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Abstract

Purpose—To determine the relationship between calcified cortex and perfusion status of white
matter and seizure severity in patients with Sturge-Weber Syndrome (SWS), a sporadic neuro-
cutaneous disorder characterized by a leptomeningeal angioma, progressive brain ischemia and a
high incidence of seizures, using Susceptibility Weighted Imaging (SWI) and Dynamic
Susceptibility Contrast-enhanced Perfusion Weighted Imaging (DSC-PWI).

Materials and Methods—Fifteen children (ages: 0.9-10 years) with unilateral SWS
prospectively underwent MR imaging. The degree of cortical calcification was assessed using
SWI while perfusion status was quantified using DSC-PW!I images (asymmetries of various
perfusion parameters). Comparisons between calcification, perfusion status and seizure variables
were performed.

Results—Patients with severely calcified cortex demonstrated significantly lower perfusion in
the ipsilateral white matter (mean asymmetry: —0.52+0.22) as compared to patients with only
mildly calcified cortex or no calcification (mean asymmetry: 0.08+0.25). Patients with severely
calcified cortex also suffered from a higher seizure burden (a composite measure of seizure
frequency and epilepsy duration; p=0.01) and a trend for earlier seizure onset and longer epilepsy
duration.

Conclusion—Severe calcification in the affected hemisphere is related to severely decreased
perfusion in underlying white matter and is associated with more severe epilepsy in SWS patients.
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Introduction

Sturge-Weber syndrome (SWS) is a non-hereditary phakomatosis classically characterized
by a facial port-wine stain in the trigeminal nerve distribution, an ipsilateral parieto-occipital
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leptomeningeal angioma, and glaucoma (1). Clinically, patients with SWS demonstrate a
highly variable course with many patients exhibiting few if any motor deficits and near
normal cognitive function while other patients suffer from severe hemiparesis and
developmental delay (2, 3). Seizures typically begin in early childhood and may worsen with
age. They are often accompanied by stroke-like episodes where patients develop
hemiparesis contralateral to the leptomeningeal angioma (4).

It is thought that the leptomeningeal angioma results from failure of the primitive cephalic
venous plexus to regress. As a result, normal, superficial cortical venous drainage is absent
and is replaced by the leptomeningeal angioma (1). The lack of a normal cortical venous
drainage system results in venous hypertension and chronic ischemia with subsequent brain
atrophy in the affected cortex (5). Prolonged seizures are thought to worsen the underlying
ischemia by increasing metabolic demand in an area of the brain where little, if any, flow
reserve is present (6). The vessels of the leptomeningeal angioma also appear prone to
thrombosis contributing to cortical ischemia (7). Calcification of the atrophic cortex is a
well-described pathologic feature of SWS and is thought to result from a combination of
gliosis in ischemic cortex and abnormal vessels (1, 8).

The imaging findings of SWS on CT and MRI include atrophy of the involved cortex, pial
enhancement, prominent transmedullary veins, enlarged choroid plexus and calcification of
the cortex (9, 10). The development of these findings follows a temporal progression with
the involved brain parenchyma often appearing normal in the neonatal period. Susceptibility
Weighted Imaging (SWI) is more accurate in identifying the presence of and quantifying the
degree of calcification in the affected cortex than conventional MRI sequences (11).

Impaired venous drainage in brain tissue underlying the leptomeningeal angioma leads to
abnormal perfusion, the main cause of progressive pathologic changes and tissue damage in
SWS. Therefore, direct measure of brain tissue perfusion may be helpful in evaluating
severity of brain involvement in affected patients, particularly before the more classically
described pathologic and structural imaging changes of SWS have occurred. Previous
studies quantified cerebral blood flow abnormalities in children with SWS using single
photon emission tomography (SPECT) (12). However, this technique yields low-resolution
images, lacks absolute quantification and involves radiation exposure to the patients.

Dynamic Susceptibility Contrast-enhanced Perfusion Weighted Imaging (DSC-PWI), an
MRI technique that measures relative perfusion parameters in the brain (13), offers distinct
advantages over nuclear medicine techniques. Briefly, DSC-PWI assesses changes in signal
intensity over time in a given voxel after the administration of a gadolinium based contrast
agent, exploiting the paramagnetic properties of gadolinium. DSC-PWI’s main advantage
over nuclear medicine perfusion techniques is the lack of radiation exposure and its ability
to correlate perfusion abnormalities with detailed anatomic images. Compared to Arterial
Spin Labeling (ASL), an emerging alternative MRI perfusion technique, DSC-PWI produces
a more robust signal-to-noise ratio, a particular advantage in white matter perfusion
measurements.

In this study, we sought to link findings on high-resolution PWI with cortical calcifications.
We also studied if severity of calcification is related to severity of clinical seizures

Materials and Methods

Patient Selection

Fifteen children with SWS were prospectively recruited for this study between December of
2006 and March of 2009. Inclusion criteria were (1) a prior diagnosis of SWS with unilateral
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brain involvement based on clinical and imaging features; (2) an age range between 6
months and 10 years; (3) availability of good quality SWI and DSC-PWI images. Patients
were excluded if they had bilateral hemispheric disease since an unaffected hemisphere must
be present in order to make a meaningful comparison between sides on DSC-PWI.

All imaging studies were performed in compliance with regulations of the institutional
review board and written informed consent of the parent or legal guardian was obtained.

Clinical Seizure Variables.

All but one patient had a history of seizures. To analyze if seizures were related to severity
of calcification (see below), the following seizure variables were analyzed, based on
information provided by medical records and parent interviews: 1. Age at seizure onset (in
years); 2. Duration of epilepsy (time between age at seizure onset and MRI scan analyzed);
3. Seizure frequency. Since seizure frequency is difficult to determine with exact accuracy in
children with SWS, a seizure frequency score was calculated based on a scoring system
proposed by Engel et al (14). The original 12-point scoring system was proposed for
evaluating seizure frequency after epilepsy surgery. We used a modified 7-point scale (0-6),
better suited for our patient population, since some of the categories described by Engel et al
simply did not apply in our patients. Our scale was as follows: 0: no seizures at all; 1: <1
seizure per year; 2: 1 seizure seizures per year, in average; 3: 2-11 seizure(s) per year; 4: 1-3
seizure(s) per month; 5: 1-6 seizures per week; 6:>1 seizure(s) per day. 4. Finally, to
characterize the life-time seizure burden, a “seizure burden score” was also calculated by
multiplying the duration of epilepsy by the seizure frequency score. All seizure variables are
detailed in table 1.

All children underwent MRI examination on a Sonata 1.5 T MR scanner (Siemens,
Erlangen, Germany) with a standard head coil. Before MR examination, patients younger
than 7 years old were sedated with pentobarbital (3 mg/kg) followed by fentanyl (1ug/kg).
The protocol included an axial 3D T1-weighted gradient-echo acquisition (TR =20 ms; TE
= 5.6 ms; flip angle = 25°; voxel size = 1x0.5x2 mm3; FOV = 256mm x 192mm:; Slices =
64; Section Thickness = 2 mm) , an axial T2-weighted turbo spin-echo acquisition
(TR=5020 ms; TE=106 ms; voxel size=1x1x6 mm3; FOV= 256mm x 192mm:; Slices = 30;
Section Thickness = 4 mm), a dynamic susceptibility contrast enhanced high resolution MR
perfusion imaging acquisition, an axial velocity compensated 3D gradient echo SWI
acquisition and a postgadolinium T1-weighted acquisition (imaging parameters were the
same as the non-contrast T1 sequence mentioned above).

The DSC-PWI data was obtained using a two-dimensional, single-shot, gradient echo EPI
sequence with an 8-channel head coil (TR = 2200 ms, TE = 98ms, flip angle = 60°, slice
thickness = 4 mm). Parallel imaging was used with GRAPPA (generalized autocalibrating
partially parallel acquisitions) and an acceleration factor of 2. The field of view (FOV) was
256 mm x 256 mm and the acquisition matrix size was 256 x 256 but was interpolated to
512 x 512 for display purposes. We acquired 50 dynamic phases with a temporal resolution
of 3 seconds. The contrast agent gadolinium-DTPA (Magnevist, Berlex, USA) was bolus
injected by a power injector (Medrad, Spectris MR injection system, USA) with a dose of
0.1 mmol/kg of body weight at a rate of 3 ml/sec. The smaller voxel size of 1 x 1 x 4 mm?3
compared to those published previously (14, 15) may improve the ability to observe subtle
structures in cerebral parenchyma, hence the name high resolution DSC-PWI.
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A 3D fully balanced gradient-echo turbo SWI sequence was performed with flip angle= 20°;
TR, 89 ms; TE, 40 ms; acquisition matrix, 512x256x48; FOV, 256x256x96 mm;
bandwidth, 160 Hz/pixel. Both magnitude and phase images were saved.

SWI Analysis

Both magnitude and phase images were used to create final SWI images. SWI “filtered”
phase images were used to estimate the degree of calcification. Due to the diamagnetic
properties of calcium, the calcified tissues showed increased signal in the “filtered” phase
images and were easy to distinguish. It has been previously demonstrated that phase images
provide identification of calcified regions comparable to CT in both brain and peripheral
vessels (17,18). Two neuroradiologists detected the location of cortical calcification in a
blinded fashion and further determined the score of calcification according to the following
criteria: A score of 0 was assigned to cortex that had normal signal and therefore was likely
not calcified. A score of 1 was assigned to cortex that had punctate foci of increased signal
suggestive of early calcification. Finally, a score of 2 was assigned to cortex with linear
areas of increased signal indicating linear cortical calcifications. Figure 1 gives examples of
each grade of calcification. If multiple lobes showed cortical calcification in the same case,
the highest score in all affected lobes was recorded as the final value. The scores were
compared between the two observers.

PWI analysis

Relative Cerebral Blood Flow (rCBF), relative Mean Transit Time (rMTT), and relative
Cerebral Blood Volume (CBV) maps were derived from the perfusion data using software
developed in-house (Signal process in neuroradiology, SPIN). To create perfusion maps,
deconvolution with singular value decomposition (SVD) was used to create quantitative
maps of rCBF, rCBV and MTT (19, 20). The position of the arterial input function (AIF)
was automatically determined by using the maximum concentration (Cmax), time to peak
(TTP) and first moment MTT (fMTT). The concentration-time curve for arteries has short
fMTT, short TTP and high Cmax. Twenty voxels, which best fit these properties were
selected. Then the concentration-time curves of these voxels were averaged, smoothed and
truncated to avoid the second pass of the tracer. rCBF, rCBV and MTT values in the white
matter ipsilateral to the angioma and in contralateral homotopic white matter were manually
measured by two neuroradiologists. White matter, rather than cortex, was analyzed in this
study, as selective and accurate measurement of cortical perfusion would be difficult in
children with SWS due to the confounding effect of the low-flow leptomeningeal angioma
directly overlaying affected cortical regions, as well as artifact from cortical calcification.
Affected white matter was defined as the presence of abnormally enhancing vessels or the
presence of a leptomeningeal venous angioma overlying the cortical surface. Two to three
regions of interest (ROIs; size: 20-40 pixels) were placed on every slice with an apparent
vessel abnormality in the affected and contralateral white matter (28 slices in individual
patients, depending on the extent of vessel abnormality; mean: 4.5 slices), as seen in figure
2. An effort was made to avoid placing the ROIs over vessels, cortex and ventricle. ROI
placement was performed using the CBF map, a map which shades the vessels and cortex
with a red and green scale while the white matter is shaded blue, allowing for accurate
placement of ROIs solely in white matter. If cortical calcification was seen in the affected
lobe, ROIs were set in the WM in the same lobe. Furthermore, all parameters were measured
slice by slice, covering all affected regions. The final CBF values quoted for each patient
were the mean of measurements in all slices of affected cortex.

Statistical Analysis

Intraobserver and interobserver reliability was first investigated with a target of greater than
90% after the rCBF, rCBV, and MTT values had been measured twice by two
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neuroradiologists for all subjects. Reliability was investigated using the Intraclass
Correlation Coefficient.

Asymmetry indices (Als) for all three PWI variables were calculated as follows:

Al=(I - C)/[(1+C)/2]

Where C and I represent rCBF values calculated for white matter ipsilateral (1) and
contralateral (C) to the affected hemisphere. Negative Al values indicated lower perfusion
values on the ipsilateral side. We tested if perfusion variables (CBF, CBV and MTT
measured ipsi- and contralateral to the angioma, as well as CBF, CBV and MTT Al values)
were different among patients with different calcification scores using ANOVA, followed
by pair-wise post-hoc comparisons. In the second step, clinical variables (age and seizure
variables) were compared among calcification groups to determine if there was a relation
between severity of calcification and seizure severity. We used the non-parametric Mann-
Whitney U-test in this latter comparison due to the non-normal distribution of some of the
seizure variables. All statistical analyses were performed using SPSS statistics for Windows
(Release 16.0; SPSS, Chicago, IL). All statistics was performed with a 0.05 level of
significance.

Intra- and inter-observer correlation coefficients of rCBF, rCBV and MTT were all over
0.90 (0.95, 0.94 and 0.97 respectively for rCBF, rCBV and MTT). The inter-observer
reliability of calcification scores was 100%.

In all, 7 cases showed punctuate or string-like high-intensity lesions in “filtered” phase
images, indicating cortical calcification in the lobe(s) affected by the leptomeningeal
angioma. The location and scores of calcification are seen in table 1. Calcification groups
(scores 0-2) showed an overall difference for all three PWI asymmetry variables (p<0.01 for
all Als). Posthoc comparisons showed significant differences between the “no
calcification”/”mild calcification” vs. “severe calcification” subgroups with respect to all
three PWI variables (rCBF Al: p=0.001 [score 0 vs. 2], p=0.015 [score 1 vs. 2]; rCBV Al:
p=0.002; p=0.04; MTT Al: p=0.002. p=0.03). All patients with severe calcification (score 2)
had CBF Al values below —0.27 (mean CBF Al: -0.52+0.22), indicating a greater than 27%
decrease in blood flow on the side of the angioma. In contrast, all patients with no or mild
calcification (scores 0 and 1) had CBF Al values above —0.22 (mean: 0.08+0.25), indicating
a less than 22% decrease in blood flow on the angioma side, including 5 patients who
actually had higher CBF values on the angioma side (table 1). VValues in the two cases with
“punctate calcifications” (score 1) were similar to those with “no calcification” (score 0) for
all perfusion variables (p>0.7). Therefore, patients with no and mild calcifications were
combined (n=10), and their clinical variables were compared to those with severe
calcification (score 2, n=5). This comparison showed that patients with severe calcification
had higher seizure burden scores than those with no or mild calcification (18.3£19.0 vs.
3.7+4.7, respectively; p=0.01); this group also showed a trend for earlier seizure onset
(mean: 0.4+0.3 vs. 1.9£1.8 years, respectively; p=0.09) and longer seizure duration (mean:
4. 7+3.5 years vs. 2.1+2.6 years; p=0.075). Age (p=0.42) and seizure frequency scores
(p=0.16) were not different between these two calcification groups.

Discussion

Because the clinical course of SWS is highly variable, deciding on the appropriate
management can often be challenging. To date, conventional imaging findings on CT and
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standard MRI sequences have been shown to become more conspicuous as the disease
progresses, but they have not been found to be of significant prognostic value (21). The
promise of functional imaging such as DSC-PWI and FDG-PET is that brain abnormalities
that are not normally visible on conventional imaging may become so on functional imaging
(22, 23).A recent study of seven children with SWS found that PWI was slightly better than
conventional imaging at defining the territory of abnormality (23). Indeed, abnormalities
were seen in the contralateral hemisphere of two patients when none was suspected on
conventional MR imaging. A separate study of PWI in children with SWS found a
correlation between the severity and extent of perfusion defect and the patient’s motor
symptoms (21).

Our present study demonstrates a link between a low perfusion state in the white matter
(mean 52%+22% decrease of CBF, as compared to the unaffected hemisphere) and the
presence of severe cortical calcifications. A similar link has been proposed in a prior case
report of two SWS patients, where CT was used to detect calcification and perfusion
abnormalities were studied by single photon emission tomography (24). Histologic studies
have shown that calcification in SWS appears to be related to a combination of gliosis due to
chronic anoxia and venous hypertension along with altered vascular permeability of the
abnormal vessels overlying the involved cortex (1, 8). It has also been shown that the
presence of such calcifications as detected on SWI corresponds to areas of severely
hypometabolic cortex as determined on FDG-PET (5). Findings on perfusion imaging in
SWS appear to be more sensitive in defining affected cortex than conventional imaging
findings alone (23). Decreased venous outflow via abnormal or occluded cortical vessels
impairs blood flow in subcortical white matter (which is is normally drained via these
vessels), which can lead to the observed decreases of CBF and CBV values in the chronic
stages of the disease. The presence of a low-perfusion state underlying the area of the
leptomeningeal angioma may well predict the development of gliotic, calcified, and
hypometabolic cortex, although our cross-sectional study does not establish a temporal
relationship between these. However, our study does lend support to the notion that a
chronic hypoxic state caused by inadequate venous drainage and venous hypertension likely
contributes to the development of cortical calcification.

Most of our patients were scanned under sedation, using pentobarbital and fentanyl.
Previous studies in rats have demonstrated uniformly decreased cerebral blood flow with the
use of pentobarbital or fentanyl (25). Because of this, the potential effects of anesthetic
agents on cerebral perfusion likely did not affect our results considerably, as we have used
asymmetry (rather than absolute perfusion) values in our analyses. This approach is
advantageous to diminish interindividual variations of brain perfusion due to age or drug
effects.

It should be also noted that some patients, all with no or mild calcification on SWI, showed
increased white matter perfusion in the affected hemisphere, as compared to the
contralateral side (Table 1). The reason for these increases is not completely clear, but they
may be related to transient increases of blood flow and glucose metabolism reported in some
(mostly young) patients shortly before or after the onset of initial seizures (26, 12). The
young age at seizure onset of such patients suggests that increased perfusion may represent
an early stage of blood flow abnormalities, possibly related to ongoing hypoxic damage. A
similar phenomenon has been described in infants with perinatal hypoxia, both on PWI and
positron emission tomography (27, 28). It was speculated that transient hyperperfusion/
hypermetabolism may be due to hypoxia-induced glutamate release that may contribute to
subsequent excitotoxic tissue damage.
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In addition to a relation to brain perfusion status, our study also suggests that brain
calcification may also be associated with severe, chronic seizures in children with SWS.
This is consistent with previous data suggesting that the presence of calcification in the brain
is more than simply an inert imaging finding and may in fact exert a deleterious effect on
neuronal function (29). Calcium deposits appear to have an association with multiple
neurologic symptoms including seizures and movement disorders. In neurocysticercosis, the
most common cause of symptomatic seizures worldwide, the presence of calcium deposits
has been linked with an increased incidence of seizures (30). A previous study also
demonstrated a decrease in seizure frequency in two patients with calcifications on imaging
after initiating therapy with disodium etidronate, a calcium chelating agent (29). Our
findings raise the possibility that the calcifications seen in SWS may contribute to
epileptogenesis and pharmacologic reversal of calcium deposits may be helpful in reducing
seizure frequency. Also, since our data demonstrate that severe calcification occurs in the
setting of significantly decreased brain perfusion (mean -52%+22%), PWI may be useful in
identifying low perfusion areas that are prone to calcification, triggering frequent seizures,
thereby identifying patients at risk and possible candidates for early treatment as well. This
could be addressed in future, longitudinal studies.

In conclusion, our study demonstrates a link between severely diminished white matter
perfusion, the presence of marked cortical calcification and a higher seizure burden in
children with SWS. These findings lend further support to prevailing theories regarding the
development of calcification in Sturge-Weber syndrome. They also provide an additional
imaging tool that may prove useful to clinicians in evaluating the severity and extent of
disease. Further research establishing a temporal relationship between perfusion findings,
calcification and clinical progression may ultimately prove helpful in guiding treatment.
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Figure 1.

Examples of how the calcium score was determined based on the phase component images
of the SWI data set. (a) A score of 0 was assigned to affected areas without high signal on
the phase images. (b) A score of 1 was assigned to areas of punctate foci of high intensity.
(c) A score of 2 was assigned to areas of linear hyperintensity.
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Figure 2.

Examples of ROI placement on the PWI images. ROIs approximately 20-40 voxels in size
were placed in white matter beneath affected cortex and in homotopic contralateral cortex.
The high resolution PWI images made it relatively easy to identify and avoid placement of
ROIs aver cortex, ventricle and enlarged transmedullary veins. Measurements were made by
two neuroradiologists with a high degree of interobserver concordance. (a) Example of ROI
placement on a rCBF image. (b) Example of ROI placement on a rCBV image.
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Figure 3.

A 4 year old girl with SWS. (a) Phase image from the SWI acquisition demonstrates dilated
transmedullary veins in the white matter beneath the left frontal cortex without areas of
increased signal intensity, indicating the lack any calcific deposits. Calcium score = 0 (b)
Corresponding rCBF map for the same patient demonstrates increased blood flow in the
affected lobe.
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Figure 4.
A 10 year old girl with SWS. (a) Phase image from the SWI acquisition demonstrates linear

areas of increased signal signal intensity in the left occipital lobe. Calcification score = 2. (b)
Corresponding rCBF map for the same patient demonstrates decreased flow in the
corresponding cortex and white matter.
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Clinical data and calcification scores determined by analysis of susceptibility weighted imaging (SWI)

Table 1

Age at Epilepsy Seizure Seizure

Patient onset duration frequency burden Angioma  Lobeof  Calcif.

No. Gender  Age (yrs) (yrs) (yrs) score score side calcification Score
1 M 7 0.5 6.5 6 39 left FPO 2
2 F 2 0.1 1.9 2 3.8 left FPO 2
3 F 10 0.2 9.8 4 39.2 left FPO 2
4 F 5 0.5 4.5 1 4.5 left TO 2
5 M 5 4.5 0.5 4 2 right 0
6 M 1.8 0.8 1 5 5 left PTO 2
7 F 0.9 0.3 0.6 4 24 right o} 1
8 M 4 35 0.5 5 25 left 0
9 M 9 0.6 8.4 2 16.8 left 0
10 F 1.6 0.6 1 3 3 right — 0
11 M 1.8 1.6 0.2 3 0.6 right (¢] 1
12 F 2 na 0 0 0 left - 0
13 F 4 2 2 1 2 left - 0
14 F 4 0 4 1 4 left -—— 0
15 F 8 4.5 3.5 1 3.5 right - 0

F: frontal lobe, P: parietal lobe, T: temporal lobe, O: occipital lobe. Seizure burden score: (duration x seizure frequency score)
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