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Abstract

Background Poor clinical condition is the most important
predictor of neurological outcome and mortality after
subarachnoid hemorrhage (SAH). Rupture of an intracra-
nial aneurysm was shown to be associated with acute
ischemic brain injury in poor grade patients in autopsy
studies and small magnetic resonance imaging series.
Methods We performed diffusion-weighted magnetic
resonance imaging (DWI) within 96 h of onset in 21 SAH
patients with Hunt-Hess grade 4 or 5 enrolled in the
Columbia University SAH Outcomes Project between July
2004 and February 2007. We analyzed demographic,
radiological, clinical data, and 3 months outcome.
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Results  Of the 21 patients 13 were Hunt—Hess grade 5, and
eight were grade 4. Eighteen patients (86%) displayed
bilateral and symmetric abnormalities on DWI, but not on
computed tomography (CT). Involved regions included both
anterior cerebral artery territories (16 patients), and less
often the thalamus and basal ganglia (4 patients), middle
(6 patients) or posterior cerebral artery territories (2 patients),
or cerebellum (2 patients). At 1-year, 15 patients were dead
(life support had been withdrawn in 6), 2 were moderately to
severely disabled (modified Rankin Scale [mRS] = 4-5),
and 4 had moderate-to-no disability (mRS = 1-3).
Conclusions Admission DWI demonstrates multifocal
areas of acute ischemic injury in poor grade SAH patients.
These ischemic lesions may be related to transient
intracranial circulatory arrest, acute vasoconstriction,
microcirculatory disturbances, or decreased cerebral per-
fusion from neurogenic cardiac dysfunction. Ischemic
brain injury in poor grade SAH may be a feasible target for
acute resuscitation strategies.

Keywords Subarachnoid hemorrhage -
Diffusion-weighted imaging - Magnetic resonance
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Introduction

Subarachnoid hemorrhage (SAH) is a devastating disease
and carries a mortality rate of 20-50% as well as a high
rate of cognitive impairment and functional disability
among survivors [1, 2]. Death or poor neurological out-
come have most consistently been associated with the
severity of the neurological deficits on presentation [3, 4],
increasing age [3], large aneurysm size [4], rebleeding [5],
cerebral infarction from vasospasm [6], and global cerebral
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edema [4]. As mortality has decreased in recent years with
the advent of improved surgical, endovascular, and critical
care techniques, massive brain injury due to a severe initial
hemorrhagic event has become the most common cause of
death after SAH [7].

Acute ischemic brain injury has not been thought to
occur frequently early in the course of SAH. In a CT-based
study of 487 SAH patients initially imaged within 72 h of
onset, acute infarction was identified in only 17 patients
(3%) [8]. Hadeishi et al. performed magnetic resonance
(MR) imaging on admission in 32 SAH patients and found
no evidence of ischemic injury in 27 good-grade patients.
By contrast, they described bilateral multifocal signal
abnormalities on diffusion-weighted imaging (DWI) in all
5 of the poor grade (stuporous or comatose) patients
studied [9]. These DWI signal abnormalities were often
remote from the aneurysm and not consistently associated
with corresponding signal abnormalities on T2 or fluid
attenuation inversion recovery (FLAIR) sequences. Acute
ischemic brain injury has also been observed in animal
models of severe SAH [10, 11].

In this study, we sought to further understand the fre-
quency, topography of acute ischemic injury, and outcome
of poor grade SAH patients.

Methods
Subjects

All patients described in this report were enrolled in the
Columbia University SAH Outcomes Project, a prospec-
tive observational outcomes study, that has been in
progress since July of 1996. The study was approved by
the hospital’s Institutional Review Board, and written
consent was obtained from the patient or surrogate. The
diagnosis of SAH was established by admission CT scan
in all cases. In July of 2004, we instituted a policy of
routine admission MR imaging for all poor grade
(Hunt-Hess grade 4 or 5) patients [12]. Clinical exclusion
criteria for performing admission MR are listed in Fig. 1;
decisions whether or not to undergo MR scan were made
by the attending neurointensivist. Patients included in the
present analysis were (1) admitted to Columbia University
Medical Center between July 2004 and February 2007, (2)
Hunt-Hess grade 4 or 5 on admission, (3) admitted on or
before SAH day 3 (day O indicates the calendar day of
SAH onset), and (4) had an admission MR scan per-
formed. Patients with SAH due to trauma, arteriovenous
malformation rupture, or vasculitis were excluded. Details
about the clinical management of our patients have been
described elsewhere [4].

@ Springer

239 SAH patients
July 2004 - February 2007

Hunt Hess Grade 1V: 37 (16%)
Hunt Hess Grade V: 40 (17%)

Reasons for not undergoing MRI within 96 hours:
Hemodynamic instability

High FiO,, high PEEP

Refractory ICP while EVD clamped
Pacemaker or other foreign metal bodies
Insufficient NICU physician staffing
Priorities of other procedures scheduled

21 patients underwent early MRI
Hunt Hess Grade IV: 8 (38%)
Hunt Hess Grade V: 13 (62%)

[ 18 patients had ischemic injury on MRI (86%) ]

Fig. 1 Patient flow diagram. SAH Subarachnoid hemorrhage,
MRI magnetic resonance imaging, FiO, fraction of inspired oxygen,
PEEP positive end expiratory pressure, /CP intracranial pressure,
EVD extraventricular drainage, NICU neurointensive care unit

Clinical Variables

We recorded baseline demographic data and clinical fea-
tures at onset. A study neurointensivist performed a
neurological and general medical evaluation on admission.
Neurological status on admission was assessed with the
Glasgow Coma Scale (GCS) [13] and the Hunt and Hess
scale [12]. We also calculated admission Acute Physiologic
and Chronic Health Evaluation II (APACHE II) scores
[14], and a physiological subscore by subtracting the GCS,
age, and chronic health elements from the total score [15].
Hospital complications and procedures were recorded
according to predefined definitions and adjudicated by the
entire study team in weekly meetings, as described previ-
ously [16].

Radiographic Variables

Admission CT scans were independently evaluated for the
presence of acute and chronic cerebral infarction, the
amount and location of subarachnoid blood and intraven-
tricular hemorrhage (IVH) [17], the presence and severity
of hydrocephalus [18], and presence of focal or global



Neurocrit Care (2011) 14:407-415

409

cerebral edema [4]. We also recorded the location and size
of the aneurysm and the presence and extent of vasospasm
on admission and follow-up angiograms. MR imaging was
performed on a 1.5 T scanner (General Electric) as early
as possible. Standard T1, T2, FLAIR, DWI, and appar-
ent diffusion coefficient (ADC) sequences were obtained.
Early ischemic injury due to cytotoxic cell damage was
defined as the presence of one or more focal hyperintense
signal changes confined to a vascular territory or watershed
zone on the acute DWI with a corresponding reduction in
the ADC map. Hyperintense lesions related to edema from
SAH clot or parenchymal hematoma present on the DWI
and FLAIR images without corresponding ADC reduction
were excluded. All CT and MR scans were reviewed by the
study team in a weekly conference. When the etiology, the
clinical situation, or complications were unclear, a final
diagnosis was made by consensus. These findings were
independently evaluated by a neuroradiologist (A.K.) who
was blinded to each patient’s clinical condition and
outcome.

Outcome Assessment

Survival and functional outcome were evaluated by tele-
phone or in-person interview with the modified Rankin
Scale (mRS) [19] at 3 and 12 months after hemorrhage.

Statistical Analysis

We analyzed the frequency of demographic, physiological,
radiological, and clinical data as well as the 3 months
outcome of the patients included. Data analysis was per-
formed with standard statistical software (SPSS Inc,
Version 11.0).

Results
Demographic and Clinical Features

During July 2004 and February 2007, 239 patients with
SAH were admitted to the Columbia University neuroin-
tensive care unit. Of those, 77 patients were rated as Hunt—
Hess grade 4 or 5 on admission (Fig. 1). MR was per-
formed in 21 of these patients within 96 h of hemorrhage
onset. The reasons for not undergoing early MR imaging
are listed in Fig. 1. The median age of the 21 patients was
61 (range, 30-93) years (Table 1). Thirteen patients (62%)
were female. Thirteen were Hunt—Hess grade 5 on admis-
sion (62%), and eight were grade 4 (38%). Median GCS on
admission was 5 (range, 3—10), and median NIHSS was 20
(14-25). Twelve patients experienced a loss of conscious-
ness at symptom onset (57%). The mean APACHE 1I

sub-score on admission was 10.7 £ 3.8. The median SAH
day for MR imaging including DWI and FLAIR was day 1
(range day 0—4). In 13 of 21 (62%) patients the MR imaging
was performed prior to angiography or an aneurysm repair
procedure, whereas in 8 the MR was performed one or more
days after the aneurysm had been repaired. There were no
reported procedural complications in these patients.

Radiologic Features

The modified Fisher scale was grade 1 (minimal or diffuse
thin blood, no IVH) in one patient (5%), grade 2 (minimal
or diffuse thin blood, bilateral IVH) in two patients (10%),
grade 3 (thick cisternal blood, no IVH) in four patients
(19%), and grade 4 (thick cisternal blood, bilateral IVH) in
fourteen patients (67%, Table 1). Global cerebral edema
was present on the admission CT scan in 13 patients (62%).
All patients underwent diagnostic angiography. In eighteen
patients an aneurysm was identified, one patient had a left
vertebral artery dissection, and in two patients no aneurysm
was found.

In eighteen of 21 patients (86%) MR imaging displayed
bilateral and symmetric hyperintense signal changes on DWI
with corresponding ADC reduction and corresponding sig-
nal conversion on FLAIR imaging, without demarcation of
ischemic infarction on CT (Fig. 2). These abnormalities
most commonly involved the anterior cerebral artery terri-
tories (16 patients, 89% of those with ischemic injury), and
less commonly the deep middle cerebral artery territories
(6 patients, 33%), thalamus and basal ganglia (4 patients,
22%), posterior cerebral artery territory (2 patients, 11%)
and cerebellum (2 patients, 11%, Table 1). Cerebral ische-
mia occurred in a single territory in 2 patients (11%) and in
multiple territories in 16 patients (89%).

Hospital Course

Of the 18 aneurysms that were identified, 8 (38%) were
treated surgically and 5 (24%) endovascularly with Gug-
lielmi detachable coils. Three patients (14%) experienced
early aneurysm rebleeding prior to the repair of the aneu-
rysm. Four patients (19%) presented with acute pulmonary
edema and neurogenic stunned myocardium documented
by troponin elevation and reduced left ventricular ejection
fraction on echocardiography, and 2 patients (10%) had
early vasospasm on the initial angiogram.

Three and Twelve Months Outcome
At 3 months, 10 patients had expired (48%); life support

was actively withdrawn in 6 of these patients (60%). Ten of
the surviving patients were severely disabled at 3 months
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2 2 fg (mRS =5, 48%), and one patient did not have any sig-
g {:Oj % nificant disability despite symptoms (mRS = 1, 5%). At
a ~ E ; 12 months, 5 additional patients had died (overall 1-year
£ g § mortality rate of 71%), 2 patients had moderate-to-severe
9 |S 5 %3 disability (MRS = 4, 10%), and 4 patients (20%) had mild-
Ele w © g to-moderate disability but were able to ambulate mdeI;en-
2.8 £ = S dently (mRS = 3, 1 patient; mRS = 2, 2 patients; mRS =
Z55 éo %ﬂ 1, 1 patient).
—E g 3
°8% |~ 2 Z S
= 2 ; Discussion
4 I 2 =
% % Cerebral ischemic injury after rapidly fatal SAH has been
5, § _ described in autopsy studies [20-22], but for the most part
= § §‘§- this has been considered an unusual phenomenon in the
Ezed % £ 55" surviving patients. In contrast, our findings indicate that
g“ 3 = 3 z £ g acute diffuse ischemic injury occurs in the majority of poor
3“ E éé A é B § grade SAH patients. Outcomes were poor in the patients
£ 58 studied; 71% were dead at 1 year. Although 29% of the
o 8 g % E ? overall study cohort was alive at 1-year, only two of the 16
5 § £ - g £ ?D patients (12%) with ischemic injury in the anterior cerebral
S S ;2 artery territories escaped with a satisfactory outcome.
: ;f:; MR imaging, specifically DWI, has previously been
g §§ used to diagnose delayed cerebral ischemia from vaso-
;H gE spasm [23-25], but few studies have sough.t to 1dent1fy
w |+ S5 S ischemic injury during the acute phase of injury. Experi-
é" ] % % g’o “FE 5 mental studies confirm that acute SAH can lead to
‘E - ” . §_§ ;;f widespread ischemic injury in the brain. In a study of
E 2 % Eﬁ—g g 3 Wistar rats subjected to SAH, ischemic lesion volume on
2 §§ B 75 E:“ g é ADC map increased between 1 and 48 h which was
é’ “; ; ) "‘Zé S % attributed to early vasospasm seen on 3-dimensional MR
3 EZE |8 £ :é“ £s angiography. Cerebral blood flow (CBF) at 1 h was similar
%Ej ; L§_:3 § g ‘Igl’g E“ é‘; in the SAH and control group, indicating that the brain had
=19 2 ; g g 2 g been completely reperfused by that point. The localization
% . “Tﬁ v:J ll “é % of the areas of cerebral ischemia was not described [11]. In
258 T S e the study by Busch et al., a rapid ADC decline (85% drop)
SR . —“2 = T% g %ﬁ % E began v&}/]ithBi/n 2 min after SAH in the ipsilateral somato-
g 5 o g g i ﬁ E j‘@: g sensory cortex and occurred in all heparinized and non-
S E 3 < - ui;—j Eg E 2: heparinized rats. These ischemic changes subseguently
az‘ 3 ,2% chn §% spread over the ipsilateral and contralateral hemispheres
& £ § E«f £ 2 g with a 1-3 min delay. The ADC reduction had largely
B 589 § 2 %ﬂ‘E resolved at 2 h after SAH in the non-heparinized group. In
é g A E E g; E E -gg the heparinized group a continued decrease of ADC was
2% <>,C § g 25 ; s 8 observed up to 30 min after SAH without recovery, due to
<= - T% & %é g %% continued bleeding [10]. In the MR study of acute human
é R I z & o F :‘; £ E SAH by Hadeishi et al. [9], DWI showed symmetric lesions
©n ;D 2 Ef gn ;§ in multiple vascular territories, most commonly in the
) 3 N E i ‘g’i 2 ?f: & midline ACA and medial MCA territories. We found a
E 223 %; b E £ £ 5% similar topography of ischemic injury, and this pattern has
L 5 | EEZE g 72%” also been corroborated by autopsy studies [20-22]. In
2 o B i = %é = §§ contrast to “watershed” infarction after prolonged hypo-
ﬁ ) 2 § :; Qs : S é tension or cardiac arrest, which tends to cause wedge-
Ele I £E2EE E =i shaped convexity infarcts on the surface of the brain,
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Fig. 2 Representative
diffusion-weighted imaging
(DWI) and fluid-attenuated
inversion recovery imaging
(FLAIR) ischemic lesions in 18
poor grade SAH patients with
hemorrhage-related ischemic
injury. The predominant pattern
involved patchy or confluent
bilateral ischemic injury
involving the anterior cerebral
artery territories. In patients 5,
7, 8,9, 12, 14 imaging was
performed in 1 or more days
after aneurysm repair

ischemic injury that preferentially occurs in deep midline
regions of the brain may reflect a unique pattern of flow-
failure that occurs when cerebral perfusion is compromised
by a transient but massive increase in intracranial pressure
[9, 20]. In a prospectively enrolled cohort of 580 consec-
utive SAH patients, we found acute cerebral infarction on
admission CT in 17 patients (3%), with a higher frequency
(10/144, 7%) among Hunt-Hess grade 4 and 5 patients.
Six of the 10 poor grade patients (60%) with acute infarc-
tion had bilateral and symmetrical pattern of infarction
similar to the DWI pattern that we found in our current
series [8]. It seems plausible that frank infarction on CT is
a “tip-of-the-iceberg” phenomenon that occurs in only the
most severe cases of SAH associated with intracranial

@ Springer

circulatory arrest. The majority of patients in our present
series experienced loss of consciousness and had low GCS
scores, high APACHE II physiologic subscores, and global
edema on admission CT, derangements that were signifi-
cantly associated acute infarction in our CT-based study [8].

Global cerebral edema implies a poor prognosis after
SAH. It is predicted by loss of consciousness at the onset of
SAH, and may be caused by microvascular and reperfusion
injury following a massive ICP surge and intracranial cir-
culatory arrest [4]. Intracranial circulatory arrest has been
confirmed by cerebral angiography and transcranial
Doppler studies during aneurysm rebleeding [26, 27].
Vasomotor paralysis, vasogenic brain edema, increased
cerebral blood volume, and intracranial hypertension are
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recognized as a general cerebral reflex phenomenon fol-
lowing severe traumatic brain injury and SAH [26, 28].
Microcirculatory dysfunction, loss of blood-brain barrier
integrity, induction of cytokines and other inflammatory
mediators, endothelial and glial cell activation, intravas-
cular aggregation of erythrocytes and platelets, and shifting
of water into the intracellular compartment have all been
implicated in the pathogenesis of global brain edema after
severe brain injury, but their relative importance after SAH
is not known [4, 29-33]. Based on the initial peripheral
oxygen saturation and arterial partial pressure of oxygen,
none of the patients was hypoxemic upon arrival.

Transient regional or generalized vasospasm at ictus has
been documented in humans and animal models during the
acute stage of SAH [34-36]. This so called “ultra-early”
vasospasm occurs independently of alterations in ICP and
CPP [35] and has been associated with delayed cerebral
ischemia and poor functional outcome [34-36]. In our
study, only two patients had early vasospasm detected on
the initial angiogram before aneurysm repair including one
patient with an aneurysm of the anterior communicating
artery and bilateral ACA infarction who underwent MR
imaging before aneurysm coiling. Acute vasoconstriction
may have contributed to the development of early ischemic
injury in these patients [8, 9].

Neurogenic stunned myocardium occurs as a result of a
catecholamine surge from hypothalamic dysfunction dur-
ing the extreme rise in ICP at ictus [37, 38]. Cardiac
dysfunction in conjunction with the subsequent develop-
ment of pulmonary edema may cause global cerebral
hypoperfusion and hypoxia. Four of 21 patients in this
study developed neurogenic pulmonary edema and stunned
myocardium, as evidenced by reversible echocardiographic
left ventricular dysfunction and troponin release. Three of
these patients had ischemic injury in the ACA territories,
sparing the basal ganglia and thalamus. In the original
report by Hadeishi et al., two of the five patients with
bilateral DWI abnormalities also had neurogenic stunned
myocardium or pulmonary edema [9]. Acute neurogenic
cardiopulmonary dysfunction may contribute to the extent
and severity of ischemic injury during the acute stage of
poor grade SAH.

Spreading depolarization of brain cells in the cerebral
cortex, which is associated with microvascular vasocon-
striction and may or may not be reversible, has been
implicated in the pathogenesis of both acute [10] and
delayed [39] cerebral ischemia after SAH. In animal
studies spreading depression lasting for only 1-2 min has
been linked to the development of MR changes [40], and in
human SAH patients spreading depression can last for
minutes to hours. Longer lasting depolarizations correlated
with worse functional outcome [39]. The DWI abnormal-
ities seen in our patient cohort may in part be a

consequence of energy failure related to sustained spread-
ing depolarization.

Limitations of our study include the lack of a uniform,
prospective, serial MR imaging protocol, and the fact that
we could not perform MR imaging of many poor grade
SAH patients due to logistical and patient safety reasons. In
the small series reported by Hadeishi et al. [9], DWI
abnormalities were noted in different patients to progress
or resolve. Serial imaging studies are required to provide
more information regarding the dynamics of DWI abnor-
malities after poor grade SAH which we did not obtain.
Only patients considered neurologically and hemodynam-
ically stable could undergo MR scanning according to our
protocol, and staffing demands in the ICU served as an
important mitigating factor for taking patients to scan.
Therefore, our study sample is small and may have been
subject to selection bias, since we performed MR imaging
in only 27% (21/77) of grade 4 and 5 patients admitted
during the study period. Since our bias was toward per-
forming MR imaging in more stable patients, it is possible
that the burden of ischemic injury might be even more
severe in a more representative population. Serial trans-
cranial Doppler studies were not obtained in the acute
phase of SAH. Finally, MR imaging was performed prior to
any aneurysm repair procedure in only 62% of the patients.
However, the patterns of the ischemic brain injury seen on
DWI and FLAIR, mainly including bilateral ACA territo-
ries, did not differ between the patients scanned before or
after aneurysm repair, and resemble the topography of
ischemic injury in CT and autopsy studies [8, 20-22].
Despite this fact, the possibility of procedure-related
infarction in one or more of the eight patients who
underwent MR imaging after repair of their aneurysm
cannot be excluded.

Our findings may point to a new potential target
for novel resuscitation and neuroprotection strategies
designed to further reduce morbidity and mortality after
poor grade SAH. In the modern era of SAH manage-
ment, severe brain injury related to the acute effects of
hemorrhage has become the most important cause of
death and disability. Induced hypothermia reduces cere-
bral ischemic injury and improves outcome after cardiac
arrest [41], and shows promise as an intervention to test
in future studies. Hypertonic saline has been shown to
reduce intracranial pressure and cerebrovascular resis-
tance and improve CBF after poor grade SAH [42], and
might be a promising therapy as well. Before studies of
this nature can proceed, however, there is a need for
more systematic and comprehensive studies detailing the
natural history and dynamics of DWI-detected ischemic
injury after SAH, and to clarify the potential role of
cardiopulmonary dysfunction in the pathogenesis of this
disorder.
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