction of coagulopathy
The presence of coagulopathy, in particular warfarin-
related, has been noted to worsen the prognosis of
ICH by increasing the rate and time window for
hematoma expansion [6]. Mortality exceeds 50% in
this patient population with outcomes linked to rate
of increase in hematoma size. Early administration of
fresh frozen plasma and vitamin K to reverse this

coagulopathy is currently recommended, although
recent data suggest that practical issues causing delays
in the administration of fresh frozen plasma might
lead to continued expansion of hematoma, despite
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Fig. 13.1 Cerebral autoregulation in hypertension. From [39].

Table 13.1. Recommended guidelines for treating elevated
blood pressure in spontaneous ICH

1. If SBP is >200mmHg or MAP is >150mmHg,
then consider aggressive reduction of blood
pressure with continuous intravenous infusion, with
frequent blood pressure monitoring every 5 minutes.

2. If SBP is >180mmHg or MAP is >130mmHg and
there is evidence of or suspicion of elevated ICP,
then consider monitoring ICP and reducing blood
pressure using intermittent or continuous
intravenous medications to keep cerebral
perfusion pressure > 60 to 80mmHg.

3. If SBP is >180mmHg or MAP is >130mmHg and
there is not evidence of or suspicion of elevated
ICP, then consider a modest reduction of blood
pressure (e.g., MAP of 110mmHg or target blood
pressure of 160/90mmHg) using intermittent or
continuous intravenous medications to control
blood pressure, and clinically re-examine the
patient every 15 minutes.

Notes: SBP, systolic blood pressure; MAP, mean arterial pressure.
Source: Adapted from [3].

Table 13.2. Intravenous medications that may be considered
for control of elevated blood pressure in patients with ICH

Drug Intravenous
bolus dose

Continuous
infusion rate

Labetalol 5 to 20mg
every 15min

2mg/min (maximum
300mg/d)

Nicardipine NA 5 to 15mg/h

Esmolol 250 µg/kg IVP
loading dose

25 to 300µg/(kgmin)

Enalapril 1.25 to 5mg
IVP every 6 h*

NA

Hydralazine 5 to 20mg
IVP every
30min

1.5 to 5 µg/(kg min)

Nipride NA 0.1 to 10µg/(kgmin)

Nitroglycerin NA 20 to 400 µg/min

Notes: IVP, intravenous push; NA, not applicable.
*Because of the risk of precipitous blood pressure lowering,
the enalapril first test dose should be 0.625mg.
Source: Adapted from [3].
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normalization of INR [7]. This argues for alternative
or additional treatment options such as prothrombin
complex concentrates [8] and perhaps factor VII
(in the absence of underlying prothrombotic state)
to reverse coagulopathy [9] in the setting of ICH.

New therapeutic approaches
The medical management of acute ICH revolves
around the concept of hematoma stabilization. Brott
et al. [10] clarified the idea that hematoma size is an
important determinant of mortality in the setting of
acute ICH, and demonstrated that early hematoma
growth does occur. Davis et al. [11] clarified that early
hematoma growth is the most strongly predictive
variable for poor outcome. Other investigators dem-
onstrated that acute edema formation also is predict-
ive of bad outcome [12]. These observations suggest
that reduction in the progression of ICH growth is
key to improving survival of these patients in the
setting of the ICU.

Activated factor VII
A new therapy offers the promise of reducing hema-
toma growth. In a recent phase II study, recombinant
activated factor VII given within the first four hours
of acute ICH improved survival and reduced hema-
toma expansion. The relative risk for mortality was
reduced by 30% for all doses of activated factor VII
included in the study [13]. A large randomized con-
trolled study to substantiate these results was recently
completed and while the official results have not yet
been published, emerging data seem to suggest that
this trial failed to demonstrate the effectiveness of
recombinant activated factor VII in ICH [14].

Recently published research may help identify
patients that are at greater risk of hematoma expan-
sion by the presence of tiny enhancing foci following
CT angiography (spot sign) [15] or contrast extra-
vasation [16] and it is to be seen whether the use of
hemostatic agents in this patient population might
ameliorate outcomes. Alternative hemostatic treatment
options include prothrombin complex and factor IX
complex concentrates.

Intraventricular thrombolysis
Existing data indicate that in patients who have smaller
ICHs (< 30 cm3) and intraventricular hemorrhage
(IVH) outcomes are related, in large part, to IVH [17].

Therapies that limit the consequences of IVH and
reduce the length of stay in the ICU may improve
survival significantly. An example of such a therapy is
intraventricular thrombolysis of clots in IVH. Several
small case series present evidence that supports intra-
ventricular lysis of clot as a safe intervention, yet provide
no conclusive evidence about its efficacy. These data
were summarized in a Cochrane systematic review
[18]. An ongoing clinical trial, Clot Lysis Evaluating
Accelerated Resolution of IntraVentricular Hemor-
rhage, is designed to determine the optimum dose and
timing of intraventricular recombinant tissue plasmi-
nogen activator (rt-PA) in patients who have IVH.

Minimally invasive surgery (MIS)
The role of MIS in the treatment of ICH has gained
importance over the past decade. Surgical therapies
have been unable to improve the neurological out-
come of these patients, as evidenced by the results
of the International Study of the Treatment of Intra-
cranial Hemorrhage, which failed to demonstrate a
significant benefit of aggressive surgical treatment
over conservative medical treatment for the acute care
of ICH [19]. To minimize brain tissue trauma that
is induced by surgical manipulation, and in view of
the failure of craniotomy/hematoma evacuation to
improve survival and neurological outcome after
ICH, new modalities (e.g., stereotactic-guided aspir-
ation) have emerged as treatment alternatives that
are amenable to testing. If MIS with or without throm-
bolytic therapy were capable of achieving safe and
efficient clot reduction, it might modify patient out-
comes positively. The trials looking at clot lysis in the
setting of ICH are discussed separately in Chapter 15.

Treatment of complications
Elevated intracranial pressure
Intracranial hypertension has been associated with
worse outcomes following ICH, which suggests that
ICP monitoring may be of benefit in selected high-
risk patients [20]. In the setting of increased ICP or a
herniation syndrome, controlled hyperventilation to a
PaCO2 of 27–30mmHg decreases ICP rapidly by caus-
ing cerebral vasoconstriction with an almost immediate
reduction in cerebral blood flow. Osmotherapy should
be instituted using mannitol with a serum osmolality
goal of more than 300mOsm/kg or hypertonic saline
with a Na goal of 145–155mmol/l [20,21]. Use of
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low-dose mannitol for prophylaxis against development
of intracranial hypertension has not been shown to
be effective in ameliorating outcomes [22]. For refrac-
tory elevations in ICP, additional options include
pharmacologically induced coma or decompressive
hemicraniectomy [23–25]. Steroids have no role in the
management of cerebral edema or increased ICP [26]
based on studies that showed either no improvement or
worsening outcomes in the group treated with steroids.
Whether a more aggressive glycemic control regimen
associated with steroid use would show significantly
different results remains a mystery.

Recently published retrospective data suggest an
association between prior statin use and decreased
perihematomal edema as well as decreased 30-day
mortality despite correction for other factors that
could impact outcomes. These emerging data how-
ever need to be prospectively validated before they
can be applied to this patient population [27,28].

Seizures
Seizures were believed to occur in 10–15% of patients
after ICH [29,30], but more recent data suggest a higher
prevalence when these patients aremonitored with con-
tinuous electroencephalography, especially patients in a
comatose state [31,32]. In its guidelines, the Stroke
Council of the American Heart Association recom-
mended uniform seizure prophylaxis in the acute
period after intracerebral and subarachnoid hemor-
rhage [3], but it did not define the duration nor classify
the patients by location of hemorrhage. Given the pos-
sible risk for neuronal damage and elevated ICP second-
ary to seizures, it seems reasonable to administer
phenytoin prophylactically in patients who have lobar
hemorrhages, especially in patients with altered mental
status. Additionally, in comatose patients with deep
hemorrhages, an EEG, preferably continuous, is sug-
gested to rule out non-convulsive status epilepticus. In
the absence of seizures, discontinuation of prophylaxis
2–4 weeks after the ICH seems reasonable [33,34].

Supportive treatment
1. Head of bed elevation to > 30 degrees increases

jugular venous outflow and decreases ICP.
2. Avoid hypovolemia to maintain CPP goals > 70.
3. Goals of normothermia should be maintained as

fever worsens outcome in several experimental
models of brain injury [35]. Therapeutic

hypothermia may be considered in the setting of
refractory ICP elevation for neuroprotection [36].

4. Goals of normoglycemia must be targeted given
that high blood glucose on admission
independently predicts an increased 28-day
case-fatality rate in both non-diabetic and diabetic
patients with ICH [37]. The specific ideal blood
glucose targeted range is controversial and is
being studied in clinical trials.

5. Subcutaneous (SQ) unfractionated heparin,
low-molecular-weight heparins/heparinoids,
anticoagulants, platelet antiaggregants, and use
of mechanical methods such as intermittent
pneumatic compression and graduated
compression stockings are options with varying
strengths of evidence for preventing venous
thromboembolism in patients with stroke. Timing
of restarting full dose anticoagulation in patients
who had an ICH secondary to anticoagulation
must be decided on a case-by-case basis based
on indication for anticoagulation and etiology of
hemorrhage (higher risk of recurrence with
amyloid angiopathy).

Identification of underlying etiology
In patients who are older than 45 years with a history
of hypertension and an ICH located in the basal
ganglia, thalamus, and posterior fossa, further investi-
gations to confirm the etiology of hemorrhage are
unnecessary [38]. In younger non-hypertensive indi-
viduals, further investigations, such as angiography to
rule out aneurysms and arteriovenous malformations,
are warranted. Because older patients are at higher
risk for tumors and metastasis, MRI might be the
first imaging modality used. Amyloid angiopathy is
a common etiological factor in older patients, espe-
cially those older than 65 years who have multiple
lobar hemorrhages. In hemorrhages in patients who
are on anticoagulation, a risk–benefit ratio needs to
be established before restarting anticoagulation.
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Chapter

14 Surgical management of intracerebral
hemorrhage
A. David Mendelow

Introduction
The clinical problem about whether or not to operate
on a patient with an intracerebral hemorrhage (ICH)
is a complex one because of the coexistence of three
different treatment aims:

1. To stop the bleeding and to avoid rebleeding
(seen particularly in patients on anticoagulants
and in patients with underlying aneurysms and/or
arteriovenous malformations [AVMs]).

2. To remove the mass effect to prevent secondary
ischemic brain damage. Such secondary brain
damage has been well recognized experimentally
[1] and has been confirmed clinically in some
studies [2] but not in others [3].

3. To treat secondary complications that include
obstructive hydrocephalus with infratentorial
(cerebellar) hemorrhage and the hydrocephalus
associated with intraventricular hemorrhage
(IVH).

It will be obvious to all that open craniotomy aided
by modern techniques including image guidance and
the operating microscope achieves the first and second
of these three aims. However, this usually requires a
general anesthetic and, if a clot is deep-seated, access is
via normal overlying brain structures. Deep clots may
therefore be better treated by minimal interventional
techniques that include endoscopic and/or catheter
aspiration, aided by the direct use of thrombolytic
drugs to avoid catheter obstruction [4,5]. Not un-
expectedly the International Surgical Trial in Intra-
cerebral Hemorrhage (STICH) trial [6] suggested that
superficial clots treated by open craniotomy resulted
in better outcomes than surgery for deep-seated clots
or by using less invasive techniques. However, that was

not the primary outcome measure and this suggestion
came from prespecified subgroup analysis. In that trial
1033 patients with spontaneous supratentorial ICH
were randomized to a policy of early surgery or to a
policy of initial conservative treatment. The primary
outcome measure was the prognosis-based 8 point
Glasgow Coma Scale (GCS) at six months. There was
no difference demonstrated between these two policies.
The conclusion about superficial lobar hematomas was
derived from subgroup analysis. Class 1 evidence needs
to be obtained from large prospective randomized
controlled trials (PRCTs) that have set clear primary
outcomes rather than from such subgroup analyses,
which will inevitably be underpowered. The overall
result of the STICH trial was therefore neutral.

For this reason, new PRCTs are ongoing to
address the question of whether or not there is a role
for surgery for supratentorial ICH more specifically.
In this chapter, the evidence from PRCTs will be
presented and analyzed in the form of meta-analysis.
Also, the ongoing PRCTs that address the questions
raised will be summarized.

Objective number 3 (the treatment of hydrocepha-
lus) will be addressed separately, but the main method
of acute treatment is by external ventricular drainage.
The problems created by such operative drainage relate
to catheter blockage by blood and exciting new work
on the intermittent use of thrombolytic agents will
also be summarized [4,7]. The special circumstances
of obstructive hydrocephalus with infratentorial (cere-
bellar) hemorrhage will also be considered because
insertion of an external ventricular drain (EVD) is a
relatively uncomplicated procedure and sometimes
may be substituted with ventriculo-peritoneal shunting
or third ventriculostomy [8].

Intracerebral Hemorrhage, ed. J. R. Carhuapoma, S. A. Mayer, and D. F. Hanley. Published by Cambridge University Press.
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Surgery for intracerebral hemorrhage
Despite 13 PRCTs that have investigated the role of
surgery for spontaneous supratentorial ICH there is
no firm conclusion that can be drawn about whether
or not to operate on these patients (B.A. Gregson,
personal communication, 2008). Ongoing analysis of
these trials has helped to identify subgroups of patients
that are most likely to benefit from surgery. However,
these subgroups need to be evaluated in further trials,
which are currently ongoing. This chapter summarizes
these trials and sets out the hypotheses for those that
are currently underway. There are, as yet, no trials of
surgery for infratentorial hemorrhage either of the
cerebellum or the brainstem but the limited evidence
that is available is summarized at the end.

There is no doubt that early removal of some
hematomas is effective: every neurosurgeon knows
that. There is thus agreement amongst neurosurgeons
that acute traumatic extradural and subdural hema-
tomas, which cause depression of consciousness, need
urgent operation [9,10]. However, the role of surgery
for traumatic ICH and/or contusion is less clear
cut. There is also agreement that postoperative hema-
tomas that cause symptoms should be immediately
evacuated. So, the benefit of surgical evacuation of some
clots is well recognized by neurosurgeons throughout
the world. By contrast, the benefits of surgery for
spontaneous intracerebral parenchymal hemorrhage
are less clear cut, largely because of the severe disabil-
ity that is often suffered by the survivors of surgery.
Similar problems are created by decompressive cra-
niectomy in stroke patients and following trauma.
The HAMLET, Decimal and Destiny trials have shown
that surgery saves lives but most survivors remain
disabled [11,12].

Nevertheless, it is only through PRCTs that firm
conclusions can be drawn because of the heterogen-
eity of case mix that confounds any non-randomized
study. This review therefore gives much greater
weight to the 13 trials (B. A. Gregson, personal
communication, 2008) than it does to the hundreds
of observational studies [13].

Operative techniques
Craniotomy
Standard craniotomy is easily performed either via a
scalp flap or through a linear incision. Strategic plan-
ning of the bone flap should minimize damage to

intact brain overlying the hematoma. Current high-
speed drills, craniotomes, ultrasonic aspirators and
flap-closure techniques are now so sophisticated that
they should not produce further brain damage with
superficial hematomas and should allow the entire
clot to be removed under direct vision (aided by the
magnification and good lighting that is routinely
provided by modern operating microscopes). This
also allows accurate and complete hemostasis to take
place using bipolar diathermy with modern non-stick
instruments (e.g., Codman Iso-Cool tips®). Image
guidance techniques help ensure accurate flap place-
ment and also improve operative maneuverability
with “smart image tracking” and “smart auto focus”
(Brain Lab®). Similarly, intra-operative 3D ultrasound
(often linked directly to the image guidance equip-
ment) ensures complete clot removal facilitated
by real-time re-imaging. Similar real-time intra-
operative imaging can be provided by intra-operative
MRI or CT but such equipment is very expensive
and time consuming to use. By contrast, 3D intra-
operative ultrasound is quick and relatively inexpensive.

Rebleeding is also prevented by the use of hemo-
static materials such as Surgicel® or Fibrillar®. Topical
thrombin products (FloSeal® [Baxter, USA]) can be
used on the dura and may also help to ensure that
hemostasis is more permanently achieved. These
hemostatic techniques all help to minimize the risk
of postoperative re-hemorrhage.

Decompressive craniectomy
In some circumstances, when a tight brain is anti-
cipated or encountered, a large bone flap can be
planned to provide a decompressive craniotomy.
Leaving the dura open allows the brain to swell post-
operatively thus maintaining a lower intracranial
pressure (ICP) and a better cerebral perfusion pres-
sure (CPP). Another option is to partially open the
dura with a series of crisscrossed linear incisions
(lattice duroplasty) [14]. Decompressive craniectomy
has been shown to reduce mortality in malignant
middle cerebral artery (MCA) infarction and three
PRCTs have been analyzed to confirm that [11,12].
The problem created by more widespread use of
decompressive craniectomy is that it results in a larger
number of severely disabled survivors. Nevertheless,
in the triple trial meta-analysis [11,12] there were
seven Rankin 2 survivors in the decompressive
craniectomy group compared with only one in the
non-operative group (p¼ 0.07; Fisher’s exact test)
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(Fig. 14.1). So there may be more patients that achieve
a better level of independence than if no decompres-
sive craniectomy took place. Full publication of the
recent HAMLET trial result [15] presents a less opti-
mistic view than the pooled analysis suggested and
indeed meta-analysis of all 134 patients from the three
trials does not yield a conclusive result [16]. To date
no PRCTs of decompressive craniectomy have been
performed in patients with spontaneous ICH. How-
ever, if performed in the future, it is likely that
reduced mortality will be achieved with an increased
number of disabled survivors as has occurred with
middle cerebral infarction. A review of decompressive
craniectomy for ICH has indicated that its use is not
widespread [17]. For these reasons, internal decom-
pression (removal of clot with excellent hemostasis) is
likely to remain the treatment of choice when surgery
is considered appropriate with supratentorial ICH.

Endoscopy
Realization of the effectiveness of endoscopy began
with Auer’s trial which showed a significant benefit
from endoscopic removal compared with conserva-
tive treatment [18]. Several centers perform endos-
copy as the main operative method for removal of
clot. To date only a few centers have agreed to per-
form endoscopy as a subsection of the STICH II trial

but no patients have yet been randomized from these
centers. Time will tell if there are sufficient numbers
of cases with sufficient surgical enthusiasm to con-
duct an endoscopic subsection of the STICH II trial.

Timing of surgery and clinical trials
It is the appropriateness of craniotomy and internal
decompression, and its timing, that has created the
controversy in patients with ICH. The first PRCT
evaluating surgery in ICH was published in 1961 and
showed that surgery had an adverse effect on outcome
[19]. That trial was in the pre-CT era and randomiza-
tion was not concealed by modern standards. Never-
theless, it will be included in the subsequent meta-
analysis. It did, however, influence neurosurgical prac-
tice in a nihilistic way for a long time until Auer et al.
published their single center trial of endoscopic
removal of supratentorial ICH [18]. They showed
a beneficial effect from surgery, thus initiating the
controversy that has raged until the present time.

Nobody likes extra work; particularly when it may
lead to expensive disability, criticism from colleagues
and managers and antagonism from ungrateful rela-
tives. This is a philosophy that pervades the National
Health Service (NHS) in the United Kingdom, and
many other parts of the world, where most emergency
craniotomies are performed by overworked trainee

14%
(7/51)

29%
(15/51)

31%
(16/51)

71%
(30/42)

5%
(2/42)

2%
(1/42)

2%
(1/42)

Conservative
treatment

Surgery

19%
(8/42)

4%
(2/51)

22%
(11/51)

MRS = 2 MRS = 3 MRS = 4 MRS = 5 Death

Fig. 14.1 Summary of the outcomes in the Decimal, Destiny and Hamlet trials: note only one single patient with a Rankin 2 outcome
with non-operative treatment compared with seven such patients with decompressive craniectomy (Fisher’s exact probability ¼ 0.07) [12].
MRS, Modified Rankin Scale.
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specialist registrars in neurosurgery on fixed salaries.
Indeed, many non-neurosurgical emergency oper-
ations fall into this category. Recent criticism of
delays in the NHS has appeared in the press [20].
Perversely, the incentive of “fee for service” (often
thousands of Pounds, Dollars or Euros) may lead to
the opposite: unnecessary operations being performed
because they generate income for the surgeon and/or
institution. Such non-medical factors play a role in
influencing the need for and timing of operations for
patients with ICH.

Against this background we have to interpret the
results of randomized controlled trials in surgical
patients. The largest trial of surgery in patients with
supratentorial spontaneous ICH was in fact neutral
[6]. The prespecified subgroups published in that trial
indicated that surgery might have a greater benefit in
patients out of coma (GCS Score> 9) with superficial
clots (< 1 cm from the cortical surface) (Fig. 14.2).
Subsequent analysis of the CT scans in STICH [21]
revealed a worse outcome when IVH was present
especially if there was associated hydrocephalus
(Fig. 14.3). The publication of this trial in the United
Kingdom has resulted in fewer patients being referred
for surgery and, when they are, trainees may deflect
the referral because of unavailability of beds or per-
haps just to avoid work in an overstretched service.
By contrast, in some countries, the results of sub-
group analysis have been used to justify surgery as
in both European and American guidelines that have
suggested a role for surgery in superficial hematomas
[22]. It is premature to adopt such a position and the
results of the ongoing STICH II trial should provide
class 1 information about the benefit or otherwise of
early surgery for superficial lobar ICH where there is
no IVH. The justification for STICH II comes from
the meta-analysis of the 13 trials about surgery with
supratentorial spontaneous ICH that have been pub-
lished to date (Fig. 14.4). There is a clear benefit from
surgery in terms of reducing mortality. Preliminary
analysis of both morbidity and mortality, in those
seven PRCTs that have provided sufficient data for
re-analysis, has also shown a strong trend in favor of
reduced morbidity and mortality in lobar hematomas
where there is no associated IVH (B. A. Gregson,
personal communication, 2008).

The STICH II trial is ongoing and, at this time,
has randomized the first 40 of a planned 600 patients.
The state of the STICH II trial can be assessed from
the website [23].

In additions to STICH II (which focuses on the
subgroup of superficial lobar supratentorial spontan-
eous intracerebral hematomas without ventricular
hemorrhage) two other trials are ongoing: the MIS-
TIE trial and CLEAR III:
� MISTIE is a PRCT of minimal interventional

surgery (as opposed to craniotomy in STICH II)
with insertion of a catheter into the clot and the
instillation of regular thrombolytic agents to
avoid blockage with clotted blood. The catheter is
inserted via a burr hole using image guidance.
The state of the MISTIE trial can be evaluated
from its website [24].

� In the CLEAR III trial, one or two EVDs are
inserted using image guidance to facilitate
drainage of blood and cerebrospinal fluid. The
Clear trials were initiated following successful
drainage with the use of thrombolytic agents such
as urokinase [7,25]. The Clear IVH trial used
recombinant tissue plasminogen activator (rt-PA)
and this phase II study has now been completed.
This dose finding safety and feasibility trial has
resulted in one milligram (mg) of rt-PA being
introduced eight hourly (with drainage over the
ensuing seven hours after clamping for one hour
to allow the rt-PA to act topically within the
ventricle). The CLEAR III trial is soon to be
initiated and the status can be examined on
their website too [26].

Cerebellar hemorrhage
Patients with cerebellar hemorrhage should be
regarded as a special category. No PRCTs have been
undertaken and none is likely because of the confound-
ing problem of hydrocephalus. There is no doubt that
obstructive hydrocephalus occurs and this produces a
secondary reduction in the level of consciousness hours
or even days after the primary cerebellar ICH. Patients
with cerebellar clots, who are in good condition with
preserved level of consciousness, should be carefully
monitored. If their level of consciousness deteriorates,
then scanning may reveal obstructive hydrocephalus
and an emergency EVD should rapidly restore con-
sciousness. However, if there is a large cerebellar clot
with obliteration of the basal cisterns, then primary clot
removal by craniectomy or craniotomy may be con-
sidered usually with an EVD as a preventative measure
to avoid postoperative hydrocephalus. This type of
obstructive hydrocephalus is quite different from that
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Review: STICH
Comparison: 01 Early surgery vs. initial conservative
Outcome: 16 prognosis-based GOS

Study
or subcategory

01 age
< 65
>= 65

02 GCS
GCS 5–8
GCS 9–12
GCS 13–15

03 side
Left hemisphere
Right hemisphere

80/88
140/187
126/193

83/99
158/196
137/201

182/262
164/206

204/284
174/212

0.89 [0.62, 1.29]
0.85 [0.52, 1.39]

1.93 [0.78, 4.75]
0.72 [0.44, 1.16]
0.88 [0.58, 1.34]

186/246
160/222

208/265
170/231

0.85 [0.56, 1.28]
0.93 [0.61, 1.40]

04 side
Lobar
Basal ganglia/thalam

107/181
236/284

130/194
247/300

0.71 [0.47, 1.08]
1.05 [0.69, 1.62]

05 volume
<= 50 ml
> 50 ml

211/302
135/166

238/323
140/173

0.83 [0.58, 1.17]
1.03 [0.60, 1.77]

06 depth from cortical surface
<= 1 cm
> 1 cm

170/257
174/208

192/260
184/234

0.69 [0.47, 1.01]
1.39 [0.86, 2.25]

07 intended method of evacuation
Craniotomy
Others

238/324
108/144

267/337
111/159

0.73 [0.51, 1.04]
1.30 [0.78, 2.15]

08 deficit of affected arm
Normal/weak
Paralyzed

110/182
231/279

135/206
238/284

0.80 [0.53, 1.21]
0.93 [0.60, 1.45]

09 deficit of affected leg
Normal/weak
Paralyzed

150/229
192/232

169/248
201/239

0.89 [0.61, 1.30]
0.91 [0.56, 1.48]

10 deficit of speech
Normal
Dysphasic/aphasic
Cannot assess

72/124
216/276
58/68

92/136
228/289
58/71

0.66 [0.40, 1.10]
0.96 [0.64, 1.44]
1.30 [0.53, 3.20]

12 country
UK
Germany
Spain
Poland
Latvia
Lithuania
Russia
Czech Republic
Macedonia
South Africa
India
Others with < 20 patients

43/60
51/65
15/19
25/33
20/28
11/20
19/26
39/44
24/36
29/43
26/38
44/56

49/62
66/78
15/19
33/42
20/29
16/25
15/20
33/43
30/43
27/34
35/43
39/58

0.1 0.2
Favors early surgery Favors initial cons

0.5 1 2 5 10

0.67 [0.29, 1.54]
0.66 [0.28, 1.55]
1.00 [0.21, 4.76]
0.85 [0.29, 2.52]
1.13 [0.36, 3.50]
0.69 [0.21, 2.29]
0.90 [0.24, 3.43]
2.36 [0.73, 7.61]
0.87 [0.33, 2.24]
0.54 [0.19, 1.53]
0.50 [0.18, 1.39]
1.79 [0.77, 4.14]

11 any antithrombolytic or anticoagulant therapy
Anticoagulant therapy
No anticoagulant therapy

24/34
322/434

38/46
340/450

0.51 [0.17, 1.46]
0.93 [0.69, 1.26]

Early surgery
n/N

Initial conservative
n/N

OR (fixed)
95% Cl

OR (fixed)
95% Cl

Fig. 14.2 Forrest Plot of subgroups from the STICH trial [6].

Chapter 14: Surgery in ICH

169



seen with primary IVH where catheter blockage is a
problem and where thrombolytic agents are being
evaluated [4,7].

An algorithm for the treatment of cerebellar clots
was suggested by Mathew et al. [27] and is shown in
Fig. 14.5. The surgical results of the removal of the
cerebellar clot can be surprisingly good.

Brainstem hemorrhage
Many primary brainstem hemorrhages produce dev-
astating neurological disability. They may be associ-
ated with cavernous angiomas and surgery to remove
the clot with excision of the cavernous angioma is
often considered when the lesion reaches an accessible
surface of the brainstem and where removal does
not increase the damage done by the bleed itself.
Microsurgical approaches to the surfacing hematoma
may remove the clot and the cavernous angioma,
sometimes with gratifying results [28].

Treatment of the cause of hemorrhage
If an ICH is caused by an AVM or aneurysm, then the
risk of rebleeding is a much more major problem.
These lesions have been dubbed “ictohemorrhagic” by
Mitchell et al. [17]. There is evidence from two

PRCTs of surgery for aneurysmal ICH that patients
are better treated surgically [29,30]. The trials of
spontaneous supratentorial ICH have tended to
exclude patients with aneurysmal rupture. For these
reasons, surgery is usually recommended when ICH is
associated with an aneurysm. Any ICH can be due to
an underlying AVM or dural fistula. These lesions
should be excluded angiographically at the outset
whenever possible. With modern MRA or CT angi-
ography (CTA) it is possible to exclude these lesions
non-invasively early in their presentation. If a dural
fistula is present, endovascular treatment can often
eliminate the lesion and the clot would then be treated
on its own merits. Occasionally, when such endovas-
cular treatment is not possible, surgical obliteration of
the fistula can be undertaken (Fig. 14.6).

With an AVM, craniotomy may be undertaken
at the outset when the clot is identified. However,
careful preoperative planning is needed because very
vascular AVMs may prove too great a challenge if
prior embolization of the inaccessible arterial feeders
is not first undertaken. When it is decided not to
evacuate a hematoma associated with an AVM, and
when subsequent surgery for the AVM is planned to
avoid rebleeding (6% in the first year and 3% per year
thereafter [31–33]) then such surgery is best under-
taken within three months of the ictus. This is because
the clot cavity guides the surgeon to the lesion and
minimizes new operative dissection with further
damage. Careful planning allows the surgeon to iden-
tify the AVM in the wall of the clot.

When the initial clot is not planned to be removed
and where craniotomy is not being considered or is
not feasible, then the best option may be gamma knife
stereoradiosurgery [34–36]. Stereoradiosurgery may
obliterate the lesion with or without prior angio-
graphic embolization [37].

An important principle is not to embark on the
treatment of the AVM when it cannot be totally
obliterated by either embolization, surgery, or the
gamma knife [38]. The details of multimodality treat-
ment of AVMs and the discussions regarding endo-
vascular coiling and clipping of aneurysms are
complex and beyond the scope of this chapter. Suffice
it to say that unless complete obliteration is envisaged,
it is better not to interfere with the circulation with
ill-planned embolization or surgery.

The treatment of unruptured AVMs is being
evaluated in the ARUBA trial [39] but both incom-
plete and complete interventions are being lumped
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Fig. 14.3 Effect of intraventricular hemorrhage and hydrocephalus
on outcome following intracerebral hemorrhage [19]. Star indicates
a significant difference (P< 0.00001) between IVH and no IVH.
Triangle indicates a significant difference (P< 0.05) between IVH
alone and IVH with hydrocephalus.
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Fig. 14.6 Dural fistula angiogram pre
(left) and post (right) craniotomy with
division of the tentorium cerebelli and all
the arterial feeding vessels within it: the
fistula no longer fills (right).
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Conscious

No AHC

Referred to hospital

Neurosurgical
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Initial CT
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Continue
to observe
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improvement

EVD

Improvement

Observe–anticipate
clinical deterioration
if < 48 h from onset

AHC AHC No
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Coma Coma

Fig. 14.5 Algorithm for treatment of cerebellar hemorrhage [25] (With permission.) CH ¼ cerebellar hemorrhage; EVD ¼ external
ventricular drain; AHC ¼ acute hydrocephalus; TLD ¼ treatment limiting decision.
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together in that trial. There is therefore likely to be a
bias against intervention because it is already known
that partial treatment is hazardous. Hopefully the
ARUBA investigators will recognize this problem
with the trial’s design and they will prespecify the
subgroups in which complete obliteration is both
aimed for at the outset and is achieved in practice at
the finish.

Unusual causes of hemorrhage
Sometimes a hemorrhage is found to be associated
with a tumor. Under these circumstances the treat-
ment of the tumor itself has to be considered in
relation to any planned evacuation of the clot. It is
unlikely that the catheter-based approaches (CLEAR
III or MISTIE) will become useful in patients with
associated tumors or where tumor removal or biopsy
are likely to be coordinated. Other causes of ICH that
need to be considered are those associated with anti-
coagulant usage or bleeding diatheses. In all cases
of anti-coagulant or clotting abnormality, the plan
should be to rapidly reverse the clotting abnormality
with vitamin K, fresh frozen plasma, prothrombin
complex concentrate, or recombinant activated factor
VII [40].

Conclusions
The best evidence about treatment of ICH to date
is summarized in the documents that compare Guide-
lines and Recommendations from the European
Stroke Initiative [41] and the American Heart Associ-
ation/American Stroke Association [42]. These guide-
lines and recommendations are compared by Juttler
and Steiner [22]. This is a rapidly evolving field and
it is likely that the family of trials described here
(STICH II, MISTIE and CLEAR III) will shed further
light on the best way to manage patients with ICH
over the next few years.
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Chapter

15 Future therapy in intracerebral hemorrhage
and intraventricular hemorrhage: aspiration
and thrombolysis
Paul A. Nyquist, Neeraj S. Naval, and J. Ricardo Carhuapoma

Introduction
Thirty-day mortality after intracerebral hemorrhage
(ICH) approaches 50%. Within the surviving patients,
only 20% achieve a meaningful level of functional
recovery at six months [1,2]. Intraventricular hemor-
rhage (IVH) is the direct hemorrhage of blood into
the ventricles of the brain. Mortality estimates for
IVH range from 50% to 80% [3–8]. The most common
cause of IVH is spontaneous ICH, followed by sub-
arachnoid hemorrhage (SAH). The incidence of IVH
in ICH is about twice that in SAH [7]. Approximately
10% of aneurysmal SAH and 40% of primary
ICH experience IVH [7,9,10]. Intraventricular hem-
orrhage in ICH and SAH account for 10% of the
700 000 strokes occurring yearly in the United States
[7,9–11]. The total annual incidence of IVH in the
United States is estimated to be about 22 000 adults
per year [9].

Case-control cohort studies have repeatedly
identified hematoma volume and admission Glasgow
Coma Scale [GCS] score to be the main prognostic
factors affecting survival and neurological outcome
in patients with ICH and IVH [12]. Reduction of
hematoma volume in both ICH and IVH could lead
to improved neurological outcome by several mechan-
isms. Reduction of clot size will directly reduce local
mass effect, thus decreasing the risk of fatal compli-
cations such as brainstem compression. In addition,
minimizing hematoma volume could also lead to
a decreased risk of globally elevated intracranial
pressure (ICP) due to obstructive hydrocephalus
(“trapped ventricles”). Conceivably, hematoma evacu-
ation could also minimize the process of secondary
neuronal injury leading to perihematoma tissue swell-
ing caused by a variety of biochemical mechanisms

triggered by the interaction between blood and viable
brain parenchyma (Fig. 15.1) [13].

At present medical management of ICH and IVH
revolves around the control of ICP. Despite best
medical management mortality remains high with
only 38% of patients surviving the first year [14]. Even
with best reported medical management mortality is
as high as 50% [15]. These studies suggest that meas-
ures to control ICP through control of such factors as
hydrocephalus have little effect. Diringer et al. looked
at the independent effect of hydrocephalus on out-
come and found that hydrocephalus resulted in
increased mortality and greater rates of intubation
[16]. Adams et al. found that control of hydrocepha-
lus with an external ventricular drain had very little
impact on survival in his cohort of 22 patients [17].

Large randomized trials proving the relative bene-
fit of intracranial and intraventricular thrombolytic
treatment over conservative medical management or
craniotomy alone do not exist yet. However, opti-
mism about this treatment modality is rising in light
of the results of small treatment trials summarized
in this report (Fig. 15.1). Several methodological
issues surrounding this form of treatment remain
to be resolved, including comparison of the relative
efficacies of various mechanisms of clot aspiration
and drainage. A dose-escalation trial showing the fibri-
nolytic dose that has the optimal risk–benefit ratio is
also required. Clinically meaningful study end points
should include global outcome measures that empha-
size improvement in function in addition to improve-
ment in mortality. Additionally, emphasis should be
placed on the timing of the initiation and the cessation
of therapy required to establish optimal clinical effi-
cacy. If successful, thrombolytic therapy for IVH and
ICH will become an important tool in the growing
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treatment armamentarium for IVH and ICH with
the potential for a disease modifying impact on these
patients.

Minimally invasive surgery (MIS)
The role of minimally invasive surgery (MIS) in the
treatment of ICH has gained importance over the past
decade. This can be attributed to the lack of validated
therapeutic options for this form of stroke as well as
to the high associated morbidity and mortality. Tradi-
tional medical and surgical approaches, proposed
mainly on clinical experience, have been unable to
favorably modify the neurological outcome of these
patients. Contemporary evidence that corroborates this
statement was provided by the results of the Inter-
national Study of the Treatment of Intracerebral Hem-
orrhage (STICH), which did not establish significant
benefit for aggressive surgical treatment over conserva-
tive medical treatment for the acute care of ICH [1].

Prospective research testing novel therapies capable
of improving the clinical outcome of ICH victims is

lacking. Additionally, fundamental questions clarifying
processes involved in the pathophysiology of secondary
injury following ICH remain to be investigated. Never-
theless, various clinical studies and case series testing
the hypothesis that clot burden plays a significant role
in several forms of ICH have become available in the
last ten years which seem to suggest that clot reduction
plays an important role in limiting brain edema and
additional neuronal injury, as well as in reducing the
severity of neurological deficits following ICH [2,18–20].
If MIS were capable of achieving safe and efficient clot
reduction, it would have a clear potential to positively
modify ICH patient outcomes (Fig. 15.2). In this
chapter, we attempt to review the available evidence
supporting this hypothesis and to delineate the future
clinical research needed in the area of thrombolytic
therapy in ICH and IVH.

Therapeutic targets
The relationship between blood/blood degradation
products and perihematomal edema following ICH

Fig. 15.1 Admission brain CT of a patient with spontaneous ICH showing a left basal ganglia hemorrhage with intraventricular extension (a).
Eight hours following admission, the patient developed worsening level of consciousness. Follow-up brain CT demonstrated significant
hematoma enlargement as well as worsening intraventricular hemorrhage (b).
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and IVH continues to be unraveled. Hemoglobin and
its derivatives (methemoglobin, deoxyhemoglobin,
and hemosiderin) have potent molecular and physio-
logical effects on adjacent brain parenchyma. Hemo-
globin with its prosthetic iron group is a nitric oxide
absorber with long-lasting physiological effects.
In addition, thrombin has been shown to induce
blood–brain barrier disruption vasogenic cerebral
edema [21–24].

In order to minimize brain tissue trauma induced
by surgical manipulation and in view of the lack of
success that craniotomy/hematoma aspiration has
demonstrated in improving survival and neurological
outcome after ICH, new modalities such as stereotac-
tic guided aspiration emphasize the role of less inva-
sive methods of clot evacuation as a viable treatment
alternative amenable to testing.

Approaches to hematoma evacuation
in ICH
Studies testing the safety and efficacy of MIS tech-
niques in the treatment of ICH have taken advantage
of mainly two different procedures:
� The use of endoscopic aspiration of the hematoma
� The stereotactic placement of a flexible catheter in

the core of the hematoma followed by the
administration of thrombolytic agents.

Both approaches are viable treatment alternatives to
the surgical stress of craniotomy in clot evacuation
that are amenable to testing.

In the late 1980s, Auer and coworkers performed a
randomized study comparing hematoma endoscopic
aspiration versus medical management in the treat-
ment of ICH patients [25]. Main inclusion criterion
in this study was the presence of a supratentorial
hematoma with a volume greater than 10 cm3. All
hemorrhages that occurred because of identifiable
brain lesions such as tumor, arteriovenous malforma-
tion (AVM), and aneurysms were excluded. At six
months, the mortality rate was 42% in the MIS-
treated group, which compared favorably with the
mortality in the medically treated group of 70%.
Nevertheless, significant differences in the quality
of life of patients with large-sized (> 50 cm3) hema-
tomas between the two cohorts were not observed. In
patients with smaller hematomas (< 50 cm3), quality
of life was improved in the MIS-treated group, without
a noticeable impact on the mortality. These results
generated controversies as many critics suggested that
lack of blinding could have led to differences in the
medical management of the two treatment groups.
Furthermore, benefits of this technique seemed restricted
to lobar hemorrhages and patients younger than
60 years old.

A study by Marquardt and coworkers focused on
the use of a novel multiple target aspiration technique

Fig. 15.2 Admission brain CT of a patient with massive spontaneous ICH involving right basal ganglia as well as the ventricular system
(Top). Following the stereotactic placement of an intraclot catheter and the administration of 2mg of rt-PA via this catheter every 12 hours,
the follow-up brain CT 5 days later (Bottom) shows near complete resolution of the parenchymal as well as the intraventricular hemorrhage
in this patient.
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in 64 patients to aspirate a “sufficient proportion” of
the hematoma with minimal risk for the patient.
More than 80% of the hematoma volume was success-
fully aspirated in 73.4% of the patients with only one
episode of rebleeding [26].

In recent years, emerging data showing favorable
outcomes with the local instillation of fibrinolytic
agents into the core of the hematoma has dampened
the enthusiasm for endoscopic aspiration without
fibrinolysis.

Fibrinolysis with clot aspiration in ICH
Clot evacuation combining the use of fibrinolysis with
clot aspiration has emerged as the most promising
surgical modality in the acute care of ICH. Clinical
trials testing this technique are generating increased
interest after the failure of standard craniotomy to
achieve outcomes superior to medical management,
as proven by the recently published STICH trial [1].
In several ways, stereotactic clot aspiration is similar
to endoscopic aspiration. Clot resolution is enhanced
by thrombolytic agents such as streptokinase [27],
urokinase, recombinant tissue plasminogen activator
(or rt-PA) for clot lyses. Several studies using animal
models of ICH and IVH have demonstrated the
efficacy of thrombolysis in reducing clot volume.
Furthermore, the associated increase in perihemato-
mal edema observed when rt-PA is used as therapy
for ischemic stroke has not been observed in trials in
ICH [2,28–30]. This observation suggests that rt-PA
may be used safely to accelerate hematoma volume
resolution. The testing of rt-PA in the treatment of
ICH has now moved into clinical trials.

The potential role of combining clot lysis with
stereotactic aspiration was also studied by Teernstra
et al. [18]. This modality was compared with best
medical treatment alone in the Stereotactic Treatment
of Intracerebral Hematoma by Means of a Plasminogen
Activator trial (SICHPA). Thirty-six of the 71 patients
enrolled in this multicenter trial were randomized to
the surgical group within 72 hours of onset. Inclusion
criteria were age > 45, spontaneous supratentorial
ICH> 10 cm3, and Glasgow Eye Motor scores between
2 and 10. There was a statistically significant reduction
in the volume of the hematoma in the surgically
treated group. There was no significant reduction in
six-month mortality in the surgical group (56% and
59% in the surgery and medical treatment groups,
respectively). Rebleed rate of 22% in the surgical

group, using urokinase as thrombolytic agent, was
deemed crucial in negating any benefit of reduced
lesion mass. The role of other confounding factors
on the study results, such as significantly larger hema-
toma volumes at baseline in the surgical group, is
unclear.

There is reason for optimism based on the find-
ings of smaller studies both in the United States as
well as Europe [19,20,31–37]. Montes and coworkers
demonstrated that use of clot lysis (using urokinase)
combined with stereotactic aspiration is safe and
accelerates clot volume reduction. This study was
completed in 12 patients. There was a mean reduction
in hematoma volume of 57% and an increase in clot
size in only one patient [31]. A mean reduction in clot
size of 84% was achieved in another small case series
by Lippitz et al. [32]. Rohde et al. showed a decrease
in clot burden following frameless stereotactically
guided catheter placement and clot lysis [33].

The optimal dosing of rt-PA for the treatment
of ICH remains unknown. Different groups of inves-
tigators have used different regimens, mainly based
on empirical reasons. Dose-escalation studies from
thrombolytic therapy in the treatment of IVH aimed
to clarify this subject further are close to completion.
Schaller and coworkers [36] used a novel method to
calculate the initial rt-PA dose. The amount of rt-PA
was directly proportional to the maximal diameter
of the initial hematoma volume. The dose was recal-
culated daily based on clot diameter as measured
by daily CT scans. A recent report by Barrett and
coworkers [37] used 2mg rt-PA every 12 hours for
hemorrhages > 35 cm3 in diameter until the hema-
toma volume was reduced to< 10 cm3, or the catheter
fenestrations were no longer in continuity with the
clot. This dose was based on safety data obtained from
previously published studies in ICH and IVH [33].

Most of the reported clinical experience in
the field of stereotactic surgery for ICH comes from
studies performed in Japan [38–44]. Matsumoto and
Hondo described the use of a 3.5mm diameter sili-
cone tube which was inserted into the center of the
hematoma following three-dimensional CT images or
biplane CT images taken to determine the coordinates
of the target point in 51 patients (34 basal ganglionic,
11 subcortical, 3 thalamic, and 3 cerebellar hema-
tomas). Following placement of the catheter through
a burr hole under local anesthesia, aspiration of the
hematoma was attempted with a syringe. Immediately
after the first trial of hematoma aspiration, urokinase
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(6000 IU/5ml saline) was administered through this
silicone tube and the drain was clipped. Subsequently,
aspiration and infusion of urokinase were repeated
every 6 or 12 hours until the hematoma was completely
evacuated. The silicone tube was removed when repeat
CT scanning revealed no residual hematoma [38].
These authors reported over 400 stereotactic aspir-
ation procedures in patients with hypertensive ICH.
A favorable outcome at six months was seen in
patients with basal ganglionic ICH in comparison to
patients who underwent conventional surgery or best
medical treatment alone [39,40].

Niizuma and coworkers reported significant
rebleeding in only 4 of 97 patients with hypertensive
ICH treated with CT-guided stereotactic aspiration.
In this study, the authors used urokinase for clot
liquefaction, followed by aspiration through a drain-
age catheter. In 70% of the cases, at least 80% of the
clot was evacuated [41].

Studies looking at long-term clinical outcomes
in stereotactic clot lysis and removal have been
performed in Germany. A retrospective review of
outcomes in 85 patients treated at the University of
Freiburg Medical School showed favorable long-term
clinical outcomes in patients who received local uro-
kinase following stereotactic hematoma evacuation
[34]. On the other hand, a retrospective review of
126 patients who had either frame-based or frameless
stereotactic hematoma puncture followed by clot
irrigation with rt-PA did not have improved clinical
outcomes despite the observed decrement in hema-
toma size. In this study, there was an associated
increase in poor outcomes in patients over the age
of 65 years [35].

A recently published study by Vespa et al. using
frameless stereotactic aspiration of deep ICHs
followed by local rt-PA instillation reported promis-
ing safety results, including improved neurological
outcomes that correlated well with the degree of
hematoma removal [19]. This study demonstrated
not only an improvement in the level of conscious-
ness, but also an improvement in the motor scores on
the affected side. Of note, there was no increase in the
perihematomal edema in the patients reported by
these and other authors [2,19].

Similar beneficial effects have been proposed for
the use of thrombolysis in IVH. Based on early data
showing a trend towards improved 30-day outcomes
in patients who received intraventricular urokinase
[45], a randomized double-blinded pilot trial by Naff

and coworkers has showed accelerated clot resolution
with intraventricular urokinase [46]. These results
seem to enforce the multifactorial nature of the
proposed therapeutic effect of rapid clot removal in
different paradigms of ICH.

The most recent Cochrane Database Review on
this subject [47] concluded that endoscopic evacu-
ation has not yet been shown to significantly decrease
the odds of death and dependency among survivors.
Sufficient evidence has not yet been obtained to estab-
lish this treatment as a standard of care. Reports
of treatment benefits from patients treated with
endoscopic aspiration of ICH in Japan have led to
the routine use of this modality as an alternative to
craniotomy in that country. In the United States, this
treatment modality has been restricted to research
environments in academic stroke centers and is
not widely advocated as a preferred method for the
treatment of ICH yet.

Intraventricular hemorrhage
Intraventricular hemorrhage contributes to morbidity
in many ways. Prolonged presence of IVH clot deep
within the brain causes decreased level of conscious-
ness. The greater the volume of blood in the ventricles
and the longer the duration of exposure, the greater
the length of time of coma [48,49]. One way to
combat this is through the placement of external
ventricular drains (EVDs). Studies looking at the
placement of EVDs suggest that EVDs do not affect
the size or damage associated with circulating blood
products nor do they change the time required for
blood clot resolution [46]. Until now, reducing the
size of the intraventricular clot and decreasing the
time that deep brain structures are exposed to clot
have not been directly addressed by any current
IVH treatment. The administration of thrombolytics
through the IVH may significantly improve outcomes
through the early reduction of clot size and reduction
of the cerebrospiral fluid (CSF) blood burden.

Intraventricular hemorrhage forms ventricular
blood clots, which block ventricular CSF conduits
causing acute obstructive hydrocephalus. If untreated,
ICP will increase and as the ICP approaches the
arterial perfusion pressure it can cause death. In the
setting of IVH, obstructive hydrocephalus is the
greatest and most immediate threat to life. External
ventricular drains are used to lower ICP quickly and
are continued until the ventricular blood clots have
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dissolved sufficiently to allow normalized CSF
circulation. In addition, the mass effect of clots in the
IVH may independently increase the risk of cerebral
edema and contribute to morbidity and mortality.

Blood degradation products embedded in the
subarachnoid granulations by the CSF flow may con-
tribute to morbidity. With prolonged exposure, blood
degradation products permanently occlude and scar
the subarachnoid granulations and consequently
inhibit CSF absorption [50–52]. This may cause com-
municating hydrocephalus, which impairs cognition,
gait and balance, and urinary continence. This syn-
drome of normal pressure or elevated pressure hydro-
cephalus may require the placement of a permanent
ventricular shunt to facilitate treatment. Early clear-
ance of IVH blood through the use of thrombolytics
may significantly improve outcomes in this setting
[5,45,46].

Two animal studies have looked at the effects of
injected blood in the ventricles of dogs and porcine.
Pang et al. utilized a dog model to show that throm-
bolysis of intraventricularly injected blood improved
mortality, resulted in earlier decreased clot size, and
improved level of consciousness in treated animals
[48,53]. Mayfrank showed similar results in a porcine
model of IVH using rt-PA as a lytic agent [54].
Ventricular dilatation with blood affected outcomes
in a manner independent of the effects related to clot
volume or mass effect supporting the hypothesis that
there is an independent biochemical effect of ven-
tricular blood on outcomes. There was a significant
decline in mass effect in pigs treated with rt-PA. In
both porcine and dog models there were no detectable
signs of inflammation in the meninges of sacrificed
experimental animals. The volume of injected blood
was directly proportional to mortality [53,54].

In the Pang dog model three important observa-
tions were made: that intraventricular urokinase sig-
nificantly hastened the resolution of intraventricular
blood, urokinase promoted rapid return of conscious-
ness, and improved neurological outcome. These
observations support the conclusion that the existence
of blood and heme products in the ventricles affected
outcome separately from the influence of the mechan-
ical effect of the clot and its effects on hydrodynamics.

In the last 15 years the concept that lysis of intra-
ventricular blood will improve outcome has gained
acceptance. A number of small case series present
evidence that supports intraventricular lysis of clot
as a safe intervention, yet provide no conclusive

evidence about its efficacy. However, the investigation
of techniques used to lyse clot in this disease have
been plagued by a number of false starts. The throm-
bolytic first used for the lysis of intraventricular clot
in the setting of IVH was urokinase. Until recently the
vast majority of published studies used urokinase.
Todo et al. first published a case series demonstrating
the safe and efficacious use of urokinase for the lysis
of IVH clot in the 1990s. In this study six patients
received intraventricular urokinase. There were no
observed secondary hemorrhages, supporting the idea
that urokinase could be used safely for intraventricu-
lar lysis in the setting of IVH [55]. Coplin et al.
published a case series with 20 IVH patients treated
with intraventricular urokinase and compared their
outcomes with historic controls. Clot life span was
reduced and no complications associated with EVD
placement where observed [56]. Naff et al. completed
a case series in which 20 patients were treated with
urokinase, with doses ranging from 5000 IU to
25 000 IU. Urokinase was given every 12 hours until
resolution of clot [45]. Earlier resolution of clot with
minimal complications were reported. Recently Naff
et al. completed a prospective randomized controlled
trial using urokinase. Patients were randomized into
a treatment group in which 25 000 IU of urokinase
were administered every 12 hours until prespecified
clinical criteria were obtained [46]. Twelve patients
were enrolled, seven treatment, and five placebo. Earlier
resolution of clot was observed in the treated group
[46]. However urokinase was withdrawn from use by
the FDA for concerns about drug safety. There were
issues concerning the safe manufacture of the drug.
The unavailability of urokinase ended a successful
line of inquiry emphasizing urokinase as the lytic
of choice in IVH. At present rt-PA has become the
predominant investigational agent for intraventricu-
lar thrombolysis in IVH. Studies are ongoing to
examine the safety of rt-PA in IVH, and a large
randomized control study has been funded.

The safety of thrombolysis for IVH is a question
of great concern. Recently a comprehensive Cochrane
review completed by Lapointe and Haines, reviewed
the safety and efficacy of thrombolysis in the Cochrane
collaboration format [57]. There are a number of case
series and some prospective randomized trials. In
seven independent studies, the use of intraventricular
thrombolytic agents has been reported in 74 patients
with ICH or SAH. Seventeen patients were treated with
urokinase and 57 with rt-PA. The dose of rt-PA ranged
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from 4 to 20mg daily. Good neurological outcome
was reported in 50 of the 74 patients as measured
by each group’s criteria. Complications potentially
attributable to treatment or EVD use associated with
treatment included: five cases of bacterial meningitis,
one patient had an increase in hematoma volume, and
two extradural hematomas were noted. Based on the
conclusions of this review, insufficient evidence exists
to support clinical efficacy. The preliminary analysis
does suggest rt-PA can be administered safely in IVH.
At present there is concensus in the clinical commu-
nity that a large randomized prospective study of
rt-PA in IVH is needed [57].

Some safety concerns about the indirect systemic
effects of rt-PA have arisen. In a rat model Wang et al.
reported a number of findings. They observed that
there was a dose-dependent effect on the rate of clot
resolution. They also observed that the flow of CSF
did not occur in concordance with a reduction in clot
size. There also appeared to be an independent toxic
effect of rt-PA administration. These included inflam-
matory changes in the choroid plexus and leukocyte
infiltration in the periventricular white matter of the
brains of treated rodents [58]. No human clinical data
report the observation of these toxic effects of rt-PA
in the ventricles of humans. Whether or not these
findings are clinically relevant remains to be seen.
These concerns over safety often arise from a series
of clinical observations seen in the use of rt-PA for
ischemic stroke. In that setting there is concern about
the effect of rt-PA as an independent risk factor for
cerebral edema and ICH.

Thrombolysis is a potential therapy for the treat-
ment of IVH in the setting of SAH. Thrombolytics
have been used extensively in small clinical trials
aimed at reducing the burden of blood associated
with SAH. The goal of such therapy is to reduce the
risk of occurrence and the intensity of vasospasm
observed in the setting of aneurysmal SAH. This has
led to studies looking at intracisternal thrombolysis
in the setting of SAH. The most recent study used a
single intra-operative dose of rt-PA in comparison to
a placebo. This was associated with a trend in the
reduction of angiographic vasospasm [59].

In the setting of IVH, thrombolytics could also
reduce the amount of blood in the ventricular system
and help to reduce the risk of vasospasm as well as
treat the side effects of IVH. The possibility that
thrombolytics may facilitate rebleeding in this setting
is of great concern. Intraventricular rt-PA in the

setting of acute IVH has also been used and examined
retrospectively in a large number of case series and a
few small prospective trials. One of the first case series
to be completed was by Findlay et al. in 1993. In this
series they had patients with IVH and SAH, IVH
and ruptured AVM, as well as a case of IVH from a
surgical catheter placement. They were treated with
individual doses of rt-PA in the range of 2–12mg.
Treatment was initiated within 24 hours of surgery.
No hemorrhagic strokes secondary to the rt-PA were
reported. The drug was dosed one time every 24 hours
with most patients receiving only one dose [59].
In this series with a large number of patients with
ruptured aneurysms, no cases of rebleeding were
associated with the use of this drug. This suggests that
this treatment may be safe and effective in the setting
of IVH and SAH [59]. Recently, Varelas et al.
reported their experience with rt-PA for IVH in a
prospective study in IVH in the setting of SAH. Ten
patients received the drug and their outcomes were
compared with ten age-matched controls. They found
that the rt-PA group had a statistically shorter length
of stay, more rapidly improving GCS score, and a
decreased need for shunt placement. The average dose
was 3.5mg of rt-PA administered on admission to the
hospital. The rt-PA was only administered after the
aneurysm had been secured [60].

Mayfrank et al. reported a case series of 12 patients
with IVH who were treated within 24 hours of onset of
symptoms with 2–5mg of rt-PA [61]. The dose was
given at 6–14 hours until a substantial reduction in
IVH volume was achieved, as recognized on CT scan.
The average time for marked reduction to normaliza-
tion of the CT scan was 24–48 hours from the begin-
ning of thrombolytic therapy. Improved ICP control
was observed in this study and only one complication,
a case of meningitis, was observed. Goh and Poon
reported a case series of ten patients, seven with
negative angiograms and three with AVMs. Follow-
up at three months identified no rebleeding, and no
cases of meningitis. Total doses of 6–12mg of rt-PA
were used in this study with a 24-hour dosing interval
[62]. These studies support the idea that rt-PA can be
safely administered in the setting of AVMs.

The most recently published study on the use of
rt-PA in IVH was completed at Mercer in Georgia.
Fountas et al. reported the results of a prospective
trial of rt-PA in IVH in 21 patients. These patients
were exclusively ICH patients without aneurysms
or AVMs. Thrombolytics were administered on a
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24-hour schedule with a dose of 3mg. There was an
observed hemorrhage rate of 19%, and an infection
rate of 14.3%. A CSF pleocytosis was observed in all
21 patients [63].

Intraventricular hemorrhage is also commonly
seen in premature infants. The estimates of the inci-
dence of IVH in this population range as high as
24.6% of all premature infants [64]. In this population
bleeding occurs at the site of the immature germinal
matrix. Hypoxia secondary to respiratory distress
results in an increase stress on the highly vascular
germinal matrix. This causes hemorrhage from the
germinal matrix directly into the ventricles. Protocols
incorporating streptokinase in the setting of neonatal
hydrocephalus and IVH have shown no benefit at
this time [65]. Whitelaw completed a Cochrane
meta-analysis suggesting that intraventricular lysis of
clot with streptokinase did not reduce the frequency of
shunt dependency in infants with IVH and hydro-
cephalus [65]. Whitelaw et al. have completed a phase
I trial examining the use of rt-PA in IVH in infants and
have reported the safe use of low doses of rt-PA in
infants. The doses used were 1.0mg or 0.5mg with
dosing intervals of 1–7 days. The half-life of rt-PA in
CSF in this setting was determined to be 24 hours.
Further study is needed to determine the efficacy of
this treatment at reducing dependency on shunts and
avoidance of hydrocephalus [66]. These studies have
provided valuable data for further study of IVH in the
adult setting. They have shown that smaller doses of rt-
PA given atmore frequent intervalsmay be efficacious;
they have also aided in the establishment of rt-PA’s
half-life in the ventricular system. Further testing of
this technique in adults will undoubtedly help to clarify
concerns over safety and efficacy in neonates.

Conclusion
There is evidence suggesting that thrombolytics used for
the lysis of blood in the setting of IVH and ICH in
humans may improve outcomes. The potential clinical
benefits include: faster reduction of IVH and ICH clot
size, faster removal of blood from the ventricular
systems, reduction in the incidence of hydrocephalus,
reduced time in coma, and reducedmortality. This may
result in improved patient survival, reductions in the
number of patients requiring long-term shunting,
reduced length of stay in the ICU, and improved neuro-
logical outcomes. At this time there appears to be a
clinical consensus that rt-PA is the most commonly

used thrombolytic and studies are testing rt-PA in this
setting. Future clinical trials using this drug are under
way and rt-PA appears to be the drug for which the
most accurate information about safety and efficacy will
exist. There are number of issues that must be resolved
about the use of rt-PA in the setting of IVH. These
include what dose is safest, what period of dosing is
safest, when to stop treatment, and which ventricles to
place catheters in formaximum clot reduction.Many of
these questions will be answered by ongoing clinical
trials. With the completion of these trials it is the hope
of physicians that we will at last have a treatment for
lyses of IVH that is safe and effective. The use of throm-
bolysis in the setting of IVHmay be one ofmany clinical
tools that will improve outcomes associated with ICH
and IVH. Hopefully this new tool may help to change
the attitude of many physicians in the setting of IVH
from therapeutic nihilism to dogmatic optimism.

There is a current FDA sponsored randomized
prospective trial on the efficacy and safety of rt-PA
in IVH. This study is the Clot Lysis: Evaluating Accel-
erated Resolution of IntraVentricular Hemorrhage
(CLEAR IVH). This study is designed to determine
the optimum dose and timing of rt-PA in IVH. It will
help to establish standard procedures about the use of
rt-PA in the setting of IVH and resolve many of the
issues discussed above.

Similarly in ICH the use of intra clot thrombolysis
and aspiration in MIS has advanced to the point
where clinical trials are now under way to test stereo-
tactically guided clot lysis and aspiration. The MISTIE
(Minimally Invasive Surgery plus rt-PA for ICH
Evacuation) trial, a National Institutes of Health
(NIH) funded exploratory trial using rt-PA as a throm-
bolytic, is presently under way. The data to answer the
key questions of lytic dose, optimum timing, and
optimal treatment candidates are yet to be deter-
mined. The use of endoscopically based MIS is alive
and well in countries other than the United States. Its
application here will depend on the interest of clin-
icians and the availability of technology.
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Section 6
Chapter

16
Prognosis and outcome

Mathematical models of intracerebral
hemorrhage and intraventricular
hemorrhage outcomes prediction: their
comparison, advantages, and limitations
Stanley Tuhrim

Clinical outcomes prediction in rudimentary form
began as clinical observations of associations between
single characteristics and pertinent outcomes. The
advent of computerized statistical analysis made feas-
ible multivariate modeling in which the contributions
of several factors to a particular outcome could be
considered simultaneously and their colinearity and
interactions could be analyzed. As a result, the roles
of characteristics that were interdependent could be
more clearly elucidated. Broadly speaking, multivari-
ate modeling in intracerebral hemorrhage (ICH) has
focused on two types of applications: determining
outcomes, such as short-term survival or long-term
recovery, and examining the independent effects of
specific characteristics (e.g., intraventricular hemor-
rhage [IVH]) that could help explicate pathophysio-
logical mechanisms and identify potential targets for
intervention. Modeling also provides a mathematical
means for adjusting for variables that may affect out-
comes and complicate the assessment of the effect of
another variable, in the context of either an observational
study or a clinical trial.

Published nearly 20 years ago, the initial multi-
variate models addressing outcome in ICH focused
on 30-day mortality [1,2] and identified Glasgow
Coma Scale (GCS) score, ICH size, and IVH as
important predictors of short-term outcome. Since
then over 25 similar analyses have confirmed the
importance of these variables and suggested a number
of others (listed in Table 16.1) about which there
is less consensus [3–27]. In general, these models are
accurate and easily applied in a clinical setting. There
are several limitations however. First, with a few excep-
tions, these models have not been confirmed by testing

in independent data sets distinct from those from
which they were derived. This would be a more
significant concern were it not for the consistency of
the results of most of these models. Second, it has
been suggested that these models have become “self-
fulfilling prophecies” [28] because they could be used
as tools for triaging patients with little chance of sur-
vival to less aggressive forms of care, thereby depriving
them of life-sustaining interventions. While this asser-
tion is difficult to confirm or disprove, there is actually
little evidence that any of these models are used for
triage [17]. The consistency of the factors appearing
in the earliest models, developed using data collected
in clinical settings naïve to predictive instruments,
and those appearing in subsequently derived models,
suggests that the impact of these factors predates any
triage effect that could lead to a self-fulfilling prophecy.
In addition, the similarity of the factors predicting
short-term mortality and long-term disability indi-
cates that it is likely that if more aggressive care could
prevent some short-term mortality, the longer-term
outcome in these survivors would remain poor.

Perhaps the greatest limitation of these models
as predictive instruments is their inability to provide
relative certitude regarding outcome in the majority
of cases. Typically the accuracy of these models
is assessed by comparing the predicted likelihood
of an outcome (e.g., 30-day mortality) in a particular
category of patient with the observed outcomes in a
specified population. While the performance assessed
in this way has generally been quite good, most
patients fall in categories associated with intermediate
likelihoods of stated outcomes, limiting the model’s
practical value. For example, a model may indicate
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that in a group of patients with a GCS score � 8 and
intraventricular extension of a small ICH the expected
30-day mortality would be 55% and, indeed, six of ten
patients with those characteristics were observed
to die [29]. While this may indicate the accuracy of
the model it provides little of practical value for the
patients in this category beyond that of a two-sided
coin. Put another way, if the predicted probability of
an outcome does not differ much from the natural

history of the group as a whole for many patients,
then that model provides little added value beyond
knowing that the patient has had an ICH.

Having established the importance of factors such
as ICH size and GCS score in predicting outcome,
multivariate modeling can be used to determine if
other factors present in a subset of ICH patients are
independent contributors to morbidity or mortality,
thereby establishing their importance as potential

Table 16.1. ICH outcome models

Age ICH size IVH þ/� IVH vol GCS Location Hydro BP Glu 4th vent

Portenoy [1] N þ þ N þ � N � N N

Tuhrim [2] N þ þ N þ N N þ � N

Dixon [3] � þ þ N þ þ N � N N

Senant [4] þ þ þ N þ � N � � N

Daverat [5] þ þ þ N þ � N N N N

Broderick [6] � þ N þ þ � N � N N

Lisk [7] þ þ þ þ þ � � � N N

Shapiro [8] � þ þ N þ N N N N þ
Masè [9] � þ þ N þ � N � � N

Qureshi [10] � þ þ N þ � N � N N

Fogelholm [11] � � � N þ N � þ þ N

Diringer [12] � � � � þ � þ � N N

Fujii [13] þ þ � N þ N N � N N

Razzaq [14] � þ þ N þ � þ þ N N

Tuhrim [15] N þ � þ þ N þ þ N �
Phan [16] � þ þ N þ � þ � � N

Hemphill [17] þ þ þ N þ þ N � � N

Hallevy [18] þ þ þ N þ � N � N þ
Cheung [19] � � þ þ þ � � þ � N

Fang [20] þ þ þ N þ þ N � þ N

Leira [21] þ þ þ N þ � N � N N

Roquer [22] þ þ þ N þ � N � þ N

Toyoda [23] � þ þ N þ N N þ þ N

Franke [24] � þ � N þ N N � þ N

Schwarz [25] þ þ þ N þ � N þ þ
Berwaerts [26] � þ � N þ � N N N N

Nilsson [27] þ þ � N þ þ N N N N

Notes: GCS, Glasgow coma scale; Hydro, hydrocephalus; BP, blood pressure; Glu, glucose; N, not determined.
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targets for intervention. A primary example of this
application is the confirmation of the volume of IVH
as an important contributor to short-term morbidity.
In contradistinction to primary IVH, which generally
results in a good short-term outcome [29], IVH was
initially identified by clinical observation as carrying
a poor prognosis in ICH. Because intraventricular
extension generally occurred in the setting of large
parenchymal hemorrhages, confirmation of the inde-
pendent contribution of IVH to poor outcome required
multivariate modeling. The significance of the pres-
ence of IVH was initially demonstrated by Portenoy
et al. [1] and has subsequently been confirmed and
expanded upon, so that the volume and location of
IVH are now recognized as important contributors to
morbidity [15,30]. In conjunction with animal studies
demonstrating both the noxious effect of IVH and the
amelioration of this effect by its rapid lysis and removal,
this has lead to the development and assessment of an
intervention (thrombolysis via injection of a throm-
bolytic agent through an intraventricular catheter).

Prognostic models have also fostered the develop-
ment of prognosis-based clinical trial methodology in
which prognostic models are used to stratify patients.
The recently completed International Surgical Trial in
Intracerebral Hemorrhage (STICH) divided patients
into good and poor prognosis groups on the basis of
their prognosis as estimated from an equation based
on prior observational studies. For subjects in the
poor prognosis group, those with a prognosis score
below the median, a favorable outcome included the
good recovery, moderate disability, and upper severe
disability categories in the Glasgow Outcome Scale,
while for the good prognosis group a favorable out-
come included only good recovery and moderate
disability [31]. While this study, as most others of
surgical intervention in ICH, failed to show a benefit
of evacuation over conservative management, the use
of prognosis-based outcome measures has been advo-
cated as an important advance in avoiding missing
clinically significant treatment effects [32].

Another area that has garnered much recent atten-
tion is the early growth of ICH. The frequency and
clinical significance of early expansion of ICH was
recognized as a consequence of the early investiga-
tions into the use of intravenous tissue plasminogen
activator (t-PA) for acute ischemic stroke [33] but,
more recently, modeling of outcomes has lead to the
recognition of the importance of early hematoma
growth in early neurological deterioration (END)

and the significance of both of these interrelated
phenomena on ultimate outcome [21]. In these studies
END serves as both an outcome measure (dependent
variable) and a predictive factor (independent variable)
associated with an eightfold increase in a poor ultimate
outcome. Factors recorded during the first 48 hours
after admission that were identified as independently
associated with END were age, male sex, time from
onset, severity as measured by Canadian Stroke Scale
score, IVH, and systolic blood pressure. Each of
these factors was also associated with poor functional
outcome, although systolic blood pressure was of
borderline statistical significance. Factors present
on admission that were independent predictors of
END included elevated body temperature, neutrophil
count, and plasma fibrinogen levels, but no CT scan
findings, such as ICH volume or location or presence
of IVH.

Utilizing modeling in this way provided evidence
for a scenario in which inflammation (as evidenced by
the association with inflammatory markers) leads
to early hematoma growth and through that (and
perhaps other mechanisms) to END, which in turn
is associated with a poor functional outcome. As a
result of this mathematical modeling of outcomes a
pathophysiological model can be created that suggests
several possible avenues for intervention: reduction
of blood pressure and possibly other approaches to
the elimination of early hematoma growth such as
enhancement of clotting mechanisms. Other studies
have confirmed the associations between elevation of
inflammatory markers [34] and blood pressure levels
[35] and ICH enlargement, further substantiating
the potential importance of these hypotheses. Indeed,
a prospective feasibility study suggests modest blood
pressure lowering may be a safe and effective means
of reducing early hematoma growth [36].

Recently, a similar approach has been used by
multiple investigators to investigate the contribution
of prior antiplatelet use to early deterioration in
ICH. Using mortality, early hematoma enlargement,
and need for surgical evaluation as outcome measures
and adding antiplatelet use to conventional variables
associated with these outcomes in ICH, three separate
groups of investigators recently demonstrated a sig-
nificant, intuitively plausible and clinically important
relationship between recent antiplatelet use, early
hematoma growth, and outcome [22,23,37]. Again,
this suggests a possible therapeutic strategy applicable
to as much as one-third of all ICH patients [38].
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Conclusion
Mathematical models of outcomes in ICH have
proved useful in several ways. They have identified
consensus clinical and imaging characteristics of ICH
that are strongly associated with short- and long-term
outcome, including GCS score or level of alertness
on admission, intraparenchymal hematoma size, and
presence and quantity of IVH. They have fostered the
development of predictive instruments that are suffi-
ciently accurate that they could be used to counsel
patients and families regarding the likelihood of
survival and recovery. These models could also be
used to differentiate between those who may benefit
from intensive care and those whose prognosis is so
poor that they would be very unlikely to benefit from
any intervention, although there is little evidence that
this is done in practice.

Models can be used to provide a sophisticated
historical comparison for data collection in observa-
tional studies. Models are also used to define patient
groups suitable for specific clinical trials and help
to define relevant endpoints that can be prespecified
for a particular group according to their expected
outcome. Finally, mathematical outcome models have
been used to identify specific findings (e.g., IVH,
hydrocephalus) or other characteristics (e.g., aspirin
use) that may affect outcome and be targets for
intervention.
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Section 7
Chapter

17
Advances in pathogenesis and treatment
of intracerebral hemorrhage: experimental

Animal models and experimental
treatments of intracerebral hemorrhage
Kenneth R. Wagner and Mario Zuccarello

Introduction
Considerable interest has developed over the past
decade in experimental studies of intracerebral hem-
orrhage (ICH) in animal models. This interest has
focused not only on the pathophysiological, biochem-
ical, and molecular mechanisms underlying brain
tissue injury following ICH, but also on new pharma-
cological, surgical, and rehabilitative therapies in
experimental ICH models. Our goal in this chapter
is to focus on the details of producing ICH in animals.
We will discuss the two standard methods to induce
ICH, i.e. intracerebral blood infusion and bacterial
collagenase infusion, and review their pros and cons.
We will also review the animal species that have been
employed in ICH research. We will describe the
advantages and disadvantages of these models and
will suggest the “best” models and methods based on
the goals of the study, the experimental plan, the
desired hematoma volumes, and the expense. Lastly,
we will discuss specific mechanistic and therapeutic
findings that have been reported during the past sev-
eral years in these models.

Comprehensive reviews of experimental ICH
models have been published by Kaufman and
Schochet in 1992 [1] and by ourselves in 2002 [2].
Recently, we updated the subject in a broad overview
and evaluation of animal models used in ICH
research [3]. For more information about mechan-
isms of ICH-induced injury, the reader is referred to
several recent comprehensive reviews [4–10].

Overview of ICH models and species
Classically, intracerebral hematomas have been
induced in experimental animals by directly infusing
autologous blood into the brain parenchyma. Using

this method, experimental ICH has been studied in
several animal species, including rat, rabbit, cat, dog,
pig, primate (reviewed in [1] and [2]). The brain
region of choice for ICH production has been the
basal ganglia, especially in rodents. In pigs, infusions
into the frontal white matter enable larger blood
volumes to be studied. Recently, several laboratories
have employed this method to induce ICH in the
mouse [11,12]. In our laboratory, we have developed
a large animal (porcine) lobar ICH model in which we
infuse up to 3.0ml of arterial blood into the frontal
hemispheric white matter [13]. We have used this
model to examine ICH pathophysiology, pathochem-
istry, and surgical clot evacuation [13–15] (reviewed
in [6,7,16]).

A second commonly used model that was
developed by Rosenberg and colleagues employs a
local injection of bacterial collagenase usually into
the basal ganglia [17,18]. Collagenase dissolves the
extracellular matrix, which ultimately leads to blood
vessel rupture causing ICH. This model, which was
originally developed in rats, has been extended
recently to include mice. It is discussed in more detail
below.

These models have contributed significantly to
our knowledge of ICH-induced injury to gray and
white matter and to the development of brain atro-
phy. Specifically, they have provided information on
the roles of mass effect and elevated intracranial pres-
sure (ICP), alterations in blood flow and metabolism,
and the impact of specific blood components on brain
edema formation and blood–brain barrier (BBB) dis-
ruption. Currently, these models are providing details
of ICH-induced biochemical and molecular events as
well as enabling the testing of potential pharmaco-
logical and surgical therapies.
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In this chapter we first describe the classical blood
infusion ICH models. We then review the collagenase
model. In each section we first detail the findings
from individual species. We then discuss the brain
neuropathological responses to ICH in these models
and compare them to observations in human ICH.
Lastly, we address the limitations of animal models
and discuss their ability to fully capture the complex-
ities of ICH development in humans.

Intracerebral blood infusion
ICH models
Intraparenchymal infusion (or injection) of autolo-
gous arterial blood has been the traditional technique
to generate an intracerebral hematoma. This method
clearly does not reproduce the arterial vessel rupture
that occurs in spontaneous ICH in humans. However,
it does permit the infused blood volume to be con-
trolled, thereby enabling the generation of reasonably
reproducible hematoma sizes and mass effects. As
described below, blood infusion models have been
very useful for studying the pathophysiological and
biochemical consequences of the presence of blood
within the brain tissue. Some disadvantages of blood
infusion models are the possibility of the blood caus-
ing ventricular rupture during the infusion and for
the infused blood to back flow along the needle track
[19,20]. These problems can lead to intraventricular
and/or subarachnoid leakage of blood.

To avoid these problems, Deinsberger and col-
leagues [19] have introduced a double hemorrhage
method. In their model, a small volume of blood is
initially infused into the brain tissue at a slow rate.
A seven-minute wait then follows which allows the
infused blood to clot along the needle track. The
remaining blood is then infused to produce the hema-
toma. This method, by enabling blood to clot around
the needle shaft, helps to prevent the backflow of
blood into the subarachnoid space during the subse-
quent blood infusion to generate the hematoma.
Several other groups have reported studies success-
fully employing this double infusion approach in rats
[21] and in mice [11].

Rats
Rats have been the most frequently used species for
experimental ICH studies with the basal ganglia being
the most commonly injected site. Among the earliest

comprehensive ICH studies were those conducted by
Mendelow and colleagues in the mid-to-late 1980s in
which they examined relationships between mass
effect, perihematomal blood flow, and ICP [22–26].
In addition, to examine the relationships between
mass volumes, elevations of ICP, and local perfusion
this group also conducted studies using inflatable
microballoons [27]. Based on their findings in the
rat model that ICH markedly reduced perihematomal
blood flow, they concluded that ischemia was respon-
sible for secondary damage after ICH ([28,29],
reviews).

It should be noted, however, not all studies sup-
port the conclusion that severe ischemia is responsible
for perihematomal tissue injury after ICH. Ropper
et al. [30] observed a significant but small degree of
ischemia (20–30% below baseline) initially. This was
followed by flow recovery and even hyperemia in the
hours following ICH. More recently, Yang and col-
leagues [20] using [14C]-iodoantipyrine to measure
local cerebral blood flow (CBF), found 50% reduc-
tions in CBF at 1 hour after ICH with a return to
control values by 4 hours. These workers concluded
that although ischemia does occur during the early
hours after blood infusion in the rat, the reduction in
flow is not severe nor is it the basis for perihematomal
edema development [20]. Similarly in ICH patients,
Powers and colleagues [31,32] concluded from posi-
tron emission studies, that while ICH reduced local
blood flow ipsilateral to the hematoma, it was coupled
with reduced perihematomal tissue metabolism which
is indicative of the absence of ischemia.

It is noteworthy that in addition to these observa-
tions that ischemia may be insufficient to cause
damage, and that reduced flow appears to be coupled
to reduced metabolism, other workers have reported
perihematomal hyperemia after ICH [26]. Further-
more, we recently reported increased glucose metab-
olism in rat perihematomal brain due to glutamate
receptor activation [33]. This finding may explain the
hyperemia and also the marked increases in peri-
hematomal lactate that we previously reported in
our porcine ICH model [14] [16,34].

Mechanisms underlying edema formation
following ICH have been long debated. This issue
has been resolved by studies in rats (and in pigs) in
recent years [10]. These findings have established that
coagulation cascade activation and specific plasma
proteins are required for perihematomal edema
development. Studies by the University of Michigan
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ICH group directly demonstrated that thrombin pro-
duces edema that is comparable to that generated by
infusions of whole blood [35]. Support for this con-
clusion has come from additional studies both in rat
and in porcine ICH models in which infusions of
heparinized (versus unheparinized) blood generated
very little edema [36].

Additional studies in the rat ICH model related to
edema formation have demonstrated that the contri-
bution of the hematoma’s red blood cells is delayed.
Thus, infused red cells do not produce edema in the
basal ganglia until after the first 24 hours postinfusion
[10]. This is due to the time required for red cell
membrane breakdown and hemoglobin leakage, since
infusions of lysed autologous erythrocytes into the rat
brain produce marked edema within the first 24
hours after infusion.

The important role of iron and hemoglobin in
ICH-related neuronal death [37–39] are supported
by a recently developed new hippocampal infusion
model. Song and colleagues [40] found that hemo-
globin or iron injection versus saline caused marked
hippocampal neuronal death. Importantly, systemic
treatment with deferoxamine reduced hemoglobin-
induced DNA damage, hippocampal neuronal death,
and atrophy.

Complement activation and membrane attack
complex formation also appear to contribute to peri-
hematomal edema formation since N-acetylheparin,
which inhibits complement activation, diminished
this edema [41]. Importantly, these results in an
animal ICH model suggest that the complement
system could be a target for future ICH treatment.

Lastly, studies in a rat cortical ICH model demon-
strate the additional toxicity of hemorrhage as
compared to cerebral ischemic insults [42]. These
investigators showed that extravasated whole blood
causes a greater degree of cell death and inflammation
than ischemic lesions of similar size [43].

Cats
Experimental ICH in cats has been produced by auto-
logous blood infusions. A report in the late 1970s
demonstrated important relationships between hema-
toma size and location, functional deficits, and ICP
elevations [44]. Relationships between neurological
deficits and hematoma volume were also observed
by Dujovny et al. [45] and by Kobari et al. [46] who
demonstrated that increased ICP was the main cause

of blood volume/flow reductions shortly after basal
ganglia ICH. Dujovny et al. [45] also reported that
urokinase treatment resolved internal capsule hema-
tomas and also improved neurological outcomes.
Interestingly, these important findings in a cat ICH
model support the findings in human ICH where a
strong relationship between hematoma size and clin-
ical outcome has been reported [47].

Rabbits
Kaufman and colleagues [48] stereotactically injected
autologous blood into the thalamus of rabbits to
study the effect of hematoma volumes on survival.
Rabbits only tolerated clots that were 3%–5% of their
brain volume, a clot volume that approximates a
50 cm3 hematoma in humans.

A rabbit ICH model was employed in an early
study of hematoma removal with thrombolytics by
Narayan et al. [49]. Hematomas were effectively lysed
with urokinase in 86% of animals. In contrast, only
23% of saline controls showed evidence of hematoma
resolution. Urokinase treatment did not increase
damage or inflammation. The authors concluded that
urokinase was safe and effective even if treatment was
delayed for 24 hours. Recently, Zuccarello and col-
leagues [50] demonstrated the efficacy of stereotactic
urokinase administration for human ICH treatment.

Koeppen and colleagues [51] have conducted
detailed studies of the perihematomal cellular
response in a rabbit thalamic ICH model. Their find-
ings also demonstrated that hematoma resolution
after whole blood infusion occurred more slowly than
after red blood cell infusions indicating that plasma
proteins themselves are important contributors to
ICH injury processes.

Other studies in rabbit ICH models have been
reported. Gustafsson et al. [52] demonstrated that
susceptibility-weighted gradient echo imaging at 1.5
Tesla is highly sensitive in detecting hyperacute par-
enchymal as well as subarachnoid and intraventricu-
lar hemorrhages. Qureshi et al. [53] developed a new
model in which autologous blood was infused into the
frontal white matter under arterial pressure. This
model was used to investigate the degree of injury at
24 hours within and outside the hematoma.

Dogs
Canine models were among the first animals used to
study ICH pathophysiology. Steiner et al. [54], in
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their examination of the brain’s tolerance to the pres-
ence of a hematoma, found different lethal volumes
for specific ICH sites. They concluded that lethal
hematoma volumes were due to marked elevations
of ICP.

Enzmann and colleagues [55] used high-
resolution sonography, CT and neuropathology in a
canine parietal lobe hematoma model to examine the
evolution of brain tissue injury following ICH. They
reported that the sequence of imaging changes in
their ICH model showed good correlation with their
findings in ICH patients. Early MRI studies of ICH
were conducted by Weingarten et al. [56] in a canine
model. Based on their studies of venous and arterial
blood infusions and intraventricular locations of
blood, they recommended that gradient echo
sequences would be highly useful in detecting and
delineating hemorrhages in ICH patients.

Computerized tomography imaging and histo-
logical studies were conducted by Takasugi et al.
[57] in an internal capsule ICH model in dogs. These
workers identified three distinct stages:
� During the acute stage (< 5 days), homogeneous

high density was present on CT at the hematoma’s
periphery, while histologically, a necrotic layer of
perihematomal tissue was present.

� In the subacute stage (5–14 days), perihematomal
CT density was decreased with ring enhancement
after contrast injection. This corresponded
histologically to the presence of immature
connective tissue with argentophilic fibers.

� In the chronic stage (> 15 days), contraction of
the enhancing ring was noted and corresponded
to mature connective tissue with collagen fibers.

Quereshi et al. [58] conducted an important study
of the effect of massive ICH on regional CBF (rCBF)
and metabolism in a canine ICH model. In testing the
hypothesis that perihematomal ischemia develops
after ICH and is responsible for secondary injury
(discussed above), these investigators failed to find
an ischemic penumbra within the first 5 hours after
hemorrhage. Ischemia was absent despite prominent
ICH-induced increases in ICP and mean arterial pres-
sure (MAP).

In their studies of ICH treatment in their canine
model, Qureshi et al. [59] reported that hypertonic
saline (3% and 23.4%) was as effective as mannitol in
controlling intracranial hypertension with the 3%
concentration having a longer effect. These agents

did not affect rCBF or cerebral metabolism. This
group also demonstrated, in this canine model, that
pharmacological reduction of MAP with intravenous
labetalol, within the normal cerebral perfusion pres-
sure autoregulatory curve, had no adverse effects on
ICP and perihematomal or distant rCBF [53]. Thus,
acute MAP reduction within autoregulation limits
after ICH is safe.

Monkeys
A few experimental ICH studies have been conducted
in monkeys. Pathophysiological studies in vervet
monkeys were conducted by Bullock and colleagues
[60]. These workers generated hematomas in the
caudate nucleus by connecting a femoral arterial cath-
eter to a stereotactically implanted needle. Intracra-
nial pressure peaked at 51�8mmHg at three minutes
after blood infusion and remained elevated through
three hours. At one hour, rCBF was significantly
reduced in all brain regions. Perihematomal rCBF
values were the lowest and were below the ischemic
threshold for 90 minutes after the hemorrhage. Segal
et al. [61] reported an early ICH treatment study in
Macaque monkeys using the thrombolytic, urokinase,
which promoted basal ganglia hematoma resorption
that correlated with improved clinical examinations.

Pigs
During the past decade, our laboratory developed a
porcine white matter (lobar ICH) model and exten-
sively studied ICH pathophysiology, pathochemistry,
and treatment [13] ([6,7,16], reviews). The pig has
distinct advantages as an ICH model including its
large gyrated brain, large amounts of hemispheric
white matter, its relatively low cost, and its non-
companion animal status. Hematoma volumes up to
about 3 cm3 (equivalent to a 50 cm3 clot in humans) can
be generated in the frontal white matter by slowly
(10–15 minutes) infusing autologous arterial blood
through an implanted plastic catheter. Furthermore, this
porcine lobar ICH model has clinical relevance since:
� White matter bleeds are common in human ICH

and occur with almost the same frequency as basal
ganglia hemorrhages [62]

� Lobar ICH is the most frequent hemorrhage site
in the young [63]

� White matter damage is an important contributor
to long-term morbidity following ICH [64,65].
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Lastly, white matter has been shown to be more
vulnerable to vasogenic edema development than gray
matter [66], so this model is especially useful for
studying edema-associated injury.

Our previous studies in this model have investi-
gated ICP, blood flow, edema development, the role
of blood components, metabolism, transcription
factor activation, and inflammatory gene expression
[14,16,67] ([6,7,68], reviews). We have also used the
large hematoma volumes that can be generated in this
model to study neurosurgical clot evacuation [15,69].
We have also used this model to study focal hypother-
mia treatment [70,71].

Previous studies in our laboratory demonstrated
the important role of clot formation, retraction, and
plasma protein accumulation in perihematomal
edema development [13,16]. While the red cell com-
ponent of the blood is responsible for much of the
hematoma’s mass effect, experimental studies with
packed red cell infusions demonstrate that it is not
responsible for early perihematomal edema [10].
As described above, blood that does not clot also fails
to produce significant perihematomal edema in both
rat and porcine models [36]. Thus, the early and
substantial perihematomal edema that develops
following ICH does not result from the mass effect
and potentially reduced perfusion induced by the
hematoma. Rather, these findings indicate that this
very early edema results primarily from the coagula-
tion cascade activation and clot retraction. Clot
retraction results in the concentration of the red cells
at the core of the clot and extrusion of the fluid/serum
components to the perimeter [7,9,16,36,72]. In this
regard, confirmation that perihematomal edema
development in human ICH is also plasma derived
has recently been reported by Butcher et al. [73] based
on measurements of increased rates of water diffusion
by MRI in ICH patients. Lastly, the importance of
coagulation cascade activation in ICH-induced edema
development is also translatable to human patients.
Specifically, Gebel et al. reported that patients who
developed ICH after anticoagulant or thrombolytic
treatment failed to develop significant edema despite
large intracerebral masses [74].

Recently, Yin and colleagues [75] examined the
time course of perihematomal neuronal injury in the
pig lobar ICH model to determine the optimal time
for surgical intervention. Metabolic changes were
examined by MRS, Bax gene expression by in situ
hybridization, apoptosis by TUNEL staining, and

neuropathology by electron microscopy in the first
day following ICH. Both the number of Bax positive
and apoptotic cells increased over time and reached
peak at 24 hours. Neuropathologically, neuronal
damage surrounding the hematoma increased from
early hours to 24–48 hours. The authors concluded
that since secondary indicators of injury, including
apoptosis, perihematomal neuronal damage, and
metabolic disturbance, increased from the acute state
(3–6 hours) to 24–48 hours, targeting surgical inter-
vention during the early hours after ICH could be
effective in reducing the development of secondary
damage. Interestingly, we previously observed a rapid
and marked increase in lactate in perihematomal
white matter after ICH using standard metabolite
measurement methods [14]. Hypermetabolism
induced by excess glutamate may drive this increased
lactate production following ICH [5,33].

We have conducted several treatment studies in
the porcine lobar ICH model. We demonstrated that
early (3.5 hours) tissue plasminogen activator (t-PA)-
induced clot lysis followed by aspiration markedly
reduced (by > 70%) both clot volume and perihema-
tomal edema and protected the BBB at 24 hours
following ICH [15]. Tissue plasminogen activator
liquification of the clot followed by aspiration enabled
a significantly greater reduction in clot volume than
the 37% reduction obtained by mechanical aspiration
without t-PA. In another clot removal study we tested
the Possis AngioJet rheolytic thrombectomy catheter
[76]. This mechanical clot aspiration device rapidly
removed intracerebral hematomas producing an aver-
age 61% decrease in clot volumes in approximately
30 seconds. Other treatments studied in this model
include inhibiting heme oxygenase by a metallopor-
phyrin [77].

Bacterial collagenase ICH model
The bacterial collagenase ICH model was developed
by Rosenberg and colleagues in 1990 [18] and it has
been used by this group (e.g. [78]) and others in
numerous ICH studies. In this model, collagenase is
locally infused into a specific brain region (generally
the basal ganglia) to induce an intracerebral bleed. In
this regard, the model mimics spontaneous ICH in
humans. The spontaneous, reproducible hemor-
rhages are straightforward to produce and have
volumes that correlate with the amount of collage-
nase injected. Significant blood leakage does not
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develop along the needle track. A disadvantage of
the model for studying the inflammatory response
to ICH is that bacterial collagenase introduces a
significant inflammatory reaction that is more
intense than that observed in blood infusion ICH
models [43,79,80] or following human ICH [81].
Since collagenase dissolves the extracellular matrix
around capillaries to produce hemorrhage, this
model also differs from the punctate arterial rupture
that produces human ICH.

The collagenase ICH model, which has been
commonly used in the rat and more recently in the
mouse, has shed light on various pathochemical
events following ICH. Furthermore, several new
experimental treatments for ICH have been tested
in this model. Rosenberg and coworkers demon-
strated that matrix metalloproteinases (MMPs) con-
tribute to BBB opening and edema development
following collagenase-induced ICH and that admin-
istration of MMP inhibitors is an effective treatment
[82,83]. Furthermore, studies by Power et al. [84]
demonstrated that increased expression of specific
MMPs develops after ICH and that minocycline is
neuroprotective by suppressing monocytoid cell
activation and downregulating MMP-12 expression.
Tsirka and colleagues [8,85,86] reported that the
tripeptide macrophage/microglial inhibitory factor
(MIF), when given before as well as after the onset
of collagenase-induced ICH, inhibits microglial acti-
vation and results in functional improvement. Other
reports using this model have described detailed
studies of the collagenase dose effect [87], the
imaging features and histopathology [79,88], neuro-
behavioral results and therapy [89–91], and the
influence of hyperglycemia [92]. Several drug treat-
ments aimed at different molecular mechanisms of
injury have also been studied including: free radical
scavengers/spin traps [93,94], neurotransmitter
receptor agonists [95,96] and antagonists [97], cyto-
kines and inflammation [80,98–101], and neuropro-
tectives [102].

In addition to rodents, the collagenase model has
also been applied to larger animals, i.e. pigs, by Mun-
Bryce et al. [103–105]. In these studies the investi-
gators infused collagenase into the primary sensory
cortex in the pig. They have reported on alterations in
somatosensory-evoked potentials elicited by electrical
stimulation of the contralateral snout as well as
changes in DC-coupled potential monitored in the
somatosensory region following ICH.

Ischemia-reperfusion
hemorrhage model
An interesting and potentially clinically relevant ICH
model was described in the rhesus monkey by Laurent
et al. [106] in 1976. However, although there have
been several citations of this model in clinical reports,
there has not been any further work. In this model,
hematomas were induced during the vasoproliferative
stages of a maturing ischemic infarct. The investiga-
tors elevated mean arterial blood pressure at five days
after permanent middle cerebral artery (MCA) occlu-
sion causing hemorrhagic infarct conversion. In other
interesting studies, previous MCA-occluded animals
that were made hypercarbic with 5% carbon dioxide/
air at five days post-ischemia, had slowly progressive
elevation in ICP and MAP and developed ICH involv-
ing the putamen, external capsule, and claustrum,
occasionally dissecting through to the ipsilateral
ventricle.

Brain pathological response
to ICH in animal models
In general, the brain pathological responses to ICH in
experimental animal models are consistent with those
seen in human ICH [16,55,57,81,107–109]. In animal
models, the three stages of perihematomal tissue
injury defined by Spatz in 1939 (reference in [108]),
i.e., initial deformation, edema and necrosis, and clot
absorption and scar or cavity formation, also occur,
although at a faster rate. Jenkins et al. [109] have
reported an excellent description of the temporal
course of these pathological changes in the rat. They
observed that regions of pallor and spongiform
change due to edema formation develop adjacent to
clots within 2 hours. By 6–15 hours, disrupted mye-
linated nerve fibers and degeneration bulbs were pre-
sent along with increasing swelling of the corona
radiata as edema fluid continued to accumulate. At
24 hours, white matter edema is more marked and
extensive. By 48 hours, hematomas in rat and dog
ICH models were surrounded by edema, vacuolation,
and acellular plasma accumulations, with astrocytic
swelling present adjacent to and distant from the
hematoma.

Similarly, in our porcine ICH model, we
observed that marked, rapidly developing edema
with a very high water content was already present
in perihematomal white matter by 1 hour after ICH
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[13]. This prominent edema can be seen as perihe-
matomal hyperintensity on T2-weighted MRI [16,34]
and is comparable to that in ICH patients [110]. In
the porcine model, we also observe 50% increases in
edema volumes during the first 24 hrs due to delayed
BBB opening as evidence by Evans blue leakage
[13,16,111,112]. Similarly, in the collagenase ICH
model, hyperintensities on T2-weighted imaging are
observed surrounding hematomas and extending
along posterior white matter fiber tracts [88]. Histo-
logically, by three days, we observe decreased Luxol
fast blue staining in edematous white matter suggest-
ive of myelin injury and markedly increased glial
fibrillary acidic protein (GFAP) immunoreactivity,
indicative of reactive astrocytosis [16]. By seven days,
neovascularization is present. After two weeks, con-
tinued hematoma resolution and glial scar and cyst
formation are consistent in the porcine model to
both rodent and human ICH pathologies. A similar
brain pathological response occurs in porcine white
matter in which only plasma is infused, thereby
demonstrating the significance of the blood’s plasma
protein component in ICH-induced brain injury
[16,113].

The time course of inflammation and cell death
following infusions of whole blood into the rat stria-
tum have been carefully examined by several workers
[43,114]. These workers have also characterized the
cellular perihematomal inflammatory response,
including the immune cell infiltration and microglial
activation. Several workers, including ourselves,
examined DNA fragmentation using TUNEL staining
[113,115–117]. In addition, molecular analyses of
the pro-inflammatory transcription factor, nuclear
factor-kappaB (NF-kB), and cytokine responses to
ICH have been carried out in other laboratories and
by ourselves [6,21,68,71,118–120].

An interesting report that addresses the mech-
anisms of cell death after ICH has been published
by Felberg et al. [121]. In this study, these investi-
gators showed that histological damage from ICH
is very prominent in the immediate perihematomal
region in the rat. Except for substantia nigra pars
reticulata, they found no evidence of neuronal loss
in distal regions. They proposed the term “black
hole” for this pattern of hemorrhagic damage
since it refers to the localized and continued
destruction of neurons, which occurs over the first
three days as the neurons come into proximity to
the hematoma.

Limitations of animal models
It should be noted that despite the strengths and the
importance of animal models to study ICH that are
described in this chapter, several characteristics of the
spontaneous disease in humans are not well-
mimicked. Human ICH is linked to advancing age.
The incidence of spontaneous ICH is about 25 times
higher for those age 75 and above versus those age 45
or below [122]. Thus, current ICH models in young
animals do not reproduce the pre-existing degenera-
tive changes in small arteries, arterioles, the neuro-
vascular unit, or the surrounding brain tissue.
Additionally, the genetic response capacity to brain
injury in humans is now known to change with
advancing age [123]. Recently, in an effort to address
this problem, Gong et al. [124] compared the ICH
response in young (3 months) versus aged rats (18
months old). These investigators reported that brain
tissue injury was more severe and the neurological
deficits persisted for a longer time in the aged rats
after ICH [124]. Additionally, older rats showed
greater microglial activation and a greater induction
of perihematomal heat shock proteins, HSP-27 and
HSP-32. An important goal for future ICH research is
to further determine the comparability between the
brain tissue responses to ICH in young versus older
animals and with ICH in aged human patients.

Another issue that is not generally addressed in
animal ICH models is that human ICH often occurs
in the setting of longstanding co-morbidities, such as
tobacco use, diabetes, and/or hypertension. In add-
ition, ICH patients are commonly being treated with
various medicines including antiplatelet, anticoagu-
lant, and statin drugs. These conditions cannot be
easily reproduced in animal models. For example,
even spontaneously hypertensive rats are not likely
to reproduce the often decades-long effects of elevated
arterial pressure in patients. Human ICH also varies
by race, in incidence overall, and in incidence by age
epoch, suggesting important and as yet-to-be dis-
covered variations in genetic susceptibility. Inferences
regarding treatment must also be drawn with caution.
Our findings and those of others that have demon-
strated significant benefits from mechanical and
pharmacological interventions have not yet been
reproduced in human trials, whether small and
focused [50,125] or large and inclusive [126]. There
are several potential explanations for these discrep-
ancies with delays in the time to treatment in ICH
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patients being a likely possibility [127]. However, it is
important that future studies in animal models con-
sider their limitations in translating the findings to
human ICH treatment. An understanding of the limi-
tations should help to improve the design of future
ICH models.

Summary of animal species
and ICH induction methods
In this review we have described the various animal
species and models that have been employed in ICH
research. In addition, we have discussed the several
methodologies that have been employed to produce
intracerebral hematomas, presenting the pros and
cons of the individual species and the ICH induction
techniques. In this present section, we have summar-
ized these advantages and disadvantages and have
suggested the “best” models and methods based on
the goals of the study, the experimental plan, the
desired hematoma volumes, and the expense.

Rodents have the advantage of being the most
commonly used species in ICH research. The litera-
ture on neurobehavioral testing is well developed and
the reagents for immunocytochemistry and molecular
biology have been extensively studied. The recent
development of mouse ICH models enables the study
of transgenic and knockout animals, which is a clear
advantage for uncovering the detailed molecular
pathophysiological events underlying the develop-
ment of tissue injury following ICH.

Large animals (pigs, dogs, primates) have certain
advantages over rodents in ICH research. These
include their large gyrated brains with a significant
amount of white matter. Large animals enable the
induction of greater hematoma volumes to test the
efficacy of surgical evacuation techniques or com-
bined surgery and drug treatments. The well-
developed frontal white matter in the pig has been
especially useful for pathophysiological studies of
ICH-induced white matter injury as well as surgical
clot evacuation studies. In addition, pigs have the
advantage as compared to dogs and cats that they
are less expensive to purchase and are considered
non-companion animals. Primates are exceedingly
expensive to purchase and house and require special
facilities and veterinary care.

Regarding the methods for inducing an intracer-
ebral hematoma, as described above, the two com-
monly used methods are the classical blood infusion

method and the collagenase injection method. Nei-
ther method exactly models the human event, i.e.,
sudden arterial rupture with a rapid intraparenchy-
mal accumulation of blood. Currently, there is no
model of intracerebral blood vessel rupture to induce
ICH. Although both the direct blood infusion model
and the collagenase model have their artificialities, the
arterial blood infusion through an indwelling catheter
described throughout the review is generally con-
sidered to be the method of choice by many workers
for inducing experimental ICH. The use of the bac-
terial collagenase enzyme to “dissolve” the extracellu-
lar matrix has been considered to be more artificial
due to its severe inflammatory response and second-
ary pathophysiology that occurs in the setting of an
already damaged brain parenchyma.

Overall summary
As described in this review, experimental animal ICH
models reproduce important pathophysiological
events that develop in human ICH including perihe-
matomal edema and alterations in metabolism as well
as comparable brain tissue pathological responses.
Overall, these animal ICH models are highly impor-
tant tools to explore new mechanisms underlying
brain injury after an intracerebral bleed. The recent
publications from several laboratories describing ICH
models in the mouse will enable new investigations
into secondary inflammatory responses, intracellular
signaling, and molecular events that are expected to
provide future therapeutic targets for treating ICH.
The continued use of a large non-companion animal
such as the pig enables studies of ICH-induced white
matter injury, an important contributor to patient
morbidity. Large animal models also permit studies
of surgical treatments that could be combined with
pharmacological approaches. There is a continued
need for an animal model that would mimic a spon-
taneous and enlarging hematoma with continued
bleeding, a clinical finding that is observed in about
30% of human ICH patients [128].
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Chapter

18 Thrombin and secondary brain damage
following intracerebral hemorrhage
Guohua Xi, Richard F. Keep, and Julian T. Hoff

Introduction
Thrombin is an essential component of the coagulation
cascade and forms immediately in the brain after an
intracerebral hemorrhage (ICH). Thrombin may also
be formed as a result of prothrombin entry into the
brain because of ICH-induced blood–brain barrier
(BBB) breakdown [1]. Experiments have demon-
strated that thrombin at high concentrations within
the brain parenchyma is harmful [2–6]. Thrombin
contributes to ICH-induced BBB disruption and
acute perihematomal edema formation [2–6]. Hiru-
din and argatroban, two thrombin inhibitors, reduce
hemorrhagic brain injury in a rat ICH model [7–9].
However, thrombin at low concentrations is neuro-
protective [10–14]. A better understanding of the two
faces of thrombin may lead to potentially novel ther-
apies for ICH. In this chapter, the evidence concern-
ing the role of thrombin in secondary brain injury
following ICH is described and discussed.

Brain thrombin, thrombin receptors,
and thrombin inhibitors
Brain thrombin
Thrombin, a serine protease, is an essential compon-
ent in the coagulation cascade. Prothrombin, which is
synthesized primarily in the liver, is present in plasma
at micromolar levels. Activation of the intrinsic or
extrinsic coagulation pathway (or normally a combin-
ation of the two) results in the production of factor Xa
which cleaves prothrombin to thrombin. Thrombin,
in turn, cleaves fibrinogen to fibrin and clot formation.

Prothrombin is present in normal human
cerebrospinal fluid (CSF) [15,16]. However, the
concentrations are much lower than in plasma. Thus,

Lewczuk et al. [15] reported CSF concentrations of
0.55mg/l compared to 122mg/l in plasma. This CSF:
plasma ratio is similar to that found for albumin
suggesting that CSF prothrombin in normal patients
is derived from blood [15]. There is, though, evidence
that the brain can be a site of prothrombin produc-
tion. Prothrombin mRNA is expressed in the neurons
and glial cells [17]. It has been reported that pro-
thrombin mRNA is upregulated after spinal cord
injury [18]. There is an increase of prothrombin
expression in the brain after cerebral ischemia [19]
and we have also detected prothrombin mRNA in the
perihematomal zone after rat ICH ([20], Xi et al.
unpublished data). Such data suggest that thrombin
may be formed and contribute to brain injury even if
the BBB is intact, particularly since the mRNA for
factor X is present in brain [21].

Reports indicate that thrombin may regulate a
variety of activities in the brain. Thrombin enhances
the synthesis and secretion of nerve growth factor in
glial cells [22], modulates neurite outgrowth [23], re-
verses process-bearing stellate astrocytes to epithelial-
like astrocytes [24], stimulates astrocyte proliferation
[24–26], and modulates the cytoskeleton of endothe-
lial cells.

Thrombin receptors in the brain
The primary role of thrombin in hemostasis is
through cleaving fibrinogen to fibrin, but other
important cellular activities of thrombin may be
related to thrombin receptor activation. Carney and
Cunningham identified thrombin receptors on cell
surfaces in 1978 [27]. The thrombin receptor cDNA
was cloned in 1991 [28,29]. Since then, three protease-
activated receptors (PARs), PAR-1, PAR-3 and PAR-4,
have been identified as thrombin receptors [30–32].
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Thrombin receptor mRNA expression is found in
neurons and astrocytes [33,34], with both cells types
expressing PAR-1, -3 and -4 [35]. Microglia express
PAR-1 and PAR-4 [36,37] and there is evidence that
oligodendrocytes express PAR-1 [38]. Protease-
activated receptor 1 immunoreactivity has been found
in human brain tissue [39]. Thrombin receptors are
activated by proteolytic cleavage rather than by ligand
binding and thrombin receptor-activated peptides are
able to mimic many cellular activities of thrombin
[40,41]. Recent studies indicate that PARs mediate
some of the pathological effects of thrombin and
PARs are involved in the pathophysiology of the
nervous system [1,42]. For example, PAR-1 mediates
thrombin-induced pulmonary microvascular permea-
bility [43]. In addition, Junge et al. reported that
brain infarction is reduced in PAR-1 knockout mice
and intracerebroventricular injection of the PAR-1
antagonist BMS-200261 reduces infarct volume in a
transient mouse focal cerebral ischemia model [39].

Protease-activated receptors can activate a wide
range of signaling molecules within cells [42,44]. For
example, in neural cells, PAR-1 can be linked to
different G proteins (Go/i, Gq G12/13) that in turn
modulate phosphatidylinositol 3-kinase (PI3K), phos-
pholipase C and Rho GTPases, and further down-
stream signaling moieties [42] (Fig. 18.1). These
pathways may regulate many processes, including
neurite retraction and other cytoskeletal changes,
astrocyte proliferation, apoptosis, and nerve growth
factor production [42].

Thrombin inhibitors in the brain
The effects of thrombin in the brain are modulated by
endogenous serine protease inhibitors (serpins) and
other thrombin inhibitors such as thrombomodulin
(TM). Serpins are a superfamily of proteins including
antithrombin III. Of the serpins that inhibit throm-
bin, only protease nexin-1 (PN-1) and plasminogen
activator inhibitor-1 (PAI-1) appear to be present in
normal brain although another serpin, colligin, can be
induced [13].

Protease nexin-1, also known as glia-derived
nexin, is found in high concentrations in brain. It is
localized around blood vessels and it appears to be the
main brain thrombin inhibitor [45,46]. Its expression
is not limited to glia since PN-1 mRNA has also been
detected in neurons using in situ hybridization. Pro-
tease nexin-1 can modulate the mitogenic effects of
thrombin, and promote stellation of astrocytes [24].
Delayed PN-1 upregulation in the brain has been
observed after cerebral ischemia and peripheral nerve
lesion. Plasminogen activator inhibitor-1 is an inhibi-
tor of plasminogen activators, but it can also inhibit
thrombin in the presence of vitronectin, which acts as
a cofactor [47]. Colligin (also known as heat shock
protein 47) is induced in microglia and astrocytes
after cerebral ischemia, subarachnoid hemorrhage
and an intracerebral infusion of thrombin [13]. The
effects of colligin against thrombin may occur
through restructuring the extracellular matrix rather
than direct protease inhibition.

PAR-1

PAR-1

PAR-1

Gq

GiGα12/13

RhoA

PLC

DAGInsP3

PI3K

PKCCa

Fig. 18.1 Upstream signaling cascades
that result from PAR-1 activation in neural
cells. The activation of such cascades can
result in a wide range of effects
dependent on cell type and dose of
thrombin. Effects include inducing
apoptosis, neuroprotection, astrocyte/
microglial proliferation, neurite retraction,
growth factor secretion, and cytoskeletal
changes. The mitogen activated protein
(MAP) kinase pathway appears to play a
key role in several of these events and it
can be activated by multiple signaling
cascades. See Wang and Reiser [35],
Noorbakhsh et al. [42] and Ossovskaya
and Bunnet [44] for details. Gi, Gq and
G12/13 are G proteins that are coupled to
PAR-1. PLC, phospholipase C; InsP3,
inositol triphosphate; DAG, diacylglycerol;
PKC, protein kinase;
3 phosphatidylinositol 3-kinase.
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Thombomodulin, an important thrombin-binding
protein, is detected in endothelial cells and astrocytes
[48]. It inhibits thrombin by forming a TM–thrombin
complex that then induces the activation of protein C,
an anticoagulant. Thrombomodulin gene expression
is increased in astrocytes after injury and this upre-
gulation might be mediated by thrombin via PAR-1
[48]. Sarker et al. reported that either a recombinant
TM or a minimum functional domain of TM reduces
thrombin-induced neuronal cell death [49].

Intracerebral hemorrhage-induced
injury: the role of thrombin
Thrombin after intracerebral hemorrhage
Normally, after an ICH there is immediate thrombin
production that leads to a cessation in bleeding soon
after ictus. However, in about one-third of patients
[20,50], thrombin production and the coagulation
cascade is not adequate to stop bleeding and the hema-
toma expands for a period. Thus, for example, Brott
et al. [50] examined 103 patients with ICH and found
that 38% of patients had hematoma expansion within
20 hours. A clinical trial focused on early treatment
with activated factor VIIa. It aimed at increasing
thrombin production and, thus, preventing hema-
toma enlargement and ICH-induced brain injury
[51]. In phase III, however, this treatment failed to
significantly improve patient outcome, although there
was some evidence of reduced hematoma expansion.

Thus, after ICH, thrombin has a crucial role in
limiting hematoma size and preventing brain injury.
However, there is also evidence (outlined below) that
thrombin can cause secondary brain injury following
ICH and that thrombin inhibitors can reduce ICH-
induced injury [2,8]. Therapeutically, it may be pos-
sible to separate these beneficial and adverse effects
of thrombin because they may occur in different
compartments, occur over different time frames, or
involve different mechanisms. Thus, in terms of stop-
ping bleeding, the beneficial effects of thrombin are
primarily vascular, they involve thrombin-mediated
cleavage of fibrinogen (although PAR activation on
platelets also plays a role), and they occur relatively
soon after the hemorrhage. In contrast, adverse effects
of thrombin may be parenchymal (e.g., activation of
microglia), they may be PAR-mediated, and throm-
bin-induced injury may occur hours after ictus (e.g.,
there is evidence that the thrombin inhibitor,

argatroban, can reduce injury when given several hours
after ICH [8]). Although thrombin is produced imme-
diately after a hemorrhage, thrombin remains associ-
ated with the clot [52] and may be only slowly released
into the surrounding parenchyma. In addition,
ICH-induced BBB disruption, which begins to occur
several hours after ICH [53,54], will result in an influx
of prothrombin and delayed thrombin generation.

Thrombin, blood–brain barrier disruption
and perihematomal edema
The primary type of edema after ICH is vasogenic
although the cellular form is also present. Vasogenic
edema follows an increase in permeability of the BBB
and, apart from an open BBB, it is characterized by an
accumulation of plasma protein-rich fluid within the
extracellular space.

After an ICH, the BBB remains intact to large
molecules such as albumin for several hours [53].
Eight to twelve hours later, however, BBB permeability
in the perihematomal region increases markedly and
continues to rise for 48 hours [54]. Early BBB disrup-
tion following ICH is related to thrombin formation
since thrombin, in amounts produced by the hema-
toma, causes significant increases in BBB leakage [4].

Activation of the coagulation cascade plays a key
role in early edema formation following ICH
[6,55,56]. In an experimental model, non-clotting
heparinized autologous whole blood fails to produce
perihematomal edema within 24 hours in pigs [6].
The same phenomenon happens in humans too. In
the Global Utilization of Streptokinase and Tissue
Plasminogen Activator for Occluded Coronary Arte-
ries (GUSTO-1) trial, investigators found that brain
edema around the clot is diminished in thrombolysis-
related ICH compared to spontaneous ICH in
patients with normal clotting [55,57]. In patients with
significant anticoagulation, the hematoma appears
multilayered on CT scan because of a separation of
plasma and erythrocytes. Intracerebral hemorrhage in
anticoagulated patients is associated with little peri-
hematomal edema (Fig. 18.2). Reasons for less brain
edema around an unclotted hematoma include no
clot retraction and less thrombin production stem-
ming from interrupted coagulation.

Thrombin is responsible for early brain edema
development after ICH [2,6,56,58]. Intracerebral
injection of thrombin induces brain edema
(Fig. 18.3). It is known that 1ml of whole blood can
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produce about 260 to 360 units of thrombin and
intracerebral infusion of five units of thrombin causes
marked edema in the rat [2]. Hirudin, a specific
thrombin inhibitor found in leeches, inhibits edema
formation in a rat ICH model [2]. In addition,

perihematomal edema is attenuated by another
thrombin inhibitor, N-a-(2-Naphthalenesulfonylglycyl)-
4-amidino-DL-phenylalaninepiperidide (a-NAPAP) [56].
Thrombin-induced brain edema is partly due to
breakdown of the BBB [4].

It is still not clear whether or not thrombin-
induced BBB disruption is matrix metalloproteinases
(MMPs)-mediated. The MMPs are members of a
family of zinc-dependent proteases that can degrade
extracellular matrix and cause BBB disruption.
Thrombin can activate MMP-2 inendothelial cells
[59]. Inhibition of MMP reduces thrombolytic-
induced hemorrhage after thromboembolic stroke in
rabbits [60].

Thrombin, complement activation,
and inflammation after intracerebral
hemorrhage
Thrombin can activate the complement cascade in the
brain. Intracerebral infusion of thrombin results in a
sevenfold increase of complement C9 and a depo-
sition of complement C9 on neuronal membranes.
Clusterin, an inhibitor of membrane attack complex
(MAC) formation, is upregulated and found in
neurons after intracerebral thrombin infusion [61].
In addition, the increase of lung vascular permeability
after thrombin-induced pulmonary microembolism
is mediated by the complement system [62,63].

The effects of coagulation cascade on complement
activation are not well studied. However, studies
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Fig. 18.3 Time courses of brain edema in
the basal ganglia after intracerebral
thrombin (5 U) infusion. Values are
expressed as the mean� SEM in five or
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(Data from Xi et al. [108], with permission)

Fig. 18.2 Computerized tomography scan in a heparinized patient
with an intracerebral hematoma. There are two blood-fluid levels in
the clot with minimal surrounding brain edema (hypodensity ring
around the clot). A ventriculostomy had been placed at the site of
the ICH prior to coiling of a basilar apex aneurysm. (From Xi and Hoff
[107], with permission)
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suggest that there is a very close relationship
between thrombin and complement. For example,
consumption of complement, which is measured
by total complement activity (CH50), is extensive.
About 50% of C3 is cleaved during clot formation
[64]. Thrombin can cleave and activate C3 [65].
Thrombin-cleaved C3a-like fragments are chemo-
tactic for leukocytes and induce enzyme release
from neutrophils [66]. Thrombin can also cleave
C5 to produce C5a-like fragments which are
leukotactic [66].

Much less is known about the interaction between
the activation of PARs and the complement system. It
is known that thrombin stimulates decay-accelerating
factor (DAF) production through PAR-1 [67]. Decay-
accelerating factor is also induced by tumor necrosis
factor-alpha (TNF-a) [68]. However, the overall role
of PARs in the effects of thrombin on the comple-
ment system is uncertain.

Inflammation aggravates hemorrhagic brain
injury. An inflammatory response in the surrounding
brain occurs shortly after ICH and peaks several days
later in humans and in animals [69–72]. Thrombin
contributes to the inflammatory response after ICH
[73]. Tumor necrosis factor-alpha and interleukin-1
(IL-1) are two major pro-inflammatory cytokines,
which are elevated after many central nervous
system diseases such as cerebral ischemia and brain
trauma [74]. Overexpression of interleukin-1 receptor

antagonist (IL-1ra) by using an adenovirus vector
attenuated brain edema formation and thrombin-
induced intracerebral inflammation following ICH.
The reduction in ICH-induced edema with IL-1ra
may result from reduction of thrombin-induced brain
inflammation.

Our recent study also indicates that TNF-a levels
in the brain are increased after thrombin infusion and
ICH [75] (Fig. 18.4). Tumor necrosis factor-alpha
recruits neutrophils by stimulating endothelial cells
to produce intercellular adhesion molecule 1 (ICAM-1)
and E-selectin [76]. Neutrophils can migrate into
the brain parenchyma [77], release proteases and oxi-
dases, and cause secondary brain injury. Barone et al.
[78] reported that exogenous TNF-a exacerbates
brain injury and that blocking TNF-a activity, with
anti-TNF-a monoclonal antibody or soluble TNF
receptor I, reduces infarct volume after middle cere-
bral artery occlusion in the rat. Tumor necrosis
factor-alpha itself also increases MMP production
and BBB permeability [79].

Microglia activation contributes to brain injury
after ICH [80–82]. Thrombin can induce microglial
proliferation and activation in vitro and in vivo
[83,84]. While PAR-1 can induce microglial prolifer-
ation, it appears that it is PAR-4 that mediates micro-
glial activation and the potentially detrimental effects
(e.g., increased TNF-a production) associated with
activation [36,37].
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Thrombin, cell death, and neurological
deficits after intracerebral hemorrhage
Necrotic and apoptotic cell death occurs in the brain
after ICH [20,85,86]) and thrombin may play an
important role [1]. Thrombin can activate potentially
harmful pathways. For example, thrombin induces
apoptosis in cultured neurons and astrocytes [87],
potentiates NMDA receptor function [88], and kills
neurons in vivo [89,90].

Necrotic brain tissue appears adjacent to the
hematoma within six hours of the ICH [91]. Necrotic
injury may result from either mechanical forces
during hematoma formation or chemical toxicity
from the clot components such as thrombin. Throm-
bin results in neuronal death in vitro and in vivo
[89,90,92]. Cell culture experiments were performed
to determine whether thrombin has a direct toxic
effect on brain cells. To ascertain the effect of throm-
bin on cell viability in mixed rat neuron/astrocyte
cultures, different doses of thrombin (1, 2, 5, 10, 20,
50, or 100U/ml) were added to the cell cultures and
media lactate dehydrogenase (LDH; an indicator of
cell viability) concentrations were determined 24
hours later. Low doses of thrombin (1 and 2U/ml)
did not induce cell death. However, doses greater than
5U/ml resulted in dose-dependent LDH release [92].

Apoptosis also occurs in brain adjacent to an ICH
in animal studies [72,93–96]. Hickenbottom et al.
detected nuclear factor-kB protein and TUNEL in
cells around the hematoma eight hours to four days
after the ICH, suggesting that cells were dying by
apoptosis or necrosis, or both [94]. Matsushita et al.
also found TUNEL-positive cells in and around the
clot as well as DNA “laddering.” A caspase inhibitor,
zVADfmk, reduced the density of TUNEL-positive
cells markedly [95]. Recently, ICH-induced apoptosis
was also detected in humans [85].

Thrombin formation plays an important role in
ICH-induced neurological deficits because thrombin
inhibition with hirudin reduces the deficits [7]. In
addition, intra-caudate infusion of thrombin caused
severe neurological deficits [7]. For example, throm-
bin-induced forelimb placing deficits recover slowly
after two weeks. Injection of saline also caused a slight
forelimb placing deficit on day 1, but there was full
recovery by three days. Thrombin injection also
resulted in significant forelimb use asymmetry. This
was present on day 1 and lasted at least four weeks.
There were significant differences between thrombin

and saline groups in this parameter at all time points.
With the corner test, thrombin-treated rats showed an
increased percentage of right (ipsiversive) turns
compared to saline-treated rats at all time points.

Thrombin exacerbates iron-induced
brain damage
Investigations suggest that delayed release of hemo-
globin degradation products, particularly iron, is
involved in ICH-induced brain injury [20,97,98]. We
also found evidence of iron-induced brain injury soon
after ICH [99,100]. Intracerebral caudate injections of
high doses of thrombin or ferrous iron cause marked
edema formation in rats [6,58,101].

In a recent study, we found that the toxic effects of
thrombin are enhanced by a low dose of iron. Rats
received an intracerebral infusion of holo-transferrin
(holo-Tf, iron load), apo (non-iron loaded)-Tf,
thrombin, or a combination of Tf with thrombin into
the right basal ganglia. The rats were sacrificed
24 hours later for measurement of brain edema and
assessment of DNA damage (single and double strand
breaks of DNA and 8-hydroxyl-2’-deoxyguanosine
immunohistochemistry). Iron distribution was exam-
ined histochemically. Holo-Tf, apo-Tf and the dose of
thrombin used (1U) all failed to induce brain edema
when administered alone. However, the combination
of holo-Tf with thrombin (but not apo-Tf with
thrombin) caused brain edema, DNA damage, and
intracellular iron accumulation in the ipsilateral basal
ganglia. These results suggest that in addition to
hemoglobin-bound iron, transferrin-bound iron
may contribute to ICH-induced brain injury and that
thrombin may contribute to the latter by facilitating
cellular iron uptake [102].

Antithrombin therapy in ICH
To examine whether delayed and systemic adminis-
tration of a thrombin inhibitor could reduce ICH-
induced injury, experiments were performed with
argatroban. Intracerebral infusion of blood caused a
marked increase in perihematomal water content.
Intracerebral injection of argatroban three hours after
ICH caused a significant reduction in edema meas-
ured at 48 hours [8]. The systemic administration of
high-dose argatroban (i.p. 0.9mg/[h rat]) starting six
hours after ICH also significantly reduced edema [8].
Nagatsuna et al. [9] have also found that argatroban
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could reduce cerebral edema formation and brain
inflammation in a rat collagenase ICH model. In very
preliminary data, Hamada et al. [103] found that
argatroban improved ICH outcome in patients when
administered 24 hours after ictus.

The beneficial effects are not limited to argatroban.
Intracerebral injection of hirudin, another thrombin
inhibitor, reduced perihematomal brain edema and
improved ICH-induced neurological deficits [2,7].

Thrombin-induced neuroprotection
Low concentrations of thrombin are neuroprotective
in vitro and in vivo. In vitro studies have shown that
thrombin protects rat primary astrocytes from hypo-
glycemia or oxidative stress induced cell death.
Thrombin also protects rat primary hippocampal
neurons from cell death produced by hypoglycemia,
hypoxia, or growth supplement deprivation [11,12].
In addition, thrombin attenuates neuronal cell death
and modulates astrocyte reactivity induced by
b-amyloid in vitro. The effect of thrombin on both
neurons and astrocytes is mimicked by thrombin
receptor-activating peptide and inhibited by two
potent thrombin inhibitors, hirudin and PN-1 [104].
Furthermore, thrombin pretreatment prevents
cell damage induced by a large dose of thrombin
in vitro [92].

In-vivo studies have shown that prior intracerebral
infusion of a low dose of thrombin (thrombin pre-
conditioning; TPC) reduces brain injury that follows
a subsequent intracerebral infusion of a high dose of

thrombin, an ICH, or cerebral ischemia [10,13,14].
Thrombin pretreatment significantly attenuated the
brain edema which normally follows the infusion of
a large dose of thrombin. This effect was abolished by
a thrombin inhibitor, hirudin [14]. Thrombin pre-
conditioning may also be an important component
of ischemic preconditioning as the thrombin inhibi-
tor, hirudin, can block ischemic brain tolerance [11].

Although the precise mechanisms of thrombin-
induced brain tolerance to hemorrhagic and ischemic
stroke are not known, activation of thrombin recep-
tors, upregulation of thrombin inhibitors, iron hand-
ling proteins, and heat shock proteins in the brain
may be associated with the induced tolerance
[13,14,92,105,106].

Summary
Thrombin activates multiple pathways during ICH
which can have both deleterious (Fig. 18.5) and
protective effects. Modulating thrombin activity in
the brain may establish novel therapeutic strategies
for ICH. However, because of the dichotomy in the
effects of thrombin on brain injury, it is essential to
delineate the pathways involved in both the deleterious
and the beneficial effects of thrombin on brain injury.
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Chapter

19 Cytoprotection strategies for experimental
intracerebral hemorrhage
Crystal MacLellan, James Peeling, and Frederick Colbourne

Introduction
A surge in studies examining the pathophysiology of
intracerebral hemorrhagic stroke (ICH) has garnered
interest and hope that an effective cytoprotective (cell
saving) treatment is on the horizon. This chapter
critically reviews some of the cytoprotection strategies
and methodologies that have been used in an effort to
improve outcome in experimental models of ICH. We
prefer the term “cytoprotection” to “neuroprotection”
as it highlights the need for treatments that target and
rescue more than just neurons, for instance glia and
the vasculature. Besides treatments that directly target
mechanisms of cell death, such as caspase inhibitors,
we review interventions that counteract inflammation
and edema, and other treatments that may have
unrealized cytoprotective benefits. This chapter does
not cover in detail those treatments that affect bleed-
ing, such as blood pressure management and hemo-
static therapy (e.g., recombinant activated factor VII
[rFVIIa]), although it is anticipated that these should
also be cytoprotective by limiting the hematoma size.

The development of effective therapies depends
upon an understanding of the pathophysiology of
ICH. While much progress has occurred, ICH
remains a complex problem that is incompletely
understood. Nonetheless, a number of therapeutic
targets have been identified. Tissue at the epicenter
of the ICH is unlikely to be salvaged because the
immediate dissection of blood through this area
causes direct and rapid tissue destruction. However,
the degenerative cascades and secondary events in
regions adjacent or distal to the hematoma are feas-
ible targets, as recent studies show that injury occurs
in these regions over hours to weeks [1–3]. Thus, this
tissue is potentially salvageable by countering degen-
erative events, which include neurotoxicity induced

by the coagulation cascade (e.g., thrombin produc-
tion) and degenerating red blood cells (RBC), oxida-
tive damage, disruption of the blood–brain barrier
(BBB), edema formation, and inflammation. Notably,
ICH and ischemia share many mechanisms of injury
and thus it is not surprising that many treatments
found to be effective in ischemia are being tested
for treating ICH. However, there are fundamental
differences between ischemia and hemorrhage.
For instance, intracerebral blood has direct and indi-
rect toxic effects, such as through the production of
thrombin, which stimulates edema, inflammation,
and the generation of free radicals. Another difference
is that the evidence for an ischemic penumbra sur-
rounding the hematoma core is controversial [4,5],
whereas it is well established to follow ischemia. Per-
haps this is because reductions in cerebral blood flow
(CBF) in perihematomal tissue may indicate reduced
metabolic demand, and not necessarily ischemia.
Thus, treatments that are efficacious in ischemia
may fail to improve outcome after ICH. Accordingly,
alternative approaches to ICH must be investigated,
rather than simply replicating what has been done in
ischemia. In this chapter we review prospective cyto-
protectants that aim to preserve parenchymal and
vascular integrity by inhibiting a variety of deleterious
processes.

The pathophysiology of an ICH and the efficacy of
putative treatments are assessed using a number of
experimental models (for review, see Chapter 17). The
majority of cytoprotection studies use rodent models
of ICH, but other species, such as pig [6], are also
used. A hematoma may be created by injecting auto-
logous whole blood directly into the striatum [7] or
cortex [8], mimicking the single large bleed that
occurs in most ICH patients [9]. Alternatively,
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infusion of bacterial collagenase into the striatum
disrupts the basal lamina of cerebral capillaries and
causes bleeding into brain tissue [10]. The progres-
sion of cell death [1,2] and neurological deficits
[11,12] are well characterized in these models. Other
models of ICH, such as implanting an inflatable bal-
loon [13], or injecting components of blood into the
parenchyma [14], are used principally to characterize
pathological processes of ICH, and less often for
evaluating cytoprotectants.

A number of recommendations have been made
to improve the quality of experimental ischemia cyto-
protection studies [15,16], and many of these are
relevant to evaluating cytoprotection in ICH. For
instance, the optimal dose and duration of treatment
must be identified. Furthermore, longer delays to
initiation of drug administration for up to several
hours after stroke should be examined. Whereas most
cytoprotection studies use young-adult, male, healthy
animals, efficacy should also be assessed in aged
animals of both sexes, and with comorbid conditions
such as hypertension and diabetes. Studies in neo-
nates mimicking periventricular/intraventricular
hemorrhage are also needed [17]. Most studies rely
only on histological measures to assess outcome, yet
few examine both white matter and gray matter
injury. In addition to histological outcome, functional
assessment is a priority as it is the clinical endpoint of
greatest concern. Thus, a battery of functional tests
appropriate for each model should be used. As cyto-
protectants may provide only transient benefit, late
assessment of histological and functional outcome
should be performed. Finally, rigorous preclinical
testing requires the evaluation of cytoprotectants
using multiple clinically relevant models and several
species, for instance in both rodent and porcine, and
eventually primate models. The identification of truly
effective cytoprotectants for ICH warrants a similar
approach.

Approaches that target cell death
Anti-apoptotic agents
Although most tissue in the hematoma undergoes
necrotic cell death and will not likely be salvaged by
any cytoprotectant, apoptotic pathways may mediate
cell death in the tissue surrounding the hematoma.
Accordingly, several anti-apoptotic agents have been
administered after experimental ICH with encouraging

results. For example, the caspase inhibitor zVADfmk
transiently reduced the density of TUNEL positive
cells at 24 hours [18]. Additionally, tauroursodeoxy-
cholic acid (TUDCA), an endogenous bile acid that
blocks apoptotic pathways, reduced lesion volume
and cell death in the perihematomal region by
approximately 50% at two days after ICH [19].
Notably, TUDCA also improved neurological func-
tion. While these studies suggest a role for apoptosis
in the pathophysiology of ICH, further studies must
confirm the existence of neuronal apoptosis with add-
itional measures (e.g., electron microscopy), and
determine the pathological processes responsible for
initiating the apoptotic cascade. Given that necrotic
injury undoubtedly occurs as well, it seems prudent to
combine therapeutic approaches to maximally reduce
cell death. Finally, inhibiting apoptotic or necrotic
cellular cascades must be shown to provide long-term
histological and functional benefit.

Free radical scavengers
Cell death, edema, and neurological deficits after ICH
occur, at least in part, by DNA damage caused by
oxidative stress [20,21]. Free radicals are generated in
the region surrounding the hematoma [1,20] through
mechanisms involving iron compounds released from
lysed blood cells [21–24]. Because iron compounds
are present in high concentrations after ICH,
targeting them to prevent oxidative damage may be
a valuable therapeutic approach. For instance, iron
chelators such as deferoxamine reduce oxidative
stress after ICH in rats, in addition to reducing edema
and neurological deficits [25]. Furthermore, inhibit-
ing heme oxygenase with tin-mesoporphyrin reduced
neuronal loss after ICH in rabbits [26] and decreased
edema in pigs [27] and rats [23]. Peeling and
colleagues have tested whether reducing free radical
production provides benefit for ICH in rats. The
hydroxyl radical scavenger, 1,3-dimethyl-2-thiourea
(DMTU), and the free radical spin trap agent,
a-phenyl-N-tert-butyl nitrone (PBN) failed to affect
edema formation, volume of tissue lost, or neuronal
injury in tissue surrounding the hematoma, but did
provide some long-term functional benefit (neuro-
logical deficit score test; [28]). Administration of a
water soluble spin-trapping nitrone compound, NXY-
059 (disodium 4-[(tert-butylimino)methyl]benzene-
1.3-disulfonate N-oxide) reduced perihematomal cell
death and infiltration of neutrophils two days after
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ICH, and significantly reduced neurological deficits
[29]. Thus, free radical scavengers hold promise for
treating ICH.

Excitotoxicity
Contrary to ischemia and traumatic brain injury stud-
ies, the role of excitatory amino acids (EAAs) has not
been well defined in ICH. Elevated levels of EAAs,
such as glutamate, have been detected in tissue sur-
rounding the hematoma shortly after ICH in humans
[30] and rabbits [31]. However, to date, only two
studies have examined whether blocking glutamate
accumulation will provide benefit for ICH. Mendelow
[32] found that the NMDA receptor antagonist
D-(E)-4-(3-phosphonoprop-2-enyl) piperazine-2-
carboxylic acid reduced edema in rats, but the effects
on cell death were not assessed. More recently, Lee
and colleagues [33] showed that the NMDA receptor
antagonist memantine reduced cell death (presumed
to be apoptotic) and infiltration of inflammatory cells
after ICH in rats, and reduced neurological deficits.
Surprisingly, memantine also decreased hematoma
size. These findings suggest that excitotoxicity may
be an important mediator of cell death, and targeting
EAAs may be a useful therapeutic approach for ICH.
Further study is clearly needed.

Surgical removal of the hematoma
Surgical removal of the hematoma may limit the
extent of cell death and secondary degenerative pro-
cesses after ICH by reducing space-occupying effects
of the hematoma and subsequent elevations in intra-
cranial pressure (ICP), by improving CBF, and by
removing potentially toxic blood breakdown prod-
ucts. Although some benefit was obtained in rats
[34], findings in pigs are contradictory [35,36].
Importantly, the recently failed Surgical Trial in ICH
suggests that surgery does not benefit ICH patients
[37]. However, surgical removal of the hematoma
may be more effective for some types of hemorrhagic
stroke, such as a lobar or cerebellar ICH.

Approaches that target secondary
consequences of an ICH
Although cytoprotectants can directly target cell death
after ICH, they can also limit injury by attenuating
secondary deleterious processes, such as edema and
inflammation. Alternatively, improved recovery may

occur despite failing to lessen cell death, reducing
inflammation, or affecting edema. Indeed, it is diffi-
cult to disentangle such effects on promoting recovery
from cytoprotection as many treatments may broadly
affect outcome after an ICH.

Blood–brain barrier
disruption
The degree of BBB breakdown is directly correlated
with late functional recovery in patients with ICH
[38]. Furthermore, the temporal pattern of BBB dis-
ruption is similar to the pattern of edema formation
in animal models of ICH. Xi and colleagues found
that in rats intracerebral infusion of lysed RBCs
caused marked BBB disruption and edema 24 hours
later, whereas after infusion of packed RBCs, these
events were delayed until 72 hours [39]. Therefore,
therapies that limit BBB disruption should also
reduce edema and improve recovery. Indeed, gran-
ulocyte colony-stimulating factor reduced BBB per-
meability, as well as edema, inflammation, and
perihematomal cell death after ICH in adult rats
[40]. Lesion volume and functional outcome were
also improved. Albumin therapy reduced BBB per-
meability two days after ICH in rats and was associ-
ated with a modest, but transient, reduction in
neurological deficits [41]. Few cytoprotection studies
actually measure BBB disruption. Instead, because
BBB permeability leads to vasogenic edema, many
researchers test therapies expected to reduce edema
(as discussed below).

Edema
Clinical studies have confirmed that many ICH-
induced deaths occur within the first few days
following onset, and are likely to be associated with
progressively worsening edema [42]. Thus, under-
standing the causes of edema is necessary for the
development of therapies that limit it, and conse-
quently limit secondary brain injury and death.
Indeed, much attention has focused on identifying
the temporal progression of edema after ICH and
the mechanisms of edema formation (for review, see
Chapter 20). Specifically, the role of components of
the coagulation cascade, such as thrombin [14,42–48],
and toxic substances released from lysed RBCs
including hemoglobin [14,23,49] and heme oxygenase
[24,26,27,50], has been extensively studied. This work
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has identified contributors to edema that could be
useful therapeutic targets. A number of compounds
have been shown to reduce edema after experimental
ICH, including granulocyte colony-stimulating factor
[40], the cyclooxygenase (COX)-2 inhibitor celecoxib
[51], atorvastatin [52,53], thrombin inhibitors such as
argatroban [54–56], iron chelators such as deferoxa-
mine [25], hypothermia [57,58], estrogen [59], the
calcium channel blocker S-emopamil [60], and
the heme-oxygenase inhibitor tin-mesoporphyrin
[24,26,27].

Unlike clinical ICH, the mortality rate in experi-
mental ICH studies tends to be very low, and is not
commonly used as an endpoint to gauge efficacy.
Therefore, it is important to determine whether
reductions in edema found in rodent models translate
into improved long-term histological and functional
protection in animals as well as predict morbidity and
mortality in humans. Fortunately, many rodent stud-
ies show that reductions in edema are associated with
long-term sensorimotor recovery [40,51–53].

Inflammation
The robust inflammatory response that follows
experimental ICH likely contributes to injury (for
review see [61]). Many experimental studies have
attempted to understand the time course and signifi-
cance of the inflammatory response and its contribu-
tion to injury after ICH [1,62–64]. Furthermore,
studies have also defined the role of inflammatory
mediators, including cytokines such as tumor necrosis
factor-alpha (TNF-a [65]) and interleukin-1b [46,66],
enzymes associated with inflammation such as matrix
metalloproteinases (MMPs, [67–72]), and transcrip-
tion factors such as nuclear factor (NF)-kB [73,74].
Limiting the cascade of deleterious inflammatory
processes after ICH is thought to reduce ICH injury
and promote improved outcome.

Accordingly, a broad range of anti-inflammatory
agents has been tested after experimental ICH.
A number of drugs reduce neutrophil and/or macro-
phage infiltration, including FK-506 [75], fucoidan
[76], granulocyte colony-stimulating factor [40], ator-
vastatin [52], and the peroxisome proliferator-
activated receptor-g (PPARg) agonist, 15-deoxy-
D12,14-prostaglandin J2 (15d-PGJ2) [77]. Furthermore,
inhibiting microglia activation with tuftsin frag-
ment 1–3 significantly reduced hematoma size and
improved neurological outcome in mice [78]. Other

agents target specific cytokines. For example, after
ICH in rats, inhibition of TNF-a lessened perihema-
tomal cell death and persistently reduced neurologi-
cal deficits [65]; interleukin-1 receptor antagonists
decreased neutrophil infiltration and edema [46,66];
and reduction of NF-kB activity and neutrophil infil-
tration by 15d-PGJ2 predicted reduced neuronal cell
death and behavioral deficits [77]. Targeting inflam-
matory enzymes also appears to provide significant
benefit. Chu and colleagues demonstrated that the
COX-2 inhibitor, celecoxib, decreased inflammation,
edema, and neurological deficits after ICH [51]. Fur-
thermore, reducing MMP-12 expression with mino-
cycline provided significant functional benefit [70]
(but see [79]), and the broad spectrum MMP inhibi-
tor GM6001 reduced oxidative stress, edema, cell
death, and neurological impairments after ICH in rats
[71]. In most cases, decreased infiltration of leuko-
cytes or cytokine expression was associated with per-
sistent improvements in sensorimotor outcome,
which may be of great clinical value. However, only
a few studies show that inhibiting inflammation
actually leads to decreased brain injury (e.g.,
[40,51,71,72]). Therefore, it is possible that inflam-
mation promotes functional recovery independently
of any effects on cell death.

Although a pathological role for inflammation is
assumed, one should not lose sight of the necessity
of cytokines and inflammation. For example,
microglia may contribute to ICH injury, but they
also participate in limiting and clearing the hema-
toma [78]. Acute elevations in TNF-a appear to be
pathological and should be mitigated, but basal
levels of TNF-a are essential for normal neuronal
and glial development and survival [80]. Further-
more, TNF-a is neuroprotective during ischemic
stress [81]. Thus, prior to clinical investigation of
potent and/or broad-spectrum anti-inflammatory
agents for ICH, further research is needed to
increase our understanding of the positive and
negative roles of the inflammatory response.
Finally, there are notable weaknesses in current
experimental studies. For instance, many investiga-
tors assess inflammation at one time point, and
treatments may simply alter the time course of
inflammation, for instance shifting the time or
magnitude of the peak response [82]. Thus, the
progression of inflammation should be assessed at
multiple times to verify whether a putative cytopro-
tectant does indeed inhibit these processes.
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Overview and considerations
for cytoprotection studies
In the past decade, the efficacy of many cytoprotective
agents has been tested in treating ICH. Some of
these therapies directly target cell death mediated by
oxidative stress or caspases. Others aim to reduce
secondary degenerative processes like edema and
inflammation, which are also thought to contribute
to brain injury and functional impairment. Many of
the experimental studies discussed above report posi-
tive results, which have increased hope in developing
effective cytoprotective strategies for ICH. Before
putative cytoprotectants are tested in ICH patients,
however, efficacy must be rigorously evaluated in
experimental studies. There are a number of limita-
tions to how cytoprotective agents are typically
assessed, and we offer suggestions as to how these
shortcomings can be overcome in future studies. Such
advances are needed if we are to identify truly effect-
ive treatments for ICH, and gain adequate support for
them prior to clinical testing.

First, rodent models of ICH are most commonly
used in experimental cytoprotection studies. How-
ever, creating animal models that better reflect aspects
of human ICH such as hemorrhagic transformation
[83] or the rebleeding that occurs in 
 30% of ICH
patients [84] should be a priority for ICH investiga-
tors [85]. Furthermore, there are substantial differ-
ences in the amount of gray and white matter in
rodent and human brains [86]. Thus, efficacy of
potential cytoprotectants should be assessed in larger,
gyrencephalic animals, such as pigs and primates,
before being used in humans. Despite the limitations
of animal models of ICH, there is hope that such
models will have better clinical predictive value if
the experimental conditions more precisely reproduce
the clinical setting, for instance through including
realistic delays before commencing treatment. An
additional concern is that many cytoprotection stud-
ies fail to measure or regulate physiological variables
that could affect outcome after ICH, including blood
gases, hematocrit, blood pressure [87,88], glucose
levels [89,90], and postoperative temperature [88,91].

Functional outcome is the endpoint of greatest
clinical concern, yet, surprisingly, many investigators
either do not assess recovery or use tests of gross
neurological function over the first few days after
ICH. Other behaviors such as reaching and walking
are often severely and persistently disrupted after

ICH, and should also be assessed [12]. Recent studies
have identified tests sensitive to a striatal ICH, and
have demonstrated that a battery of tests sensitive to a
range of deficits is preferred over a single test [11,12].
Functional testing should be conducted throughout
an experiment to track recovery, and to determine
whether a cytoprotectant provides significant long-
term functional benefit. Furthermore, a reduction in
brain injury does not necessarily translate into func-
tional improvement (for review, see [92]). Accord-
ingly, histological protection in the absence of
functional improvement is not a sufficient indicator
of treatment efficacy.

Importantly, functional or histological outcome
should be assessed using long survival times, as a
cytoprotectant may improve outcome only transi-
ently. Markers of injury such as the size of the hema-
toma or amount of edema are often used to gauge
treatment efficacy. However, reductions in edema, for
instance, may not result in improved long-term func-
tional outcome or permanently reduced injury. Thus,
further research is needed to determine how bio-
chemical markers of injury relate to cell death, and
whether targeting these processes improves long-term
histological and functional outcome. Investigators
should also strive to supplement non-specific histo-
logical procedures or to use more specific measures.
For example, a marker specific to degenerating
neurons, such as Fluoro Jade B [93], can be used to
distinguish neurons from other types of degenerating
cells after ICH. Furthermore, electron microscopic
evaluation of morphological features could be
coupled with TUNEL staining to confirm apoptosis.

Very few ICH studies assess cytoprotective ther-
apies on very young (e.g., neonates [17]) or aged
animals, despite the fact that significant differences
in edema and neurological deficits occur in aged (vs.
young) rats [94]. Furthermore, differences between
males and females are rarely assessed, but recent data
show that edema formation following ICH is lower in
female rats [59]. These and other data suggest that
hormones such as estrogen can modulate ICH
damage [59,95], through effects on estrogen receptors
in the brain, through bleeding, and perhaps through
more subtle physiological differences such as hemo-
globin and hematocrit levels.

The therapeutic window of a potential cytoprotec-
tant is often not assessed. Instead, drugs are com-
monly administered prior to, during, or immediately
after ICH in order to maximize efficacy. As in
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ischemia studies, the earliest intervention will likely
provide the greatest benefit. However, clinically real-
istic intervention delays should be used, which may
greatly affect outcome. For example, minocycline
improves neurological outcome when administered
starting one hour after ICH [70], but not at three
hours [79]. Prior to clinical investigation, the efficacy
of putative cytoprotectants should be assessed when
administered many hours after ICH. Current recom-
mendations are that treatments for ICH should be
initiated as soon as possible after onset. However, it
is possible that the therapeutic window is longer than
predicted, and it would be of great clinical benefit to
have this clearly established.

Future directions
In studies of both ischemic and hemorrhagic stroke,
investigators often target the acute phase of the insult
and administer cytoprotectants within a few hours of
stroke onset. However, the cell death that continues
over days to weeks [1,2] may be an additional thera-
peutic target that has a wider treatment time window.
For instance, rehabilitation therapies improve out-
come in ischemia and ICH patients, even if applied
weeks or months after stroke [96] and this may
involve subtle modulation of ongoing cell death.
Rodent studies also show that rehabilitation therapies
reduce brain injury after ICH [89,97,98].

Single drug treatments have generally failed to bene-
fit ischemia and have so far failed to provide substantial
protection for ICH. Due to the complex nature of ICH,
it is reasonable to expect that therapies targeting several
components of injury would be more efficacious than a
single therapy. Indeed, a combination of cytoprotec-
tants with different mechanisms of action might be
expected to act synergistically to providemaximal bene-
fit for ICH. Furthermore, non-pharmacological inter-
ventions such as rehabilitation should also be tested in
combination with cytoprotectants. Notably, a recent
study of severe ICH demonstrated that the combination
of hypothermia and rehabilitation improved outcome
more so than either treatment alone [99]. Finally, any
potential cytoprotectant must be compatible with other
drugs that are given to ICH patients, whichmay include
rFVIIa, as it appears to provide clinical benefit in some
ICH patients [100].

Several other treatment approaches have recently
gained much interest. For instance, investigation of
genomic responses after experimental ICH [101,102]

has generated information on signaling pathways that
contribute to the pathology of ICH, and may repre-
sent novel therapeutic targets. Likewise, investigators
could take advantage of the capacity for neuroplasti-
city and repair after ICH. Interestingly, administra-
tion of a cytoprotectant may augment plasticity and
contribute to improved outcome [53]. It has been
shown recently that endogenous stem cells are acti-
vated after ICH [103]. Accordingly, therapies such as
exercise that increase cell proliferation [90] may be of
great use for treating ICH. Furthermore, the prospect
of using transplanted stem cells to treat ICH has also
gathered much attention. Initial studies have yielded
promising results [104–106] (but see [107]), but
before these therapies can be applied clinically, many
basic questions must be answered regarding the opti-
mal timing and site of administration, type of cells
used, and safety of such treatments.

Summary
Over the past decade, the number of experimental
cytoprotection studies for ICH has increased dramat-
ically. These efforts have produced encouraging
results. For instance, a number of putative cytopro-
tectants attenuate such pathological consequences of
an ICH as edema or inflammation, reduce hematoma
size, and improve motor recovery in animal models.
Despite these successes, cytoprotective agents have yet
to benefit ICH patients. Other than rFVIIa, no treat-
ment has been shown to improve outcome in clinical
trials of ICH. Reasons for failed cytoprotectants in
ischemic stroke have been reviewed, and include limi-
tations with animal models, choice of end points, and
failure to accurately apply information obtained from
experimental studies to the clinical trials [15,108–
110]. Here we have highlighted the need to re-evaluate
both experimental and clinical practices in ICH, so
the mistakes made in studies of ischemic stroke are
not repeated. Using knowledge gained from previous
failures, a better understanding of the pathophysiol-
ogy of ICH, and continued preclinical success, it is
reasonable to expect that truly effective cytoprotec-
tants will be identified.
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Advances in pathogenesis and treatment of intracerebral
hemorrhage: clinical

Natural history of perihematomal
brain edema
Manuel Rodríguez-Yáñez, Antoni Dávalos, and José Castillo

Perihematomal brain edema (PHBE) plays an import-
ant role in secondary brain injury after intracerebral
bleeding. The liquid accumulation surrounding intra-
cerebral hemorrhage (ICH) is a common event, and it
appears as hypodensity around the hematoma on CT
scan and as hyperintensity on T2-weighted or FLAIR
sequences [1]. Perihematomal brain edema develop-
ment is associated with higher morbidity and mortal-
ity, since it can elevate intracranial pressure, leading
to herniation, and causing brainstem compression
and death [2].

The natural history and pathogenesis of PHBE are
beginning to be understood. It has been postulated that
the perihematomal region is hypoperfused, secondary
to microvascular compression, resulting in ischemia
and cytotoxic edema. Perihematomal brain edema has
also been hypothesized to be of vascular origin,
resulting from the oncotic effects of intrahematomal
blood clotting [3]. The understanding of PHBE patho-
genesis is important, since it will lead to a better thera-
peutic management of these patients. The knowledge
about the predominance of ischemia or vasogenic
edema may be important for the aggressive treatment
of high blood pressure during the acute phase of ICH.

Epidemiology
Perihematomal brain edema is commonly observed
during the acute and subacute phases in patients with
ICH. Approximately one-third of patients with ICH
lacked measurable edema on baseline CT scan, but
nearly all had measurable edema at 20 hours of evo-
lution. Perihematomal brain edema volume increases
by approximately 75% during the first 24 hours after
hyperacute spontaneous ICH, and patients with the
least amounts of baseline relative edema volume
are most likely to develop significant additional

amounts of edema during the first 24 hours after
spontaneous ICH [4].

Few studies have investigated what factors are
associated with the development of PHBE. No clinical
studies have been developed to establish PHBE-
associated factors. In animal models, aging [5], gender,
and hyperglycemia [6] have been related to an
increase in PHBE.

Pathological features
The halo of hypodensity observed in the CT studies
performed during the first week after ICH is mostly
due to vasogenic edema [7], whereas cytotoxic edema
in the peripheral tissue is limited, both in animal
models [8] and in human clinical cases [9]. Vasogenic
edema is due to an increase in blood–brain barrier
permeability, causing water, electrolytes, and proteins
to accumulate in extracellular space. The amount of
edema is greatest in the white matter, but the same
changes may take place in gray matter, but in a lesser
extent. Cytotoxic edema is due to lack of adenosine
triphosphate (ATP), leading to sodium and potassium
pump failure, causing intracellular water accumulation.

Experimental studies in ICH demonstrated
marked edema in white matter regions adjacent to
hematoma [10]. Edema development was also
observed in ipsilateral distal white matter regions,
presumably due to fluid movement in the extracellu-
lar space along white matter fiber tracts. In animal
models, 12 hours after hematoma development
induced by injection of bacterial collagenase and hep-
arin into the caudate nucleus, a diffuse halo around
the hematoma and in white matter is observed by
immunohistochemical techniques, indicating the
presence of plasma-derived edema fluid, which persist
at least hours [11].
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Macroscopically, white and gray matter aspect
differs not much from normal appearance, though
effacement in their limit can be observed. If edema
is more important, brain sulcal effacement, ventricu-
lar system compression, and even cerebral herniation
can be produced.

In optic microscopy, edema is characterized by
vacuolization or spongy change of the neuropil and
pericellular vacuolization as well as pallor of the tissue
and swollen astrocytes. When cytotoxic edema is pro-
duced, neurons andmyelin sheathsmay also be swollen.
In electronic microscopy, an increase in extracellular
space in white matter is observed, with separation
between axons [12]. In the gray matter, the entry of
water causes the relaxation of the prolongations of the
astrocytes, which leads to empty perineuronal and peri-
vascular spaces, without dilating extracellular space.

Chronology of PHBE
In animal models, PHBE increases gradually. At two
hours from onset it is mild, and it increases over several
hours, peaking at the third or fourth day. Subsequently,
edema declines slowly, but still exists seven days after
hemorrhage development [13,14]. In human studies,
early CT scans demonstrate that PHBE develops within
three hours of symptom onset [15]. The volume
increases rapidly three days after hemorrhage and then
slowly until day 14 after hemorrhage [16]. Perihemato-
mal brain edema reaches its maximum between 10 and
20 days of evolution, and decreases thereafter.

Previous studies indicate that edema formation
following ICH may involve several phases
(Table 20.1). These include an early phase occurring
in the first hours of evolution of the bleeding. This
edema is interstitial in nature, and results from the
accumulation of osmotically active substances and
movement of water across an intact blood–brain bar-
rier into the extracellular space [10]. This process
involves hydrostatic pressure and clot retraction with
secondary expulsion of serum from the clot that con-
tributes to the creation of a low cerebral blood flow
zone around the bleeding, causing transient ischemia
around the clot. A second phase occurs in the next
24–48 hours, and involves the activation of the coagu-
lation cascade, thrombin production, and induction
of proteolytic enzymes that leads to an inflammatory
response, resulting in direct cellular toxicity, blood–
brain barrier disruption, depressed metabolic activity,
and a secondary reduction in cerebral blood flow

[17–20]. A third phase, after three days of evolution,
is mainly mediated by red blood cell lysis and
hemoglobin-induced neuronal toxicity [21].

Pathophysiology of PHBE
In Figure 20.1 we can see the different mechanisms
implicated in the pathophysiology of PHBE. After an
ICH, a decrease of cerebral blood flow to ischemic
levels occurs immediately in brain tissue surrounding
the hematoma [8,22]. This initial decrease in cerebral
blood flow is related to a microvascular compromise
due to local brain tissue compression. Although peri-
hematomal oligemia occurs in acute ICH, it is not
associated with MRI markers of ischemia [23], and
this perihemorrhagic hypoperfusion probably is a con-
sequence of reducedmetabolic demand [24]. The cyto-
toxic edema produced by this mechanism, however,
is minimal [1]. Later reperfusion of the brain damaged
tissue may contribute to further edema growth [25].

In considering the pathogenesis of hyperacute
PHBE, it has been postulated to be vascular in origin,
resulting from the oncotic effects of intrahematomal
blood clotting [3]. There are many experimental stud-
ies that support the hypothesis that it is largely com-
pounded of the remaining, peripherally exuded serum
proteins after clotting of the hematoma and con-
sumption of plasma clotting factors [10,19,26,27].

The activation of the coagulation cascade plays an
important role in early PHBE formation [28]. Inter-
ventions that reduce thrombin generation can reduce
PHBE. In this context, intrahematomal injection of
heparin prevents the hyperacute PHBE formation
[29], and intrahematomal tissue plasminogen activa-
tor instillation can reduce it in a porcine model of

Table 20.1. Different phases of PHBE formation

Phase Time Implicated mechanisms

Phase 1 First 8
hours

Hydrostatic pressure and clot
retraction with secondary
expulsion of serum from the
clot

Phase 2 24 to 48
hours

Activation of the coagulation
cascade, thrombin
production, and induction of
proteolytic enzymes

Phase 3 More
than 72
hours

Red blood cell lysis and
hemoglobin-induced
neuronal toxicity

Section 8: Advances in ICH: clinical

230



ICH [30]. Clinical studies in humans support this
hypothesis, for example Gebel et al. [3], found a lower
relative edema volume in ICH related to thrombolytic
or anticoagulant therapy compared with spontaneous
ICH, a fact that was attributed to the lack of clot
retraction in anticoagulated patients and lower
thrombin production as a result of the blockade of
the coagulation cascade. Thrombin is a serine prote-
ase derived from prothrombin and is essential in the
coagulation cascade. It is produced immediately after
bleeding at the same time as the blood clots. In add-
ition, prothrombin from plasma may pass through
the broken blood–brain barrier into the brain paren-
chyma, where it is converted into thrombin. More-
over, the clot formed during the coagulation process
may retain some thrombin that can be released slowly
into the surrounding bleeding area. The participation
of thrombin in PHBE development has been demon-
strated by experimental and clinical data. In fact, the
administration of thrombin inhibitors decreases peri-
hematomal edema both in experimental [19] and
clinical studies [31]. Besides its participation in peri-
hematomal edema formation, thrombin produces
deleterious effects on the brain through cytotoxicity,
inflammation, and blood–brain barrier breakdown
[26,32,33], and also due to a direct proteolytic
activity, causing necrosis and cell death in animal
models after intracerebral injection, although the

doses required to cause damage are relatively
great in consideration of the plasma content of this
protein [34].

Blood–brain barrier disruption after ICH has been
reported as contributing to brain edema formation.
Blood–brain barrier permeability in the perihe-
matomal region increases markedly approximately
8–12 hours after the beginning of ICH, and continues
to increase for 48 hours [18]. As already mentioned,
early blood–brain barrier disruption after ICH is
related to thrombin generation [26].

Later in the evolution of pathogenic events, red
blood cell lysis and hemoglobin toxicity further aggra-
vate blood–brain barrier disruption and are respon-
sible for delayed edema development [35]. The release
of iron (a breakdown product of hemoglobin) after
erythrocyte lysis may exert a potent lipid peroxidation
by mediating free radical generation [36]. In fact,
hemoglobin stimulates lipid peroxidation which in
turn is inhibited by iron chelators [37]. Moreover,
it has been reported that holo-transferrin, an iron-
containing component of the hematoma, causes brain
injury when combined with thrombin [38]. This
seems to be related to an increased intracellular
uptake of iron from holo-transferrin facilitated by
thrombin. It has also been shown that oxyhemoglobin
can induce apoptosis in cultured endothelial cells,
possibily through free radical damage to the
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endothelial vessel wall tissue [39]. A second mecha-
nism that might contribute to edema formation
development after erythrocyte lysis is direct damage
to neurons and astrocytes involved in maintaining
extracellular homeostasis. Intracortical infusion of
lysed blood but not unlysed blood, induced strong
expression of heat shock protein 70, a neuronal injury
marker, in experimental models [40]. There is a sig-
nificant entry of prothrombin into the brain after
erythrocyte lysis. If activated factor X is present, either
because of the entry of factor X from the blood or
through expression of factor X by brain parenchymal
cells, an influx of prothrombin will result in the
generation of thrombin within the brain, and conse-
quently edema formation.

Complement, which is excluded from brain par-
enchyma in normal conditions by the intact blood–
brain barrier, can enter into the brain after ICH as a
result of the extravasation of blood or, later, as a result
of blood–brain barrier disruption. Complement-
related brain injury seems to be mediated by the
membrane attack complex (MAC) formation which
can cause the formation of pores in the cell mem-
brane leading to cell lysis. The MAC also seems to be
related to cytokine, oxygen radicals, and matrix pro-
teins release. The complement cascade has been found
to participate in PHBE formation in ICH experimen-
tal models which show the attenuation of PHBE after
the administration of inhibitors of the complement
cascade [41, 42].

Matrix metalloproteinases (MMPs), a group of
proteolytic zinc-dependent enzymes that are able to
degrade the endothelial basal lamina [43], may also
play a key role in ICH brain injury, increasing capil-
lary permeability and producing brain edema. In
experimental models of cerebral ischemia, the inhi-
bition of MMP has been reported as decreasing the
PHBE. Different molecules have been implicated in
the MMP-mediated injury, such as reactive oxygen
species (ROS), nitric oxide (NO), and proteases. In
experimental models of ICH, the expression of MMPs
coincides with an increase in free radicals in cells and
in the endothelium, and the treatment with an MMP
inhibitor reduces both the production of the oxidative
stress and brain edema formation [44].

Molecular signatures of PHBE
Pro-inflammatory molecules which are released as a
result of the activation of clotting proteins [26,27,45]

and biomarkers of endothelial damage markers and
blood–brain barrier disruption [20] have already been
reported as associated with PHBE development in
clinical studies.

A significant correlation has been found between
high plasma levels of interleukin-6 (IL-6), tumor
necrosis factor-alpha (TNF-a), and intercellular adhe-
sion molecule-1 (ICAM-1) and the volume of PHBE
developed 3–4 days after ICH [46]. These findings are
in agreement with the notion of edema as an indicator
of the inflammatory response induced by hematoma.

It has been also demonstrated that poor clinical
outcome and increased volume of the residual cavity
after ICH are associated with high concentrations of
glutamate in blood within the first 24 hours from
symptom onset [46], suggesting that excitotoxicity,
as well as inflammation, may have an important role
in causing secondary brain injury after cerebral
hemorrhage.

Matrix metalloproteinases have also been reported
to increase as a result of ICH [47–49]. More specific-
ally, MMP-9 levels were demonstrated to positively
correlate with the volume of PHBE as well as with the
enlargement of PHBE within the first 48 hours of
evolution [47, 49]. Significantly higher MMP-9 levels
were found in patients with neurological worsening
[47], whereas MMP-3 levels were associated with
mortality at three months in patients with ICH [49].
It remains to be demonstrated whether other more
specific markers of blood–brain barrier disruption,
such as cellular fibronectin, which has recently been
reported to be an independent predictor of early
hematoma growth [50], could also be a marker of
edema around the hematoma.

Neuroimaging features of PHBE
In the first hours of intraparenchymal hemorrhage, a
hypodense ring in the periphery of the hematoma is
observed in CT scan [51] (Fig. 20.2). The initial
attenuation surrounding the high-density hemor-
rhage is caused by the serum extruded into the brain
after clot retraction. Subsequently, the circumferential
hypodensity increases and reaches maximum at
approximately 3–4 days. This increment in PHBE is
due to vasogenic edema, and can last several days.

Magnetic resonance imaging is playing an evermore
important role in the evaluation of hyperacute cerebro-
vascular disease. In MRI, PHBE appears as a hypoin-
tense rim surrounding hematoma on T1-weighted
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imaging and hyperintense on T2-weighted imaging
or FLAIR sequences (Fig. 20.3) [52]. Diffusion- and
perfusion-weighted MRI (DWI and PWI) are useful
techniques in the evaluation and management of acute
ischemic stroke, as well as in the evaluation of perihe-
matomal injury in hyperacute ICH. Diffusion-weighted
MRI characterizes alterations in the diffusibility of
water, which is thought to provide a measure of tissue
bioenergetic compromise, and PWI provides a measure
of relative cerebral perfusion. A perihematomal rim
of increased apparent diffusion coefficient (ADC) in
MRI studies in hyperacute phase of ICH is found in
25% of cases [53]. The elevated ADC indicates that

perihematomal edema is highly diffusible, suggesting
that it is a plasma-derived vasogenic edema [23].

Single-photon emission computerized tomo-
graphy (SPECT) is useful in the study of PHBE
evolution [25]. A primary reduction of cerebral blood
flow occurs in immediately adjacent tissue surroun-
ding hematoma, resolving within minutes to hours,
leading to minimal edema. Perilesional blood flow
normalizes from initially depressed levels during the
first 72 hours, as edema forms, finding a correlation
between extension of edema and the volume of reper-
fused tissue, indicating that the reperfusion injury is
implicated in the pathogenesis of PHBE formation.

Clinical significance and prognosis
of PHBE
Neurological deterioration is a common event after
stroke. It occurs in 20–40% of patients, and is associ-
ated with poor prognosis, worsening functional out-
come, and increasing mortality [54]. In patients with
spontaneous ICH, neurological deterioration occurs
in 22.9% of cases, and is more likely to happen within
the first 48 hours from symptoms onset [55]. Several
mechanisms are implicated in the development of
neurological deterioration in patients with ICH. Early
neurological deterioration is generally thought to be
due to enlargement of the hemorrhage or develop-
ment of hydrocephalus, whereas late deterioration is
linked to delayed perilesional edema [56].

Several studies have evaluated the presence of
PHBE and prognosis in patients with spontaneous
ICH. Jauch et al. found that absolute edema volume
is not independently associated with mortality [57].
Gebel et al. found that initial relative edema was
strongly predictive of improved neurological outcome
in patients with hyperacute supratentorial sponta-
neous ICH without intraventricular extension [58].
However, this paradox has not been replicated by

Fig. 20.2 Perihematomal edema as hypodensity around the
hematoma on CT scan.

Fig. 20.3 Perihematomal edema
appears as a hypointense rim in
T1 sequences (a) and a hyperintense
rim in T2 (b) and FLAIR (c) sequences.
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others. In fact, Silva et al. found that the delayed
increase in perihematomal edema was associated with
poor neurological outcome, but not the initial perihe-
matoma hypodensity [59]. Delayed edema growth
that occurs days to weeks after spontaneous ICH
may be associated with increased mass effect and
clinical neurological deterioration [60].

Therapeutic management of PHBE
Several drugs have been used for the treatment of
PHBE in ICH, with poor results. Glycerol has dem-
onstrated no profit in management of PHBE [61],
as well as corticosteroids, use of which is related in
some occasions with higher number of infections
[62]. Nowadays, mannitol is used when PHBE is
associated with intracranial pressure increase, but
its routine use is not accepted [63]. In a recent
clinical trial, recombinant activated factor VII admin-
istered within the first four hours has been demon-
strated to reduce mortality and improve functional
outcome in patients with ICH, and also limits hema-
toma growth and reduces total lesion volume (hemo-
rrhage plus edema), with small increase in the
frequency of thromboembolic adverse events [64].
This drug opens new therapeutic options in the treat-
ment of ICH.

Regarding surgical treatment, results are contro-
versial. Stereotactic aspiration with local administra-
tion of urokinase has been demonstrated to be as
effective as conventional craniotomy in reduction of
brain edema volume caused by ICH [65]. However,
other research found that despite significant reduc-
tion in the size of the hematoma, clot liquefaction
with recombinant tissue plasminogen activator and
aspiration invokes a substantial inflammatory
response and does not result in a reduction of the
PHBE [66]. Early surgical treatment of ICH, however,
does not provide overall benefit compared with med-
ical treatment [67].

Several drugs have demonstrated their benefit in
PHBE treatment in animal models, and in the future
may block PHBE development in clinical practice.
Systemic administration within the first six hours of
argatroban, an inhibitor of both free and fibrin-
bound thrombin, in a rat model causes a significant
reduction of edema and does not increase hematoma
volume [68]. Deferoxamine and other iron chelators
attenuate brain edema in ICH, and may be potential
therapeutic agents for treating ICH, reducing the

oxidative stress caused by the release of iron from
the hematoma [69]. Celecoxib, a selective cyclooxy-
genase-2 inhibitor reduces inflammation and brain
edema formation in patients with ICH, and induces
better functional recovery in rats [70]. Besides diverse
drugs, hypothermia also reduces the brain edema
formation after ICH in rats [71].
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Chapter

21 Hemostatic therapy for intracerebral
hemorrhage
Wendy C. Ziai and Stephan A. Mayer

Introduction
The highmortality and disability associated with intra-
cerebral hemorrhage (ICH), and especially the poten-
tially preventable damage from rebleeding, have
brought hemostatic strategies to the forefront of
the medical management of acute ICH. Hemostatic
abnormalities are frequent in ICH with evidence for
both systemic and local coagulation disturbances
involving activation of both fibrinolytic and coagula-
tion systems. A number of pharmacological agents
have been reported to reduce bleeding in a variety of
clinical settings, while only one to date, recombinant
activated factor VII (rFVIIa), has undergone a double-
blind randomized controlled study in ICH. This
chapter reviews hemostatic abnormalities reported in
patients with ICH and discusses pharmacological
strategies for prevention of hematoma expansion in
both coagulopathic and non-coagulopathic ICH.

Hemostatic systems
Hemostasis, the physiological response to vascular
injury, results from activation of a highly regulated
series of procoagulant and anticoagulant zymogens
and cofactors. Coagulation factors circulate in the
blood as inactive zymogens. In vivo activation of
hemostasis requires a combination of endothelial
injury and exposure of the subendothelial protein
matrix to circulating blood. The process requires two
key cell types: tissue factor (TF)-bearing cells and
platelets. According to the cell-based model of coagu-
lation, the process of hemostasis begins with the inter-
action between cell-derived TF and blood-borne
FVIIa, the initiation phase [1,2] (Fig. 21.1). The for-
mation of the FVIIa–TF complex permits activation

of factors IX and X, a process which generates small
amounts of thrombin and is critical to the amplifica-
tion and propagation phases of coagulation. Factor Xa
forms a complex with its cofactor FV on the phospho-
lipid membrane of activated platelets. Formation of
the FXa–FVa complex activates prothrombin to gen-
erate a small amount of thrombin which subsequently
accelerates the coagulation cascade by activating FV,
FVIII, FXI and platelets. Activated platelets provide
the scaffolding for coagulation and the thrombin
generation needed to change soluble fibrinogen into
insoluble fibrin clots [3]. In addition, the TF–FVIIa
complex cleaves FIX to FIXa which diffuses out to
activated platelets and forms a complex with its cofac-
tor FVIIIa on the platelet phospholipid membrane.
The platelet FIXa–VIIIa complex then cleaves FX to
FXa which generates large amounts of thrombin [4].

Platelet adhesion and activation results from ex-
posure of vascular subendothelium, atheroma, fibrin
deposition, or other abnormal surfaces to the blood-
stream. Activation of glycoprotein 1b/IX receptors
causes platelets to undergo conformational changes
and degranulation. Platelet adhesion promotes the
release of partially activated FV from platelets, which
is required for the formation of the prothrombinase
FXa–FVa complex [5]. Platelet fibrinogen receptors
(glycoprotein IIb/IIIa) also undergo conformational
changes resulting in increased fibrinogen binding to
platelets, thus attaching additional platelets to the
thrombus.

Tissue factor is an important initiator of coagu-
lation, serving as the cofactor for FVIIa-dependent
FX activation. The brain is an extremely rich source
of TF, which is found in the adventitia of superficial
cerebral vessels and non-capillary microvessels of
the cerebral cortex [6–8]. Exposure of TF to the
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bloodstream after ICH activates the extrinsic coagula-
tion pathway to stop bleeding.

Intracerebral hemorrhage appears to cause subtle
abnormalities of blood coagulation and fibrinolysis
parameters. These hemostatic abnormalities may be
the result of brain damage, or may be caused by
activation of the coagulation system in response to
bleeding. Some investigations have found similar
hemostatic disturbances in both ischemic and hemor-
rhagic stroke patients, suggesting that the presence of
brain damage may be a more important factor than
bleeding per se [9]. Antovic et al. measured pro-
thrombin time (PT), activated partial thromboplastin
time (aPTT), fibrinogen, activity of FVII, antithrom-
bin, plasmin inhibitor (PI) and fibrin D-dimer within
1 hour after onset in 30 patients with ischemic stroke
(IS), 20 patients with ICH, 10 patients with subara-
chnoid hemorrhage (SAH), and 10 controls. They
found significant decreases in PT%, FVII activity
and antithrombin, and increases in fibrinogen and
D-dimer (indicator of activation of blood coagulation
and fibrinolytic systems) in IS and both groups of
hemorrhagic stroke [9]. Plasmin inhibitor levels
were significantly lower in patients with SAH com-
pared to both ICH and IS patients, which did not
differ from controls.

The finding of increased fibrinolysis in SAH was
consistent with a Japanese study of 358 patients
admitted within 6 hours of ICH [10]. Intracerebral

hemorrhage patients with intraventricular hemorrhage
(IVH) or SAH had significantly higher levels of white
blood cell counts, level of thrombin–antithrombin
complex (TAT; indicator of activation of the blood
coagulation system), plasmin–antiplasmin complex
(indicator of activation of fibrinolytic system), and
D-dimer compared to patients without blood in the
subarachnoid space. In fact, most of the hemato-
logical parameters examined showed no significant
differences compared to controls in patients without
IVH or SAH. The levels of TAT were independently
associated with the severity of IVH and SAH, but not
with hematoma volume. The authors concluded that
intraparenchymal hematomas are unlikely to activate
peripheral hemostatic systems, but likely do cause
local activation of such systems. A proposed mecha-
nism for these findings is that tissue factor released
from injury to superficial brain tissue gains access to
the systemic circulation through entry of blood into
the subarachnoid space.

Another Japanese study of 90 patients studied
within 3 hours of hypertensive ICH reported signifi-
cant activation of the coagulation system through
measurement of Fibrinopeptide A (FPA) and TAT,
both indicators of thrombin generation in plasma
[11]. Fibrinopeptide A is released from fibrinogen
after cleavage of the Aa chain by thrombin and TAT
is a complex form of thrombin rapidly inactivated
by antithrombin III (ATIII) in plasma. In this study,
plasma levels of both FPA and TAT were higher in
ICH patients without hematoma enlargement com-
pared to patients whose ICH enlarged on a second CT
scan within 24 hours of ictus. Fibrinopeptide A levels
were less than 10 ng/ml in all patients with ICH
expansion. The TAT levels were positively correlated
with hematoma volume in the group with unchanged
ICH size. The authors concluded that larger amounts
of thrombin may be generated to stop larger volumes
of bleeding, and that in patients with ICH enlarge-
ment insufficient thrombin generation may result in
prolonged bleeding. This study did not dichotomize
patients by presence of blood in the subarachnoid
space as the prior study had done.

There is also evidence that platelet function may
be altered in the acute phase of ICH. Saloheimo et al.
[12] studied thomboxane A (TXA2) and prostacyclin
(PGI2) biosynthesis in 43 patients with ICH by
measuring their metabolites (11-dehydrothrombox-
ane B2, 2,3-dinor-thromboxane B2, and 2,3-dinor-
6-ketoprostaglandin F1a) in urine [13]. Thromboxane
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A2 is a potent stimulator of platelet activation [14]
and vasoconstriction [15]; PGI2 inhibits platelet
aggregation and causes vasodilation [16]. Both are
the major products of arachadonic acid metabolism
in platelets [17]. Comparing aspirin users and non-
users, this study reported levels of TXA2 and PGI2 in
non-aspirin users which were significantly higher
than controls during the acute phase of ICH and at
three months follow-up [12]. Aspirin users with ICH
had urinary excretion rates of TXA2 and PGI2 metab-
olites that were significantly lower than non-users
and not significantly different from healthy controls.
These levels increased after stopping aspirin and
reached the level of non-users within a few days and
at three-month follow-up. Aspirin use, although asso-
ciated with longer bleeding times was not associated
with hematoma enlargement or worse clinical out-
comes. Larger studies, however, have subsequently
reported that aspirin is associated with hematoma
expansion and worse outcome after ICH [18]. This
finding remains controversial and may be confoun-
ded by patients on aspirin being older and having
more baseline disability [19].

Platelet activity can be measured at point of care
with the PFA-100 (Siemens AG, Germany) and the
Verify Now-ASA (Accumetrics, CA, USA) systems
yielding results significantly faster than platelet aggre-
gometry which requires specialized personnel and
a dedicated laboratory. In a prospective study of
76 patients with ICH, 33 (43%) patients had reduced
platelet activity on the VerifyNow-ASA assay, of which
14 (42%) were not known to take antiplatelet agents
[20]. Of 27 (36%) patients with reduced platelet acti-
vity on the PFA-100, a related but different 14 (52%)
were not known to take antiplatelet agents. This study
may suggest that these assays do not reliably identify
patients who report antiplatelet medication use
before ICH. Alternatively medication histories may
be inaccurate, surreptitious antiplatelet medication
use may occur, or platelet hypofunction, either pri-
mary or secondary to ICH, may be a factor independ-
ent of medication use. These results also may explain
why some studies report an association between
known aspirin use and outcomes after ICH while
others do not. Determination of which platelet activity
assay, if any, is associated with measurable clinical
outcomes such as ICH volume growth, 3-month out-
comes, or acute interventions may lead to utility of
platelet activity testing and possible therapeutic inter-
vention [20]. In a related study by the same

investigators, abnormal platelet activity measured with
the Ultegra Rapid VerifyNow-ASA technique, but not
the reported use of antiplatelet medications, was asso-
ciated with the occurrence of IVH, a greater ICH
severity score, and a higher mortality risk in patients
with ICH [21]. Nonetheless, routine measurement
or correction of reduced platelet activity in patients
with ICH is not supported at this time.

The “gold standard” test for measuring platelet
activity is platelet aggregometry [22].

Using these methods several small studies have
suggested that patients with ICH may have under-
lying platelet hypofunction [23,24]. These studies
were limited by the timing of testing for platelet
function and lacked assessment of hematoma volume.
In a study of ADP-induced platelet release reactions
in acute stroke patients, Mulley et al. found evidence
of platelet hyperactivity in thromboembolic stroke
(n¼ 23) while patients with either primary ICH
(n¼ 15) or SAH (n¼ 5) had hyporeactive platelets
by 5-hydroxytryptamine release after stimulation with
ADP [23]. Blood samples were collected within seven
days of the event in 80% of patients, but included
patients up to 40 days after stroke. Follow-up studies
one year later in 17 patients with undifferentiated
stroke demonstrated persistently impaired release
reactions in patients with initially hyporeactive plate-
lets, suggesting the hemorrhagic stroke patients may
have chronic platelet abnormalities.

One prospective cohort study of 43 patients with
acute spontaneous supratentorial ICH measured
platelet function within one week of onset of ICH
and correlated with serial CT scans [25]. Comparison
with 35 age-matched controls with neuromuscular
disease requiring intensive care demonstrated signifi-
cant decreases in platelet counts in ICH patients over
the first week of admission and a significant correl-
ation between fall in platelet count and increase in
hematoma size. Platelet function abnormalities,
including aggregation to arachadonic acid, collagen,
and ADP, and ATP release reactions to thrombin
and collagen, and prolonged bleeding time were a
common finding in ICH patients compared to stan-
dardized controls. Platelet dysfunction was more
common in large (> 30 cm3) compared to small ICH
(80% vs. 50%). In conclusion, platelet dysfunction was
common among patients with ICH and extended
beyond an aspirin effect.

Not all studies have documented platelet hypo-
function in the presence of intracerebral blood. Liu
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et al. [26] reported platelet hyperfunction in both
non-hemorrhagic and hemorrhagic ischemic stroke
patients, as determined by significantly increased
platelet aggregation rates induced by ADP or epi-
nephrine, and elevated plasma levels of beta-
thromboglobulin, a marker of in vivo platelet acti-
vation and aggregation. Platelet function was tested
within 72 hours of onset. These observations do not
prove whether ICH is a cause or consequence of
platelet dysfunction. Further, the mechanism by
which ICH may alter normal platelet function in vivo
is not known.

In summary, intracerebral and intraventri-
cular hemorrhage appear to be associated with subtle
abnormalities of blood coagulation, platelet function,
and fibrinolysis, and there is some evidence that these
abnormalities may be more pronounced in patients
with more extensive hemorrhage. However, some of
these findings have also been reported in patients with
ischemic stroke, suggesting that they may reflect a
non-specific response to brain injury. Thus, the clin-
ical relevance of these findings remains unknown.

Local coagulation abnormalities
in ICH
Equally important to the issue of early hematoma
expansion and stopping further hemorrhage is the
likelihood of a localized coagulation disturbance re-
sulting in ongoing hemorrhage or early rebleeding,
events where medical management may be able to
intervene successfully. It is generally accepted that
bleeding associated with ICH in many cases is not
completed within the first few minutes of onset.
This concept is based on multiple studies (several
retrospective and one prospective) showing that
CT-documented early hematoma growth occurs in
18–38% of patients [27–30] even in the absence of
overt systemic coagulopathy [31,32]. The highest
rate of early hematoma growth was documented by
the only prospective study, which reported ultra-early
hematoma growth within 1 hour of the baseline
scan in 26% of patients and in an additional 12% of
patients from 1 to 20 hours. However, this may have
been an underestimate, because clinical deterioration
and early surgical intervention precluded the per-
formance of follow-up scans in some patients in this
study [27].

The pathophysiology of early hematoma expan-
sion, and in particular the evidence for local

coagulation disturbances comes largely from clinical
data, as no animal model exists which accurately
models the dynamics of human hypertensive hemor-
rhage. The ultra-early recurrence of bleeding (or fail-
ure of initial bleeding to stop) may occur at the site of
an initial ruptured lenticulostriate artery or arteriole,
although histopathological, CT, single-photon emis-
sion computed tomography (SPECT) and both con-
ventional and CT angiography (CTA) suggest that
secondary bleeding at the periphery of a blood clot
is multifocal and may represent ruptured arterioles or
venules [33–35]. An association between early hema-
toma growth and irregular shape of the blood clot
may support bleeding from multiple arterioles
[36,37]. Other evidence comes from CTA studies
performed immediately after ICH which demon-
strated active contrast extravasation into the hema-
toma in 30–46% of patients [38,39] and from
angiography showing bleeding from single and sim-
ultaneous multiple lenticulostriate arteries immedi-
ately after ICH [40,41].

One mechanism of hematoma expansion is that
increased vascular congestion and local tissue pres-
sure produce an ischemic congested layer of tissue
at the margin of the hematoma where intravascular
hydrostatic pressure may cause secondary bleeding
from venules and arterioles which continues due to
ischemic tissue damage [34,42]. An alternative or
perhaps additional explanation is that plasma which
rapidly infiltrates into peripheral brain tissue around
the hematoma [43] may produce a local coagulopathy
that inhibits hemostasis through inhibition of throm-
bin, platelet aggregation, and degradation of clotting
factors [34]. There is some evidence that brain tissue
inherently possesses fibrinolytic activity, and that this
is increased in experimental models of ICH [44,45].

Management strategies for
hemostasis manipulation in
non-coagulopathic ICH
The rationale for hemostasis manipulation in ICH
is to stop rebleeding in the acute phase thus preven-
ting hematoma enlargement. This may then minimize
late neurological deterioration, which occurs in a
third of patients, is predicted by ICH volume, and is
most likely caused by perihematomal edema and mass
effect [35,46]. Potential hemostatic agents for ICH
may focus on a single hemostatic abnormality, or
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perhaps a multi-agent approach may be required with
potential targets for intervention being inhibition of
fibrinolysis, thrombin generation, or improvement of
platelet function. Ideally such an agent should activate
coagulation locally producing effective hemostasis
without causing systemic thrombosis or activation of
the coagulation system. The standard treatments
available to reverse abnormal coagulation (usually
the result of oral anticoagulant medication) include
fresh frozen plasma (FFP), vitamin K, prothrombin
complex concentrate (PCC) and factor IX complex
(FIX). These agents are not likely to be suitable for
patients with normal coagulation status, because their
primary role is to replace factor deficiencies, which do
not exist in normal patients. Moreover, they can
result in potential complications such as anaphylaxis
(vitamin K), fluid overload (FFP), transmission of
infectious agents (FFP, FIX), and thromboembolism
(PCC and FIX) [47,48]. Here we focus on antifibri-
nolytic (epsilon-aminocaproic acid [EACA], tranexa-
mic acid, and aprotinin), platelet-enhancing (anti-
fibrinolytics, 1-Deamino-8-D-arginine vasopressin

[DDAVP, desmopressin]), and pro-hemostatic (re-
combinant activated factor VII [rFVIIa]) agents that
may be appropriate for the prevention of early
rebleeding after ICH (Table 21.1).

Aminocaproic acid and tranexamic acid
Aminocaproic acid and tranexamic acid are synthetic
derivatives of the amino acid lysine with proven anti-
fibrinolytic activity in humans [49]. These agents bind
reversibly to plasminogen and prevent its conversion
to plasmin by blocking its activation by fibrin. They
do not activate coagulation, thrombin generation or
clot formation. Epsilon-aminocaproic acid, the less
potent of the two agents, has a shorter half-life and
has been studied in the initial non-operative manage-
ment of aneurysmal SAH and found to reduce the risk
of rebleeding by approximately 50%; however, pro-
longed antifibrinolytic treatment was associated with
an increase in the incidence of hydrocephalus and
delayed ischemic deficits, resulting in no net benefit
on mortality [50]. The use of a brief preoperative

Table 21.1. A comparison of potential strategies for hemostatic control in spontaneous non-coagulopathic ICH

Comparison
factor

rFVIIa (NovoSeven) Aprotinin Aminocaproic acid
(EACA, TACA)

Desmopressin

Mechanism
of hemostasis

Thrombin generation
on surface of
activated platelets,
and at site of injury

Inhibits serine proteases
(plasmin, kallikrein,
thrombin); no effect on
platelet function

Inhibit conversion of
plasminogen to plasmin

Increases von
Willebrand
factor and FVIII
activity

Time of onset Immediate 0.5 h Immediate Immediate

Half-life 2.5 h 2.5 to 5 h 2 to 3 h 2.8 to 3 h

Level of
evidence for
efficacy as
hemostatic
agent

RCT for hemophilia,
intractable surgical
bleeding; Phase IIb
RCT for ICH;

RCT for cardiac and
non-cardiac surgery;
no studies for ICH

RCT for SAH, cardiac and
non-cardiac surgery; no
studies for ICH

RCT for cardiac
surgery; no
studies for ICH

Major risks Thromboembolism Hypersensitivity reactions
(< 0.1%); no increase in MI,
renal failure or mortality

Thrombosis in major vessels;
limited safety data; concern
for rhabdomyolysis and renal
dysfunction

Myocardial
infarction in
cardiac surgery
patients

Other
benefits

Attenuates systemic
inflammatory response;
may decrease mortality
after cardiac surgery

Cost Most expensive Expensive Inexpensive Inexpensive

Notes: EACA, epsilon-aminocaproic acid; TACA, tranexamic acid; RCT, randomized controlled trial; MI, myocardial infarction.
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course of high-dose EACA [50] or tranexamic acid
[51] in SAH patients has since been found to be safe
and beneficial for diminishing the risk of early
rebleeding prior to early surgical intervention, and
many centers are increasingly adopting this strategy.
Both agents are effective in treating non-neurological
bleeding disorders such as primary menorrhagia,
upper gastrointestinal tract bleeding, and mucosal
bleeding in patients with thrombocytopenia and other
coagulopathies [49,52,53].

One pilot study has examined the potential effi-
cacy of EACA for preventing early hematoma growth
after ICH [54]. Three of the first five patients given a
5 g IV loading dose of EACA followed by an infusion
of 1 g/hour for 23 hours experienced significant
hematoma expansion, compared to two of nine con-
trol patients. The 80% confidence interval for the
frequency of hematoma growth in EACA-treated
patients was 32–88%. The authors concluded that
the rate of hematoma expansion in patients given
EACA within 12 hours of ICH is probably no less
than the natural history rate, although this treatment
appears to be safe.

Aprotinin
Aprotinin is an inhibitor of serine proteases such as
trypsin, chymotrypsin, plasmin, and kallikrein [55].
It has been shown to promote clot formation through
its antifibrinolytic activity (inhibition of FXII for-
mation through kallikrein inhibition), by inhibiting
plasmin-induced complement activation, and by
protecting platelet adhesive surface receptors [56].
Aprotinin is a small polypeptide with predictable
pharmacokinetics and a half-life of 2.5–5 hours [55].
A full dose of aprotinin produces plasma concentra-
tions that inhibit both fibrinolysis and inflammation
[57]. It has been successfully used in cardiac and liver
transplantation surgery to prevent bleeding comp-
lications. In a systematic review of the literature
(35 coronary artery bypass trials), aprotinin treatment
compared to placebo reduced blood transfusion and
was associated with reduced incidence of stroke [58].
However, a more recent large randomized trial found
that aprotinin use during cardiac surgery was associ-
ated with an increased risk of renal failure requiring
dialysis, myocardial infarction, heart failure, and
stroke or encephalopathy [59]. Neither EACA or
tranexamic acid were associated with these risks
compared to placebo.

Aprotinin has been used to avoid coagulopathy
during deep hypothermic cardiopulmonary bypass
for craniotomy, during preoperative management of
ruptured intracranial aneurysms combined with low-
dose tranexamic acid, and locally in neurosurgical
operations to prevent hyperfibrinolytic hemorrhage
[60–62]. Aprotinin is derived from bovine origin
and has a potential for hypersensitivity reactions ran-
ging from mild skin rash and urticaria to anaphylaxis
and circulatory collapse [55]. Hypersensitivity reac-
tions are rarely reported depending on pre-exposure
status: < 0.1% of cases with no prior exposure; 5% if
exposed to aprotinin within six months, and 0.9%
thereafter [55]. Aprotinin has not been studied in
patients with intracerebral hemorrhage.

Desmopressin
Desmopressin (DDAVP) is a synthetic analog of the
natural pituitary hormone 8-arginine vasopressin
[55]. Its hemostatic mechanism is to increase release
of von Willebrand’s factor into the blood and increase
levels of anti-hemophilic FVIII activity in plasma. Its
primary use in hemostasis is for improved coagula-
tion in mild hemophilia and conditions associated
with platelet dysfunction. As defective platelet func-
tion is not established as a causative factor in rebleed-
ing from ICH, there is no current rationale for its use
in this disease. Moreover, desmopressin treatment for
cardiac surgery patients doubled the myocardial
infarction rate with only small decreases in periopera-
tive blood loss and no clinical outcome benefit [63].

Recombinant activated factor VII
Recombinant activated factor VII (rFVIIa) (eptacog
alpha [activated], NovoSeven®, Novonordisk A/S,
Bagsvaerd, Denmark) is a vitamin K-dependent
glycoprotein, structurally similar to the plasma-
derived activated form of the naturally occurring
initiator of hemostasis [55]. It was developed for
treatment of spontaneous and surgical hemorrhage
in patients with hemophilia A or B and inhibitors to
FVIII or FIX, respectively [3,64]. Factor VIIa in
supraphysiological or pharmacological doses binds
to the surface of activated platelets and directly acti-
vates FIX and FX to generate thrombin and augment
the coagulation process, bypassing the need for FVIII
(and also FIX) [4,65,66]. Recombinant FVIIa does not
bind to resting platelets. Because its action is specific
to activated platelets, which are present mainly at sites
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of vessel injury, FVIIa enhances local hemostasis
without systemic activation of the coagulation cascade
[67]. Factor VIIa has been shown to effectively initiate
hemostasis in patients with normal coagulation
systems [68,69] and demonstrated 84% efficacy in
stopping central nervous system bleeds in patients
with hemophilia at doses ranging from 80 to 100mg/kg
[70]. Only 1 of 21 patients in this study died and no
adverse events related to rFVIIa administration were
reported.

The half-life of rFVIIa varies from 2.4 to 3.2 hours
with IV bolus administration given over 2–5 minutes
in adults [67,71]. The half-life is shorter in children,
but is otherwise not affected by patient gender or
ethnic origin [71–73]. An almost immediate onset
of action has been observed; apparent hemostasis in
the setting of uncontrolled surgical bleeding has been
described within 10 minutes [68,69]. Moreover, a
single IV bolus dose results in complete normali-
zation of elevated INR in patients treated with oral
anticoagulant therapy within 10 minutes [71]. Rapid
localized action and short half-life of rFVIIa make
this agent a potentially ideal drug for the acute high-
risk stage of ICH.

Clinical indications for rFVIIa
In hemophilic patients with inhibitors to FVIII or FIX,
rFVIIa has been approved by the US Food and Drug
Administration (FDA) for nearly a decade for preven-
tion and treatment of bleeding episodes [4]. Recom-
binant FVIIa used as a home treatment for bleeding
episodes in hemophiliacs produces effective hemo-
stasis with 84–97% efficacy [74–77]. It has also been
successfully used to treat a variety of non-hemophilic
coagulopathies [68,78] and non-coagulopathic
patients with intractable surgical bleeding [79].
Recombinant FVIIa has been effectively used for rapid
correction of a variety of coagulopathic conditions in
non-hemophilic patients undergoing neurosurgical
procedures including craniotomy for evacuation of
epidural and intraparenchymal hemorrhages, ICP
monitor and ventriculostomy placement and intra-
spinal hemorrhage [80,81]. For uncontrolled bleeding
in multi-trauma patients, PT and PTT were signifi-
cantly shortened within minutes following adminis-
tration of rFVIIa and cessation of bleeding was
achieved in 72% of a small study of 36 patients [4].
Patients had received a median of 21 units of packed
red blood cells prior to administration of rFVIIa.

Interestingly, acidosis diminished the hemostatic
effect of rFVIIa, while hypothermia did not affect it.

Recombinant FVIIa was studied for use in SAH in
an open-label, dose-escalation safety study in colla-
boration with the UK Spontaneous Intracranial
Hemorrhage Group [82]. After nine patients were
treated without evidence of cerebral ischemia, the
tenth patient developed middle cerebral artery branch
thrombosis contralateral to the aneurysm on day 4
after a bolus dose of 80 mg/kg followed by continuous
infusion at 7mg/(kg h). The study was suspended
pending further investigation.

Safety of rFVIIa
Under normal physiological conditions, only 1% of
endogenous FVII circulates as FVIIa and has very
weak enzymatic activity until it binds to TF [67].
Administration of rFVIIa elevates the level of acti-
vated FVII by 1000-fold, but should not result in
clotting in the absence of functional (exposed) TF,
which is required for complexing VIIa and initiating
the coagulation cascade. Thus rFVIIa-induced coa-
gulation is localized to sites of vessel injury.
Thromboembolic complications associated with use
of rFVIIa are the most frequent and serious comp-
lications due to FVIIa [55]. These include acute
myocardial infarction, pulmonary embolism, and
disseminated intravascular coagulation [83–86]. The
frequency of serious adverse events was recently
reported in the range of 1–2 % after well over
700 000 doses administered to several thousand
patients for various clinical indications [74,85,86].
Only 17 adverse thrombotic events (11 arterial,
6 venous) after more than 180 000 standard doses of
rFVIIa given primarily to hemophilia patients were
reported as of 2001, and most of these were attributed
to underlying prothrombotic states rather than a
direct effect of rFVIIa [71,85].

A more recent analysis of thromboembolic
adverse events reported to the FDA from 1999 to
2005, however, suggests that the frequency of serious
thromboembolic adverse events with rFVIIa may be
substantially higher in non-coagulopathic patients
treated for bleeding emergencies [87]. In this report,
a total 185 thromboembolic events were described.
Non-hemophilic indications with active bleeding
accounted for 151 of these adverse events, which
included ischemic stroke (n¼ 39), acute myocardial
infarction (n¼ 34), other arterial thromboses (n¼ 26),
pulmonary embolism (n¼ 32), and other venous
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thromboses including deep vein thrombosis (n¼ 42).
In 36 (72%) of 50 reported deaths, the probable
cause of death was the thromboembolic event. In
144 patients with timing information, 73 events
(51%) occurred in the first 24 hours after the last
dose (30 events within 2 hours). Most reports lacked
sufficient information to evaluate potential dosage
associations.

In the ICH literature, two reports shed light on the
safety of rFVIIa for treatment of acute ICH. A dose-
escalation phase IIa study was initially performed to
determine whether rFVIIa is a safe and feasible treat-
ment for patients with acute ICH scanned within
3 hours of onset [88]. This randomized double-blind
placebo-controlled trial included 48 ICH patients
treated with placebo (n¼ 12) or rFVIIa (10, 20, 40,
80, 120, or 160 mg/kg; n¼ 6 per group). Of six pos-
sible treatment-related adverse events, only two cases
of deep vein thrombosis occurred and no myocardial
ischemia, consumption coagulopathy, or dose-related
increase in edema to ICH volume was found. Subse-
quently, in the first report of a double-blind study of
clinical efficacy of rFVIIa in ICH, arterial throm-
boembolic serious adverse events occurred signifi-
cantly more frequently with rFVIIa treatment than
with placebo; there were 16 events (5% of patients)
in the combined treatment groups versus none in the
placebo group [89]. These were most often myocar-
dial ischemic events or cerebral infarction within
three days of administration of study drug. The
majority of patients recovered from these events and
the overall frequency of fatal or disabling throm-
boembolic serious adverse events was 2% in the
rFVIIa and placebo groups. Mayer and Brun found
that among 485 patients with ICH enrolled in the
three phase II trials conducted to date, a history of
thromboembolic disease was not found to predict
acute thromboembolic complications associated with
rFVIIa administration [90]. In a more thorough
analysis of the same dataset, Diringer et al. reported
that there was no overall increase in risk of total
thromboembolic events in rFVIIa-treated patients;
however, there were more arterial, but not venous,
events in patients treated with higher doses (120–
160 g/kg) compared with placebo (5.4% versus 1.7%;
P¼ 0.13) [91]. Arterial events after rFVIIa treatment
in these studies tended to be split equally between
non-ST-segment elevation myocardial ischemic
events manifesting as troponin elevations, and cere-
bral infarctions.

Clinical trials with rFVIIa in ICH
The phase IIB NovoSeven ICH trial was a random-
ized, double-blind, placebo-controlled, dose-ranging
study that investigated the use of rFVIIa given within
four hours of ICH onset in patients with normal
coagulation [89]. This study was powered to detect
a 50% relative reduction in hematoma growth at
24 hours. Clinical outcomes were also assessed at
90 days. The study recruited patients from 73 hospi-
tals in 20 countries. Patients were excluded for
reasons of deep coma (score of 3–5 on the Glasgow
Coma Scale [GCS]) and planned surgical evacuation
of hematoma within 24 hours after admission. A total
of 399 patients were randomized to receive IV rFVIIa
at a dose of 40 µg/kg (n¼ 108), 80 µg/kg (n¼ 92),
160 µg/kg (n¼ 103) or placebo (n¼ 96). Pooled
data for all FVIIa doses demonstrated a 52% relative
reduction in hematoma volume growth compared
with placebo (p¼ 0.01) (Table 21.2). Recombinant
FVIIa reduced mortality or an unfavorable outcome
more than placebo. At 90 days, mortality was 29% in
the placebo group versus 18% in the combined treat-
ment groups (p¼ 0.02), a relative reduction of 38%.
The absolute reduction in risk of death or severe
disability was 16% (95% confidence interval [CI],
5–27; p¼ 0.004) [89]. Lower mortality was therefore
not associated with an increase in severe disability.
Based on combined doses of rFVIIa, the number
needed to treat (NNT) to prevent one death was ten
patients (95% CI, 5–82). The NNT to prevent one
unfavorable outcome was slightly more than six
(95% CI: 4–22).

The phase III FAST trial
The results of the aforementioned phase IIB trial were
considered extremely encouraging, and served as the
basis for the Factor Seven in Hemorrhagic Stroke
(FAST) trial. In this study 841 ICH patients were
randomly assigned to receive placebo, 20, or 80 µg/kg
of rFVIIa [92]. Inclusion and exclusion criteria were
essentially identical to those of the phase IIB trial.
The hemostatic effect of rFVIIa was confirmed: there
was a 2.6ml (95% CI, �0.3 to 5.5; p¼ 0.08) absolute
reduction in ICH volume growth in the 20 mg/kg
group, and 3.8ml (95% CI, 0.9 to 6.7; p¼ 0.009)
reduction in the 80 mg/kg group. The safety profile
of rFVIIa in the ICH patient population was also
confirmed, with a small but significant increase
in arterial thromboembolic events (9% versus 4%,
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p¼ 0.04) (Table 21.3). Despite the reduction in bleed-
ing, however, there was no significant difference
among the three groups in the proportion of patients
with poor clinical outcome (24% in the placebo
group, 26% in the group receiving 20 µg/kg, and
29% in the group receiving 80 mg/kg).

There are several possible explanations for the
conflicting results of the phase IIB and phase III
FAST trials. The most striking discrepancy is the
remarkably improved three-month outcomes of the
268 placebo patients enrolled in FAST (24% modified
Rankin Score [mRS] 5 or 6) compared to the 96
placebo patients in the phase IIB study (45% mRS
5 or 6). It seems most likely that the phase IIB placebo
group did extraordinarily poorly, due to chance
effects, whereas outcome in the FAST placebo group
were more in line with those of prior studies. There
were also several potentially important randomization
imbalances in FAST, particularly regarding the pres-
ence of IVH at baseline (29% in placebo versus 41% in
the 80 µg/kg group). Another important source of
“noise” – death or severe disability unrelated to the
bleed itself – were late-occurring medical complica-
tions such as nosocomial infections, renal failure, and
cardiac arrhythmias. These events were much more
common in very elderly patients, and tended to
“dilute” the signal the study was designed to measure:

whether a treatment that reduces ICH lesion volume
can translate into improved survival with a good
outcome.

Both FAST and the earlier phase IIB study indi-
cate that little active bleeding occurs between the third
and fourth hours after ICH onset. Treatment with
rFVIIa after three hours thus exposes patients to the
5% risk of an arterial thromboembolic event, without
much potential for benefit. Perhaps the most import-
ant lesson learned from FAST is that to effectively
improve outcome, hemostatic therapy must be tar-
geted to patients who are actively bleeding. A detailed
post-hoc analysis of the FAST dataset indicates that
reducing onset-to-needle time to 2.5 hours or less will
be necessary in future studies evaluating rFVIIa for
non-coagulopathic ICH [93]. In this analysis, the
impact of rFVIIa (80 µg/kg) on poor outcome at three
months (mRS of 5 or 6) was systematically analyzed
within subgroups, using clinically meaningful cut-
points in onset-to-treatment time, age, and baseline
ICH and IVH volume. A subgroup (n¼ 160, 19% of
the FAST population) was identified comprising
patients � 70 years with baseline ICH volume
< 60ml, IVH volume < 5ml, and time from onset
to treatment � 2.5 hours. The adjusted odds ratio
(OR) for poor outcome with rFVIIa treatment was
0.28 (95% CI, 0.08–1.06) while the reduction in ICH

Table 21.2. Recombinant activated factor VII at 40, 80, and 160 μg/kg vs. placebo given within 4 hours of intracerebral hemorrhage

Treatment groups

rFVIIa

Dose of rFVIIa 40 μg/kg
(N¼ 108)

80 μg/kg
(N¼ 92)

160 μg/kg
(N¼ 103)

Combined
Doses (N¼ 303)

Placebo
(N¼ 96)

Change in ICH volume at 24 hours, ml
(percent change from baseline)

5.4 (16%) 4.2 (14%) 2.9 (11%) 4.2 (14%) 8.7 (29%)

P-value for percent change in ICH volume
(rFVIIa vs. placebo)

0.13 0.04 0.008 0.01

90-day mortality, N (%) 19 (18%) 17 (18%) 20 (19%) 56 (18%) 28 (29%)

P-value for mortality (rFVIIa vs. placebo) 0.05 0.10 0.11 0.02

90-day unfavorable outcome MRS*
(4–6), N (%)

59 (55%) 45 (49%) 56 (54%) 160 (53%) 66 (69%)

P-value for unfavorable outcome
(rFVIIa vs. placebo)

0.02 0.008 0.02 0.004

Note: *MRS ¼ modified Rankin Scale. A score of 4–6 indicates death or moderate-to-severe disability with lack of ability to ambulate
independently.
Source: Adapted from [89], with permission.
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growth was almost doubled (7.3�3.2 versus
3.8�1.5ml, p¼ 0.02). The improved effect was con-
firmed in an analysis of similar phase II patients.

A prospective trial is needed to determine whether
younger ICH patients without extensive bleeding at
baseline can benefit from 80 µg/kg of rFVIIa given
within 2.5 hours of symptom onset. Selection of
patients based on contrast extravasation into the clot

after CTA (“spot sign”) is another promising
approach that is currently being evaluated in the
phase II STOP-IT trial [94,95]. Until more data
are available off-label use of rFVIIa should probably
be restricted to the emergency reversal of warfarin
anticoagulation in patients with acute intracranial
bleeding in order to expedite a potentially life-saving
neurosurgical procedure.

Table 21.3. Clinical outcome and thromboembolic SAEs at 90 days in the FAST trial*

Outcome/Serious Adverse Event (SAE) Placebo (N¼ 268) rFVIIa

20 µg/kg (N¼ 276) 80 µg/kg (N¼ 297)

Mortality 51 (19) 50 (18) 62 (21)

Odds ratio for survival (95% CI) 0.8 (0.5–1.4) 1.1 (0.7–31.8)

P value 0.38 0.75

mRS{

Poor outcome (score 5–6) 62 (24) 69 (26) 84 (29)

Odds ratio (95% CI){ – 1.0 (0.6–1.6) 1.4 (0.9–2.2)

Barthel Index score}

Median 70.0 72.5 70.0

P value – 0.54 0.91

NIHSS score**

Median 5.0 5.0 4.0

P value – .20 .02

Thromboembolic SAEs 21 (8) 24 (9) 31 (11)

Arterial 11 (4) 14 (5) 25 (9)}

MI 8 (3) 11 (4) 14 (5)

Cerebral Infarction 4 (2) 4 (2) 10 (3)

Venous 11 (4) 10 (4) 7 (2)

DVT 9 (3) 7 (3) 7 (2)

Pulmonary embolism 2 (1) 4 (2) 3 (1)

Notes: *Data are n (%) except where indicated. Day 15 outcome scores were analyzed according to the principle of last-observation-carried-
forward when day 90 scores were missing in 9, 9, and 13 of the placebo, 20 µg/kg, and 80 µg/kg patients, respectively. mRS scores were not
available for one patient in the placebo and one patient in the 20 µg/kg groups.
{Scores of 5 to 6 indicate severe disability (bed bound and incontinent) or death.
{Odds ratios were adjusted for premorbid mRS score, baseline ICH volume, ICH location (infra vs. supratentorial), age, and gender.
}Score of 100 indicates complete independence in activities of daily living and 0 indicates total dependence or death. Treatment groups were
compared with placebo by an ANOVA on the ranks. For patients who died prior to day 90 the last recorded NIHSS score was carried forward.
**Score of 0 indicates no neurological deficit and a score of 42 indicates comatose and quadriplegic or dead. Treatment groups were
compared with placebo by an ANOVA on the ranks. For patients who died prior to day 90 the last recorded NIHSS score was carried forward.
}Includes one case each of renal artery thrombosis, intracardiac thrombus, and retinal artery occlusion. The frequency of arterial SAEs was
significantly increased in the 80 µg/kg group compared to placebo (P¼ 0.04, chi-square test).
Source: With permission [88].
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Coagulopathic ICH
Clinical trials of warfarin therapy for stroke preven-
tion in non-valvular atrial fibrillation indicate a risk
of ICH of < 1% [96]. Warfarin anticoagulation
increases the risk of ICH by 5- to 10-fold in the
general population, and approximately 15% of ICH
cases are associated with warfarin use [97]. Although
the studied risk is low, warfarin worsens the severity
of spontaneous ICH in terms of increased risk of
ongoing in-hospital bleeding and increased risk of
hematoma expansion which significantly increases
mortality [98]. The risk of ICH volume expansion
in the first 24 hours is over 50% in warfarin-treated
patients [98], and there is a dose–response relation-
ship between degree of elevation of the INR and
three-month mortality [99].

Intracerebral hemorrhage patients receiving
warfarin should be reversed immediately with FFP
or PCC, and IV vitamin K (Table 21.4) [100,101].

Treatment should never be delayed in order to check
coagulation tests. Unfortunately, normalization of the
INR with this approach usually takes several hours,
and clinical results are often poor. The associated
volume load with FFP may also cause congestive heart
failure in the setting of cardiac or renal disease [100].

Although no randomized controlled trials add-
ressing this intervention have been conducted, urgent
reversal of the INR is included in most consensus
guidelines for management of anticoagulation related
ICH. Goldstein et al. studied the hypothesis that
higher doses of FFP and vitamin K and shorter times
to initiation of therapy would be associated with a
higher rate of reversal of anticoagulation [102]. They
found that faster administration of FFP increased
the likelihood of successful reversal of the INR at
24 hours after warfarin-related ICH. However, in this
retrospective study, neither earlier treatment nor INR
reversal at 24 hours translated into improved clinical

Table 21.4. Emergency management of the coagulopathic ICH patient

Scenario Agent Dose Comments Level of
evidence*

Warfarin Fresh frozen
plasma (FFP)

15ml/kg Usually 4 to 6 units (200ml
each) are given

II

or Prothrombin
complex
concentrate

15–30U/kg Works faster than FFP, but
carries risk of DIC

II

and IV Vitamin K 10mg Can take up to 24 hours to
normalize INR

II

Warfarin and
emergency
neurosurgical
intervention

Above plus
Recombinant
factor VIIa

20–80 µg/kg Contraindicated in acute
thromboembolic disease

III

Unfractionated or low
molecular weight
heparin

Protamine sulfate 1mg per 100 units of
heparin, or 1 mg of
enoxaparin

Can cause flushing,
bradycardia, or
hypotension.

III

Platelet dysfunction or Platelet
transfusion

6 units Range 4–8 units based on
size; transfuse to > 100 000

III

thrombocytopenia and/or
Desmopressin
(DDAVP)

0.3 µg/kg Single dose required III

Notes: *Class I¼based on one or more high quality randomized controlled trials; Class II¼based on two or more high quality prospective
or retrospective cohort studies; Class III¼Case reports and series, expert opinion.
Source: DIC, disseminated intravascular coagulation. Adapted from [101].
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outcome. The inability to quickly reverse coagulopa-
thy and potentially alter outcome may be due to
late presentation, which in this study occurred at a
median of 4 hours after symptom onset. It has
also been suggested that FFP and vitamin K may be
insufficient and too slow to rapidly reverse coagu-
lopathies [103].

Faster-acting agents such as PCC and rFVIIa have
been shown in small case series to normalize the INR
much quicker than FFP, often within an hour or two
[81,104,105]. Activated rFVII in low doses (as low as
5 mg/kg) has been demonstrated to rapidly normalize
the INR within minutes, with larger doses producing
a longer duration of effect [106,107]. Recombinant
FVIIa in doses ranging from 10 to 90 µg/kg has been
used to reverse the effects of warfarin in acute ICH,
primarily to expedite neurosurgical intervention, with
good clinical results [105,108]. When this approach is
used, rFVIIa should be used as an adjunct to coagula-
tion factor replacement and vitamin K, since its
effect will only last several hours [97]. Prothrombin
complex concentrate, a concentrate of the vitamin
K-dependent coagulation factors II, VII, IX, and X,
normalizes the INR more rapidly than FFP, and can
be given in smaller volumes [109].

Intracerebral hemorrhage patients who have been
anticoagulated with unfractionated or low-molecular-
weight heparin should be reversed with protamine
sulfate [101,110], and patients with thrombocyto-
penia or platelet dysfunction can be treated with a
single dose of DDAVP, platelet transfusions, or both
[101,111]. When patients have a strong indication
for anticoagulation, such as a prosthetic heart valve,
full anticoagulation can safely be restarted 10–14 days
after ICH in most cases [101,112]. The risk of embolic
events in patients at high embolic risk is less than 5%
in the first 30 days after discontinuation of warfarin
in the setting of ICH [113].

Conclusion
In the modern era of acute stroke intervention, effec-
tive medical management to correct coagulopathies
and prevent further bleeding from ICH should be
developed just as has been accomplished for acute
ischemic stroke. There is a need for more evidence
to place hemostatic therapy for ICH on firmer scien-
tific footing, however. The results of the phase II and
III trials of rFVIIa for non-coagulopathic ICH are
encouraging, and hold the promise that an effective

emergency treatment for ICH may one day be avail-
able for those who have an extremely high risk of
active bleeding based on a tighter therapeutic window
or a validated imaging modality that demonstrates
vessel leakage. If this is the case, future efforts may
be directed at testing the efficacy of combining very
early surgery with acute hemostatic therapy, which
might minimize the risk of postoperative bleeding
that occurs with very early surgical intervention [114].
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