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Abstract
Objective
To study the intrinsic organization of the thalamocortical circuitry in patients with generalized
epilepsy with tonic-clonic seizures (GTCS) via resting-state fMRI (rs-fMRI) connectome
analysis and to evaluate its relation to drug response.

Methods
In a prospectively followed-up sample of 41 patients and 27 healthy controls, we obtained rs-
fMRI and structural MRI. After 1 year of follow-up, 27 patients were classified as seizure-free
and 14 as drug-resistant. We examined connectivity within and between resting-state com-
munities in cortical and thalamic subregions. In addition to comparing patients to controls, we
examined associations with seizure control. We assessed reproducibility in an independent
cohort of 21 patients.

Results
Compared to controls, patients showed a more constrained network embedding of the thal-
amus, while frontocentral neocortical regions expressed increased functional diversity. Findings
remained significant after regressing out thalamic volume and cortical thickness, suggesting
independence from structural alterations. We observed more marked network imbalances in
drug-resistant compared to seizure-free patients. Findings were similar in the reproducibility
dataset.

Conclusions
Our findings suggest a pathoconnectomic mechanism of generalized epilepsy centered on
diverging changes in cortical and thalamic connectivity. More restricted thalamic connectivity
could reflect the tendency to engage in recursive thalamocortical loops, which may contribute
to hyperexcitability. Conversely, increased connectional diversity of frontocentral networks
may relay abnormal activity to an extended bilateral territory. Network imbalances were ob-
served shortly after diagnosis and related to future drug response, suggesting clinical utility.
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Converging evidence indicates a key role of thalamocort-
ical networks in generalized epilepsy with tonic-clonic
seizures (GTCS), one of the main idiopathic/genetic
generalized epilepsy syndromes. Indeed, electrophysio-
logic work has shown contributions of both the thalamus
and neocortex to the generation and propagation of gen-
eralized seizures.1,2 Structural MRI studies complemented
these findings, indicating morphologic anomalies in
both the thalamus and neocortex.3 More recently, resting-
state fMRI (rs-fMRI) approaches have supported atypical
functional network organization, showing aberrant con-
nectivity when seeding from either cortical or thalamic
regions.4,5 Despite their contribution to localizing thala-
mocortical anomalies, mapping of atypical connectivity
alone offers rather limited insights into how anomalies
may translate into pathophysiologic mechanisms at mac-
roscale, particularly with respect to drug-response
patterns.

Emerging connectomic approaches lend quantitative mark-
ers of whole-brain network organization.6–9 A core feature is
modularity, i.e., the decomposability of the brain into
modules/communities of closely-interacting regions.10,11

Community organization plays a key role in system-level

dynamics. Notably, it also helps to typify network-level
properties of individual regions, e.g., their connectivity to
their overarching community or to other modules.12,13

Network neuroscience measures of within-module degree
(WMD) and participation coefficient (PC) precisely quan-
tify this and help to characterize the role of individual regions
in the communication within and between communities. In
healthy individuals, a recent study showed an increase in PC
of the thalamus compared to cortical networks, supporting
its role as a hub for diverse and integrative cross-community
interactions.14

The current work studied the thalamocortical system in
generalized epilepsy using community-informed rs-fMRI
connectomics. We complemented the functional analysis
with MRI morphometric assessments to determine
network-level perturbations beyond structural compro-
mise. Our cohort included patients with recent onset of
seizures and those with a more chronic disorder, allowing us
to study the effects of epilepsy duration on imaging mark-
ers. Furthermore, patients were prospectively followed up
for 1 year after our imaging study, and we examined asso-
ciations between network anomalies and drug-response
patterns.

Glossary
FDR = false discovery rate; GTCS = generalized tonic-clonic seizures; HC = healthy control; ILAE = International League
Against Epilepsy; PC = participation coefficient; rs-fMRI = resting-state fMRI; WMD = within-module degree.
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Methods
Participants
We studied 62 consecutive patients admitted to the Nanjing
Drum Tower Hospital between 2013 and 2017 who fulfilled
the following inclusion criteria: (1) diagnosis of idiopathic/
genetic generalized epilepsy with only GTCS according to the
current International League Against Epilepsy (ILAE) seizure
type classification15 based on electroclinical semiology
(i.e., limb movements, loss of consciousness, absence of focal
seizures, generalized spike-and-wave or poly-spike-waves
discharges on scalp EEG, no focal abnormality on routine
structural MRI, no obvious etiology; we excluded patients
with myoclonic jerks or absence seizures to rule out patients
with juvenile myoclonic epilepsy or juvenile absence epi-
lepsy); (2) participation in a 3T research MRI on the same
scanner (see below), which included structural and rs-fMRI,
in addition to clinical imaging; (3) rs-fMRI data of sufficient
quality (average cortical signal-to-noise ratio >50 and average
head motion <2 mm/2°); and (4) prospective clinical follow-
up after the imaging investigation of at least 1 year.

In 41 of 62 patients, we could establish the drug response
using the ILAE criteria at a follow-up time point of ≥1 year
after our imaging study16 and classify patients into seizure-
free (n = 27) and not seizure-free (n = 14). Patients who
were not seizure-free indeed had a higher seizure frequency
compared to seizure-free patients (t = 3.3, p < 0.002). Our
main analysis focused on these 41 patients (henceforth GE1;
19 women, mean ± SD age 25.41 ± 10.47 years). Among
them, 17 were drug-naive at the time of imaging (mean ± SD
duration 1.81 ± 2.12 years), and 28 had been treated with
antiepileptic drugs (mean ± SD duration 10.4 ± 7.78 years)
before the study.

Although the remaining 21 of 62 patients (henceforth GE2;
11 women, mean ± SD age 24.76 ± 8.14 years) underwent the
same imaging, quality control, and follow-up as the others, we
could not fully determine prospectively their drug response;
most were seizure-free but for a shorter time than required by
ILAE criteria.16 We analyzed this GE2 cohort separately to
assess the replicability of our main findings in this in-
dependent cohort. Of note, GE2 had a shorter duration of
epilepsy and was made up of more new-onset patients
than GE1.

During the same recruitment interval, we also studied 27
healthy controls (HCs) who underwent the same imaging and
whose imaging passed the same quality criteria as the patients’
imaging (9 women, mean ± SD age 25.67 ± 3.74 years).

Standard protocol approvals, registrations,
and patient consents
The Research Ethics Board of Nanjing DrumTower Hospital,
The Affiliated Hospital of Nanjing University Medical School
approved the study. All participants gave written informed
consent.

MRI acquisition
Every participant underwent MRI on a Philips (Best, the
Netherlands) 3T scanner with an 8-channel head coil. Ac-
quisition included a 2D resting-state echo-planar imaging
blood oxygenation level–dependent fMRI sequence (repeti-
tion time 2,000 milliseconds, echo time 30 milliseconds, flip
angle 90°, voxel size 3.0 × 3.0 × 4.0 mm3, 35 slices, 230
volumes) and high-resolution 3D T1-weighted MRI using
a 3D turbo field echo sequence (repetition time 9.8 milli-
seconds, echo time 4.6 milliseconds, inversion time 900 mil-
liseconds, flip angle 8°, voxel size 1.0 × 1.0 × 1.0 mm3, 192
slices). During the rs-fMRI acquisition, participants were
instructed to keep their eyes closed and to remain motionless.

Data preprocessing
fMRI preprocessing was carried out with DPABI for Matlab
(MathWorks, Natick, MA).17 We excluded the first 10 images
to ensure steady-state longitudinal magnetization and per-
formed slice-time and motion correction. Functional images
were then linearly coregistered to the corresponding T1-
weighted image, followed by Dartel-based normalization and
resampling to Montreal Neurological Institute 152 space. We
statistically corrected for effects of head motion (using the
Friston 24-parameter model) and mean white matter and
CSF signal. We filtered the data using a 0.01- to 0.1-Hz pass
band. We omitted spatial smoothing to avoid signal blurring
in the thalamus and between cortical parcels. Among included
participants, none had a maximal head motion >2mm/2°, and
none had an average temporal signal-to-noise ratio in the gray
matter mask <50. With regard to head motion, there was no
difference between patients with idiopathic generalized epi-
lepsy and controls (p > 0.4), and the signal-to-noise ratios
were also comparable (p > 0.4).

Cortico-cortical and thalamocortical
connectome analysis
We followed a recently published community-informed
analysis of cortico-cortical and thalamocortical networks.14

We carried out the analyses in each participant independently.

Cortico-cortical
We grouped cortical parcels into several large-scale commu-
nities according to a previously published decomposition.13,14

For each parcel, we calculated the WMD, a measure of con-
nectivity to other parcels within the same community, and the
PC, a measure of the diversity of connectivity across different
communities.14 Similar to a previous study,14 we assessed
findings at a density of 0.15. To ensure that results were not
biased by the choice of a specific threshold, we repeated
analyses across different densities (0.1–0.2).

Thalamocortical
Using the automated anatomic labeling, we outlined the spatial
extent of the thalamus in Montreal Neurological Institute 152
space and correlated the time series of each thalamic voxel with
the mean time series of each cortical parcel, resulting in a 620 ×
333 matrix.14 We generated thalamocortical connectomes
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using a combined partial correlation and principal component
approach, which controlled for 95% of time series variance
across all other cortical parcels. Using a winner-takes-all strat-
egy, we also assigned each thalamic voxel to the cortical com-
munity with the strongest partial correlation. As done
previously,14 we z-scored cortical and thalamic PC/WMD
measures with respect to parcels in the same community for
a given individual.

Statistical analysis
We carried out our analyses using SurfStat (https://mica-mni.
github.io/surfstat/)18 for Matlab. Using Student t tests, we
compared thalamic and cortical WMD/PC values between
patients with generalized epilepsy and HCs, controlling for age
and sex. We corrected findings for multiple comparisons at
a false discovery rate (FDR) of p < 0.05.19 To assess functional
network anomalies beyond the effects of atrophy, we repeated
the above WMD/PC comparisons controlling for thalamic
volume estimated with FSL-FIRST (version 5.0, fsl.fmrib.ox.ac.
uk/fsl/fslwiki/FIRST) and mean cortical thickness estimated
with FreeSurfer (version 5.3, https://surfer.nmr.mgh.harvard.
edu/).

A first post hoc analysis split the patient dataset based on
medical history into drug-naive patients with a recent di-
agnosis of epilepsy (n = 17; mean ± SD duration 1.81 ± 2.12
years) and patients with chronic disease who were already
treated by antiepileptic drugs before our study (n = 24; mean
± SD duration 10.4 ± 7.78 years). Controlling for age and sex,
we compared each patient subgroup to HCs and patient
subgroups to each other.

A second post hoc analysis assessed the association to pro-
spective clinical follow-up. To this end, we compared func-
tional network markers between those patients with
generalized epilepsy who were seizure-free at follow-up (n =
27) to those who were not seizure-free (n = 14), controlling
for age, sex, and duration of epilepsy at baseline.

Reproducibility analysis
We assessed the replicability of the overall group-level find-
ings when comparing the independent GE2 group (n = 21; 11
women, mean ± SD age 24.76 ± 8.14 years) to HCs.

Data availability
Cortico-cortical and thalamocortical network feature data and
details on both patient cohorts are available from Dryad
(tables 1 and 2, doi.org/10.5061/dryad.bj486f4).

Results
Community-informed connectomics of cortico-
cortical and thalamocortical networks

Cortico-cortical
In the cortico-cortical connectome, HCs showed high WMD
and PC in bilateral medial prefrontal, medial parietal, and

insular regions, together with left temporoparietal regions
(figure 1). WMD was furthermore elevated in bilateral medial
occipital regions, while PC was high in lateral prefrontal
cortices.

Comparing GE1 patients to HCs at the level of cortico-
cortical connectivity revealed reductions in WMD in patients,
while PC increased. Specifically, patients showed lowerWMD
in the left paracentral lobule and angular gyrus (p < 0.05, FDR
corrected; Cohen d = 0.91–0.93). In contrast, they showed
increased PC in the right frontocentral region (p < 0.05, FDR
corrected; d = 1.04–1.06).

Thalamocortical
Assessing thalamocortical WMD and PC, we observed high
WMD and PC in anterior, medial, posterior, and dorsal tha-
lamic divisions in HCs (figure 2). When we compared tha-
lamocortical WMD and PC between GE1 patients and HCs,
patients demonstrated marked increases of WMD (p < 0.05,
FDR-corrected; d = 0.94) and a widespread reduction in PC
(p < 0.05, FDR corrected; d = 0.77). Although we presented
main results at a density of 0.15, WMD/PC alterations were
consistent across 0.1 to 0.2 density thresholds.

As in previous studies,20,21 our main analyses used models cor-
recting for age and sex. However, we obtained similar findings
when using models that omitted correction for both variables.

Functional network analysis after controlling for
structural changes
Comparing mean cortical thickness between GE1 patients
and HCs, we did not find significant differences between
groups (figure 3). Similarly, vertex-wise cortical thickness
comparisons did not result in any findings that survived cor-
rection for multiple comparisons. On the other hand, patients
showed bilateral thalamic atrophy (p < 0.025; d = 0.47–0.6).
Functional network alterations in patients compared to HCs
were robust when additionally controlled for mean cortical
thickness in the statistical models, including WMD decreases
and PC increases in cortical regions in patients. Similarly,
thalamic WMD increases and PC decreases in patients com-
pared to HCs were robust when we controlled for thalamic
volume in the statistical models.

Relation to disease duration and
treatment status
We subdivided the GE1 patient cohort on the basis of dura-
tion of epilepsy into drug-naive patients at the time of imaging
(n = 17) and those with a chronic disorder (n = 24). Com-
pared to HCs, we observed lower WMD and higher PC in the
cortex and the inverse pattern in the thalamus in both sub-
groups, suggesting that imbalances were already present at
onset. Indeed, while effects appeared slightly higher in
patients with chronic disease, directly comparing patient
subgroups did not yield a significant difference. The corre-
sponding figures are available from Dryad (figures 1 and 2,
doi.org/10.5061/dryad.bj486f4).
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Relation to prospective drug-response
patterns
We stratified GE1 patients on the basis of their drug-
response patterns after 1 year of follow-up into seizure-free
and drug-resistant, controlling for age, sex, and duration of
epilepsy at baseline (figure 4). Comparing both patient
subgroups, we observed more marked thalamocortical
imbalances in those who were diagnosed as drug-resistant
compared to seizure-free patients. Specifically, we ob-
served lower WMD in the left paracentral lobule and
higher WMD in the left angular gyrus (p < 0.05;
d = 0.85–0.96).

Verification analysis
We obtained virtually identical results when we excluded
a patient who had the youngest age at seizure onset (0.6
months). The corresponding figure summarizing these

findings is available from Dryad (figure 3, doi.org/10.5061/
dryad.bj486f4).

Reproducibility analysis
Comparing the replication (GE2) cohort to HCs, we ob-
served moderate to high effects for cortical WMD reductions
(d = 0.4–0.53) and PC increases (d = 0.64–0.65) as in the
main analysis (figure 5). In the thalamus, patients also showed
scattered WMD increases and a widespread PC reduction.

Discussion
Harnessing connectome markers of intrinsic functional em-
bedding of thalamic and cortical subregions within large-scale
communities, we identified a marked network imbalance in
epileptic patients with GTCS. Changes in network

Figure 1 Community-based analysis of cortico-cortical networks

(A) Gordon’s 333 cortical parcels and 10 predefined communities. (B.a) Distribution of cortical within-module degree (WMD) and participation coefficient (PC)
z scores, averaged across a sample of 27 healthy controls (HCs). (B.b) Differences between HCs (gray) and 41 patients with generalized epilepsy (GE) (black).
Cyan/yellow clusters were corrected for multiple comparisons (p < 0.05; false discovery rate (FDR) corrected). Scatterplots represent WMD/PC values in
significant clusters. Findings were corrected for age and sex.
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organization were characterized by an increase in connectional
diversity of cortical regions, notably frontocentral cortices,
while the thalamus showed a more restrictive and stereotypical
connectivity profile. Findings were robust after we controlled
for MRI markers of thalamocortical morphology, indicating
network effects above and beyond structural compromise.
Because the subgroup of newly diagnosed patients (before
initiation of antiepileptic drug therapy) showed similar find-
ings, our findings suggest the possibility of a preexisting func-
tional imbalance contributing to the development of the
disease. Notably, we observe more marked alterations in
patients who continued to have seizures at follow-up despite
drug therapy compared to those who were seizure-free, sug-
gesting a potential utility of community-informed thalamo-
cortical circuit profiling for drug-response prognosis.

We used a recently developed framework to study cortico-
cortical networks and to parameterize connectome embed-
ding of the thalamus, one of the most globally connected brain

regions,14,22,23 in HCs and patients. Central to our approach
was an initial decomposition of the functional connectome
into communities, ensembles of closely interacting regions
including default mode, salience, frontoparietal, sensory, and
motor networks. We then calculated WMD, indexing in-
tegration of a region within its overarching community, and
PC to measure its connectional diversity across communities.
Regions with high WMD, also referred to as provincial hubs,
are thought to participate in more specialized processes,24

while those with high PC serve as connector hubs mediating
integrative global communication across distributed systems.
Examining the topography of cortical WMD and PC values in
our HCs, we observed a preferential aggregation of provincial
and connector hubs in default mode networks, a finding re-
sembling recent data in healthy young adults14 and in line with
earlier results showing high centrality of default mode nodes
in terms of both long- and short-range connectivity.25 Fur-
thermore, we confirmed that the thalamus shows rather
similar WMD yet markedly elevated PC compared to cortical

Figure 2 Thalamocortical analysis

(A.a) The thalamus region of interest
(ROI) outlined by a dashed white line,
(A.b) cortical modules, and (A.c) thalamus
parcellation. (B) Thalamic analysis in
healthy controls (HCs) and patients with
generalized epilepsy (GE). Scatterplots
show average within-module degree
(WMD) and participation coefficient (PC)
across the entire ROI and slices theWMD/
PC distribution across thalamic voxels,
averaged across 27 HCs, as well as sig-
nificant between-group differences
(cyan/yellow: p < 0.05; false discovery
rate [FDR] corrected). Findings were cor-
rected for age and sex.
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nodes in corresponding communities, re-emphasizing its key
role in mediating intercommunity cross talk. Notably, by
comparing patients to HCs, we gathered evidence for

a marked imbalance in both components of the cortico-
thalamic system, characterized by reduced PC but increased
WMD in the thalamus, while cortico-cortical networks

Figure 3 Robustness of functional findings against structural changes

(A) Spatial distribution of MRI-based cortical thickness differences between healthy controls (HCs) (gray) and patients with generalized epilepsy (GE) (black).
No vertex-wise findings survived correction for multiple comparisons. Mean cortical thickness is shown in the scatterplots. Thickness measures were
corrected for age and sex. (B) Left/right thalamic volumes in HCs and patients with GE, with volumes corrected for age and sex. (C) Post hoc analysis in cortical
parcels with significant within-module degree (WMD)/participation coefficient (PC) group differences (figure 1). WMD/PC values of HC and patients with GE
were additionally corrected formean cortical thickness. (D) Scatterplots show average thalamicWMD (left) and PC (right), additionally corrected for thalamus
volume. FDR = false discovery rate; ROI = region of interest.
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showed an inverted pattern, particularly in frontocentral net-
works. With respect to the interhemispheric divergence of
cortical WMD and PC findings, it is possible that increased
functional diversity in one hemisphere (i.e., PC) may cascade
toward reducedWMD in other nodes of its overarchingmodule
(which generally makes up the contralateral homolog region as
well) and vice versa. The interhemispheric findings observed in
the current study may thus point to a bilateral imbalance of
specifically the paracentral functional network in generalized
epilepsy. Our results were replicated in a comparison of an
independent patient cohort initially held out to the HCs, sug-
gesting robustness. By stratifying connectional anomalies in
generalized epilepsy relative to their role within and across
network communities, our findings extend previous work that
mainly localized structural and network anomalies,3,26,27 mov-
ing toward pathoconnectomic models centered on the di-
chotomy between thalamic and cortical connectivity.

The diverging changes in cortical and thalamic embedding
with macroscale functional communities in our patients can

be easily understood as a “fanning-in” of thalamic connections
together with “fanning-out” of cortical connectivity profiles. A
more restricted thalamic connectivity could reflect the ten-
dency to engage in more monotonic, and possibly recursive,
thalamocortical functional loops, which may ultimately con-
tribute to network synchronization and hyperexcitability. Ani-
mal studies have demonstrated that increased rhythmic firing in
the neocortex and thalamusmay indeed lead to spike-and-wave
discharges.28,29 Further support for a role of atypical thalamo-
cortical interactions in generalized epileptic activity1,30 comes
from experimental studies in animals in which abnormal
oscillations in either region may subsequently lead to syn-
chronization of large-scale thalamocortical loops.31,32 Notably,
seizure-initiating nodes in the thalamocortical system may vary
across species, across syndromes, and even from one episode to
the next in a single individual.33With respect to cortical regions,
the fanning-out of nodes directly involved or proximal to the
initially dysregulated thalamocortical network, notably the
frontocentral areas we observed in the current study, may
further relay abnormal electric activity to an extended bilateral

Figure 4 Analysis of seizure-free vs drug-resistant patients

(A) Cortico-cortical network analysis
in parcels with significant within-
module degree (WMD)/participa-
tion coefficient (PC) differences
from the overall group comparison
(figure 1). Comparison of patients
classified as drug-resistant (DR)
(black) and seizure-free (SF) (gray) at
follow-up, controlling for age, sex,
and disease duration. (B) Analysis of
WMD and PC of left and right
thalamus.
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cortical territory. Findings based on resting-state magneto-
encephalography are in line with these results, suggesting
increases in medial frontal and temporal regions in mixed
generalized epilepsy cohorts.34

The subgroup of our patients with newly diagnosed epilepsy
before the initiation of drug therapy presented with an im-
balance similar to that of patients who were treated by anti-
epileptic medication for several years. A similar conclusion
can also be made when considering the results of the initially
held-out patient cohort (GE2), in whom treatment outcome
could not be reliably established at the time of study and who
had overall a shorter duration compared to our main GE1
patient cohort. Although these findings are based on 2 small
patient subgroups, they suggest the possibility of preexisting
alterations in thalamocortical circuit organization, possibly of
genetic and neurodevelopmental origin before clinical
symptoms arise35 and before treatment affects network
function36,37 and structure.38 Generalized epilepsy syndromes
have traditionally been subsumed under the umbrella term
idiopathic generalized epilepsy; however, a genetic origin is

now largely accepted.39 This is also reflected in discussions to
revise the nomenclature from idiopathic generalized epilepsy
to genetic generalized epilepsy,40 even if the full genetic
underpinnings of these syndromes remain to be established.41

Future studies that combine neuroimaging and genetic anal-
ysis and work based on sibling designs might thus be worth-
while. In the context of our findings, such work could clarify
whether the thalamocortical imbalance represents a geneti-
cally mediated endophenotype, paralleling other endophe-
notypes identified in other generalized subtypes,42 or whether
it is selectively found in patients affected by the disease.

Although the syndrome with GTCS only is often associated
with favorable outcomes,39,43 a subgroup of patients do not
show adequate seizure control.44 Prospective markers of drug
resistance are virtually nonexistent. In our study, we observed
more marked perturbations of thalamocortical circuit orga-
nization in patients who continued to have seizures at follow-
up despite antiepileptic drug therapy compared to those in
whom seizures were well controlled. Because these findings
are based on small samples and derived from post hoc

Figure 5 Comparing an independent cohort of 21 patents with idiopathic generalized epilepsy (GE2) and 27 healthy
controls (HCs)

(A) Cortico-cortical network analysis,
centered on parcels with significant
within-module degree (WMD)/par-
ticipation coefficient (PC) differences
from the overall group comparison
(figure 1). (B) Differences in thalamic
WMD/PC. In both analyses, findings
were corrected for age and sex.
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analyses, they need to be interpreted with care. First, patients
may not always have benefited from optimal medical treat-
ment. In fact, some were treated by drugs such as carbama-
zepine, phenytoin, and phenobarbital, which may increase
seizure frequency in some patients with generalized seiz-
ures.45 Furthermore, our drug-resistant cohort was composed
mainly of patients who already had a more chronic disease at
baseline (i.e., 4 of 14 with new onset) compared to the drug-
resistant subgroup (14 of 27 with new-onset seizures). Nev-
ertheless, when comparing patients stratified by prospective
drug control, we statistically corrected for preexisting disease
duration and could thus some sources of between-cohort
inhomogeneity. Therefore, our findings provide an overall
optimistic outlook on the potential of thalamocortical net-
work metrics for drug-response prognosis in generalized ep-
ilepsy,43 and we recommend future prospective studies of
large cohorts with close monitoring of seizures and medica-
tion. Such work would benefit from multicentric data aggre-
gation and dissemination efforts,46 because this may
potentially give access to large and more homogeneous
cohorts. Alternatively, it may also provide a gateway to in-
vestigate patients with GE, regardless of the particular sub-
syndrome to identify common markers among those
responding and those who are refractory to medication.
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by National Science Foundation of China (81871345,
81422022) and China Postdoctoral Science Foundation
(2016M603064). B.C.B. acknowledges research support from
the National Science and Engineering Research Council of
Canada (Discovery-1304413), Canadian Institutes of Health
Research (FDN-154298), Azrieli Center for Autism Research,
and SickKids Foundation (NI17-039), as well as salary support
from the Fonds de la Recherche du Quebec–Santé (Chercheur
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