

[image: image1]
Aberrant prefrontal functional connectivity during verbal fluency test is associated with reading comprehension deficits in autism spectrum disorder: An fNIRS study













	 
	

	TYPE Original Research
PUBLISHED 20 September 2022
DOI 10.3389/fpsyg.2022.984777





Aberrant prefrontal functional connectivity during verbal fluency test is associated with reading comprehension deficits in autism spectrum disorder: An fNIRS study

Melody M. Y. Chan1, Ming-Chung Chan1, Michael K. Yeung2, Shu-Mei Wang1, Duo Liu3 and Yvonne M. Y. Han1,4*

1Department of Rehabilitation Sciences, The Hong Kong Polytechnic University, Kowloon, Hong Kong SAR, China

2Department of Psychology, The Education University of Hong Kong, Hong Kong, Hong Kong SAR, China

3Department of Special Education and Counselling, The Education University of Hong Kong, Hong Kong, Hong Kong SAR, China

4University Research Facility in Behavioral and Systems Neuroscience (UBSN), The Hong Kong Polytechnic University, Kowloon, Hong Kong SAR, China

[image: image]

OPEN ACCESS

EDITED BY
Mila Vulchanova, Norwegian University of Science and Technology, Norway

REVIEWED BY
Jiuju Wang, Peking University Sixth Hospital, China
Zhichao Xia, University of Connecticut, United States

*CORRESPONDENCE
Yvonne M. Y. Han, yvonne.han@polyu.edu.hk

SPECIALTY SECTION
This article was submitted to Language Sciences, a section of the journal Frontiers in Psychology

RECEIVED 04 July 2022
ACCEPTED 29 August 2022
PUBLISHED 20 September 2022

CITATION
Chan MMY, Chan M-C, Yeung MK, Wang S-M, Liu D and Han YMY (2022) Aberrant prefrontal functional connectivity during verbal fluency test is associated with reading comprehension deficits in autism spectrum disorder: An fNIRS study.
Front. Psychol. 13:984777.
doi: 10.3389/fpsyg.2022.984777

COPYRIGHT
© 2022 Chan, Chan, Yeung, Wang, Liu and Han. 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.

Children with autism spectrum disorder (ASD) show marked difficulties in reading comprehension, a complex cognitive skill fundamental to successful daily functioning that is associated with core executive functions. However, the neurophysiological mechanisms underlying reading comprehension deficits in these children remain elusive. Twenty-one right-handed males with high-functioning ASD (mean age = 10.24 years) and 23 age-, IQ-, educational level-, sex- and handedness-matched typically developing (TD; mean age = 10.14 years) individuals underwent a reading comprehension test and the semantic verbal fluency test that tapped core executive functions underlying reading comprehension during concurrent prefrontal functional near-infrared spectroscopy (fNIRS) measurement. Participants’ information processing efficiency was also assessed. High-functioning ASD children exhibited general reading comprehension [main effect of group: F(1,40) = 7.58, p = 0.009], selective verbal fluency deficits [Group × category interaction: F(1,42) = 4.90, p = 0.032] and slower processing speed (t42 = 2.36, p = 0.023). Regarding the hemodynamics of the prefrontal cortex (PFC), although ASD individuals showed comparable patterns of PFC brain activation to their healthy counterparts, lower PFC intrahemispheric [main effect of group: F(1,42) = 11.36, p = 0.002] and interhemispheric [main effect of group: F(1,42) = 7.79, p = 0.008] functional connectivity were evident during the semantic verbal fluency test. At the whole-group level, poorer reading comprehension performance was associated with poorer performance in the semantic verbal fluency test (r42 = 0.508, p < 0.001). Moreover, poorer semantic verbal fluency test performance was associated with slower information processing speed (r42 = –0.312, p = 0.044), which is associated with reduced left medial PFC functional connectivity (r42 = –0.319, p = 0.040). Abnormal intrahemispheric and interhemispheric prefrontal hypoconnectivity is associated with deficits in executive processes essential for reading comprehension in ASD. Our study has provided important implications for the neuropsychological and neurophysiological mechanisms underlying reading comprehension deficits in ASD.
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Introduction

Autism spectrum disorder (ASD) is a pervasive neurodevelopmental disorder characterized by language and communication deficits as well as repetitive, stereotyped behaviors (American Psychological Association, 2013). Previous research has shown that individuals with ASD encounter great difficulties in reading comprehension (Jones et al., 2009; Brown et al., 2013), which is a fundamental skill for knowledge acquisition and communicating with others in daily life (Pretorius, 2002; Moje et al., 2011; Woolley, 2011) that predicts academic success (Vilenius-Tuohimaa et al., 2008; García-Madruga et al., 2014). According to the Simple View of Reading (Gough and Tunmer, 1986; Hoover and Gough, 1990), reading comprehension involves the processes of word recognition (i.e., decoding) and the interpretation of lexical information, sentences and discourses. Notably, these processes are heavily mediated by the knowledge of vocabulary (i.e., understanding of the semantic meaning of a single word; Hoover and Gough, 1990; Cromley and Azevedo, 2007), with a greater vocabulary size usually being associated with better vocabulary knowledge (Dong et al., 2020). Although ASD individuals have been shown to possess intact abilities in word recognition (Venker et al., 2021) and the phonetic decoding of non-words (Gabig, 2010), they are found to exhibit consistent deficits in the interpretation of linguistic components when they read (Kim et al., 2014). In addition, previous neuropsychological studies have suggested that reading involves the integration and execution of different cognitive-perceptual processes (Christopher et al., 2012; Kendeou et al., 2016). For example, when comprehending a written sentence, the individual words are first recognized, and then temporarily stored in the brain for matching with the learned phonological, orthographic, and semantic representations, followed by combining these representations to form an understanding of the sentence (Christopher et al., 2012). For the successful comprehension of a longer sentence or even a passage with multiple paragraphs conveying several ideas, a reader must process more information that is relevant to a given question, and maintain the new information while disengaging from the old information (Hansen et al., 2017; Martin et al., 2020). In other words, the demand for cognitive-perceptual processes increases when the comprehension task becomes more complex. In the case of ASD, a previous study has shown that the complexity of questions plays a role in mediating the reading comprehension performance in these individuals (Tirado and Saldana, 2016).

Previous studies have shown that many core components of executive functions, namely, updating, inhibition and shifting (Miyake et al., 2000), are involved in reading comprehension. For instance, a review conducted by Butterfuss and Kendeou (2018) concluded that updating supports comprehension by maintaining the relevant information in the working memory system, inhibition supports comprehension through the suppression of irrelevant text information and prevention of irrelevant thoughts from intruding the working memory system, and shifting aids attention allocation to different features of the text. Importantly, an accumulative body of evidence has established a clear relationship between these executive processes and reading comprehension (Carretti et al., 2005, 2009; Savage et al., 2006; Kim, 2020), and deficits in executive functions have been shown to be associated with poor reading comprehension performance in less competent readers (Swanson et al., 2006). Because many previous studies have revealed executive dysfunctions in ASD (Demetriou et al., 2018), impairments in executive function in ASD may be associated with reading comprehension difficulties in these individuals. Indeed, a previous study has shown that individuals with ASD are less efficient in reading written text, with text reading time being significantly associated with the performance of an executive function task involving planning and visuospatial working memory (Micai et al., 2021).

Among many executive function tasks, the semantic verbal fluency (VF) task involves the interplay between executive function and language process. For this test, a task-taker is required to voluntarily generate as many words as possible with a given semantic category and avoid giving repetitive and irrelevant answers (Lezak et al., 2004). In other words, this task gives a direct quantitative measure of the vocabulary size of an individual. As discussed above, given vocabulary knowledge is fundamental to reading comprehension processes and vocabulary size can be one of the key parameters reflecting one’s level of vocabulary knowledge, the semantic VF task is a suitable task for generating insights into the executive processes underlying reading comprehension. Evidence from neuroimaging meta-analyses has shown that the semantic VF task activates brain networks that primarily involve the frontal lobe. While left medial, superior and inferior frontal gyri are found to be activated for VF tasks performed in non-tonal language (e.g., English, Wagner et al., 2014), bilateral activations involving superior, middle and inferior frontal gyri are found when VF tasks are performed in tonal language (i.e., Chinese; Wu et al., 2012). Evidence from functional connectivity studies shows that the semantic VF task involves prefrontal functional connectivity changes. Specifically, a left-lateralized increase in connections accompanied by an increase in cerebral blood flow at superior (BA6), middle (BA6) and inferior (BA9,45,47) frontal gyri has been shown during the semantic VF task when compared to baseline (Paschoal et al., 2021). Multiple lines of evidence from lesion studies show that functional segregation for the medial and lateral prefrontal cortex (PFC) is evident for semantic VF. For instance, while the lateral PFC has been shown to be associated with the strategic retrieval of words (Reverberi et al., 2006), the superior and medial prefrontal cortices have been shown to involve the voluntary generation of new words relevant to the given cues (Robinson et al., 2012).

Some previous studies have provided evidence to support semantic VF impairment in ASD. Specifically, Inokuchi and Kamio (2013) and Yeung et al. (2019) have shown that individuals with ASD showed significantly poorer performance than typically developing (TD) individuals only for living (i.e., animal) but not nonliving (i.e., transport) categories, suggesting a category-dependent impairment in semantic VF in ASD. However, Ehlen et al. (2020) showed that ASD individuals have intact ability in living-category semantic VF. Similar conflicting results are documented in neurophysiological and neuroimaging studies. For instance, a previous functional magnetic resonance imaging (fMRI) study showed that ASD individuals exhibited reduced activation in the left inferior and middle frontal gyri (Kenworthy et al., 2013); conversely, another fMRI study showed enhanced activation in the left inferior frontal gyrus during a similar semantic VF task (Beacher et al., 2012). For functional near-infrared spectroscopy (fNIRS) studies, although Yeung et al. (2019) showed that ASD individuals exhibited a significantly altered activation pattern in the medial and lateral PFC when compared to TD individuals, Ota et al. (2020) revealed non-significant differences between ASD and TD individuals in prefrontal activation when a similar fNIRS paradigm was used.

Some researchers have suggested that semantic VF task performance in ASD may be mediated by information processing speed (Carmo et al., 2015), i.e., the time needed for information travel across the brain indexed by a reaction time during task performance (Neubauer and Fink, 2003). Because ASD has long been construed as an information processing disorder (Minshew et al., 2008), indicated by an increase in reaction time during various executive function tasks (Chan et al., 2022), slow processing speed might be associated with semantic VF performance. A number of studies have shown that slow processing speed is associated with abnormal structural and functional connectivity (Silva et al., 2020), and previous studies have shown that functional connectivity is altered in ASD during resting-state (Han and Chan, 2017; King et al., 2019) and cognitive task performance (e.g., working memory, Koshino et al., 2005).

As reviewed above, given semantic VF task (1) is an executive function task involving language processes that is sensitive in tapping cognitive processes fundamental to reading comprehension, (2) requires intact functioning of the medial and lateral PFC, and (3) is influenced by information processing efficiency contributed by functional connectivity in the brain altered functional connectivity in the medial and/or lateral PFC during semantic VF task could be the possible neurophysiological mechanism associated with reading comprehension deficits in ASD. However, to the best of our knowledge, the prefrontal functional connectivity of ASD during semantic VF tasks and its behavioral correlates have not been investigated in previous studies. Specifically, abnormalities in both intrahemispheric and interhemispheric functional connectivity have been reported in previous resting-state fMRI and fNIRS studies in ASD (Anderson et al., 2011; Zhu et al., 2014; Lee et al., 2016; Guo et al., 2020), but these changes have not yet been examined when these individuals perform the VF task. This study aimed to investigate the neurophysiological mechanism underlying reading comprehension performance in children with high-functioning ASD. Compared to typically developing (TD) individuals, ASD individuals were hypothesized to show impaired reading comprehension performance, especially when task difficulty increases, which is associated with impaired semantic VF performance. In turn, impaired semantic VF performance in ASD is associated with reduced information processing efficiency, which is associated with altered prefrontal functional connectivity and activation patterns.



Materials and methods


Participants

This study was approved by the Human Subjects Ethics Sub-Committee of the Hong Kong Polytechnic University and was conducted in accordance with the Declaration of Helsinki. Twenty-one individuals with ASD and 23 TD individuals aged 8–12 years who were studying for grades 3–5 at local mainstream primary schools participated in this study. All participants achieved a full intelligence quotient (IQ) of ≥ 80 measured by the short form of the Hong Kong Wechsler Intelligence Scale for Children—fourth edition (WISC-IV-HK:SF, Wechsler, 2010). Because previous research has shown that ASD individuals exhibit sex-dependent differences in nonsocial cognitive domains involving executive function (Lai et al., 2012), we only included males in our sample. Furthermore, as prior studies have also shown that handedness influenced the neural connectivity underlying Chinese semantic language processing (Gao et al., 2015), we only included right-handed individuals whose handedness was confirmed by scoring over +80 on the Edinburgh Handedness Inventory short form (Oldfield, 1971). The diagnosis of ASD in participants was confirmed with the Autism Diagnostic Interview—Revised (ADI-R, Lord et al., 1994), which was conducted by a clinical psychologist blinded to the hypothesis of the study. The social functioning of TD individuals was screened with the second edition of the Social Responsiveness Scale (SRS-2, Constantino and Gruber, 2012). All included TD individuals obtained a T-score equal to or below 59, indicating that they had normal daily social functioning.



Procedure and materials

Before the commencement of the experiment, the procedures and potential risks and benefits of the study were first explained to the participants and their parents, and written informed consent was then obtained from all participating parents of the recruited individuals. All children underwent a three-part assessment, including a WISC-IV-HK:SF IQ assessment, a series of behavioral assessments and fNIRS measurements. The sequence of assessments was counterbalanced across subjects to minimize order effects. While parents of all children were asked to complete the SRS-2, parents of children with ASD were involved in a structured interview with ADI-R administered in addition to the completion of the SRS-2. The WISC-IV-HK:SF and ADI-R were administered by a clinical psychologist. The behavioral assessments and fNIRS measurements were conducted by trained research assistants.


Behavioral assessments

Behavioral assessments were conducted to examine the reading comprehension ability and information processing efficiency of the participants.

The reading comprehension test consisted of three parts with increasing difficulty. The first part, which consisted of three short sentences of 20–35 words, assessed children’s pronoun resolution ability. The second part consisted of a 50-word short descriptive paragraph, from which participants were required to answer two questions asking for the identification of specific details from the paragraph. The third part consisted of two passages with multiple paragraphs. The first passage was the story behind a Chinese idiom with conversations between two people embedded in the story. Children were asked not only to identify specific details from the passage but also to make logical conclusions and infer the symbolic meanings of a word and the whole passage. The second passage was a 200-word metaphorical description of the Great Wall of China, with all six questions testing the participants’ understanding of the metaphors used in the passage. No time limit was enforced for test completion. A higher score obtained on the test indicated better reading comprehension performance.

The participants’ information processing efficiency was assessed using the five-choice reaction time (RTI) test from the Cambridge Neuropsychological Test Automated Battery (CANTAB®, Fray et al., 1996). This test is a standardized computerized test tapping participants’ mental processing speeds by eliminating the effect of movement execution time (Sachse et al., 2013). Five-choice mean reaction time, a commonly adopted measure for reflecting information processing efficiency (Amir et al., 2020), was used. A slower mean reaction time indicates less efficient information processing.



Functional near-infrared spectroscopy measurement

fNIRS measurements were taken for each of the participants when they performed the semantic verbal fluency task. The paradigm was adapted from a previous study (Yeung et al., 2019), and the task design is illustrated in Figure 1. During the experimental blocks, a category word (i.e., “animal” or “transport”) was shown in the center of the screen. Participants were instructed to orally produce as many words relevant to the given category as possible without repeating their ideas in 60 s. The order of the experimental blocks was counterbalanced across individuals. During the control blocks, participants were instructed to repeat the phrase “1, 2, 3, 4” slowly and continuously in the given period of time (i.e., 30 s for the first control block, 60 s for the second and third control blocks). The visual stimuli were presented using E-prime 3 (Psychology Software Tools Inc., Sharpsburg, PA, USA). Changes in hemodynamics in the prefrontal cortex during the VF task were measured by a 52-channel fNIRS optical topography system (ETG-4000; Hitachi Medical Co., Tokyo, Japan). The NIR probe was set with thirty-three emitters and detectors mounted on a 3 × 11 grid and was worn on a participant’s head using an elastic headband, with detector 26 placed at FpZ, emitter 24 placed midway between F8 and FC8, and emitter 27 placed midway between F7 and FC7 for children aged 8–11 years old with an average head circumference of 52 cm in our sample. The distance between each emitter and detector was fixed at 30 mm. The channels were grouped to generate the medial and lateral PFC regions of interest in the left and right hemispheres (Yeung et al., 2019). The NIRS probe set and channel groupings are shown in Figure 2.
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FIGURE 1
Semantic verbal fluency task design.
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FIGURE 2
(A) Arrangements of channels, near-infrared (NIR) emitters, detectors and channel groupings. (B–E) Figures showing the location of channels on a brain template. The figures define the functional connectivity of the (B) intrahemispheric and (C) interhemispheric medial PFC, as well as the functional connectivity of the (D) intrahemispheric and (E) interhemispheric lateral PFC.





Data analysis


Functional near-infrared spectroscopy preprocessing

fNIRS data preprocessing was performed using the AnalyzIR toolbox (Santosa et al., 2018) in MATLAB 2019a (The Mathworks, Natick, MA). The preprocessing pipeline was reported elsewhere (Chan et al., 2022; Han et al., 2022). First, bad channels were interpolated using the FixSatChans or FixFlatChans modules available in the toolbox. To filter the cardiac signals that contribute to the serial autocorrelations commonly observed in fNIRS data, the light intensity data were downsampled to 1 Hz. To remove excessive baseline before and after the task, the TrimBaseline module was applied to keep the first control block as the baseline only. The interpolated, downsampled and trimmed data were then converted to optical density, followed by conversion to oxyhaemoglobin (HbO), deoxyhaemoglobin (HbR), and total hemoglobin (HbT) concentrations using the modified Beer–Lambert Law. HbO data were analyzed in this study because this parameter has been shown to be more sensitive in detecting task-related neural changes in patients with neuropsychiatric disorders (Yeung and Lin, 2021).



Analysis of individual functional near-infrared spectroscopy data

Both prefrontal fNIRS activation and functional connectivity data were analyzed at the individual level. First, the differences in prefrontal activation between the experimental (i.e., animal/transport word generation) and baseline (i.e., number repetition) conditions were estimated with a general linear model with an autoregressive prewhitening filter using iteratively reweighted least-squares (AR-IRLS). The method is described in detail in Barker et al. (2013). In brief, for each fNIRS channel, the AR-IRLS algorithm first calculates a regression coefficient using the ordinary least square (OLS) estimator. The residual from the OLS model is then fit to a fifth-order autoregressive (AR) model because a previous simulation study has shown that a fifth-order model is sufficient to remove serially correlated signals without overfitting (Barker et al., 2013). By using the Cochrane-Orcutt method, the AR model coefficient is further used to design a whitening filter that removes the correlations in the signal between consecutive time points. Given that a linear model of the evoked response in fNIRS data can be represented by y = Xβ+ε (Penny et al., 2011), the whitening filter is applied to both the design matrix (X) and the fNIRS (y), yielding a denoised signal for iteratively reweighted least squares (IRLS) and finally solving the IRLS to obtain the channelwise beta value (β) for subsequent analysis. Regarding functional connectivity analysis, for each of the possible channel pairs, the correlation between the β-values of two individual channels was estimated by a robust regression approach (Shevlyakov and Smirnov, 2011; Santosa et al., 2017), yielding a correlation coefficient (R), which was then Z-transformed (Z). The β- and Z values were averaged within each region of interest (i.e., left medial PFC, right medial PFC, left lateral PFC and right lateral PFC) for both animal and transport conditions (Figure 2). These values were used in the second-level fNIRS activation and functional connectivity analysis.



Group-level data analysis

Group-level analyses of behavioral and fNIRS data were performed using IBM SPSS Statistics Version 26.0 (IBM Corp., Armonk, NY). The normality of the data was first checked with the Shapiro–Wilk test. For non-normal behavioral and fNIRS data, the Aligned Rank Transform Contrasts [ART-C, (Elkin et al., 2021)] procedure was carried out to facilitate the administration of omnibus tests. Extreme outliers (i.e., values larger than the 75-percentile + 3* interquartile range/values smaller than the 25-percentile – 3* interquartile range) were removed from subsequent analyses.

To examine whether the TD and ASD groups were matched, independent sample t-tests (or Mann–Whitney tests for non-normal data) were performed for age, IQ, educational level and SRS-2 data. To test for the difference in reading comprehension performance between the two groups across different levels of difficulty (H1), subscores (from different levels) from the reading comprehension test were analyzed with 2 (group) × 3 (level of difficulty) mixed ANOVA. To test for the difference in semantic verbal fluency performance between the two groups across different word categories (H2), the total numbers of correct words generated for each category (i.e., animal or transport) were analyzed with 2 (group) × 2 (category) mixed ANOVA. To test for the difference in information processing efficiency between the two groups (H3), an independent sample t-test (or Mann–Whitney test for non-normal data) was performed for the five-choice mean reaction time from the CANTAB reaction time test. To investigate the difference in prefrontal fNIRS activation patterns between the two groups during different categories in the semantic verbal fluency test in the medial/lateral PFC of the left/right hemisphere (H4), a 2 (group) × 2 (category) × 2 (region) × 2 (hemisphere) mixed ANOVA was performed with the averaged β-values of the medial/lateral PFC of each hemisphere. To investigate the difference in prefrontal fNIRS functional connectivity between the two groups during different categories in the semantic verbal fluency test within the medial/lateral PFC of the left/right hemisphere (H5), a 2 (group) × 2 (category) × 2 (region) × 2 (hemisphere) mixed ANOVA was performed with the averaged Z values of the medial/lateral PFC of each hemisphere. For the above analyses, we focused on the interaction effect with group as well as the main effect of group, as this study intended to investigate the group difference between ASD and TD. Bonferroni corrections were applied to each of the hypotheses to correct for multiple comparisons. To explore the relationship between brain hemodynamic changes and behavioral performance, Pearson’s correlation analyses were performed at both the whole-group and subgroup levels for parameters found significant in the group comparisons. While the significance level for these exploratory analyses was kept at p = 0.05 (uncorrected), we also reported results with a p-value smaller than 0.1 given the exploratory nature of these analyses.





Results


Demographic details

The demographic details of the participants are listed in Table 1. Independent sample t-tests revealed that the ASD and TD groups were matched in age, full-scale IQ and educational level (ps > 0.158). Our ASD sample also showed markedly impaired current social functioning when compared to their TD counterparts, indicated by a statistically higher SRS-2 total score (p < 0.001).


TABLE 1    Participants’ demographic information.
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Behavioral performance

Regarding reading comprehension performance, a 2 × 3 mixed ANOVA showed a highly significant main effect of group [F(1,40) = 7.58, p = 0.009] with a non-significant group by level interaction effect [F(2,80) = 0.221, p = 0.802]. Post hoc independent t-tests for each difficulty level with Bonferroni corrections showed that ASD individuals performed poorer on high-level questions than TD individuals (p = 0.016; Table 2). Regarding semantic verbal fluency performance (Figure 3), a 2 × 2 mixed ANOVA showed a significant group by condition interaction effect [F(1,42) = 4.90, p = 0.032] with a non-significant main effect of group [F(1,42) = 2.04, p = 0.161]. Post-hoc t-tests with Bonferroni corrections showed that ASD individuals performed poorer in animal (t42 = 2.33, p = 0.024), but not transport (t42 = –0.265, p = 0.792), word generation. Regarding information processing efficiency, ASD individuals exhibited slower processing speed in CANTAB RTI five-choice mean reaction time (ASD mean = 473.87 ms, S.D. = 60.19 ms; TD mean = 430.24 ms, S.D. = 59.49 ms; t42 = 2.36, p = 0.023).


TABLE 2    Reading comprehension performance.
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FIGURE 3
A bar chart showing semantic fluency performance in ASD and TD individuals during different semantic categories. Individual data points are represented by circles. Error bars represent ± 1 standard deviation of the mean. *p <0.05.




Functional near-infrared spectroscopy prefrontal activation during the semantic verbal fluency task

Four extreme outliers (shown in Figure 4) were identified and removed from the analysis. A 4-way (Group × Condition × region × hemisphere) mixed ANOVA revealed a non-significant main effect of group (p = 0.67). All interaction effects were also non-significant (p > 0.06).
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FIGURE 4
Bar charts showing the fNIRS prefrontal activation (beta values) during animal and transport word generation in the right (A) and left (B) hemispheres. Individual data points are represented by circles. Extreme outliers are represented by asterisks. Error bars represent ± 1 standard deviation of the mean.




Functional near-infrared spectroscopy prefrontal functional connectivity during the semantic verbal fluency task

Regarding intrahemispheric functional connectivity within the medial and lateral PFC (Table 3), a 4-way (Group × Condition × region × hemisphere) mixed ANOVA revealed a highly significant main effect of group [F(1,42) = 11.36, p = 0.002] and a significant region × group interaction [F(1,42) = 6.92, p = 0.012]. In both animal and transport word generation, ASD individuals exhibited a lower PFC functional connectivity in all subregions in both hemispheres, but only the lower intrahemispheric functional connectivity in the left medial PFC during animal (t42 = 2.92, p = 0.006) and transport (t42 = 3.13, p = 0.003) word generation survived Bonferroni corrections. Other interaction effects remained non-significant (ps > 0.085).


TABLE 3    Intrahemisphere within-region functional connectivity during verbal fluency task in ASD and TD individuals (Z-transformed coherence values).
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Regarding interhemispheric functional connectivity (Table 4), a 3-way (Group × Condition × region) mixed ANOVA revealed a highly significant main effect of group [F(1,42) = 7.79. p = 0.008] and a significant region × group interaction [F(1,42) = 4.35, p = 0.043]. ASD individuals exhibited lower interhemispheric functional connectivity in the lateral PFC during animal word generation (t42 = 2.73, p = 0.009), while lower interhemispheric medial PFC functional connectivity was observed in the transport word generation condition (t42 = 2.75, p = 0.008). Other interaction effects remained non-significant (ps > 0.076).


TABLE 4    Interhemispheric functional connectivity during verbal fluency task in ASD and TD individuals (Z-transformed connectivity index).
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Brain-behavior relationships

The relationships between the strength of intrahemispheric functional connectivity in the left medial PFC and interhemispheric functional connectivity in the lateral PFC during animal word generation, processing speed, animal category verbal fluency performance and reading comprehension performance were examined. At the whole-group level, better animal word generation ability was found to be highly associated with better reading comprehension performance at a high level of difficulty (r42 = 0.508, p < 0.001; Figure 5A), which was also correlated with faster processing speed (r42 = –0.312, p = 0.044; Figure 5B). In turn, faster processing speed was significantly correlated with higher left medial PFC functional connectivity during animal word generation (r42 = –0.319, p = 0.040, Figure 5C). Subgroup analyses of the TD group revealed marginal significance in the correlation between reaction time and reading comprehension performance at a high level of difficulty (r22 = –0.42, p = 0.058) as well as between reaction time and the total number of animal words generated (r22 = 0.389, p = 0.067). For the ASD group, a higher total number of animal word generations was significantly associated with better reading comprehension performance at a high level of difficulty (r20 = 0.61, p = 0.006). Other correlations remained non-significant (ps > 0.1).
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FIGURE 5
(A) A scatter plot showing a highly significant positive correlation between reading comprehension performance in the high level of difficulty and semantic verbal fluency performance in the animal category (r42 = 0.508, p < 0.001); (B) a scatter plot showing a significant negative correlation between semantic verbal fluency performance and processing speed (r42 = –0.312, p = 0.044); (C) a scatter plot showing a significant negative correlation between processing speed and left medial PFC functional connectivity during animal word generation (r42 = –0.319, p = 0.040).





Discussion

Our results showed that high-functioning ASD children performed markedly poorer in the reading comprehension test, accompanied by a significantly slower information processing speed and fewer correct words generated in only the living things category (i.e., animal) in the semantic verbal fluency test. Regarding prefrontal hemodynamics, while ASD individuals exhibited brain activation patterns comparable to those of their healthy counterparts, they exhibited global intrahemispheric and interhemispheric hypoconnectivity in the PFC during the VF task. At the whole-group level, lower left medial PFC functional connectivity was significantly correlated with a slower processing speed, provided that such a reduction in processing speed was also correlated with poor animal word generation performance, a parameter that was highly correlated with a poorer reading comprehension performance at a high level of difficulty. We will discuss the above results in the following paragraphs.

Consistent with previous findings (Brown et al., 2013), our ASD sample exhibited general reading comprehension deficits when compared to their TD counterparts. Importantly, within the ASD sample as well as at the whole-group level, the positive relationship between the number of words generated in the animal category and reading comprehension ability is highly significant, which is in line with a previous study that reveals a clear association between executive function and reading comprehension in people with autism (Micai et al., 2021). Given the VF task parameter reflects one’s vocabulary size, which has been suggested to be a parameter reflecting the vocabulary knowledge of an individual (Dong et al., 2020), it is reasonable to observe a direct relationship between VF task and reading comprehension performance as vocabulary knowledge has shown to be fundamental to the reading processes (Braze et al., 2007, 2016). Specifically, the post hoc t-tests with Bonferroni corrections revealed that ASD individuals exhibited significant impairment when comprehending longer passages (approximately 100–200 words) involving social context (i.e., conversations between two people) and abstract concepts (i.e., metaphorical descriptions for an object). Indeed, previous studies have revealed that school-age children with high-functioning ASD showed impaired ability to identify correct information from written text with more than one paragraph (Saldaña and Frith, 2007), and this impairment was more pronounced when they were asked to answer inferential questions (Myles and Simpson, 2002; Tirado and Saldana, 2016). In addition, regarding the reading comprehension task adopted in our study, the metaphorical nature of the task at medium- and high-level of complexity further challenged individuals with ASD, given these people have been consistently shown to encounter difficulties in figurative language processing (Vulchanova et al., 2015; Kalandadze et al., 2018). This may possibly complicate the interpretation of results because figurative language processing is beyond the scope of vocabulary knowledge and reading processes. Taken together, these findings suggest that components in the reading comprehension task other than task complexity per se could contribute to the observed reading comprehension deficits in ASD, which warrants further investigation.

Consistent with a local study studying verbal fluency ability in adolescents with ASD (Yeung et al., 2019) and a study from another East Asian country (Inokuchi and Kamio, 2013), we found category-dependent semantic verbal fluency impairment in children with high-functioning ASD. Importantly, we further revealed that poorer semantic verbal fluency performance was associated with poorer reading comprehension performance at a high level of difficulty and less efficient information processing. Taken together with our observation in reading comprehension performance in ASD discussed above, these findings suggest that selective reading comprehension impairment in ASD may be associated with deficits in information processing. In addition, our findings may help explain why semantic verbal fluency impairment was not observed in some studies, such as in Ehlen et al. (2020). In Ehlen et al. (2020), participants were allowed 120 s instead of 60 s to complete a verbal fluency task. This increase in time may have reduced demand on information processing, which might result in comparable performance between ASD and TD individuals. Differences in culture may also play a role in the category-specific impairment in VF in ASD, which warrants further investigation.

We further investigated the neurophysiological mechanism underlying the verbal fluency task in terms of prefrontal activation and functional connectivity using fNIRS and found that ASD individuals exhibited global intrahemispheric and interhemispheric hypoconnectivity in the PFC. In line with our hypothesis and previous neuroimaging studies (Anderson et al., 2011; Zhu et al., 2014; Lee et al., 2016; Guo et al., 2020), abnormalities in both intrahemispheric and interhemispheric functional connectivity are evident in ASD patients when compared to their healthy counterparts during semantic verbal fluency tasks. Specifically, post-hoc-tests showed that the intrahemispheric functional connectivity of the left medial PFC is lower in ASD during both animal and transport word generation. For interhemispheric functional connectivity, while the lateral PFC was hypoconnected during animal word generation, the medial PFC was hypoconnected during transport word generation in ASD. Previous studies have shown that the medial PFC is the key hub for learning and recalling learned associations between context, events and corresponding adaptive responses (Euston et al., 2012). In the context of semantic fluency, the left medial PFC facilitates the recall of words that are relevant to a particular given category (i.e., animal, transportation), which are considered learned associations. Because individuals with ASD were found to have hypoconnected left medial PFC, they may less efficiently retrieve relevant responses when semantic cues are given during tasks, resulting in slower responses and the production of fewer correct words (i.e., poor performance) within a limited time (i.e., 60 s). If we apply the same logic to contextualize the hypoconnected left medial PFC during transport word generation, we should also expect significantly poorer behavioral performance in ASD than in TD individuals. Interestingly, our results show a comparable number of correct transport words generated by ASD and TD individuals, which may be due to the following: For TD individuals, transport word generation is consistently found to be more difficult for local populations (Chan and Poon, 1999; Chan and Chen, 2004). Moreover, different types of transportation are commonly found to be a theme of restricted interests in many ASD individuals (Mancil and Pearl, 2008). Thus, high-functioning ASD individuals, who are often found to have intact, or even greater, vocabulary reserve than TD individuals (Kim and Lord, 2013), may be more knowledgeable in words relevant to transportation, which in turn masked the expected deficits in verbal fluency. Although we identified a significant negative correlation between functional connectivity in the left medial PFC during animal word generation and reaction time (i.e., indicator of information processing efficiency) at the whole group level, this correlation did not survive in the subgroup analysis. Non-significant correlations in the subgroups might be due to a reduction in power with fewer participants included in the correlation analysis. Future studies might consider acquiring an adequate sample size to explore the relationship between prefrontal functional connectivity and reaction time within ASD individuals to confirm our claim. In terms of prefrontal activation during the verbal fluency task, consistent with a previous fMRI study (Baxter et al., 2019), we found no significant differences in activation patterns between ASD and TD children during the verbal fluency task. This finding contradicts a previous fNIRS study conducted by Yeung et al. (2019), who recruited adolescents with ASD. Multiple studies have revealed a differential brain activation pattern in children compared to adults during VF tasks (Holland et al., 2001; Gaillard et al., 2003). More studies are needed to investigate the effect of age on prefrontal activation during verbal fluency tasks in ASD.



Limitations

With a homogeneous group of patients and matched controls, this study provided important findings to aid our understanding of reading comprehension deficits in school-aged children with ASD. However, several limitations should be noted to ensure the careful interpretation of the results. First, although we attempted to achieve spatial consistency and ensure proper coverage of the medial and lateral prefrontal cortex across individuals by strictly adhering to a commonly performed procedure in many fNIRS studies, that is, the landmark identification approach according to the 10–10 (20) system (Huang et al., 2015; Yeung et al., 2019), the medial and lateral PFC ROIs may not exactly anatomically correspond to these two regions. However, high-quality structural MRI image recording might not be feasible for the currently recruited population, since children are well known to produce many motion artifacts that significantly impede image quality (Yuan et al., 2009); therefore, the spatial localization of targeted regions could not be improved by this method either. To improve the reliability in region-of-interest identification, a toolbox for deciding the NIRS probe arrangement for targeting a specific region of interest based on prerecorded MRI images, such as fNIRS Optodes’ Location Decider (fOLD, Zimeo Morais et al., 2018), could be used in future studies. Moreover, our sample only included high-functioning, right-handed ASD males, which limits the generalizability of the results. Given that previous studies have documented observable differences in behavioral VF performance between females and males (Burton et al., 2005; Sokołowski et al., 2020) and brain lateralization during VF tasks for people with different hand dominance (Gao et al., 2015), future studies might consider investigating how sex and handedness may contribute to differential PFC functional connectivity patterns during semantic VF tasks. In addition, verbal ASD subjects, regardless of their level of IQ, could be included for investigation, although this inclusion may also increase the heterogeneity of the sample, which could possibly contribute to other issues regarding results interpretation.



Conclusion

This study aimed to investigate the neurophysiological mechanism underlying reading comprehension performance in children with high-functioning ASD aged 8–12 years. Twenty-one right-handed boys with high-functioning ASD and 23 age-, IQ-, education-, sex-, and handedness-matched TD individuals underwent a reading comprehension test, an information processing efficiency test, and a semantic verbal fluency test with concurrent fNIRS measurement. The results showed that high-functioning ASD children had impaired reading comprehension, with comprehension performance at a high level of difficulty showing a significant association with poorer performance in semantic VF, a task tapping core executive functioning components involved in reading comprehension. In addition, poorer semantic VF performance was associated with slower information processing speed, which was contributed by reduced left medial PFC functional connectivity. Our study has provided important implications for the neuropsychological and neurophysiological mechanisms underlying reading comprehension deficits in ASD.
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