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Nontraumatic intracerebral hemorrhage (ICH) re-
mains a common management dilemma for neurosur-
geons. Intracerebral hemorrhage represents approxi-
mately 15% of all strokes and the 30-day mortality rate
ranges from 40% to 50%, with significant disability in
survivors.' Despite advances in the rapid diagnosis of the
disorder, few effective treatments for ICH have been real-
ized. There is increasing evidence that initial ICHs prog-
ress in the first few hours,> and pharmacological therapy
to prevent rehemorrhage has been only equivocally ef-
fective.® It appears logical that surgical removal of the
mass and potential toxic constituents of the hematoma
with coagulation of the bleeding site should be an effec-
tive therapy. Nevertheless, multiple surgical trials have
shown limited or no benefit to surgery, including a large
international multicenter randomized trial.* The advent of
minimally invasive techniques and use of thrombolytic
agents to facilitate clot removal are exciting new adjuncts
to therapy, but remain unproven.

The current issue of Neurosurgical Focus explores a
number of topics related to existing and future treatments
for ICH, prognostic factors that determine outcome, and
features related to the pathophysiology of brain damage.
Dr. Amar summarizes ongoing neurosurgical controver-
sies in the management of ICH and its consequences.
Levy et al. explore the increasingly frequent occurrence
of ICH associated with cerebral revascularization treat-
ments and thrombolysis. Abdu and colleagues present a

Please include this information when citing this paper: DOI:
10.3171/2012.2.FOCUS1279.

Neurosurg Focus / Volume 32 / April 2012

Neurosurg Focus 32 (4):Introduction, 2012

new technology that may enable the rapid and minimally
invasive removal of an ICH and intraventricular hemor-
rhage. Basaldella et al. examine the effect of endoscopic
surgery on subsequent shunt dependence for intraventric-
ular hemorrhage. Zacharia and associates describe fac-
tors that predict hydrocephalus following ventriculostomy
associated with ICH. Conti et al. relate their experience
with a telenetwork triage system for ICH, and Selman et
al. review the literature pertinent to ICH associated with
cerebral amyloid angiopathy. Finally, Adamson and col-
leagues review the mechanisms of brain injury directly
referable to the thrombus constituents.

It is hoped that this collection of topics related to [CH
will provide a better understanding of this common and
devastating disorder, and potentially lead to new research
regarding effective therapies.
(http://thejns.org/doi/abs/10.3171/2012.2. FOCUS1279)
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Controversies in the neurosurgical management of cerebellar
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Evidence-based guidelines for the management of hemorrhagic and ischemic cerebellar stroke are sparse, and
most available data come from Class III studies. As a result, opinions and practices regarding the nature and role
of neurosurgical intervention vary widely. A comprehensive literature review was conducted to adjudicate several
contentious issues, such as the difference in the management of cerebellar hemorrhage versus infarction, criteria for
imaging to exclude an underlying structural lesion, the value of MRI for patient selection, the role of external ven-
tricular drainage, the indications for operative management, the timing of surgical intervention, and various options
of surgical technique, among others. Treatment algorithms proposed in several different studies are compared and
contrasted. This analysis is concluded by a summary of the recommendations from the American Stroke Associa-
tion, which advises that patients with cerebellar hemorrhage who experience neurological deterioration or who have
brainstem compression and/or hydrocephalus due to ventricular obstruction should undergo surgical evacuation of
the hemorrhage as soon as possible, and that initial treatment of such patients with ventricular drainage alone rather

than surgical removal of the hemorrhage is not recommended.
(http://thejns.org/doilabs/10.3171/2012.2. FOCUS11369)

Key Worps ¢ cerebellar hemorrhage
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dured controversy ever since Sir Charles Ballance
reported the first successful surgical evacuation

in 1906.2 Institutional and individual variations abound
in the management of cerebellar hemorrhage. To a de-
gree, this debate is due to the relatively flimsy quality
of the medical literature in support of different practices.
For instance, in advocating against external ventricular
drainage alone in the treatment of patients with cerebellar
hemorrhage who are deteriorating neurologically or who
have brainstem compression and/or hydrocephalus from
ventricular obstruction, the American Stroke Association
relies on evidence rated as Level C, the weakest category
in effect at the time (consensus opinion of experts, case
studies, or standard of care).?* Similarly, their prior rec-
ommendation that angiography is not required for old-
er, hypertensive patients with cerebellar hemorrhage in
whom CT findings do not suggest a structural lesion is
based upon Level V evidence, the weakest category in
effect at the time (data from anecdotal case series only).*
Several randomized trials comparing early surgery
with initial conservative management for ICH have been
conducted, including the recent Surgical Trial in Intra-

THE management of cerebellar hemorrhage has en-

Abbreviations used in this paper: AVM = arteriovenous malfor-
mation; GCS = Glascow Coma Scale; ICH = intracerebral hemor-
rhage.
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cerebral Hemorrhage (STICH).2* Overall, these studies
have largely shown no benefit to surgery, although post
hoc subgroup analysis reveals some exceptions. Patients
with cerebellar ICH have been excluded from all these
randomized trials, because clinical equipoise was not be-
lieved to be present.** As one expert commented about
the related condition of cerebellar infarction, “the results
of surgery have been so consistently favorable in patients
who clearly were progressively deteriorating that it seems
fair to say that this is one surgical indication that does not
need the scrutiny of a randomized study.”'?

As a result of these biases, data principally consist of
uncontrolled, single institution retrospective case series
(Class 1III evidence). Collectively, however, these reports
suggest that the benefit of surgery is not so straightforward.
Donauer et al” reviewed 21 papers from 1958 to 1993 and
performed a meta-analysis comparing medical versus op-
erative treatment of cerebellar ICH. In the cohort of 357
patients who underwent surgery, the mortality rate was
49%, while that in the 269 patients treated conservatively
was 50%. Similarly, Hankey and Hon' reviewed 8 prior
series of surgery for infratentorial hemorrhage comprising
a total of 405 patients. One study suggested overall benefit,
while 2 studies reported benefit only in certain subgroups
(conscious or drowsy but deteriorating patients), and the re-
maining 5 studies were either inconclusive or showed no
benefit of surgery.



In an effort to provide more concreteness to this issue
and to elucidate related concepts in the management of
cerebellar hemorrhage and infarction, this article reviews
relevant studies from the past century. It begins with an
overview of the pathogenesis and natural history, which
form the foundation and rationale for all treatment. Next,
9 separate areas of controversy are explored in detail. The
review concludes with a summary of the recommenda-
tions from the American Stroke Association, whose posi-
tion statements have evolved considerably from their first
publication in 1999 to 2010.342*

Pathophysiology and Natural History

Spontaneous cerebellar hematomas represent ap-
proximately 10%—15% of all ICH."!8-35 As with cerebellar
infarction, cerebellar hemorrhage occurs most frequently
in the 5th through the 8th decades of life and with greater
frequency in males than in females.!"'® Between 60% and
90% of all spontaneous cerebellar hemorrhages occur in
hypertensive patients. Vascular malformations, coagulop-
athies (including the use of anticoagulants), neoplasms,
aneurysms, cerebral amyloid angiopathy, and trauma ac-
count for the remainder."'7 In younger patients, underly-
ing structural conditions are the prevailing causes.

Cerebellar infarctions, on the other hand, may result
from cardiac emboli, traumatic injury to the vertebral ar-
teries, and other causes.!'*26 The majority of patients also
have hypertension.'>?¢ The infarction most frequently oc-
curs in the vascular distribution of the posterior inferior
cerebellar artery, but the anterior inferior cerebellar ar-
tery and/ or superior cerebellar artery territories can also
be involved.'*?¢ Cerebellar infarctions are approximately
two-thirds as common as cerebellar hemorrhage.

In hypertensive patients, cerebellar hematoma is be-
lieved to result from rupture of microaneurysms, as first
proposed by Charcot and Bouchard, and recently con-
firmed.?' Typically, these hemorrhages begin in the area
of the dentate nucleus and then spread throughout the ip-
silateral hemisphere.”> They may also extend across the
vermis to the contralateral side. Although they commonly
spread into the cerebellar peduncles or rupture into the
fourth ventricle, only rarely do they directly involve the
brainstem.!! Dizziness, headache, nausea, vomiting, loss
of balance, and difficulty walking are the most common
presenting symptoms of both cerebellar hemorrhage and
infarction.!!!14.26.30

Clinical deterioration befalls up to 50% of patients
with cerebellar ICH.% In its mild form, deterioration
manifests as irritability, confusion, or somnolence, while
the more severe form presents as coma, stupor, posturing,
and hemodynamic or respiratory instability due to loss of
brainstem regulation.”’ The peak incidence of deteriora-
tion is 3 days after onset, although it may occur within
hours or even weeks later. When deterioration occurs,
mortality has been reported to be high (25%—-100%), re-
gardless of treatment.!”!71830 Deterioration can occur un-
predictably, even in patients who appear to have reached
a clinical plateau.'” Ott et al.>® reported that 50% of pa-
tients who remained alert and relatively stable for 2 days
degenerated into coma over the course of the next several
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days, and a disconcerting 25% of patients who remained
awake for 7 days subsequently deteriorated.

The causes of deterioration are protean and include in-
creased mass effect from surrounding edema or expansion
of the hematoma from repeat bleeding. Either mechanism
can cause direct brainstem compression, which leads to
upwards herniation through the tentorial incisura or down-
ward tonsillar herniation through the foramen magnum.
Obstructive hydrocephalus, caused by intraventricular ex-
tension of the hemorrhage or by compression of the fourth
ventricle, is another mechanism of clinical decline.

In cerebellar infarction, brain swelling results from
both cytotoxic and vasogenic edema. Initially, brain
ischemia disrupts cell membrane integrity, which causes
the accumulation of intracellular fluid. Later, vasogenic
edema results from the diffusion of protein-bound fluid
across a damaged blood-brain barrier.>'® With progres-
sive mass effect caused by the infarct and surrounding
edema, brainstem compression and/or fourth ventricle
compression can result. The range of time that can elapse
between symptom onset and further neurological deterio-
ration is typically 1-7 days, with a median and mode of
3 days.>'*!* However, the likelihood of deterioration has
been reported to be lower in cerebellar infarct (7%—32%)
than in hemorrhage.!4

Whereas hydrocephalus and brainstem compres-
sion can both cause decreased level of consciousness,
the latter is alleged to have associated focal neurological
signs.!"132 Early compression of the dorsal pons results
in ipsilateral sixth nerve paresis of voluntary lateral gaze
that can be overcome with caloric stimulation. Later, as
the compression progresses, conjugate gaze paresis that
is unresponsive to caloric stimulation occurs from pres-
sure upon the horizontal gaze center. At this stage, ip-
silateral peripheral-type facial paresis is usually present
due to concomitant compression of the facial colliculus.
Babinski signs, Horner syndrome, and hemiparesis are
all late signs of brainstem compression.'-'*?* Recogni-
tion of these findings, along with neuroimaging, can help
distinguish between altered level of consciousness due to
hydrocephalus versus that due to direct brainstem com-
pression. Appropriate therapy (for example, ventricular
drainage versus surgical decompression) can then be tar-
geted to the underlying mechanism.

The tenets of medical management of cerebellar
hemorrhage are similar to those of supratentorial ICH.>*
Patients are generally monitored in a critical care setting,
with frequent neurological assessment. Those with severe
coagulation factor deficiency or thrombocytopenia should
receive transfusion of appropriate blood products to cor-
rect the disorder. Patients whose hemorrhage is caused by
oral anticoagulation therapy should receive intravenous
vitamin K as well as therapy to replace the vitamin K-
dependent factors. Prothrombin complex concentrates
have not been proven to improve outcome compared with
fresh-frozen plasma, but may have fewer complications.?*
Recombinant factor VIla is not routinely recommended
as the sole agent for reversal of oral anticoagulation ther-
apy.2* All patients should undergo intermittent pneumatic
compression for prevention of venous thromboembolism
in addition to elastic stockings. After documentation of
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cessation of bleeding, low-dose subcutaneous heparin
formulations may be considered as well.>* Glucose should
be monitored closely, and normoglycemica is recom-
mended. The management of blood pressure remains dis-
puted, without clear guidelines or target parameters, but
in patients presenting with systolic blood pressure of 150
to 220 mm Hg, acute lowering to 140 mm Hg is probably
safe.?* Therapeutic cooling has not been adequately stud-
ied in cerebellar ICH, although most practitioners favor
avoidance of hyperthermia.

Hemorrhagic Versus Ischemic Cerebellar Stroke

Since the first reports of decompressive surgery per-
formed by Fairburn and Oliver® and by Lindgren,* both in
1956, the potential value of suboccipital craniectomy and
resection of necrotic tissue in cerebellar infarction has been
recognized. However, cerebellar hemorrhage and infarc-
tion are distinct entities, which calls into question whether
the same management principles should apply to each.

Mathew et al.”! compared the neurosurgical manage-
ment of 48 patients with cerebellar ICH to that of 71 pa-
tients with cerebellar infarction. They found that patients
with hematoma were more likely to be in a coma and
more likely to have brainstem compression upon presen-
tation than those with infarction. This explains why 75%
of their patients with ICH required surgery, while it was
necessary in only 24% for infarction.

In both cerebellar hemorrhage and infarction, per-
ilesional edema can aggravate the space-occupying ef-
fect within the confines of the posterior fossa. However,
a condition unique to ICH is the toxic effects of blood
products and associated inflammation, which might pro-
vide impetus for its removal regardless of the mechanical
compression of adjacent tissue. Furthermore, cerebellar
hemorrhage may extend into the ventricle system, thus
providing an additional mechanism of hydrocephalus be-
sides fourth ventricle effacement. Conversely, cerebellar
ICH only rarely extends directly into the brainstem.!”

By comparison, cerebellar infarction does not lead
to intraventricular hemorrhage and is thus less likely to
cause hydrocephalus than cerebellar hematoma. In the
patient series of Auer et al.,! occlusive hydrocephalus de-
veloped in 75% of patients with cerebellar hemorrhage
but only 23% of those with cerebellar infarction. Patients
with cerebellar ICH also had a higher incidence of hydro-
cephalus than those with cerebellar infarct in the series
by Mathew et al.! However, cerebellar infarction is more
likely to directly involve the brainstem than cerebellar
ICH due to shared vascular territory; this occurred in 2 of
40 patients in the series of Auer et al.!

Emerging data suggest that in some circumstances,
the area of restricted diffusion apparent on MRI, once
believed to represent permanent damage, may be revers-
ible.'® Therefore, it is conceivable that resection of this
presumed necrotic tissue in cerebellar infarction may ac-
tually compromise recovery.

In light of these considerations, a policy that limits the
extent of resection of apparent necrotic tissue to the mini-
num needed to achieve adequate decompression appears
reasonable, although the data in support of this practice are
not robust.
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Criteria for CT Angiogram or Catheter Angiogram

Although most cases of spontaneous cerebellar hem-
orrhage are the result of hypertension, some are caused
by underlying lesions. In Kobayashi et al.’s series of 110
patients,’® for example, 5 hemorrhages resulted from a
cerebellar AVM, 2 resulted from a cerebellar tumor, and
the remaining 103 were believed to be caused by hyper-
tension on the basis of prior history and/or negative an-
giographic studies.

Even in the presence of preexisting hypertension,
however, as many as 36% of all ICH cases are associated
with secondary causes.* The indications, nature, and di-
agnostic accuracy of imaging for an underlying structural
lesion in spontaneous cerebellar hemorrhage remains
controversial. The presence of subarachnoid blood, cal-
cification, prominent vascular structures, or edema out of
proportion to the size and age of the hemorrhage might
suggest the presence of an underlying lesion. Similarly, a
hemorrhage that has an unusual (geographic or noncircu-
lar) shape or is located in an unusual location, such as an
epicenter remote from the dentate nucleus, might prompt
further study (Fig. 1). However, features of CT in isolation
had a sensitivity of only 77% and specificity of only 84%
in 1 study.’ Clinical features such as age and history of
preexisting hypertension also affect the decision to pur-
sue advanced imaging.

Halpin et al? performed a prospective evaluation of
catheter cerebral angiography in the workup of 102 pa-
tients with spontaneous cerebral hematoma. Both supra-
tentorial and cerebellar hemorrhages were included in the
analysis. Overall, an aneurysm or AVM was the cause of
the hemorrhage in 12.8% of hypertensive patients and in
18.2% of those with posterior fossa hemorrhage. The au-
thors prospectively stratified the patients into 2 groups:
those suspected to have a high likelihood of an underly-
ing structural lesion based on CT features (Group 1) and
those without such findings (Group 2). Catheter angiog-
raphy was positive for AVM or aneurysm in 84% of the
high-suspicion cohort and 24% in the low-suspicion one.

In another study, Zhu et al.* reviewed 206 consecutive
patients with spontaneous ICH to determine the diagnostic
yield of cerebral angiography. Both supra- and infratento-
rial hemorrhages were included. Patients in whom severe
coagulopathy accounted for the ICH, those with bleeding
into tumor, or those with predominant subarachnoid hem-
orrhage were excluded. Overall, the angiographic yield was
significantly higher in patients less than the median age of
45 years and those without prior hypertension. In 15 pa-
tients with posterior fossa hemorrhage, 5 (33%) were found
to have an underlying AVM. All 5 were normotensive, and
the oldest patient in this group was 39. Another 6 patients
had preexisting hypertension, the youngest of whom was
48. None of those 6 patients had positive angiography. The
authors amalgamated hemorrhages in the putamen, thal-
amus, or posterior fossa into a single group for analysis.
In this collective, the angiographic yield in patients with
younger age and without preexisting hypertension was
48%, while in hypertensive patients the yield was 0%. They
concluded that diagnostic angiography should not be rou-
tinely performed in patients with cerebellar hemorrhage
over 45 years old with preexisting hypertension.
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Fic. 1. Images obtained in a 77-year-old woman with a medical history significant for hypertension, heart murmur, and Crohn
disease requiring large doses of aspirin. She awoke with headache, dizziness, and incoordination of the right arm. ~ A: Unen-
hanced axial CT scans of her brain reveal acute hemorrhage of the right cerebellum extending to the tentorial surface and across
the vermis to the left hemisphere.  B: Although she had multiple risk factors for spontaneous intracerebral hemorrhage (such as
hypertension, possible cardiac embolism related to the cause of her heart murmur, aspirin use, and possible age-related amyloid
angiopathy), the unusual location of the hemorrhage and questionable prominence of vessels near the vein of Galen prompted
further imaging. This frontal view of a left vertebral catheter angiogram reveals an AVM of the cerebellar vermis supplied primar-
ily by branches of the bilateral superior cerebellar arteries. High risk features include feeding artery aneurysms bilaterally and
venous outflow restriction of the draining vein coursing to the straight sinus.  C: The patient underwent a series of staged liquid
adhesive embolization sessions to protect against renemorrhage. This frontal view of left vertebral catheter angiography after

embolization reveals elimination of the feeding artery aneurysms and significantly reduced flow through the nidus.

Although CT angiography and catheter angiogra-
phy are potentially useful in the workup of spontaneous
cerebellar ICH, neither is completely reliable. In some
cases, compression of adjacent vessels by the hematoma
can give the false appearance of a vascular malforma-
tion, thus reducing the specificity of these tests (Fig. 2).
Conversely, the mass effect can conceal an underlying le-
sion, thus reducing the sensitivity of vascular studies per-
formed acutely. In the series of Halpin et al.,’ for example,
follow-up angiography at 3 months showed an AVM in 1
of 7 patients in the high-suspicion group, even though the
original study results were normal. Thus, when clinically
warranted, vascular studies should be repeated in a de-
layed fashion even if the initial workup is negative.

Role of External Ventricular Drainage

The indications for ventricular drainage in cerebellar
hemorrhage and infarction remain contested. Many pro-
pose that hydrocephalus resulting from fourth ventricle

4

obstruction should be treated with surgical decompres-
sion rather than CSF diversion.>'7* Among this group,
some advocate for pre- or intraoperative placement of a
ventricular catheter, in case the decompression fails to
achieve reconstitution of CSF pathways, while others
renounce ventricular drainage altogether. One argument
in favor of this approach is that decompressive surgery
can shorten the duration of CSF diversion and reduce the
need for a permanent shunt.’ In many cases, the catheter
can be removed within 72 hours after surgery.’ In the se-
ries of Mathew et al.,?' no patient required external ven-
tricular drainage or delayed shunt placement after initial
treatment with craniectomy.

Conversely, others argue that the effects of hydro-
cephalus can be falsely interpreted as resulting from
brainstem compression. They advocate liberal use of CT
imaging to distinguish between the two and institution
of ventricular drainage if hydrocephalus is present and
there is any clinical sign of elevated intracranial pres-
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and whose blood pressure was 109/54 mm Hg. A: Axial CT scans without contrast demonstrate a large hemorrhage of the
right cerebellar hemisphere.  B: Because of the patient’s young age and lack of hypertension, a high suspicion for an underlying
structural lesion led to the performance of a CT angiogram, which demonstrates an abundantly prominent collection of vessels
suggesting a possible AVM. In retrospect, however, this finding was found to merely represent compression of normal vessels by
the mass effect of the bleed. ~ C: Axial CT scan after surgical evacuation of the hemorrhage reveals no further mass effect.  D:
Frontal view of a vertebral artery catheter angiogram confirms the absence of an underlying AVM.  E: Lateral view of a vertebral
artery catheter angiogram confirms the absence of an underlying AVM.

sure'7182629 Tn this algorithm, decompression of the
brainstem follows only if the patient does not improve
with relief of the hydrocephalus.

The threshold of drainage is another debated issue,
due to the risk of upward herniation caused by altering
the pressure gradient across the tentorium. This phenom-
enon is purported to have occurred in 2 of 30 patients in
the series of van Loon et al.,*® although others believe
that concern for this event is overstated.*?62° Convention-
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al neurosurgical training advises drainage at no less than
15-20 mm Hg above the level of the third ventricle.’
These debates began in the pre-CT era, when attri-
bution of the underlying cause of clinical deterioration
(hydrocephalus vs brainstem compression) was left to
clinical examination alone. In 1960, McKissock et al.?
reported 34 cases of cerebellar hemorrhage. Nine pa-
tients were treated with ventricular drainage, and all of
them died. In some of these patients, sudden decline after
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ventricular deterioration was hypothesized to be due to
upward herniation, although this was not confirmed. Con-
versely, of the 14 patients treated with craniectomy and
hematoma resection, 9 survived.

In more recent series, however, the potential value
of ventricular drainage has been affirmed. In 2003, Raco
et al.?® reviewed 44 patients with cerebellar infarction.
Of 17 patients who deteriorated clinically and required
intervention, 13 patients with hydrocephalus underwent
treatment with ventricular drainage, while the remain-
ing 4 without hydrocephalus underwent craniectomy. Of
the 13 initially managed using CSF diversion, 5 required
subsequent craniectomy, while 8 were able to be treated
with ventricular drainage alone. Similarly, in the series
of Hornig et al.,”” of 10 patients with cerebellar infarction
and clinical deterioration initially treated with ventricu-
lostomy, only 4 required secondary craniectomy because
of continued decline. Outcome concerning mortality and
functional status was not different when results of exter-
nal ventricular drainage and suboccipital craniectomy
were compared in this study.! In the series of van Loon
et al.,* secondary craniectomy was necessary in only 6
(20%) of 30 patients with cerebellar ICH, while in other
series the percentage of patients requiring craniectomy
because of deterioration or failure to improve after ven-
tricular drainage ranges from 25% to 80%.!131630 Mathew
et al.?! found that more than half of their patients with
cerebellar ICH who were initially treated with ventricular
drainage subsequently required craniectomy, in contrast
to only 2 (18%) of 11 patients with cerebellar infarction.

In summary, while some patients with cerebellar ICH
and stroke who deteriorate neurologically and develop hy-
drocephalus have been successfully managed with external
ventricular drainage alone, others still require surgery. As
discussed below, the American Stroke Association favors
operative resection of the ICH in this scenario.

Indications for Craniotomy

In the management of cerebellar ICH and infarction,
the indications for operative intervention remain the su-
preme controversy. Some authors invoke a size threshold,
typically 3 or 4 cm, above which they recommend surgi-
cal evacuation of the hemorrhage regardless of clinical
status. Others use the criteria of radiographic evidence
of brainstem compression or cisternal effacement, which
accounts for surrounding edema in addition to the size of
the ICH or infarct in determining overall mass effect. For
instance, Taneda et al.”® reported 75 cases of spontaneous
cerebellar ICH and classified the appearance of the quad-
rigeminal cistern into 3 groups: Grade I (normal), Grade
IT (compressed), and Grade III (absent). Good outcomes
were reported in 88%, 69%, and 0% of Grade I, II, and
III cases, respectively. However, they noted that the size
of the hematoma was unrelated to the degree of cisternal
compression, pointing out the influence of edema or hy-
drocephalus on overall mass effect. The predictive value
of quadrigeminal cistern compression was confirmed in
the series of van Loon et al.,* and patients with total-
ly obliterated cisterns had poor outcomes regardless of
treatment.

Still others discount these radiographic features and
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emphasize the neurological examination, including level
of consciousness and brainstem reflexes, in determining
criteria for surgery. Kobayashi et al.®® performed a retro-
spective review of 52 patients with hypertensive cerebel-
lar ICH. On the basis of this analysis, they proposed new
criteria for intervention that were prospectively applied
to the next 49 patients for validation and confirmation.
Patients with GCS scores of 14 or 15 and with hematoma
sizes less than 4 cm in maximal diameter were treated
conservatively, while patients with GCS scores of 13 or
less at admission or with a hematoma measuring greater
than 4 cm underwent surgical evacuation. For patients
with flaccid tetraplegia and absent brainstem reflexes, in-
tensive therapy was not rendered.

Kirollos et al.'” developed a different protocol, based
on compression of the fourth ventricle as a measure of
mass effect, which they applied prospectively in the man-
agement of 50 consecutive patients with cerebellar ICH.
The appearance of the fourth ventricle was divided into 3
groups: Grade I (normal size and configuration), Grade 11
(partially compressed and shifted), and Grade III (com-
pletely obliterated). The ICH was evacuated for all pa-
tients with Grade III compression and for patients with
Grade II compression when the GCS score deteriorated
in the absence of untreated hydrocephalus. Patients with
Grade I or IT compression were initially treated using only
ventricular drainage if they developed hydrocephalus and
clinical deterioration. Stable Grade I and II patients were
managed conservatively. Acute deterioration to comatose
state occurred in 6 (43%) of the 14 patients with Grade 111
compression who were conscious at presentation; none of
them experienced good outcomes. However, 15 (60%) of
25 patients with hematomas greater than 3 cm and Grade
I or II compression did not require clot evacuation.

In summary, clinical considerations should comple-
ment radiographic appearance in the management al-
gorithm, and decisions for surgical intervention should
rarely be made on the basis of imaging findings alone.

Timing of Surgical Intervention

Evidence consistently shows that postoperative out-
comes generally correlate with preoperative status.>!7 For
instance, in the series of Ott et al.,” the mortality rate was
17% for patients who were conscious at the time of sur-
gery and 75% for those who were unconscious. Similarly,
in the series of Donauer et al.] patients presenting with
GCS scores less than 6 had a 60% mortality rate and Kar-
nofsky Outcome Index total of 26, while those with GCS
scores greater than 10 had only a 20% mortality rate and
a Karnofsky Outcome Index total of 66. In the series of
Kobayashi et al.,”® of the 5 patients with GCS scores of 4,
3 died and 2 remained vegetative despite surgery. In the
series of van Loon et al.,’* patients with total obliteration of
the quadrigeminal cistern had a poor outcome irrespective
of treatment.

Furthermore, many patients who experience clinical
deterioration improve significantly after surgery. Some
have even been restored to functional capacity. On this ba-
sis, it is natural to question whether patients who remain
dependent after surgery would have fared better if inter-
vention had been performed earlier in their course.'>!?
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For these reasons, many recommend surgery prior to
clinical deterioration.” Yoshida et al.** emphasize the im-
portance of surgical therapy even for alert patients if the
hematoma is larger than 3 cm to avoid delayed deteriora-
tion. Similarly, in the series of Kirollos et al.,'” no patient
with Grade III compression of the fourth ventricle who
was conscious at the outset but then developed a GCS
score less than 8 experienced a good outcome. These au-
thors thus advocate aggressive early surgical evacuation
of the hematoma for all Grade III patients, regardless of
initial examination results, before deterioration occurs.

Conversely, Dammann et al.® reviewed their series of
57 patients who underwent surgical evacuation of spon-
taneous cerebellar ICH. The initial neurological condi-
tion proved to be highly predictive of outcome. Based on
the excellent results in patients with good initial clini-
cal condition who underwent surgery due to secondary
deterioration, this group advises against the preventive
evacuation of cerebellar hemorrhage. Similarly, in the
German Austrian Cerebellar Infarction Study, 84 patients
with massive cerebellar infarction were prospectively ob-
served after assignment to 1 of 3 groups: craniotomy and
evacuation, ventriculostomy, or medical therapy alone.
Treatment was left to the discretion of the provider in this
unrandomized trial. In a logistic regression model, there
was found to be no benefit to performing surgery in pa-
tients who had not yet deteriorated to coma.'*

Despite the focus on early evacuation of cerebellar
ICH, even delayed removal might have benefit. Auer et
al.! reported 2 patients with cerebellar hemorrhage and
focal signs of a posterior fossa lesion. Because they had
no impairment of consciousness, they were initially man-
aged conservatively. Because their symptoms had not
shown a tendency to improve, however, they underwent
evacuation of the hematoma performed on Days 23 and
54, respectively. Both patients then recovered fully with-
out neurological deficit.

What Constitutes Futility?

As stated, evidence consistently shows that post-
operative outcomes generally correlate with preopera-
tive status. However, there are numerous anecdotal ac-
counts of good postoperative outcome among comatose
patients.!"'2 In some cases, even patients with fixed and
dilated pupils or other absent brainstem reflexes have
recovered.’? In the series of Hornig et al.,* 38% of co-
matose patients achieved a good recovery (nondisabled
at hospital discharge) after decompressive surgery. In the
German -Austrian Cerebellar Infarction Study, half of
all patients who deteriorated into coma and were treated
with ventricular drainage or decompressive craniotomy
experienced a meaningful recovery (modified Rankin
score of 2 or less)."* Similarly, Kobayashi et al.'® reported
2 patients with ruptured cerebellar AVMs who had flac-
cid tetraplegia and apnea at admission. After emergency
surgery, both recovered to enjoy “a useful life.”'8

Furthermore, pathoanatomical studies reveal sur-
prisingly few structural changes due to brainstem com-
pression in patients with fatal space-occupying cerebel-
lar infarcts.?” Similarly, there is no intrinsic damage to
supratentorial telencephalic structures in cerebellar ICH
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and infarct, which suggests the possibility of full intel-
lectual and cognitive recovery in some cases.”!? In light of
these considerations, it is reasonable to question whether
any patient’s condition is “too poor” to forego surgical
intervention and what constitutes futile treatment. From a
practical standpoint, surgery might be considered, even if
the situation appears “hopeless.”

Value of Preoperative MRI

Yanaka et al.*® studied the prognostic value of post-
operative MRI in 31 patients, all with GCS scores of 8
or less, who underwent surgical evacuation of cerebellar
ICH. The patients were divided into 2 groups based on
outcome. Good recovery or only moderate disability was
achieved in 8 patients, while the remaining 23 died or
became severely disabled/vegetative. There were no sig-
nificant differences between the 2 groups in preoperative
CT findings such as hematoma size, presence of hydro-
cephalus, fourth ventricular compression, or obliteration
of the perimesencephalic cistern. However, the incidence
of high signal intensity in the pons and midbrain on T2-
weighted MRI, indicating brainstem damage, was sig-
nificantly higher in the poor outcome group. These in-
triguing results raise the question of whether preoperative
MRI can be used as a predictive tool to screen patients
for brainstem injury, thus improving patient selection for
aggressive therapy. However, no study has yet addressed
this issue, possibly because of logistical impediments to
performing MRI scans acutely in critically ill patients.
The absence of brainstem injury, confirmed by preopera-
tive MRI, might provide impetus for surgical intervention
in patients who otherwise might have been considered
“hopeless.”

Technical Aspects of Surgery

Numerous technical considerations in the operative
management of cerebellar hemorrhage and infarction re-
main in the realm of individual preference. These include
the size of the suboccipital bone removed and whether
to fixate the bone flap (craniotomy) or float it or aban-
don it (craniectomy) at the end of the procedure. Other
adjuncts such as the removal of the arch of the first cer-
vical vertebra remain optional. In the German Austrian
Cerebellar Infarction Study, for instance, decompressive
surgery consisted of a large craniotomy, duraplasty, and
resection of the posterior atlas arch if tonsillar hernia-
tion was apparent, but resection of necrotic tissue was not
mandatory.* In other series, however, craniectomy with
resection of the infarcted tissue was applied, including
possible resection of cerebellar tonsils.'*? One risk of too
large a craniectomy is subsequent sagging of the cerebel-
lar hemispheres. Conversely, a bone flap that is too small
and then replaced may fail to achieve adequate decom-
pression (Fig. 3). Because the degree of mass effect is dif-
ferent in each patient, intraoperative judgement must be
exercised in determining the extent of bone removal nec-
essary to achieve decompression, and no rigid guidelines
can be offered about a prespecified size threshold.

Role of Other Interventions

In lieu of suboccipital craniectomy and evacuation of
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Fie. 3. Images obtained in a 56-year-old woman with mitral regurgitation, who underwent cardiac surgery and developed
decreased consciousness 1 day later.  A: Axial CT scans of the brain without contrast demonstrate a large infarction of the
right cerebellar hemisphere with mass effect and hydrocephalus. B: Due to progressive obtundation, the patient underwent
suboccipital craniotomy and partial removal of infarcted tissue. The bone flap was replaced and left floating. These postoperative
axial CT scans reveal persistent mass effect. C: Postoperative diffusion-weighted axial MR images demonstrate persistent,
widespread infarcted tissue and mass effect. D: Magnetic resonance imaging performed on postoperative Day 3. Axial FLAIR
sequence (upper left) shows persistent edema and mass effect. Axial gradient echo sequence (upper center and right) shows
hemorrhagic transformation. Sagittal T1-weighted images (lower row) show ascending transtentorial herniation and tonsillar
herniation through the foramen magnum. The patient remained symptomatic for the next 2 weeks, suggesting that the bone
decompression and/or removal of infarcted tissue was insufficient.

the hemorrhage, several other surgical approaches have
been proposed for the management of cerebellar ICH, in-
cluding stereotactic aspiration, endoscopic bur hole evac-
uation, and local infusion of a thrombolytic agent such as
tissue plasminogen activator.! Data regarding the safety
and efficacy of these procedures are lacking, and they are
currently not considered mainstream therapy.

American Stroke Association Guidelines

Recognizing that the management of ICH by neu-
rologists and neurosurgeons throughout the world varies
greatly, the Stroke Council of the American Heart Asso-
ciation formed a task force to develop practice guidelines
and to suggest areas where further research was needed.
In 1999, the first guidelines were published, although the
authors acknowledged that the strength of their recom-
mendations was limited by the quality of the medical lit-
erature, which consists more of anecdotal case series than
well-designed clinical trials.* Since then, the guidelines
have undergone updates in 2007 and 2010.3* Besides the
evolution of the position statements, these updates reclas-
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sified the level of certainty of the treatment effect and
recategorized the class of evidence from which they are
derived.

Regarding the indications for vascular imaging to
search for an underlying structural cause of the ICH, the
1999 Council wrote, “Angiography should be considered
for all patients without a clear cause of hemorrhage who
are surgical candidates, particularly young, normoten-
sive patients who are clinically stable (level of evidence
V, grade C recommendation).”™ Additionally, they wrote,
“Angiography is not required for older hypertensive pa-
tients who have a hemorrhage in the basal ganglia, thala-
mus, cerebellum, or brain stem and in whom CT findings
do not suggest a structural lesion ....(level of evidence
V, grade C recommendation).” Under the definitions in
effect at that time, these were the weakest possible rec-
ommendations and based on the lowest quality data. In
2010, the guidelines state that, “...CT angiography, CT
venography, contrast-enhanced CT, contrast-enhanced
MRI, magnetic resonance angiography, and magnetic
resonance venography can be useful to evaluate for un-
derlying structural lesions, including vascular malforma-
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Management of cerebellar hemorrhage

tions and tumors when there is clinical or radiological
suspicion (Class Ila; Level of Evidence: B).”*

Regarding the indications for surgical removal of
ICH, the 1999 council wrote:*

Patients with cerebellar hemorrhage > 3 cm who are neu-
rologically deteriorating or who have brain stem compression
and hydrocephalus from ventricular obstruction should have
surgical removal of the hemorrhage as soon as possible (lev-
els of evidence III through V, grade C recommendation)...
Stereotactic aspiration may be associated with better outcomes
than standard craniotomy for moderate-sized cerebellar hemor-
rhages, but this hypothesis has yet to be tested in a randomized
study (no recommendation).

In 2007, there was no change to this recommenda-
tion, although the authors revised the categorization of
its strength as “Class 1, Level of Evidence B,” which is
an intermediate grade.? In 2010, the qualification of the
3-cm-size threshold was abandoned, and a new recom-
mendation concerning ventricular drainage was of-
fered:>*

Patients with cerebellar hemorrhage who are deteriorat-
ing neurologically or who have brainstem compression and/
or hydrocephalus from ventricular obstruction should undergo
surgical removal of the hemorrhage as soon as possible (Class
1; Level of Evidence: B). (Revised from the previous guide-
line). Initial treatment of these patients with ventricular drain-
age alone rather than surgical evacuation is not recommended
(Class I11; Level of Evidence: C) . (New recommendation).

Conclusions

The management of cerebellar hemorrhagic and
ischemic stroke is controversial. Issues such as the differ-
ence in the treatment algorithm of cerebellar ICH versus
infarction, criteria for imaging to exclude an underlying
structural lesion, the value of MRI for patient selection,
the role of external ventricular drainage, the indications
for operative management, the timing of surgical inter-
vention, and various options of surgical technique remain
unresolved. Professional society guidelines for these con-
siderations are sparse and based on relatively poor qual-
ity data. Nonetheless, the potential value of neurosurgical
intervention remains well established.
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Intracerebral hemorrhage secondary to intravenous and
endovascular intraarterial revascularization therapies in acute
ischemic stroke: an update on risk factors, predictors, and
management
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Intracerebral hemorrhage (ICH) secondary to intravenous and intraarterial revascularization strategies for emer-
gent treatment of acute ischemic stroke is associated with high mortality. ICH from systemic thrombolysis typically
occurs within the first 24-36 hours of treatment initiation and is characterized by rapid hematoma development
and growth. Pathophysiological mechanisms of revascularization therapy-induced ICH are complex and involve a
combination of several distinct processes, including the direct effect of thrombolytic agents, disruption of the blood-
brain barrier secondary to ischemia, and direct vessel damage from wire and microcatheter manipulations during
endovascular procedures. Several definitions of ICH secondary to thrombolysis currently exist, depending on clinical
or radiological characteristics used. Multiple studies have investigated clinical and laboratory risk factors associated
with higher rates of ICH in this setting. Early ischemic changes seen on noncontrast CT scanning are strongly as-
sociated with higher rates of hemorrhage. Modern imaging techniques, particularly CT perfusion, provide rapid as-
sessment of hemodynamic parameters of the brain. Specific patterns of CT perfusion maps can help identify patients
who are likely to benefit from revascularization or to develop hemorrhagic complications. There are no established
guidelines that describe management of revascularization therapy—induced ICH, and great variability in treatment
protocols currently exist. General principles that apply to the management of spontaneous ICH might not be as effec-
tive for revascularization therapy—induced ICH. In this article, the authors review current knowledge of risk factors
and radiological predictors of ICH secondary to stroke revascularization techniques and analyze medical and surgical
management strategies for ICH in this setting.

(http://thejns.org/doi/abs/10.3171/2012.1 FOCUS11352)
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ican Heart Association, 795,000 people in the US

ﬁ CCORDING to the most recent report from the Amer-
experience a new or recurrent stroke each year,

Abbreviations used in this paper: ASPECTS = Alberta Stroke
Programme Early CT Score; CBF = cerebral blood flow; CBV =
cerebral blood volume; ECASS = European Cooperative Acute
Stroke Study; HI-1 = hemorrhagic infarction Type 1; HI-2 = hem-
orrhagic infarction Type 2; IA = intraarterial; ICH = intracerebral
hemorrhage; IMS = Interventional Management of Stroke; IV =
intravenous; MCA = middle cerebral artery; MERCI = Mechani-
cal Embolus Removal in Cerebral Ischemia; MTT = mean transit
time; NIHSS = National Institutes of Health Stroke Scale; NINDS
= National Institute of Neurological Disorders and Stroke; PH-1 =
parenchymal hematoma Type 1; PH-2 = parenchymal hematoma
Type 2; PROACT = Prolyse in Acute Cerebral Thromboembolism;
SICH = symptomatic ICH; SITS-MOST = Safe Implementation of
Thrombolysis in Stroke—-Monitoring Study; tPA = tissue plasmino-
gen activator.

Neurosurg Focus / Volume 32 / April 2012

acute ischemic stroke
endovascular intervention e

* intracerebral hemorrhage °
computed tomography e

and 87% of these strokes are ischemic.** Despite advanc-
es in treatment and rehabilitation strategies, stroke re-
mains the leading cause of long-term disability in adults.
A short time window for treatment (within the first 4.5
hours of stroke onset) and late arrival to the hospital are
major barriers preventing many patients from receiving
IV thrombolysis. Careful analysis of acute stroke care
provided at multiple hospitals in the US shows that even
some patients with no absolute contraindications for
thrombolysis who present to the emergency department
within the “therapeutic window” do not receive recom-
mended thrombolytic therapy.’?! Intracerebral hemor-
rhage secondary to thrombolysis is associated with high
mortality and remains the most feared complication of
acute stroke treatment. In fact, it is often cited as a prima-
ry reason preventing patients from receiving fibrinolytic
agents to restore blood flow to the brain.*

Endovascular interventions with IA thrombolytic
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agents or by means of mechanical revascularization strat-
egies demonstrate high recanalization rates in strokes
with large artery occlusion and can be performed with
an extended time window*® or when contraindications
for IV thrombolysis are present. Theoretical models have
projected that IA therapies for acute stroke secondary
to large-vessel occlusion will be used in up to 10,400—
41,500 cases per year in the US.?2 However, similar to IV
thrombolysis, endovascular interventions carry a risk of
ICH. Recent advances in stroke imaging allow selection
of patients who can benefit the most from revasculariza-
tion and prediction of which patients are at higher risk for
hemorrhagic complications.

In this article, we review the current literature on
clinical and laboratory risk factors and radiological pre-
dictors of ICH secondary to IV and IA revasculariza-
tion therapies in patients presenting with acute ischemic
stroke, as well as analyzing strategies for managing this
iatrogenic complication.

Frequency and Definition

Intracerebral hemorrhage after systemic thromboly-
sis typically occurs within the first 24—-36 hours after ini-
tiation of treatment. In the landmark NINDS tPA Stroke
Trial,®® most hemorrhages occurred within the first 6
hours from tPA infusion. Several definitions of throm-
bolysis-induced symptomatic ICH (sICH) currently exist,

TABLE 1: Rate and definition of sICH in major international stroke trials*

M. Mokin et al.

depending on the clinical or radiological characteristics
considered. According to the NINDS definition, a hemor-
rhage is considered symptomatic if it is associated with
any decline in neurological status.’” An alternative defi-
nition of sICH frequently used in many clinical trials is
deterioration of 4 or more points in the NIHSS score.!>2°
When comparing the frequency of sICH among trials
evaluating different revascularization strategies, it should
be taken into account that the rates can vary significant-
ly, depending on the definition chosen. For example, in
a recent study of 985 ischemic strokes, the frequency of
sICH ranged from 2.1% to 9.4% when different defini-
tions of sICH were applied.* Likewise, the ECASS III
trial,'® which tested IV tPA administered between 3 and
4.5 hours after stroke onset, demonstrated a wide range
of sICH rates (2.4%-7.9%), depending on specific criteria
used to define sICH.

Table 1 summarizes the rates of sICH and sICH-re-
lated mortality in major international stroke trials con-
ducted during the last 2 decades.’!418-202324.374344 The
rate of SICH following administration of IV tPA within
the first 3 hours of acute stroke was 6.4% in the original
NINDS tPA trial.*” The SITS-MOST* provided valuable
information about the safety of administering IV tPA
within 0-3 hours in routine clinical practice. In this large
observational study, a total of 6483 patients were enrolled
from 285 centers in the European Union (of which half
had little previous experience with stroke thrombolysis).

Rate of Mortality Due
Authors & Year Study Protocol sICH Definition of sICH to sICH
NINDS rt-PA Stroke Study NINDS tPA IV tPA (0.9 mg/kg) w/in 3 hrs of stroke 6.4% any decline in neurol status 47%
Group, 1995 onset
Hacke et al., 1995 ECASS | IV tPA (1.1 mg/kg) wiin 6 hrs of stroke 10.7%  24-hr deterioration 53%
onset
Hacke et al., 1998 ECASS I IV tPA (0.9 mg/kg) w/in 6 hrs of stroke 8.8% clinical worsening (e.g., drowsiness) 44% “at 7 days”
onset or worsening in NIHSS score by
24 points
Hacke et al., 2008 ECASS Il IV tPA (0.9 mg/kg) btwn 3 & 4.5 hrs after 2.4% worsening in NIHSS score by =4 9.4%
stroke onset points
del Zoppo et al., 1998 PROACT | IA pro-UK (6 mg) w/in 6 hrs of stroke 15.4%  neurol deterioration w/in 24 hrs of 25%
onset in pts w/ MCA occlusion treatment
Furlan et al., 1999 PROACT Il IA pro-UK (9 mg) w/in 6 hrs of stroke 10.2% neurol deterioration w/in 24 hrs of NR
onset in pts w/ MCA occlusion treatment
Smith et al., 2005 MERCI mechanical embolectomy w/in 8 hrs of 7.8% worsening in NIHSS score by 24 NR
stroke onset in pts ineligible for IV tPA points or any subarachnoid blood
on CT scan
Smith et al., 2008 Multi MERCI  mechanical embolectomy w/in 8 hrs of 9.8% worsening in NIHSS score by =4 NR
stroke onset in pts w/ persistent large- points
vessel occlusion after [V tPA
IMS Study Investigators, IMS | 0.6 mg/kg IV tPA started w/in 3 hrs of 6.3% any decline in neurol status w/in 36 28% “at 7 days”
2004 stroke onset followed by IA tPA hours of treatment
IMS Il Trial Investigators, IMS I 0.6 mg/kg IV tPA started w/in 3 hrs of 9.9% any decline in neurol status w/in 36 NR
2007 stroke onset followed by |A tPA using hrs of treatment

small-vessel US infusion system

* neurol = neurological; NR = not reported; pro-UK = pro-urokinase; pts = patients; US = ultrasound.
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Stroke revascularization therapy—induced ICH

The rate of sICH (according to the NINDS definition)
was 7.3%, indicating that systemic thrombolysis adminis-
tered outside a clinical trial was associated with a similar
complication rate.

Accurate comparison of sICH rates for different IA
revascularization approaches is complicated because of-
ten more than one treatment modality is used to achieve
successful revascularization. In many large prospective
studies, the trial design allows patient enrollment after
“failure” of systemic thrombolysis, whereas other pa-
tients can be taken directly for intervention because of
ineligibility for systemic IV tPA administration. Trials of
IA pharmacological thrombolysis (PROACT I and II and
IMS I and II) demonstrated a rate of sSICH in the range
of 6.3%—15.4% 514232 When mechanical thrombectomy
with the Merci retriever device (Concentric Medical)
was tested for acute stroke treatment in the MERCI** and
Multi-MERCI* trials, sICH occurred in 7.8% and 9.8%
of patients, respectively. Aspiration thrombectomy with
the Penumbra system (Penumbra, Inc.) utilizes continu-
ous aspiration together with mechanical fragmentation
of the clot. In the Penumbra Pivotal Stroke trial,*! which
was designed to assess safety of the Penumbra system for
treatment of acute stroke due to large-vessel occlusion
within the first 8 hours of symptom onset, SICH occurred
in 11.2% of patients. Although the overall rates of sICH
following pharmacological and mechanical endovascu-
lar approaches to acute stroke treatment are higher com-
pared with IV thrombolysis with tPA alone, these results
should be interpreted with caution. Endovascular therapy
is typically reserved for strokes in patients with higher
NIHSS scores (scores of 8-10 and above, depending on
the trial design) and within a more extended time win-
dow (up to 6-8 hours of stroke onset). Both severity of
baseline NIHSS score and extended treatment window
are well-known risk factors for sSICH (which we discuss
in further detail later in this article), raising an argument
that patients eligible for endovascular treatment are more
prone to develop sICH due to the natural history of these
strokes.

Intracerebral hemorrhage as a result of acute stroke
treatment (either with IV or IA approaches) should be
distinguished from ICH that can occur from a hyperper-
fusion syndrome following endarterectomy or carotid
artery stenting in patients with carotid artery stenosis.
This syndrome is thought to be caused by impaired ce-
rebral autoregulatory mechanisms and usually occurs a
few days after the surgery, although delayed presenta-
tions for up to several weeks have been described.**#¥ The
most catastrophic presentation associated with this syn-
drome—ICH—occurs in up to 1%-2% of patients who
undergo carotid artery interventions, according to previ-
ously published retrospective studies of case series sum-
marized in a review article by Moulakakis et al.>

Radiographically, ICH can be classified on the basis
of size of hemorrhage, as well as extent of ischemic in-
farct. This principle is applied in the ECASS classifica-
tion scheme, in which hemorrhagic transformation after
IV thrombolysis can be divided into 4 categories.”® Ex-
amples of these categories are shown in Fig. 1. Hemor-
rhagic infarction types 1 and 2 (HI-1 and HI-2) are de-

Neurosurg Focus / Volume 32 / April 2012

Fie. 1. Noncontrast CT scans showing examples of radiographic
types of revascularization-induced ICH, according to the ECASS clas-
sification. A: Right MCA stroke with small petechial hemorrhage
representing hemorrhagic infarction Type 1 (HI-1).  B: Right internal
capsule stroke with larger confluent petechial hemorrhages within the
infarct core representing HI-2. C: Left parietooccipital stroke with
hemorrhage in less than 30% of the infarcted area and some mild
space-occupying effect representing parenchymal hematoma Type 1
(PH-1) hemorrhage. D: A large hematoma with significant space-
occupying effect is characteristic of PH-2 hemorrhage.

fined as small petechiae along the margins of the infarct
and larger more confluent petechiae without a space-
occupying effect, respectively. Parenchymal hematoma
Type 1 (PH-1) is defined as hemorrhage in less than 30%
of the infarcted area, with some mild space-occupying
effect. In parenchymal hematoma Type 2 (PH-2), hem-
orrhage is seen in more than 30% of the infarcted area,
and there is significant space-occupying effect. Analysis
of neurological outcomes in patients with each subtype
of hemorrhagic transformation shows that PH-2 is associ-
ated with a poor chance for neurological recovery and a
high rate of death at 3 months, whereas other subtypes do
not have a significant effect on clinical outcomes follow-
ing IV thrombolysis.'?

Mechanisms

Pathophysiological mechanisms of revascularization
therapy—induced ICH are complex and include a combi-
nation of several distinct processes. Direct thrombolytic
effects of pharmacological agents can occur parallel to
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blood-brain-barrier alteration, which is triggered by isch-
emia. Spontaneous hemorrhagic transformation and ede-
ma formation are frequently observed in large strokes due
to major artery occlusion.? When occurring at the same
time, these processes potentiate hematoma formation,
causing rapid growth of intraparenchymal hematomas.
Recanalization strategies introduce the risk of reperfu-
sion hemorrhage, and wire and catheter manipulation in
cases of IA interventions can cause direct damage to the
endothelial wall. A combined analysis of the IMS I and II
trials, as well as local registries of A cases, showed that
microcatheter contrast injections during IA thrombolysis
also increase hemorrhagic risk, potentially due to degra-
dation of the basal lamina.?>2¢

Clinical and Laboratory Predictors

Many studies have addressed various clinical and
laboratory risk factors associated with higher rates of
ICH, predominantly in patients who received IV throm-
bolysis with tPA. In general, these factors can be divided
into modifiable types (such as baseline blood pressure, se-
rum glucose level, or lytic dose) and nonmodifiable types
(such as admission NIHSS score, age, and comorbid con-
ditions). Here, we will review only those factors that are
of greatest importance in clinical practice when evaluat-
ing potential candidates for revascularization approaches.

Severity of NIHSS score and its correlation with
higher rates of ICH has been a subject of multiple study
analyses since the NINDS tPA trial investigators showed
that patients with higher admission NTHSS scores were at
greater risk for development of sICH.*”*® In patients with
NIHSS scores lower than 10, the rate of sSICH was 3%,
compared with 17% in patients with an NIHSS scores of
20 or greater. This relationship between severity of stroke
symptoms and increased risk of hemorrhage was later
confirmed by studying a large number of patients receiv-
ing IV tPA for acute ischemic stroke treatment in routine
clinical practice.*® The higher baseline NIHSS scores of
patients enrolled in IA revascularization trials is one po-
tential explanation for the higher rates of ICH in these
trials than in I'V thrombolysis trials.

Elevated systemic blood pressure is frequently ob-
served in patients who present with acute ischemic stroke.
This is thought to represent a physiological response to
brain ischemia, causing an increase in cerebral blood
perfusion to maintain adequate oxygenation of brain
“penumbra” (that is, brain tissue at risk). For patients to
be eligible for IV thrombolysis with tPA, blood pressure
should not exceed 185/110 mm Hg, according to the acute
stroke management guidelines of the American Heart
Association’s Stroke Council.! During and within the
first 24 hours following I'V thrombolysis, blood pressure
should be maintained at a level below 180/105 mm Hg.
The guidelines indicate that similar blood pressure pa-
rameters should be applied to stroke patients treated with
other acute reperfusion interventions, but no data cur-
rently exist to support this principle. In clinical practice,
however, more conservative blood pressure parameters
are often used for endovascular interventions, on the basis
of evidence that higher NIHSS scores (an endovascular
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approach is typically reserved for patients with an NIHSS
score = 8) and frequent concurrent use of systemic antico-
agulation further increase the risk for ICH. 23846

Another important modifiable risk factor is glucose
control.”* Hyperglycemia is responsible for blood-brain
barrier damage through increased production of lactic
acid and free radicals, as well as direct damage to the
lipid-rich neuronal membrane.’*® The desired range of
blood glucose values is 80-140 mg/dl.! To avoid causing
hypoglycemia, treatment is often not recommended un-
less glucose values exceed 200 mg/dl.

Radiographic Predictors

When evaluating patients with suspected acute
stroke, a noncontrast cranial CT scan is always part of
the initial diagnostic algorithm, allowing rapid and ac-
curate differentiation between ischemic and hemorrhagic
strokes. Patients who are candidates for an endovascular
approach often undergo a CT angiogram. This study al-
lows direct visualization of vascular anatomy and iden-
tification of potential sites of vessel occlusion. Although
CT perfusion imaging is not (yet) a component of clini-
cal trials or standard evaluation protocols, its utilization
has markedly increased at stroke centers. For example, in
the ongoing IMS III trial, the investigators noticed more
frequent use of CT angiograms and perfusion studies
for assessment of patients with acute stroke during the
past 5 years, both at academic centers and at community
hospitals.??> With rapid advancement in imaging technolo-
gies, radiographic findings are becoming a promising tool
in predicting risk of hemorrhagic complications due to
stroke revascularization therapies.

Noncontrast CT Scanning. Multiple studies have
demonstrated that early ischemic changes, especially
hypodensity on a noncontrast CT scan, are strongly as-
sociated with higher rates of thrombolysis-induced hem-
orrhage.'*?83% Unfortunately, during the first few hours of
stroke symptom onset, these findings can be rather subtle
and thus are interpreted with great variability, even by ex-
perienced clinicians. Current recommendations for imag-
ing of acute ischemic stroke state that frank hypodensity
on noncontrast CT scans, particularly if occupying more
than one-third of the MCA territory, is a strong contrain-
dication to treatment with IV thrombolytics owing to a
high chance of hemorrhagic complication.?

Several scoring scales have been proposed in an at-
tempt to simplify evaluation of noncontrast images when
estimating risk of hemorrhagic transformation. The most
commonly used scale, the ASPECTS, is a 10-point grad-
ing system that divides the MCA territory into 10 regions
of interest.’> Subcortical structures are allotted 3 points;
MCA cortex is allotted 7 points; and 1 point is subtracted
for each area displaying early ischemic change. Patients
with ASPECTS below 8 are at substantially higher risk of
thrombolysis-related ICH.!

Intracerebral hematomas in the setting of endovascu-
lar interventions can sometimes be mistaken for contrast
medium. Hyperdense lesions of various degrees of inten-
sity can be found in up to 50% of interventional cases,
and some of these do not represent hemorrhage and are
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benign. Early differentiation is clinically important when
deciding whether to continue systemic anticoagulation
therapy or treatment with antiplatelet agents. Yoon et al.>
described 2 distinct imaging features of contrast medium
in an attempt to differentiate it from hemorrhage. First is
contrast enhancement, which shows rapid clearance of a
hyperdense lesion on follow-up CT scans and does not
produce any mass effect. Second is contrast extravasa-
tion, which is characterized by a mixture of blood and
contrast material. It typically exhibits extremely high
density on CT studies and, unlike contrast enhancement,
is associated with poor neurological outcomes. Two illus-
trative cases of hyperdense signal due to contrast medium
and ICH following interventional procedures are shown
in Fig. 2. Disruption of the blood-brain barrier, especially
at the core of the cerebral infarct, is believed to be the
underlying mechanism of extensive contrast extravasa-
tion. An iodine-induced signal can be subtracted from the
brain CT scan using dual-energy CT technology and vir-
tual imaging, allowing accurate differentiation between
ICH and iodinated contrast medium staining.”” Although
this technique does not require extra doses of radiation
and appears to have great potential for clinical practice,
its use at the present time is limited to major clinical re-
search centers.

Computed Tomography Perfusion Imaging. The use
of CT perfusion provides rapid assessment of hemody-
namic parameters of the brain. With the introduction of
320—detector row CT perfusion scanners, perfusion maps
of the whole brain (including posterior fossa structures)
can now be rapidly obtained in minutes.** Two illustrative
cases of CT perfusion findings in patients with ischemic
stroke who received emergent endovascular interven-
tions are shown in Figs. 3 and 4. Matched areas of de-
creased CBV, CBF, and MTT represent areas of the brain
with irreversible ischemic damage.*® When only CBF or
MTT is compromised but CBV is preserved, indicating
salvageable tissue known as “penumbra,” recanalization
techniques can reverse ischemic damage to the brain tis-
sue. Identification of brain regions with decreased CBV,
especially when combined with the ASPECTS grading
system, can help identify patients who are at higher risk
for hemorrhagic complications from both IV and IA ther-
apies.*"> Larger infarct core size, which is characterized
by significant loss of CBV, is a strong predictor of hemor-
rhage and poor outcomes. Given the wide availability of
CT perfusion scanners and short imaging protocol times,
CT perfusion is becoming more commonly used in evalu-
ating patients with acute stroke.

The endovascular approach to acute stroke allows

Fie. 2. A: Noncontrast CT scans obtained in a patient with an occlusion of the M, segment of the left MCA (NIHSS score 23)
who underwent mechanical thrombectomy. The scan obtained immediately after the intervention (left) showed a hyperdense le-
sion in the left basal ganglia. The follow-up serial studies (middle and right) showed gradual resolution of the hyperdense signal,
indicating that it represented contrast medium.  B: Noncontrast CT scans obtained in a patient with a right M, occlusion (NIHSS
score 14) who underwent mechanical thrombectomy. A bright hyperdense signal was seen on the study performed immediately
after the procedure (left). Extremely high signal intensity was suggestive of contrast medium. However, follow-up studies showed
continuous growth of the lesion with significant mass effect indicative of newly developed parenchymal hemorrhage mixed with

contrast material (middle and right).
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Fic. 3. A: Noncontrast CT scan and perfusion maps obtained in a patient with acute stroke from a left internal carotid artery
occlusion (NIHSS score 12). The perfusion maps demonstrate markedly increased time-to-peak (upper right) in the left hemi-
sphere but preserved CBV (upper middle), indicating a significant amount of brain tissue at risk (penumbra). The patient subse-
quently underwent mechanical thrombectomy.  B: Follow-up CT scan showing no postintervention hemorrhage.

extension of the treatment window compared with IV
thrombolysis. A real-world experience with patient selec-
tion for endovascular therapy on the basis of CT perfu-
sion findings shows a similar rate of ICH in those who
had favorable CT perfusion findings irrespective of time
constraints and those who had time-guided selection (0—6
hours from symptom onset to endovascular procedure).’
This suggests that in properly selected patients, ischemic
stroke can be safely treated beyond the current recom-
mended time intervals without significantly increasing
the rate of hemorrhagic complications.

Management

In contrast to several existing reports of well-defined
clinical, laboratory, and radiographic risk factors and
predictors, few studies have addressed efficacy of man-
agement strategies in ICH secondary to revascularization
therapies in acute ischemic stroke. Therefore, general
principles that apply to management of spontaneous ICH
might not be as effective for thrombolysis-induced ICH.

Medical Management

According to the American Heart Association guide-
lines, infusion of platelets and cryoprecipitate is recom-
mended to reverse coagulopathy secondary to systemic
administration of tPA.® Intraarterial stroke interventions
often include use of heparin infusion; in these cases, prot-
amine sulfate can be used to reverse the systemic effect
of heparin. However, the guidelines do not address the
optimal range of blood pressure parameters. Large pa-
renchymal hemorrhages (PH-2 according to the ECASS
classification) strongly correlate with poor neurologi-
cal outcome and high mortality rate, whereas petechial
hemorrhages do not seem to affect long-term outcomes.'
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Therefore, more aggressive blood pressure management
might be justified in cases of thrombolysis complicated
by large parenchymal hematomas. On the other hand,
patients with strokes with smaller petechial hemorrhages
might benefit from a less aggressive approach allowing
higher blood pressure to preserve blood perfusion to the
“penumbra.” A quantitative analysis of hematoma vol-
umes and blood pressure measurements during and im-
mediately after IV tPA administration showed that early
blood pressure reduction can have a significant effect on
hematoma expansion.** The majority of patients included
in this study had at least one blood pressure reading above
the American Heart Association’s recommended 180/105
mm Hg parameters, demonstrating that deviations from
treatment protocols are associated with higher rates of
ICH.! Blood pressure variability—not just an increase in
absolute blood pressure parameters—might also contrib-
ute to hemorrhagic transformation. Patients with higher
variability of both systolic and diastolic blood pressure
measurements showed increased rates of hemorrhagic
transformation, possibly due to rupture of vessels within
the ischemic core as a result of sudden rises in blood pres-
sure.?’

In a retrospective analysis of data from patients with
ICH secondary to IV and IA thrombolysis, Goldstein at
al!® found great variability in treatment protocols, in-
cluding use of fresh frozen plasma, platelets, cryopre-
cipitate, phytonadione, and aminocaproic acid. Analysis
of treatment records showed that very few patients re-
ceived the same treatment regimen. The small number
of patients with data available for analysis and the wide
range of treatment strategies precluded the determina-
tion of whether any specific therapy was associated with
improved clinical outcomes. Forty percent of patients
showed a significant increase in hematoma size, despite
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Fic. 4. A: Noncontrast CT scan and perfusion maps obtained in a patient with a left M, superior trunk occlusion (NIHSS score
12), showing a large area of increased MTT and time-to-peak penumbra, indicating potentially salvageable brain (upper middle
and bottom middle, respectively). However, the perfusion mapping shows significant signal loss in the left basal ganglia (upper
middle). B: Noncontrast CT scan obtained following mechanical thrombectomy and angioplasty, showing a parenchymal he-
matoma in the left basal ganglia.

reversal of coagulopathy. Rapid hematoma expansion due
to IV thrombolysis with tPA was confirmed by another
recent study that reported an even more dramatic 74% in-
crease in the size of the ICH, as demonstrated by 2 serial
CT scans performed only 9 hours apart.’? These 2 studies
clearly show that more effective treatment strategies are
needed to achieve better control of hematoma expansion.

Surgical Management

To date, the effect of decompressive surgery in pa-
tients with revascularization therapy—induced ICH has
not been studied in a randomized trial. In patients with
malignant MCA strokes, 3 randomized clinical trials (De-
compressive Craniectomy in Malignant Middle Cerebral
Artery Infarcts [DECIMAL], Decompressive Surgery for
the Treatment of Malignant Infarction of the Middle Ce-
rebral Artery [DESTINY], and Hemicraniectomy After
Middle Cerebral Artery Infarction with Life-threatening
Edema Trial [HAMLET]) showed that hemicraniectomy
performed within the first 48 hours of stroke onset leads
to reduction of mortality and improvement of functional
outcomes compared with medical therapy alone.?**’#
However, patients who received IV thrombolysis or had
hemorrhagic transformation resulting in a large paren-
chymal hematoma were excluded from enrollment in all
three trials.

Williams et al.! reported 2 cases of patients who un-
derwent decompressive hemicraniectomy postthromboly-
sis. No significant intraprocedural complications related
to thrombolysis were noted, and both patients had favor-
able outcomes. In neither case was there any hemorrhagic
component to the initial stroke. Opposite results were
demonstrated in a study investigating in-hospital mortal-
ity in a large cohort of patients from multiple hospitals in
the US who underwent hemicraniectomy for large isch-
emic strokes.* Mortality rates were significantly higher
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in patients who were treated with thrombolysis and sub-
sequently underwent hemicraniectomy for life-threaten-
ing brain edema than in patients who were treated with
thrombolysis and did not undergo hemicraniectomy. No
information was provided whether any patients in the
hemicraniectomy group had thrombolysis-related ICH.

In one case report, a young patient with a left MCA
stroke who was treated with a combination of IV throm-
bolysis and IA thromboaspiration developed a large in-
sular hematoma immediate after the intervention and
underwent emergent craniectomy and hematoma evacu-
ation.!? Despite a high initial NIHSS score of 24, the pa-
tient made a significant recovery. In the study by Mokin
et al.* cited above, 3 patients with thrombolysis-induced
ICH were treated surgically. One patient had PH-1; 2 pa-
tients had PH-2. Details of the surgical procedures were
not provided.

The limited number of publications suggests that sur-
gical evacuation of ICH after tPA or endovascular stroke
intervention is uncommon. More research is required to
determine which patients with ICH secondary to IV or
IA revascularization therapy can benefit from a surgical
approach. Given the relatively low number of such cases,
however, it is unlikely that a randomized trial addressing
this subject will be conducted in the near future.

Conclusions

A review of the literature demonstrates that the oc-
currence of ICH after IV tPA thrombolysis or endovas-
cular stroke intervention is multifactorial. Variability in
the definition of ICH associated with either treatment ap-
proach provides some limitations in the ability to draw
definitive conclusions from pooling the several large
studies described in this report. Prevention of ICH in
this setting involves careful patient selection using pre-
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viously described clinical and radiographic predictors of
ICH and conscientious management of blood pressure
and glucose values during and following IV thrombolysis
and TA interventions. Management of revascularization
therapy—induced ICH (by comparison with hemorrhage
outside the ischemic realm) focuses on reversal of antico-
agulation and/or antiplatelet effects of medications while
instituting a tempered antihypertensive strategy without
inducing hypotension. Surgical evacuation of ICH after
tPA or endovascular stroke intervention is uncommon,
and further studies are needed to determine which pa-
tients can benefit from such an approach.
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Minimally invasive treatment for intracerebral hemorrhage
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'Department of Neurosurgery, Swedish Neuroscience Institute, Seattle, Washington,; and *Brain Injury
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Spontaneous intracerebral hemorrhage is a serious public health problem and is fatal in 30%—-50% of all occur-
rences. The role of open surgical management of supratentorial intracerebral hemorrhage is still unresolved. A recent
consensus conference sponsored by the National Institutes of Health suggests that minimally invasive techniques to
evacuate clots appear to be a promising area and warrant further investigation. In this paper the authors review past,
current, and potential future methods of treating intraparenchymal hemorrhages with minimally invasive techniques
and review new data regarding the role of stereotactically placed catheters and thrombolytics.

(http://thejns.org/doilabs/10.3171/2012.1 FOCUS11362)

Key Worps
tissue plasminogen activator  °

accounting for 10%—15% of strokes.* In the United
States, 60,000-120,000 patients suffer from hem-
orrhagic strokes each year, and the incidence has been
increasing due to an aging population in addition to an in-
creased use of anticoagulation and antiplatelet agents for
thromboembolic diseases. On average, only 20%—40% of
those who suffer an ICH are expected to have functional
outcomes at 6 months.® Moreover, the cost of care for
patients with ICH is among the highest of all brain disor-
ders.?® Half of the patients with ICH will die in the hospi-
tal after requiring expensive ICU care, and an additional
30% will survive as dependents requiring long-term care
and rehabilitation.
Common causes of spontaneous ICH include hyper-
tension, anticoagulation, and amyloid angiopathy. The
presenting neurological signs and symptoms are depen-

S PONTANEOUS ICH is a serious public health problem

Abbreviations used in this paper: CLEAR = Clot lysis: Evaluating
accelerated resolution of intraventricular hemorrhage; EVD =
external ventricular drainage; GCS = Glasgow Coma Scale; ICH
= intracerebral hemorrhage; ICP = intracranial pressure; IVH =
intraventricular hemorrhage; MIS = minimally invasive surgery;
MISTIE = Minimally Invasive Surgery plus T-PA for Intracerebral
Hemorrhage Evacuation; mRS = modified Rankin Scale; NIH =
National Institutes of Health; NIHSS = NIH Stroke Scale; rt-PA
= recombinant tissue plasminogen activator; SLEUTH = Safety of
Lysis with EKOS Ultrasound in the Treatment of Intracerebral and
Intraventricular Hemorrhage; STICH = Surgical Trial in Traumatic
intraCerebral Haemorrhage.
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intraventricular hemorrhage

dent on the size, location, and degree of mass effect of
the clot. In an autopsy study of hypertensive hemorrhag-
es, the common locations were external capsule in 42%,
pons in 16%, thalamus in 15%, cerebellum in 12%, and
white matter in 10%.2 The 1-year mortality rates for ICH
vary depending on location: 65% for brainstem, 57% for
lobar, 51% for deep, and 42% for cerebellar.!! Frequently,
ICH is complicated by IVH, which can lead to obstruc-
tive hydrocephalus, thereby independently increasing the
mortality rate to as high as 80%.!43041

Unlike cerebellar hemorrhages in which there are
more defined medical and surgical management pathways,
surgical treatment of supratentorial ICH, specifically deep
subcortical and basal ganglia hemorrhages, is controver-
sial. The principal aims of treatment are preventing further
hemorrhage, reducing ICP, controlling cerebral perfusion
pressure, and reducing mass effect when possible.

Deep lesions (that is, those in the basal ganglia or
brainstem) have a dismal prognosis, and open surgical
evacuation does not appear to improve the patient’s out-
come compared with medical management. Historically,
there has been no role for open surgery in such cases.*?
Surgery is believed to save lives by decreasing ICP in se-
lect patients, but it does not necessarily result in restora-
tion of meaningful functional status. In cases in which su-
pratentorial ICH is surgically treated, removal of the ICH
reduces mass effect, and it also removes the neurotoxic
blood products, helping to prevent edema and secondary
brain injury.*



Open surgery is relatively contraindicated due to the
frequent medical comorbidities that these patients have.
Moreover, surgeons are often reluctant to make an ex-
tensive corticotomy through uninjured brain to evacu-
ate deep ICHs. An ideal technique for ICH evacuation
would be one that minimizes brain manipulation and one
that could also be performed under minimal anesthesia,
preferably at the bedside. This approach may offset the
added morbidity of surgery, especially for deep lesions
and those that are too unstable to undergo any major op-
erative intervention.

Current NIH Consensus

In 2007, a consensus conference was sponsored by
the NIH to try to establish priorities for further investiga-
tion into the most promising therapies for the manage-
ment of spontaneous ICH. A number of different medical
and surgical therapies were examined. The mainstay of
medical management for intracranial hemorrhage in-
cludes reversal of anticoagulation (international normal-
ized ratio < 1.4), treatment of hypertension, treatment of
increased ICP with osmotic diuretics or hypertonic saline,
and placement of an EVD catheter for IVH.® The primary
goal of lowering blood pressure is to prevent continued
hemorrhage and rehemorrhage without drastically lower-
ing cerebral perfusion pressure in those patients who have
high ICP. There is incomplete evidence to support specific
blood pressure parameters; therefore, until such random-
ized studies exist to suggest a specific goal, the American
Stroke Association guidelines recommend maintaining
blood pressure lower than 180 mm Hg in the acute period
with short-acting antihypertensive agents while concur-
rently paying attention to cerebral perfusion pressure in
patients in whom clear signs of increased ICP are shown
both clinically and on images.**3* Furthermore, for those
without clear clinical signs of increased ICP, aggressive
lowering of blood pressure is recommended.

Treatment with procoagulants, such as factor Vlla,
were thought to be theoretically beneficial by promot-
ing hemostasis at sites of vascular injury and by limiting
further enlargement of hemorrhage.® The FAST (Factor
Vlla for Acute Hemorrhagic Stroke) study was a Phase
III prospective randomized trial to determine the efficacy
of factor VIIa in patients with ICH who presented within
3 hours of symptoms onset. Although this was a promis-
ing theory, this large multicenter study did not confirm
better functional outcomes despite producing significant
reduction in the rate of hematoma expansion.'” Therefore,
the use of factor Vlla is currently not recommended in
the treatment of patients with ICH.

Surgical Therapy

Evaluation of outcomes in most large studies of open
surgery can be difficult because of the lack of subcatego-
rization of patients depending on location, size, degree of
brain destruction, and comorbidity, as well as other factors.
Evacuation of ICH via craniotomy is the most commonly
used surgical treatment for ICH. However, its benefits are
marginal at best, and its uses remain controversial. 23 A
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meta-analysis of multiple prior surgical trials has not shown
benefit for ICH evacuation over nonsurgical treatment. The
largest among these, the STICH trial, was a prospective
study of 1033 patients from 107 centers over an 8-year pe-
riod in which patients were randomized to surgery or best
medical management.? Its results indicated that surgical
evacuation did not appear to be helpful in treating supra-
tentorial ICH.?' However, in a subset of patients presenting
with superficial hematomas without IVHs, 49% of patients
achieved favorable outcomes compared with 37% of those
treated conservatively.?? Since the initial trial was not suf-
ficiently powered to examine this subgroup, the STICH 11
study is now ongoing to further determine whether open
surgical evacuation is beneficial in cases of superficially
located ICH.

Despite the fact that surgical studies to date have
shown that craniotomy is not the mainstay of treating
unselected cases, the current nonsurgical management
is insufficient, especially in cases with mass effect and
secondary deterioration. There is growing evidence that
there is value in evacuating the clot and decreasing mass
effect, subsequently reducing a further cascade of injury
due to the presence of hemorrhage (edema, apoptosis, ne-
crosis, and inflammation).>*3 Hence, one of the outcomes
from the 2007 NIH consensus statement was that mini-
mally invasive techniques to evacuate clots seemed to be
a promising area for further investigation based on favor-
able results in various studies and case series.® Minimally
invasive therapeutic modalities have become more attrac-
tive in treating ICH over craniotomy for various reasons,
including short operative time, the potential for perform-
ing them at the bedside, and minimizing the potential ex-
acerbation of secondary brain trauma through the avoid-
ance of larger corticotomies and brain retraction.

Minimally Invasive Therapy: Mechanical and
Pharmacological Approaches

The earliest work on mechanical thrombectomy was
conducted using a stereotactic approach to drain clots via
a cannula.’ This was done prior to the CT era, and local-
ization was based on the clinical examination and evalu-
ation of vessel displacement on cerebral angiography.’
Knowing that the lateral lenticulostriate arteries were re-
sponsible for most hypertensive ICHs, the authors aimed
a rigid cannula to the lateral lenticulostriate arteries us-
ing plain skull radiographs and a stereotactic apparatus.
Although the clinical outcome was poor, the authors were
able to localize the ICH and perform drainage in 12 of 13
patients.

This minimally invasive technique has been further
developed since the advent of CT scanning. The intro-
duction of stereotactic systems such as the Leksell frame
further improved accuracy of localizing the clot. However,
because most acute hematomas are solid, clots clogging
the drainage system were noted to be a problem. Several
modifications of clot-evacuating instruments have been
made to overcome this issue. Backlund and von Host* used
CT scanning for the stereotactic localization of hematomas
and used a device that evacuated the clot by the Archimedes
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principle, in which an outer cannula is attached to suction
and an inner screw is rotated to mechanically break the
clot. This was a novel technique that facilitated mechanical
clot lysis, and since the advent of this device, others have
reported larger case series showing that mechanical lysis
facilitates clot removal.'!” Hondo et al.”® tried to overcome
this using an ultrasound aspirator to facilitate mechanical
clot lysis. Nizzuma and Suzuki®®?’ left a drain in the cavity
after the aspiration of a hematoma and injected urokinase
to facilitate pharmacological lysis. They reported promis-
ing outcomes at 6 months.

Endoscopy-guided aspiration has also been inves-
tigated with use of a single bur hole and endoscope. In
1989, Auer et al.? reported the first randomized controlled
trial comparing the difference between endoscopically
assisted aspirations and pure medical management. At 6
months, there was decreased mortality and a trend toward
better outcomes in the surgical group, but these benefits
were limited to lobar hematomas and to patients younger
than 60 years.

Urokinase? and streptokinase were the initial com-
mon agents for thrombolysis, but recently the use of rt-
PA has become more prevalent. Rohde et al.*® reported
that IVH cleared earlier with rt-PA than urokinase by 5
days. Hanley and colleagues have extensively studied the
role of rt-PA in ICH and IVH (unpublished data). These
authors performed multiple prospective studies to assess
safety, optimum dose, and interval for treatment using rt-
PA for IVH (CLEAR studies) and ICH (MISTIE studies).

These studies laid out the principles for successful
minimally invasive operative intervention, which includ-
ed subtotal evacuation to relieve mass effect but enough
to tamponade and prevent rehemorrhage, avoid injury to
normal brain, provide accurate localization using stereo-
taxy, and facilitate lysis of clot either mechanically, via
thrombolytics, or both. Table 1 outlines these initial case
reports and series depicting the method of clot evacuation
and outcomes.

Intraventricular Hemorrhage Trials

The CLEAR study is a multicenter blinded prospec-
tive safety trial comparing best medical/ICU care with
aggressive ventricular drainage with rt-PA injected into
ventricular catheters at a dose of 3 mg every 12 hours.?
The study enrolled 48 patients. Symptomatic bleeding
was noted in 23% of the rt-PA group and in 5% in the
placebo group (p = 0.1). Mortality was 19% in the rt-PA
group and 23% in the placebo group. The clot resolution
rate was significantly increased in the rt-PA group (18%
vs 8%, p < 0.001). The rt-PA group also underwent earlier
removal of the EVD catheter and relied less on exchang-
ing EVD catheters due to clot obstruction of catheters.
They also noted clinical improvement by an increase in
GCS scores at 4 days within the rt-PA group.

This initial safety study was not designed to assess
long-term functional outcome. Patients with significant
impairment at presentation could take more than 30
days to recover consciousness; therefore, functional out-
comes are better studied at longer time intervals.?**> The
CLEAR III trial is a current ongoing trial that will assess
functional performance in a 90- to 180-day time frame.
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Intraparenchymal Hemorrhage Trials

Lippitz'® and Schaller*® and their colleagues conduct-
ed a study for thrombolytic treatment of ICH by inject-
ing rt-PA every 12-24 hours via a drain stereotactically
placed in the hematoma cavity. Lippitz et al. used 3 mg
rt-PA delivered through a stereotactically placed catheter;
depending on residual ICH on CT at 24 hours, rt-PA treat-
ment was repeated for 1-3 days. Schaller et al. further
calculated the dose of rt-PA relative to the maximum he-
matoma diameter of 1 cm for 1 mg rt-PA. Doses were re-
peated every 24 hours for a total of 3 days of treatment if
necessary. Morgan et al.* conducted a prospective study
consisting of ICH aspiration via a stereotactically placed
catheter and rt-PA injection starting 12 hours after onset
of symptoms in patients with supratentorial ICH regard-
less of the depth of ICH. Aspiration was repeated after
24 hours. If subsequent CT scanning showed significant
hematoma, the procedure was repeated for up to 3 days or
until the hematoma was smaller than 15 cm?.

The MISTIE trial was a Phase II study for ICH treat-
ment."” The trial evaluated the safety, efficacy, and sur-
gical performance, including accuracy of catheter place-
ment and volume of ICH reduction at the end of treat-
ment. Forty patients were randomized to MIS plus rt-PA
or medical therapy. The rt-PA dose used was 0.3, 1, or 3
mg. The patients’ profiles included a mean age of 62 + 11
years, location in the basal ganglia (in 58%) and lobar area
(in 42%), GCS score lower than 14, NIHSS score greater
than 6, and an ICH larger than 25 cm?on CT scanning.
Patients who were excluded from the study were those
with infratentorial hemorrhage, IVH, coagulopathy, and
an underlying vascular lesion. The group randomized to
surgery had a 14-Fr cannula placed stereotactically into
the center of the clot. Using a 10-ml syringe, the surgeon
first aspirated the clot until resistance was met. Then a
soft ventricular catheter was placed, and accurate place-
ment was confirmed using CT scanning. Thrombolytics
were given, and the catheter was initially closed, but it
was later opened to allow for drainage. This was done
every 8 hours for up to 9 doses or until the clinical end
point was reached. Clinical end points were reduction of
clot by 80% of the original size, clot size reduction to 15
cm? or smaller, or new hemorrhage.

Mortality rates at 7 and 30 days were 0% and 10.5%,
respectively. Rebleeding was observed in 10.5% of pa-
tients (in the MIS group), and there were no instances
of brain infection. Clot removal rates were significant-
ly higher in the treatment group than in the medically
treated patients (19%/day for patients receiving 0.3 mg
and 16%/day for those receiving 1.0 mg). The amount of
residual volume correlated strongly with the accuracy of
catheter placement, but patient demographics, clot loca-
tion, and duration of treatment did not appear to be as-
sociated. Baseline factors (GCS and NIHSS scores) and
ICH/IVH clot volumes at presentation and at the end of
end of treatment were predictors of good functional out-
come (mRS Score 0-3) at 180 days. Surgical extraction of
the clot was associated with an mRS score of 0-3. These
authors concluded that a minimally invasive approach ap-
pears to be safe compared with medical therapy and can
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accomplish clot evacuation without craniotomy and that
catheter localization is critical to optimizing hematoma
resolution.'

Carhuapoma et al.” also studied the effect of stereo-
tactic aspiration and rt-PA on perihematomal edema.
Perihematomal edema is thought to occur from local mass
effect of the clot and secondary injury from blood degra-
dation products. The impact of perihematomal edema on
neurological function of patients who survive the acute
phase is unknown.” Some studies have reported a reduction
in perihematomal edema with clot removal regardless of
the surgical approach.?’3! However, there are also reports
suggesting that while thrombolytic agents administered
within clots accelerate the rate of lysis, they can also poten-
tially worsen associated edema.!®37 To test whether throm-
bolytics exacerbate perihematomal edema, Carhuapoma et
al. investigated 15 patients with ICH who underwent fra-
meless stereotactic aspiration of the clot followed by inser-
tion of a catheter into the hematoma. Recombinant tissue
plasminogen activator was given every 12 hours until clot
resolution or until the catheter fenestrations were no lon-
ger in the clot. The rate of ICH and perihematomal edema
volume resolution was determined using CT findings. The
authors observed a significant rate of hematoma resolution
(9.65%/day) and perihematomal edema resolution (4%/day)
with in the first 8 days of treatment.”

Combined Mechanical and Pharmaceutical
Approach

As mentioned above, mechanical devices and throm-
bolytics have achieved positive effects on clot lysis. It
would therefore make sense to have a device that can in-

corporate both modalities to safely augment the rate of
lysis. The efficacy of thrombolytics has been shown to
be augmented by the adjunct use of ultrasound in both
in vivo and in vitro studies.!>® The mechanism by which
ultrasound enhances thrombolysis is believed to be the
result of acoustical streaming where ultrasound facilitates
delivery of drug through the clot structure. Newell et al.?’
first reported the use of locally delivered ultrasound and
thrombolytics to sites of hematoma by stereotactic inser-
tion of microcatheters with ultrasound-emitting elements
in the SLEUTH study.

The inclusion criteria for this study were ICH larger
than 25 cm?, IVH producing obstructive hydrocephalus,
treatment within 72 hours of initial CT, blood pressure
lower than 200 mm Hg, mRS Score O or 1, and age 18-85
years. Nine patients (6 females and 3 males) who met the
criteria entered the trial. A microcatheter emitting ultra-
sound waves as well as a drainage catheter was placed
stereotactically into an ICH or IVH (Fig. 1). The rt-PA
protocol was identical to that in the MISTIE II trial. The
distal catheter tip emitted ultrasound at a frequency of 2
MHz and 0.45 W. This was delivered for 24 hours. The
hemorrhages were predominately IVHs in 3 patients
and ICHs in 6 patients. Compared with the MISTIE and
CLEAR studies, a faster rate of clot lysis was observed.
This approach seems to be very promising, but the study
was conducted in only 9 patients. Larger study groups
are needed to confirm these findings. Furthermore, the
ultrasound-emitting catheter was designed for intraarte-
rial placement and clot lysis for the treatment of ischemic
strokes. Catheters specifically devised for intracranial use
may provide better clot lysis, and they are currently in
development by the EKOS Corp. (Fig. 2).

_v— EKOS Micro-Infusion Catheter

Drainage
catheter

ke

CSF collecting bag

Intracranial hemorrhage (ICH)
“—Emitted ultrasound

EKOS Micro-Infusion Catheter
ICH

Emitted ultrasound
Dissolved blood clot

Fic. 1. Apparatus for the SLEUTH study. Left: A standard EVD catheter with a small ultrasound-emitting probe (EKOS)
inserted in the catheter tip fenestration. Right: lllustration showing stereotactic insertion of the ventricular catheter with the
EKOS US microcatheter (upper). The tip of the catheter assembly is seen within the intraparenchymal clot (lower). Printed with

permission from the Swedish Neuroscience Institute.
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Fic. 2. New design of an ultrasound-emitting drainage catheter de-
signed to deliver ultrasound directly into the center of an ICH and allow
continuous drainage of the liquefied clot. Reprinted from EKOS Corp.,
internal document.

Conclusions

A minimally invasive approach to evacuate ICH has
been well documented to be a safe practice. Thus far, the
CLEAR and MISTIE studies have supported this asser-
tion. An increased rate of clot lysis could potentially be
achieved with a combination of mechanical and phar-
maceutical approaches. However, more extensive studies
need to be conducted to determine whether the additional
mechanical effects via ultrasound further yield beneficial
long-term outcome versus pharmacological lysis alone.
Currently, catheters are being redesigned for this purpose
and will be evaluated in additional future clinical trials.
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External ventricular drainage alone versus endoscopic
surgery for severe intraventricular hemorrhage: a
comparative retrospective analysis on outcome and shunt
dependency

Luca BasaLbELLA, M.D.,! ELISABETTA MARTON, M.D.,! ALESSANDRO F1orINDI, M.D., PH.D.,!
Bruno Scarra, PH.D.,> HAp1 BADREDDINE, M.D.,! AND PIERLUIGI LONGATTI, M.D.!

'Department of Neurosurgery, Treviso Regional Hospital, University of Padova, Treviso,; and *Department of
Statistical Sciences, University of Padova, Italy

Object. Massive intraventricular hemorrhages (IVHs) require aggressive and rapid management to decrease
intracranial hypertension, because the amount of intraventricular blood is a strong negative prognostic predictor on
outcome. Neuroendoscopy may offer some advantages over more traditional surgical approaches on outcome and
may decrease the number of shunt procedures that need to be performed.

Methods. The authors retrospectively reviewed the clinical and radiological data in 96 patients treated for mas-
sive IVH who were admitted between January 1996 and June 2008 to the neurosurgery unit after undergoing emer-
gency CT scanning. Forty-eight patients (Group A) were treated with endoscopic aspiration surgery using a flexible
endoscope with a “freehand” technique. A historical group of 48 patients (Group B) treated using external ventricular
drain (EVD) placement alone was used as a comparison. The authors compared the radiological results with the clini-
cal outcomes at 1 year according to the modified Rankin Scale and the need for internal CSF shunt treatment in the
2 groups.

Results. Endoscopic aspiration did not significantly affect the outcome at 1 year as determined using the modi-
fied Rankin Scale. Patients who underwent endoscopy had an EVD in place for 0.18 days fewer than patients treated
with an EVD alone. Patients undergoing external ventricular drainage alone had a 5 times greater chance of requiring
a shunting procedure than those treated using neuroendoscopy and external ventricular drainage. Neuroendoscopy
plus external drainage reduces shunting rates by 34% when compared with external drainage alone.

Conclusions. The reduction in internal shunt surgery encourages the adoption of neuroendoscopic aspiration of
severe IVH as a therapeutic tool to decrease shunt dependency.
(http://thejns.org/doilabs/10.3171/2012.1 FOCUS11349)

KeEy WorDs  »
ventriculoperitoneal shunt

able and increasing interest in the medical and sur-
gical management of massive [VHs 4816202636751
Intraventricular blood brings about multiple noxious ef-
fects'%! on the brain causing impairment of CSF circula-
tion,” intracranial hypertension,'” and acute'* or delayed
hydrocephalus.’
Mortality estimates for [IVH range from 50% to 80%.
The most common cause of IVH is spontaneous ICH 58

D URING the past decade, there has been a consider-

Abbreviations used in this paper: AVM = arteriovenous malfor-
mation; EVD = external ventricular drain; GCS = Glasgow Coma
Scale; ICH = intracranial hemorrhage; ICP = intracranial pressure;
IVH = intraventricular hemorrhage; LOS = length of stay; mRS =
modified Rankin Scale; SAH = subarachnoid hemorrhage; VP =
ventriculoperitoneal.
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intraventricular hemorrhage

neuroendoscopy  °

external ventricular drainage

followed by SAH.%° The incidence of IVH in intracerebral
hemorrhage is roughly twice that in SAH."® Approximate-
ly 10% of patients suffering aneurysmal SAH and 40%
of those suffering primary ICH experience IVH.51840 At
present, medical management of ICH and IVH revolves
around the control of ICP. Despite medical management,
mortality remains high, with only 38% of patients surviv-
ing the 1st year.® Even with the best medical management,
mortality rates have been reported to be as high as 50%.
These studies suggest that measures to control ICP through
control of factors such as hydrocephalus have little effect.”
Massive IVH requires aggressive and rapid management
to decrease intracranial hypertension. The amount of in-
traventricular blood is a strong prognostic factor,>* and its
fast removal should be considered a priority. The immedi-
ate control of ICP by external ventricular drainage is a res-

1



cue surgical action,? but tetraventricular blood inundation
should be managed using bilateral ventricular catheters,
which frequently become obstructed by blood clots and
need to stay in place for a longer period for blood washout.
Naff et al.*! clearly demonstrated that the percentage of clot
resolution is 10.8% per day and is independent from the
initial clot volume, patient age and sex, type of underlying
hemorrhage, and use of external ventricular drainage.*

The fibrinolytic system of CSF is limited.?* Blood may
remain for weeks after hemorrhage; acute clots obstruct
ventricular CSF pathways, and clot degradation products
obstruct extraventricular CSF pathways. When present,
blood degradation products continue to contribute to pa-
tients’ poor clinical statuses>**-!! and are responsible for
chronic shunt—dependent hydrocephalus in more than 30%
of them 51730 At present, reduction in the ventricular clot
size seems to be the only method for reducing mortality
rates after the ICH has stabilized. Many studies have dem-
onstrated the independent effect of IVH on mortality.'®-2°
Neuroendoscopy may offer some advantages over more
traditional surgical approaches such as EVD placement
and intraventricular fibrinolysis and should be considered
the gold-standard approach, especially when dealing with
elderly patients in poor general health.

Methods
Patient Population

We retrospectively reviewed the demographic, clini-
cal, and outcome data of a series of 96 patients treated for
massive IVH between January 1996 and June 2008 (Table
1). All patients presented with spontaneous primary or sec-
ondary tetraventricular inundation, acute hydrocephalus,
progressive worsening of neurological conditions, and/or
coma. A CT scan was obtained within 3 hours of hospital
admission, and the blood amount was quantified according

TABLE 1: Demographic and clinical characteristics

Variable Group A Group B

sex

male 28 23

female 20 25

M/F ratio 1.4 0.92
age (yrs)

mean 57.8 56.4

range 7-80 14-78
etiology distribution (%)

ICH 39 36

ruptured aneurysm 29 50

pure IVH 17 10

AVM 8 4

posterior fossa hemorrhage 6 0
mean admission Graeb score 9.75 8.5
mean admission GCS score 6.6 7.2
mean duration of EVD placement (days) 1241 13.9
mean ICU LOS (days) 13 19
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to the Graeb score.* Angiography was performed when a
vascular malformation was suspected. Surgery was always
performed in emergency conditions. Forty-eight patients
underwent neuroendoscopic surgery (Group A), and the
remaining 48 patients underwent EVD placement alone
(control Group B). No fibrinolytic agents were used in ei-
ther group. In patients with a vascular malformation as the
likely cause of bleeding, the endoscopic procedure or the
EVD placement was performed in close association with
endovascular or surgical treatment. In all patients, clini-
cal follow-up was assessed at 1 year according to the mRS
score (see Fig. 3)7

Group A. Forty-eight patients (28 male and 20 female;
male/female ratio 1.4) with a mean age of 57.8 years (range
7-80 years) were treated with endoscopic aspiration of
intraventricular blood. All patients exhibited acute hydro-
cephalus on the initial CT scan as well as blood clots ob-
structing the third and fourth ventricles.

The IVH was a result of ICH in 39% of patients, a
ruptured aneurysm in 29%, primary IVH in 17%, an AVM
in 8%, and a posterior fossa hematoma in 6% (Fig. 1). The
severity of IVH was graded according to the Graeb scor-
ing system: 65% of patients had a Graeb scale score greater
than 10 and tetraventricular clots. The mean Graeb score
was 9.75 = 2.7 (= SD). The mean GCS score at the time of
admission was 6.6.% Sixty-three percent of patients were
treated on the day of admission (within 24 hours from the
onset of hemorrhage). The remaining 37% were treated in
a delayed fashion (between 48 and 72 hours after onset).
Especially in the initial period of training of the last au-
thor (P.L.), some of those patients who were admitted over-
night were initially managed conservatively with an EVD
if the surgeon was not available. Since that time, a second
surgeon (A.F.) mastered the technique, and in the past 8
years we have been able to guarantee emergency treatment
(within 24 hours) for all patients suitable for undergoing
endoscopic aspiration of ventricular clots.

Group B. The records of 48 patients (23 male and 25
female; male/female ratio 0.92) with a mean age of 56.4
years (range 14-78 years) treated with external ventricular
drainage for intraventricular blood removal were retrieved
and matched from our institutional database as a historical

20
18
16
14
12

10

ICH rin pivH AVM pfiCH
“IVH eticlogy B Shunt Dependency
Fie. 1. Bar graph showing IVH etiology distribution and shunt de-
pendency rates in Group A. pfICH = posterior fossa hematoma; pIVH =
primary IVH; rAn = ruptured aneurysm.

Neurosurg Focus / Volume 32 / April 2012



Severe intraventricular hemorrhage

control group. All patients exhibited acute hydrocephalus
on the initial CT scan.

The IVH was a result of ICH in 36% of patients, a
ruptured aneurysm in 50%, primary IVH in 10%, and an
AVM in 4% (Fig. 2). The severity of IVH was graded ac-
cording to the Graeb scoring system. In 70% of patients the
Graeb score was greater than 8 and tetraventricular clots
were present; the mean Graeb score was 8.5 = 1.8. The
mean GCS score at admission was 7.2.

Surgical Procedure

Group A. Despite their clinical condition, all patients
with IVH immediately underwent CT scanning, CT angi-
ography, and digital subtraction angiography or MRI when
deemed appropriate. Urgent blood work was obtained with
special focus on prothrombin time and liver and kidney
function. Preoperative management included identification
and correction of coagulation disorders, administration of
prophylactic anticonvulsants, controlling body tempera-
ture, and glycemia correction. The mean arterial pressure
should be kept lower than 110 mm Hg and systolic pressure
lower than 150 mm Hg. For the endoscopic procedure, 2
types of flexible endoscopes were used with an external di-
ameter of either 2.5 mm (Karl Storz) or 3.9 mm (Codman)
and an operative length of 53 cm. The internal diameter
of the working channel was 1.2 mm. For aspiration pro-
cedures, the entire working channel was used as a sucking
device. The access was precoronal, 2 cm from lateral to
the midline, through a 12-mm bur hole (Figs. 4 and 5). The
access side was chosen as the side of the lateral ventricle
containing the largest amount of blood or the largest di-
lation. In cases with bilateral massive inundation, the ac-
cess was bilateral. In the presence of a ventricular vascular
malformation or aneurysm, an approach from that side was
avoided. Lateral ventricle cannulation was achieved using
a semirigid peel-away catheter, and systolic blood pressure
was maintained at 120 mm Hg. An energetic intermittent
manual aspiration was started using a rigid syringe con-
nected to the operating channel of the endoscope. This
action breaks down the clot and allows initial visualiza-
tion in the ventricle. Once the choroidal plexus and Monro
foramen were identified, the endoscope was advanced into
the third ventricle, preferably into the right-sided bur hole,

25

20

N N .

ICH rAn pIvH AVM pfiCH
“IVH etiology @ Shunt Dependency

Fic. 2. Bar graph showing IVH etiology distribution and shunt depen-
dency rates in Group B.
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Good [mRS 2-3)

Poor (mRS 4-5)

Dead {mRS &)

“Group A ¥WGroup B

Fic. 3. Comparison of the 1-year mRS scores in Groups A and B.

and the procedure was repeated. Evacuation of the third
ventricle paved the way to the aqueduct and to the fourth
ventricle, where the aspiration-irrigation procedures were
carefully performed, since the endoscope fills the entire
diameter of the aqueduct and potentially dangerous local
hypertension might easily be caused by excessive irrigation
with Ringer solution. At the end of the procedure, an EVD
was left in all patients for ICP monitoring and drainage
(with a constant gradient of 15 mm Hg). The mean ICU
LOS after the operation was 13 days. Endoscopy was suc-
cessfully completed in all cases, and each patient received
an EVD. There were no intraoperative deaths. The EVD
was removed on the same day as the endoscopy procedure
in 12 patients and after 1-25 days in the other patients (me-
dian 10 days).

Group B. An EVD was positioned in all patients on
the 1st day. Bilateral EVDs were positioned in 35 of the 48
patients. The EVD was removed after 8-32 days (median
13.99 days), and all patients underwent catheter substitu-
tion 1 or more times during the ICU LOS. In this group,
no thrombolysis with rtPA was performed to maintain ho-
mogeneity between the 2 groups. The mean ICU LOS after
the operation was 19 days.

Statistical Analysis

Statistical models have been fitted to data to describe
the specific effect of endoscopy once the effects of sex, age,
and admission GCS score were eliminated. We fit a logistic
model to measure the effects of available variables on the
insertion of a VP shunt, where significant variables were
selected by a backward stepwise procedure based on the
Akaike information criterion.

Proportional odds models have been fitted to describe
a connection between endoscopy and mRS score, which is
a scoring variable that is ordinal in that its value increases
when outcome is worse. Also in this case we selected sig-
nificant variables by backward stepwise selection based on
the Akaike information criterion. We also considered, as
secondary outcomes of interest, the number of days that
the EVD was required and the number of days spent in the
neuro-ICU. Both these variables are quantitative, nonnega-
tive, and right skew. We used the Box-Cox transformation
to select the best function of these outcomes. In both cases
the square root transform was chosen. Here too, in both
cases, we implemented a backward stepwise procedure

3
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Fic. 4. Preoperative (upper) and postoperative (lower) CT scans of a spontaneous thalamic hemorrhage with tetraventricular
clots.

Fic. 5. Preoperative (upper) and postoperative (lower) CT scan of an anterior communicating artery aneurysm, treated with
emergency coiling and subsequent endoscopic surgery plus external drainage.
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based on the Akaike information criterion to select the sig-
nificant variables.

Results

A VP shunt was required by 17% of patients in Group
A and by 50% of patients in Group B. The 1-year follow-
up was recorded according to the mRS. Excellent outcome
(mRS Score 0 or 1) was achieved in 29% of patients in
Group A and in 37% of patients in Group B. A good out-
come (mRS Score 2 or 3) was seen in 27% of patients in
both groups. A poor outcome (mRS Score 4 or 5) was re-
corded in 14% and 23% of patients, and death (mRS Score
6) occurred in 29% and in 13% in Groups A and B, respec-
tively (Table 2). The mRS results in an independent vari-
able when compared with each group (Group A vs Group
B, p =0.2; chi-square test).

Backward selection of the logistic model to estimate
the effect of endoscopy on the need for a VP shunt revealed
that age and admission GCS score were not significant
when sex and endoscopy are included in the model. As
shown in Table 3, patients who did not undergo endoscopy
had an almost 5 times greater probability of requiring a
shunt procedure than those who did.

The model describing the effects of endoscopy on
mRS score provides different results. Here, only age and
admission GCS score result were significant in describing
the outcome; the fact that endoscopy was performed did
not add any relevant information in predicting the mRS
score. The same result of no effect of endoscopy on mRS
score was obtained if this variable is recoded in the 4 class-
es scoring as in Table 2. We also did not find any effect of
endoscopy when we relaxed the proportional odds hypoth-
esis by fitting a multinomial model, by not considering the
ordinal characteristic of the mRS score. We therefore con-
clude that there is not a specific effect of endoscopy once
age and admission GCS score are considered in predicting
the mRS score.

A significant effect of endoscopy is, instead, observed
in both models predicting the number of days of external
ventricular drainage and neuro-ICU LOS. The presence of
endoscopy is significant (p = 0.038) regardless of whether
the other insignificant variables (sex, age, and admission
GCS score) are included. Patients who underwent endos-
copy spent about 0.18 days fewer in the ICU than those
who underwent EVD placement alone (Table 4).

Similar results were obtained using the model when
predicting the LOS in the neuro-ICU. In this case, only
age and sex were not significant, whereas admission GCS
score had a significant negative effect on this parameter.

TABLE 2: Modified Rankin Scale score distribution

No. of Patients (%)

mRS Outcome Group A Group B
excellent (score 1) 14 (29) 18 (37)
good (score 2 or 3) 13 (27) 13 (27)
poor (score 4 or 5) 7(14) 11 (23)
dead (score 6) 14 (29) 6 (13)
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Patients who underwent endoscopy had about half a day
(0.504) longer stay in the neurological ICU than the others
(Table 4).

Discussion

The prognosis of IVH is affected by several factors,
including age, sex, GCS score, presence of acute hydro-
cephalus, coagulopathy, origin of the bleeding, and tet-
raventricular inundation. These factors all play a critical
role, but in the first hours after IVH, the sudden increase
in ICP associated with initial bleeding may cause a signifi-
cant reduction in cerebral blood flow, potentially leading
to ischemia.?® The obstruction of CSF pathways and the
mass effect associated with clots in the satellite hemato-
ma and within the ventricles cause further damage. The
fibrinolytic system of the CSF is limited,*? and blood may
remain for weeks after hemorrhage.®'>!8 Delay of clot reso-
lution leads to obstruction of extraventricular CSF path-
ways, contributing to the patient’s poor clinical status. In
the late stage, biochemical changes and blood degradation
products are responsible for secondary damage to neu-
rons and white matter.**° Hematoma and perihematoma
regions after intracerebral hemorrhage are biochemically
active environments known to undergo potent oxidizing
reactions.®!'! After ICH, amounts of unconjugated bilirubin
in the hematoma can be substantial, as can levels of iron
and hemoglobin.!" Oxidation of unconjugated bilirubin to
yield bioactive molecules, such as BOXes (bilirubin oxi-
dation products), is an important discovery, expanding the
role of bilirubin in pathological processes seen after ICH.
Blood degradation products are responsible for oxidative
stress in brain surrounding the hematoma, and the spread-
ing through the CSF may be responsible for late damage
to the ventricle-facing structures. Thus, the primary goal
of acute management for IVH should be the fast removal
of intraventricular blood, rapid reversal of ventricular dila-
tion, and normalization of ICP. All of these goals can be
achieved immediately using the neuroendoscopic proce-
dure,6-23:26.36.3751 while complications often observed with
other traditional approaches are minimized.*

External Ventricular Drainage

The initial management of IVH has included the
placement of 1 EVD or more to allow the egress of blood
and CSF from the ventricle system and decrease ICP.
However, this approach alone is often not sufficiently ef-
fective in improving the poor prognosis of patients with
severe [IVH.#152! Patency of the EVD is frequently difficult
to maintain due to occlusion of the catheter by coagulated
blood. Optimal treatment should also include removal and
dissolution of the intraventricular hematoma itself. This
would be expected to decrease ICP, increase cerebral per-
fusion, and minimize the chance of IVH-induced hydro-
cephalus resulting from obstruction of CSF drainage from
the ventricular system. In selected cases, surgical evacua-
tion of intraparenchymal and intraventricular hematomas
has resulted in decreases in mortality rates and disability.'?
However, surgery is invasive and is not always feasible.
Survival after primary IVH is common,” but it is accom-
panied by considerable morbidity. In general, patients with
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TABLE 3: Estimates of the parameters for the final logistic model connecting endoscopy and VP shunt

Parameter Estimate exp(estimate) SE z Value p Value
base level (female of Group A) -1.2284 0.293 0.4424 =2.777 0.005
additional effect for male -0.7626 0.466 0.4725 -1.614 0.106
additional effect for Group B 1.5771 4.841 0.4894 3.223 0.001

secondary IVH fare worse than those with primary IVH.¥
When an intracerebral hematoma extends into a portion
of the ventricular system, mortality has been reported to
be 32%—-44%.4*> When IVH extends into all 4 ventricles,
mortality has been reported as 60%—91%.4612:184 With re-
spect to the location of the hematoma causing the IVH,
the worst prognosis is found with hematomas located in
the thalamus.’® Predictors of poor outcome are GCS score
on presentation and the volume of blood in the ventricle
system.*”*" The degree of ventricular dilation, independent
of the obstruction of CSF flow, has also been found to be a
strong indicator for poor outcome.*

Fibrinolytic Agents

Investigators have sought to develop improved meth-
ods of treating patients with IVH, trying to expedite the
resolution of the ventricular blood clots and improve mor-
bidity and mortality in these patients by administering fi-
brinolytic agents directly into the ventricular system. The
basic rationale for this treatment is to dissolve the blood
clot within the ventricular system, since it continues to
exert a deleterious effect on the brain. A major reason to
consider the use of a fibrinolytic agent is to keep the EVD
open so that blood and spinal fluid can continue to drain
freely from the ventricular system. In 1990, Shen et al.*®
reported on 4 patients with IVH who received [urokinase]
u-PA either as an intermittent infusion (n = 2) or continu-
ous infusion (n = 2), into the lateral ventricles through an
EVD. All patients underwent bilateral EVD placement.
Two patients had a good recovery, 1 had a severe disability,
and 1 persisted in a vegetative state. All patients developed
meningitis that was likely related to the continuous manip-
ulation of the ventricular catheters. Rainov and Burkert®
reported results of u-PA treatment that were found to be fa-
vorable. In their treatment and control groups, respectively,
15 (94%) and 2 (40%) patients had excellent or good out-
comes (that is, no deficits or minor neurological deficits),
and 1 (6%) and 2 (40%) patients had poor outcomes (that
is, permanent vegetative state). No patient in the treatment

group died, and 1 patient (20%) in the control group died.
Tush et al.*® have been the only authors to report complica-
tions encountered with intraventricular u-PA, including 1
case of rebleeding and 2 cases of ventriculitis (in a series
of 5 patients). Coplin et al."' conducted a retrospective co-
hort study in 1998, which included the largest number of
patients thus far treated with intraventricular u-PA under
a given protocol. Similar to other reports, the median time
for clearance of blood from the third ventricle was 7.0 days
and that from the lateral ventricles was 16.0 days. Throm-
bolytic therapy was found to result in significantly lower
mortality (31.8% vs 66.7%; p = 0.03). Previous reports that
have included a control group'' or comparison group*+8
in their analysis have similarly reported that treatment with
intraventricular u-PA in patients with IVH reduces mor-
tality by 30%—-35%. What is not clear from the literature,
however, is whether such treatment results in an improved
neurological outcome of the survivors. Shen et al.,* Ak-
demir et al.,! and Todo et al.* reported good recovery with
or without moderate disability in 50%—83% of the patients
who received this treatment. However, 1 cohort study
found that a larger proportion of the survivors remained in
a vegetative state (31.8% treatment group vs 11.1% control
group).!" Andrews et al.? concluded that clinical studies of
fibrinolytic therapy for IVH have found a 30%-35% re-
duction in mortality with treatment, but, to date, they have
not clearly documented improved neurological outcome of
the survivors. Nieuwkamp et al.*® conducted a systematic
review to compare conservative treatment, extraventricular
drainage alone, and extraventricular drainage combined
with fibrinolysis. They reported a poor outcome rate for
conservative treatment of 90%; that for extraventricular
drainage was 89% (relative risk 0.98 [95% CI 0.75-1.30])
and that for extraventricular drainage with fibrinolytic
agents was 34% (relative risk 0.38 [95% CI 0.21-0.68]).
In 2002 Lapointe and Haines* concluded that there was
suggestive and anecdotal evidence that the intraventricular
administration of fibrinolytic agents in cases of IVH might
be safe and of therapeutic value.

TABLE 4: Summary of the estimates for the final models relating endoscopy to square root of EVD placement and of

neuro-ICU LOS

Model Estimate SE t Value p Value

square root of EVD

Group A 3.2564 0.1426 22.841 <0.0001

additional effect for Group B 0.4244 0.2016 2105 0.038
square root of neuro-ICU stay

base level (Group A) 5.28544 0.50770 10.411 <0.0001

additional effect for each single GCS point at admission 0.16497 0.07093 2.326 0.0222

additional effect for Group B 0.16497 0.27319 2.628 0.0100
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Severe intraventricular hemorrhage

Endoscopic Aspiration

Neuroendoscopic approaches have been reported to
produce positive outcomes in patients with IVH.8162536.37.51
In all cases, efficient removal of intraventricular clots was
rapidly achieved. However, in 2 of these reports, use of a
rigid endoscope required either a cuambersome biportal ap-
proach'’ or an ultrasonic aspirator,*® with a high risk (20%)
of postoperative rebleeding. The use of a flexible instru-
ment and the freehand technique, albeit offering a narrower
operating channel, allows more complete cleansing of the
third ventricle and navigation down to the fourth ventricle
through the aqueduct. Persistence of blood in the fourth
ventricle is related to poor outcomes in patients with [IVH.*?
Complete clearing of the aqueduct and the fourth ventricle
is thus an important feature of this treatment because it
rapidly establishes the physiological CSF dynamics.

Our experience with flexible endoscopic treatment of
severe primary and secondary IVH did not demonstrate
any infective complications or rebleeding, showing that
this approach can be safe and effective and may favorably
compare with more established approaches.®*

Conclusions

Our experience with flexible endoscopic treatment of
severe primary and secondary [VH shows that once certain
measures are taken to minimize the risk of bleeding result-
ing from ruptured vascular malformations, this approach
can be safe and effective and may compare favorably with
more established approaches. Similar to other ventricular
diseases, IVH can be treated successfully with flexible
endoscopes, which may result in a very satisfactory, albeit
challenging, approach for experienced neuroendoscopists.
Flexible neuroendoscopy in our series was not associ-
ated with complications or rebleeding. Neuroendoscopy
plus external ventricular drainage reduces shunting rates
by 34% when compared with external ventricular drain-
age alone. Patients who undergo EVD placement have a 5
times higher probability of requiring an internal shunt than
those treated with neuroendoscopy plus EVD placement.
Neuroendoscopy plus EVD placement together do not sig-
nificantly improve the 1-year mRS scores when compared
with EVD placement alone. Neuroendoscopy plus EVD
placement significantly reduces the need for postoperative
external ventricular drainage days after surgery, potential-
ly reducing infective complications. The limitation of this
study lies in its retrospective nature. However, being aware
of the selection biases in determining the treatment group
due to differences in time epoch for the 2 treatments, we
still think that the data from this study are lacking in the
contemporary literature and may prompt a cooperative ran-
domized trial to acquire Level A evidence data that may be
adopted as guidelines in the management of an unsolved
clinical problem. Reduction of the need for VP shunt pro-
cedures encourages the adoption of neuroendoscopic aspi-
ration as a therapeutic tool in cases of massive [IVH.
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Predictors of long-term shunt-dependent hydrocephalus in
patients with intracerebral hemorrhage requiring emergency
cerebrospinal fluid diversion

BrAD E. ZAcHARIA, M.D.,! KERRY A. VAUGHAN, B.A.,! ZAcHARY L. Hickman, M.D.,!
SAMUEL S. BRUCE, B.A.,! AMANDA M. CARPENTER, B.A.,! NiLs H. PETERSEN, M..D.,?
StAciE DEINER, M.D.,? NEERAJ BADJATIA, M.D.,> AND E. SANDER CONNOLLY JR., M.D.!

Departments of 'Neurological Surgery and >Neurology, Columbia University,; and *Departments of
Anesthesiology, Neurosurgery, Geriatrics, and Palliative Care, Mount Sinai Hospital, New York, New York

Object. Intracerebral hemorrhage (ICH) is frequently complicated by acute hydrocephalus, necessitating emer-

gency CSF diversion with a subset of patients, ultimately requiring long-term treatment via placement of permanent
ventricular shunts. It is unclear what factors may predict the need for ventricular shunt placement in this patient
population.

Methods. The authors performed a retrospective analysis of a prospective database (ICH Outcomes Project)
containing patients with nontraumatic ICH admitted to the neurological ICU at Columbia University Medical Center
between January 2009 and September 2011. A multiple logistic regression model was developed to identify inde-
pendent predictors of shunt-dependent hydrocephalus after ICH. The following variables were included: patient age,
admission Glasgow Coma Scale score, temporal horn diameter on admission CT imaging, bicaudate index, admission
ICH volume and location, intraventricular hemorrhage volume, Graeb score, LeRoux score, third or fourth ventricle
hemorrhage, and intracranial pressure (ICP) and ventriculitis during hospital stay.

Results. Of 210 patients prospectively enrolled in the ICH Outcomes Project, 64 required emergency CSF diver-
sion via placement of an external ventricular drain and were included in the final cohort. Thirteen of these patients
underwent permanent ventricular CSF shunting prior to discharge. In univariate analysis, only thalamic hemorrhage
and elevated ICP were significantly associated with the requirement for permanent CSF diversion, with p values of
0.008 and 0.033, respectively. Each remained significant in a multiple logistic regression model in which both vari-
ables were present.

Conclusions. Of patients with ICH requiring emergency CSF diversion, those with persistently elevated ICP and
thalamic location of their hemorrhage are at increased odds of developing persistent hydrocephalus, necessitating
permanent ventricular shunt placement. These factors may assist in predicting which patients will require permanent
CSF diversion and could ultimately lead to improvements in the management of this disorder and the outcome in

patients with ICH.

(http://thejns.org/doilabs/10.3171/2012.2. FOCUS11372)
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external ventricular drain °

of ICH, with an incidence of 40%—50%, and is

an independent predictor of poor outcome in this
population.*¢28 In patients with ICH, acute hydroceph-
alus generally develops as a consequence of intraven-
tricular extension of the hematoma, resulting in IVH
and impairment of CSF drainage and reabsorption.”’
Intraventricular hemorrhage is observed in 45% of pa-
tients with ICH, which in and of itself also independently
predicts poor outcome.'''> Standard treatment of acute
hydrocephalus in patients with ICH in whom IVH is

ﬁ cuTE hydrocephalus is a common complication

Abbreviations used in this paper: CUMC = Columbia University
Medical Center; EVD = external ventricular drain; GCS = Glasgow
Coma Scale; ICH = intracerebral hemorrhage; ICP = intracranial
pressure; IVH = intraventricular hemorrhage; NICU = neurologi-
cal ICU; rtPA = recombinant tissue plasminogen activator; SAH =
subarachnoid hemorrhage; VP = ventriculoperitoneal.

Neurosurg Focus / Volume 32 / April 2012

intracerebral hemorrhage °

hydrocephalus

ventriculoperitoneal shunt

present typically involves emergency CSF diversion via
placement of an EVD.

Placement of an EVD also affords the opportunity
for intraventricular thrombolysis through the adminis-
tration of compounds such as rtPA into the CSF, which
may accelerate clot resolution and decrease the risk of
chronic hydrocephalus.” In fact, patients with significant
IVH, defined as a Graeb score of = 6, have 24 times the
odds of developing acute hydrocephalus compared with
patients who have minimal or no IVH." This acute CSF
flow obstruction can evolve into persistent communicat-
ing hydrocephalus despite intraventricular clot resolution,
and may necessitate the placement of a VP shunt for per-
manent CSF diversion.

Little is known about the progression from acute to
chronic hydrocephalus and what factors are involved in
the process. Few studies have focused specifically on hy-
drocephalus following ICH; one prior study at a tertiary
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care center identified thalamic location and elevated ICP
as independent predictors of the need for VP shunt place-
ment in patients with ICH admitted for acute hydrocepha-
lus.* We sought to identify early predictors of long-term
shunt dependency in a prospectively studied cohort of pa-
tients with ICH who had undergone EVD placement for
emergency CSF diversion.

Methods
Patient Selection and Data Collection

All patients with primary spontaneous ICH admit-
ted to the NICU within 7 days of ICH onset at CUMC
between January 2009 and August 2011 were screened
for enrollment in our prospective ICH Outcomes Project.
All patients opted to participate and were entered into the
database. The protocol was approved by the CUMC insti-
tutional review board, and written consent was obtained
from the patient or a designated surrogate. Admission
head CT imaging was used to establish the diagnosis of
ICH. Patients with ICH secondary to trauma or underly-
ing vascular abnormalities such as arteriovenous malfor-
mations were excluded from our analysis. Patients were
followed throughout their hospital course, and their disor-
der was managed according to current ICH guidelines set
forth by the American Heart Association and the Ameri-
can Stroke Association.'s

Clinical Variables

Demographic information collected at admission in-
cluded age, ethnicity, and sex. Neurological and general
medical evaluations, including determination of disease
severity according to the ICH score, were performed by
neurointensive care physicians on admission.? Clinical
variables were recorded at admission and subsequently
examined for potential associations with shunt-dependent
hydrocephalus. Treatment modalities and complications
were recorded, including placement of an EVD, number
of days with an EVD in place, maximum ICP during the
index ICU stay, and development of ventriculitis. Ventric-
ulitis was defined as fever with CSF pleocytosis, with or
without positive CSF cultures, and without other identifi-
able sources of fever. Maximum ICP was analyzed as 2
dichotomous variables (any ICP = 25 mm Hg and/or a
recorded ICP = 20 mm Hg on = 2 consecutive days) based
on criteria used in a previous study by Miller et al.'*

Radiographic Variables

Admission head CT imaging was used for indepen-
dent assessment of radiographic characteristics including
ICH location, ICH volume, presence of IVH, the IVH
volume, presence of third ventricular blood, presence of
fourth ventricular blood, temporal horn diameter, and bi-
caudate index.? The LeRoux score was calculated from
radiographic measurements.'® Location was classified
into the following categories: thalamic, basal ganglia,
cortical, cerebellar, brainstem, or subcortical white mat-
ter. Hydrocephalus was dichotomized as present or absent
on the admission CT scan, based on temporal horn di-
ameter and bicaudate index. Both the Graeb and LeRoux
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scores were calculated for each scan. The volume of ICH
and IVH was quantified using MIPAV software (version
4.3, National Institutes of Health).

Placement and Management of the EVD

The neurological status of all patients admitted with
spontaneous ICH was assessed at least hourly by qualified
staff while the patients remained in the NICU. Any clini-
cal evidence of hydrocephalus (for example, severe head-
ache or decrement of GCS) during this period prompted
evaluation for acute CSF diversion via EVD placement.
Subsequent radiographic assessment for hydrocephalus
was then performed in all cases using head CT imaging,
with comparison of temporal horn diameter, bicaudate
index, and shape of the third ventricle to any available
prior imaging. The presence of clinical and radiographic
hydrocephalus was ultimately determined based on the
clinical judgment of the NICU team. The EVD insertion
was preferentially performed on the right (generally non-
dominant) side unless there were relative radiographic
contraindications as determined by the attending neu-
rosurgeon, such as hematoma in the planned path of the
EVD, difficulty in accessing the right lateral ventricle, a
completely blood-filled right lateral ventricle, or a con-
cern for worsened left-to-right midline shift. The site of
EVD insertion was at the Kocher point in all cases and
was performed in routine fashion. Following placement
and confirmation at the bedside of a working drain, an
immediate postprocedure CT scan was obtained to docu-
ment the location of the proximal EVD tip. All patients
received a preprocedure dose of prophylactic antibiotics
(cefazolin, or vancomycin if the patient was allergic to
penicillins or cephalosporins). Appropriate prophylactic
antibiotics were continued for the time that the EVD re-
mained in place and were discontinued thereafter.

Random CSF sampling from the EVD collection sys-
tem was performed routinely 3 times per week and when
clinically indicated. If patients were deemed by the NICU
team to have ventriculitis, either due to a persistently wor-
risome CSF profile or to positive CSF cultures, patients
were treated with a course of appropriate antibiotics (gen-
erally vancomycin and cefepime). The EVDs were not
prophylactically exchanged for fresh catheters, nor were
prophylactic intraventricular antibiotics routinely admin-
istered, given a lack of evidence for these practices.? In
patients with significant IVH, intraventricular thromboly-
sis with rtPA was administered per the Clot Lysis: Evalu-
ating Accelerated Resolution of IVH (CLEAR IVH) pro-
tocol to facilitate clot resolution .24

Intracranial pressure was recorded at least hourly
in all patients with EVDs. Drain height was adjusted as
needed based on the patient’s neurological status and to
maintain a goal ICP between 0 and 20 mm Hg. Any re-
corded ICP = 25 or = 20 mm Hg for > 10 consecutive
minutes was considered to be elevated ICP and was treat-
ed with additional CSF drainage and/or standard medical
therapy.

Weaning from the EVD was performed based on the
patient’s neurological status, radiographic criteria (such as
ventricular size and resolution of IVH), and hourly CSF
output. When deemed appropriate by the NICU team and
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attending neurosurgeon, daily EVD clamp trials were
initiated. During periods when an EVD was clamped,
ICP was continuously transduced. Clinical criteria for
aborting an EVD clamp trial included the following: 1)
decline in neurological status or significant worsening
of symptoms, such as persistent severe headache; and 2)
sustained ICP = 20 mm Hg for > 10 minutes. When pos-
sible, a repeat head CT would be obtained without con-
trast to assess radiographic appearance of the ventricular
system prior to reopening of the EVD. Patients success-
fully completing a 24-hour clamp trial would have their
EVD removed at the bedside. For those patients in whom
repeated EVD clamp trials failed, a VP shunt was placed
as definitive treatment for persistent hydrocephalus.

Definition of Outcome

Shunt-dependent hydrocephalus was defined as
symptoms of hydrocephalus (decreased mental status)
with persistent elevated ICP as measured via a transduced
EVD, or radiographic evidence of enlarged ventricles, ne-
cessitating the placement of a VP shunt for permanent
CSF diversion prior to hospital discharge. No patients
with ventriculoatrial shunts were included in this analy-
sis, because these types of shunts have not been placed as
a first-line permanent diversion system for any patients
with ICH at our center.

Statistical Analysis

Univariate analyses were performed using the Stu-
dent t-test for continuous variables, the Wilcoxon rank-
sum test for ordinal variables, and the Fisher exact and
Pearson chi-square tests for categorical variables. Loca-
tion was assessed by comparing each group individually
to the remaining locations as an aggregate. A multiple
logistic regression model was constructed with significant
variables from the univariate analyses to identify predic-
tors of VP shunt placement. All statistical analyses were
performed using the R environment for statistical com-
puting (R Development Core Team, 2008).

Results

During the study period, 66 of 210 patients enrolled
in our ICH Outcomes Project required emergency CSF
diversion via EVD placement on admission. We excluded
2 of these 66 patients from our analysis due to incomplete
data, resulting in a final cohort of 64 patients. Of these, 13
patients (20%) developed shunt-dependent hydrocephalus,
necessitating VP shunt placement prior to discharge. The
mean age was similar, 60.1 versus 61.5 years for those
without and with VP shunt placement, respectively, and
the admission GCS score was identical in both groups.
There was a greater proportion of patients diagnosed with
ventriculitis in the VP shunt group, although the differ-
ence was not statistically significant. Demographic data
and baseline characteristics of the patients included in our
analysis are provided in Table 1.

The admission characteristics and radiographic vari-
ables significantly associated with shunt dependency
in the univariate analysis included maximum ICP (p =
0.013), ICP = 25 mm Hg (p = 0.030), ICP = 20 mm Hg
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on = 2 consecutive days (p = 0.033), thalamic location
(p = 0.008), and number of days with EVD in place (p <
0.001). Of the 23 patients with a thalamic lesion who re-
quired placement of an EVD, only 3 also had persistently
elevated ICP; 1 of these patients ultimately required VP
shunt placement.

Two multiple logistic regression models were then
constructed, the first including thalamic location and ICP
= 25 mm Hg and the second with thalamic location and
ICP = 20 mm Hg on = 2 consecutive days (Table 2). The
number of days that an EVD was in place was not includ-
ed as a variable in our final models because it is probably
an index of disease severity rather than a predictive fac-
tor for persistent hydrocephalus. Because age, admission
neurological status, and IVH volume were not associated
with VP shunt placement in our univariate analysis, nor
have they been shown to be significant in prior studies
of shunt-dependent hydrocephalus after ICH and SAH,
they were not included in our multiple logistic regression
models.*23

Discussion

In a cohort of 210 patients admitted to the NICU
at CUMC with spontaneous ICH, 64 patients required
placement of an EVD for the management of acute hydro-
cephalus. Within this group, we identified 2 independent
predictors of shunt-dependent hydrocephalus: 1) patients
with a thalamic ICH, and 2) those demonstrating persis-
tently elevated ICP during their ICU stay. The effect of
these factors on the odds of requiring permanent CSF di-
version was independent of age, admission neurological
status, or IVH volume. Miller and colleagues'* previously
identified similar predictors in a comparable cohort of pa-
tients following ICH. The results of our analysis confirm
the results of this prior study, suggesting that these factors
are robust predictors of shunt dependency in patients with
acute hydrocephalus from ICH. Furthermore, the rates of
emergency CSF diversion via EVD placement and even-
tual VP shunt placement in these 2 series may serve as a
reliable benchmark for future investigations into the clini-
cal course of hydrocephalus. Unlike in SAH, there has
been no association reported between hydrocephalus and
age, sex, or ethnicity in patients with ICH.> A prior inves-
tigation found no association between shunt-dependent
hydrocephalus and admission neurological status in pa-
tients with SAH, in agreement with previous ICH cohort
data as well as results from our univariate analysis.?

Interestingly, development of shunt-dependent hy-
drocephalus was more likely in those patients with a tha-
lamic hemorrhage, but independent of other hemorrhage
locations or IVH volume, despite the fact that IVH is
known to predict worse outcomes in patients with ICH
in a volume-dependent manner.'®?> Given the anatomical
relationship of thalamic hemorrhages to the third ven-
tricle and the foramen of Monro, it is intuitive that he-
matoma formation in this location more easily results in
obstruction of CSF flow independent of IVH volume than
in hemorrhages occurring in other locations. Reports of
thalamic cavernomas and hemorrhages without intraven-
tricular extension have documented the development of
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TABLE 1: Demographic, clinical, and radiographic characteristics in 64 patients with ICH treated with and without VP

shunts*
Variable No VP Shunt VP Shunt p Value

no. of patients 51 13
ageinyrs 60.1 =161 61.46 = 10.1 0.707
admission GCS score 7 (IQR 5-13) 7(IQR 5-9) 0.663
ventriculitis 7(13.7%) 3 (23.1%) 0.411
lat ventricular blood 6 (90.2%) 12 (92.3%) 1.000
3rd ventricle >50%t 3 (64.7%) 7 (53.8%) 0.688
4th ventricle >50%t 1(60.8%) 8 (61.5%) 0.788
multiple ventricles >50% 32 (62.7%) 7 (53.8%) 0.788
max ICP 2 (IQR 18-28) 30 (IQR 27-33) 0.013
max ICP =25 mm Hg 1(41.2%) 10 (76.9%) 0.030
ICP =20 mm Hg on =2 days 6 (51.0%) 11 (84.6%) 0.033
ICH location

thalamic 14 (27.5%) 9 (69.2%) 0.008

basal ganglia 11 (21.6%) 2 (15.4%) 1.000

cortical 15 (29.4%) 1(7.7%) 0.157

cerebellum 9 (17.6%) 1(7.7%) 0.672

brainstem 1(2.0%) 0 (0%) 1.000

subcortical white matter 1(2.0%) 0 (0%) 1.000
ICH score 3 (IQR 2-3) 2 (IQR 2-3) 0.302
Graeb score 7 (IQR 4-8.5) 6 (IQR 5-7) 0.769
LeRoux score 10 (IQR 5-11) 9 (IQR 6-10) 0.688
hydrocephalus 37 (72.5%) 11 (84.6%) 0.489
bicaudate index 0.18 +0.07 0.21 +0.06 0.290
ICH vol in cm® 11.6 (IQR 3.4-30.5) 13.7 (IQR 6.2-17.0) 0.854
rtPA 9 (17.6%) 1(7.7%) 0.672
days w/ EVD 8 (IQR 5-11) 14 (IQR 12-15) <0.001

* Data are presented as the mean = SD; median (IQR); or number (%). Abbreviations: IQR = interquartile range; max = maximum.
T The entries “3rd ventricle >50%" and “4th ventricle >50%" refer to hemorrhage obstructing > 50% of the volume of the respec-

tive ventricles on admission CT scans.

hydrocephalus.*16192627 The pathophysiological mecha-
nisms predisposing thalamic lesions to hydrocephalus
remain unclear and are worthy of further investigation.

It remains unclear precisely how IVH contributes to
the development of persistent hydrocephalus, although
one hypothesis is that obstruction of the arachnoid villi
by blood, a known factor in the development of acute hy-
drocephalus after IVH, may also contribute to the devel-
opment of chronic hydrocephalus.’ In our cohort, how-
ever, we found no association between IVH volume and
the development of shunt-dependent hydrocephalus. It is
interesting to note the very high percentage of patients
(> 90% for both those requiring VP shunt placement and
those who did not) who had any amount of IVH on ad-
mission CT imaging. This tends to argue that, although
IVH may be important in the development of acute hy-
drocephalus, continued obstruction of the arachnoid villi
by blood products or subsequent scarring may be rare
phenomena.

Persistently elevated ICP was also associated with an
increased risk of shunt-dependent hydrocephalus in our

4

cohort. Although increased ICP is generally accepted to
be a predictor of poor outcome following ICH, control-
ling ICP via medical and surgical means may not neces-
sarily improve outcomes or reduce the risk for chronic
hydrocephalus.*! More specifically, our final model sup-
ports an association between elevated ICP, despite con-
tinued CSF diversion with an EVD, and an increased risk
of progressing to shunt-dependent hydrocephalus. One
explanation may be that following the onset of acute hy-
drocephalus, a subset of patients are prone to developing
decreased ventricular compliance, poor CSF flow dy-
namics and reabsorption, or both, resulting in a continued
need for CSF diversion. Given that the age range of our
cohort is limited, the pathophysiological implications of
age-related cerebral volume loss on the development of
elevated ICP and shunt dependency are unclear. However,
within the typical age range of most patients with ICH,
there appears to be no association between age and the
development of shunt-dependent hydrocephalus, as evi-
denced by our results.

Although our study includes a reasonably large co-
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TABLE 2: Final multiple logistic regression models*

Variable OR 95% ClI p Value
Model 1
max ICP =25 mm Hg 1.264  1.056-1.513 0.013
thalamic location 1.344  1115-1.621 0.003
Model 2
ICP =20 mm Hg on =2 dayst 1.214  1.007-1.462 0.046
thalamic location 1312 1.083-1.589 0.007

* The final models both include thalamic location and elevated ICP;
however, each uses a different dichotomized measurement for pres-
ence of elevated ICP. The 2 forms of increased ICP both remain signifi-
cant in their respective models.

t The term “ICP =20 mm Hg on =2 days” refers to ICP = 20 mm Hg on
= 2 consecutive days.

hort of patients with primary ICH in whom adjudicated
prospectively collected data were available, it has several
limitations. First, there were relatively few patients (13
[20.3%] of 64) who reached the study end point of long-
term shunt dependency requiring permanent CSF diver-
sion. Second, our study is also potentially subject to sur-
vivor bias, in that within our cohort there was a subset
of patients in whom care was ultimately withdrawn due
to the patient’s or family’s wishes following EVD place-
ment, but prior to establishing a requirement for perma-
nent CSF diversion. It is possible that several of these
patients may have eventually required VP shunt place-
ment. Ultimately, additional tertiary care center studies
may strengthen our benchmark data and elucidate other
risk factors for persistent posthemorrhagic hydrocepha-
lus. Future investigations using data from multimodality
intracranial monitoring may provide greater insight into
the pathophysiological mechanisms that underlie the de-
velopment of shunt dependency.

Conclusions

The development of shunt-dependent hydrocephalus
after ICH was associated in our cohort with thalamic lo-
cation of the hemorrhage and persistently elevated ICP.
This is in agreement with a prior study, and our results
may therefore serve as a baseline epidemiological ref-
erence in future investigations for both the incidence of
acute hydrocephalus requiring emergency CSF diversion
via EVD and the need for eventual VP shunt placement.
Thalamic location of an ICH and continually elevated
ICP may alert physicians early during ICH recovery that
a patient may be more likely to require permanent CSF
diversion. This may promote more aggressive monitoring
and earlier interventions for continually elevated ICP in
patients at risk. However, the pathophysiological mecha-
nisms underlying progression of acute to shunt-dependent
hydrocephalus remain poorly understood. Our results, in
conjunction with those from other groups, provide a refer-
ence point on which to base further inquiries and to gauge
the potential benefits of more aggressive management for
this disorder in at-risk patients with ICH.
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Telemedicine-assisted treatment of patients with
intracerebral hemorrhage
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ALFREDO Conrti, M.D., PH.D., GiIovANNI RAFFA, M.D., AND FRANCESCO TOMASELLO, M.D.

Department of Neurosurgery, University of Messina, Italy

Object. Telemedicine provides a new approach to improve stroke care in community settings, delivering acute
stroke expertise to hospitals in rural areas. Given the controversies in many aspects of the treatment of intracerebral
hemorrhage (ICH) and the lack of guidelines, a prompt neurosurgical second opinion may facilitate the treatment of
patients with ICH. Here, the authors’ 8-year experience with the use of telemedicine in the management of ICH is
reported.

Methods. The medical records of patients with ICH treated through a telemedicine system in the district of
Messina, Italy, between June 2003 and June 2011 were retrospectively reviewed. Neuroradiological and clinical
data for patients were transmitted through a high-technology “hub-and-spoke” telemedicine network. Neurosurgical
teleconsulting (at the hub) was available for 7 peripheral hospitals (spokes) serving about 700,000 people. The au-
thors analyzed 1) the time between peripheral hospital admission and the specialized second opinion consultation, 2)
primary and secondary transfers to the authors’ neurosurgery department, and 3) the treatments (surgical or medical)
of patients transferred to the hub.

Results. The telemedicine network was used to treat more than 2800 patients, 733 with ICH. A neurosurgical
consultation was provided in 38 minutes versus 160 minutes for a consultation without telemedicine. One hundred
seventy-six (24%) of 733 patients were primarily transferred to the hub. Ninety-five patients (13%) underwent surgi-
cal treatment. The remaining 81 patients (11%) underwent neurointensive care. Eight (1.4%) of 557 patients treated
at the spokes needed a secondary transfer for surgical treatment because of a worsening clinical condition and/or CT
findings. Considering secondary and inappropriate transfers, the interpretation of data was correct in 96.5% of cases.

Conclusions. Telemedicine allowed rapid visualization of neuroradiological and clinical data, providing neu-
rosurgical expertise to community hospitals on demand and within minutes. It allowed the treatment of patients at
peripheral hospitals and optimized resources. A small percentage of patients treated at the peripheral hospitals had
secondary deterioration. Telemedicine allowed fast patient transfer when necessary and provided improved accuracy
in patient care.

(http://thejns.org/doilabs/10.3171/2012.1 FOCUS11356)

Key Worps ¢ intracerebral hemorrhage < telemedicine ¢ telestroke

all acute strokes, with an incidence of approximately

12—15 cases/100,000 persons/year.>'® Overall mortal-
ity from ICH is worse than that from ischemic stroke,
approaching 50% at 30 days after hemorrhage 5° and pa-
tients who survive are independent at 6 months after ICH
in less than 20% of cases.’ Because of its frequency and
dramatic impact on the neurological status of patients,
ICH is one of the most frequent clinical conditions for

INTRACEREBRAL hemorrhage accounts for 15%-30% of

Abbreviations used in this paper: CTA = CT angiography; GCS
= Glasgow Coma Scale; ICH = intracerebral hemorrhage; ICP =
intracranial pressure; IVH = intraventricular hemorrhage; MRA =
MR angiography; PACS = picture archiving and communication
system; ROI = region of interest.
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which an emergency neurosurgical consultation is re-
quired. An expert opinion is needed to coordinate the best
patient care, because there are no guidelines for the man-
agement of many aspects of ICH, including the choice
of medical versus surgical treatment. Telemedicine is the
ideal means of immediately providing this consultation
for patients admitted to peripheral hospitals.'?

“Telemedicine,” a term coined in the 1970s,> is the
use of information and communication technology to
improve patient outcomes by increasing access to care,
medical information, and evidence-based clinical prac-
tice. It includes consultative, diagnostic, and treatment
services with the aim of improving patient care and the
efficacy of the diagnostic and therapeutic strategies at the
peripheral hospitals.



Many studies have shown that telemedicine improves
the care of patients with ischemic stroke who have been
admitted to peripheral hospitals,>-'%2227 allowing for
the quick selection of candidates for thrombolytic ther-
apy’ and eventually improving the long-term neurologi-
cal outcome.>'® However, studies focused on the role of
telemedicine in the treatment of patients with ICH in an
acute setting are missing. The aim of the present study
was to analyze the role of a telemedicine network in the
treatment of patients with spontaneous ICH in terms of a
faster neurosurgical evaluation and selection of patients
who are the best candidates for direct neurosurgical or
neurointensive care.

Methods

A telemedicine network project named RESPECT,
from the Italian “REte SPECialistica per il Trauma,”
meaning specialized network for trauma, was set up in
2003 and co-financed by the Italian Ministry of Educa-
tion, University and Research. The telemedicine system
is coordinated by the Department of Neurosurgery at the
University of Messina. Seven peripheral hospitals are
connected to this neurosurgical department. The system
serves a population of 684,703 people living in the area of
Messina, whose extra-urban territory is mainly composed
of arural territory and 7 small islands. We retrospectively
reviewed all medical records of patients with spontane-
ous ICH who had been admitted to the peripheral hospi-
tals of the Messina district between June 2003 and June
2011 and for whom an urgent neurosurgical consultation
had been requested.

Teleconsultation System and Procedures

Neuroradiological data on patients were transmitted
from the peripheral hospitals to our department through a
high-technology ‘“hub-and-spoke” telemedicine network
implemented in the territory of the Messina province.
The radiology departments of the connected hospitals
(the “spokes”) used PACS (picture archiving and com-
munication system) technology for archiving the images.
The images were reviewed at the Department of Neuro-
surgery at the University of Messina (the “hub”).

The transmission of information was performed us-
ing a pixels-on-demand technology provided by Telbios
S.p.A. In brief, the system encodes only the pixels rel-
evant for presenting the required image view, namely a
ROI requested by the user and not the full image file, by
connecting to the original archived images. The ROI is
streamed to the client location from the original PACS in
lossless quality and in real time. Once the hub user selects
a remote image from the archive, the system performs a
fast preprocessing step in near real time. From then on,
the system is able to respond to any request in real time.
When a ROI request arrives at the server, progressive im-
age encoding is performed only for the ROI and not for
the full image. Similarly, on the client side, decoding and
rendering is only performed for the ROI. When a user
pans, zooms, or scrolls to the next slices, the server en-
codes the missing parts of the new ROI “on the fly” and
sends them to the client.

The system is connected to the DICOM (Digital Im-
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aging and Communications in Medicine) archive via a
fast LAN (local area network) connection, and a further
integrated services delivery network line is provided in
case of malfunctioning. Images are taken via DICOM
protocol or from direct file system access (read-only in-
put/output).

When a patient with ICH was admitted to the spoke
hospital, he or she underwent CT scanning. The radiologist
on duty interpreted the CT images. A neurosurgical consul-
tation was requested through the telemedicine system. The
neurosurgeon on duty at the academic hub analyzed the
neuroradiological images along with the radiology report,
as well as anamnestic and clinical data. Clinical informa-
tion included age, sex, GCS score, pupillary status, respira-
tory status, complete blood count, coagulation status, and
use of anticoagulants, heparin, or antiplatelet drugs. Any
information concerning clinical onset and evolution of
symptoms or previous relevant pathological events were
communicated and recorded as well.

After neurosurgical consultation, patients were treat-
ed at the peripheral hospitals or transferred to the hub
for the best treatment (medical or surgical), depending on
the case. Patients were treated at the peripheral hospital
through clinical observation, neuroradiological monitor-
ing, and medical therapy or were transferred to our de-
partment for clinical/neuroradiological monitoring and
medical/surgical treatment.

We analyzed the 1) time between peripheral hospital
admission and the second opinion specialist consultation,
2) primary and secondary transfers to our neurosurgi-
cal department, and 3) treatment (surgical or medical) of
patients transferred to the hub. Through the analysis of
the aforementioned parameters, we sought to investigate
the utility of our telemedicine network in terms of faster
transfer to a specialized hospital, better management at
the peripheral hospitals, and improved medical and/or
surgical treatment of patients with hemorrhagic stroke.

Results

Seven hundred thirty-three patients with ICH re-
ceived neurosurgical consultation through the Telbios
telemedicine system at the neurosurgical clinic of the
University of Messina between June 2003 and June 2011.
These patients with ICH represented 26% of all patients
who needed an urgent neurosurgical consultation through
telemedicine during the selected period (2819 patients).

The first end point of this study was the analysis of
the time frame needed to provide a neurosurgical sec-
ond opinion consultation. Analyzing the CT scanning
records and the relevant neurosurgical opinion, we re-
corded a mean of 38 minutes (range 23—109 minutes) be-
tween hospital admission at the spoke and neurosurgical
consultation at the hub. The mean time was 160 minutes
(range 68—204 minutes) for a second opinion consulta-
tion obtained through patient transportation, before the
introduction of the telemedicine system. The time needed
to obtain neurosurgical teleconsultation at the periphery
was not dissimilar to that in Messina’s urban area, which
was estimated at an average of 26 minutes (range 0-37
minutes).
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The second study end point was the analysis of pri-
mary and secondary transfers to our neurosurgical de-
partment and neurointensive care. Data are summarized
in Fig. 1. During the evaluation period, 176 (24%) of 733
patients needed a primary transfer to the academic hub
for the management of ICH. Selecting patients for transfer
was based on a combination of clinical, demographic, and
radiological characteristics. Hematoma location, CT fea-
tures, and size were the radiological characteristics con-
sidered in combination with the age of, relevant clinical
data on, and neurological status of the patient. In cases of

controversial interpretation, the neuroradiological team at
the hub reevaluated the images.

On the basis of hematoma location, capsular, tha-
lamic, or posterior fossa ICH in patients older than 45
years and with a history of systemic hypertension was
presumptively judged as primary hypertensive ICH,
without the need for further diagnostic workup. Transfer
to the hub of patients with ICHs in the aforementioned
locations was done on the basis of hematoma size and
patient clinical status (Fig. 1). Patients with capsular or
thalamic ICHs with volumes ranging between 30 and 70

Stroke patients admitted to the spoke center with evidence of
intracerebral hemorrhage (ICH) on CT scan (n=733)

-Capsular or thalamic, 30-70 ml,
relevant mass effect, GCS>8
-Posterior fossa, >3 cm, fourth
ventricle compression, GCS <13
-Massive tetraventricular IVH
-Basal or Sylvian SAH associated
to temporal ICH or IVH
-Brainstem hemorrhage, GCS>8
-Lobar hemorrhage, age<50 yrs or

no signs of vasculopathy; suspect of

tumors or vascular malformations

v
Tranfer to the hub
(primary n= 176, 24%)
(secondary n=8, 1.1%)

-Capsular or thalamic, <30 or

>70 ml, no mass effect,moribund
status

-Posterior fossa, <3 cm, no fourth
ventricle compression, GCS >13
-Brainstem hemorrhage, GCS <8
w/o hydrocephalus

-Lobar hemorrhage, age >50 yrs
with evidence of vasculopathy

v

Peripheral (spoke center) management

(n= 557, 76%)

clinical, neurological and CT
scan (6 and 24 hrs) monitoring

S Vi

-~
< Secondary transfers
(n=8, 1.4%)

Fie. 1. Algorithm summarizing referral strategies for patient selection. SAH = subarachnoid hemorrhage.

Neurosurg Focus / Volume 32 / April 2012



ml—that is, with evidence of relevant mass effect—and a
GCS score > 8 were transferred to the hub and underwent
surgical treatment (Fig. 2). With regard to posterior fossa
ICHs, compression of the fourth ventricle and/or a clot
size > 3 cm were considered criteria for transfer to our
neurosurgical unit. Patients underwent surgical treatment
if they had a GCS score < 13 or evidence of neurological
deterioration.

Patients with blood in the entire ventricular system
were considered at risk for hydrocephalus and were cen-
tralized, whereas patients with only a minimal amount
of blood in 1 lateral ventricle were left at the peripheral
hospital and observed. All patients with a subarachnoid
clot in the basal or sylvian cisterns associated with tem-
poral or IVH were admitted to the central hospital for
further studies. Patients with brainstem hemorrhage were
admitted only if the GCS score was > § to treat or prevent
deterioration as a result of acute hydrocephalus. Patients
in a deep coma because of large brainstem injuries were
treated only with supportive care.

With regard to lobar hemorrhages, patients younger
than 50 years of age were admitted to the central hospital
(Fig. 3). Older patients with evidence of vasculopathy re-
mained at the peripheral hospital with the indication for
performing MRI and MRA.

In general, other CT features were considered, includ-
ing marks suggestive of vascular abnormalities, tumors,
sinus thrombosis, or hemorrhagic transformation of isch-
emic stroke, and were evaluated on an individual basis.
When a secondary ICH was suspected, the patient was ad-
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mitted to the neurosurgical department to complete our in-
stitutional diagnostic workup protocol consisting of CTA,
MRI, MRA, SPECT, and eventually angiography.?®

The 557 patients who remained at a peripheral hospi-
tal had neuroradiological images and clinical/neurological
conditions that did not require direct neurosurgical or neu-
rointensive care management. They were treated through
clinical, neurological, and neuroradiological monitoring,
according to the neurosurgical consultation and indica-
tions. In particular, the neurosurgeon recommended a con-
trol CT scan 6 hours later and a second control scan 24
hours after stroke onset. This practice was different for pa-
tients directly admitted to the central hospital, who did not
undergo the 6-hour CT control study unless their condition
clinically deteriorated.

Eight (1.4%) of 557 patients needed a secondary
transfer to our department for a worsening of clinical
conditions and/or deterioration of neuroradiological find-
ings. Five of these 8 patients were on anticoagulation
drugs for other diseases. Patients in a deep coma or with a
moribund status were not transferred, however, and were
given only supportive care.

Of the 176 patients who were centralized, 95 (13%
of the overall group) underwent surgical evacuation of an
ICH. Surgical indication was individualized and based
on the patient’s age and neurological status, hematoma
size and location, and related mass effect (Fig. 4). The re-
maining 81 patients (11%) underwent clinical, neurologi-
cal, and neuroradiological monitoring and received only
medical therapy. Thirty-nine of these patients underwent
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Fic. 2. Telemedicine screenshot showing multiple slices of brain CTs obtained in a 45-year-old patient with spontaneous
nucleocapsular ICH. Telemedicine allowed rapid visualization of the CT and the collection of relevant clinical data. In general,
nucleocapsular hematoma was not managed by central transfer, unless there was evidence of relevant mass effect with possible
deterioration requiring neurointensive care or surgical control of ICP. Cautious conservative management led to a good outcome

in this case.
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Fic. 3. Upper: Brain CT scans obtained in a 27-year-old patient with spontaneous lobar ICH. Telemedicine screenshot repro-

duces the CT console of the peripheral hospital with visualization of the scouts, multiple slices of the examination, and tools for

image management. In general, hematoma without evidence of mass effect was managed at the peripheral hospital, unless one

suspected vascular malformations, tumors, or sinus thrombosis, requiring urgent management. In such cases, clinical data col-

lection is fundamental to avoid disastrous delay of diagnosis and treatment.  Lower: Angiograms showing evidence of a dural
arteriovenous fistula (left), which was promptly managed with embolization (right).

further studies for suspected vascular malformations, tu-
mors, or sinus thrombosis. Suspicion was confirmed in
21 patients. In terms of efficacy of interpretation, clinical
and radiological data were misinterpreted in 26 cases, in-
cluding 8 cases of secondary centralization and 18 cases
of inappropriate centralization, corresponding to 3.5% of
the whole series.

Discussion

Results suggested that the care of patients with ICH
through a telemedicine system is safe and effective. The
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telemedicine network allowed prompt selection of a sub-
group of patients who were the best candidates for direct
neurosurgical or neurointensive care. This group consist-
ed of 24% of all patients with ICH who had been admit-
ted to the peripheral hospitals and included those (13%)
in whom the surgical control of ICP was readily neces-
sary or decidedly predictable and those (11%) in whom
bleeding due to vascular malformations, tumors, or sinus
thrombosis had to be ruled out in the acute setting. The
interpretation of images and clinical data was correct in
96.5% of cases.

The selection of patients as candidates for direct
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Fic. 4. Upper: Computed tomography scans obtained with the
telemedicine system, showing ICH and IVH in a 24-year-old patient.
Cases of large lobar hemorrhage in young patients were centralized to
undergo emergency CTA and surgical treatment. Lower: Computed
tomography scans obtained after emergency surgical treatment.

neurosurgical care is controversial, and the practice in
ICH care continues to be arbitrary.®!'162! This attitude
is in part a consequence of the misinterpretation of the
results of the largest trial on spontaneous ICH manage-
ment, the International Surgical Trial in Intracerebral
Haemorrhage (STICH).> Evidence of the poor efficacy
of surgical management for spontaneous ICH persuaded
many surgeons that there is no need to perform surgery in
patients with ICH. However, it is evident that early relief
of elevated ICP is effective in all other clinical settings.
Furthermore, a detailed post hoc analysis of the data in
the STICH showed that 42% of patients had an associated
IVH, and the prognosis in most of these cases is dismal.
Removing these patients from the analysis and focusing
on superficial ICHs, the data presented a more encourag-
ing picture for surgery, with 49% of patients gaining a fa-
vorable outcome versus 37% of the conservatively treated
patients (p = 0.080).'6

Beyond the data mentioned above, there are specific
categories of patients with spontaneous ICH who remain
reasonably suitable candidates for surgery, such as those
with acute hydrocephalus due to intraventricular bleeding
and those with a large (> 3 c¢m) cerebellar hemorrhage
who are neurologically deteriorating or have brainstem
compression and/or hydrocephalus.’ Furthermore, seem-
ingly spontaneous ICHs may hide vascular abnormali-
ties (aneurysm, arteriovenous malformation, dural arte-
riovenous fistula, and cavernous malformation), tumors,
or venous thrombosis, which require specific surgical
treatments, or vasculitis and coagulopathy, which require
specific medical treatments. A qualified judgment of the

6
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combined clinical status of the patients and the neurora-
diological picture is therefore essential to avoid inappro-
priate management.

Telemedicine networks represent a new approach to
improve stroke care in community settings. Since the first
1999 description by Levine and Gorman' of a telemedi-
cine network for the treatment of patients with ischemic
stroke (Telestroke), several studies have been conducted
to demonstrate the efficacy of telemedicine in providing
specialist care to patients with ischemic stroke in rural
communities. Telemedicine clearly showed its efficacy in
providing hospitals in rural communities with the exper-
tise of established stroke centers on demand and within
minutes."*!71* Moreover, it has been demonstrated that,
embedded in a comprehensive stroke network, the tele-
transfer of clinical information and brain images yields
medical results similar to those following treatment at
experienced stroke centers.>?’

In particular, it has been shown that Telestroke im-
proves the care of patients with ischemic stroke by limit-
ing the number of interhospital referrals,’ allowing one
to choose or exclude candidates for thrombolytic therapy
with intravenous tissue plasminogen activator’ and even-
tually improve neurological outcome in these patients.>'8
Actually, using the Telestroke approach, intravenous
thrombolysis with tissue plasminogen activator has been
shown to be safe and has been applied more frequently
than without teleneurological consultation.!?+2* Nonethe-
less, studies focused on the role of telemedicine in the
treatment of patients with ICH in acute settings are lack-
ing. Only 1 study demonstrated that telemedicine might
enhance enrollment of patients with ICH into time-sensi-
tive stroke trials, such as FAST (Factor Seven for Acute
Hemorrhagic Stroke), a multicenter randomized trial to
study the role of recombinant factor VIIa in ICH.?

Our telemedicine network (RESPECT) considerably
improved the rapidity of a second opinion consultation,
making it more efficient in acute settings. The possibility
of directly viewing neuroradiological images and doing
postprocessing analysis made neurosurgical consulta-
tion easier and faster, allowing us to choose patients who
needed transfer to the academic hub and making their
transfer more rapid. Indeed, our data confirm that tele-
medicine allows one to effectively organize selected and
timely interhospital transfers to specialized institutions.!

As a second step, we evaluated the role of telemedi-
cine in optimizing the care of patients with ICH at pe-
ripheral hospitals in the acute setting. Five hundred for-
ty-nine patients (74.9%) could be directly treated at the
spoke hospitals. They underwent clinical, neurological,
and neuroradiological monitoring based on neurosurgical
indications; they also underwent more CT studies than
the patients admitted to the hub, despite similar clinical
conditions. We did not address the safety and efficacy of
the procedure by measuring the long-term outcome. Ac-
tually, in general it is possible that patients treated at the
peripheral hospitals received different levels of care. Nev-
ertheless, our experience suggests that in the acute and
subacute settings, telemedicine allows the treatment of
patients with ICH directly at the peripheral hospitals with
the opportunity for online neurosurgical evaluation. This

Neurosurg Focus / Volume 32 / April 2012



Telemedicine for intracerebral hemorrhage

may contribute to increase competence in ICH manage-
ment among health system professionals and optimiza-
tion of resources, avoiding unnecessary transfers. Patients
treated at the spokes were those who needed standard
care or those in whom supportive care was indicated.
Nonetheless, 8 patients (1.4%) treated at the spoke hos-
pitals presented with a rapid and unpredicted worsening
of neurological status and/or a neuroradiological picture
that made secondary transfer to the referring neurosurgi-
cal department necessary. In 5 of 8 patients, the worsen-
ing was a result of treatment with oral anticoagulants. As
demonstrated already, the use of such drugs can increase
the risk of spontaneous ICH or hemorrhagic evolution in
patients with ICH. There are lessons to be learned from
these cases. To avoid secondary transfer, history and clin-
ical/neurological examination by emergency physicians
at the peripheral hospitals should be as accurate as pos-
sible to make neurosurgical consultation easier and more
precise. Moreover, one must strictly follow neurosurgical
indications, respecting time intervals between radiologi-
cal examinations and repeatedly using the telemedicine
system for a second opinion. Even if those needing sec-
ondary transfer were a small proportion, the patients in a
deep coma or moribund status were not centralized and
were only given supportive care. Thus, the rate of second-
ary transfer may underestimate the patient deterioration
that occurred at the spoke hospitals.

Conclusions

Telemedicine may represent a new approach for the
treatment of patients with ICH in the acute and subacute
settings. Allowing rapid visualization and interpretation
of neuroradiological data, telemedicine brought to rural
community hospitals the expertise of established stroke
centers on demand and within minutes. When necessary,
patient referrals via telemedicine were faster. In the re-
maining cases, the treatment of patients with ICH at the
peripheral hospitals was possible, avoiding unnecessary
and costly transfers. This in some way contributed to in-
creased competence among health system professionals,
showing a significant educational impact. Nevertheless,
the interpretation of data was inaccurate in 3.5% of the
cases, with a small percentage of patients treated at the
peripheral hospitals who had a secondary deterioration in
their neurological status or neuroradiological picture and
a group of patients who were inappropriately transferred
to the hub. Secondary referrals can be avoided by imple-
menting the transfer of clinical data to make neurosurgi-
cal consultation easier and more precise.
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Cerebral amyloid angiopathy—associated intracerebral
hemorrhage: pathology and management

PrACHI MEHNDIRATTA, M.D.,! SUNIL MANjILA, M.D.,> THOMAS OSTERGARD, M.S.,>
SyrLviA EIseLE,! MARK L. CoHEN, M.D.,? CatHY S1L.A, M.D.,! AND WARREN R. SELMAN, M.D.2
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Hospitals Case Medical Center, Cleveland, Ohio

Amyloid angiopathy—associated intracerebral hemorrhage (ICH) comprises 12%-15% of lobar ICH in the elderly.
This growing population has an increasing incidence of thrombolysis-related hemorrhages, causing the management of
hemorrhages associated with cerebral amyloid angiopathy (CAA) to take center stage. A concise reference assimilating
the pathology and management of this clinical entity does not exist. Amyloid angiopathy—associated hemorrhages are
most often solitary, but the natural history often progresses to include multifocal and recurrent hemorrhages. Compared
with other causes of ICH, patients with CAA-associated hemorrhages have a lower mortality rate but an increased risk
of recurrence. Unlike hypertensive arteriolar hemorrhages that occur in penetrating subcortical vessels, CAA-associated
hemorrhages are superficial in location due to preferential involvement of vessels in the cerebral cortex and meninges.
This feature makes CAA-associated hemorrhages easier to access surgically. In this paper, the authors discuss 3 postu-
lates regarding the pathogenesis of amyloid hemorrhages, as well as the established clinicopathological classification of
amyloid angiopathy and CA A-associated ICH. Common inheritance patterns of familial CAA with hemorrhagic strokes
are discussed along with the role of genetic screening in relatives of patients with CAA. The radiological characteristics
of CAA are described with specific attention to CAA-associated microhemorrhages. The detection of these micro-
hemorrhages may have important clinical implications on the administration of anticoagulation and antiplatelet therapy
in patients with probable CAA. Poor patient outcome in CAA-associated ICH is associated with dementia, increasing
age, hematoma volume and location, initial Glasgow Coma Scale score, and intraventricular extension. The surgical
management strategies for amyloid hemorrhages are discussed with a review of published surgical case series and their

outcomes with a special attention to postoperative hemorrhage.
(http://thejns.org/doi/abs/10.3171/2012.1 FOCUS11370)
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lobar intracerebral hemorrhage
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substance in intracranial vessels was first described

by Alois Alzheimer in 1907 .37 Gustav Oppenheim®
subsequently recognized this substance as amyloid in
1909 when he discovered foci of necrosis in areas adja-
cent to hyalinized capillaries in patients with cognitive
decline. This pathology later became popularly known
as cerebral amyloid angiopathy or angiopathy dyspho-
rique. Stefanos Pantelakis®> made several of the pertinent
pathological observations in 1954, including predilection
for posterior brain regions, involvement of small arteries,
and an association with increasing age.

THE deposition of a “peculiar and difficult to stain”

Abbreviations used in this paper: ABRA = amyloid beta—related
angiitis; CAA = cerebral amyloid angiopathy; GOS = Glasgow
Outcome Scale; ICH = intracerebral hemorrhage; IVH = intraven-
tricular hemorrhage; PACNS = primary angiitis of the CNS; STICH
= International Surgical Trial in Intracerebral Haemorrhage; tPA =
tissue plasminogen activator.
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In 1960, Neumann’ reported the occurrence of
symptomatic lobar as well as asymptomatic petechial
hemorrhages in a 45-year-old woman. He hypothesized
that CAA likely weakens the vessel wall, resulting in
hemorrhage, but he was unclear as to the cause of the
petechiae. Cerebral amyloid angiopathy has increasingly
gained clinical importance over the past few decades due
to its association with lobar hemorrhage and dementia,
highlighted by an influential article in 1979 by Okazaki
and colleagues.”

Intracerebral hemorrhage currently accounts for
about 15% of acute strokes and has an incidence of 10-30
cases per 100,000.304792 Studies have shown that CAA is
relatively common, especially in the elderly. In a review of
2060 autopsies of elderly patients,” CAA was diagnosed
in 21% of those 61-70 years old, 42.2% of those 71-80
years old, 56.8% of those 81-90 years old, and 68.5% of
those 91-100 years old. In the same study, CAA was pres-
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ent in more than 98.5% of all patients with Alzheimer
disease. The majority of cases of CAA-associated ICH
are thought to be due to sporadic disease; however, the
increased use of anticoagulant, antiplatelet, and thrombo-
lytic therapies has brought attention to iatrogenic CAA-
associated ICH. It has been postulated that patients with
cerebral vasculopathies have an increased risk of iatro-
genic ICH, particularly with the administration of throm-
bolytics.5760

There is a strong association between CAA and
dementia, and increasing age is a risk factor for both
Alzheimer disease and CAA.%% Up to one-third of pa-
tients with pathologically confirmed CAA had previous
onset of dementia. Due to continued improvements in
molecular techniques, familial forms of Alzheimer dis-
ease are being recognized with increasing frequency.
However, familial forms of CAA and their potential
role in ICH are frequently not addressed in neurosurgi-
cal practice. This review describes the familial forms of
CAA with hemorrhages, highlighting the importance of
screening family members of affected patients with in-
herited CAAs (Table 1).

The more common forms of familial CAA are fur-
ther detailed below. Although sporadic CAA is the most
common cause of nonhypertensive lobar ICH,¥? it is com-
monly found in elderly patients with or without Alzheimer
disease.”® The familial forms of CAA present with hemor-
rhagic strokes and occur at a much younger age.?>1%

Pathogenesis of CAA and Related Hemorrhages

In CAA, there is a predilection for deposition of Af3
protein in the cortical vessels compared with the brain
parenchyma. Three hypotheses have been postulated to
account for this selective vascular amyloid deposition.
The neuronal or “drainage hypothesis” suggests that the
underlying cause of amyloid deposition is due to poor

TABLE 1: Amyloid peptides related to familial CAA-associated ICHs*

P. Mehndiratta et al.

drainage of amyloid protein along the perivascular spac-
es, eventually causing subsequent deposition along this
path. This hypothesis is supported by studies on trans-
genic mice and is based on the derivation of amyloid pre-
cursor protein from neurons.’*

The second hypothesis, the so-called “systemic hy-
pothesis,” proposes that receptor-mediated transport of
systemic AP protein across the blood-brain barrier results
in amyloid deposition. Several receptors such as the re-
ceptor for advanced glycation end-products, low-density
lipoprotein receptor, and scavenger receptors have been
implicated in the luminal to abluminal transport of Ap
protein. However, this concept is controversial and dis-
puted due to preferential involvement of arteries rather
than veins and the selective involvement of smaller rather
than large vessels. It is intriguing that studies in transgen-
ic mice have demonstrated, even with systemic overpro-
duction of amyloid precursor protein, that selective de-
position in intracranial vessels is a less likely occurrence
when studied up to 29 months of age.”* Furthermore, A}
protein is first detected in the abluminal basement mem-
brane, arguing against a systemic origin.!'8

The third hypothesis, or “vessel wall hypothesis,”
supports the notion that Af} protein is produced by smooth
muscle cells in the tunica media of cerebral arteries. Prior
studies have shown that these myocytes are capable of
producing AP.2% Larger arteries have multiple layers
of smooth muscle cells and should therefore contain sig-
nificantly more amyloid deposits than smaller arteries.
However, CAA-associated ICH preferentially involves
smaller superficial arteries. This finding casts some doubt
on the accuracy of the “vessel wall hypothesis.”

Approximately 12%—15% of lobar ICH in the elderly
is associated with CA A ** and the risk increases in carri-
ers of the APOE-¢€2 or APOE-¢4 allele.!”” Familial forms
of Alzheimer disease are now recognized with identifi-
cation of the APOE-¢2 and APOE-¢4 alleles in patients

Identified
Amyloid Peptide Chromosome Mutation AA
& APP No. Disease Type (codon)  Substitution Clinical Featurest Index Cases
AB/APP 21 HCHWA-Dutch type GtoC(693) Glu22GIn age 50 yrs; lobar ICH, focal neurolog- 2 Dutch families
ical deficits, dementia, & leukoen-
cephalopathy
HCHWA-ltalian type ~ Gto A (693) Glu22Lys lobar ICH & dementia 3 ltalian families
HCHWA-Flemishtype Cto G (692) Ala21Gly age 45 yrs; progressive dementia, 1 Dutch/British family
lobar ICH
HCHWA-lowa type GtoA(694) Asp23Asn age 50-66 yrs; memory impairment, 1 American & 1
expressive dysphasia, personality Spanish family
changes, myoclonic jerks, lobar ICH
HCHWA-Piedmont GtoC(705) Leu34Val recurrentlobar ICH & cognitive de- 1 Italian family
type cline
ACys/Cystatin C 20 HCHWA-Icelandic type Ato T (68) Leu68GIn recurrent lobar ICH 9 Icelandic families

* A = adenine; AA = amino acid; Ala = alanine; APP = amyloid precursor protein; Asn = asparagine; Asp = aspartate; C = cytosine; G = guaning; Gln =
glutamine; Glu = glutamate; Gly = glycine; HCHWA = hereditary cerebral hemorrhage with amyloidosis; Leu = leucine; Lys = lysine; T = thymine; Val =

valine.
T Age refers to the mean age at onset of symptoms.
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with CAA 26576074 In patients with Alzheimer dementia,
the presence of the APOE-¢4 allele appears to accelerate
formation and deposition of AP fibrils in the blood vessel
wall.8%! Possession of both alleles (£2/e4 genotype) is as-
sociated with early-onset CAA with recurrent lobar hem-
orrhages.”® McCarron and colleagues®' offered evidence
that the presence of APOE-¢2 might convey additional
surgical risk. In their series, 2 of the 3 patients with post-
operative hemorrhage were found to have APOE-¢2.

When hemorrhages occur in the setting of CAA, they
are most often solitary but can also be multifocal and recur-
rent.”®%” In an acute CA A-associated ICH, the area around
the hematoma is typically surrounded by edema and ne-
crosis with infiltration of inflammatory cells (Fig. 1). A
secondary cascade of injury is produced by a combination
of vasogenic edema from blood-brain barrier breakdown,
mitochondrial dysfunction, and the products of hemoglo-
bin breakdown. Hemostasis is eventually achieved by ac-
tivation of the coagulation cascade along with mechanical
tamponade.** In rare occasions, surgical specimens are
found to have areas of both hemorrhagic and ischemic foci
(Fig. 1). Extension into the subarachnoid space or the ven-
tricles is possible, as well as secondary subdural hemato-
mas. 8705 These hemorrhages most frequently occur in
the parietooccipital region with frontal hemorrhages being
the next most common.>-105

Pathological Findings in CAA-Associated
Hemorrhages

Cerebral amyloid angiopathy is a vasculopathy char-
acterized by the deposition of amyloid fibrils in the arter-
ies and arterioles of the cerebral cortex and meninges.
Hematoxylin and eosin staining of affected tissues shows
hyaline thickening in vessel walls with luminal narrow-
ing. The presence of amyloid protein can be confirmed by
multiple techniques but has traditionally been diagnosed
by staining with Congo red.>! In the presence of polar-
ized light, Congo red binds to amyloid fibrils and causes
the classic finding of apple-green birefringence (Fig. 2).
Alternative methods to confirm the presence of amyloid
fibrils include thioflavin T/S and immunohistochemistry
with anti-Af antibodies, the latter technique being fre-
quently used in the diagnosis of CAA.%

Cerebral amyloid angiopathy can also present sub-
acutely with progressive dementia over the course of weeks
to months. Pathologically, the dementia associated with
CAA is characterized by severe vascular amyloid deposi-
tion, cortical hemorrhages and/or infarctions, white matter
destruction, or leukoencephalopathy. In Alzheimer dis-
ease, the deposited amyloid is primarily located in the pa-
renchyma and leads to neuritic dystrophy and loss of syn-
apses.?® Despite some similarities in pathological findings,

-+

Fic. 1. A: Photograph of a coronal section through the parietal and temporal lobes demonstrating a large lobar hemorrhage
with extension through white matter and into the ventricle. Note also a second cortically based hemorrhage involving the cerebral
cortex of the middle temporal gyrus.  B: Photomicrograph showing the organizing microinfarct within the cerebral cortex of the
patient with severe amyloid angiopathy. C and D: Photomicrographs demonstrating amyloid-laden blood vessels showing
pseudoaneurysm formation (C) and “double-barreling” (D). H & E, original magnification x 100 (B) and x 200 (C and D).
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Fic. 2. Amyloid-laden cortical arteriole photographed with polariza-
tion microscopy, demonstrating apple-green birefringence characteris-
tic of amyloid. Original magnification x 400.

the rapidity of symptom progression in CAA distinguishes
it from Alzheimer disease.

Cerebral amyloid angiopathy is characterized by Ap
fibril deposition into the vessel wall, preferentially at vascu-
lar bifurcations and distal to these bifurcations,*!"* causing
subsequent degeneration of leptomeningeal and cortical ar-
teries.”> Amyloid beta protein is primarily deposited in the
abluminal portion of the tunica media and adventitia of the
blood vessel in close proximity of smooth muscle cells.!'®
As the disease progresses, all parts of the vessel wall are
affected, leading to the pathological hallmarks of oblitera-
tive intimal thickening (“‘onion skin” appearance), fibrinoid
necrosis, hyalinoid degeneration of the media, and subse-
quent new media formation 3'"° which can lead to “vessel-
within-a-vessel” formation or the so-called “double-barrel”
appearance. Aneurysm formation and microhemorrhages
within the vessel wall have also been described and can
be seen in Fig. 1. The aforementioned APOE-€2 allele
has been associated with fibrinoid necrosis, as well as the
double-barrel appearance of blood vessels.?6-52

These spontaneous hemorrhages are a result of vessel
wall degeneration due to deposition of A} protein. In vi-
tro and in vivo experiments in animal models suggest that

TABLE 2: Pathological grading systems for CAA

P. Mehndiratta et al.

AP deposition leads to degeneration of smooth muscle
cells in the tunica media and creates an anticoagulative
microenvironment by mimicking inhibitors of the coagu-
lation cascade or by inducing and activating important
tissue proteinases, for example, MMP-2 and MMP-9,#0-50
which may add to the fragility of affected cerebral blood
vessels.

Pathological grading systems have been established
to characterize CA A based on autopsy findings. Olichney
and colleagues® classified amyloid angiopathy based on
AP positivity in leptomeningeal and cortical blood ves-
sels (Table 2). Vonsattel and colleagues''? graded the se-
verity of CAA by the degree of amyloid infiltration into
the vessel wall. Both grading systems can be used in a
complimentary manner; the former localizes the disease
process while the latter ascertains the severity of disease.

Clinical Presentation of CAA and
CAA-Associated ICH

Clinically, patients with CAA-related ICH present
with a focal neurological deficit and/or symptoms of in-
creased intracranial pressure. Alterations in conscious-
ness might be seen with large parenchymal hematomas.
There are also reports of CAA presenting with a mass
lesion'! or transient neurological symptoms,?” leukoen-
cephalopathy,”” and seizures.’'#° Transient neurological
symptoms are likely caused by vessel obliteration due to
intimal thickening.’*!"> These symptoms may last from
minutes to hours. Seizures have also been reported and
are possibly caused by microhemorrhages irritating the
cortex.?

Rosand and colleagues®® used MRI to describe the
spatial clustering in probable CAA-associated ICH. The
absolute number of total hemorrhages is greatest in the
frontal lobes. However, after taking into account the vol-
ume of each cerebral lobe using an atlas,* they found that
CAA-associated ICH has a significant predilection for the
temporal and occipital lobes. Recurrent hemorrhages are
more likely to occur in the same lobe as prior hemor-
rhages; however, this scenario only occurs in 29% of re-
current hemorrhages.”® This finding agrees with autopsy
studies that have shown a predilection for the temporal
and occipital lobes.*

Grading System Definition
Olichney et al., 1995
0 no AB-positive blood vessels
1 scattered AB positivity in leptomeningeal or intracortical blood vessels
2 strong, circumferential A positivity in some leptomeningeal or intracortical blood vessels
3 widespread, strong, circumferential, AR positivity in leptomeningeal & intracortical blood vessels
4 same as Grade 3, w/ additional dysphoric changes
Vonsattel et al., 1991
mild amyloid is restricted to the tunica media without significant destruction of smooth muscle cells
moderate the tunica media is replaced by amyloid & is thicker than normal
severe extensive amyloid deposition w/ focal wall fragmentation or even double barreling of the vessel wall, mi-

croaneurysm formation, fibrinoid necrosis, & leakage of blood through the blood vessel wall
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Originally proposed by Greenberg and colleagues,
the Boston Criteria guides clinical diagnosis of CAA in
the setting of ICH. All of the diagnostic categories re-
quire the absence of other conditions that could cause
lobar ICH, such as coagulopathy, antecedent trauma or
ischemic stroke, CNS neoplasm, vascular malformation,
and vasculitis. A diagnosis of definite CAA-associated
hemorrhage requires a full pathological examination that
demonstrates the following: lobar, cortical, or subcorti-
cal hemorrhage; severe CAA with vasculopathy; and the
absence of an alternate diagnostic lesion. Probable CAA-
associated hemorrhage requires an age older than 55
years and MRI or CT findings that demonstrate multiple
hemorrhages restricted to lobar, cortical, subcortical, or
cerebellar hemorrhage. Probable CAA-associated hem-
orrhage with supporting pathology requires the previous
clinical data with the addition of some degree of CAA
seen in pathological specimens. Possible CA A-associated
hemorrhage requires age greater than 55 years with a sol-
itary lobar, cortical, or subcortical hemorrhage.

A study by Knudsen and colleagues*® demonstrated
that the Boston Criteria can be effectively used to predict
the presence of underlying CAA in lobar hemorrhages.
The accuracy of the criteria was compared against patho-
logical specimens obtained from hematoma evacuation or
brain biopsy, as well as autopsy findings. All 13 patients
classified as having probable CAA were pathologically
diagnosed with CAA. The other 26 patients were clas-
sified as having possible CAA, and 62% of them were
ultimately pathologically diagnosed with CAA. Given the
apparent accuracy of this classification scheme, clinicians
should strongly consider incorporating the Boston crite-
ria into the management of CA A-associated ICH.

When patients present with lobar ICH of unknown
cause, age is a good predictor of the most likely underly-
ing cause. A study by Wakai and colleagues''® reviewed
29 patients who presented with lobar ICH and underwent
surgical biopsy. Listed by increasing mean age, the cause
of ICH was cavernous malformation (27.0 years), arterio-
venous malformation (45.8 years), tumor apoplexy (47.5
years), microaneurysm (59.8 years), and CA A-associated
ICH (70.0 years). The difference in age was statistically
significant when comparing arteriovenous malformation
or microaneurysm with CAA-associated ICH, although
no formal regression model was reported. These data sup-
port the use of increasing age to assist in clinical diagno-
sis of CA A-associated ICH.

Thrombolysis-Related Hemorrhages in Patients
With CAA

Intracranial hemorrhage is an uncommon but devas-
tating complication after thrombolytic therapy.®* In pa-
tients receiving thrombolysis for acute ischemic stroke,
it was recognized that up to 20% of hemorrhages occur
outside of the ischemic penumbra.” This finding provides
some evidence that these patients might have an underly-
ing vasculopathy. In a situation in which an elderly patient
receives thrombolysis, it is most likely that CAA is the
underlying vasculopathy.

Thrombolysis-associated ICH is seen in 0.6% of pa-
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tients treated for acute myocardial infarction, 3% of pa-
tients treated for pulmonary embolism, 6% of patients
receiving intravenous tPA for ischemic stroke, and 11%
of patients receiving intraarterial tPA for ischemic stroke.
Thrombolysis-related ICHs are usually solitary, large,
and lobar in location.?® Clinical risk factors such as age,
hypertension, low body weight, and the type of thrombo-
lytic agent appear to increase the risk for ICH after throm-
bolytic therapy.*? Therefore, pathological conditions other
than ischemic brain tissue, such as hypertensive vascular
disease and CAA, are suspected to predispose to hemor-
rhage after thrombolysis.?3101:113

Amyloid Beta—Related Angiitis

Amyloid beta—related angiitis (ABRA) is a unique
presentation of CAA that is not commonly encountered.
It is closely related to primary angiitis of the central ner-
vous system (PACNS), and 20% of patients present with
ICH. It must be noted that patients with ABRA also can
present with acute changes in mental status, altered con-
sciousness, confusion, and memory loss. Thus, PACNS
and CAA are among the mimickers of ABRA. These
acute symptoms are often superimposed on a subacute
course of headaches, dementia, seizures, and focal neu-
rological deficits. Approximately 20% of patients with
ABRA present with ICH.'” The distinction between
these pathologies is clinically important, as the prognosis
and treatments vary significantly between these entities
(Table 3).2054100.103 Amyloid beta—related angiitis is a fre-
quently fatal condition that must be suspected in patients
with serial focal neurological deficits of unknown origin.
Brain biopsy is the gold standard for diagnosis, and some
benefit has been reported with use of steroids and cyclo-
phosphamide.?>%

Eng and colleagues!” described cerebrovascular pa-
thology in a subset of 7 patients who presented with head-
aches, seizures, and rapidly progressive cognitive decline
over several months. Cerebral histopathology was charac-
terized by perivascular inflammation with multinucleated
giant cells. Figure 3 demonstrates these same classic patho-
logical findings in one of our own patients diagnosed with
ABRA.

Imaging Characteristics of CAA-Associated ICH
and Microhemorrhages

Currently available literature on CAA imaging de-
fines microhemorrhages as foci of smaller than 5 mm
that are hypointense on T2-weighted MR sequences.'$?
Microhemorrhages likely result from the rupture of small
blood vessels that are smaller than 200 um in diameter.
The microhemorrhages associated with CAA are best vi-
sualized on gradient echo sequences. These T2-weighted
sequences are highly sensitive to the field inhomogeneity
that results from hemosiderin deposition in macrophages
after the breakdown of blood products.** Hemosiderin re-
mains in macrophages for many years after hemorrhage,
allowing for determination of the total microhemorrhage
burden.?® Autopsy studies have shown that microhemor-
rhages appear larger on MR images, which is attributed
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TABLE 3: Differences among ABRA, CAA, and PACNS*
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Parameter ABRA CAA PACNS
typical age (yrs) at onset 65-70 75-80 40-50
sex predilection none none none

clinical features TIA, ICH, dementia

type of vessel involvement  severe leptomeningeal & parenchymal
amyloid angiopathy

angiocentric lymphocytic inflammation,
perivascular multinucleated giant
cells around amyloid-laden blood
vessels, AB deposition in blood
vessel walls

focal patchy nonspecific white matter
hyperintensities on T2WI

pathology

MRI findings

treatment no RCTs; trial of steroids & immuno-
suppressive agents as described in
historical case reports

complications & prognosis  poor prognosis; most patients develop

ICH

ICH, dementia

leptomeningeal & superficial cortical
vessels

AR deposition in superficial cortical &
meningeal arteries; evidence of neu-
rofibrillary tangles & neuropil threads;
occasional splitting of vessel walls w/
double-barrel appearance

nonspecific white matter hyperintensi-
ties on T2WI; microhemorrhages on
gradient echo

withhold anti-PLT or anticoagulants if
at high risk for hemorrhage; no use
of steroids

unclear; dementia & ICH often result

focal neurological deficits, TIA, seizures,
SAH

small leptomeningeal & parenchymal
vessels

segmental/circumferential involvement
of blood vessels; inflammation may
be lymphocytic, granulomatous, or
mixed; presence of fibrinoid necrosis

subcortical nonspecific white matter
hyperintensities on T2WI

no RCTs; use of steroids & steroid-
sparing agents, such as cyclophos-
phamide, is indicated

fair prognosis w/ use of immunosup-
pressants

* anti-PLT = anti-platelet therapy; RCT = randomized control trial; SAH = subarachnoid hemorrhage; T2WI = T2-weighted MRI; TIA = transient ischemic

attack.

PO BT el g ' Shis

Fic. 3. Amyloid-laden cortical arteriole with superimposed granulo-
matous inflammation. H & E, original magnification x 400.
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to the so-called “blooming” that is seen on susceptibility-
weighted imaging. The interface between the hematoma
and surrounding tissues provides susceptibility artifact that
increases the apparent size of the hematoma.?

Asymptomatic microhemorrhages are the most
common radiological findings in CAA.® The differ-
ential diagnosis of this appearance includes cavernous
malformations, cerebral autosomal dominant arteriopa-
thy with subcortical infarcts and leukoencephalopathy
(CADASIL), ABRA, and PACNS. Interestingly, imaging
studies obtained in healthy volunteers also showed that
asymptomatic hemorrhages occur in roughly 3%—5% of
the population.®!” While initially considered to be in-
cidental in nature, evidence now suggests that lobar mi-
crohemorrhages are predictive of the future lobar hemor-
rhages.!® As discussed below, the presence of asymptom-
atic microhemorrhages also has significant implications
for elderly patients requiring antiplatelet or anticoagulant
therapies.

The number of microhemorrhages present at baseline
is correlated with an increased risk for recurrent ICH, as
well as a decline in cognitive function.?” Figure 4 shows
an example of the appearance of these microhemorrhages
on MRI. This study also fortified the use of gradient echo
imaging as a surrogate marker for disease severity in
CAA. Nakata-Kudo and colleagues’ demonstrated that
microhemorrhages were more common in patients with
Alzheimer disease and more likely to be due to CAA
rather than cerebrovascular risk factors such as hyperten-
sion. The Prospective Study of Pravastatin in the Elderly
at Risk (or PROSPER) study recently investigated the
presence and location of microhemorrhages and their
correlation with declining cognitive function. Although
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the results were not statistically significant, the study did
demonstrate a trend toward worsening cognitive function
in patients with infratentorial microhemorrhages.!”

IMustrative Case

This 69-year-old man presented to the hospital with
acute onset of right-sided visual field deficit. At the time of
presentation, his blood pressure was 160/100 mm Hg; other
vital signs were within normal limits. Neurological exami-
nation revealed the presence of a right homonymous hemi-
anopia with no associated long tract signs. Funduscopic
examination was unremarkable. The patient’s medical his-
tory was significant for hypertension, dyslipidemia, and
coronary artery disease. He was taking a daily aspirin but
was not compliant with his antihypertensive regimen. A
CT scan of the head revealed the presence of an acute left
occipital ICH measuring 13.4 cm?® in volume without any
evidence of midline shift (see Fig. 5A). Magnetic resonance
imaging and MR angiography of the brain were performed
to further elucidate the cause of hemorrhage. Gradient
echo and T2 sequences demonstrated the presence of mi-
crohemorrhages in the right occipital, left occipital, and left
frontal lobes, suggestive of a CAA (Fig. 4). The images
additionally showed diffuse hypointensities within the left
occipital convexity cistern, suggestive of subarachnoid

Fic. 4. A: Magnetic resonance image of the brain demonstrating dot
burden on a gradient echo sequence. B: Gradient echo sequence
demonstrating acute CAA-associated ICH in the left parietooccipi-
tal region. C: A FLAIR sequence showing acute CAA-associated
ICH. D: Axial T2-weighted image showing the extent of acute CAA-
associated ICH in the left parietooccipital region.
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Fie. 5. A: Non—contrast administered CT scan of the head showing
the patient’s first diagnosed CAA-associated ICH in the left parietooc-
cipital lobe.  B: Interval CT of the head without contrast demonstrating
resolution of the previous CAA-associated ICH at a 6-month follow-
up visit.  C: Non-contrast administered CT scan of the head in the
same patient several months later, demonstrating a new ICH in the right
occipital lobe. This occurred in the region of previous gradient echo
changes seen in Fig. 4A.

hemorrhage. The patient was started on antihypertensive
medication, and his aspirin was withheld due to concern
for CAA-associated ICH. Additional cranial CT scanning
performed 6 months later demonstrated interval resolution
of the occipital hemorrhage (Fig. 5B). The patient was re-
admitted to the hospital 11 months later with rehemorrhage
into the region of the previous left occipital lobar ICH. He
was not hypertensive at the time of his second admission.
The patient was treated conservatively and discharged
home. He returned again after 6 months with a third ICH,
again in the right occipital lobe (Fig. 5C).

The recurrence of lobar hemorrhages in a patient
with controlled hypertension along with imaging evidence
of multiple microhemorrhages are indicative of CAA-
associated ICH. As seen in this case, the presence of mul-
tiple microhemorrhages is a significant risk factor for the
development of recurrent hemorrhages. It should be noted
that, in our illustrative case, the microhemorrhages visual-
ized on gradient echo MRI sequences were not appreciated
on the initial cranial CT (Fig. 5A).

Medical Management of CAA-Associated ICH

The most recent update to the guidelines by the
American Heart Association/American Stroke Association
did not embrace amyloid-associated ICH as a separate
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entity from all other causes of ICH.”° Therefore, medical
management of CAA-associated ICH does not differ from
other causes of ICH. Hematoma enlargement in all-cause
ICH occurs to a great extent within 3 hours of symptom
onset, although it has been seen to continue up to 12 hours
after onset.!* Recent studies have focused on control of
early hematoma growth by intensive antihypertensive ther-
apy, as well as the use of procoagulants.®!* Similar to any
ICH, emergency radiological examination with MRI or CT
scanning should be pursued to differentiate it from isch-
emic stroke (Class 1A). After diagnosis, patients with se-
vere coagulopathy or thrombocytopenia should receive ap-
propriate reversal (Class IC). Similarly, anticoagulant and
antiplatelet therapies should be held with reversal of any
iatrogenic coagulopathy (Class IC). Prevention of venous
thromboembolism should be undertaken with use of elastic
stockings and intermittent pneumatic compression devices
(Class IB). Initial monitoring of these patients should occur
in the ICU and, if available, under the guidance of staff
familiar with neurological intensive care (Class IB). Blood
glucose should be routinely monitored, and maintenance of
normoglycemia is recommended (Class IC). Patients with
clinical seizures should be started on appropriate antiepi-
leptic drugs (Class IA). Antiepileptic therapy should also
be started if a patient has a change in mental status with
electroencephalographic evidence of electrographic sei-
zures (Class IC).

The safe use of antiplatelet therapy in patients with
CAA is considered controversial. Gorelick®® demonstrat-
ed that cerebral microhemorrhages were more prevalent
among patients taking antiplatelet medications (adjusted
OR 1.71 [95% CI 1.21-2.41]), and these microhemorrhag-
es were more likely to be in lobar locations among aspirin
users than in nonusers (adjusted OR compared with non-
users 2.70 [95% CI 1.45-5.04]). In a similar study by Ge
and colleagues,?? patients using aspirin for longer than 5
years had a higher frequency of microhemorrhage than
those taking aspirin for less than 5 years (p < 0.0001).
Biffi and colleagues'® showed that, after CA A-associated
ICH, antiplatelet therapy significantly increased the risk
of recurrent hemorrhage only if patients had MRI evi-
dence of microhemorrhage at follow-up. In contrast to
these retrospective analyses, studies by Viswanathan and
colleagues'' and Taylor and colleagues'®> demonstrated
that the risk of antiplatelet agents on ICH recurrence and
severity was substantially smaller than that for antico-
agulation, suggesting that antiplatelet treatment may be a
safer alternative to anticoagulation after ICH.

Recently, the ACTIVE A (Atrial Fibrillation Clop-
idogrel Trial with Irbesartan for Prevention of Vascular
Events—Aspirin) study' reported the impact of dual anti-
platelet therapy versus warfarin on vascular events in pa-
tients at high risk for anticoagulation. Although previous
ICH was listed as an inclusion criterion, the authors did not
report the proportion of patients with previous ICH. Even
though dual antiplatelet therapy reduced vascular events by
0.8% at the expense of a 0.7% increase in bleeding events,
the results of this study cannot be extrapolated to those
with previous ICH or microhemorrhages. The American
Heart Association guidelines on management of spontane-
ous ICH recommend consideration of anticoagulation and
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antiplatelet therapy after all ICH, particularly when there
are definite indications for these agents (Class 1IB; Level
of Evidence: B).

McCarron and colleagues® described 36 patients with
CAA-associated hemorrhage, of whom 44% had one or
more dysfunctional APOE-¢ alleles. Those with an €2 allele
were younger at the age of onset of their first documented
hemorrhage than those without the £2 allele, although the
difference was not statistically significant (p = 0.088). This
study underscored the importance of using anticoagulant
and antiplatelet therapy with caution as these therapies ap-
pear to further increase the risk of ICH in patients with
CAA associated with the APOE-¢€2 allele.

Surgical Management of Amyloid-Associated ICH

The commonly superficial location of CAA-asso-
ciated ICH makes it an attractive surgical target for he-
matoma evacuation. The primary goals of hematoma
evacuation are prevention of hematoma expansion, reduc-
tion of mass effect and edema, and decompression to im-
prove local perfusion. Ultimately, halting the progression
of these pathological processes is hoped to salvage the
perilesional penumbra. The following discussion outlines
the historical results of surgical management in CAA-
associated ICH and provides prognostic data to guide op-
erative management of CA A-associated ICH.

Concern for an increased risk of postoperative ICH
after surgery in patients with amyloid angiopathy arose
after Torack’s description!*® of a cerebral biopsy and ven-
triculoperitoneal shunt placement in a patient with CAA,
which resulted in a fatal postoperative ICH. Initially, 4
other authors reported difficulty with intraoperative he-
mostasis.'*33478 However, since those early reports, there
have been numerous surgical series reporting safe per-
formance of hematoma evacuation and cortical biopsy
(Table 4).16:1924.29.3349.56.97 Many of these case series specifi-
cally state that the authors experienced no problems with
intraoperative hemostasis.?>*-3%% The establishment of
surgical safety in CAA is extremely important when dis-
cussing minimally invasive techniques where hemostasis
can be more cumbersome to attain.

Literature Review of Surgical Case Series

We performed a MEDLINE search to locate all of
the case series discussing surgical management of CAA-
associated ICH. Seventeen relevant studies are summa-
rized in Table 4. There is a paucity of literature regard-
ing prospective randomized control trials that investigate
surgical clot evacuation in patients with CA A-associated
ICH. As summarized in Table 4, there are a number of
small, retrospective studies reporting surgical outcomes.
The comparison of results in medically treated patients
with CAA-associated ICH is difficult, as accurate diag-
nosis of CAA requires a tissue diagnosis. One study dem-
onstrated that biopsy at the time of surgical evacuation of
a lobar hematoma had a 67% sensitivity (4 of 6 patients)
for diagnosing CA A-associated hemorrhage.®' This study
also emphasized that, in addition to leptomeningeal ves-
sel biopsy, cortical vessels should be biopsied whenever
possible to provide the most accurate diagnosis of CAA.
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TABLE 4: Case series describing a total of 304 patients that underwent surgical intervention for CAA-associated ICH*

No.of Age % wi % on Anti-PLT Hemorrhage %w/ % w/ Mortality % w/ Good

Authors & Year Patients (yrs) Dementia Therapy HTN Vol (ml) IVH POH Rate (%) Outcomet
Gilles et al., 1984 6 695 27 — 18 — 18 0 67 —
Kalyan-Raman & Kalyan-Raman, 1984 10 706 10 10 30 — 10 0 70 20
Cosgrove et al., 1985% 4 752 46 — 59 — 24 — 75 6
Roosen et al., 1985 1 59.0 0 — 0 — — 0 0 —
Filloux & Townsend, 1985 1 640 100 — 0 — — 0 0 100
Greene et al., 1990 9 729 22 — 33 — — 0 33 44
Leblanc et al., 1991 12 756 17 — — — 25 17 42 —
Lange & Feiden, 1991 5 782 0 — — — — 20 40 40
Matkovic et al., 1991 8§ 730 25 — 63 — — 13 67 25
Wakai et al., 1992 6 700 — — 33 — — 0 — 50
Mehdorn et al., 1992 15 652 — — — — — 20 40 27
Minakawa et al., 1995 10  70.0 — — — 59 60 0 17 33
McCarron & Nicoll, 1999 12 697 — — — — — 0 66 75
lzumihara et al., 1999 37 756 19 0 4 60§ 14 5 " 54
Chen et al., 2004 5 762 0 0 20 28.5 80 0 0 407
Petridis et al., 2008 99 750 — — 72.7 — 24 22 16 "
Hirohata et al., 2010 41 732 14.6 7 0** — 16 29 19.5 —
Zhang et al., 2012 23 732 17 39 57 51§ 43 17 13 44
mean 72.2 16.4 10.3 46.0 55.0 249 118 244 33.8
* HTN = reported history of hypertension; POH = postoperative hemorrhage within the first 48 hours of surgery; — = not reported.

1 Good outcome defined as a GOS score greater than 3.

T Only 4 patients underwent surgery, but demographics were available for all 17 patients with CAA-associated ICH in this series.

§ These authors provided hematoma volume by groups. The mean listed here is extrapolated from that data by assuming a uniform distribution.

| The GOS score was unavailable. Good outcomes here are based on a modified Rankin Scale score less than 3.

** Patients with a history of hypertension were excluded. These patients were not included when computing the mean prevalence of hypertension.

In the reviewed studies, we found that 42% of pa-
tients with CAA-associated ICH had a history of hyper-
tension.!+19:24.29.36.56.113.119 The prevalence of hypertension in
those patients is significantly lower than that found in the
general population 65-74 years old.*? In studies reporting
estimated hematoma volume, the average volume was 57
cm?3.133668 In more familiar terms, this result equates to
a spherical hematoma that measures 4.8 cm in diameter.

In surgical case series reported in the neurosurgical
literature, the indicators of poor prognosis are low preop-
erative functional status,* poor preoperative neurological
examination,0*388.119 goe older than 75 years,**%8 presence
of IVH,!536498 preoperative diagnosis of dementia,?*36:11%
and postoperative hemorrhage.*®% Additionally, there is a
report of a trend toward poor outcome in CA A-associated
ICH with hematoma volume greater than 60 ml,*® which
has been demonstrated as a statistically significant pre-
dictor of poor outcome in all-cause ICH.2

Izumihara and colleagues®® demonstrated that the
strongest predictor of poor outcome following surgery for
CAA-associated ICH is the presence of IVH, with an OR
of 50.5. Age older than 75 years was the second strongest
predictor of poor outcome (OR 35). Patients with patholog-
ically confirmed CA A-associated ICH have a significantly
higher rate of Alzheimer disease.''” In a study comparing
CAA-associated ICH with other causes of ICH, patients
with CAA-associated ICH were 9.7 years older but had a

Neurosurg Focus / Volume 32 / April 2012

disproportionately higher rate of Alzheimer disease (68%
vs 9%).

The most recent case series of CAA-associated ICH
was published by Zhang and colleagues'® and demonstrat-
ed that a preoperative diagnosis of dementia is a strong
predictor of poor outcome. As discussed previously, a
preoperative diagnosis of dementia is a relatively com-
mon occurrence in older patients with CAA-associated
ICH. However, this study showed that it is an indepen-
dent predictor of poor outcome and should be considered
separately from the patient’s age. In their case series of
23 patients who were treated for CA A-associated ICH,'"?
they reported a 13% mortality. Favorable outcome (GOS
score > 3) at discharge was found in 22% of patients and at
6- to 12-month follow-up in 47% of patients. The authors
noted that a history of hypertension and degree of preop-
erative midline shift on imaging were associated with a
prolonged length of stay. Intraventricular hemorrhage was
also associated with poor outcome at discharge.

Historical concerns over difficult intraoperative he-
mostasis have been addressed; however, postoperative
hemorrhage is still a source of significant morbidity
and mortality. Notably, 1 of the 4 deaths that occurred
in the series by Zhang and colleagues'® was due to a
postoperative hemorrhage. Postoperative hemorrhage is
not unique to CAA-associated ICH; however, it occurs
much more frequently in CAA-associated ICH. As seen
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in Table 1, clinically relevant postoperative hemorrhage
is a relatively frequent occurrence after evacuation of
CAA-associated ICH. Palmer and colleagues®* reported
only a 3.1% incidence of postoperative hemorrhage fol-
lowing evacuation of all-cause ICH.* This rate was one-
fourth the historical rate we found in our meta-analysis
of surgical series of CAA-associated ICH (12%) (Table
4). Palmer and colleagues®* identified antiplatelet therapy
as the most common risk factor for postoperative hem-
orrhage following craniotomy. Similarly, the case series
of patients with CA A-associated ICH by Zhang and col-
leagues' reported that all 4 of their patients with postop-
erative hemorrhage were on antiplatelet therapy prior to
hospitalization. We were unable to find data to support or
refute any benefit of antiplatelet agent reversal in CAA-
associated ICH. However, data from previous case reports
suggest that these patients should therefore be monitored
closely for rebleeding in the immediate postoperative set-
ting.

When postoperative hemorrhage occurs, age appears
to be the primary determinant of mortality. In a series of
CAA-associated ICH surgically treated by Petridis and
colleagues,®® patients with postoperative hemorrhage who
were older than 75 years had a 55% mortality rate, com-
pared with a 30% mortality rate in patients younger than
75 years. Notably, survivors of postoperative hemorrhage
all had a GOS score of 3. Repeat hematoma evacuation
decreases mortality but still results in poor functional
outcomes, especially in elderly patients.

As illustrated in Table 4, the two primary patient-
centered outcomes of this meta-analysis are mortality
and functional status. These outcomes can be compared
with results from management of all-cause ICH in the
STICH trial.®> Our meta-analysis revealed that, after sur-
gical management of CAA-associated ICH, the average
mortality was 24% at 1 year, comparing favorably with
the surgically treated group in STICH, which reported a
6-month mortality rate of 36%. In the reviewed studies of
patients with CA A-associated ICH that was treated surgi-
cally, 33.8% attained a good outcome (GOS score > 3) at
1 year. This finding is better than the 26% of surgically
treated patients in the STICH trial that had a good out-
come at 6 months.

In comparison with the STICH trial, these case se-
ries are most notably limited by their retrospective nature
and small patient populations.”® Given the advanced age
and increased rate of Alzheimer disease of patients with
CAA-associated ICH, a concern about surgical treatment
would be the reduction of mortality with worsened func-
tional outcomes. Our findings suggest the possibility that
surgical management of CA A-associated ICH may actu-
ally improve both morbidity and mortality. The results of
this comparison are encouraging, especially after consid-
ering that the average age of patients in our meta-analysis
was 72 years, compared with 62 years in the STICH trial.
However, without prospective randomized trials of surgi-
cal management in CA A-associated ICH, it is not pos-
sible at this time to confidently state that there is a benefit
from surgical intervention.

Subgroup analysis of the STICH trial suggested bet-
ter functional outcomes after surgery in patients with
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superficial as well as lobar ICH in the absence of IVH.
These outcome measures formed the basis of STICH II,
aimed at randomized early evacuation of lobar ICH.%
The results of this trial will have large implications on
both the surgical management of all-cause ICH as well
as the subset of these patients who have CA A-associated
ICH.

Minimally Invasive Surgical Techniques for the
Treatment of CAA-Associated ICH

The use of minimally invasive surgical techniques
in the treatment of hypertensive hemorrhage has pro-
duced interest in applying those techniques to CAA-
associated lobar ICH. Stereotactic aspiration of ICH
was originally described by Backlund and von Holst®
in 1978, using an instrument based off of Archimedes’
screw. Improvements in instrumentation and technique
have expanded stereotactic aspiration to include the use
of endoscopy, chemothrombolysis, and sonothrombolysis.
Minakawa and colleagues®® used stereotactic aspiration
with CT guidance for aspiration of lobar ICH in 6 pa-
tients, 2 of whom had confirmed CAA-associated ICH.
There were no problems with intraoperative or postopera-
tive hemorrhage; however, no long-term functional out-
comes were available for these patients.

The Minimally Invasive Surgery Plus tPA for ICH
Evacuation (MISTIE) trial is currently underway, com-
paring the best medical management against stereotactic
aspiration of all-cause ICH along with periodic injection
of tPA. Preliminary results showed that this technique is
safe and effective at decreasing the volume of the hema-
toma.® There is also a clinical trial currently underway
for endoscopic hematoma evacuation in all-cause ICH
(MISTIE-ICES). Most recently, Newell and colleagues™
used adjuvant sonothrombolysis to attain an average of
59% hematoma reduction at 24 hours following evacu-
ation. Results from these trials will further characterize
the possible role of minimally invasive techniques in the
surgical treatment of CA A-associated ICH.

Conclusions

The increasing longevity of our patient population,
advances in the medical management of cerebrovascular
risk factors, and increased use of thrombolytic therapy
are likely to make CAA-associated ICH a more promi-
nent clinical problem in years to come. The Boston
criteria can be used for the clinical diagnosis of CAA-
associated ICH. After putative diagnosis, the clinician is
faced with the difficult decision of choosing which treat-
ment modality will provide the best outcome. From the
available retrospective data, traditional open craniotomy
is safe in the setting of CAA. Surgical clot evacuation
in CAA-associated ICH often results in a poor outcome
when the following are present: dementia, age older than
75 years, hematoma volume and location, preoperative
Glasgow Coma Scale Score 8 or lower, and intraventricu-
lar extension. With the occurrence of postoperative hem-
orrhage after hematoma evacuation, reoperation has been
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shown to be safe, with a significant decrease in mortal-
ity. However, elderly patients who undergo evacuation of
postoperative hemorrhage rarely have a good functional
outcome. Future prospective, randomized clinical trials
of hematoma evacuation in CA A-associated ICH will be
able to further characterize the role of surgery in the rath-
er morbid natural history of CA A-associated ICH.
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Thrombin and hemin as central factors in the mechanisms
of intracerebral hemorrhage—induced secondary brain injury
and as potential targets for intervention
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Intracerebral hemorrhage (ICH) is a subtype of stoke that may cause significant morbidity and mortality. Brain
injury due to ICH initially occurs within the first few hours as a result of mass effect due to hematoma formation.
However, there is increasing interest in the mechanisms of secondary brain injury as many patients continue to
deteriorate clinically despite no signs of rehemorrhage or hematoma expansion. This continued insult after primary
hemorrhage is believed to be mediated by the cytotoxic, excitotoxic, oxidative, and inflammatory effects of intrapa-
renchymal blood. The main factors responsible for this injury are thrombin and erythrocyte contents such as hemo-
globin. Therapies including thrombin inhibitors, N-methyl-D-aspartate antagonists, chelators to bind free iron, and
antiinflammatory drugs are currently under investigation for reducing this secondary brain injury. This review will
discuss the molecular mechanisms of brain injury as a result of intraparenchymal blood, potential targets for thera-

peutic intervention, and treatment strategies currently in development.
(http://thejns.org/doi/abs/10.3171/2012.1 FOCUS11366)

Key Worps ¢ intracerebral hemorrhage ¢ thrombin ¢ hemin ¢ braininjury -
neuroprotective drug ¢ protease-activated receptor

counts for approximately 10% of all deaths.*° Strokes

are classified as either ischemic or hemorrhagic, and
occur due to blood vessel occlusion or blood vessel rup-
ture, respectively. Approximately 13% of strokes are of the
hemorrhagic subtype and include ICH and SAH."” Intra-
cerebral hemorrhage is the most common cause of hemor-
rhagic stroke and causes extravasation of blood into the
parenchyma and subsequent hematoma formation, result-
ing in brain damage.*’ Intracerebral hemorrhage frequently
causes significant morbidity and death, with as many as
50% of patients dying within 1 month of presentation, and
only 20% of survivors able to function independently at 6
months.?? Also, with a worldwide incidence of 10-20 cases
per 100,000 people, ICH is a global public health prob-
lem.99,118

STROKE affects 15 million people worldwide and ac-

Abbreviations used in this paper: ATP = adenosine triphosphate;
BBB = blood-brain barrier; ICH = intracerebral hemorrhage; IL =
interleukin; MMP = matrix metalloproteinase; NF = nuclear factor;
NMDA = N-methyl-D-aspartate; PAR = protease-activated receptor;
RBC = red blood cell; rCBF = regional cerebral blood flow; SAH =
subarachnoid hemorrhage; TNF = tumor necrosis factor.
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Spontaneous ICH is mainly caused by hypertension,
which causes microaneurysms at the bifurcation of in-
tracerebral arterioles that can immediately rupture.®!??
These microaneurysms may be different from the ber-
ry aneurysms at the Circle of Willis branch points that
cause SAHs. Intracerebral hemorrhage may also be due
to cerebral amyloid angiopathy, anticoagulant use, hema-
tological disorders, arteriovenous malformations, arterio-
venous fistulas, cavernous angiomas, and brain tumors.
Intracerebral hemorrhage can be further distinguished
from SAH as it is more commonly found near gray-white
junctions in cerebral lobes, subcortical structures such as
the basal ganglia, the brainstem, and deep cerebellar nu-
clei.?>!%! Current management for ICH immediately after
onset involves airway management, monitoring of hemo-
dynamic parameters, control of intracranial pressure, and
hematoma evacuation.

Brain injury from ICH can be described by primary
and secondary mechanisms (Fig. I). The majority of the
brain injury due to ICH typically occurs within the first
few hours as a result of mass effect due to hematoma for-
mation.”® This primary injury results in increased pres-
sure and disruption of the surrounding neural structures,
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Fie. 1. Mechanisms and potential treatments for primary and secondary brain injury following ICH.

resulting in early neurological deterioration. Although
randomized trials have not consistently shown a clear
benefit of surgical management compared with medical
therapy, there may be a role for ICH evacuation in an at-
tempt to reduce intracranial pressure and reduce mass ef-
fect to try and improve outcomes in select cases. Lack
of Class I data supporting evacuation may be due to the
added morbidity of the surgical procedure in eloquent ar-
eas (such as the basal ganglia), inappropriate timing of
clot evacuation, variability of ICH and techniques used,
and insufficient sample sizes in clinical trials.

Because the optimal therapy for treating the primary
injury associated with ICH has not yet been identified,
prevention and treatment of secondary injury is impera-
tive. As many patients continue to deteriorate clinically
despite no signs of rehemorrhage or hematoma expansion,
there is increasing interest in the mechanisms of second-
ary brain injury following ICH.*® Vasogenic and cytotox-
ic edema due to the breakdown of the BBB and cellular
injury have been implicated in this process."*¢ Additional
mechanisms for this secondary injury are believed to
be due to the intraparenchymal accumulation of various
blood components following ICH, activating cytotoxic,
excitotoxic, oxidative, and inflammatory pathways.®" As
a result of increased awareness of this secondary injury,

2

specific therapeutic targets have been identified in hopes
of preventing further brain damage following ICH. In
this review, we will discuss the various molecular mecha-
nisms of secondary brain injury as a result of intrapa-
renchymal blood, potential therapeutic targets, and the
various treatment strategies currently under investigation.

Mechanisms of Secondary Brain Injury
Thrombin-Induced Injury

Thrombin, a serine protease found in the brain after
ICH, has been shown to induce brain injury (Fig. 2). This
enzyme is produced on the plasma membranes of plate-
lets, neutrophils, monocytes, and lymphocytes as a result
of cleavage of prothrombin following activation of the in-
trinsic and/or extrinsic coagulation cascades.”*”'*8 Entry
of blood into the brain parenchyma activates this process,
releasing large amounts of thrombin that is known to
cause perihematomal edema formation after ICH due to
endothelial cell damage.”>4%!48 Studies have also shown
continuous release of thrombin from intracerebral hema-
tomas for 2 weeks after clot formation due to fibrinoly-
sis. 12!

Thrombin-induced injury may be a central mecha-
nism for secondary injury in ICH, as many pathways are
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Fic. 2. Once released after ICH, thrombin is able to activate the complement pathway and PARs. This leads to a variety of cy-
totoxic, excitotoxic, and inflammatory effects that all lead to secondary brain injury. MAPKs = mitogen-activated protein kinases.

implicated. Secondary injury due to thrombin primarily
occurs through PARs, a family of G protein—coupled pro-
teins found on the surface of various cells including plate-
lets, neurons, and endothelial cells.?* Of these receptors,
PAR-1, PAR-3, and PAR-4 have been shown to be acti-
vated by thrombin.?*-?¢ This activation occurs by cleav-
age of the exodomains of PARs, forming a new amino
terminus that acts as a tethered ligand for receptor activa-
tion, resulting in the activation of various signaling path-
ways. #8132 Protease-activated receptor-1 has been shown
to be upregulated in ischemia models and is implicated in
potentiation of NMDA receptors, neurite retraction, and
cell death.3"119128129 Tt has been shown that mice lacking
PAR-1 have a reduction in infarct volume following focal
ischemia, indicating its importance in brain injury.**!4
Additionally, studies have shown continued PAR-1 ac-
tivation following ICH, with PAR-1 levels peaking at 3
days after onset.'®> This effect may last for up to 14 days,
implicating this process in cerebral edema initiation as it
often peaks approximately 3 days after ICH.'> Protease-
activated receptors also activate various intracellular en-
zymes such as mitogen-activated protein kinases, which
play a role in the recruitment of microglia and neuronal
injury.’!

Red Blood Cell Lysis

The presence of extravasated RBCs in the brain fol-
lowing ICH also stimulates a variety of cytotoxic, oxida-
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tive, and inflammatory processes (Fig. 3). Red blood cell
lysis begins to occur approximately 24 hours following
ICH and occurs for several days after onset.?”!331% This
primarily occurs due to intracellular energy depletion,
loss of structural integrity, and the formation of the mem-
brane attack complex due to activation of the complement
system.> The release of the intracellular contents of these
cells induces brain edema, as studies have shown increas-
es in edema volume following reductions in hematoma
size due to clot lysis."*® Studies in animals have shown
delayed brain injury with intracerebral infusion of packed
RBCs and dramatic edema formation within 24 hours
following infusion of lysed RBCs.?133140.145 Infusion of
lysed RBCs also causes disruption of the BBB, DNA in-
jury, and expression of heat shock proteins, indicating cell
stress.80-140.143.145 Once released from RBCs, hemoglobin is
degraded into heme and iron, causing injury to surround-
ing CellS.95’133’139’157

Cytotoxicity

Thrombin has been shown to induce various compo-
nents of the complement system, an enzymatic cascade
of blood and cell surface proteins. Thrombin primarily
activates complement C3d and C9.%-5055 The presence of
C3d following ICH indicates activation of the comple-
ment cascade, while deposition of C9 on the neuronal cell
membranes indicates membrane attack complex forma-
tion.!* This activity leads to the formation of a trans-

3



R. Babu et al.

Membrane
intercalation

Inflammation

NF-kB -«—— Hemin

DNA
fragmentation H,0,

c S~ Fe> ——— ROS
HO-1 \___h co

Y
Biliverdin
Cellular stress
Biliverdin .
reductase
Bilirubin » Protection/Injury?

Fic. 3. Hemolysis leads to the release of hemin into the extracellular space. Hemin may then intercalate into cell membranes
or enter cells via the heme carrier protein 1 (HCP1). Intracellularly hemin may activate cytotoxic and inflammatory pathways. It is
then degraded by heme oxygenases, producing prooxidative iron, carbon monoxide (CO), and bilirubin. Thus far, the role of CO
and bilirubin in ICH-mediated injury is unclear. Hb = hemoglobin; HO-1 = heme oxygenase-1; ROS = reactive oxygen species.

membrane pore and subsequent cell lysis, which may be
one of the mechanisms of neuronal death and disruption
of the BBB as a result of endothelial cell damage follow-
ing ICH.» Additionally, lysis of erythrocytes may result
in further damage through hemoglobin-mediated edema
formation.'¥

Thrombin is also able to induce apoptosis in neu-
rons and astrocytes by activation of various intracellular
pathways.””?® This occurs via RhoA, a small guanosine
triphosphate-binding protein part of the Ras superfamily.?’
RhoA inhibitors have been noted to attenuate thrombin-
mediated cell death, implicating this mechanism as a major
cause of neuronal loss following ICH. However, the exact
mechanism by which RhoA induces apoptosis is currently
unknown. This process may involve caspase activation, as
inhibitors to these enzymes have been shown to prevent
thrombin-induced cell death.!8

4

Excitotoxicity

Potentiation of NMDA receptors by PAR-1 may cause
neuronal death following ICH due to glutamate-induced
excitotoxicity.’’* This notion is supported by studies
showing that PAR-1 knockout mice had reduced thrombin-
mediated NMDA receptor potentiation.’’#* Also, removal
of PAR-1 and the addition of NMDA receptor antagonists
reduce neuronal injury associated with the addition of
NMDA and transient middle cerebral artery occlusion.*?
The potentiation of NMDA by PAR-1 occurs through the
activation of Src, a proto-oncogene tyrosine-kinase, which
is known to augment NMDA activity by phosphorylation of
these receptors.'® This activity is confirmed by increased
expression of Src kinases following ICH.''3

Levels of extracellular amino acids such as glutamate
have been shown to increase following ICH, resulting in
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glutamate-mediated excitotoxicity.”” This increase in lev-
els of extracellular amino acids may be due to the release
of these molecules as a result of active ischemia, as in
vivo models have shown 80-fold increases in glutamate
levels after middle cerebral artery occlusion.¥’ Because
neurons have high intracellular concentrations of gluta-
mate, ICH-induced cell death may result in the release
of these stores into the extracellular space.” Additionally,
injury of astrocytes may impair glutamate removal, re-
sulting in extracellular accumulation.

Oxidative Injury

Hemin, the oxidative form of heme, is a potent oxi-
dant that injures cells and is well known to cause brain in-
jury.19 Its mechanism of action occurs through oxidative
stress and the activation of caspases, resulting in the in-
jury of astrocytes, neurons, and microglia.'>!>> However,
microglia that clear hemin have protective mechanisms
that prevent cell death."” Following ICH, hematogenous
phagocytes, microglia, and surrounding astrocytes and
neurons attempt to sequester hemin.'%*156 This primarily
occurs via the heme carrier protein 1.1 Once within the
cell, hemin is degraded by heme oxygenases, producing
biliverdin, carbon monoxide, and iron.”*'% Iron released
due to hemin degradation can reach high levels within the
brain following ICH, resulting in the formation of hydrox-
yl radicals and subsequent cellular stress and DNA dam-
age via interaction with hydrogen peroxide.>8613%13% Jron
levels after ICH may increase up to 3-fold and remain
elevated for 1 month, causing continued brain injury fol-
lowing the initial insult."* However, hemin itself can also
participate in redox reactions, producing free radicals
that can damage intracellular structures and cause oxida-
tive stress.’’ Additionally, because hemin is lipophilic, it
may intercalate into lipid membranes, altering function
and fluidity.* The roles of biliverdin, which is converted
to bilirubin by biliverdin reductase, and carbon monoxide
are unclear.”® Small concentrations of bilirubin have been
demonstrated to inhibit glutamate uptake and induce in-
flammation, oxidative stress, and apoptosis.!s3+!15 Howev-
er, bilirubin and carbon monoxide have also been shown
to have antioxidant and antiinflammatory effects.'” Also
unclear is the amount of bilirubin accumulation due to
hemin degradation following ICH.

Inflammation

Thrombin has also been observed to increase pro-
inflammatory cytokines such as TNF-a and IL-1p.54142
This increase may occur through the activation of mi-
croglia via PARs, resulting in recruitment and prolifera-
tion of these cells at the site of injury.'*®!?° Tumor necrosis
factor-a has been shown to increase in ICH models and
is implicated in edema formation because TNF-a knock-
out mice have less brain edema and neurological deficits
compared with wild-type mice.>* Plasma TNF-a has
been shown to correlate with the amount of brain edema
in patients."” Other studies have also raised other mecha-
nisms of TNF-a mediated injury such as enhancement
of leukocyte infiltration, resulting in BBB disruption and
cellular apoptosis.® Thrombin also stimulates microglia
to secrete IL-1§, resulting in similar damaging effects as
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TNF-a, such as neurotoxicity, opening of the BBB, and
induction of apoptosis.'*? The role of this mechanism in
ICH-mediated injury is supported by studies showing at-
tenuation of brain edema by the overexpression of IL-1f3
receptor antagonists.'?

Matrix metalloproteinases are zinc-containing prote-
ases that are involved in extracellular matrix remodeling,
chemotaxis, and proteolytic cleavage of various mole-
cules. These proteins are produced by microglia, peri-
cytes, and astrocytes, and when found in high levels in the
brain, result in extracellular matrix degradation, BBB dis-
ruption, and neuronal death.'** The mechanism for MMP-
mediated brain injury is due to activation of microglia and
subsequent release of inflammatory cytokines, release of
neutrophil-derived toxins from infiltrated leukocytes, and
generation of toxic molecules from interaction with nitric
oxide. Several MMPs including MMP-2, -3, -9, and -12
have been observed to increase following ICH and can af-
fect clinical outcome.>?® Additionally, studies have shown
that MMP-3, -9, and -12 null mice have less brain injury
as a result of ICH.!3:14%150 A5 thrombin is able to increase
expression of various MMPs, the effects of thrombin on
microglial activation and neuronal apoptosis may be due
to these mediators.®”!15

Nuclear factor-kB, a transcription factor involved in
inflammatory processes, also contributes to brain injury
following ICH.3 In response to various cytokines and free
radicals, NF-xB translocates to the nucleus, inducing the
transcription of inflammatory enzymes, chemokines, and
cytokines. Activation of NF-kB occurs within minutes of
ICH and can remain active for 7 days following onset.'®!
This activity results in DNA fragmentation, causing cell
death.*¢ Elucidation of the mechanisms of DNA fragmen-
tation following NF-kB may allow for the development of
therapeutic interventions to inhibit this process.

Nonhematogenous Perihematomal Mechanisms
of Secondary Injury

Ischemia has been believed to play a role in second-
ary brain injury following ICH. Several animal stud-
ies have shown reductions in rCBF and the presence of
tissue ischemia around hematomas, even though blood
flow is reestablished quickly.?!888%100.106.151 Thjs return
to normal perfusion is observed as early as 10 minutes
following hemorrhage but is likely variable, depending
on factors such as size of the hematoma and the pres-
ence of increased intracranial pressure. Although there
may be quick recovery, ischemic damage to the cortex
overlying the hematoma has been noted, consistent with
histological findings of ischemia following 5 minutes of
CBF cessation.?>!22 In ICH, ischemia of the surround-
ing tissue may be due to mechanical compression of the
surrounding microvasculature by the hematoma, result-
ing in a hypoxic environment.?>% Hypoxia causes brain
injury by a multitude of mechanisms. The inability to
synthesize ATP results in Na*/K* ATPase dysfunction,
leading to neuronal membrane depolarization and ionic
imbalance.?® This may impair the function of many en-
zymes such as sodium-dependent glutamate transporters,
resulting in increased extracellular glutamate levels and
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excitotoxicity.?® Low concentrations of ATP also prevent
the maintenance of low calcium concentrations within
cells by disrupting the Ca** ATPase, leading to high in-
tracellular calcium levels that activate many DNAses
and calcium-dependent proteases.?® Additionally, energy
depletion results in the production of reactive oxygen spe-
cies and the release of cytochrome c from the outer mi-
tochondrial membrane, both of which result in apoptosis
and further brain injury.?®!?¢ Many of these mechanisms
of injury overlap with the excitotoxic and oxidative path-
ways induced by thrombin and hemin, demonstrating the
complexity of these damaging pathways and challenge of
designing drugs to prevent this injury.

However, some animal and human studies have
shown evidence against a significant ischemic penum-
bra following ICH.!8:3236444548,100109.134153 Thege studies
did not show any ischemic tissue surrounding the clot,
although there was evidence of hypoperfusion. Positron
emission tomography has shown reductions in the oxy-
gen extraction fraction in tissue surrounding hematomas,
contrasting with what occurs during acute ischemia.'>
Magnetic resonance imaging in patients has not shown
significant changes in the apparent diffusion coefficient
or mean transit time, both of which are markers of irre-
versible ischemia and hypoperfusion.!® The lack of pro-
longed reductions in rCBF after ICH may be due to in-
complete vascular compression by the hematoma.!® This
idea is supported by studies demonstrating rCBF within
hematomas in regions of intact neural tissue.'” Complete
compression of intracerebral vessels by the expanding he-
matoma may result in the disruption of the pia-microvas-
culature interface, potentially causing alterations in BBB
integrity./° Because this has not been noted to occur im-
mediately following ICH, complete vessel compression is
unlikely. In addition, white matter fibers are dense struc-
tures that provide mechanical resistance against the ex-
panding hematoma.? Finally, robust collateral circulation
from penetrating cortical arterioles and pial vessels from
other cerebral arteries may prevent significant changes in
rCBF and tissue ischemia.?*1%° However, due to the rela-
tively small sample sizes in many studies, larger human
studies are needed to provide more conclusive data.

Therefore, it is unclear whether perihematomal isch-
emia is a significant factor in secondary brain injury fol-
lowing ICH. Recently there has been a paradigm shift
in thinking toward a metabolic instead of an ischemic
penumbra. Increases in perihematomal glucose uptake
and use (hyperglycolysis) have been observed in patients
following ICH, consistent with what is noted following
traumatic brain injury.”*"* The mechanism of focally
increased glucose uptake may be due to nonconvulsive
seizure activity, which is found in many patients with
acute ICH."! These repetitive depolarizations may lead to
secondary injury by increasing extracellular glutamate,
resulting in intracellular calcium accumulation and exci-
totoxicity."*® The role of seizures as a cause of increased
glucose utilization is supported by the suppression of hy-
perglycolysis by anticonvulsant glutamate receptor antag-
onists.?’ Further studies are needed to elucidate addition-
al metabolic changes in this perihematomal tissue and
investigate potential interventions to this ongoing injury.
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Potential Therapeutic Targets and Current
Treatments Under Investigation

Understanding the mechanisms of secondary injury
following ICH has allowed for the development of treat-
ments aimed at preventing this damage. Some agents
have been validated in in vivo studies but have not yet
been evaluated in clinical trials. However, several clini-
cal trials have already been conducted to evaluate vari-
ous neuroprotective drugs for the treatment of secondary
injury from ICH.

Prevention of Cytotoxicity

One promising therapy for the prevention of second-
ary brain injury following ICH is the use of direct throm-
bin inhibitors. As thrombin plays a major role in cellular
injury via a variety of pathways, inhibiting its activity
would be beneficial. Inhibitors such as hirudin (a throm-
bin inhibitor found in leeches) and argatroban (a synthet-
ic, direct thrombin inhibitor) have been shown to reduce
brain edema following ICH in in vivo models, possibly
by inhibiting PAR-1 expression.®8674163 Although there
is concern of prolonged bleeding with the use of these
anticoagulants, the use of direct thrombin inhibitors has
been shown to not cause enlargement of hematoma vol-
ume, unlike with other anticoagulants such as warfarin.”
Clinical trials are needed to evaluate the efficacy of these
drugs for the prevention of brain injury following ICH.

However, complete inhibition of thrombin may ac-
tually be deleterious as low concentrations have been
shown to be neuroprotective.*® This protective effect
has been observed in neurons and astrocytes in in vitro
models. Pretreatment with thrombin has been shown to
prevent brain edema and damage induced by large doses
of thrombin, ICH, and cerebral ischemia,””'#*47 but these
protective effects are eliminated by thrombin inhibitors.'#”
Although the exact mechanism by which thrombin exerts
its neuroprotective effects is unknown, it is believed to be
due to the activation of PARs, production of heat shock
proteins, and upregulation of endogenous thrombin in-
hibitors.%:2144.147 Additionally, thrombin preconditioning
has been shown to increase levels of hypoxia inducible
factor-1a., transferrin, and transferrin receptor, increas-
ing brain tolerance to erythrocyte- and iron-mediated
injury.” Further research elucidating the mechanisms of
this protective effect are needed for the development of
therapeutic strategies aimed to enhance this effect. The
doses of thrombin inhibitors that simply reduce throm-
bin concentration without complete inhibition need to be
clarified to augment neuroprotection. Alternatively, spe-
cific thrombin inhibitors that do not affect neuroprotec-
tive pathways should be investigated.

Due to the activation of numerous apoptotic path-
ways following ICH, molecules that inhibit this process
have been investigated for use in ICH. One such drug is
tauroursodeoxycholic acid, the taurine conjugate of the
endogenous bile acid ursodeoxycholic acid.'®> Taurourso-
deoxycholic acid is able to inhibit production of reactive
oxygen species, stabilize the mitochondrial membrane,
activate antiapoptotic proteins such as Bcl-2, and inhibit
the activity of proapoptotic proteins such as Bad.'*+10> A
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Phase I trial investigating the safety of this drug has been
designed.

Albumin has also been investigated as a neuroprotec-
tive agent. Studies have demonstrated numerous mecha-
nisms of this neuroprotection including reduction of
brain edema, inhibition of oxidative damage, and mainte-
nance of normal endothelial and astrocytic function.”8:10-12
In vivo studies have demonstrated improved functional
outcome and BBB integrity following administration
of albumin after ICH ! The Albumin for Intracerebral
Hemorrhage Intervention (ACHIEVE) trial is currently
evaluating the effects of albumin in 40 patients with ICH.

Inhibition of Excitotoxicity

Gavestinel, a drug that functions as an antagonist by
binding to the glycine site on the NMDA receptor, has
been investigated in the Glycine Antagonist in Neuro-
protection (GAIN) International and Americas trials.%
In these trials, patients were randomized to receive the
drug or placebo within 6 hours of symptom onset. This
time point is considered to be crucial as the majority of
hematoma enlargement occurs within this period due to
continuous bleeding or rebleeding.% Outcomes of the tri-
al were death or functional ability as determined by the
Barthel Index.*? Of the 3450 patients randomized in these
trials, 571 had ICH. Analysis of these patients revealed
no significant differences in mortality rates between the
2 groups (p = 0.38). There was also no difference in the
distribution of Barthel Index scores at 3 months between
the 2 groups, although there was a trend favoring gavesti-
nel (p = 0.091). It may be beneficial to test this agent later
during the peak of secondary brain injury from ICH.

As glutamate levels have been shown to increase
following ischemic injury and ICH, glutamate scaveng-
ing may provide neuroprotection. Oxaloacetate has been
shown to be neuroprotective in traumatic brain injury
models by reducing glutamate levels.'** The mechanism
for this effect is due to the transformation of glutamate
to 2-ketoglutarate by glutamate-oxaloacetate transami-
nase, an enzyme found in the blood.** Human studies are
needed to evaluate the efficacy of this mechanism in ICH.

Protection From Oxidative Injury

Three clinical trials have been conducted to evaluate
citicoline (cytidine-5-diphosphocholine), an intermedi-
ate in the phospholipid synthetic pathway.' Studies have
shown its neuroprotective effects occur by maintaining
the integrity of various cellular membranes, attenuat-
ing lipid peroxidation, restoring Na*/K*-ATPase activ-
ity, and enhancing the glutathione system.! Additionally,
citicoline may decrease glutamate release from neurons
and improve astrocyte uptake, decreasing extracellular
glutamate levels.”® In a randomized study of 32 patients,
those receiving citicoline experienced improved muscle
strength following ICH.®° Another study involving treat-
ment of 19 patients with citicoline found that treated pa-
tients were 5-fold more likely to be functionally indepen-
dent following ICH compared with those who received
a placebo."? Finally, a trial of 182 patients revealed that
treatment with citicoline resulted in improvement in the
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Barthel Index, although no effect on the modified Rankin
Scale or NIH Stroke Scale was noted.®

Due to the neurotoxic effects of iron, there is interest
in the use of iron chelators for prevention of this iron-medi-
ated injury. In vivo studies have demonstrated that deferox-
amine rapidly accumulates within brain parenchyma and
reduces iron concentration, brain edema, neuronal death,
and neurological deficits following ICH.*>! A multicenter
Phase I trial showed that infusions of deferoxamine are
tolerable and safe up to a daily dose of 6000 mg.""> Pre-
liminary data in 4 patients with hemorrhagic stroke and 3
with ischemic stroke showed decreases in serum markers
of oxidative stress."! Currently, a Phase II trial is underway
to evaluate the efficacy of deferoxamine in ICH.

Peroxisome proliferator-activated receptor y is a
transcription factor that plays a role in cellular defense
mechanisms and hematoma clearance.'” This activity
occurs through the upregulation of CD36, the phagocy-
tosis-facilitating gene, resulting in faster hematoma clear-
ance.'” In addition, it enhances expression of antioxidant
molecules such as catalase and superoxide dismutase,
preventing the oxidative damage of neurons and microg-
lia."*1€0 Tn vivo studies have demonstrated improvements
in hematoma resolution and functional outcome follow-
ing treatment with peroxisome proliferator-activated re-
ceptor y agonists in ICH models.'*® Currently the Safety
of Pioglitazone for Hematoma Resolution in Intracerebral
Hemorrhage (SHRINC) trial is evaluating the use of such
agonists in 80 patients with ICH.

Haptoglobin is a protein found in blood plasma that
has the ability to bind hemoglobin. It functions to bind ex-
tracellular hemoglobin, preventing hemoglobin-mediated
oxidative damage.””’ In the brain, haptoglobin is synthe-
sized by oligodendrocytes, thereby protecting against ex-
travascular hemoglobin toxicity. Animal models of ICH
have demonstrated increased haptoglobin production fol-
lowing injury. Animals that are hypohaptoglobinemic are
more susceptible to injury and have more brain damage
following ICH, whereas those that overexpress haptoglo-
bin are more protected. Haptoglobin is therefore a poten-
tial therapeutic target for the prevention of brain injury
following ICH. Thus far, sulforaphane, a NF-E2—related
factor—2 activator, has been shown to increase haptoglo-
bin in the brain and reduce injury following ICH.">® Ad-
ditional in vivo and human studies are needed to identify
other agents that increase haptoglobin levels and establish
their efficacy in preventing ICH-induced brain injury.

Another agent known to bind heme is hemopexin, a
glycoprotein found in plasma.'”” However, hemopexin is
also expressed by neurons and is present throughout the
brain.”® Mice that do not express hemopexin have great-
er infarct volumes and neurological deficits following
middle cerebral artery occlusion.”> Hemopexin knock-
out mice also had increased protein oxidation and tissue
heme, and decreased cell viability and locomotor activ-
ity.”? This protein may also be another modifiable target
to decrease brain injury following ICH.

Reduction of Inflammation

Rosuvastatin, a competitive inhibitor of 3-hydroxy-
3-methylglutaryl coenzyme A reductase, has been inves-

7



tigated for its neuroprotective effects. Statins may exhibit
their neuroprotective effects via a variety of mechanisms
such as reduction of inflammation through inhibition of
NF-«kB, TNF-a, and chemokine expression,®*°? upregu-
lation of nitric oxide synthase,**73 and protection from
glutamate-induced excitotoxicity.” A prospective/retro-
spective nonrandomized study treated 18 patients with ro-
suvastatin and found improved outcomes compared with
control subjects (mortality rate 5.6% vs 15.8%, respec-
tively; NIH Stroke Scale score = 15, OR 0.04)."** Larger
studies are needed to provide more conclusive evidence
on the efficacy of statins for the prevention of secondary
brain injury following ICH. Due to the neuroprotective
effects of statins, there has also been considerable interest
in using these drugs following aneurysmal SAH. A me-
ta-analysis of double-blind randomized controlled trials
showed significant reductions in delayed ischemic deficits
(OR 0.41, 95% CI 0.20-0.82; p < 0.001) and mortality
(OR 0.29, 95% CI 0.09-0.93; p = 0.04) following statin
therapy for SAH.'>

Celecoxib is a nonsteroidal antiinflammatory drug
that has been shown to reduce perihematomal inflam-
mation and cell death in ICH.?*!!¢ Because celecoxib se-
lectively inhibits cyclooxygenase-2, it is a potential treat-
ment for ICH because cyclooxygenase-2 is activated in
ICH models, resulting in increased levels of prostaglan-
din E2.% As prostaglandin E2 can induce free radical
formation and glutamate-mediated excitotoxicity due to
glutamate release from astrocytes, the neuroprotective
effects of celecoxib are believed to occur through the re-
duction of prostaglandin E2 synthesis via cyclooxygen-
ase-2 inhibition.?**° One retrospective study analyzed the
volumes of hematoma and edema in 17 patients treated
with celecoxib.”? Treatment significantly reduced the vol-
ume of brain edema and the ratio of initial hematoma and
edema volumes to follow-up volumes compared with the
control group. The results of a Phase II trial investigating
the efficacy of celecoxib are currently pending. Although
trials have shown increased risk of serious cardiovascular
events with use of celecoxib, short-term use in ICH may
not increase these risks significantly.!’

Minocycline, a broad-spectrum tetracycline antibi-
otic, has also been investigated as a neuroprotective agent
due to its antiinflammatory properties. In vivo studies
have shown reduced perihematomal brain edema, neuro-
nal loss, BBB disruption, and improved functional out-
come following ICH with minocycline treatment.'!15
Minocycline also reduces brain iron accumulation and
resulting toxicity by chelating iron.?' In an open-label,
blinded study, 74 patients were treated with minocycline
6—24 hours after acute ischemic stroke.”” Those treated
had significantly lower NIH Stroke Scale and modified
Rankin Scale scores, with higher Barthel Index scores,
indicating significantly better outcome. Currently, 3 trials
are in progress for evaluation of the neuroprotective ef-
fects of minocycline in stroke.

Other Investigated Agents

Other studies have evaluated the use of mannitol,
glycerol, and NXY-059 (disufenton sodium) for neuro-
protection in patients with ICH but did not observe any
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improvement in mortality or functional outcome.””83152
Mannitol exerts its neuroprotective effects by function-
ing as an osmotic diuretic, thus reducing brain edema.®
It also functions as an antioxidant, protecting against free
radical-mediated damage. Neuroprotection due to glyc-
erol occurs by hemodilution, which results in increased
cerebral perfusion and reduction of cerebral edema,
thereby reducing intracranial pressure.’?> The free radi-
cal trapping agent NXY-059 prevents brain injury by
quenching free radicals formed by hemoglobin degrada-
tion and ischemic tissue.*

Conclusions

The mechanisms of secondary brain injury following
intracerebral hemorrhage are numerous and involve the
initiation of cytotoxic, excitotoxic, oxidative, and inflam-
matory pathways. Optimal management of patients with
ICH remains undefined. Surgical therapies have shown
disappointing results in primary brain injury treatment.
Medical therapies aimed at prevention of continued insult
may improve mortality rates and functional outcomes.
Although there is not yet an effective medical treatment,
advances have been made in elucidating the mechanisms
of brain injury following ICH. These advances have led
to the development of neuroprotective therapies, many of
which show promise in early clinical testing. However, fur-
ther research is required to illuminate and better define the
multitude of mechanisms involved in ICH pathogenesis in
the hope of revealing targets for novel therapeutics. Addi-
tionally, large randomized trials are needed to establish the
efficacy and safety of currently identified neuroprotective
agents. Nonetheless, our focus must also be on finding ef-
ficient interventions to prevent ICH, decreasing the severe
morbidity and mortality associated with this disease.
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Neurosurgical forum
Letters to the editor

Tarlov cysts

To THE Ebpitor: The recent review on the surgical
treatment of sacral Tarlov cysts (TCs) by Lucantoni et al.’
is useful (Lucantoni C, Than KD, Wang AC, et al: Tarlov
cysts: a controversial lesion of the sacral spine. Neurosur-
gical Focus 31 (6):E14, December 2011). Few physicians
know that TCs can cause radicular and regional pain syn-
dromes, and the disorder remains undiagnosed and un-
treated in many symptomatic patients.’ The perpetuation
of incorrect information about TCs also hinders medical
care. Neurosurgeons particularly need accurate data be-
cause definitive treatment is procedural.

The Lucantoni et al.’ review restates some opinions
about TCs that lack evidentiary support and thus merit
further discussion. For instance, although outcomes
of the reviewed surgical series were favorable in about
three-fourths of the patients, with no deaths or neurologi-
cal injuries, the authors summarize these as “conflicting
results . . . and not without significant complications.” In
actuality, the data they review show surgical outcomes
comparable to or better than those for many other com-
mon neurosurgical procedures.

Additionally, some of their epidemiological conclu-
sions diverge from the evidence. Although Lucantoni and
colleagues’ stated that “the incidence does not significant-
ly differ between sexes,” the study they cited, which found
59% female prevalence among 27 patients with TCs,” was
too small to be conclusive. They did not mention the larg-
est survey of lumbosacral imaging, which found 70%
female prevalence among 54 patients with MRI-visual-
ized TCs.* Together, these studies reveal a strong female
predominance among patients with visualized TCs (3 =
8.35; 2-tail p = 0.0039, assuming 51% population female
sex prevalence).

The sex imbalance is even greater among patients
with symptomatic TCs. Case series reveal an 86% female
predominance (for example, 8 of 10 patients,'* 5 of 9 pa-
tients,! 5 of 6 patients,* 5 of 5 patients,® 4 of 5 patients,’
and 2 of 2 patients'!). Plus 84% of 122 patients with TCs
treated with percutaneous cyst sealing were women.® The
striking sex differences between patients with TCs and
their surgeons probably contributed to the mistaken im-
pression that TCs are clinically insignificant. Female pa-
tients often report “don’t ask, don’t tell” discussions with
male surgeons concerning their sacral radicular symp-
toms. This is evident in the literature as well, as some
studies on TC function did not inquire about bladder,
bowel, or sexual function.*

The most important correction, however, concerns
the proportion of radiologically visualized TCs that are
symptomatic. The majority are indeed asymptomatic, al-
though extrapolations from radiological surveys are meth-
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odologically compromised by the fact that symptoms are
prerequisite for imaging. Additionally, nothing is known
about the lifetime risk of symptoms. Regardless, Lucanto-
ni and colleagues® err in reporting the proportion of TCs
that are symptomatic as approximately 1%. Perhaps they
used the number of patients undergoing lumbosacral MRI
as the comparator rather than the total number of patients
with TCs? Reading their source papers analyzed in Table
3 shows that Paulsen et al.? actually reported 22% (5 of 23
cases) of visualized TCs as symptomatic, and Langdown
et al.* actually reported 30% (16 of 54 cases) symptomatic
cysts among 54 visualized TCs. Seventeen percent were
thought to be partially causal because of additional at-lev-
el pathology, and 13% were judged to be totally causal.*
The Park et al’ study, which cited a 0% prevalence of
symptomatic TCs, was a radiological survey that did not
actually measure patient symptoms, so it should not have
been included in Lucantoni and coworker’s analysis. Con-
versely, a key surgical series was omitted. Van de Kelft
and Van Vyve found TCs to be responsible for symptoms
in 75% of patients (15 of 20) with otherwise unexplained
chronic perineal pain, with 10 of 12 (83%) surgically
treated patients achieving symptom remission.’

To summarize, the published data suggest that roughly
one-fourth of TCs are symptomatic at the time of discov-
ery and that TCs disproportionately affect women, often
causing intimate symptoms that may be under-reported to
male physicians. Surgical treatment of symptomatic cysts
has reasonable outcomes and few serious adverse events.
Perhaps more accurate information will encourage neuro-
surgeons to better serve these neglected patients.
(http://thejns.org/doi/abs/10.3171/2012.1 FOCUS11374)
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REesponse: We thank Dr. Oaklander for her thoughtful
and careful assessment of our literature review on TCs
published in Neurosurgical Focus. Her criticisms of our
review are three-fold and concern 1) the epidemiology
of TCs, 2) the incidence of symptomatic TCs, and 3) the
benefit of surgery.

In her letter, Dr. Oaklander presents a strong case
that “studies reveal a strong female predominance among
patients with visualized TCs,” which is contrary to our
statement that “the incidence does not significantly differ
between sexes.” After re-reviewing the studies, we find
that Dr. Oaklander is correct. In the studies identified in
Table 1 of our paper, 72% were women. In fact, in only
2 of the smaller studies (11 and 12 patients) did the num-
ber of male patients exceed the number of females.!* This
was an error that occurred during our data analysis, and
we appreciate the opportunity to correct this mistake.

Dr. Oaklander also asserts that we “err in reporting
the proportion of TCs that are symptomatic as approxi-
mately 1%,” perhaps because we “used the number of
patients undergoing lumbosacral MRI as the comparator
rather than the total number of patients with TCs.” This
was not an error. It is clear from Table 3 how the value
was obtained. In our paper we state that “the reported
incidence of symptomatic TCs is approximately 1% or
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less.” We intended this to refer to the likely incidence of
symptomatic TC in the general population (Column 4 in
Table 3 of our paper), and we apologize for any confusion
our wording may have caused. We agree that the percent-
age of TCs that are symptomatic is > 1%, which can be
determined in Table 3. Based on the studies that men-
tioned the number of symptomatic versus asymptomatic
TCs, out of 77 patients with TCs, 12 (15.6%) were symp-
tomatic.?3

Lastly, Dr. Oaklander poses the question of whether
the available surgical series in the literature can mean-
ingfully inform treatment. Symptomatic improvement in
the reviewed studies ranged between 38% and 100% of
patients, and the duration of improvement was variable.
In addition, the majority of the studies had small num-
bers of patients, the surgical procedure often differed be-
tween studies, and the methodology by which symptoms
were assessed was inconsistent. In fact, the only surgical
study that had a conservatively treated comparison group
revealed no difference in outcomes. Therefore, these
largely retrospective studies offer poor-quality evidence
for surgery.

In summary, our paper does include the aforemen-
tioned epidemiological error: TCs appear to exist more
commonly in women than in men. Operative intervention
for symptomatic patients can be considered, as a num-
ber of patients who undergo surgery for symptomatic TC
may experience improvement postoperatively. However,
the evidence for this remains far from conclusive.

Knor D. Tuan, M.D.
PauL Park, M.D.
University of Michigan
Ann Arbor, Michigan
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