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Background: Enlarged deep medullary veins (EDMVs) in patients with Sturge-Weber syndrome (SWS) 
may channel venous blood from the surface to the deep vein system in brain regions affected by the 
leptomeningeal venous malformation. Thus, the quantification of EDMV volume may provide an objective 
imaging marker for this vascular compensatory process. The present study proposes a novel analytical 
method to quantify enlarged EDMV volumes in the affected hemisphere of patients with unilateral SWS. 
Methods: Twenty young subjects, including 10 patients with unilateral SWS and 10 healthy siblings (age 
14.5±6.7 and 16.0±7.0 years, respectively) underwent 3T brain MRI scanning using susceptibility-weighted 
imaging (SWI) and volumetric T1-weighted sequences. The proposed image analytic steps segmented 
EDMVs in white matter regions, defined on the volumetric T1-weighted images, by statistically associating 
the likelihood of intensity, location, and tubular shape on SWI. The volumes of the segmented EDMVs, 
calculated in each hemisphere, were compared between affected and unaffected hemispheres. EDMV 
volumes were also correlated with visually assessed EDMV scores, hemispheric white matter volumes, and 
cortical surface areas. Parametric tests including Pearson’s correlation, unpaired and paired t-tests, were used. 
A P value <0.05 was considered statistically significant. 
Results: It was found that EDMVs were identified well in SWS-affected hemispheres while calcified 
regions were excluded. Mean EDMV volumes in the SWS-affected hemispheres were 10–12-fold greater 
than in the unaffected or healthy control hemispheres; while white matter volumes and cortical surface areas 
were lower. EDMV volumes in the SWS-affected hemispheres showed a strong positive correlation with the 
visual EDMV scores (r=0.88, P=0.001) and an inverse correlation with cortical surface area ratios (r=−0.65, 
P=0.04) but no correlation with white matter volume ratios. 
Conclusions: EDMVs were detected in the SWS-affected atrophic hemispheres reliably while avoiding 
calcified regions. The approach can be used to quantify enlarged deep cerebral veins in the human brain, 
which may provide a potential marker of cerebral venous remodeling.
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Introduction

Sturge-Weber syndrome (SWS) is a rare neurocutaneous 
disorder originating from the vascular tissue in the brain 
and skin and most commonly associated with a somatic 
activating pathogenic variant in the GNAQ gene (1). SWS 
brain involvement is unilateral in the majority of cases 
and includes venous abnormalities such as leptomeningeal 
venous malformations (LVMs) and enlarged deep medullary 
and subependymal veins (2). These latter are thought to 
develop as a result of the LVM-induced superficial venous 
flow insufficiency to provide collateral venous flow toward 
the deep venous system (3-6). Unless such collaterals 
provide adequate blood flow compensation, chronic 
venous congestion in affected cortex and subcortical white 
matter underlying the LVM can lead to brain atrophy and 
calcification (7,8). Typical early clinical manifestations of 
SWS include focal seizures, stroke-like episodes, visual 
field impairment and, in a subset of patients, progressive 
cognitive deficits (9,10). Neuro-cognitive outcome can 
be optimized with aggressive seizure treatment including 
epilepsy surgery in selected patients (11,12).

While conventional post-contrast brain magnetic 
resonance imaging (MRI) provides an excellent means to 
detect LVMs in most patients with SWS, it may miss them 
in young patients during the early disease course (13,14). 
MRI with susceptibility-weighted imaging (SWI) has been 
increasingly used for radiological diagnosis of SWS, partly 
due to its superior ability to detect small cerebral veins, 
including enlarged deep medullary veins (EDMVs) even 
without or before the LVM can be visualized (2,13,15). 
Recent studies have also demonstrated the post-natal 
evolution and expansion of these veins during the early 
SWS disease course, as detected by SWI (5,16), leading 
to EDMVs in the vast majority of patients with unilateral 
SWS (6). Curiously, extensive EDMVs appeared to be more 
frequent in right hemispheric SWS and more commonly 
present at a young age in those with right SWS as compared 
to left hemispheric brain involvement. Also, a larger number 
of EDMVs, assessed by visual scoring, was associated with 
better seizure and cognitive outcomes in a subset of SWS 
patients (6). These data indicated that EDMVs may serve as 

an imaging marker of adaptive, venous vascular remodeling 
in SWS. Therefore, objective detection and quantification 
of EDMVs could provide a reproducible and clinically 
relevant MRI marker in SWS. 

Recent studies demonstrated that venous volume 
quantification from SWI is feasible and reproducible in 
healthy volunteers and in patients with cerebral venous 
disorders (17,18). However, accurate detection and 
quantification of EDMVs remains challenging in SWS, 
partly because of the complex pathology of SWS brain 
involvement that includes both white matter and cortical 
atrophy as well as a variable degree of calcifications causing 
susceptibility changes in affected brain regions. In the 
present study, we report an EDMV volume quantification 
approach based on the use of a neuroimaging protocol 
that included among other sequences both SWI and 
volumetric T1-weighted images, which are now widely 
used in the clinical setting for SWS brain imaging. The 
goals of this study included: (I) to assess the feasibility of 
EDMV volumetry in patients with unilateral SWS; (II) to 
evaluate the correlation of visual EDMV scores (based on 
the number of EDMVs) with objective EDMV volume 
in SWS-affected hemispheres; and (III) to evaluate the 
relationship between EDMV volume and quantified brain 
parenchymal abnormalities (including both cortical surface 
and hemispheric white matter volumes) in SWS. 

Methods 

Study subjects

All data were collected prospectively in a clinical research 
study between 2018 and 2022 in Wayne State University, 
Detroit, Michigan, USA. The protocol was approved by the 
Wayne State University Human Investigation Committee, 
and a written informed consent form was signed by the 
study subjects or their parents. This study conformed to 
the provisions of the Declaration of Helsinki (as revised 
in 2013). Inclusion criteria for the SWS group were the 
following: (I) unilateral SWS detected by clinical MRI, 
defined as the presence of unilateral LVMs on post-contrast 
MRI, with or without a facial port-wine birthmark; (II) age 
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3 years and above; (III) good quality SWI and volumetric 
T1-weighted images available; and (IV) presence of EDMVs 
in the affected hemisphere, detected by visual assessment 
of SWI images. Exclusion criteria were: (I) bilateral SWS 
brain involvement on MRI and (II) history of epilepsy 
surgery; such patients were not included for this prospective 
study. The control group was recruited from healthy 
siblings of SWS patients. Inclusion criteria for this group: 
(I) age 3 years and above; (II) no history of any neurological 
or psychiatric disease; (III) normal neurological status 
upon physical examination; and (IV) no brain parenchymal 
abnormalities on MRI. For SWS patients with epilepsy, 
the MRI was done at least 24 hours after the last clinical 
seizure to minimize the potential confounding effect of 
seizure activity on vascular dilatation/engorgement or blood 
oxygenation/deoxygenation levels potentially affecting the 
SWI signal in the veins.

MRI acquisition 

Al l  MRI  s tud ie s  were  per formed  on  a  S i emens 
MAGNETOM Verio 3T scanner (Siemens Medical 
Solutions, Erlangen, Germany). MRI acquisition included 
a native volumetric axial T1-weighted 3-dimensional 
magnetization prepared rapid gradient echo (with a voxel 
size of 0.9 mm × 0.9 mm × 0.9 mm; acquisition time:  
4 min 35 s), followed by an SWI (acquisition time: 5 min) 
with the following image parameters: field of view 224 mm ×  
168 mm × 128 mm; base resolution 448; voxel size 0.5 mm ×  
0.5 mm × 2.0 mm; TR 30 ms/30 ms, TE 5.1 ms/18 ms; 
bandwidth 160–410 Hz/pixel, 2× accelerated GRAPPA 
parallel imaging with 24 reference lines, and 6/8 partial 
Fourier along phase encoding. An axial fluid attenuated 
inversion recovery and T2-weighted turbo spin-echo image 
was also obtained but not specifically used for the current 
study; in patients with SWS (but not in healthy siblings), a 
post-gadolinium T1-weighted image was also acquired. The 
youngest child (age 3 years) with SWS underwent moderate 
sedation to make sure that no significant motion artifacts 
occurred; all images of all subjects were reviewed after 
acquisition to ensure good image quality. 

MRI image analysis 

SWI images were processed offline using SPIN (Signal 
Processing in NMR; SpinTech MRI, Bingham Farms, MI, 
USA). SWI minimal intensity projection (MIP) images 
were generated, and the extent of EDMVs were determined 

visually by one of the investigators (who was blind to the 
subjects’ identity) in five major deep venous regions of 
the affected hemisphere in the frontal, central, parietal, 
temporal, and occipital regions of the SWS patients, as 
described recently (6). In this visual review process, each 
SWI MIP image was displayed on a screen, and EDMVs 
were identified in each of the regions by comparing the 
SWI-visualized medullary veins between homotopic 
regions in the affected and unaffected hemispheres. EDMV 
extent in the affected hemisphere was scored based on 
consensus as follows—score 0: no EDMVs; score 1: few 
[1–2] EDMVs in the region; score 2: several [3–5] EDMVs 
in the region; score 3: extensive [≥6] EDMVs in the region; 
thus, when combining the values from the five regions, the 
total hemispheric EDMV score ranged between 0 and 15. 
Test-retest reliability of this scoring was robust (intraclass 
correlation: 0.96) in a recent study (6).

Objective deep vein segmentation and volumetry 

A series of voxel-based image analytic steps were performed 
to objectively segment EDMVs in selected white matter 
regions of individual subjects (see block diagram on Figure 1). 
Magnitude and phase images from each echo were combined 
by standard SWI reconstruction and averaged to generate 
a native SWI image of individual subjects (15). The native 
SWI image was then resampled at 1 mm × 1 mm × 1 mm 
resolution, denoised with a non-local means algorithm (19) 
and corrected to remove the intensity variation with shrink 
factor 4 and 50×50×50 iterations (20). Finally, the modified 
SWI data was linearly scaled to match intensity histogram 
peaks across all subjects and then used as a target image to 
co-register the native T1-weighted image using an affine 
transformation, D(x) with Advanced Normalization Tools 
(ANTs, http://stnava.github.io/ANTs/). 

FreeSurfer analysis (21) was used for the native T1-
weighted image (registered to native SWI) to create two 
binary masks of interest, (I) white matter mask: ( ) 1W x = , if 
a voxel x locates at white matter and otherwise, ( ) 0W x = , and 
(II) basal ganglia mask: ( ) 1BG x = , if a voxel x is located at 
basal ganglia including thalamus, putamen and caudate, 
and otherwise, ( ) 0BG x = . These masks are necessary for 
the following SWI venous segmentation to include the 
hypointense vessels only inside white matter and exclude 
similar hypointense voxels inside the basal ganglia. 

Our SWI venous segmentation employed the following 
hybrid approach to create the deep vein mask, ( ) 1V x = , if x 
belongs to the class of white matter deep vein and ( ) 0V x =  
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otherwise. Briefly, our approach consisted of two separate 
steps. Step 1 considers three first-order potentials of SWI 
intensity distribution, appearance, shape, and location to 
quantify the likelihood of vessel presence at the voxel x. 
Step 2 includes the second-order interaction potential to 
further improve the quantification of Step 1 by considering 
the likelihood values of neighboring voxels.

Step 1: evaluation of the first-order association potentials,  
( )1 |V x V and ( )1 |V x T  that integrate three association 

potentials, appearance (φ), shape (ψ), and location (ϕ) to 
quantify the likelihood of vessel (V) and tissue (T) with 
the given subsets of observation: { },V T  at the voxel of 
x, respectively. Specifically, we define the association 
parameters as follows:

( ) ( )( ) ( )( ) ( )( )1 | log | log | log |V x V x V x V x Vϕ ψ φ= + +      [1]

( ) ( )( )1 | log |V x T x Tϕ=                                                                                         [2]

where, ( )|x Vϕ  and ( )|x Tϕ  model the potentials of 
vessel and tissue that exist at the voxel location x and 
were estimated using finite mixture model (FMM) with 
expectation-maximization (EM) algorithm (22). Based on 
the intensity histogram measured from the normal whole 

brain on SWI (23), the present study used the FMM-EM 
algorithm to classify the whole brain of individual subjects 
into four subclasses of distinct intensity levels, i.e., from 
the lowest to the highest intensity levels, as follows: lowest 
intensity regions (subclass 1, that may include high iron 
content/calcifications), 2nd lowest intensity regions (subclass 
2, that may include deep veins/deep nuclei), 3rd lowest 
intensity regions (subclass 3, that may include cerebrospinal 
fluid/ventricles), and 4th lowest intensity regions (subclass 
4 that may include gray/white matter). Under this 
configuration of the FMM-EM algorithm, ( )|x Vϕ  
is modeled as one normal (or Gaussian) probabilistic 
distribution (i.e., subclass 2 for V) and ( )|x Tϕ  is modeled 
as a mixture of three normal (or Gaussian) probabilistic 
distributions (i.e., a mixture of three subclasses, 1, 3, and 4). 
All FMM parameters (i.e., proportion, mean, variance 
of individual distribution) were optimized using the EM 
algorithm. It should be noted that our FMM model works 
well to segment four subclasses in both healthy controls and 
SWS patients, since all FMM parameters were optimized 
based on four distinct ranges of absolute intensity values. 

The function ( )|x Vψ  models the potential of tubular 
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Figure 1 A block diagram of deep vein segmentation that can objectively quantify the volumes of deep veins in white matter regions of 
individual subjects. SWI, susceptibility-weighted imaging; T1-w, T1-weighted.
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vessels at the voxel of x that Frangi’s maximal “vesselness” 
response filter quantifies at the level of vesselness scale 
range: σ (24); vesselness indicates the likelihood of an 
image region containing blood vessels or other image 
ridges and is measured by the eigenvectors of the Hessian 
matrix to quantify the tubular structure of the image 
object (25). In the present study, the range of σ was 
fixed from 0.5 to 2.5 at the step size of 0.25 to quantify 
( ) ( )|x V sigmoid Frangi s maximal vesselenss filter responseψ ′= .  

The shape-based ( )|x Vψ  was modeled to complement the 
intensity-based ( )|x Vψ  (24) so that a hypointense voxel 
with no tubular shape (e.g., due to calcification, which is 
common in SWS) becomes penalized to have less likelihood 
to be detected as the vessel class. ( )|x Vφ  is to guide the 
vein segmentation by incorporating two probabilistic masks: 

( )W x  and  ( )BG x  ( i . e . ,  ( ) ( ) ( )( )| 1x V W x BG xφ ρ= × × − , 
where ρ defines the probability (or percentage) of vein voxel 
assumed in the ( )W x . ( )W x  and ( )BG x  are binary masks 
for white matter and basal ganglia, respectively). 

The location-based ( )|x Vφ  favors keeping hypointense 
vessels inside white matter but excludes non-vessel-related 
low-intensity voxels inside basal ganglia nuclei (which 
are rich in iron) and elsewhere. Otherwise, ( )|x Vϕ  and 
( )|x Vψ  may incorrectly classify these iron-rich nuclei 

as blood vessels. All three association potentials ranged 
from 0 to 1 (i.e., the higher the value the higher likelihood 
to be classified as veins). Thus, a set of voxels, x, having 

( ) ( )log 1 | log 1 |V x V V x T≥ ( o r  ( ) ( )log 1 | log 1 |V x V V x T< ) 
constitutes the vein class ( )1 | 1V x V =  (or 0) that incorporates 
three different attributes of vessel: intensity, shape, and 
anatomical location. 

Step 2: evaluation of the second-order interaction 
potentials, ( )2 |V x V  and ( )2 |V x T  that model contextual 
dependencies of class memberships between all pairs of 
neighboring voxels, ( ),i jx x , that are defined in ( )1 |V x V  
and ( )1 |V x T .

( ) ( ) ( )2 | 1 , 1 ,smooth i j edge i jV x V V x V x V V x V x V= − = = − = =                                                                                         [3]

( ) ( ) ( )2 | 1 , 1 ,smooth i j edge i jV x T V x T x T V x T x T= − = = − = =
  
[4]

where ( )1 ,smooth i jV x x  and ( )1 ,edge i jV x x  penalize dissimilarity 
classification ( , , ,i j i jx V x T x T x V= = = = ) between the 
memberships of neighbor voxels (xi,xj) to regularize the 
heterogeneous memberships at local neighbors and detect 
finer vein memberships at the edges of vessel and tissue. 
That is, ( )2 |V x V  and ( )2 |V x T  are the improved versions 
of ( )1 |V x V  and ( )1 |V x T  that have less noisy memberships 
and more vessel memberships. Thus, a set of voxels, x having 

( ) ( )2 | 2 |V x V V x T≥ [or ( ) ( )2 | 2 |V x V V x T< ] constitutes fine  
vein class, ( )2 | 1V x V =  (or 0). All details of the above 
potentials [i.e., ( )1 |V x V , ( )1 |V x T , ( )2 |V x V , ( )2 |V x T ] are 
well-documented in the previous literature (23). This study 
implemented these potentials with the user variables that 
were proposed in that study.

Finally, the native T1-weighted image (registered to 
native SWI) was spatially normalized using the ANTs to 
the T1-weighted template image that was generated from 
T1-weighted images of the subjects in the control group 
using an unbiased group averaging technique (26). The 
resulting non-linear deformation field, ( )N x  was then 
inversely applied to place a slab of interest (i.e., covering 
the middle section of the hemispheres vertically including 
the entire extent of the ventricles and encompassing much 
of the hemispheric white matter) at the same anatomical 
location of individual subjects. This slab was defined in the 
template space designated to exclude superficial veins near 
the boundaries of gray and white matter vertices and in the 
basal brain. Thus, the intersection of three binary masks in 
native SWI space: (I) the transformed slab mask ( ) 1M x = ;  
(II) white matter mask ( ) 1W x = ; and (III) fine vein mask 

( )2 1V x =  defined the final mask of deep veins: ( ) 1V x =  that 
can quantify the volumes of medullary deep veins at the 
same anatomical locations of individual subjects. The voxel 
numbers of the deep vein mask ( ) 1V x =  were separately 
counted in both hemispheres to measure deep vein volumes 
(i.e., count × 1 mm3) in both (left and right) cerebral 
hemispheres. The volume of the final vein mask: ( ) 1V x = ,  
was controlled at three different levels of sensitivity (low, 
middle, high) by assuming three different values of ρ 
(0.05, 0.1, 0.15) for the location-based ( )|x Vφ  (23). Due 
to intrinsic partial volume effects, a higher ρ yields higher 
sensitivity detecting more EDMV voxels at the cost of more 
noisy voxels. 

Calculation of hemispheric cortical surface and white 
matter volume 

FreeSurfer analysis was used to define the gray-white 
matter surface in each hemisphere of the volumetric T1-
weighted image that was pre-registered to the SWI. The 
area assigned to each vertex of the gray-white matter surface 
was calculated as the average area of all triangles that 
surrounded the vertex. We calculated the total area of the 
hemispheric cortical surface by multiplying total number of 
triangles by the constant size of each triangle. In addition, 
white matter volume of individual hemispheres was 



Quantitative Imaging in Medicine and Surgery, Vol 14, No 2 February 2024 1921

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(2):1916-1929 | https://dx.doi.org/10.21037/qims-23-1271

quantified using the FreeSurfer’s segmentation process. The 
volume inside the white matter surface for an individual 
hemisphere excluded cerebellar white matter and brainstem.

Statistical analysis 

The Shapiro-Wilk test showed normal distributions for 
the study variables. Therefore, statistical analyses were 
performed using parametric tests (such as Pearson’s 
correlation, unpaired and paired t-tests, where appropriate). 
SPSS 26.0 was used to perform the statistical analysis, and 
P<0.05 was considered to be significant.

Results

A total of 20 subjects were included in the study: 10 patients 
with unilateral SWS and 10 healthy control siblings (7 
females, 3 males) (Table 1). The mean age of the two groups 
was similar (SWS group: 14.5±6.7 years, control group: 
16.0±7.0 years, P=0.62). 

EDMV scores on visual assessment 

The number of EDMVs varied widely in the affected 
hemisphere of the 10 SWS patients (Table 1), with a 
hemispheric EDMV score ranging between 1–15 (mean: 
7±5). A small asymptomatic developmental venous 

malformation was detected in the right frontal lobe of 
one of the healthy siblings (a 16-year-old girl), likely an 
incidental finding. No brain parenchymal abnormalities 
were present. Due to this, EDMV volume values from the 
right hemisphere of this healthy control subject were not 
included in subsequent calculations.

Hemispheric enlarged deep vein volumes 

Figure 2 shows representative examples of segmented deep 
vein masks obtained from one SWS subject (a 13-year-old  
gir l  with extensive r ight hemispheric SWS brain 
involvement; #4 in Table 1), when applying the three 
sensitivity levels. Most of the EDMVs were detected in 
the right hemisphere with all three sensitivities, while 
the large calcified area in the frontal lobe was excluded. 
Still, the high sensitivity segmentation at ρ=0.15 detected 
EDMVs with higher noise levels (i.e., many tiny and broken 
branch segments appeared due to intrinsic partial volume 
effect) in the affected hemisphere and several (normal) 
deep vein segments in the unaffected hemisphere, whereas 
the noisy branch segments as well as background noise 
points were minimized with the segmentations using the 
middle sensitivity at ρ=0.1 and the low sensitivity at ρ=0.05, 
while picking up substantially the EDMVs in the affected 
hemisphere. Representative segmented enlarged deep veins, 
when using the middle sensitivity level, are shown in two 

Table 1 Gender, age, side and lobe(s) of SWS brain involvement (including leptomeningeal venous malformation and EDMVs), as well as visually 
established EDMV scores of the 10 patients with unilateral SWS, listed from the youngest to the oldest

Subject #
SWS Healthy siblings

Gender Age (years) SWS side Lobes involved EDMV score Gender Age (years)

1 Female 3 Right FTPO 12 Male 7

2 Male 8 Right P 2 Female 10

3 Male 9 Right TP (F†) 10 Male 10

4 Female 13 Right FTPO 15 Female 11

5 Male 13 Left FP 1 Male 13

6 Female 13.5 Right FTPO 10 Female 16

7 Male 20 Left TPO (F†) 3 Female 20

8 Female 20 Right P 1 Female 21

9 Female 21 Left FTPO 9 Female 24

10 Male 24 Left PO 8 Female 28
†, limited EDMV in frontal white matter. SWS, Sturge-Weber syndrome; EDMVs, enlarged deep medullary veins; F, frontal; T, temporal; P, 
parietal; O, occipital.
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left and two right SWS patients on Figures 3,4, respectively. 
Table 2 shows the individual segmented deep vein volumes 
picked up by each sensitivity setting in all SWS patients, 
along with the range of these values in the healthy control 
group. As expected, the measured deep vein volumes 
increased with the increasing ρ values of the location-based 
( )|x Vφ  (providing higher sensitivity to detect thinner veins 

at the cost of picking up some noise, as more voxels were 
picked up). The mean quantified EDMV volumes were 
approximately 10–12-fold greater in the SWS-affected 
hemispheres than in the unaffected or control hemispheres 
at all three sensitivity settings (Table 3). The volumes 
measured in the brains of the control subjects vs. in the 
unaffected hemispheres of the SWS subjects were similar, 
did not differ significantly (Table 3). 

Comparison of EDMV volumes and visual EDMV scores 

In all seven patients with visual EDMV scores >2, the 
measured EDMV volumes in the SWS-affected hemisphere 
were outside the range of the healthy control group (Table 2). 
In contrast, in the three patients with only a few EDMVs 
(i.e., scores 1–2 on visual assessment), the measured deep 
vein volumes were within the normal range in two, when 
the low sensitivity level was used, and in all three subjects 
when the middle or high sensitivity levels were used. Deep 
vein volumes in the SWS-unaffected hemispheres were 
within the normal range in 8 or 9 patients and slightly above 

the range in 2 or 1, depending on the sensitivity level used 
(Table 2). Overall, the segmented EDMV values measured 
with the middle and high sensitivity level picked up the 
same hemispheres showing above the normal range, while 
the values obtained with the low sensitivity level showed 
above-range values in one additional case (#5) in both 
hemispheres. The measured EDMV volumes in the SWS-
affected hemispheres showed a strong correlation with the 
EDMV scores (r=0.88, P=0.001 for the middle sensitivity; 
very similar for the other two sensitivities, data not shown).

Cortical surface area, white matter volume, and their 
correlation with enlarged deep vein volumes 

In the control group, left and right hemispheric values of the 
cortical surface areas and white matter volumes did not differ 
(1,030±89 vs. 1,038±96 cm2, P=0.24; and 220±18 vs. 223±15 
cm3, P=0.16, respectively) (Table 4). In the SWS group, both 
variables were lower in the affected hemispheres than in 
the unaffected hemispheres [mean surface area: 918±182 vs.  
1,015±123 cm2, respectively, P=0.020; mean white matter 
volume: 187±47 vs. 218±44 cm3, P=0.032], consistent with 
atrophy in affected hemispheres (Table 5). Individually, lower 
values were measured in the SWS-affected hemisphere 
in all but one patient (#2, an 8-year-old with a small right 
parietal SWS involvement) (Table 5). In addition, white 
matter volume ratios of the affected/unaffected hemispheres 
showed an inverse correlation with duration of epilepsy 

Figure 2 Representative examples of final deep vein masks, V(x)=1, obtained from one subject with SWS (a 13-year-old girl with extensive 
right hemispheric brain involvement; #4 in Table 1) when applying low sensitivity (ρ=0.05, left panel), middle sensitivity (ρ=0.1, middle 
panel), and high sensitivity (ρ=0.15, right panel). SWS, Sturge-Weber syndrome.
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Figure 3 Representative examples of final deep vein masks, V(x)=1, obtained from two SWS subjects with left hemispheric involvement 
(middle sensitivity at ρ=0.1). 1st column: 2-D 10 mm transverse minimum intensity projection of native susceptibility-weighted imaging, 2nd 
column: 2-D white matter mask W(x)=1, 3rd column: 2-D final deep vein mask V(x)=1 in the affected hemisphere (red) in a selected plane, 4th 
column: 3-D final deep vein mask V(x)=1 in the affected (red) and unaffected hemispheres (blue) that were overlaid with 3-D white matter 
mask W(x)=1 (gray) and 3-D basal ganglia mask BG(x)=1 (peach). Note that only a small number of (likely physiologic) deep vein fragments 
were detected in the unaffected hemispheres, while calcified areas were successfully excluded. SWS, sturge-Weber syndrome; 2-D, two 
dimensional; 3-D, three dimensional.

Figure 4 Representative examples of final deep vein masks, V(x)=1, obtained from two SWS subjects with right hemispheric involvement 
(middle sensitivity at ρ=0.1). See the explanation of the images in the four columns in Figure 3. SWS, Sturge-Weber syndrome.
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Table 2 Hemispheric deep vein volumes (in mm3) of the SWS patients quantified at the three different levels of segmentation sensitivity

Patient # SWS side
Low sensitivity Middle sensitivity High sensitivity

EDMV score
Left [0–175]a Right [0–190]a Left [0–308]a Right [0–316]a Left [0–459]a Right [8–420]a

1 Right 63 1,338c 74 2,322c 78 3,147c 12

2 Right 95 117b 144 203b 199 314b 2

3 Right 22 1,118c 48 1,827c 60 2,360c 10

4 Right 101 4,824c 190 7,117c 266 8,777c 15

5 Left 188c 200d 276b 301 331b 380 1

6 Right 175 2,835c 206 4,273c 241 5,425c 10

7 Left 242c 211d 403c 451d 619c 713 3

8 Right 26 71b 99 92b 185 137b 1

9 Left 2,257c 107 2,994c 135 3,853c 167 9

10 Left 1,996c 119 2,660c 196 3,160c 305 8
a, indicates the range of deep vein volumes measured in the 10 healthy controls in the left and right hemispheres (i.e., the normative 
range) with each level of sensitivity; b, indicates deep vein volumes measured within the normal ranges in the SWS-affected hemisphere 
which occurred only in patients with low [1–2] EDMV scores; c, indicates volumes outside (above) the normal range in SWS-affected 
hemispheres; d, indicates individual EDMV volumes outside (above) the normal range in SWS unaffected hemispheres (picked up with all 
sensitivity levels in patient #7). SWS, Sturge-Weber syndrome; EDMV, enlarged deep medullary vein.

Table 3 The hemispheric EDMV volumes measured in the unaffected hemispheres of the SWS patients vs. healthy siblings, as well as in the 
SWS-affected hemispheres 

Hemisphere side
Low sensitivity Middle sensitivity High sensitivity

Left Right Left Right Left Right

Normal hemispheres

SWS unaffected 80±57 159±54 127±64 271±138 172±85 392±232

Healthy siblings 75±61 88±68 241±102 140±10 210±156 195±145

P value 0.86 0.1 0.76 0.1 0.59 0.09

SWS-affected hemisphere 1,170±1,109 1,717±1,826 1,583±1,444 2,638±2,680 1,991±1,777 3,360±3,296

Mean (± standard deviation) left and right hemispheric EDMV volumes (at low, middle, and high levels of segmentation sensitivity; in mm3), 
measured in the unaffected (left and right, depending on the side of SWS brain involvement) hemispheres of the SWS patients vs. healthy 
siblings showed no significant differences. Mean hemispheric EDMV volumes measured in the SWS-affected hemispheres (bottom cells) 
were approximately 10–12-fold greater, in average. EDMV, enlarged deep medullary vein; SWS, Sturge-Weber syndrome.

(r=−0.68, P=0.03) and a trend with age (r=−0.59, P=0.07), 
indicating more robust white matter volume loss in older 
patients with longer epilepsy duration; cortical surface ratios 
(affected/unaffected hemisphere) did not correlate with 
age or epilepsy duration (P>0.10). Finally, cortical surface 
ratios in the SWS group showed an inverse correlation 
with EDMV volumes measured in the affected hemispheres 
using the middle threshold [r=−0.65, P=0.04 (Figure 5); 
similar significant correlations were present with data from 
the other two sensitivities; data not shown]. White matter 

volume ratios did not correlate with EDMV volumes (P>0.1 
for all thresholds).

Discussion

In this study, we evaluated an objective approach to quantify 
EDMVs in patients with SWS. With the combination of 
SWI and volumetric T1-weighted sequences, we were able 
to detect EDMVs in the SWS-affected hemispheres: the 
actual EDMV volumes depended on the assumed level of 
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Table 4 Hemispheric cortical surface areas and white matter volumes in the healthy control group (listed from the youngest to the oldest)

Control group #
Cortical surface area (cm2) White matter volume (cm3)

Age (years)
Left Right Left Right

1 943 986 188 203 7

2 939 917 214 215 10

3 1,137 1,163 219 226 10

4 1,049 1,057 202 199 11

5 1,157 1,153 240 241 13

6 1,091 1,113 228 236 16

7 1,047 1,053 227 225 20

8 1,040 1,030 228 234 21

9 1,020 1,043 248 241 24

10 875 864 208 212 28

Mean ± SD 1,030±89 1,038±96 220±18 223±15 –

SD, standard deviation.

Table 5 Hemispheric cortical surface areas and white matter volumes in patients with Sturge-Weber syndrome (listed from the youngest to the 
oldest)

SWS group #
Cortical surface area (cm2) White matter volume (cm3)

Age (years)
Affected Unaffected Affected Unaffected

1 720 811 125 128 3

2 1,043 946 208 184 8

3 996 1,059 200 209 9

4 939 1,105 190 212 13

5 1,173 1,225 233 251 13

6 654 875 127 187 13

7 1,072 1,080 240 258 20

8 971 1,027 224 246 20

9 647 932 116 226 21

10 961 1,093 207 276 24

Mean ± SD 918±182 1,015±123 187±47 218±44 –

SD, standard deviation; SWS, Sturge-Weber syndrome.

segmentation sensitivity, but visual inspection of the images 
demonstrated adequate pick-up of the bulk of EDMVs 
with all three levels of segmentation sensitivity. Small, 
mostly isolated fragments of likely normal deep veins were 
also picked up in both healthy controls and unaffected 
hemispheres of the SWS patients; still, as expected, SWS-
affected hemispheres showed much higher deep vein 

volumes, as compared to non-affected hemispheres. The 
applied method was able to confine the volume detection 
to deep veins, while excluding calcified brain lesions that 
are common in SWS and show similar signal loss. Thus, 
EDMV volumes, along with the other quantitative image 
variables used in this study (white matter volume and 
cortical surface area, characterizing the level of atrophy) 
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may provide useful imaging biomarkers for future clinical 
trials for which such biomarkers are needed to monitor 
the effects of therapeutic interventions objectively (27). 
Unlike previous studies in SWS patients, the present study 
also included data from healthy siblings of SWS patients. 
This allowed us to demonstrate that EDMV volumes, 
hemispheric white matter volumes, and gray matter surface 
areas were similar in the unaffected hemispheres of SWS 
patients and healthy controls. These data indicated that 
hemispheres not affected by the LVM in SWS patients are 
largely intact structurally, which is important for allowing 
effective contralateral functional reorganization in those 
with extensive unilateral SWS brain involvement (28). 

The measured EDMV volumes correlated well with 
the visually assessed EDMV scores; the latter relied on the 
number (rather than volume) of enlarged deep veins (6). 
EDMV volumes in the SWS-affected hemispheres were 
outside the normal range in all cases with more than a 
few EDMVs (i.e., scores greater than 1–2). In the three 
patients with EDMV scores of 1 or 2, the hemispheric 
EDMV volumes fell within the control range, as the 
overall volume of the few enlarged veins was small. This 
indicates a limitation of the sensitivity of hemispheric 
deep vein volumetry, but regional (lobar) volumetry may 
overcome this in the future. A limited number of EDMVs 
is usually associated with small (often unilobar) SWS brain 
involvement as seen in our three patients with low EDMV 
scores. Most of these patients are doing well neurologically, 
while in those with extensive multilobar involvement the 
extent of deep venous remodeling may be important to 
salvage venous blood flow and avoid severe parenchymal 
damage (5,6). In such cases, EDMV volumes and their 

longitudinal changes can be assessed by non-contrast SWI 
and T1-weighted images and provide an objective imaging 
marker of the deep venous compensatory changes during 
the disease course.

Our data also indicate a variable decrease in hemispheric 
white matter volume and cortical surface area in the SWS-
affected hemispheres, consistent with atrophy. White matter 
volume ratios (affected/unaffected side; which was used to 
diminish age effects) were lower in those with longer duration 
of epilepsy. This is consistent with a previous study indicating 
progressive hemispheric atrophy as suggested by more 
severe volumetric abnormalities in older SWS patients (7).  
In that study, lower white matter volume (but not gray 
matter volume) was an independent predictor of poorer 
cognitive functions. While the current cohort was too small 
to evaluate neuro-cognitive correlates of volumetric values, 
or perform multivariate correlations, the data reinforce 
that white matter volume loss is likely progressive in SWS, 
as the hemispheric differences are more robust in older 
patients with longer epilepsy history. Interestingly, EDMV 
volumes correlated better with cortical surface area ratios 
than with hemispheric white matter volume ratios (where 
the correlation was not significant). This is consistent 
with the notion that extensive LVMs are associated with 
more extensive atrophy of the underlying cortex, which 
can facilitate development of more robust and extensive 
enlarged deep vein collaterals. 

Potential mechanisms of such deep venous remodeling 
have been discussed in our recent study (6). One plausible 
mechanism is the early increase of venous pressure around 
the LVM-affected brain regions as a result of impaired 
superficial venous drainage, which can then facilitate the 
expansion of medullary and other deep vein collaterals 
to relieve this pressure by channeling the venous blood 
toward the deep vein system (29). The brain vasculature 
can undergo large-scale rearrangements not only in SWS 
but in various other pathologies, including stroke (30), 
traumatic brain injury (31), and epilepsy (32). Adaptive 
venous remodeling induced by cerebral venous occlusion 
or insufficiency (present in but not confined to SWS) can 
diminish parenchymal damage by developing adequate 
collaterals during the early disease course (3). Our current 
study demonstrates the ability of SWI (combined with 
volumetric T1-weighted images) to quantify the extent of 
such remodeling in the developing human brain, even in the 
presence of other pathology such atrophy and calcifications. 
The applied approach may also be tested in other pathologic 
conditions associated with abnormalities of deep medullary 
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Figure 5 Correlation between enlarged deep vein volumes 
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veins. 
Our study limitations include the small number 

of patients: SWS is a rare disorder and collection of 
prospective imaging data in a single center takes a long 
time; we included only recent patients who met all inclusion 
criteria and had a uniform imaging acquisition protocol 
using the same scanner. In addition, for the first time, we 
collected similar imaging data from healthy siblings, which 
is a new aspect for an SWS brain imaging study. It should 
be noted that all study subjects except the youngest SWS 
patient had their MRI scans acquired without sedation 
in order to rule out the effect of sedative on SWI venous 
vascular contrast (33). The SWI of the sedated patient had 
good vascular contrast, similar to scans obtained without 
sedation, therefore, we included this patient in the study. 
Thus, no confounding issue related to the sedative should 
be considered in the statistical findings of the present study. 
However, the main disadvantage of the multi-echo SWI 
acquisition is that longer TEs accentuate T2*-weighted 
contrast increasing signal attenuation in subcortical 
structures (e.g., basal ganglia) with higher iron content. 
Even though this limitation was mitigated by adding their 
location priors, the iron in subcortical structures may not be 
completely differentiated from subcortical veins, especially 
near the outer boundary region of the subcortical structures, 
where intrinsic partial volume effect may add more false 
positive classifications to the resulting vessel class. Thus, 
the presented segmentation method may require additional 
masking (e.g., dilated subcortical mask) to correct such false 
positives for the subsequent analysis. Recent work using 
Strategically Acquired Gradient Echo (STAGE) imaging 
has automated the segmentation of the deep gray matter, 
which, along with the simultaneous collection of T1 and 
SWI data, avoids the need for co-registration (34,35). 
Future studies could improve the classification accuracy of 
the presented segmentation procedure by including larger 
cohorts and longitudinal STAGE data with quantitative 
susceptibility mapping data and improved signal-to-noise 
ratio to evaluate the progressive nature of the detected 
vascular and parenchymal abnormalities and compare them 
to clinical variables. Finally, a future study is warranted 
for the replication of our segmentation accuracy in larger, 
independent cohorts via a multi-center study.

Conclusions

The applied approach using the combination of SWI and 
volumetric T1-weighted images can provide volumes 

of EDMVs while avoiding calcifications in the affected 
cerebral hemisphere along with white matter volumes and 
cortical surface areas in patients with SWS. Acquisition of 
native SWI and volumetric T1-weighted images is clinically 
highly feasible, even in longitudinal studies, and the 
obtained quantitative variables have the potential to serve 
as prognostic and predictive imaging biomarkers in clinical 
trials in patients with SWS.
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