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Abstract

Background—Sturge-Weber syndrome (SWS) is strongly associated with epilepsy. Brain tissue 

studies have suggested that epileptic activity in SWS is driven by glutamatergic synaptic activity. 

Here, we used proton magnetic resonance spectroscopic imaging (MRSI) to test if glutamate 

(GLU) concentrations are increased in the affected hemisphere and if such increases are associated 

with severity of epilepsy in children with SWS. We also studied the metabolic correlates of MRSI 

abnormalities, using glucose positron emission tomography (PET) imaging.

Methods—3T MRI and glucose PET were performed in 10 children (age: 7–78 months) with 

unilateral SWS and a history of epilepsy. MRSI data were acquired from the affected (ipsilateral) 

and non-affected (contralateral) hemispheres. GLU, N-acetyl-aspartate (NAA) and creatine (Cr) 

were quantified in multiple voxels; GLU/Cr and NAA/Cr ratios were calculated and compared to 

seizure frequency as well as glucose PET findings.

Results—The highest GLU/Cr ratios were found in the affected hemisphere in all children except 

one with severe atrophy. The maximum ipsilateral/contralateral GLU/Cr ratios ranged between 

1.0–2.5 (mean: 1.6). Mean ipsilateral/contralateral GLU/Cr ratios were highest in the youngest 

children and showed a strong positive correlation with clinical seizure frequency scores assessed at 

the time of the scan (r=0.88, p=0.001) and also at follow-up (up to 1 year, r=0.80, p=0.009). GLU 

increases in the affected hemisphere coincided with areas showing current or previous increases of 

glucose metabolism on PET in 5 children. NAA/Cr ratios showed no association with clinical 

seizure frequency.
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Conclusions—Increased glutamate concentrations in the affected hemisphere, measured by 

MRSI, are common in young children with unilateral SWS and are associated with frequent 

seizures. The findings lend support to the role of excess glutamate in SWS-associated epilepsy.

Keywords
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1. INTRODUCTION

Sturge-Weber syndrome (SWS) is a neurocutaneous disorder characterized by a facial 

capillary malformation (“port wine stain”), leptomeningeal vascular malformation and, in 

about half of the cases, glaucoma (Bodensteiner, 2010). Intracranial involvement is 

unilateral in about 85% of SWS cases. A somatic mutation in the G-α q gene, identified both 

in the port wine stain and affected brain, may be the underlying cause of the SWS vascular 

abnormalities (Nakashima et al., 2014; Shirley et al., 2013). Neurologic complications, most 

commonly seizures, motor impairment, and peripheral visual field deficit develop due to the 

lack of proper cortical venous drainage, leading to venous stasis, hypoxia and tissue damage 

in affected brain regions.

SWS is strongly associated with epilepsy: up to 80% of SWS patients develop seizures, 

which most commonly start during the first 1–2 years of life (Comi, 2010; Lo et al., 2012; 

Sujansky and Conradi, 1995). Early seizure onset and medically refractory epilepsy are 

associated with poor cognitive outcome (Jagtap et al., 2013; Pascual-Castroviejo et al., 

2008). In such patients, surgical resection (hemispherectomy or focal resection) can be 

highly effective in controlling the seizures and, possibly, prevent or reverse cognitive decline 

(Bourgeois et al., 2007; Kossoff et al., 2002). However, seizure outcome and associated 

neuro-cognitive decline cannot be predicted based on clinical or conventional imaging 

criteria at the early disease stages.

SWS intracranial involvement is most commonly evaluated by contrast-enhanced MRI, 

which can detect the leptomeningeal venous malformation, deep venous abnormalities, 

atrophy, calcification and other associated brain abnormalities (Juhasz, 2010; Lo et al., 

2012). Functional imaging studies, such as glucose positron emission tomography (PET), 

can be useful clinically in selected SWS patients as part of the evaluation for epilepsy 

surgery. Decreased glucose metabolism detected in the affected hemisphere(s) can extend 

beyond structural brain abnormalities depicted by CT and MRI (Alkonyi et al., 2012; 

Chugani et al., 1989). However, a subset of young children with SWS show paradoxically 

increased glucose metabolism in the affected hemisphere on interictal PET both before and 

after the onset of the first clinical seizure(s) (Chugani et al., 1989; Alkonyi et al., 2011). 

Such hypermetabolic cortical regions were most commonly observed shortly (within 

months) before and/or after the onset of the first clinical seizure(s) (Alkonyi et al., 2011), 

i.e., during the presumed period of epileptogenesis (Dudek and Staley, 2011).

The pathophysiology of SWS-associated epilepsy and the role of these transient metabolic 

changes in SWS epileptogenesis remain poorly understood. One plausible mechanism 
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involves the role of excess glutamate (GLU) released due to chronic hypoxia; indeed, 

excessive stimulation of glutamate receptors in the affected brain could facilitate seizures 

and also lead to excitotoxic brain injury (Johnston, 2005; Kostandy, 2012). Tissue studies 

have shown that epileptiform activity in affected SWS cortex is driven by glutamatergic 

synapses (Tyzio et al., 2009).

Advances in 1H-magnetic resonance spectroscopic imaging (1H-MRSI) allow non-invasive 

measurement of cerebral GLU concentrations in multiple voxels simultaneously (Hu et al., 

2007; Yang et al., 2008). In a recent study using GLU chemical exchange saturation transfer 

imaging in patients with temporal lobe epilepsy, increased glutamate was invariably found in 

the epileptic temporal lobe (Davis et al., 2015). In the present study, we utilized GLU 1H-

MRSI to test if children with unilateral SWS show increased GLU levels in the affected 

(epileptic) hemisphere as compared to the unaffected side. We also evaluated if GLU 

abnormalities, measured by 1H-MRSI, are related to severity of clinical epilepsy. Finally, we 

evaluated glucose metabolic correlates of 1H-MRSI GLU asymmetries using PET imaging.

2. MATERIAL AND METHODS

Ten children with SWS (8 girls, 2 boys, age: 7–78 months; mean: 35 months) were 

prospectively enrolled in a clinical neuroimaging research study (Table 1). All 10 children 

had a history of seizures and unilateral SWS brain involvement in the form of a 

leptomeningeal venous malformation detected by contrast-enhanced MRI. All 10 children 

underwent a 3T MRI with MRSI and 2-deoxy-2[18F]fluoro-D-glucose (FDG)-PET 

performed with scalp EEG monitoring during the uptake period; typically, MRI and PET 

studies were performed on consecutive days. All children were on at least one antiepileptic 

medication (Table 1). Clinical seizure frequency was evaluated by parent interviews and 

medical charts, and a seizure frequency score was assigned to each patient based on clinical 

seizures occurring during the one year period prior to the imaging study (or since seizure 

onset, if seizures started less than one year before the study). The scoring system was 

slightly modified from a previous study on children with SWS (Behen et al., 2011), and the 

scores were determined as follows: 0=no seizure in the last 1 year; 1: 1–11 seizures per year; 

2: 1–4 seizures per month; 3: >4 seizures per month. Similar scores were also determined at 

follow-up, i.e., 1 year after baseline or at the time of epilepsy surgery, if surgery was done 

within one year after the baseline studies (Table 1). Epilepsy surgery was performed in two 

children (#2 and #5, 6 and 3 months after the imaging studies, respectively). The study was 

approved by the Human Investigation Committee at Wayne State University, and written 

informed consent of the parent or legal guardian was obtained.

2.1. MRI studies

All MRI studies have been performed on a Siemens MAGNETOM Verio 3T scanner 

(Siemens Medical Solutions, Erlangen) located at the Harper University Hospital, Detroit 

Medical Center. The MRI protocol included an axial T1 3D Magnetization Prepared Rapid 

Gradient Echo (MPRAGE) with 1mm slice thickness, axial T2 turbo spin-echo, axial T2/

fluid-attenuated inversion recovery (FLAIR), susceptibility weighted imaging (SWI) and 

diffusion tensor imaging. During bolus-injection of Gadolinium-diethylene triamine 
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pentaacetic acid (DTPA; dose: 0.1 mmol/kg of body weight), dynamic contrast enhanced 

MR perfusion-weighted imaging was acquired, followed by a post-contrast axial 3D 

MPRAGE image.

2.2. 1H-MR Spectroscopic Imaging

In addition to the above MRI sequences, all children underwent MR spectroscopic imaging 

using a chemical shift imaging (CSI) Stimulated Echo Acquisition Sequence (STEAM) to 

acquire 2D spectroscopic data (TR=1500 ms, TE=40 ms, TM=8 ms, voxel 

size=15mm×15mm×15mm, NA=16). The 15 mm thick slabs were placed on the axial T1 

image, in most cases covering portions of the frontal and parietal lobes above the level of the 

lateral ventricles, including brain regions with apparent SWS brain involvement (Figure 1). 

In two children, the level of the slab was lowered in order to cover temporal and occipital 

lobes, because of the location of the main SWS brain abnormalities. Each slab included 

voxels covering some cortex and subcortical white matter. 1H MRS spectra were post-

processed using the MRS analysis software package LCModel (V6.0, S. Provencher; 

Ontario, Canada) implemented on a PC with a Linux operating system, which allows 

quantification of the metabolites (Provencher, 1993). GLU concentrations were calculated 

for each voxel after quality control (Hu et al., 2007; Yang et al., 2008); voxels with poor 

spectral quality were excluded. Figure 1B shows a typical spectrum with glutamate (GLU) 

and glutamine (GLN) peaks indicated, along with NAA, choline and creatine (Cr) peaks. 

GLU/Cr ratios were then calculated for each voxel both ipsi- and contralateral to the SWS 

brain involvement (Figure 1C). An average of 27 voxels were evaluated per patient (range: 

14–36 voxels).

2.3. FDG-PET

The details of FDG-PET acquisition and data analysis have been described previously 

(Alkonyi et al., 2011). In brief, all PET scans were acquired using an EXACT/HR PET 

scanner (CTI/Siemens, Hoffman Estates, IL, U.S.A.), which provides simultaneous 

acquisition of 47 contiguous transaxial images with a slice thickness of 3.125 mm. The 

reconstructed image resolution was 5.5 ± 0.35 mm at full width at half-maximum (FWHM) 

in-plane and 6.0 ± 0.49 mm at FWHM in the axial direction. Scalp EEG was monitored in 

all children during the tracer uptake period. 0.143 mCi/kg of FDG was injected 

intravenously as a slow bolus followed by a 30-min uptake period. Forty minutes after 

injection, a static 20-min emission scan was acquired. Calculated attenuation correction was 

applied to the images using automated threshold fits to the sinogram data. Based on the EEG 

data and clinical observation, all PET scans were acquired in the interictal state.

2.4. Sedation during imaging studies

Sedation was applied in all children during the MRI studies and during the scanning (but not 

uptake) phase of the PET studies; thus, sedation had no effect on the glucose uptake pattern. 

Children were sedated with pentobarbital (1.5–3 mcg/kg) and midazolam (0.1–0.2 mcg/kg); 

or by midazolam (0.1–0.2 mcg/kg) followed by dexmedetomidine (1–2 mcg/kg), titrated 

slowly to achieve mild to moderate sedation. In some cases, fentanyl (1 mcg/kg) was used as 

necessary in conjunction with either pentobarbital or midazolam. All sedated children were 

continuously monitored by a physician and a pediatric nurse, and physiologic parameters 
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(heart rate, pulse oximetry, respiration) were measured during the entire length of the 

imaging studies.

2.5. Statistical analysis

Mean GLU/Cr and NAA/Cr ratios were calculated in each (ipsilateral [affected] and 

contralateral) hemisphere by averaging these ratios across all voxels in the hemispheres. 

Spearman’s rank correlation and multivariate regression analysis were used to assess the 

correlations between age, seizure frequency scores, NAA/Cr and GLU/Cr ratios and their 

ipsilateral/contralateral ratios. P<0.05 was considered to be significant.

3. RESULTS

3.1. GLU/Cr and NAA/Cr ratios

In 9 out of the 10 patients, the voxel with the highest GLU/Cr ratio was found in the affected 

hemisphere. The only exception was patient #9 (Table 1), a 5-year 5-month old girl with 

extensive right hemispheric atrophy, who had been seizure-free for more than a year. For the 

10 patients, Ipsilateral/contralateral ratios in the voxels with the highest GLU/Cr ranged 

between 1.0 and 2.5 (mean: 1.63; Table 2). The voxel locations of the highest GLU/Cr ratios 

in the affected hemisphere varied across patients and occurred in the frontal (n=5), parietal 

(n=3) and temporal lobe (n=2) (Table 2).

Mean GLU/Cr ratios were higher in the affected hemisphere (as compared to the 

contralateral side) in 7 of the 8 youngest children, who all had seizures in the previous one 

year; while the two oldest children (patients #9 and 10) with no seizures in the previous one 

year had lower mean GLU/Cr ratios in the affected hemisphere as compared to the 

contralateral side (Table 2). In contrast, mean NAA/Cr ratios in the affected hemisphere 

were lower in five, slightly higher in three patients, while they were symmetric (ipsilateral/

contralateral ratios 1.0) in two (Table 2).

3.2. Correlations between MRSI variables and clinical epilepsy variables

High mean ipsilateral/ contralateral ratios of GLU/Cr (but not NAA/Cr) were strongly 

associated with high seizure frequency scores assessed both at baseline (r-0.88, p=0.001) 

and at follow-up (r=0.80, p=0.009) (Table 3; Figure 2). Younger age at baseline was also 

associated with higher mean GLU/Cr ipsilateral/contralateral ratios (p=0.048, Table 3). In a 

multivariate regression analysis, however, only seizure frequency, but not age, was 

associated with GLU/Cr ratios (partial correlations: seizure frequency: r=0.82, p=0.007; age: 

r=−0.26, p=0.50).

3.3. GLU/Cr and glucose metabolic abnormalities

The area showing the highest GLU/Cr value in the affected hemisphere showed increased 

glucose metabolism on PET in the 3 youngest children (see example on Figure 1) and 

decreased metabolism in the other 7; however, two of these 7 patients (#6 and #8) had a 

previous FDG PET one year earlier, which showed a (transient) increased glucose 

metabolism involving the area with the highest GLU/Cr values.
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4. DISCUSSION

This study has three main findings: First, we have shown consistently higher GLU/Cr ratios 

in the affected hemisphere in children with unilateral SWS; no similar increases were found 

in NAA/Cr ratios measured in the same brain regions, indicating that the observed increases 

were GLU-specific. Second, high mean GLU/Cr asymmetries were associated with frequent 

seizures both at the time of imaging and at follow-up, suggesting that increased GLU 

concentrations in the affected hemisphere is related to epilepsy severity. Finally, brain 

regions with increased GLU/Cr showed either increased (present in younger SWS children) 

or decreased interictal glucose metabolism on PET. Altogether, these findings support a role 

of abnormal glutamatergic activity in SWS-associated clinical epilepsy.

4.1. Higher glutamate in the epileptic hemisphere

Our results provide compelling imaging data for increased GLU concentrations in the 

affected hemisphere of children with SWS, as compared to the unaffected side. The most 

plausible explanation for these higher GLU levels in affected brain regions is the excess 

release and accumulation of extracellular GLU as a result of chronic hypoxia due to 

insufficient venous drainage. Previous studies have indeed shown that perinatal hypoxia can 

lead to excessive stimulation of glutamate receptors along with the down-regulation of 

glutamate decarboxylase genes, thus leading to increased GLU levels and contributing to 

cell injury and high susceptibility to seizures (Johnston, 2005). In newborn rats exposed to 

hypoxia, decreased GLU uptake by astroglial cells has led to increased levels of extracellular 

GLU, thus contributing to hypoxia-induced oligodendroglia death and white matter injury 

(Murugan et al., 2013). This mechanism may play a role in the previously reported white 

matter damage and atrophy in the affected hemisphere of children with SWS (Juhasz et al., 

2007). Increased GLU concentrations, measured by MRS, have also been reported in 

epileptogenic cortical developmental malformations (Simister et al., 2007); recent 

histopathology studies demonstrated that such malformations (particularly focal cortical 

dysplasia and polymicrogyria) are frequently associated with SWS, although they may not 

be readily identified on MRI (Pinto et al., 2015; Wang et al., 2015). Thus, such 

malformations may also be a potential source of elevated GLU in SWS.

Since a significant proportion of energy metabolism of the brain is utilized for glutamatergic 

synaptic activity and GLU recycling (Pellerin and Magistretti, 1994; Schousboe et al., 2007; 

Shulman et al., 2004; Sibson et al., 1998), increased GLU may also induce increased glucose 

metabolism, which can be measured by FDG-PET. Indeed, in our study increased FDG 

uptake on PET was observed in 5 of the 9 patients showing higher GLU/Cr values in the 

affected hemisphere, involving the same lobar regions. Interestingly, in two of these cases, 

hypermetabolism was seen on a previous PET scan and switched to decreased metabolism 

by the time of the MRSI study. GLU/Cr ratios were the highest in young SWS children, 

similar to the age distribution of increased glucose metabolism, which had been observed 

most commonly in young SWS children with a mean age of 1.9 years (as opposed to 4.5 

years showing decreased metabolism on PET) (Alkonyi et al., 2011).

Altogether, despite the cross-sectional design, our results suggest that GLU increases may 

peak early during the SWS disease course but can persist even after the affected region 
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becomes hypometabolic, which almost invariably occurred in previous, longitudinal PET 

studies (Alkonyi et al., 2011; Chugani et al., 1989). Coincidence of increased GLU and 

interictal hypermetabolism in the young SWS brain suggests a causal link between these two 

during a critical developmental period. This mechanism is likely operational not only in 

SWS but also in infants following perinatal hypoxia where, similar to SWS, both high GLU 

concentrations and transient glucose hypermetabolism were observed in the basal ganglia 

(Batista et al., 2007; Pu et al., 2000). Taken together, these data support a link between 

hypoxia-induced GLU release, increased metabolism and excitotoxicity leading to 

subsequent neuronal damage and eventual hypometabolism associated with brain atrophy, 

thus providing a plausible pathomechanism of progressive brain damage in SWS.

4.2. Potential clinical implications

Our findings suggest that GLU MRS imaging may be useful in the clinical setting to 

evaluate risk for severe epilepsy in children with SWS. While PET is not feasible for most 

SWS patients with recent-onset seizures, GLU MRSI can be incorporated in clinical MRI 

protocols. High GLU/Cr ratios in the affected hemisphere may indicate a high risk for 

intractable seizures, thus prompting tight follow-up or adjustment of anti-epileptic treatment, 

and possibly early surgery. Our data also suggest that drugs acting upon the glutamatergic 

system may be effective not only to prevent seizures but perhaps to halt GLU-induced 

excitotoxic brain damage in SWS. Although most currently used drugs do not directly affect 

the GLU receptors, new-generation AMPA (α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid) receptor antagonists, such as perampanel, can inhibit GLU-

mediated excitation, and may be considered for SWS epilepsy treatment in the future as 

clinical experience with such drugs becomes available in pediatric populations (Biro et al., 

2015; Rosenfeld et al., 2015). Another therapeutic option would involve inhibition of 

mammalian target of rapamycin (mTOR) complex 1 signaling that may not only reverse 

increases of glutamatergic neurotransmission (Talos et al., 2012) but could also be beneficial 

to treat the vascular malformation (Marques et al., 2015; Shirazi et al., 2007).

4.3. Methodological considerations and limitations

Our study has methodological novelties but also limitations. The main novelty is the use of a 

multivoxel CSI approach that can separate GLU from the GLN peak reliably, as validated in 

previous studies (Hu et al., 2007; Yang et al., 2008). Previous multivoxel MRS studies in 

human epilepsy mostly relied on the assessment of Glx, which incorporates both GLU and 

GLN peaks, but cannot measure GLU separately (Simister et al., 2002; Woermann et al., 

2001). However, microdialysis studies showed the selective increase of GLU (but not GLN) 

in the epileptogenic hippocampus and cortex (Cavus et al., 2005; Pan et al., 2008); therefore, 

selective GLU measurement in vivo provides more specific information regarding 

epileptogenicity.

Limitations of MRSI include the limited brain sampling, which makes it impossible to 

explore the entire supratentorial brain. We sampled the hemispheres above the level of the 

lateral ventricles in most cases, thus including voxels mostly from the frontal and parietal 

lobes, except in cases where the leptomeningeal malformation was predominantly temporo-

occipital, where the MRSI slab was lower.
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A further limitation of this technique is the difficulty of including pure cortical regions due 

to the relatively large voxel sizes, and because cortex in the vicinity of the skull is prone to 

artifacts; therefore, most voxels contained both cortex and subcortical white matter. Still, the 

use of mean values across multiple voxels in each hemisphere provided a relatively robust 

measure of the GLU peaks. Importantly, we relied on asymmetries (ipsilateral/contralateral 

ratios), which is a common methodological approach in pediatric imaging studies, where 

age-matched healthy control values are difficult to obtain, and non-linear developmental 

variations of imaging parameters are common. This approach is useful in unilateral lesions 

(i.e., the majority of SWS cases), where the use of the normal (unaffected) hemisphere as an 

internal control is valid. Although the physiologic asymmetries of GLU concentrations have 

not been established in children, the observed asymmetries in unilateral SWS are unlikely 

due to physiologic asymmetries, considering the consistent occurrence of the highest values 

in the affected hemisphere and the robust correlation of asymmetries of asymmetries with 

clinical seizure frequency.

Finally, the study population was small, which is a common problem in single-center studies 

of rare disorders. Nevertheless, this study provides proof-of-principle data for the feasibility 

of detecting increased GLU concentrations in the affected hemisphere in SWS. Further 

validation of this imaging marker in SWS-associated epileptogenesis, or epilepsies of other 

etiologies, will likely require multi-center studies using a standardized MRI/MRS protocol.

4.4. Conclusions

These data demonstrate that increased GLU is common in the affected hemisphere of 

children with unilateral SWS and epilepsy. High asymmetries of mean GLU/Cr ratios are 

associated with frequent seizures. Areas with high GLU can show increased (but also 

decreased) interictal glucose metabolism on PET. Altogether, the findings lend support to the 

role of excess GLU in SWS-associated epileptogenesis and suggest that anti-glutamatergic 

treatment may be useful to alleviate seizures in this group of patients.
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Figure 1. 
(A) Susceptibility-weighted imaging (SWI) and post-gadolinium T1-weighted MR image 

(T1-GAD) of a young child (patient #2) with right hemispheric SWS involvement. SWI 

showed right frontal lobe atrophy, deep transmedullary veins and signs of calcification in the 

fronto-parietal region; T1-GAD demonstrated right hemispheric leptomeningeal 

enhancement consistent with SWS. (B) Typical MRS spectrum showing the locations of key 

peaks from one voxel: NAA=N-acetyl aspartate, Cr=creatine, CHO=choline, 

GLU=glutamate, GLN=glutamine. (C) Locations of voxels with calculated GLU/Cr values 
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(all colored voxels). Most voxels in the affected hemisphere showed higher Glu/Cr ratios 

than corresponding voxels in the unaffected (left) hemisphere. Maximum GLU/Cr ratios 

were measured in the right frontal lobe (arrow); (D) the same area showed increased 

interictal glucose metabolism on FDG-PET (arrow).
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Figure 2. 
Correlation between asymmetries of mean GLU/Cr (expressed as ipsilateral/contralateral 

ratios) and clinical seizure frequency scores.
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Table 2

Asymmetries (ipsilateral/contralateral ratios) of mean GLU/Cr and NAA/Cr, and lobar locations of voxels with 

the highest GLU/Cr value (GLU/Crmax) in the affected hemispheres

Patient
No.

Ipsilateral/contralateral ratios GLU/Crmax
location

GLU/Crmean NAA/Crmean GLU/Crmax

1 1.61 1.02 2.50 temporal

2 1.58 1.00 2.30 frontal

3 0.96 0.91 1.11 parietal

4 1.39 1.09 1.61 frontal

5 1.30 0.85 1.75 temporal

6 1.07 0.97 1.63 frontal

7 1.27 1.09 1.45 parietal

8 1.35 1.00 1.39 frontal

9 0.88 0.93 1.00 frontal

10 0.96 0.86 1.60 parietal

Mean 1.24 0.97 1.63

SD ±0.26 ±0.08 ±0.47
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