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White Matter Volume as a Major Predictor
of Cognitive Function in Sturge-Weber Syndrome
Csaba Juhasz, MD, PhD; Christopher Lai, BS; Michael E. Behen, PhD; Otto Muzik, PhD;
Emily J. Helder, MA; Diane C. Chugani, PhD; Harry T. Chugani, MD

Objective: To assess the role of gray and white matter
volume loss vs seizures in cognitive impairment of chil-
dren with Sturge-Weber syndrome with unilateral in-
volvement.

Design: Patients were enrolled in this prospective co-
hort during a period of 3 years.

Setting: Pediatric neurology clinic with national refer-
ral through the Sturge-Weber Foundation.

Participants: Twenty-one children (age range, 1 year
6 months to 10 years 4 months) with unilateral Sturge-
Weber syndrome.

Main Outcome Measures: Cortical gray matter and
hemispheric white matter volumes were measured on seg-
mented volumetric magnetic resonance imaging and cor-
related with the age of the participants. Global intellec-
tual function (IQ) was correlated with magnetic resonance
imaging and seizure variables in both univariate and mul-
tivariate analyses.

Results: Both gray and white matter volumes showed
an age-related linear increase. Tissue volumes on the side
of the angioma showed a positive correlation with IQ af-
ter controlling for age in univariate regression analyses
(white matter, r=0.71, P� .001; gray matter, r=0.48,
P=.03), while seizure variables did not correlate with IQ
(P� .1). A multivariate regression showed that hemi-
spheric white matter volume ipsilateral to the angioma
was an independent predictor of IQ (R=61, P=.006),
which also showed a negative correlation with age
(R=−0.52, P=.022) but no correlation with gray matter
volumes.

Conclusions: Early hemispheric white matter loss may
play a major role in cognitive impairment in children
with Sturge-Weber syndrome. Future therapeutic ap-
proaches should aim at preserving white matter integ-
rity in addition to seizure control to improve cognitive
outcome.
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S TURGE-WEBER SYNDROME

(SWS) is a neurocutaneous
disorder characterized by port
wine stains, glaucoma, and
pial angiomatosis involving

1 cerebral hemisphere in 85% of the cases.1

Early white matter (WM) abnormalities
(referred to as accelerated myelination) fol-
lowed by both WM and gray matter (GM)
volume loss have been reported in SWS,2,3

but their pathomechanism and clinical cor-
relates have not been clarified. Many af-
fected children show progressive cogni-
tive decline, which is commonly associated
with intractable seizures.4 However, sei-
zures can be controlled with medication
in about 40% to 50% of SWS patients5; al-
most 50% of SWS patients with seizures
are intellectually normal or only slightly
delayed.5,6 Thus, seizures during the course
of the disease fail to provide sufficient prog-
nostic information regarding the cogni-
tive outcome in SWS. Current clinical prac-

tice in SWS focuses on preventing seizures
by medication or resective epilepsy
surgery. It is likely, however, that other
factors not directly related to seizures, such
as progression of the underlying pathol-
ogy and resulting cell and tissue volume
loss, contribute to neurological and
cognitive abnormalities. The goal of the
present study was to establish the rela-
tionship between global intellectual func-
tioning and cortical GM and hemispheric
WM volumes measured in segmented,
volumetric magnetic resonance images
(MRIs) in a prospectively collected group
of children with unilateral SWS and
seizures.

METHODS

SUBJECTS

Twenty-one children (13 girls; age range, 1 year
6 months to 10 years 4 months; mean age,
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5.3 years) (Table) with SWS and unilateral hemispheric in-
volvement and a history of partial seizures underwent MRI at
the Magnetic Resonance Research Facility at Wayne State Uni-
versity. These children were selected from a cohort of 22 con-
secutive children with unilateral SWS who were recruited be-
tween July 2003 and June 2006 for a prospective neuroimaging
research study approved by the Human Investigation Commit-
tee at Wayne State University. The children were recruited by
the Pediatric Neurology Clinic of the Children’s Hospital of
Michigan, which receives both regional and national patient
referrals through the Sturge-Weber Foundation. One of the 22
children, a 3-year-old boy, was not included in our study be-
cause of an extensive hemispheric atrophy and calcifications
that precluded reliable segmentation of GM and WM. Annual
seizure frequency for the year before scanning was obtained from
medical records and parental interviews. All but 3 children were
on chronic antiepileptic medication, including monotherapy
or polytherapy with oxcarbazepine (n=8), valproate semiso-
dium (n=6), levetiracetam (n=6), carbamazepine (n=5), phe-
nobarbital (n=2), and topiramate (n=1). All patients had un-
dergone a neurological examination prior to the imaging studies.
Written informed consent of the parent or legal guardian was
obtained.

ASSESSMENT OF COGNITIVE FUNCTIONS

All children received a neuropsychological assessment within
1 day before the imaging studies. Global intellectual functions
were assessed using age-appropriate tests (the Bayley Scales of
Infant Development7 [age range, 18-36 months]; Wechsler Pre-
school and Primary Scales of Intelligence, Third Edition [age
range, 3-6 years]; and the Wechsler Intelligence Scales for Chil-
dren, Third Edition [age, �6 years]),8 which yielded the Men-
tal Developmental Index (from the Bayley Scales of Infant De-
velopment) or the full-scale IQ (FSIQ; from the Wechsler
Preschool and Primary Scales of Intelligence, Third Edition, and
Wechsler Intelligence Scales for Children, Third Edition). The

Mental Developmental Index is an excellent estimate of IQ and
these indices are highly correlated (r�0.8).9 Therefore, we have
used the term FSIQ in all children for simplicity. Verbal and
nonverbal intellectual functions were available for a subgroup
(n=15) of children (those who completed the Wechsler Pre-
school and Primary Scales of Intelligence, Third Edition, and/or
the Wechsler Intelligence Scales for Children, Third Edition).
Manual dexterity scores were also obtained in 17 children using
age-appropriate tests (Purdue pegs and grooved pegs).

MRI DATA ACQUISITION

All MRI studies were carried out on a MAGNETOM Sonata 1.5-T
MRI scanner (Siemens, Erlangen, Germany) using a standard head
coil. An axial 3-dimensional gradient-echo T1-weighted (rep-
etition time/echo time, 20/5.6 milliseconds; flip angle, 25°; voxel
size, 1�0.5�2 mm3) scan was acquired for volumetric mea-
surements. A postgadolinium (0.1 mmol/kg) T1-weighted im-
age was used to identify the leptomeningeal angioma. Children
younger than 7 years of age were sedated with pentobarbital
(3 mg/kg) followed by fentanyl citrate (1 µg/kg).

IMAGE PROCESSING

All volumetric MRI volumes were processed using the SPM2
software package (Statistical Parametric Mapping; Wellcome
Department of Cognitive Neurology, London, England; http:
//www.fil.ion.ucl.ac.uk/spm).10 A pediatric MRI template was
created using images of all 21 children by applying a 7-param-
eter affine (linear) transformation (3 translation, 3 rotation, and
1 scaling parameter) to minimize the sum of squares between
the individual image volume and the default MRI template. These
transformed image volumes were then averaged to yield the
study-specific pediatric MRI template. Subsequently, segmen-
tation of MRI volumes was performed using the maximum like-
lihood mixture model.11 Finally, all images were transformed
back into native space using the inverse transformation ma-

Table. Global Intellectual Function and Segmented MRI Volumes of 21 Patients With Sturge-Weber Syndrome

Patient/Sex/
Age, mo FSIQ

Cortical Gray Matter Volume, cm3 Hemispheric White Matter Volume, cm3

Ipsilateral Contralateral Ipsilateral Contralateral

1/F/18 89 267 267 110 109
2/F/18 71 166 247 96 117
3/F/19 86 216 248 89 94
4/F/21 76 311 353 112 115
5/M/23 70 288 309 113 120
6/F/29 85 290 297 113 115
7/F/30 102 224 221 116 116
8/F/33 60 165 275 58 120
9/F/44 128 296 303 143 145

10/F/45 70 254 309 114 131
11/F/48 60 196 279 108 146
12/M/72 35 234 377 70 138
13/M/76 55 271 305 99 125
14/M/90 89 332 336 160 155
15/F/97 87 234 349 96 158
16/M/98 100 363 396 171 183
17/F/107 82 296 333 135 156
18/M/111 73 245 288 119 164
19/M/112 87 285 386 138 182
20/F/113 60 235 325 110 161
21/M/124 69 286 309 151 176

Abbreviations: FSIQ, full-scale IQ; MRI, magnetic resonance imaging.
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trix. As a result, 3 new image volumes in native space were cre-
ated with voxel values between 0 and 1 representing GM, WM,
and cerebrospinal fluid probabilities (Figure 1). All seg-
mented images were inspected to ensure reasonable segmen-
tation results. To derive cortical GM and hemispheric WM vol-
umes, left and right hemispheric regions of interest were defined
in all supratentorial image planes. All regions of interest were
laid onto the probability images, and cortical GM and hemi-
spheric WM volumes were calculated by multiplying the re-
spective region of interest sum with the voxel volume for each
hemisphere ipsilateral and contralateral to the angioma.

STATISTICAL ANALYSIS

Initially, an F test was applied to determine whether age-
related changes in GM and WM volume were linear or qua-
dratic. To test whether changes of GM or WM volumes with
age differed between the ipsilateral and contralateral side, a
bootstrapping procedure was applied. To determine predic-
tors of FSIQ, first, the effects of angioma side and sex on FSIQ
values, as well as on GM and WM volumes, were evaluated
using an analysis of variance with age as a covariate. Because
frequent seizures as well as impaired motor functions could
affect IQ scores, seizure variables (seizure frequency and du-

ration, and age at onset of epilepsy) and manual dexterity
scores of the dominant hand were correlated with IQ scores
using Spearman rank correlations. Full-scale IQ and seg-
mented tissue volumes were correlated by Pearson correla-
tions with age as a covariate. Finally, significant predictors of
IQ in the univariate analyses were entered into a multivariate
regression analysis to determine the independent contribu-
tion of each variable to IQ. These regression analyses were re-
peated for cognitive subdomains (verbal and nonverbal IQ) in
a subgroup of patients where such data were available. P� .05
was considered significant.

RESULTS

DECREASED GM AND WM VOLUMES
ON THE SIDE OF THE ANGIOMA

Both the ipsilateral cortical GM and hemispheric WM vol-
umes were smaller as compared with the side contralat-
eral to the angioma. For the cortical GM volume, the mean
asymmetry between the 2 hemispheres was 18% (SD, 16%;
mean volume difference, 50 cm3), whereas for the hemi-
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Figure 1. Segmentation of T1-weighted magnetic resonance images (A and D) into gray matter (B and C) and white matter (C and F) probability maps.
A-C, Probability maps obtained from an 18-month-old girl (patient 1). Both gray matter (B) and white matter (C) probability maps appear symmetric.
D-F, Probability maps obtained from a 33-month-old girl (patient 8) with significant atrophy in the left hemisphere. Gray matter volume is decreased by 40% and
white matter volume is decreased by 52% as compared with the right side.
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spheric WM volume, the mean asymmetry was 20% (SD,
21%; mean volume difference, 24 cm3).

CORRELATION BETWEEN AGE
AND GM/WM VOLUMES

Both GM and WM volumes increased monotonically with
age (Figure 2), and a linear fit of the data was not sig-
nificantly different from a quadratic fit for both the ip-
silateral and contralateral GM and WM volumes (P� .5).
Patients’ age correlated with contralateral cortical GM vol-
umes (r=0.58, P= .006) but not with ipsilateral GM
volumes (r=0.34, P=.14). The difference between these
correlations was significant (P=.03). Moreover, the cor-
relation between patient age and hemispheric WM vol-
umes was significant for both the contralateral (r=0.90,
P� .001) and ipsilateral (r=0.45, P=.04) values. Again,
these correlations were very significantly different
(P=.003).

RELATIONSHIP BETWEEN COGNITIVE
FUNCTIONS, MOTOR FUNCTIONS,

AND EPILEPSY, AND GM/WM VOLUMES

Full-scale IQ values, as well as GM and WM values (after
controlling for age), were not different in patients with left-
vs right-sided angioma (P� .6 in all comparisons) or be-
tween sexes (P� .2). Therefore, considering the limited
number of patients, they were not separated based on sex
or angioma side in the subsequent correlation analyses.

Seizure frequency during the year before MRI varied
widely from no seizures (n=5) to approximately 400 sei-
zures (n=1), with a median annual seizure frequency of
3 seizures. Eighteen of the 21 children had fewer than
1 seizure per month. Duration of epilepsy varied from
2 weeks to 116 months (median, 45 months), while age
at onset was 3 to 29 months (median, 8 months). None
of these seizure variables showed correlation with FSIQ

values (P=.14-.31). None of the patients had severe hemi-
paresis on neurological examination. Manual dexterity
scores showed significant impairment (SD, �2) in this
domain in only 5 of the 17 children for the dominant hand
(where such scores were available), and 8 children showed
significant impairment for the nondominant hand. IQ val-
ues showed no correlation with manual dexterity scores
of the dominant hand (FSIQ, r=−0.07, P=.80; verbal IQ,
r=−0.01, P=.98; nonverbal IQ, r=0.26, P=.37). Alto-
gether, these data indicated that neither seizures nor im-
paired motor functions were significant predictors of in-
tellectual functions and therefore none of these clinical
variables were entered into subsequent multivariate re-
gression analyses.

Full-scale IQ showed a positive correlation with the
ipsilateral WM volume (r=0.71, P� .001) and ipsilat-
eral cortical GM volume (r=0.48, P=.03) in univariate
regression analyses, but not with contralateral tissue vol-
umes (GM, r=−0.03, P=.88; WM, r=0.41, P=.07) after
controlling for age. In a multivariate regression analy-
sis, ipsilateral hemispheric WM volume showed a strong
positive correlation with FSIQ (partial correlation, R=0.61,
P=.006) (Figure 3), age showed a negative correlation
with FSIQ (R=−0.52, P=.02), while cortical GM vol-
ume showed no correlation with FSIQ values (R=−0.13,
P=.59) (Figure 3). The correlations with ipsilateral WM
volumes were significant for both verbal IQ (R=0.56,
P=.046) and nonverbal IQ (R=0.59, P=.035) in a sub-
group of 15 children where such data were available.

COMMENT

Despite the limited number of cases, the robust findings
of our study indicate that WM volume in the affected
hemisphere is indeed a major independent predictor of
cognitive impairment in these children with SWS. A re-
cent study reported a weak correlation between cortical
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Figure 2. Correlation of cortical gray matter (GM) (A) and hemispheric white matter (WM) (B) volumes (ipsilateral and contralateral to the angioma) with patient age.
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volume asymmetry and cognitive function in SWS, but
WM changes were not evaluated.12 In healthy brains, in-
telligence is associated with both GM and WM vol-
umes,13 but specific cognitive functions are related to vol-
umes of distinct GM regions.14,15 Thus, GM volumes in
specific brain regions, rather than total cortical GM vol-
ume in the entire hemisphere, may be better predictors
of various aspects of cognitive functions. Anatomical re-
organization in nonaffected regions16 may also con-
found the association between GM volume and IQ. Mag-
netic resonance imaging studies in healthy children have
shown that maturation of WM is an important process
in cognitive development, probably owing to increased
fiber organization and density.17 Decreased WM vol-
ume following radiotherapy for brain tumors in chil-
dren is associated with cognitive dysfunction,18 and re-
gional WM volumes were reported to be strong predictors
of neurodevelopmental outcomes in preterm infants.19

Our study provides evidence that abnormal develop-
ment or loss of WM may be a critical factor of cognitive
decline in SWS. Incomplete maturation or disruption of
fiber tracts connecting various cortical and subcortical
structures may lead to loss of functional connectivity, im-
paired efficiency of information processing, and abnor-
mal cognitive development. Similar mechanisms of cog-
nitive aging have been proposed based on diffusion tensor
and magnetization transfer MRI studies.20

The mechanism most likely causing early WM abnor-
malities in patients with SWS is hypoxic injury due to
an impaired venous drainage of the affected hemi-
sphere, leading to an apparent accelerated myelination
followed by WM atrophy.2,3 Currently, there are no spe-
cific pharmacological approaches for preventing hypoxia-
induced WM injury. Aspirin has been proposed to di-
minish neurological progression due to ischemia in SWS,21

but no rigorous clinical trials have been performed to sub-
stantiate its potential benefit. Recent studies have re-
vealed several important mechanisms of ischemic WM
injury that could provide novel therapeutic targets. For

example, N-methyl-D-aspartate receptors expressed on
oligodendrocytes play a crucial role in ischemia-
induced WM injury.22 Another potential mechanism of
such injury is related to the release of adenosine leading
to A1 adenosine receptor activation, which may play a
major role in periventricular WM damage in preterm in-
fants following hypoxic-ischemic injury.23 This damage
can be diminished by adenosine antagonists.24 Thus, novel
therapeutic approaches, if administered early, may off-
set some of the detrimental effects of hypoxia on the de-
veloping WM, thus leading to improved cognitive out-
come in SWS.

There are some methodological issues that should be
considered when interpreting our results. Segmentation
of tissue compartments may be inaccurate if a large pro-
portion of voxels belongs to abnormal tissue types, such
as calcified tissue. Several patients in the present cohort
indeed showed focal areas of calcification on their pre-
vious computed tomographic scans, but none of them
had extensive multilobar calcifications. To account for
morphological differences between adult and pediatric
brains, we have used a custom-made, study-specific, pe-
diatric MRI template. This approach has been validated
in previous developmental MRI studies of children with
a wide age range.25 We did not determine regional tis-
sue volume changes and also did not assess sex effects
or effects of antiepileptic medication, some of which could
potentially influence cognitive functions but would be
hard to control for considering the large variety and com-
binations of antiepileptic drugs. With continuing recruit-
ment of more patients, the effects of regional GM and WM
changes, lesion side, sex, and medication can be ad-
dressed in future studies.
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Figure 3. Partial regression plots of hemispheric white matter (A) and gray matter (B) volumes (ipsilateral to the angioma) vs full-scale IQ after controlling for age
in a multivariate regression analysis. The values on the graph represent residuals from regressing volume and full-scale IQ values on age. Full-scale IQ showed a
strong correlation with white matter volume (partial correlation coefficient, R=0.61, P=.006) but no correlation with gray matter volume (partial correlation
coefficient, R=−0.13, P=.59) after adjusting for age.
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