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Abstract
Introduction Volume measurements performed on brain MRI
after aneurysmal subarachnoid hemorrhage (aSAH) may pro-
vide insight into the structural abnormalities that underlie the
commonly occurring and persistent long-term functional def-
icits after aSAH. We examined the pattern of long-term cere-
bral structural changes on MRI in relation to known risk
factors for poor functional outcome.
Methods We studied MRI scans from 38 patients who re-
ceived endovascular treatment and were not dependent for
activities of daily life at 18 months after aSAH. Risk factors
for poor functional outcome (clinical condition, Hijdra score,
and bicaudate index on admission; occurrence of hydroceph-
alus or delayed cerebral infarction during hospitalization)
were related to supratentorial cerebral parenchymal and lateral
ventricular volumes on MRI with linear regression analyses
adjusted for age, sex, and intracranial volume.
Results Clinical condition, Hijdra score, and bicaudate index on
admission were not related to cerebral parenchymal volume at
18months. A higher bicaudate index on admissionwas related to
lateral ventricular enlargement at 18 months after aSAH (Beta;
95%CI: 0.51; 0.14↔0.88). Delayed cerebral infarction was re-
lated to smaller cerebral parenchymal volumes (−0.14;

−0.25↔−0.04) and to lateral ventricular enlargement (0.49;
0.16↔0.83) at 18 months.
Conclusion Volume measurements of the brain are able to
quantify patterns of long-term cerebral damage in relation to
different risk factors after aSAH. Application of volumetric
techniques may provide more insight into the heterogeneous
underlying pathophysiological processes. After confirmation
of these results in larger studies, volumetric measures might
even be used as outcome measures in future treatment studies.

Keywords Brain segmentation . BrainMRI . Subarachnoid
hemorrhage . Outcome . Cerebral abnormalities

Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) results in a high
case fatality and morbidity [1]. Even people who return home
after aSAH without overt focal neurological deficits often have
persistent cognitive deficits [2], and difficulty in resuming pro-
fessional and social activities [3]. (Semi-)automated volume
measurements performed on brainMRI may provide insight into
the structural abnormalities after aSAH that underlie these func-
tional deficits. However, application of volumetric techniques in
patients after aSAH is challenging. Requirements of cerebral
volume measurements for application on MRI scans after aSAH
are a high accuracy and precision in the context of heterogeneous
MRI abnormalities (e.g., infarcts, hemorrhage, cerebral damage
due to ventricular drains and enlarged ventricles). Therefore, in
patients after aSAH, these measurements have thus far been
performed by only few studies (e.g., [4–6]). These studies
showed cerebral structural changes compared to controls that
correlated with functional outcome.

We have tuned a method for cerebral volume measure-
ments specifically on a clinical MRI scanning protocol for
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use in patients after aSAH who received endovascular treat-
ment; this resulted in a high accuracy [6]. In the present study,
we apply this method to examine the pattern of long-term
cerebral structural changes on MRI in relation to known risk
factors for poor functional outcome after aSAH.

Materials and methods

Participants

Participants were retrieved from a prospectively collected
cohort of consecutive patients who were independent for
activities of daily life (modified Rankin Scale (mRS) ≤3 [7])
after aSAH and who underwent digital subtraction angiogra-
phy and MRA at the University Medical Center Utrecht to
assess occlusion of aneurysms treated with coil placement at
18 months after aSAH [8]. For the present study, we included
those patients who had been examined betweenMay 2005 and
September 2007. None of the 38 patients that were included
had a past medical history of SAH, ischemic stroke, or hem-
orrhagic stroke. The study was approved by the medical ethics
committee of the University Medical Center Utrecht, and all
participants provided written informed consent.

Clinical data

Condition on admission was recorded at the time of the aSAH
by the World Federation of Neurosurgical Societies SAH
grading scale (WFNS) [9]. On all admission CT scans, the
same rater quantified the amount of extravasated blood with
the Hijdra score and the size of the ventricles with the
bicaudate index [10, 11]. The occurrence of symptomatic
hydrocephalus (defined as decreased level of consciousness
with increased bicaudate index (larger than the upper 95th
percentile for age) [10]), delayed cerebral infarction (infarcts
compatible with the clinical symptoms of delayed cerebral
infarction (new focal deficits or decreased level of conscious-
ness) after exclusion of other potential causes of clinical
deterioration such as complications related to aneurysm treat-
ment [12]) and rebleeding (defined as sudden deterioration of
clinical condition and increased amount of extravasated blood
on CT) during hospitalization were recorded. Clinical out-
come was assessed at the time of the MRI scan by the mRS
[7].

Cerebral MRI and image processing

All cerebral MRI scans were acquired on the same 3 T Philips
magnetic resonance system with a standardized clinical MRI
protocol (24 contiguous slices, voxel size: 0.45×0.45×
4.00 mm3) and consisted of axial T1-weighted (TR/TE=
500/10 ms) and T2-weighted (TR/TE=3000/80 ms) images.

A method for probabilistic segmentation of cerebral struc-
tures [13] was tuned specifically to deal with the heterogeneous
cerebral abnormalities seen in patients after aSAH [6]. The
main adjustments consisted of implementation and tuning of
the image processing algorithm in such a way that it could
better deal with the large heterogeneity of lateral ventricular and
peripheral cerebrospinal fluid volume and to minimize the
effects that cerebral infarcts have on the measurements. This
resulted in segmentations with a good accuracy and precision in
patients after aSAH [6]. This method was performed on the T1-
and T2-weighted images to determine supratentorial cerebral
parenchymal, peripheral cerebrospinal fluid, and lateral ventric-
ular volumes. To date, no automated method can segment focal
lesions with a high accuracy. Therefore, cerebral infarcts, ven-
tricular drain trajectories, coil artifacts, and other less frequent
brain abnormalities (e.g., meningioma’s) were segmented man-
ually. Supratentorial intracranial volumes were calculated by
adding all other volumes (for details, see [6]). All segmentations
were checked visually and considered to be accurate.

Statistical analysis

The relationships between risk factors for poor functional out-
come after aSAH (clinical condition, Hijdra score, and bicaudate
index on admission; symptomatic hydrocephalus and delayed
cerebral infarction during hospitalization), and cerebral paren-
chymal volume and lateral ventricular volume 18 months after
aSAH were examined by linear regression analyses adjusted for
age, sex, and intracranial volume. Because of non-normal distri-
bution (Kolmogorov-Smirnov, p<0.05), lateral ventricular vol-
umes were natural-log-transformed for these analyses. In sec-
ondary analyses, we studied firstly the relationships between risk
factors and presence of cerebral infarcts and infarct volumes in
patients with infarcts and secondly, the relationship between
cerebral parenchymal volume and lateral ventricular volume at
18 months after aSAH (relative to intracranial volume; dichoto-
mized by a median split) and clinical outcome at 18 months after
aSAH (dichotomized at a mRS<2 or mRS≥2) by logistic re-
gression analyses adjusted for age and sex.

Results

Examples of the brain segmentations are shown for a partic-
ipant without a cerebral infarct and a participant with a cere-
bral infarct (Figs. 1 and 2). Patient characteristics and cerebral
volumes at 18 months after aSAH are shown in Table 1.

The relationships between different risk factors for poor
functional outcome after aSAH and cerebral abnormalities
18 months after aSAH are shown in Table 2.

Measures of the initial impact of the hemorrhage (clinical
condition, Hijdra score, and bicaudate index) were not related
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Fig. 1 Example of the segmentations of supratentorial volumes. An example of the T1- and T2-weighted images and the segmentations of supratentorial
intracranial volume (ICV), cerebral parenchymal volume, and lateral ventricular volume is shown for a participant

ICV Cerebral parenchyma

T1-weighted MRI image Lateral ventricles Infarct T2-weighted MRI image 

Fig. 2 Example of the segmentations in a participant with a cerebral
infarct. An example of the T1- and T2-weighted images and the
segmentations of supratentorial intracranial volume (ICV), cerebral
parenchymal volume, and lateral ventricular volume, and the manual
segmentation of infarct volume is shown for a participant with a

cerebral infarct. As can be seen, small segmentation errors can occur
(e.g., due to small flow voids in the ventricles). However, the volume of
these segmentation errors is small compared to the absolute volume of the
brain structures
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to cerebral parenchymal volume, presence of cerebral infarcts
or infarct volumes at 18 months after aSAH. Bicaudate index

on admission was related to lateral ventricular enlargement at
18 months (Beta; 95%CI: 0.51; 0.14↔0.88).

Occurrence of delayed cerebral infarction during hospital-
ization was related to smaller cerebral parenchymal volumes
(−0.14; −0.25↔−0.04), lateral ventricular enlargement (0.49;
0.16↔0.83), and, as expected, also to presence of
cerebral infarcts at 18 months after aSAH (p<0.05). Occur-
rence of symptomatic hydrocephalus during hospitalization
was not related to cerebral parenchymal volume, lateral ven-
tricular volume, or infarcts.

Lower cerebral parenchymal volume at 18 months after
aSAHwas related to a worse clinical outcome (mRS≥2 versus
a mRS<2) (odds ratio; 95%CI: 91.2; 2.5↔3395.1), but lateral
ventricular volumewas not related to a worse clinical outcome
(1.1; 0.2↔5.1).

Discussion

A higher bicaudate index at admission after aSAH was related
to long-term ventricular enlargement. Also, delayed cerebral
infarction was related to long-term ventricular enlargement
and to smaller parenchymal volume, whereas measures of the
initial impact of the hemorrhage were not related to long-term
parenchymal volumes.

We have tuned a method for volume measurements
specifically for use on brain MRI scans with a clinical
scanning protocol in patients after aSAH [6] and were able
to quantify long-term cerebral damage. Our results com-
bined with a previous study showed that different risk
factors for poor functional outcome are associated with
distinct patterns of cerebral abnormalities after aSAH [4].
The bicaudate index measured at admission was related to
long-term ventricular enlargement, but a symptomatic

Table 1 Participant characteristics and cerebral volumes

Patients 18 months after
aSAH (n=38)

Characteristics

Men/women 11/27

Age at time of MRI (years) 53.2±12.7

Good clinical condition on admission
(WFNS I–III)

32 (84 %)

Symptomatic hydrocephalus 11 (30 %)

Delayed cerebral infarction 5 (15 %)

Rebleeding 1 (3 %)

Clinical outcome at time of scana

No symptoms (mRS 0) 8 (22 %)

No disability (mRS 1) 18 (48 %)

Slight disability (mRS 2) 8 (22 %)

Moderate disability (mRS 3) 3 (8 %)

Cerebral volumesb

Cerebral parenchymal volume (ml) 950±103

Lateral ventricular volume (ml) 42 (21−81)
Cerebral infarct volume (ml)c 8.6 (1.1−80.9)
Presence of cerebral infarcts 16 (42 %)

Small subcortical (<1.5 cm) 4 (11 %)

Large subcortical 4 (11 %)

Cortical 12 (32 %)

Data are n (percentages), means±SD or medians (10−90th percentile)
a The mRS from one participant is missing
b Supratentorial volumes
c For cerebral infarct volume, only the volumes of patients who had
infarcts are shown

Table 2 Relationship between known risk factors for poor functional outcome after aSAH and cerebral volumes at 18 months after aSAH (n=38)

Cerebral parenchymal volume (ml) Lateral ventricular volumea

B; 95%CI Beta; 95%CI B; 95%CI Beta; 95%CI

Risk factors determined at admission

Clinical condition on admission (per WFNS grade) 3.2; −5.7↔12.1 0.04; −0.07↔0.14 −0.02; −0.19↔0.15 −0.04; −0.37↔0.30

Amount of extravasated blood (Hijdra score) 0.38; −0.71↔1.46 0.04; −0.07↔0.15 0.01; −0.01↔0.02 0.11; −0.25↔0.45

Bicaudate index −1.9; −4.7↔0.8 −0.09; −0.22↔0.04 0.06; 0.02↔0.11** 0.51; 0.14↔0.88**

Risk factors determined during hospitalization

Symptomatic hydrocephalus −14; −38↔10 −0.07; −0.18↔0.05 0.18; −0.29↔0.66 0.14; −0.23↔0.51

Delayed cerebral infarction −38; −66↔−9* −0.14; −0.25↔−0.04* 0.80; 0.26↔1.35** 0.49; 0.16↔0.83**

The relationships between risk factors for poor functional outcome after aSAH and cerebral parenchymal and lateral ventricular volumes at 18 months
after aSAH are shown as regression B coefficients (95%CI) and standardized regression beta coefficients (95%CI); both adjusted for age, sex, and
intracranial volume
a Lateral ventricular volumes were natural-log-transformed

*p<0.05; **p<0.01
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hydrocephalus during hospitalization was not. Apparently,
acute ventricular enlargement is more related to tissue
damage than symptomatic hydrocephalus during hospital-
ization, which is often treated with cerebrospinal fluid
drainage. Delayed cerebral infarction during hospitaliza-
tion proved to be the most important predictor of pa-
renchymal volumes in the long-term.

Occurrence of an aSAH and related complications results
in long-term, heterogeneous cerebral damage which, as we
have showed, can be quantified. Larger studies are needed to
unravel underlying pathophysiological mechanisms. The re-
lation between bicaudate index on admission, but not symp-
tomatic hydrocephalus, and long-term ventricular volumes
suggests that effects of early ventricular drainage should also
be studied.

A strength of the present study was the prospective
design and the systematical analysis of patterns of long-
term cerebral abnormalities after aSAH. The used method
for cerebral volume measurements has a high accuracy for
use on clinical MRI scans [6]. By using this method, we
were able to find different patterns of long-term cerebral
damage despite the relatively small number of patients.
Our method was tuned specifically on brain MRI scans
with a clinical scanning protocol and is suitable for post
hoc analyses of well-characterized patient populations.
With proper tuning, our method can also be used on 3D
T1-weighted images.

Limitations of our study could be that our cohort
only involved patients who received endovascular treat-
ment after aSAH and who had a relatively favorable
outcome. Our method was not tested on patients after
surgical treatment. Surgical treatment, however, has ad-
ditional effects on the studied cerebral volumes [5] that
should be taken into account and studied separately
from the effect of aSAH alone. Another limitation is
that it may be difficult to differentiate between delayed
cerebral infarction and new infarcts due to the coiling
procedure. Although in none of the patients we had
clinical evidence for new infarcts due to coiling and
we included as delayed cerebral infarction only patients
with clinical symptoms of delayed cerebral infarction
and new infarctions compatible with these symptoms,
we cannot completely rule out that in some patients the
new infarcts were related to aneurysm treatment.

Limitations of volume measurements in general are that
severe motion artifacts on MRI and severe MRI artifacts
after surgical treatment can hinder accurate volume mea-
surements. Also, small segmentation errors (e.g., due to
small flow voids in the ventricles) can still occur due to
intersubject differences, and focal cerebral lesions cannot be
segmented automatically.

Volume measurements of the brain are able to quan-
tify patterns of long-term cerebral damage in relation to

different risk factors after aSAH. Application of volu-
metric techniques may provide more insight into the
heterogeneous underlying pathophysiological processes.
After confirmation of these results in larger studies,
volumetric measures might even be used as outcome
measures in future treatment studies.
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