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Abstract

Objective:; According to the International League Against Epilepsy definition (ILAE), no
structural abnormalities are present in a standard brain Mgéneticgeneralized epilepsy
patients GGE). However, recent studies misontradictoryevidencewith increasing se of

guantitatives MRI, techniques

Methods: Eellewing PRISMA guidelines, a systematic, quantitative review was conducted
using B peerreviewed, caseontrol studies published after 1989. Furthermoreneia
analysiswith*“randomeffect modelrevealeddifferences in structural brain abnormalities

betweenGGEpatientsand controls.

Results:Significant structural differences betwe&GE and healthy controls were observed
with volume==reductions in whole brain, thalamus, putamen, caudate, pallidum and
supplementary.-motor area. Furthermore, grey matbéumereduction in theaight and left
hemispheres;“thalamus, insuénd surface area reduction in the caudal anterior cingulate

cortexwere revealedalong with grey matter increase in the medial frogyaiis.

Significance:bue to methodological differences, findings should be interpreted with caution.
Nevertheless, antrary to the ILAE definition it would appear that structural brain
abnormalities*may be present GGE patients. Findings are consistent with hypothesis
regarding=the=underlying involvement of ttl@lamacortical networks in the generation of
generalized spikevave discharges but structural abnormalities appear to extend outside these

regions to potentigt involve attention and other cognitive domains.

Keywords: _Structural brain abnormalities, Genetic generalized epilepsyopdthic

Generalised,Epilepsgystematic review, metnalysis.

1. Introduction
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Genetic generalized epilepsy (GGE) encompasses several -eleutral syndromes
diagnosed and classified according to clinical features and EEG characteristics with no clear
underlying cause apart from a presumed genetic predispdsifiom syndromes aréefined
by an ageelaked onset andpecific clinica feature$. The defining electroencephalographic
characteristicof"GGE is typical generalized, bisynchronous and symmeactvity with
spikewaveor polyspikewave dischargé$. GGE constitutes 120% of all epilepsi€s The
most commorelectraclinical syndromes recognized by the International League Against
Epilepsy (ILAE) are childhood absence epilepsy (CAE), juvenile absentspspi(JAE),
juvenile myoclonic epilepsy (JME) and generalized tanimic seizuresilone(GTCSA)?®.
Although the term ‘genetidhasonly recently beemntroduced by the ILAE as a replacement

term for ‘idiépathic’ ®

and bothterms were used when conductirigis systematic reviewo
ensure comprehensive retention of all the research on the wapiwill only use the newer
GGE term in this paper

According to thecurrent ILAE definition, GGE patients arerequired to be
intellectuallyunimpairedwith standardnagnetic resonance imagifigRI) brainshowng no
abnormalities(lkAE, 1989) However, with the increasing use of more quantitative MRI
studiesstruetural brairmbnormalities in cortical and subcortical regiblase sometimes been
revealedwhen comparing patients with healthy controfs.previous review concerning
structural and~functional abnormalities (BGE patients compared to healthy controls
revealed differences in brain shap#lagnetic resonance imagingtudiesinvolving the
structural abnormalities of th#halamusare inconclusive.The majority of studies report
decreases of thalamic volumiesGGE"%***2, Somestudies also report increased volurfes
or no difference inhalamic volumesn GGE patient§**™. Furthermore,increase¥ and
decrease’s of frontal cortical grey matter iBGE are reported

The most commoGE syndrome,JME hasbeen thesubject of intensive resedwrin
recent years..Again, reviews looking at neuroimaging studies conducted in JME cohorts
report inconsistent findings. Thalamic abnormalities showed either increased or decreased
thalamic velume, grey matter volunoe grey matter concentratidfi**?%2%? Qverall frontal
lobe structural and functional changes are seen in JME affecting orbitofrontal, mesial areas
and the supplementary motor areas (SMA). Diffusion teimsaging OTI) showed altered
connectivity of the SMA to prefrontal and froppolar areaS?**. Another region showing
altered structural connectivity and altered volume was the corpus callosum. Volume

alterations were especially prominent in the rostrum asttal bod{”.
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Diversity of results could be partially due to methodologiciiability”>*. Some
studies measear grey mattervolume while others measuregrey matter concentration
Furthermore smallsample sizeéeported from many studies could also have an impact on the
results. Due to #seinconsistenies in the literatureno clear picture can be formed of the
structural-abnormalities iIBGE patients.

To our knowledge, o systematic review or metmalyses of the current literature has
been conductetb this dateln this review we aimataddress théollowing questions:

1. Are there structural abnormalities BGE patients in comparison to healthy

controls?

2. If_structural abnormalities are present GGE patients is there a consistent

topolagicalpattern?
2. Methods
2.1 Protocol registration

The systematic review was conductesingthe PRISMA guidelin€d. The protocolas
registered"with the international Prospective Register sfefyatic Reviews (PROSPERO
registration numbelCRD42015027195).

2.2 Eligibility“criteria

Publieationsprior to 1989 were excludetb limit the diagnostic impact of epilepsy
seizure and syndrome classification prior to the 1R8% revisions. Titles and abstrisc
were screened to identify relevant articl&eference lists of selecteatticles were also
searched for=additional stwdi. Articles had to meet the following inclusion criteria (a)
researctpublished in a peer reviewed journal (b) casatrol, human, cohort and caseries
studies (c)all studies should includ&GE consisting of one or a group of mixed sub
syndromes recognised by the ILAE and a healthy control group (d) outcomes include
structural Imaging results.

Articles were excludedf they met the following criteria (a)nonEnglish articles (b)
articles publisked before 1989c) full-text article was not available )(@nimal studiege)
singlecasereportsor caseseries with no control grouf) control groups consisting of focal
epilepsy patient§g) GGE patients with coexisting brain patholodit) epilepsy smaple
includesGGE patients but no separate analyses were conduct€aiG&r for examplefocal
epilepsy and>GE patients were analysed togetligrno precise descriptive statistics where
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givenfor exampleonly illustrative figures, no exact-palues or4values or whemsufficient
participant numbersould be included.

2.3 Informationsources

A keyword search was conducted using electronic databases. The search igdstappl
Medline, Psyehinfo and Elpase with a final list of full text articlespdated on the1i" of
November:2016.

.4Search

The following search terms were used in all 3 databases.

(i) (idiopathic adj2 generali*ed adj2 epileps*).mp. [mp=ti, ab, ot, nm, hw,
kf, px, rx, ui, tn, dm, mf, dv, kw, tc, id, tm]

(ii) (structural and brain and abnormal* and magnetic resonance
imaging).mp. [mp=ti, ab, ot, nm, hw, kf, px, rx, ui, tn, dm, mf, dv, kw,
tc, id, tm]

(iii) (i) and (ii)

(iv) (genetic adj2 generali*ed adj2 epileps*).mp. [mp=ti, ab, ot, nm, hw, kf,
pX, rx, ui, an, tn, dm, mf, dv, kw, tc, id, tm]

(v) (structural and brain and abnormal* and magnetic resonance
imaging).mp. [mp=ti, ab, ot, nm, hw, kf, px, rx, ui, an, tn, dm, mf, dv,
kw, tc, id, tm]

(vi) (iv) and (v)

2.5Data collection, data items

Based/®f"the Cochrameiblic healthdata extraction templeff, a data extraction sheet
was developed@Appendix 3). Pilot testing was conducted onraBdomly selected articles
and thesheet was adjusted accordinglyhe included dscriptive dataitems were the
following (a) samplesizes (b) gendey (c) age (d) age of epilepsy onsete) duration of
epilepsy (f) Usage of ILAE classification(g) GGE syndrome,(h) EEG used (i) anti
epileptic drug used]) recruitment methgdk) imaging methods(l) analysis and software
used (m) exclusionor inclusion criteria (n) outcome brain region®hen data items were
not reported we listed this item for that particular article as not specified.sDatanaries
were calculatedvhenever possible ilBM SPSSstatistics 21A seconddata ollectionsheet

was developed to list all the brain regions reported in all the ar(ispgsendix 4).
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2.6 Summary measures and synthesis of results

The program Comprehensive Metaalysis(CMA)% version 3was used to conduct
metaanalysesising arandomeffect model. Aranalyss could only be conducted whén
or more studies involving the same measurement in the same vegjieravailablefor
examplestudies measuring volume in the frontal lobe cannot be synthesized with studies
measuring grey matter volumm the frontal lobe. Only studies includingxact
descriptivesdata were included in the matealysis for example, means arstandard
deviationsexact ftestand pvalues CMA displays a forest plot foeach analysis and
calculatesCohen’s dfor all studies A Cohen’s dof 0.2is considered small, 0.5 medium
and 0.8 largeffects®.

2.7 Risk'of bias

To asses.quality between studies risk of biasrating was developed based an
modified vérsion of theSTROBE guideling for reporting observational studfé$Appendix
2). Threecrniteria'were established for ass&ng risk ofstudylevel bias.The first aspects
‘representative sampling’ consisting of the following questions (a) did researchers sample
participants randomly or conseculiy® (b) are control and case groups demographically
matched (Same_age and gender)? (c) did researchers use thsyhdxBmeclassification jf

yes, whatwyear?

The secondaspectis ‘appropriate variabke measurd consisting of the following
guestions (@) 1s the measurement instrument (MRI/DTI) administered in both case and control
group? (b) Was an EEG diagnosticGEE made (c) did researchers repdattors that may
have an impact on structural brain abnormalities example,antiepileptic drug (AED),
disease duratigrseizure freedom, age of disease onset, seizure type, neurological illness,

exclusion criteria?

The last aspecis ‘comprehensiveness of reporting’ consisting of the followingligh)he
researchers report studutcomes for all planned analyses, regardless of significande(l)
did researchers report factors that may have an impact on structuralmammnalitiesThe
risk of bias of 5 articles was also checked tlbwp authors(SN & SB) The intefrater

reliability was 97%.

3. Reaults
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3.1 Studyselection

The keyword searches of Medline, Embase and Psychinfo databases iasaltetl of
93 articles When 35 duplicates were removeésB studiesremained. Of these25 were
excluded after screening thides and abstracts leaving 38idiesthatwerefurther asessed
for eligibility=-Another 12 studieswere excluded because no ftakt was awilable no
separatanalyses werpresent or they were review papdrstotal the keyword search alone
resulted=in2d-full text articles.Furthermore areference searctesulted in 31Imore articles
that could-besincluded. The full text of S2udiesthat resulted from both keyword and
reference (search arted were examined in more detallhentwo or more studies were
available with'the sameutcomemeasurement in the same regithre studies weracluded.

In total 28 studies could be included for a meta-ana(i{/sggire 1)

3.2 Studycharacteristics

Median age of5GE patients over all studies included in the ratalyses was 28 years
(range 939)."Median age of onset was 14 years (rand®)7 Four studies did noeport
specific age of onset. Mean duration of disease was 12 years (r28)ev2h 11 studies not
specifying duration of disease. Healthy controls had a median age of 29 (raByeraree
studies notuspecify healthy control agewventy-five studies caducted an EEG in both
patients.@and control group. In 17 aft 28 studies, it was specified the ILAE was used to
diagnose the patients, with 11 studies using ILAE from 1888study used the ILAE from
2001 andive studies did not specify the date of the ILAE.

Studies varied itGGE subgroups that were recruited. Two studies reported usi@g=ah
group without specifying a specific subtype. Twetwyp studiesrecruited JME patients, 11
GTCSA patients, oneabsence ef@psy (AE) mtients,six JAE patientsfour CAE patients
and onestudy_recruited unspecifieGGE patients. Furthermore, some heterogeneity was
found coneerning the magnetic field strength of the MRI used. Sixteen studies used 1.5T,
threeuseds2T:eight usd 3T with six studies also using DTI. Twentne studies repat
that patientsrused argpileptic drug and the majority also reported the kind of aaileptic

drug used.

3.3Synthesis of results

A metaanalysis using a random effects model was conducted to synthesize the available
data.Number of studies (n), Cohen’s d, the confidence intas/ttie effect size (Cl), the-p
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value, heterogeneitgtatistics(12, Q) and the betweestudy varianceT?) was summarized
for eachanalysisDue to a limitedhumberof studies ananultiple observed abnorméakain
regions,analyses werenly able to be performed f@GE without distinguishing between
syndromesA summary of the findingss presentedn the results sectioable lalong with
the most@important forest plats All remainingsupportingmetaanalysisinformation and
forest plots can be found Appendix 1.

3:3.2=Brain volume and thickness

The metaanalysis of whole brain volume revealed a significant volume reducti@GE
patients compared thealthy controls(Figure 2:n = 6 studies;Cohen’s d= -0.55; 95%
Confidence’ Intérval [CIE -0.86t0 -0.25; pvalue =< 0.001; f = 8.51% Q = 1252; T2 =
0.11).In the'small sample of relevance studies, no significant diffeneaséund for whole
brain grey matter volumgSupporting Figurd: n = 2 Cohen’s d=-0.50; 95% CkE -1.20 to
0.19; pvalue = 0.16; 12 =no difference Q = 2.81; T = 0.17) or white matter volume
(Supporting Figur@: n = 2 Cohen’s d= -0.28; 95% CI= -0.67 to 0.1; pvalue=0.16 12=
no difference.Q/= 0.83; T = <0.00). Two studies report left and right hemispheyey
matter volumeseparately. Analysis revealed that there is a significadtiction ingrey
matter volumefor left (Supporting Figure 3: & 2, Cohen’s d= -0.59; 95% CI= 0.91 to-
0.26, pvalue=+<0.001 |2 = no difference Q = <0.001 T? = <0.001)and right hemisphere
(Supporting kgure 4:n = 2 Cohen’s d= -0.59; 95% Ck -0.91 t0-0.26; pvalue=<0.00% I2
= no difference Q = <0.001 T? = <0.00). Analyses 6 cortical thicknessrevealedno
significant difference beteen groups for left (Supportinggtre 5:n = 2 ; Cohen’'s d =-0.11;
95% Cl= {0.71 to 0.49; pralue = 0.7412 = 1% Q = 2.14;T2 = 0.10)and right hemisphere
(Supporting_gure 6:n =3, Cohen’s d= 0.95; 95% CI= -1.67 to 3.56; pralue = 0.4812 =
26.85% Q'=92.72:T? =5.19).

332 Thalamus

Significant_reductions in thalamic volume were found betw&&E and healthy control
groupsfor lefti(Figure 3 n =5; Cohen’s d= -0.69; 95% Cl= -0.07 t0-0.32; pvalue= <
0.00% 12 ="10.04% Q = 10.69;T? = 0,12 andright thalamus (Figure:4 = 5;Cohen’s d= -
0.54; 95% Cl= -0.95 t0-0.12; pvalue = 0.01 12 = 14.02% Q = 15.44;T? = 0.19. No
significant effect was found for total thalamic volunsapporting kgure 7:n =4; Cohen’s d
= -0.43; 95% ClI= -1.26 to 0.41; pvalue = 0.3112 = no difference Q = 35.33; F = 0.66).

Somestudiesuseda thalamugo whole brain raticso a separate analysi®s conducted for
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these studieand significant reductions were found for the left thalatoushole brain ratio
(Supporting kgure 8:n = 2;Cohen’s = -1.07; 95% CI= -2.09 t0-0.04; pvalue = 0.0412 =
no differenceQ = 2.72 T2 = 0.39 but not for the right$upporting fgure 9:n =2; Cohen’s
d = -1.08; 95% CI-2.28 to 0.12; pralue = 0.0812 = no difference Q = 3.64; T = 0.54) or
total thalamie®volumeo whole brain ratioqSupporting Kure 10:n =3; Cohen’s d= -0.73;
95% Cl= 4.54 to 0.08; pvalue = 0.0812 = 10.60 Q = 6.91; T = 0.36).The analyses also
demonstrated thatrgy matterthalamicvolume analysisvas significanty reducedin GGE
patients campared teealthy controldor the left(Supporting Kjure 11:n =4; Cohen’s &= -
0.81; 95% CI=,-1.05 t0-0.57 p-value= < 0.00% 12 = no difference Q = 0.82; T = <0.001)
and the right $upporting kure 12:n = 2; Cohen’s d= 0.75; 95% CI= -1.11 t0-0.39; p
value = <QW00%%I2 = no difference Q = 0.083; F = <0.001).Analysing the fractional
anisotropy of the right thalamusrevealed no significant effect between both groups
(Supporting kgure 13:n =2; Cohen’s d= -0.24 95% Cl= -1.02to 0.54; p-value = 0.5412 =
no differenceQ = 1.78; T = 0.14).

3.3.3 Putamen, Pallidum, Caudate

Three "differentanalyses weraised forthe putamen Firsty analyss of putamen
volumes demonstrated a significant reductionG@GE patients Figure 5 n =2; Cohen’s d=
-1.56; 95% Cl=-2.03 t0-1.09; pvalue= <0.001 12 = no difference Q = 0.43;T2 = <0.001)
Secondly, analysisf putamen volumeéo whole brain volume ratio’sevealed a significant
reduction in left Supporting kgure 14:n =2; Cohen’s c= -1.45; 95% CkE -2.09 t0-0.81; p
value= < 0.00% 12 = no difference Q = 0.74;T? = <0.00) and right Supporting fgure 15:
n =2; Cohen’s & -1.72; 95% CI= -2.38 t0-1.05; pvalue= < 0.00% |2 = no differenceQ =
0.50; T? = <0.001) Putamenfractional anisotropyanalysis revealed no significant effects
between beth groups for leB@pporting kgure 16:n =2; Cohen’s d= 0.54; 95% CIk= -0.08
to 1.17; pvalue='0.09 12 = no difference Q = 1.38; T = 0.0§ and right Supporting Figure
17: n =2; Cohen’s &= 0.2 95% ClI= -0.35 to 0.86p-value = 0.4112 = no differenceQ =
1.24; T = 0:04):

Analysis involving ratios of volume dfelectedregionsto whole brain volumes for
the caudate revealed significant reduction for Btdporting kjure 18:n =2; Cohen’s d= -
0.75; 95% Cl= -1.34 t0-0.17; pvalue= 0.0% 12 = no difference Q = 0.08;T? = <0.00),
right (Supporting kgure 19:n = 2; Cohen’s d= -0.95; 95% CI= -1.55 t0-0.35; pvalue=
0.002 12 = no difference Q = 0.49;T? = <0.00) and totalratios (SupportingFigure 20:n =
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3; Cohen’s d= -0.90; 95% CI= -1.31 t0-0.49; pvalue= <0.00% 12 = no difference Q =
0.11; T? = <0.001).Furthermore analysisalso revealed significant reductions for the left
(Supporting kgure 21:n =2; Cohen’s d= -1.24; 95% CI= -1.87 t0-0.62; pvalue=<0.00%

12 = no difference Q = 0.78;T? = <0.001)but not for the righpallidum (Supporting Figure
22: n =2;°Cohen’s d= -0.99 95% CIl= -3.02 to 1.02; pralue= 0.33 12 = no differenceQ =
9.72;T? =1.90).

3:3.4°Amygdal a, Hippocampus

Metaanalysis eoncerning the volume of the hippocampus indieagegnificant reduction for
GGE patients Eigure 6 n =4; Cohen’s d= -0.26; 95% CIk -0.49 t0-0.02; pvalue = 0.0312
= no difference'Q = 2.28; T? = <0.001) Secondlyamygdalavolume did not show any
significant effect between both grougupporting kgure 23 n =3; Cohen’s d= -0.15; 95%
Cl = -0.46 to 0.16; p-value = 0.3 = no differenceQ = 0.64;T2 = <0.001).

3.35 Medial frontal gyrus, SVIA, Insula and Caudal anterior cingulate cortex

Significantgsinereasen grey matter volumefor GGE patients in comparison tbealthy
controlswas found for the right medial frontal gyruSupporting kgure 24 n =3; Cohen’s d
=0.68; 95% Ck 0.41 to 0.95p-value = <0.001I2 = no difference Q = 0.27;T? = <0.001.
Moreover, significant reductions ingrey matter volumevere revealed for leftSupporting
Figure 25 n = 3; Cohen’s d= -0.65; 95%CI = -0.92 t0-0.38; pvalue= < 0.00% 12 = no
difference;;Q= 0.59;T? = <0.001) and right insula (Supporting Figure 26 3; Cohen’s d =
-0.66; 95% CI -0.93 t0-0.39; pvalue= <0.007% 12 = no differenceQ = 0.72;T? = <0.00).
Fractional| anisotropyanalysis for the supplementary motor arnesvealed significant
reductions inGGE patients Supporting kure 27 n =2; Cohen’s d=-0.83;95% CIl=-1.24

to -0.41; pvalue= <0.001 12 = no difference Q = 0.29;T? = <0.00). Secondlyfractional
anisotropyanalysis for thecorpuscallosum revealed no significant effect between groups
(Supporting gure 28 n = 2;Cohen’s d=2.82; 95% CI= -4.33 to 9.97; prvalue = 0.4412 =

no differenc€@= 116.77:T2 = 26.23) Last, the caudal anterior cingulate cortex surface area
was significantly reduced iGGE patients compared to healthy contr8upporting Figure
29 n =2; Cohen’s ¢=-0.76; 95%CI = -1.27 t0-0.24; pvalue=<0.001; I12=50.48; Q= 2.02;
T2=0.07).

3.4Risk of Bias
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In Table 2a summary of the assessment of risk of bias can be fowamdpliag
methods werea potentialsource of bias with almost half of the studies inadequately
described. In 17 of the 8 studies included in thmetaanalysis auttors did not reporhow
they sampled their participants. Furthermore, in 13 out8o$t@dies, researchers did not
report if thereasewere properly matchei controlsconcerning age and gender. In 10 out of
the B studies, researchers did not report using ILAE criteria to classify their epilepsy
patients. Inmore than half of the papers there was incomplete descriptidactairs that
potentiallygcould influence brain abnormalities @GE. In addition, study differences in
magnetic field strengtlvaryingage rangesdisease duratioandantiepileptic drugreatment
were potential_source of bias. Due to the smalhumberof studies and heterogeneity

methodolagical gualityn many studieshereforeresults should be interpreted with caution
4. Discussion

According to currentILAE syndrome definition, a routine MRbf GGE patients and
matchedhealthy controlshould not show any differences (ILAE 198B).contrast recent
researchhas,inereasingly suggestsmjnificant structural abnormalities BGE compared to
healthy controlsvhen quantitative MRI techniques are emplayHae currenimetaanalysis
attemps’ to“evaluate these reported structural abnormalities IrGGE and evaluate the
significance of-these differenceBased on our analyseatients withGGE appear to have a
reduced overall brain volumand reducedyrey matter volume with preservation of white
matter volume and cortical thicknedRegional reductionin both thalamic volume and
thalamic grey matter volume was observed but not thalamic fractionalrapisot

Furthermore ptherfocal changes are observed, watverall putamenvolume but not
fractional anisotropyeduced inGGE patients. Caudat@allidum and hippocampal volumes
are also‘reduced but not for the amygd@&@eey matter voluméor the insula was reducdmxlit
medial frontal gyrusvolumewas increased iGGE compared tdealthy controlsFractional
anisotropy for supplementary motor areavas also reduced for GGE Caution is
recommended __aghese findings could potentially be influendeby publication bias,

methodological differences between the studies andgtatisticalreporting.

4.1 Hemispheric volume

Previous researchy Lawson et &f suggests thapatients withchildhood absence

epilepy show a smaller brain volume compared halthy controls Our metaanalysis
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reports data in agreement with this previous research. To feéstecausal studiehave
explored this observatiorlf Lawson et af? propositionthat the brairs of people with
childhood absence epilepsyabnormal before or at the onset of their seizisrésieandthe
duration of gizures or even medicatia@re possible explanatorfactors causality of these
brain reductionswill require longitudinal incident cohortsto definitively explorethese
observations.

4+2 Thalamacortical circuits

EEG.research has focused on the origin of the generalizedvgailedischargess it
remains a corsign of GGE Many studiesupport the corticoeticular theory proposed by
Gloor*® whichsifidicateghat thesegeneralized spikevave dischargesould be generated by
an interplay’between the thalamus and a hypgitable cortex. More recentEEGfMRI

35,36,37,38

studiesindicatedithat theris activation in the thalamd . cerebellum®*® and frontal

cortext33®

associated with generalized spikave dischargesFunctional connectivity
studiesalso, confirmthe importance of the thalamus and the corte®@@BE pathology. Recent
studies haye revealedaltered thalamecortical functional connectivityespecially in the
circuitsof thefrontal cortex®, putamen, amygdaliand SMA* in GGE patients compared to

healthy lcontrols

Furthermore, a study conducted with healthy subj@utlicatedthat therevasa clear
network connectivity between the basal glanand the cerebral cort&xBecause the basal
ganglia nuclei are shown to be involved in movement disturbances, it is believed that
decreased.activity dhese nuclei could modulate generalized spilage dischargethrough
circuits invelving the thalamus and cerebrattex'>*%. Moreover a recent estingstate fMRI
study involving the basal ganglia network indicated B&E patients showed significantly
more integration within thebasal ganglia networkexcept the cerebellum and the
supplementary motor area. In patients witter-ictal epileptic dischargeduring imaging
acquisition researchers found increased functional connectivity in the caudate nucleus and

the putamen and decreases in the cerebellursigmiementary motor aréa

In summary, it is possible that anexltd thalameortical functional connectivity
networkinvolving the supplementary motor area, fromaftexand basal ganglia involved
in GGE pathology The findings of our metanalysis indicasstructural abnormalities in the
thalamus,hemispheresfrontal lobe, putamen, caudate, pallidand supplementary motor
areacorrespond well with previouindings of functional studies and support this thalamo
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cortical circuit involvement inGGE pathology even more. It is striking thagany of these
regions are involved in motor activity. This could be explained by the dominant weighting
patientswith typical generalized toniclonic seizures like JAE, GT@Sand especially JME
which is of predominat interest inreported studies. Althougbur findings are in agreement
with previous researameaning thathe evidence for the involvement of the thalacootical

circuits is enhancedhe causality of these structural and functional findings remain unclear.

4:3:Neurocognitive findings and networks

According to the ILAE, no neurocognitive deficgsouldbe present ilisGE patients,
but recent research revealed the oppoSitgnificant neuropsychological defigtin GGE
patients wefefévealed in a recent mesaalysis conducted by Lougtan et &. This
analysisindicated thalGGE patients score significantly lower for processing spaeduired
knowledge, fluidreasonig, working memory andong-term memory retrieval compared to
healthy controls. fe later two findingswere confirmed in a recenprospective mixed
cohort of treated patientS8GE patient$>. These results are partially supported by our meta
analysis findings. First, research indicates that the hippocampnsnigpartant structure for
longterm ‘memory retrievaf®. A decrease in hippocampal volume is associated with
reductions™in"“episodic lorgrm memory"®. Finding structural abnormalities in
hippocampal.volume might explathe finding thatGGE patients show longerm memory

deficits.

Seceondly,as previously mentionedsGE patients show a lower geneiatelligence
compared awithhealthy controlsThis inference is based on metaalytic and prospective
study evidence/of reduction specifically in F8ltale Inteligence (FSIQ) scores as well as
redudions/in most of the component factor scores that contribute to BSI&ternative
general“intelgence compositescore$*®.  While it is possible that tertiary referral bias
magnifies the impression of disability, similar deficits are observed in nepresentative
community based studies as W&f. There are two assumptions tmaay explainthe lower
general intelgence score IGGE patients.t is believed that there is an associatietween
the decrease In widespread cortical thickneksegionsin the frontal, temporal, parietal and
extrastriate occipital cortexand a decrease in general intgdnce®°%% Following the
hypothesis of Tosun et®athatlower inteligencein patients with complex partial seizures is
related toregionalcortical thinning,a decrease of general inignce inGGE patients could

possibly be associated with a decreasehnole braincortical thickness However, ar meta
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analysis did not support thesssumption althougmsufficient cortical thickness data was
reported in thestudies reviewedAn alternative argument could be that the disruption of
sustained attentionould be associated with a lower general intelligeSahweizer et af
and Stankov et & revealed that sustainedttention is substantially correlated with
intelligeneePrevious research indicatibét GGE patients perform poorly on sustained
attention taskS®, When thishypothesisvas analysed inrefMRI study it became clear that
there was 'disruptionf theattention networkn GGE Based on images, the attention regions
of interestywere thisula, medial frontal prefrontal and anterior cingulate cort&X. In our
metaanalysis we demonstrated grey matter voluabaormalities inGGE patients for the
insula and :medial frontal gyruls.is possible that structural brain abnormalities in insular and
medial frontal’'gyrus grey matter voluroentribute to thesdeficits in attention networkand

in this way also influence lower general intelligence scores

4.4 Default mode network

Resting state fMRI (rsfMRI) is a method of functional brain imaging that can be used
to evaluate regional interactions observed through changes in blood flow in the brain which
creates what is referred to as a blaxggenievel dependent (BOLD) signal that can be
measuredusing functional magnetic resonance imaging (fMRI). Using this technique of
resting state fMRI, the regional network defined as the ‘default mode network’ bas be
observed comprising several areas of the cortex that are most active when a person is not
performing a goal directed ta8k These resting state fMRI studies have defined the default
mode network by widespread activation in the frontal and temporal lobes but also in the
cerebellum, hippocampus, caudate and putdm8everal studies have demonstrated altered
resting state functional connectivity within the default mode network in GGEntmtie
compared'to healthy controls and it could be argued that this altered default medk ne
could contributelto the GGE pathol3gy®®. In agreement with previous research, our meta
analyses im=GGE findings indicate structural abnormalities in parts of the default mode
network. \Velume reduction in the putamen, caudate and hippocampus may contribute to the

default mode network alterations.
5. Limitations

One of the main limitations of this mesaalysis was the incomplete measurement
and reporting of descriptive data enabling interpretaticguafity in the studies reviewedn
addition, the norsystematic standardised reporting and observation of multiple abnormal
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regions suggests potentidifferent partitioningof imaging data mayavelead to Type |
errorsin multiple comparisos In addition, this norstandardised approach made it difficult

to compare identical brain regions estimated by different metiHodsxample,reported
volume of the anterior thalamus could not d®alysedwith the total thalamic volumeso
making more=robustanalysis difficult. Furthermore, heterogeneity in MRI acquisition,
clinical factors (syndromic differencdjsease duration, age at imagimgedication usetc.)

could potentially influence structural abnormalities reported. Small sample sizes and lack of
control greups also likely contribute to the effects observed. This makepassible to
exclude methodological variability influencing our findings. Future resear@Gig would
benefit from _standardised acquisition and reporting of MRI findings making the daty readi

accessibleffor other researchers for future analysis.
6. Futuredirections

This review and metanalysis was conducted to systematically capture the structural
abnormalities inGGE patients published to date. Althougbnsiderableesearch has been
published, .onlyra small amount of data could be included in this-amelgsis. Future
research should focus on reporting datad methodologyin a more standardisedvay.
Furthermore;"making the data accessible for other reseambeld be beneficial for future
metaanalysis.Describing sample featureish more preci®n, recruitingdrug free incident
diseaseandtighter agematching ofcontrols couldreducethe risk of biaslt is clear that
much GGE research needs to be done to link functional and structural studies. It is also
critical for future research to find the associations between the func@maBlstructural

abnormalities and the neuropsychological deficit& GE patients.
7. Conclusions

The current ILAE classification of Genetic Generalised Epilepsyequires no
structural abnermalitiesn routine neuroimaging Although studies are limitedhis meta
analyses suggesthie assumption of normal imagingay not hold with more detailed
analyses_using current brain MRI sequend®ékile potential riskof bias and heterogeneity
was presenn a. number oanalyses, medium to large effect sizes were obsenv&ductural
brain regionsin GGE patients compared tohealthy controls. Consistent with the growing
literatureon thalamaocortical networks, default mode network and neurocognitive studies in
GGE, alterationsin frontal, thalamic areasbasal ganglia, corpus callosum, hippocampus

insula andoverall brainvolumeswere revealedFuture research in larger samples, with
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appropriate controls and standardised methodsi@ded taconfirm andclarify the nature
and functional expressiamf these abnormalitigs patients withGGE
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We confirm that we have read tdeurnal’s position on issues involved in ethical
publication and affirm that this report is consistent with those guidelineaufibrs have no
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Brain region Measurement Location effect
Hemispheres Volume Total IGE<HC
Grey matter volume Left IGE<HC
Right IGE<HC
Total IGE=HC
White matter volume Total IGE=HC
Cortical thickness Left IGE=HC
Right IGE=HC
Thalamus Volume Left IGE<HC
Right IGE<HC
Total IGE=HC
Volume of interest to whole brain volume Left IGE<HC
Right IGE=HC
Total IGE=HC
Grey matter volume Left IGE<HC
Right IGE<HC
Fractional anisotropy Right IGE=HC
Putamen Volume Total IGE<HC
Volume of interest to whole brain volume Left IGE<HC
Right IGE<HC
Fractional anisotropy Left IGE=HC
Right IGE=HC
Caudate Volume of interest to whole brain volume Left IGE<HC
Right IGE<HC
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Total IGE<HC
Pallidum Volume of interest to whole brain volume Left IGE<HC
Right IGE<HC
Amygdala Volume Total IGE=HC
Hippocampus Volume Total IGE<HC
Medial Frontal Grey matter volume / IGE>HC
Gyrus
Insula Grey matter volume Left IGE<HC
Right IGE<HC
Supplementary  Fractional anisotropy Total IGE<HC
motor area
Corpus Fractional anisotropy Total IGE=HC
Callosum
Caudal anteriorSurface area Total IGE < HC

cingulate cortex

surface area.
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Representative sampling

Random or consecutive sampling

Case-control matching

ILAE criteria

Appropriateness of measurement

variables

Both case and.control measurements

IGE diagnosis.by EEG

Structuraliimaging.confounders reported

Comprehensiveness of reporting

All study analysis reported irrespective of

significance

Yes

10

15

17

27

25

11

Unclear

17

11

11

NA

No

NA

Not complete

NA

NA

NA

NA

NA

17

NA
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