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Alterations in Neural Networks During Working Memory Encoding Related to Cognitive Impairment in Temporal Lobe Epilepsy
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Objective: The aim of the current study was to investigate the alterations in the neural networks of patients with temporal lobe epilepsy (TLE) during working memory (WM) encoding.

Methods: Patients with TLE (n = 52) and healthy volunteers (n = 35) completed a WM task, during which 34-channel electroencephalogram signals were recorded. The neural networks during WM encoding were calculated in TLE patients with (TLE-WM) and without (TLE-N) WM deficits.

Results: Functional connectivity strength decreased, and the theta network was altered in the TLE-WM group, although no significant differences in clinical features were observed between the TLE-N and TLE-WM groups.

Conclusions: Not all patients with TLE present with cognitive impairments and alterations in the theta network were identified in TLE patients with functional cognitive deficits.

Significance: The theta network may represent a sensitive measure of cognitive impairment and could predict cognitive outcomes among patients with TLE.
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INTRODUCTION

Working memory (WM) is a core cognitive function that is vital for higher-level cognition. Information is encoded, stored, and kept available over a short delay during WM to guide future behavior (Barak and Tsodyks, 2014; Wasmuht et al., 2018). Higher-level cognition is impaired in cases of WM deficits, affecting normal functioning in daily activities. WM processes, including the encoding, maintenance, and retrieval phases, are well-known to be associated with distributed network properties and interactions across multiple brain regions (Soreq et al., 2019), and alterations in neural oscillations can occur during any phase of WM but are most prominent during the encoding phase in patients with temporal lobe epilepsy (TLE; Pan et al., 2021). The aim of the current study was to investigate alterations in the neural networks of patients with TLE during WM encoding.

Recent studies examining WM circuits have suggested that a variety of brain regions are involved in WM processing, including the prefrontal and occipital regions, parietal and temporal association cortex, cingulate and limbic areas, and subcortical structures, such as the mediodorsal thalamus and the basal ganglia (Cabeza and Nyberg, 2000; Constantinidis and Procyk, 2004; Constantinidis and Wang, 2004; Linden, 2007; Rottschy et al., 2012; Nee and D'Esposito, 2018). During WM encoding, sustained neuronal activity in the left dorsolateral prefrontal cortex, bilateral occipital, and temporal areas have been reported to contribute to the encoding of location and item features (Heinrichs-Graham and Wilson, 2015; Leavitt et al., 2017). Neurons in the prefrontal cortex (PFC), which play an important role in characterizing WM task-related contents and rules, undergo a succession of rapid state transitions according to task relevance during the encoding phase, modulating other brain areas, and reconfiguring the stimulus-response mapping to guide future behaviors (Stokes et al., 2013; Heinrichs-Graham and Wilson, 2015; Stokes, 2015).

Neural oscillations are thought to enable the efficient transmission and coding of information during the WM process (Roux and Uhlhaas, 2014). Theta activity, especially in the frontal midline cortex, is increased during WM tasks and changed along with task difficulty, and theta activity decline was associated with impaired performance (Sauseng et al., 2010; Brookes et al., 2011; Hsieh and Ranganath, 2014; Ozelo et al., 2014; Tóth et al., 2014). A recent study showed that theta rhythm desynchronization mediated by transcranial alternating current stimulation (tACS) in the frontoparietal network resulted in impaired performance, whereas increased synchronization was related to improved performance (Alekseichuk et al., 2017), suggesting a pivotal role for theta oscillations in the WM process.

Cognitive dysfunction is considered a potential comorbidity among patients with TLE, involving a variety of domains, such as language, attention, executive function, and WM (Helmstaedter and Kockelmann, 2006; Bell et al., 2011; Allone et al., 2017; Chauvière, 2019). Approximately 50–80% of patients with TLE are reported to present with impairments in at least one cognitive domain, most frequently memory (Helmstaedter et al., 2003; Hermann et al., 2006; Wagner et al., 2009; Bell et al., 2011; Helmstaedter and Witt, 2012). Previous neuropsychology studies provided evidence to support WM impairment in TLE patients (Grippo et al., 1996; Abrahams et al., 1999; Wagner et al., 2009; Black et al., 2010). A functional magnetic resonance imaging (fMRI) study that examined WM performance in 36 patients with epilepsy, including 10 patients with TLE, 13 patients with frontal-temporal lobe epilepsy, and 13 patients with frontal lobe epilepsy, suggested that patients with epilepsy demonstrated impairment in all phases of WM compared with control subjects, concluding that seizures disrupted WM network integrity, regardless of what temporal or other brain regions showed impairments (Vlooswijk et al., 2011).

We speculated that the theta network is altered during WM in patients with TLE. To test this hypothesis, in the current study, we compared theta network during the WM encoding phase between patients with TLE and control subjects. Electroencephalography (EEG) signals were recorded during the delayed match-to-sample task, which can differentiate the encoding phase from the other phases and is one of the most commonly used tools for evaluating WM (Daniel et al., 2016). Our findings provide insights into the neural network alterations underlying WM deficits in TLE and provide a sensitive measure of cognitive impairment in these patients. Theta network analysis may represent a valid means for distinguishing cognitive functional impairments and could predict cognitive outcomes among patients with TLE.



SUBJECTS AND METHODS


Subjects

Patients with TLE (n = 52; mean age: 34.50 years; range: 23–50 years) were recruited at the outpatient center of Tianjin Medical University General Hospital. The inclusion criteria were as follows: (i) diagnosed with TLE based on symptomatology, MRI, and video-EEG recordings; (ii) normal or corrected-to-normal vision; (iii) Mini-Mental State Examination score >24; and (iv) voluntarily signed the informed consent form and cooperated with the testing protocol. Exclusion criteria were serious neurologic, mental, or systemic diseases; drug abuse; or alcohol dependence. All patients received anti-seizure medication (ASM) treatment, as either monotherapy or multitherapy, including levetiracetam, lamotrigine, oxcarbazepine, or topiramate. Healthy volunteers (n = 35; mean age: 33.54 years; range: 25–50 years) with no history of neurologic or psychiatric disease were recruited as the control (Con) group. The demographic and clinical characteristics of the study subjects are shown in Table 1. All subjects provided written informed consent before participating in the study. The study protocol was approved by the Ethics Committee of the Tianjin Medical University General Hospital.


Table 1. Demographic and clinical characteristics of subjects.
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Task Procedures and Behavior Performance Phenotyping

A visual WM task (Figure 1) was used in the present study. All participants were trained before the test began to ensure that they understood the task procedures. Pictures of objects from the Snodgrass picture set (Rossion and Pourtois, 2004) were presented on a white background. At the beginning of each test, a fixation asterisk (*) as a cue was shown in the center of the screen. The asterisk disappeared after 0.5 s, and the encoding phase began; four pictures were presented sequentially on the screen for 1 s each, with the interval between two pictures set to 0.013 s. Each picture was randomly selected from the picture set. The encoding phase was followed by a 3-s maintenance phase and then the retrieval phase. During the retrieval phase, a probe image appeared on the screen, and subjects were given 2 s to select whether the probe image matched one of the pictures presented during the encoding phase. If the answer was yes, the subjects pressed button 1 on the keyboard; otherwise, they would push button 2. The trial was over after the subjects push the button or after 2 s the probe image presented if the subjects did not push any button, and after 4 s the next trial began. Participants were required to complete six blocks of the task, each of which contained 10 trials. Task performance was measured in terms of the mean reaction time (RT) for correct trials and response accuracy (ACC).


[image: Figure 1]
FIGURE 1. Visual WM paradigm. An asterisk (*), serving as a fixation point, was shown for 0.5 s; four pictures from a memory set were then sequentially presented for 1 s each, separated by an interval of 0.013 s. This was followed by a 3-s maintenance phase, after which a probe image was shown to the subject. Then there was 2 s for the subject to decide whether the probe image was presented among the initial four images from the memory set (Pan et al., 2021).


Raw RT and ACC values for all patients were converted into z-scores based on the mean of the Con group, with 1.5 SD of the Con group defined as the normal range of WM behavior performance, and all responses beyond 1.5 SD classified as impaired performance (Reyes et al., 2019). The TLE group was divided into two subgroups according to the behavior performance phenotype: the TLE-WM group, which including patients with TLE for whom either the RT or ACC values were beyond the normal range (performance-impaired), and the TLE-N group, which including patients with TLE for whom the performance was within the normal range (performance-normal).



EEG Recording and Data Preprocessing

EEG signals were recorded from 34 channels arrayed over the scalp using a NicoletOne EEG system (Natus Medical, Pleasanton, CA, USA), with a sampling rate of 1,024 Hz and impedance maintained below 5 kΩ. The scalp electrodes of channels 1–34 (Fp1, Fp2, F7, F3, Fz, F4, F8, FT7, FC3, FCz, FC4, FT8, T7, C3, Cz, C4, T8, TP7, CP3, CPz, CP4, TP8, P7, P3, Pz, P4, P8, PO3, PO4, O1, Oz, O2, AF3, and AF4) were positioned according to an extended version of the international 10–20 system. The reference electrode was located near Cz, and the ground electrode was located on the forehead. EEG signals were low-pass–filtered (100 Hz), notch-filtered (49–51 Hz), and re-referenced to a common average reference value. Baseline drift was removed in MATLAB v2012a (MathWorks, Natick, MA, USA), and eye movement and myoelectricity artifacts were removed with the covariance method and blind source separation using the EEGLAB toolbox (Delorme and Makeig, 2004).



Analysis of Neural Oscillation Patterns During WM Encoding

The power spectral density (PSD) of delta (0.05–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), and gamma (30–100 Hz) frequency bands were calculated with the application of a short-time Fourier transform (STFT) during WM encoding, using a 0.4 s–wide Hamming window and 0.5-Hz frequency smoothing (Zhang et al., 2016). The STFT formula was as follows:
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The variable x(t) was set as the EEG signal, and g(t) was set as a window function. The PSD values of the delta, theta, alpha, beta, and gamma bands were compared, and the frequency band with maximum PSD was defined as the prominent frequency band and retained for subsequent analysis.

The PSD of prominent frequency band under resting conditions (i.e., 5 min with eyes closed before the WM task began) was calculated as the baseline. The PSD of WM efficiency was defined as follows:
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where Praw is the PSD calculated during the WM task; Prs is the baseline PSD; and Pwm is the PSD of WM efficiency, which reflects the change in EEG power during the WM process and was compared among groups.

To identify the prominent brain region(s) involved in WM encoding, the EEG channels were grouped into four clusters: the frontal region (F, including Fp1, Fp2, F3, Fz, F4, FC3, FCz, FC4, AF3, and AF4); the central-parietal region (C, including C3, Cz, C4, CP3, CPz, CP4, P3, Pz, and P4); the occipital region (O, including PO3, PO4, O1, Oz, and O2); and the temporal region (T, including FT7, FT8, T3, T4, TP7, TP8, T5, and T6). The PSD of the prominent frequency band in each brain region was calculated, and the region(s) with the highest PSD during the WM task was defined as the prominent brain region(s).



Analysis of Neural Network Patterns During WM Encoding

To analyze the neural network patterns during WM encoding, the directional transfer function (DTF), which is based on the concept of Granger causality and obtained from the framework of the multivariate autoregressive (MVAR) model (Kaminski et al., 2001; Babiloni et al., 2005), was used to evaluate the functional connectivity strengths among EEG channels and different brain regions. The DTF from channel j to channel i represents the causal influence from channel j to channel i at frequency f and was defined as:
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Where γij(f) represents the ratio between influence from channel j to channel i and the joint influences from all the other channels to channel i; k represents the channel numbers; and H represents the transfer matrix of the system (Kaminski et al., 2001; Seth, 2010).

The 34 channels denoted different network nodes that formed the causality network. The global brain functional connectivity (DTFg) was defined as the mean value of all elements in the DTF matrix, which directly reflects the functional connectivity strength of the encoding network associated with WM. The formula for DTFg was as follows:
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where n represents the number of channels, and K represents the set of channels in the network. The DTFg values during the WM encoding phase were calculated for the two TLE subgroups and healthy controls, and comparisons among groups were conducted.

The connectivity strength of channel i (DTFi) was defined as the functional connectivity in the network associated with channel i, including the average connectivity from other channels to channel i and from channel i to other channels in the network. The DTFi was calculated as follows:
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where n is the number of channels, and G is the set of channels in the DTF matrix. DTFi is an important measure of the “activity” of each channel across the network. The spatial distribution maps during WM encoding were drawn based on the DTFi for each channel, and the most prominent channel during the WM encoding phase was identified.

To further analyze the spatial distribution pattern of the function network during WM encoding, the connectivity strength across brain regions was calculated. The connectivity strength from brain region l to brain region k (DTFkl) was defined as follows:

[image: image]

Where m and n are the number of channels in brain regions k and l, respectively; and K and L are the set of channels in brain regions k and l, respectively. Comparisons of the functional network patterns during the WM encoding phase were performed among the TLE-N group, the TLE-WM group, and healthy controls, and characteristic changes during the WM encoding phase were identified in patients with TLE.



Statistical Analysis

SPSS v20.0 (SPSS Inc., Chicago, IL, USA) was used for all statistical analyses, and the data are expressed as the mean ± the standard error of the mean (unless otherwise noted). For all the statistical tests, the level of significance was set to α = 0.05 (p < 0.05). In this article, data normality was confirmed with the Shapiro-Wilk test (P > 0.05), the t-test was used to assess the significance of differences between two groups, and Levene's test was used to assess the homogeneity of error variances across groups. The Chi-square test was used to analyze dichotomous variables. Comparisons among more than three groups were performed using one-way analysis of variance, and post-hoc analyses were performed using the least significant difference test. Pearson's correlation analysis was performed to evaluate the relationship between EEG network activity during WM encoding and performance.




RESULTS


Demographic and Clinical Characteristics and Performance of Subjects

The demographic and clinical characteristics of all subjects are shown in Table 1. No significant differences were identified between the TLE group and the Con group for age (t = 0.499, p = 0.619), sex distribution (t = 1.430, p = 0.232), or education (t = 0.449, p = 0.116). The TLE group was divided into two subgroups: the TLE-N group and the TLE-WM group. No significant differences in age (F = 1.965, df = 2, p = 0.147) or sex distribution (F = 1.432, df = 2, p = 0.489) were observed among the TLE-N group, the TLE-WM group, and the Con group. For education level, a significant difference was observed among the TLE-WM group, the TLE-N group, and the Con group (F = 8.957, df = 2, p < 0.001). The TLE-WM group was less educated than the Con group or the TLE-N group (Con. vs. TLE-WM, LSD-t = 3.404, p = 0.006; TLE-N vs. TLE-WM, LSD-t = 3.805, p < 0.001). No significant difference in education level was observed between the TLE-N group and the Con group (LSD-t = 0.854, p = 0.395). No significant differences between the TLE-N group and the TLE-WM group were identified for age of TLE onset (t = 0.069, p = 0.945), disease duration (t = 0.971, p = 0.336), seizure frequency (t = 1.808, p = 0.077), and or the number of anti-seizure medications (ASM) used (t = 1.301, p = 0.200).

Comparisons of memory test performance among groups are shown in Figure 2. The mean RT was longer in the TLE group than in the Con group (t = 5.339, p < 0.001; Figure 2A), and ACC was lower in the TLE group than that in the Con group (t = 4.391, p < 0.001; Figure 2B). Significant differences were observed among the TLE-N group, the TLE-WM group, and the Con group for both RT (F = 28.174, df = 2, p < 0.001; Figure 2C) and ACC (F = 36.322, df = 2, p < 0.001; Figure 2D). Compared with the TLE-N group and the Con group, the RT was longer (Con vs. TLE-WM, LSD-t = 7.299, p < 0.001; TLE-N vs. TLE-WM, LSD-t = 4.931, p < 0.001), and the ACC was lower (Con vs. TLE-WM, LSD-t = 7.642, p < 0.001; TLE-N vs. TLE-WM, LSD-t = 7.023, p < 0.001) in the TLE-WM group. No significances between the TLE-N group and the Con group were observed for RT (LSD-t = 2.005, p = 0.141) or ACC (LSD-t = 0.720, p = 0.852).
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FIGURE 2. Comparisons of task performance. (A,B) Comparisons of RT and ACC results between the TLE group and the Con group. (C,D) Comparisons of RT and ACC results between the TLE-N group, the TLE-WM group, and the Con group. ***p < 0.001.




The Prominent Frequency Band During the WM Encoding Phase

To describe the characteristic pattern of neural oscillations that occur during the WM encoding phase, we compared the average PSD of 34 channels within the delta, theta, alpha, beta, and gamma frequency bands. As shown in Figure 3A, in the Con group, significant differences were observed among the average PSD values of the five frequency bands (F = 176.425, df = 4, p < 0.001), and the PSD value of the theta frequency band was larger than the PSD values of other frequency bands (theta vs. delta: LSD-t = 16.115, p < 0.001; theta vs. alpha: LSD-t = 2.996, p = 003; theta vs. beta: LSD-t = 12.963, p < 0.001; and theta vs. gamma: LSD-t = 22.738, p < 0.001). In the TLE-N group, significant differences were observed among the average PSD values of the five frequency bands (F = 56.749, df = 4, p < 0.001), and the average PSD value of the theta frequency band was larger than those of the delta, beta, and gamma bands (theta vs. delta: LSD-t = 9.206, p < 0.001; theta vs. beta: LSD-t = 6.949, p < 0.001; and theta vs. gamma: LSD-t = 14.327, p < 0.001), whereas no significant difference was observed between the average PSD values of the theta and alpha bands (LSD-t = 0.857, p = 0.394; Figure 3B). In the TLE-WM group, significant differences were observed among the average PSD values of the five frequency bands (F = 53.639, df = 4, p < 0.001), and the average PSD value of the theta frequency band was significantly larger than those of the delta, beta, and gamma frequency bands (theta vs. delta: LSD-t = 8.227, p < 0.001; theta vs. beta: LSD-t = 5.336, p < 0.001; and theta vs. gamma: LSD-t = 9.213, p < 0.001), whereas no significant difference was observed between the average PSD values of the theta and alpha frequency bands (LSD-t = 1.209, p = 0.201; Figure 3C).


[image: Figure 3]
FIGURE 3. Neural oscillations during the WM encoding phase across the three groups. Comparisons of PSD values among the delta, theta, alpha, beta, and gamma frequencies in the Con group (A), TLE-N group (B), and TLE-WM group (C). (D) Comparisons of PSD values associated with different frequency bands among the three groups. *p < 0.05, **p < 0.01, and ***p < 0.001.


When the PSD values were compared across the three groups, significant differences were observed between the TLE-N group, the TLE-WM group, and the Con group for the average PSD value of the theta frequency band (F = 4.893, df = 2, p = 0.011), and the average PSD value of the theta frequency band in the TLE-WM group was significantly smaller than that in the Con group (LSD-t = 3.114, p = 0.003). No significant differences across the three groups were observed for the average PSD values of the delta, alpha, beta, or gamma frequency bands (delta: F = 2.896, df = 2, p = 0.062; alpha: F = 0.249, df = 2, p = 0.781;beta: F = 0.223, df = 2, p = 0.801;gamma: F = 1.068, df = 2, p = 0.353; Figure 3D). Therefore, the theta frequency band was considered to represent the prominent frequency band during the WM encoding phase, and subsequent analyses were focused to this frequency band.



Characteristic Spatial Distribution Pattern of Neural Oscillations During the WM Encoding Phase

The topographic maps generated for the TLE-N group, the TLE-WM group, and the Con group during the WM encoding phase are shown in Figure 4A, which indicated that the theta Pwm was primarily concentrated in the frontal and occipital regions. In the Con group, significant differences were observed for the theta Pwm values measured among the frontal, parietal, occipital, and temporal regions (F = 32.504, df = 3, p < 0.001). The theta Pwm value for the frontal region measured as significantly larger than those in the parietal (LSD-t = 4.771, p < 0.001) and temporal regions (LSD-t = 6.292, p < 0.001), and the theta Pwm value measured in the occipital region was also significantly larger than those in the parietal (LSD-t = 6.400, p < 0.001) and temporal regions (LSD-t = 7.563, p < 0.001), with no significant difference observed between theta Pwm values between the frontal and occipital regions (LSD-t = 2.505, p = 0.087; Figure 4B). In the TLE-N group, significant differences in the theta Pwm values were observed among the frontal, parietal, occipital, and temporal regions (F = 8.514, df = 3, p < 0.001), revealing the theta Pwm values for the frontal and occipital regions were significantly larger than those for the parietal (frontal vs. parietal, LSD-t = 2.304, p = 0.024; occipital vs. parietal, LSD-t = 3.693, p < 0.001) and temporal regions (frontal vs. temporal, LSD-t = 3.057, p = 0.003; occipital vs. temporal, LSD-t = 4.481, p < 0.001). No significant difference was observed for the theta Pwm values between the frontal and occipital regions (LSD-t = −1.407, p = 0.164; Figure 4C). Comparisons of the theta Pwm values among different brain regions in the TLE-WM group are shown in Figure 4D, revealing significant differences (F = 6.486, df = 3, p < 0.001). The theta Pwm value in the frontal region was higher than that in the parietal (LSD-t = 3.124, p = 0.016) and temporal regions (LSD-t = 4.200, p = 0.001), and the theta Pwm value in the occipital region was higher than that in the temporal region (LSD-t = 2.862, p = 0.035). No significant difference in the theta Pwm values between the frontal and occipital region was observed (LSD-t = 0.254, p = 0.800) in the TLE-WM group.
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FIGURE 4. Spectral distribution and histogram of theta power during the WM encoding phase in the three groups. (A) Spectral distribution of theta power in the three groups. Power is indicated by color. Histogram of theta power in different brain regions for the Con group (B), the TLE-N group (C), and the TLE-WM group (D). (E) Comparisons of theta power associated with different brain regions across the three groups. C, central-parietal region; F, frontal region; T, temporal region; O, occipital region. *p < 0.05, **p < 0.01, and ***p < 0.001.


Comparisons of the theta Pwm values across different brain regions and among groups are shown in Figure 4E. Significant differences among groups were observed for the frontal (F = 9.847, df = 2, p < 0.001), parietal (F = 7.184, df = 2, p = 0.001), occipital (F = 12.702, df = 2, p < 0.001), and temporal (F = 7.113, df = 2, p = 0.001) regions. Compared with the Con group, the theta Pwm values in the frontal, parietal, occipital, and temporal regions of the TLE-WM group were significantly lower (frontal, LSD-t = 4.433, p < 0.001; parietal, LSD-t = 3.657, p < 0.001; occipital, LSD-t = 5.030, p < 0.001; temporal, LSD-t = 3.477, p = 0.001), and the theta Pwm in each region was also lower in the TLE-WM group than those in the TLE-N group (frontal, LSD-t = 2.179, p = 0.032; parietal, LSD-t = 2.503, p = 0.014; occipital, LSD-t = 2.598, p = 0.011; temporal, LSD-t = 2.896, p = 0.005).



Network Alterations Associated With Impaired WM in Patients With TLE
 
Functional Connectivity Strength During the WM Encoding Phase

The DTF method was used to estimate the functional connectivity of the theta frequency band among electrodes during the WM encoding phase in the TLE-N group, the TLE-WM group, and the Con group, and the DTF matrices in the Con group, the TLE-N group, and the TLE-WM group were shown in Figures 5A–C, respectively. The DTF was primarily concentrated in the frontal region, especially in the Fz channel. A significant difference in the DTFg values was observed among the TLE-N group, the TLE-WM group, and the Con group (F = 4.587, df = 2, p = 0.013). Compared with the Con and TLE-N groups, the DTFg value was lower in the TLE-WM group (Con vs. TLE-WM, LSD-t = 2.914, p = 0.005; TLE-N vs. TLE-WM, LSD-t = 2.133, p = 0.036). No significant difference was observed for the DTFg values between the TLE-N group and the Con group (LSD-t = 0.519, p = 0.606; Figure 5D).


[image: Figure 5]
FIGURE 5. Functional connectivity across channels during the WM encoding phase. Connectivity matrices of EEGs in the Con group (A), TLE-N group (B), and TLE-WM group (C). Nodes 1–34 represent Channels 1–34 (i.e., Fp1, Fp2, F7, F3, Fz, F4, F8, FT7, FC3, FCz, FC4, FT8, T7, C3, Cz, C4, T8, TP7, CP3, CPz, CP4, TP8, P7, P3, Pz, P4, P8, PO3, PO4, O1, Oz, O2, AF3, and AF4, respectively). The connectivity strengths from channel j to channel i are represented by the different colors. The connectivity strength in the Fz channel (channel 5) was strong. (D) Comparisons of the average DTF values for 34 channels among the three groups. The average connectivity strength in the TLE-WM group decreased compared with those of the Con group and the TLE-N group. *p < 0.05 and **p < 0.01.




The Functional Connectivity Distribution During the WM Encoding Phase

The functional connectivity distribution during the WM encoding phase was explored among the three groups (Figure 6A). In the Con group, significant differences in DTF values were observed among the frontal, parietal, occipital, and temporal regions (F = 21.320, df = 3, p < 0.001), and the DTF value in the frontal region was significantly larger than those in other regions (frontal vs. parietal, LSD-t = 2.585, p = 0.011; frontal vs. occipital, LSD-t = 6.597, p < 0.001; frontal vs. temporal, LSD-t = 6.814, p < 0.001; Figure 6B). In the TLE-N group, significant differences in DTF values were observed among the brain regions (F = 15.867, df = 3, p < 0.001), and the DTF value in the frontal region was significantly larger than those in the occipital and the temporal regions (frontal vs. occipital, LSD-t = 5.236, p < 0.001; frontal vs. temporal, LSD-t = 5.583, p < 0.001), whereas no significant difference in DTF values was observed between the frontal and parietal regions (LSD-t = 1.005, p = 0.318; Figure 6C). In the TLE-WM group, significant differences in DTF values were observed among different brain regions (F = 8.141, df = 3, p < 0.001). The DTF value in the frontal region was significantly larger than those in the occipital (LSD-t = 3.422, p = 0.001) and temporal regions (LSD-t = 3.943, p < 0.001). No significant difference in DTF values was observed between the frontal and parietal regions (LSD-t = 0.027, p = 0.978; Figure 6D). Therefore, the frontal region was considered to be the prominent region of brain network activity during the WM encoding phase.
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FIGURE 6. Spectral distribution and histogram showing functional connectivity strength in the theta frequency band during the WM encoding phase across the three groups. (A) Spectral distribution of functional connectivity strength across the three groups. Connectivity strength is indicated by color. Histogram of connectivity strength in the theta frequency band associated with different brain regions in the Con group (B), the TLE-N group (C), and the TLE-WM group (D). Connectivity strength in the frontal region was prominent. (E) Comparison of connectivity strength in the theta frequency band associated with different brain regions across the three groups. Connectivity strength in the frontal region of the TLE-WM group was weak. *p < 0.05 and ***p < 0.001.


Comparisons of the DTF values for different regions were examined among the Con, TLE-N, and TLE-WM groups, as shown in Figure 6E. Significant differences in the DTFfrontal values were observed among groups (F = 8.600, df = 2, p < 0.001). No significant differences were observed among the control, TLE-N, and TLE-WM groups for the DTF values of the parietal (F = 0.870, df = 2, p = 0.425), occipital (F = 0.137, df = 2, p = 0.872), or temporal (F = 1.249, df = 2, p = 0.292) regions. Compared with those for the Con group and the TLE-N group, the DTFfrontal value for the TLE-WM group was significantly lower (Con vs. TLE-WM, LSD-t = 4.139, p < 0.001; TLE-N vs. TLE-WM, LSD-t = 2.089, p = 0.040).



Alterations in the Network Connectivity Between Brain Regions During the WM Encoding Phase

To explore the alterations in brain network connectivity observed during the WM encoding phase in more detail, analyses of the DTF values from the frontal region to other regions (DTFout) and from other regions to the frontal region (DTFin) were performed. As shown in Figure 7, significant differences in the DTFout values were observed among the Con, TLE-N, and TLE-WM groups (F = 8.600, df = 2, p < 0.001). The DTFout value for the TLE-WM group was lower than those for the Con (LSD-t = 5.007, p < 0.001) and TLE-N groups (LSD-t = 2.158, p = 0.035). No significant differences in DTFin were observed among the three groups (F = 0.026, df = 2, p = 0.974).


[image: Figure 7]
FIGURE 7. Functional connectivity across brain regions during the WM encoding phase. Connectivity matrices of brain regions in the Con group (A), TLE-N group (B), and TLE-WM group (C). (D) Comparison of the average DTF value of the frontal region among the three groups. *p < 0.05 and ***p < 0.001.





Correlation Analysis Between Theta Oscillations and Memory Test Performance

To illuminate the relation between the theta oscillations and memory test performance, Pearson' correlation analysis was applied. In the Con group, as shown in Figure 8A, the Pwm value for the frontal region was negatively correlated with mean RT (r = −0.441, p = 0.024) but was not correlated with ACC (r = −0.210, p = 0.227). The Pwm value in the occipital region was positively correlated with ACC (r = 0.355, p = 0.043) but not with RT (r = 0.125, p = 0.383). In the TLE-N group, a negative correlation was identified between the RT and Pwm values for both the frontal (r = −0.565, p = 0.015) and occipital regions (r = −0.539, p = 0.026), and no correlations were identified between the ACC and Pwm values in prominent regions of theta oscillation (frontal: r = −0.149, p =0.555; occipital: r = 0.022, p = 0.943; Figure 8B). In the TLE-WM group, a positive correlation was identified between ACC and the Pwm values in the frontal (r = 0.482, p = 0.015) and occipital (r = 0.381, p = 0.045) regions, whereas no correlations were observed between the RT and Pwm values in prominent regions of theta oscillation (frontal: r = −0.167, p = 0.377; occipital: r = 0.035, p = 0.850; Figure 8C).
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FIGURE 8. Correlation between theta network activity and performance on the WM task. Correlation between theta Pwm values in different brain regions and performance in the Con group (A), TLE-N group (B), and TLE-WM group (C). (D) Correlation between theta DTF values and performance.


Correlations between memory test performance and the function connectivity strength of the frontal region are shown in Figure 8D. DTFfrontal strength was negative correlated with RT (r = −0.429, p = 0.032) and positively correlated with ACC (r = 0.429, p = 0.029) in the Con group. whereas in the TLE-N and TLE-WM groups, no correlations were observed between memory test performance and the functional connectivity strength (TLE-N: RT, r = 0.193, p = 0.401; ACC, r = 0.028, p = 0.905; TLE-WM: RT, r = −0.042, p = 0.823; ACC: r = 0.115, p = 0.537).




DISCUSSION

In the current study, we compared neural network connectivity in the theta frequency band during the WM encoding phase between patients with TLE and healthy controls by measuring EEG activity and examined the relationships between the theta network and memory performance following a WM task. Our results showed that the theta network was involved in the WM encoding phase, and the frontal region was the most prominent region. Alterations in theta network connectivity were observed in patients with TLE. Stronger theta network activity may be associated with shorter RT and higher ACC.

Theta oscillations play an important role during the WM process (Lisman, 2010; Rutishauser et al., 2010; Sauseng et al., 2010; Polanía et al., 2012; Berger et al., 2019). Our results was accordance with the previous researches. Increased theta activity was observed during the WM encoding phase in a Sternberg-like WM task, as reported by Raghavachari et al. (2001), and theta power was shown to decrease under conditions of WM impairment (Brookes et al., 2011). In our study, theta power was stronger than that of the other frequency bands during the WM encoding phase, and the theta network strength was notably weaker in patients with TLE who demonstrated impaired performance on the WM task, which indicated the important role played by the theta network during the WM encoding phase. Theta oscillations may mirror a gating mechanism that promotes task-relevant information processing and suppresses task-irrelevant information processing (Raghavachari et al., 2001). During higher cognitive processes, in which inter-regional cooperation is indispensable, theta activity in the frontal region provides time windows that allow neural information to be communicated across brain regions (Berger et al., 2019). Neural network distributions involving the frontal region were involved in WM processing, and the strength of prefrontal network activity decreased in patients with TLE during a WM task, which was associated with the task performance (Vlooswijk et al., 2011), in accordance with our results. Kaminski et al. (2019) evaluated EEG activity transmission during a WM task by measuring the full frequency DTF and short-time DTF and found that functional connectivity within the frontal region and between the frontal and posterior parietal regions increased, which also supports our results. During a WM task, the increased integration between cognitive networks and task-related non-cognitive network contributes to increased accuracy, indicating that increased communications among brain networks might underlie successful WM utilization (Cohen et al., 2014). Interestingly, information flows within and between brain networks through the synchronous activity of neural oscillations (Violante et al., 2017).

Cognitive impairment is a common comorbidity observed in patients with TLE, and ~80% of patients with TLE suffer from impairments in one or more cognitive domains, most frequently in language or memory (Winston et al., 2013; Allone et al., 2017; Rodríguez-Cruces et al., 2018; Chauvière, 2019; Reyes et al., 2019). Evidence suggests that WM is impaired in patients with TLE (Abrahams et al., 1999; Wagner et al., 2009; Black et al., 2010). In our results, patients with TLE performed the WM task with longer RT and lower ACC compared with the healthy controls. A study by Campo et al. compared magnetoencephalography (MEG) data between patients with TLE and healthy controls during the WM encoding phase and demonstrated reduced ACC among patients with TLE (Campo et al., 2009). Wagner et al. conducted a WM study including 96 patients with TLE and found that patients with unilateral TLE displayed WM deficits, irrespective of the affected hemisphere (Wagner et al., 2009).

Several factors may contribute to cognitive impairments in patients with TLE, including the underlying pathology, the impacts of seizure frequency and type, the age at seizure onset, disease duration, and treatment with ASMs (Helmstaedter et al., 2003; Elger et al., 2004; Fujikawa, 2005; Helmstaedter and Kockelmann, 2006; Hermann et al., 2006; Hermann and Seidenberg, 2007; Bell et al., 2011; Helmstaedter and Witt, 2017; Witt and Helmstaedter, 2017). Quantitative MRI studies have indicated widespread abnormalities across cortical and subcortical structures in patients with TLE, including the hippocampus, amygdala, fornix, parahippocampus, thalamus, basal ganglia, and neocortical regions (Keller and Roberts, 2008; Dabbs et al., 2012; Tai et al., 2018). Patients with TLE also exhibit microstructural abnormalities in the white matter tracts and decreased global network densities (Reyes et al., 2019). Cognitive impairments in patients with TLE may be associated with abnormalities in the underlying brain structures (Bell et al., 2011; Campo et al., 2013; Stretton et al., 2013; Winston et al., 2013). However, not all patients with TLE exhibit cognitive impairment, and patients with TLE who displayed generalized cognitive abnormalities showed widespread cortical and subcortical structural impairments, whereas patients with TLE who displayed near-normal cognitive functions showed minimal structural abnormalities (Hermann et al., 2007; Dabbs et al., 2009; Reyes et al., 2019). In our study, theta network strength was decreased in the TLE-WM group, compared with Con and TLE-N groups, despite a lack of significant differences in any examined clinical features between the TLE-WM group and the TLE-N group, whereas no significance in theta network activity was observed between the TLE-N group and the Con group, which was in agreement with previous studies (Hermann et al., 2007; Reyes et al., 2019). In regard to seizure frequency, a recent research of animal model showed that seizure frequency had a negative influence in working memory performance (Wolf et al., 2016). Seizure could affect the inhibitory-excitatory balance between brain regions, which could increase risk of cognitive impairment, and secondary damage due to hypoxia or brain trauma due to severe falls may result in irreversible cognitive impairment (Helmstaedter and Witt, 2017).

It was reported that WM performance in patients with TLE may be affected by anti-seizure medication (ASM; Smith et al., 2006). A study using a double-blind, randomized crossover design compared the cognitive effects of LTG and TPM in 47 healthy volunteers, and found that Lamotrigine produces significantly fewer untoward cognitive and behavioral effects compared to topiramate (TPM) at the dosages (Meador et al., 2005). Oxcarbazepine was reported without significant adverse impact on cognition, and Levetiracetam has a positive effect on working memory performance (Levisohn et al., 2009; Milovan et al., 2010; Operto et al., 2019). The ASM could reduce neuronal irritability while inhibiting neuronal excitability (Meador, 2002). Nevertheless, according to recent reviews and researches that cognitive impairments are present already before the ASM treatment (Elger et al., 2004; Hermann et al., 2007; Witt and Helmstaedter, 2017). Interestingly, TLE patients with cognitive impairment may also be at increased risk of cognitive impairments progression (Hermann et al., 2007).

In the current study, we evaluated theta network activity in patients with TLE who presented different WM task performance abilities and found that patients with impaired cognitive function displayed altered theta network activity compared with patients who displayed near-normal cognitive function, despite similarities in clinical features. Our results indicated that patients with TLE could not be reliably distinguished according to clinical features, and theta network analysis may represent a valid means for distinguishing differences in cognitive function and predicting cognitive outcomes among patients with TLE.

However, our study had several limitations. First, when exploring the aspect of education, no significant difference was observed between patients with TLE patients and healthy controls, whereas the education level of patients with TLE who displayed impaired task performance was lower than that of patients with TLE who displayed normal performance. Poor cognitive function may result in less education, which may, in turn, lead to worse cognitive function. Further studies remain necessary to clarify the relationships between TLE, education, and cognitive impairment. Second, patients with TLE in our study were not distinguished according to laterality, and differences in neural network mechanisms associated with WM deficit in patients with left vs. right TLE warrant a more detailed analysis. Third, further studies with regard to the gender differences in WM encoding in patients with TLE are still needed.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of the Tianjin Medical University General Hospital. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

YS and LP designed the study. LP, JB, YW, LZ, and XQ were involved in collection of data. LP, YW, DG, XZ, MD, PY, and GW were involved in analyses of the data with supervision of YS. LP drafted the paper under supervision of YS. All authors have read and approved the final manuscript, critically revised the manuscript, and have made substantial contributions to the design and concept of this study.



FUNDING

This work was supported by the Tianjin Natural Science Foundation Beijing-Tianjin-Hebei Special Project (18JCZDJC44800) and Tianjin 131 Innovative Talents Team Training Project in 2016. This work was also supported by the Key Medical Discipline Construction Project of Tianjin, Science and Technology Project of Tianjin Medical Health Commission (TJWJ2021MS001), Tianjin Key Research and Development Plan, Key Project of Science and Technology Support (20YFZCSY00010).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnhum.2021.770678/full#supplementary-material



REFERENCES

 Abrahams, S., Morris, R. G., Polkey, C. E., Jarosz, J. M., Cox, T. C. S., Graves, M., et al. (1999). Hippocampal involvement in spatial and working memory: a structural MRI analysis of patients with unilateral mesial temporal lobe sclerosis. Brain Cogn. 41, 39–65. doi: 10.1006/brcg.1999.1095

 Alekseichuk, I., Pabel, S. C., Antal, A., and Paulus, W. (2017). Intrahemispheric theta rhythm desynchronization impairs working memory. Restor. Neurol. Neurosci. 35, 147–158. doi: 10.3233/RNN-160714

 Allone, C., Buono, V. L., Corallo, F., Pisani, L. R., Pollicino, P., Bramanti, P., et al. (2017). Neuroimaging and cognitive functions in temporal lobe epilepsy: a review of the literature. J. Neurol. Sci. 381, 7–15. doi: 10.1016/j.jns.2017.08.007

 Babiloni, F., Cincotti, F., Babiloni, C., Carducci, F., Mattia, D., Astolfi, L., et al. (2005). Estimation of the cortical functional connectivity with the multimodal integration of high-resolution EEG and fMRI data by directed transfer function. Neuroimage 24, 118–131. doi: 10.1016/j.neuroimage.2004.09.036

 Barak, O., and Tsodyks, M. (2014). Working models of working memory. Curr. Opin. Neurobiol. 25, 20–24. doi: 10.1016/j.conb.2013.10.008

 Bell, B., Lin, J. J., Seidenberg, M., and Hermann, B. (2011). The neurobiology of cognitive disorders in temporal lobe epilepsy. Nat. Rev. Neurol. 7, 154–164. doi: 10.1038/nrneurol.2011.3

 Berger, B., Griesmayr, B., Minarik, T., Biel, A. L., Pinal, D., Sterr, A., et al. (2019). Dynamic regulation of interregional cortical communication by slow brain oscillations during working memory. Nat. Commun. 10:4242. doi: 10.1038/s41467-019-12057-0

 Black, L. C., Schefft, B. K., Howe, S. R., Szaflarski, J. P., Yeh, H., and Privitera, M. D. (2010). The effect of seizures on working memory and executive functioning performance. Epilepsy Behav. 17, 412–419. doi: 10.1016/j.yebeh.2010.01.006

 Brookes, M. J., Wood, J. R., Stevenson, C. M., Zumer, J. M., White, T. P., Liddle, P. F., et al. (2011). Changes in brain network activity during working memory tasks: a magnetoencephalography study. Neuroimage 55, 1804–1815. doi: 10.1016/j.neuroimage.2010.10.074

 Cabeza, R., and Nyberg, L. (2000). Imaging cognition II: an empirical review of 275 PET and fMRI studies. J. Cogn. Neurosci. 12, 1–47. doi: 10.1162/08989290051137585

 Campo, P., Garrido, M. I., Moran, R. J., García-Morales, I., Poch, C., Toledano, R., et al. (2013). Network reconfiguration and working memory impairment in mesial temporal lobe epilepsy. NeuroImage 72, 48–54. doi: 10.1016/j.neuroimage.2013.01.036

 Campo, P., Maestú, F., García-Morales, I., Gil-Nagel, A., Strange, B., Morales, M., et al. (2009). Modulation of medial temporal lobe activity in epilepsy patients with hippocampal sclerosis during verbal working memory. J. Int. Neuropsych. Soc. 15, 536–546. doi: 10.1017/S135561770909078X

 Chauvière, L. (2019). Update on temporal lobe-dependent information processing, in health and disease. Eur. J. Neurosci. 51, 2159–2204. doi: 10.1111/ejn.14594

 Cohen, J. R., Gallen, C. L., Jacobs, E. G., Lee, T. G., and D'Esposito, M. (2014). Quantifying the reconfiguration of intrinsic networks during working memory. PLoS ONE 9:e106636. doi: 10.1371/journal.pone.0106636

 Constantinidis, C., and Procyk, E. (2004). The primate working memory networks. Cogn. Affect. Behav. Neurosci. 4, 444–465. doi: 10.3758/cabn.4.4.444

 Constantinidis, C., and Wang, X. (2004). A neural circuit basis for spatial working memory. Neuroscientist 10, 553–565. doi: 10.1177/1073858404268742

 Dabbs, K., Becker, T., Jones, J., Rutecki, P., Seidenberg, M., and Hermann, B. (2012). Brain structure and aging in chronic temporal lobe epilepsy. Epilepsia 53, 1033–1043. doi: 10.1111/j.1528-1167.2012.03447.x

 Dabbs, K., Jones, J., Seidenberg, M., and Hermann, B. (2009). Neuroanatomical correlates of cognitive phenotypes in temporal lobe epilepsy. Epilepsy Behav. 15, 445–451. doi: 10.1016/j.yebeh.2009.05.012

 Daniel, T. A., Katz, J. S., and Robinson, J. L. (2016). Delayed match-to-sample in working memory: a BrainMap meta-analysis. Biol. Psychol. 120, 10–20. doi: 10.1016/j.biopsycho.2016.07.015

 Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including independent component analysis. J. Neurosci. Meth. 134, 9–21. doi: 10.1016/j.jneumeth.2003.10.009

 Elger, C. E., Helmstaedter, C., and Kurthen, M. (2004). Chronic epilepsy and cognition. Lancet Neurol. 3, 663–672. doi: 10.1016/S1474-4422(04)00906-8

 Fujikawa, D. G. (2005). Prolonged seizures and cellular injury: understanding the connection. Epilepsy Behav. 7(Suppl. 3), S3–S11. doi: 10.1016/j.yebeh.2005.08.003

 Grippo, A., Pelosi, L., Mehta, V., and Blumhardt, L. D. (1996). Working memory in temporal lobe epilepsy: an event-related potential study. Electroencephalogr. Clin. Neurophysiol. 99, 200–213. doi: 10.1016/0013-4694(96)95705-3

 Heinrichs-Graham, E., and Wilson, T. W. (2015). Spatiotemporal oscillatory dynamics during the encoding and maintenance phases of a visual working memory task. Cortex 69, 121–130. doi: 10.1016/j.cortex.2015.04.022

 Helmstaedter, C., and Kockelmann, E. (2006). Cognitive outcomes in patients with chronic temporal lobe epilepsy. Epilepsia 47(Suppl. 2), 96–98. doi: 10.1111/j.1528-1167.2006.00702.x

 Helmstaedter, C., Kurthen, M., Lux, S., Reuber, M., and Elger, C. E. (2003). Chronic epilepsy and cognition: a longitudinal study in temporal lobe epilepsy. Ann. Neurol. 54, 425–432. doi: 10.1002/ana.10692

 Helmstaedter, C., and Witt, J. (2012). “Chapter 28: Clinical neuropsychology in epilepsy: theoretical and practical issues,” in Handbook of Clinical Neurology, Vol. 107. eds H. Stefan and W. H. Theodore (Elsevier), 437–459.


 Helmstaedter, C., and Witt, J. (2017). Epilepsy and cognition – a bidirectional relationship? Seizure 49, 83–89. doi: 10.1016/j.seizure.2017.02.017

 Hermann, B., and Seidenberg, M. (2007). Epilepsy and cognition. Epilepsy Curr. 7, 1–6. doi: 10.1111/j.1535-7511.2007.00151.x

 Hermann, B., Seidenberg, M., Lee, E., Chan, F., and Rutecki, P. (2007). Cognitive phenotypes in temporal lobe epilepsy. J. Int. Neuropsych. Soc. 13, 12–20. doi: 10.1017/0S135561770707004X

 Hermann, B. P., Seidenberg, M., Dow, C., Jones, J., Rutecki, P., Bhattacharya, A., et al. (2006). Cognitive prognosis in chronic temporal lobe epilepsy. Ann. Neurol. 60, 80–87. doi: 10.1002/ana.20872

 Hsieh, L., and Ranganath, C. (2014). Frontal midline theta oscillations during working memory maintenance and episodic encoding and retrieval. Neuroimage 85, 721–729. doi: 10.1016/j.neuroimage.2013.08.003

 Kaminski, M., Brzezicka, A., Kaminski, J., and Blinowska, K. J. (2019). Coupling between brain structures during visual and auditory working memory tasks. Int. J. Neural Syst. 29:1850046. doi: 10.1142/S0129065718500466

 Kaminski, M., Ding, M., Truccolo, W. A., and Bressler, S. L. (2001). Evaluating causal relations in neural systems: granger causality, directed transfer function and statistical assessment of significance. Biol. Cybern. 85, 145–157. doi: 10.1007/s004220000235

 Keller, I. S., and Roberts, N. (2008). Voxel-based morphometry of temporal lobe epilepsy: an introduction and review of the literature. Epilepsia 49, 741–757. doi: 10.1111/j.1528-1167.2007.01485.x

 Leavitt, M. L., Mendoza-Halliday, D., and Martinez-Trujillo, J. C. (2017). Sustained activity encoding working memories: not fully distributed. Trends Neurosci. 40, 328–346. doi: 10.1016/j.tins.2017.04.004

 Levisohn, P. M., Mintz, M., Hunter, S. J., Yang, H., Jones, J., and Group, N. L. S. (2009). Neurocognitive effects of adjunctive levetiracetam in children with partial-onset seizures: a randomized, double-blind, placebo-controlled, noninferiority trial. Epilepsia 50, 2377–2389. doi: 10.1111/j.1528-1167.2009.02197.x

 Linden, D. E. J. (2007). The working memory networks of the human brain. Neuroscientist 13, 257–267. doi: 10.1177/1073858406298480

 Lisman, J. (2010). Working memory: the importance of theta and gamma oscillations. Curr. Biol. 20, R490–R492. doi: 10.1016/j.cub.2010.04.011

 Meador, K. J. (2002). Cognitive outcomes and predictive factors in epilepsy. Neurology 58(8 Suppl. 5), S21–S26. doi: 10.1212/wnl.58.8_suppl_5.s21

 Meador, K. J., Loring, D. W., Vahle, V. J., Ray, P. G., Werz, M. A., Fessler, A. J., et al. (2005). Cognitive and behavioral effects of lamotrigine and topiramate in healthy volunteers. Neurology 64, 2108–2114. doi: 10.1212/01.WNL.0000165994.46777.BE

 Milovan, D., Almeida, L., Romach, M. K., Nunes, T., Rocha, J. F., Sokowloska, M., et al. (2010). Effect of eslicarbazepine acetate and oxcarbazepine on cognition and psychomotor function in healthy volunteers. Epilepsy Behav. 18, 366–373. doi: 10.1016/j.yebeh.2010.04.022

 Nee, D. E., and D'Esposito, M. (2018). The representational basis of working memory. Curr. Top. Behav. Neurosci. 37, 213–230. doi: 10.1007/7854_2016_456

 Operto, F. F., Pastorino, G. M. G., Mazza, R., Roccella, M., Carotenuto, M., Margari, L., et al. (2019). Cognitive profile in BECTS treated with levetiracetam: a 2-year follow-up. Epilepsy Behav. 97, 187–191. doi: 10.1016/j.yebeh.2019.05.046

 Ozelo, H. F. B., Alessio, A., Sercheli, M. S., Bilevicius, E., Pedro, T., Pereira, F. R. S., et al. (2014). Pattern changes of EEG oscillations and BOLD signals associated with temporal lobe epilepsy as revealed by a working memory task. BMC Neurosci. 15:52. doi: 10.1186/1471-2202-15-52

 Pan, L., Guo, D., Wang, J., Hao, Y., Zhang, L., Qin, X., et al. (2021). Alterations in neural oscillations related to working memory deficit in temporal lobe epilepsy. Epilepsy Behav. 121:108063. doi: 10.1016/j.yebeh.2021.108063

 Polanía, R., Nitsche, M. A., Korman, C., Batsikadze, G., and Paulus, W. (2012). The importance of timing in segregated theta phase-coupling for cognitive performance. Curr. Biol. 22, 1314–1318. doi: 10.1016/j.cub.2012.05.021

 Raghavachari, S., Kahana, M. J., Rizzuto, D. S., Caplan, J. B., Kirschen, M. P., Bourgeois, B., et al. (2001). Gating of human theta oscillations by a working memory task. J. Neurosci. 21, 3175–3183. doi: 10.1523/JNEUROSCI.21-09-03175.2001

 Reyes, A., Kaestner, E., Bahrami, N., Balachandra, A., Hegde, M., Paul, B. M., et al. (2019). Cognitive phenotypes in temporal lobe epilepsy are associated with distinct patterns of white matter network abnormalities. Neurology 92, e1957–e1968. doi: 10.1212/WNL.0000000000007370

 Rodríguez-Cruces, R., Velázquez-Pérez, L., Rodríguez-Leyva, I., Velasco, A. L., Trejo-Martínez, D., Barragán-Campos, H. M., et al. (2018). Association of white matter diffusion characteristics and cognitive deficits in temporal lobe epilepsy. Epilepsy Behav. 79, 138–145. doi: 10.1016/j.yebeh.2017.11.040

 Rossion, B., and Pourtois, G. (2004). Revisiting snodgrass and vanderwart's object pictorial set: the role of surface detail in basic-level object recognition. Perception 33, 217–236. doi: 10.1068/p5117

 Rottschy, C., Langner, R., Dogan, I., Reetz, K., Laird, A. R., Schulz, J. B., et al. (2012). Modelling neural correlates of working memory: a coordinate-based meta-analysis. Neuroimage 60, 830–846. doi: 10.1016/j.neuroimage.2011.11.050

 Roux, F., and Uhlhaas, P. J. (2014). Working memory and neural oscillations: alpha–gamma versus theta–gamma codes for distinct WM information? Trends Cogn. Sci. 18, 16–25. doi: 10.1016/j.tics.2013.10.010

 Rutishauser, U., Ross, I. B., Mamelak, A. N., and Schuman, E. M. (2010). Human memory strength is predicted by theta-frequency phase-locking of single neurons. Nature 464, 903–907. doi: 10.1038/nature08860

 Sauseng, P., Griesmayr, B., Freunberger, R., and Klimesch, W. (2010). Control mechanisms in working memory: a possible function of EEG theta oscillations. Neurosci. Biobehav. Rev. 34, 1015–1022. doi: 10.1016/j.neubiorev.2009.12.006

 Seth, A. K. (2010). A MATLAB toolbox for granger causal connectivity analysis. J. Neurosci. Meth. 186, 262–273. doi: 10.1016/j.jneumeth.2009.11.020

 Smith, M. E., Gevins, A., McEvoy, L. K., Meador, K. J., Ray, P. G., and Gilliam, F. (2006). Distinct cognitive neurophysiologic profiles for lamotrigine and topiramate. Epilepsia 47, 695–703. doi: 10.1111/j.1528-1167.2006.00508.x

 Soreq, E., Leech, R., and Hampshire, A. (2019). Dynamic network coding of working-memory domains and working-memory processes. Nat. Commun. 10:936. doi: 10.1038/s41467-019-08840-8

 Stokes, M. G. (2015). ‘Activity-silent’ working memory in prefrontal cortex: a dynamic coding framework. Trends Cogn. Sci. 19, 394–405. doi: 10.1016/j.tics.2015.05.004

 Stokes, M. G., Kusunoki, M., Sigala, N., Nili, H., Gaffan, D., and Duncan, J. (2013). Dynamic coding for cognitive control in prefrontal cortex. Neuron 78, 364–375. doi: 10.1016/j.neuron.2013.01.039

 Stretton, J., Winston, G. P., Sidhu, M., Bonelli, S., Centeno, M., and Vollmar, C., et al. (2013). Disrupted segregation of working memory networks in temporal lobe epilepsy. NeuroImage Clin. 2, 273–281. doi: 10.1016/j.nicl.2013.01.009

 Tai, X., Bernhardt, B., Thom, M., Thompson, P., Baxendale, S., Koepp, M., et al. (2018). Neurodegenerative processes in temporal lobe epilepsy with hippocampal sclerosis: clinical, pathological and neuroimaging evidence. Neuropathol. Appl. Neurobiol. 44, 70–90. doi: 10.1111/nan.12458

 Tóth, B., Kardos, Z., File, B., Boha, R., Stam, C. J., and Molnár, M. (2014). Frontal midline theta connectivity is related to efficiency of WM maintenance and is affected by aging. Neurobiol. Learn. Mem. 114, 58–69. doi: 10.1016/j.nlm.2014.04.009

 Violante, I. R., Li, L. M., Carmichael, D. W., Lorenz, R., Leech, R., Hampshire, A., et al. (2017). Externally induced frontoparietal synchronization modulates network dynamics and enhances working memory performance. Elife 6:e22001. doi: 10.7554/eLife.22001

 Vlooswijk, M. C. G., Jansen, J. F. A., Jeukens, C. R. L. P., Marian Majoie, H. J., Hofman, P. A. M., de Krom, M. C. T. F., et al. (2011). Memory processes and prefrontal network dysfunction in cryptogenic epilepsy. Epilepsia 52, 1467–1475. doi: 10.1111/j.1528-1167.2011.03108.x

 Wagner, D. D., Sziklas, V., Garver, K. E., and Jones-Gotman, M. (2009). Material-specific lateralization of working memory in the medial temporal lobe. Neuropsychologia 47, 112–122. doi: 10.1016/j.neuropsychologia.2008.08.010

 Wasmuht, D. F., Spaak, E., Buschman, T. J., Miller, E. K., and Stokes, M. G. (2018). Intrinsic neuronal dynamics predict distinct functional roles during working memory. Nat. Commun. 9:3499. doi: 10.1038/s41467-018-05961-4

 Winston, G. P., Stretton, J., Sidhu, M. K., Symms, M. R., Thompson, P. J., Duncan, J. S. (2013). Structural correlates of impaired working memory in hippocampal sclerosis. Epilepsia 54, 1143–1153. doi: 10.1111/epi.12193

 Witt, J., and Helmstaedter, C. (2017). Cognition in epilepsy: current clinical issues of interest. Curr. Opin. Neurol. 30, 174–179. doi: 10.1097/WCO.0000000000000430

 Wolf, D. C., Bueno-Júnior, L. S., Lopes-Aguiar, C., Do Val Da Silva, R. A., Kandratavicius, L., and Leite, J. P. (2016). The frequency of spontaneous seizures in rats correlates with alterations in sensorimotor gating, spatial working memory, and parvalbumin expression throughout limbic regions. Neuroscience 312, 86–98. doi: 10.1016/j.neuroscience.2015.11.008

 Zhang, D., Zhao, H., Bai, W., and Tian, X. (2016). Functional connectivity among multi-channel EEGs when working memory load reaches the capacity. Brain Res. 1631, 101–112. doi: 10.1016/j.brainres.2015.11.036

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Pan, Wu, Bao, Guo, Zhang, Wang, Deng, Yu, Wei, Zhang, Qin and Song. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/math_4.gif
@





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Alterations in Neural Networks During Working Memory Encoding Related to Cognitive Impairment in Temporal Lobe Epilepsy



		Introduction



		Subjects and Methods



		Subjects



		Task Procedures and Behavior Performance Phenotyping



		EEG Recording and Data Preprocessing



		Analysis of Neural Oscillation Patterns During WM Encoding



		Analysis of Neural Network Patterns During WM Encoding



		Statistical Analysis







		Results



		Demographic and Clinical Characteristics and Performance of Subjects



		The Prominent Frequency Band During the WM Encoding Phase



		Characteristic Spatial Distribution Pattern of Neural Oscillations During the WM Encoding Phase



		Network Alterations Associated With Impaired WM in Patients With TLE



		Functional Connectivity Strength During the WM Encoding Phase



		The Functional Connectivity Distribution During the WM Encoding Phase



		Alterations in the Network Connectivity Between Brain Regions During the WM Encoding Phase









		Correlation Analysis Between Theta Oscillations and Memory Test Performance







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/math_3.gif





OPS/images/math_6.gif
()





OPS/images/math_5.gif
—
T Y (o1
)#EG( Fji + DTF;)

)





OPS/images/math_2.gif





OPS/images/math_1.gif
R
STFT (f,t) = / [x(t)g(t — D) dr [









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers )
in Human Neuroscience





OPS/images/fnhum-15-770678-g005.gif





OPS/images/fnhum-15-770678-g006.gif





OPS/images/fnhum-15-770678-g003.gif





OPS/images/fnhum-15-770678-g004.gif





OPS/images/fnhum-15-770678-t001.jpg
Control TLE TLE-N TLE-WM

N 35 52 21 31
Agey) 33.54£7.35 34.50 £9.37 31.90 +£8.10 36,68+ 9.95
Male/Female 18/17 32/20 13/8 19/12
Education (y) 14.86 +3.25 18,83 + 276 16,52 +2.04 12.48 2.7
Age of onset (y) - 2453 + 1107 24.40 +8.40 2463+ 12.93
Disease duration (y) - 856 % 557 788812 10.68 = 10.92
Seizure frequency (per month) . 215232 1.58+2.53 4.657.30
AEDs species - 210074 1.95 £ 051 220085

Values are mean and standard deviation.





OPS/images/fnhum-15-770678-g007.gif
o
P -






OPS/images/fnhum-15-770678-g008.gif
w ace
w e
o s 2w
i s )
w e






OPS/images/cover.jpg
’ frontiers .
in Human Neuroscience

Alterations in Neural Networks
During Working Memory Encoding
Related to Cognitive Impairment in

Temporal Lobe Epilepsy





OPS/images/fnhum-15-770678-g001.gif





OPS/images/fnhum-15-770678-g002.gif





