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ORIGINAL RESEARCH
PEDIATRICS

Arterial Spin-Labeling Perfusion Imaging in the Early Stage of
Sturge-Weber Syndrome

G. Pouliquen, L. Fillon, V. Dangouloff-Ros, M. Kuchenbuch, C. Bar, N. Chemaly, R. Levy, C.-J. Roux,
A. Saitovitch, J. Boisgontier, R. Nabbout, and N. Boddaert

ABSTRACT

BACKGROUND AND PURPOSE: Sturge-Weber syndrome is a rare congenital neuro-oculo-cutaneous disorder. Although the principal
mechanism of Sturge-Weber syndrome is characterized by a leptomeningeal vascular malformation, few data regarding perfusion
abnormalities of the brain parenchyma are available. Therefore, the aim of this study was to assess the diagnostic performance of
arterial spin-labeling perfusion imaging in the early stage of Sturge-Weber syndrome before 1 year of age until 3.5 years of age. We
hypothesized that a leptomeningeal vascular malformation has very early hypoperfusion compared with controls with healthy
brains.

MATERIALS AND METHODS:We compared the CBF using arterial spin-labeling perfusion imaging performed at 3T MR imaging in the
brain parenchymal regions juxtaposing the leptomeningeal vascular malformation in patients with Sturge-Weber syndrome (n ¼ 16;
3.5 years of age or younger) with the corresponding areas in age-matched controls with healthy brains (n ¼ 58). The analysis was per-
formed following two complementary methods: a whole-brain voxel-based analysis and a visual ROI analysis focused on brain terri-
tory of the leptomeningeal vascular malformation.

RESULTS:Whole-brain voxel-based comparison revealed a significant unilateral decrease in CBF localized in the affected cortices of
patients with Sturge-Weber syndrome (P, .001). CBF values within the ROIs in patients with Sturge-Weber syndrome were lower
than those in controls (in the whole cohort: median, 25mL/100g/min, versus 44mL/100g/min; P, .001). This finding was also
observed in the group younger than 1 year of age, emphasizing the high sensitivity of arterial spin-labeling in this age window in
which the diagnosis is difficult.

CONCLUSIONS: Arterial spin-labeling perfusion imaging in the early stage of Sturge-Weber syndrome can help to diagnose the dis-
ease by depicting a cortical hypoperfusion juxtaposing the leptomeningeal vascular malformation.

ABBREVIATIONS: ASL ¼ arterial spin-labeling; AUC ¼ area under the curve; FWE ¼ family-wise error; IQR ¼ interquartile range; LVM ¼ leptomeningeal
vascular malformation; MNI ¼ Montreal Neurological Institute; PWB ¼ port-wine birthmark; SWS ¼ Sturge-Weber syndrome

Sturge-Weber syndrome (SWS) is a congenital disorder
characterized by a triad, variably including an ipsilateral

port-wine birthmark (PWB) typically involving the forehead,
a leptomeningeal vascular malformation (LVM), and ocular
abnormalities.1-3

A sporadic, somatic activating mutation in the GNAQ gene
leads to cell proliferation and inhibition of apoptosis leading to an
SWS spectrum.2,4 Depending on the time in development when
the mutation occurs, it may simply provoke PWB or SWS.2 The
main progressive symptoms include seizures, neurodevelopmental
delay, and visual defects.5

Because the isolated PWB is not referred to as SWS, the brain

involvement confirms the diagnosis5 and may be detected in infants

with a high-risk PWB, even before the onset of neurologic symp-

toms.6 3T MR imaging is the primary technique recommended7 for

the diagnosis by the visualization of the LVM on post-contrast-

weighted images.3,5 Other MR imaging signs provide indirect evi-

dence of LVM: ipsilateral choroid plexus enlargement, cerebral atro-

phy, and signal inversion of the affectedWM on T2WI.3

Few studies regarding brain perfusion abnormalities are avail-
able.8-18 The latest studies were performed using T2* dynamic
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susceptibility contrast material–enhanced imaging, which does
not reflect the routine practice in children in expert centers cur-
rently. Its application has been limited due to reduced patient
comfort and technical difficulties required by high-flow injection
of contrast media in small veins.19

Arterial spin-labeling (ASL) is a perfusion imaging technique
that does not require injection, making it suitable for pediatric
patients.20 Our aim was to assess the diagnostic performance of
ASL in the early stage of SWS before 1 year of age until 3.5 years
of age by comparing cortical perfusion juxtaposing the LVM with
the corresponding areas in controls with healthy brains. We
hypothesized that LVM shows an early hypoperfusion compared
with controls with healthy brains and investigated this hypothesis
following 2 methods: a whole-brain voxel-based analysis and an
ROI analysis focused on the brain territory of LVM.

MATERIALS AND METHODS
Subjects
We retrospectively reviewed patients with a confirmed diagnosis
of SWS followed at our institution from May 2015 to March 2021.
They were recruited from the pediatric neurology department
using the full-text search engine database DR WAREHOUSE
(https://www.trademarkelite.com/trademark/trademark-detail/871
58029/DR-WAREHOUSE).21 Inclusion criteria were a confirmed
diagnosis of SWS in children between 0 and 3.5 years of age
obtained on 3TMR imaging during the interictal period with a rou-
tine protocol including ASL. Patients were excluded from the study
if MR imaging revealed an atypical SWS syndrome (eg, including
diagnostic uncertainty or association with other diseases such as
scaphocephaly, subdural hematoma, or subarachnoid cyst) or was
compromised by artifacts. Age-matched controls were included
with the following criterion: examination for various reasons during
the time of the study with scans with strictly normal findings (non-
exhaustively morphologic evaluation of upper-limit head circum-
ference, feeding difficulties, abnormal eye movements, benign
nystagmus, isolated strabismus).

Analyses were performed for the whole cohort and in age
groups before or after 1 year of age to focus on young patients
when the SWS diagnosis was peculiarly difficult. According to
local regulations, institutional review board approval was not
required because this was a retrospective study using anonymized
data. Consent was waived for this retrospective analysis.

Data Acquisition
Images were acquired in the Department of Pediatric Radiology
on a 3T MR imaging scanner (Discovery MR750; GE Healthcare).
The standard routine protocol included a 3D T1WI with and with-
out postgadolinium acquisitions, T2WI, FLAIR, SWI, and ASL
perfusion imaging.

ASL images were obtained with a 3D pseudocontinuous ASL
sequence using an FSE acquisition with spiral filling of the k-space
and the following parameters: TR¼ 4453ms; TE¼ 10.96ms; 8 spi-
ral arms in each 3D partition with 512 points per arm; labeling dura-
tion ¼ 1500ms; postlabeling delay = 1025ms; flip angle ¼ 155°;
resolution in plane¼ 1.875� 1.875mm; section thickness ¼ 4mm;
FOV¼ 240� 240mm; acquisition time¼ 4 minutes 17 seconds.

The standard routine protocol included sedation using intra-
rectal pentobarbital (5mg/kg of the child’s weight, ,20 kg) to
avoid motion artifacts in children younger than 5 years of age. In
this study, all children (patients and controls) were sedated.

Data Processing
For the data preprocessing and statistical analysis, we used the
rest CBF quantification produced automatically by the processing
console (GE Healthcare) using a proton-density image for signal
normalization during CBF quantification.22

Whole-Brain Voxel-Based Analysis
Images were analyzed using Statistical Parametric Mapping 12
(SPM12; http://www.fil.ion.ucl.ac.uk/spm) and Matlab R2018b
(MathWorks). Native T1WIs were segmented into GM, WM, and
CSF maps using the Computational Anatomy Toolbox 12 (http://
www.neuro.uni-jena.de/cat/) in SPM12. Deformation fields between
native space and the Montreal Neurological Institute (MNI) space
were obtained in this step. The MNI template used for tissue seg-
mentation has been adapted according to the age of the given sub-
ject: a pediatric template created with Template-O-Matic toolbox23

using the National Institutes of Health Pediatric MRI Data
Repository (https://www.nitrc.org/projects/pediatric_mri/) for chil-
dren older than 1 year of age, and the Infant Brain Probability
Templates24 for children younger than 1 year of age.

For each child, the coregistration between the native CBF image
and the native GM image was estimated. Then, the combination of
the deformation fields and the estimated coregistration was applied
to the CBF image to spatially normalize this image in the MNI
space with an in-plane resolution of 1.5� 1.5mm and a section
thickness of 1.5mm. The resulting image was checked for proper
registration and smoothed with a Gaussian kernel of 6-mm full
width at half-maximum.

Leptomeningeal Vascular Malformation Analysis
Images were analyzed using a medical image viewer (Vue PACS,
Version 12.1.6.0117; Carestream Health). A 2D ROI was manually
placed on CBF images in the LVM location for each patient with
SWS found on T1-weighted contrast-enhanced images. Similarly,
ROIs were placed in the corresponding areas in controls. They
were round, with a mean area of 50 mm2 (range, 40–60 mm2).
Figure 1 displays an illustration of an MR imaging from a patient
with SWS.

Statistical Analysis
Whole-Brain Voxel-Based Analysis. For each subgroup, compari-
sons between children with SWS and controls were performed to
investigate voxelwise cortical perfusion differences using a 2-sam-
ple t test design in the framework of the FSL General Linear
Model (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/GLM). All results were
thresholded with a P value of .001. Because we had an a priori
hypothesis concerning the location of the LVM, we showed the
results without the family-wise error (FWE) correction. When sig-
nificant, results with the FWE correction were also indicated.

LVM-Focused Analysis. CBF values in the angioma ROI for
patients and in the corresponding areas for controls were
reported as median and interquartile range (IQR). Comparisons
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between children with SWS and controls were performed to

investigate perfusion differences using Wilcoxon tests. P# .05

was considered statistically significant.
To explore the diagnostic accuracy of these ROIs to diagnose

SWS, we performed receiver operating characteristic curves per

age and in the whole cohort; the area under the curve (AUC)

was computed, as well as sensitivities and specificities. A boot-

strap method was used to calculate the 95% CI of the AUC, sen-

sitivities, and specificities.

RESULTS
Patients
Sixteen patients with 26 scans were
identified for this study. Seventeen scans
were obtained in children younger than
younger than 1year of age, and 9 scans,
in children between 1 and 3.5 years of
age. The demographic details of the
patients are listed in Table 1. Fifty-eight
controls with healthy brains were identi-
fied with 25 younger than 1 year of age
and 33 from 1 to 3.5 years of age.

Subjects were divided into 4 sub-
groups based on age and lateralization
of the disease. There were 2 subgroups
of children younger than 1 year of age
with the following: 1) left LVM with 7
examinations, and 2) right LVM with
10 examinations both compared with
the 25 controls younger than 1 year of
age. There were 2 subgroups of chil-
dren between 1 and 3.5 years of age
with the following: 1) left LVM with 2
examinations, and 2) right LVM with 9
examinations, both compared with the

33 controls with the same age interval. Two patients with bilateral
LVMs were included and allocated twice, depending on their age,
to the subgroups left and right, independently.

Whole-Brain Voxel-Based Comparisons
For each subgroup, whole-brain voxel-based comparison between
CBF in patients with SWS and controls with healthy brains
revealed a significant unilateral decrease in CBF localized on the
affected cortex of patients with SWS (P, .001). Figure 2 shows the

FIG 1. Illustration of a 3-month-of-age patient with SWS with a right occipito-temporo-parietal
LVM. Axial slices of the brain on T1-weighted imaging after contrast injection (left) and ASL perfu-
sion imaging (right) show, respectively, the contrast enhancement and the hypoperfusion associ-
ated with the LVM. A ROI (yellow circle) was placed in the cortical area juxtaposing the LVM on
ASL. Note that an osseous angioma is also present and responsible for the hyperperfused area of
the right part of the skull. A indicates anterior; P, posterior; R, right; L, left.

Table 1: Demographics and morphologic imaging data of patients with SWS

Patient Sex

Examination
Agea

(months)

Leptomeningeal Vascular
Malformation

Epilepsy Atrophy CalcificationsSide Extension (Lobe)
1 Female 3 Left FTP None None None
2 Female 0/11 Bilateral LO/RO None None None
3 Female 0/9 Left OT None None None
4 Male 1 Left HS None None Present
5 Male 11 Left OP None None None
6 Female 1 Right O None None None
7 Female 2/25 Right O Present None None
8 Male 3/18 Right OTP Present Present Present
9 Female 4/6/17 Right HS Present Present Present
10 Female 4/11 Right O None None None
11 Male 9 Right OTP None None None
12 Female 27 Left O Present None Present
13 Female 42 Bilateral LFP/ROTP Present None None
14 Male 16 Right OTP Present Present Present
15 Male 18 Right O Present None Present
16 Male 30 Right O None None None

Note:—F indicates frontal; O, occipital; HS, hemisphere; OP, occipito-parietal; OTP, occipito-temporo-parietal; LFP, left fronto-parietal; ROTP, Right occipito-temporo-parietal;
FTP, fronto-temporo-parietal; LO, left occipital; RO, right occipital; OT, occipito-temporal.
a Two or 3 numbers are reported in this column when several examinations were performed for the same patient.
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significant hypoperfusion areas, depending on the analyzed sub-
group. Children with SWS who were younger than 1 year of age
with a left LVM (Fig 2A) had a significant CBF decrease in the left
parietotemporal cortex (main cluster: t ¼ 4.44; z(score) ¼ 3.85;
P(uncorrected) , .001; MNI coordinates: x ¼ �64, y ¼ –28, z ¼ 28).
Children with SWS who were younger than 1 year of age with a
right LVM (Fig 2B) had a significant CBF decrease in the right
occipital, temporal cortex (main cluster: t ¼ 5.07; z(score) ¼ 4.31;
P(uncorrected) , .001; P(FWE-corrected cluster-level) , .001; MNI coordi-
nates: x¼ 60, y¼ –3, z¼ 8).

Children with SWS between 1 and 3.5 years of age with a left
LVM (Fig 2C) had a significant CBF decrease in the left parieto-
occipital cortex (t ¼ 4.49; z(score) = 3.66; P(uncorrected) , .001; MNI
coordinates: x¼ �8, y¼ �80, z¼ 6). Children with SWS between
1 and 3.5 years of age with a right LVM (Fig 2D) had a significant
CBF decrease in the occipital cortex (main cluster: t=5.12; z(score)¼
4.43; P(uncorrected) , .001; P(FWE-corrected cluster-level) ¼ .016; MNI
coordinates: x¼ 16, y¼ –90, z = –12).

ROI-Based Analysis
CBF values in the ROIs in patients with SWS were lower than those
in controls (in the whole cohort: median, 25mL/100g/min [IQR ¼
14–30 mL/100g/min] versus 44mL/100g/min [IQR ¼ 34–55 mL/
100g/min], respectively, P, .0001). This significant difference was
found for all subgroups regardless of the patient’s age and side of
the LVM (Table 2 and Fig 3).

Diagnostic Accuracy
As shown in Fig 4, the receiver operating characteristic curve for
the whole cohort had an AUC of 0.84 (95% CI, 0.75–0.93). The
optimal threshold for the global analysis including all patients
and controls was a CBF at 30mL/100g/min with a specificity of
77% (95% CI, 75–93) and sensitivity of 88% (95% CI, 75–93).

In the subgroup of patients younger than 1 year of age, the
AUC was 0.78 (95% CI, 0.63–0.93). A threshold of 36mL/100g/
min yielded a specificity of 89% (95% CI, 67–100) and a sensitiv-
ity of 82% (95% CI, 73–91) in this subgroup.

FIG 2. Whole-brain voxel-by-voxel SPM analyses in children with SWS and controls with healthy brains younger than 1 year of age (A and B) and
from 1 to 3.5 years of age (C and D). Templates are shown with the radiologic convention in the axial and coronal plains. Significant hypoperfu-
sion is labeled by yellow areas. A indicates anterior; P, posterior; H, head; F, foot; L, left; R, right.

Table 2: CBF in LVM of patients with SWS and corresponding area in controls
CBF (mL/100g/min) Patients (Median) (IQR) Controls (Median) (IQR) Wilcoxon P

A, Left, younger than 1 year of age 17 (13–33) 41 (33–47) .02
B, Right, younger than 1 year of age 23 (20–29) 38 (32–45) .01
C, Left, between 1 and 3.5 years of age 25 (24–26) 52 (41–62) .02
D, Right, between 1 and 3.5 years of age 28 (13–33) 48 (39–64) .003
Whole cohort 25 (14–30) 44 (34–55) ,.0001
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DISCUSSION
In this series of 16 young patients with SWS (3.5 years of age
or younger), ASL perfusion imaging had a cortical hypoperfu-
sion juxtaposing the LVM compared with pair-wise controls.
This finding was observed in the group younger than 1 year of
age, emphasizing the high sensitivity of ASL in this age win-
dow in which the diagnosis is difficult. These results were not
driven by atrophy or calcification of the diseased cortex. Each
subgroup showed a significant hypoperfusion including the
subgroup in which no patient had cortical atrophy. In the
same way, it was unlikely driven by calcifications because in
the age group younger than 1 year, only 3 patients of 11 had
calcifications.

Such findings are in line with histologic studies. The cortical
blood flow reduction could have been speculated as secondary to
the venous stasis and hypertension due to malformation of the
cortical vessels as well as venous thrombosis leading to impaired
cortical perfusion and ischemia.17 In our study, the brain hypo-
perfusion corresponding to the LVM was unchanging during de-
velopment up to 3.5 years of age and did not show the normal
cortical maturation increasing with age.20

Data in the literature reported the role of brain perfusion to
unravel the difficulty of detection of LVM,8,10-16 which can be
slight or discrete at an early stage. Our results were consistent
because these studies have demonstrated decreased perfusion in
the parenchyma regions juxtaposing the leptomeningeal enhance-
ment. Whitehead et al25 reported hypoperfusion in 2 patients
with SWS without leptomeningeal abnormalities. All patients in

our cohort with obvious hypoperfusion also had leptomeningeal
enhancement.

Presymptomatic use and optimal timing of MR imaging in the
investigation of PWB have been controversial issues.1 A recent
expert consensus concluded that for neonates and infants with a
high-risk PWB and no history of seizures or neurologic symptoms,
routine screening for brain involvement was not recommended;
MR imaging should be reserved for symptomatic infants or chil-
dren.6 This guidance was mainly based on 2 observations: First,
negative findings on neuroimaging in a normally developing
asymptomatic infant with a facial PWB do not exclude brain
involvement and may provide false reassurance. Such false-negative
findings have been reported in 3%–23% of the cases in retrospective
studies.6 Second, even if an LVM is confirmed, neurologically
asymptomatic children are unlikely to undergo immediate thera-
peutic intervention.6 Nevertheless, other reasons drive pediatric
neurologists to perform early MR imaging, including parental
expectations, anxieties, or discomfort with diagnostic uncertainty.1

It also may be performed to confirm the pathology when an atypi-
cal presentation is encountered or to exclude a differential diagnosis
that includes variable and overlapping phenotypes such as
PIK3CA-related disorders with no decreased CBF. This consensus
was built on a literature review from 2008 to 2018, so it could not
take into consideration 2 recent studies.

Bar et al3 reported that leptomeningeal enhancement invisible
before 1 year of age may appear afterward and proposed an MR
imaging protocol to diagnose SWS during the presymptomatic stage
in this difficult age window, obtaining a sensitivity of 100% and a

FIG 3. Comparison of CBF values between LVMs in children with SWS and corresponding areas in controls for subgroups matched for age and
side. Horizontal bars on the top of the graphs show significant differences. Asterisk indicates P, .05; double asterisks, P, .01.
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specificity of 94%. Day et al26 assessed the presymptomatic treat-
ment before seizure onset in SWS compared with postsymptomatic
treatment on pair-wise subjects. By reducing seizure scores in pre-
symptomatically treated subjects, they hypothesized that prophylaxis
may delay seizure onset. These studies put in perspective the possi-
ble key role of imaging to early and presymptomatically detect
LVM, while waiting for more evidence of the benefit of early and
presymptomatic treatment. Hypoperfusion detected on ASL in our
study (decreased around 20mL/100g/min in comparison with age-
matched controls) may either help to increase vigilance in children
younger than 1 year of age suspected of having SWS if there is a
doubtful LVM enhancement, or may increase confidence to diag-
nose the LVM. This ASL sign could be added to indirect MR imag-
ing anatomic signs already described by Bar et al3 to detect the LVM
in this difficult age window before the age of 1 year. Larger prospec-
tive cohorts with serial MR imaging in the same patients are war-
ranted to assess the time course of perfusion abnormalities and
other MR imaging signs.

Limits in our study should be mentioned. The study had a
small sample size effect, which prevented sound analysis of small
subgroups. Moreover, considering the small sample size of our dis-
eased group, several scans from some patients were considered in-
dependently, introducing a representation bias. The advantage of a
voxelwise analysis was to display a global tendency among the
studied individuals. However, because it takes into consideration
the average perfusion of all subjects while they had a different
brain expression, the analysis mixed LVM and healthy brain areas,
resulting in an averaging effect. Therefore, the abnormality-
focused analysis using an ROI was complementary because the
measured CBF in each patient was not averaged by others who
had a different location of the disease. Finally, patients who did not
have a concomitant electroencephalogram and had subtle nonmo-
tor seizures during the ASL acquisition, though not the most fre-
quent type in this population, could have been unnoticed.

CONCLUSIONS
ASL perfusion imaging may help to diagnose SWS during the early
stage by showing a cortical hypoperfusion and could be very useful
before the age of 1 year. This ASL sign could be added to other MR
imaging signs already described to detect the LVMs in this difficult

age window. Even if the place of screening and prophylactic treat-
ment to prevent the seizure onset still needs to be clarified, ASL
perfusion imaging gives valuable information about LVMs without
the injection of contrast media. Included in an adapted MR imag-
ing protocol, it could promote the MR imaging screening for SWS.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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