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SUMMARY

Objective: To determine the main factors influencing metabolic changes in mesial
temporal lobe epilepsy (MTLE) due to hippocampal sclerosis (HS).

Methods: We prospectively studied | 14 patients with MTLE (62 female; 60 left HS; 15-
to 56-year-olds) with '8F-fluorodeoxyglucose—positron emission tomography and
correlated the results with the side of HS, structural atrophy, electroclinical features,
gender, age at onset, epilepsy duration, and seizure frequency. Imaging processing was
performed using statistical parametric mapping.

Results: Ipsilateral hypometabolism involved temporal (mesial structures, pole, and
lateral cortex) and extratemporal areas including the insula, frontal lobe, perisylvian
regions, and thalamus, more extensively in right HS (RHS). A relative increase of
metabolism (hypermetabolism) was found in the nonepileptic temporal lobe and in
posterior areas bilaterally. Voxel-based morphometry detected unilateral hippocam-
pus atrophy and gray matter concentration decrease in both frontal lobes, more
extensively in left HS (LHS). Regardless of the structural alterations, the topography
of hypometabolism correlated strongly with the extent of epileptic networks (mesial,
anterior-mesiolateral, widespread mesiolateral, and bitemporal according to the ictal
spread), which were larger in RHS. Notably, widespread perisylvian and bitemporal
hypometabolism was found only in RHS. Mirror hypermetabolism was grossly propor-
tional to the hypometabolic areas, coinciding partly with the default mode network.
Gender-related effect was significant mainly in the contralateral frontal lobe, in which
metabolism was higher in female patients. Epilepsy duration correlated with the con-
tralateral temporal metabolism, positively in LHS and negatively in RHS. Opposite
results were found with age at onset. High seizure frequency correlated negatively
with the contralateral metabolism in LHS.

Significance: Epileptic networks, as assessed by electroclinical correlations, appear to
be the main determinant of hypometabolism in MTLE. Compensatory mechanisms
reflected by a relative hypermetabolism in the nonepileptic temporal lobe and in
extratemporal areas seem more efficient in LHS and in female patients, whereas long
duration, late onset of epilepsy, and high seizure frequency may reduce these adaptive
changes.
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KEY POINTS

« Epileptic networks assessed by electroclinical features
appear the main determinant of hypometabolism in
MTLE

¢ Extratemporal hypometabolism, especially in the peri-
sylvian areas, is more extensive on the right side,
regardless of the structural alterations

e Gender, epilepsy duration, age at onset, and seizure
frequency all contributed to some intergroup differ-
ences; however, none of these factors appears to
account for the variability of ipsilateral hypometabo-
lism

¢ Contralateral temporal and bilateral posterior hyper-
metabolism coincide partly with the areas involved in
the default mode network

Brain metabolism assessed by ISF—ﬂuorodeoxyglucosef
positron emission tomography ('*F-FDG-PET) has been
studied in mesial temporal lobe epilepsy (MTLE) associated
with hippocampal sclerosis (HS) for >30 years, allowing
localization and lateralization of the epileptic focus. How-
ever, despite an overall characteristic hypometabolic pat-
tern, its topography is highly variable at the individual level.
Determinants of metabolic changes have been related to
multiple factors, such as hippocampal volume, neuronal
loss, decrease of synaptic activity and density, and ictal
symptomatology.' > We demonstrated previously that
hypometabolism correlated with the extent of epileptic net-
works, characterized by the ictal-onset zone and spread
pathways, including a gradual involvement of the insular
and perisylvian regions.*” According to these data, imaging
and neurophysiologic studies all point to the fact that MTLE
is not a focal but rather a network disease that can affect
interconnected, even remote, structures throughout the
brain.®’ Furthermore, structural and functional imaging
data provide evidence that MTLE is a progressive disease.®”
13 Several studies have also brought to light asymmetric
changes in the cortex, the white matter and brain connectiv-
ity, depending on the side of the affected hemisphere.'* '
Previous PET studies had already suggested that the
consequences of epilepsy may differ according to epilepsy
lateralization and gender.zﬂ*19 However, most of these
confounding factors have been studied separately, using an
asymmetry index obtained from preselected regions of
interest (ROIs), or based on relatively limited cohorts pool-
ing right and left hemispheres.

We aimed to study a large cohort of patients in whom
right and left MTLE would be analyzed separately in male
and female participants, using a whole brain statistical para-
metric analysis. Our goal was to determine which factor(s)
mainly influence(s) the extent of metabolic changes in tem-
poral and extratemporal areas. We postulated that epileptic
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networks would be the major determinants of brain hypome-
tabolism, after controlling for the effects of other variables
such side of HS, structural atrophy, gender, duration of the
disease, age at epilepsy onset, and seizure frequency.

PATIENTS AND METHODS

We prospectively studied 114 consecutive patients with
drug-resistant MTLE and unilateral HS (60 left [LHS], 54
right [RHS]; 62 female; 15- to 56-year-olds) between 2002
and 2012, following and distinct from a previously reported
cohort (Table 1).* Surgery was performed in 100 patients,
with neuropathologic confirmation of HS in all cases.
Among patients with at least a 2-year follow-up (n = 96),
88% obtained seizure-free outcome.

Informed consent was obtained from all subjects. The
protocol was approved by the local ethics committee.
Presurgical workup consisted of electroencephalography
(EEG)—video monitoring, neuropsychological testing, mag-
netic resonance imaging (MRI), Wada test, and/or func-
tional MRI in all patients and stereo-EEG in 13 patients.
Electroclinical patterns were defined as described previ-
ously” and classified into the following four groups accord-
ing to the propagation of ictal discharges. The Mesial group
deals with very focal (intralobar) seizures characterized by
short duration, incomplete/inconstant loss of consciousness,
simple automatisms, no or brief postictal confusion/lan-
guage deficit, no secondary tonic—clonic generalization
(STCQG), anterior temporal localized spikes and ictal dis-
charge. The Anterior Mesial-Lateral (AML) group corre-
sponds to anterior (insulofrontal) propagation characterized
by a secondary complete loss of consciousness, more com-
plex automatisms, dystonic posturing, head deviation,
delayed somatomotor manifestations and salivation, postic-
tal confusion/language deficit, possible STCG, regional
(temporofrontal) spikes, and anterior spread of ictal dis-
charge. The Widespread Mesial-Lateral (WML) group—for
widespread (perisylvian) propagation—differs from the
AML group by early loss of consciousness, salivation,
somatomotor manifestations and head/eye version, pro-
longed postictal confusion/language deficit, frequent
STCG, widespread temporal spikes diffusing to frontocen-
tral/parietal areas, and hemispheric ictal discharge. The
Bitemporal (BT) group—for contralateral temporal propa-
gation—is defined by early loss of consciousness, pro-
longed and massive postictal confusion/language deficit,
bilateral asynchronous temporal spikes, and bitemporal dis-
charge. The type of aura was not discriminant.

Image acquisition and processing

"E_.FDG-PET was performed interictally using a high-
resolution head-dedicated PET camera (Siemens-Exact
HR+, Knoxville, TN, U.S.A.) providing 63 slices (intrinsic
in-plane resolution: 4.3 mm; voxel size: 2.42 x 2.42 x
2.43 mm®). All patients were injected and scanned at rest in
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Table I. Clinical characteristics of the population
RHS (n = 54) LHS (n = 60) Total (n = 114) p-Value
Gender F/M 24/30 38/22 62/52 0.04
Age at time of study years, min-max (mean £ SD)
Female 15-47 (29.7 = 10.1) 15-56 (33.4 £ 12.1) 15-56 31.9 £ 11.4) 0.79
Male 15-56 (32.9 + 9.4) 1645 (29.6 + 8.3) 15-56 (31.5 + 9)
Total 15-56 (31.5 £ 9.8) 15-56 (32 = 10.9) 15-56 (31.8 £ 10.4)
Age at epilepsy onset years, min-max (mean + SD)
Female 2-30(10.1 £+ 6.9) 2-40 (104 £+ 9.7) 2-40(10.3 £+ 8.7) 0.88 (0.21)*
Male 1-26 (12.3 + 8.1) 4-30(12.1 + 6.4) 1-30 (122 £ 7.3)
Total 1-30(11.3 £ 7.6) 2-40(11.1 £ 8.7) 140 (11.2 + 8.1)
Epilepsy duration years, min-max (mean £ SD)
Female 4-36 (19.6 + 8.6) 2-53 (229 £+ 13.4) 2-53 (21.6 = 11.8) 0.71 (0.9)*
Male 5-41(20.6 = 11.4) 4-34 (175 + 87) 4-41 (19.3 £ 10.4)
Total 4-41(20.2 = 10.2) 2-53 (21 £ 10.1) 2-53(20.6 = 11.2)
Febrile seizures 19/17136 (79/57/67) 28/12/40 (74/55/67) 47129176 (76/56/67) 0.97 (0.03)*
F/MIT n (%)
STCG 12/18/30 (50/60/55) 18/16/34 (47/72/56) 30/34/64 (48/65/56) 0.9(0.07)*
F/M/T n (%)
Electroclinical pattern
F/M/T n (%) 24/29/53 34/21/55 58/50/108 0.03
Mesial 7/3/10 (29/10/19) 8/6/14 (24/29/25) 15/9/24 (26/18/22)
AML 10/18/28 (42/62/53) 22/15/37 (65/71/67) 32/33/65 (55/66/60)
WML 4/5/9 (17117/17) 4/0/4 (12/0/7) 8/5/13 (14/10/12)
BT 3/3/6 (12/10/11) - 3/3/6 (5/6/6)
Seizure frequency (mean/ month £ SD)
Female 96 +£75 9.0 £ 76 92 +75 0.46(0.03)*
Male 57 £ 5.6 72 +7 6.3 + 6.1
Total 74 + 6.7 84 +74 79 +7
Surgical outcome
F/M/T n (%) 23/23/46 30/20/50 53/43/96 0.29
Seizure-free 19/22/41 (83/96/89) 26/18/44 (87/90/88) 45/40/85 (85/93/88)
F, female; M, male; T, total; RHS, right hippocampal sclerosis; LHS, left hippocampal sclerosis; STCG, secondary tonic—clonic generalization; AML, anterior
mesial lateral; WML, widespread mesial lateral; BT, bitemporal; AED, antiepileptic drugs. The first p-value is given for comparison between RHS and LHS, the sec-
ond value (in parentheses)* for comparison between male and female patients.

a quiet and dimly lit environment and were carefully moni-
tored for movements and seizure occurrence. None of them
had a seizure during the procedure. '*F-FDG was injected
intravenously at a mean dose of 148 MBq. A summed
image corresponding to the attenuation using **Ga + **Ge
transmission scans and decay-corrected uptake of '*F-FDG
expressed in activity concentration (Bq/ml) was obtained
from two three-dimensional (3D) time frames (10 min
each) collected 3050 min after intravenous injection of the
radioligand. 3D-MRI studies were acquired on a 1.5 Tesla
GE-Signa scanner (General Electrics Medical Systems, Mil-
waukee, WI, U.S.A.) using a T;-weighted SPGR sequence
(124 contiguous slices, 1.2 mm thick; field of view 24 cm;
256 x 256 matrix; voxel size: 0.94 x 0.94 x 1.3 mm3).
Coronal T,-weighted and fluid-attenuated inversion recov-
ery (FLAIR) sequences (perpendicular to the hippocampal
plane) were performed in all patients. MR images per-
formed on another scan (eight cases) were not included in
the statistical analysis.

All of the '"F-FDG-PET and MR images were pro-
cessed with the Statistical Parametric Mapping software
package (SPMS5, Wellcome Department of Cognitive Neu-

rology, London, United Kingdom; http://www.fil.
ion.ucl.ac.uk/spm), implemented on Matlab (The Math-
works, Natick, MA, U.S.A.; http://www.mathworks.com).
Image preprocessing was performed as previously
described.?® Voxel-based morphometry (VBM) was per-
formed using the unified segmentation implemented in
SPMS5. T,-weighted images were spatially normalized,
segmented into gray and white matter, unmodulated, and
smoothed with a 10-mm full-width half maximum
(FWHM) isotropic Gaussian kernel. BE_FDG-PET indi-
vidual scans were normalized according to a homemade
template to improve spatial normalization: MR images of
25 healthy subjects were first spatially normalized using
the FIL-T1 template provided within SPM; the obtained
transformation matrix was used to normalize the 'SF-
FDG-PET realigned images. The mean sum of the 'SF-
FDG-PET images from comparison subjects was com-
puted, providing a mean image smoothed with an §-mm
FWHM isotropic Gaussian kernel used as FDG template
to normalize all subjects’ images. Following spatial nor-
malization, all images were smoothed by 8 mm. Group
analysis was performed by comparison with 30 healthy
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subjects (16 male; range 21- to 54-year-olds; median 35).
Voxel-wise comparisons were performed using SPMS5
within the framework of the general linear model (GLM).
Metabolic decrease (hypometabolism) and increase (hy-
permetabolism) were defined as relative when compared
to healthy subjects and not absolute. The spatial coordi-
nates of the maximal hypometabolic and hypermetabolic
areas were used to identify brain areas that differed signif-
icantly from the controls and approximated the anatomic
regions based on the stereotaxic atlas.

Statistical analysis

Demographic and clinical data analyses were performed
using Statistica Statsoft. Pearson’s chi-square tests and anal-
ysis of variance/multivariate analysis of variance (ANOVA/
MANOVA) were used for continuous and categorical vari-
ables in between-group comparisons. The statistical signifi-
cance threshold was fixed at p < 0.05.

For PET and MRI analysis, 'SF-FDG images were
entered into the GLM within SPMS5. To control for global
glucose uptake effects we used proportional scaling global
normalization, yielding an index of regional relative to glo-
bal glucose uptake (gluMI). Baseline gluMI values were
compared between RHS, LHS, and healthy subjects using
analysis of covariance (ANCOVA), with group as between-
subject factor and age and gender as confounding covari-
ates. Group comparisons of structural images were
performed on gray matter tissues using the same method. A
t-test was used to compare the three groups. Effects of elec-
troclinical patterns on brain metabolism were examined
separately in RHS and LHS using ANCOVAs with groups
(Mesial, AML, WML, and BT) as between-subject factor
and age and gender as confounding covariates. The signifi-
cance threshold was set at p < 0.001. Cluster significance
thresholds (extent threshold) were set at 10 contiguous vox-
els to reduce type I errors introduced by potential noise.
Effects of gender were separately examined in RHS and
LHS using ANCOVAs with groups (male, female) as
between-subject factor and age as confounding covariate.
Other clinical variables (age at epilepsy onset, epilepsy
duration, seizure frequency) were tested as covariates of
interest in RHS and LHS, and then separately in male and
female patients on each side. All correlations were exam-
ined using ANCOV As with a threshold of significance set at
p < 0.05.

RESULTS

Clinical data

Most neurologic variables were similar in RHS and LHS,
except for the female/male ratio, which differed signifi-
cantly between the RHS (44%) and LHS (63%) groups
(p = 0.04) (Table 1). The AML pattern was the most fre-
quent observed electroclinical feature in the whole popula-
tion (60%). However, the distribution of each pattern
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differed significantly according to the lateralization, the
Mesial and AML patterns being more represented in LHS,
whereas the WML pattern was more represented in RHS
and the BT pattern was found only in RHS. STCG could
occur in 56% of the patients without lateralization or gender
effect. Notably, it occurred regularly in the WML group
only. The type and number of antiepileptic drugs (AEDs)
(1-4, mean 2.56) and the time since the last seizure (0—
120 days, mean 13) did not differ significantly between
RHS and LHS.

Metabolic changes

Unilateral temporal hypometabolism ipsilateral to HS
involved the hippocampus, the parahippocampal gyrus, the
temporal pole, and the anterior part of the lateral cortex
(Fig. 1, Table 2). Extratemporal hypometabolism included
the insula, the frontal and perisylvian areas (inferior frontal
gyrus, precentral operculum), and the thalamus bilaterally
with an ipsilateral predominance. Lateral temporal and
extratemporal involvement, especially the perisylvian areas,
was more extensive in RHS than in LHS. This asymmetry
persisted after the exclusion of patients with atypical hemi-
spheric dominance for language. In addition, a relative
increase of metabolism (hypermetabolism) was found bilat-
erally, although predominantly on the side contralateral to
HS, involving the temporal, mesial frontal, and posterior
areas. The topography was also asymmetric: in RHS, the
contralateral temporal hypermetabolism was predominant
in the lateral areas, whereas in LHS it was predominant in
the mesial areas. In addition, mesial frontal involvement
was predominant in LHS, whereas posterior involvement
was predominant in RHS. Hypermetabolic areas were also
found in white matter (WM) and cerebellum bilaterally in
both RHS and LHS. Of note, areas of metabolism increase
partly coincided with those involved in the default mode
network (DMN).*!

Time since last seizure did not influence the metabolic
changes at the group level. However, we found a positive
correlation in the ipsilateral precuneus-posterior cingulate
gyrus, in both RHS and LHS, and a negative correlation
with the ipsilateral and contralateral WM metabolism in
temporal and extratemporal areas.

Relationship with structural abnormalities

VBM group analysis demonstrated similar findings in
RHS and LHS, consisting of unilateral hippocampal gyrus
atrophy associated with bilateral frontal lobe gray matter
concentration (GMC) decrease (medial frontal gyrus, ante-
rior cingulate gyrus, inferior frontal gyrus, and perisylvian
areas) (Fig. 1, Table 2). The severity and extent of GMC
decrease were somewhat greater in LHS than in RHS. In
addition, we found a GMC increase in the parahippocampal
gyrus bilaterally but predominantly on the HS side. GMC of
the middle part of the cingulate gyrus ipsilateral to HS also
appeared to be slightly increased. Other areas labeled GM



5

Brain Metabolism in MTLE

18FDG-PET LHS

: !l I' ‘il “ "f 'b d_’; ?’\'
Y Y Y EAY
.‘ \\ I \"\_ _7_,,." \\___ A

T

Figure 1.

Metabolic and structural changes in 54 right and 60 left hippocampal sclerosis (HS) patients and comparison with 30 healthy subjects;
SPMS5, p < 0.001. The right hemisphere is on the right side. Typical ipsilateral hypometabolism (in blue-green) involves the temporal lobe
(mesial, lateral, and pole), the insular, frontal, and perisylvian areas, and the thalami (predominantly on the HS side). A larger involvement
of lateral temporal and perisylvian areas is found on the right side. A relative increase of metabolism (in red) involves the contralateral
temporal lobe, and the mesial frontal and the posterior areas bilaterally. Note the partial concordance between the hypermetabolic areas
and the default mode network (DMN) composed of medial prefrontal and medial, lateral, inferior parietal cortices, precuneus, and cere-
bellum. Voxel-based morphometry demonstrated similar hippocampal atrophy (in green) on both sides and a frontoinsular gray matter
concentration (GMC) decrease that is more diffuse in the left HS (LHS). Note the striking bilateral GMC increase in the parahippocampal
gyri, predominantly on the HS side.
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were found in the putamen, the WM of the ipsilateral tempo-  Relationship with electroclinical patterns

ral pole, and bilaterally in the periinsular areas. All these A mesial temporal hypometabolism, associated with a
GMC changes were unrelated to the topography of meta- temporal pole and bilateral thalamic hypometabolism, was
bolic changes. similarly found in the Mesial, AML, and WML groups

Epilepsia, **(*):1-13, 2016
doi: 10.1111/epi.13377



F. Chassoux et al.

'SNdUN DU L1911BW AIyYM [edodwial ‘LAAL ‘snwefey ey t9jod [edodwien ‘d ‘snu43 jesodwan doriadns ‘0 | § ‘snukS [eauody Joriadns ‘54g tuswieand ‘ng tsnaundaud ‘nDHsuy
tsnJAS |eauadaud ‘D4 snJAS [eaausdlsod ‘©D0d tsnuk3 [edwedoddiyeled ‘O snuAS [BauoUj0Iquo ‘DO ‘SNJAS [eaodwiel S|ppiw ‘D | 4] ‘SNJAS [e3u0.y [RIPAW ‘DA ‘SNJAS [edodwil Jolisyul ‘D | | ‘snJAS [eard1ddo Joriajul
‘DO ‘snJAS [eauoy JoLidjul ‘O] tensul ‘suj snJA3 jedwedoddiy ‘O snJAS wuojisny ‘Hsng snaund ‘N {WN|[9gaJad ‘qaJa)) snJA3 a1enduid ‘D7) snu43 a1en3uld Jolisaue ‘DY Lolisisod ‘d Liolisaue ‘e fya) 7 aySi Y
‘0| = [9XOA papua1xa ‘| 00’0 > d ‘s103[qns Ayajeay g Yam uosiuedwor)

WML Y (4 () 144 S9°€ ¥9'€ - 90 9¢ 0 9 00% 1404 0€l
HOY 0l— (40 [43 £9°¢ vLE 89 901 oy 8— 0l— (4324 0S¥ 89
901 8¢ (4 8— [4:33 S6°€ IS nd1 8 C 8¢— 304 1Sy 8/
nd1 8 C 8C— 8l¥ 1424 9 WML Y (4 () b [44 LSV 8LY 8¥C
WML yi— 0l— W= 1404 YLy 9¢¢ WML (4 b vi— oF— 6LY €0'S [423
OHd Y 4 8¢~ ¥ (434 8l's XX4 OHd 1 [4 b vr— 07— SIS 44 e
OHd 1 yi— ve— 0C— [4WA 16°L 809 OHd Y 9¢— w— 8¢ L 8L'L 96 3SBADUI DD
9D24d1 ol 4 99— 08¢ w'e -
22¢0d1 91 8- (A0 €6t 90 06 o4l (o 144 9€— LLE 88'¢ €9
sul ¥ 9t 8€— 00 ey 0S S4W 0l— = 91 68'¢ wy 9L
LR 9— oy 8y L8 [48] 061 LR idl 91 ¥S 1€ 6v'y 6y
o0V 0 o 0 ws €99 - DL A 14 44 14 08¥ ¥0'S -
EIAR: 9 (4] 9 8¥'S €89 1L OdW 14 4] 0 TS 15°S (£34
OH1 81— 91— 0€— w9 00£ oty OHY 0l— 9¢— 9¢ vL9 vL 10€ 9SBAUI3P DO
20V = [44 w— 1424 0S¥ 0€¢
5404 yi— 9 [43 €9 09's 0T0°l
No24d1 idl v9— 8¢— (404 0L¥y - doys7 8l 95— (A0 TS €99 -
AIAR:] 9— 4l 0s YLy S6'Y - 349D Y w— - oy 8EY 1454 -
oy [43 98— ol 68% 4R - Oniy 9— [4 3 0€ (44 L9y -
no1 ¥ 66— 0l— €6y 9I's - noy 8l 88— ol L9V L8V -
54014 vi— [44 ol 06'S 0€9 - no94d 1 143 vr— w— 6V 61'S -
g343D Y w— vr— 0¥ ¥0'9 L¥'9 - no1 ¥ 08— w— [4:3] 1T9 -
Q4337 81— ¥8— 81— 8y'9 102 - Q34337 0C— 88— 81— 06'S 0€9 -
Osniy [4 b [4 3 8¢ 60'S S€'S - S0Id 8— 8L— 9% 19 999 -
5401 ol [44 yi— 06's 0€9 - unT 9¢— vy ye— LS9 €I'L -
S0I1 (4 66— 0€— Sl9 099 - BO1S1 9— vy 95— 6,9 1¥'L -
uNy yi— 9 0€¢ ¥89 8v'L - 20I1 yi— 6~ (42 0T'L v6'L -
S0Id 8— 08— 8y 00'£ LYL 60£°'1C Osnd vi— 08— Yr— 0T, v6'L LSLYT wsijoqessuwniadAH
DL\ A.| [44 4 9 Se'e we -
EIAR: 8y v ol 89% 88% 0L€
Bnsul Yy o¥ 0¢ 14 Sy 6CY -
20V 143 4l (o JAR4 1€y 68l DD4d ol 4l [4 (144 L9V -
9D24d1 <l 9— 95— or'y LSV 95¢ [BYL 9— w— 9— 6'S 91's -
OdW 1 89 vi— 9— 1404 Uy 9CC 54014 91— [43 9¢ ws 0SS -
gnsuq 0l— 0t 9€— 99 98 e S1WY 81— 8— 99 ¥8'S €09 -
DLW (V) Y- 09— 343 15°€ - eyl [4 8(— 4l ¥09 L¥'9 -
[BYL Y = vi— 8 1% 69 - LR 4l 0€ 09 019 S99 -
Byl 8 vi— 9— €8y S0'S - O11Y 8¢~ () 9 €9 989 -
OH1 91— 9¢— (4% 95'L £v'8 89/'¢ OHY 81— w— 9¢ o¥'L 1T8 -
dL1 [V 0l (Ve 65°L 8v'8 €6¥'T dLy (4o 8 big 8LL 9,8 19T°6 wsijoqeswodAp
seaJe uledg s31eUIpPI00D) Z 1 [9A9] J4238N|D seaJe ulelg $91BUIPJ00D) Z 1 [9A9] J4238N|D sa3ueyp [edmdNIS
[9AS] [9XOA [9AS] [9XOA puelogEs

(09 = u) SH1

(S = u) SHY

(SH) siso432s jedwesoddiy
39| pue 3y311 Yyim syuaned ui (9deds 33n3nsuj [ed130[04n3aN [ea43uo)y) S3euIp.ood [eneds pue ‘sdews [ednysiyess ‘sadueyd [eanjdnals pue dijoqgeis|y ‘T dqel

Epilepsia, **(*):1-13, 2016
doi: 10.1111/epi.13377



7

Brain Metabolism in MTLE

(Fig. 2, Table 3). As expected, we observed the most focal
hypometabolism in the Mesial group and a progressive
involvement of lateral temporal and extratemporal areas in
the AML and WML groups. Perisylvian involvement was
larger in RHS than in LHS in the WML group, accounting
for the lateralization effect at the whole group level. Poste-
rior and contralateral hypermetabolism consisted of a mirror
involvement: the greater the ipsilateral hypometabolism,
the greater the contralateral hypermetabolism. The BT

Figure 2.

group differed from the other groups by a limited ipsilateral
hypometabolism, and the presence of a mild contralateral
temporal hypometabolism and a very limited posterior
hypermetabolism.

Relationship with gender

The main effect related to gender was found in the con-
tralateral hemisphere (Fig. 3). In RHS, the metabolism was
higher in female than in male patients in the left frontal lobe

Group 1 n=10
Group 2 n=28
Group 3 n=9
Group 4 n=6

Metabolic changes according to electroclinical patterns. Comparison of each group (I = mesial, 2 = anterior mesial lateral [AML],
3 = widespread mesial lateral [WML], and 4 = bitemporal [BT]) in RHS and LHS with 30 healthy subjects; SPM5, p < 0.001 (right hemi-
sphere on the right). Note the progressive hypometabolic involvement (in blue-green) of the insuloperisylvian regions from the more
focal (Mesial group) to the larger epileptic networks (WML group) in both RHS and LHS, except in the BT group, in which hypometabo-
lism is also found on the contralateral side. Perisylvian involvement is clearly larger in RHS, accounting for right and left asymmetry
observed in the whole population. Hypermetabolism (in red), found in contralateral and posterior areas, is grossly proportional to the
volume of the hypometabolic areas but remarkably mild in the BT group.
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Table 3. Continued.

Brain areas LHS patterns Cluster level Voxel level Coordinates Brain areas

RHG
LTP

Coordinates

Voxel level

Cluster level

RHS Patterns

—16
40

-30

40
—38

4.90
3.77
3.64
4.10

155

Hypometabolism

17
19
110

RACG
LIOG

12
—12

46
—94

12
-32

Hypermetabolism

MNI space coordinates and brain localization (SPM5, p < 0.001).

R, right; L, left; ant, anterior; post, posterior; ACG, anterior cingulate gyrus; CG, cingulate gyrus; Cereb, cerebellum; Cu, cuneus; FusG, fusiform gyrus; HG, hippocampal gyrus; Ins, insula; IFG, inferior frontal gyrus;
IOG, inferior occipital gyrus; ITG, inferior temporal gyrus; MOG, middle occipital gyrus; MTG, middle temporal gyrus; PreCu, precuneus; OFG, orbitofrontal gyrus; STG, superior temporal gyrus; Thal, thalamus; TP,

temporal pole; WM, white matter.

(p < 0.001) and the posterior areas (left precuneus, inferior
parietal lobule, occipital lobe, and right cuneus, p < 0.001);
in LHS, metabolism was higher in female than in male
patients in the right frontal lobe (p < 0.001), whereas it was
lower in the left cerebellum (p = 0.009) and the fusiform
gyri bilaterally (p = 0.021). Regarding structural changes
(not shown), GMC in RHS was higher in female than in
male patients in occipital areas bilaterally, the right cerebel-
lum (p < 0.001), and the right frontal lobe (p = 0.03),
whereas it was slightly lower in the right temporal lobe
(parahippocampal gyrus, p = 0.02). In LHS, GMC was
higher in female than in male patients in the cerebellum
bilaterally (p < 0.001) and in the right mesial frontal lobe
(p = 0.009), whereas it was lower in the left temporal lobe
(superior temporal gyrus, p = 0.03) and the right temporal
lobe (uncus, p = 0.004). Overall, metabolic changes
according to gender did not clearly match with GMC
changes.

Relationship with epilepsy duration and age at onset

We did not find a significant correlation between epi-
lepsy duration and the ipsilateral temporal metabolism,
but there was a significant correlation with the contralat-
eral metabolism, which differed according to the HS side
(Fig. 3). In RHS, we found a negative correlation with the
left temporal metabolism (inferior temporal gyrus, uncus,
p = 0.015). We also found a negative correlation in the
cerebellum (p < 0.038) and a positive correlation in the
right anterior cingulate (p = 0.037). In LHS, we found a
strong positive correlation with the right temporal metabo-
lism  (hippocampus and parahippocampal  gyrus,
p = 0.002) and the mesial frontal gyrus (p = 0.027), but
no significant negative correlation. In other words, the
longer the epilepsy duration, the lower the contralateral
temporal metabolism in RHS and the higher it was in
LHS. However, it should be noted that few patients had
relatively short epilepsy duration (<10 years in only eight
RHS and nine LHS patients).

Correlations between brain metabolism and age at epi-
lepsy onset in RHS showed results opposite to those
obtained with epilepsy duration. Similar results were
observed in LHS; however, negative correlations were also
found in the left hippocampus, in which the metabolism was
lower in late-onset epilepsy and in periventricular WM
bilaterally.

Relationship with seizure frequency, STGC, and
number of AEDs

In RHS, we found a weak positive correlation between
seizure frequency and contralateral posterior metabolism
(p = 0.036) and no significant negative correlation (Fig. 3).
In LHS, we found a positive correlation with the ipsilateral
occipital (p = 0.018) and cerebellar metabolism (p = 0.03)
and a negative correlation with the right temporal and
frontal metabolism (p = 0.009). High seizure frequency

Epilepsia, **(*):1-13, 2016
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therefore had a greater effect on the left hemisphere than on
the right.

We observed a trend for a more extensive extratemporal
hypometabolism in patients with compared to those without
STCG; however, the difference was significant only in RHS
for the group with frequent STCG compared with the group
without STCG. For this contrast, we found a significant
hypometabolism in the ipsilateral anterior cingulate gyrus
(p = 0.043). In addition, we found a positive correlation
between the number of AEDs and the metabolism in WM

Epilepsia, **(*):1-13, 2016
doi: 10.1111/epi.13377
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Gender

Figure 3.

Correlations between metabolism
and gender, epilepsy duration, age at
onset, and seizure frequency; SPM5,
p < 0.01 (right hemisphere on the
right, negative correlations in blue/
green, positive correlations in
orange/red). The main gender-
related effect is found in the
contralateral hemisphere: in RHS, the
contralateral frontal and posterior
metabolism is significantly higher in
female than in male patients. In LHS,
the right frontal lobe metabolism is
higher in female patients. Note that in
female patients, ipsilateral
metabolism is lower in LHS. Effect of
epilepsy duration is opposite on the
right and left sides: in RHS, it consists
of a negative correlation in the left
temporal lobe and a positive
correlation in the right anterior
cingulate gyrus. In LHS, a positive
correlation is found in the right
hippocampus. Effect of age at onset
shows inverse results. In LHS,
additional negative correlations are
found in the left hippocampus and in
periventricular white matter
bilaterally. Effect of seizure frequency
is predominantly found in LHS, with a
negative correlation in the right
temporal and frontal lobes and a
positive correlation in posterior
areas.

Epilepsia © ILAE

(ipsilateral temporal in RHS, posterior bilateral in LHS),
and a negative correlation in the right thalamus in RHS and
in bilateral putamen in LHS.

DiScuUSSION

Based on a large cohort of patients with MTLE, we
demonstrated that the main determinant of hypometabolism
ipsilateral to HS was the extent of epileptic networks, as
assessed by electroclinical correlations. We found a
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hemispheric asymmetry, mainly affecting the perisylvian
areas, which were more extensively involved in RHS. In
addition, contralateral temporal hypometabolism was only
found on the right side. This discrepancy cannot be related to
a selection bias, since all consecutive patients with HS were
enrolled in the study, without priori consideration of the clini-
cal features. Structural abnormalities were somewhat greater
in LHS and therefore cannot explain the metabolic asymme-
try. Gender, epilepsy duration, age at onset, and seizure fre-
quency all contributed to some intergroup differences;
however, none of these factors appears to account for the
variability of ipsilateral hypometabolism. A second impor-
tant finding is the highlighting of a contralateral and posterior
hypermetabolism grossly proportional to hypometabolism,
the mechanisms of which deserve attention.

Asymmetry of hypometabolism between RHS and LHS

Few studies have investigated metabolic asymmetry in
MTLE, since most of them (including our previous stud-
ies)* summed both hemispheres by flipping one side on the
other side.””*> Our present data point to the importance of
studying each hemisphere separately when considering the
effect of any clinical variable on brain metabolism.

The larger involvement of the right hemisphere appears
in contradiction with previous series that reported a more
severe hypometabolism on the left side, especially in the
frontal lobe.'”'” This asymmetry was associated primar-
ily with a history of STCG and related to the spread of
ictal discharges in extratemporal areas.'® This partial dis-
agreement may be explained by differences in methodol-
ogy (mainly based on preselected ROI) and in patient
selection. Notably, the occurrence of STCG appears insuf-
ficient to identify the different pathways of propagation,
since it can be observed from the more focal to the larger
epileptic networks. However, further studies are needed to
confirm this discrepancy.

Effect of structural alterations

We found GMC decrease in mesial temporal and
extratemporal areas, especially in the frontal lobes, with a
slight predominance in LHS. These results are in agreement
with most previous studies reporting more diffuse alter-
ations on the left side."*'® The vulnerability of the left
hemisphere, in relationship to the specialization for lan-
guage, may account for these data. Another intriguing find-
ing is the bilateral GMC increase found in the
parahippocampal and cingulate gyri, which has also been
reported by others and is considered to reflect blurring of
gray—white matter demarcation due to subcortical gliosis or
microdysgenesis.'* Nevertheless, this GMC increase cannot
interfere with the topography of metabolic changes, since
they were observed symmetrically on both sides. The dis-
cordance between structural and metabolic data remains
challenging. Because both modalities are difficult to investi-
gate on a large scale and in homogeneous pathologies,

further studies using multimodal imaging are required to
investigate this issue.

Effect of gender

Recent interest has focused on gender-related effects on
epilepsy susceptibility and consequences, which could
result from brain development and maturation dissimilar-
ity.?® Large cohorts of healthy subjects have demonstrated
the sexual dimorphism of the human brain?” and the suscep-
tibility to aging effects of the left hemisphere in men.*®
Despite some electroclinical variability between male and
female patients, we did not find any significant differences
according to gender. More frequent STCG in male
patients®’ was not confirmed in our population as in another
study.*® With respect to the PET results, the main effect was
a higher contralateral metabolism in female patients, espe-
cially in the frontal lobe. We cannot confirm the gender
effect on ipsilateral hypometabolism reported previ-
ously'®'?; however, our results suggest that compensatory
mechanisms could be more efficient in female than in male
patients.

Effect of epilepsy duration, age at onset, and seizure
frequency

Considering MTLE as a progressive disorder, our data
provide contrasted information with distinct levels of
impact on ipsilateral and contralateral metabolism accord-
ing to the side. We found no relationship between the
ipsilateral hypometabolism and epilepsy duration. How-
ever, we found a negative correlation with the contralat-
eral temporal metabolism in RHS. This result is in line
with those of previous studies demonstrating that bitem-
poral hypometabolism correlated with the duration of epi-
lepsy.*!"!? Furthermore, we found an opposite effect in
LHS, with a contralateral temporal hypermetabolism sug-
gesting a progressive compensatory effect. These findings
indicate that the adaptive mechanisms may differ during
the course of epilepsy, appearing more efficient in LHS.
This hypothesis is supported by connectivity studies
showing an apparent disruption of interhemispheric hip-
pocampal connections at an early stage of the disease, fol-
lowed by “rebuilding” of the connections using aberrant
networks that can differ in left and right MTLE.*! On the
other hand, we found only a bitemporal hypometabolism
in the RHS-BT group in which the longest duration was
observed. This finding raises the question of the limits of
brain adaptation, which can be reduced when epilepsy
duration exceeds a certain stage.

Correlations between metabolism and age at onset were
the opposite of those found with epilepsy duration, probably
because these factors varied inversely in our population.
However, in LHS, the negative correlation in the ipsilateral
hippocampus raises the question of an age-dependent effect.
This would suggest that maintaining the left hippocampal
metabolism may be more difficult when epilepsy starts late
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rather than early in life. Furthermore, because the major
effect related to seizure frequency was a negative correla-
tion with the contralateral metabolism in LHS, it can be pos-
tulated that high seizure frequency may reduce the
compensatory effect described previously.

Metabolism and epileptic networks

Regardless of structural changes and other clinical
variables, we confirm a strong concordance between the
topography of hypometabolism and the electroclinical
patterns. We therefore emphasize the relevance of this
categorization, in line with other studies that described
distinct networks in MTLE and concordant metabolic alter-
ations.”>>% Our results suggest that seizures originating
from the left hippocampus may have a more focal organiza-
tion than those on the right side. The basis for several types
of network organization and potential asymmetry in MTLE
remains open to debate. In addition to individual causes,
including genetic predisposition, the possibility of different
HS entities as suggested by pathologic studies should be
considered in the future to elucidate this intriguing question.
Individual causes including genetic predisposition may
account for this variability. In addition, different histopatho-
logical patterns described in HS should be considered in the
future to elucidate this intriguing question.

In addition, the relationship between the metabolism and
the epileptic networks remains incompletely understood.
Given that metabolism overall reflects the synaptic activity
including neural excitation and inhibition, impaired inhibi-
tory synaptic activity results in decreased energy require-
ments and reduced glucose uptake, whereas strong
inhibition increases demand for glucose to maintain brain
metabolism. One hypothesis is that ictal discharges spread
via the anatomic pathways, further facilitated by a lack of
inhibition at this level, and sustaining the electroclinical fea-
tures. Moreover, focal seizure activity is known to generate
a surround inhibition, limiting the spread of ictal discharges
in both temporal and spatial domains, and the speed of prop-
agation depending on the strength of inhibition.** Accord-
ingly, hypometabolism reflects the failure of inhibition
processes within the epileptic networks, whereas hyperme-
tabolism would correspond to the areas in which they are
strengthened, tending to restrict the areas of epileptic activ-
ity. Despite this view not being supported by others postu-
lating that the surrounding inhibition was corresponded to
hypometabolism,?* we suggest that hypermetabolism may
reflect an inhibitory effect on seizure spread. This may
account for the absence of contralateral temporal involve-
ment in LHS, since contralateral mesial temporal hyperme-
tabolism may limit the spread of ictal discharges from the
LHS to the right side. This may also play a role in the prefer-
ential frontal and perisylvian propagation pathways, since
hypermetabolism is predominant in posterior areas.

Structural and functional connectivity MTLE studies
have pointed out the complex relationship between the

Epilepsia, **(*):1-13, 2016
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epileptic and nonepileptic temporal lobes, as with the whole
brain. All demonstrated the overall reorganization of the
limbic circuitry, including both reduced and increased
connectivity in different parts of the networks.>*>°
Increased connectivity is thought to represent a facilitated
pathway of propagation, which may manifest even interic-
tally and colocalize with hypometabolic areas.®” In contrast,
hypermetabolism detected in the nonepileptic lobe would
reflect compensatory mechanisms and has been correlated
with memory performances.***® Of interest, hyperme-
tabolism observed in posterior and contralateral areas partly
coincides with areas involved in the DMN, in which alter-
ations of functional connectivity have been demonstrated in
MTLE.*"** Metabolic-functional correlations support the
notion that subjects with higher metabolic utilization in
focal brain regions will also exhibit higher connectivity.*’
However, given that most areas of metabolic increase coin-
cide with those involved in the DMN, our findings rather
suggest a disruption between metabolic and functional con-
nectivity in these networks.

New concepts in MTLE are progressively emerging
from the integration of multimodal imaging data. In the
addition to the evidence to support a progressive disease,
the network reorganization of limbic circuitry and the
interactions with global brain connectivity have been high-
lighted by convergent studies. Brain plasticity tends to
limit the consequences of recurrent seizures to some
degree. Lateralization of the epileptogenic lesion, gender,
duration of epilepsy, age at onset, and seizure frequency
all play a role in these adaptive changes. However, despite
the influence of several variables that need to be consid-
ered when interpreting '*F-FDG-PET, hypometabolism
reflects mainly the extent of epileptic networks, providing
a reliable noninvasive map for surgery.
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