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Abstract

Background—Sturge-Weber syndrome (SWS) with unilateral hemispheric involvement is a
clinical model of early-onset, chronic, often progressive hemispheric injury, resulting in variable
neuro-cognitive impairment.

Aims—To evaluate if abnormal diffusion and metabolism of the thalamus, a central relay station
with extensive cortical connections, may serve as a simple imaging marker of neuro-cognitive
dysfunction in SWS.

Methods—We obtained both diffusion tensor imaging and FDG PET in 20 children (11 girls;

age range: 3 years to 12.4 years) with unilateral SWS. Diffusion parameters as well as FDG uptake
were measured in thalami, compared to normal control values, and correlated with the extent of
cortical hypometabolism, deep venous abnormalities and cognitive (1Q) as well as fine motor
functions.

Results—Children with SWS had significantly higher thalamic glucose metabolic asymmetry
than controls (p=0.001). Thalamic metabolic asymmetries correlated positively with the
asymmetry of thalamic diffusivity (p=0.001) and also with the extent of cortical hypometabolism
(p<0.001). Severe thalamic asymmetries of glucose metabolism and diffusion were strong
predictors of low 1Q (metabolism: p=0.002; diffusivity: p=0.01), even after controlling for age and
extent of cortical glucose hypometabolism in children with left hemispheric involvement.
Ipsilateral thalamic glucose hypometabolism was also associated with impairment of fine motor
functions (p=0.002).

Conclusions—Both diffusion and glucose metabolic abnormalities of the thalamus are closely
related to cognitive functions, independent of age and cortical metabolic abnormalities, in children
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with unilateral SWS. Thalamic metabolic asymmetry is a robust but simple imaging marker of
neuro-cognitive outcome in children with early unilateral hemispheric injury caused by Sturge-
Weber syndrome.
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1. Introduction

The Sturge-Weber syndrome (SWS) is a sporadic neurocutaneous disorder characterized by
facial port wine stains, glaucoma and leptomeningeal angiomatosis involving one cerebral
hemisphere in most of the cases (approximately 85%).1 The most common neurologic
manifestations of SWS are early onset seizures, hemiparesis, visual field cut and cognitive
deficit.1 Progressive cognitive decline is apparent in about half of the patients and is often
associated with intractable seizures. Nevertheless, seizures during the course of the disease
fail to provide sufficient prognostic information for cognitive outcome.2' 3

SWS is a unique clinical model to study the mechanisms of neuro-cognitive impairment due
to early, chronic unilateral hemispheric lesions. It is generally thought that the anomalous
vascular formation on the brain surface leads to venous stasis, secondary impairment of
cerebral blood flow, hypoxia and chronic ischemia in the underlying brain tissue. Increased
venous pressure in the deep venous system may affect venous outflow of deep grey matter
structures such as thalamus, but the role of deep brain structure damage in neuro-cognitive
progression of SWS has not been clarified.

Only a few studies have investigated the relationship between brain vascular and
parenchymal abnormalities and severity of clinical symptoms during the course of SWS. In
a semiquantitative analysis, the severity of cortical atrophy strongly correlated with the
general clinical status but only weakly with cognitive function scores.4 A volumetric study
of children with SWS has shown that hemispheric white matter volume in the affected
hemisphere may be a better predictor of cognitive impairment than cortical grey matter
volumes.® Subcortical white matter microstructural damage (extending beyond abnormal
cortex), demonstrated by diffusion tensor imaging (DTI), may also contribute to neuro-
cognitive impairment in SWS.6 Using 2-deoxy-2[18F]fluoro-D-glucose (FDG) positron
emission tomography (PET), we have previously demonstrated that the cognitive
impairment in children with a relatively limited area of cortical hypometabolism may,
paradoxically, be more severe than in those with early, extensive hemispheric progression,
suggesting that early demise of the affected brain regions in SWS may lead to more efficient
reorganization.’

Thalamus is a major relay station of the brain and could be affected both directly (by venous
congestion in the deep veins) and indirectly (via cortico-thalamic connections) in SWS.
Thalamic magnetic resonance imaging (MRI) and PET abnormalities have been commonly
observed in intellectually disabled patients due to different pathophysiologic origins.8711
Therefore, it can be hypothesized that thalamic abnormalities may be a marker of abnormal
neuro-cognitive functions in children with SWS. In this study, we have analyzed thalamic
abnormalities using MRI (including diffusion tensor imaging [DTI]) and FDG PET scanning
in a prospectively collected group of children with unilateral SWS. Specific goals of the
study included: 1. To assess the presence of thalamic microstructural (using diffusion
parameters from DTI) and glucose metabolic (using FDG-PET) abnormalities and evaluate
how these are related to severity of cortical metabolic changes. 2. To determine whether
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there is a relation between metabolic/microstructural abnormalities of the thalamus and the
severity of neuropsychological variables (cognitive and motor dysfunction) and to determine
if thalamic asymmetries can provide a simple, independent imaging marker for cognitive
and motor functions in SWS.

2. Subjects and Methods

2.1 Subjects

Twenty children (11 girls, age: 3 years to 12.4 years; mean age: 6.5 years) with the diagnosis
of SWS and unilateral hemispheric involvement were selected from a series of 42 patients,
who participated in a prospective clinical and neuroimaging study of children with SWS. All
selected patients met the following inclusion criteria: (1) age at least 3 years at the time of
the imaging studies; this age limit was selected to include only children where verbal and
performance 1Q scores could be obtained using Wechsler intelligence scales; (2) presence of
a facial port wine stain; (3) radiologic (MRI and FDG PET) evidence of unilateral brain
involvement; (4) imaging studies including FDG PET and MRI with DTI, performed on
consecutive days. Gadolinium enhanced MRI revealed unilateral leptomeningeal
angiomatosis in all but one (patient 12, Table 1) case. In this latter patient, the presence of
unilateral facial port wine stain, ipsilateral hypometabolism on FDG PET images and the
history of seizures supported the diagnosis of SWS with unihemispheric involvement.
Nineteen patients had a history of seizures and 18 of these patients were on antiepileptic
drug(s), including oxcarbazepine (N=9), levetiracetam (N=6), carbamazepine (N=3),
topiramate (N=2), phenobarbital (N=2), valproate (N=2) and lamotrigine (N=1). Age at
seizure onset varied from the day of birth to 8 years of age (mean age: 1.4 years; SD: 1.9).
The mean duration of epilepsy was 5.0 years (SD: 3.1). Annual seizure frequency at the time
of the PET scanning varied from 0 to 200 (median: 3). Clinical data of the patients were
obtained from medical records and parent interviews (Table 1).

To compare the images of the patient group to normal controls, we used two control groups:
for MRI/DTI images, we used a healthy control group consisting of 12 children (“DTI
control group”) (5 girls; mean age: 11.8 years; range: 6—15.9 years); for FDG PET, we used
images of 9 healthy children (“PET control group”, mean age: 11.2 years, range: 9.8-12.3
years). Both control groups were significantly older than the patient group (independent
samples t-tests, p<0.001), therefore, age was used as a covariate in group statistical analyses
where indicated. Healthy children for the DTI as well as PET control groups were recruited
based on the following inclusion criteria: (1) age above 5 for DTI and above 8 for PET
studies; (2) global intellectual functioning above 85 (above population mean - 1SD); (3)
absence of current or historical medical, developmental, or psychiatric problems. All
imaging and clinical studies were performed in compliance with regulations of Wayne State
University’s Human Investigation Committee, and written informed consent of the parent or
legal guardian was obtained.

2.2. Neuropsychological evaluation

All children with SWS underwent a comprehensive neuropsychologic assessment within 1
day of the PET study. Neuropsychologic testing was performed in the morning, before
sedation for imaging. Intellectual function was assessed using either the Wechsler Preschool
and Primary Scales of Intelligence Scales for Children, Third Edition (WPPSI-111; age 36-87
months) 12, or the Wechsler Intelligence Scales for Children, Third Edition (WISC-III;
age>87 months).13 Global, verbal and nonverbal intellectual functioning were characterized
by full-scale (FSIQ), verbal (V1Q) and performance 1Qs (P1Q), respectively. Children with
SWS were also administered either the Purdue Pegboard task 14, if less than 5 years of age,
or the Grooved Pegboard task 15, if older than 5 years of age. These tasks provide a measure
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of manual dexterity for both hands. The non-dominant hand of one of the patients (patient
19) could not be tested owing to lack of compliance. Raw manual dexterity scores were then
ranked into 3 groups according to the severity of impairment (normal [T-score>36] = score
1; borderline [T-score between 30-36] = score 2; impaired [raw score<30] = score 3).

2.3 MRI data acquisition

All MR studies were carried out on a Sonata 1.5T MR instrument (Siemens, Erlangen,
Germany) using a standard head coil. During the scanning phase of both MR imaging and
PET studies, SWS children younger than 7 years of age were sedated. Healthy children were
never sedated during MRI and PET scanning. The MRI protocol for the patient group
included an axial 3D gradient-echo T1-weighted, axial T2-weighted turbo spin-echo, DTI,
susceptibility weighted imaging (SW1), followed by a postgadolinium (Gad; 0.1 mmol/kg)
T1-weighted acquisition. Additional MR sequences included dynamic perfusion weighted
imaging (PWI), magnetic resonance angiography (MRI), and post-gadolinium SWI, in some
cases. DTI acquisition was performed using single-shot, diffusion-weighted, echoplanar
imaging. The acquisition parameters included: TR=6600; TE=97 ms; NEX=8; acquisition
matrix=128x128; bandwidth=95 KHz; FOV= 230x230x3 mm3, voxel size=1.8x1.8x3 mm
with 2 b values (0, 1000 ss/mm?2) applied sequentially in 6 noncollinear directions. In the DTI
control group, only diffusion tensor (using the parameters detailed above) and volumetric
T1-weighted images (not used in the present study) were obtained.

2.4, PET scanning protocol

The details of FDG-PET acquisition and data analysis have been described previously.7 In
brief, PET scans were acquired using an EXACT/HR PET scanner (CTI/Siemens, Hoffman
Estates, I11) which provides simultaneous acquisition of 47 contiguous transaxial images
with a slice thickness of 3.125 mm. The reconstructed image resolution obtained was
5.5£0.35 mm at full width at half-maximum in-plane and 6.0+£0.49 mm at full width at half-
maximum in the axial direction (reconstruction: filtered backprojection using Shepp-Logan
filter with 0.3 cycles/pixel cutoff frequency). Scalp EEG was monitored in all SWS children
during the tracer uptake period. Initially, 5.29 MBg/kg (mean: 127.5 MBq; SD: 71) of FDG
was injected intravenously as a slow bolus followed by a 30 minutes uptake period. Forty
minutes after injection, a static 20-minute emission scan was acquired parallel to the
canthomeatal plane. Calculated attenuation correction was applied to the brain images using
automated threshold fits to the sonogram data.16 FDG PET scans were acquired for all of the
patients and PET control subjects using the same scanner; however, normal controls were
administered a calculated dose (mean: 119.6 MBq; SD: 8.9) of FDG to keep the whole body
radiation dose below the FDA limit defined for volunteers participating in research studies
(injected dose was up to 148 MBq in children below 15 years of age). This slight difference
in the radiation dose between the patients and controls likely did not influence brain
asymmetry measures, which were used to evaluate thalamic abnormalities in glucose
metabolism.

2.5. Image analysis

DTl image processing and PET/DTI co-registration—Fractional anisotropy (FA)
and mean diffusivity (MD) maps were created using the DTI Studio software.1? Initially, the
T2-weighted (b~ 0 s/mm?) image of the DTI sequence (b0 images), as well as the FA and
MD maps were displayed in three orthogonal orientations and realigned with the use of an
interactive registration software (VINCI 2.50; Max Planck Institut, Cologne, Germany) 18 in
order to achieve a symmetric appearance of the basal ganglia and thalami. Subsequently,
FDG PET images were co-registered to the b0 series of the DTI sequences.
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Measurements of thalamic abnormalities using regions of interest (ROIs)—
Thalamic diffusion and metabolic values were obtained by using rectangular shaped ROIs
drawn on 4 consecutive planes of the thalamus. This sampling method, rather than an
attempt to delineate the borders of the entire thalamus was selected because the PET control
subjects had no MR images available, and accurate, reproducible delineation of thalamic
borders on PET images would have been difficult. For thalamic measurements in the SWS
group and also in the DTI control group, ROIs were drawn on b0 images using the software
MIPAYV, Version 4.3.0 19, by one of the investigators (B.A.), who was unaware of the
identity of the patients at that time. ROIs of exactly the same size were defined in left and
right, symmetric portions of the thalami in 4 consecutive planes, starting with the top axial
plane where the thalamus was first clearly visible. ROIs were then superimposed on FA and
MD maps to calculate FA and MD values for each thalamus (Figure 1). Mean FA and MD
values were calculated as the average of all voxels of all ROIs on each side. The total size of
the 4 ROIs encompassing the thalamus on each side ranged between 54 and 100 voxels
(525-972 mm3). In order to omit voxels which likely belong to adjacent white matter
structures or the lateral ventricles, voxels with FA>0.5 and/or MD>1.3x10"3 mm&/s were
removed from the calculation.20 In the patient group, the same DTI-based thalamic ROIs
were also overlaid onto the co-registered FDG PET images and average radioactivity
concentrations for each thalamus were measured. Since the PET control subjects did not
have MRI scans, ROIs for the thalamus in this group were drawn directly on the axial PET
images, by implementing the standardized rules of ROI definition. Subsequently, %
asymmetry indices (Als) for both DTI measures and PET radioactivity concentration values
of the thalamus were calculated in the patients as follows: Al (%) = 200 x [(I-C)/(1+C)],
where | represents ipsilateral, C represents contralateral values as compared to the side of
the lesion. In the control group, absolute as well as left minus right Al(%) values were
calculated for between-group comparisons. To calculate intrarater reliability of the
measurements, ROI placement was repeated after 3 weeks for all 20 patients by the same
investigator. Interrater reliability was evaluated by comparing ROI drawings of two
observers (B.A. and C.J.) in 10 randomly selected patients.

Measurement of the extent of cortical hypometabolism in the affected
hemisphere—To evaluate a potential correlation between thalamic and cortical metabolic
abnormalities, the hemispheric extent of cortical glucose hypometabolism on the side of the
angioma was obtained by using a semiautomated software package as described earlier.”> 21
A 10% asymmetry threshold for the definition of cortical hypometabolism was used based
on considerations described previously.22 23 The size of marked cortical hypometabolism
was expressed as the percent of total ipsilateral hemispheric surface, a value independent of
the actual size of the hemisphere.

2.6. Study design and statistical analysis

Initially, intrarater and interrater reliabilities were evaluated. ROI values of repeated
measures were compared by calculating % differences (mean and SD). Pearson correlations
were also applied to the corresponding values of two ROI drawings. To evaluate potential
presence of thalamic asymmetries in the control group, paired t-tests were performed to
compare corresponding left and right values of MD, FA and FDG radioactivity
concentrations.

Presence of imaging abnormalities of the thalamus in the patient group was assessed with
group comparisons. Group comparisons were performed in three ways: (1) Analysis of co-
variance (ANCOVA), with age as a covariate, was applied to compare thalamic FA and MD
values of patients with similar values of the control subjects; for thalamic FDG PET
abnormalities, this analysis was not done, since absolute tracer uptake values were not
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evaluated in between-group comparisons. (2) Als of thalamic MD, FA and FDG
radioactivity concentration values were compared between the whole SWS group and the
corresponding control groups by performing independent samples t-tests using absolute
values of Als. This analysis was also repeated with the subgroup of patients with left
hemispheric involvement by using left minus right asymmetries; the right hemispheric
subgroup was not analyzed separately due to its small sample size. (3) FA, MD as well as
average FDG radioactivity concentration values were also compared between thalami ipsi-
and contralateral to the affected hemisphere using paired t-tests.

In the next step, potential associations of thalamic metabolic abnormalities were analyzed by
correlating thalamic FDG PET asymmetries (Al values) with potential imaging and clinical
predictors including: (1) Als of DTI measures , (2) extent of cortical hypometabolism, and
(3) age as well as age at seizure onset using Pearson’s correlations. Subsequently, to
determine if extent of cortical hypometabolism was an age-independent predictor of
thalamic FDG asymmetries, a multiple linear regression analysis was performed with extent
of cortical hypometabolism and age as predictors and thalamic FDG Al values as the
outcome.

In the final step, the potential role of thalamic abnormalities in cognitive and fine motor
functions was evaluated. First, univariate correlations (Pearson’s product moment) were
performed between FSIQ scores and potential predictors such as patient age, age at seizure
onset, thalamic DT1 and PET asymmetries as well as extent of cortical hypometabolism. In
addition, 1Q scores of patients with controlled seizures (no seizures during the last year
before PET scan; N=7) and uncontrolled seizures (N=12) were also compared using an
independent samples t-test. All variables with alpha values (p<0.1) were entered into a
subsequent multiple linear regression analysis to determine the independent contribution of
each variable to 1Q. This procedure was repeated for cognitive subdomains (V1Q and PIQ)
and tested for the whole group as well as in the larger subgroup with left hemispheric
involvement (n=13) to assess side-specific effects of thalamic injury; again, the right
hemispheric subgroup was not analyzed separately due to its limited sample size. Finally, to
test the potential association between the FDG Als of the thalamus and the ranking scores
for dexterity in the affected hand (contralateral to the angioma), Spearman’s correlation was
applied. Statistical analysis was performed using SPSS 17.0 (Chicago, IL) software package
and p<0.05 was considered significant.

Both intra- and interrater reliabilities were very high for both DTI and FDG PET values,
with correlation coefficients above 0.98 (p<0.001) for intra- and above 0.91 (p<0.001) for
interrater measurements. MeanSD of differences between two ROI drawings ranged from
0.3+0.4 % to 1.1+1.0 % for intra- and from 0.5+0.6 % to 3.3+2.4 % for interrater
measurements.

There was no significant difference between left and right thalamic FA (0.305 vs. 0.302,
respectively, p=0.49) and MD values (7.91x10~4 mm?/s vs. 7.86x10~4 mm?/s, respectively,
p=0.19) in the control subjects. Therefore, average values of the two sides were used in the
group comparisons. Average FDG radioactivity concentration of the left and right thalami
also did not differ in the PET control group (p=0.48).

Diffusion and metabolic abnormalities of the thalamus. In the between-group comparisons,
neither FA nor MD values of the ipsi- (mean+SD: 0.277+0.025 and 8.0x10™4 mm?/s
+4.4x107° mm?/s) or contralateral thalami (mean+SD: 0.281+0.02 and 7.8x10™4 mm?2/s
+3.4x107° mm?/s) differed from the values of the DTI control group (left-right mean+SD:
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0.304+0.02 and 7.9x10~4 mm?2/s£1.9x10~°> mm?/s) after controlling for age (p>0.35). Also,
neither FA Al nor MD Al values of the SWS group differed significantly from those of the
control group (p=0.30 and p=0.33, respectively); however, the FA Al values of the subgroup
of SWS patients with left hemispheric involvement were significantly higher (p=0.019) and
the MD Al values were slightly higher (p=0.085) than those of the control group. Also, FDG
Als of the whole SWS group as well as the subgroup with left hemispheric involvement
were higher than those of the control group (p=0.001 and p=0.004, respectively).

In paired comparisons (comparing ipsi- vs. contralateral thalamus in the whole patient
group), MD values of the ipsilateral thalami were higher than those of the contralateral
thalami (p=0.004). In addition, higher MD (p=0.013) and lower FA values (p=0.014) were
found on the affected (left) side in the subgroup of patients with left hemispheric
involvement (n=13). The average FDG radioactivity concentration of the thalamus on the
affected side was significantly lower than that on the contralateral side (p=0.001).

Imaging and clinical correlates of metabolic abnormalities of the thalamus. There was a
significant correlation between the glucose metabolic Als and MD Als (r=-0.69; p=0.001,
indicating that lower ipsilateral thalamic glucose metabolism was associated with higher
MD values). This correlation was even stronger in the subgroup of patients with left
hemispheric involvement (N=13) (r=—0.88; p<0.001). However, there was no correlation
between the FA Al and glucose metabolic Al of the thalamus (p>0.3). The extent of cortical
hypometabolism varied widely among the patients (between 1 and 84 % of the hemispheric
surface), and showed a strong correlation with the glucose metabolic Al of the thalamus (r=
—0.75; p<0.001, indicating that lower ipsilateral thalamic glucose metabolism is associated
with larger extent of cortical hypometabolism). In addition, thalamic glucose metabolic Als
were higher (more negative) in older patients (r=—0.45; p=0.04), but there was no
correlation with the age at seizure onset (p=0.11). Finally, the multiple regression analysis
(with age and extent of cortical hypometabolism) showed that the extent of cortical
hypometabolism was an independent predictor of the glucose metabolic Al of the thalamus
(r=—0.70; p=0.001).

Relationship between cognitive functions, motor functions and glucose metabolic
asymmetries of the thalamus. Table 1 summarizes the neuropsychological data of the 20
patients. FSIQ, VIQ and PIQ scores ranged between 47 and 128 (mean: 83), 46 and 139
(mean: 90) and 47 and 111 (mean: 79), with values falling below the population mean-2 SD
(i.e., below 70) in 6, 5 and 7 patients, respectively. In univariate analyses, we found a
significant correlation between FSIQ and thalamic metabolic (r=0.59, p=0.006) as well as
MD Als (r=—0.48, p=0.03) in the whole group. These relationships were even stronger in
the left subgroup of patients (for FDG Al: p<0.001; for MD Al: p=0.001). 1Q was also
inversely associated with the patients™ age (r=—0.70, p=0.001), and there was also a trend for
correlation with the extent of cortical hypometabolism (r=—0.44, p=0.051). The age at onset
of seizures as well as seizure control did not show association with 1Q (p=0.45 and p=0.63,
respectively). The two potential predictors of 1Q (age and extent of cortical
hypometabolism) were entered in the subsequent multiple regression analysis, together with
thalamus MD and glucose metabolic Als as predictors (two separate regression analyses
were performed for these thalamic variables). Although neither glucose metabolic nor MD
asymmetry of the thalamus showed a significant correlation (r=0.38, p=0.12; r=—0.45,
p=0.058, respectively) with FSIQ in the multiple regression analysis of the whole SWS
group, in the subgroup of children with left hemispheric involvement, both of these imaging
variables were significant independent predictors of FSIQ (FDG Al: r=0.81, p=0.002; MD
Al: r=—0.73, p=0.01) (see Figure 2 and Figure 3). Similar correlations of the thalamic
glucose metabolic and MD asymmetries were found with both VIQ and P1Qs (detailed data
not shown). Motor function of the hand contralateral to the affected hemisphere also
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correlated with the glucose metabolic Al of the thalamus (r=—0.66; p=0.002), but not with
FA (p=0.33) and MD Als (p=0.26).

4. Discussion

The present study demonstrates significant metabolic, but less robust microstructural,
impairment of the thalamus in the affected hemisphere in children with unilateral SWS. The
clinical relevance of the thalamic abnormalities is that metabolic and diffusion asymmetries
of the thalamus are strongly associated with cognitive functions; thalamic metabolic
asymmetry is also a good predictor of fine motor functions. Importantly, in the subgroup of
patients with left hemispheric involvement, thalamic metabolic and diffusion asymmetries
predict 1Q independently of the patients’ age and extent of cortical involvement. The lack of
such a strong predictive value of these asymmetries in the whole group suggests that the
impact of thalamic impairment on cognitive functioning in the two hemispheres of the brain
may differ; larger studies including more patients with right-sided involvement are required
to understand such differences. Although this is a cross sectional study with limited number
of subjects, our multimodal imaging data strongly suggest that structural and functional
impairment of the thalamus, conveniently assessed by DTl and FDG PET imaging, is a
strong, objective marker of cognitive and motor functioning in children with SWS.

4.1. Potential predictors of neuro-cognitive outcome in SWS

Sturge-Weber syndrome is often a progressive disease with widely varying degree of
clinical and structural impairment among patients. Although cognitive impairment is often
associated with intractable seizures, several studies failed to reveal sufficient prognostic
value of seizure variables.? 24 25 Consistent with these previous results, age at seizure onset
did not correlate with neuropsychological variables and neuroimaging abnormalities in our
study. Notably, seizures of most patients involved in our study were relatively well
controlled. Furthermore, accurate estimation of long-term seizure severity would have been
difficult due to the common sporadic, clustering seizure pattern described in SWS.25 Young
children with severe, intractable seizures, who commonly undergo early resective surgery,
were not included in this study. Therefore, investigation of the potential role of seizure
frequency was beyond the scope of the present study. Our previous SWS studies looking at
neuroimaging correlates of cognitive decline evaluated the potential role of cortical
hypometabolism as well as gray and white matter volume changes.> 7 26 A cross sectional
PET study from our group described that early, severe cortical hypometabolism in the
affected hemisphere, surprisingly, was associated with better intellectual function.7 It has
been hypothesized that early onset, rapid progression of unilateral cortical dysfunction may
trigger effective reorganization leading to relatively preserved cognitive functions in some
children.7: 26 In a semi-quantitative analysis, Kelley et al. (2005)* found a weak correlation
between the degree of cortical atrophy and cognitive function. The results of an MRI/PET
multimodality analysis in 13 children with SWS suggested that white matter damage
underlying the cortical hypometabolism as well as in adjacent areas may also contribute to
cognitive deficit.6 In concordance with this finding, a recent study found that ipsilateral
white matter volume appeared to be a predictor of full-scale 1Q.5 However, white matter
volumes cannot be used as a simple, clinically feasible imaging marker of neuro-cognitive
functions.

4.2. Thalamic dysfunction in SWS

Although simultaneous DTI and glucose PET analysis of the thalamus/thalamocortical
pathways has already been performed in a few studies in different patient populations 27: 28,
functional and microstructural impairment of the thalamus in children with early
hemispheric damage, such as caused by SWS, has not been evaluated. Our data demonstrate
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that the metabolism of the ipsilateral thalamus is significantly impaired in patients with
unilateral SWS. Since diffusion asymmetries of the thalamus were less robust, DTI images
are more difficult to interpret for assessment of thalamic damage. Despite this, glucose
metabolic asymmetries showed a tight correlation with mean diffusivity but not with FA
asymmetries. A plausible reason for the lack of association between FA Al and glucose
metabolic Al of the thalamus can be that functional impairment of the thalamus may be
more related to neuronal loss and the expansion of the extracellular space rather than tissue
disorganization. A similar explanation was suggested in previous studies where diffusivity
was found to be a more sensitive diffusion index than FA in identifying epileptogenic
cortex.2% 30 Therefore, despite the small asymmetries, MD appears to be a more useful
diffusion measure in evaluating microstructural abnormality of the thalamus in SWS.

The mechanism of functional deterioration of the thalamus in Sturge-Weber syndrome is not
completely clear. Thalamic dysfunction (in the form of “diaschisis” or ipsilateral atrophy) is
commonly seen following cortical injury.2% 27: 31734 The association between the cortical
extent of hypometabolism with the degree of thalamic hypometabolism in our study
supports this mechanism. In addition, increased venous pressure on the brain surface may
force deep draining veins to channel blood to the deep venous system that also drains venous
blood from the thalami. These pressure changes may directly affect thalamic venous
outflow, leading to hypoxic injury, or could indirectly affect the thalamus via hypoxic injury
of white matter tracts connected to various thalamic nuclei.

4.3. Relation between cognitive function and the thalamus

Previous research has failed to identify one central executive region responsible for
"intelligence" in healthy subjects, but revealed the potential role of multiple, anatomically
and functionally connected areas, including distinct cortical regions, cerebellum and
thalamus. 3% 36 The thalamus is a major relay center of the brain with both afferent sensory
as well as extensive reciprocal cortical connections. Recent studies have also suggested that
thalamus is an integrator of multisensory and sensorimotor functions.3” Therefore, it is not
surprising that even isolated damage of the thalamus may result in cognitive dysfunction.38
Studies investigating the potential neuroanatomical substrates of cognitive impairment from
various causes demonstrated abnormalities of the thalamus.8~-11 Recent neuroimaging and
EEG data also supported the participation of the thalamus in the network responsible for
cognitive performance.3% 40 In line with these previous findings, here we demonstrate that
the damage of the thalamus, a central structure integrating and therefore representing
abnormalities of widespread, connected white-matter and gray matter regions, may be a
simple, robust predictor of 1Q. In addition, thalamic hypometabolism strongly correlates
with dexterity of the affected hand in patients with SWS. The thalamus is indeed part of a
complex network responsible for fine motor function 41 42, therefore, the observed
correlation with dexterity scores actually represents association with anatomically and
functionally connected structures.

4.4, Methodological considerations

There are some limitations that need to be noted when interpreting our results. Firstly, the
patients were selected using a lower age limit of 3 years. Although the neurologic
manifestations of SWS often present at earlier ages, including only children above 3 years
allowed us to analyze a patient sample with a wide range of cognitive and motor dysfunction
and obtain accurate, uniform cognitive and motor scores.

A standard shaped ROI was used in a simple, well reproducible way, but at the same time to
minimize partial volume effects from adjacent structures. The diffusivity and anisotropy
values in our work are comparable to previous studies delineating the entire thalamus 20: 43;
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thus, we believe that our DTI metric values are good estimates of the entire thalamus.
Furthermore, the extremely high concordance between repeated measurements demonstrates
the reliability of this approach. The application of an asymmetry-based method with respect
to glucose metabolism is advantageous because it is not confounded by interindividual
differences in absolute glucose metabolic rates arising from brain development, as well as
global effects of antiepileptic drugs. 4446 In addition, this approach eliminates the use of
normalized values of glucose uptake, which can show age-related changes in the thalamus
during human brain development 47 and would require an age-matched control group to
perform accurate comparisons.

It should be also noted that we have used, for the first time, a pediatric control group for
FDG PET studies. This was done after careful consideration and review of all available data
regarding potential health risks from low-dose radiation. The studies overwhelmingly
indicate that radiation doses from a single PET scan are not above the "noise" of adverse
events of everyday life, and none of the previous studies has been able to show unequivocal
carcinogenic effect of low-level radiation doses.#8—50

4.,5. Conclusion

In summary, our findings suggest that metabolic asymmetry of the thalamus demonstrated
by FDG PET is a simple, robust, clinically useful imaging marker of neuro-cognitive
functions in SWS. Future longitudinal studies are needed to assess whether thalamic
dysfunction in children with SWS is progressive and if early damage of the thalamus could
predict cognitive outcome in the later course of the disease.
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FA

A&\ A

Representative images showing the ROI definition in one plane of the thalamus (patient 9).
ROIls were defined on the non-diffusion weighted images (i.e., b0 series) of the DTI
sequences (A) and then superimposed on the FA, MD maps (B; C) as well as on the co-
registered FDG PET images (D). The rectangular shaped ROIs were drawn on 4 consecutive
planes (where the thalamus was clearly identifiable). ROIs of the same size were used on
both thalami. L=left, R=right.

FDGPET
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Figure 2.

FDG PET images of two patients with Sturge-Weber syndrome, with mild (A) and severe
(B) left posterior (parietal, occipital, temporal) cortical involvement (solid arrows). (A) The
image of a 4 years old boy (patient 4) shows minimal thalamic hypometabolism (dashed
arrows; measured Al: —5.2%) on the left side. This patient had normal 1Q (full-scale 1Q:
110). (B) The image of an 8 years old girl (patient 5) shows severe thalamic
hypometabolism (dashed arrow; Al: —23.7%). This patient’s cognitive functions were
severely impaired (full-scale 1Q: 55). L=left, R=right.
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Figure 3.

Partial regression plot of glucose metabolic asymmetry of the thalamus vs. full-scale 1Q,
after controlling for age and the extent of hypometabolic cortex, in the subgroup of 13
children with left hemispheric involvement. The values represent residuals from regressing
asymmetry and full-scale 1Q on age and extent of hypometabolic cortex. Full-scale 1Q
showed a strong negative correlation with glucose metabolic Al of the thalamus even after
controlling for other predictors.
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