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Abstract
Working memory (WM) is a cognitive function involving emergent properties of theta 
oscillations and large- scale network interactions. The synchronization of WM task- 
related networks in the brain enhanced WM performance. However, how these net-
works regulate WM processing is not well known, and the alteration of the interaction 
among these networks may play an important role in patients with cognitive dysfunc-
tion. In this study, we used simultaneous EEG- fMRI to examine the features of theta 
oscillations and the functional interactions among activation/deactivation networks 
during the n- back WM task in patients with idiopathic generalized epilepsy (IGE). The 
results showed that there was more enhancement of frontal theta power along with 
WM load increase in IGE, and the theta power was positively correlated with the accu-
racy of the WM tasks. Moreover, fMRI activations/deactivations correlated with n- back 
tasks were estimated, and we found that the IGE group had increased and widespread 
activations in high- load WM tasks, including the frontoparietal activation network and 
task- related deactivation areas, such as the default mode network and primary visual 
and auditory networks. In addition, the network connectivity results demonstrated 
decreased counteraction between the activation network and deactivation network, 
and the counteraction was correlated with the higher theta power in IGE. These results 
indicated the important role of the interactions between activation and deactivation 
networks during the WM process, and the unbalance among them may indicate the 
pathophysiological mechanism of cognitive dysfunction in generalized epilepsy.

K E Y W O R D S
activation network, deactivation network, simultaneous EEG- fMRI, theta oscillation, working 
memory

1  |  INTRODUC TION

Neural oscillations modulate local and interregional activity and 
contribute to information processing and cognitive performance 

(Buzsaki & Draguhn, 2004; Klimesch, 1999). Cognitive function, 
such as working memory (WM), comprises emergent properties of 
neural oscillations and large- scale network interactions (Sreenivasan 
et al., 2014). Previous studies have demonstrated that the reactivity 
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of theta bands (4– 8 Hz) to various memory paradigms illuminated 
the cortico- cortical interactions needed in the case of increasing 
memory load (Johnson et al., 2018; Zakrzewska & Brzezicka, 2014). 
Strengthened theta power and widespread theta synchrony 
based on EEG recording have been shown to underlie enhanced 
memory load, as well as the performance of the WM task (Hsieh 
& Ranganath, 2014; Toth et al., 2012). In patients with cognitive 
decline, impaired theta oscillation and brain connectivity were ex-
hibited during WM processing (Missonnier et al., 2006; Sarnthein 
et al., 2005). The theta response over frontal regions increased 
network efficiency, primarily reflecting the activation of neural net-
works involved in the allocation of attention and attention control, 
thus playing an important role in directing local activity and long- 
range interactions during information processing in WM (Deiber 
et al., 2007; Rutishauser et al., 2010).

Frontal and parietal brain regions support WM processing 
(Cohen et al., 1997; Todd & Marois, 2004), and regulation among 
frontoparietal and frontotemporal networks modulates spatio-
temporal dynamics and enhances WM performance (Klingberg 
et al., 1997; Violante et al., 2017). Therefore, the frontoparietal 
network is widely thought to be the task- activation network in 
WM. In addition, the default mode network (DMN) arising from 
resting- state fMRI, which showed great deactivation in WM, also 
demonstrated interaction with the WM activation network and fa-
cilitated WM performance (Koshino et al., 2014; Xin & Lei, 2015). 
Therefore, it was suggested that the existence of modulation be-
tween task- activation and task- deactivation brain networks played 
an important role in WM processing (Koshino et al., 2014; Newton 
et al., 2011). However, how the connectivity between task- 
activation and deactivation networks modulates WM processing, 
and the relationship between these networks and theta oscillation 
are still unknown.

The impairment of WM has been reported in local epilepsy, 
such as temporal lobe epilepsy and frontal lobe epilepsy (Santana 
et al., 2006; Stretton et al., 2012), as well as in generalized epilepsy 
(Myatchin et al., 2009; Swartz et al., 1996), which is a common ep-
ileptic subtype involving distributed altered activity and network 
connectivity in the brain. The altered representations of functional 
networks relative to WM in generalized epilepsy have not yet been 
fully investigated. In fact, dysfunction of the frontal and parietal 
regions is a key element contributing to discharge generation and 
propagation (Bai et al., 2010; Lee et al., 2014; Vaudano et al., 2009), 
while these regions are also involved in working memory networks 
(WMNs). Moreover, aberrant activity and functional connectivity in 
the DMN, which is a task- deactivation network in WM, play an im-
portant role in brain dysfunction and discharge activity in epilepsy 
(Gotman et al., 2005; Luo et al., 2011; Qin et al., 2019). Additionally, 
diffuse and hypersynchronous theta oscillation was also found in ep-
ileptic circuits (Clemens, 2004).

Therefore, probing how functional networks and theta oscilla-
tions are altered in WM processing and the relationship among them 
may help understand cognitive dysfunction in the epilepsy brain.

In this study, we used simultaneous EEG and fMRI to examine 
the features of neural oscillation and functional connectivity during 
the n- back WM task in patients with IGE. The theta power in fron-
tal electrodes was calculated, and fMRI activations/deactivations 
correlated with n- back tasks were estimated. Moreover, functional 
connectivity dependent on the WM task among activation and 
deactivation networks was examined using a psychophysiological 
interaction (PPI) (Friston et al., 1997), which aimed to detect the 
coupling of one region to another with the modulation of other 
experimental or intrinsic factors. Finally, the relationship between 
theta features and WM- related functional connectivity in epilepsy 
was investigated.

2  |  MATERIAL S AND METHODS

2.1  |  Participants

Thirty- two patients with IGE were recruited in this study (16 fe-
males; mean age: 27 years) from the Sichuan Provincial People's 
Hospital. Diagnosis and classification were made by the neu-
rologists in accordance with the International League Against 
Epilepsy (ILAE) guidelines (Fisher et al., 2017; Scheffer et al., 2017) 
combined with the results of the routine EEG, CT, and MRI ex-
aminations. All the patients in this study were characterized by 
generalized tonic– clonic seizures (GTCS), and no structural ab-
normalities were found in any of the epilepsy patients. Thirty- two 
age-  and gender- matched healthy controls (21 females; mean age: 
23.3 years) with no history of psychiatric or neurologic disorders 
were socially recruited in the study. The demographics of the pa-
tients and healthy controls are shown in Tables 1 and 2. Written 
informed consent according to the Declaration of Helsinki was ob-
tained from all participants. This study was approved by the Ethics 
Committee of the University of Electronic Science and Technology 
of China (UESTC).

Significance

Working memory (WM) processing comprises emergent 
properties of neural oscillations and large- scale network 
interactions. The alteration of the interaction among these 
networks may be one key element in epilepsy with WM 
dysfunction. Here, we found there was widespread de-
creased deactivation in idiopathic generalized epilepsy 
(IGE) during WM, and the counteraction between the ac-
tivation network and deactivation network was changed. 
Moreover, the correlation with frontal theta power indi-
cated the unbalance of the counteraction between the 
activation and deactivation networks disturbed the effi-
ciency of the WM process in IGE.
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2.2  |  Stimuli and task

Participants performed a visual n- back WM task with two memory 
loads, that is, 1- back and 2- back. Here, we used a block- design para-
digm to separate the task effects. Instructions and a short practice 
were given outside the scanner before scanning. There were also 
verbal instructions at the beginning of each run. Two runs were con-
ducted for each participant. In each block, lists of stimuli with three 
kinds of shapes (square, circle, triangle) were presented in a pseu-
dorandom order. Each run consisted of a resting period of 10 s and 
a screen tip of 4 s, immediately followed by six blocks, with an in-
terblock interval of 14 s. Each 1- back block lasted 44 s, within which 
11 stimuli were presented one at a time (2500 ms of exposure time 
for each stimulus) with an interstimulus interval of 1500 ms. Each 2- 
back block lasted 48 s with 12 stimuli presented, with 2500 ms of ex-
posure time for each stimulus and 1500 ms of interstimulus interval. 
Participants were instructed to pay attention to a sequence of visual 
stimuli and press two predefined buttons responding after each 
stimulus. In the 1- back task, participants pressed the right button 
with the right thumb finger whenever the stimulus was the same as 
the previous one, while pressed the left button with the left thumb 
whenever the stimulus was different from the previous one. In the 
2- back task, participants press the right button whenever the stimu-
lus was the same as that presented two back, and if the stimulus 
was different, participants were instructed to press the left button. 
In the resting periods, participants were told to remain still and pay 
attention to a fixation point without any response. The experimental 
procedure is shown in Figure 1.

2.3  |  Simultaneous EEG- fMRI acquisition

FMRI data in the condition of WM tasks were acquired using a 
3T MRI scanner (Discovery MR750, GE) with an eight- channel- 
phased array head coil and gradient- echo planar imaging sequences 
(FOV = 24 × 24 cm2, FA = 90°, TR/TE = 2000 ms/30 ms, ma-
trix = 64 × 64, slice thickness/gap = 4 mm/0.4 mm). High- resolution 
T1- weighted images were also acquired using a 3D fast spoiled 
gradient echo (T1- 3D FSPGR) sequence (FOV = 25.6 × 25.6 cm2, 

FA = 9°, matrix = 256 × 256, TR/TE = 5.936 ms/1.956 ms, slice thick-
ness = 1 mm, no gap, 152 slices).

Simultaneous EEG in the condition of WM tasks was re-
corded using an MR- compatible EEG cap (64- channel, Neuroscan, 
Charlotte, NC). Electrodes were placed according to the 10– 20 stan-
dard system. Before recording, Fcz was the recording reference, and 
electrode impedances were lowered to below 10 kΩ. The amplifier 
was settled outside the scanning room, and the sampling rate was 
set at 5000 Hz. Synchronization between the MR scanner's inter-
nal clock and the EEG recording facilitated artifact removal in EEG 
preprocessing.

2.4  |  EEG- fMRI data preprocessing

FMRI data were preprocessed using SPM12 (http://www.fil.ion.
ucl.ac.uk/spm/). The first five volumes were discarded from all 
fMRI scans for magnetization equilibrium. The remaining volumes 
were slice- timing corrected and spatially realigned. Individual 
T1 images were coregistered to the functional images and seg-
mented and normalized to the Montreal Neurological Institute 
(MNI) space. All subjects had <1 mm for head movement and 1° 
for head rotation during MRI scanning, and there was no head 
motion difference between the two groups. Then, the functional 
images were spatially normalized based on the T1 transformation 
matrix, resampled to 3 × 3 × 3 mm3 voxels, and spatially smoothed 
using a 6- mm full- width half- maximum Gaussian kernel. Nuisance 
signals (12 motion parameters, linear drift signals, and mean white 
matter and cerebrospinal fluid signals) were regressed out for the 
fMRI data.

Curry 7 software (Compumedics Neuroscan) was used to cor-
rect MR gradient artifacts and ballistocardiogram (BCG) artifacts. 
The gradient artifacts were removed via the template subtraction 
method using the triggers delivered from the MR scanner (Allen 
et al., 2000). Bandpass filtering (0.5– 45 Hz) was performed, followed 
by downsampling to 250 Hz. Then, BCG artifacts were removed 
using the optimal basis set– based method according to the ECG 
channel (Niazy et al., 2005). Finally, the preprocessed EEGs were 
re- referenced to the neutral infinite reference using the reference 
electrode standardization technique (Yao, 2001).

2.5  |  Spectral analysis of theta rhythm

Spectral analysis was conducted on the preprocessed EEG by the 
Matlab- based programs. As theta oscillation was widely considered 
to be related to WM processing, we focused on the frontoparietal 
electrodes, including F3, F4, C3, C4, CP1, and CP2, and extracted 
the power of theta rhythm (4– 8 Hz). The averaged theta power 
spectral density (PSD) in the 1- back blocks and 2- back blocks was 
calculated based on Welch's modified periodogram method with 
a Hamming window tapering of 1 s length (Unde & Shriram, 2014; 
Welch, 1967). In addition, to examine the effect arising from the WM 

TA B L E  1  Summary of demographics of patients and healthy 
controls.

HC Patients χ2/t- test

n = 33 n = 32 p- value

Gender (male/
female)

12/21 16/16 .375

Seizure type – GTCS – 

Mean Std Mean Std

Age (years) 23.3 2.4 25 5.7 0.074

Seizure duration – – 5.3 5.6 – – 

Age at seizure 
onset

– – 19.8 6.3 – – 

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
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load, theta change in tasks relative to the baseline (theta PSD in n- 
back minus that in the resting state at the interblock interval) was 
calculated. Then, we used repeated- measures ANOVAs to detect 

the group main effect, the task main effect, and the interaction ef-
fect of absolute theta PSD and the theta PSD increase in frontopa-
rietal electrodes.

TA B L E  2  Clinical demographics of patient.

Patient Female/male Age Age of seizure onset Duration AEDs Education
Total IEDs 
events, n

sub01 M 30 20 10 VPA H 0

sub02 M 31 24 7 VPA+CBZ U 5

sub03 F 20 16 4 LEV U 4

sub04 M 31 26 5 / H 1

sub05 M 25 20 5 / U 0

sub06 M 32 26 6 VPA+LTG H 1

sub07 M 30 30 0 / U 0

sub08 M 13 11 2 / P 3

sub09 M 18 16 2 / H 0

sub10 M 21 17 4 VPA H 0

sub11 F 25 14 11 LTG H 1

sub12 F 27 17 10 LEV H 4

sub13 F 27 12 15 LEV U 1

sub14 M 32 12 20 OCB U 4

sub15 F 18 17 1 / H 2

sub16 F 30 30 0 / H 0

sub17 F 27 26 1 VPA+LTG U 0

sub18 M 33 33 0 / H 1

sub19 M 16 15 1 / H 2

sub20 F 31 22 9 LTG U 0

sub21 M 20 19 1 VPA H 4

sub22 F 26 26 0 CBZ+OCB P 0

sub23 F 30 22 8 CBZ U 0

sub24 M 21 21 0 / U 0

sub25 F 16 12 4 OCB H 0

sub26 F 24 23 1 / U 0

sub27 M 26 19 7 VPA P 0

sub28 M 32 32 0 / P 0

sub29 M 31 10 21 VPA+CBZ H 0

sub30 M 23 15 8 LTG P 3

sub31 F 22 15 7 LTG U 0

sub32 F 18 17 1 LTG H 0

Abbreviations: AEDs, antiepileptic drugs; CBZ, carbamazepine; F, female; H, high school; LEV, levetiracetam; LTG, lamotrigine; M, male; OCB, 
oxcarbazepine; P, primary school or junior school; U, university or college; VPA, valproic acid.

F I G U R E  1  Working memory experimental protocol used in the current study.
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2.6  |  fMRI activation analysis

Whole- brain statistical analysis of fMRI data was performed using 
the generalized linear model (GLM). For the first- level analysis, 
task- related fMRI activations and deactivations (negative activa-
tions) in a single subject were calculated. The stimuli variations 
of n- back tasks were convolved with the standard hemodynamic 
response function and then used as regressors in the GLM. The 
response during 1- back blocks was subtracted from that during 
the 2- back blocks. Then, the second- level analysis was conducted 
using the statistical images resulting from single- subject con-
trasts to examine the activation effect of 2- back conditions at the 
within- group (one- sample t- test) and between- group (two- sample 
t- test) levels.

2.7  |  Psychophysiological interaction analysis

PPI analysis aimed to identify the contribution of one region to an-
other with the modulation of experimental factors. The PPI model 
included correlation PPI terms, that is, psychological variables and 
physiological variables, and modulatory interaction terms. In this 
study, PPI analysis was performed based on the regions that rep-
resented significant between- group differences in the WM- related 
fMRI activation maps. The regions with significant differences 
(p < .01) were selected as the regions of interest (ROIs, 3 * 3 * 3 
voxels), and the mean BOLD signals within the ROIs were extracted 
for each participant. Then, the connections among these ROIs de-
pending on the 2- back condition were analyzed using the PPI model 
to detect the potential interaction effect between ROIs in the 
modulation of the 2- back task. Here, Xr1 and Yr2 are the averaged 
BOLD signals of the two selected ROIs. We constructed the psy-
chological regressor (Xtask) as the stimulus under 2- back conditions. 
The interaction term (Xint) was the point- by- point multiplication 
between the psychological signal and the physiological signal, that 
is, Xr1_dconv·Xtask, where the physiological regressor Xr1_dconv was the 
estimate of neural activity derived by deconvolution of HRF from 
the BOLD time series. Therefore, the significant coupling effect (βint) 
can be considered the task- modulated functional connectivity from 
region 1 (r1) to region 2 (r2). Therefore, positive modulation effects 
denoted increased functional coupling modulated by the task from 
r1 to r2, while negative modulation effects denoted decreased func-
tional coupling from r1 to r2.

2.8  |  Statistical analysis

Before the between- group comparison and the correlation analy-
sis, the normalization of the brain variables has been examined 
using the Shapiro– Wilk test. For the demographic information, 
the chi- square test was used for the comparison of gender, and 
age was compared using the two- sample t- test after we checked 

the normalization of the data. Then, we used repeated- measures 
ANOVAs to detect the group main effect, the task main effect, 
and the interaction effect of absolute theta PSD and the theta 
PSD increase in frontoparietal electrodes. In addition, the frontal 
theta power, that is, the sum of the F3 and F4 PSD, was correlated 
with the behavior measurement (the response time [RT] and ac-
curacy) during WM tasks. For the fMRI data, the activation effects 
were obtained based on two- level analysis. The statistical maps 
were corrected for multiple comparisons with false discovery rate 
(FDR) calculation. Moreover, after PPI analysis, the comparison of 
task- modulated functional connectivity was conducted between 
groups (two- sample t- test). In the between- group comparison, 
age, gender, and education years were regressed as the covari-
ates. Finally, the relationship between fMRI features and frontal 
theta power in the condition of the 2- back task in IGE patients was 
examined. Here, the frontal theta power was the averaged theta 
PSD in F3 and F4 in this condition. The activation in ROI and PPI 
connections between ROIs that were significantly altered in the 
IGE group were extracted, and then, Pearson's correlation analysis 
was performed with the theta PSD in the 2- back task. The statisti-
cal analysis was conducted based on the Matlab- based program.

3  |  RESULTS

3.1  |  Group- level analysis of behavior data

The RT and accuracy (ACC) in the n- back tasks were submitted to 
repeated- measures ANOVAs and post- hoc t- tests. At the within- 
group level, the IGE group showed increased RT and decreased 
ACC with increasing memory load (p < .001), while there was no 
significant difference between the 1- back and 2- back tasks in HC. 
Compared with the HC group, the IGE group demonstrated a sig-
nificant decrease in ACC in the 2- back task and an increase in RT in 
the 1- back task (p < .05). An interaction effect was found for both 
RT and ACC between the group and WM load (p < .001 for ACC, 
and p = .052 for RT). The average ACC in 2- back task in epilepsy 
was 0.86. In addition, in the epilepsy group, the behavior data were 
correlated with age, rather with the education years, the duration of 
epilepsy seizure, or the antiepileptic drug use.

3.2  |  Results of theta spectral analysis

The results showed that there was a significant task effect of the 
absolute theta PSD at frontal electrodes (average theta PSD of F3, 
F4 electrode) in GTCS (p < .05) (Figure 2a). Then, we calculated the 
theta power change in different levels of WM tasks relative to the 
resting state, and the results showed both GTCS and HC groups 
had greater theta increase in 2- back task compared with 1- back 
task (Figure 2b). That is, the increase in WM load was accompanied 
by the significant enhancement of frontal theta PSD. Moreover, 
group- level main effect was found, and theta PSD increase was 

Yr2 = �0 + �1Xr1 + �task
(

Xtask ⋅ HRF
)

+ � int
(

Xint ⋅ HRF
)
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much larger in HC than that in the GTCS group. The spectral analy-
sis was also conducted at a single electrode, and the results were 
shown in Figures S1 and S2. However, neither group effect nor 
task effect was found for theta PSD change in parietal electrodes, 
that is, C3, C4, CP1, and CP2. In addition, we calculated the cor-
relation between the frontal theta power with the behavior meas-
urement, and a positive correlation with the ACC in 2- back tasks 
was found (Figure 2c).

3.3  |  fMRI activations and deactivations related 
to the 2- back task

We calculated the brain activation maps correlated with the n- back 
WM task in epilepsy patients and HCs. The results of comparisons 
within groups and between groups are shown in Figure 3. In both 
the HC and IGE groups, the task activations correlated with n- back 
tasks were dominant in the frontoparietal network, while the task 
activations involved the DMN, the primary visual, auditory and 
motor cortices, and the cerebellum. Moreover, more activation in 
the frontoparietal network occurred with increasing WM load. In the 
2- back>1- back contrast, there were higher and broader activations 
in frontoparietal areas, as well as a few increased deactivations in 
DMN areas, mainly in the middle and post- cingulate cortex. Here, 
we defined the frontoparietal regions that represented activations 
in the 2- back task as the WMN, including the supp_motor_area 
(SMA), frontal_sup, frontal_mid, parietal_sup, and parietal_inf areas. 
Compared with HCs, there were much wider activation areas in both 
1- back and 2- back tasks in IGE, while the deactivation areas dimin-
ished greatly. With the WM load increasing, widespread decreased 
deactivations were found in IGE compared with HC, including the 
areas in WMN, DMN, and occipital/temporal areas (p < .001, two- 
sample t- test, Figure 4 and Table 3). These brain areas that demon-
strated significant alterations in IGE were selected as ROIs for the 
following PPI analysis.

3.4  |  Psychophysiological interaction 
network results

The directed network among ROIs that was dependent on 2- back 
tasks was constructed based on PPI analysis. Here, ROIs were se-
lected demonstrating significant alteration of activations/deacti-
vations in IGE (here, the threshold was set as p < .01). Compared 
with HCs, decreased positive connectivity was located among the 
deactivation regions in IGE, including the DMN and occipital and 
temporal areas. Moreover, IGE showed decreased negative con-
nectivity between frontal WMN areas and the deactivation net-
works, such as the occipital area and the middle cingulum. The 
significant group- level connections based on PPI analysis are 
shown in Figure 5.

3.5  |  Correlation between theta feature and task- 
dependent network features

Correlation between theta power and PPI connectivity, as well as 
the fMRI activations in ROIs depending on 2- back tasks, was per-
formed. The result is shown in Figure 5. It was found that the fMRI 
activations in WMN regions, that is, frontal_sup_medial and SMA, 
were accompanied by increased frontal theta power. In addition, 
the increased negative connectivity between these WMN regions 
and occipital regions was accompanied by increased frontal theta 
power.

4  |  DISCUSSION

This study investigated EEG and fMRI representations related to 
the n- back WM task. The enhancement of frontal theta power was 
accompanied by an increase in WM load and behavior accuracy in 
IGE. Moreover, fMRI activations were demonstrated in the WMN 

F I G U R E  2  The results of the frontal theta power in different conditions. (a) GTCS showed that the increase in working memory load was 
accompanied by the significant enhancement of theta PSD. (b) Both GTCS and HC showed larger theta PSD change in 2- back task compared 
with that in 1- task. Moreover, a significant difference was demonstrated between idiopathic generalized epilepsy (IGE) and HC. (c) Positive 
correlation between frontal theta PSD and the accuracy index during WM processing. The black star means the statistical significance 
p < .05; Frontal theta: the averaged theta power spectral density (PSD) at F3 and F4; Frontal theta change: the averaged theta PSD change at 
F3 and F4 relative to the resting state; ACC: accuracy during working memory tasks.
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during n- back tasks, while the IGE group showed more decreased 
deactivations in DMN, and primary visual and auditory network. 
In addition, the functional connectivity among these regions de-
pendent on the 2- back task was constructed using PPI analysis, and 

decreased negative connectivity both within the frontal activation 
network and deactivation network, as well as decreased positive 
connectivity between the activation network and deactivation net-
work, was found. Finally, the relationship with frontal theta power 

F I G U R E  3  Brain activation maps correlated with the n- back working memory task in epilepsy patients and HCs. Widespread activation 
was found in idiopathic generalized epilepsy in different conditions of working memory processing.
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indicated that the unbalance of the anticorrelation between the ac-
tivation and deactivation networks disturbed the efficiency of the 
WM process in IGE.

Theta oscillations are widely found in many cognitive activities 
and are involved in the allocation of attention, attention control, and 
directing local and long- range activity during information processing 

F I G U R E  4  The between- group result (IGE- HC) of the fMRI activation correlated with 2- back>1- back contrast (p < .05, FDR- corrected). 
The hot colors are the brain area with less deactivation in IGE than HC. The bar charts demonstrated the fMRI activation for the regions 
of interest with a significant difference in between- group analysis. The GTCS group showed less deactivation and more activation during 
2- back task compared with 1- back task.

TA B L E  3  The between- group comparisons (IGE- HC) of brain activation maps correlated with 2- back>1- back contrast (p < .001).

Brain regions (AAL)

Montreal Neurological Institute coordinate (mm)

T- value ClusterX Y Z

Frontal_Sup_Medial_R 7 33 60 4.2712 28

Frontal_Sup_R 27 51 42 4.0451 24

Supp_Motor_Area_R 3 21 64 3.8675 19

Precuneus_R 6 −51 42 4.3715 45

Cuneus_R 14 −69 27 4.0585 20

Angular_R 53 −61 30 4.0575 106

Occipital_Mid_R 36 −87 18 4.8453 90

Temporal_Mid_R 51 −61 18 4.1643 67

Note: The anatomical names of these AAL regions were described in the Table S1.
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(Missonnier et al., 2006; Ward, 2003). In WM tasks, the power and 
connectivity of the theta band were enhanced, accompanied by 
the highly increased synchronization of theta rhythm (Itthipuripat 
et al., 2013). In the current study, increased theta power in frontal 
electrodes was demonstrated in the 2- back task compared with the 
1- back task. The activity of frontal theta during the period of WM 
played a positive role with the increasing demand for attention and 
central execution (Jensen & Tesche, 2002). Moreover, theta PSD in-
crease was much larger in HC than that in the GTCS group. These 
results indicated that the enhancement of theta oscillation was nec-
essary for increasing WM load, while in IGE, the positive correlation 
with the ACC in 2- back tasks suggested much more effort may be 
needed to facilitate resource allocation and information processing 
in high- load WM tasks.

Previous studies showed that theta- related networks in WM di-
rected the information flowing from the frontal to other brain regions 
(Honey et al., 2002; Klingberg et al., 2002; Nee & Brown, 2013), and 
WM capacity was enhanced by distributed prefrontal activation 
(Tang et al., 2019). As the current study showed, the fMRI activa-
tions correlated with n- back tasks involved distributed frontal and 
parietal areas, while deactivation in DMN and primary visual/audi-
tory networks was also demonstrated. Moreover, with the increas-
ing WM load, much higher and broader activations in frontoparietal 
areas were found. That is, the increasing resources required in the 
high- level WM task made some areas in deactivation networks, 

such as the DMN, convert to activation areas. The results were 
consistent with previous common findings (Koshino et al., 2005; Vu 
et al., 2013). While in epilepsy, abnormal brain activation and con-
nectivity have been demonstrated in patients with focal epilepsy (Lv 
et al., 2014; Stretton et al., 2012), and higher ERP amplitude was 
found in idiopathic epilepsy compared with the control group over 
frontal and central regions (Myatchin et al., 2009). In the current 
study, increased activation and diminished deactivation in IGE im-
plied the abnormality of resource mediation of WM processing. The 
decreased deactivation of the DMN may be related to the inefficient 
balance and regulation of introspective and exterior input process-
ing in tasks in epilepsy.

This study used the PPI model to detect functional connectivity 
dependent on WM tasks. Anticorrelation between the frontopari-
etal network and default networks supported goal- directed cog-
nition and WM processes (Piccoli et al., 2015; Spreng et al., 2010). 
This counteraction between the activation network and deac-
tivation network may be associated with top- down processing, 
serving as the cortical mediator linking introspective and exterior 
input processing (Xin & Lei, 2015). On the other hand, aberrant 
functional connectivity in epilepsy has been widely reported in 
thalamocortical circuits and widespread cortical networks, such 
as the frontal central execution network, sensorimotor network, 
and DMN (Clemens et al., 2013; Jiruska et al., 2013). In this study, 
decreased negative coupling between frontal activation areas 

F I G U R E  5  Group- level results of psychophysiological interaction (PPI) connections dependent on the 2- back working memory (WM) 
task. The subgraph in the middle is the two- sample t- test result of PPI connections between idiopathic generalized epilepsy (IGE) and HC. 
The red line denotes decreased negative coupling, and the blue line denotes decreased positive coupling in the IGE. The subgraphs around 
are the correlation results between frontal theta PSD in the 2- back WM task and fMRI activation, as well as PPI connections. Occipital_
mid_R- Frontal_sup_medial_R: the PPI connection between the occipital_mid_R area and the frontal_sup_medial_R area; Occipital_sup_R- 
Supp_motor_area_R: the PPI connection between the occipital_sup_R area and the supplementary motor area.
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and deactivation areas was found in epilepsy, which indicated an 
unbalance between the task- positive network and task- negative 
network. The decreased positive connectivity within deactivation 
areas may also be associated with the extended activation and the 
decreased deactivation, which implies the reallocation of WM re-
sources in epilepsy. Moreover, the negative relationship between 
disturbed connectivity and frontal theta power also illuminated 
the role of the counteraction between the activation network and 
deactivation network on the information processing and resource 
allocation underlying enhanced cognition (Solomon et al., 2017). 
The disrupted anticorrelation and the decreased theta power may 
be indicators of abnormal WM function suffering from long- term 
epileptic activity.

There are several limitations in this study. First, the interictal 
epileptic discharges (IEDs) during fMRI scanning may have a sig-
nificant impact on the results. Therefore, we examined the cor-
relation between the number of IED events during fMRI scanning 
and the behavior data. It was shown that there was a correlation 
between the IEDs and the RT of 1- back WM task, suggesting the 
disturbance of the discharges on the low- load cognitive function. 
Second, the relationship between local theta oscillations and func-
tional connectivity was investigated; however, more in- depth ex-
ploration of the causality among them and their role in modulating 
WM processing is needed in future studies. Third, as the WM tasks 
represented summarization of the attention, memory, and execu-
tion function, the cognitive impairment, as well as the antiepileptic 
drug may affect the performance in WM tasks. Therefore, com-
bining the brain features with the behavior and the clinical evalua-
tions would be helpful for uncovering the impairment of cognition 
in the epileptic brain. Moreover, the sample size is relatively small 
in this study, and future studies should include a larger sample to 
determine the mechanism underlying the cognitive impairment of 
epilepsy.

5  |  CONCLUSION

This study investigated the relationship between EEG and fMRI- 
based activation, as well as the functional connectivity in the 
n- back WM task. Enhancement of the activations in the frontal 
activation network, DMN, and the primary network was found 
in IGE. In addition, the functional connectivity using PPI analy-
sis demonstrated altered connectivity among the activation and 
deactivation networks in IGE. Our findings demonstrated the un-
balance of the interactions between activation and deactivation 
networks during the WM process in IGE, and the correlation with 
theta power may indicate the pathophysiological mechanism of 
WM dysfunction in epilepsy.
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