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Volumetric magnetic resonance imaging (MRI) atrophy is a hallmark of Rasmussen’s encephalitis (RE). Here, we
aim to investigate voxel-wise gray matter (GM) atrophy in RE, and its associations with glucose hypometabolism
and neurotransmitter distribution utilizing MRI and PET data. In this study, fifteen RE patients and fourteen MRI
normal subjects were included in this study. Voxel-wise GM volume and glucose metabolic uptake were eval-
uated using structural MRI and FDG-PET images, respectively. Spatial Spearman’s correlation was performed
between GM atrophy of RE with FDG uptake alterations, and neurotransmitter distributions provided in the
JuSpace toolbox. Compared with the control group, RE patients displayed extensive GM volume loss not only in
the ipsilateral hemisphere, but also in the frontal lobe, basal ganglia, and cerebellum in the contralateral
hemisphere. Within the RE group, the insular and temporal cortices exhibited significantly more GM atrophy on
the ipsilesional than the contralesional side. FDG-PET data revealed significant hypometabolism in areas sur-
rounding the insular cortices in the ipsilesional hemisphere. RE-related GM volumetric atrophy was spatially
correlated with hypomebolism in FDG uptake, and with spatial distribution of the dopaminergic and serotonergic
neurotransmitter systems. The spatial concordance of morphological changes with metabolic abnormalities
suggest FDG-PET offers potential value for RE diagnosis. The GM alterations associated with neurotransmitter
distribution map could provide novel insight in understanding the neuropathological mechanisms and clinical
feature of RE.

1. Introduction response to anti-seizure drugs (ASDs), and can eventually progress into

epilepsia partialis continua (EPC) in a portion of patients(Tang et al.,

Rasmussen’s encephalitis (RE) is a rare progressive disease that
typically starts in childhood. Its clinical characteristic representations
include refractory epilepsy, and progressive neurological and cognitive
impairments, with progressive atrophy of the unilateral hemisphere
(Varadkar et al., 2014). In most cases, epileptic seizures that mark the
onset of RE in most cases gradually develop into refractory seizures in

2020). Hemispherectomy is currently a satisfactory therapeutic strategy
that can effectively inhibit seizures. In particular, disconnecting the
hemispheres via surgery renders 70%-80% of patient seizure-free, yet it
can result in hemiparesis and hemianopia(Guan et al., 2017). Although
neuropathological and immunological studies in RE demonstrated
severely disabling inflammation in the ipsilesional hemispheric cortex,
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Statistic Parametric Mapping; TIV, total intracranial volume; TPM, tissue probability map; VBM, voxel-based morphometry.
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including T cell infiltration and microglial nodules associated with
neuronal loss and astrogliosis, the pathogenesis and factors responsible
for lateralization are not yet completely clear(He et al., 2020).

Currently, the diagnostic criteria for RE mainly depend on the Eu-
ropean consensus statement proposed in 2005 by Bien et al(Bien et al.,
2005), in which magnetic resonance imaging (MRI) appearances
represent a vital condition for diagnosing RE. The characteristic MRI
features include cortical swelling in the early phase of RE along with
hyperintensity on T2-weighted and fluid-attenuated inversion recovery
(FLAIR) images. Previous studies found preferential cerebral atrophy in
the frontal lobe and the insula, followed by volume loss of the caudate
nucleus as the disease progresses; eventually, the atrophy spreads to the
entire ipsilesional cerebral hemisphere(Bien et al., 2002; Yamazaki
et al., 2011). Volumetric MRI studies also revealed regional atrophy of
the contralesional hemisphere in addition to the affected side using
voxel-based morphometry (VBM) analysis, and the degree of hemi-
spheric atrophy was found to be closely related with clinical and
cognitive assessments(Rudebeck et al., 2018).

Fluorodeoxyglucose-positron emission tomography (FDG-PET) has
been extensively applied in the preoperative evaluation of intractable
epilepsy, with irregular metabolism suggesting neural network
dysfunction. The relevance of FDG-PET to the localization value of ictal
epileptic foci has been established(Strohm et al., 2019). Widespread
hypometabolism on FDG-PET images corresponds with cerebral atrophy
on MR images in the affected hemisphere in RE patients, suggesting that
FDG-PET data may provide valuable information regarding increasing
diagnostic confidence of RE(Fiorella et al., 2001). Therefore, establish-
ing the link between FDG-PET hypometabolism and MRI volume atro-
phy may provide unique insights into understanding the clinical and
neuropathological significance of these two neuroimaging characteris-
tics in RE. However, to date, there have been very few cross-modal
studies to explore whether and how hypometabolism would be associ-
ated with gray matter (GM) atrophy in RE.

Recent progress in the development of novel tracers for PET or single
photon computed emission tomography (SPECT) has allowed for the
quantification of specific neurotransmitter availability(Beliveau et al.,
2017; Lehto et al., 2015). Based on these advances in molecular imaging,
molecular atlases that map the anatomical distribution of a series of
neurotransmitters, such as noradrenergic and serotonergic neurotrans-
mitter systems, have been constructed using PET or SPECT, providing
the possibility for investigating the neurotransmitter basis for neuro-
imaging abnormalities associated with neurological diseases(Dukart
et al., 2018).

In the present study, we investigated GM atrophy and metabolic
dysregulation in a cohort of patients with RE, and taking advantage of a
publicly available resource characterizing the spatial distribution of
multiple neurotransmitter systems, we aim to study whether and how
the GM alterations in RE would be related to hypometablism and normal
neurotransmitter distribution. We hypothesized that there would be a
close relationship between GM atrophy and hypometabolism in RE pa-
tients, and the GM loss in RE patients would be associated with spatial
distribution of specific neurotransmitter systems.

2. Materials and methods
2.1. Subjects

A total of 15 RE patients (10 females; mean age + standard deviation
[SD]: 90.80 £ 39.82 months) evaluated at the epilepsy center of the
Sanbo Brain Hospital were included in the present study. The inclusion
criteria were as follows: (1) RE patients diagnosed according to the
diagnostic criteria of Bien et al. (Bien et al., 2005); and (2) childhood-
onset RE patients. For the control group, we chose 14 controls with
non-RE epilepsy from epilepsy center of the Sanbo Brain Hospital, with
matching age (mean age + SD: 108.07 + 46.36 months) and gender (8
females) with the RE patients. All the controls with non-RE epilepsy had
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negative (nonlesional) findings on MR scans and had clearly lateralizing
epilepsy as documented by their video-electroencephalography moni-
toring. This retrospective study was approved by the Ethics Committee
of the Sanbo Brain Hospital at Capital Medical University. All partici-
pants or their guardians signed the informed consent form.

2.2. Image acquisition

MRIs were acquired at two different imaging sites at our epilepsy
center. Overall, 23 scans (14 RE scans, 9 control scans) were performed
with a 1.5 T Philips Achieva scanner. The other 6 scans (1 RE scan, 5
control scans) were performed with a 3.0 T GE DISCOVERY MR750W
scanner. The 3D volume T1-weighted Magnetization Prepared Rapid
Acquisition with Gradient Echo (MPRAGE) sequence was used to obtain
high-resolution anatomical images. The 1.5 T scanner sequence pa-
rameters were as follows: echo time (TE) = 9.2 ms (ms), repetition time
(TR) = 25 ms, flip angle (FA) = 30 degrees, matrix = 256 x 256, field of
view (FOV) = 100, slice thickness = 0.94 mm, slices = 213. The 3.0 T
scanner sequence parameters were as follows: TE = 3.2 ms, TR = 8.7 ms,
and FA = 12 degrees, matrix = 256 x 256, FOV = 100, slice thickness =
1 mm, slices = 176. The scanner effect is included as a covariate
throughout the analysis.

The RE patients also underwent FDG-PET. All patients fasted for at
least 6 h and had normal blood glucose levels before undergoing the
procedure. The participants underwent brain PET and CT scans (GE
Medical Systems) in 8 min, 1 h after receiving an intravenous injection
of [18F] FDG (dose: 0.15 mCi/kg).

2.3. MRI and PET image processing

All images were checked and flipped as needed to ensure that the
ipsilesional hemisphere was located on the same side. MRI images were
preprocessed and whole-brain VBM analysis was conducted using the
Computational Anatomy Toolbox (CAT12; http://dbm.neuro.uni-jena.
de/cat.html) for Statistic Parametric Mapping (SPM) version 12 (htt
p://www.fil.ion.ucl.ac.uk/spm) on MATLAB R2016a (MathWorks,
Natick, MA). Following the customized pipeline for pediatric data out-
lined in the CAT12 manual, a customized tissue probability map (TPM)
and diffeomorphic anatomical registration through exponentiated Lie
(DARTEL) algebra templates were created with the CerebroMatic
toolbox for our age range first, then the images were segmented into GM,
white matter (WM), and cerebrospinal fluid (CSF) by a unified tissue
segmentation procedure(Wilke et al., 2017). The segmented GM images
were spatially normalized to the DARTEL space and modulated by the
Jacobian determinant derived from the spatial normalization by DAR-
TEL. Finally, the processed GM data were smoothed using Gaussian
kernel-processed GM data with an 8 mm full width half maximum
(Ashburner, 2007). The total intracranial volume (TIV) was also esti-
mated for each participant and was later used as a covariate.

FDG-PET images were co-registered to the original MRI T1 image
and were then spatially normalized to the International Consortium for
Brain Mapping (ICBM) standard space using a transformation matrix
from the MRI normalization procedure achieved via SPM12. A reference
region comprised of the cerebellar vermis and pons was identified for
each subject using the automated anatomical labeling (AAL) atlas and
manual editing(Tzourio-Mazoyer et al., 2002). PET images were in-
tensity normalized to the median uptake and smoothed with an 8 mm
full width at half maximum Gaussian kernel.

2.4. Volumetric MRI comparison analysis

To assess the volumetric group differences, we first performed a t-test
between the RE and control groups using Statistical nonParametric
Mapping 13 (SnPM13, http://warwick.ac.uk/snpm) toolbox from
SPM12 with 5,000 permutations(Nichols and Holmes, 2002). Age,
gender, and TIV were taken as covariates. A two-tailed test with voxel-
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level P < 0.01 and cluster-level P < 0.05 thresholds at each side were
used.

To assess the GM volumetric alterations of RE patients between the
ipsilesional and contralesional hemispheres, we also conducted a paired
t-test of GM volume using SnPM using the same two-level threshold.

2.5. Metabolic FDG-PET comparison analysis

Since FDG-PET data were only acquired in the RE patients, we
evaluated metabolic alterations by comparing FDG-PET uptake values
between the ipsilesional and contralesional hemispheres in RE patients
under voxel-wise FWE corrected P < 0.05 threshold.

2.6. Spatial correlation analysis between volumetric MRI and metabolic
FDG-PET changes

To explore cross-modal spatial correspondence between volumetric
alterations of GM and glucose hypometabolism in RE patients, spear-
man’s correlation analysis was performed at two levels: (1) voxel-wise
correlation between GM volume and FDG-PET uptake in RE group; (2)
region-wise correlation of ipsilesion versus contralesion alternations
between GM volume and FDG-PET uptake in RE group across 123 brain
regions from the Brainnetome Atlas (http://atlas.brainnetome.org) (Fan
et al., 2016). The region-wise analysis was also validated using only GM
areas showing significant volume change in RE versus control contrast.

2.7. Neurotransmitter correlates of volumetric and metabolic changes in
RE patients

To evaluate the neurotransmitter basis underlying regional vulner-
ability of GM atrophy in RE patients, we extracted region-wise neuro-
transmitter distribution from the JuSpace toolbox (https://github.
com/juryxy/JuSpace), which included dopaminergic, serotonergic,
noradrenergic, and GABAergic neurotransmission (Dukart et al., 2021).
For each extracted neurotransmitter distribution map, we computed its
Spearman’s rank correlations with between-group GM atrophy or ipsi-
lesional versus contralesional GM alteration map in RE patients,
respectively. A threshold with FDR corrected P < 0.05 was considered
significant.

2.8. Associations between volumetric and metabolic changes with clinical
assessments in RE patients

To explore the relationship between clinical characteristics and GM
volume or glucose metabolic alternation, we performed voxel-wise
correlations between GM volume or FDG-PET uptake value with clin-
ical indices, including EPC and duration of neurological deficits. Age,
gender and TIV were also regressed and significant threshold was set at
P < 0.05 with FWE correction.

3. Results
3.1. Patients demographics

Tables 1 and S1 summarized the clinical features of all RE partici-
pates and MRI-normal controls in this study. All of the patients under-
went preoperative evaluation and surgical management for their
identified neuropathology of RE. An example of the preoperative MRI
images and postoperative pathological features of one patient are shown
in Supplementary Fig. 1. No significant group differences were found in
age or gender.

3.2. Volumetric MRI changes in RE patients

Fig. 1A shows the extensive atrophic GM distributed in the cortical
and subcortical areas as compared to controls. Regions of extensive and
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Table 1
Demographics and clinical details of RE patients
RE group Control group P-value
n 15 14 -
Gender (M/F) 5/10 6/8 P=0.597"
AS (m, mean-SD) 90.80+39.82 - -
IH (L/R) 9/6 - -
AFS (m, mean+SD) 64.67+21.98 - -
11 (m, mean+SD) 10.30+11.39 - -
12 (m, mean+SD) 15.13+16.43 - -
13 (m, mean+SD) 26.13+30.66 - -

IH = Ipsilateral hemisphere; AS = Age at surgery; AFS = Age at first seizure; 1 =

Interval between seizure onset and EPC onset; 12 = Interval between seizure

onset and neurological deficit; I3= Interval between seizure onset and MRI scan;

SD = standard deviation; L = Left; R = Right; M = Male; F = Female; m = month.
 No significant group difference using chi-square test.

significant volumetric loss occurred in each lobe of the ipsilesional
hemisphere, most obviously in the frontal lobe, temporal lobe, parietal
lobe, and insula. In the contralateral hemisphere, areas in the basal and
medial frontal cortex also displayed lower GM volumes. The subcortical
basal ganglia and cerebellar regions exhibited bilateral GM volume loss.

Further, since RE is clinically characterized by unilateral lesions in
the cerebral cortex and other structures, we compared the GM volume
between the affected and the unaffected hemispheres to evaluate within-
group ipsilesional atrophy. Our results identified that the ipsilesio-
nal-contralesional GM alterations were limited to the ipsilesional
hemisphere of RE (Fig. 1B). Specifically, the ipsilesional hemisphere of
RE patients exhibited significantly lower GM volume in regions of the
insular cortex, and temporal, parietal, and occipital cortices. Moreover,
higher GM volumes were evident in the cerebellar cortex of the ipsile-
sional hemisphere in contrast to the contralesional hemisphere.

3.3. Correlation between volumetric MRI and metabolic FDG-PET
changes

The FDG-PET images of RE patients were voxel-wise analyzed to
evaluate glucose metabolism alterations. Compared with the contralat-
eral hemisphere, the ipsilesional hemisphere showed extensive areas of
reduced uptake, except for a cluster in the cerebellum, which exhibited
hypermetabolism (uncorrected voxel-wise P < 0.05; Supplementary
Fig. 2). With a relatively stringent significance threshold (uncorrected
voxel-wise P < 0.01), Fig. 2A illustrates the hypometabolic clusters of
the ipsilesional hemisphere distributed in the insular cortex and its
surrounding cortices in RE.

We next inquired into whether the structural images of RE were
related to glucose metabolic images of the cortical and subcortical
structures based on a region-wise parcellation atlas (BNA atlas; 246
regions). Fig. 2B demonstrates that there were significant positive cor-
relations between volumetric MRI and metabolic FDG-PET (R = 0.31, P
= 0.0005) across the entire ipsilesional hemisphere during ipsilesion
versus contralesion comparisons. Moreover, the clear MRI-PET corre-
lations were repeated across brain areas with significant volumetric MRI
atrophy (R =0.63, P = 1.3e-09; Fig. 2C). The statistical map of the whole
GM voxel-wise analysis showed similar positive spatial correspondence
between GM volume and FDG-PET uptake in the ipsilesional hemisphere
across RE subjects (Supplementary Fig. 3).

3.4. Spatial correlation of GM atrophy with neurotransmitter distribution

We computed the spatial correspondence between GM volumetric
loss in RE and 12 different PET- or SPECT-derived normal neurotrans-
mitter distribution maps using the JuSpace toolbox. The GM atrophy in
RE patients was significantly associated with the spatial distribution of
the 5HT1a (p = -0.23, P = 0.036), D1 (p = -0.32, P = 0.003), DAT (p =
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Fig. 1. Volumetric MRI changes of RE patients. (A) A comparison of the MRI scans of 15 RE patients and 14 controls indicated extensive gray matter (GM) atrophy
distributed in cortical and subcortical areas (blue). (B) The comparison between the ipsilesional and contralesional hemispheres indicated lower cortical GM volume
in the temporal lobe, insula, parietal lobe, and occipital lobe (blue). The cerebellar cortex showed the greater cortical volume (red-yellow). Two-tailed tests with
voxel-level P < 0.01 and cluster-level P < 0.025 at each side thresholds were applied for visualization.
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Fig. 2. Abnormal uptake of FDG-PET in RE, and the association between volumetric MRI and metabolic FDG-PET. (A) The ipsilesional hemisphere demonstrated
significant hypometabolic clusters mainly in the insula and surrounding areas compared with the contralesional hemisphere (blue). (B-C) Voxel-wise FWE corrected
P < 0.05 threshold was taken hemispherical volumetric MRI and metabolic FDG-PET alternation showed positive correlations (B) across the entire ipsilesional
hemisphere GM, and (C) across the brain areas with significant volumetric MRI alternation.
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-0.23, P =0.036), MU (p =-0.31, P = 0.003), and SERT-DASB (p =-0.22,
P =0.043) maps (Fig. 3A). Moreover, the ipsilesional-contralesional GM
alterations in RE patients were correlated significantly with the spatial
distribution of 7 different neurotransmitter maps (Fig. 3B), including
5HT1la (p = -0.43, P = 0.003), 5HT2a (p = -0.31, P = 0.027), D1 (p =
-0.52, P =0.0003), D2 (p =-0.38, P = 0.005), DAT (p =-0.4, P = 0.005),
SERT-DASB (p = -0.4, P = 0.005), and SERT-MADAM (p = -0.39, P =
0.005). In sum, the dopaminergic (D1, DAT, SERT-DASB) and seroto-
nergic (5HT1a) neurotransmitters exhibited significant relevance for
GM volumetric alterations in RE (Supplementary Fig. 4-5).

3.5. Relationship with clinical characteristics

We explored the relationship between clinical variables and the
hemispheric GM volume or FDG uptake in RE patients. No statistically
significant correlation between GM volume or FDG uptake with disease
duration were found. Likewise, no significant correlations were found
for the duration of EPC and duration of neurological deficits.

4. Discussion

In this study, we investigated the relationship between morpho-
metric MRI brain regions and cerebral metabolic degeneration in a
group of 15 RE patients. We described the distribution of volumetric
alterations in a cohort of RE, which included atrophic clusters located in
the insular cortex, temporal lobe, and parietal lobe of the ipsilateral
hemisphere. Significant positive correlations were found in the brain
region featuring volumetric MRI atrophy and hypometabolic FDG-PET.
We also found a significant spatial, region-wise correlation between MRI
alterations and neurotransmitter mapping in the dopaminergic and
serotonergic systems. These results provide evidence linking GM atro-
phy with hypometabolism in RE, and its potential neurotransmitter
substrate.

MRI studies of RE, as characterized by progressive atrophy, have
progressed from using descriptive pattern recognition to automatic
voxel-based volumetric measurement on MRI images(Chiapparini et al.,
2003; David et al., 2019; Pradeep et al., 2014; Takeoka et al., 2003;
Wang et al., 2016). The present study found voxel-based volumetric
alterations using two analytic strategies: one that compared the GM
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volume between RE patients and control patients, and the other that
contrasted ipsilesional and contralesional hemispheres in RE patients.
Both strategies revealed consistent GM atrophy across extensive cortical
structures in the ipsilesional hemisphere, especially the insular and its
extended temporal cortices. Automated MRI volumetric method has
already been used to determine the brain volume loss of RE in several
previous studies. In a previous study, the insula was found to show
significantly more atrophy compared with all the other cortical regions
in the affected hemisphere of RE patients compared to healthy controls
and non-RE epilepsy patients(Wang et al., 2016). In another study by
Wagner et al., 12 RE patients were retrospectively analyzed and the
findings indicated that the atrophy was preferentially pronounced in the
frontal lobe and insula of the ipsilateral hemisphere(Wagner et al.,
2012). All of the above findings demonstrated that although the auto-
mated MRI volumetric method partly varied from our approach given
the different template and calculated algorithm used, the ipsilateral area
of the insula appeared to show the most significant GM volume loss in
RE patients, which is consistent with our present findings. It is worth to
explore the diagnostic value of GM atrophy in insula in RE patients in
future studies.

Comparing with the control patients, we also found significant GM
volume loss in the frontal lobe and subcortical caudate nucleus in the
contralesional hemisphere in RE patients. Recent studies have revealed
that the cortical and subcortical GM structures of both the affected and
unaffected hemispheres demonstrated progressive volume reduction
compared with healthy controls, which is generally concordant with our
results(David et al., 2019; Rudebeck et al., 2018). We note that the
volumetric atrophy in the contralesional hemisphere may likely due to a
secondary neurodegeneration of the ipsilesional GM loss rather than
bihemispheric pathology, which warrants future investigations. Other
studies also found GM atrophy in the brainstem, thalamus and peri-
sylvian regions in the unaffected hemisphere(David et al., 2019; Rude-
beck et al., 2018), which were found to appear intact in our present
results. The inconsistencies in the GM atrophy of RE may be due to the
selection of RE patients and control subjects. Another factor that may
underly the discrepancy among studies is the difference in disease pro-
gression. Previous studies have focused on different periods of RE
duration which ranged from 3.8 to 10.19 years from seizure onset to MRI
scan(David et al., 2019; Rudebeck et al., 2018). In contrast, to provide a
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Fig. 3. Spatial correlation between MRI alternation and nuclear imaging-derived neurotransmitter distribution. The GM alterations (surface demonstration at the
top) induced by (A) RE—control or (B) ipsilesional-contralesional comparisons were significantly associated with the spatial distribution of dopaminergic and
serotonergic neurotransmitter maps, respectively. Scatter plot were showed only for significant correlations under FDR corrected P < 0.05 threshold.
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relatively more homogeneous characterization of RE patients, the pre-
sent study chose to examine RE subjects with a mean duration of 2.18
years. It is vital to note that atrophic changes were connected with
disease progress.

In an earlier study, researchers observed extensive unilateral cere-
bral hypometabolism in FDG-PET, but only via specialist observations,
which coincided with cerebral MRI atrophy in RE(Fiorella et al., 2001).
Although metabolic imaging is not part of any condition in Bien’s (2005)
diagnostic criteria, the abnormal uptake of cerebral blood flow (CBF)-
SPECT, central benzodiazepine receptor (BZR)-SPECT, and FDG-PET
occurred during a regular stage of RE(Banati et al., 1999; Tessonnier
et al., 2009; Wang et al., 2013). Previous research has indicated that the
abnormality identified by BZR-SPECT and FDG-PET through the visual
assessment appeared before the MRI volume changes occurred, and
might show an even stronger relationship to the ictal onset area iden-
tified by ictal EEG(Kuki et al., 2018). Brain FDG-PET has highlighted the
significant value of central nervous system diseases, particularly epi-
lepsy related to limbic encephalitis epilepsy or new-onset refractory
status epilepticus, whereas descriptive pattern observations or voxel-
based analysis approach were used(Dodich et al., 2016; Strohm et al.,
2019). To our knowledge, this is the first study to quantitatively deter-
mine the relationship between structural and metabolic abnormalities in
RE patients. The definite correspondence between MRI and PET might
provide potential value for RE diagnosis.

The JuSpace toolbox provides an effective means through which to
connect neuroimaging and neurotransmitter information, and its reli-
ability has been recently verified(Dukart et al., 2021). Our results sug-
gest that in RE patients, GM alternations across either RE-control whole-
brain comparisons or ipsilateral-contralateral comparisons were
significantly correlated with the intrinsic distribution of multiple neu-
rotransmitters, which revealed potential neurotransmitter basis of
regional vulnerability. These significant correlations indicate that atro-
phic changes may occur preferentially in brain regions that are rich in
dopaminergic (D1, DAT, SERT-DASB) and serotonergic (5HT1a) neu-
rotransmitters. Although JuSpace is used to detect the correlation be-
tween the spatial structure of imaging alterations and the availability of
a specific receptor across the brain, the templates of PET/SPECT-derived
neurotransmitters map for analysis come from healthy adult volunteers.
Our results only indicated possible neurotransmitter risks related with
regional atrophic vulnerability to RE and the answer to how the neu-
rotransmitters are altered in RE needs future efforts.

Extensive researches have demonstrated the role of dopaminergic
and serotonergic circuits in the epileptogenesis and control of seizure
(Bozzi and Borrelli, 2013; Tripathi and Bozzi, 2015). Different types of
dopaminergic and serotonergic receptors, localized on the neocortical
and hippocampal nerve terminals, could prominently modulate the
balance of excitatory neural network. Evidence showed that the
expression of 5-HT1a receptor is associated with most of epileptogenic
network and activation of 5-HT1a receptor through selective serotonin
reuptake inhibitors had inhibitory effect on convulsive seizures(Arbabi
Jahan et al., 2018). Studies on mice lacking specific D1 and D2 receptor
subtypes showed that activation of D1 receptor promoted epileptogenic,
whereas D2 receptor played the opposite role. The physiological balance
of dopaminergic activity was essential to the complex neuromodulatory
response to epileptogenesis(Bozzi and Borrelli, 2013; Bozzi et al., 2000;
Gangarossa et al., 2014). Building on these prior studies, our results
confirmed the critical role of dopaminergic and serotonergic activities in
the pathogenesis of refractory epilepsy, and provided new insight sug-
gesting that the normative spatial distribution of these neurotransmit-
ters may contribute to the heterogenous regional vulnerability in brain
atrophic changes in RE, and represent as potential risk factors promoting
epileptogenesis. Future studies that explore how the distribution and
activity of these neurotransmitters are altered in patients with RE may
provide a more comprehensive understanding of their roles in epi-
leptogenesis and potential direction for epilepsy treatment of RE.

Several limitations were summarized in this research. First, given
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that RE is a very rare disease, estimated as 2.4 cases/10’ people < age
18/year(Bien et al., 2013), the sample size used here is relatively small.
Nevertheless, the study is sufficiently powered (83.974% with o level set
at 0.01) as indicated by the statistical power calculation (PASS 15
software, https://www.ncss.com). Second, MRI images of the recruited
participants were acquired on two different scanners, which might
induce inevitable systematic bias. To mitigate this potential bias, we
included the scanner effect as a covariate throughout the analysis.
Future studies using single-scanner data with sufficient sample size
could validate the current findings with greater study power. Third, the
long-term trajectories of MRI atrophy development and metabolic al-
terations await further study, particularly when exploring longitudinal
correlation analyses. Fourth, MRI-negative epilepsy patients were used
as control subjects, while there might be slight volume changes
compared with healthy subjects. Although ipsilesional versus contrale-
sional comparisons were conducted in the present study to mitigate this
possible impact on the overall results, future studies using age-matched
healthy subjects as control subjects should be conducted.

In summary, we described the distribution of volumetric alterations
in a cohort of RE by comparing differences with controls, which included
atrophic voxel clusters located in the insular cortex, temporal lobe, and
parietal lobe of the ipsilateral hemisphere. Moreover, volumetric GM
loss was irrelevant in terms of clinical parameters. A trend towards a
positive correlation was found in the brain region featuring volumetric
MRI atrophy and hypometabolic FDG-PET. Although the MRI atrophy is
one of the diagnostic standards in RE, our study about spatial concor-
dance of MRI changes with glucose hypometabolism abnormalities
suggest FDG-PET offers potential value for RE diagnosis. We also found a
significant spatial, region-wise correlation between MRI alterations and
neurotransmitter mapping in the dopaminergic and serotonergic sys-
tems. This information effectively links neuroimaging and underlying
neurotransmitter patterns in RE. The study of these neurotransmitters in
atrophic brain region are beneficial for understanding the pathological
features and clinical treatment of RE.
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