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Abstract

Childhood absence epilepsy (CAE), the most common pediatric epilepsy syndrome, is usually treated with valproic acid
(VPA) and lamotrigine (LTG) in China. This study aimed to investigate the ictal source locations and functional connectivity
(FC) networks between the cortices and thalamus that are related to treatment response. Magnetoencephalography (MEG)
data from 25 patients with CAE were recorded at 300 Hz and analyzed in 1-30 Hz frequency bands. Neuromagnetic sources
were volumetrically scanned with accumulated source imaging. The FC networks between the cortices and thalamus were
evaluated at the source level through a connectivity analysis. Treatment outcome was assessed after 36—66 months follow-
ing MEG recording. The children with CAE were divided into LTG responder, LTG non-responder, VPA responder and
VPA non-responder groups. The ictal source locations and cortico—thalamic FC networks were compared to the treatment
response. The ictal source locations in the post-dorsal medial frontal cortex (post-DMFC, including the medial primary
motor cortex and the supplementary sensorimotor area) were observed in all LTG non-responders but in all LTG responders.
At 1-7 Hz, patients with fronto—thalamo—parietal/occipital (F-T—P/O) networks were older than those with fronto—thalamic
(F-T) networks or other cortico—thalamic networks (p=0.000). The duration of seizures in patients with F-T-P/O networks
at 1-7 Hz was longer than that in patients with F-T networks or other cortico—thalamic networks (p=0.001). The ictal post-
DMEC source localizations suggest that children with CAE might experience initial LTG monotherapy failure. Moreover, the
cortico—thalamo—cortical network is associated with age. Finally, the cortico-thalamo—cortical network consists of anterior
and posterior cortices and might contribute to the maintenance of discharges.
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Introduction

Childhood absence epilepsy (CAE), as the most common
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2001). The syndrome is characterized by brief (approxi-
mately 5-30 s) disruptions in consciousness, typically
beginning at 4-8 years of age (International League Against
Epilepsy 1989). The classic electroencephalogram (EEG)
shows generalized 3 Hz spike-wave discharges (SWDs) with
normal background activity (International League Against
Epilepsy 1989; Loiseau et al. 1995). Often misperceived as
a benign form of epilepsy, CAE is associated with long-term
psychosocial difficulties and cognitive deficits in patients
(Bouma et al. 1996; Pavone et al. 2001; Wirrell et al. 1997).
Ethosuximide (ETX), valproic acid (VPA), and lamotrigine
(LTG) are commonly used to treat CAE (Wheless et al.
2005). The freedom from treatment failure (FFF) rates of
initial monotherapy at 16—20 weeks and at 12 months are
45% and 53% for ETX, 44% and 58% for valproate (VPA),
and 21% and 29% for LTG, respectively (Glauser et al. 2010,
2013). Unfortunately, information about ETX treatment is
not available in China. Moreover, the reason for the differ-
ent efficacy rates of the three drugs remains poorly under-
stood. The frontal cortex, parietal cortex, occipital lobe and
thalamus are crucial regions in the initiation and propaga-
tion of absence seizure according to previous scalp EEG,
EEG-fMRI and magnetoencephalography (MEG) stud-
ies (Amor et al. 2009; Bai et al. 2010; Carney et al. 2010;
Gupta et al. 2011; Masterton et al. 2013; Meeren et al.
2002; Miao et al. 2014a, b; Moeller et al. 2008; Szaflarski
et al. 2010; Vaudano et al. 2009; Tang et al. 2015; Tenney
et al. 2013, 2014; Westmijse et al. 2009). Furthermore, the
source locations of ictal SWDs vary among reports. SWDs
occur through repetitive cyclic activity between the cortex
and thalamus (Bai et al. 2010; Miao et al. 2014a; Szaflarski
et al. 2010; Tang et al. 2015; Tenney et al. 2013, 2014).
The thalamus is a relevant resonator for the maintenance
of SWD (Meeren et al. 2002, 2005; van Luijtelaar and Sit-
nikova 2006). However, the source locations and network
characteristics reported are not used to guide clinical treat-
ment. Research is needed on whether the ictal source loca-
tion may explain the FFF rates of VPA and LTG and on
whether it may serve as an imaging marker to aid in the
determination of appropriate. The duration discharges vary
in absence seizures (Gadad et al. 2018). The contributions
of the ictal fronto—thalamo—parietal/occipital (F-T—O/P)
network and the fronto—thalamic (F-T) network to duration
discharges are yet to be determined. Furthermore, research
is needed to determine if the cortico—thalamic network is
associated with age.

In the present study, we performed a group analysis of the
ictal MEG data from 25 patients with CAE at 1-30 Hz in
CAE. The source locations and cortico—thalamic networks
were analyzed between AED responders and AED non-
responders to search for imaging markers contributing to the
efficacy of AEDs. AED responders indicate children with
CAE who benefit from their initial monotherapy. In contrast,

children who do not improve with initial monotherapy were
called AED non-responders.

Methods
Subjects

Twenty-five children with CAE aged 4—11 years old were,
diagnosed and recruited from Nanjing Brain Hospital and
the Neurology Division at Nanjing Children’s Hospital from
September 2012 to February 2015. A total of 25 patients
with CAE, who were screened and met the inclusion cri-
teria, were included in this study. At 36-66 months after
MEG recording, we performed follow-up assessments of all
patients and gathered information about AEDs and progno-
sis. The clinical details of the patients are shown in Table 1.
Similar to our previous research (Miao et al. 2014a, b), the
inclusion criteria were as follows: (1) a diagnosis of typical
CAE without automatisms, eye rolling or blinking and that
was consistent with the International League Against Epi-
lepsy Proposal for Revised Classification of Epilepsies and
Epileptic Syndromes; (2) normal brain magnetic resonance
imaging (MRI); bilaterally synchronous 3—-4 Hz SWDs on a
normal background with at least one electroclinical seizure
lasting 10 s or more; and less than 5-mm head movement
during MEG recordings; and (3) normal development; nor-
mal neurological examination. The exclusion criteria were
as follows: (1) history of other major neurologic or psychi-
atric diseases; (2) presence of clinically significant systemic
disease; (3) presence of metal implants, such as cochlear
devices and pacemakers that would strongly interfere with
MEQG data; and (4) inability to keep head still during MRI
scans and/or MEG recordings. The medical ethics commit-
tees of Nanjing Children’s Hospital, Nanjing Brain Hospital,
and Nanjing Medical University approved the present study.
All participants and their guardians signed written informed
consent forms.

MEG Recording

All subjects were instructed to stay up late at night and
wake up early in the morning before MEG recordings to
reduce sleeping time to increase the chance of absence
seizures during MEG recordings. The MEG data were
recorded using a whole-head CTF 275-Channel MEG
system (VSM Medical Technology Company, Canada) in
a magnetically shielded room (MSR). Before MEG record-
ing, three small coils were attached to the nasion and to
the left and right preauricular points of each subject. The
subjects’ head positions relative to the MEG sensors were
measured using the three coils. The system allowed head
localization with an accuracy of 1 mm and head movement
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Table 1 Clinical patient’s data

Patients Sex (F/M) Onset age Seizure fre- Seizures AEDs before  Initial AEDs AEDs added  Revisit time Seizure
quency (time/ duration MEG record- after MEG controlled
day) (>105) ing recording (Y/N)
(months)

1 F 9 5 1 No VPA No 55 Y (AEDs
stopped)

2 F 10 8 2 No LTG VPA 39 Y

3 F 9 5 1 No LTG No 57 Y

4 M 8 8 2 No VPA No 58 Y

5 F 7 20 1 No Lost Lost Lost Lost

6 F 8 20 2 No LTG No 36 Y (AEDs
stopped)

7 M 8 10 1 No VPA No 59 Y

8 F 9 6 1 No LTG VPA 54 Y

9 M 10 10 1 No Lost Lost Lost Lost

10 F 6 8 2 No LTG VPA 42 Y

11 F 10 1 No LTG No 54 Y

12 F 10 2 No LTG No 36 Y

13 M 20 1 No LTG No 56 Y (AEDs
stopped)

14 M 7 7 1 No LTG No 58 Y (AEDs
stopped)

15 F 5 5 1 No LTG VPA 58 Abandon

16 F 5 2 2 No VPA No 58 Y (AEDs
stopped)

17 F 6 6 1 No LTG No 58 Y (AEDs
stopped)

18 F 5 8 No VPA No 42 Y (AEDs
stopped)

19 F 5 10 1 No LTG No 38 Y

20 F 4 4 2 No VPA LTG 43 Y

21 M 3 10 1 No VPA LTG 64 Y

22 F 5 10 2 No VPA LTG 60 Y

23 F 8 1 No LTG VPA/LEV 44 Y

24 F 10 7 1 No LTG No 65 Y

25 F 10 7 1 No LEV stopped LTG, VPA 64 Y

successively

VPA valproic acid, LTG lamotrigine, LEV levetiracetam

was limited to 5 mm. The MEG signals were acquired at a
sampling rate of 300 Hz, with noise cancellation of third-
order gradients. During the MEG recordings, the subjects
were asked to stay still and keep their eyes slightly closed.
The subjects were also asked to avoid swallowing or teeth
clenching. For each subject, at least six consecutive data
files of a 2 min duration were collected. If no SWDs were
observed in the MEG signals of the first three recorded
files, the patients were instructed to hyperventilate to pro-
voke seizures.

@ Springer

Magnetic Resonance Imaging (MRI) Scan

A total of 18 subjects accepted MRI scanning with a 3.0T
scanner (Siemens, Germany), whereas a 1.5T scanner
(Sigma, GE, USA) was used on seven subjects. The scan
FOV was 240 mm; the FOV phase was 100%; the repetition
time (TR) was 6600 ms; the echo time (TE) was 93 ms, and
the slice thickness was 1.00 mm. MRI marks were placed
in the locations of the three coils used in the MEG record-
ings to co-register the MRI and MEG data. All anatomical
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landmarks digitized in the MEG study were rendered iden-
tifiable in the MRI.

Data Preprocessing

All MEG recordings without prolonged artifacts were
retained. Only the SWDs of 3 Hz with a duration of longer
than 10 s were analyzed in this study. Ictal onsets were
determined by visual inspection. An ictal onset was defined
by two criteria: (1) clearly distinguishable from the ongo-
ing background rhythms and (2) unexplained by artifacts
or physiologic changes. We calculated the dynamic source
localization and functional connectivity (FC) during the ictal
onset for 5 s in the two frequency bands from 23 patients
(1-7 Hz and 8-30 Hz). Absence seizures from patients 24
and 25 started before the MEG recordings. Therefore, the
initial portions of the ictal discharges were not recorded. The
earliest 5 s recording was analyzed instead.

The determination of interictal data was completed in
three steps: (1) finding a segment of interictal waveform
that did not have SWDs (“clean interictal waveform™); (2)
measuring the duration of the clean interictal waveform
(> 30 s); and (3) checking if there were any 3 Hz SWDs
before (pre-interval > 10 s) or after (post-interval > 10 s)
the clean interictal waveform. If the duration of the clean
interictal waveform was longer than 30 s and if both pre- and
post-intervals were longer than 10 s, the “clean” interictal
waveform was then selected as one segment of interictal
data for the following data analysis. At least two segments
of interictal data were analyzed for each subject.

Source Localization

We localized the significant neuromagnetic activities
through accumulated source imaging (Xiang et al. 2014,
2015a), which was defined as the volumetric summation of
the source activity over a period of time and was specifically
developed and optimized to analyze activities in patients
with CAE (Xiang et al. 2015a). Accumulated source imag-
ing can be described by the following equation:

t=n

Asi(r, s) = Z oG, 1) 1)
=1

In Eq. (1), Asi represents the accumulated source strength at
location r; s indicates the time slice; ¢ indicates the time point
of the MEG data; n indicates the total time points of the MEG
data and Q indicates the source activity at source r and at time
point z. We defined s> 1 and s <n/2. The source activity was
computed by two-step beamforming (Xiang et al. 2015a). Spe-
cifically, the lead fields for each source (or voxel position) were
computed to generate matrices with MEG data. The sensors
selected for partial sensor coverage for each voxel with lead

field (Xiang et al. 2015b), called voxel-based partial sensors,
were used to minimize the effect of coherent sources in the
source localization in the following beamformers. The covari-
ance for voxel-based partial sensors was computed. Next, two
sets of magnetic source images were computed using a vector
beamformer (Xiang et al. 2015b). Then, the coherent source
and the source orientation were estimated using the covariance
matrix vector beamformer. Once the source orientation was
determined, the final step was to generate the source activity
(or virtual sensor waveform) with a scalar beamformer (Xiang
et al. 2015b). The detailed mathematical algorithms and vali-
dations were described in recently published articles (Xiang
et al. 2014, 2015a). In this paper, the whole brain was scanned
at a 6-mm resolution (approximately 17,160 voxels/sources).

Functional Connectivity Analysis

Based on previous reports (Xiang et al. 2014, 2015a), FC was
analyzed at the source level. To analyze FC at the source level,
virtual sensor waveforms were computed for each source using
the aforementioned algorithms. The source neural networks
were estimated by analyzing the signal correlation of every
pair of virtual sensors in the 5 s ictal time-windows. Specifi-
cally, the relationship of virtual sensor signals from the two-
source pair was statistically analyzed by computing the corre-
lation factor (or correlation coefficient). The correlation factors
were defined by the following formulas:
C(X,> Xp)
RX,, X)) = ————
Xa» Xp) SX, )
where R (X, X,) indicates the correlation of a source pair
in two locations (“a” and “b”). The X, and X,, indicate the
signals in two sources, which were paired for computing
connection. C (X, X,) represents the mean of the signals in
the two sources. Sx, and Sx, indicate the standard deviation
of the signals from the two sources. To avoid possible bias,
we computed all possible connections for every two-source
pair with source-level analyses. The distribution of the FC
for each possible pair of all voxel-based virtual sensors was
co-registered to individual participant MRIs (Xiang et al.
2014, 2015a). Magnetic source imaging-based neural net-
works were visualized in axial, coronal, and sagittal views
to analyze the source connections. Blue and red were used to
indicate inhibitory and excitatory connections, respectively.
A threshold was used as a checkpoint to ensure the quality
of the data. To determine the thresholding of connections, t
values were computed for all source pairs.

K-2
1-R?

Tp =R 3
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In Eq. (3), Tp is the ¢ value of a correlation; R indicates
the correlation of a source pair; and K indicates the number
of data points for the connection. In the present study, we
used the Tp value that had a corresponding p value <0.01
as the threshold to obtain the FC networks.

Statistical Analysis

An independent samples t test was used to analyze onset age
and duration discharges between patients with an F-T-P/O
network and patients with F-T networks or other networks
at 1-7 Hz, as well as onset age and frequency between AED
responders and AED non-responders. Levene’s test for
equality of variances was used. A chi-squared test (Fisher’s
exact test) was used to compare gender between patients
with F-T-P/O networks and patients with F-T networks
or other cortico—thalamic networks, as well as between
AED responders and AED non-responders. The threshold
of statistical significance for differences was set at p<0.05
for each test. A Bonferroni correction was applied [for two
frequency bands, p <0.025 (0.05/2=0.025)]. All statisti-
cal analyses were performed with SPSS 19.0 for Windows
(SPSS Inc., Chicago, IL, USA).

Results
Subjects

The gender ratio of the patients in the present study was
6:19 (male: female). The onset age was 7.32 +2.14 years.
The seizure frequency was 8.8 +£4.7 times/day. A total of 33
seizures with a duration of > 10 s were captured during the
MEGQG recording. Eight seizures were provoked by hyperven-
tilation. Thirty-one seizures were integrated, with an average
duration of 20.5 + 8.3 s. A total of 23 patients were followed-
up successfully 3666 months after the MEG was recorded.
Fifteen patients were initially treated with LTG, and nine
became seizure free with this treatment, whereas the other
six continued to have seizures. One LTG non-responder gave
up treatment due to VPA side effects. However, five LTG
non-responders benefited from a VPA-LTG combination.
A total of eight patients were initially treated with VPA, and
five became seizure-free with this treatment, whereas the
other three continued to have seizures. Moreover, three non-
responders benefited from a VPA-LTG combination therapy.
AEDs completely stopped in seven patients. Details of the
data are shown in Table 1.

Source Location

Interictal sources at 1-7 Hz and 8-30 Hz were primarily
localized in the occipital lobe (OL), precuneus (Pc) and
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thalamus. Ictal activation at 1-7 Hz was located in the ven-
tral medial frontal cortex (VMFC) in nine seizures (abbre-
viated to n=9), the post-dorsal medial frontal cortex (post-
DMEC, including the medial primary motor cortex and the
supplementary sensorimotor area, n=4), the pre-dorsal
medial frontal cortex (pre-DMFC, n=1), the inferior pari-
etal lobe (IPL, n=10), the Pc (n=5), and the OL (n=12)
(Table 2; Fig. 1). At 8-30 Hz, the source location was
observed in the VMFC (n=6), post-DMFC (n=10), IPL
(n=9), Pc source location (n=5), and OL (n=4) (Table 2;
Fig. 1). Source localization revealed that the sources were
localized to the frontal cortex and the parietal cortex simi-
larly for the 1-7 Hz and 8-30 Hz frequency bandwidths,
whereas the occipital sources were primarily observed at
the 1-7 Hz frequency bandwidth (p=0.006). In our study,
eight patients had two seizures with a duration of > 10 s.
Although source imaging of seizures in a single patient may
vary among seizures, there is consistency among different
seizures in each patient (Fig. 2).

Cortico-Thalamic Functional Network

The inhibitory and excitatory connections constitute a cor-
tico—thalamic network (Fig. 3). The inhibitory connections
were primarily observed at 1-7 Hz (p=0.000, Fig. 3c, d).
The ictal 1-7 Hz recursive activities displayed the F-T-P/O
networks (n=15, Fig. 3a, b), F-T network (n=15, Fig. 3e,
f), fronto—thalamo—temporal network (n=1), and parieto/
occipito/temporal-thalamic network (n=2, Table 2). At
1-7 Hz, the inhibitory connections were primarily observed
in patients with F-T-P/O networks (p=0.005). The ictal
8-30 Hz recursive activities were observed in the F-T-P/O
networks (n=15, Fig. 4a), F-T networks (n=9, Fig. 4b),
fronto—thalamo—temporal network (n="7), and parieto/tem-
poral-thalamic network (n=2). At 1-7 Hz, patients with
F-T-P/O networks were older than those with F-T networks
or other cortico—thalamic networks (p =0.000) (Tables 1, 2;
Fig. 5a). The duration of seizures in patients with F-T-P/O
networks at 1-7 Hz were longer than those with F-T or other
cortico—thalamic networks (p=0.001) (Table 2; Fig. 5b). No
statistically significant differences were observed in gender
between patients with F-T-P/O networks and patients with
F-T networks or other cortico—thalamic networks at 1-7 Hz
(p=0.645).

Comparison Between Responders
and Non-responders

The ictal post-DMFC source at 1-7 Hz or 8-30 Hz were
observed in all (6/6) female LTG non-responders (Fig. 6).
Interestingly, nine LTG responders showed no source loca-
tions in post-DMFC (Table 2). No statistically signifi-
cant differences were observed in onset age (p=0.917),
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Table 2 Interictal and ictal source location and ictal cortico-thalamic network node

Patients Interictal source Interictal Ictal duration(s) Ictal source loca- Ictal source loca- Ictal cortico—tha- Ictal cortico—tha-
location (1-7 Hz) source location tion (1-7 Hz) tion (8-30 Hz) lamic network lamic network
(8-30 Hz) node (1-7 Hz) node (8-30 Hz)
1 Bi Pc/OL Bi Pc/OL 34.5 Bi post-DMFC;  VMFC L pre-DMFC; R Bi pre-DMFC; R
L IPL thalamus; L OL  thalamus; Bi Pc
2 L thalamus L thalamus 22.2 (H) Bi OL Bi post-DMFC;  VMFC; L thala-  Bi pre-DMFC; R
17 BiOL; R OTJ L CR mus; L IPL thalamus; R Pc
L post-DMFC; Bi D/VMFC; R L IPL; L thalamus
LCR thalamus
3 Bi OTJ Bi Pc/OL 33.9 RPc; ROL; R RIPL; ROL; L pre-DMFC; L prefrontal lobe;
OTJ R Pc Bi thalamus; Bi thalamus; L
R IPL IPL
4 Bi thalamus Bi thalamus 19.4 (H) ROL; L IPL Bi post-DMFC Bi prefrontal R pre-DMFC; R
14.1 Bi OL Bi VMFC lobe; Bi thala- thalamus; L IPL
mus; R IPL R pre-DMFC; R
R Bi D/VMFC; LFL; R thala-
Bi thalamus; mus; L Pc
L IPL
5 L thalamus Bi Pc/OL 23.6 Bi VMFC; R IPL L thalamus L VMFC; R L prefrontal lobe;
LFL; Bi thala- R LFL; R thala-
mus; R IPL mus; R IPL
6 Bi Pc/OL Bi Pc/OL 20.8 (H) L IPL; Bi VMFC L IPL R prefrontal lobe; R pre-DMFC; R
13.7 ROL; LIPL ROL; R Pc R thalamus; R thalamus; R IPL
IPL Bi pre-DMFC; R
Bi pre-DMFC; L thalamus; L IPL
thalamus
7 Bi Pc Bi Pc/OL 35.5 Bi OL R IPL R pre-DMFC; Bi L VMFC; R thala-
LFL; R thala- mus; R TL
mus; R IPL
8 Bi VMFC Bi Pc/OL 18 Bi Pc; Bi OL R post-DMFC; R L VMFC; L R LFL; Bi thala-
LFL thalamus; R mus; R IPL; R
IPL TL
9 Bi Pc/OL Bi Pc/OL 20 Bi post-DMFC;  Bi IPL R LFL; L thala- R prefrontal lobe;
L IPL mus; Bi IPL Bi thalamus;
L Pc
10 BiOL; L thala- Bi OL 36.6 (H) L VMEC L post-DMFC R LFL; L thala- Bi D/VMFC; Bi
mus 25 L VMFC L VMFC mus; Bi Pc; Bi thalamus; L IPL
OL Bi DMFC; Bi
R LFL; R thala- thalamus; L TL
mus; R OL
11 Bi Pc Bi Pc/OL 12 Bi Pc; Bi OL R LFL R LFL; Bi thala- L LFL; R thala-
mus; L IPL mus; R IPL
12 Bi Pc/OL Bi Pc/OL 41 RIPL L thalamus L VMFC; Bi R prefrontal lobe;
19.2 Bi Pc; Bi OL R Pc; R thalamus  LFL; L thala- Bi thalamus; L
mus IPL
R pre-DMFC; R pre-DMFC; L
R thalamus; R thalamus
IPL
13 Bi VMFC Bi thalamus 10 Bi VMFC Bi VMFC R pre-DMFC; R LFL; R thalamus
R LFL; Bi
thalamus
14 Bi thalamus L thalamus; Bi 10.5 LOL; L post TL L post TL Bi pre-DMFC; Bi R LFL; Bi thala-
Pc/OL thalamus mus; L IPL
15 Bi OL Bi OL 23.6 (H) Bi VMFC L post-DMFC R VMFC; R R thalamus; R post
thalamus; R TL
post TL
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Table 2 (continued)

Patients Interictal source Interictal
location (1-7 Hz) source location

Ictal duration(s) Ictal source loca-
tion (1-7 Hz)

Ictal cortico—tha-
lamic network

Ictal cortico—tha-
lamic network

Ictal source loca-
tion (8-30 Hz)

(8-30 Hz) node (1-7 Hz) node (8-30 Hz)
16 Bi VMFC; Bi Bi VMFC; Bi Pc/ 25.3 Bi IPL Bi OL; Bi Pc R pre-DMFC; R Bi pre-DMFC; R
Pc/OL OL 22.6 R IPL L IPL thalamus thalamus
R pre-DMFC; Bi VMFC; L
RLFL; R thalamus
thalamus
17 Bi Pc/OL Bi Pc/OL 18 Bi VMFC Bi Pc; Bi OL Bi VMFC; L Bi pre-DMFC; R
thalamus thalamus
18 Bi VMFC L thalamus 14.5 Bi OL; Bi Pc L post-DMFC Bi VMFC; L Bi VMFC; L
LFL; L thala- thalamus
mus
19 Bi Pc/OL Bi Pc/OL 20.3 (H) L post TL L VMFC; LIPL Bi VMFC; R R pre-DMFC; Bi
thalamus LFL; L IPL
20 Bi Pc/OL Bi VMFC 16 R VMFC L post-DMFC R thalamus; Bi Bi VMEFC; Bi
13 L post TL Bi VMFC; LIPL  OL;BiPc thalamus; L IPL
Bi VMFC; L CR; R VMEFC; Bi thala-
Bi thalamus mus; Bi post TL
21 Bi Pc/OL Bi Pc 10 Bi post-DMFC R post-DMFC; R L pre-DMFC; R Bi VMFC; R thala-
LFL thalamus mus; R pre TL
22 Bi VMFC Bi thalamus 10.3 L pre-DMFC L OTJ R pre-DMFC; L L thalamus; L IPL;
17.7 L pre-DMFC; Bi L OTJ thalamus L middle TL
IPL L LFL; R pre- Bi VMFC; Bi
frontal lobe R thalamus; L pre
thalamus TL
23 R IPL; L thala- L OL; L thala- 10 (H) L thalamus L post-DMFC; L thalamus; L Bi VMFC; R
mus mus L IPL IPL; L post TL thalamus
24 Bi Pc; Bi VMFC Bi Pc/OL 18.3 (H) Bi VMEFEC (inter- R IPL (internal L prefrontal lobe; BiLFL; R thala-
nal 5s) 5s) L thalamus; mus
L Pc
25 R OTJ; Bi thala- Bi OL 15.8 (H) Bi post-DMFC L SPL (internal R LFL; Bi thala- R prefrontal lobe;
mus (internal 5s) 5s) mus; R IPL R thalamus

Bi bilateral, R right, L left, Post-DMFC post-dorsal medial frontal cortex (including medial primary motor cortex and supplementary sensorimo-
tor area), VMFC ventral medial frontal cortex, Pc precuneus, OL occipital lobe, CR central regions, /PL inferior parietal lobe, OTJ occipito—tem-
poral junction, LFL lateral frontal lobe, TL temporal lobe, SPL superior parietal lobe, H hyperventilation

seizure frequency (p=0.294), or cortico—thalamic network
(p=0.545) between LTG responders and LTG non-respond-
ers (Tables 1, 2). VPA responders were older than VPA non-
responders (p=0.026). In addition, the F-T-P/O networks
were not observed in all VPA non-responders (Tables 1, 2).
No statistically significant differences were observed in sei-
zure frequency (p=0.597) or gender (p=0.714) between
VPA responder and VPA non-responders (Tables 1, 2).

Discussion

In the current study, frequency-dependent neuromagnetic
activities and cortico—thalamic interactions were investi-
gated for a five-second window during the ictal period of
absence seizure with MEG. To the best of our knowledge,
this study is the first to study the associations between AED
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efficacy and the source localization and cortico—thalamic
network in patients with CAE.

Our study demonstrated significant frontal source
localization at 1-7 Hz and 8-30 Hz (n=25, Table 2;
Fig. 1). The frontal cortex has been reported to initiate
and propagate absence seizures in previous scalp EEG,
EEG-fMRI and MEG studies (Amor et al. 2009; Bai et al.
2010; Gupta et al. 2011; Holmes et al. 2004; Miao et al.
2014a, b; Szaflarski et al. 2010; Tang et al. 2015; Tenney
et al. 2013, 2014; Westmijse et al. 2009), particularly in
the medial frontal cortices (Bai et al. 2010; Miao et al.
2014a, b; Tang et al. 2015). In addition, negative blood
oxygen level dependent (BOLD) changes in parietal source
localization have been reported in previous EEG—fMRI
studies of absence seizures (Bai et al. 2010; Carney et al.
2010; Masterton et al. 2013; Moeller et al. 2008; Vaudano
et al. 2009). Vaudano et al. (2009) reported that Pc has
a permissive function in absence seizures and in gating
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Patient 16

Patient 13

Fig.1 VFMC source location (a, b), bilateral IPL (c), bilateral OL,
and Pc (d) source location at 1-7 Hz and 8-30 Hz. VMFC ventral
medial frontal cortex, /PL inferior parietal lobe, Pc precuneus, OL
occipital lobe

SWDs in the epileptic network. When the spatial and
temporal profiles of connectivity networks and sources in
generalized SWDs were investigated in human absence
epilepsy using MEG (Gupta et al. 2011), a low-frequency
occipital source preceded a frontal cortical source prior to
the first generalized spikes. In this study, we also revealed
parietal source at the 1-7 Hz and 8-30 Hz in 22 seizures
(Table 2; Fig. 1). Furthermore, the occipital sources were
primarily observed at the 1-7 Hz frequency bandwidth in
our study (p=0.006). For generalized epileptic seizures,
the ictal sources are not consistent from one seizure to
another (Berg et al. 2010). Kokkinos et al. (2017) showed
that for different consecutive seizures in one patient, the
spatiotemporal distribution of the generalized ictal spikes
remained fairly systematic. Although source imaging of
seizures in a single patient may vary among seizures in our
study, there is also consistency among different seizures in
each patient (Fig. 2). The source localizations do not point
to the abnormal brain tissues, but instead these localiza-
tions point to the areas engaged in dynamic networks in
which the SWDs initiate and propagate. Single focus may
not be the best way to understand the pathophysiology
underlying seizure activity, and the analyses of networks
or distributed processing in epilepsy should be prioritized
(van Mierlo et al. 2014).

The cortico—thalamic circuit may be responsible for the
3 Hz SWDs (Luttjohann and van Luijtelaar 2015), and vari-
ous cortical sources can be engaged in this network as long
as the network is complete (Amor et al. 2009; Bai et al. 2010;
Carney et al. 2010; Gupta et al. 2011; Holmes et al. 2004;
Masterton et al. 2013; Miao et al. 2014a; Tang et al. 2015;
Tenney et al. 2013, 2014; Vaudano et al. 2009; Westmijse
et al. 2009; Szaflarski et al. 2010). In this study, the inhibi-
tory and excitatory connections constituted a cortico—tha-
lamic network. The fronto—thalamic connections observed in
all patients played key roles in prolonging absence seizures
(Table 2; Figs. 3, 4), which are thought to be the critical
components of the rhythmic nature of SWDs during absence
seizures (Bai et al. 2010; Miao et al. 2014a; Szaflarski
et al. 2010; Tang et al. 2015; Tenney et al. 2013, 2014).
The enhanced cortico—thalamic connectivity indicates that
the cortex drove the thalamus early in the seizures (Wu
et al. 2017). This finding is consistent with a simultaneous
EEG-fMRI study that showed early fMRI increases in the
orbital/medial frontal and medial/lateral parietal cortex >5 s
before seizure onset, while the thalamus showed delayed
increases after seizure onset followed by small decreases
(Bai et al. 2010). Spatiotemporal patterns of ictal spikes in
the previous video-EEG study were identified to be of anter-
oposterior propagation and postero-anterior propagation and
were confined to the frontal/prefrontal regions (Kokkinos
et al. 2017). In accordance with the previous study (Kok-
kinos et al. 2017), our previous MEG study also showed
ictal activity in the anterior (frontal cortices) and posterior
cortices (parietal/occipital cortices) formed the main propa-
gative pattern. The recursive propagations were through the
middle of the brain (cortico—cortical pathways) or thalamus
(cortico—thalamus—cortical pathways). This propagation
was the main propagative pattern during the entirety of the
absence seizures. In addition, the frontal sources propagated
to the contralateral hemisphere also through cortico—corti-
cal pathways (Miao et al. 2014a). The network between the
thalamus and cortex was the focus of this study.

At 1-7 Hz, the cortico—thalamic—cortical network was
associated with age (Tables 1, 2). The patients with an
F-T-P/O network at 1-7 Hz were older than those with an
F-T or other cortico-thalamic networks at 1-7 Hz (Fig. 5a).
The maturation of the brain is associated with developmental
change in spontaneous brain activities in a wide frequency
range. The older children had a significantly stronger poste-
rior cortical network connection, whereas the younger chil-
dren had a significantly stronger anterior cortical network
connection (Xiang et al. 2009). The network between the
anterior and posterior cortices, including the default net-
work, is strengthened during brain maturation. This finding
is consistent with a recent fMRI report (Fair et al. 2008;
Laufs et al. 2003; Xiang et al. 2009). The duration discharges
in patients with an F-T-P/O network were longer than those
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Patient 2 Patient 4
| | [ 1

Seizure 1 Seizure 2 Seizure 1 Seizure 2

Patient 6 I Patient 10 :

Seizure 1 Seizure 2 Seizure 1 Seizure 2

Patient 12 Patient 16

| | [ |
Seizure 1 Seizure 2 Seizure 1 Seizure 2

Patient 20

L |
Seizure 1 Seizure 2

Fig.2 Eight patients had two seizures with a duration of > 10 s. Source localization for different seizures. Although source imaging of seizures
in a single patient may vary among seizures, there is consistency among different seizures in each patient
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Patient 3

Patient 1

Patient 11

Fig.3 The fronto—cortico—occipital functional connectivity (FC) (a)
fronto—cortico—parietal FC (b-d), and fronto-thalamic FC (e, f) at
1-7 Hz. Patients 1, 3, 9 and 11 were older than patients 13 and 16.
Yellow dot: thalamus; pink dot: the cortex. Blue: inhibitory connec-
tions; red: excitatory connections

Patient 9 Patient 16

Fig.4 The fronto—cortico—parietal functional connectivity (FC) (a)
fronto—thalamic FC (b) at 8-30 Hz. Yellow dot: thalamus; pink dot:
the cortex. Red: excitatory connections

with an F-T or other cortico—thalamic network at 1-7 Hz
(P<0.05, Fig. 5b), suggesting that the F—T-P/O network at
1-7 Hz plays an important role in duration discharges. The
inhibitory connections were primarily observed in patients
with an F-T-P/O network at 1-7 Hz, which might have
effect of preventing excessive epileptic discharges (Fig. 3c,
d). SWDs are generated within the cortico—thalamo—cortical
system and that the integrity of this network is a prerequisite
for the occurrence of “fully blown,” bilateral, symmetrical
SWDs (Bai et al. 2010; Wu et al. 2017; Luttjohann and van
Luijtelaar 2015; Szaflarski et al. 2010; Tenney et al. 2013,
2014). The cortico—thalamo—cortical network consists of
anterior and posterior cortices, which might contribute to
the maintenance of discharges.

We searched for imaging markers indicating AED treat-
ment responsiveness in this study. Post-DMFC source locali-
zations were observed in all LTG non-responders, but not in
all LTG responders (Table 2; Fig. 6). In a study of genetic
absence epilepsy rats, increased basal y-aminobutyric acid
(GABA) levels and decreased basal glutamate level in the
primary motor cortex were noted, denoting the generation
and the initiation of absence seizures (Terzioglu et al. 2006).
Systemic injection of ETX reduced the GABA levels in the
primary motor cortex (Terzioglu et al. 2006). Post-DMFC
source localizations suggest that children with CAE might
experience initial LTG monotherapy failure. One LTG
non-responders gave up treatment due to VPA side effects,
but benefited from a VPA-LTG combination treatment
(Tables 1, 2). A total of three out of five patients with post-
DMEFC source localizations and initial VPA monotherapy
became seizure-free. Previous retrospective studies in CAE
have hinted that VPA could be more effective than LTG in
this population (Glauser et al. 2010, 2013). Patients with
post-DMFC source localizations might either be indirectly
treated with VPA monotherapy or an accepted VPA-LTG
combination. A total of three VPA non-responders also
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) 3 1-7Hz
—— patients with F-T-P/O networks

-=- patients wiht F-T networks or other cortico-thalamic networks

1-7Hz

—— seizures with F-T-P/O networks

-a- seizures wiht F-T networks or other cortico-thalamic networks

Fig.5 Radar diagram: a Patients with F-T-P/O networks were older
than those with F-T networks or other cortico-thalamic networks at
1-7 Hz (p=0.000). Black numbers: number of patients; red numbers:
onset age. b The duration of seizures in patients with F~T-P/O net-
works was longer than those with F-T or other cortico—thalamic net-
works at 1-7 Hz (p=0.001). Light blue numbers: number of seizures;
brown numbers: duration of seizures

achieved seizure freedom with VPA-LTG combination
therapy. Some evidence suggests that LTG, in combination
with VPA, may work synergistically to provide superior
seizure control than the use of each drug independently.
Early case studies report dramatic reductions in seizure fre-
quency when LTG is added to VPA in patients with absence
seizures (Ferrie et al. 1995; Panayiotopoulos et al. 1993).
Although the efficacy of the VPA-LTG combination can be
superior to either drug given separately, the precise mecha-
nism underlying the pharmacodynamic interactions remains
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to be clarified. LTG is considered to suppress seizures by
inhibiting the release of the excitatory amino acid glutamate
through sodium channel blockade (Fitton and Goa 1995;
Leach et al. 1986), whereas VPA may block sodium chan-
nels, increase presynaptic GABA content, and release and
enhance postsynaptic activation at GABA-receptor sites
(MacDonald and Bergey 1979). These mechanisms may
explain the complementary effects. Other modes of action
have been described for VPA (Davis et al. 1994) and LTG
(Stefani et al. 1997), and their precise interaction at the
molecular level remains unclear.

We also investigated whether there were associations
between the cortico—thalamic network and AED efficacy.
No statistically significant differences were observed in the
cortico—thalamic network (p=0.545) between LTG respond-
ers and LTG non-responders. The mechanism of LTG is to
inhibit the release of the excitatory amino acid glutamate
through sodium channel blockade (Fitton and Goa 1995;
Leach et al. 1986). Generalized epileptic seizures are con-
ceptualized as originating at some point at which the excita-
tory amino acid increases significantly (Berg et al. 2010).
LTG efficacy is associated with focal regions involved with
increasing excitatory amino acid. In this study, post-DMFC
source localizations suggest that children with CAE might
experience initial LTG monotherapy failure. VPA may block
sodium channels and increase presynaptic and postsynaptic
GABA effect in the whole brain, not focal regions (Mac-
Donald and Bergey 1979). VPA efficacy might be associated
with the sophistication of the brain network. The connection
between anterior and posterior cortices is strengthened dur-
ing brain maturation (Fair et al. 2008). In this study, VPA
responders were older than VPA non-responders (Tables 1,
2). The cortico-thalamic network was associated with age.
At 1-7 Hz, the older children showed an F-T-P/O network,
but younger children showed an F-T network. Young onset
age is a refractory epilepsy risk factor (Wirrell et al. 2012).

Several limitations of the present study should be con-
sidered. Because of the relatively low spatial resolution of
MEQG, localizing each thalamic nucleus in human is diffi-
cult, and researchers always regarded the thalamus in its
entirety (Miao et al. 2014a; Tenney et al. 2013), including
in many studies using fMRI (Bai et al. 2010; Carney et al.
2010; Liao et al. 2014). The localization of deep sources is
debatable in the current MEG field. MEG might have low
spatial resolution of this localizer within deep structures.
Increasing evidence has demonstrated that MEG can detect
neuromagnetic signals from deep structures, and the spatial
resolution is sufficient in many studies (Attal and Schwartz
2013; Balderston et al. 2013; Papadelis et al. 2009; Quraan
et al. 2011). Another limitation of this study is the low num-
ber of subjects and the number of ictal seizures analyzed.
Given that approximately 40% of patients with CAE will
become LTG treatment non-responders, a larger sample of
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Fig.6 Post-DMFC source loca-
tions in six LTG non-reponders.
LTG lamotrigine, Post-DMFC
post-dorsal medial frontal cor-
tex (including medial primary
motor cortex and supplementary
sensorimotor area)

Patient 2

newly diagnosed patients with CAE would be important
for the validation of our findings. In addition, the treatment
response was susceptible to the observation of the guardian,
though the guardians were repeatedly reminded to observe
the absence seizures.

In this study, source locations provided useful informa-
tion for CAE treatment. The VMFC, DMFC, IPL, Pc and
OL served as important component in absence seizures.
Children with CAE with post-DMFC source localizations
might experience initial LTG monotherapy failure. The cor-
tico—thalamo—cortical network is associated with age. The

Patient 10

Patient 8

cortico—thalamo—cortical network consisting of anterior and
posterior cortices might contribute to the maintenance of
discharges.
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