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One of the earliest neurobiological findings in autism has been the differences in the thalamocortical pathway connectivity, suggesting the vital role thalamus plays in human experience. The present functional MRI study investigated resting-state functional connectivity of the thalamus in 49 (autistic, ADHD, and neurotypical) young adults. All participants underwent structural MRI and eyes-open resting state functional MRI scans. After preprocessing the imaging data using Conn’s connectivity toolbox, a seed-based functional connectivity analysis was conducted using bilateral thalamus as primary seeds. Autistic participants showed stronger thalamic connectivity, relative to ADHD and neurotypical participants, between the right thalamus and right precentral gyrus, right pars opercularis-BA44, right postcentral gyrus, and the right superior parietal lobule (RSPL). Autistic participants also showed significantly increased connectivity between the left thalamus and the right precentral gyrus. Furthermore, regression analyses revealed a significant relationship between autistic traits and left thalamic-precentral connectivity (R2 = 0.1113), as well as between autistic traits and right postcentral gyrus and RSPL connectivity (R2 = 0.1204) in autistic participants compared to ADHD. These findings provide significant insights into the role of thalamus in coordinating neural information processing and its alterations in neurodevelopmental disorders.
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Introduction

Thalamus, one of the functional hubs of the brain, is primarily involved in relaying sensory information, modulating motor signals, and regulating consciousness (Hwang et al., 2017; Torrico and Munakomi, 2023). It is composed of extensive nuclei that provide connections over the entire cerebral cortex. These nuclei are either first-order, receiving input from ascending sensory pathways, or higher order, receiving input from the cortex. However, the notion that the thalamus solely serves as a passive relay station underestimates the substantial capabilities of this key structure in higher-order information processing. The anterior nuclei of the thalamus have been implicated in visual and verbal memory tasks, temporally before the hippocampus (Štillová et al., 2015). As previously reported, the thalamus has a role in monitoring and maintaining mental constructs (Wolff and Vann, 2019) and in language processing, especially linguistic procedural memory (Crosson, 2021). The medial dorsal thalamus, on the other hand, has been implicated in executive functioning due to its interconnectivity with the prefrontal cortex (Ouhaz et al., 2018). Hence, it is likely that any neurological or neurodevelopmental condition associated with structural and functional differences in the thalamus may accompany some of the symptoms commonly seen in autism spectrum disorder.

In addition to social communication difficulties and repetitive behaviors, autism is characterized by hyperreactivity or hyporeactivity to sensory information (Hodges et al., 2020). Considering extensive reports of behavioral, sensory, motor, and social differences seen in autistic individuals, it is quite possible that many of the neurobiological differences in autism on deeper inquest may lead to differences in anatomical organization and functional engagement of the thalamus. Although no significant volumetric differences in thalamus have been reported in autism (Edgar et al., 2015), the right posterior thalamus has shown some differences, such as a more expanded surface area, and a more concave shape for the left mediodorsal nucleus (Schuetze et al., 2016). Mouse studies mimicking human phenotypes in a monogenic form of autism have found that thalamic reticular nucleus (TRN)-mediated thalamic gain control may underlie perceptual and attentional differences seen in autism. This has led to the “leaky thalamus” hypothesis, which states that altered thalamic regulation allows irrelevant sensory information to bypass the thalamus and become more distracting. This imbalance in thalamic regulation could underlie differences in information processing in autism (Schmitt and Halassa, 2017). Furthermore, irregularities in thalamic neurochemistry can prevent thalamic ability to inhibit sensory information, leading to sensory over-responsivity (SOR). For instance, a recent study on the effects of neurotransmitters like the Gamma Aminobutyric Acid (GABA) and glutamate found that thalamic GABA in autistic participants predicted altered functional connectivity in regions implicated in SOR. Thus, thalamic neurochemistry differences in autism could interfere with selective attention to sensory stimuli (Wood et al., 2021), which, in turn, can lead to a cascade of higher order processing challenges.

Thalamic resting-state functional connectivity networks (RSN) in neurotypical brains are believed to be inhibitory in nature. As a relay station for transmitting information across cortical networks, the thalamus works to inhibit irrelevant and obstructive sensory input (Tang et al., 2011). In autism, fMRI studies have reported altered thalamic activation and connectivity patterns across cortical networks. The existing literature suggests patterns of hyperconnectivity during resting state between the thalamus and several other brain regions in autism. A recent study, using a relatively large sample of 368 autistic and 362 neurotypical participants from the Autism Brain Imaging Data Exchange (ABIDE), reported hyperconnectivity in autism between the thalamus and 19 cortical regions, including the frontoparietal cortices, left temporoparietal junction (LTPJ), and the bilateral posterior cingulate cortex (PCC; Iidaka et al., 2019). Another study on autistic adults found hyperconnectivity between the right thalamus and bilateral precentral and postcentral gyri, and right superior parietal lobule (RSPL; Ayub et al., 2021). Yet studies, examining autistic children and young adults (ages 8–25 years), found hyperconnectivity between the thalamus and the temporal cortex, suggesting less filtered relay of auditory information (Baran et al., 2023) and hyperconnectivity with limbic and sensorimotor regions perhaps caused by early overgrowth in these regions in autism (Nair et al., 2015). Temporal and motor thalamocortical hyperconnectivity have also been reported in autism, including the somatosensory cortex and prefrontal cortex (Woodward et al., 2017). Studies examining infants and young children found significant hyperconnectivity between the thalamus and occipital and motor regions (Nair et al., 2021), and between the thalamus and auditory cortex, which was found to be associated with sensory and sleep difficulties (Linke et al., 2023). Despite the differences in specific brain regions found in each study, there is a common occurrence of increased connectivity in thalamic RSN in autism. This may lead to increased and less filtered sensory information being relayed to the cortex, which may alter sensory processing in general.

Another neurodevelopmental disorder, attention-deficit hyperactivity disorder (ADHD) is characterized by hyperactivity, inattention, and impulsivity in childhood with a risk of persisting into adulthood (Wolraich et al., 2019). Despite the increased prevalence of ADHD, there is limited research on thalamic connectivity in ADHD. This may be due to several factors including, but not limited to, the specific symptomatology and the impact of commonly used ADHD medications on MRI signal and functional connectivity. The role of the thalamus in ADHD symptomatology is widely neglected, despite having significant effects on arousal and motivation, as demonstrated by EEG data (Bailey and Joyce, 2015). The thalamus is implicated in attentional control by linking memory and visual focus (de Bourbon-Teles et al., 2014) and mediating arousal and selective attention (Portas et al., 1998). The thalamus also plays a role in impulsivity through modulating inhibitory control (Halassa and Acsády, 2016; Wei and Wang, 2016). Furthermore, studies have shown that the most common prescription medications to treat ADHD, such as methylphenidate and amphetamine (Subcommittee on Attention-Deficit/Hyperactivity Disorder, Steering Committee on Quality Improvement and Management et al., 2011; Wolraich et al., 2019) can alter thalamocortical connectivity in children and adults with ADHD (Avram et al., 2022; Kaiser et al., 2022).

The majority of resting-state connectivity studies on the thalamus in ADHD focus on cortico-striato-thalamo-cortical (CSTC) loops (Posner et al., 2014). A recent study reported a positive correlation between thalamocortical connectivity with the frontoparietal control network and severity of hyperactive or impulsive symptoms as measured by the ADHD Rating Scale-IV (Hong, 2023). Another study found hyperconnectivity between the thalamus and the left putamen, which is involved in higher-level cognitive processes, and abnormal connectivity between the putamen and CSTC loops in ADHD participants who remained medication-naïve (Cao et al., 2009). Dysconnectivity between the thalamus and striatum was reported to be caused by disrupted white matter fiber connections in children with ADHD (Xia et al., 2012). Yet another study on children with ADHD found hyperconnectivity between the occipital and parietal thalamic region of interest and the left putamen and right caudate head, which is implicated in spatial span working memory (Mills et al., 2012).

Thus, considering the potential role of thalamus in neurodevelopmental disorders in general, the primary goal of the current study is to examine functional connectivity in autism and ADHD by focusing on the thalamus as the seed. Based on previous findings of hyperactivation and connectivity patterns of the thalamus with several brain regions, we predict greater thalamic connectivity to motor, somatosensory, and visuospatial areas in autistic, compared to NT and ADHD, participants during resting state fMRI. The findings of this study will provide significant insights into alterations in thalamic connectivity in neurodevelopmental disorders. We also predict that a greater presence of autistic symptoms, measured by the autism spectrum quotient (AQ), will have a positive relationship with thalamic connectivity. This is based on previous findings that autistic traits such as sensory modulation difficulties most likely involves functional alterations in thalamocortical connectivity, as the thalamus is known to connect primary sensory input with higher-order cortical areas.



Materials and methods


Study participants

The current study includes 49 young adults (nautistic = 15; nadhd = 19; nneurotypical = 15). The following criteria were used for inclusion of participants: participants’ age between 16 and 30 years, full-scale intelligence quotient (FSIQ) of 70 or higher, a self-reported clinical diagnosis of ASD and a cut-off score of 26 or higher on the AQ for autistic participants (Baron-Cohen et al., 2001), a self-reported clinical diagnosis of ADHD and a score of 4 or higher on the Adult ADHD Self Report Scale (ASRS) short-form (Kessler et al., 2005). Participants that self-reported a comorbid diagnosis of ASD + ADHD were excluded from the current study; thus, none of the ASD participants in this study had co-occurring ADHD. Participants taking stimulant medications were requested to withhold taking their medication 24 h prior to their scans (100% compliance reported). Participants were excluded from the study if they had a history of a severe mental disorder (e.g., bipolar, schizophrenia), intellectual disability, obsessive-compulsive disorder, Tourette’s syndrome, epilepsy, traumatic brain injury, or concussion with loss of consciousness. Participants currently using antipsychotics, anticonvulsants, benzodiazepines, or chemotherapy agents were excluded. Current psychotropic prescription medication use was recorded for each participant. Medications included stimulants (n = 10), norepinephrine-dopamine reuptake inhibitors (NDRI; n = 4), selective serotonin reuptake inhibitors (SSRI; n = 7), selective norepinephrine reuptake inhibitors (SNRI; n = 3), anxiolytics (n = 1), alpha 2a adrenergic receptor agonist (n = 1), and histamine H1 agonist (n = 1). No psychotropic medication use was reported in the TD group. Several participants were currently taking more than one psychotropic medication (n = 6). Detailed demographic information is provided in Table 1.



TABLE 1 Participant demographic information.
[image: Table1]

All participants underwent structural MRI and resting state fMRI scans on a Siemens 3 Tesla Prisma magnet. We used a 20-channel phased array head coil for imaging. The structural data were acquired using T1-weighted MPRAGE (magnetization-prepared rapid gradient echo) sequence with a TR (repetition time) =2,400 ms; TE (echo time) =2.22 ms; FOV (field of view) = 256 mm; matrix size = 208 × 300 × 320, ascending interleaved acquisition yielding 208 transverse slices, voxel size = 0.8 × 0.8 × 0.8 mm3; slice thickness = 0.08 mm. inversion time = 1; flip angle = 8°; bandwidth = 220 Hz/Px, PAT factor = 2 (GRAPPA mode). The resting fMRI data were acquired using a multiband sequence involving two acquisitions adding up to 10.92 min. One acquisition was in the anterior to posterior direction (A > P) and other in the posterior to anterior direction (P > A) by using a multiband echoplanar imaging sequence each 5.46 min long. The imaging protocol involved TR = 800 ms; TE = 37 ms; flip angle =52°, bandwidth = 2,290 Hz/Px, FOV = 208 ms; multiband acceleration factor = 8; interleaved multi acquisition mode; slice thickness = 2.0 mm, voxel size = 2.0 × 2.0 × 2.0 mm; yielding 72 transversal slices. During resting fMRI, participants were instructed to keep their eyes open and look at a white fixation cross on a black background which was presented on an MR-safe BOLD ++ screen. The image processing was done in Conn Connectivity toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012) and Statistical Parametric Mapping (SPM12) software (Wellcome Trust Centre for Neuroimaging; http://www.fil.ion.ucl.ac.uk/spm). The study used Conn toolbox’s default preprocessing pipeline for volume-based analyses. All participants’ functional images were realigned and unwarped and head motion outliers were identified. The head motion parameters created after realignment procedure were taken as a first level covariate. The functional and structural images were normalized onto a standard MNI (Montreal Neurological Institute) space, and the structural images were then segmented into gray matter, white matter, and cerebrospinal fluid (CSF; Ashburner and Friston, 2005). The spatially normalized images were subjected to smoothing using a spatial convolution Gaussian kernel of 5 mm full width at half maximum (FWHM). A band pass filter of 0.008–0.09 Hz was applied to the smoothed data. Denoising was achieved using a procedure called aCompcor (anatomical component-based noise correction procedure). The aCompcor corrects for physiological noise by regressing the white matter and CSF (Behzadi et al., 2007) parameters derived from outlier scans or scrubbing (Friston et al., 1996), six head motion parameters (x, y, and z directions of translation; and pitch, roll, and yaw angles of rotation) and their first order derivatives of realignment. The maximum head motion, mean head motion, and framewise displacement are shown in Table 1.



Seed-to-voxel connectivity analysis

To examine the resting state fMRI functional connectivity across the autistic, ADHD, and NT participants, seed-to-voxel correlation analysis was performed for two seed regions, the right and left thalamus. The left and right thalamic regions were chosen to help further explain the relationship between thalamocortical connectivity and sensorimotor function, restricted/repetitive behaviors, and somatosensory input. The average time course of resting fMRI BOLD signal from right and left thalamus was extracted and correlated with the time course of voxels from the rest of the brain to obtain the Pearson correlation coefficients. Those with a statistically significant higher and lower correlation were displayed as a functional connectivity map. The seed-to-voxel connectivity between autism and ADHD, autism and NT, and ADHD and NT were analyzed by using two-sampled t-tests. The results were statistically constrained using a voxel level threshold of p = 0.001 (uncorrected) and cluster level threshold of p = 0.005 (familywise error corrected). The functional connectivity maps for the seed ROIs (right and left thalamus) for autism > ADHD, autism > NT, and ADHD > NT were created using conn functional connectivity toolbox. A linear regression graph was plotted for each of the significant clusters with AQ raw cut off scores of autism and ADHD.




Results

The group comparison of functional connectivity showed statistically significant increase in connectivity in autistic, compared to ADHD, participants between the right thalamus and right precentral gyrus, right pars opercularis-BA44, right postcentral gyrus, and RSPL. The left thalamus in autistic participants showed significantly increased connectivity in the right precentral gyrus relative to ADHD. Thus, autistic participants showed stronger connectivity, relative to ADHD, of both left and right thalamus as the seed ROI with several other regions (see Figure 1; Table 2).
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FIGURE 1
 Seed-to-voxel connectivity of right and left thalamus. Autistic participants showing hyperconnectivity compared to ADHD participants.




TABLE 2 Group differences in Thalamic connectivity across autism, NT, and ADHD participants.
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The two-sampled t-test for the contrast; autism > NT, with right thalamus as the seed, showed statistically significant hyperconnectivity for autistic, relative to NT, in the right post and precentral gyrus, RSPL, right anterior supramarginal gyrus, right inferior frontal gyrus pars opercularis, left pre and post central gyrus, left supramarginal gyrus, left parietal opercular cortex, bilateral central opercular cortex, and the right superior temporal gyrus (RSTG). For the left thalamus as a seed, autistic participants, relative to NT, showed statistically significant increase in connectivity in the left inferior lateral occipital cortex (see Figure 2; Supplementary Figure S1).
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FIGURE 2
 Seed-to-voxel connectivity of right and left thalamus. Autistic participants showing hyperconnectivity compared to NT participants.


The seed-to-voxel analysis with right and left thalamus did not result in any significant clusters for the contrast, ADHD > NT. Connectivity values from the clusters were obtained from the contrast autism > ADHD and autism > NT for left and right thalamus seeds. The regression analyses revealed a relationship that trends toward significance between autistic traits and left thalamic-precentral gyrus connectivity (R2 = 0.1113). The regression analyses also revealed a relationship that trends toward significance between autistic traits and right thalamic-right postcentral gyrus and RSPL connectivity (R2 = 0.1204) in autistic participants compared to ADHD. We plotted a linear regression graph for each of the clusters with AQ raw cut off scores for autism and ADHD (see Figure 3). Between subject 2 × 2 ANOVA was performed to analyze the simple effects of the three groups (autistic, ADHD, NT), with left and right thalamus as the seed regions and by controlling the mean head motion with a voxel threshold, p = 0.001 (uncorrected); cluster threshold, p = 0.005 (familywise error corrected). Peak regions obtained were presented in Supplementary Table S1 and Supplementary Figure S2.
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FIGURE 3
 (A) Contrast Autism > ADHD, left thalamus as seed: linear regression plot of the connectivity values from the right precentral gyrus with the AQ raw cut off scores from autistic participants; (B) the contrast Autism > ADHD, right thalamus as seed; the linear regression plot of the connectivity values from right post central gyrus and right superior parietal lobule with the AQ raw cut off scores from autistic participants; (C) the contrast Autism > ADHD, left thalamus as seed: linear regression plot of connectivity values from right precentral gyrus with the AQ raw cut off scores from ADHD participants; (D) shows the contrast Autism > ADHD, right thalamus as seed: linear regression plot of connectivity values from right post central gyrus and right superior parietal lobule with the AQ raw cut off scores from ADHD participants.




Discussion

The main finding of this study is a significant thalamic hyperconnectivity in autistic young adults, but not in young adults with ADHD. The finding of thalamic hyperconnectivity in autistic young adults is consistent with the literature. There have been extensive reports on hyperconnectivity between the thalamus and various other cortical regions in autistic adults (Nair et al., 2015; Ayub et al., 2021; Baran et al., 2023). A relatively recent study using ABIDE data found that thalamocortical hyperconnectivity was correlated with pathophysiological changes in autistic young adults (Iidaka et al., 2019). Another study suggested that autism is characterized by increased connectivity between the thalamus and temporal, somatomotor, and parietal regions (Hwang et al., 2021).

Other studies have reported hypoconnectivity in thalamocortical regions in ADHD. A previous study examining rs-fMRI scans of young children with ADHD found decreased connectivity between the thalamus and the right precentral, bilateral lingual, bilateral occipital, and the fusiform areas (Mills et al., 2012). Furthermore, another study found reduced activation in the thalamus, caudate, and the bilateral inferior prefrontal cortex, and the severity of ADHD symptoms were negatively correlated with the extent of activation (Cubillo et al., 2010). There are only a few studies that compare the functional connectivity profiles in ADHD and autism (Jung et al., 2019; Albajara Sáenz et al., 2020). Among them, fewer investigate thalamic resting state connectivity. One such study focused on motor inhibition found reduced inferior fronto-insular-thalamic connectivity in young autistic and ADHD adults during failed inhibition. However, no connectivity differences were found between those in separate autistic or ADHD groups (Lukito et al., 2023). In the following paragraphs, we discuss the connectivity profiles in ADHD and autism evident from the present study.

We found hyperconnectivity of the thalamus to cortical areas such as the somatosensory cortex, motor cortex, and SPL in our autistic participants. The post central gyrus has been found to have a role in perceiving somatic sensations from the body including touch, pressure, temperature, and pain (DiGuiseppi and Tadi, 2023; Raju and Tadi, 2023). The precentral gyrus, where the primary motor cortex is located, is central to the control of voluntary motor movement, and the SMA in planning voluntary limb movement (Banker and Tadi, 2023). The SPL, which is also part of the default mode network (DMN), has been found to be involved in mental imagery, recalling personal experiences, daydreaming and introspection (Cieri and Esposito, 2018) as well as in attention, visuospatial perception, and manipulation of objects (Koenigs et al., 2009). These results highlight the previous findings of the key role of thalamocortical pathways in sensory processing and perception, especially in carrying information from primary sensory organs to various cortical areas. Thus, the overall connectivity profile evident from the current study point to strong relationships of thalamus with visuospatial, motor, and somatosensory areas within autism.

While both left and right thalamus in autism have shown increased connectivity with right precentral/motor areas, the right thalamus, especially, was strongly connected to the right pars opercularis, post central, primary motor, and superior parietal areas. Hyperconnectivity within these regions may lead to suboptimal recruitment of neural networks, which, in turn, can affect the quality of behavioral engagement (Sours et al., 2015; Hillary and Grafman, 2017; Baran et al., 2023). A previous fMRI study found disrupted thalamic connectivity with bilateral pre and postcentral gyrus and LSPL in autistic adolescents when responding to aversive auditory and tactile stimuli, suggesting difficulties with filtering and/or integrating sensory information (Green et al., 2017). Another study from our own group found that autistic individuals with a greater instance of restricted interests and behaviors showed reduced recruitment of SPL during motor learning (Travers et al., 2015). In general, large-scale cortical–subcortical connectivity differences have been implicated in social communication and repetitive behaviors seen in autism (Fu et al., 2019; Tian et al., 2022). Specifically, Fu et al. (2019) reports different patterns of resting state functional connectivity in autism between thalamus and sensory regions such as the right postcentral gyrus and paracentral lobule involving the precentral gyrus, while evaluating the transient aspects of resting state functional connectivity. The current findings of hyperconnectivity between the right thalamus and pre and postcentral gyrus, sensory motor regions, are in line with previous investigations by Ayub et al. (2021), which demonstrated similar findings in autism compared with NT. The present study along with others investigating thalamus connectivity to sensorimotor cortical regions (Nair et al., 2013, 2015; Cerliani et al., 2015; Woodward et al., 2017; Ayub et al., 2021) suggest that a hyper connected profile of autistic brain may underlie the differences in sensorimotor processing seen in autistic individuals. These findings align with another study of a large sample of autistic participants that reported hyperconnectivity of the thalamus with the sensorimotor cortex, prefrontal cortices, and the temporal lobe. This was attributed to general cortical excitability differences and sensorimotor symptoms in autistic, compared to non-autistic, individuals (Woodward et al., 2017).

Thus, it should be noted that sensorimotor differences seem to be central to the characteristics of autism, such as differences in praxis and grip force (MacNeil and Mostofsky, 2012; Wang et al., 2015). A core feature of autism is restricted/repetitive behaviors, such as motor repetitions like hand flapping, self-stimulating behaviors, and manipulating objects, which can be calming to autistic individuals (Caldwell-Harris, 2021). These repetitive motor behaviors remain present in many autistic adults (Kapp et al., 2019). Atypical somatosensory input, such as tactile defensiveness is also seen in autism (Cascio et al., 2015). Most studies on sensory processing focus on children; however, a study on an autistic adult sample found that unusual sensory processing extends well into adulthood (Crane et al., 2009). Yet, other symptoms, such as poor visual/spatial skills have been reported in autistic children compared to their peers (Zhang et al., 2020). The current findings demonstrated widespread hyperconnectivity of the thalamus to cortical regions. Consistent findings from previous studies, together with the findings of our study, emphasize the strategic role of the thalamus in modulating sensorimotor signaling in the cortex. Previous studies have portrayed the thalamus as a critical functional hub for relaying sensory information to the cortex and for controlling motor signals (Hwang et al., 2017). Thalamocortical connectivity has been found to be associated with autism symptoms in both autistic and non-autistic adults (Ayub et al., 2021). The converging results support and extend previous observations regarding hyperconnectivity between thalamic and sensory regions.

We found that thalamic hyperconnectivity was related to an increase of severity in autistic traits as measured by the AQ. Analyses of brain-behavior associations using AQ have provided a significant relationship of thalamocortical connectivity and autistic traits. It appears that hyperconnectivity of the thalamocortical pathway predicts autistic symptoms. Autism and ADHD are neurodevelopmental disorders that often (50%–70% in autistic individuals) co-occur (Hours et al., 2022) and exhibit an overlap in symptom profiles regarding attention, performance monitoring, face processing, and sensory processing (Lau-Zhu et al., 2019). It may be hard to differentiate between these disorders in a clinical setting, especially measures like AQ, which may be limited in differentiating certain symptom profiles (Sizoo et al., 2009). Hence, connectivity patterns in thalamocortical pathways may provide insights into the mechanisms underlying autistic traits. Although the ADHD participants in the current study have lower AQ scores, the ADHD participants who had higher AQ scores exhibited greater connectivity between the left thalamus and the right precentral gyrus, and the right thalamus and the right precentral gyrus and the right pars opercularis (see Figure 3). Hyperconnectivity between these regions may contribute to autistic traits, such as difficulty in attention skills and differences om visuospatial perception (Baron-Cohen et al., 2001). Thus, it should be noted that among neurotypical and developmental disorders participants, thalamocortical hyperconnectivity seems to be specifically related to autistic symptoms.


Limitations and future directions

The present study provides valuable new insights on thalamus connectivity during resting state in young adult autistic and ADHD participants. One limitation of the study is the relatively smaller sample size; however, the unique dataset was collected by our lab, which are autistic, ADHD, and NT participants who underwent the same protocol of testing and imaging (Bednarz et al., 2021, 2022; Svancara et al., 2022; Karavallil Achuthan et al., 2023). Although the sample size is smaller, it should be noted that none of the participants in the autistic group have a comorbid diagnosis of ADHD, nor did the ADHD group have a comorbid diagnosis of autism. Additionally, our study protocol had strict medication guidelines that all eligible participants must have been able to adhere to.

Regarding new directions, including younger participants may provide an opportunity to examine the developmental profile of thalamic connectivity. Future studies may explore thalamus connectivity in younger autistic children and in those with co-occurring autism and ADHD. Longitudinal studies with larger sample sizes in each group may elucidate more insights on the transient changes in connectivity as a function of brain development. Future studies could analyze hyperconnectivity of the thalamus to motor, somatosensory, and visuospatial cortices along with behavioral assessments and evaluations that measure the severity of symptoms such as motor planning, aversive reaction to tactile stimuli, and visual spatial skills. This could potentially help in planning interventions and treatment strategies in neurodevelopmental disorders.




Conclusion

The present study demonstrates that the thalamic response in autism is significantly correlated with a wide range of cortical areas. There is a significantly stronger thalamic connectivity in the autistic participants when compared to ADHD and neurotypical participants, such as increased connectivity with right precentral/motor areas in both the left and right thalamus. Overall, this study found hyperconnectivity of thalamus in autism with various sensory areas of the brain. The present findings affirm the strategic role of thalamus in relaying sensory information to motor, somatosensory, and visuospatial areas which may provide insights into differences in sensory sensitivity in autistic individuals. Considering the limited number of studies focusing on thalamic connectivity in autism and ADHD, the findings of the current study provide valuable information on thalamic functional connectivity in neurodevelopmental disorders.



Data availability statement

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



Ethics statement

The studies involving humans were approved by University of Alabama at Birmingham Institutional Review Board. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

SK: Data curation, Formal analysis, Writing – original draft. DS: Conceptualization, Methodology, Resources, Writing – review & editing. PA: Writing – original draft, Writing – review & editing. CV: Writing – original draft, Writing – review & editing. HH: Conceptualization, Investigation, Methodology, Writing – review & editing. RK: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The funding support for this study was provided by the UAB Civitan International Research Center Pilot Research Award.



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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2023.1279909/full#supplementary-material



References

 Albajara Sáenz, A., Septier, M., van Schuerbeek, P., Baijot, S., Deconinck, N., Defresne, P., et al. (2020). ADHD and ASD: distinct brain patterns of inhibition-related activation? Transl. Psychiatry 10, 1–10. doi: 10.1038/s41398-020-0707-z 

 Ashburner, J., and Friston, K. J. (2005). Unified segmentation. NeuroImage. 26, 839–851. doi: 10.1016/j.neuroimage.2005.02.018

 Avram, M., Müller, F., Rogg, H., Korda, A., Andreou, C., Holze, F., et al. (2022). Characterizing Thalamocortical (Dys)connectivity following D-amphetamine, LSD, and MDMA administration. Biol. Psychiatry 7, 885–894. doi: 10.1016/j.bpsc.2022.04.003 

 Ayub, R., Sun, K. L., Flores, R. E., Lam, V. T., Jo, B., Saggar, M., et al. (2021). Thalamocortical connectivity is associated with autism symptoms in high-functioning adults with autism and typically developing adults. Transl. Psychiatry 11, 1–9. doi: 10.1038/s41398-021-01221-0 

 Bailey, T., and Joyce, A. (2015). The role of the thalamus in ADHD symptomatology and treatment. Appl. Neuropsychol. Child 4, 89–96. doi: 10.1080/21622965.2015.1005475 

 Banker, L., and Tadi, P. (2023). “Neuroanatomy, precentral gyrus” in StatPearls (Treasure Island (FL): StatPearls Publishing). Available at: http://www.ncbi.nlm.nih.gov/books/NBK544218/

 Baran, B., Nguyen, Q. T. H., Mylonas, D., Santangelo, S. L., and Manoach, D. S. (2023). Increased resting-state Thalamocortical functional connectivity in children and young adults with autism Spectrum disorder. Autism Res. 16, 271–279. doi: 10.1002/aur.2875 

 Baron-Cohen, S., Wheelwright, S., Skinner, R., Martin, J., and Clubley, E. (2001). The autism-Spectrum quotient (AQ): evidence from Asperger syndrome/high-functioning autism, males and females, scientists and mathematicians. J. Autism Dev. Disord. 31, 5–17. doi: 10.1023/a:1005653411471 

 Bednarz, H. M., Kana, R. K., Svancara, A. M., Sherrod, G. M., and Stavrinos, D. (2021). Neuropsychological predictors of driving hazard detection in autism spectrum disorder and ADHD. Child Neuropsychology: A Journal on Normal and Abnormal Development in Childhood and Adolescence. 27, 857–887. doi: 10.1080/09297049.2021.1908531

 Bednarz, H. M., Stavrinos, D., Svancara, A. M., Sherrod, G. M., McManus, B., Deshpande, H. D., et al. (2022). Executive function brain network activation predicts driving hazard detection in ADHD. Brain Topogr. 35, 251–267. doi: 10.1007/s10548-021-00877-7

 Behzadi, Y., Restom, K., Liau, J., and Liu, T. T. (2007). A component based noise correction method (CompCor) for BOLD and perfusion based FMRI. Neuroimage 37, 90–101. doi: 10.1016/j.neuroimage.2007.04.042 

 Caldwell-Harris, C. L. (2021). An explanation for repetitive motor behaviors in autism: facilitating inventions via trial-and-error discovery. Front. Psych. 12:657774. doi: 10.3389/fpsyt.2021.657774 

 Cao, X., Cao, Q., Long, X., Sun, L., Sui, M., Zhu, C., et al. (2009). Abnormal resting-state functional connectivity patterns of the putamen in medication-Naïve children with attention deficit hyperactivity disorder. Brain Res. 1303, 195–206. doi: 10.1016/j.brainres.2009.08.029 

 Cascio, C. J., Chang, G., Schauder, K. B., Key, A. P., and Yoder, P. (2015). Somatosensory event-related potentials and association with tactile behavioral responsiveness patterns in children with ASD. Brain Topogr. 28, 895–903. doi: 10.1007/s10548-015-0439-1 

 Cerliani, L., Mennes, M., Thomas, R. M., Di Martino, A., Thioux, M., and Keysers, C. (2015). Increased functional connectivity between subcortical and cortical resting-state networks in autism Spectrum disorder. JAMA Psychiatry 72, 767–777. doi: 10.1001/jamapsychiatry.2015.0101 

 Cieri, F., and Esposito, R. (2018). Neuroaging through the Lens of the resting state networks. Biomed. Res. Int. 2018:e5080981, 1–10. doi: 10.1155/2018/5080981 

 Crane, L., Goddard, L., and Pring, L. (2009). Sensory processing in adults with autism Spectrum disorders. Autism 13, 215–228. doi: 10.1177/1362361309103794

 Crosson, B. (2021). The role of the thalamus in declarative and procedural linguistic memory processes. Front. Psychol. 12:682199. doi: 10.3389/fpsyg.2021.682199 

 Cubillo, A., Halari, R., Ecker, C., Giampietro, V., Taylor, E., and Rubia, K. (2010). Reduced activation and inter-regional functional connectivity of fronto-striatal networks in adults with childhood attention-deficit hyperactivity disorder (ADHD) and persisting symptoms during tasks of motor inhibition and cognitive switching. J. Psychiatr. Res. 44, 629–639. doi: 10.1016/j.jpsychires.2009.11.016 

 de Bourbon-Teles, J., Bentley, P., Koshino, S., Shah, K., Dutta, A., Malhotra, P., et al. (2014). Thalamic control of human attention driven by memory and learning. Curr. Biol. 24, 993–999. doi: 10.1016/j.cub.2014.03.024 

 DiGuiseppi, J., and Tadi, P. (2023). “Neuroanatomy, postcentral gyrus” in StatPearls (Treasure Island (FL): StatPearls Publishing)

 Edgar, J. C., Heiken, K., Chen, Y.-H., Herrington, J. D., Chow, V., Liu, S., et al. (2015). Resting-state alpha in autism Spectrum disorder and alpha associations with thalamic volume. J. Autism Dev. Disord. 45, 795–804. doi: 10.1007/s10803-014-2236-1 

 Friston, K. J., Williams, S., Howard, R., Frackowiak, R. S., and Turner, R. (1996). Movement-related effects in fMRI time-series. Magn. Reson. Med. 35, 346–355. doi: 10.1002/mrm.1910350312

 Fu, Z., Yiheng, T., Di, X., Yuhui, D., Sui, J., Biswal, B. B., et al. (2019). Transient increased thalamic-sensory connectivity and decreased whole-brain dynamism in autism. NeuroImage Mapp Dis Brains 190, 191–204. doi: 10.1016/j.neuroimage.2018.06.003 

 Green, S. A., Hernandez, L., Bookheimer, S. Y., and Dapretto, M. (2017). Reduced modulation of Thalamocortical connectivity during exposure to sensory stimuli in ASD. Autism Res. 10, 801–809. doi: 10.1002/aur.1726

 Halassa, M. M., and Acsády, L. (2016). Thalamic inhibition: diverse sources, diverse scales. Trends Neurosci. 39, 680–693. doi: 10.1016/j.tins.2016.08.001 

 Hillary, F. G., and Grafman, J. H. (2017). Injured brains and adaptive networks: the benefits and costs of hyperconnectivity. Trends Cogn. Sci. 21, 385–401. doi: 10.1016/j.tics.2017.03.003

 Hodges, H., Fealko, C., and Soares, N. (2020). Autism Spectrum disorder: definition, epidemiology, causes, and clinical evaluation. Transl. Pediatr. 9, S55–S65. doi: 10.21037/tp.2019.09.09

 Hong, S.-B. (2023). Thalamocortical functional connectivity in youth with attention-deficit/hyperactivity disorder. J. Psychiatry Neurosci. 48, E50–E60. doi: 10.1503/jpn.220109 

 Hours, C., Recasens, C., and Baleyte, J.-M. (2022). ASD and ADHD comorbidity: what are we talking about? Front. Psych. 13:424. doi: 10.3389/fpsyt.2022.837424 

 Hwang, K., Bertolero, M. A., Liu, W. B., and D’Esposito, M. (2017). The human thalamus is an integrative hub for functional brain networks. J. Neurosci. 37, 5594–5607. doi: 10.1523/JNEUROSCI.0067-17.2017 

 Hwang, W. J., Kwak, Y. B., Cho, K. I. K., Lee, T. Y., Oh, H., Ha, M., et al. (2021). Thalamic connectivity system across psychiatric disorders: current status and clinical implications. Biol Psychiatry Glob Open Sci 2, 332–340. doi: 10.1016/j.bpsgos.2021.09.008 

 Iidaka, T., Kogata, T., Mano, Y., and Komeda, H. (2019). Thalamocortical Hyperconnectivity and amygdala-cortical Hypoconnectivity in male patients with autism Spectrum disorder. Front. Psych. 10:252. doi: 10.3389/fpsyt.2019.00252 

 Jung, M., Yiheng, T., Park, J., Jorgenson, K., Lang, C., Song, W., et al. (2019). Surface-based shared and distinct resting functional connectivity in attention-deficit hyperactivity disorder and autism Spectrum disorder. Br. J. Psychiatry J. Ment. Sci. 214, 339–344. doi: 10.1192/bjp.2018.248 

 Kaiser, A., Broeder, C., Cohen, J. R., Douw, L., Reneman, L., and Schrantee, A. (2022). Effects of a single-dose methylphenidate challenge on resting-state functional connectivity in stimulant-treatment naive children and adults with ADHD. Hum. Brain Mapp. 43, 4664–4675. doi: 10.1002/hbm.25981 

 Kapp, S. K., Steward, R., Crane, L., Elliott, D., Elphick, C., Pellicano, E., et al. (2019). ‘People should be allowed to do what they like’: autistic adults’ views and experiences of stimming. Autism 23, 1782–1792. doi: 10.1177/1362361319829628 

 Karavallil Achuthan, S., Stavrinos, D., Holm, H. B., Anteraper, S. A., and Kana, R. K. (2023). Alterations of functional connectivity in autism and attention-deficit/hyperactivity disorder revealed by multi-voxel pattern analysis. Brain Connect. doi: 10.1089/brain.2023.0006

 Kessler, R. C., Adler, L., Ames, M., Demler, O., Faraone, S., Hiripi, E., et al. (2005). The World Health Organization adult ADHD self-report scale (ASRS): a short screening scale for use in the general population. Psychol. Med. 35, 245–256. doi: 10.1017/s0033291704002892

 Koenigs, M., Barbey, A. K., Postle, B. R., and Grafman, J. (2009). Superior parietal cortex is critical for the manipulation of information in working memory. J. Neurosci. 29, 14980–14986. doi: 10.1523/JNEUROSCI.3706-09.2009

 Lau-Zhu, A., Fritz, A., and McLoughlin, G. (2019). Overlaps and distinctions between attention deficit/hyperactivity disorder and autism Spectrum disorder in young adulthood: systematic review and guiding framework for EEG-imaging research. Neurosci. Biobehav. Rev. 96, 93–115. doi: 10.1016/j.neubiorev.2018.10.009 

 Linke, A. C., Chen, B., Olson, L., Ibarra, C., Fong, C., Reynolds, S., et al. (2023). Sleep problems in preschoolers with autism Spectrum disorder are associated with sensory sensitivities and Thalamocortical Overconnectivity. Biol Psychiatry Cogn Neurosci Neuroimaging 8, 21–31. doi: 10.1016/j.bpsc.2021.07.008 

 Lukito, S., O’Daly, O. G., Lythgoe, D. J., Hodsoll, J., Maltezos, S., Pitts, M., et al. (2023). Reduced inferior Fronto-insular-thalamic activation during failed inhibition in young adults with combined ASD and ADHD compared to typically developing and pure disorder groups. Transl. Psychiatry 13, 1–9. doi: 10.1038/s41398-023-02431-4 

 MacNeil, L. K., and Mostofsky, S. H. (2012). Specificity of dyspraxia in children with autism. Neuropsychology 26, 165–171. doi: 10.1037/a0026955 

 Mills, K., Bathula, D., Dias, T. C., Iyer, S., Fenesy, M., Musser, E., et al. (2012). Altered Cortico-striatal–thalamic connectivity in relation to spatial working memory capacity in children with ADHD. Front. Psych. 3:2. doi: 10.3389/fpsyt.2012.00002 

 Nair, A., Carper, R. A., Abbott, A. E., Chen, C. P., Solders, S., Nakutin, S., et al. (2015). Regional specificity of aberrant Thalamocortical connectivity in autism. Hum. Brain Mapp. 36, 4497–4511. doi: 10.1002/hbm.22938 

 Nair, A., Jalal, R., Liu, J., Tsang, T., McDonald, N. M., Jackson, L., et al. (2021). Altered Thalamocortical connectivity in 6-week-old infants at high familial risk for autism Spectrum disorder. Cereb. Cortex 31, 4191–4205. doi: 10.1093/cercor/bhab078 

 Nair, A., Treiber, J. M., Shukla, D. K., Shih, P., and Müller, R.-A. (2013). Impaired Thalamocortical connectivity in autism Spectrum disorder: a study of functional and anatomical connectivity. Brain J. Neurol. 136, 1942–1955. doi: 10.1093/brain/awt079

 Ouhaz, Z., Fleming, H., and Mitchell, A. S. (2018). Cognitive functions and neurodevelopmental disorders involving the prefrontal cortex and Mediodorsal thalamus. Front. Neurosci. 12:33. doi: 10.3389/fnins.2018.00033 

 Portas, C. M., Rees, G., Howseman, A. M., Josephs, O., Turner, R., and Frith, C. D. (1998). A specific role for the thalamus in mediating the interaction of attention and arousal in humans. J. Neurosci. 18, 8979–8989. doi: 10.1523/JNEUROSCI.18-21-08979.1998 

 Posner, J., Park, C., and Wang, Z. (2014). Connecting the dots: a review of resting connectivity MRI studies in attention-deficit/hyperactivity disorder. Neuropsychol. Rev. 24, 3–15. doi: 10.1007/s11065-014-9251-z 

 Raju, H., and Tadi, P. (2023). “Neuroanatomy, somatosensory cortex” in StatPearls (Treasure Island (FL): StatPearls Publishing). Available at: http://www.ncbi.nlm.nih.gov/books/NBK555915/

 Schmitt, L. I., and Halassa, M. M. (2017). Interrogating the mouse thalamus to correct human neurodevelopmental disorders. Mol. Psychiatry 22, 183–191. doi: 10.1038/mp.2016.183 

 Schuetze, M., Min, T. M., Park, I. Y. K. C., MacMaster, F. P., Chakravarty, M. M., and Bray, S. L. (2016). Morphological alterations in the thalamus, striatum, and pallidum in autism Spectrum disorder. Neuropsychopharmacology 41, 2627–2637. doi: 10.1038/npp.2016.64 

 Sizoo, B. B., van den Brink, W., Eenige, M. G.-v., Koeter, M. W., van Wijngaarden-Cremers, P. J. M., Jan, R., et al. (2009). Using the autism-Spectrum quotient to discriminate autism Spectrum disorder from ADHD in adult patients with and without comorbid substance use disorder. J. Autism Dev. Disord. 39, 1291–1297. doi: 10.1007/s10803-009-0743-2 

 Sours, C., George, E. O., Zhuo, J., Roys, S., and Gullapalli, R. P. (2015). Hyper-connectivity of the thalamus during early stages following mild traumatic brain injury. Brain Imaging Behav. 9, 550–563. doi: 10.1007/s11682-015-9424-2 

 Štillová, K., Jurák, P., Chládek, J., Chrastina, J., Halámek, J., Bočková, M., et al. (2015). The role of anterior nuclei of the thalamus: a subcortical gate in memory processing: an intracerebral recording study. PloS One 10:e0140778. doi: 10.1371/journal.pone.0140778 

 Subcommittee on Attention-Deficit/Hyperactivity Disorder, Steering Committee on Quality Improvement and ManagementWolraich, M., Brown, L., Brown, R. T., DuPaul, G., Earls, M., et al. (2011). ADHD: clinical practice guideline for the diagnosis, evaluation, and treatment of attention-deficit/hyperactivity disorder in children and adolescents. Pediatrics 128, 1007–1022. doi: 10.1542/peds.2011-2654 

 Svancara, A. M., Kana, R., Bednarz, H., Sherrod, G., Visscher, K., McManus, B., et al. (2022). Time-to-Collision estimations in young drivers with autism spectrum disorder and Attention-Deficit/Hyperactivity Disorder. J. Autism. Dev. Disord. 52, 3933–3948. doi: 10.1007/s10803-021-05264-6

 Tang, L., Ge, Y., Sodickson, D. K., Miles, L., Zhou, Y., Reaume, J., et al. (2011). Thalamic resting-state functional networks: disruption in patients with mild traumatic brain injury. Radiology 260, 831–840. doi: 10.1148/radiol.11110014 

 Tian, J., Gao, X., and Yang, L. (2022). Repetitive restricted behaviors in autism Spectrum disorder: from mechanism to development of therapeutics. Front. Neurosci. 16:780407. doi: 10.3389/fnins.2022.780407 

 Torrico, T. J., and Munakomi, S. (2023). “Neuroanatomy, thalamus” in StatPearls (Treasure Island (FL): StatPearls Publishing). Available at: https://www.ncbi.nlm.nih.gov/books/NBK542184/

 Travers, B. G., Kana, R. K., Klinger, L. G., Klein, C. L., and Klinger, M. R. (2015). Motor learning in individuals with autism Spectrum disorder: activation in superior parietal lobule related to learning and repetitive behaviors. Autism Res. 8, 38–51. doi: 10.1002/aur.1403 

 Wang, Z., Magnon, G. C., White, S. P., Greene, R. K., Vaillancourt, D. E., and Mosconi, M. W. (2015). Individuals with autism Spectrum disorder show abnormalities during initial and subsequent phases of precision gripping. J. Neurophysiol. 113, 1989–2001. doi: 10.1152/jn.00661.2014 

 Wei, W., and Wang, X. J. (2016). Inhibitory control in the Cortico-basal ganglia-Thalamocortical loop: complex regulation and interplay with memory and decision processes. Neuron 92, 1093–1105. doi: 10.1016/j.neuron.2016.10.031 

 Whitfield-Gabrieli, S., and Nieto-Castanon, A. (2012). Conn: a functional connectivity toolbox for correlated and anticorrelated brain networks. Brain Connect. 2, 125–141. doi: 10.1089/brain.2012.0073

 Wolff, M., and Vann, S. D. (2019). The cognitive thalamus as a gateway to mental representations. J. Neurosci. Off. J. Soc. Neurosci. 39, 3–14. doi: 10.1523/JNEUROSCI.0479-18.2018 

 Wolraich, M. L., Hagan, J. F., Allan, C., Chan, E., Davison, D., Earls, M., et al. (2019). Clinical practice guideline for the diagnosis, evaluation, and treatment of attention-deficit/hyperactivity disorder in children and adolescents. Pediatrics 144:e20192528. doi: 10.1542/peds.2019-2528 

 Wood, E. T., Cummings, K. K., Jung, J., Patterson, G., Okada, N., Guo, J., et al. (2021). Sensory over-responsivity is related to GABAergic inhibition in Thalamocortical circuits. Transl. Psychiatry 11, 1–10. doi: 10.1038/s41398-020-01154-0 

 Woodward, N. D., Giraldo-Chica, M., Rogers, B., and Cascio, C. J. (2017). Thalamocortical Dysconnectivity in autism Spectrum disorder: an analysis of the autism brain imaging data exchange. Biol Psychiatry Cogn Neurosci Neuroimaging 2, 76–84. doi: 10.1016/j.bpsc.2016.09.002 

 Xia, S., Li, X., Kimball, A. E., Kelly, M. S., Lesser, I., and Branch, C. (2012). Thalamic shape and connectivity abnormalities in children with attention-deficit/hyperactivity disorder. Psychiatry Res. Neuroimaging 204, 161–167. doi: 10.1016/j.pscychresns.2012.04.011 

 Zhang, M., Jiao, J., Xiao, H., Yang, P., Huang, Y., Situ, M., et al. (2020). Exploring the spatial working memory and visual perception in children with autism Spectrum disorder and general population with high autism-like traits. PloS One 15:e0235552. doi: 10.1371/journal.pone.0235552 



OPS/images/fnins-17-1279909-t002.jpg
Seed Contrast MNI Coordinate ~Peak regions Cluster size value
+58+10+18 Right precentral gyrus and right pars opercularis-BA44 92 537
Right thalamus  Autism > ADHD
+44-32+56 Right post central gyrus and right superior parietal lobule 86 579
Left thalamus ~ Autism > ADHD +56+00+44 Right precentral gyrus 81 568
Right post and precentral gyrus, right superior parietal lobule, right
+58+06+28 anterior supramarginal gyrus, right inferior frontal gyrus pars 1374 779

opercularis

Right thalamus |~ Autism >NT P , e , e .
eft pre and post central gyrus, left Supramarginal gyrus, lef parietal
-52-28+42 p—— o S B 816 696
operculum cortex; left central opercular cortex

+60 0204 Right central opercular cortes, right superior temporal gyrus 76 508

Left thalamus | Autism >NT ~40-76+4 Left inferior lateral occipital cortex 75 632





OPS/images/fnins-17-1279909-g003.jpg
[ [ 4
g e ® o =
<
20 R*=0.1113
R*=0.1204
} 10—+
0.3 0.2 041 0 0.1 0.2 0.3 -0.3 0.2 0.1 0 0.1 0.2 0.3
LTHAL - R. Precentral Connectivity R. THAL - R. Post central gyrus, R. SPL
Connectivity
50
™ 50
R*=0.1583 o @ o
g g R*=0.2315
30
[
Qg?
401 (]
03 02 04 0 01 02 03 02 0.1 0 0.1 02

L. THAL - R. Precentral Connectivity

R. THAL - R. Post central gyrus, R. SPL
Connectivity





OPS/images/fnins-17-1279909-t001.jpg
Autistic mean + SD NT mean + SD ADHD mean +SD Autistic vs. Au

(range) ange) ange) ADHD (p) vs. NT (p)
Age 192£2.2(16-22) 20.8£3.6(16-29) 19.943.2(16-26) 023 024 085
Gender 9 male; 6 female 9 male; 6 female 11 male; § female
FSIQ 108.7£20.05 (65-142) 104710 (79-120) 108.1£10 (85-131) 0.041 0.052 0.848
SRS-2 total 144.224.2 (107-174) 1049+7.2(91-117) 121.9415.6 (98-152) 001 0.0001 0.002
AQ RAW SCORE 333477 (26-47) 13955 (5-25) 20,140 (12-28) 0.0000003 0.0006 000000001
Max head motion (mm) 14%1.8(0.251-7.49) 19£3.9(0.337-15.45) 22425(0.382-9.54) 0272 0.260 0.650

Mean head motion (mm) 0.13£0.04(0.07-026)  0.13£0.03 (0.092-0.203) | 0.15£0.04 0.095-0.22 0.528 0299 0.020

Framenwise displacement (mm)  0.19£0.07 (0.101-0.386) | 0.19£0.06 (0.123-0323) | 0.22+0.06 (0.125-0.365) 0.648 0733 0333





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Thalamic functional connectivity and sensorimotor processing in neurodevelopmental disorders



		Introduction



		Materials and methods



		Study participants



		Seed-to-voxel connectivity analysis









		Results



		Discussion



		Limitations and future directions









		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fnins-17-1279909-g001.jpg
13.88

(9v'2)3

812





OPS/images/fnins-17-1279909-g002.jpg
F(2,46)

1216





OPS/images/cover.jpg
& frontiers | Frontiers in Neuroscience

Thalamic functional connectivity
and sensorimotor processing in
neurodevelopmental disorders












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Neuroscience






