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Objective: The study aimed at investigating functional connectivity strength (FCS) changes in children with MRI-negative intractable epilepsy (ITE) and evaluating correlations between aberrant FCS and both disease duration and intelligence quotient (IQ).

Methods: Fifteen children with ITE, 24 children with non-intractable epilepsy (nITE) and 25 matched healthy controls (HCs) were subjected to rs-fMRI. IQ was evaluated by neuropsychological assessment. Voxelwise analysis of covariance was conducted in the whole brain, and then pairwise comparisons were made across three groups using Bonferroni corrections.

Results: FCS was significantly different among three groups. Relative to HCs, ITE patients exhibited decreased FCS in right temporal pole of the superior temporal gyrus, middle temporal gyrus, bilateral precuneus, etc and increased FCS values in left triangular part of the inferior frontal gyrus, parahippocampal gyrus, supplementary motor area, caudate and right calcarine fissure and surrounding cortex and midbrain. The nITE patients presented decreased FCS in right orbital superior frontal gyrus, precuneus etc and increased FCS in bilateral fusiform gyri, parahippocampal gyri, etc. In comparison to nITE patients, the ITE patients presented decreased FCS in right medial superior frontal gyrus and left inferior temporal gyrus and increased FCS in right middle temporal gyrus, inferior temporal gyrus and calcarine fissure and surrounding cortex. Correlation analysis indicated that FCS in left caudate demonstrated correlation with verbal IQ (VIQ) and disease duration.

Conclusion: ITE patients demonstrated changed FCS values in the temporal and prefrontal cortices relative to nITE patients, which may be related to drug resistance in epilepsy. FCS in the left caudate nucleus associated with VIQ, suggesting the caudate may become a key target for improving cognitive impairment and seizures in children with ITE.
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1 Introduction

Epilepsy is considered to be a serious public health problem, affecting 1–2% people worldwide (Falco-Walter, 2020). Epilepsy affects 0.5–1% of children and is a common neurological disease among children (Aaberg et al., 2017). Although significant advancements have been achieved in epilepsy treatment, approximately one third of the epilepsy patients evolve to intractable epilepsy (ITE) (Anyanwu and Motamedi, 2018). ITE, also known as medically refractory epilepsy or drug-resistant epilepsy, occurred when two appropriate and tolerated antiepileptic drugs could not control seizure (Kwan et al., 2010).

Recurrent seizures and long-term use of antiepileptic drugs cause physical and psychological damage to patients, affecting quality of life seriously. Meanwhile, it brings great economic burden to families. Sudden death from epilepsy is the main cause of death in young people with ITE (Dlouhy et al., 2016). Therefore, paying attention to and studying the abnormal brain function of ITE is important for clinical diagnosis, treatment and the study of pathological and physiological mechanisms. Typically, drug resistance in epilepsy has been investigated at the cellular or genetic levels. Nevertheless, these approaches have failed to adequately account for the underlying neurobiological mechanisms of drug resistance (Tang et al., 2017).

Lately, resting-state fMRI (rs-fMRI) has been ubiquitously adopted to study brain function (Songjiang et al., 2021; Vannest et al., 2021). Rs-fMRI is an effective approach to study entire brain functional networks, whereby statistical analysis of the blood-oxygen level dependent signal establishes degree of connectivity between regions. Additionally, there are lots of data handling methods, comprising regions of interest (ROIs) (Pressl et al., 2019; Wang et al., 2019), independent component analysis (ICA) (Boerwinkle et al., 2017; Jiang et al., 2018), regional homogeneity (ReHo) (Zhu et al., 2021; Yang et al., 2022), and amplitude of low frequency fluctuation (ALFF) (Li et al., 2017; Zhu et al., 2021). Neuroimaging research indicates that functional connections among brain regions of ITE patients are abnormal, and these abnormalities in these regions are linked to cognitive impairment (Ibrahim et al., 2014; Jiang et al., 2018). Wang et al. (2019) found that hippocampal functional connectivity levels in drug-resistant idiopathic generalized tonic-clonic seizure patients were impaired, and the degree of impairment associated with disease duration by ROI approach. The hippocampal functional connectivity levels in drug-sensitive patients showed overall compensatory enhancement. Jiang et al. (2018) found that epilepsy patients had inhibited dorsal attention network and ventral attention network functions. Based on the ICA method and the ROI method, Kay et al. (2013) speculated that default mode network (DMN) connectivity might be a biomarker of treatment resistance.

However, these methods rely on pre-selected seed regions, causing bias in research results. Moreover, prior methods analyzed only whether there was functional connectivity among brain regions; while these methods could not reflect the synchronization of neuronal activity signals in multiple brain regions at the same time and failed to calculate the total quantity of functional connections per voxel.

Therefore, we employ an updated approach to avoid these limitations. Which is called functional connectivity strength (FCS), a data-driven approach based on the voxel level to quickly calculate whole-brain functional connections. In contrast to other approaches, FCS can measure the total functional connections of each voxel; therefore, specific brain regions do not need to be preselected as seeds. FCS largely avoids artificial factors and makes up for the shortcomings of function connection methods based on ROIs (Wang et al., 2015, 2017). The FCS value reflects the functional connectivity capabilities between brain voxels. Voxels with higher FCS values have more functional connections with each other, indicating greater capacity for information transfer.

This method has been applied in studies of mild cognitive impairment (Li et al., 2016), depression (Shi et al., 2020), informant-reported subjective cognitive decline (Dong et al., 2018), schizophrenia (Wang et al., 2017), chronic subcortical stroke (Diao et al., 2020), and other neuropsychiatric diseases. A recent study showed that the abnormal FCS in major depression patients was found in DMN and cortico-limbic networks, which can offer beneficial and supplementary evidence in the exploration of pathophysiological mechanisms and treatment in depression (Shi et al., 2020). Diao discovered that FCS changes was connection-distance dependent within stroke patients. FCS in left sensorimotor cortex demonstrated positive correlation with accuracy of the Flanker test, suggesting compensatory changes of attention and executive dysfunction in these patients (Diao et al., 2020). However, there have been very few studies on epilepsy using FCS methods, and using FCS methods to study children with ITE has not yet been reported in the literature. Therefore, we conducted this study to research the brain function of children with MRI-negative ITE adopting FCS analysis and evaluate the correlations between aberrant FCS and disease duration, and between aberrant FCS and intelligence quotient (IQ). This could provide valuable new imaging evidence to understand the pathophysiological mechanism of ITE.



2 Materials and methods


2.1 Subjects

Fifteen children with ITE and 24 children with non-intractable epilepsy (nITE) were prospectively and consecutively enrolled from the pediatric outpatient department of the Affiliated Hospital of Zunyi Medical University. Healthy controls (HCs) were enrolled, matched by age, gender, and education. The criteria for including epilepsy patients: (1) children with epilepsy aged 6–16 years diagnosed by pediatricians above the deputy director based on the 2010 International League Against Epilepsy consensus. Our patient data was collected in accordance with the 2010 International League Against Epilepsy. During epileptic seizures, 12 of the 15 patients with ITE experienced consciousness disorders, 8 had convulsions, and 3 had twitching of both hands. In the 24 nITE patients, 17 presented with consciousness disorders, 8 had convulsions of the limbs, and 6 had ankylosis of the extremities ankylosis of the extremities during seizures; (2) routine brain MRI was negative. All children had 3D-T1WI and FLAIR scans that passed quality control review. Images without anatomical abnormalities were assessed by 2 neuroimaging experts whose positions were above the deputy director. The criteria for exclusion were shown as follows: (1) history of substance abuse; (2) history of neuropsychiatric illnesses or head trauma; (3) fell asleep during the MRI scan; and (4) head movement over 2 mm or head rotation over 2°. All participants were right-handed. The Ethics Committee of the Affiliated Hospital of Zunyi Medical University approved the study.



2.2 MRI data acquisition

All subjects were examined with a 3.0T MRI scanner (GE Healthcare, Milwaukee, WI). In the process of the scans, subjects were told to rest, close their eyes, keep awake, remain still, and not to consider anything particularly. Rs-fMRI parameters: repetition time (TR) = 2,000 ms, echo time (TE) = 20 ms, flip angle (FA) = 90°, field of view (FOV) = 240 × 240 mm, matrix = 64 × 64, slice thickness = 4 mm, slice interval = 0, and slices = 33. Other sequences and parameters included fluid-attenuated inversion recovery [TR = 7,826 ms, TE = 165 ms, inversion time (TI) = 2,100 ms, FOV = 240 × 40 mm, matrix = 288 × 224, FA = 90°, and slice thickness/interval = 5.0/1.5 mm] and 3D-T1WI (TR = 7.8 ms, TE = 3.0 ms, TI = 450 ms, FA = 15°, FOV = 256 × 256 mm, matrix = 256 × 256 mm, and slice thickness = 1 mm).



2.3 Neuropsychological assessment

A neuropsychologist conducted an evaluation with the help of Chinese Wechsler Intelligence Scale for Children on the same day of the MRI scan, without knowing the MRI results. The evaluation measured the verbal, performance and full-scale intelligence quotient (IQ), generally used in China (Yu et al., 2012; Hu et al., 2023). This scale is suitable for children aged 6–16 years old. IQ scores from 110 to 119 exceed the normal range. Scores between 90 and 109 are considered within the normal range. Scores between 80 and 89 are classified as below normal, while scores between 70 and 79 are considered to be on the boundary. Scores below 69 are categorized as indicating an intellectual disability (Wechsler, 1949). Our intelligence assessment results showed that 10 children with ITE had worse auditory-verbal short term memory, word comprehension, and practical knowledge mastery compared to normal peers of the same age. Eight children with ITE showed a decrease in performance in a space graphical analysis, imaginations, hand-eye coordination, attentive executive functions and memory relative to normal peers. Relative to normal peers, 9 children with nITE had poorer auditory-verbal short term memory, word comprehension, and practical knowledge mastery. Ten children with nITE showed a decline in a space graphical analysis, imaginations, hand-eye coordination, attentive executive functions, and memory compared to their normal peers.



2.4 Data preprocessing

All rs-fMRI data were processed using Data Processing & Analysis for Brain Imaging (DPABI) (http://rfmri.org/dpabi) with MATLAB R2014a (https://www.mathworks.com/). The first 10 time points were removed to reach steady-state magnetization and allow each subject to adjust to the scanner noise. Then, the rest 200 time points were corrected for slice timing, head motion, and spatial normalization to the standard Montreal Neurological Institute (MNI) template (voxel size 3 × 3 × 3 mm3). In addition, the normalized images were spatially smoothed using a full-width at half-maximum Gaussian kernel of 8 mm. FMRI data was detrended and bandpass filtered to reduce drift and noise (0.01–0.08 Hz). Six head motion parameters and global, white matter, and cerebrospinal fluid signals were removed from the data.



2.5 Whole-brain functional connectivity strength

The calculation of the FCS value was performed using DPABI. The entire brain functional connectivity matrices for every subject were created by calculating Pearson's correlations between time series of all pairs of voxels. This procedure was limited to a gray matter mask created by setting a threshold of 0.2 on the average map of all GM maps from all subjects. To ensure data distribution normality, individual correlation matrices were converted to z score matrices by Fisher's r-to-z transformation. FCS values were calculated by summing the connections between a voxel and other gray matter voxels in the entire brain. To eliminate weak correlations due to noise, only connections with correlation coefficients at r > 0.2 were included in the calculation. All FCS maps were spatially smoothed using an full width Gaussian kernel of 8 mm.



2.6 Statistical analysis

Based on the SPSS 18.0 software, one-way analysis of variance (ANOVA) was applied to assess differences in age and education level, and sex was compared by a chi-square test among the ITE group, nITE group and control group. Statistical significance was established at p < 0.05. All data were tested with Shapiro-Wilk normality tests. If the data satisfied a normal distribution and homogeneity of variance, ANOVA was used; if not, the Kruskal–Wallis H-test was used.

Analysis of covariance (ANCOVA) was performed in a voxelwise manner across the entire brain to analyze the main effect of groups on FCS using DPABI, age, sex and education level as covariates, and then pairwise comparisons were made among the three groups. The differences in FCS values among the three groups were compared by using a threshold at p < 0.05 with Bonferroni corrections. Correlations between FCS values in the abnormal brain areas of the ITE group and IQ was analyzed and evaluated using a Spearman correlation analysis. Pearson correlation analysis was used to evaluate correlations between FCS in abnormal brain regions of ITE group and disease duration. And we performed Pearson correlation analysis to assess correlations between aberrant FCS of the nITE group and IQ, and between aberrant FCS and disease duration. Statistical significance was established at p < 0.05.




3 Results

The ITE group, nITE group and HC group had no prominent diversities in age, gender or education (p > 0.05; Table 1). ANOVA of resting-state FCS was significantly different among three groups (p < 0.05, Bonferroni correction).


TABLE 1 Demographic and clinical characteristics of participants.
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FCS was significantly different among three groups. Brain regions with significant differences included right superior frontal gyrus, medial superior frontal gyrus, orbital superior frontal gyrus, triangular inferior frontal gyrus, middle frontal gyrus, temporal pole of superior temporal gyrus, precentral gyrus, postcentral gyrus, middle occipital gyrus, calcarine fissure, left triangular inferior frontal gyrus, thalamus, bilateral fusiform gyri, parahippocampal gyri, caudate nuclei, precuneus, supplementary motor area, temporal pole of middle temporal gyri, middle temporal gyri, inferior temporal gyri and midbrain (Table 2; Figure 1). Relative to HC group, ITE group demonstrated decreased FCS in right temporal pole of the superior temporal gyrus, middle temporal gyrus, temporal pole of the middle temporal gyrus and bilateral precuneus and increased FCS values in left triangular part of the inferior frontal gyrus, parahippocampal gyrus, supplementary motor area, caudate nucleus, right calcarine fissure and surrounding cortex, and midbrain (Table 3; Figure 2). As apposed to nITE group, ITE group found decreased FCS in the right medial superior frontal gyrus, left inferior temporal gyrus and bilateral fusiform gyri and increased FCS in right middle temporal gyrus, inferior temporal gyrus, middle occipital gyrus, and calcarine fissure and surrounding cortex (Table 4; Figure 3). In comparison to HC group, nITE group exhibited decreased FCS values in the bilateral middle temporal gyri, right orbital superior frontal gyrus, supplementary motor area, precuneus and superior frontal gyrus and increased FCS values in bilateral fusiform gyri, parahippocampal gyri and caudate nuclei, left temporal pole of the middle temporal gyrus, thalamus, right triangular part of the inferior frontal gyrus, and middle frontal gyrus (Table 5; Figure 4). Correlation analysis indicated that FCS values in the left caudate nucleus in children with ITE positively correlated with the VIQ (Figures 5A, B), while negatively correlated with disease duration (Figure 5C). FCS values in left middle temporal gyrus of nITE group demonstrated a positive correlation with VIQ, PIQ, and FIQ (Figures 6A–C). Besides, FCS in left caudate nucleus of nITE group were negatively correlated with VIQ, PIQ, and FIQ (Figures 6D–F). FCS values of abnormal brain regions in children with nITE and the disease course had no significant correlation.


TABLE 2 ANOVA of resting-state FCS was significantly different among the three groups.
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FIGURE 1
 ANOVA maps of FCS values showing significant differences among the ITE group, the non-intractable epilepsy group and the control group (p < 0.05). The color bar indicates F-values.



TABLE 3 Regions with altered FCS values in the intractable epilepsy group compared with the control group.
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FIGURE 2
 Compared with the HC group, the ITE group showed decreased FCS values in the right precentral gyrus, right temporal pole of the superior temporal gyrus, right middle temporal gyrus, right temporal pole of middle temporal gyrus, and bilateral precuneus and increased FCS values in the left triangular part of the inferior frontal gyrus, left parahippocampal gyrus, left caudate nucleus, left supplementary motor area, right postcentral gyrus, right calcarine fissure, and surrounding cortex and midbrain. The color bar indicates t-values.



TABLE 4 Regions with altered FCS values in the intractable epilepsy group compared with the non-intractable epilepsy group.
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FIGURE 3
 Compared with the nITE group, the ITE group displayed decreased FCS values in the right medial superior frontal gyrus, left inferior temporal gyrus and bilateral fusiform gyri and increased FCS values in the right middle temporal gyrus, right inferior temporal gyrus and right calcarine fissure and surrounding cortex. The color bar indicates t-values.



TABLE 5 Regions with altered FCS values in the non-intractable epilepsy group compared with the control group.

[image: Table 5]


[image: Figure 4]
FIGURE 4
 Compared with the HC group, the nITE group showed decreased FCS values in the bilateral middle temporal gyri, right orbital superior frontal gyrus, right supplementary motor area, right superior frontal gyrus and right precuneus and increased FCS values in the bilateral fusiform gyri, bilateral parahippocampal gyri, bilateral caudate nuclei, left temporal pole of the middle temporal gyrus, left thalamus, right triangular part of the inferior frontal gyrus and right middle frontal gyrus. The color bar indicates t-values.
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FIGURE 5
 (A) Left caudate nucleus. The color bar indicates t-values. (B) FCS in the left caudate nucleus was positively correlated with the verbal intelligence quotient. Spearman's partial correlations were significant at p < 0.05. (C) Pearson correlation showed that FCS in the left caudate nucleus negatively correlated with disease duration.



[image: Figure 6]
FIGURE 6
 (A–C) FCS values in left middle temporal gyrus of the nITE group demonstrated positive correlation with VIQ, PIQ, and FIQ. (D–F) FCS values in left caudate nucleus of the nITE group were negatively correlated with VIQ, PIQ, and FIQ.




4 Discussion

To our knowledge, it was the first study to investigate ITE in children using FCS analysis. The abnormal FCS of brain regions linked to ITE were primarily in the DMN and the prefrontal-limbic system. In comparison to nITE group, FCS abnormalities in ITE group were mainly concentrated in the temporal cortices and prefrontal cortices. Relative to HC group, nITE group demonstrated altered FCS in frontal lobe, temporal lobe and parietal lobe.

In our study, as we expected, the bilateral precuneus, right middle temporal gyrus, left triangular part of the inferior frontal gyrus, parahippocampal gyrus and supplementary motor area belong to the DMN (Koshino et al., 2014). The precuneus, as one of the key nodes of the DMN, is related to episodic memory, information processing and consciousness. The precuneus is also extensively connected to cortical and subcortical structures (Zhang and Li, 2012). Consistent with our finding of decreased FCS in the bilateral precuneus, Haneef et al. (2014) declared that decreased functional connectivity in the precuneus of ITE patients may be the pathological basis of memory impairment in temporal lobe epilepsy patients. The DMN associated with advanced cognitive functioning, for instance, learning, consciousness and episodic memory. Lopes et al. (2014) found that cognitive decline in patients with epilepsy was caused by frequent seizures, which might be related to inhibition of the DMN's function. Kay et al. (2013) found that DMN functional connectivity in idiopathic generalized epilepsy (IGE) patients was reduced and significantly reduced in those with refractory IGE and that DMN connectivity negatively correlated with disease course. Therefore, it has been speculated that DMN connectivity might be a biomarker of treatment resistance (Luo et al., 2011; McGill et al., 2012). We speculate that abnormal FCS in the above brain regions may be the cause of cognitive dysfunction, such as disruptions in memory and consciousness, in ITE patients.

In our study, changes in FCS values were found in left triangular part of the inferior frontal gyrus, supplementary motor area, parahippocampal gyrus, right temporal pole of the superior temporal gyrus and right temporal pole of the middle temporal gyrus that involved the prefrontal-limbic system. The prefrontal-limbic system includes prefrontal cortex, parahippocampal gyrus, amygdala, hippocampus and neocortex, including the temporal pole. The prefrontal-limbic system is a brain pathway regulating emotion and epilepsy (Braun, 2011; Chen et al., 2012). The limbic system may be regulated by the medial prefrontal cortex (Foland et al., 2008).

Prior studies have shown that the frontal lobe, temporal lobe and limbic system are all related to the pathogenesis of depression in epilepsy patients, and the hippocampus associated with anxiety disorders. The incidence of depression and anxiety disorders in epilepsy patients is higher than that in people without epilepsy. Thirty percent of patients with ITE suffer from depression or anxiety disorders, and most of them have intractable temporal lobe epilepsy (Kwon and Park, 2014). Prior studies confirmed that depression and anxiety are risk factors for ITE in epilepsy patients (Hitiris et al., 2007; Petrovski et al., 2010). Childhood epilepsy can be accompanied by anxiety, autism, depression and attention deficit hyperactivity disorder (ADHD) (Saute et al., 2014). In this study, we observed altered FCS with ITE were mainly observed in the prefrontal-limbic system, which may cause depression or anxiety in children with ITE.

Additionally, the temporal pole is an important site of seizures, and abnormalities in the temporal pole also contribute to lateralization of the epileptogenic focus (Chabardès et al., 2005). Kojan et al. (2018) found that the temporal pole showed hypometabolism using fluorodeoxyglucose positron emission tomography to study patients with mesial temporal lobe epilepsy (mTLE). Consistent with Kojan's studies, a decrease in FCS in right temporal pole of superior temporal gyrus and middle temporal gyrus was discovered in this study. We speculate that reduced FCS in the temporal pole may be closely related to recurrent seizures. In addition, the frontal lobe is closely correlated to consciousness, memory and executive functioning. Some research indicated frontal lobe function is abnormal, which leads to impaired working memory (Violante et al., 2017; Alagapan et al., 2019) and executive function (Pillai et al., 2017) and loss of consciousness (Bonini et al., 2016) in patients with epilepsy. Epilepsy is characterized as a network disorder, with each type of seizure involving unique cortical and subcortical networks that play a role in regulating and spreading ictal activity. One study of frontal lobe epilepsy (Rahatli et al., 2020) reported that cortical thickness in frontal lobe and extrafrontal lobes decreased, and the volume in multiple brain regions decreased. These findings may be related to epileptogenic foci in the frontal lobe and extrafrontal lobes, leading to the rapid spread of epileptic activity and the development of secondary epileptogenic foci. The frontal lobe contains extensive cortical and subcortical connections that can lead to the rapid spread of extrafrontal epileptic activity (including in the same hemisphere and the contralateral hemisphere), therefore making it difficult to localize epilepsy (Widjaja et al., 2011, 2014). Approximately 25% of refractory focal epilepsy cases are frontal lobe epilepsy. Abnormal neuronal connections are considered to be a key factor in seizures (Tailby et al., 2018). Decreased FCS in right medial superior frontal gyrus were discovered in ITE patients. Combined with previous studies, it is speculated that the recurrence of ITE after drug treatment may be related to the rapid spread of epileptic activity caused by extensive cortical and subcortical connections in the frontal lobe.

Relative to HC group, the nITE group presented altered FCS in frontal lobe, temporal lobe and parietal lobe. Zhong et al. (2018) reported that juvenile myoclonic epilepsy showed areas with reduced gray matter volume (GMV) predominantly in portions of the cerebral cortex, comprising the frontal area, temporal lobe and parieto-occipital lobe, which were linked with clinical presentation. The fusiform gyrus has been associated with face recognition and secondary classification of objects. It has the function of visual processing, and hallucinations occur when with increases in activity. On the account of the results of this study, we believe that increased FCS values in bilateral fusiform gyri in nITE group may be the cause of hallucinations and delusions. The parahippocampal gyrus and caudate nucleus are related to memory function. Thus, we speculate that increases in FCS in the bilateral parahippocampal gyri and caudate nuclei may be compensatory mechanisms in response to memory impairment in the nITE group.

Correlation analysis showed a correlation between FCS of left caudate nucleus and VIQ in both ITE and nITE groups, consistent with the previous literature (Wright et al., 2020). VIQ scores reflect cognitive functions such as speech comprehension, speech expression and auditory short-term memory. The caudate nucleus plays a crucial role in executive action, verbal fluency and language learning (Bick et al., 2019; Driscoll et al., 2024). The dorsal-posterior caudate is strongly associated with dorsolateral prefrontal cortex, whereas the ventral caudate primarily demonstrates interconnections with ventrolateral prefrontal cortex (Yeterian and Pandya, 1991; Leh et al., 2007). The impairment of prefrontal-caudate circuit may contribute to a decline in top-down control in the prefrontal cortex and compensated mechanisms may be induced in the caudate (Radulescu et al., 2013; Vink et al., 2014). Furthermore, increased brain activity in one cognitive control network was regarded as compensation for reduced activity in another network (Horowitz-Kraus et al., 2018). In Parkinson's disease, an increase in resting-state connectivity in the caudate, has previously been connected with cognitive maintenance (Manza et al., 2016). And the right caudate's increased network hubness appears to be a successful compensatory mechanism, which helps Parkinson's disease patients with normal cognitive function maintain their cognitive performance (Wright et al., 2020). De Simoni et al. (2018) confirmed that the decrease in functional connections between the caudate and anterior cingulate cortex in traumatic brain injury patients was related to executive and cognitive impairment. Our finding confirmed that the caudate nucleus was primarily associated with cognitive and executive functioning, and we speculate that the abnormal increase in FCS in the caudate nucleus may be a compensatory mechanism in response to cognitive impairment in epilepsy patients. A study in ITE patients found that caudate stimulation showed a significant improvement in learning, and confirmed that caudate was a promising neuromodulation target for improving memory (Bick et al., 2019). Moreover, Li et al. (2009) found that the caudate played a role in interictal spike-wave discharges and generalized seizures. In patients and animal models with ITE indicated that low-frequency stimulation of caudate nucleus in patients with ITE could inhibit interictal epileptic activity, and even the spread and generalization of seizures (Wagner et al., 1975; Chkhenkeli and Chkhenkeli, 1997; Chkhenkeli et al., 2004). Despite children with ITE being able to achieve significant seizure freedom through deep brain stimulation, it was not provided routinely, as it was still relatively new in pediatric populations (Yan et al., 2018). So, the caudate nucleus may become a key target for improving cognitive impairment and seizure frequency in children with ITE, providing more information for the clinical treatment of ITE. Our study support this as well. Besides, FCS in the caudate nucleus negatively correlated with disease duration. Kay et al. (2013) found that ITE patients showed significantly reduced DMN connectivity, which negatively correlated with epilepsy duration. Thus, we speculated that FCS changes in the left caudate nucleus might indicate the progression of ITE disease, showing the chronic damage to the brain functional network as a result of children with ITE. Also, FCS in left middle temporal gyrus of nITE patients positively correlated with VIQ, PIQ and FIQ. The middle temporal gyrus is reckoned to be an integration hub for semantic and phonological functions, which is crucial for sentence comprehension (Price, 2010). This study found reduced FCS in left middle temporal gyrus of the nITE group, which indicates that cognitive impairment may be linked to dysfunction in this brain region.

There are still some limitations. First, the study had a small sample size, there was no subtype grouping of patients with ITE, and our study reflected global changes in whole-brain functional connectivity strength. In addition, there may be a certain statistical bias. It is necessary to further this study to determine whether different types of seizures have different influence on FCS. Our study is initial, and we will keep on enlarging the database to address this problem. In addition, the HC group lacked a neuropsychological assessment, although we believe their neuropsychological status was good.



5 Conclusion

Our results discovered functional alterations in both the DMN and prefrontal-limbic system in children with ITE. The FCS values changes in the temporal cortices and prefrontal cortices may be related to drug resistance in children with ITE and contribute to early clinical diagnosis and preoperative localization. FCS can reveal intrinsic brain network dysfunction, which may contribute to our understanding of the neurophysiological and compensatory processes underlying ITE. FCS values in the prefrontal-limbic system are linked to cognitive impairment and affective disorders in ITE patients. And our findings also suggest that the caudate may become a key target for improving cognitive impairment and seizures in children with ITE, providing more information for the clinical treatment of ITE.
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