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Abstract
Introduction
Quantitative interpretation of pediatric brain [18F]-FDG PET is limited by the lack of age-matched
normative reference databases, despite substantial developmental variation in cerebral glucose
metabolism. This study aimed to construct a large-scale normative pediatric [18F]-FDG PET database and
develop an age-specific z-score mapping framework for quantitative evaluation of pediatric epilepsy.

Method
Pediatric brain PET data were retrospectively derived from clinically acquired whole-body or dedicated
[18F]-FDG PET examinations in participants 0–19 years of age without neurologic disease or visible brain
abnormalities. A total of 417 PET scans from 341 participants were stratified into five developmental
age groups: infancy, early childhood, middle childhood/school age, adolescence, and late adolescence.
SUVR maps were generated using whole-brain atlas and brainstem reference regions. Voxel-wise t-test
analyses were performed to characterize age- and sex-related metabolic differences. Age-specific voxel-
wise mean and standard deviation maps were generated from the normative cohort and used to
calculate age-matched hypometabolic z-score maps in 14 pediatric patients with epilepsy. The resulting
abnormalities were qualitatively evaluated for concordance with epileptogenic findings identified on
clinical MRI and/or PET by expert image review.

Results
Voxel-wise analyses demonstrated prominent age-dependent SUVR differences, particularly between
infancy and older age groups. With whole-brain atlas normalization, older children showed progressively
higher relative SUVR in cortical and cerebellar gray matter regions, whereas infancy showed relatively
higher SUVR in the occipital cortex, white matter, thalamus, and brainstem. Brainstem normalization
produced distinct developmental patterns, emphasizing higher white matter SUVR in infancy and broader
gray matter differences in older groups. Sex-related differences were limited and regionally specific.
Whole-brain atlas normalization showed lower variability than brainstem normalization and was selected
for z-score mapping. In representative epilepsy cases, age-matched z-score maps identified focal or
regional hypometabolism corresponding to malformations of cortical development, focal cortical
dysplasia, mesial temporal sclerosis, nonlesional MRI cases, remote insult, tumor-related abnormalities,
and Sturge-Weber syndrome.

Discussion 

A large-scale normative pediatric [18F]-FDG PET database can support developmentally appropriate
quantitative interpretation of pediatric brain PET. Age-matched z-score mapping may complement visual
assessment by highlighting abnormal cerebral glucose metabolism in pediatric epilepsy, although
findings should be interpreted with MRI, EEG, seizure semiology, and other presurgical data.

Introduction
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Pediatric epilepsy is the most common chronic neurologic disorder in childhood, and its epidemiologic
burden varies across developmental stages [1, 2]. Incidence rates are highest during the first year of life
and again between 5 and 9 years of age [1, 2]. In North America and Europe, the incidence of epilepsy
during infancy, defined as younger than 1 year of age, has been reported to range from 90 to 212 per
100,000 population, whereas the global prevalence of epilepsy in children 5 to 9 years of age is reported
to be 374.9 per 100,000 population [1, 2]. Neurodevelopmental and behavioral comorbidities associated
with pediatric epilepsy can substantially worsen the quality of life in affected children [3]. In addition, the
developing brain is particularly vulnerable to cognitive and neurobehavioral comorbidities when exposed
to persistent seizures and ongoing epileptiform activity [3]. Cognitive and neurobehavioral comorbidities
are common in the setting of pediatric epilepsy and include intellectual disability of varying severity,
specific learning disorders, autism spectrum disorder, and attention deficit hyperactivity disorder,
particularly the predominantly inattentive presentation [3]. In a population-based study of school-aged
children with epilepsy, 80% of those with active epilepsy exhibited either a behavioral disorder or
cognitive impairment [4]. Antiepileptic drugs (AEDs) are the first-line treatment for patients with epilepsy,
and most patients with seizure symptoms achieve adequate seizure control with pharmacologic therapy
[5, 6]. However, approximately 20% or more develop drug-resistant epilepsy, in which seizures remain
uncontrolled despite appropriate AED treatment [7-9]. In these patients, surgical resection or other
destructive procedures of the epileptogenic zone can result in excellent outcomes for seizure control,
but surgical success is critically dependent on accurate localization of the epileptogenic focus [9].

Neuroimaging modalities play a critical role in localizing the epileptogenic focus, guiding surgical
planning to maximize seizure control while preserving eloquent cortex [6, 8]. Among these modalities,
[18F]-FDG PET can localize abnormalities in epilepsy by depicting cerebral glucose metabolism with
uptake of FDG, a glucose analog transported into brain tissue through glucose transporters [6, 10, 11]. In
epilepsy, [18F]-FDG PET enables both visualization and quantification of regional cerebral
hypometabolism. Focal glucose hypometabolism during the interictal or postictal period can indicate the
location of an epileptogenic lesion or functionally abnormal cortex in the epileptogenic zone, even some
patients with normal MRI [6]. Kumar et al. evaluated focal hypometabolism on [18F]-FDG PET in pediatric
patients with intractable focal epilepsy using both visual interpretation and voxel-based statistical
parametric mapping (SPM) analysis [12]. Voxel-based analysis achieved accurate lesion lateralization in
100% of cases, compared with 90% for visual interpretation, and identified 7 of 9 seizure-onset zones
that were missed on visual review [12]. These findings support the value of objective quantitative PET
analysis as a complementary tool for preoperative localization of epileptogenic abnormalities [12]. To
evaluate metabolic alterations associated with epileptogenic abnormalities, the asymmetry index has
been used as a quantitative measure of interhemispheric differences in glucose metabolism on [18F]-
FDG PET [5, 13, 14]. In a longitudinal [18F]-FDG PET study of pediatric epilepsy, Hu et al. showed that
patients with drug-resistant epilepsy exhibited significantly greater metabolic asymmetry than those with
drug-responsive epilepsy at both baseline and follow-up [5]. The drug-resistant group also demonstrated
more extensive and progressive metabolic decline, accompanied by less efficient brain network
organization [5]. In addition, Z-score–based parametric analysis has been investigated as an objective
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approach for localizing epileptogenic abnormalities on [18F]-FDG PET. Using CortexID Suite, Li et al.
showed that quantitative z-score analysis provided diagnostic performance comparable to visual
interpretation. Combined visual and quantitative assessment further improved localization, yielding AUC
values of 0.971 for medial temporal lobe epilepsy and 0.897 for lateral temporal lobe epilepsy [15].

Despite substantial progress in objective approaches for evaluating epileptogenic lesions or functional
abnormalities with [18F]-FDG PET, continued efforts are needed to refine quantitative methods for
characterizing PET-defined lesions and abnormalities and to optimize their translation into clinical
practice. Statistical parametric mapping, such as z-score parametric, provides a valuable objective
framework for localizing epileptogenic abnormalities on brain [18F]-FDG PET [15]. However, no widely
available clinical tool currently enables individual pediatric brain [18F]-FDG PET scans to be interpreted
against an age-matched normative pediatric database. Existing commercial platforms primarily rely on
adult reference databases and are generally designed to support the evaluation of neurodegenerative
disorders [15]. Application of older adult normative data to quantification of pediatric brain FDG PET is
presumably an inaccurate representation because cerebral glucose metabolism is known to be age-
dependent in infants and children [16, 17]. Although recent efforts have sought to develop pediatric
normative databases, the construction of large-scale reference datasets remains challenging because of
ethical and practical limitations in prospectively acquiring PET data from healthy children [18]. A
previous study that retrospectively collected brain PET scans from neurologically normal pediatric
patients has demonstrated the feasibility of establishing pediatric-specific large normative databases for
clinical PET interpretation [19]. To our knowledge, no previous literature has described the use of a
pediatric database to generate age-specific FDG PET quantitative maps as an interpretive aid for
pediatric epilepsy.  Accordingly, the present study aimed to construct a large-scale normative pediatric
brain [18F]-FDG PET database and develop an age-matched z-score mapping framework for quantitative
image interpretation. We further evaluated, through illustrative pediatric epilepsy cases, whether this
database-driven approach could facilitate the detection and localization of epileptogenic
hypometabolism and other abnormal FDG uptake patterns, supporting its potential development as a
quantitative clinical tool.

Materials and Methods
2.1 Participants

In this study, brain PET data were derived from whole body [18F]-FDG PET examinations performed at
Mayo Clinic for the clinical evaluation of non-neurologic conditions, including oncologic indications. We
retrospectively identified PET scans from pediatric participants 19 years of age or younger in whom the
entire brain was included within the imaging field of view. PET scans were excluded if visual review
demonstrated structural or metabolic brain abnormalities, if image quality was insufficient for analysis,
or if electronic medical record review indicated a history of neurologic disease at the time of imaging.
Using these criteria, 341 participants were included in the study as a large normative dataset. The cohort
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comprised 198 male and 143 female participants, with mean ages of 11.04 ± 6.43 years and 12.05 ±
6.17 years, respectively (p=0.11). Because some participants underwent PET imaging more than once,
longitudinal handling procedures were applied. When multiple scans were acquired within the same age
range, those images were averaged so that each participant contributed a single representative image to
that age stratum. When repeated scans were acquired across different age ranges, the images were
retained separately so that each scan contributed to the age-appropriate normative group. After
incorporating these repeated measurements according to age range assignment, the final dataset
consisted of 417 pediatric [18F]-FDG PET scans, which are summarized in table 1. Participants were
stratified into five study-defined age groups based on developmentally informed pediatric age
categories: infancy (0–1 years), early childhood period (2–5 years), middle childhood/school age (6–12
years), adolescence (13–17 years), and late adolescence (18–19 years) to be used age-matched z-score
analysis.

A total of 14 patients with epilepsy were included in this study. For each patient, an epileptogenic lesion
was identified on MRI and/or PET was confirmed on review of cross-sectional images by a board-
certified nuclear radiologist and neuroradiologist with 4 years of experience. The corresponding imaging
findings are summarized in table 2.

The retrospective study was reviewed and determined to be exempt by the Mayo Clinic Rochester
Institutional Review Board.

 

2.2 Imaging processing

Participants received an intravenous [18F]-FDG weight-based dose of 3.7-5.18 MBq x patient weight (kg)
for whole body PET and 3.7 MBq x patient weight (kg) for dedicated brain PET, with a minimum dose of
37 MBq, approximately 60 minutes prior to scanning using a standardized image acquisition protocols.
The body PET acquisition took 3 minutes per bed position and for those with epilepsy, the dedicated
brain PET acquisition took 10 minutes. 

The collected whole-body PET scans were manually cropped to isolate the brain using commercially
available MIMneuro software (MIM Software Inc., USA), as shown in the Figure S1. Subsequent image
preprocessing was performed in AFNI software [20, 21]. Each cropped PET volume was resampled and
spatially normalized to the MNI152 PET template [22] grid using 3dresample and 3dAllineate. Voxel-wise
SUVR images were then generated using brainstem and whole brain reference regions defined on the
MNI152 template atlas [23, 24] separately, with normalization performed using 3dcalc and 3dmaskave.
The resulting preprocessed voxel-wise SUVR volumes were stratified according to five age groups and
sex and were then used for downstream analyses.

 2.3 Age-matched z-score map calculation

Page 6/25



Participants were stratified into five study-defined age groups based on developmentally informed
pediatric age categories, as listed in the participant section. After assignment of normative individual
voxel-wise SUVR images to their corresponding age-defined groups, group-level mean and standard
deviation images were generated for each stratum. These age-specific normative maps were
subsequently used to compute voxel-wise z-score maps for the preprocessed brain PET scans of
epilepsy patients, matched to the appropriate age group as follows.

In this equation, z denotes the voxel-wise z score, X represents the SUVR value at each voxel, μ denotes
the mean voxel-wise SUVR, and σ denotes the corresponding voxel-wise standard deviation. The
resulting z-score map was thresholded at 1.96, corresponding to a p-value of 0.05, to retain only
statistically significant voxels. Because the analysis was specifically designed to detect hypometabolic
abnormalities, only voxels in the negative direction of the distribution were preserved, rather than
applying a two-sided threshold. Both the z-score maps and the thresholded z-score maps were
transformed from template space back to individual subject space and visualized in both template and
individual spaces for the illustrative case analyses.

 2.4 Statistical analysis

Voxel-wise group comparison analyses were performed to characterize differences across the five age
groups. Group-level statistical testing was conducted using AFNI 3dttest++. The resulting statistical
maps were thresholded and visualized using a multiple comparison corrected significance threshold of q
= 0.05. In addition, voxel-wise group comparison analysis was performed using the same approach to
evaluate sex related differences between male and female participants, and these results were likewise
visualized at a corrected threshold of q = 0.05.

Results
3.1 Normative [18F]-FDG PET voxel-wise analysis

Figure 1 presents voxel-wise t-test comparisons of SUVR across the five pediatric age groups. Voxel-
wise SUVR maps normalized to the whole-brain atlas reference region were used for this analysis. Red
voxels denote regions with higher SUVR in group B than in group A, whereas blue voxels denote regions
with higher SUVR in group A than in group B. Compared with the infancy group (0–1 year), older age
groups showed progressively greater differences in cortical gray matter metabolism, particularly in the
frontal, temporoparietal, and cerebellum regions. Conversely, compared with the four older age groups,
the infancy group demonstrated relatively higher SUVR in the occipital cortex, white matter, thalamus,
and brainstem. When the early childhood group (2–5 years) was compared with the middle
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childhood/school-age group (6–12 years), higher SUVR in the middle childhood/school-age group was
observed in localized voxels within regions of the cerebellar gray matter, temporal cortex, insula cortex,
anterior cingulate cortex and frontal pars opercularis. By contrast, the early childhood group showed
relatively higher SUVR in the occipital and parietal lobes. In comparisons involving adolescence (13–17
years) and late adolescence (18–19 years), these differences became more spatially widespread and
increased in magnitude. In comparisons with the early childhood group, both the adolescence and late
adolescence groups exhibited more prominent SUVR differences across deep brain structures, including
the brainstem and thalamus, and temporal lobe–associated regions, including the hippocampus,
entorhinal cortex, amygdala, and parahippocampal gyrus. Compared with the middle childhood/school-
age group (6–12 years), both the adolescence (13–17 years) and late adolescence (18–19 years) groups
demonstrated higher SUVR in temporal lobe–associated structures, including the hippocampus,
entorhinal cortex, amygdala, and parahippocampal gyrus. Additional differences were observed in the
anterior cingulate cortex, insula, and transverse temporal cortex. Conversely, the middle
childhood/school-age group exhibited higher metabolism in the occipital and parietal lobes and broadly
distributed white matter regions. No significant group differences were found between adolescence and
late adolescence.

When SUVR was calculated using the brainstem as the reference region, voxel-wise group comparisons
revealed age-related patterns that differed from those obtained using the whole-brain atlas reference
region (Figure S2). Compared with the infancy group (0–1 year), the early childhood group exhibited
higher SUVR throughout widespread gray matter regions. The middle childhood/school-age group
showed more prominent SUVR differences in the frontal, temporal, and parietal cortices, as well as in
cerebellar gray matter. By contrast, the infancy group demonstrated relatively higher SUVR in white
matter regions. This white matter–dominant pattern in infancy became more apparent in comparisons
with the adolescence and late adolescence groups, whereas occipital lobe differences were
progressively attenuated. Compared with the early childhood group, the middle childhood/school-age
group showed higher localized SUVR in the temporal cortex, precentral and postcentral cortices, and
cerebellar gray matter, whereas the early childhood group showed higher SUVR in white matter and
occipital regions. Unlike the voxel-wise t-test findings using the whole brain atlas reference region,
comparisons with the adolescence and late adolescence groups showed higher SUVR in the older
groups only in localized voxels within selected regions, including the superior frontal cortex, temporal
cortex, insula, cerebellar gray matter, and brainstem. Overall, however, the early childhood group showed
higher SUVR across broader brain regions. A similar pattern was observed when the middle
childhood/school-age group was compared with the adolescence and late adolescence groups, with
higher overall SUVR in the middle childhood/school-age group except in localized voxels within superior
frontal and deep brain regions. No significant differences were found between the adolescence and late
adolescence groups.

Voxel-wise t-test analyses were additionally conducted to evaluate sex-related SUVR differences using
both whole-brain and brainstem reference regions (Figure S3). The overall spatial patterns were similar
between the two reference methods. With whole-brain normalization, females showed higher SUVR than
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males in the localized voxels within temporal cortical regions, including the fusiform and middle
temporal cortices, as well as in the precentral, postcentral, insular, anterior cingulate, lingual, and parietal
cortices. In contrast, males showed higher SUVR in localized voxels within orbitofrontal, cerebellar gray
matter, and lateral ventricular regions. Brainstem-normalized analyses demonstrated a comparable
pattern.

3.2 Age-stratified normative FDG-PET templates for z-score map generation

For patient-level z-score calculation, age-specific normative mean and standard deviation maps were
generated from the pediatric [18F]-FDG PET reference cohort. Whole-brain atlas–normalized mean SUVR
maps demonstrated relatively consistent spatial patterns across the five age groups (Figure S4).
However, the corresponding standard deviation maps revealed age-specific variability, with the early
childhood group showing the highest variance in the occipital lobe (Figure S4).

When the brainstem was used as the reference region, mean SUVR maps again showed broadly similar
spatial distributions across age groups but had higher overall SUVR values than those generated with
whole-brain atlas normalization (Figure S5). Among the five age groups, the early childhood and middle
childhood/school-age groups demonstrated the highest mean SUVR values (Figure S5). Brainstem-
normalized standard deviation maps also demonstrated greater variance than whole-brain atlas–
normalized maps, with prominent occipital variance in the infancy, early childhood, and middle
childhood/school-age groups (Figure S5). The middle childhood/school-age group additionally showed
increased variance in the frontal and temporal cortices (Figure S5).

For patient-level z-score mapping, we used age-specific mean and standard deviation maps generated
from SUVR images normalized to the whole-brain atlas reference region, as this approach demonstrated
lower variability than brainstem normalization.

3.3 Case-based age-specific z-score analysis in malformations of cortical development and focal
cortical dysplasia

We grouped cases with focal cortical dysplasia (FCD), polymicrogyria, and related cortical abnormalities
under the category of malformations of cortical development/focal cortical dysplasia listed in the
clinical diagnosis from Table 2. Malformations of cortical development have characteristic MRI features
such as cortical thickening, abnormal gyration, or gray-white matter blurring, which may be accompanied
by localized hypometabolism on interictal FDG-PET. Therefore, this diagnostic category was used to
demonstrate the ability of age-matched z-score mapping to highlight epileptogenic cortical
abnormalities, including lesions that may be subtle and difficult to detect on structural MRI.

Participant #1 was 1 year old at imaging and had focal cortical dysplasia in the left precentral gyrus
(Figure 2A). Z-score maps generated in both MNI template and individual MRI spaces showed localized
negative z-scores in the left precentral cortex, corresponding to the arrow-indicated region. The
corresponding SUVR map demonstrated reduced uptake, consistent with focal hypometabolism.
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Participant #2 was 1 year old at imaging and had focal cortical dysplasia in the left frontal gyrus (Figure
2B). In both MNI template and individual MRI spaces, z-score maps showed localized negative z-scores
in the left rostral middle frontal cortex, corresponding to the arrow-indicated region. The SUVR map
demonstrated reduced uptake in the same region, consistent with focal hypometabolism.

Participant #3 was 8 years old at imaging and showed abnormalities consistent with focal cortical
dysplasia involving the right Sylvian fissure/superior temporal gyrus (Figure 2C). Z-score maps generated
in both MNI template and individual MRI spaces demonstrated extensive negative z-score abnormalities
in the corresponding right Sylvian fissure/superior temporal region. The SUVR map showed reduced
uptake in the same area, consistent with focal hypometabolism.

Participant #7 was 12 years old at imaging and had findings of a focal cortical dysplasia in the left gyrus
rectus (Figure 2D). In both MNI template and individual MRI spaces, z-score maps demonstrated
localized negative z-scores in the left gyrus rectus, with additional broader negative z-score
abnormalities in the left temporal region. Corresponding SUVR reductions were observed in these
regions, consistent with hypometabolism.

Participant #9 was 14 years old at imaging and had polymicrogyria (Figure 2E). Z-score analysis in
individual MRI space showed widespread negative z-score abnormalities across the right temporal,
parietal, and occipital lobes, corresponding to the arrow-indicated regions. These areas showed reduced
SUVR, consistent with extensive hypometabolism in the region of the malformation of cortical
development.

Participant #10 was 14 years old at imaging and had findings of focal cortical dysplasia (Figure S6A).
Individual-space z-score mapping showed localized negative z-scores near the temporal cortex, with
corresponding SUVR reduction in the arrow-indicated region. However, localized voxels of negative z-
score abnormalities were also broadly distributed across the brain. Participant #11 was 16 years old at
imaging and had findings suggestive of subtle focal cortical dysplasia (Figure S6B). Individual-space z-
score mapping demonstrated localized negative z-scores in the left frontal cortex, with corresponding
focal SUVR reduction in the arrow-indicated region. Participant #14 was 18 years old at imaging and had
findings suggestive of subtle focal cortical dysplasia (Figure S6C). Individual-space z-score mapping
showed localized negative z-scores in the left Sylvian fissure/superior temporal cortex, with
corresponding SUVR reduction in the arrow-indicated region. Similar to Participant 10, localized voxels of
negative z-score abnormalities were also observed more diffusely across the brain.

Additional cases demonstrating subtle MRI abnormalities detected by age-matched z-score mapping are
presented in Figure S7. Participant #1, previously described in Figure 2A, showed a subtle T1 MRI lesion
in the left precentral gyrus consistent with suspected focal cortical dysplasia (Figure S7A). Age-matched
z-score mapping demonstrated localized negative z-score abnormality at the corresponding lesion site,
with additional broader negative z-score abnormalities extending across the frontal gyrus. The
corresponding SUVR map showed reduced uptake in this region, consistent with hypometabolism.
Participant #11, previously described in Figure S6B, showed a subtle T2 MRI lesion in the left medial
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frontal cortex, suggestive of focal cortical dysplasia (Figure S7B). In contrast to Participant #1, age-
matched z-score mapping in this case demonstrated a focal, well-localized negative z-score abnormality
restricted to the lesion site, with corresponding focal SUVR reduction on FDG-PET, consistent with focal
hypometabolism.

3.4 Case-based age-specific z-score analysis in temporal lobe epilepsy and mesial temporal sclerosis

Age-matched z-score mapping was evaluated in a representative cases of temporal lobe epilepsy with
mesial temporal sclerosis, a common structural cause of epilepsy. Participant #8, a 13-year-old patient
with mesial temporal sclerosis, demonstrated extensive negative z-score abnormalities across the right
temporal cortex, with corresponding SUVR reduction in the arrow-indicated region (Figure 3A). These
findings were consistent with right temporal hypometabolism.

3.5 Case-based age-specific z-score analysis in non-lesional MRI and structural destructive or abnormal
FDG PET

Age-matched z-score mapping was evaluated in representative epilepsy cases with normal MRI exams
and interictal FDG PET abnormalities. Participant #6, a 12-year-old patient with temporal lobe epilepsy
and non-lesional MRI, showed extensive negative z-score abnormalities in the anterior left temporal
cortex on individual-space z-score mapping (Figure 3B). The corresponding SUVR map demonstrated
reduced uptake in this region, consistent with widespread temporal hypometabolism. Participant #4, a
10-year-old patient with abnormal PET findings and non-lesional MRI, showed negative z-score
abnormalities in the left perirolandic region on individual-space z-score mapping (Figure 4A). The
corresponding SUVR map demonstrated reduced uptake in the same region, consistent with focal
hypometabolism.

3.6 Case-based age-specific z-score analysis in epilepsy associated with remote insult

Age-matched z-score mapping was evaluated in a representative cases with widespread structural
abnormalities on MRI related to a remote insult. Participant #5, an 11-year-old patient with extensive
right hemispheric abnormalities related to a remote insult with extensive areas of encephalomalacia,
demonstrated widespread negative z-score abnormalities across the right hemisphere (Figure 4B). The
corresponding SUVR map showed markedly reduced uptake, consistent with extensive right hemispheric
hypometabolism.

3.7 Case-based age-specific z-score analysis in complex syndromic and tumor cases

Age-matched z-score mapping was evaluated in representative cases with structural, syndromic, or
tumoral findings. Participant #12, a 17-year-old patient with a neoplasm, showed a structural abnormality
on individual-space MPRAGE in the arrow-indicated region (Figure 5A). Z-score analysis demonstrated
negative z-score abnormalities in the corresponding right temporal cortex, with reduced SUVR in the
same region. Participant #13, a 17-year-old patient with Sturge-Weber syndrome, showed a structural
abnormality on individual-space MPRAGE in the arrow-indicated region (Figure 5B) in areas of abnormal
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leptomeningeal calcification characteristic of Sturg-Weber syndrome. Z-score analysis demonstrated
widespread negative z-score abnormalities across the left occipital lobe, with markedly reduced SUVR in
the corresponding region, consistent with extensive hypometabolism.

Discussion
The present study investigated the feasibility of constructing a large-scale normative pediatric [18F]-FDG
PET database and applying it to age-specific z-score mapping for quantitative evaluation of pediatric
epilepsy. Developmental analyses revealed substantial age-dependent variation in SUVR patterns across
childhood and adolescence, particularly between infancy and later developmental stages. With whole-
brain atlas normalization, older age groups showed progressively higher relative SUVR in cortical and
cerebellar gray matter regions, whereas infancy showed relatively higher SUVR in the occipital cortex,
white matter, thalamus, and brainstem. These findings are consistent with the dynamic maturation of
cerebral glucose metabolism during early brain development and emphasize the need for age-
appropriate reference data when interpreting pediatric [18F]-FDG PET [16, 25]. Reference-region selection
also had a substantial effect on the observed developmental patterns. Compared with whole-brain
normalization, brainstem normalization produced higher overall SUVR values and emphasized a more
white matter–dominant pattern in infancy, with broader gray matter differences in older age groups. This
finding suggests that quantitative pediatric [18F]-FDG PET interpretation may be sensitive to the choice of
normalization strategy, particularly in the developing brain where regional metabolic maturation is
heterogeneous. Sex-related differences were relatively limited compared with age-related effects,
although localized differences were observed in temporal, sensorimotor, insular, anterior cingulate,
parietal, orbitofrontal, and cerebellar regions. Together, these findings support the importance of age-
matched normative pediatric [18F]-FDG PET databases and suggest that sex-informed reference models
may further improve quantitative z-score interpretation in selected contexts.

As a proof-of-concept in pediatric epilepsy, the age-specific z-score maps using this large-scale
normative database were applied to a variety of case-based scenarios to investigate the ability to
demonstrate abnormal cerebral glucose metabolism across the broad range of imaging abnormalities
that can be associated with refractory epilepsy. Clinically, the main objective of interictal [18F]-FDG PET in
the presurgical evaluation of refractory epilepsy is to identify potential focal abnormalities or lesions
which may be targeted for surgical or destructive procedures. PET can add value in detection of these
abnormalities which can be small or subtle on MRI. This was illustrated by two representative cases
(Figure S7) in which age-matched z-score mapping identified regions of abnormal cerebral glucose
metabolism corresponding to subtle MRI lesions that might otherwise be challenging to appreciate on
visual inspection alone. Notably, the spatial extent of z-score abnormality varied between these cases—
ranging from a broader distribution extending beyond the visible structural lesion to a focal abnormality
tightly localized to the lesion site—suggesting that age-matched z-score mapping may capture a
spectrum of metabolic derangement not always evident from structural imaging alone, and may in some
instances delineate a larger region of dysfunction than is apparent on MRI. In addition, age-specific z-
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score mapping identified focal regions of cerebral glucose hypometabolism in association with the
selected cases, including multiple malformations of cortical development and mesial temporal sclerosis.
Other structural lesions associated with pediatric epilepsy, including remote insults with
encephalomalacia, tumors, and leptomeningeal calcification in Sturge-Weber Syndrome were also
associated with abnormal cerebral glucose metabolism detected with age-specific z-score mapping.
Interictal [18F]-FDG PET can provide crucially important information in localizing epilepsy when MRI is
non-lesional. Age-specific z-score mapping was able to demonstrate focal or regional cerebral glucose
hypometabolism in PET scans of children with non-lesional MRI and both temporal and extratemporal
epilepsy. Age-specific z-score mapping has potentially clinically utility as an aid to visual interpretation of
pediatric [18F]-FDG PET scans by highlighting metabolic abnormalities in these epileptogenic structural
lesions.

4.1 Strengths and limitations

The normative pediatric [18F]-FDG PET database developed in this study may serve as an important
foundation for quantitative image analysis in pediatric epilepsy. As additional neurologically normal
pediatric PET scans are incorporated, the database may become more robust and support increasingly
reliable age-specific statistical mapping. By comparing individual patients with age-matched normative
distributions, z-score analysis provides a developmentally appropriate framework for detecting abnormal
cerebral glucose metabolism in children. This capability was particularly evident in cases with subtle
structural abnormalities, where age-matched z-score mapping helped confirm and further characterize
the metabolic significance of lesions that were difficult to discern on initial MRI review. Such findings
underscore the potential value of this approach as a complementary tool for guiding closer radiological
re-evaluation of equivocal MRI findings, particularly in the presurgical evaluation of pediatric epilepsy
where subtle malformations of cortical development are common but frequently under-recognized.

Nevertheless, several limitations should be considered. First, although age-matched [18F]-FDG PET z-
score mapping may improve visualization of abnormal cerebral glucose metabolism, it would not
independently define the epileptogenic zone. In some cases, localization of the primary epileptogenic
abnormality remains challenging, particularly those with scattered or multifocal negative z-score
abnormalities, as illustrated in Figure S6. Accordingly, z-score maps should be interpreted in conjunction
with structural MRI, EEG, seizure semiology, and other presurgical evaluation data. Second, the clinical
case series was limited in size. The 14 pediatric epilepsy cases were included to demonstrate the
feasibility and potential clinical utility of the proposed framework, but larger studies are required to
determine diagnostic performance, assess reader agreement, and evaluate the added value of age-
matched z-score mapping in presurgical decision-making. The results from this brain PET database from
whole-body field of view successfully detected abnormalities when applied dedicated brain PET scans
using different scanners; however, this was only evaluated at a single institution. The generalizability of
this database and method to scans obtained at different sites was not evaluated in this study.
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Summary
This study established a large-scale normative pediatric brain [18F]-FDG PET database spanning ages 0–
19 years and developed an age-matched z-score mapping framework for quantitative assessment of
pediatric epilepsy. Voxel-wise analyses demonstrated substantial age-dependent differences in SUVR
patterns across childhood and adolescence, particularly between infancy and older age groups. Whole-
brain atlas normalization showed lower variability than brainstem normalization and was therefore
selected for patient-level z-score mapping. Using this age-specific reference framework, z-score maps
successfully identified focal or regional hypometabolism in representative pediatric epilepsy cases,
including focal cortical dysplasia, malformations of cortical development, mesial temporal sclerosis,
non-lesional MRI cases, remote insult, tumor-related abnormalities, and Sturge-Weber syndrome. These
findings support the feasibility of using an age-matched normative pediatric [18F]-FDG PET database as a
quantitative adjunct to visual interpretation and multimodal presurgical evaluation.
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Figure 1

Voxel-wise group comparison of age-related SUVR differences in the normative pediatric [18F]-FDG
PET cohort. Voxel-wise t-test analyses were performed across five pediatric age groups: infancy (0–1
year), early childhood period (2–5 years), middle childhood/school age (6–12 years), adolescence (13–
17 years), and 4 (18–19 years). Axial slices are displayed from inferior to superior in the left-to-right
direction. SUVR maps were normalized to the mean uptake of the whole-brain atlas reference region.
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Statistical maps were thresholded at q < 0.05 after correction for multiple comparisons. In each A – B
comparison, red voxels indicate regions with significantly higher SUVR in group A than in group B (A > B),
whereas blue voxels indicate regions with significantly higher SUVR in group B than in group A (A < B).
Abbreviations: FDG, fluorodeoxyglucose; PET, positron emission tomography; SUVR, standardized uptake
value ratio.

Figure 2
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Age-matched z-score analysis of malformations of cortical development and focal cortical dysplasia
using the normative pediatric [18F]-FDG PET database.  Z-score maps were generated for five
representative pediatric epilepsy patients using age-specific mean and standard deviation maps derived
from the normative pediatric [18F]-FDG PET database. Participants 1 and 2, both 1 year old at PET
imaging, were analyzed using the infancy reference group. Participants 3 and 7 were analyzed using the
middle childhood/school-age reference group, and Participant 9 was analyzed using the adolescence
reference group. The clinical diagnosis or imaging impression for each patient is shown next to each
panel and summarized in Table 2. In panels A–D, SUVR and z-score maps are displayed in both MNI
template MRI space and individual MRI space. In panel E, the individual-space MRI, SUVR map, and z-
score map are shown. Z-score maps were thresholded to display only negative z-score clusters
corresponding to p < 0.05, using a cutoff of 1.96. Arrows indicate the principal lesion or abnormal
metabolic region in each patient. SUVR maps were normalized to the mean uptake of the whole-brain
atlas reference region. Abbreviations: FCD, focal cortical dysplasia; FDG, fluorodeoxyglucose; MNI,
Montreal Neurological Institute; MRI, magnetic resonance imaging; PET, positron emission tomography;
SUVR, standardized uptake value ratio.
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Figure 3

Age-matched z-score analysis of temporal lobe epilepsy and mesial temporal sclerosis cases using the
normative pediatric [18F]-FDG PET database. Z-score maps were generated for two representative
pediatric epilepsy patients using age-specific mean and standard deviation maps derived from the
normative pediatric [18F]-FDG PET database. Participant 6, who was 12 years old at PET imaging, was
analyzed using the middle childhood/school-age reference group. Participant 8, who was 13 years old at
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PET imaging, was analyzed using the adolescence reference group. The clinical diagnosis or imaging
impression for each patient is shown next to each panel and summarized in Table 2. In panels A and B,
the individual-space MRI, SUVR map, and z-score map are displayed. Z-score maps were thresholded to
show only negative z-score clusters corresponding to p < 0.05, using a cutoff of 1.96. Arrows indicate the
principal lesion or abnormal metabolic region in each patient. SUVR maps were normalized to the mean
uptake of the whole-brain atlas reference region. Abbreviations: FDG, fluorodeoxyglucose; MRI, magnetic
resonance imaging; PET, positron emission tomography; SUVR, standardized uptake value ratio.
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Figure 4

Age-matched z-score analysis of pediatric epilepsy cases with non-lesional MRI or extensive abnormal
FDG PET findings and epilepsy associated with remote insult using the normative pediatric [18F]-FDG
PET database. Age-matched z-score maps were generated for two representative pediatric epilepsy
patients using age-specific mean and standard deviation maps derived from the normative pediatric
[18F]-FDG PET database. Participant 4, who was 10 years old at the time of PET imaging, and Participant
5, who was 11 years old at the time of PET imaging, were both analyzed using the middle
childhood/school-age reference group. The clinical diagnosis or imaging impression for each patient is
shown next to each panel and summarized in Table 2. In panels A and B, individual-space MRI, SUVR
maps, and z-score maps are displayed. Z-score maps were thresholded  using a cutoff of 1.96,
corresponding to p < 0.05, to display negative abnormalities only. Arrows indicate the principal lesion or
abnormal metabolic region in each patient. SUVR maps were normalized to the mean uptake of the
whole-brain atlas reference region. Abbreviations: FDG, fluorodeoxyglucose; MRI, magnetic resonance
imaging; PET, positron emission tomography; SUVR, standardized uptake value ratio.
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Figure 5

Age-matched z-score analysis of complex syndromic and tumor-related pediatric epilepsy cases using
the normative pediatric [18F]-FDG PET database. Age-matched z-score maps were generated for two
representative pediatric epilepsy patients with complex syndromic or tumor-related findings using age-
specific mean and standard deviation maps derived from the normative pediatric [18F]-FDG PET
database. Participants 12 and 13 were both 17 years old at the time of PET imaging and were analyzed
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using the adolescence reference group. The clinical diagnosis or imaging impression for each patient is
shown next to each panel and summarized in Table 2. In panels A and B, individual-space MRI, SUVR
maps, and z-score maps are displayed. Z-score maps were thresholded using a cutoff of 1.96,
corresponding to p < 0.05, to display negative abnormalities only. Arrows indicate the principal lesion or
abnormal metabolic region in each patient. SUVR maps were normalized to the mean uptake of the
whole-brain atlas reference region. Abbreviations: FDG, fluorodeoxyglucose; MRI, magnetic resonance
imaging; PET, positron emission tomography; SUVR, standardized uptake value ratio.
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