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Abstract  

Background 

A number of neurophysiological characteristics demonstrated in autism share the common theme 

of under-connectivity in the cerebral cortex.  One of the prominent theories of the cause of the 

dysfunctional connectivity in autism is based on distinct anatomical structures that differ between the 

autistic and the neurotypical cortex. The functional minicolumn has been identified as occupying a much 

smaller space in the cortex of people with autism as compared to neurotypical controls, and this 

aberration in architecture has been proposed to lead to under-connectivity at the local or within-

macrocolumn level, which in turn leads to dysfunctional connectivity globally across cortical areas in 

persons with autism.  Numerous reports have indicated reduced synchronization of activity on a large 

scale in the brains of people with autism.  We hypothesized that if the larger-scale aberrant dynamics in 

autism were due – at least in part – to a widespread propagation of the errors introduced at the level of 

local connectivity between minicolumns, then aberrations in local functional connectivity should also be 

detectable in autism. 

Methods 

Recently, we reported a method for measuring the perceptual changes that are impacted by the presence 

of synchronized conditioning stimuli on the skin. In this study, the temporal order judgment (TOJ) and 

temporal discriminative threshold (TDT) of 10 adult autism subjects were assessed both in the absence 

and presence of synchronized conditioning vibrotactile stimuli.  

Results 

    Our previous report demonstrated that delivering simultaneous and synchronized vibrotactile 

stimuli to near-adjacent skin sites decreases a subject’s ability to determine temporal order by 3 to 4-fold.  

However, results presented in this report show that subjects with autism do not demonstrate such 

decreased capacity in temporal order judgment (TOJ) in the presence of synchronized conditioning 

stimuli, although these same subjects do have TOJ thresholds well above that of controls. 

Conclusions 



It is speculated that the differences in sensory perceptual capacities in the presence of 

synchronized conditioning stimuli in autism are due to local under-connectivity in cortex at the 

minicolumnar organizational level, and that the above-average TOJ thresholds in autism could be 

attributed to structural differences that have been observed in the frontostrial system of this population. 

 



Background  

Autism is a pervasive developmental disorder that affects many aspects of the central nervous 

system, including sensory and motor deficits.  For example, a number of autism studies have described 

Parkinson-like motor characteristics and/or postural control problems which could be attributed to deficits 

of the basal ganglia portion of the frontostriatal system [1, 2]. These deficits in sensorimotor control could 

be derived, in part, from the role that the frontostriatal system plays in an individual’s timing perception 

as well as the coordination that is required between cortical regions during sensorimotor tasks. One 

relatively simple measure that can be used for the evaluation of a subject’s timing perception is Temporal 

Order Judgment (TOJ).  TOJ is a measure obtained from determining the minimal inter-stimulus interval 

necessary for a subject to detect the temporal order of two sequentially delivered peripheral stimuli. This 

metric of timing perception has been shown to be sensitive to lesions to the supplementary motor area 

(SMA), posterior parietal cortex, and basal ganglia [3, 4].  Additionally, these cortical areas have been 

implicated from significantly elevated TOJ thresholds (worse performance) in subjects with dyslexia [5], 

dystonia [6-8], and Parkinson’s Disease [9].  One goal of our study was to determine if timing perception 

in subjects with autism would be elevated in a similar fashion. 

Although the sensory aspect of an individual’s timing perception could play a distinct role in 

sensorimotor coordination, the lack of larger scale across-cortex integration and coordination of activity 

across multiple cortical regions has been demonstrated as being characteristic of autism [2, 10-12]. 

Recently, the role of synchronization (or lack of synchronization) in autism has gained a certain degree of 

prominent attention.  Uhlhaas and Singer [13] recently reviewed the experimental evidence that suggests 

that functional connectivity is reduced in autism, primarily based on fMRI studies [10-12, 14-16] that 

examine the coordinated activity between different areas of the cerebral cortex. Uhlhaas and Singer [13] 

argued that these data predict that measures of neural synchrony in subjects with autism should be 

reduced, yet they also pointed out that there are only a small number of studies that actually address such 

comparisons of synchronization between neurotypical adults and individuals with autism (e.g., [17, 18]).  

From another perspective, there is a large body of evidence that the cerebral cortex of subjects with 



autism is significantly modified at the minicolumnar level [19]. Casanova and colleagues suggest that this 

aberrant minicolumnar structure results in the disruption of the inhibitory architecture [20] that is required 

for normal function in local neural circuitry.  They suggest that disruption of functional connectivity at 

the local minicolumnar level could be responsible for, or strongly correlated with, the dysfunctional 

connectivity that has been observed across large scale cortical areas, as described in the neural synchrony 

studies noted above.  In this study, we sought to obtain measures addressing the impact that coordinated 

somatosensory activity in a local cortical region has on subjects with autism.   

We recently investigated the impact that stimulus-driven neuronal interactions, evoked by 

vibrotactile stimuli at dual skin sites which project to adjacent and near-adjacent cortical ensembles, could 

have on TOJ [21].  In that study, it was reported that delivering weak intensity (low amplitude) but 

synchronized and periodic vibrotactile stimuli unilaterally to two adjacent digit tips (D2 and D3) 

significantly and robustly (3-4 fold) degraded a subject’s TOJ performance.    However, delivery of the 

same stimulus conditions to bilateral skin sites showed that there was little or no impairment in TOJ 

performance.  One of the conclusions that was drawn from that study was that the stimulus-driven effect 

of the synchronized conditioning stimuli coordinated the activity of near-adjacent cortical ensembles 

(such as those representing two fingers used in normal everyday tasks) and consequently, made it more 

difficult to distinguish one cortical locus from the other as the two stimulus sites were effectively 

perceptually bound by the stimulus-driven synchronization. 

The above-described method that we recently reported involves “forcing” adjacent cortical 

regions to become synchronized (via stimulus-drive), and then measuring the impact that the cortical-

cortical interactions generated by such synchronized activity has on sensory percepts known to be 

modulated by activity in those same cortical regions.  In other words, if the activity in the cortical regions 

that represent D2 and D3 in somatosensory cortex become synchronized and/or coordinated, it should be 

more difficult to perform a TOJ task – assuming normal functional connectivity (as was observed in our 

previous report).  If neurologically compromised individuals – such as those with autism – have distinct 

systemic cortical deficits, and that these deficits extend to local neuronal circuitry connectivity, then the 



abnormal functional connectivity between adjacent and/or near adjacent cortical ensembles would 

decrease the effect that stimulus-driven synchronization has on the TOJ task (i.e., performance on the task 

would not degrade).  Therefore, one goal of this study was to determine if synchronized conditioning 

stimuli would have an impact on TOJ performance in subjects with autism. 

 



Methods 

The subjects were ten males clinically diagnosed with autism (i.e., Autistic Disorder or Asperger 

Disorder; DSM-IV-TR; [22]), all naïve both to the study design and issue under investigation.  Control 

data used for comparison has been reported in a previous study [21].  Autism subjects were recruited from 

the University of North Carolina Neurodevelopmental Disorders Research Center Subject Registry. All 

ten individuals had been previously tested with the Autism Diagnostic Interview – Revised (ADI-R; [23]), 

the Autism Diagnostic Observation Schedule - Module 4 (ADOS; [24]), as well as the Wechsler 

Abbreviated Scale of Intelligence (WASI; [25]), and met the diagnostic criteria for autism on the ADI-R.  

Education levels were as follows: one subject completed the 11th grade, and the remaining nine subjects 

completed high school. Participants were screened for co-morbid psychiatric diagnoses, peripheral injury, 

and other conditions that would affect somatosensation. The average ages were 26.1 ± 6.3 yrs for the 

autism group and 24.2 ± 6.1 yrs for the control group (mean ± stdev).  The average IQ scores were as 

follows: for the autism group, Verbal = 102.3 ± 17.8, Performance = 103.5 ± 18.7, Full-4 = 102.8 ± 17.7; 

for the control group, Verbal = 112.0 ± 11.0, Performance = 115.3 ± 8.2, Full-4 = 115.6 ± 7.1.  No 

statistical differences were observed between the two groups for either age or IQ.  The subjects gave 

informed consent and were paid $25/hour for their time. The study was performed in accordance with the 

Declaration of Helsinki, all subjects gave their written informed consent, and procedures were reviewed 

and approved in advance by an institutional review board. 

A two-alternative forced-choice (2AFC) tracking protocol was used to evaluate the temporal 

order judgment (TOJ) and temporal discriminative threshold (TDT) capacity of each of the ten right hand 

dominant subjects.  The protocol implemented in this study is described in full detail in a previous report 

[21].  The subject’s right arm was rested comfortably on a table surface, and the hand was placed under a 

portable vibrotactile dual-site stimulator (CM-1; for full description, see [26]). The two probe tips (5 mm 

diameter each) were positioned at one of two sets of stimulus sites: (1) on the glabrous pads of digits 2 

and 3 of the same hand (unilateral condition) or (2) on the glabrous pads of digit 2 of both hands (bilateral 

condition). 



At the start of each run, the two probe tips were driven towards the skin sites until each tip 

registered a force of 0.1 g, as determined by a closed-loop algorithm in the CM-1 stimulator feedback 

system.  The tips were then further indented into the skin by 500 µm to ensure good contact with the skin. 

The tracking protocol used to obtain individual TOJ and TDT data consisted of 2 separate runs.  In one 

run (20 trials), used for TOJ assessment, two single-cycle vibrotactile test stimuli (“pulses”; 1 mm peak-

to-peak amplitude, 25 Hz) delivered to the skin were initially temporally separated by an inter-stimulus 

interval (ISI) of 150 msec.  The locus that received the first of the two pulses was randomly selected on a 

trial-by-trial basis.  The time allocated for stimulus duration was 1 sec (the two 40 ms pulses, separated by 

the variable ISI, were delivered at the center of this interval), followed by subject response (subject was 

queried to select the skin site that received the first stimulus) and a 5 sec delay before onset of the next 

trial (see Panel A of Figure 1).  The ISI between the two pulses was modified based on subject response 

with a 1up / 1down algorithm for the first 10 trials and responses for the remaining trials of the run were 

tracked with a 2up / 1down algorithm in which two correct subject responses resulted in a decrement in 

the ISI.  Using a 1up / 1down algorithm for the first 10 trials is an efficient way to quickly move the 

tracking task into a subject’s discriminative capacity range without significantly impacting the results 

[26].  A separate run (also 20 trials) of a similar 2AFC tracking protocol was used for TDT assessment.  

The TDT protocol differed from the TOJ protocol such that during the stimulus interval, the two pulses 

were delivered either at the same time or separated temporally by the ISI.  Subject response was not 

dependent on the order in which the two stimuli were delivered, but rather on whether the pulses were felt 

to be simultaneous or not. 

TDT assessment was observed unilaterally and TOJ assessment was observed at both the 

unilateral and bilateral stimulus sites.  In the first condition, there was no concurrent stimulation (control; 

see Panel B of Figure 1).  In the second condition, a 25 Hz concurrent stimulus was delivered (Panel C of 

Figure 1).  During all cases of concurrent stimulus delivery, the concurrent stimulus was delivered for a 

minimum of 400 msec before the first of the two pulses was delivered and lasted for the entire duration of 

the allotted interval (1 sec) with the exception of the two 40 ms intervals during which the 1 mm pulses 



were being delivered.  A previous study has reported results obtained from the same described perceptual 

test with neurotypical adult subjects under multiple conditions of concurrent stimulation [21].  The effects 

of concurrent stimulation were observed for the unilateral conditions of TDT and TOJ assessment.  The 

order in which the conditions were run was randomized. 

 



Results 

In order to compare the timing perception of individuals with autism and controls, a two-

alternative forced-choice (2AFC) tracking protocol was used to assess discriminative capacities to 

determine the temporal order of two sequentially delivered tactile stimuli (temporal order judgment; TOJ) 

and to temporally resolve two sequential stimuli, regardless of order (temporal discrimination threshold; 

TDT), in individuals with autism.  These results were compared with data obtained using an identical 

protocol from healthy neurotypical controls (control data previously reported in [21]).  Figure 2 

summarizes the TDT and TOJ measures obtained at the unilateral D2-D3 and bilateral D2-D2 paired skin 

sites.  As was expected, both populations performed significantly better at TDT vs. TOJ (one-way 

repeated measures ANOVA; p < 0.01).  Furthermore, significantly elevated thresholds were observed for 

the autism group when compared to the controls under both the TDT and TOJ unilateral conditions (p < 

0.01).  In the bilateral TOJ condition, although the control group appeared to perform slightly better at the 

task, there was no significant difference between the two populations (p = 0.2836). 

 

While the TOJ and TDT measures provide an assessment of a subject’s timing perception, they 

do not provide a measure of the impact that the coordinated or synchronized behavior of the adjacent 

cortical ensembles has on subsequent responses to tactile stimulation.  In order to assess whether or not 

synchronized conditioning stimuli would have an impact on TOJ and TDT, conditioning stimuli were 

delivered before (a minimum of 400 msec) and concurrently with the TOJ and TDT tasks (see Methods; 

also [21]).   Figure 3 summarizes the TOJ and TDT performance metrics obtained under the unilateral 

conditions in the presence and absence of 25 Hz conditioning stimulation.  Note that for the control 

group, TDT was significantly elevated (p < 0.01) and TOJ increased 3 to 4-fold (p < 0.01) with 25 Hz 

conditioning when compared to the respective conditions when no conditioning stimulus was present.  In 

contrast, for both TDT and TOJ measures, conditioning stimulation had no significant impact on the 

autism group (TDT, p = 0.2561; TOJ, p = 0.4362). 

 



In order to determine whether the differential effects of conditioning observed between the 

groups were consistent within subjects, the data was normalized to the condition during which no 

conditioning stimulus was present (shown in Figure 4).  The 25 Hz conditioning stimulus significantly 

impaired TDT by ~240% (p < 0.01) and TOJ by ~360% (p < 0.01) for the control group, whereas the 

autism group showed no significant change for either measure (p = 0.1986 and p = 0.4329, respectively).  

The small error bars in the normalized plot confirm that the change in performance due to conditioning 

was consistent within groups across all the subjects who participated in the study.  To summarize, the 

results suggest two important outcomes: 1) Individuals with autism demonstrated impaired performance 

on unilateral TDT and TOJ tasks when compared to the control group, and 2) Subjects with autism 

showed no significant decrement in performance, as do neurotypical controls, on these tasks in the 

presence of 25 Hz conditioning stimuli. 



Discussion 

Degraded performance of TOJ and TDT in autism 

In this study, we made the initial observation that individuals with autism perform significantly 

worse than neurotypical adults on the TOJ and TDT tasks.  The results from our previously reported study 

[21] demonstrated that neurotypical subjects had TOJ thresholds that were in the range between 30 and 40 

msec for both the unilateral (33 ± 4 msec) and bilateral (38 ± 8 msec) conditions.  TDT thresholds were 

found to be around 20 msec for the unilateral (17 ± 3 msec) and bilateral (24 ± 4 msec) conditions, and 

both measures were well within the range of previously reported values (e.g., [6-8, 27-29]).  However, the 

thresholds obtained from subjects with autism were elevated for both unilateral TOJ (57 ± 9 msec) and 

TDT (37 ± 3 msec), indicating that timing perception in individuals with autism is below normal. 

Bilateral TOJ measures obtained from subjects with autism and controls were not significantly different, 

although controls appeared to have lower thresholds (38 ± 8 msec vs. 47 ± 7 msec).  Interestingly, within 

the autism group, performance of the TOJ task in the bilateral condition appears to be slightly better than 

the unilateral condition, though again – not significantly different.  

 

Degradation in TOJ could be accounted for by abnormalities in the frontostrial system 

Timing perception – as measured by TOJ and TDT – is most often accounted for by the 

frontostriatal system largely as a result of these timing measures being sensitive to lesions to the 

supplementary motor area (SMA), posterior parietal cortex, and basal ganglia [3, 4], and also because of 

the fact that above-average TOJ thresholds occur in subjects with known damage to these same cortical 

areas (dyslexia [5], dystonia [6-8], and Parkinson’s disease [9]).  In subjects with autism, a number of 

structures, particularly in the frontostriatal system, have been reported to be compromised and could be 

responsible for the above average TDT and TOJ thresholds (or below average timing perception) 

demonstrated in our study.  Specifically, several studies implicate the basal ganglia, or disproportionate 

changes in basal ganglia volume, in autism [30-36]. Langen et al [30] demonstrated an enlargement in the 

caudate nucleus volume that was disproportionate to increases in total brain volume in subjects with 



autism.  These findings were consistent with the work of others who found increases in basal ganglia 

volume in individuals with autism [31-33].  Additionally, differences in thalamus volume [37, 38], and 

impaired white matter connectivity in the frontal lobe [39] also implicate the frontostriatal system in the 

etiology of autism and are consistent with the impairments observed in timing perception in individuals 

with autism.    

 

TOJ degrades with synchronized conditioning stimuli - but not in autism 

Results from our previous report ([21]; also see Figure 3) showed that when 25 Hz synchronized 

conditioning stimuli were delivered concurrently at two pairs of unilateral test sites (D2 and D3), 

neurotypical adult subjects demonstrated a marked decrease in their ability to discriminate temporal order.  

The results of that study gave support to the theory that synchronization of cortical ensembles in SI could 

significantly impact the topography of temporal perception. In other words, co-activation of adjacent 

and/or near-adjacent cortical assemblies makes it more difficult for a subject to perceptually differentiate 

between the regions of skin that are receiving identical stimulation.  However, in the present study, it was 

observed that there was no degradation in performance in the individuals with autism on the TOJ task in 

the presence of the same synchronized dual-site conditioning stimuli, and the topography of temporal 

perception was not impacted. While all control subjects in the previous study tested demonstrated a 

decreased ability in TOJ in the presence of synchronized conditioning stimuli delivered to unilateral 

stimulus sites, none of the autism subjects showed a significant alteration in TOJ with the same 

synchronized conditioning stimuli.  The conclusion from the previous study was that the degradation in 

TOJ observed in controls in the unilateral stimulus condition resulted from the synchronization of activity 

in adjacent or near-adjacent cortical ensembles which led to those cortical ensembles becoming 

functionally connected or bound [21].  In the autism subjects, this stimulus-driven synchronization did not 

lead to degradation of TOJ, suggesting that the engaged cortical ensembles – though in near proximity 

topographically – are not functionally connected or do not bind.  The lack of local functional connectivity 

between these two topographically proximal regions could be responsible for the absence of perceptual 



binding that normally occurs with synchronized conditioning stimuli.  Recognition of two independent, 

but identical stimuli, as a single stimulus, could be an indicator of integration on the local cortical level 

that is important for coordination of sensory input that might play an important role in normal 

sensorimotor function.  However, if individuals with autism do not experience such perceptual binding – 

or coordination of sensory input - then this “dysfunctional” connectivity could explain a number of 

enhanced feature extracting capabilities that are often associated with autism [40]. 

 

Changes in local cortical circuitry could lead to changes in under-connectivity and synchronization.  

The degradation in TOJ performance with stimulus-driven synchronization that is observed in 

control subjects (but absent in individuals with autism) is presumed to reflect the responses of near-

proximal cortical ensembles in primary somatosensory cortex evoked by dual-site skin stimulation. If this 

presumption is correct, the findings obtained in the present study raise the possibility that local cortico-

cortical functional connectivity in subjects with autism may be substantially abnormal.  While a number 

of findings have demonstrated that long-range functional connectivity in subjects with autism is very 

different from that present in the general population (for example, see [41, 42]), it is unlikely that the 

different observations obtained from individuals with autism and control subjects reported in this study 

are attributable to differences in long-range cortico-cortical connections.  Rather, the measures of the 

impact that synchronization of topographically proximal cortical ensembles described in this paper appear 

to reflect the deficit in short-range parietal corticocortical connectivity identified in subjects with autism 

by Casanova and colleagues [43].   Casanova and colleagues have reported minicolumnar reduction in a 

number of areas in the parietal cortex, primarily in the peripheral neuropil space surrounding the 

minicolumn structures [19].  The peripheral neuropil space, being the area that provides the "strong 

vertical flow of inhibition" described by Mountcastle [44], is the region populated by (inhibitory) double 

bouquet cells.  If the lack of degradation of TOJ in the presence of stimulus-driven synchronization is, in 

fact, an indicator of altered local circuitry in autism, then it would fit well with the minicolumnar 

hypothesis of autism that has been put forth by Casanova and colleagues. Such changes in connectivity 



could lead to the imbalance in excitation and inhibition that others have predicted underlies the 

neocortical hyperexcitability and unstable activity in cortical networks characteristic of autism [41, 45]. 

 

Long range vs. short range functional connectivity 

The primary significance of this study is that the lack of perceptual degradation that does not 

result from stimulus-driven synchronization in autism demonstrates that there is an element of under-

connectivity between cortical ensembles at the local regional level.  A number of reports have focused on 

long range functional connectivity – or synchronization between cortical regions across large territories of 

cortex.  These studies that propose long-range cortical under-connectivity in autism predict that there are 

lower than normal regions of activation that result from a reduction in the number of long range 

interactions between these areas [14, 18, 46, 47] and that a principle deficit in autism is the coordination 

of the activity of cortical ensembles across the entire cortex [46]. While the majority of these 

synchronization studies have been done with fMRI and PET (e.g., [14, 46, 47])  – which only provides an 

indirect measure of the dysfunctional neuronal synchrony [48] – a few studies have employed methods, 

such as MEG, that allow for higher temporal resolution.  MEG and EEG studies have found that gamma 

oscillations, which are considered to be important in the process of coordinating cortical activity, to be 

below normal in subjects with autism [18, 49]. 

 It could be argued that the results from this study have little to do with the synchronization 

effects that are often considered in functional neuroimaging studies.  In those studies, multiple cortical 

areas become activated in response to a single simple task and the activity of those areas is determined to 

be highly correlated (or synchronized).  However, individuals with autism typically do not exhibit the 

same degree of connectivity or synchronization as control subjects, and it is from this evidence that a 

number of under-connectivity theories initially arose [50].  In this study, the perceptual impact that 

synchronizing adjacent or near-adjacent cortical ensembles was evaluated in order to ascertain functional 

connectivity at the local cortical level.  Proposals of over-connectivity at this local cortical level in autism 

have been put forth, but much of the evidence for local cortical over-connectivity is anecdotal.  Belmonte 



and colleagues suggested the co-morbidity with epilepsy that is highly prevalent in autism is evidence for 

over-connectivity [51].  Other reports have suggested over-connectivity or over-processing at the local 

level, principally because some individuals with autism exhibit hyper-responsive sensory symptoms 

and/or have enhanced feature processing skills [40, 52].  We suggest that perhaps over-connectivity is the 

incorrect term, and also suggest that our findings strongly support the anatomical findings of Casanova 

and colleagues.  That is, many of the differences – such as those described above – could be accounted for 

by a higher density of minicolumns and a reduced neuropil surrounding those minicolumns.  Although the 

increase in minicolumn density could account for some enhancements in perception, the reduction in 

neuropil surrounding adjacent minicolumns would lead to some below-normal perceptual metrics.  For 

example, spatial localization of a stimulus on the skin is much better in individuals with autism than in 

controls [53], and this could be due to the increased resolution afforded by the higher density of 

minicolumns.  However, because of the lack of GABA-mediated inhibition between those minicolumns, 

adaptation of the stimulus delivered to the skin – which normally (in healthy adults) results in a nearly 2-

fold improvement in spatial localization performance – does not lead to an improvement in spatial 

localization in autism subjects [53].  Additionally, a degraded adaptive response in autism was recently 

demonstrated in autism in an amplitude discrimination task, and it was concluded that a generalized 

GABA deficiency could also account for this behavior [54]. The lack of or reduction of normal inhibitory 

connectivity between minicolumns in the cortex could, as Casanova has suggested, be responsible for the 

decrease in larger scale connectivity observed in autism.  In other words, if the minicolumn is considered 

the smallest functional unit of the cortex – which significant neurophysiological evidence suggests [20, 

44, 55-60] – then it stands to reason that the functional connectivity between macrocolumns (which are 

made up of minicolumns) and aggregates of macrocolumns would lead to a deficiency in larger scale 

cortical-cortical interactions.  We view this idea as consistent with the data presented in this paper that 

differentiates the impact that synchronizing stimuli have on the perceptual metrics of individuals with 

autism and control subjects. The method we have developed for detecting the influence of stimulus-driven 

synchronization, or in the case of autism – the absence of the influence of stimulus-driven 



synchronization, could be argued to be influenced predominantly by cortical structures at the 

macrocolumnar, and perhaps the minicolumnar, level.  Assessment of the influence of such stimuli on 

local cortical ensembles is currently being more directly addressed. 

One obvious shortcoming of this study that will be addressed in subsequent reports is the question 

of the relationship of the variability of the measures within the autism subject group and how well this 

variability correlates with clinical assessments.  For example, is the impact of synchronization on TOJ 

reduced with a decrease in ADOS measures of the subject population?  Although the distributions of our 

current subject populations are essentially non-overlapping in terms of influence of stimulus-driven 

synchronization (note comparison of normalized conditions in Figure 4), it will be interesting to see if a 

pattern of stimulus-driven synchronization effectiveness emerges with a larger sample size.  Other future 

studies could include subject populations with abnormalities in somatotopic cortical organization such as 

those with dystonia, which are known to have disordered digit topographies [61], with the implication that 

predictions about digit topography could be made from the differential outcomes in TOJ with and without 

concurrent stimulation.  Thus, the metric could be used to complement already existing technologies that 

are capable of resolving digit topography at high resolution (e.g., [62]) as well as technologies that have 

examined and detected differences in event-related synchronization/desynchronization in disorders such 

as Parkinson’s, dystonia, physiological aging, degenerative dementia, and obsessive-compulsive disorder 

(for review, see [63]). 



Conclusion 

In our previous report, we concluded that our results suggested that in neurotypical adult subjects 

– in which functional connectivity between adjacent and/or near-adjacent cortical columns is intact or not 

impaired – the TOJ measure would be significantly impacted in the presence of a synchronizing stimulus 

that simultaneously engages paired cortical ensembles.  In the case of autism, the results show that the 

same TOJ measure is not impacted by such synchronizing stimuli, suggesting what a number of reports of 

cortical microarchitecture have previously suggested in autism: a disruption of local functional 

connectivity.  This seemingly robust measure, which can be obtained relatively quickly and non-

invasively, could prove useful in future research assessing the efficacy of treatments for persons not only 

with autism, but for members of subject populations with other abnormalities in cortical organization. 
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Figure legends 
 
Figure 1. Protocol details.  Panel A: Two sequential vibrotactile pulses were delivered during the 
Stimulus Interval, one to each of either skin site A or B.  Subject was queried as to which skin site 
received the first pulse (TOJ) or whether the pulses were synchronous/asynchronous (TDT) during the 
Response Interval, and this was followed by a 5 sec delay before the onset of the subsequent trial. Panel 

B: Pulse delivery sequence for the TOJ and TDT tasks during each 1 sec Stimulus Interval.  Order of 
delivery (skin site A or B) was randomized on a trial-by-trial basis, and inter-pulse interval was decreased 
or increased, depending on subject response.  Panel C: Exemplary 25 Hz conditioning stimulus delivered 
concurrently with TOJ/TDT task. 
 
Figure 2. TDT and TOJ measures obtained at the unilateral D2-D3 and bilateral D2-D2 paired skin sites.  
In the unilateral condition, both groups demonstrated lower thresholds for TDT than TOJ (ANOVA; p < 
0.01).  Furthermore, for each task the control group performed significantly better than the autism group 
(p < 0.01).  In the bilateral TOJ condition, although the control group appeared to perform slightly better 
at the task, there was no significant difference between the two populations (p = 0.5836). 
 
Figure 3. TDT and TOJ performance metrics obtained under the unilateral conditions in the presence and 
absence of 25 Hz conditioning stimulation.  Note that for the control group, TDT was significantly 
elevated (p < 0.01) and TOJ increased 3 to 4-fold (p < 0.01) with 25 Hz conditioning when compared to 
the condition when no conditioning stimulus was present.  In contrast, for both TDT and TOJ measures, 
conditioning stimulation had no significant impact on the autism group (TDT, p = 0.2561; TOJ, p = 
0.4362). 
 
Figure 4.  Data was normalized to the condition during which no conditioning stimulus was present.  The 
25 Hz conditioning stimulus significantly impaired TDT by ~240% (p < 0.01) and TOJ by ~360% (p < 
0.01) for the control group, whereas the autism group showed no significant change for either measure (p 
= 0.1986 and p = 0.4329, respectively). 
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