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Impaired cognitive flexibility has been repeatedly demonstrated in autism spectrum disorder (ASD). There is strong evidence for genetic involvement in ASD. First-degree relatives of individuals with ASD may show mild deficits in cognitive inflexibility. The present study investigated cognitive flexibility and its neuroelectrophysiological mechanisms in first-degree relatives of individuals with ASD to assess its potential familiality. Forty-five biological parents of individuals/children with ASD (pASD) and thirty-one biological parents of typically developing individuals/children (pTD), matched by gender, age, and IQ, were enrolled. The broad autism phenotype questionnaire (BAPQ) and cognitive flexibility inventory (CFI) were used to quantitatively assess autistic traits and cognitive flexibility in daily life, respectively. The task-switching paradigm was used to evaluate the behavioral flexibility in a structured assessment situation. Event-related potentials (ERPs) induced by this paradigm were also collected. Results showed that compared with the pTD group, the pASD group had lower CFI scores (t = −2.756, p < 0.01), while both groups showed an equivalent “switch cost” in the task-switching task (p > 0.05). Compared with the pTD group, the pASD group induced greater N2 amplitude at F3, F4, Fz, and C4 (F = 3.223, p < 0.05), while P3 amplitude and latency did not differ between the two groups. In addition, there was a significant negative correlation between the CFI total scores and BAPQ total scores in the pASD group (r = −0.734, p < 0.01). After controlling for age and IQ, the N2 amplitude in the frontal lobe of pASD was negatively correlated with the CFI total scores under the repetition sequence (r = −0.304, p = 0.053). These results indicated that pASD had deficit in cognitive flexibility at the self-reported and neurological levels. The cognitive flexibility difficulties of parents of children with ASD were related to autistic traits. These findings support that cognitive flexibility is most likely a neurocognitive endophenotype of ASD, which is worthy of further investigation.
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INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by persistent difficulties in social communication and interaction, as well as restricted, repetitive patterns of behavior. A number of studies have found that unaffected family members of ASD individuals share some behavioral and cognitive traits with probands, but to a lesser extent, known as the broader autism phenotype (BAP) (Piven et al., 1997), which indicates that the core autistic traits can be passed from generation to generation. However, even with heritability estimated as high as 74∼93% (Tick et al., 2016), our understanding of the underlying pathophysiological mechanism and their relationship to autistic characteristics remains unclear. This is partly due to the lack of well-established biomarkers associated with core clinical features. Therefore, characterizing the brain profiles of unaffected first-degree relatives of ASD individuals may be helpful to understand the characteristic patterns of intergenerational inheritance, identify endophenotypes of ASD, and bridge etiological processes and clinical phenotypes.

Cognitive flexibility is one of the core executive functions, referring to the ability to adjust behaviors appropriately to environmental changes (Dajani and Uddin, 2015). It is very important for goal-oriented and adaptive behaviors. In the laboratory environment, cognitive flexibility is usually measured using the Wisconsin Card Sorting Test (WCST), task switching and set-shifting paradigms. Impaired cognitive flexibility in ASD individuals of different ages has been repeatedly demonstrated (D’Cruz et al., 2013; Rosenthal et al., 2013; Van Eylen et al., 2017; Johnston et al., 2019; Schmitt et al., 2019; Xie et al., 2020). Also, multiple studies have also shown that cognitive flexibility is closely related to stereotypical behaviors (Lopez et al., 2005; Miller et al., 2015; Faja and Nelson Darling, 2019; Iversen and Lewis, 2021). Thus, cognitive flexibility is regarded as one of the neurocognitive dimensions associated with the core clinical features of ASD, closely related to the underlying neurobiological processes.

Several studies have shown deficit in behavioral flexibility in unaffected first-degree relatives of individuals with ASD, suggesting that it may serve as neurocognitive traits linked to familiality (Hughes et al., 1999; Moazzen et al., 2015; Li et al., 2017; Schmitt et al., 2019; Shalani et al., 2019). However, some studies have reported that unaffected first-degree relatives of individuals with ASD retained intact cognitive flexibility (Wong et al., 2006; McLean et al., 2014; Rosa et al., 2017). Mixed findings may result from differences in subject characteristics, such as age and sample size. For example, a study demonstrated significant differences between 124 parents and siblings of autistic children and 124 parents of typically developing children in WCST (Moazzen et al., 2015), whereas another study found 22 unaffected siblings of ASD individuals performed similarly to control participants in WCST (Rosa et al., 2017). In addition, there are inconsistencies between measures. For example, a study showed neither parents nor siblings of individuals with ASD displayed significant difficulties in set-shifting (Wong et al., 2006).

Previous behavioral findings suggested that there may be abnormalities in the executive control networks in ASD, especially those involving cognitive flexibility. It is reported that the lateral frontal parietal network (L-FPN) and the middle cingulate gyrus-insular network (M-CIN) play a central role in supporting executive function and cognitive flexibility (Uddin, 2021). The literature has showed aberrant patterns in these brain regions related to cognitive flexibility in ASD, including frontal and parietal lobes (Shafritz et al., 2008; Yerys et al., 2015; Lynch et al., 2017). However, little is known about more precise cognitive processing and the underlying pathobiological mechanism of cognitive flexibility in ASD. Event-related potentials (ERPs) are time-locked measures of event-related electrical activity in the brain, providing neural processes underlying specific cognitive and behavioral responses. The N2 is a late negative fluctuation observed approximately 200 ms after a stimulus onset (Cremone-Caira et al., 2020). The P3, a late positive waveform that occurs at a latency of approximately 300 ms after a stimulus onset, is known to reflect executive and attentional function, working memory, event categorization, and attentional resource allocation (Polich, 2007). Previous studies in healthy people have shown that N2 and P3 are frequently observed during task switching (Karayanidis et al., 2010; Kopp et al., 2020). It is well known that P3 shows a maximum amplitude in the parietal lobe, and the inferior and posterior parietal regions are associated with P3 amplitude modulation during task switching (Petruo et al., 2019). The N2 is strongly related to frontocentral regions (Kopp et al., 2020) and it reflects attentional control and inhibition, and its amplitude varies with changes in conflict and the need for cognitive control. As far as we know, only a few studies have reported changes in the ERPs of cognitive flexibility in ASD. Moreover, differences in ERP patterns between ASD and typically developing individuals vary depending on task types and developmental levels. For example, a study found that when ASD adolescents over 16 years had larger N2 during a Go/NoGo task, compared with the control group, there was no significant difference in P3 (Høyland et al., 2017). Another study reported that there was no significant difference in P3 between the ASD group and the control group during task switching (Hoofs et al., 2018).

As described above, several studies have reported deficit in behavioral flexibility in first-degree relatives of autistic children, although findings were inconsistent. What’s more, neuroimaging studies have shown that first-degree relatives of autistic children had abnormal activation patterns in the frontal lobes, cingulate gyrus and parietal lobe, which were core brain areas supporting cognitive flexibility (Spencer et al., 2012; Dajani and Uddin, 2015; Moseley et al., 2015; Mehdizadehfar et al., 2020; Peng et al., 2020). Therefore, it is reasonable to assume that cognitive flexibility in unaffected first-degree relatives of autistic individuals may be impaired and manifested at the neurological level. However, to the best of our knowledge, no studies have specifically explored the neuroelectrophysiological mechanism of cognitive flexibility in first-degree relatives of ASD probands.

Therefore, the present study aimed to compare and analyze the differences in cognitive flexibility between parents of children with ASD and typically developing children and use the ERPs technique to accurately analyze the neural activity changes in parents of children with ASD during task-switching paradigm. We also investigated the relationship between ERPs (N2, P3) and cognitive flexibility to determine whether such neuroelectrophysiological differences might affect cognitive flexibility. This study also assessed the extent to which cognitive flexibility deficits covaried with subclinical autistic traits in unaffected relatives to better understand the intergenerational transmission of behavioral traits associated with ASD. Based on previous findings, we hypothesized that the cognitive flexibility in the parents of individuals with ASD (pASD) group was worse than that in the control group. We also predicted higher ERPs amplitudes generated in the pASD group, reflecting increased efforts at the task switching process. Finally, we expected to find a positive covariant relationship between cognitive flexibility deficits and subclinical autistic traits.



MATERIALS AND METHODS


Participants

Parents of children with ASD were recruited in the outpatient and rehabilitation department of Nanjing Brain Hospital and the control group were recruited through advertisements. Biological parents of 31 children with ASD (30 boys; mean age: 5.38 ± 2.11 years), diagnosed by two senior child psychiatrists according to the diagnostic criteria for ASD in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5), and 23 typically developing children (15 boys; mean age: 6.48 ± 2.73 years) participated in the study. In total, forty-five biological parents (20 fathers, 25 mothers) of children with ASD (pASD) participated in the study. Thirty-one biological parents (15 fathers, 16 mothers) of typically developing children (pTD) were recruited to serve as the control group. It is worth noting that pTD did not give birth to children with neurodevelopmental disorders, such as ASD. All participants were right-handed and had normal or corrected vision. All participants had an IQ score greater than 80. The IQ was estimated using the short form of the Wechsler Adult Intelligence Scale. In addition, participants who had a history of psychiatric illness, serious physical disease, taking psychotropic drugs in the past month or EEG examination contraindication were excluded.

This study has been reviewed and approved by the Medical Ethics Committee of Nanjing Brain Hospital Affiliated to Nanjing Medical University (2020-KY104-01). According to the Declaration of Helsinki, after all participants were given informed consent to this study and signed informed consent, they first completed a series of questionnaires and assessments (see section “Assessment” for details), and then underwent an EEG recording while performing task-switching task in Nanjing Brain Hospital. Demographic information of participants was summarized in Table 1.


TABLE 1. Comparison of demographic characteristics between the two groups.
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Assessment


(1)Wechsler Abbreviated Scale of Intelligence (WASI) (Dumont et al., 2013): It was used to assess general intelligence in this study. It consisted of knowledge (I), similarity (S), mapping (PC), and block (BD). The short form yields an IQ score with a mean of 100 and a standard deviation of 15.

(2)Broad Autism Phenotype Questionnaire (BAPQ) (Hurley et al., 2007): It has a total of 36 items and is used to quantify the level of autistic traits in non-ASD people. It consists of three subscales, including aloof, rigid, and pragmatic language. The questionnaire is based on a 6-point Likert scale, which ranges from rarely (1) to always (6). Higher scores on the BAPQ indicate greater severity of autistic traits.

(3)Cognitive Flexibility Inventory (CFI) (Dennis and Wal, 2010): This is a 20-item, two-subscale self-reported questionnaire designed to assess aspects of cognitive flexibility that enables individuals to think adaptively rather than maladaptively when encountering stressful life events. The questionnaire is based on a 5-point Likert scale, which ranges from rarely (1) to always (5). Lower scores indicate worse cognitive flexibility. The Chinese version of the CFI has good reliability and validity (Wang et al., 2016). CFI has been used in parents of ASD individuals (Moradi et al., 2021).





Experimental Tasks

In this study, a task-switching paradigm was adopted (see Figure 1). The task was implemented in E-Prime 2.0 software. Participants were instructed to switch between two different types of tasks [odd–even (OE) vs. high–low (HL) task] based on external cues (color of digits).
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FIGURE 1. Schematic of task-switching task. (A) Experimental procedure: first, a red “+” fixation point occurred in the center of the computer screen, lasting for 500 ms, and then a target stimulus (a number in red or blue) was presented with no time limit. Lastly, the next trail appeared after a blank screen lasting 500 ms. (B) The presentation forms of stimuli. If the cue (the color of number) is the same as the previous cue, it is called a repetition sequence. If it is different from the previous one, it is called a switch sequence.



Stimuli and Design

The stimuli were composed of the digits 1∼9, excluding 5, and each digit had two colors of red and blue. The number’s colors cued the tasks. The presentation forms of stimuli included repetition sequences and switch sequences. If the cue was the same as the previous cue, it was called a repetition sequence. If it differed from the previous one, it was called a switch sequence. The two types of sequences appeared randomly. In the task, repetition sequences accounted for 40% and switch sequences accounted for 60%. Participants had their performance evaluated on two task types: the odd–even task and the high–low task. The OE task required participants to classify the stimulus number as either “odd” or “even” when a red number appeared centered. The HL task required participants to classify the stimulus number as either “lower than 5” or “higher than 5” when a blue number appeared centered. Response box templates were created for the task so that the “F” button had a label of Odd/Low and the “J” button had a label of Even/High above the corresponding buttons. The experiment consisted of practice and formal sessions. The practice session consisted of pure-OE tasks (16 trials), pure-HL tasks (16 trials), and 32 mixed-condition trials with feedback. Then, they completed three mixed-condition blocks of 80 trials (without feedback) each, with a short break between the two blocks. Each number was presented in a random manner, appearing at the same frequency.



Experimental Procedure

First, a red “ + ” fixation point occurred in the center of the computer screen and lasted 500 ms, and then a number in red or blue was presented with no time limit. Lastly, the next trail appeared after a blank screen lasting 500 ms. The subjects were required to respond quickly and accurately when the stimulus presented. During the experiment, reaction time (RT) and errors were recorded. Data were cleaned of the first trials of each block, error trials, and trials from practice sessions. Next, trials with RT and error rates exceeding three standard deviations from the mean (considered per condition of each participant) were not included in the analysis.




EEG Data Recording

EEG signals were continuously recorded while the subjects performed the task-switching task in a quiet room with dim lighting. The EEG signal was recorded with a 32-channel system produced by Brain Product, with the active electrodes situated on a standard cap according to the 10–20 system digitalized at 500 Hz. The reference electrode was placed at FCz, with a grounding electrode on AFz, and an electrode was placed under the right eye to record vertical electrooculography signals. Impedance of all electrodes were below 10 kΩ. The online filter was set at 0.016–100 Hz.



Event-Related Potentials Analysis

Off-line EEG data were analyzed using EEGLAB v13.0.0 toolbox that operates within the MATLAB R2013b framework. Raw EEG signals were referenced to the average of the two earlobe electrodes and filtered between 0.5 and 30 Hz with a 50 Hz notch filter using a FIR filter. Trial epochs were extracted from −200 ms to +1000 ms with respect to target stimulus onset. Baseline correction was performed with the mean EEG signals 200 ms before the target stimulus. Artifacts such as eye movements and blinking were removed by independent component analysis (ICA). In addition, segments with amplitudes greater than ± 100 μV were eliminated. The ERPs for each individual were based on averaging the trials of the respective task condition after artifact correction. The ERPs were measured by the average amplitude method. The N2 (220–260 ms) and P3 (330–390 ms) at nine electrode points, including F3, F4, Fz, C3, C4, CZ, P3, P4, and Pz, were measured. The mean value in the F3, F4, and Fz electrodes was considered the mean amplitude within the frontal region.



Statistical Analysis

The SPSS 23.0 software package was used for statistical analysis. Normality of the distributions was checked by the Shapiro–Wilk test. Categorical variables were investigated with χ2 tests, whereas normally distributed continuous variables, such as age, IQ, scale scores, were investigated with parametric test. Taking into account gender may affect cognitive flexibility (Zeestraten et al., 2017; Van’t Westeinde et al., 2020), we set it as a covariable. Accuracy and RT were analyzed by 2 (groups) × 2 (sequence types) repeated measures analysis of variance (RMANOVA). The Mann–Whitney U test was used to compare the difference in switch costs between the two groups (non-normally distributed data). A 2 (groups) × 2 (sequence types) × 9 (electrodes) RMANOVA was performed for the mean amplitude and latency of N2 and P3, respectively. Independent sample t-tests were used for post-tests, and Geisser-Greenhouse P value correction was used for multiple comparisons. Pearson correlation was used to investigate the correlations between CFI total scores and N2/P3 amplitude and BAPQ total scores. The test level was α = 0.05 (two-tailed).




RESULTS


Demographic Characteristics in the Two Groups

There were no significant differences in sex, age, IQ, or BAPQ total scores between the two groups (p > 0.05). Parents of children with ASD had significantly lower CFI total scores than that of the controls (p < 0.01) (see Table 1).



Behavioral Performances in the Task


Accuracy

The results of RMANOVA showed that the sequence types had a main effect [F(1, 73) = 12.398, p = 0.001], and the accuracy in the switch sequence was lower than that of repetition sequence (0.935 ± 0.10 vs. 0.947 ± 0.10). There was no main effect between groups, and the interaction between groups and sequence types was not significant (p > 0.05).



Reaction Time

The results of RMANOVA showed that the sequence types had a main effect [F(1, 73) = 10.487, p = 0.002], RT of the switch sequences was longer than that of the repetition sequences (1309.90 ± 37.11 vs. 1082.10 ± 23.67 ms). There was no main effect between groups, and the interaction between groups and sequence types was not significant (p > 0.05).



Switch Cost

There was no significant difference in switch cost (Z = −0.682, p > 0.05) between the two groups.

In conclusion, there were no significant differences in accuracy, response time or switch cost between the two groups.




Event-Related Potential Data


N2

The N2 waveform induced by the task is shown in Figure 2, and the mean N2 amplitude and latency of two groups are shown in Table 2.
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FIGURE 2. Grand average N2 waveforms and difference topographical maps (in μV). Grand average event-related N2 waveform measured at Fz for both conditions (switch/repetition) in the two groups (left). Group difference scalp topographical maps at Fz for both repetition (top right panel) and switch condition (bottom right panel).



TABLE 2. Mean amplitude and latency of N2 in the two groups.
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In the latency, RMANOVA results showed that the main effects of groups and sequence types were not statistically significant, and there was no interaction between groups, electrodes and sequence types (p > 0.05). The main effect of electrodes was significant [F(3.189, 8) = 3.344, p = 0.018].

In the amplitude, the main effects of electrodes, groups and sequence types were not significant, and there was no interaction between groups, electrodes and sequence types (p > 0.05). The interaction between electrodes and groups was statistically significant [F(2.510, 183.255) = 3.223, p = 0.031, η2p = 0.042]. Simple effect analysis showed that there were statistically significant differences in amplitude at F3 (p = 0.054, η2p = 0.050), F4 (p = 0.014, η2p = 0.079), Fz (p = 0.048, η2p = 0.052), and C4 (p = 0.019, η2p = 0.073) between the two groups (see Figure 3).
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FIGURE 3. Comparison of mean N2 amplitude at each electrode point between the two groups. *p < 0.05.




P3

The P3 waveform induced by the task is shown in Figure 4, and the mean P3 amplitude and latency of the two groups are shown in Table 3.
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FIGURE 4. Grand average P3 waveforms and difference topographical maps (in μV). Grand average event-related P3 waveform measured at Pz for both conditions (switch/repetition) in the two groups (left). Group difference scalp topographical maps at Pz for both repetition (top right panel) and switch condition (bottom right panel).



TABLE 3. Mean amplitude and latency of P3 in the two groups.
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In the latency, RMANOVA results showed that the main effects of groups and electrodes were not statistically significant, and there was no interaction between groups, electrodes and sequence types (p > 0.05). The main effect of sequence types was significant [F(1, 73) = 4.717, p = 0.033].

In the amplitude, the main effects of groups and sequence types were not significant, and there was no interaction between groups, electrodes and sequence types (p > 0.05). The interaction between electrodes and groups was also not significant. The main effect of electrodes was significant [F(1.964, 143.381) = 4.133, p = 0.019].

In summary, there were no significant differences in P3 latency and amplitude between the two groups.




Brain-Behavior Correlation Analysis

The CFI total scores of pASD were negatively correlated with BAPQ total scores (r = −0.734, p < 0.001).

The mean amplitude of N2 in the frontal lobe was negatively correlated with the CFI total scores (r = −0.278, p = 0.016). After controlling for age and IQ, the mean N2 amplitude in the frontal lobe of ASD parents was negatively correlated with the CFI total scores under the repetition condition (r = −0.304, p = 0.053).

There was no correlation between the mean amplitude of P3 and CFI total scores (p > 0.05).




DISCUSSION

The current study evaluated cognitive flexibility in biological parents of individuals with ASD and typically developing individuals and further investigated the neuroelectrophysiological characteristics of cognitive inflexibility in the two groups. The results were partially consistent with our hypotheses. As expected, this study showed that parents of children with ASD had self-reported cognitive flexibility difficulties. In contrast, in a laboratory setting, their performance was comparable to the controls in task accuracy, response time, and switch costs. The present study is the first to investigate the neuroelectrophysiological characteristics of cognitive flexibility in pASD. We found that pASD induced significantly larger N2 amplitudes in the frontal lobe and right central region than the controls. However, there was no significant difference in P3 between the two groups. This study also found associations between self-reported cognitive flexibility difficulties and BAPQ total scores and N2 amplitude in the frontal lobe.

Individuals with ASD of different ages have been reported to have cognitive flexibility difficulties in daily life (Granader et al., 2014; Leung and Zakzanis, 2014; McLean et al., 2014). Our results showed that the CFI total scores of parents of children with ASD were significantly lower than those of parents of typically developing children, suggesting that parents of autistic children had cognitive flexibility difficulties in daily life. Our results provide new evidence that cognitive flexibility may be a neurocognitive endophenotype of ASD. However, this study did not find impairment of cognitive flexibility on the task-switching task in parents of children with autism. This contrasted with the findings of Moazzen et al. (2015); Li et al. (2017), and Schmitt et al. (2019) and it is interesting that Wong et al. (2006) and McLean et al. (2014) did not report any evidence of a deficit in cognitive flexibility in parents of children with ASD using the intra-dimensional/extra-dimensional (ID/ED) shifting task and Delis–Kaplan Executive Functioning System. These inconsistencies may be due to different task paradigms. First, the broad range of cognitive abilities required to complete some tasks may interfere with the assessment of specific areas. Thus, poorer performance may be the result of executive function deficits rather than a specific impairment of cognitive flexibility (Lange et al., 2017). For example, poor performances on the WCST may not only result from cognitive flexibility, but due to various additional cognitive processes (like the high social demands, high working memory, inhibitory control, and generativity load) (Eylen et al., 2011; Albein-Urios et al., 2018). Furthermore, task difficulty is an factor in explaining the mixed findings (Geurts et al., 2009). For example, examiners may set a longer stimulus presentation time and interstimulus interval to ensure the high level of behavioral performance (Dirks et al., 2020). Another explanation is that in tests tapping executive functions explicitly providing a high degree of task instructions (like the task-switching paradigm), the examiner provides the necessary structure and organization to act as external executive control for the subject and reducing the requirement for executive functions (including cognitive flexibility) (Eylen et al., 2011). Thus, even if they do have deficit on the cognitive flexibility, they are able to compensate for these impairments with highly explicit task instructions. Finally, the use of lab-based neurocognitive tasks to measure cognitive flexibility may be limited by their limited ecological validity, which hinders their predictive value for everyday function. In any case, we did observe a dissociation between behavioral performance and self-reported impairment of cognitive flexibility in parents with ASD. Our findings showed the possibility that self-reported measures of cognitive flexibility may be more sensitive than lab-based neurocognitive measures.

Cognitive flexibility is impaired in ASD individuals (Granader et al., 2014; Leung and Zakzanis, 2014; McLean et al., 2014). In addition, there is also evidence that cognitive inflexibility is strongly associated with clinical outcomes and is important predictors of the severity of symptoms in ASD children (Kenworthy et al., 2008, 2014). The present study also showed difficulty in cognitive flexibility in parents of children with ASD and found that self-reported cognitive flexibility difficulty in parents of children with ASD was significantly negatively correlated with autistic traits, which is similar to previous findings in ASD individuals. Thus, all these findings suggested that subclinical individuals with higher autistic traits show a similar, but milder cognitive flexibility profile as individuals with ASD. However, these results should be interpreted with caution because we cannot rule out the possibility that this is not a true association. For example, CFI and BAPQ may be positively associated in part due to shared methodological effects (i.e., both are self-reported measures), since individuals may exhibit a consistent style of response (Albein-Urios et al., 2018).

The amplitude and latency of P3 were used to measure attention resource allocation and information processing speed, respectively. This study found no significant difference in P3 between the pASD and control group, indicating that both groups of subjects allocated the same amount of attention during the task. In addition, we found that the pASD group induced significantly larger N2 amplitudes, suggesting that parents of children with ASD needed to mobilize more neurocognitive resources to monitor and adapt to new changes. The N2 component is closely associated with cognitive flexibility (Kopp et al., 2020), which is supported by the findings that the N2 amplitude in the frontal lobe is significantly negatively correlated with self-reported cognitive flexibility. It has been reported that individuals with ASD induced larger N2 amplitudes under different task conditions than normally developing individuals (Faja et al., 2016; Høyland et al., 2017). These findings suggest that ASD individuals and parents of children with ASD exhibited similar atypical N2 responses. We also found a significant positive correlation between N2 amplitude in the frontal lobe and autistic traits in parents of children with ASD. We interpreted these findings as abnormal brain activity from genetic traits in first-degree relatives of ASD. In conclusion, N2 may be a neuroelectrophysiological endophenotype reflecting cognitive flexibility impairment in ASD.

The frontal lobe shows the most sustained development of any brain region (Sousa et al., 2018), which plays a vital role in executive functions involved in planning, monitoring, attention, and cognitive flexibility (D’Cruz et al., 2016; Sallet et al., 2020). Most previous neuroimaging studies of cognitive flexibility in ASD have reported atypical frontal activity (Schmitz et al., 2006; Shafritz et al., 2008; Doesburg et al., 2013; D’Cruz et al., 2016; Yeung et al., 2016; Lukito et al., 2020; May and Kana, 2020). We found that the atypical N2 responses in the parents of children with ASD were mainly in the frontal lobe. These results provide further evidence that frontal lobe dysfunction is the neural basis of cognitive flexibility impairment in individuals with autistic traits. Atypical N2 responses in the right central region in parents of children with ASD may be related to the lateralization of the brain. There is a general increase in activation in the right hemisphere and a decrease in activation in the left hemisphere with age (Rubia et al., 2006; Taylor et al., 2012). The spatial requirements of most cognitive flexibility tasks may preferentially recruit the right hemisphere as a result of development.

There are also some limitations in this study. First, we did not collect EEG data from ASD children in the early stage and only proposed hypotheses based on previous findings. If similar findings can be replicated in our own ASD cases, the research will be more systematic, and is thus planned for our future research. Second, parenting stress, anxiety, and depression level are higher in parents of children with ASD than that in parents of typically developing children (Ansari et al., 2021). Although subjects with mental illness (including anxiety and depression) were excluded, we did not take into account the possible influence of subclinical stress levels on EEG signal. In addition, future studies using lab-based neurocognitive tasks may consider a more ecological measure to provide stronger relations to everyday behaviors.

In summary, our results show that cognitive flexibility is reduced in parents of children with ASD. Impaired cognitive flexibility may be an endophenotype of ASD. In addition, self-reported measures of cognitive flexibility are sensitive. Impairment of cognitive flexibility can significantly affect the daily function and quality of life of patients with ASD and increase existing difficulties in social interaction (Albein-Urios et al., 2018). Exploring the neuropathophysiological mechanism of cognitive flexibility is helpful to further understand the neuropathophysiological mechanism of cognitive flexibility in ASD and explore effective intervention strategies to improve flexibility.



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 authors.



ETHICS STATEMENT

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



AUTHOR CONTRIBUTIONS

XK designed the study and revised the draft. XC contributed to the design of the study, data collection and analysis, and wrote the draft of the manuscript. XWC, CL, LF, JJ, and HC contributed to the data collection. YL contributed to the data collection and analysis. ZH contributed to the manuscript revision. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the “special disease cohort” research project of Nanjing Medical University (NMUC2018010A).



ACKNOWLEDGMENTS

We are thankful for the support of the funding mentioned above and acknowledge all subjects for their support and participation, as they made this study possible.



REFERENCES

Albein-Urios, N., Youssef, G., Kirkovski, M., and Enticott, P. (2018). Autism spectrum traits linked with reduced performance on self-report behavioural measures of cognitive flexibility. J. Autism Dev. Disord. 48, 2506–2515. doi: 10.1007/s10803-018-3503-3

Ansari, A., Janahi, M., AlTourah, A., Jahrami, H., and Rajab, M. (2021). Self-reported psychological disorders among the mothers of children with autism spectrum disorder, type 1 diabetes mellitus, and typically developed children. J. Neurodev. Disord. 13, 21–27. doi: 10.1186/s11689-021-09369-y

Cremone-Caira, A., Vaidyanathan, A., Hyatt, D., Gilbert, R., Clarkson, T., and Faja, S. (2020). Test-retest reliability of the N2 event-related potential in school-aged children with autism spectrum disorder (ASD). Clin. Neurophysiol. 131, 406–413. doi: 10.1016/j.clinph.2019.09.024

Dajani, D. R., and Uddin, L. Q. (2015). Demystifying cognitive flexibility: implications for clinical and developmental neuroscience. Trends Neurosci. 38, 571–578. doi: 10.1016/j.tins.2015.07.003

D’Cruz, A. M., Mosconi, M. W., Ragozzino, M. E., Cook, E. H., and Sweeney, J. A. (2016). Alterations in the functional neural circuitry supporting flexible choice behavior in autism spectrum disorders. Transl. Psychiatry. 6:e916. doi: 10.1038/tp.2016.161

D’Cruz, A., Ragozzino, M., Mosconi, M., Shrestha, S., Cook, E., and Sweeney, J. (2013). Reduced behavioral flexibility in autism spectrum disorders. Neuropsychology 27, 152–160. doi: 10.1037/a0031721

Dennis, J. P., and Wal, J. S. V. (2010). The cognitive flexibility inventory: instrument development and estimates of reliability and validity. Cogn. Ther. Res. 34, 241–253. doi: 10.1007/s10608-009-9276-4

Dirks, B., Romero, C., Voorhies, W., Kupis, L., Nomi, J. S., Dajani, D. R., et al. (2020). neural responses to a putative set-shifting task in children with autism spectrum disorder. Autism Res. 13, 1501–1515. doi: 10.1002/aur.2347

Doesburg, S., Vidal, J., and Taylor, M. (2013). Reduced theta connectivity during set-shifting in children with autism. Front. Hum. Neurosci. 7:785. doi: 10.3389/fnhum.2013.00785

Dumont, R., Willis, J. O., Veizel, K., and Zibulsky, J. (2013). “Wechsler abbreviated scale of intelligence,” in Encyclopedia of Autism Spectrum Disorders, ed. F. R. Volkmar (New York, NY: Springer) doi: 10.1007/978-1-4419-1698-3_101552

Eylen, L. V., Boets, B., Steyaert, J., Evers, K., Wagemans, J., and Noens, I. (2011). Cognitive flexibility in autism spectrum disorder: explaining the inconsistencies? Res. Autism Spect Dis. 5, 1390–1401. doi: 10.1016/j.rasd.2011.01.025

Faja, S., Clarkson, T., and Webb, S. J. (2016). Neural and behavioral suppression of interfering flankers by children with and without autism spectrum disorder. Neuropsychologia 93(Pt A), 251–261. doi: 10.1016/j.neuropsychologia.2016.10.017

Faja, S., and Nelson Darling, L. (2019). Variation in restricted and repetitive behaviors and interests relates to inhibitory control and shifting in children with autism spectrum disorder. Autism 23, 1262–1272. doi: 10.1177/1362361318804192

Geurts, H., Corbett, B., and Solomon, M. (2009). The paradox of cognitive flexibility in autism. Trends Cogn. Sci. 13, 74–82. doi: 10.1016/j.tics.2008.11.006

Granader, Y., Wallace, G., Hardy, K., Yerys, B., Lawson, R., Rosenthal, M., et al. (2014). Characterizing the factor structure of parent reported executive function in autism spectrum disorders: the impact of cognitive inflexibility. J. Autism Dev. Disord. 44, 3056–3062. doi: 10.1007/s10803-014-2169-8

Hoofs, V., Princen, M. M., Poljac, E., Stolk, A., and Poljac, E. (2018). Task switching in autism: an EEG study on intentions and actions. Neuropsychologia 117, 398–407. doi: 10.1016/j.neuropsychologia.2018.07.008

Høyland, A. L., Øgrim, G., Lydersen, S., Hope, S., Engstrøm, M., Torske, T., et al. (2017). Event-related potentials in a cued Go-NoGo task associated with executive functions in adolescents with autism spectrum disorder; a case-control study. Front. Neurosci. 11:393. doi: 10.3389/fnins.2017.00393

Hughes, C., Plumet, M., and Leboyer, M. (1999). Towards a cognitive phenotype for autism: increased prevalence of executive dysfunction and superior spatial span amongst siblings of children with autism. J. Child Psychol. Psyc. 40, 705–718. doi: 10.1111/1469-7610.00487

Hurley, R. S., Losh, M., Parlier, M., Reznick, J. S., and Piven, J. (2007). The broad autism phenotype questionnaire. J. Autism Dev. Disord. 37, 1679–1690. doi: 10.1007/s10803-006-0299-3

Iversen, R., and Lewis, C. (2021). Executive function skills are linked to restricted and repetitive behaviors: three correlational meta analyses. Autism Res. 14, 1163–1185. doi: 10.1002/aur.246

Johnston, K., Murray, K., Spain, D., Walker, I., and Russell, A. (2019). Executive function: cognition and behaviour in adults with autism spectrum disorders (ASD). J. Autism Dev. Disord. 49, 4181–4192. doi: 10.1007/s10803-019-04133-7

Karayanidis, F., Jamadar, S., Ruge, H., Phillips, N., Heathcote, A., and Forstmann, B. (2010). Advance preparation in task-switching: converging evidence from behavioral, brain activation, and model-based approaches. Front. Psychol. 1:25. doi: 10.3389/fpsyg.2010.00025

Kenworthy, L., Anthony, L., Naiman, D., Cannon, L., Wills, M., Luong-Tran, C., et al. (2014). Randomized controlled effectiveness trial of executive function intervention for children on the autism spectrum. J. Child Psychol. Psychiatry. 55, 374–383. doi: 10.1111/jcpp.12161

Kenworthy, L., Yerys, B., Anthony, L., and Wallace, G. (2008). Understanding executive control in autism spectrum disorders in the lab and in the real world. Neuropsychol. Rev. 18, 320–338. doi: 10.1007/s11065-008-9077-7

Kopp, B., Steinke, A., and Visalli, A. (2020). Cognitive flexibility and N2/P3 event-related brain potentials. Sci. Rep. 10, 9859–9875. doi: 10.1038/s41598-020-66781-5

Lange, F., Seer, C., and Kopp, B. (2017). Cognitive flexibility in neurological disorders: cognitive components and event-related potentials. Neurosci. Biobehav. Rev. 83, 496–507. doi: 10.1016/j.neubiorev.2017.09.011

Leung, R. C., and Zakzanis, K. K. (2014). Brief report: cognitive flexibility in autism spectrum disorders: a quantitative review. J. Autism Dev. Disord. 44, 2628–2645. doi: 10.1007/s10803-014-2136-4

Li, X., Wang, Q., Wu, Y., Wang, S., Huang, Y., and Li, T. (2017). Personality characteristics and neurocognitive functions in parents of children with autism spectrum disorder. Shanghai Arch. Psychiatry 29, 41–47. doi: 10.11919/j.issn.1002-0829.216108

Lopez, B. R., Lincoln, A. J., Ozonoff, S., and Lai, Z. (2005). Examining the relationship between executive functions and restricted, repetitive symptoms of autistic disorder. J. Autism Dev. Disord. 35, 445–460. doi: 10.1007/s10803-005-5035-x

Lukito, S., Norman, L., Carlisi, C., Radua, J., Hart, H., Simonoff, E., et al. (2020). Comparative meta-analyses of brain structural and functional abnormalities during cognitive control in attention-deficit/hyperactivity disorder and autism spectrum disorder. Psychol. Med. 50, 894–919. doi: 10.1017/s0033291720000574

Lynch, C., Breeden, A., You, X., Ludlum, R., Gaillard, W., Kenworthy, L., et al. (2017). Executive dysfunction in autism spectrum disorder is associated with a failure to modulate frontoparietal-insular hub architecture. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 2, 537–545. doi: 10.1016/j.bpsc.2017.03.008

May, K., and Kana, R. (2020). Frontoparietal network in executive functioning in autism spectrum disorder. Autism Res. 13, 1762–1777. doi: 10.1002/aur.2403

McLean, R., Johnson Harrison, A., Zimak, E., Joseph, R., and Morrow, E. (2014). Executive function in probands with autism with average IQ and their unaffected first-degree relatives. J. Am. Acad. Child Adolesc. Psychiatry. 53, 1001–1009. doi: 10.1016/j.jaac.2014.05.019

Mehdizadehfar, V., Ghassemi, F., Fallah, A., Mohammad-Rezazadeh, I., and Pouretemad, H. (2020). Brain connectivity analysis in fathers of children with autism. Cogn. Neurodyn. 14, 781–793. doi: 10.1007/s11571-020-09625-2

Miller, H. L., Ragozzino, M. E., Cook, E. H., Sweeney, J. A., and Mosconi, M. W. (2015). Cognitive set shifting deficits and their relationship to repetitive behaviors in autism spectrum disorder. J. Autism Dev. Disord. 45, 805–815. doi: 10.1007/s10803-014-2244-1

Moazzen, M., Yaghooti, F., and Saleh, J. (2015). Executive functions in parents and siblings of individuals with and without autism spectrum disorders. Q. J. Child Ment. Health 2, 85–91.

Moradi, N., Bakhshani, N. M., and Yaztappeh, J. S. (2021). Comparing the executive functions of mothers with and without autistic children. Iran. J. Psychiatry Behav. Sci. 15:e104092. doi: 10.5812/ijpbs.104092

Moseley, R. L., Ypma, R. J., Holt, R. J., Floris, D., Chura, L. R., Spencer, M. D., et al. (2015). Whole-brain functional hypoconnectivity as an endophenotype of autism in adolescents. Neuroimage Clin. 9, 140–152. doi: 10.1016/j.nicl.2015.07.015

Peng, Z., Chen, J., Jin, L., Han, H., Dong, C., Guo, Y., et al. (2020). Social brain dysfunctionality in individuals with autism spectrum disorder and their first-degree relatives: an activation likelihood estimation meta-analysis. Psychiatry Res. Neuroimaging 298:111063. doi: 10.1016/j.pscychresns.2020.111063

Petruo, V., Mückschel, M., and Beste, C. (2019). Numbers in action during cognitive flexibility - a neurophysiological approach on numerical operations underlying task switching. Cortex 120, 101–115. doi: 10.1016/j.cortex.2019.03.017

Piven, J., Palmer, P., Jacobi, D., Childress, D., and Arndt, S. (1997). Broader autism phenotype: evidence from a family history study of multiple-incidence autism families. Am. J. Psychiatry 154, 185–190. doi: 10.1176/ajp.154.2.185

Polich, J. (2007). Updating P300: an integrative theory of P3a and P3b. Clin. Neurophysiol. 118, 2128–2148. doi: 10.1016/j.clinph.2007.04.019

Rosa, M., Puig, O., Lázaro, L., Vallés, V., Lera, S., Sánchez-Gistau, V., et al. (2017). Broad cognitive profile in children and adolescents with HF-ASD and in their siblings: widespread underperformance and its clinical and adaptive correlates. J. Autism. Dev. Disord. 47, 2153–2162. doi: 10.1007/s10803-017-3137-x

Rosenthal, M., Wallace, G., Lawson, R., Wills, M., Dixon, E., Yerys, B., et al. (2013). Impairments in real-world executive function increase from childhood to adolescence in autism spectrum disorders. Neuropsychology 27, 13–18. doi: 10.1037/a0031299

Rubia, K., Smith, A. B., Woolley, J., Nosarti, C., Heyman, I., Taylor, E., et al. (2006). Progressive increase of frontostriatal brain activation from childhood to adulthood during event-related tasks of cognitive control. Hum. Brain Mapp. 27, 973–993. doi: 10.1002/hbm.20237

Sallet, J., Noonan, M. P., Thomas, A., O’Reilly, J. X., Anderson, J., Papageorgiou, G. K., et al. (2020). Behavioral flexibility is associated with changes in structure and function distributed across a frontal cortical network in macaques. PLoS Biol. 18:e3000605. doi: 10.1371/journal.pbio.3000605

Schmitt, L. M., Bojanek, E., White, S. P., Ragozzino, M. E., Cook, E. H., Sweeney, J. A., et al. (2019). Familiality of behavioral flexibility and response inhibition deficits in autism spectrum disorder (ASD). Mol. Autism 10, 47–58. doi: 10.1186/s13229-019-0296-y

Schmitz, N., Rubia, K., Daly, E., Smith, A., Williams, S., and Murphy, D. G. (2006). Neural correlates of executive function in autistic spectrum disorders. Biol. Psychiatry. 59, 7–16. doi: 10.1016/j.biopsych.2005.06.007

Shafritz, K., Dichter, G., Baranek, G., and Belger, A. (2008). The neural circuitry mediating shifts in behavioral response and cognitive set in autism. Biol. Psychiatry. 63, 974–980. doi: 10.1016/j.biopsych.2007.06.028

Shalani, B., Sadeghi, S., and Rashidiyan, S. (2019). Executive functions in parents of children with and without autism spectrum disorder. Shenakht J. Psychol. Psychiatry 6, 90–99. doi: 10.29252/shenakht.6.4.90

Sousa, S., Amaro, E., Crego, A., Gonçalves, Ó, and Sampaio, A. (2018). Developmental trajectory of the prefrontal cortex: a systematic review of diffusion tensor imaging studies. Brain Imaging Behav. 12, 1197–1210. doi: 10.1007/s11682-017-9761-4

Spencer, M., Chura, L., Holt, R., Suckling, J., Calder, A., Bullmore, E., et al. (2012). Failure to deactivate the default mode network indicates a possible endophenotype of autism. Mol. Autism. 3, 15–22. doi: 10.1186/2040-2392-3-15

Taylor, M. J., Donner, E. J., and Pang, E. W. (2012). fMRI and MEG in the study of typical and atypical cognitive development. Neurophysiol. Clin. 42, 19–25. doi: 10.1016/j.neucli.2011.08.002

Tick, B., Bolton, P., Happé, F., Rutter, M., and Rijsdijk, F. (2016). Heritability of autism spectrum disorders: a meta-analysis of twin studies. J. Child Psychol. Psychiatry. 57, 585–595. doi: 10.1111/jcpp.12499

Uddin, L. (2021). Cognitive and behavioural flexibility: neural mechanisms and clinical considerations. Nat. Rev. Neurosci. 22, 167–179. doi: 10.1038/s41583-021-00428-w

Van Eylen, L., Boets, B., Cosemans, N., Peeters, H., Steyaert, J., Wagemans, J., et al. (2017). Executive functioning and local-global visual processing: candidate endophenotypes for autism spectrum disorder? J. Child Psychol. Psychiatry. 58, 258–269. doi: 10.1111/jcpp.12637

Van’t Westeinde, A., Cauvet, É, Toro, R., Kuja-Halkola, R., Neufeld, J., Mevel, K., et al. (2020). Sex differences in brain structure: a twin study on restricted and repetitive behaviors in twin pairs with and without autism. Mol. Autism 11, 1–20. doi: 10.1186/s13229-019-0309-x

Wang, Y., Yang, Y., Xiao, W. T., Qin, S. U., and Psychology, S. O. (2016). Validity and reliability of the Chinese version of the cognitive flexibility inventory in college students. Chin. Ment. Health J. 30, 58–63. doi: 10.3969/j.issn.1000-6729.2016.01.012

Wong, D., Maybery, M., Bishop, D., Maley, A., and Hallmayer, J. (2006). Profiles of executive function in parents and siblings of individuals with autism spectrum disorders. Genes Brain Behav. 5, 561–576. doi: 10.1111/j.1601-183X.2005.00199.x

Xie, R., Sun, X., Yang, L., and Guo, Y. (2020). Characteristic executive dysfunction for high-functioning autism sustained to adulthood. Autism Res. 13, 2102–2121. doi: 10.1002/aur.2304

Yerys, B. E., Antezana, L., Weinblatt, R., Jankowski, K. F., Strang, J., Vaidya, C. J., et al. (2015). Neural correlates of set-shifting in children with autism. Autism Res. 8, 386–397. doi: 10.1002/aur.1454

Yeung, M., Han, Y., Sze, S., and Chan, A. (2016). Abnormal frontal theta oscillations underlie the cognitive flexibility deficits in children with high-functioning autism spectrum disorders. Neuropsychology 30, 281–295. doi: 10.1037/neu0000231

Zeestraten, E., Gudbrandsen, M., Daly, E., de Schotten, M., Catani, M., Dell’Acqua, F., et al. (2017). Sex differences in frontal lobe connectivity in adults with autism spectrum conditions. Transl. Psychiatry. 7:e1090. doi: 10.1038/tp.2017.9


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 © 2021 Cheng, Li, Cui, Cheng, Li, Fu, Jiang, Hu and Ke. 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/fnins-15-747273-t001.jpg
pASD pTD Statistics

Male/female 20/25 15/16 %2 (0.115)
Age, years 3529+ 3.89 36.84+4.37 -1.622)
Intelligence quotient (IQ) 113.23 + 11.67 113.68 £ 8.12 -0.176)
BAPQ total scores 92.99 £23.95 92.37 £13.56 10.143)

CFl total scores 7238+ 11.28 79.33+9.78 {(—2.756)

P

0.735
0.109
0.861
0.887
0.007*

BAPQ, Broad Autism Phenotype Questionnaire; CFl, Cognitive Flexibility Inventory.

“p < 0.01.





OPS/images/fnins-15-747273-t002.jpg
Amplitude (1V) Latency (ms)

Repetition Switch Repetition Switch
sequences sequences sequences sequences

pASD 2.681+0.278 2674 +0.286 237.574+1.705 236.883 + 1.638
pTD  2.232+0.334 1.925 +0.344 237.091 £2.055 237.644 +1.974





OPS/images/fnins-15-747273-t003.jpg
Amplitude (1V) Latency (ms)

Repetition Switch Repetition Switch
sequence sequence sequence sequence

pASD 3.683 +0.413 3.865 4 0.377 355.162 +2.240 357.314 +2.233
pTD  3.956+0.497 3.919£0.455 357.237 £2.700 354.637 £+ 2.690





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Atypical Neural Responses of Cognitive Flexibility in Parents of Children With Autism Spectrum Disorder



		INTRODUCTION



		MATERIALS AND METHODS



		Participants



		Assessment



		Experimental Tasks



		Stimuli and Design



		Experimental Procedure







		EEG Data Recording



		Event-Related Potentials Analysis



		Statistical Analysis







		RESULTS



		Demographic Characteristics in the Two Groups



		Behavioral Performances in the Task



		Accuracy



		Reaction Time



		Switch Cost







		Event-Related Potential Data



		N2



		P3







		Brain-Behavior Correlation Analysis







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fnins-15-747273-g004.jpg
Potential (.V)

.
3

— pASD (repetition)

——pASD (switch)

——pTD (repetition)
pTD (switch)

LI ]
e






OPS/images/fnins-15-747273-g002.jpg
o~

o

Potential (.V)

—A

2 —— pASD (repetition)
— pASD (switch)
-3 ——pTD (repetiton)
~pTD (switch)
4}
5k
1 | | | J
-100 100 200 300 400 500

Time (ms)

pASD-pTD

PASD-pTD






OPS/images/fnins-15-747273-g003.jpg
)

i
o
S

Mean N2 amplitude(uV

4.50

w
o
@)

3.00
2.50
2.00
1.50
1.00
0.50
0.00

mPASD mPTD

*
* ' h l
2 F4 Fz s C4 e P3 P4 Pz






OPS/images/fnins-15-747273-g001.jpg
A Timing Parameters

-

Fixation Stimulus Pre-trail interval Fixation Stimulus
(500ms) (util response) (500ms) (500ms) (util response)

>>Switch sequence<<

>>> Repetition sequence <<<






OPS/images/cover.jpg
, frontiers
In Neuroscience

Atypical Neural Responses
of Cognitive Flexibility in Parents

of Children With Autism
Spectrum Disorder









OPS/images/logo.jpg
' frontiers

in Neuroscience





