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ORIGINAL RESEARCH
ADULT BRAIN

Association of Quantified Location-Specific Blood Volumes
with Delayed Cerebral Ischemia after Aneurysmal

Subarachnoid Hemorrhage
X W.E. van der Steen, X I.A. Zijlstra, X D. Verbaan, X A.M.M. Boers, X C.S. Gathier, X R. van den Berg, X G.J.E. Rinkel, X B.A. Coert,

X Y.B.W.E.M. Roos, X C.B.L.M. Majoie, and X H.A. Marquering

ABSTRACT

BACKGROUND AND PURPOSE: Delayed cerebral ischemia is a severe complication of aneurysmal SAH and is associated with a high case
morbidity and fatality. The total blood volume and the presence of intraventricular blood on CT after aneurysmal SAH are associated with
delayed cerebral ischemia. Whether quantified location-specific (cisternal, intraventricular, parenchymal, and subdural) blood volumes are
associated with delayed cerebral ischemia has been infrequently researched. This study aimed to associate quantified location-specific
blood volumes with delayed cerebral ischemia.

MATERIALS AND METHODS: Clinical and radiologic data were collected retrospectively from consecutive patients with aneurysmal SAH
with available CT scans within 24 hours after ictus admitted to 2 academic centers between January 2009 and December 2011. Total blood
volume was quantified using an automatic hemorrhage-segmentation algorithm. Segmented blood was manually classified as cisternal,
intraventricular, intraparenchymal, or subdural. Adjusted ORs with 95% confidence intervals for delayed cerebral ischemia per milliliter of
location-specific blood were calculated using multivariable logistic regression analysis.

RESULTS: We included 282 patients. Per milliliter increase in blood volume, the adjusted OR for delayed cerebral ischemia was 1.02 (95%
CI, 1.01–1.04) for cisternal, 1.02 (95% CI, 1.00 –1.04) for intraventricular, 0.99 (95% CI, 0.97–1.02) for intraparenchymal, and 0.96 (95% CI,
0.86 –1.07) for subdural blood.

CONCLUSIONS: Our findings suggest that in patients with aneurysmal subarachnoid hemorrhage, the cisternal blood volume has a
stronger relation with delayed cerebral ischemia than the blood volumes at other locations in the brain.

ABBREVIATIONS: aOR � adjusted odds ratio; aSAH � aneurysmal subarachnoid hemorrhage; DCI � delayed cerebral ischemia; IPH � intraparenchymal hemor-
rhage; IVH � intraventricular hemorrhage; SDH � subdural hemorrhage; WFNS � World Federation of Neurosurgical Societies

Although case fatality rates have been declining during the past

years, aneurysmal subarachnoid hemorrhage (aSAH) is

still a devastating disease with a case fatality of approximately

30%.1 Delayed cerebral ischemia (DCI) is a severe complica-

tion that occurs in approximately 20%–30% of patients and is

associated with high morbidity and mortality.2 One of the

strongest predictors of DCI is the amount of blood on the

admission CT scan.3-6

Apart from the amount of extravasated blood, the break-

through of blood from the subarachnoid cisterns into the ven-

tricle system is also associated with the occurrence of DCI.

Various studies have shown that the presence of an intraven-

tricular hemorrhage (IVH) in patients with aSAH is an inde-

pendent risk factor for DCI.5,7-11 However, conflicting results

regarding the association between the presence of intraparen-

chymal hemorrhage (IPH) and DCI in patients with SAH are

found.9,11-14 The occurrence of subdural hemorrhage (SDH) is

relatively rare after SAH, and its association with DCI is cur-

rently unknown.15

Although various studies determined the association between
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the presence of IVH or IPH and DCI, only a few studies associated

estimates of these volumes with DCI. One study found an associ-

ation between IVH volume and DCI.6 However, a more recent

study did not confirm this finding.16 The only study that deter-

mined IPH volume in patients with aSAH found no association

with DCI.5 These studies used radiologic scales such as the Hijdra

sum score to estimate the cisternal blood volume, the IVH score

for IVH volume, and the ABC/2 score for IPH volume.6,17,18

These radiologic scales are not very accurate and are shown to

have poor-to-moderate interobserver agreement, limiting their

discriminative power.16,19 Moreover, the ABC/2 score has been

shown to overestimate the IPH volume.20

Quantitative measures have the promise of more precisely as-

sessing blood volumes. Previous studies have found a strong rela-

tion between the quantified amount of total blood volume and

DCI.9,21 However, in these studies, the volumes of blood in the

separate compartments of the brain were not analyzed separately.

It is therefore currently unknown whether taking the blood vol-

umes at these locations into account improves the prediction of

DCI. In this study, we took the first step in addressing this issue by

quantifying the cisternal, intraventricular, intraparenchymal, and

subdural blood volumes separately and determining their inde-

pendent associations with DCI.

MATERIALS AND METHODS
Population
We included patients from a retrospectively collected cohort consist-

ing of all patients with aSAH admitted to the Academic Medical Cen-

ter Amsterdam and University Medical Center Utrecht, the Nether-

lands, between January 2009 and December 2011.9 Inclusion criteria

were the following: 1) SAH proved on noncontrast CT; 2) aneurysm

proved on either CTA, MRA, or DSA; and 3) NCCT performed

within 24 hours after ictus and available for review. Patients who did

not survive the first 3 days after SAH onset were excluded. Further-

more, patients with NCCTs whom we could not use for hemorrhage

quantification, for instance due to movement and/or metal artifacts

from previous treatment, were excluded.22

Clinical Data
Collected demographic and clinical variables were the following:

age, sex, history of hypertension, neurologic condition on admis-

sion (according to the World Federation of Neurosurgical Societ-

ies [WFNS] scale),23 time between ictus and admission, location

of the aneurysm (anterior or posterior circulation) and treatment

technique (no aneurysm treatment, clipping, or coiling), rebleed-

ing, and the occurrence of clinical DCI during admission. Aneu-

rysms of the posterior communicating artery were allocated to the

posterior circulation.

Delayed Cerebral Ischemia
DCI was defined as the occurrence of new focal neurologic im-

pairment or a decrease on the Glasgow Coma Scale score that

could not be explained by any other cause. A CT scan of the brain

was performed to rule out hydrocephalus, and blood was sampled

to exclude a metabolic encephalopathy, such as infection or elec-

trolyte disturbances, to exclude other causes of neurologic deteri-

oration. An electroencephalogram was obtained in case of suspi-

cion of seizures.24 DCI was diagnosed by the treating physician

who could be either a neurologist, neurosurgeon, or intensivist. A

new cerebral infarct on follow-up CT, which could not be attrib-

uted to surgical clipping, endovascular treatment, or drain place-

ment, was supportive but not required for the diagnosis of DCI

(On-line Figure). The standard care to prevent DCI was similar in

both participating centers. All patients received nimodipine (6

times daily, 60 mg orally) and intravenous fluids aiming at nor-

movolemia. The mean arterial pressure was kept above 65 mm

Hg. Furthermore, if the patient used antihypertensive medica-

tion, it was stopped at admission.

Image Analysis
The first scan after ictus was used for the analysis. However, if

rebleeding occurred within 24 hours, the scan after rebleeding was

used. All scans were reviewed for the presence of cisternal blood,

IVH, IPH, and SDH by 2 observers (I.A.Z. and W.E.v.d.S.). The

hemorrhage was segmented on admission NCCT using an auto-

matic hemorrhage-segmentation algorithm.22 All segmentations

were checked and, if needed, manually corrected using ITK-

SNAP, Version 3.4.0 (www.itksnap.org) by a trained observer

(W.E.v.d.S.) who was blinded to outcome.25 From this segmen-

tation, the total blood volume was calculated in milliliters. Subse-

quently, segmented blood was classified as cisternal, intraparen-

chymal, intraventricular, or subdural by manually outlining the

ventricular, intraparenchymal, and/or subdural part of the seg-

mented total hemorrhage by a trained observer (W.E.v.d.S.) (Fig

1). If part of the SAH was in proximity of the Sylvian fissure and

not clearly located inside of the fissure on NCCT, the CTA was

evaluated to differentiate the cisternal and intraparenchymal part

of the hematoma.26 If contrast-enhanced vessels were present in

the hematoma on CTA, this part was classified as cisternal. If no

vessels were detected, it was classified as IPH. The classifications

were checked by a second observer, an experienced radiologist

(I.A.Z.). After we classified the blood as cisternal, intraparenchy-

mal, intraventricular, or subdural, the location-dependent vol-

umes could be calculated by multiplying the number of classified

voxels by its voxel size.

Statistical Analysis
Baseline variables were compared between patients with and

without DCI using the Fisher exact test for dichotomous and cat-

egoric variables, the independent samples t test for normally dis-

tributed continuous variables, and the Mann-Whitney U test for

non-normally distributed continuous variables. Variables were

checked for normality using the Shapiro-Wilk test (W � 0.9 was

considered normally distributed).

Correlations between the cisternal blood volume and IVH,

IPH, and SDH volume were calculated using the Spearman rank

correlation coefficient.

Univariable logistic regression analysis of the total blood; cis-

ternal blood; and IVH, IPH, and SDH volume with DCI was per-

formed to determine ORs with 95% confidence intervals for DCI

per milliliter of blood.

Associative models for the cisternal, IVH, IPH, SDH, and total

blood volume were created by calculating adjusted odds ratios

(aORs) by separately adding potential confounders to the univari-

1060 van der Steen Jun 2018 www.ajnr.org



able model. Variables that changed the OR of the univariable

model by �10% were considered confounders and were included

in the final associative model. Potential confounders were age,

sex, neurologic condition on admission (WFNS grade), treatment

technique (no treatment, clipping, or coiling), rebleeding, and

hypertension in accordance with previous literature.9,27 For the 4

associative models of cisternal, IVH, IPH, and SDH volume, the

remaining 3 volumes were also included in the confounding anal-

ysis. In the associative model of the total volume, the location-

dependent volumes were not added as confounders because the

total volume consisted of these volumes.

A P value � .05 was considered statistically significant. Statis-

tical analyses were performed using SPSS, Version 23.0.0.2 (IBM,

Armonk, New York).

RESULTS
Of the 458 patients who were evaluated for study inclusion, 176

patients were excluded because of the following reasons: NCCT

not available (n � 33); NCCT not suitable for assessment because

of movement and/or metal artifacts (n � 13) or other technical

reasons (n � 16); the first NCCT not performed within 24 hours

(n � 38); no aneurysm found on CTA, MRA or DSA (n � 29); and

death within 3 days after SAH onset (n � 47).9

Characteristics of the 282 included patients are shown in Table 1

for the total study population and stratified by DCI group. The mean

age was 55.8 � 12.0 years, and 73% were female. In this cohort, 61

(22%) patients developed DCI. Patients with DCI had larger total

(P � .01) and cisternal (P � .001) blood volumes (Fig 2), more

frequently had an IVH (P � .003), and had a larger IVH vol-

ume (P � .01).

There was a weak positive correla-

tion between cisternal and IVH blood

volumes (Spearman � � 0.15, P � .01), a

weak negative correlation between cis-

ternal and IPH blood volumes (Spear-

man � � �0.16, P � .01), and no corre-

lation between cisternal and SDH blood

volumes.

In the univariable analysis, both the

total blood volume (OR � 1.02; 95%

CI, 1.01–1.03) per milliliter increase in

volume and the cisternal blood vol-

ume (OR � 1.02; 95% CI, 1.01–1.04)

were significantly associated with DCI.

After correction for confounders, the

total (aOR � 1.02; 95% CI, 1.01–1.03)

and cisternal (aOR � 1.02; 95% CI,

1.01–1.04) blood volumes remained

significantly associated with DCI. In

both the univariable and multivariable

analysis, no statistically significant as-

sociations were found among the IVH

volume (aOR � 1.02; 95% CI, 1.00 –

1.04), IPH volume (aOR � 0.99; 95%

CI, 0.97–1.02), SDH volume (aOR �

0.96; 95% CI, 0.86 –1.07), and DCI

(Table 2).

DISCUSSION
In this study, we associated location-specific blood volumes with

the occurrence of DCI. In our population, increasing cisternal

blood volume was associated with a higher risk of DCI. This rela-

tion was not found with intraventricular, intraparenchymal, and

subdural blood volume.

Our results confirm that larger amounts of blood in the

subarachnoid space are associated with a higher chance of

DCI.3,5,9,21,28 The IVH volume was not significantly associated

with DCI, though the point estimate of the aOR was like that of

the cisternal volume, which may indicate a lack of power to show

a statistically significant effect. The only other study that quanti-

fied IVH volume showed a higher median IVH volume in patients

with DCI compared with patients without DCI.28 In our study,

patients with DCI also had a higher median IVH volume. Two

other studies that used qualitative scores to assess IVH volume in

patients with SAH found that a higher ventricular clot volume was

independently associated with a higher risk of DCI.5,6 Another

study that included only patients with aSAH with concomitant

IVH showed no association between IVH volume and DCI.16 Our

findings neither support nor reject the hypothesis that IVH vol-

ume is related to the occurrence of DCI.

We found no association between IPH volume and DCI, sim-

ilar to findings of the only other study that assessed IPH volume.5

Recently, 2 studies found an association between the presence of

an IPH and DCI.12,13 However, in both studies, a new ischemic

lesion was used as the end point instead of clinical DCI. Not all pa-

tients with clinical DCI will develop a cerebral infarct, making the

results of these studies difficult to compare with those of our study.29

FIG 1. Classification of the total blood volume as cisternal, intraventricular, intraparenchymal,
and subdural. 1A, Axial slice of a noncontrast CT of a patient with aSAH with concomitant IVH and
IPH. 1B, Quantified total blood volume. 1C, Classified cisternal (red), intraventricular (magenta),
and intraparenchymal (green) blood. 2A, Axial slice of a noncontrast CT scan of a patient with
aSAH with concomitant IVH and SDH. 2B. Quantified total blood volume. 2C, Classified cisternal
(red), intraventricular (magenta), and subdural (blue) blood.
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Moreover, the presence rather than the volume of IPH was consid-

ered in these studies. The SDH volume has not been previously asso-

ciated with the occurrence of DCI, to our knowledge.

Our results show a difference between cisternal and IVH vol-

umes on the one hand and IPH and SDH volumes on the other in

relation to DCI. A possible explanation might be that the ventri-

cles are an overflow compartment of the cisterns. A larger volume

of blood in the ventricles may actually result from a larger cister-

nal blood volume that has either been directly released into the

ventricles or has been redistributed via the foramina of Luschka

and possibly via the interpeduncular cistern.30 However, in our

data, only a weak correlation between the cisternal blood volume

and the IVH volume was found. Intraparenchymal and subdural

hematomas, on the other hand, are a more direct extension of

blood from the aneurysm without an interstitial subarachnoid

compartment. The underlying mechanism causing DCI (cerebral

vasospasm, microthrombosis, microvascular spasm, inflamma-

tion, and/or cortical spreading ischemia) has been thought to be

related to both rupture of an intracranial aneurysm and to blood

being released into the subarachnoid space containing CSF.31 The

latter may not apply to the intraparenchymal compartment. This

possibility may explain the absence of a relation between the IPH

and SDH volumes and the occurrence of DCI. Furthermore, a

complicating factor in the assessment of clinical DCI is caused by

the presence of IPH because such a hematoma can already cause a

focal neurologic deficit itself. Moreover, in general, it is difficult to

score DCI when the condition of a patient deteriorates shortly

after the aneurysm treatment, while the new hypodensity sur-

rounding the initial hematoma on a CT scan can also be caused by

edema or infarction due to the hematoma itself or the aneurysm

treatment. This combination of factors could lead to underscor-

ing of DCI in this time period.

An important strength of this study is the computer-assisted

quantification of the volume of blood in all different compart-

ments of the brain. With computer-assisted quantification, even a

Table 1: Patient characteristics
Parameter All (n = 282) No DCI (n = 221) DCI (n = 61) P Value

Age (mean) (�SD) 55.8 (12.0) 55.9 (11.8) 55.4 (13.0) .80
Female sex (No.) 205 (73%) 163 (74%) 42 (69%) .52
History of hypertension (No.) 79 (28%) 58 (26%) 21 (34%) .26
Aneurysm location (No.) .62

Anterior 212 (75%) 168 (76%) 44 (72%)
Posterior 70 (25%) 53 (24%) 17 (28%)

WFNS grade (No.) .08
I 79 (28%) 68 (31%) 11 (18%)
II 67 (24%) 50 (23%) 17 (28%)
III 8 (3%) 6 (3%) 2 (3%)
IV 68 (24%) 56 (25%) 12 (20%)
V 59 (21%) 40 (18%) 19 (31%)

Treatment modality (No.) .23
No treatment 14 (5%) 13 (6%) 1 (2%)
Clipping 138 (49%) 111 (50%) 27 (44%)
Coiling 130 (46%) 97 (44%) 33 (54%)

Rebleeding (No.) 34 (12%) 26 (12%) 8 (13%) .83
Total blood volume (median) (IQR) 41.2 (23.6–62.5) 37.7 (21.8–57.9) 52.1 (34.5–78.1) .01
Cisternal blood volume (median) (IQR) 29.8 (14.0–47.0) 25.2 (12.4–44.1) 39.7 (24.2–60.1) �.001
IVH presence (No.) 187 (66%) 137 (62%) 50 (82%) .003
IVH volume (median) (IQR) 0.7 (0.0–2.8) 0.5 (0.0–2.2) 1.2 (0.3–5.0) .01
IPH presence (No.) 85 (30%) 70 (32%) 15 (25%) .35
IPH volume (median) (IQR) 0.0 (0.0–3.3) 0.0 (0.0–3.6) 0.0 (0.0–0.8) .29
SDH presence (No.) 16 (6%) 12 (5%) 4 (7%) .76
SDH volume (median) (IQR) 0.0 (0.0–0.0) 0.0 (0.0–0.0) 0.0 (0.0–0.0) .74

Note:—IQR indicates interquartile range.

FIG 2. Dot boxplot of quantified cisternal blood volume in patients
with and without DCI.

Table 2: Association of blood volumes and DCI per milliliter
increase in volume

Variable OR (95% CI) aOR (95% CI)
Total blood volume 1.02 (1.01–1.03)a 1.02 (1.01–1.03)a,b

Cisternal blood volume 1.02 (1.01–1.04)a 1.02 (1.01–1.04)a,c

IVH volume 1.02 (1.00–1.04) 1.02 (1.00–1.04)d

IPH volume 0.99 (0.97–1.01) 0.99 (0.97–1.02)e

SDH volume 0.96 (0.85–1.08) 0.96 (0.86–1.07)f

a Statistically significant.
b Confounders: none.
c Confounders: none.
d Confounders: WFNS, cisternal blood volume.
e Confounders: WFNS, cisternal blood volume, and IVH volume.
f Confounders: WFNS, treatment, cisternal blood volume, IVH volume, and IPH volume.
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very small layering of blood could be delineated, adding to the

total volume of intracranial blood. This delineation allowed a cal-

culation of risk per milliliter of blood and a more quantitative

means to assess the association with DCI as opposed to the very

coarse qualitative grading scales. A remaining limitation of the

computer-assisted technique up to this moment is that even

though the total blood volume could be segmented automatically,

the ventricular, intraparenchymal, and subdural outlines were

manually drawn. This feature may lead to some observer-depen-

dent variation. We tried to limit this by inspection of the segmen-

tations by an experienced radiologist; however, it has been proved

difficult to accurately differentiate IPH and cisternal hematoma,

especially in patients with ruptured middle cerebral artery aneu-

rysms. We tried to overcome this problem by combining the

NCCT with the CTA to allow differentiation between these 2

compartments and to assess the IPH volumes.26 Nevertheless,

even with the use of CTA, some misclassification of IPH may have

occurred.

A weakness of this study is its retrospective design, which may

have resulted in suboptimal analysis of the clinical data. However,

by including all consecutive patients in a limited time span, we

have tried to minimize this bias because all patient data were an-

alyzed in the same way.

Our results suggest that patients with high cisternal blood vol-

ume have a high risk of DCI. Thus, these patients could be a target

for intensive monitoring and new prophylactic treatment strate-

gies.32 However, even though our study shows associations be-

tween location-specific blood volumes and DCI, the question

remains as to whether these volumes improve the existing pre-

diction models, including, for instance, the modified Fisher

score.10 If this is the case, these volumes may be of clinical

value. This will have to be confirmed by the development and

validation of prediction models for DCI, including the loca-

tion-specific volumes. Furthermore, in this study, patients

were not routinely followed up after the admission period.

Thus, the correlation between the location-specific volumes

and clinical outcome could not be reliably determined. Future

prospective studies are warranted to answer this important

remaining question. Manual selection of the IVH, IPH, or SDH

region is too cumbersome to use in daily practice. Automatic

region-detection techniques should be developed before this

can be used as a clinical tool.

CONCLUSIONS
In our population, increasing cisternal blood volume was associ-

ated with a higher risk of DCI. This relation was not found with

intraventricular, intraparenchymal, and subdural blood volume.

Our findings suggest that in patients with an aSAH, the cisternal

blood volume has a stronger relation to DCI than the blood vol-

umes at other locations in the brain.
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