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Thalamus interacts with cortical areas, generating oscillations characterized by their rhythm and levels
of synchrony. However, little is known of what function the rhythmic dynamic may serve in thalamo-
cortical couplings. This work introduced a general approach to investigate the modulatory contribution
of rhythmic scalp network to the thalamo-frontal couplings in juvenile myoclonic epilepsy (JME) and
frontal lobe epilepsy (FLE). Here, time-varying rhythmic network was constructed using the adapted
directed transfer function between EEG electrodes, and then was applied as a modulator in fMRI-based
thalamocortical functional couplings. Furthermore, the relationship between corticocortical connectivity
and rhythm-dependent thalamocortical coupling was examined. The results revealed thalamocortical cou-
plings modulated by EEG scalp network have frequency-dependent characteristics. Increased thalamus-
sensorimotor network (SMN) and thalamus-default mode network (DMN) couplings in JME were
strongly modulated by alpha band. These thalamus—SMN couplings demonstrated enhanced association
with SMN-related corticocortical connectivity. In addition, altered theta-dependent and beta-dependent
thalamus-frontoparietal network (FPN) couplings were found in FLE. The reduced theta-dependent
thalamus-FPN couplings were associated with the decreased FPN-related corticocortical connectivity.
This study proposed interactive links between the rhythmic modulation and thalamocortical coupling.
The crucial role of SMN and FPN in subcortical-cortical circuit may have implications for intervention
in generalized and focal epilepsy.

Keywords: Thalamocortical coupling; corticocortical connectivity; rhythmic scalp network; modulation;
epilepsy.
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1. Introduction

Thalamus subserves cognitive functions by inter-
acting with cortical and other subcortical areas™
Thalamocortical circuit has the intrinsic capacity
to generate different types of oscillations with their
rhythm and levels of synchrony2 Specifically, tha-
lamocortical couplings contribute to initiating and
stabilizing cortical connectivity among brain areas
The interactions between thalamocortical and cor-
ticocortical circuit give rise to dynamic informa-
tion regulation according to behavioral demands %
Nonetheless, these interactions are as yet insuffi-
ciently investigated with the knowledge of large-scale
connectivity, and little is known of what modulatory
function the cortical synchronized organization may
serve in thalamocortical couplings.

Oscillation regularities and the optimal synchro-
nization operation of cortical activity enable healthy
brains to sustain homeostasis in processing extero-
ceptive or interoceptive information® Synchroniza-
tion within local neural network and interactions
between regions integrate the information and were
supposed to be the basis of perception” The
dynamic regulation by complex homeostatic pro-
cesses has been specifically and sensitively detected
by scalp EEG with different frequency bands, reflect-
ing the sequence of synchronized activity in huge
neural ensembles with spatiotemporal patterns S0
While, shifts from this stable self-organization can
be induced in many neurological and psychiatric
disordersHH4

Aberrant neural oscillation and cortical syn-
chrony has been demonstrated in epilepsy 1338 such
as abnormal individual alpha frequency, and the
altered intrinsic connectivity of certain rhythm 271
Moreover, evidence has indicated the implica-
tions of subcortical-cortical connectivity relating to
epilepsy2%22 Current concepts postulated thalam-
ocortical loops played an important role in epilep-
tic discharge generation23 Corticocortical couplings
were suggested facilitating the discharge propaga-
tion 2825 A ot of methodology has been provided
for seizure detection based on different scale of neu-
ral and functional network concept2830 Juvenile
myoclonic epilepsy (JME), as a common subtype of
idiopathic generalized epilepsy (IGE), was character-
ized by 2-6 Hz generalized spike-wave or polyspike
wave discharges (GSWD) with a frontocentral pre-
dominance 382 In EEG recording of frontal lobe

epilepsy (FLE), interictal epileptiform discharges
were obviously observed in frontal electrodes. Sim-
ilar large area of frontal cortex was involved both
in JME and FLE; however, distinct network rep-
resentations were described. Sensorimotor network
(SMN) was one important network in JME, and
the hyperconnectivity within SMN was widely con-
sidered acting as the excitatory driver in discharge
propagation®¥ While in FLE, increased local spa-
tiotemporal consistency was found in the frontopari-
etal network (FPN)B¥ In addition, another frontal-
related network, the default mode network (DMN)
was more likely to reveal spike-triggered blood oxy-
genation level-dependent (BOLD) deactivation both
in IGE and FLEB536 Thig heterogeneity of the net-
work representations was puzzling, and we hypothe-
sized that the dynamic organization of rhythmic net-
work may contribute to this diversity, in the context
of the thalamus-mediated mechanism.

BOLD-fMRI measures changes of the blood oxy-
genation level in brain circuits, and it can provide
maps of brain metabolic activity and dynamic config-
uration of brain network 2232 Previous study showed
that fMRI activity might represent the localized
changes in neuronal synchrony without increasing
firing-rate 242 Coupling between fMRI and local
field potential (LFP), as well as the scalp signals
based on EEG or magnetoencephalography (MEG)
was also demonstrated 2348 However, there has been
no data available linking the cortical global synchro-
nization represented in EEG and the long-range spa-
tial circuit represented in fMRI. EEG-fMRI fusion
provided a valid approach to search for the haemody-
namic correlations with the ongoing neuronal rhyth-
mic oscillation, linking the EEG oscillation with the
whole brain, even the deep sub-cortical structures.
However, the relationship between rhythm features
and epilepsy-related functional connectivity in the
brain is still not very clear. Especially, the thalam-
ocortical circuit modulated by the EEG dynamics
cross frequency and time needs to be investigated in
detail for better understanding the pathophysiology
of epilepsy.

In this study, we focus on the role of brain rhyth-
mic dynamic in functional connectivity across certain
thalamocortical circuits, including thalamus-SMN,
thalamus-FPN, and thalamus-DMN couplings. We
have two basic hypotheses: first, the thalamocorti-
cal coupling was modulated by rhythmic network;
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second, this modulation can be altered in epilepsy;
furthermore, JME and FLE may show common and
distinct modulatory effects. Based on simultaneous
EEG-fMRI data, time-varying network organization
of different frequency band was constructed using
adapted directed transfer function (ADTF) between
EEG electrodes. Then, a psychophysiological inter-
action (PPI) framework®™8 was applied to link tha-
lamocortical couplings and the rhythmic networks,
which provided a linear regression framework to
detect the coupling of one region to another with the
modulation of other experimental or intrinsic factors.
Furthermore, the associations between corticocorti-
cal connectivity among networks and rhythm modu-
latory thalamocortical couplings were examined.

2. Methods
2.1. Participant

Two groups of epilepsy patients were recruited in
this study, including 21 JME patients (12 females;
mean age + standard deviation (SD): 21 +7 years)

and 17 FLE patients (10 females; mean age+ SD:
23+ 11 years). The patients were diagnosed by neu-
rologists based on the clinical and seizure semiol-
ogy information according to International League
Against Epilepsy (ILAE) guidelines®%50 No struc-
tural abnormality was observed by routine CT and
MRI examinations for JME and FLE patients.
Table [ showed the demographic variables of the two
epilepsy groups. A total of 20 healthy controls (5
females; mean age +SD: 2444 years) with no his-
tory of neurologic or psychiatric disorders partici-
pated in this study. All participants gave written
informed consent in accordance with the Declaration
of Helsinki. This study was performed based on the
guidelines approved by the Ethics Committee of the
University of Electronic Science and Technology of
China (UESTC).

2.2. Simultaneous EEG-fMRI
recording

In this study, simultaneous EEG-fMRI recordings
were collected for all participants in UESTC. MRI

Table 1. Detailed demographic information and clinical characteristics of JME and FLE patients.

JME FLE
Age Age Avg No. Age Age of Avg No.
No. (year) F/M of onset AEDs of Seizures | No. (year) F/M onset AEDs of Seizures
1 17 F 10 VPA 1 1 7 F 1 TPM 2
2 17 F 14 LTG 1 2 24 M 16 CBZ 4
-3 33 F 20 VPM 3 3 23 F 16 LTG 0.5
4 22 M 8 VPM 2 4 22 F 12 TPM 0
5 19 F 12 MgV 1 ) 42 M 38 TPM 0
6 20 F 6 VPM/LTG 6 6 14 F 3 CBZ 0
7 15 M 5 — 4 7 15 F 11 — 0
8 22 F 14 VPA 2 8 13 F 10 OXC 1
9 17 F 3 VPA 0.5 9 27 M 10 VPM/PIR 0.1
10 17 F 13 VPA 0.5 10 25 M 8 CBZ 0
11 29 F 10 TCM/VPM 5 11 32 F 18 VPA 0.5
12 18 M 14 VPM 1 12 16 F 7 LEV 1
13 27 F 16 — 3 13 28 F 18 CBZ 5
14 21 F 11 VPM 0.5 14 14 M 11 OXC 0
15 10 M 5 VPM 1 15 31 F 3 VPA/TPM 1
16 13 M 9 VPA 4 16 51 M 9 — 15
17 34 M 14 TCM/VPM ) 17 20 M 10 VPA 1
18 34 F 18 — 1
19 28 M 17 VPA 5
20 18 M 7 OXC/TPM 10
21 23 M 13 VPM 0.5

Note: No.: number; AEDs: Antiepileptic drugs; VPA: valproic acid; LTG: lamotrigine; VPM: valpromide; OXC:
oxcarbazepine; TPM: Topamax; CBZ: carbamazepine; PIR, piracetam; LEV, levetiracetam; MgV: magnesium

valproate; TCM, traditional Chinese medicine. F/M: Female/Male; Avg No. of Seizures: averaged number of

seizures per month.
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data were acquired using a 3-T MRI scanner
(Discovery MR750, GE) in the Center for Informa-
tion in Medicine of UESTC. Resting state fMRI data
were acquired using the gradient-echo echo planar
imaging sequences (FOV = 24 x 24cm?, FA =90°,
TR/TE = 2000ms/30ms, matrix = 64 x 64,
slicethickness/gap = 4mm/0.4mm), with an eight
channel-phased array head coil. A total of 255 vol-
umes were collected in the resting-state scan for each
participant. In addition, high-resolution T'1-weighted
images were also acquired using a three-dimensional
fast spoiled gradient echo (T1-3D FSPGR) sequence
(FOV = 25.6 x 25.6cm?, FA = 9°, matrix = 256 x
256, TR/TE = 5.936ms/1.956 ms, slicethickness =
1 mm, no gap, 152 slices).

For all participants, simultaneous EEG data were
recorded using a MR compatible EEG cap (64-
channel, Neuroscan, Charlotte, NC) according to the
10-20 standard system. The amplifier was settled
outside the scanning room and the sampling rate
was 5000 Hz. The recording reference was set at the
Fcz position, and electrode impedances were lowered
to below 10k} before recording. Synchronization
between EEG recording and the MR internal clock
was conducted to facilitate the artifacts removal in
EEG preprocessing. During the simultaneous record-
ing, all participants were instructed to remain still
and close their eyes without sleeping.

2.3. EEG-fMRI data preprocessing

FMRI data were preprocessed using SPM12 (http://
www.fil.ion.ucl.ac.uk/spm/) and NIT (http://www.
neuro.uestc.edu.cn/NIT html) toolboxes. The first
five volumes were discarded from all fMRI scans
for the magnetization equilibrium. Slice timing cor-
rection and spatially realign was performed for the
remaining data. The individual T1 images were co-
registered to the functional images, and segmented
and normalized to the Montreal Neurologic Institute
(MNTI) space. Based on T1 transformation matrix,
functional images were spatial normalized, resampled
to 3 x 3 x 3mm? voxels, and then followed by the
spatially smooth using a 6 mm full-width half maxi-
mum Gaussian kernel. Nuisance signals (six motion
parameters, linear drift signal, as well as mean
white matter and cerebrospinal fluid signals) were
regressed out for the fMRI data. Group comparison
was performed for the individual mean frame-wise

displacement (FD) calculated by averaging the rel-
ative displacement from every time point for each
subject ™ and no difference was found between the
groups. Finally, band-pass temporal filtering (0.01—
0.1 Hz) was performed.

EEG data were preprocessed using Curry 7 soft-
ware (Compumedics Neuroscan) for the correction
of MR gradient artifacts via template-subtraction.®?
The artifact template was created from a baseline-
corrected sliding average of 13 consecutive volumes.
Since the triggers have been delivered from the MR
scanner every time an image was acquired, the tem-
plate was then subtracted from the EEG segment
time-locked to each volume acquisition. Next, the
data were bandpass filtered (1-30Hz) and down-
sampled to 250 Hz.

The ballistocardiogram (BCG) artifacts were
removed using the optimal basis set (OBS) based
correction method®¥ QRS identification was first
performed according to electrocardiograph (ECG)
channel. BCG artifact occurrences associated with
QRS complexes were aligned in a matrix for each
EEG channel, and the temporal principal component
(PCA) analysis was performed. The first three com-
ponents were taken as an OBS for describing the pos-
sible shapes, amplitudes, and scales of the artifact.
Then the OBS was fitted to and subtracted from each
artifact occurrence.

At last, independent component analysis (ICA)
was applied to manually reject the residual artifacts,
especially the movement-related artifacts. Each com-
ponent was characterized by a time course, and by
an associated topography, which were both visually
inspected for the identification and consequent rejec-
tion of artifact-related components. The rejection
procedure is challenging® because unpredictable
and frustrating artifacts can be induced by move-
ments in magnetic field. Here, the movement-related
artifacts were checked referring to the FD metric gen-
erated from fMRI preprocessing. Thus, the corrected
EEG were obtained by the back-projection of all the
remaining independent components.

After the data were segmented as successive
2s epochs according to fMRI volume acquisition,
the time points with obvious head motion in
each window were visually examined and excluded
for further analysis. Then, the preprocessed EEG
were re-referenced to the neutral infinite reference
using Reference electrode standardization technique
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(REST) 55 For ease of calculation and avoiding the
bad channel effect, 19 channels approximating the
standard electrode locations in the 10-20 system
were selected for the following network calculation
(FP1, FP2, F3, F4, C3, C4, P3, P4, O1, 02, F7, F8,
T7, T8, P7, P8, Fz, Pz, Cz).

2.4. Dynamic network construction
between EEG electrodes

Dynamic EEG networks were constructed using the
ADTF between electrodes, which has been previ—
ously used in cognitive and epilepsy studies 5857
ADTF provided a kind of time-varying, multivariate
and frequency-resolved measure, which may consti-
tute a refinement of the dynamics of brain activity.
Moreover, the variation of ADTF values within tem-
poral epochs (2s) represented inherent dynamic spa-
tiotemporal characteristics of epileptic activity, and
showed good performance predicting epilepsy-related
fluctuations =¥

ADTF adopts multivariate autoregressive model
(MVAR), representing the multivariate dataset X (t)
as a linear combination of his own past plus addi-
tional uncorrelated white noise:

p

X(t) =Y AG,)X(t—i)+ E(t). (1)

i=1

A(i,t) are the matrices of dynamic model coeffi-
cients established by the Kalman filter algorithm 5%
and p is the model order which is chosen by the
Schwarz Bayesian Criterion®? The recursive least
squares (RLS) algorithm is used to solve the obser-
vation and state equations with forgetting factor 6!
Then, the DTF function, H(f), can be obtained from
the MVAR model by transforming Eq. () into the
frequency domain:

P
where A(f) = Z Aye I Itk (2)
k=0

X(f) = ATHHES) = H(HE(]). (3)

The directional causal interaction from the jth to the
ith node at frequency f, i.e. H;;(f), constitutes the
element of the transfer matrix. Generally, integrated
ADTF is defined by summing the ADTF values over

the frequency bands after normalization. Thus, the
information flow of each electrode of scalp network
is generated:

. 2
”aﬁ“z&f$5$ww’ @

f 2 f 1
Here, [f1, f2] is the frequency interval. In this study,
we focused on the low frequency band, i.e. theta band
(4-7Hz), alpha band (8-12Hz), and beta band (13—
20Hz). The mean ADTF matrix denoting the net-
work connectivity between EEG electrodes within
theta, alpha, and beta frequency band was gener-
ated respectively. Then, we calculated the variation
of network connectivity in each 2s time window (one
fMRI volume acquisition with M time points). The
summing variation of the whole nodes, i.e. F,, (here
N is 19 electrodes across the head) was then z-scored
and taken as the EEG network dynamic series in the
modulation analysis.
2 2
P g 2l s b N

i=1 j=1

2.5. Thalamocortical functional
couplings modulated by EEG
network

In fMRI data processing, three frontal-related intrin-
sic networks were identified according to the previous
whole-brain network segmentation based on the 1000
healthy participants sample 8 including SMN, FPN,
and DMN. Cortical regions of interest (ROIs) within
each network were defined according to the Power’s
meta-analysis/63

To investigate how different thalamic circuits
were modulated by the rhythmic feature, we
used eight thalamus sets of Human Brainnetome
Atlas®™ in this study. These thalamus sets can
be described according to the anatomical and
functional connectional architecture (Supplementary
material, Figure S1), including Setl: medial pre-
frontal thalamus; Set2: pre-motor thalamus; Set3:
sensory thalamus; Set4: rostral temporal thalamus;
Set5: posterior parietal thalamus; Set6: occipital tha-
lamus; Set7: caudal temporal thalamus; Set8: lat-
eral pre-frontal thalamus. Next, we computed the
mean signals within the cortical ROIs and thalamus
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Fig. 1. Overview of the proposed thalamocortical coupling analysis modulated by rhythmic EEG network. The left sub-
figure is the concept of the modulation analysis: the contribution of thalamus node x to cortical node y is modulated
by EEG network metrics. The right sub-figure is the diagram of the whole study. First, rhythmic dynamic network is
constructed, and fMRI signals of ROIs are extracted. Then, modulation analysis is performed between thalamocorti-
cal coupling and EEG rhythmic network. Last, the modulation effect is associated with the corticocortical functional

connectivity.

Notes: ADTF': adapted directed transfer function; ROI: region of interest; FC: functional connectivity; SMN: sensorimotor
network; DMN: default mode network; FPN: frontoparietal network.

sets, respectively. Then, the rhythmic EEG network-
dependent functional couplings between thalamus
sets and cortical regions, were examined based on
the extended PPI linear model®¥ The PPI model
was as follows:

Yeortical = ﬁo + ﬂl - Tthalamus + ﬂz - TEEG
+ ﬂ3 : (xthalamus : wEEG) + €. (7)

Here, Zipaiamus 18 the BOLD signals of one tha-
lamus set, and Yeorticar 18 the BOLD signals from
cortical regions. zppg is the EEG induced sig-
nals generated by convolving the rhythm-network
dynamic series with the canonical HRF, involving
theta, alpha, and beta frequency band, respectively.
The modulatory interaction term was the point-
by-point multiplication between the BOLD signal
in thalamus set and the EEG rhythm induced sig-
nals. Thus, (3 was the modulation contribution
of rhythmic EEG to the thalamo-frontal coupling.
Then, group-level statistical analyses were performed
for the rhythm-dependent thalamocortical functional

couplings. The whole framework was illustrated in
Fig. [

2.6. Association between
thalamocortical coupling and
corticocortical connectivity

To examine the association between rhythm-
dependent thalamocortical coupling and corticocor-
tical network, we analyzed the correlations between
the rhythmic modulatory effect (83) and functional
connectivity (FC) between cortical regions. Cortico-
cortical FC was obtained according to the Pearson
correlation of BOLD signals between cortical ROIs
among the three intrinsic networks, i.e. SMN, FPN,
and DMN. The modulatory thalamocortical effect for
one network and inter-cortical FC between this net-
work and others was associated based on distance
correlation 3

Distance correlation is a general measure of
dependence of two multivariate datasets X, Y. The
first step is to compute the Euclidean distance in
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node-space between each pair of variates for X and
Y'separately:

aij = | Y (Xik = Xji)?

V2

bij = Z(Yik*ij)Q ,j=1,...,n.
k=1

Here, X is the modulatory effect from thalamus sets
to cortical nodes in one given intrinsic network (e.g.
SMN, FPN, DMN), that is, the row consisted of n
cortical nodes in the network and the column was
the thalamus sets (v1); Y is the FC matrices, that
is, the row denoted n cortical nodes of the given net-
work and the column is the connected nodes (v3) in
another network. Then, U-centering was applied to
the acquired Euclidean distance to ensure the corre-
lation estimates were not biased by the number of

nodes.
1 « 1 <
g ats a

=1 k=1
Ai,j = . .
+(n71 Zakla P F ]

kl 1
0, i=7

(9)

Therefore, the distance correlation can be computed
using the distance covariance and distance variance
based on the U-centering matrix.

dCor(X,Y)

dCor(X,Y) dCov(X,Y) >0
\/Evar X)d Var(Y)

dCor(X,Y) <0

n

dCov(X,Y) Z B; j; (10)

dVar(X Z i

2.7. Statistical methods

Group-level statistical tests were conducted for
rhythm-dependent thalamocortical couplings. Before
the statistical tests, the normality of the data distri-
bution was first examined based on the two-sided
goodness-of-fit Lilliefors test. Then one sample t-
test was performed for each group, and the statistic
threshold was set to P < 0.05 without correction.
Moreover, two-sample t-test (P < 0.05) between
groups was performed for the mean effects of the
nodes within intrinsic networks, where the nodes
were selected using the union of nodes with statisti-
cal significance in the one sample t-test of the three
groups. In addition, for the relationship between
rhythm-dependent thalamocortical coupling and cor-
ticocortical network, the data distribution was also
tested. Then, two sample t-test (P < 0.05) between
groups was conducted for the correlation values. In
between-group comparisons, age and gender were
regressed out as the covariates.

3. Results

3.1. Thalamocortical functional
coupling modulated by rhythmic
EEG network

Averaged EEG network variation across time points
was first compared between groups, and epilepsy
groups showed larger network variations than HC
for all frequency bands (P < 0.01, two-sample ¢-
test). No significant difference was observed between
JME and FLE group. Thalamocortical couplings
modulated by rhythmic network were then ana-
lyzed. Significant rhythm-dependent modulation was
demonstrated (Fig. S2). Moreover, the modulatory
effects were also influenced by thalamus sets. Gener-
ally, thalamus Set6, Set7 were more sensitive regions
which were involved in rhythmic modulation in
healthy group for all frequency bands.

For theta, obvious positive modulatory couplings
were represented between thalamus Set6, Set7 and
SMN in HC group. Whereas in JME and FLE,
these positive modulatory interactions were signif-
icantly decreased. In addition, slight modulatory
couplings were also found between thalamus sets
and DMN; as well as FPN. Reduced thalamus-FPN
couplings were found in FLE. Figure 2 illustrated
the one sample t-test results and between-group
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Fig. 2. (Color online) The thalamocortical couplings modulated by theta frequency band. Left: The dots on the brain
template were cortical regions with significant theta-dependent thalamocortical coupling for each group (one-sample t-
test, P < 0.05). Different color of the dots represented different cortical networks. Dots of larger size denoted positive
modulation and dots of smaller size denoted negative modulation. Right: The results of group comparisons with significant
difference (two-sample t-test, P < 0.05). Similarly, the color of the boxplots was corresponding to different cortical
networks. Decreased thalamus-SMN modulatory couplings were found both in JME and FLE, while reduced thalamus-

FPN couplings were found in FLE.

Note: SMN: sensorimotor network; DMN: default mode network; FPN: frontoparietal network; Set5: posterior parietal
thalamus; Set6: occipital thalamus; Set8: lateral pre-frontal thalamus.

comparison with statistical significance. Different
colors in the group-level modulation distribution and
the between-group comparison results denoted differ-
ent cortical networks. No significant difference was
found between JME and FLE.

Alpha-dependent modulatory couplings were
shown in Fig. Bl Most thalamus sets demonstrated
negative modulatory couplings to DMN in HC group.
Nevertheless, abnormal alpha-dependent modula-
tory effect was distinctively found in JME. The neg-
ative modulatory couplings from thalamus to DMN
were changed and tended to be positive. Further-
more, JME showed increased modulatory couplings
between thalamus and SMN, which was not found in
FLE group. For beta frequency, positive modulatory
couplings between thalamus sets and SMN were still

dominant in HC group. However, distinct increased
couplings from thalamus to FPN were represented in
FLE (Fig. M).

In addition, supplementary analyses were con-
ducted, and the functional couplings between tha-
lamus and 258 cortical ROIs (atlas from Power’s
meta-analysis) of the whole brain® was computed
(Figs. S3-S5). Here, 7 networks were included:
the visual network (VN), SMN, dorsal atten-
tion network (DAN), ventral attention network
(VAN), limbic network (LN), frontoparietal net-
work (FPN), and DMN. The group-level comparison
results were demonstrated in Supplemental Materials
(Figs. S6-S8). The results showed that the VN and
LN were two another vulnerable networks in both
JME and FLE patients.
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Fig. 3. The thalamocortical couplings modulated by alpha frequency band. Left: The dots on the brain template were
cortical regions with significant alpha-dependent thalamocortical coupling for each group (one-sample t-test, P < 0.05).
Different color of the dots represented different cortical networks. Dots of larger size denoted positive modulation and
dots of smaller size denoted negative modulation. Right: The results of group comparisons with significant difference
(two-sample ¢-test, P < 0.05). Similarly, the color of the boxplots was corresponding to different cortical networks. JME
showed increased modulatory effect in thalamus-SMN and thalamus-DMN couplings, while in the FLE, this effect was

not significant.

Notes: SMN: sensorimotor network; DMN: default mode network; FPN: frontoparietal network; Set5: posterior parietal
thalamus; Set6: occipital thalamus; Set7: caudal temporal thalamus; Set8: lateral pre-frontal thalamus.

3.2. Altered association between
thalamocortical coupling and
corticocortical connectivity in
epilepsy

Altered association between corticocortical connec-

tivity and thalamocortical coupling was found in

epilepsy group. The results were showed in Fig. B(A).

Comparing to HC, alpha-modulated thalamus-SMN

couplings in JME demonstrated increased corre-

lation with SMN-related connectivity, i.e. SMN-

FPN and SMN-DMN connectivity. While in FLE

group, decreased correlation was found between

theta-modulated thalamus-FPN couplings and FPN-
related pathway, including FPN-SMN and FPN-
DMN connectivity.

3.3. Correlation of
thalamocortical /corticocortical and
clinical features

Pearson correlations between the duration of
epilepsy and thalamocortical coupling, as well as the
corticocortical connectivity, were conducted. It was
observed that increased alpha-modulated thalamus-
SMN couplings were associated with the longer
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Fig. 4. The thalamocortical coupling modulated by beta frequency band. Left: The dots on the brain template were
cortical regions with significant beta-dependent thalamocortical coupling for each group (one-sample t-test, P < 0.05).
Different color of the dots represented different cortical networks. Dots of larger size denoted positive modulation and
dots of smaller size denoted negative modulation. Right: The results of group comparisons with significant difference (two-
sample t-test, P < 0.05). Similarly, the color of the boxplots was corresponding to different cortical networks. Distinct

increased thalamus-FPN couplings were represented in FLE.

Notes: SMN: sensorimotor network; DMN: default mode network; FPN: frontoparietal network; Set5: posterior parietal
thalamus; Set6: occipital thalamus; Set8: lateral pre-frontal thalamus.

epilepsy duration in JME [Fig. Bl(B)]. Moreover, tha-
lamus Set6 and Set7 were involved in this correlation.

4. Discussion

In this study, we tested the hypothesis that the
thalamocortical functional couplings were modu-
lated by rhythmic EEG network features. Increased
thalamus-SMN couplings in JME were strongly mod-
ulated by alpha band, and this modulation pattern
had enhanced association with SMN-related inter-
cortical connectivity (SMN-DMN and SMN-FPN
connectivity). On the contrary, decreased theta-
dependent thalamus—FPN couplings were found in
FLE, and the association between the modula-
tory coupling pattern and inter-cortical connectivity

with DMN and SMN was also reduced. For the
modulation by beta band, increased thalamus—FPN
couplings were only found in FLE compared to HC
and JME. These findings may contribute to under-
standing the potential disease-related representation
in JME and FLE group.

Previous studies have reviewed that thalamocor-
tical circuit can generate different types of cortical
oscillation and facilitate the communication between
brain regions 58 Some research has used computa-
tional models and animal vitro-recording to examine
the cortico-thalamic feedback with the modulation
of cortical synchronous oscillation, particularly to
explore the genesis of epilepsy seizures260 Neu-
ral oscillation based on EEG has been frequently
detected to uncover the potential pathophysiology in
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(Color online) The top: The altered association between EEG network-dependent thalamocortical coupling and

corticocortical inter-network connectivity in JME and FLE. The red and blue lines denoted increased correlations and
decreased correlations (P < 0.05). In JME, alpha-modulated thalamus—SMN couplings showed increased association with
SMN-FPN connectivity and SMN-DMN connectivity. While in FLE, decreased correlation was found between theta-
modulated thalamus-FPN couplings and FPN-related pathway, including FPN-SMN and FPN-DMN connectivity. The
bottom: Alpha-dependent thalamus—SMN coupling was positively correlated with the epilepsy duration in JME.

neurologic disorders 8872 Here, scalp rhythmic net-
works were constructed using ADTF. The estima-
tion of ADTF was suggested insensitive to volume
conduction which describes the propagation of the
electromagnetic field without phase difference ™
This paper applied EEG-fMRI fusion model to detect
what the cortical network organization may serve
in thalamocortical circuit, and built links between
thalamocortical mis-coupling and rhythmic oscilla-
tion in epilepsy. In HC group, the results represented
strong negative alpha modulation effect contributing
to thalamus—DMN couplings. Previous studies have
revealed that alpha rhythm was strongly associated
with DMN™ and had the specific negative effect to
thalamus-DMN connectivity™ The consistent nega-
tive modulation in the current study may be asso-
ciated with the inhibition coordination of alpha to
the thalamocortical connectivity. For theta and beta

frequency bands in HC, positive modulation effects
mainly acted on thalamus-SMN couplings, repre-
senting the dependence between the rhythm and
certain thalamic projections, and thus facilitating
the inter-region communication in thalamocortical
and corticocortical circuit. Moreover, it was shown
that the parietal, occipital, and temporal thalamus
was predominately involved in the thalamocortical
modulation, implying the complex thalamocortical
spatial pattern depending on the dynamic cortical
network feedback.

In epilepsy group, altered modulatory thala-
mocortical couplings were represented. As theta
band (3-7Hz) was much more vulnerable due
to the epileptic discharges, the disturbed theta-
dependent thalamus-SMN, thalamus-FPN, as well
as the thalamus—LN couplings (Fig. S6) in epilepsy
group were interpretable and may imply the
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pathophysiological factors associated with the worse
performance of motor coordination and executive
functions in IGE and focal epilepsy patients 070
Besides, distinct representations were found result-
ing from the interactions between thalamo-frontal
coupling and rhythmic network in JME and FLE.
Notably, the enhancement of thalamocortical cou-
pling in JME was strongly associated with alpha
band. Hyperconnectivity and hyperexcitability in
motor system and in thalamus-SMN connectivity
has been widely observed in JMEZ Although
the alpha-modulation effect on SMN was not sen-
sitive in HC, the increased positive effects in JME
may suggest the altered alpha oscillation regulation
on thalamus-SMN couplings because of the impair-
ment and hyperexcitability near SMNBY Moreover,
JME was characterized by a frontocentral predomi-
nance of ictal EEG, and the altered modulatory cou-
plings may aggravate the inter-cortical interaction
related with SMN, including SMN-DMN and SMN-
FPN connectivity. Therefore, SMN was assumed to
be a crucial node linking subcortical and cortical
regions in JME, and furthermore facilitating the gen-
eralized epileptic activity across the whole brain. The
correlation with epilepsy duration further implied
that the abnormal couplings linking posterior and
medial nucleus of thalamus with SMN regions in
this study may be important biomarker of severity
of the disease®%2 In addition, it was interesting
that enhanced positive alpha-modulated thalamus—
DMN couplings was found in JME. A lot of evidence
has emerged indicating the disturbance of the DMN
in epilepsy3#83 The suspension of BOLD response
in DMN was found related to the epileptic dis-
charges B84 One previous study also demonstrated
decreased connectivity between thalamus and pre-
cuneus™ In fact, the conversed positive modulation
in this study may elucidate one kind of regulation of
alpha rhythm in JME. Moreover, thalamus and the
posterior areas were key regions relating to the gen-
eration of alpha oscillation 3 The increased associa-
tion between the abnormal thalamus-DMN connec-
tivity and alpha rhythm may have implications for
understanding the neuropathology in epileptic brain.
In addition, enhanced thalamus-VN couplings were
also found in both JME and FLE with alpha mod-
ulation (Fig. S7), which suggested the association of
the visual pathway impairment with alpha dynamic
in epilepsy patients.

FLE was frequently characterized by the complex
functional organization of the frontal lobe and its
reciprocal connections with other cortical, subcorti-
cal areas B7 which lead to various impairments in cog-
nitive functioning and behavioral disorders. Previous
network analysis also demonstrated that abnormal-
ity in FLE patients was highly related to FPN sys-
tem ¥ and FPN has long been implicated mediating
the top-down control and supporting goal-directed
cognition®? In this study, altered thalamus-FPN
coupling with beta modulation was only found in
FLE. As beta rhythm played a key role in top-down
(frontoparietal) processing 2 the abnormal modu-
lation may provide interpretations for the vigor-
ous frontoparietal activity and executive deficit in
FLEB9L [y addition, decreased association between
thalamus—FPN couplings and corticocortical connec-
tivity due to the theta-mediated mechanism was
found in FLE. The reduced theta-modulation on
the couplings between posterior medial thalamus
and FPN may be attributed to the interruption of
the epileptic discharges, and consequently cause the
alteration in FPN related pathway (FPN-SMN and
FPN-DMN). Therefore, it was suggested that FPN
would have a potential role as circuit biomarkers
for the pathophysiology and intervention process in
FLE.

This study provided a new approach to link the
spatial thalamocortical circuit with the rhythmic
organization resulting from the synchronization of
neural ensembles. Cortical spatiotemporal organiza-
tion can be specifically exhibited by scalp EEG B
which also enables to uncover the potential patho-
physiology in neurologic disorders®293 The rhythm-
dependent thalamocortical coupling in this study
demonstrated the associations between the rhythm
and thalamic projections, which may facilitate the
homeostasis in brain in terms of the subcortical-
cortical communications. Comparing to HC, much
larger EEG network variation in epilepsy group was
found for all frequency bands. As this study was
performed interictal, we tend to consider that the
altered EEG network and the thalamocortical uncou-
pling was resulting from the cumulative effect in
epileptic and medicated brain suffering from the
long-term epileptic activity.

However, there are several methodological con-
siderations and limitations in this study. The first
concern is the lack of the direct association with
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the paroxystic epileptic activity. As the study was
performed interictal, the modulatory thalamocorti-
cal uncoupling in epilepsy group was supposed to
reflecting the cumulative effect in epileptic brain
suffering from long-term epileptic activity. Another
limitation is the brain atlas used in this study.
Different atlas stemming from distinct parcellation
framework may influence the connectivity between
regions from the atlas. However, when one alterna-
tive atlas (Human Brainnetome Atlas including 230
cortical areas) was used in this study, most consistent
results were observed. Third, we used global rhyth-
mic network variation property between EEG elec-
trodes to calculate the modulatory thalamocortical
coupling. The rhythmic activities, i.e. theta, alpha,
beta, always have certain spatial distribution, there-
fore, rhythmic activity from local and more delicate
spatial distribution may increase the significance of
modulation effect. Moreover, as the rhythmic net-
work was obtained using ADTF with 19 electrodes,
a high electrode density (64 channels) can be carried
out in the future work and more informative results
may be drawn. Next, the effect from medication was
not taken into consideration because of the diversity
of medications and the distinct mechanisms of these
drugs, which may affect the result of between-group
comparisons. Finally, due to the limited sample size,
future studies should include larger sample sizes to
determine the pathophysiological mechanisms under-
lying the altered interaction between EEG rhythm
and thalamocortical network in epilepsy.

5. Conclusion

In conclusion, this study provided a novel method
to investigate the modulatory interactions between
the thalamocortical connectivity and EEG rhythmic
network dynamics. The results showed frequency-
dependent characteristics of these modulations.
Distinct aberrant thalamocortical couplings were
showed in JME and FLE patients. Associations
between thalamocortical couplings and corticocorti-
cal connectivity due to the rhythm-mediated mecha-
nism was also investigated. The specificity of modu-
lation with different rhythm would imply that SMN
played a crucial role linking subcortical and cortical
regions in JME; however, the FPN was important
joinpoint in the subcortical-cortical circuit in FLE.
This modulation analysis may have implications for

understanding and intervention of the aberrant tha-
lamocortical circuit in generalized and focal epilepsy.
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