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Abstract

Background—The natural course of Sturge-Weber syndrome (SWS) is poorly understood,
although neurological symptoms are often progressive.

Aims—To track longitudinal changes in brain glucose metabolism measured with positron emission
tomography (PET) and their relation to clinical changes during the early course of SWS.

Methods—~Fourteen children (age 3 months to 3.9 years at enrollment) with SWS and unilateral
leptomeningeal angioma underwent two consecutive glucose metabolism PET scans with a mean
follow-up time of 1.2 years. Longitudinal changes of the extent of cortical glucose hypometabolism
on the angioma side were measured and correlated with age, clinical seizure frequency and
hemiparesis.

Result—An increase in the size of the hypometabolic cortex was seen in 6 children, coinciding with
an age-related increase in cortical glucose metabolism measured in unaffected contralateral cortex.
These 6 patients were younger both at the initial (mean age 0.75 vs. 2.8 years; p<0.001) and the
second scan (mean age 1.8 vs. 4.2 years; p=0.001) than those with no change in the extent of
hypometabolic cortex (N=6). The area of cortical hypometabolism decreased in the two remaining
children, and this was associated with resolution of an initial hemiparesis in one of them. Seizure
frequency between the two scans was higher in children who showed progressive enlargement of
cortical hypometabolism, as compared to those with no progression (p = 0.008).

Conclusions—In SWS, detrimental metabolic changes occur before 3 years of age coinciding with
a sharp increase of developmentally regulated cerebral metabolic demand. Progressive
hypometabolism is associated with high seizure frequency in these children. However, metabolic
abnormalities may remain limited or even partially recover later in some children with well-
controlled seizures. Metabolic recovery accompanied by neurological improvement suggests a
window for therapeutic intervention in children with unilateral SWS.
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INTRODUCTION

METHODS

Subjects

Sturge-Weber syndrome (SWS) is a phakomatosis characterized by a port wine stain (PWS)
over the trigeminal area, leptomeningeal angiomatosis and ocular abnormalities. The cerebral
vascular malformation consists of abnormally developed venous vessels on the brain surface,
resulting in an impairment of cerebral blood flow, hypoxia and chronic ischemia in the
underlying brain tissue. Neurological outcome in children with SWS is highly variable, ranging
from minimal or no neurological signs to a devastating impairment with uncontrolled seizures,
hemiparesis, visual field defect and progressive mental retardation.l

Neuroimaging studies help establish the diagnosis, assess severity and follow the progression
of brain involvement in SWS. MRI detects the leptomeningeal angioma and also can determine
the extent of structural brain abnormalities, 2> which are correlated, to a certain extent, with
the severity of neurological symptoms.ﬁ’7 However, MRI abnormalities are not reliable
predictors of neurological deficit in the early stage of the disease. Positron emission
tomography (PET) scanning with 2-deoxy-2[18F]fluoro-o-glucose (FDG) often shows
hypometabolic cortex extending beyond the apparent structural abnormalities.8:9 Progression
of abnormalities in metabolism and perfusion often occur during the course of the diseaseS
10 and can be associated with neurologic deterioration.11

Although it is generally believed that SWS has an irremissive progression, the natural course
of the disease is poorly characterized, largely because of the lack of longitudinal studies that
could quantify changes of structural or functional brain abnormalities. Therefore, we have
performed a longitudinal neurological and neuroimaging study of children with SWS to test
the hypothesis that the majority of progression in the extent of glucose hypometabolism occurs
during the critical period when metabolic demand in the brain increases sharply due to normal
maturational processes.12 We also assessed whether the observed hypometabolism is
irreversible and how metabolic changes are related to seizures and hemiparesis.

Fourteen children (9 girls, age 3 months to 3.9 years at the time of the first scan; mean age: 1.9
years) with the clinical and radiological diagnosis of Sturge-Weber syndrome with unilateral
hemispheric involvement (based on location of leptomeningeal angioma on post-contrast MRI)
and a history of seizures were included in the study (Table 1). All patients underwent FDG
PET scanning twice; the interval between the two PET scans was within 3 years (range: 0.6 —
2.8 years, mean 1.2 + 0.7 years). These patients were either prospectively recruited to
participate in a longitudinal imaging study with yearly follow-ups or had a previous PET scan
as part of a presurgical evaluation but were not operated and were re-scanned later. Frequency
of clinical seizures was estimated for the period before the first PET scan (since the onset of
the first seizure) as well as between the two PET scans by interviewing the parents and also
by reviewing clinical charts. An estimated yearly seizure frequency was then calculated; this
included all clinical seizures observed by the parents. None of the patients had status
epilepticus. Age at the first clinical seizure (in months) was also recorded. Motor strength was
clinically evaluated by one of the co-investigators (H.T.C.). Because some of the patients were
enrolled retrospectively, and they had no detailed, standardized motor evaluation available,
motor strength was categorized on a robust 3-point scale (0 : normal motor strength; 1: mild/
moderate weakness in the arm, hand and/or leg; 2: severe hemiparesis). Based on these
categories, longitudinal change of gross motor functions between the two scans was
categorized as: (1) no significant change; (2) progression, when the patient developed
hemiparesis between the two scans or the degree of paresis worsened, and (3) improvement,
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when the paresis observed at the first time was not seen at the second evaluation or when the
degree of hemiparesis decreased. 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.

PET image acquisition

The PET protocol was performed as previously described. 913 In brief, all patients underwent
their PET scans using the CTI/Siemens EXACT/HR PET scanner. This scanner has a 15 cm
field of view and generates 47 image planes with a slice thickness of 3 mm. The reconstructed
image in-plane resolution obtained is 5.5 = 0.35 mm at full-width-at-half-maximum and 6.0 +
0.49 mm in the axial direction (reconstruction parameters: Shepp-Logan filter with 0.3 cycles/
pixel cutoff frequency). FDG was produced using a Siemens RDS-11 cyclotron, applying the
synthesis module purchased from Siemens/CTI (Knoxville, TN). Subjects fasted for 4 hours
prior to the PET procedure. A venous line was established for injection of FDG (0.143 mCi/
kg). The lights were dimmed and interactions were discouraged in order to reflect a resting
awake state. All PET scans were done at least 24 hours after the last clinical seizure and the
median time between the last seizure and the PET scan was 9 and 7 weeks for the first and
second scans, respectively (first scans: 2 weeks — 2 years; second scans: 1 day — 4 years). All
scans were acquired in the interictal state as demonstrated by scalp EEG recorded throughout
the uptake period. Thus, ictal/post-ictal states were not confounding factors for interpretation
of the PET results. After 40 minutes of FDG uptake, patients were positioned in the scanner
and a static 20-minute emission scan of brain was performed. Children below 2 years of age
were sedated with chloral hydrate (50-100 mg/kg by mouth), and children older than 2 years
were sedated with nembutal (3 mg/kg), followed by fentanyl (1 pug/kg).

PET image analysis

Calculated attenuation correction was applied to the brain images using automated threshold
fits to the sinogram data. The hemispheric extent of cortical glucose hypometabolism on the
side of the angioma was obtained by using a semiautomated software package as described
previously.gl 4 This software marks the abnormal cortical areas of glucose metabolism based
on an asymmetry index (Al) derived from contralateral homotopic areas according to a cutoff
threshold selected by the user (Al (%) =(1-C)/[(1+C)/2]x100%, where | represents the
radioactivity concentration in the ipsilateral and C represents the concentration in the
contralateral homotopic cortical region). A cutoff threshold of Al(%) = 10% was used to mark
cortical segments with abnormally decreased glucose metabolism on the side of the angioma.
9,15 The marked PET data files were then processed by the 3DTool software package creating
a three-dimensional brain surface image to display the marked areas in red. The extent of
cortical hypometabolism was measured by delineating and counting the pixel number in the
marked hypometabolic area, and dividin%this number by the number of all surface pixels
representing the ipsilateral hemisphere,1 using software developed in-house. Thus, the size
of cortical hypometabolism was described as the percent of total hemispheric surface, and this
value was independent of the actual size of the hemisphere. The advantages and limitations of
this method have been discussed elsewhere.13 Importantly, since this method does not rely on
absolute or normalized metabolic rates, the obtained values are highly independent of global
cerebral metabolic changes related to age12 or drug-effects.16 A potential, newly recognized
pitfall of this analysis method is that the measured extent of cortical hypometabolism may be
overestimated if increased glucose metabolism is present in the contralateral cortex: indeed,
this has been observed in the posterior (mostly occipital) cortex of some children with unilateral
SWS, presumably reflecting reorganizational changes.17 However, the effect of these
increases should be minimal when using the stricter 20% cutoff threshold: >20% asymmetry
is consistent with severe hypometabolism and cannot be simply explained by mild or moderate
increases of metabolism in the contralateral hemisphere. Therefore, we have reanalyzed the
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data by using this stricter threshold. Since the results did not change substantially, and
interpretation of the findings remained the same, only data with the 10% threshold are reported.

In order to evaluate how small changes in extent of hypometabolism can be detected reliably,
we performed test-retest measurements. The measured values were highly reproducible:
correlation between corresponding values measured at the first and second measurements was
highly significant (r = 0.99, p < 0.001). The mean difference between the test-retest
measurements was 1.2 + 1.3 %, with a maximal individual difference of 4.5% of the
hemispheric surface. Therefore, longitudinal changes (increases or decreases) in extent of
hypometabolism of >5% of the hemispheric surface were considered to represent true
progression (increase of extent) or improvement (decrease in extent).

Since follow-up time differed among patients, a monthly rate of metabolic change was
calculated by using the following formula: ([PET, — PET,] / AT), where PET; and PET,
represent the extent of cortical hypometabolism (expressed as the % of total hemispheric
surface area) at the first and second scan, respectively, and AT represents the time between the
two scans (in months).

In order to estimate regional brain glucose metabolism and its relation to the patients’ age (on
the first PET scan) in the unaffected hemisphere, standard uptake values (SUVs) were
calculated for cortex contralateral to the angioma. The SUV was calculated as the ratio between
the average radioactivity concentration obtained from the cortex and the injected FDG dose
per weight (mCi/kg). A previous study demonstrated that SUV provides a good estimation of
cerebral glucose uptake and allows inter-individual comparisons in young children where
arterial input function is not available for quantification of glucose metabolic rates.18 Since
the contralateral hemisphere was not directly affected by the pathology, an age-related increase
due to brain maturation was expected.12 In order to avoid the confounding effect of
increased glucose metabolism observed in the contralateral posterior cortex seen in some
children with SWS and severe ipsilateral posterior hypometabolism,17 we have correlated age
with SUVs measured in the contralateral frontal cortex.

Statistical analysis

RESULTS

The age of patients with vs. without metabolic progression was compared by an unpaired t-
test. The relationship between patient age and monthly rate of metabolic change was assessed
using linear and non-linear regression analyses. The most appropriate regression models for
the data sets were determined using the curve estimation procedure (SPSS 11.5, Chicago, IL).
Age and SUV values measured in the contralateral cortex were correlated by using Pearson’s
correlation while SUV values at the time of the first and second scans were compared using a
paired t-test. The Mann-Whitney test was used to compare estimated seizure frequency and
age at seizure onset between patients with vs. without metabolic progression. Finally, the extent
of hypometabolism was compared between patients with vs. without paresis using an unpaired
t-test. P<0.05 was considered to be significant.

Hemispheric extent of the hypometabolic area

Three different patterns of metabolic change were observed from the PET data. In 6 children,
a robust increase in the extent of the hypometabolic area was found (from an average of 17%
[range 0-36%] at the first scan to an average of 58% [range 26-78%] at the second scan), with
a progression rate of 4% (1-11%)/month (Figure 1). In 6 other children, the extent of the
hypometabolic area remained stable (mean 36% on both the first and the second scan). The
remaining 2 patients showed a decrease in the extent of hypometabolism from 38% and 69%
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to 24 and 60%, respectively, suggesting a diminution (i.e., improvement) in the extent of
hypometabolism (Figure 2).

Age vs. metabolic changes

SUV values for FDG uptake, measured in the contralateral frontal cortex showed a significant
positive correlation with age at the time of the first scan (r = 0.70, p = 0.005), consistent with
previously reported increases in cortical glucose metabolism with maturation between birth
and 3 years of age.12 FDG SUVs at the time of the second scans were higher than at the time
of the first scans (p = 0.023), consistent with an age-related increase of cerebral glucose
metabolism in the patient group, despite the relatively short period between the two scans.

Patients with increased area of hypometabolic cortex (n=6) were younger both at the initial
and the second scan (mean age 0.75 years and 1.8 years, respectively) than those with no change
in the extent of hypometabolic cortex (2.8 and 4.2 years) (p<0.001 at the first scan and p=0.001
at the second scan). All patients with progression of cortical metabolic abnormalities were less
than 3 years old at the time of both scans. There was a significant non-linear inverse correlation
between the age of the patients at the second scan and the rate of change in the extent of
hypometabolism (r = 0.69, p = 0.006, logarithmic regression) (Figure 3).

Clinical variables vs. the extent of hypometabolic area

Seizure variables—The extent of cortical hypometabolism (at the first or second scan) did
not correlate with seizure frequency (p > 0.7). Seizure frequency in the period between the two
scans varied widely (between 0 and 1,200; median: 3/year; Table 1) and was higher in children
whose hypometabolic area progressed than in patients with no metabolic progression (p =
0.008). Patients with metabolic progression showed a trend for earlier seizure onset, but this
difference did not reach the level of significance (p=0.06).

Hemiparesis—Eight children had hemiparesis at the time of the first scan and new onset
paresis or progression of hemiparesis was seen in four children by the time of the second scan
(#1, 3, 4, 7). The extent of cortical hypometabolism was larger in children with hemiparesis
than those with no motor deficit at the first scan (7% + 5% vs. 48% * 34%; p = 0.014), and
also at the time of the second scan (13% + 8% vs. 60% + 31%; p = 0.01). One child (#6) showed
an initial mild hemiparesis, which was no longer apparent at the time of the second scan; this
patient showed metabolic improvement (decrease of the extent of cortical hypometabolism)
between the two PET scans (see Figure 2). In contrast, all four children who developed or
showed progression of hemiparesis between the two scans showed an increase in the area of
cortical hypometabolism, which included the motor cortex.

DISCUSSION

Progression of cerebral metabolic and perfusion abnormalities is not unusual and had been
described previously in a small group of children with sws.11 our present study provides a
quantitative assessment of the extent of cortical glucose metabolic changes and demonstrates
that the majority of progressive changes occur before 3 years of age. This vulnerable period
coincides with a sharp increase of in the metabolic demand of the developing brain. Previous
calculations of glucose metabolic rates in cerebral cortex of children showed a peak of 50-65
umol/min/100g around 3-4 years of age, thus exceeding mean adult values by more than two-
fold.12:19 our present data show a similar magnitude of age-related increases in glucose
metabolism SUV values in cortex contralateral to the angioma. This rapid increase of metabolic
demand coupled with an im8airment of cortical blood flow detected as early as 2 months of
age in infants with sws3:2 likely plays an important role in cortical damage and extension
of cortical dysfunction indicated by glucose hypometabolism in the affected hemisphere. The
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time course of the bulk of the damage to cerebral cortex in the first 3 years of life may also
account for the observation that most patients with SWS who have epilepsy have their seizure
onset within the first 3 years. 21 Thus, our data suggest that early presentation of symptoms in
SWS may be, at least partly, the result of an age-related increased cerebral metabolic demand
in a system of vascular compromise due to the leptomeningeal angioma. Although fine details
of motor functions were not available in some patients who were enrolled retrospectively, all
patients who developed hemiparesis or showed a considerable progression of degree of
hemiparesis during the follow-up showed an unequivocal increase of the extent of cortical
hypometabolism, with involvement of their presumed sensorimotor cortex. This suggests that
early progression in cortical dysfunction plays a major role in development or progression of
neurological deficit, and evaluation of glucose metabolism by PET can help predict motor
functions in young children with SWS.

It should be noted that frequent seizures themselves may also contribute to progression of
cortical hypometabolism. Our previous studies in non-SWS children with uncontrolled
epilepsy have indeed demonstrated a relationship between frequency of seizures and extent of
cortical hypometabolism. 13,22 consistent with this notion, other investigators have reported
that glucose metabollc abnormalities are relatively rare in both children and adults with new
onset epllepsy 3,24 Altogether, these studies strongly suggest that at least some of the cortical
hypometabolism seen on PET scans may be the consequence of persistent seizures. The present
study provides further support to this notion. Although clinical seizure frequency is an
imperfect estimate of seizure burden, the number of seizures observed by the parents and
caregivers appears to be a significant factor related to progression of regional metabolic
abnormalities in SWS. Since these seizures occur simultaneously with the developmentally
regulated increase of cerebral metabolic demand, at this point it would be difficult to
differentiate between dysfunction caused by hypoxia due to impaired blood flow vs. seizure-
induced abnormalities; both of these mechanisms could play an important role in disease
progression in an additive fashion. However, a definitive conclusion would require a much
larger patient population with clinical and imaging data with quantitative metabolic measures,
allowing multivariate analyses, to sort out the effect of seizures vs. developmental metabolic
changes.

A novel and potentially important finding in the present study is that in two children with SWS,
an initially large area of hypometabolism had actually decreased on the subsequent scan, thus
suggesting a partial functional recovery. Since all of the PET scans were performed at least 24
hours after the last clinical seizures, it is unlikely that the observed extensive hypometabolism
on the first scans could have been simply due to a postictal effect. Rather, seizures in both
children with improved metabolism became relatively well-controlled during the months
before the second scan. Reversibility of cortlcal h%pometabollsm has been shown in several
previous studies on patients with epllepsy Adaptive mechanisms, e.g., development
of collateral circulation via deep veins, could also play a role in this metabolic improvement
and contribute to improvement of hemiparesis. Future studies addressing mechanisms
accounting for such recovery of functional impairment may assist in identifying novel
therapeutic approaches to facilitate functional recovery.

Despite the inter-individual variations in the timing of metabolic changes, our findings indicate
a general course of early evolution of metabolic abnormalities in children with SWS. This
suggests that therapeutic attempts aiming at preventing further damage in SWS (e.g., by
improving venous circulation, preventing seizures or applying neuroprotection) should be
started early, since most of the detrimental metabolic changes occur before 3 years of age. On
the other hand, metabolic abnormalities were limited to a small portion of the hemisphere and
remained stable in 4 young children, thus not requiring aggressive treatment. It should be noted
that extent of cortical glucose hypometabolism is only one (although important) aspect of
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cerebral pathological changes related to neuro-cognitive functions in SWS. Other changes in
brain structure and function, such as damage in the underlying white matter and compensatory
changes in remote cortical areas are emerging as potentially important additional predictors of
neuro-cognitive outcome. 17,26 Therefore, initial extent of cortical involvement is often not a
reliable predictor of subsequent neuro-cognitive changes and should be interpreted together
with additional variables such as white matter changes and clinical variables. Future studies in
larger patient groups undergoing multimodal neuroimaging studies could sort out how these
different mechanisms contribute to neuro-cognitive outcome, and could provide guide to
clinical management decisions.
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Figure 1.

FDG PET scans in a girl (patient #4) with a left posterior angioma showing progression of the
metabolic abnormality. A. PET scan at 8 months of age showed a small area of occipital
hypometabolism which comprised only 2% of the cortical surface (arrows). B. Scan 2 at15
months of age showed that the hypometabolism became more severe and extended beyond the
occipital region occupying almost 80% of the hemispheric surface. During the 7 months
between the 2 scans, she developed a right moderate hemiparesis.
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Figure 2.

FDG PET scans in girl (patient #6) with a right posterior angioma showing partial recovery
after one year. A. The first PET scan at 1.8 years of age showed extensive right hemispheric
hypometabolism involving both the right posterior (severe hypometabolism, thick arrows) and
superior frontal cortex (mild hypometabolism, thin arrows). B. PET scan one year later showed
less extensive hypometabolism with a recovery of frontal cortex glucose metabolism. This
improvement in glucose metabolism was accompanied by recovery of hemiparesis in the period
between the two scans. Her seizures were relatively well-controlled, with only a single partial
seizure during the 1-year period between the two scans.
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Figure 3.

Relationship between age (at the time of the second PET scan) and monthly rate of metabolic
change between the two scans. Major change in the extent of hypometabolic cortex occurred
in children before 3 years of age. Relatively small metabolic changes were found in older
children. The relationship between age and metabolic changes could be described by a
logarithmic regression (r=0.69, p = 0.006).
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Imaging abnormalities of the 14 patients

Table 2

No Angioma Extent] Extent] Monthly rate]
side/location PET 1 PET 2 of change
(on MRI)

1 R PO 0 26% 1.4%

2 L PO 20% 78% 6.3%

3 L PO 15% 29% 1.5%

4 L PO 2% 78% 10.5%
5 R POT 28% 7% 2.3%

6 RPOT 38% 24% -1.2%

7 LPTOF 36% 59% 3.2%

8 RFP 3% 3% 0%

9 L POTF 95% 95% 0%

10 LP % 8% 0.1%
11 R POTF 94% 92% -0.1%
12 RTO 11% 13% 0.1%
13 RP 8% 6% -0.2%
14 LPTO.F 69% 60% -0.8%

Page 13

Extent scan 1 and 2: extent of cortical hypometabolism (>10% decrease as compared to the contralateral homotopic area, expressed as the % of hemispheric
surface) on the first and second PET scan, respectively, R: right, L: left, T: temporal, F: frontal, O: occipital, P: parietal, s: superior, m: medial; i: inferior,
a: anterior, p: posterior.
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