Disorder-specific alterations of tactile sensitivity in neurodevelopmental disorders
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Abstract 
Alterations of tactile processing have long been identified in autism spectrum disorders (ASD) and attention-deficit/hyperactivity disorder (ADHD). However, the extent to which these alterations are disorder-specific, rather than disorder-general, and how they relate to the core symptoms of each disorder, remains unclear. We measured and compared tactile detection, discrimination and order judgment thresholds between a large sample of children with ASD, ADHD, ASD + ADHD combined and typically developing controls. The pattern of results suggested that while difficulties with tactile detection and order judgement were more common in children with ADHD, difficulties with tactile discrimination were more common in children with ASD. Strikingly, subsequent correlation analyses found that the disorder-specific alterations suggested by the group comparisons were also exclusively related to the core symptoms of each respective disorder. These results suggest that disorder-specific alterations of lower-level sensory processes exist and are specifically related to higher-level clinical symptoms of each disorder. 


Main
The role touch plays throughout the human life course cannot be understated. Indeed, touch is the first sense to develop prenatally1, beginning as early as 8 weeks into gestation. Infants receiving more tactile-kinesthetic stimulation from their caregivers are found to have better developmental outcomes, including greater weight gain, healthier sleep/wake cycles and accelerated motor development2. Over and above its effect on early physical development, touch plays a critical role in social development3. Interpersonal ‘social touch’ has a wide range of functions in early life4. Touch is critical to the formation of mother-infant attachments5, a relationship that provides one of the initial platforms from which gesture-based6 and verbal communication skills are first practiced and developed7. In early childhood, the perception of touch affects the willingness of children to participate in rough-and-tumble play with peers8, an act which is indispensable to early social development8,9. Of course, in later adolescence and adulthood, touch also becomes an important factor in the development of romantic interpersonal relationships10. 
While tactile processing abnormalities have been reported in both ASD and ADHD11,12, the extent to which these abnormalities are specific to each disorder (as opposed to being generally impaired across both disorders) and how they relate to the core behavioral phenotypes of each disorder remain unclear. Indeed, this latter question has recently been highlighted as an outstanding question for further inquiry by many in the field12,13. Although earlier versions of the Diagnostic Statistical Manual of Mental Disorders (DSM) prohibited the co-diagnosis of ASD and ADHD (ASD + ADHD), the publication of the DSM-514 has since permitted a clinical diagnosis of ASD + ADHD. This change in diagnostic practice has implications for how we characterize and treat each of these disorders, bringing forward the need for more formal investigations into the degree to which previously identified symptoms are specific and/or general to each disorder. In the context of sensory processing abnormalities in ASD and ADHD, it is possible some or even all of the previously identified sensory abnormalities in one disorder (e.g., elevated detection thresholds for sensory stimuli in ASD) were simply due to the pathophysiology of the other (i.e., ADHD). It is also possible that sensory abnormalities that would not otherwise be present in isolated cases of either disorder are only present in individuals with a co-diagnosis of ASD + ADHD. Indeed, having ASD + ADHD could even amplify any existing sensory abnormalities specific to each disorder in isolation.
Thus far, studies which have aimed to characterize tactile processing abnormalities in ASD and ADHD have typically relied on subjective self/caregiver report questionnaires11,15–18. While informative in their own right16, these are limited in their ability to address the disorder-specificity of sensory and, more specifically, tactile abnormalities in ASD and ADHD, as well as whether and how they relate to the core symptoms of each disorder. For instance, many of the embedded questions assess an individual’s subjective emotional reaction to sensory stimuli (e.g., hyper- and hypo-responsivity to tactile stimuli), rather than provide an objective assessment of actual alterations in sensory processing. Moreover, while many questionnaires differentiate between sensory domains (e.g., sight, touch and hearing), they collectively do not differentiate between perceptual domains (e.g., detection, discrimination and judgement). This latter limitation is perhaps the most important. By failing to differentiate between perceptual domains, which represent distinct aspects of cortical processing, questionnaires can only capture sensory abnormalities in broad brush strokes and likely lack the resolution to distinguish disorder-specific alterations in the cortical processing of sensory information. 
Through psychophysics, it is possible to objectively quantify individual differences in sensory processing across perceptual domains and subdomains19. With the aim to determine the extent to which abnormalities in tactile processing are specific to ASD and ADHD, we compared psychophysically derived tactile perceptual thresholds across a large sample of children (8–12 years of age) with ASD with no co-diagnosis of ADHD (n = 45), ADHD with no co-diagnosis of ASD (n = 102), combined ASD + ADHD (n = 81) and typically developing controls (TDC; n = 191; see Table 1 in Methods for full details). Our analyses focused on three separate subdomains of tactile processing, all of which we and others have been previously found alterations in either ASD or ADHD, namely, detection, discrimination and order judgement. These three subdomains were assessed with four distinct protocols: the static detection, amplitude discrimination, frequency discrimination and temporal order judgment protocols. 
Results from our initial group comparisons on the performance metrics from each protocol suggested that while all three groups showed alterations of tactile processing relative to TDCs, these alterations were dependent on the subdomain being compared, highlighting the importance of differentiating between different subdomains of processing when investigating sensory alterations in these disorders. We then examined how sensitivity across subdomains related to reports of sensory-related and disorder-specific symptoms of each disorder. Across all participants, individuals who had higher (i.e., worse) detection thresholds were also those reported to have more problems with both hyper- and hypo-responsivity to sensory stimuli, as well as problems with social participation. When correlating measures from the tactile processing subdomains to the core clinical symptoms of each disorder, a remarkable pattern emerged. Our results showed that the disorder-specific tactile processing alterations identified in our initial group comparisons were also the metrics that were most commonly and specifically related to the core symptoms of each respective disorder. For instance, higher amplitude and frequency discrimination thresholds, which were more common to children with ASD (including ASD + ADHD), were exclusively related to problems with communication in ASD. Conversely, order judgement, which was more commonly elevated in children with ADHD (including ASD + ADHD), was exclusively related to problems with inattention in ADHD. 
As expounded below, our results provide an important description of tactile processing abnormalities in ASD and ADHD, showing that although children with ASD, ADHD and ASD + ADHD do indeed have alterations in tactile processing, the perceptual domains in which those alterations occur, and how they relate to clinical symptomology, follow a disorder-specific pattern. 

Results
It is possible to assess an individual’s ability to perceive tactile stimuli through the application of adaptive two-alternative force choice (2AFC) psychophysical paradigms. Adaptive 2AFC psychophysical paradigms allow for a quick assessment of an individual’s perceptual sensitivity by identifying their ‘sensory thresholds’. Sensory thresholds refer to the weakest stimulus input (or change relative to a standard stimulus) an individual can accurately perceive and are relatively stable characteristics across time20. Generally speaking, lower thresholds imply greater sensitivity, while higher thresholds imply worse sensitivity. Through a battery of adaptive 2AFC psychophysical protocols (see Fig. 1), we assessed detection, discrimination and order judgement thresholds for tactile stimuli delivered to the left index (i.e., left digit 2 [LD2]) and middle finger (i.e., left digit 3 [LD3] of children with ASD, ADHD, ASD + ADHD and TDC. All relevant protocol descriptions and stimulus parameters can be found in the Methods section. Here, we focus on protocols where we and others previously showed abnormalities in ASD and ADHD, but other protocols participants completed are reported in full in the Supplementary Materials.
SHARED AND SPECIFIC ALTERRATIONS OF TACTILE SENSITIVITY IN NEURODEVELOPMENT
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Figure 1: Overview of the setup and completed protocols. (a) Participants placed their left hand on the vibrotactile stimulator and their right hand on a computer mouse. The stimulator delivered sinusoidal pulses to the left digit 2 [LD2] and 3 [LD3] via two 5 mm cylindrical probes. Responses were made with the right digit 2 [RD2] and 3 [RD3] All stimuli were delivered between 0–350 μm and between 0–50 Hz. (b) Visual schematic of the static detection protocol. A single tactile stimulus was pseudorandomly delivered to either LD2 or LD3 of a child’s left hand at the start of every trial. Following stimulation, participants were asked on which finger they believed they had received the stimulus and were asked to respond using the fingers of their opposite hand. An adaptive staircasing procedure was used to modify the trial difficulty. If the participant was able to accurately identify the correct site of stimulation, the amplitude of the stimulus in the subsequent trial would decrease, making it more difficult to detect, if the participant was unable to accurately identify the correct site of stimulation, the amplitude of the stimulus in the subsequent trial would increase, making it more easy to detect, (c) Visual schematic of the amplitude discrimination protocol. Participants received simultaneous stimulation of their LD2 and LD3 and were asked to report which digit they believed they had received the stimulus with the higher amplitude. In each trial, a ‘standard stimulus’ was delivered to one finger while a more intense ‘comparison stimulus’ was delivered to the other. Localization was randomized between LD2 and LD3. Difference in amplitude between the ‘standard stimulus’ and the ‘comparison stimulus’ was adjusted based on participant performance so that the difference between the stimuli would decrease (making the stimuli harder to discriminate) with a correct responses or increase with incorrect responses (making it harder to discriminate). (d) Visual schematic of the frequency discrimination protocol. Two stimuli were delivered simultaneously to LD2 and LD3. Participants were asked which finger they believed had received the higher frequency stimulus. Adaptative staircasing was applied to the difference in frequency between the standard and comparison stimulus, increasing and decreasing when participants were correct or incorrect respectively. (e) Visual schematic of the temporal order judgement protocol. Two brief vibrotactile pulses were delivered to LD2 and LD3 separated temporally by a starting ISI of 150 ms (the first pulse was assigned to either digit pseudo-randomly). Participants were asked to make a response based on which digit they believed received the first pulse. The ISI was increased or decreased by 10% for incorrect and correct responses respectively. Further clarification of the setup and each of the protocols is provided in the Methods. 

Detection 
Results from group comparisons on the performance outcomes of the detection protocol are shown in Fig. 2. There was a significant main effect of group on detection thresholds, (F(3, 375) = 11.24, p < 0.001). There was also a main effect of group on median reaction times (RTs) (F(3, 402) = 7.91, p < 0.001), accuracy (F(3, 373) = 7.13, p = 0.001) and the number of reversals (F(3, 421) = 14.31, p < 0.001). The ADHD (t(375) = 4.51, pTukey < .001) and ASD + ADHD (t(375) = 4.83, pTukey <.001) groups had significantly higher detection thresholds compared to the TDC group, while the ASD group did not (t(375) = 1.62, pTukey = 0.367). This pattern of group differences suggests difficulties with detecting tactile stimuli are more common to children with ADHD. While children in the ADHD and ASD + ADHD had higher detection thresholds than the TDC group, those with a diagnosis of ASD without a co-diagnosis of ADHD, did not. 
This finding of elevated detection thresholds in ASD and ADHD is consistent with earlier work conducted both in our lab21–23 and others24,25. A point of difference in the current study however, is that elevated detection thresholds were only identified in the ASD group with a co-diagnosis of ADHD. This may suggest earlier studies which had identified elevated detection thresholds in ASD had undiagnosed or unaccounted for ADHD, highlighting the importance of screening for ADHD or ADHD symptoms in ASD, particularly when conducting studies in which ADHD-related symptomology may affect interpretation of findings in those with ASD.  

[image: ]Figure 2: Group comparisons made on performance outcomes from the static detection protocol. Individual data points with overlaid boxplots visualizing the group comparisons on key performance outcomes on the detection protocol, including (a) static detection threshold, (b), reaction time (RT) and (c) accuracy. From these plots, it is clear that when compared to the TDC and ASD groups, static detection thresholds are significantly elevated in the ASD + ADHD and ADHD groups. Note that all statistical analyses presented in the main text of the manuscript for the plots presented in this figure are age-corrected. Values in the plots presented within this figure are not corrected for age due to the loss of interpretability of the units of measurement (which occurs when presenting residuals rather than raw values). 

Discrimination. 
Amplitude discrimination. Results from group comparisons on the performance outcomes of the amplitude discrimination protocol are plotted in Fig. 3. There was a significant main effect of group on amplitude discrimination thresholds (F(3, 395) = 5.79, p < 0.001) and a non-significant trend towards a main effect of group on accuracy (F(3, 358) = 2.39, p = 0.069). There was no significant main effect of group on median RTs (F(3, 390) =  1.31, p = 0.269), or the number of reversals (F(3, 366) = 1.9, p = 0.128). Post hoc comparisons found that while individuals in the ASD + ADHD (t(395) = 4.02, pTukey < 0.001) group had significantly higher amplitude discrimination thresholds than those in the TDC group, those in the ASD (t(395) = 1.41, pTukey = 0.490) and ADHD (t(395) = 2.24, pTukey = 0.113) groups did not. The ASD + ADHD group were also less accurate than the TDC group (t(358) = 2.65, pTukey = 0.041). 
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Figure 3: Group comparisons made on performance outcomes from the amplitude discrimination protocol. Individual data points with overlaid boxplots visualizing the group comparisons on key performance outcomes on the amplitude discrimination protocol, including (a) amplitude discrimination threshold, (b), reaction time (RT) and (c) accuracy. While it appears that all groups have elevated amplitude discrimination thresholds compared to the TDC group, after controlling for age, only the ASD + ADHD had significantly higher amplitude discrimination thresholds than the TDC group. Note that all statistical analyses presented in the main text of the manuscript for the plots presented in this figure are age-corrected. Values in the plots presented within this figure are not corrected for age due to the loss of interpretability of units of measurement that occurs when presenting residuals rather than raw values.

Frequency discrimination. Results from group comparisons on the performance outcomes of the frequency discrimination protocol are shown in Fig. 4. There was a significant main effect of group on frequency discrimination thresholds (F(3, 399) = 4.40, p = 0.005) and accuracy (F(3, 399) = 3.57 p = 0.014). There was also a non-significant trend towards a main effect of group on median RT (F(3, 377) = 2.13, p = 0.096). There was no significant main effect of group on the number of reversals (F(3, 355) = 0.45, p = 0.721). Compared to the TDC group, frequency discrimination thresholds were significantly worse in the ASD + ADHD (t(430) = 3.60, pTukey = 0.002) group. The ASD (t(399) = 1.16, pTukey = 0.654) and ADHD (t(399) = 1.49, pTukey = 0.444) groups otherwise had similar frequency discrimination thresholds to those in the TDC group. Only the ASD + ADHD group were less accurate than the TDC group (t(389) = 2.59, pTukey = 0.048). While not presented here, the same pattern of results was identified for group comparisons made on performance outcomes when the stimuli were delivered sequentially (see Supplementary Materials).	 

[image: ]
Figure 4: Group comparisons made on performance outcomes from the frequency discrimination protocol. Individual data points with overlaid boxplots visualizing the group comparisons on key performance outcomes on the frequency discrimination protocol, including (a) frequency discrimination threshold, (b) reaction time (RT) and (c) accuracy. As with amplitude discrimination thresholds, after controlling for age, only the ASD + ADHD group had higher frequency discrimination thresholds than the TDC group. Note that all statistical analyses presented in the main text of the manuscript for the plots presented in this figure are age-corrected. Values in the plots presented within this figure are not corrected for age due to the loss of interpretability of units of measurement that occurs when presenting residuals rather than raw values. 

When the results of the group comparisons from the discrimination protocols are taken together, difficulties with tactile discrimination appear to be more common to children with ASD + ADHD. Indeed, both amplitude and frequency discrimination thresholds were only significantly higher in the ASD + ADHD group, with no group differences being observed between the ASD and ADHD groups to TDCs for either of the discrimination thresholds. Elevated discrimination thresholds have previously been identified in ASD across different sensory domains26. While our results appear to run counter to the findings of those studies, it is again possible they had not accounted for ADHD comorbidity. However, it is worth considering that although the ASD group did not significantly differ from the TDC group on comparisons of the discrimination thresholds, given the majority of children in our sample with ASD also had a co-diagnosis of ADHD (~64%), it would be correct to say elevated discrimination thresholds are more common to children with an ASD diagnosis.
While these results might suggest an additive effect of co-diagnosis, such that having both ASD and ADHD results in an elevation of discrimination thresholds not otherwise seen in ASD and ADHD, we note that the group comparisons between the ASD + ADHD to the ASD and ADHD groups did not identify significant differences. Regardless of the interpretation, it is interesting to note that both amplitude and frequency discrimination thresholds are elevated in ASD + ADHD, suggesting an impairment of a shared neurophysiological process. 

Order judgement. We first note that a smaller sample (~64% of the total) completed the order judgement protocol, as this was introduced into the protocol later into data collection (see Table 2). Results from group comparisons on the performance outcomes of the temporal order judgement protocol are plotted in Fig. 5. There were non-significant trends towards a main effect of group on order judgement thresholds (F(3, 260) = 2.55, p = 0.056) and accuracy (F(3, 247) = 1.87, p = 0.135). There were no group effects on median RT (F(3, 262) = 1.42, p = 0.237) or the number of reversals (F(3, 252) = 1.61, p = 0.186). Order judgement thresholds were significantly higher (i.e., a wider temporal binding window) in ASD + ADHD group compared to those in the TDC group (t(260) = 2.65, pTukey = 0.042). Order judgement thresholds in the ASD (t(260) = .77, pTukey = 0.869) and ADHD groups (t(260) = 1.51, p = 0.433) were otherwise comparable to those in the TDC group. Compared to the TDC group, accuracy was significantly lower in the ASD + ADHD (t(288) = 3.78, pTukey = 0.001) group and showed a non-significant trend towards being worse in the ADHD group (t(288) = 2.53, pTukey = 0.058). 
The pattern of results here suggests that difficulties with order judgement are more common to individuals with ADHD, with the ASD + ADHD group having higher order judgement thresholds than TDCs and with both the ASD + ADHD and ADHD groups being less accurate. Higher order judgement thresholds or ‘wider temporal binding windows’ in which two temporally separate stimuli are perceived as one27, has also been identified in ADHD across other sensory domains, including visual and auditory domains27–29, suggesting a general deficit of time perception30, rather than a tactile specific alteration. 


[image: ]
Figure 5: Group comparisons made on performance outcomes from the temporal order judgement protocol. Individual data points with overlaid boxplots visualizing the group comparisons on key performance outcomes on the temporal order judgement protocol, including (a) order judgement threshold, (b) Reaction Time and (c) Accuracy. While it would appear that only the ASD + ADHD and ADHD groups had elevated order judgement thresholds compared to the TDC group, after controlling for age, only the ASD + ADHD group had higher order judgement thresholds compared to controls. However, when looking at accuracy, the ASD + ADHD and ADHD group showed significant and a non-significant trend towards being less accurate than the TDC group (respectively). Note that all statistical analyses presented in the main text of the manuscript for the plots presented in this figure are age-corrected. Values in the plots presented within this figure are not corrected for age due to the loss of interpretability of units of measurement that occurs when presenting residuals rather than raw values. 

Associations between tactile sensitivity and sensory processing and experience
Beyond identifying differences in tactile sensitivity between groups, we were interested in determining whether individual differences in each of these processing domains were related to caregiver reported difficulties with a child’s processing and experience of sensory stimuli, which have historically been more commonly used to characterize sensory abnormalities in ASD and ADHD. Here we conducted multiple correlation analyses between tactile thresholds and subscale items on the on the Sensory Processing Measure31 (SPM) and Sensory Experience Questionnaire32 (SEQ). After adjusting for multiple comparisons, detection thresholds showed the strongest and most significant associations to items of the SPM and SEQ. See Fig. 6.
Individuals with higher detection thresholds had more caregiver reports of problems with social and non-social combined scores of sensory hyper- (r = .28, pBonferroni  = 0.005) and hypo- (r = .37, pBonferroni  <.0001) responsivity and were reported to display more sensory seeking behaviors (r = .31, pBonferroni = 0.003). These associations are of strong interest. First, they broadly suggest that tactile sensitivity assessed using psychophysics correspond with caregiver reports of problems with sensory processing, showing concurrent validity. Second, detection thresholds being associated with both hyper- and hyposensitivity is interesting in that this would appear to run counter to the common narratives of hyper- and hypo-responsivity as either distinct traits or opposite extremes along a single axis. In fact, we found that hyper- and hypo-responsivity and sensory seeking were all strongly and positively correlated (r > .75, pBonferroni < .001 for all three combination of correlations, see Supplementary Figure 10). It is therefore important to emphasize that children who are ‘hypersensitive’ often score high on hyposensitivity scales (as well as sensory seeking scales). 
Also worth noting was the finding that children with higher detection thresholds also had more reported problems with social participation (r = .22, pBonferroni= 0.006) and body awareness (r = .29, pBonferroni < 0.001). These associations provide support to the common suggestion that alterations in ‘lower-order’ fundamental aspects of sensory processing could explain some of the more complex ‘higher-order’ behavioral social problems experienced by those with ASD and ADHD15,33,34. 
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Figure 6: Correlation analyses between tactile sensitivity thresholds and subscale items from the SPM and SEQ.  (a). Heatmap correlations between subscales of the SPM and SEQ (y-axis) and relevant tactile sensitivity metrics across each subdomain (x-axis). The ‘*’ are used to denote statistical significance after correcting for multiple correlations using Bonferroni’s correction (* = p < .05, ** = p < .01, *** = p < .001). Due to the large number of correlations being conducted, Bonferroni corrections were applied to each of the correlation analyses conducted by multiplying the resulting p-value of each correlation between a given tactile sensitivity metric by the number of subscale items within each questionnaire. For example, for all of the correlations conducted between the SPM and static detection thresholds (SDT), the resulting p-value was multiplied by 7 (i.e., number of subscale items within the SPM). It is clear that the tactile sensitivity metric that was most often associated with the subscale items of the SPM and SEQ questionnaires was SDT. On the right we highlight the correlations between SDT and (b) social participation, (c) body awareness, (d) hyper-responsiveness and (e) hypo-responsiveness. Note that the scatterplots presented in (d) and (e) are using combined scores of social and non-social hyper-responsiveness and hypo-responsiveness (which are otherwise presented individually on the heatmap in (a).  Note that the p-values presented within each scatterplot are the unadjusted p-values. 



Associations between tactile sensitivity and disorder-specific clinical symptomatology 
Next, to determine whether individual differences in tactile sensitivity were related to disorder-specific clinical symptomatology, we conducted multiple correlation analyses between the tactile thresholds and subscale scores of clinical questionnaires specific to each disorder, including the Autism Diagnostic Interview-Revised35 (ADI-R) and Autism Diagnostic Observation Scale36 (ADOS) for ASD-specific symptomatology and the Conners37, Conners 3rd edition38 and DuPaul’s ADHD Parent Rating Scale for ADHD-specific symptomatology. 
Tactile sensitivity and ASD-specific symptomatology. We wish to first note that since only the children who had a primary diagnosis of ASD (i.e., those in the ASD and ASD + ADHD groups) were administered the ADOS and had parents / caretakers complete the ADI-R, children with a primary diagnosis of ADHD are not included these analyses. After correcting for multiple comparisons, only two associations between the tactile sensitivity thresholds and items from the ASD-specific subscales remained significant (see Fig. 7a). Namely, both amplitude and frequency discrimination thresholds were positively correlated to communication subscale scores on the ADOS, such that children with higher amplitude (r = 0.25, pBonferroni = 0.023), and frequency (r = 0.22, pBonferroni = 0.050) discrimination thresholds had more reported problems with communication on the ADOS (see Fig. 7b and 7c respectively).
[image: ]
Figure 7: Correlation analyses between tactile sensitivity thresholds and total domain scores from the ADOS and ADI-R.  (a). Heatmap correlations between subscales of the ADOS and ADI-R (y-axis) and relevant tactile sensitivity metrics (x-axis). The ‘*’ are used to denote statistical significance after correcting for multiple correlations using Bonferroni’s correction (* = p < .05, ** = p < .01, *** = p < .001). Due to the large number of correlations being conducted, Bonferroni corrections were applied to each of the correlation analyses conducted by multiplying the resulting p-value of each correlation between a given tactile sensitivity metric by the number of subscale items within each questionnaire. Two associations survived Bonferroni corrections and are presented in the bottom row of the figure. There were positive correlations between problems with communication on the ADOS with (b). amplitude discrimination thresholds and (c). frequency discrimination thresholds. Note that the p-values presented within each scatterplot are the unadjusted p-values. 


Associations between tactile sensitivity and ADHD symptomatology. For the correlations between the tactile sensitivity thresholds and the items from the ADHD-specific questionnaires, only children who had a primary diagnosis of ADHD were included (i.e., those in the ASD + ADHD group were not included in these analyses). After correcting for multiple comparisons, significant associations between detection thresholds and hyperactivity subscales on both the Conners (r = .59, pBonferroni < .010) and DuPaul’s rating (r = 28, pBonferroni = .016) scales remained. Significant associations between order judgement thresholds and inattention on the DuPaul’s rating scale (r = .28, pBonferroni = .045) also remained. Unlike detection thresholds and hyperactivity, there was no cross-questionnaire congruence, with inattention on the Conners rating scale not being meaningfully or significantly related to order judgement thresholds (r = .05, pBonferroni = .99).

[image: ]
Figure 8: Correlation analyses between tactile sensitivity thresholds and items from the Conners, Conners 3rd Edition and DuPaul’s ADHD rating scales. (a). Heatmap correlations between subscales of the Conners, Conners 3 and DuPaul’s ADHD rating scales (y-axis) and relevant tactile sensitivity metrics (x-axis). The ‘*’ are used to denote statistical significance after correcting for multiple correlations using Bonferroni’s correction (* = p < .05, ** = p < .01, *** = p < .001). ‘t’ was used to denote a non-significant trend (i.e., p < .10).  Due to the large number of correlations being conducted, Bonferroni corrections were applied to each of the correlation analyses conducted by multiplying the resulting p-value of each correlation between a given tactile sensitivity metric by the number of subscale items within each questionnaire. After corrections were applied, there were six significant and two non-significant trending correlations. We have selectively chosen to highlight the most meaningful correlations as scatterplots presented on the right side. Hyperactivity on the (a) Conner’s and (b) DuPaul’s rating scales correlated significantly with detection thresholds. Inattention on the (d) Conner’s rating scale was not significantly correlated to order judgement thresholds, while (e) DuPaul’s rating scales were. Note that the p-values presented within each scatterplot are the unadjusted p-values. 

While the results from our initial group comparisons had already begun to point to a pattern of disorder-specific alterations for certain perceptual subdomains (i.e., detection, discrimination and order judgement), when taken with the results of the correlation analyses, our results point to something quite striking, that is, the disorder-specific alterations identified in the group analyses were also the alterations that specifically scaled with the core behavioral symptoms of each relevant disorder. For instance, detection thresholds, which had shown a pattern of being more commonly elevated in those with a diagnosis of ADHD, be that as a primary or secondary diagnosis, positively scaled with hyperactivity, such that the children who had higher detection thresholds were also the children that had more reported problems with hyperactivity, a core behavioral symptom of ADHD. Importantly, although detection thresholds were associated with items from the SPM and SEQ, detection thresholds were not strongly or significantly related to any of the subscale scores on the ASD-specific questionnaires (See Fig. 7a). Similarly, discrimination thresholds, which had shown a pattern of being more commonly elevated in those with ASD, scaled specifically with communication scores on the ADOS, such that children who had higher discrimination thresholds were also those who had more reported problems with communication, a hallmark characteristic of ASD. Discrimination thresholds were also not strongly or significantly associated with any of the subscale scores on the ADHD-specific questionnaires (see Fig. 8a), suggesting the associations to be specific to ASD symptomatology. The general pattern was also the case for order judgement thresholds, such that elevated order judgment thresholds, more common in children with a diagnosis of ADHD, positively correlated with inattention scores on the Conners and DuPaul’s ADHD rating scales, such that elevated order judgement thresholds correlated with more reported problems with inattention. Elevated order judgment thresholds also did not significantly predict scores on any of the ASD-specific subscales, showing comparably weak and non-significant associations throughout (see Fig 7a). Thus, as with discrimination in ASD, the pattern of these results suggests that difficulties with order judgement are better attributed to the symptoms or pathophysiology of ADHD than ASD.

Discussion	
	Prior to discussing these findings, it is worth further highlighting that although we have identified distinct patterns of alterations with regard to detection, discrimination and order judgement in ASD and ADHD in the tactile domain, prior evidence from clinical cohorts39,40 suggests that difficulties with processing in one of these domains are usually accompanied by similar difficulties processing in another domain. That is, although different senses are primarily processed by distinct sensory-specific areas of the brain41 (e.g., tactile stimuli are initially processed in S1), certain aspects of sensory processing rely on shared brain structures and/or neuronal mechanisms42,43. In support of this, despite our finding of elevated tactile discrimination thresholds in ASD, atypical (either reduced or enhanced) discrimination of visual44–46 and auditory47,48 stimuli has also previously been identified in ASD. Similarly, the difficulties with order judgement that we identified in our ADHD and ASD + ADHD groups have also been identified when using visual and auditory stimuli27,49. In short, the disorder-specific alterations of tactile processing we identified with detection, discrimination and order judgement in ASD and ADHD are likely to reflect a dysfunction of more fundamental and generalized neurophysiological functions required for processing across sensory domains (i.e., they are domain-general) rather than a dysfunction of sensory processing specific to the tactile domain (i.e., domain-specific alterations). With that in mind, although the findings of the current study are restricted to tactile processing, it is possible (and perhaps likely based on prior evidence) that our findings would also hold across other sensory domains. 
	What might be the fundamental and generalized neurophysiological functions that may be impaired in ASD and ADHD (either shared or specifically), that could explain the sensory abnormalities identified in both the present study and that of earlier work? Many hypotheses have been proposed to explain many of the sensory alterations, as well as other behavioral symptoms, of ASD and ADHD. In ASD, the current prevailing hypothesis is that of abnormal GABA mediated neurotransmission50–52. Postmortem comparisons of the brains of adults with and without ASD have found that that the brains of adults with ASD had fewer lateral inhibitory connections between cortical minicolumns53. Given that lateral inhibition via GABAergic interneurons between cortical mini-columns is fundamental for appropriate discrimination of sensory input54, our finding of difficulties with tactile discrimination in children with ASD is consistent with the idea of atypical GABA inhibition in ASD. In our previous work, we have also identified an association between discrimination thresholds and local GABA levels in S1 in children with ASD23, supporting the idea of a relationship between altered GABAergic functioning and sensory abnormalities in ASD. While speculative, it is possible that alterations of GABAergic functioning, which may explain domain-general alterations of sensory discrimination, in turn contributes to many of the higher-order behavioral symptoms of ASD. For example, difficulties with discriminating between the auditory tones of speech, particularly during infancy, has long been suggested to contribute to the impaired development of social communication skills in children with ASD55–57. Similarly, atypical discrimination of visual stimuli, particularly of faces, has also long been suggested to play a key role in the social difficulties experienced by those with ASD48,58. 
	What might explain the elevated detection and order judgement thresholds seen specifically in those with ADHD? Elevated detection thresholds have been associated with lower levels of S1 GABA in ASD that did not specifically consider comorbid ADHD59. It is difficult to speculate why GABA may associate with either differences in detection or discrimination, since GABA is involved in both. However, MRS of GABA is only one measure pertaining to the GABAergic mechanism whereas differences in detection or discrimination could be indicative to alterations in a number of processes related to GABAergic inhibition. While associations between elevated detection thresholds and S1 GABA have not yet been identified in ADHD, magnetic resonance spectroscopy studies have shown atypical GABA in multiple brain regions in those with ADHD60–62. Similarly, evidence from transcranial magnetic stimulation studies have also suggested atypical GABAergic receptor functioning of the cortex in children with ADHD63,64. In our own work, we have also previously identified an association between elevated detection thresholds and reduced S1 GABA levels in Tourette’s syndrome59,65, a disorder showing high comorbidity rates with ADHD66. As a whole, these data indicate the possibility that S1 GABA, in either its tonic availability or its phasic functioning at the receptor level, is involved in ADHD pathophysiology and may explain the elevated detection thresholds seen in the current study67,68. As abovementioned, with respect to elevated order judgement thresholds, timing deficits are a consistent finding in individuals with ADHD that appear to be present across a wide range of behavioral paradigms associated with perception of time, but not specifically related to order judgement69,70. Even within the findings from the group comparisons made on the RT protocols from our battery (see Supplementary Materials), children with ADHD and ASD + ADHD showed significantly longer and more variable RTs than TDC when required to make a speeded response to suprathreshold tactile stimuli. Dopamine is commonly implicated in timing functions71,72 and in the neurobiology of ADHD73. Treatment using dopaminergic psychostimulants in ADHD are also found to improve both order judgement thresholds and reduce RT variability72, suggesting that elevated order judgement thresholds arise out of dysfunction of the dopaminergic system in those with ADHD.  
	While the processing alterations identified in the current study are likely to be domain-general, it is worth considering how alterations in tactile processing contribute uniquely to the common behavioral symptoms reported in ASD and ADHD. For instance, the symptoms of hyper- and/or hypo-responsivity to sensory input often reported in those with ASD and ADHD could indeed be due to problems with amplitude and/or frequency discrimination. Returning to the canonical example of discomfort with shirt tags, being unable to discriminate the amplitude and frequency of tactile input may result in the brushing of a shirt tag on the back of one’s neck to feel more intense and frequent than it actually is. Similarly, and anecdotally, a weak brush of a passerby can be experienced as extreme discomfort. In short, despite sensory processing alterations being domain-general, alterations in tactile processing in particular is likely to manifest as specific behavioral discomforts for diagnosed individuals. It should be noted that we no longer differentiate between hyper- and hypo-responsivity, as 1) notions of the hyper- or hypo-responsive phenotypes appear untrue (Supplementary Figure 10), and 2) our data suggest that abnormalities in tactile perception (i.e. worse thresholds) link to both hyper- and hyporesponsive behaviors.
To summarize, the results of this study point to disorder-specific alterations of tactile processing in ASD and ADHD, for the first time showing that perceptual differences in touch are uniquely related to the core symptoms of each disorder. Children with ADHD that had higher detection and order judgement thresholds also had greater problems with hyperactivity and inattention. Similarly, children with ASD that had higher discrimination thresholds also had greater problems with social communication. When taken together, these findings highlight the relevance of sensory, specifically tactile, processing alterations to the core symptoms of ASD and ADHD, supporting theories that altered sensory processing may cause or exacerbate core symptoms of these disorders. The relationships between these more fundamental aspects of tactile processing (i.e., perceptual thresholds) and symptom expression in these disorders would suggest tactile processing alterations to be useful biomarkers of disorder-specific symptom severity. While sensory alterations have been described previously, here we show distinct and shared sensory alterations between ASD and ADHD that may inform future approaches in how we diagnose and treat these different disorders. Of course, this work is not without limitations, which are discussed in substantial detail in Supplementary Materials. Future investigations taking a more mechanistic approach to understanding how and why these alterations manifest at the neural level (e.g. to what extent, or why, is discrimination different in ASD) have the potential to inform treatment development at an individual, rather than at a ‘diagnostic’ level. 

Methods
Participants
A total of 434 children were included in this study, of which 197 were TDC, 34 had ASD (but no diagnosis of ADHD), 99 had both ASD + ADHD, and 104 had ADHD (but no diagnosis of ASD). A summary of the relevant descriptive variables, including age, sex and handedness for each group that met screening/inclusion/exclusion criteria (described in detail below) are presented in Table 1. Informed consent was obtained from a caregiver of each assenting child that was tested. Studies in which these data were collected were/are under the approval of the Kennedy Krieger Institute and the Johns Hopkins School of Medicine Institutional Review Boards. 
Screening and general exclusion criteria. Screening was performed via telephone interview with the parent. Children with a history of intellectual disability, seizures, brain injury or other neurological disorder (i.e., Tourette’s syndrome) or illnesses were excluded. Children who were taking psychotropic medications other than stimulants were excluded from participation. For children who were on stimulant medication, children temporarily ceased taking stimulant medication on the day prior to and the day of testing. Handedness was evaluated using the Edinburgh Handedness Inventory74. 
Diagnostic Criteria.  
TDC. All TDC were free of criteria for psychiatric disorders on the Diagnostic Interview for Children and Adolescents Fourth Edition (DICA-IV)75 and/or the Kiddie Schedule for Affective Disorders and Schizophrenia76 (K-SADS).
Diagnosis of ASD. Children in the ASD cohort met the Diagnostic and Statistical Manual of Mental Disorders Fourth (DSM-IV)77 and/or Fifth Edition (DSM-V) criteria for ASD. This was confirmed with the Autism Diagnostic Observation Schedule-Generic78 (ADOS-G) or Autism Diagnostic Observation Schedule Second Edition36 (ADOS-2) and the Autism Diagnostic Interview-Revised35 (ADI-R). The information was reviewed and then diagnosis was verified by S. H. M., a child neurologist with over two decades of experience in diagnosing ASD in clinic and research settings. Any children in the ASD cohort with identifiable causes of autism (e.g., Fragile X syndrome) were excluded. 
Intellectual ability was assessed with the Wechsler Intelligence Scale of Children-Fourth79 or Fifth80 edition (WISC-IV or WISC-V). Children with full-scale IQ scores below 80 were excluded from participation unless there was a 12-point or greater index discrepancy, in which case either the Verbal Comprehension Index or Perceptual Reasoning Index (or Fluid Reasoning Index and Visual Spatial Index if the child was assessed using the WISC-V) was required to be over 80 and the lower of the two was required to be over 65. To rule out a learning disability in reading, children performed the basic reading subtest from the Wechsler Individual Achievement Test (WIAT)81 or the WIAT-II82. Those who demonstrated a significant discrepancy between full-scale IQ and the WIAT or WIAT-II score or a basic reading subtest below 85 were excluded from the study. To rule out children who met criteria for psychiatric disorders other than ASD and ADHD, children were required to complete the DICA-IV and/or K-SADS. If children met criteria for conduct disorder, mood disorders, generalized anxiety disorder, separation anxiety disorder, social phobia or obsessive-compulsive disorder, they were excluded from the study. 
Diagnosis of ADHD. Children in the ADHD group met the DSM-IV and/or DSM-V criteria for ADHD.  Specifically, children in the ADHD group must have had: 1) a T score of 60 or higher on scale L (DSM-IV: inattentive) or M (DSM-IV: hyperactive-impulsive) on the Conners or Conners 338 when available, or a score of 2 or 3 on at least 6 out of 9 items on the inattentive or hyperactivity/impulsivity scales of the ADHD-Rating Scale-IV; and 2) an ADHD diagnosis on the DICA-IV and/or K-SADS. Further information was obtained through the Conners or Conners 3 Parent and Teacher Rating Scales-Revised: Long Form [ADHD-specific broad behavior rating scales and the ADHD Rating Scale-IV, home and school versions (ADHD-RS or DuPaul scale)]. The information was reviewed and then diagnosis was verified by S. H. M., a child neurologist with over two decades of experience in diagnosing ADHD in clinic and research settings. Children with a comorbid diagnosis of oppositional defiance disorder (ODD; based on the DICA-IV and/or K-SADS) were not excluded, since ODD does not represent a separate subtype of ADHD. 
Diagnosis of comorbid ASD and ADHD. Children who met criteria for both ASD and ADHD were considered to have comorbid ASD and ADHD. 
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Table 1. Descriptive Statistics for demographic based statistics by group

Psychophysical assessment of vibrotactile perception. Tactile perception was assessed via two-alternative forced choice paradigms (2AFC) delivered using a Cortical Metrics four-digit tactile stimulator83 (CM4) . The CM4 stimulator has four 5-mm cylindrical probes capable of delivering vibrotactile stimuli in the form of sinusoidal pulses. All stimuli were delivered between 0–350 m and between 0–50 Hz. In the case of the vibrotactile assessments used in the current study, participants placed all fingers of their left hand over each of the probes (See Fig. 1a). For all protocols, vibrotactile stimuli were delivered to either LD2 or LD3 in the flutter range (0–50Hz). Responses to each protocol were made using the homologous fingers of the contralateral side (i.e., right digit 2 [RD2] and 3 [RD3]). A computer running custom Cortical Metrics scripts was used to visualize each trial and control the parameters of the vibrotactile stimuli (i.e., amplitude and frequency) of each trial for each protocol. Data were collected and stored on the same computer. The data were then later processed and visualized using a custom R package (available at: https://github.com/HeJasonL/BATD).  
	The full vibrotactile battery consisted of 11 protocols. For focus and clarity, in this main body of this manuscript we only report on static detection, amplitude and frequency discrimination, and temporal order judgment, as shown in Fig. 1. Additional protocols84,85 that were completed by the participants, but are not reported in the main body of the manuscript are described in the Supplementary Materials. The results from the analysis of these data are also available as Supplementary. All analyses code is available online. 
To ensure participants had understood the protocol, each protocol condition was preceded by three consecutive practice trials that required correct responses to proceed. For all protocols, a stepwise adaptive tracking method was used (described in detail below). Participants could take as many breaks as possible except between protocols within the same domain.
Static detection protocol. A suprathreshold stimulus (frequency = 25 Hz; starting amplitude = 20 m; duration = 500 ms) was pseudorandomly delivered to either LD2 or LD3. Participants were asked to respond on which finger they felt the stimulus. A one-up–one-down tracking paradigm (stimulus amplitude was decreased for a correct answer and increased for an incorrect answer) was used for the first 10 trials and a two-up–one-down (two correct answers were necessary for a reduction in test amplitude) was used for the remainder of the task. There were 24 trials. Static detection threshold was calculated as the mean of the amplitudes of the last five trials. 
Amplitude discrimination protocol. Stimuli were delivered to LD2 and LD3 simultaneously. One finger always received the standard stimulus (amplitude = 100 m) while the other received the comparison stimulus (initial amplitude = 200 m). The two stimuli were delivered to either digit pseudorandomly. Participants were asked to choose which of two simultaneously delivered stimuli had the higher amplitude (frequency = 25 Hz; duration = 500 ms; standard stimulus amplitude = 100 m; initial comparison stimulus amplitude = 200 m). 
A one-up–one-down tracking paradigm (comparison stimulus amplitude was decreased by 10 m for a correct answer and increased by 10 m  for a wrong answer) was used for the first 10 trials and a two-up–one-down was used for the remainder of the task (20 trials delivered with a 5-s intertrial interval [ITI]). Amplitude discrimination thresholds were calculated as the mean of the amplitudes of the last five trials. 
Frequency discrimination protocol. Stimuli were delivered to LD2 and LD3 simultaneously (duration = 500 ms; amplitude = 200 m). One finger always received the standard stimulus (frequency = 30 Hz) while the other received the comparison stimulus (initial frequency = 40 Hz). The two stimuli were delivered to either digit pseudorandomly. Participants were asked which finger received the higher frequency stimulus. 
A one-up–one-down tracking paradigm (the comparison stimulus frequency was decreased for a correct answer and increased for a wrong answer) was used for the first 10 trials. A two-up–one-down was used for the remainder of the trials. All conditions contained 20 trials and were delivered with an ITI of 5 s. Frequency discrimination thresholds were obtained as the mean of the frequencies of the last five trials.
Temporal order judgement protocol. Each participant’s ability to judge the order of sequentially delivered tactile stimuli was tested. Two single-cycle vibrotactile pulses (duration = 40 ms; frequency = 25 Hz; amplitude = 200 m) were delivered to LD2 and LD3 separated temporally by a starting ISI of 150 ms (the first pulse was assigned to either digit pseudorandomly) within a 1-s interval. A one-up-one-down tracking paradigm (the time between the sequentially delivered pulses was decreased by 10% for a correct answer and decreased by 10% for an incorrect answer). Participants were asked to make a response based on which digit they believed received the first pulse. The protocol contained 20 trials delivered with an ITI of 5 s. Temporal order judgment thresholds were calculated as the mean of the ISI of the last five trials. 

Questionnaire assessment of sensory processing and experience. Sensory processing and experience was assessed by administering the Sensory Processing Measure31 (SPM) and Sensory Experience Questionnaire32 (SEQ) respectively. The SPM is a norm-referenced assessment that produces scores for praxis, social participation and sensory functioning across different sensory domains. The SEQ was used in addition to the SPM, since it was designed to evaluate the full range of sensory processing problems that are specific to ASD and provides an assessment of these problems in both social and nonsocial contexts. Both the SPM and SEQ have shown excellent reliability86,87 and validity32,88. The SPM has also shown convergent validity with another popular measure of sensory processing, namely the Sensory Profile89. 

Statistical analyses
All statistical analyses were performed with R90 (version 3.5.3). To determine whether the dependent variables of interest changed as a function of protocol condition within each group (i.e., a protocol effect), the dependent variables of interest for each condition pair were first compared within groups using repeated-measures linear mixed-effects models using the lme4 R package91. In all models, age and condition were included as fixed factors and participant was included as a random factor. Age was included as a covariate due to our preliminary analyses finding evidence for group differences in age (i.e., the ASD + ADHD group were slightly older than the ADHD group, p = .011Bonferroni, the other groups were otherwise comparable in age p > .358Bonferroni). Note that, while group differences were identified for IQ (as expected), IQ was not included as a covariate due to the reasons for not including IQ as a covariate in group comparisons for neurodevelopmental disorders described by Dennis and colleagues92. To test for significant effects, likelihood ratio tests were performed by comparing the log-likelihood statistic of the final models (i.e., the model including the dependent variable of interest, age and condition as fixed factors and participant as a random factor) to that of a reduced model (i.e., the final model without condition as a factor in the model). The alpha level was set at .05. 
Simple linear regression models were then generated to determine: (i) whether groups differed on the dependent variable of interest, as well as any other dependent variables that could help with interpretation of the results (i.e., RT, accuracy and reversals); (ii) whether there was an effect of age on any of the dependent variables; and (iii) whether the effect of age on the dependent variables differed between groups (i.e., an age  group interaction effect). Thus, for these linear regression models, age, group and their interaction were included as independent variables in the model. Where there was a significant main effect of group and an absence of a group interaction effect, two-tailed post hoc comparisons were performed using Tukey’s HSD test. Where an interaction effect was present, simple slope analyses were conducted. The alpha level was set at .05 and p-values were adjusted for comparing a family of 4 estimates (adjusted p-values are denoted: pTukey). 
Following group comparisons, we conducted a series of correlation analyses at the sample-level to determine whether tactile sensitivity, as assessed via the vibrotactile battery, would correlate with questionnaire-based measures of sensory and related social functioning. Pearson’s correlation analyses were conducted between relevant tactile sensitivity metrics and scale items of the SPM and SEQ. Note that total scores (which are age-adjusted) were used for the SPM, but raw scores (not age-adjusted) were used for the SEQ. While the SPM provides age-adjusted values, the SEQ does not. Given the large number of correlation analyses being conducted here, Bonferroni adjustments of the p-values for each analysis was applied to control for the increase in Type I error, for each subscale but not each item due to the interdependence of items within a subscale. 
Finally, we were interested in whether individual differences in tactile sensitivity for a were related to their disorder-specific clinical symptoms. Here, we conducted correlational analyses between the tactile sensitivity metrics to the domain or scales for each disorder-specific questionnaire (i.e., the ADOS, and ADI-R for Autism-related symptomatology and the Conners, Conners-3 and DuPaul’s ADHD rating scales for ADHD-related symptomatology). Again, Bonferroni adjustments of the p-values for each analysis was applied to control for the increase in Type I error, for each subscale. If readers are interested, group comparisons made on the SPM and SEQ can be found in Supplementary Materials. 
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Table 2. Descriptive Statistics for each group for each protocol

Code availability
The code used to process the vibrotactile data collected from the Cortical Metrics device are available from https://github.com/HeJasonL/BATD. The code used to analyze the data and generate the figures in this study are also available as an RMarkdown93 file on the Open Science Framework: https://osf.io/9mdc6/

Data availability 
The raw data used in this study, which can be analyzed by the code provided in the links above is available upon request and will become available on the Open Science Framework upon acceptance of the manuscript.



References
1.	Reissland, N., Francis, B., Aydin, E., Mason, J. & Schaal, B. The development of anticipation in the fetus: A longitudinal account of human fetal mouth movements in reaction to and anticipation of touch. Dev. Psychobiol. (2014). doi:10.1002/dev.21172
2.	White, J. L. & Labarba, R. C. The effects of tactile and kinesthetic stimulation on neonatal development in the premature infant. Dev. Psychobiol. (1976). doi:10.1002/dev.420090610
3.	Cascio, C. J., Moore, D. & McGlone, F. Social touch and human development. Dev. Cogn. Neurosci. (2019). doi:10.1016/j.dcn.2018.04.009
4.	Gliga, T., Farroni, T. & Cascio, C. J. Social touch: A new vista for developmental cognitive neuroscience? Developmental Cognitive Neuroscience (2019). doi:10.1016/j.dcn.2018.05.006
5.	Ainsworth, M. S. Infant-mother attachment. Am. Psychol. (1979). doi:10.1037/0003-066X.34.10.932
6.	Wible, C. G. Schizophrenia as a disorder of social communication. Schizophr. Res. Treatment 2012, 920485 (2012).
7.	Crais, E. R., Watson, L. R. & Baranek, G. T. Use of gesture development in profiling children’s prelinguistic communication skills. American Journal of Speech-Language Pathology (2009). doi:10.1044/1058-0360(2008/07-0041)
8.	Pellegrini, A. D. & Smith, P. K. Physical activity play: The nature and function of a neglected aspect of play. Child Dev. (1998). doi:10.1111/j.1467-8624.1998.tb06226.x
9.	Scott, E. & Panksepp, J. Rough-and-Tumble Play in Human Children. Aggress. Behav. (2003). doi:10.1002/ab.10062
10.	Gallace, A. & Spence, C. The science of interpersonal touch: An overview. Neuroscience and Biobehavioral Reviews (2010). doi:10.1016/j.neubiorev.2008.10.004
11.	Ghanizadeh, A. Sensory processing problems in children with ADHD, a systematic review. Psychiatry Investigation (2011). doi:10.4306/pi.2011.8.2.89
12.	Robertson, C. E. & Baron-Cohen, S. Sensory perception in autism. Nature Reviews Neuroscience (2017). doi:10.1038/nrn.2017.112
13.	Ward, J. Individual differences in sensory sensitivity: A synthesizing framework and evidence from normal variation and developmental conditions. Cogn. Neurosci. (2018). doi:10.1080/17588928.2018.1557131
14.	&NA; DSM V. J. Dev. Behav. Pediatr. (2013). doi:10.1097/DBP.0b013e3182978a90
15.	Crane, L., Goddard, L. & Pring, L. Sensory processing in adults with autism spectrum disorders. Autism (2009). doi:10.1177/1362361309103794
16.	Lane, A. E., Young, R. L., Baker, A. E. Z. & Angley, M. T. Sensory processing subtypes in autism: Association with adaptive behavior. J. Autism Dev. Disord. (2010). doi:10.1007/s10803-009-0840-2
17.	Tomchek, S. D. & Dunn, W. Sensory processing in children with and without autism: a comparative study using the short sensory profile. Am. J. Occup. Ther. (2007). doi:10.5014/ajot.61.2.190
18.	Panagiotidi, M., Overton, P. G. & Stafford, T. The relationship between ADHD traits and sensory sensitivity in the general population. Compr. Psychiatry (2018). doi:10.1016/j.comppsych.2017.10.008
19.	Stevens, S. S. The Psychophysics of Sensory Function. in Sensory Communication (2013). doi:10.7551/mitpress/9780262518420.003.0001
20.	M. Mikkelsen, J. He, M. Tommerdahl, R. A. E. Edden, S. H. Mostofsky, N. A. J. P. Reproducibility of flutter-range vibrotactile detection and discrimination thresholds. Scientific Reports (2020).
21.	Puts, N. A. J., Wodka, E. L., Tommerdahl, M., Mostofsky, S. H. & Edden, R. A. E. Impaired tactile processing in children with autism spectrum disorder. J. Neurophysiol. (2014). doi:10.1152/jn.00890.2013
22.	Wodka, E. L. et al. The Role of Attention in Somatosensory Processing: A Multi-trait, Multi-method Analysis. J. Autism Dev. Disord. (2016). doi:10.1007/s10803-016-2866-6
23.	Puts, N. A. J. et al. Reduced GABA and altered somatosensory function in children with autism spectrum disorder. Autism Res. (2017). doi:10.1002/aur.1691
24.	N.A.J., P. et al. Reduced GABA and altered somatosensory function in children with autism spectrum disorder. Autism Res. (2017).
25.	Duerden, E. G. et al. Decreased sensitivity to thermal stimuli in adolescents with autism spectrum disorder: Relation to symptomatology and cognitive ability. J. Pain (2015). doi:10.1016/j.jpain.2015.02.001
26.	O’Riordan, M. & Passetti, F. Discrimination in autism within different sensory modalities. J. Autism Dev. Disord. (2006). doi:10.1007/s10803-006-0106-1
27.	Panagiotidi, M., Overton, P. G. & Stafford, T. Multisensory integration and ADHD-like traits: Evidence for an abnormal temporal integration window in ADHD. Acta Psychol. (Amst). (2017). doi:10.1016/j.actpsy.2017.10.001
28.	Marusich, L. R. & Gilden, D. L. Assessing temporal integration spans in ADHD through apparent motion. Neuropsychology (2014). doi:10.1037/neu0000080
29.	Toplak, M. E., Dockstader, C. & Tannock, R. Temporal information processing in ADHD: Findings to date and new methods. J. Neurosci. Methods (2006). doi:10.1016/j.jneumeth.2005.09.018
30.	Smith, A., Taylor, E., Rogers, J. W., Newman, S. & Rubia, K. Evidence for a pure time perception deficit in children with ADHD. J. Child Psychol. Psychiatry Allied Discip. (2002). doi:10.1111/1469-7610.00043
31.	Brown, T. Sensory Processing Measure. in Encyclopedia of Autism Spectrum Disorders (2018). doi:10.1007/978-1-4614-6435-8_1894-3
32.	Baranek, G. T., David, F. J., Poe, M. D., Stone, W. L. & Watson, L. R. Sensory Experiences Questionnaire: Discriminating sensory features in young children with autism, developmental delays, and typical development. J. Child Psychol. Psychiatry Allied Discip. (2006). doi:10.1111/j.1469-7610.2005.01546.x
33.	Mikkelsen, M., Wodka, E. L., Mostofsky, S. H. & Puts, N. A. J. Autism spectrum disorder in the scope of tactile processing. Developmental Cognitive Neuroscience (2018). doi:10.1016/j.dcn.2016.12.005
34.	Zhou, H. yu et al. Multisensory temporal binding window in autism spectrum disorders and schizophrenia spectrum disorders: A systematic review and meta-analysis. Neuroscience and Biobehavioral Reviews (2018). doi:10.1016/j.neubiorev.2017.12.013
35.	Lord, C., Rutter, M. & Le Couteur, A. Autism Diagnostic Interview-Revised: A revised version of a diagnostic interview for caregivers of individuals with possible pervasive developmental disorders. J. Autism Dev. Disord. (1994). doi:10.1007/BF02172145
36.	Kim, S. H. & Lord, C. Autism Diagnostic Observation Schedule. in Encyclopedia of Clinical Neuropsychology (2018). doi:10.1007/978-3-319-57111-9_1520
37.	Conners, C. K., Pitkanen, J. & Rzepa, S. R. Conners Comprehensive Behavior Rating Scale. in Encyclopedia of Clinical Neuropsychology (2011). doi:10.1007/978-0-387-79948-3_1536
38.	Conners, C. K. Conners 3rd Edition (Conners 3). Journal of Psychoeducational Assessment (2008). doi:10.1177/0734282909360011
39.	Kern, J. K. et al. The pattern of sensory processing abnormalities in autism. Autism (2006). doi:10.1177/1362361306066564
40.	Kern, J. K. et al. Sensory correlations in autism. Autism (2007). doi:10.1177/1362361307075702
41.	Stein, B. E. & Stanford, T. R. Multisensory integration: Current issues from the perspective of the single neuron. Nature Reviews Neuroscience (2008). doi:10.1038/nrn2331
42.	Driver, J. & Noesselt, T. Multisensory Interplay Reveals Crossmodal Influences on ‘Sensory-Specific’ Brain Regions, Neural Responses, and Judgments. Neuron (2008). doi:10.1016/j.neuron.2007.12.013
43.	Alais, D., Newell, F. N. & Mamassian, P. Multisensory processing in review: From physiology to behaviour. Seeing and Perceiving (2010). doi:10.1163/187847510X488603
44.	Samson, F., Mottron, L., Soulières, I. & Zeffiro, T. A. Enhanced visual functioning in autism: An ALE meta-analysis. Hum. Brain Mapp. (2012). doi:10.1002/hbm.21307
45.	Mottron, L., Dawson, M., Soulières, I., Hubert, B. & Burack, J. Enhanced perceptual functioning in autism: An update, and eight principles of autistic perception. Journal of Autism and Developmental Disorders (2006). doi:10.1007/s10803-005-0040-7
46.	O’Riordan, M. A. Superior visual search in adults with autism. Autism (2004). doi:10.1177/1362361304045219
47.	Bonnel, A. et al. Enhanced pitch sensitivity in individuals with autism: A signal detection analysis. J. Cogn. Neurosci. (2003). doi:10.1162/089892903321208169
48.	Bonnel, A. et al. Enhanced pure-tone pitch discrimination among persons with autism but not Asperger syndrome. Neuropsychologia (2010). doi:10.1016/j.neuropsychologia.2010.04.020
49.	Bellgrove, M. A. et al. Impaired Temporal Resolution of Visual Attention and Dopamine Beta Hydroxylase Genotype in Attention-Deficit/Hyperactivity Disorder. Biol. Psychiatry (2006). doi:10.1016/j.biopsych.2006.03.062
50.	Coghlan, S. et al. GABA system dysfunction in autism and related disorders: From synapse to symptoms. Neuroscience and Biobehavioral Reviews (2012). doi:10.1016/j.neubiorev.2012.07.005
51.	Cellot, G. & Cherubini, E. GABAergic signaling as therapeutic target for autism spectrum disorders. Frontiers in Pediatrics (2014). doi:10.3389/fped.2014.00070
52.	Brondino, N. et al. Pharmacological Modulation of GABA Function in Autism Spectrum Disorders: A Systematic Review of Human Studies. J. Autism Dev. Disord. (2016). doi:10.1007/s10803-015-2619-y
53.	Casanova, M. F., Buxhoeveden, D. P., Switala, A. E. & Roy, E. Minicolumnar pathology in autism. Neurology (2002). doi:10.1212/WNL.58.3.428
54.	Casanova, M. F., Buxhoeveden, D. & Gomez, J. Disruption in the Inhibitory Architecture of the Cell Minicolumn: Implications for Autisim. Neuroscientist (2003). doi:10.1177/1073858403253552
55.	Lepistö, T. et al. The discrimination of and orienting to speech and non-speech sounds in children with autism. Brain Res. (2005). doi:10.1016/j.brainres.2005.10.052
56.	Kuhl, P. K., Coffey-Corina, S., Padden, D. & Dawson, G. Links between social and linguistic processing of speech in preschool children with autism: Behavioral and electrophysiological measures. Dev. Sci. (2005). doi:10.1111/j.1467-7687.2004.00384.x
57.	Korpilahti, P. et al. Processing of affective speech prosody is impaired in Asperger syndrome. J. Autism Dev. Disord. (2007). doi:10.1007/s10803-006-0271-2
58.	Behrmann, M., Thomas, C. & Humphreys, K. Seeing it differently: visual processing in autism. Trends in Cognitive Sciences (2006). doi:10.1016/j.tics.2006.05.001
59.	Puts, N. A. J. et al. Reduced GABAergic inhibition and abnormal sensory symptoms in children with Tourette syndrome. J. Neurophysiol. (2015). doi:10.1152/jn.00060.2015
60.	Edden, R. A. E., Crocetti, D., Zhu, H., Gilbert, D. L. & Mostofsky, S. H. Reduced GABA concentration in attention-deficit/hyperactivity disorder. Arch. Gen. Psychiatry (2012). doi:10.1001/archgenpsychiatry.2011.2280
61.	Naaijen, J., Lythgoe, D. J., Amiri, H., Buitelaar, J. K. & Glennon, J. C. Fronto-striatal glutamatergic compounds in compulsive and impulsive syndromes: A review of magnetic resonance spectroscopy studies. Neuroscience and Biobehavioral Reviews (2015). doi:10.1016/j.neubiorev.2015.02.009
62.	Bollmann, S. et al. Developmental changes in gamma-aminobutyric acid levels in attention-deficit/hyperactivity disorder. Transl. Psychiatry (2015). doi:10.1038/tp.2015.79
63.	Gilbert, D. L., Isaacs, K. M., Augusta, M., MacNeil, L. K. & Mostofsky, S. H. Motor cortex inhibition: A marker of ADHD behavior and motor development in children. Neurology (2011). doi:10.1212/WNL.0b013e31820c2ebd
64.	Dutra, T. G., Baltar, A. & Monte-Silva, K. K. Motor cortex excitability in attention-deficit hyperactivity disorder (ADHD): A systematic review and meta-analysis. Research in Developmental Disabilities (2016). doi:10.1016/j.ridd.2016.01.022
65.	Mostofsky, S. H. et al. Reduced GABAergic inhibition and abnormal sensory symptoms in children with Tourette syndrome. J. Neurophysiol. (2015). doi:10.1152/jn.00060.2015
66.	Freeman, R. D. et al. Tic disorders and ADHD: Answers from a world-wide clinical dataset on Tourette syndrome. Eur. Child Adolesc. Psychiatry (2007). doi:10.1007/s00787-007-1003-7
67.	de Lange, S. C. et al. Shared vulnerability for connectome alterations across psychiatric and neurological brain disorders. Nat. Hum. Behav. (2019). doi:10.1038/s41562-019-0659-6
68.	van den Heuvel, M. P. & Sporns, O. A cross-disorder connectome landscape of brain dysconnectivity. Nature Reviews Neuroscience (2019). doi:10.1038/s41583-019-0177-6
69.	Noreika, V., Falter, C. M. & Rubia, K. Timing deficits in attention-deficit/hyperactivity disorder (ADHD): Evidence from neurocognitive and neuroimaging studies. Neuropsychologia (2013). doi:10.1016/j.neuropsychologia.2012.09.036
70.	Hart, H., Radua, J., Mataix-Cols, D. & Rubia, K. Meta-analysis of fMRI studies of timing in attention-deficit hyperactivity disorder (ADHD). Neuroscience and Biobehavioral Reviews (2012). doi:10.1016/j.neubiorev.2012.08.003
71.	Daw, N. D., Courville, A. C. & Touretzky, D. S. Representation and timing in theories of the dopamine system. Neural Comput. (2006). doi:10.1162/neco.2006.18.7.1637
72.	Rubia, K., Halari, R., Christakou, A. & Taylor, E. Impulsiveness as a timing disturbance: neurocognitive abnormalities in attention-deficit …. Philos. Trans. R. Soc. B … (2009).
73.	Tripp, G. & Wickens, J. R. Neurobiology of ADHD. Neuropharmacology (2009). doi:10.1016/j.neuropharm.2009.07.026
74.	Oldfield, R. C. The assessment and analysis of handedness: The Edinburgh inventory. Neuropsychologia (1971). doi:10.1016/0028-3932(71)90067-4
75.	Reich, W. Diagnostic Interview for Children and Adolescents (DICA). J. Am. Acad. Child Adolesc. Psychiatry (2000). doi:10.1097/00004583-200001000-00017
76.	Kaufman, J. et al. Schedule for affective disorders and schizophrenia for school-age children-present and lifetime version (K-SADS-PL): Initial reliability and validity data. J. Am. Acad. Child Adolesc. Psychiatry (1997). doi:10.1097/00004583-199707000-00021
77.	Naftolowitz, D. F., Donovan, S. & Frances, A. DSM-IV. CNS Drugs (1995). doi:10.2165/00023210-199504010-00001
78.	Lord, C. et al. The Autism Diagnostic Observation Schedule-Generic: A standard measure of social and communication deficits associated with the spectrum of autism. J. Autism Dev. Disord. (2000). doi:10.1023/A:1005592401947
79.	Dumont, R., Willis, J. O., Veizel, K. & Zibulsky, J. Wechsler Adult Intelligence Scale-Fourth Edition. in Encyclopedia of Special Education (2014). doi:10.1002/9781118660584.ese2520
80.	Weiss, L. G. et al. Wechsler Intelligence Scale for Children—Fifth Edition. in WISC-V (2019). doi:10.1016/b978-0-12-815744-2.00005-7
81.	Taylor, R. L. Wechsler Individual Achievement Test. Diagnostique (1999). doi:10.1177/153450849902401-424
82.	Wechsler, D. Wechsler Individual Achievement Test (WIAT-II UK). WIAT-II UK (2005).
83.	Holden, J. K. et al. A novel device for the study of somatosensory information processing. J. Neurosci. Methods (2012). doi:10.1016/j.jneumeth.2011.11.007
84.	Puts, N. A. J., Edden, R. A. E., Wodka, E. L., Mostofsky, S. H. & Tommerdahl, M. A vibrotactile behavioral battery for investigating somatosensory processing in children and adults. J. Neurosci. Methods (2013). doi:10.1016/j.jneumeth.2013.04.012
85.	Zhang, Z., Francisco, E. M., Holden, J. K., Dennis, R. G. & Tommerdahl, M. Somatosensory information processing in the aging population. Front. Aging Neurosci. (2011). doi:10.3389/fnagi.2011.00018
86.	Brown, T., Morrison, I. C. & Stagnitti, K. The reliability of two Sensory Processing scales used with school-age children: Comparing the response consistency of mothers, fathers, and classroom teachers rating the same child. J. Occup. Ther. Sch. Early Interv. (2010). doi:10.1080/19411243.2010.541775
87.	Little, L. M. et al. Psychometric validation of the sensory experiences questionnaire. Am. J. Occup. Ther. (2011). doi:10.5014/ajot.2011.000844
88.	Miller-Kuhaneck, H., Henry, D. A., Glennon, T. J. & Mu, K. Development of the sensory processing measureschool: Initial studies of reliability and validity. Am. J. Occup. Ther. (2007). doi:10.5014/ajot.61.2.170
89.	Dugas, C., Simard, M. N., Fombonne, E. & Couture, M. Comparison of two tools to assess sensory features in children with autism spectrum disorder. Am. J. Occup. Ther. (2018). doi:10.5014/ajot.2018.024604
90.	Team, R. R Development Core Team. R A Lang. Environ. Stat. Comput. (2013).
91.	Bates, D., Mächler, M., Bolker, B. M. & Walker, S. C. Fitting linear mixed-effects models using lme4. J. Stat. Softw. (2015). doi:10.18637/jss.v067.i01
92.	Dennis, M. et al. Why IQ is not a covariate in cognitive studies of neurodevelopmental disorders. Journal of the International Neuropsychological Society (2009). doi:10.1017/S1355617709090481
93.	Baumer, B. & Udwin, D. R Markdown. Wiley Interdisciplinary Reviews: Computational Statistics (2015). doi:10.1002/wics.1348








 

image1.emf



standard



comparison



variable frequency



standard



comparison



va
ria



bl
e



 a
m



pl
itu



de



va
ria



bl
e



 a
m



pl
itu



de



variable duration between



Static detection



Amplitude discrimination Simultaneous 
frequency discrimination



Temporal order judgement



 a b



 c  d  e










standard

comparison

variable frequency

standard

comparison

v

a

r

i

a

b

l

e

 

a

m

p

l

i

t

u

d

e

v

a

r

i

a

b

l

e

 

a

m

p

l

i

t

u

d

e

variable duration between

Static detection

Amplitude discrimination

Simultaneous 

frequency discrimination

Temporal order judgement

 a b

 c  d  e


image2.emf



+ADHD +ADHD +ADHD



**** ****



4



8



12



16



TDC ASD ASD
+ADHD



ADHD



Th
re



sh
ol



d 
(μ



)
a



*** ***



500



1000



TDC ASD ADHD



M
ed



ia
n 



RT
 (m



s)



*** **



75



80



85



90



95



100



TDC ASD ADHD



Ac
cu



ra
cy



 (%
)



Static Detection
b c



ASD
+ADHD



ASD
+ADHD











image3.emf



***



0



40



80



120



TDC ASD ASD
+ADHD



ADHD



Th
re



sh
ol



d 
(μ



)
a



500



1000



1500



TDC ASD ASD
+ADHD



ADHD



M
ed



ia
n 



RT
 (m



s) *



60



70



80



90



TDC ASD ASD
+ADHD



ADHD



Ac
cu



ra
cy



 (%
)



Amplitude Discrimination
b c











image4.emf



**



5



10



15



20



TDC ASD ASD
+ADHD



ADHD



Th
re



sh
ol



d 
(H



z)
a



500



1000



1500



TDC ASD ASD
+ADHD



ADHD



M
ed



ia
n 



RT
 (m



s)



**



40



60



80



TDC ASD ASD
+ADHD



ADHD



Ac
cu



ra
cy



 (%
)



Frequency Discrimination
b c











image5.emf



*



50



100



150



TDC ASD ASD
+ADHD



ADHD



Th
re



sh
ol



d 
(m



s)
a



400



800



1200



TDC ASD ASD
+ADHD



ADHD



M
ed



ia
n 



RT
 (m



s)



** 0.058



40



60



80



TDC ASD ASD
+ADHD



ADHD



Ac
cu



ra
cy



 (%
)



Temporal Order Judgement
b c











image6.jpeg
Social Participation o 12 - P n;oza,p!w. ° R=029,p=65006 © ® ®
o o ° 2" o o
© Vision = g
2 08 1) .03 04 E | eg® 1 ‘.'.
@ X s !
@ Hearing a0 oD 0 0 2% o go o o3%°8 8
3 g %3 &
2 Touch g |® o ®
o 06 08 09 10 ; & e e ]
>
x 0 000 0 o
] Body Awareness 29w Rt 08 18 %
z
u Balance Motion 15 17 02 09 0 | cocmmamsananeso @0 e 0o
3 [ [ 12 15 3 6 [] 12 15
Planning Ideas 18" A3 09 A5 Detection Threshold (um)
Non-social Hyperresponsiveness 30" 24 13 _o1 d e
u . X %4 R=037,p=000027 °
e Non-social Hyporesponsiveness 3™ 15 18 =0 2 2 % °
w o o
u 2100 2
o e = 50,
w Non-social Seeking 29" 24 20 18 g %
x< 5 <
5 Social Hy i § 2w
: ocial Hyperresponsiveness 25 16 09 _03 g g
o 5 g
2 Social Hyporesponsiveness 32+ 17 26 _08 I& Fw
w 50,
© Social Seeking 8 8
ocial o .
29 21 26 34 & @
Static Amplitude Frequency Order
Detection Discrimination Discrimination Judgement 15 3 6 9 12 15
Detection Threshold (um) Detection Threshold (um)

TACTILE SENSITIVITY THRESHOLDS * TDC * ASD * ASD+ADHD * ADHD




image7.jpeg
ADOS Communication

‘Communication 10 25% o7 .01
8
8 Social Interaction —03 07 BT 06
Stereotyped Behavior —03 .06 08 -22
Reciprocal Social Interaction 02 15 —03 -06
3
E Verbal Communication -.05 15 -.05 -.004
Restricted and repetitive 07 —03 -.06 -.20
Stereotyped Behavior
Static Amplitude Frequency Order
Detection Discrimination Discrimination Judgement
c
R=025,p=00078
° ° L]
° oo . . . -
S
®» o0 o w oeme o . g
2
E
s
o
@
o
2
o 06 & e o0 o < e L]
° e o ° (X ] °
o0 ° °
50 100 5 10 15 20
Amplitude Discrimination Threshold (um) Frequency Discrimination Threshold (Hz)
® ASD e ASD+ADHD




image8.jpeg
Cogritive Problem/ Inattenton 16 s o7 05

Hyperacivy — o4 o a0

o Oppositional 36 ) 05 a7
1]

g Anxious-Shy 02 -25 -19 ot
8

Perectonism o1 -2 -0 -13

Psychosomatic 18 10 oo -8

Social Problems 22 -.18 a1 A7

Inattention -.04 .10 01 -18

Hyperactive/mpulsivity —ot 05 06 -1

oop -23 -13 08 =i

é Conduct disorder ~10 -03 a2 —o1

g Defiance Aggression -15 -1 00 -.05

Peer Relations 05 —27 08 —22

Executive Functioning -0z 06 —00 o7

Learning Problems —12 16 06 —15

@ DuPaul Inattention 08 05 -09 2
3

% DuPaul Hyperaciviy 28 0 a1 21

Detation Disciminaton Drscnmneton sudgement

TACTILE SENSITIVITY THRESHOLDS

‘Conners Hyperactivity
] s

2

Conners Inattention

R=059,p=0000%

]
Detection Threshold (um)

2

5

«.
z
k<1
i . $
H .
H .
Bw.
. .
3
3 3 3 2 s

Detection Threshold (m)

A=030,p=0087

160
Order Judgement Threshold (ms)

150

50 160 150
Order Judgement Threshold (ms)

ADHD.




