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Abstract
Objective: Genetic generalized epilepsy (GGE) is characterized by aberrant neu-
ronal dynamics and subtle structural alterations. We evaluated whether a combi-
nation of magnetic and electrical neuronal signals and cortical thickness would 
provide complementary information about network pathology in GGE. We also 
investigated whether these imaging phenotypes were present in healthy siblings 
of the patients to test for genetic influence.
Methods: In this cross- sectional study, we analyzed 5 min of resting state data 
acquired using electroencephalography (EEG) and magnetoencephalography 
(MEG) in patients, their siblings, and controls, matched for age and sex. We 
computed source- reconstructed power and connectivity in six frequency bands 
(1– 40  Hz) and cortical thickness (derived from magnetic resonance imaging). 
Group differences were assessed using permutation analysis of linear models 
for each modality separately and jointly for all modalities using a nonparametric 
combination.
Results: Patients with GGE (n = 23) had higher power than controls (n = 35) 
in all frequencies, with a more posterior focus in MEG than EEG. Connectivity 
was also increased, particularly in frontotemporal and central regions in theta 
(strongest in EEG) and low beta frequencies (strongest in MEG), which was 
eminent in the joint EEG/MEG analysis. EEG showed weaker connectivity dif-
ferences in higher frequencies, possibly related to drug effects. The inclusion 
of cortical thickness reinforced group differences in connectivity and power. 
Siblings (n = 18) had functional and structural patterns intermediate between 
those of patients and controls.
Significance: EEG detected increased connectivity and power in GGE similar 
to MEG, but with different spectral sensitivity, highlighting the importance of 
theta and beta oscillations. Cortical thickness reductions in GGE corresponded to 
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1  |  INTRODUCTION

Genetic generalized epilepsy (GGE) is a common epi-
lepsy syndrome with polygenic etiology.1 Rapid neu-
ronal changes such as generalized spike- wave discharges 
(GSWD) or generalized seizures are a hallmark of GGE. 
However, the link between the genetic pathology under-
lying the disease and its systemic effects on macroscale 
brain dynamics is not well understood. Using magne-
toencephalography (MEG), we have previously shown 
that increased resting state power and network synchro-
nization are characteristic of GGE and are similarly pre-
sent in healthy siblings of the patients.2 We hypothesized 
that this could also be observed with electroencephalog-
raphy (EEG), which is generally more available than 
MEG as a diagnostic tool in routine clinical practice. In 
principle, MEG and EEG signals reflect the same neu-
ronal sources. However, due to the different sensitivity 
profiles of the techniques, one can expect that the re-
cording of both signals could also reveal complementary 
information.3 For GGE, few studies have exploited the 
benefit of employing both EEG and MEG together, and 
most have focused on localizing the source of GSWD.4,5 
Using both techniques in the same individuals at rest 
could therefore provide additional information about ab-
errant networks in GGE that are central to the classifica-
tion of the disease. In addition to functional alterations in 
GGE, subtle structural changes such as cortical thinning 
are known.6 However, the relationship between those 
changes and fast oscillatory neuronal activity in GGE has 
not been investigated in detail. Atrophic patterns could 
result from disease progression or disease activity,7 but 
the evidence is inconclusive,8 and longitudinal studies 
are lacking. Cortical thickness reflects cell density and 
cytoarchitecture, among other factors, and is highly her-
itable.9 Consequently, microstructural changes in GGE 
may be genetically driven and linked to electrophysi-
ological alterations. If so, the statistical combination of 
all three modalities, that is, EEG, MEG, and magnetic 
resonance imaging (MRI) in the same cohort, should 
point to common network alterations. Together with 
attempts to understand the heritability of these states, 

this could lead to improved diagnosis and prognosis for 
GGE in the future. GGE markers that are heritable, so- 
called endophenotypes,10 are thought to reflect causative 
disease mechanisms rather than clinical presentation. 
Some functional and structural MRI research has dem-
onstrated such traits of GGE subtypes,7,11– 15 including 
increased activations of the motor system,12– 15 aberrant 
cortical folding and surface,7 and abnormal hippocampal 
structure and function.11 So far, there is little evidence of 
such endophenotypic markers at higher temporal resolu-
tion16 and in mixed GGE types.

Here, we adopted a multimodal approach that inte-
grated structural and functional features of GGE to pro-
mote a more holistic understanding of GGE network 
pathology and its genetic basis. In a first step, we com-
pared EEG to MEG resting state measurements in a subset 
of a previously reported study cohort,2 focusing on EEG 
results in detail. We then integrated both modalities in 
a unified statistical analysis and explored the correspon-
dence between cortical thickness and functional group 
maps. Finally, we examined whether the functional and 
structural changes could be genetically determined by 
studying healthy siblings of the patients.

functional imaging patterns. Our multimodal approach extends the understand-
ing of the resting state in GGE and points to genetic underpinnings of the imag-
ing markers studied, providing new insights into the causes and consequences of 
epilepsy.

K E Y W O R D S

cortical thickness, endophenotypes, interictal, oscillations, resting state

Key Points
• Interictal states in GGE were characterized by 

widespread increases in fast oscillatory activity 
and synchronization

• Network conditions were similarly detected by 
EEG and MEG, but with spectral and spatial 
differences

• GGE network changes were reflected in the 
broadband, but particularly in theta and beta 
frequencies

• Cortical thinning in GGE was related to func-
tional patterns and amplified group contrasts

• Similar structural and functional phenotypes in 
healthy siblings suggest a genetic influence
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2  |  MATERIALS AND METHODS

2.1 | Participants

We acquired data from 28 patients, 21  healthy sib-
lings, and 50 controls, who were recruited consecu-
tively through the Department of Neurology, University 
Hospital of Tübingen, Germany, and in the local area. For 
comparison of EEG and MEG findings and joint inference 
analysis, we reanalyzed individuals from our previous 
MEG study,2 for whom both EEG and MEG recordings 
were available. After exclusion of data due to technical 
problems, artifacts, or sleep during recordings, 23 pa-
tients, 18 siblings (related to 13 patients), and 35 controls 
were considered further (two patients and 10 controls 
fewer than in Stier et al.2). The groups were comparable 
for sex (χ2 = .5, p = .78) and age (F = .1, p = .91; see de-
mographics in Table S1). Siblings and controls were free 
of any neurologic or psychiatric disorders, had never ex-
perienced seizures, and did not take any medication at 
the time of the measurements. Patients were diagnosed 
with GGE according to the International League Against 
Epilepsy.17 For more clinical details, see Table S2. All MRI 
scans were visually rated as normal except for three non-
specific findings (two patients with uncomplicated cysts 
and one patient with a nonspecific white matter lesion). 
Study approval was received from the local ethics commit-
tee of the Medical Faculty of the University of Tübingen. 
The study was conducted in compliance with the princi-
ples of the Declaration of Helsinki. All individuals gave 
informed consent to participate in the study.

2.2 | EEG/MEG recordings

The individuals were measured in a supine position at 
the MEG center of the University of Tübingen, using a 
275- channel MEG system (CTF) and subsequently, after 
a short break, using a 256- channel EEG system (GES400; 
EGI/Philips- Neuro). We continuously recorded 30 min of 
resting state data with eyes closed for each subject (sam-
pling rate: EEG, 1 kHz; MEG, 568 Hz) and instructed the 
individuals to relax, not to fall asleep, and not to think of 
anything in particular. This rather long acquisition time 
was chosen to obtain sufficient data after exclusion of seg-
ments with GSWD.

2.3 | MRI acquisition

All individuals underwent MRI scanning either on a 
Siemens Magnetom Trio 3- T scanner equipped with 
a 12- channel head coil (10/35 controls, 4/23 patients) 

or on the Siemens Magnetom Prisma 3- T system with 
a 64- channel head coil (25/35 controls, 18/18  siblings, 
19/23 patients). Sagittal high- resolution T1- weighted im-
ages were acquired (three- dimensional magnetization- 
prepared rapid acquisition gradient echo, repetition 
time = 2.3 s, echo time = 3.03 ms, flip angle = 8°, voxel 
size = 1 × 1 × 1 mm).

2.4 | Surface- based mapping

FreeSurfer 6.0.0 (https://surfer.nmr.mgh.harva rd.edu/) 
was used to reconstruct individual cortical surfaces 
sampled at the pial and the gray– white boundary 
("smoothwm"). To ensure anatomical correspondence 
among individuals and modalities, we applied SUMA18 
to recreate each surface (density factor = 10) based on a 
FreeSurfer standard template ("fsaverage"). This proce-
dure yielded 1002 common vertices per hemisphere for 
cortical thickness estimations and as EEG/MEG source 
points, allowing vertex- based group contrasting.

2.5 | EEG/MEG head models

To conduct source- level analyses, we built volume conduc-
tion models based on individual cortical meshes yielded 
by the SUMA procedure and SPM12 (https://www.fil.ion.
ucl.ac.uk/spm/softw are/spm12/) brain segmentations. 
The EEG electrodes were aligned with the anatomical 
landmarks (nasion, preauricular points) and projected 
onto the scalp mesh. For MEG, cortical meshes were re-
aligned to the CTF sensor space using fiducial positions 
marked in the magnetic resonance image and reference 
coils placed during the measurements. Lead fields were 
computed based on either a three- layer boundary element 
model for EEG or a single- shell model for MEG using 
Fieldtrip19 in MATLAB (v9.0, R2016a, MathWorks). More 
technical details and references can be found elsewhere.20

2.6 | Data processing and source 
localization

EEG and MEG data were separately processed using 
Fieldtrip.19  We applied a first- order Butterworth band- 
pass filter (1– 70 Hz) and a band- stop filter to remove line 
noise (at 50, 100, and 150 Hz). Data were downsampled 
(150  Hz) and segmented into trials of 10- s length. Each 
trial was visually inspected and rejected if noisy (e.g., 
muscle artifacts, sensor jumps). We also excluded tri-
als with GSWD plus trials preceding and following the 
event by ±10 s. Cardiac artifacts and eye movements were 

https://surfer.nmr.mgh.harvard.edu/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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extracted by independent component analyses and manu-
ally rejected. In a second review, we scored vigilance of 
the individuals according to the criteria of the American 
Academy of Sleep Medicine (https://aasm.org/). Only tri-
als rated as awake were further considered. Thirty trials 
were randomly selected for source analysis, because pre-
vious work has shown good reliability for the metrics of 
interest for 5 min of data.20

Spectral analyses were performed using fast Fourier 
time- frequency transforms and multitapers for six fre-
quency bands (delta, 2  ±  2  Hz; theta, 6  ±  2  Hz; alpha, 
10 ± 2 Hz; beta1, 16 ± 4 Hz; beta2, 25 ± 4 Hz; gamma, 
40  ±  8  Hz). Signal power and cross- spectral densities 
were estimated on the Fourier- transformed sensor data 
and projected to the source space using beamforming21 in 
each frequency band. Power was calculated for each ver-
tex and the coherency coefficient between all pairs of ver-
tices (n = 2004). We derived the absolute imaginary part of 
coherency as our connectivity measure quantifying phase 
synchrony between signals less affected by potential field 
spread.22 To determine the total connectivity for each ver-
tex, we averaged the strength of all its connections. We 
also computed a global power and connectivity value for 
each participant by averaging across all vertices.

2.7 | Cortical thickness

Cortical thickness quantifies the distance between the gray– 
white matter and pial boundaries and was computed at 
each SUMA vertex (FreeSurfer procedure). Thickness maps 
were smoothed with a heat kernel of size 12 mm full width 
at half maximum23 in AFNI (https://afni.nimh.nih.gov/) to 
account for residual spatial differences among individuals.

2.8 | Joint inference

We performed joint analyses of EEG, MEG, and 
MRI metrics using nonparametric combination24 in 

Permutation Analysis of Linear Models (PALM), a 
statistical tool (https://fsl.fmrib.ox.ac.uk/fsl/fslwi ki/
PALM). We hypothesized the existence of increased 
EEG and MEG connectivity and power as well as re-
duced cortical thickness in patients compared with con-
trols with corresponding intermediate values in siblings. 
To obtain concordant directions of the modalities, we 
multiplied individual cortical thickness values by −1 
when combining with functional data. First, one- sided t 
contrasts were separately tested for each modality based 
on synchronous permutations across modalities to ac-
count for dependencies. In brief, general linear models 
were fitted for each vertex individually, and one at the 
global level, with group, age, sex, total intracranial vol-
ume, and scanner site as independent variables and the 
imaging metric as dependent variable. Second, we ap-
plied Fisher's method25 to combine test statistics of the 
modalities for each permutation. This process was re-
peated for the number of permutations (n = 500, with 
tail approximation), resulting in separate (partial tests) 
and combined empirical distributions (joint tests), from 
which p- values were derived. We used tail approxima-
tion in PALM for accelerated inference and multilevel 
block permutation to allow sufficient exchangeability of 
the data, given relatedness among individuals (for de-
tails, see Stier et al.2). For each test (partial and joint), 
p- values were familywise error (FWE) corrected at the 
level of clusters resulting from threshold- free cluster en-
hancement26 and, in the joint analyses, based on the per-
mutation distribution of the extremum statistics across 
all modalities. FWE correction was also applied over the 
three modalities (partial tests). We chose a significance 
level of – log10p = 1.3 (equivalent to p <  .05). Cohen d 
was calculated based on the t- values of the group fac-
tors of the linear models and is therefore adjusted for 
age, sex, and intracranial volume effects. d describes the 
standardized mean difference of an effect so that d ≥ .8 
indicates a large, d = .5 a medium, and d = .2 a small ef-
fect.27 To further explore structural alterations, we spa-
tially remapped cortical thickness measures to 68 brain 

F I G U R E  1  Effect sizes of electroencephalography (EEG) and magnetoencephalography (MEG) connectivity increases in genetic 
generalized epilepsy (GGE), and joint inference with and without cortical thickness. (A, B) Standardized effect sizes (Cohen d) for increased 
connectivity in patients with GGE versus controls using EEG and MEG, respectively. Effect sizes were derived from the t- values of the 
permutation analyses of linear models. d is therefore adjusted for age, sex, scanner, and intracranial volume effects. d = .2 indicates a small 
effect, d = .5 a medium effect, and d ≥ .8 a large effect.27 Note the different spectral results of the two modalities. The EEG connectivity 
increases in patients were significant in the delta, theta, and alpha frequencies with a centrotemporal focus. In the MEG analysis, the 
increases were most pronounced in the beta1 frequency and frontotemporal areas, but reached significance in all frequency bands studied 
(not shown). (C) The statistical combination of EEG and MEG patterns highlighted connectivity increases, particularly in the theta and 
beta frequency band. (D) Inclusion of cortical thickness in the joint analysis of EEG and MEG patterns resulted in more pronounced 
differences between patients and controls, especially in theta and beta1 frequencies and in frontal areas in other frequency bands. We used 
a nonparametric combination of EEG/MEG connectivity and cortical thickness based on Fisher's method,25 with age, sex, scanner, and 
intracranial volume as covariates of no interest. FWE, familywise error; HD, high- density; MRI, magnetic resonance imaging

https://aasm.org/
https://afni.nimh.nih.gov/
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/PALM
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/PALM
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regions of the Desikan– Killiany atlas28 and investigated 
separate regional group differences using PALM.

3  |  RESULTS

3.1 | Connectivity in GGE and siblings

Patients with GGE had higher connectivity than con-
trols, reaching significance in lower frequencies in the 
vertex and global EEG analysis (delta, theta, and alpha 
frequency bands; Figure 2, Table S3). The EEG connec-
tivity increases in patients were most pronounced in cen-
trotemporal brain areas, whereas increases in the MEG 
analysis tended to have a frontotemporal focus across the 
entire frequency spectrum (Figure 1A,B). In the joint EEG 
and MEG vertex analysis, the increases were strongest in 
theta and beta1 but also included significant patterns in 
the delta and alpha frequencies (Figure 1C). When com-
bining global EEG and MEG statistics, connectivity levels 
in patients were significantly higher than in controls in 
all frequency bands studied (Table S3).

Patients did not significantly differ from siblings, but 
siblings tended to have higher EEG connectivity than the 
patients in the beta2 and gamma frequency bands (vertex 
level and globally; Figure 2A, Table S3). In siblings, there 
was also a trend toward higher EEG connectivity compared 
with controls across the spectrum, but predominantly in the 
theta band without reaching significance (vertex level and 
globally; Figure 2A, Table S3). See Figure S1 for effect sizes 
of the differences between siblings and the other groups at 
the vertex level. In the MEG analysis, siblings showed higher 
connectivity than controls in the beta1 band, but also did not 
differ significantly from either the controls or the patients 
(vertex analysis not shown, global analysis in Table S3). 
Combining EEG and MEG statistics did not substantially 
change the findings of the separate analyses in siblings.

3.2 | Power in GGE and siblings

EEG power was significantly higher in patients with GGE 
than in controls in all frequency bands studied (delta to 
gamma bands at vertex level and globally; Figure 4, Table 
S3). A posterior focus of power increases was observed in 
both EEG and MEG analyses, but especially for the MEG- 
derived patterns in all frequency bands (Figure 3A,B). In 
the joint EEG/MEG analysis, the power increases were 
most pronounced in posterior regions of the brain, that is, 
in occipital, temporoparietal, and central regions (delta to 
gamma bands; Figure 3C).

Patients with GGE also had higher power than their 
siblings, but to a lesser extent than controls. This increased 

power was significant in the lower EEG frequency bands 
(delta and alpha at vertex level and globally; Figure 4A,C, 
Table S3) in the temporoposterior regions. In the MEG 
analysis, power was significantly increased occipitally 
and in all frequency bands except theta (not shown). In 
the joint vertex analyses, the power increases in patients 
compared with siblings were significant at all frequencies 
and at a global level in delta, alpha, and gamma (Table S3). 
There were no significant EEG power differences between 
siblings and controls, but standardized effect sizes indi-
cated generally higher power in siblings than in controls 
(Figure S1). Similarly, MEG analysis revealed higher theta 
and beta power in siblings (vertex analysis not shown, 
global analysis in Table S3). Combining EEG and MEG 
statistics did not reveal notable changes compared with 
separate power analyses in siblings.

3.3 | Joint inference of functional and 
structural metrics

The inclusion of cortical thickness in the joint connectiv-
ity analysis increased the statistical significance of group 
differences between patients and controls. This was par-
ticularly the case for the theta band in frontocentral and 
temporal regions (Figure 1D), with an average decrease 
of significant p- values by three −log10 levels (Figure 5A). 
Probability values were also lower for the delta, alpha, 
and beta1 contrast (differences of 2– 2.5 −log10 levels). 
In higher frequency bands, the group contrasts became 
mainly stronger in superior frontal regions (beta2, gamma; 
difference of ~1.5 −log10 levels).

Power contrasts became stronger in all frequency 
bands and in occipitoparietal and central areas of the 
brain (Figures 3D and 5A; differences of ~4 −log10 levels). 
Group comparisons between siblings and controls or pa-
tients and siblings did not change significantly when cor-
tical thickness was taken into account.

3.4 | Cortical thickness in 
GGE and siblings

Separate analyses in patients, siblings, and controls did not 
reveal significant group differences (at vertex level and glob-
ally, p > .05). Regional standardized group mean differences, 
however, suggest cortical thinning in patients (Figure 5B) 
predominantly in the right hemisphere and paracentral and 
precentral gyri (d  >  .5), and in frontoparietal regions and 
cuneus (d > .4). These patterns were significant only in the 
uncorrected maps (puncorr <  .05). Siblings had lower corti-
cal thickness than controls in frontocentral regions (d > .3; 
Figure 5B). In the right supramarginal gyrus, right temporal 
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F I G U R E  2  Electroencephalography (EEG) analyses of global and vertex connectivity. (A) Individual global connectivity values 
(imaginary part of coherency) of controls, siblings, and patients with genetic generalized epilepsy (GGE). Shown are the density of data, 
group means, and standard errors of means. Statistically significant group differences are marked with an asterisk (*p < .05). See Table 
S2 for detailed results. (B) Significantly increased vertex connectivity is highlighted in patients compared with controls at a −log10p 
threshold of 1.3 (equivalent to p < .05). The statistical comparisons at the vertex level between patients with GGE and their siblings and 
between siblings and controls did not yield significant results and are not shown. We used permutation- based analysis of linear models for 
global and vertex analyses with age, sex, scanner, and intracranial volume as covariates of no interest. Probability values were familywise 
error (FWE) corrected for whole- brain analyses within each frequency band and across the three modalities tested in this study (EEG, 
magnetoencephalography, and magnetic resonance imaging). HD, high- density
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gyri, and left medial orbitofrontal regions, the siblings had a 
greater cortical thickness than controls (d > .4), but the pat-
terns did not survive corrections for multiple comparisons 
and were not present in the patients.

3.5 | Clinical factors

To assess whether the intake of medication influenced 
the structural and functional metrics, we split the patient 
group according to antiepileptic drug exposure. Functional 
connectivity was generally lower in patients taking two or 
more drugs (n = 6) than in patients taking none or one drug 
(n  =  17). This finding was observed using both EEG and 
MEG, and was significant in the beta1 band of vertex- level 
analyses (single and joint inference; Figure 6B) and global 
analyses (global EEG: t17 = −1.94, p = .039, d = −.94; MEG: 
t17 = −1.83, p = .046, d = −.89; joint inference p = .015). 
The global EEG connectivity mean of the patients with high 
drug exposure was also lower than the mean of the controls 
and siblings (mainly in the delta, beta1, beta2, and gamma 
bands; Figure 6A), which was not the case in the MEG 
analysis (not shown). Neither EEG nor MEG power of the 
patients differed significantly with respect to drug exposure 
(vertex level and globally, p > .05). Cortical thickness did not 
differ in relation to antiepileptic drug exposure (vertex level 
and globally, p > .05).

The assessment of other clinical variables (occurrence 
of GSWD during EEG/MEG recordings, seizure control) 
was complicated by the small sample sizes, unequal sex 
ratios, and age distributions in the patient subgroups. 
Because EEG power differed between sexes and cortical 
thickness varied with age, we were unable to distinguish 
these effects from the effects of interest.

4  |  DISCUSSION

We combined electrophysiological signals at rest and 
cortical morphology to advance our understanding of 
network pathology in GGE and its genetic basis. EEG 
detected functional alterations similar to MEG, but with 

a different spectral sensitivity profile. The statistical in-
tegration of both modalities suggests a significant role 
of theta and beta oscillations in GGE. Cortical thinning 
was observed in our GGE cohort and amplified the func-
tional group contrast when jointly analyzed. Similar func-
tional and structural characteristics in healthy siblings of 
the patients suggest genetic contribution to the imaging 
patterns.

Aberrant neuronal excitability and synchronization 
during the ictal state typically play a crucial role in epi-
lepsy.29 Even in the interictal state, patients with GGE 
have higher global and large- scale synchronization and 
power, as observed using EEG and MEG with spectral dif-
ferences relevant for comparisons of clinical studies. The 
joint EEG/MEG analysis revealed significant connectiv-
ity increases in the delta to beta1 frequency bands, with 
a broader spectral distribution in MEG, peaking in the 
beta1 band, as previously described in this2 and other co-
horts.30,31 Conversely, EEG was more sensitive to increases 
in the lower frequencies, particularly in theta. This could 
have several reasons. In line with previous studies, high 
drug exposure likely had a normalizing effect32 that was 
significant for the EEG beta1 band and less pronounced in 
the MEG analysis. It is also possible that the phase estima-
tion in the higher EEG frequencies was noisier than with 
MEG, despite careful artifact suppression, possibly due to 
greater susceptibility to electromyogenic effects.33,34 While 
studies on electrophysiological connectivity in GGE are 
still limited, more is known about oscillatory power in this 
condition. Most resting state EEG studies have associated 
GGE with power increases in the theta frequency band, 
followed by increases in the beta band, with mixed results 
for other frequencies.35 However, the choice of channel 
density, analysis space, and patient characteristics has 
been inconsistent across studies and presents a challenge 
to the comparability of results.35 We used EEG and MEG 
systems with comparable channel coverage and analysis 
pipelines in the same individuals and observed increased 
power in both modalities and across the conventional fre-
quency spectrum.

Genetic generalized epilepsy phenotypes within 
each modality were spatially similar across the 

F I G U R E  3  Effect sizes of electroencephalography (EEG) and magnetoencephalography (MEG) power increases in genetic generalized 
epilepsy (GGE), and joint inference with and without cortical thickness. (A, B) Standardized effect sizes (Cohen d) for increased power 
in patients with GGE versus controls using EEG and MEG, respectively. Effect sizes were derived from the t- values of the permutation 
analyses of linear models. d is therefore adjusted for age, sex, scanner, and intracranial volume effects. d = .2 indicates a small effect, d = .5 
a medium effect, and d ≥ .8 a large effect.27 The power increases in GGE patients were significant across the frequency spectrum, with a 
stronger posterior focus in MEG compared with EEG. (C) The power increases in the joint analysis of EEG and MEG were prominent in 
the occipital and temporoparietal regions. (D) The inclusion of cortical thickness in the joint analysis of EEG and MEG patterns resulted in 
more pronounced power differences between patients and controls in temporoparietal regions. We used a nonparametric combination of 
EEG/MEG connectivity and cortical thickness based on Fisher's method,25 with age, sex, scanner, and intracranial volume as covariates of 
no interest. FWE, familywise error; HD, high- density; MRI, magnetic resonance imaging
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frequency spectrum. This is consistent with the idea of 
a timescale- invariant spatial organization of the elec-
trophysiological connectome36; that is, neuronal signals 

likely operate within the same networks at different 
timescales. It is conceivable that GGE- typical changes 
are reflected in the broadband and similar brain regions, 



1652 |   STIER et al.

F I G U R E  4  Electroencephalographic (EEG) analyses of global and vertex power. (A) Individual global power values of controls, 
siblings, and patients with genetic generalized epilepsy (GGE). Shown are the density of data, group means, and standard errors of means. 
Statistically significant group differences are marked with asterisks (*p < .05, **p < .001). See Table S2 for more detailed results. (B, C) 
Significantly increased vertex power is highlighted in patients compared with controls, and in patients compared with siblings, respectively, 
at a −log10p threshold of 1.3 (equivalent to p < .05). Differences in vertex power between siblings and controls were not significant and are 
not shown. We used permutation analysis of linear models for global and vertex analyses with age, sex, scanner, and intracranial volume as 
covariates of no interest. Probability values were familywise error (FWE) corrected for whole- brain analyses within each frequency band and 
across the three modalities tested in this study (EEG, magnetoencephalography, and magnetic resonance imaging). HD, high- density
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with a dominant role of theta and beta oscillations 
particularly evident in our joint EEG/MEG analysis. 
Furthermore, the spatial representation of GGE pat-
terns differed between the modalities. Frontotemporal 
connectivity alterations were more readily detected by 
MEG, whereas increased EEG connectivity was more 
pronounced in central regions. The power patterns were 
more widespread in the EEG analysis and focused on the 
posterior regions in the MEG analysis. This difference 
in focality may be due to distinct signal origins result-
ing in a clearer separation of cortical sources in MEG, 
as well as greater spatial smearing of electrical signals 
due to different tissue conductances.3 Also, EEG tends 
to measure differently oriented sources and MEG cap-
tures mainly tangential currents originating in cortical 
fissures.37 On the other hand, the signal- to- noise ratio 
varies depending on the modality, brain region, and 
frequency, which limits the comparability of the con-
trast maps. Also, we recorded EEG and MEG separately, 
and the choice of the head model and slightly different 
measurement conditions may have introduced a bias. 
Direct comparisons of simultaneously recorded MEG/
EEG have shown that both methods measure the same 
intrinsic network,38 especially between 8 and 32  Hz.39 
However, different spatial sensitivity for frontoparietal 
connections and effects of head model complexity were 
found.38 To take advantage of both methods, we adopted 
a combined approach, which provided new insights into 
the network characteristics of GGE.

Moreover, we provide evidence for the heritability of 
EEG phenotypes. There was an intermediate position of 
network levels in siblings, except for beta and gamma con-
nectivity. Here, the global mean in the siblings was higher 
than that in the patients, which may be partly related to 
medication effects in the patients as observed in the beta 
frequencies. For MEG phenotypes, we previously demon-
strated that heritability was strongest in beta frequencies.2 
Altogether, we have extended previous endophenotype re-
search in GGE and juvenile myoclonic epilepsy (JME)11– 15 
by showing that resting state alterations measured at high 
temporal resolution cosegregate in families with affected 
members. In addition to genetic factors, environmental 
and/or acquired factors might also have contributed to the 
phenotypic similarity between the patients and siblings, 
which cannot be excluded in this study. However, consis-
tent with the prerequisites for an endophenotype,10 high 
power and synchrony previously correlated with disease 
activity such as GSWD,2 which also occur in healthy 
siblings with a higher likelihood.40 A recent genetic cor-
relation study supports the notion of an endophenotype 
based on fast brain oscillations. Genetic risk for increased 
theta and beta power, as measured at the vertex (Cz) 

electrode, was associated with a higher risk for GGE.41 
Beta oscillations have been linked to motor control42 and 
γ- aminobutyric acidergic mechanisms,43 which in turn 
play a meaningful role in the pathology of GGE.44 Theta 
rhythms are thought to be involved in hippocampal net-
works.45 In animal models of temporal lobe epilepsy, in-
creased theta synchronization in the transition phase to 
seizures46 and coupling to the prefrontal cortex have been 
observed.47

When cortical thickness was added to the connec-
tivity analyses, the differences between patients and 
controls were amplified, especially in the theta and beta 
bands, and anterior and central brain regions. Power 
contrasts in posterior regions were also strengthened, 
suggesting a relationship between aberrant morphol-
ogy and functional organization in GGE. Clearly, this 
interplay requires further investigations. The spatial 
correspondence between functional MRI connectivity 
and cortical atrophy in GGE has been studied earlier, 
but without significant results.8  We did not directly 
assess the structure– function relationship, but statisti-
cally combined multiple modalities, which can provide 
greater power than separate analyses.24 Thus, it is easier 
to detect a true effect that acts on all measured character-
istics simultaneously.24 The separate analysis of cortical 
thickness revealed a reduction in patients with a cen-
tral focus consistent with earlier findings,6,8 but signif-
icance did not survive corrections for multiple testing. 
Nonetheless, the functional contrasts benefited from 
taking cortical thickness into account, which argues for 
the integration of the three modalities to improve di-
agnostic and prediction accuracy.48 In addition, cortical 
thinning in GGE may not simply reflect disease activity 
but also genetic background. In our study, siblings with-
out epilepsy also had reduced cortical thickness in the 
superior frontal and paracentral areas, arguing against 
a change subsequent to seizures and disease progres-
sion alone. A larger sample is needed to validate these 
results, but strong evidence for genetic risk signals en-
riched in the frontal cortex has also been demonstrated 
in a recent genome- wide mega- analysis.49 Other mark-
ers such as altered curvature and surface area have been 
proposed as endophenotypes in JME,7 but these likely 
underlie other neurodevelopmental trajectories.50

Overall, the integration of MEG and EEG resting state 
signatures and brain morphology provided valuable in-
formation concerning GGE pathophysiology. Our inves-
tigations in siblings without active epilepsy suggest that 
the observed imaging phenotypes are likely genetically 
driven. These findings pave the way to advance the deci-
phering of the genetic predisposition to GGE using im-
aging metrics.
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F I G U R E  5  Effects of cortical thickness on joint inference analysis and group- level differences. (A) When cortical thickness was 
jointly analyzed with functional data (electroencephalography + magnetoencephalography), the connectivity patterns of genetic 
generalized epilepsy (GGE) patients were amplified mainly in the theta and beta frequency bands. The power patterns became stronger in 
temporoparietal and occipital regions. The plot shows significant vertices with an increase in the p- value (−log10 difference) after adding 
cortical thickness to the joint functional analysis. (B) The plot shows standardized effect sizes (Cohen d) for reduced cortical thickness 
in patients with GGE against controls, and in siblings against controls, respectively. Effect sizes were derived from the t- values of the 
permutation analysis of linear models in cortical regions (Desikan– Killiany atlas).28d is therefore adjusted for age, sex, scanner, and 
intracranial volume effects. d = .2 indicates a small effect, d = .5 a medium effect, and d ≥ .8 a large effect.27 (C) The violin plot shows 
individual thickness values for cortical regions, in which patients with GGE had lower cortical thickness than controls (Cohen d > .4). 
Individual cortical thickness values were adjusted for effects of age, sex, scanner, and total intracranial volume. L, left; R, right

F I G U R E  6  Antiepileptic medication and decreased connectivity in genetic generalized epilepsy (GGE). (A) Individual global 
connectivity for separate electroencephalographic (EEG) analyses in controls, siblings, and patients with low (n = 17) and high drug load 
(n = 6). The violin plots show the density of data, group means, and standard errors of means. Statistically significant differences between 
the patient subgroups are marked with an asterisk (*p < .05). See Figure 2A for significant connectivity differences between the main groups 
(controls, siblings, and patients). Global and (B) vertex connectivity was significantly lower in patients taking two or more antiepileptic 
drugs (AEDs; high load) at the time of the measurement than in patients taking fewer than two drugs (low load). This effect was observed in 
separate EEG and magnetoencephalography (MEG) analyses as well as in the joint analysis, but was more pronounced in EEG than in MEG. 
Vertices are color- coded at a −log10p threshold of 1.3 (equivalent to p < .05 familywise error [FWE] corrected). Results for global and vertex 
analyses were obtained by permutation testing of linear models with age, sex, scanner, and intracranial volume as covariates of no interest. 
HD, high- density
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