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Introduction: Insular epilepsy is clinically challenging. This study aimed to map cerebral

metabolic networks in insular epilepsy and investigate their graph-theoretic properties,

with the goal of elucidating altered metabolic network architectures that underlie

interictal hypometabolism.

Aims: Fluorine-18-fluorodeoxyglucose positron emission tomography (18F-FDG-PET)

imaging was performed in 17 individuals with a stereoelectroencephalography (SEEG)

confirmed diagnosis of insula epilepsy and 14 age- and sex-matched healthy comparison

individuals. Metabolic covariance networks were mapped for each group and graph

theoretical analyses of these networks were undertaken. For each pair of regions

comprising a whole-brain parcellation, regionally-averaged FDG uptake values were

correlated across individuals to estimate connection weights.

Results: Correlation in regionally-averaged FDG uptake values in the insular epilepsy

group was substantially increased for several pairs of regions compared to the healthy

comparison group, particularly for the opercular cortex and subcortical structures. This

effect was less prominent in brainstem structures. Metabolic covariance networks in the

epilepsy group showed reduced small-worldness as well as altered nodal properties in

the ipsilateral hemisphere, compared to the healthy comparison group.

Conclusions: Cerebral glucose metabolism in insular epilepsy is marked by a lack of

normal regional heterogeneity in metabolic patterns, resulting in metabolic covariance

networks that are more tightly coupled between regions than healthy comparison

individuals. Metabolic networks in insular epilepsy exhibit altered topological properties

and evidence of potentially compensatory formation of aberrant local connections. Taken

together, these results demonstrate that insular epilepsy is a systemic neurological

disorder with widespread disruption to cerebral metabolic networks.
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HIGHLIGHTS

- Insular epilepsy is associated with interictal disturbances
in metabolic coupling between the insula and neocortical-
subcortical-brainstem structures.

- Metabolic brain networks in insular epilepsy show aberrant
topological organization, characterized by an excess of
local connections.

- Metabolic brain networks in insular epilepsy show high local
synchronization, possibly resulting from epileptic discharge
and inefficient global communication.

INTRODUCTION

The insula (or insular cortex) is functionally and structurally
connected to a diverse array of cortical and subcortical areas,
and serves to integrate information across multiple functional
networks (1). The diversity of ictal clinical symptoms observed
in insular epilepsy is therefore consistent with the diversity of
neocortical and subcortical targets connected to this hub region
(1–3). Seizure semiology of insular seizures is far from being
homogeneous and present with various seizure manifestations,
including gustatory/auditory auras, somatosensory, autonomic
symptoms (vomiting, piloerection, heart rate changes), and
motor manifestations (automotor, hypermotor, tonic, clonic
behaviors) (4). Insular seizures have several clinical patterns
depending on the anatomical brain regions of seizure spread,
therefore supporting insular epilepsy is a great mimicker (5). This
renders the clinical recognition of insular epilepsy arduous (6).
Presurgical evaluations, including scalp electroencephalography
(EEG) and neuroimaging, often fail to precisely pinpoint the
epileptogenic zone, eventually requiring invasive EEG (iEEG)
monitoring to confirm the location of the epileptic focus (7).
Hence, insular epilepsy remains clinically challenging. Surgical
iEEG implantation is often considered for individuals with drug-
resistant insular epilepsy; however, this requires knowledge of
the approximate location of the epileptogenic zone and its
interactions with other epileptic networks. Therefore, improved
techniques are needed to map these networks pre-surgically and
thereby characterize the epileptogenic zone with greater fidelity.

Fluorine-18-fluorodeoxyglucose positron emission
tomography (18F-FDG-PET) is an established neuroimaging
marker of glucose metabolism and has been widely used to
localize regions of hypometabolism in individuals with epilepsy,
often referred to as functional deficit zones (8). Hypometabolism
may be related to ictal onset and seizure propagation to distant
regions (9). Metabolic covariance networks provide a principled
approach to investigate metabolic effects across a spatially
distributed set of regions. Given that the insula is a hub region,
and that insular epilepsy is associated with distributed metabolic
effects that extend beyond the epileptogenic zone (10), metabolic
covariance networks are a promising candidate to understand
these brain-wide effects. In these networks, nodes correspond to
gray matter regions and connections are drawn between pairs
of nodes for which metabolic rates (e.g., FDG uptake) correlate
across a group of individuals. In this way, regions are connected
if they share comparable metabolic rates. Metabolic covariance

networks for glucose metabolism have been investigated in
healthy adults as well as individuals with neuropsychiatric
disorders and temporal lobe epilepsy (11, 12). These studies
demonstrate the damaging effects and disrupted internetwork
connectivity in temporal lobe epilepsy patients. However,
few studies have investigated metabolic networks in insular
epilepsy (13).

Epileptic seizures involve widespread network interactions
among neocortical, subcortical, and brainstem structures (14,
15). Focal epilepsy is increasingly considered a disease of
abnormal brain network organization and function, affecting
large-scale brain networks beyond the epileptogenic zones
(16). Ictal seizure events may lead to persistent interictal
neocortical/subcortical network disturbances that may affect
both brain connectivity and neurocognitive function. Previous
studies identified that many of the subcortical regions are most
critical for neocortical activation brainstem structures (ascending
reticular activating system, ARAS) for arousal (15, 17).

The aim of the present study was to investigate brain networks
in insular epilepsy from ametabolic standpoint.We hypothesized
that interictal hypometabolism could recapitulate networks
involved in epileptic discharges. Metabolic covariance network
was constructed to explore whether the aberrant topology of
metabolic networks in insular epilepsy could co-localize with
regions that generate ictal onset and spread. And the graph-
theoretical analysis was used to investigate metabolic covariance
networks in individuals with insular epilepsy.

METHODS

Demographic
Seventeen individuals (seven females) with SEEG confirmed
insular epilepsy were recruited in this study during the evaluation
for iEEG and epilepsy surgery at Beijing Tiantan Hospital from
2015 to 2018. Criteria for inclusion in this study included the
following: (1) surgical resection to treat focal epilepsy; (2) high
quality of imaging data (without motion artifact, aliasing or
rippling related to eye movement) and SEEG recordings (without
noise); (3) no history of dystocia hypoxia, encephalitis or severe
traumatic brain injury; (4) no encephalomalacia and severe or
diffuse brain atrophy; and (5) non-reoperation. In addition, 14
healthy individuals (five females) were recruited to match the
mean age and sex ratio of the epileptic group. Exclusion criteria
for the control group included any history of psychiatric or
neurological disorders.

The site of the epileptogenic focus was confirmed with
presurgical evaluation, such as the MRI/PET and iEEG findings.
Seizure outcomes was rated for all patients using ILAE
classification: (1) Class 1: completely seizure free without auras;
(2) Class 2: only auras, no other seizures; (3) Class 3: 1–3 seizure
days/year, ± auras; (4) Class 4: four seizure days/year to 50%
reduction of baseline seizure days, ± auras; (5) Class 5: <50%
reduction of baseline seizure days to 100% increase of baseline
seizure days; ± auras; (6) more than 100% increase of baseline
seizure days; ± auras (18). Informed consent was obtained from
all individuals, and this study was approved by the Ethics Board
of the Beijing Tiantan Hospital, Capital Medical University.
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FIGURE 1 | Schematic representation of the steps in (A) the pre-processing of the PET imaging data and (B) mapping of metabolic covariance networks. The

topological properties of metabolic covariance networks were compared using graph-theoretical measurements between epileptic and healthy individuals. DARTEL,

diffeomorphic anatomical registration through exponentiated lie algebra; MRI, magnetic resonance imaging; PET, positron emission tomography; PVE, partial

volume effect.

Neuroimaging Data Acquisition and
Pre-processing
Neuroimaging Data Acquisition

MRI scans were performed on a 3T Siemens Verio scanner
including a 3D T1 sagittal magnetization prepared rapid gradient
echo sequence (MPRAGE; TR = 1,900 milliseconds, TE =

2.53 milliseconds, TI = 900 milliseconds, flip angle = 12◦,
slice thickness = 1mm, no gap, matrix = 256 × 256, voxel
size= 0.98× 0.98× 1 mm3).

PET scans of all patients were obtained in the interictal state
with the same protocols as healthy subjects. The 18FDG-PET
examinations were performed under standard resting conditions
using the GE Discovery ST PET-CT system (300mm FOV,
matrix 192 × 192, 3.27mm slice thickness). Patients were

required to rest quietly in a dimly lit room during the 40min
following 18F-FDG intravenous administration of a mean dose
of 310 MBq/70 kg body weight. Ordered subset expectation
maximization (OSEM) algorithm (16 subsets and six iterations)
was used for PET data reconstruction. The reconstructed images
were corrected for attenuation using transmission scans obtained
from a germanium source. PET scans of all patients were
obtained within 6 months before epilepsy surgery evaluation. No
patients had clinical seizures<6 h before or during the PET scan.

Neuroimaging Pre-processing

Figure 1 provides a schematic of the pre-processing steps for the
18F-FDG-PET images and subsequent network analysis. Analysis
of the 18F-FDG-PET images was performed in MATLAB 2018a
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(The MathWorks, Natick, Massachusetts, USA) using SPM12
(Wellcome Department of Cognitive Neurology, University
College, London, UK) and PETPVE12 software (https://
github.com/GGonEsc/petpve12) (19). In brief, the images were
processed as follows: (1) Setting the origin. The center of
mass of the PET images was approximately corrected to lie
on the anterior commissure. (2) Registration. PET images
were co-registered with individual magnetic resonance images,
and data quality was examined. (3) Flipping. Horizontal
PET images of patients with right epileptogenic foci were
side-flipped using SPM’s image calculator “ImCalc” with the
required expression “flipud (i1),” which enabled the analysis
to be performed uniformly and increased the sample size
and sensitivity of the statistical analyses. (4) Creation of the
Diffeomorphic Anatomical Registration Through Exponentiated
Lie Algebra (DARTEL) template (20). Parameter files produced
by the segmentation were used to interactively compute
a group-specific template. (5) Partial volume effects (PVE)
correction. ThemodifiedMGmethod (21) used segmented tissue
compartments (gray matter [GM], white matter [WM], and
cerebrospinal fluid [CSF]) to correct the PET GM signal for
spill-in effects from surrounding tissue, typically WM signals.
(6) Spatial normalization and smoothing. High-dimensional
DARTEL normalization was used to normalize the PET images
to a generative template according to normalization parameters.
The non-linear modulated DARTEL normalized images were
then smoothed with a 5mm isotropic Gaussian kernel. (7)
Intensity normalization. The PET signal was standardized
utilizing a reference value (cerebellar GM) to enable inter-subject
comparison. The normalized PET signal (FDG uptake) was used
in all subsequent analyses.

Metabolic Covariance Networks
Normalized FDG uptake values were averaged across voxels,
each comprised of a number of distinct regions, thereby
yielding a single uptake value for each region in each individual.
Regions were selected from the Automated Anatomical
Labeling (AAL) atlas (http://www.gin.cnrs.fr/en/tools/aal-
aal2/) and Harvard Ascending Arousal Network (AAN) atlas
(martinos.org/resources/aan-atlas). Given that epileptogenic foci
in the right hemisphere were flipped to the left as part of the pre-
processing pipeline, all regions residing in the right hemisphere
were excluded. Cerebellar regions were also excluded. In total, 53
regions (39 neocortical, six subcortical, and eight brainstem) that
served as network nodes were selected (Supplementary Table 2).
For each pair of nodes, FDG uptake values were correlated
across the group of epileptic individuals, while controlling for
the effect of FDG uptake values at all remaining nodes. This
resulted in a 53 × 53 symmetric correlation matrix, in which
each matrix element stored a partial correlation coefficient.
Large correlation strengths in this matrix indicated pairs of
nodes that shared similar metabolic rates across individuals
(i.e., covarying metabolic rates across individuals). The same
process was repeated for the group of healthy individuals. It is
important to note that metabolic covariance networks are group-
level representations and can only be mapped for a group of
individuals, but not for any particular individual. Abbreviations

and the full names of the included brain structures are displayed
in Supplementary Table 2.

Network Analysis
Analysis of the metabolic covariance networks was foremost
constrained to the insula. The correlation strengths between
the insula and each of the other 52 regions were considered.
Connections were drawn between the insula and other regions
for which the correlation strength survived Bonferroni correction
(P < 0.05). Negative correlations were omitted. The set of
positive connections surviving Bonferroni correction were then
compared between the epileptic and healthy groups.

In addition to focussing on the insula, graph-theoretical
analyses were employed to investigate network-wide effects
in the metabolic covariance networks. To this end, global
and nodal topological characteristic of these networks were
investigated and benchmarked to randomized networks
(22). In particular, the small-worldness, global efficiency,
hierarchy, and synchronization were computed for the
epileptic and healthy groups. At the nodal level, the clustering
coefficient, degree centrality, local efficiency, and betweenness
centrality were analyzed. These properties were computed
using the GRaphthEoreTical Network Analysis (GRETNA)
toolbox (23) and are described in further detail in the
Supplementary Material. Each of these measurements were
computed for a range of connection densities (5–50%, with
5% increments), and the area under the curve (AUC) was
used to provide a single summary measure across this range.
Thresholding was performed such that the weakest connections
according to the correlation coefficient were successively
eliminated until the prescribed connection density was reached.
Statistical inference was performed on the AUC for each
measurement. The Maslov-Sneppen rewiring algorithm was
used to generate an ensemble of reference networks that were
matched in connection density, number of nodes, and node
degree to the actual metabolic covariance networks (24). The
above-described topological characteristics were computed in
the reference networks, and the resulting values were used to
normalize the values in the actual networks.

Statistical Analysis
Demographic and clinical data were analyzed using SPSS (version
20.0, SPSS Inc., Chicago, IL, USA). A two-sample t-test and a chi-
squared test were used to compare continuous and categorical
clinical variables and graph-theoretical properties, respectively,
between the two groups. The statistical significance threshold was
set at P < 0.05. The Pearson correlation coefficient was utilized
to examine metabolic connectivity between the insula and other
cortical regions. Corrections for multiple comparisons were
performed using the Bonferroni-Holmmethod where applicable.

RESULTS

Clinical Characteristics
The mean (± standard deviation [SD]) age was 16.25 ± 9.85
years for the individuals with insular epilepsy and 22.64 ± 7.55
years for the healthy individuals. The duration of epilepsy was
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9.27 ± 8.09 years. Clinical characteristics, including semiology,
neuroimaging findings, SEEG results, surgical resection, post-
operative pathology and prognosis are provided in Table 1.
Epileptic foci were located in the left hemisphere in 10 (58.8%)
individuals. Gyri lesions were similar in quantity and extent
among individuals, with four (23.5%) individuals exhibiting
widespread lesions involving multiple gyri. Nine resections
exhibited a histopathological diagnosis of malformation of
cortical dysplasia, and five demonstrated focal neocortical gliosis.

Insular Metabolic Covariance
Metabolic covariance was measured between the insula and 39
neocortical, six subcortical, and eight brainstem regions in the
epileptic and healthy group. The metabolic covariance between
the insula and a given region was quantified as the correlation
in FDG uptake values across individuals. Compared to the
healthy individuals, epileptic individuals showed significantly
greater metabolic covariance between the insula and the
following neocortical and subcortical regions: pars opercularis,
pars triangularis, middle temporal lobe, inferior temporal lobe,
inferior parietal lobe, supramarginal gyrus, angular gyrus, middle
occipital lobe, inferior occipital lobe, lingual gyrus, cuneus,
fusiform gyrus, median cingulate gyrus, and post-cingulate gyrus
at the neocortical level; the hippocampus, amygdala, caudate
nucleus, putamen, and pallidum at the subcortical level; and the
dorsal raphé nucleus at the brainstem level. In the control group,
FDG uptake values in the insula were not significantly correlated
with uptake values in any other regions (Bonferroni corrected, P
< 0.05). Figure 2 shows a circular representation of the insula-
to-cortex metabolic network for the epileptic (upper panel) and
healthy group (lower panel). Figure 3 shows scatter plots that
exemplify the covariance across the epileptic individuals in FDG
uptake values between the insula and other regions.

Regional Between-Group Differences in
FDG Uptake
We next sought to establish whether the increased metabolic
covariance associated with epilepsy was accompanied by regional
alterations in glucose metabolism, as indexed by FDG uptake.
Between-group differences were only tested at the regions
found to show significant metabolic covariance with the insula
in the epileptic group (see above). Relative to the healthy
group, epilepsy was associated with significantly lower FDG
uptake (hypometabolism) in numerous regions, including the
insula, pars opercularis, median cingulate gyrus, cuneus, lingual
gyrus, inferior occipital lobe, fusiform gyrus, inferior parietal
lobe, supramarginal gyrus, middle temporal lobe, and inferior
temporal lobe at the neocortical level. For the subcortical
and brainstem structures, hypometabolism was confined to
the pallidum and dorsal raphé, respectively. Figure 4 shows
boxplots exemplifying these regional between-group differences
in FDG uptake.

Topological Properties of Metabolic
Networks
Finally, graph-theoretical analyses were performed on the
whole-brain metabolic networks mapped for the epileptic and

healthy groups. A small-world network is considered as a short
characteristic path length between individual regions and a
high degree of clustering, represented a key topological feature
in healthy brain network. Moreover, the global topological
properties represent long-range connecting efficiency within the
nodes of brain network, which can be employed to measure
the ability of information communication of the network at
global levels. Global efficiency measures the global efficiency
of parallel information transfer in a network. Synchronization
measures correlated alteration and fluctuation in all nodes.
The hierarchy coefficient is used to identify the presence of
a hierarchical organization in a network. Local topological
properties are mainly combined to short-range connections
among neighboring regions to mediate modularized information
processing or fault tolerance of a network. The clustering
coefficient of a given node measures the likelihood its
neighborhoods are connected to each other. The nodal degree
for a given node reflects its information communication ability in
the network. The local efficiency for a given node measures how
efficient the communication is among the first neighbors of this
node when it is removed. The nodal betweenness for a given node
characterizes its effect on communication between other nodes
(23, 25). Figure 5 compares summary statistics of the network
measurements investigated in this study.

Global topological properties of the metabolic networks were
investigated first (Figure 5A). Summary measurements (area
under the curve) of the small-worldness (P < 0.05), hierarchy
(P < 0.05), and global efficiency (P > 0.05) parameters were
lower in the epileptic group compared to the healthy group, while
synchronization (P < 0.05) was higher in the epileptic group.

Nodal network properties (Figure 5B) were significantly
higher in the epileptic group, including the clustering coefficient
(C), degree centrality (DC), and local efficiency (Eloc), with
significant between-group differences (P < 0.05) for sparsity
ranging between 5 and 50%. However, in terms of betweenness
centrality (BC), the epileptic group showed smaller values than
the healthy group and the between-group differences (P < 0.05)
were significant for sparsity ranging between 5 and 50%. Taken
together, our findings suggest that metabolic brain networks in
insular epilepsy are characterized by reduced small-worldness,
together with significant regional increases in clustering, degree
centrality, and local efficiency, compared to healthy individuals.

DISCUSSION

18F-FDG-PET plays a crucial role in the presurgical evaluation
of intractable epilepsy. In this study, we used this neuroimaging
modality to map a metabolic covariance network in a group of
individuals with insular epilepsy. Connections in the metabolic
network represented pairs of neocortical, subcortical, and/or
brainstem regions for which FDG uptake values significantly
covaried across the group of epileptic individuals. We mapped
the same kind of metabolic covariance network for a group
of healthy individuals and compared connectivity strength and
topological properties between the two groups. We found
significant metabolic covariance in the epileptic group between
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TABLE 1 | Demographic characteristics of individuals with insular epilepsy.

Patient Age/Sex

(yrs)

Semiology MRI findings PET findings Epileptogenic

focus by SEEG

Surgery Histology Follow-up

(months)

Outcome

1 M/17 Dyspnoea aura; FT (R face)-R dystonia-BATS-Bil

eye blinking and perioral clonic drooling

L insular

“transmantle

sign”

L insular

hypometabolism

L MSG L Frontal Inf Tri,

insula

Not specific 59 ILAE 1

2 M/5.5 Nod-Bil arm tonic-FT (Rt face) L insular cortical

thickening

L insular

hypometabolism

L ASG L Frontal Inf Tri,

insula

FCD I 58 ILAE 1

3 M/32 L body numbness aura; FT (neck, face)-eyes

blinking, R arm tonic and hand dystonia-L arm

tonic

NA NA R ALG R Parietal Inf,

insula

Not specific 55 ILAE 3

4 M/30 L body undescribed sensation aura; L arm

tonic-FT (R face)-grimace-R HMS

R insular signal

abnormality

NA R ALG R Parietal Inf,

PSG, ALG, PLG

FCD IIa 48 ILAE 1

5 M/22 FT (neck, L face)-eyes R deviation-BATS (R arm

flexion)

L insular signal

abnormality

NA L MSG L Ronlandic Oper,

MSG

FCD IIa 48 ILAE 3

6 M/13 R arm undescribed sensation aura; FT (L face)-R

arm tonic-HMS

NA NA L PSG L PSG, ALG, MLG Not specific 48 ILAE 2

7 F/10 Epigastric-numbness of whole-body aura; FT

(neck, L face)-R arm tonic, L hand rhythmic

shaking

NA L temporal and insular

hypometabolism

R MSG R Frontal Inf Tri,

ASG, MSG, PSG

FCD IIa 42 ILAE 1

8 F/13 R arm undescribed sensation aura; FT (neck)-R

dystonic-L dystonic, FT (L face)

NA NA L PSG L Frontal Oper,

MSG, PSG, ALG,

PLG

FCD IIa 41 ILAE 1

9 M/14 Cephalic sensation aura; FT (neck, R face)-eyes

R deviation, Bil arm tonic-L eye blinking

L insular cortical

thickening

L insular and temporal

pole hypometabolism

L PSG, ALG, MLG L Frontal Oper,

insula

Not specific 35 ILAE 1

10 F/3.3 R clonic-eye blinking NA L ALG and PLG

hypometabolism

L ALG, PLG L Frontal Oper,

ALG, PLG

FCD IIa 39 ILAE 3

11 F/8 Fear aura; Blinking-L arm tonic-Bil hand

automatism

NA L temporal, parietal

and insular

hypometabolism

L superior

temporal gyrus,

ALG, PLG

L Heschl gyrus,

ALG, PLG

FCD IIa 37 ILAE 1

12 F/33 eye blinking-swallowing-R arm tonic-FT (R face) L insular signal

abnormality

L temporal and insular

hypometabolism

L PSG L PSG, ALG Not specific 37 ILAE 1

13 M/27 L face and arm numbness aura; Increased heart

rate, L arm clonic, Drooling

R insular

opercular signal

abnormality

R insular opercular

hypometabolism

R parietal

operculum, insula

R Parietal Oper,

MSG, PSG, ALG,

PLG

Not specific 28 ILAE 3

14 M/7 Shrug-R arm tonic-FT (L face) NA R insular opercular

hypometabolism

R ALG R PSG, ALG FCD IIb 30 ILAE 1

15 M/9 L arm numbness aura; FT (neck)-eyes R

deviation-Bil

arm tonic and R hand dystonia-eyes blinking

and FC (R face)-Bilateral

legs HMS-Drooling

R insular

opercular signal

abnormality

R insular opercular

hypometabolism

R MSG, PSG, ALG R Frontal Oper,

MSG, PSG, ALG

FCD IIa 30 ILAE 1

16 F/24 FT (R face, neck)-Drooling, R arm tonic and hand

dystonia-L hand dystonia- trunk twisting left and

right

NA L insular

hypometabolism

L PSG, ALG, PLG L Frontal Oper,

PSG, ALG, PLG

Not specific 32 ILAE 1

17 F/7 Staring-FT (L face) NA R Frontal Orb, insular

hypometabolism

R PSG, ALG, PLG R Temporal Oper,

PSG, ALG, PLG

Not specific 31 ILAE 1

FT, focal tonic seizure; BATS, bilateral asymmetric tonic seizure; HMS, hypermotor seizure; L, left side; R, right side; Bil, bilateral side; ASG, anterior short gyrus; MSG, middle short gyrus; PSG, posterior short gyrus; ALG, anterior long

gyrus; PLG, posterior long gyrus; NA, not specific.
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FIGURE 2 | Insula-to-cortex metabolic covariance network for a group of individuals with insular epilepsy (upper panel) and a group of healthy individuals (lower

panel). Networks stratified according to neocortical (left), subcortical (center), and brainstem (right) regions. Line thickness is modulated by the correlation coefficient,

and connections that survive correction for multiple comparisons across the set of all connections are indicated in blue (P < 0.05, Bonferroni corrected). While FDG

uptake values in the epileptic group were significantly correlated between the insula and numerous regions of the neocortical, subcortical, and brainstem structures,

no such associations were evident in the healthy group. DR, dorsal raphé; LC, locus coeruleus; MR, median raphe; PAG, periaqueductal gray; PBC, parabrachial

complex; PO, pontis oralis; PPN, pedunculopontine nucleus; VTA, ventral tegmental area.

the insula and numerous regions of the cortical, subcortical,
and brainstem structures, whereas the healthy group showed
no evidence of metabolic covariance between these regions.
Moreover, the metabolic covariance network mapped in the
epileptic group showed markedly different local and global
topological properties compared to the network mapped for the
healthy group.

Brain Metabolism and Covariance
Networks
Clinically, hypometabolism in the brain that is detected with
18F-FDG-PET is usually associated with the occurrence and
propagation of epileptic discharge, especially synchronous
metabolic changes in the cortex (9). Interictal PET
hypometabolism had a significant correlation with ictal
high-frequency oscillations (iHFO) confirmed by SEEG,

which indicated that they may share common underlying
pathophysiologic mechanisms of ictogenesis (26). The insula is
anatomically and functionally interconnected with widespread
adjacent perisylvian and distant neocortical regions, which
has been confirmed by previous cortico-cortical evoked
potentials (CCEP) and tractography studies (5, 27). Sustained
seizure activity abnormally increases excitability, which may
produce cell loss and reduce glucose intake in both seizure-
generating regions and areas of seizure spread (28). Given these
considerations, we contend that the metabolic covariance in
FDG uptake observed in the present study may represent a
marker of seizure propagation in epileptic networks.

In particular, we suggest that metabolic covariance could
be interpreted in the context of metabolic patterns of insular
epilepsy. Seizure semiology mostly relies on epileptic network
organization, including location of the epileptogenic zone and
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FIGURE 3 | Insula-to-cortex metabolic covariance network in a group of individuals with insular epilepsy. (A) Boxplots showing FDG uptake values (P < 0.05,

Bonferroni corrected). Solid red circles denote mean values and gray dots denote individuals. (B) Scatter plots showing the covariance across epileptic individuals in

FDG uptake values between the insula and other regions. Solid black circles denote individuals. The horizontal axis shows normalized FDG uptake values for the

insula, the vertical axis corresponds to the region indicated in the title. For each scatter plot, the blue line denotes the line of best fit, and shading denotes the 95%

confidence interval. *P < 0.05, **P < 0.01, ***P < 0.001.

propagation networks (29). This study identified the interictal
hypometabolic network, including the pars opercularis and pars
triangularis. Dense connections between the insular cortex and
the operculum underlie the insulo-opercular network and can
be presumed to play a role in the frequently observed insulo-
opercular hypometabolic pattern, which is concordant with
previous study confirmed by SEEG ictal signals (30). Compared
to temporal lobe epilepsy and frontal lobe epilepsy, parietal lobe
seizures are by far the least studied (31). Both structures of
the inferior parietal lobe and parietal operculum (comprising
the supramarginal and angular gyrus) have been shown to
participate in themodulation of sensory processing (32). Parietal-
opercular regions have privileged connections with the premotor
cortex in humans (33), which contribute to the anatomical basis
for prominent motor manifestations (particularly hyperkinetic
behavior), similar to the anterior operculo-insular cortex. The

posterior cingulate gyrus and associative parietal cortex are
involved in the processing of normal consciousness (34). In
contrast to the epileptic group, we did not find any pairs of
regions that showed statistically significant levels of metabolic
covariance in the healthy group. This further suggests that
metabolic covariance specifically indexes the consequences of a
pathological process, possibly marking out the route of seizure
spread within the epilepsy network. The putative route of
seizure spread included several extra cortical regions, such as
the occipital lobe, cuneus, and lingual gyrus. Epileptogenic
zones in these areas are seldom reported in the existing
literature and typically neglected given that they do not map
to clinical symptoms. If metabolic networks do indeed mark
the route of seizure spread, our results indicate the downstream
consequences of seizure are evident at most cortical and
subcortical regions.
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FIGURE 4 | Between-group differences in FDG uptake for regions showing greater metabolic covariance with the insula. Orange and gray circles denote FDG uptake

values in individuals with insular epilepsy and healthy individuals, respectively. Solid red circles denote the mean FDG uptake. HC, Healthy group; EP, Epileptic group.

*P < 0.05, **P < 0.01, ***P < 0.001.

As a subcortical structure that has widespread interactions
with almost all cortical regions (1), the basal ganglia have
been described as a physiologic synchronizer of seizures (35).
Recurrent seizures may lead to abnormal connectivity patterns
involving subcortical structures important for cortical activation,
leading in turn to pathological neocortical connectivity and
function (36). While metabolic covariance should not be
confused with measurements of structural and functional
connectivity, it is possible that metabolic covariance may
potentially recapitulate patterns of abnormal connectivity in
epilepsy. We noted that the dorsal raphé nucleus, the largest
serotonergic nucleus, was the only brainstem region with
significant metabolic covariance with the insula. The abnormal
metabolic pattern of the dorsal raphé nucleus suggests that
it may be associated with autonomic dysfunction and motor
symptoms (head movements, rigidity patterns) during seizure
and neuropsychological impairment.

Topological Properties of Metabolic
Networks
The metabolic network mapped for the healthy group showed
small-world organization, combining strong local connectivity
and efficient long-distance connections, which enables both the
specialization and integration of distributed networks while
reducing wiring costs and facilitating information flow (37).

Our findings demonstrate a pathological pattern of network
organization in insular epilepsy, which was characterized by
low global efficiency, hierarchy, and betweenness centrality, as
well as high synchronization, clustering, degree centrality, and
local efficiency. In line with previous studies, decreased global
efficiency of information transfer in temporal lobe epilepsy
and an increase in the clustering coefficient may result from
the compensatory formation of aberrant local connections in
response to a decrease in the number of long-range connections.
In addition, this more regularized network has been reported to
deteriorate over time, becoming susceptible to targeted attacks
and associated with poor postsurgical seizure outcome (38).

Limitations and Further Considerations
Our findings should be interpreted with consideration
to several limitations. First, the number of individuals
comprising the epileptic group was modest. However, insular
epilepsy is rare, and we adopted strict inclusion criteria,
including simultaneous diagnosis by neuroimaging data and
stereoelectroencephalography (SEEG). Metabolic covariance
networks were mapped at the group level as covariance was
measured across a group of individuals, and thus it was not
possible to undertake individual inference. Future work should
consider investigating whether aberrant network patterns of
metabolic covariance in insular epilepsy recapitulate disruptions
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FIGURE 5 | Global and local topological properties of metabolic covariance networks compared between individuals with insular epilepsy (orange) and healthy

individuals (gray). (A) Between-group differences in global brain network properties displaying group means (red circles), group standard deviations (red lines), and

stars (significant between-group differences). Compared to the healthy group, small-worldness (sigma, σ) was significantly reduced in the epileptic group (P < 0.01*),

whereas global efficiency was not significantly different (P = 0.223). (B) Nodal brain network properties as a function of sparsity threshold (5–50%, with steps of 5%).

Stars denote significant between-group differences at the respective sparsity value. The line and shading denote the mean and 95% CI of between-group differences,

respectively, at each sparsity value. HC, Healthy group; EP, Epileptic group. *P < 0.05, **P < 0.01, ***P < 0.001.

in functional and structural connectivity that can be mapped
with EEG and MRI, and whether these patterns carry prognostic
utility. It will also be important to ascertain whether successful
surgical treatment or antiepileptic medication can reverse the
aberrant patterns of metabolic covariance found in this study.

CONCLUSIONS

Our results provide preliminary evidence suggesting that insular
epilepsy is a systemic neurological disease that is characterized
by abnormal metabolic covariance not only involving the insular
cortex, but a widespread network spanning the neocortical,
subcortical, and brainstem structures. These distributed effects
most likely contribute to the diverse clinical manifestations of

insular epilepsy. Furthermore, metabolic networks in insular
epilepsy show marked reorganization with respect to global and
local topology of metabolic covariance networks.
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