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ARTICLE INFO ABSTRACT

Keywords: To determine the extent of metabotropic glutamate receptor type 5 (mGluR5) network abnormalities associated
mGluRS with focal cortical dysplasia (FCD), we performed graph theoretical analysis of [\!C]ABP688 PET binding po-
FCP tentials (BPyp), which allows for quantification of mGIuRS5 availability. Undirected graphs were constructed for
E;{epsy the entire cortex in 17 FCD patients and 33 healthy controls using inter-regional similarity of ['!G]ABP688 BPyp.
Network We assessed group differences in network integration between healthy controls and the ipsilateral and contra-

lateral hemispheres of FCD patients. Compared to healthy controls, FCD patients showed reduced network ef-
ficiency and reduced small-world connectivity. The mGluR5 network of FCD patients was also less resilient to
targeted removal of high centrality nodes, suggesting a less integrated network organization. In highly efficient
hub nodes of FCD patients, we observed a significant negative correlation between local efficiency and duration
of epilepsy only in the contralateral hemisphere, suggesting that some nodes may be more vulnerable to
persistent epileptic activity. Our study provides the first in vivo evidence for a widespread reduction in cortical
mGluR5 network integration in FCD patients. In addition, we find that ongoing epileptic activity may alter
chemoarchitectural brain organization resulting in reduced efficiency in distant regions that are essential for
network integration.

1. Introduction

Focal cortical dysplasia (FCD) is a malformation of cortical devel-
opment clinically associated with drug resistant seizures. Although focal
structural abnormalities are a defining characteristic of FCD, there is
growing evidence that the pathophysiology of FCD may involve wide-
spread network alterations that contribute to rapid seizure spread and
incur greater functional and structural alterations due to chronic sei-
zures (Kramer and Cash, 2012; Caciagli et al., 2014).

mGluRS5 is a post-synaptic G-protein coupled receptor that may play
arole in the underlying mechanism of epileptogenesis by contributing to
the intrinsic epileptogenicity attributed to FCD (Palmini et al., 1995;
Merlin, 2002; Aronica et al., 2003). Using ['!C]ABP688 PET we previ-
ously showed that, in addition to abnormal mGluRS5 availability within
the radiologically identified dysplasia, 80% of FCD patients had mGIluR5
reductions in peri-lesional and remote regions of the cortex, which were
not associated with a structural abnormality (DuBois et al., 2016a). The
significance of these findings outside the epileptogenic region remain to
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be further elucidated.

While widespread functional and structural abnormalities in patients
with FCD are suggestive of a system disruption, few studies have
attempted to investigate the overall network organization in these pa-
tients. Graph theoretical analysis is a framework for quantification of
network topology that is sensitive to distributed abnormalities in brain
diseases (Rubinov and Sporns, 2010; Sporns, 2016). In two graph theory
studies of patients with focal non-lesional epilepsy, resting-state fMRI
showed reduced global and local efficiency, suggesting that network
integration is impaired in patients with focal epilepsy (Hermann et al.,
2009; Caciagli et al., 2014).

To characterize the mGluR5 network in patients with FCD, we per-
formed graph theoretical analysis based on the inter-regional similarity
of [''C]ABP68S PET binding potentials (BPyp). Graph metrics of
network integration, including global efficiency, resilience, and local
efficiency were used to compare ipsilateral and contralateral hemi-
spheres of FCD patients to healthy controls. Based on previous studies in
non-lesional focal epilepsy, we hypothesized that patients with FCD
would show reduced global efficiency of mGIluR5 networks.

2. Methods
2.1. Subjects

Seventeen patients with focal epilepsy previously investigated at the
Montreal Neurological Hospital with an [11C]ABP688 PET study were
retrospectively selected for the study based on the following criteria.
Patients were included if diagnosed with FCD from either MRI or
neuropathology following surgery [positive MRI and neuropathological
diagnosis of FCD (N = 5), positive MRI without surgery (N = 7), and
negative MRI and neuropathological diagnosis of FCD (N = 5)]. FCD
patients were excluded for present or past usage of illicit drugs, preg-
nancy/breastfeeding, or MRI contraindications. For detailed informa-
tion regarding lesions location, surgical outcomes, and clinical

Table 1
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variables, refer to Table 1.

As described previously, 33 healthy subjects were included (range =
20-77y/0; males, n = 18,47.4 + 17.7y/0; females, n = 15, 46.2 + 18.9y/
o) (DuBois et al., 2016a). Healthy controls were excluded from then
study for any of the following: personal or first-degree relative history of
axis I psychiatric disorders, chronic use of CNS active medications or
illicit drugs, pregnancy/breastfeeding, present or past cigarette usage,
history of neurological or medical disorders and MRI contraindications.
The study was approved by the Montreal Neurological Institute
Research Ethics Board. All subjects provided written informed consent
prior to participation in the study.

2.2. PET acquisition and reconstruction

3-(6-methyl-pyridin-2-ylethynyl)-cyclohex-2-enone-O-1C-methyl-

oxime ([11C]ABP688) was synthetized as previously described (Elmen-
horst et al., 2010). Images were acquired in the Siemens ECAT EXACT
HR + scanner for 7 patients and 7 controls [approximate resolution, 6
mm full width at half maximum (FWHM)]. The remaining subjects (10
patients and 26 controls) were scanned in the Siemens High Resolution
Research Tomograph (HRRT, approximate resolution of 3 mm FWHM).
A 7-minute transmission scan was performed for attenuation correction,
followed by a 1-hour dynamic emission scan, which began concurrently
with the slow bolus injection of ['!G]ABP688 (injected dose/activity =
356.7 + 25.2 MBgq; specific activity = 13.6 + 6.3 GBq/pmol, unavailable
for 10 of the controls). Data was acquired in 3D list mode and recon-
structed by filtered back-projection. The reconstructed time-series was
128 x 128 x 63 voxels (2.45 mm pixels) for the HR + and 256 x 256 x
207 voxels (1.21875 mm pixels) for the HRRT. To combine data from the
2 PET scanners, HRRT images were blurred with an anisotropic Gaussian
kernel of 5.7 x 5.7 x 6.7 mm FWHM.

Clinical Information. Pat: Patient ID; F: female; M: male; L: left; R: right; Pos: positive; Neg: negative; sz: seizure; N/A: not applicable; AED: antiepileptic drug; LEV:
levetiracetam, LMT: lamotrigine; CBZ: carbamazepine; CLB: clobazam; DPH: diphenylhydantoin; VA: valproic acid; TPM: topiramate; OXC: oxcarbazepine; PB:

phenobarbital.
Pat Age Sex FCD lobe Radiology Last sz prior to Age at sz Duration of epilepsy at the time  Surgery follow-up Pathology =~ AEDs
(MRI) scan (days) onset of PET scan (years) (years), Engel class
1 39 F L frontal Pos 180 3 36 no N/A LEV, LMT,
CLB, CBZ
2 56 M R parietal Pos 1 8 48 6y, Engel I FCD IIb CBZ, LEV,
CLB
3 25 M R Pos 4 8 17 6y9m, Engel I FCD IIb CBZ
temporal
4 20 F L Pos 1 14 6 no N/A CLB
temporal
5 19 F R Pos 11 15 4 6y11m, Engel II FCD Ila VA, LEV, PB
temporal
6 31 F L Pos 1 16 15 no N/A LMT, DPH,
cingulate CLB
7 39 F L frontal Pos 30 34 5 no N/A none
8 29 M R frontal Pos 1 0.4 29 4y3m, Engel I FCD IIb VA, OXC,
CLB
9 41 F L Pos 6 12 29 no N/A LMT, PB, CLB
temporal
10 38 M R frontal Pos 1 17 21 5ylm, Engel I FCD IIb CBZ, CLB
11 23 F L Pos 1 10 13 no N/A DPH, TPM
cingulate
12 29 F L parietal Neg 120 21 8 4y, Engel 1T FCD Ila CBZ, LMT
13 35 M R frontal Neg 1 16 19 4y6m, Engel I FCD Ila LEV, TPM
14 18 F R parietal Neg 25 12 6 3y9m, Engel I FCD IIb none
15 22 F R Neg 14 17 5 Oylm, N/A FCD Ila LCM
cingulate
16 25 F R frontal Pos 4 12 13 no N/A CBZ, CLB,
LCM
17 41 M R Neg 0.5 6 35 6yl1lm, Engel II FCD IIb OXC, LEV, PB
cingulate
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2.3. MRI acquisition and processing

As previously described in DuBois et al. (2016a), a 3D T1-weighted
MPRAGE sequence (1 mm? voxel size, 256 x 256 x 256 matrix; TE =
2.98; TR = 2300; TI = 900 ms; flip angle = 9°) was acquired for each
subject using a Siemens Trio 3 T scanner. MRI data were analyzed with
FreeSurfer (www.surfer.nmr.mgh.harvard.edu, version 6.0) (Dale et al.,
1999; Fischl et al., 1999). The process included reconstruction of the pial
surface and gray matter/white matter boundary (i.e. the white matter
surface) (Dale et al., 1999; Fischl et al., 1999). The MRI and the time-
averaged raw PET images were aligned by fitting the white matter
surface to the maximum of the radioactivity gradient (Greve and Fischl,
2009). For surface-based partial volume correction and network anal-
ysis, PET data were sampled from the volume halfway between the
white matter and pial surfaces using nearest-neighbor interpolation
(Greve et al., 2014).

2.4. Partial volume correction and binding potential analysis

Correction for partial volume error was performed using a data-
driven, region-based per-voxel partial volume correction method
(DuBois et al., 2016a, 2016b). Briefly, time-averaged raw PET data were
sampled to the surface and parceled into homogenous binding regions.
Parcellated regions were then partial volume corrected using the geo-
metric transfer matrix method and region-based per-voxel correction for
the whole brain (Rousset et al., 1998). [11C]ABP688 non-displaceable
binding potentials (BPyp) were estimated with a simplified reference
tissue model, using the cerebellar grey matter as the reference region
(DuBois et al., 2016b). Voxel-wise parametric mapping was performed
using basis function implementation (Gunn et al., 1997).

2.5. Network nodes and edges

To define network nodes, we utilized an existing probabilistic atlas,
which parcellated the cortex into 180 regions per hemisphere based on
functional activation patterns and structural anatomy (Glasser et al.,
2016). Five regions were excluded from the analysis due to increased
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partial volume effects around the medial wall region. Therefore, 175
regions were included in the final analysis, each representing a network
node. Following binding potential analysis, BPyp values were sampled
from each subject’s volume to the FreeSurfer surface template and
extracted from each cortical region in the parcellation scheme. The
probability density function was then computed for each regional BPyp
distribution, at the individual subject level, using kernel density esti-
mation with automatically chosen bandwidths (function: kde, http://
www.mathworks.com/matlabcentral/fileexchange/14034-kernel-
density-estimator) (Wang et al., 2016). Subsequently, we compared the
probability density function of each node pair by calculating Jensen-
Shannon divergence (Endres and Schindelin, 2003; Kong et al., 2014).
Divergence was converted to a measure of similarity (JSS), with values
between 0 and 1, by taking its natural exponential (Kong et al., 2014).
Hemispheric matrices were generated by dividing the whole-brain ma-
trix into 4 quadrants and extracting left-to-left and right-to-right hemi-
sphere node pairs (Fig. 1). Prior to network analysis, a density threshold
was applied to equate the number of edges between both subjects and
hemisphere matrices. The density threshold was determined by preser-
ving a proportion of high JSS edges relative to the number of total
possible edges in the matrix. All analyses were done over a broad range
of densities (5% — 40%, with an interval of 1%). The resulting matrices
reflect unweighted, undirected graphs.

2.6. Network analysis

We examined network topology at global and local scales for each
graph. Global metrics included: small-world index, resilience, and global
efficiency. Local metrics included: local efficiency and participation
coefficient (PC) (Latora and Marchiori, 2001; (Blondel et al., 2008);
Rubinov and Sporns, 2010). Briefly, global efficiency was defined as the
average inverse of the shortest path length between all node pairs. To
calculate the small-world index, characteristic path length and clus-
tering coefficient were normalized by randomly generated networks,
which preserved the number of nodes, edges, and the degree distribution
of the real network. The small world index was equivalent to the
normalized clustering coefficient divided by the normalized path length.

Fig. 1. Construction of network nodes and edges.
Displays [1'C]ABP688 BPyp, values (unitless, ranging
from O to 2) from a healthy control sampled to the
average inflated surface with atlas regions outlined
(A). Three regions of interest (ROIs) are indicated by
arrows in the lateral frontal (a), orbitofrontal (b), and
temporal (c) lobe, with representation of the kernel
density estimate from each of the three ROIs displayed
in red (a), green (b), and blue (c) (B). Atlas regions
displayed on the inflated surface and colored accord-
ing to their similarity to region (a) in the lateral pre-
frontal cortex, displayed in white with a red point (C).
The square similarity matrix displaying values be-
tween 0 and 1 (D). (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)

Similarity
oNEEE | NN
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To determine the resilience of each network, we simulated attacks on the
network by removing nodes, either randomly (random attack) or in
descending order of their PC (targeted attack) (Albert et al., 2011). Thus,
network components were incrementally removed without replacement
from 0 to 100% at an increment of 1%. After each node deletion, global
efficiency was recalculated (Rubinov and Sporns, 2010). All graph
metrics were calculated using the Brain Connectivity Toolbox (htt
p://www.brain-connectivity-toolbox.net) with MATLAB® (version
2015b; MathWorks) (Rubinov and Sporns, 2010).

2.7. Statistical analyses

To compare graph metrics between FCD patients and healthy con-
trols, we calculated the area under the curve (AUC) across the density
spectrum using Simpson’s rule and performed non-parametric permu-
tation tests with approximately 10,000 iterations. Pearson correlation
was used to assess the relationship between graph metrics and clinical
variables. False discovery rate (FDR) correction was used to control for
multiple comparisons (P < 0.05). All analyses and figures were gener-
ated with the R statistical software package (R Development Core Team
3.0.1. 2013). In healthy controls, no significant hemispheric differences
were found after FDR correction in any of the global or local network
metrics. Therefore, we grouped the left and right hemispheres of healthy
controls and compared graph metrics relative to the ipsilateral hemi-
sphere (including right and left side) and contralateral hemisphere
(including right and left side) of FCD patients.

>

o o
o o

Eglob
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3. Results
3.1. Global metrics

Global efficiency was reduced across the entire density spectrum
assessed, in both the ipsilateral and contralateral hemispheres of FCD
patients (Fig. 2A). Global efficiency AUC was significantly reduced in
the ipsilateral (Z = —2.78, P = 0.004, P-adjusted = 0.006) and contra-
lateral (Z = —2.54, P = 0.01, P-adjusted = 0.006) hemispheres of FCD
patients (Fig. 2B). Both FCD patients and healthy controls exhibited a
small-world index greater than one over the entire density spectrum,
reflecting greater clustering and approximately equal path length
compared to randomly generated networks (Fig. 2C). Interestingly, FCD
patients showed a significantly reduced small-world index in both
hemispheres (Ipsilateral: Z = —3.09, P = 0.002, P-adjusted = 0.006;
Contralateral: Z = —2.26, P = 0.021, P-adjusted = 0.04 [Fig. 2D]).
Overall, hemispheric graph metrics reflect a less integrated network
topology in patients with FCD relative to healthy controls.

3.2. Resilience

Upon random node removal, global efficiency remained higher
(greater than50% after 25% of nodes removed) than targeted removal of
high PC nodes (Fig. 3), indicating that mGIuR5 brain networks were
resistant to random failure. Global efficiency of all groups was highly
degraded by targeted removal of high PC nodes. Global efficiency was
reduced by more than 50% after 25% removal of high PC nodes, and
further reduced by approximately 85% after 50% removal of high PC
nodes (Fig. 3).

Between-group differences of normalized global efficiency were not

Fig. 2. Group differences in global network topology.

% Global efficiency (Eglob) and small-world index
% graphs display the fitted density curve for the

contralateral (Contra) FCD hemisphere (green), ipsi-
lateral (Ipsi) FCD hemisphere (orange), and combined
hemispheres of healthy controls () (blue) (A-B).
Shaded regions show one standard deviation above
and below the regression line. Both graphs display a
consistent difference between healthy controls and
FCD patients across the density spectrum. Box-plots
display the AUC across the density spectrum, with
stars indicating a significant difference between
healthy controls and both the ipsilateral and contra-

Density

0.3 lateral hemispheres of FCD patients (C-D). (For
% 6 ’S¢ interpretation of the references to colour in this figure
O/., d} @ legend, the reader is referred to the web version of
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Fig. 3. Network resilience to targeted and random
attack. Fitted curves display the normalized global
efficiency (Eglob) on the y-axis, measured after each

incremental removal of a random node (A) and high
PC node (B) at a density threshold of 15%. The x-axis
displays the fraction of nodes removed. Shaded re-
gions show one standard deviation above and below
the fitted curve. Box-plots indicate the AUC across the
density spectrum, with the star indicating a significant
difference between healthy controls (HC) (blue) and
the contralateral (Contra) hemisphere (green) or
ipsilateral (Ipsi) hemisphere (orange) of FCD patients.
Resilience curves measure the AUC at each density
threshold for the incremental removal of random (C)
and PC nodes (D). Group differences were calculated
at each density threshold and corrected for multiple

comparisons. Significant differences are indicated by
an orange (healthy controls vs. ipsilateral FCD) or
green (healthy controls vs. contralateral FCD) stars.
The zoomed region is centered on density thresholds

between 12% and 18%, as indicated by the black box.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web version
of this article.)

significant after random node removal at all graph densities (Fig. 3A;
2C). However, targeted removal of high PC nodes showed a significant
difference in normalized global efficiency for ipsilateral (Z = -2.75, P =
0.005, P-adjusted = 0.006) and contralateral (Z = —3.0, P = 0.002, P-
adjusted = 0.004) hemispheres of FCD patients compared to healthy
controls at a graph density of 15% (Fig. 3D). Compared to healthy
controls, ipsilateral nodes were less resistant to targeted attack across
the majority of graph densities, while contralateral nodes were less
resistant to targeted attack at graph densities of 11%, 12%, 14%, and
15%. Overall, graph resilience supports the above finding that the
mGIluR5 network is more regularized throughout the brain of patients
with FCD as compared to healthy subjects.

3.3. Nodal topology

Given the previous finding of reduced global efficiency in FCD pa-
tients, we further investigated differences in nodal efficiency. In healthy
controls, high efficiency nodes were observed in the precuneus, cingu-
late, anterior temporal, lateral parietal, and prefrontal cortices. Local
efficiency was lower in FCD patients compared to healthy controls
contralateral to the lesion in the anterior cingulate and prefrontal nodes,
although none of these differences were significant after FDR correction.

3.4. Correlation of network metrics and demographic variables

Here, we explored the relationship between global and local network
metrics with duration of epilepsy and age a seizure onset (Table 1).
Seizure latency prior to PET scan and surgical outcome were not
included in the analysis due to a lack of statistical power. At the local
level, analyses were limited to hub nodes, defined as the top 15% of local
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Density Density

efficiency nodes in the healthy control group, which has been used in
numerous previous studies (Stanley et al., 2013). Local efficiency AUC
averaged across hub nodes showed a moderately significant correlation
with duration of epilepsy in the contralateral hemisphere (r(15) =
—0.496, p < 0.05; [Fig. 4]), indicating that hub node efficiency may be
reduced in the contralateral hemisphere in patients with a longer
duration of epilepsy. A non-significant negative correlation was also
observed in the contralateral hemisphere (r(15) = —0.399, p = 0.113;
[Fig. 4]). No specific hub node showed a significant correlation, after
multiple comparison correction, between local efficiency AUC and
duration of epilepsy, indicating that the relationship was not driven by a
specific node or group of nodes. In addition, none of the global metrics,
including global efficiency of small word index showed a significant
relationship with duration of epilepsy. For age at seizure onset, no sig-
nificant correlation was found with either local or global network
metrics.

4. Discussion

In the present study, we compared the network topology of mGluR5
availability between patients with FCD and healthy controls by per-
forming graph theoretical analysis of [!'C]ABP688 BPyp inter-regional
similarity. mGluR5 brain networks in both groups showed a small-
world organization, reflecting increased clustering and approximately
equal path length relative to randomly organized networks (Fig. 2A and
1B). In the healthy brain, small-world networks reflect the large pro-
portion of local intra-cortical connection relative to the small number of
connections that are made between distant brain regions (Watts and
Strogatz, 1998; Sporns and Zwi, 2004). While mGluR5 networks do not
directly correspond to anatomical connections, through mGluR5’s role
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Fig. 4. Local Efficiency Correlated with Duration of
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Epilepsy. Scatter plot displaying the relationship be-
o tween local efficiency (Eloc) in mGluR5 availability
and duration of epilepsy for ipsilateral regions (A) and
D contralateral regions (B). Points on the graph repre-
sent the average AUC of the hub nodes (orange =
ipsilateral; green = contralateral) and low efficiency
nodes (gray). Hub nodes and low efficiency nodes
were classified from the control group as the upper
5 and lower 15% of local efficiency nodes. Separate
lines display the linear regression for the high and low
local efficiency nodes, with gray shaded regions cor-
responding to the 95% confidence level interval for
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in cortical development, cell survival, and morphogenesis, the topology
of mGIuR5 similarity networks may resemble aspects of functional
connectivity networks, as measured by resting-state fMRI (Thomas Yeo
et al., 2011). mGluR5 mediates post-synaptic glutamatergic excitability,
enabling long-term potentiation and long-term depression, which may
reflect a small-world topology as a result of locally similar excitatory
thresholds (Anwyl, 1999; Catania et al., 2007).

Within the spectrum of small-world networks, patients with FCD
showed a more regularized mGluR5 topology than healthy controls, as
evidenced by reduced network efficiency and reduced small-worldness
in both the ipsilateral and contralateral hemispheres. In line with our
findings, patients with non-lesional neocortical epilepsy have shown
decreased global network efficiency using resting-state functional con-
nectivity networks (Vlooswijk et al., 2011). Using [18F] fluorodeox-
yglucose (FDG) PET to assess metabolic networks, Shim et al. (2020)
showed reduced network connectivity in patients with temporal lobe
epilepsy with hippocampal sclerosis when compared to healthy controls.
Patients with temporal lobe epilepsy additionally showed increased path
length and clustering cortical thickness correlation network analysis,
suggesting reduced network efficiency (Bernhardt et al., 2011). Thus,
reduced network integration may be shared across several types of focal
epilepsy and observable by various neuroimaging modalities.

To further understand the nature of network alterations in FCD, we
assessed network resilience to attacks targeting hub nodes. While
random graphs maintain high levels of global efficiency after node
deletion (regardless of the centrality of the node), small-world networks
are more vulnerable to deletion of high centrality nodes due to the
heterogeneous distribution of connections (Achard et al., 2006; Albert
et al., 2011). However, rather than a general vulnerability to deletion of
high centrality nodes, patients with FCD showed a specific vulnerability
to deletion of high PC nodes (Fig. 3). In contrast, global modularity,
which is inversely proportional to the number of connections between
modules, and therefore PC, did not significantly differ from healthy
controls. These findings suggest that FCD is associated with a selective
reduction in inter-modular connections, a key component of efficient

each line. The correlation coefficient for each group is
shown along the regression line, with a (*) indicating
significance. The Nodal local efficiency AUC averaged
across both hemispheres of the healthy control group
is displayed on the inflated cortical surface (C). Brain
images represent the superior (top), lateral (right),
inferior (bottom), and medial (left) inflated cortical
surfaces. Hub nodes are outlined in white. In two FCD
patients representing the shortest (4 years) and
longest (48 years) durations of epilepsy in our cohort,
the nodal local efficiency AUC is displayed on the
lateral (top) and medial (bottom) surfaces (D). (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

FCD Duration
48 years

networks. In patients with acquired brain injuries, a previous study
using resting-state functional connectivity showed widespread differ-
ences in network modularity and integration, which were mediated by
high PC nodes, or between-network connectors, rather than within-
network connectors (Gratton et al., 2012). This finding is supported
by previous studies using simulated network graphs to assess the effects
of local lesions on global network integration (Honey and Sporns, 2008;
Alstott et al., 2009). While this work underscores the importance of
connector nodes to maintaining network efficiency, as FCD is a devel-
opmental disorder rather than an acquired injury, network reorganiza-
tion as a result of disease duration or seizure frequency may contribute
to the reduction in network integration observed in FCD.

While we did not observe group-wise differences in nodal topology,
FCD patients showed an association between disease duration and local
efficiency in high efficiency hub nodes contralateral to the dysplastic
lesion. This suggests that ongoing seizure activity may reduce efficiency
in distant regions that are essential for network integration. While sig-
nificant, the correlation between local efficiency and disease duration
was only moderate and was also present, to a lesser degree, in the
ipsilateral hub nodes. It is likely that these analyses were limited by the
small sample size and narrow range of epilepsy duration in the FCD
patients included in our study. However, if confirmed by further
research, these findings may support a framework in which focal lesions
contribute to widespread abnormalities in chemoarchitectural brain
organization via seizure propagation. While a previous study in patients
with FCD did not show a relationship between disease duration and
structural or functional MRI abnormalities (Hong et al., 2017), in tem-
poral lobe epilepsy, there is growing evidence of progressive structural
and functional changes beyond the epileptogenic zone. In a large sample
of patients with temporal lobe epilepsy, hippocampal atrophy was
evident in ipsilateral and contralateral regions of the hippocampus,
amygdala and entorhinal cortex, which was more severe in patients with
a seizure frequency greater than 5 per month (Bernhardt et al., 2013). In
previous graph theoretical studies using electrocorticography and
structural morphometry, decreased local clustering and increased path
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length have been associated with a longer duration of temporal lobe
epilepsy (van Dellen et al., 2009; Bernhardt et al., 2011).

Taken together, our findings of decreased resilience and decreased
global efficiency underscore the presence of a less integrated network in
patients with FCD. In the context of mGluR5 availability, network
integration could signify a wide range of possible mechanisms, including
receptor internalization, the functional state of receptor (high/low af-
finity), the total amount of protein in the tissue, conformational
changes, anomalous receptor isoforms, or excessive concentrations of
endogenous ligands (Zimmer et al., 2015; Vidal et al., 2016). We have
previously suggested that reduced mGluR5 availability in the lesion,
assessed in vivo with ['C]ABP68S PET, may be related to increased
glutamate concentrations, which when bound to the orthosteric site can
cause a conformational change in mGIuR5, making the transmembrane
allosteric site unavailable for ['!C]ABP688 binding (DeLorenzo et al.,
2015; Zimmer et al., 2015). While microdialysis studies have shown that
extracellular glutamate concentrations in the seizure focus are elevated
interictally (Cavus et al., 2016), glutamate concentrations beyond the
epilepsy focus as measured by microdialysis remain unknown. It is
possible that glutamate concentration may be increased in the seizure
focus due to recurrent and persistent epileptogenic activity, whereas
mGluR5 may be internalized in brain regions associated with network
integration as a compensatory mechanism. Both internalization and
increased glutamate concentration may lead to reduced mGluR5 avail-
ability as measured by [''C]ABP6SS PET.

The main limitation of this work was the small number of patients
evaluated and the variable anatomical locations of the FCD lesions. A
larger patient population would provide greater control for potential
confounds relevant to mGluR5 PET imaging, such as cigarette smoking,
psychiatric disorders, antiepileptic drug load, and sleep deprivation
(Akkus et al., 2013; Hefti et al., 2013). In addition, understanding the
relationship between surgical outcomes and widespread network ab-
normalities may allow for better surgical planning. Of the three FCD
patients with an Engel class higher than one, none were found to be
outliers in any of the global or local network metrics, although we were
unable to examine seizure outcome systematically due to a lack of sta-
tistical power. Similarly, we were not able to investigate the association
between seizure latency prior to the PET scan and local and global ef-
ficiency in the FCD patients, as 65% of patients had a seizure within 6
days of the PET scan. As described above, mGluR5 availability, and by
extension global and local network efficiency, may be affected by
extracellular glutamate, which is increased by seizures. While the as-
sociation between hub node local efficiency and duration of epilepsy
shown here would contradict short-term changes in mGluR5 network
metrics due to a recent seizure, differences in long-term seizure fre-
quency may affect network efficiency and resilience. Unfortunately,
accurate estimates of seizure frequency are difficult to obtain prior to
hospital admission. Future research with a larger FCD population should
attempt to address seizure frequency, seizure latency prior to scanning,
surgical outcomes, and other clinical and demographic variables rele-
vant to FCD.

In conclusion, we provide the first evidence for widespread mGIluR5
network abnormalities in patients with FCD. Our findings of bilaterally
reduced network efficiency and resilience supports the notion that
mGIuR5 networks are less integrated in patients with FCD relative to
healthy controls. In addition, the association between duration of epi-
lepsy and reduced efficiency in contralateral hub nodes suggests a pro-
gressive decline in mGluR5 network integration. Our findings support
the concept that FCD may be better characterized as a system-wide
disorder, rather than a focal abnormality, from a glutamatergic neuro-
receptor perspective. Further research is needed to determine if other
forms of focal epilepsy also exhibit network-wide glutamatergic alter-
ations. Furthermore, the graph theoretic approach employed here al-
lows for neuroreceptor systems that can be imaged with PET to be
compared to other measures of functional and structural connectivity.
This multimodal approach may indeed provide a more comprehensive
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description of network alterations that sub-serve clinical presentation of
brain malformations (including seizures) and lead to novel diagnostic
and therapeutic applications.
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