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Abstract 

Emerging evidence for differences between individuals with autism and 

neurotypical controls in tactile processing suggests the somatosensory cortex as a 

promising substrate for identifying differences in functional brain connectivity. 

Identifying a neural biomarker of ASD can spur novel biological and pharmacological 

treatments. We tested four candidate neural biomarkers of autism using 

magnetoencephalography (MEG) to examine the cortical response to passive tactile 

stimulation of the thumb and index finger of the dominant hand and lip of individuals 

with and without autism. 

The following observations can be made: 1) Individuals with autism have bigger 

brains early in development. We found the distance between the cortical representations 

of thumb and lip was significantly larger in the autism group, but not for the 

representations of the index finger and lip. The inhomogeneity in cortical topography is 

not a straightforward consequence of a bigger brain but does demonstrate abnormality 

in sensory organization of the autistic brain. 2) Autistic brains have noisy synapses. The 

hypothesis predicts increased variability in the response to touch. We did not find 

higher variability in the evoked response to tactile stimulation in autism, arguing against 

the noisy synapse hypothesis. 3) Lower level of inhibition in brain circuits of autism is a 

leading biomarker candidate. The amplitude of cortical response to the stimulation of 

adjacent fingers is governed by the level of cortical inhibition, and is a physiological test. 

A comparison of the two groups found a difference in the direction opposite that of 

prediction. We also examined neural adaptation to prolonged stimulation as cortical 

inhibition levels, at least in part, controls its extent.  Contrary to prediction, the 
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somatosensory cortex of individuals with autism adapts to touch to the same extent as 

control. Thus, our findings do not support reduced cortical inhibition in autism. 4) 

Another leading candidate biomarker is local overconnectivity. When a digit is 

stimulated, i.e., touched, its representation in cortex is directly activated; local 

intracortical connections indirectly activate non-primary cortical representations 

corresponding to adjacent digits. Local overconnectivity in autism implies higher 

nonprimary/primary response ratios, which we did not observe. The results were more 

consistent with local underconnectivity instead.   
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Chapter 1 Introduction 

1.1 What is autism? 

Autism is a system-wide brain developmental disorder which impairs social 

interaction and communication, and also causes restricted and stereotyped behaviors. 

These indicators of autism usually begin before a child is three years old. According to 

the latest report by the Center for Disease Control (CDC), 1 in 88 eight year old children 

have autism. Autism statistics show that males are more likely to have autism as 

compared to females, and the ratio is 4 to 1. Partly due to new diagnostic tools, the 

number of children who are diagnosed with autism has increased. Yet, the increase in the 

actual prevalence still remains questionable (Newschaffer et al., 2007). Autism is the 

core of Autism spectrum disorders (ASDs), including autism, Asperger syndrome and 

Pervasive Developmental Disorder Not Otherwise Specified (PDD-NOS). Autism, 

Asperger syndrome and PDD-NOS share common abnormalities in social skills and 

communication, and also are characterized by restricted and repetitive behaviors. 

Asperger syndrome differs from autism in the point that, people with Asperger syndrome 

do not have significant language delays. Individuals with ASDs are diagnosed as PDD-

NOS when a more specific disorder criterion is not met. 

1.1.1 Symptoms of Autism 

Problems in social interaction, language and behavior are common in children 

with autism. The levels of these problems may be quite different between any two 

children with autism. The signs of autism are usually noticeable to the parents early in 

childhood. Although different patterns of behavior are likely to be seen in children with 

autism, there are common symptoms. Some common problems in the social domain 



2 
 

include failing to respond when someone calls his or her name, having poor eye contact 

with others, appearing not to hear you, resisting cuddling, being unaware of others’ 

feelings and preferring to play alone. Children with autism also show common 

impairments in language such as starting to talk later than usual, speaking with an 

abnormal tone (prosody), having problems to start a conversation or keep a conversation 

going, and repeating words. Common behavioral abnormalities in children with autism 

are performing repetitive movements such as hand-flapping, developing specific routines, 

insistence on sameness and resistance to change. In addition to the deficits in social-

emotional processing and communication, sensory and motor abnormalities are also seen 

in individuals with autism. Lack of sensorimotor coordination, abnormal gait, hypo or 

hyper-sensitivity to touch and clumsiness are some common abnormalities (Baranek, 

Parham, & Bodfish, 2005; Rogers, Hepburn, & Wehner, 2003). Individuals with autism 

can progress in their social and communication skills with early interventions; however, 

there is no known cure for autism. 

 1.1.2 Diagnosis of Autism 

A diagnosis of autism is based on behavior. The Diagnostic and Statistical Manual 

of Mental Disorders (DSM-IV) which is published by American Psychiatric Association 

provides standard criteria to classify the mental disorders. According to this manual, 

autism is described as showing at least six symptoms in total. These symptoms include 

at least one impairment in communication, at least one symptom of stereotyped behavior 

and at least two impairments in social interaction. Two common diagnostic instruments 

in autism are Autism Diagnostic Interview-Revised (ADI-R), which is a parent interview 

(Rutter, Le Couteur, & Lord, 2003), and the Autism Diagnostic Observation Schedule 

(ADOS), which uses interaction with the child (Lord, Rutter, DiLavore, & Risi, 1999). 
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1.1.3 Causes of autism 

There are genetic as well as neurobiological studies that search for the underlying 

cause of autism; however the causes of autism are not clearly understood. Autism is a 

very complex disorder, and given the fact that no two individuals with autism are alike, a 

single genetic, cognitive or neural level cause of autism is unlikely according to some 

investigators (F. Happe, Ronald, & Plomin, 2006). Both genetics and environment 

(“nature” and “nurture”) are believed to play a role in autism. Numerous studies have 

shown that ASDs have a strong genetic basis. Yet, there is no consensus regarding 

whether ASDs are caused by rare single mutations, or even rarer multigene interactions 

(Abrahams & Geschwind, 2008; Buxbaum, 2009). 

Twin studies have suggested that identical twins have higher probability of being 

autistic than fraternal twins. An early study which involves 10 fraternal twins and 11 

identical twins in which at least one twin in each pair showed autism suggested that the 

concordance of cognitive abnormalities were 82% in identical twins and 10% in fraternal 

twins (Folstein & Rutter, 1977). In a later study, concordance of autism and concordance 

of cognitive disorder in identical twins was found to be 91% and 30% where as these 

rates was 0% and 30% in fraternal twins (Steffenburg et al., 1989). Another study that 

examined British twin samples found a 60% of concordance of autism in identical twins 

and a 0% concordance of autism in fraternal twins (Bailey et al., 1995). Thus, there is a 

strong genetic basis to the spectrum of autism disorders. In addition to genetic factors, 

evidence for environmental factors for autism such as infectious disease, heavy metals, 

and solvents is anecdotal and have not been verified by rigorous studies (Rutter, 2005). 

Nonetheless, environmental factors may interact with genetic factors and may increase 

the risk of having autism. 
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1.1.4 Descriptive theories explaining autism 

There is no universal consensus as to the neuropathology underlying autism. 

However, there are two candidates: brain structure and functional processes and 

circuitry. These possibilities are not mutually exclusive. Of late, autism is widely 

accepted to have a basis in abnormalities in brain development, prenatal and postnatal 

periods. These time periods include synapse formation, synapse pruning and myelination 

(Geschwind & Levitt, 2007). Recent studies suggested that the brains of individuals 

with autism grow faster just after birth, but growth is slower following the initial 

overgrowth (Courchesne, 2004; Redcay & Courchesne, 2005). During this period, 

abnormal formation of synapses and dendritic spines (Persico & Bourgeron, 2006), an 

excess of neurons (Courchesne et al., 2007) and disturbed neural migration (Schmitz & 

Rezaie, 2008) are some hypotheses for bases of pathological early overgrowth. The 

abnormalities in brain development have a potential effect on many functional brain 

systems (Muller, 2007). 

Complementary to these neural hypotheses, there exist a number of cognitive 

theories to explain the behavioral abnormalities in individuals with autism. 

Empathizing-systemizing theory (Baron-Cohen, 2009) hypothesizes that autism is 

associated with deficits in the process of empathy so that individuals with autism have 

problems in processing the events generated by other people, while they can systemize 

the internal events inside the brain. A related theory, extreme maleness, which describes 

that the male brain is inefficient in empathizing as compared to female brain has been 

suggested to explain the higher appearance of autism in males (Baron-Cohen, 2009). 

However, some studies have found contrary results (Spelke, 2005). Executive 

dysfunction (Ozonoff, Pennington, & Rogers, 1991) is another theory, which states that 
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persons with autism have an inability to shift focus due to frontal lobe pathology. Weak 

central coherence is another broad description of the behaviors observed in autism (F. G. 

E. Happe, 1996), namely that persons with autism have an inability to bind local details 

into global percepts. None of these theories is satisfactory to explain abnormalities in 

ASDs on its own, because they are either too descriptive and lack a neural foundation or 

if they do have one, are incomplete and fail to explain the full array of behavioral 

symptoms. What’s more, these theories have no underpinning in brain function.  

1.1.5 Neural theories explaining autism 

A number of ideas have been floated over the years, with varying degrees of 

empirical basis. The manifestation of autism starts with the early life period or even 

infancy, during when in a normal brain the neuroanatomical developments such as 

increases in brain volume, cortical synapse counts, dendritic arbors, size of the corpus 

callosum, cerebral axonal myelination occur (Courchesne, 2002). However recent 

studies suggested a number of abnormalities in this normal development period in brains 

of children with autism. The size of the brain at the beginning of the life seems to be 

normal in individuals with autism (Courchesne, 2002); however this normal period is 

followed by an initial abnormal overgrowth (Courchesne et al., 2001). The initial 

overgrowth is then followed by a slower growth so that the brain sizes during adulthood 

in most of the cases are within the normal range (Redcay & Courchesne, 2005). Frontal 

lobe shows the highest degree of enlargement (Courchesne & Pierce, 2005). In fact, the 

developmental processes such as synaptogenesis and mylenation are at their peak level 

during this time period (Rippon, Brock, Brown, & Boucher, 2007). Furthermore, studies 

have suggested disruption of dendritic orientation, reduced size and spacing of 

minicolumns and reduction in cell numbers (Buxhoeveden et al., 2006; Casanova et al., 



6 
 

2006; Schumann & Amaral, 2006) in autism. Abnormalities in cerebellar and cerebral 

white matter size, and in cerebral gray matter are also reported (Courchesne et al., 2001; 

Herbert et al., 2003). The development of the somatic map occurs very early in life, which 

is around the same time that the overgrowth is taking place in the brains of children 

with autism. Thus, it appears likely that the overgrowth in autism has an influence on 

the development of the somatic map. Studying the cortical map using physiology would 

provide an examination into the functional consequences of the abnormal overgrowth 

(Chapter 2). All these reports together suggest that the normal developmental trajectory 

of connectivity in cortex in individuals with autism is intervened by the abnormalities in 

the brain development. Thus, a consensus is rapidly emerging that atypical neural 

connectivity is the central characteristics of autism phenotype. However, there is far less 

consensus about what exactly is atypical about the neural circuitry in autism. One idea is 

that autistic brains are wired up differently. 

Belmonte et al. claimed that the neural circuits of autistic brains are locally over-

connected and long range under-connected (Belmonte et al., 2004). According to this 

theory, in cortical networks of individuals with autism, subregions are strongly 

connected but are not differentiated. A long range connection between subregions is 

absent (Fig. 1-1, cited: Belmonte et al., 2004), indicative of low overall computational 

connectivity. However, in a control brain, the connections in subregions are 

differentiated and long range connections between subregions are present. This kind of 

brain also has high computational connectivity. Consistent with these ideas, abnormally 

intense and localized patterns of activation in autistic brains has been observed when 

persons with autism perform a visual task (Belmonte & Yurgelun-Todd, 2003). 
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Figure 1-1 Left: Connections and pattern of activations of a normal brain. Right: Connections and 

pattern of activations of an autistic brain. 
 

Past studies on autism have found differences in functional connectivity between 

typically developing, or TD, persons and individuals with ASD, while they performed 

cognitive tasks, such as in the covariance of BOLD signals during sentence 

comprehension (Just, Cherkassky, Keller, & Minshew, 2004), reduced functional 

connectivity between frontal and parietal brain areas during an executive task (Just, 

Cherkassky, Keller, Kana, & Minshew, 2007). Other studies, using fMRI, of social 

cognition (Castelli, Frith, Happe, & Frith, 2002), working memory (Koshino et al., 2005) 

and visuo-motor coordination (Villalobos, Mizuno, Dahl, Kemmotsu, & Muller, 2005) all 

have shown evidence for differences in functional connectivity between control and 

autistic brains.  

Several theories have been suggested regarding the specific nature of the 

abnormality. One appealing candidate is a noisy cortical network (J. L. Rubenstein & 

Merzenich, 2003); that is to say, persons with autism (ASD) have unreliable neural 
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circuits. An intuitively appealing and plausible interpretation of the noisy network 

hypothesis is increased variability in the cortical response to external stimulation in 

autistic brains (Chapter 3). That is to say, the autistic brain’s response to sensory 

stimulation is more variable. Because individuals with ASD frequently manifest any of a 

variety of abnormal responses to sensory experiences (e.g., seeking out or avoiding 

particular types of stimulation; apparent insensitivity to pain; extreme reactivity to being 

touched, etc), it is plausible that increased cortical variability in response to sensory 

stimulation could be present. 

One leading candidate biomarker is reduced levels of inhibition and imbalance in 

the inhibition/excitation ratio in the brains of individuals with autism (J. L. Rubenstein, 

& Merzenich, M.M., 2003). Evidence for reduced GABAergic inhibition and abnormal 

glutamatergic transmission in autism stems from genetic (DiCicco-Bloom et al., 2006; 

Polleux & Lauder, 2004), and anatomical studies (Courchesne et al., 2001; Herbert et al., 

2003). A functional or physiological test of differences in inhibition in the brains of 

individuals with ASD would provide, arguably, a direct and rigorous test of the reduced 

inhibition hypothesis. Functional studies of inhibition in humans have been conducted 

in recent years using sensory and sensorimotor gating. Sensory gating, which is the 

filtering out of irrelevant or repeated stimuli by the brain, is believed to be a 

physiological measure of inhibition in the brain. The paired click paradigm and the 

amplitude of the P50 component of the auditory evoked potential to the second click is a 

non-invasive means of measuring sensory gating in the auditory cortex. Using this 

paradigm, Kemner et al. (2002) found normal P50 gating in “high-functioning” children 

with autism, indicating no difference in the putative early, inhibitory processes related to 

P50 gating. An audiovisual gating paradigm on adult males with ASD similarly revealed 
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no suppression of the P50 component (Magnee, Oranje, van Engeland, Kahn, & Kemner, 

2009). A different group of investigators replicated the negative finding in high-

functioning children with autism, but also found a small but significant reduction in P50 

amplitude in children with autism having low IQs (Orekhova et al., 2008). Sensorimotor 

gating studies of autism, which examine motor response and engage cortico-striatal 

circuits of the brain, showed a significant deficit in adult males with Asperger syndrome 

and autism (McAlonan et al., 2002; Perry, Minassian, Lopez, Maron, & Lincoln, 2007). 

Taken together, the studies on gating are a mixed bag in terms of what they inform us 

about inhibition levels in ASD: auditory and audiovisual gating show little difference in 

the level of inhibition in the auditory cortex of individuals with ASD, whereas 

sensorimotor gating studies imply reduced inhibition levels in cortico-striatal brain 

circuits. A physiological examination of the level of inhibition in the somatosensory 

cortex of individuals with ASD will provide a nice complement to the extant literature 

(Chapter 4 and Chapter 5).  

Finally, another candidate marker of the autistic brain is based on a model of local 

overconnectivity and long-range underconnectivity, namely an overabundance of local 

connections and sparse long-range connections (Belmonte et al., 2004; Just et al., 2004). 

Studies have examined functional long-range connectivity between areas in the brains of 

individuals with autism (Anderson et al., 2011; Barttfeld et al., 2011; Braeutigam, 

Swithenby, & Bailey, 2008; Castelli et al., 2002; Horwitz, Rumsey, Grady, & Rapoport, 

1988; Just et al., 2007; Just et al., 2004; Kana, Keller, Cherkassky, Minshew, & Just, 

2006), but the physiological study of functional local connectivity within a brain area has 

lagged behind (Wilson, Rojas, Reite, Teale, & Rogers, 2007). In short, a number of 
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models have been proposed to explain the workings of the autistic brain, but empirical 

verification of these hypotheses has not kept up with the theorizing (Chapter 6).  

1.2 Magnetoencephalography (MEG) 

Magnetoencephalography (MEG) is a non-invasive recording technique of 

electrical activity of the neurons. A neuron is a nerve cell that receives processes and 

transmits information. The electrochemical reactions in neurons yield electrical activity. 

The combined current of neurons in a set which are activated together has a particular 

direction from dendrites to axon terminals and if these neurons have approximately 

parallel orientation this current can be viewed as a single current dipole. MEG records 

the magnetic flux associated with this single current dipole. The magnetic flux is 

recorded as it passes through a loop of wire, called a magnetometer (Fig. 1-2, cited: 

Papanicolaou, 1998). The magnetic flux that is created by the electrical current of the 

brain is extremely small as compared to the earth’s magnetic field, in the order of 50-500 

femtoTesla (fT) which is about 100 million times weaker than the earth’s magnetic field. 

To capture these small magnetic fields, the magnetometers have to be superconductive. 

Therefore, the magnetometers are held in a device called a dewar which is filled with 

liquid helium which keeps them at 4 degrees Kelvin. At this temperature, the 

magnetometers have very low resistance, thus they are superconductive (Papanicolaou, 

1998). The induced current in the magnetometers are also extremely weak. To be able to 

read and process these currents, they are amplified by extremely sensitive devices such as 

Superconducting Quantum Interference Devices (SQUIDs). SQUIDs are also held inside 

the Dewar since they require cryogenic temperatures. The overall MEG systems are 

usually located in magnetically shielded rooms that minimize the interference from 
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external magnetic disturbances such as radio frequency signals, and noise generated by 

electrical equipments. 

MEG has distinct advantages as compared to other neuroimaging techniques. 

MEG, unlike other functional measures such as fMRI, PET and SPECT is a direct 

measure of brain activity. MEG has a very high temporal resolution: MEG can capture 

the brain activity in the order of milliseconds whereas fMRI, PET and SPECT have a 

coarser temporal resolution in the order of seconds. Due to electric and magnetic 

properties of the brain tissues and the skull, the magnetic field passes unaffected 

through, whereas the electrical currents are distorted. Thus, MEG has better spatial 

resolution as compared to EEG. The main drawback of MEG is that MEG signals are 

extremely small and thus specialized shielding and recording materials are required to 

operate. 

 

Figure 1-2 Left: A representation of magnetic flux exiting the head. Right: The magnetic flux is 
being recorded by a magnetometer. 
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Chapter 2 Studies of bigger brains of individuals with autism: 

Somatic cortical maps 

2.1 Introduction 

Children with autistic spectrum disorders often have unusual reactions to certain 

sensory stimuli. Across reports, 44-88% of individuals with autism have abnormal 

sensitivity to tactile stimuli (Baranek, Parham, & Bodfish, 2005). It is possible that 

abnormal responsivity to touch is a sensory perceptual problem (but see (Guclu, Tanidir, 

Mukaddes, & Unal, 2007)) or stems from some deviation in sensory cortical 

organization. Of importance, these unusual behaviors appear early in development 

during the time the somatic map is being formed (Baranek, 2002). The association of 

sensorimotor differences and social-emotional impairments in autism suggests that both 

areas of function could be affected by abnormalities in brain development of a more 

general nature that have the potential to adversely affect development in multiple 

systems. As a first step to elucidate this relationship, we investigated somatotopy in the 

brains of young adults with autism using magnetoencephalography, or MEG. 

Somatotopic maps of various body parts (e.g., lip, trunk, shoulder) and even of the 

individual fingers of a single hand have been obtained in past studies using MEG 

(Baumgartner et al., 1991; Castillo et al., 2004; Suk, Ribary, Cappell, Yamamoto, & Llinas, 

1991). In addition, MEG has also been used to investigate the biological basis of autism 

before (Gage, Siegel, Callen, & Roberts, 2003; Gage, Siegel, & Roberts, 2003; Wilson, 

Rojas, Reite, Teale, & Rogers, 2007). 
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2.2 Materials and Methods 

2.2.1 Participants 

Fourteen persons with autism spectrum disorder (mean ± s.e.m. = 18.6 ± 1.0 yrs) 

and sixteen typically developing persons (typicals, 19.5 ± 1.0 yrs) participated. All 

individuals in the Autism group met our research criteria for an Autism Spectrum 

Disorder. as determined using the ADOS (Lord, Rutter, DiLavore, & Risi, 1999) and ADI-

R (Rutter, Le Couteur, & Lord, 2003) administered by trained clinicians. Five 

individuals in the Autism group were clinically classified as PDD-NOS, one as Asperger 

Syndrome, and the remaining eight as Autistic Disorder. Two persons with autism and 

three typicals were female. Potential participants were excluded if there was evidence of 

brain injury, seizure disorder, or neurotropic infection or disease, or had a history of 

identified severe psychopathology such as bipolar disorder, schizophrenia, or behavior 

problems severe enough to make accurate and reliable testing difficult. All participants 

were right handed as determined by the Edinburgh Handedness Inventory (Oldfield, 

1971). All in the Autism group were high-functioning; Full Scale IQs and Verbal IQs 

derived from the Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999) were 

greater than 85 (mean ± one s.e.m: Full Scale IQ – 105 ± 5; Verbal IQ – 103 ± 5; 

Performance IQ – 105 ± 4). Prior informed consent was obtained from all participants, or 

participants and their parents, under a protocol approved by the University of Texas 

Health Science Center-Houston and the University of Houston. 

 2.2.2 Stimulation 

Pneumatically driven mechanical taps (1.8 kg/cm2) of 40 ms duration (20 ms rise 

time) were individually applied to the right thumb, right index finger, and the right lip 

(4D Neuroimaging Inc.). Participants were informed that a pressure pulse will be 
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delivered and that all they had to do was close their eyes, stay still and relax. A training 

block containing 5 stimuli prior to the actual recording familiarized the participant with 

the stimuli.  

2.2.3 Data Acquisition and MEG Analysis 

All MEG recordings used a whole-head neuromagnetometer containing an array 

of 248 gradiometers (Magnes WH3600, 4D Neuroimaging Inc.). The instruments were 

placed in a magnetically shielded and sound attenuated room (Vacuumschmelze Gmbh 

& Co. KG). There were 2000 epochs of stimulation of the index finger and lip each and 

700 epochs of stimulation of the thumb in separate blocks. A single epoch lasted 575 ms, 

and included a 120 ms pre-stimulus baseline. The signal was high-pass analog filtered 

(1.0 Hz cutoff) and the data acquired at a rate of 32 kHz were decimated to a final 

sampling rate of 290 Hz using a two-stage decimating digital FIR low-pass filter (100 Hz 

cutoff). Any epochs that contained exaggerated moments such as eye blinks (> 2pT) were 

discarded. Portions of the signal that were correlated to sensors placed far away from the 

head were likely to be noise, so were subtracted out. Remaining epochs were ensemble 

averaged.  

The representation of a body part in cortex, or cortical “hot spot,” was the 

location of the earliest equivalent current source, or dipole, of the evoked contralateral 

cortical response to its tactile stimulation. To avoid experiment bias and thereby 

enhance replicability and objectivity of the process, hot spots corresponding to 

stimulation of the thumb, index finger, and lip were localized in the brain using a fully 

automated method validated earlier (Papanicolaou et al., 2006). Only current sources 

that had a field variance greater than 94% and a localized volume less than 20 cm3 were 
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accepted. The pairwise distances between the centers of the hotspots of the thumb, 

index finger, and lower lip thus obtained were compared between the two groups. 

To estimate brain volume, we modeled the head as a rectangular prism; that is to 

say, each axis along the head constituted a dimension of the prism. We used the fiducial 

points and head shape digitization points to calculate the height, width, and length of 

the prism. Prism width is defined as the anteroposterior distance between the location of 

the nasion on the forehead (bridge of the nose) and the most posterior point at the back 

of the head; prism length is the distance between the pre-auricular (ear) coil locations 

corresponding to the external meati along the mediolateral axis; prism height is the 

distance between the most superior point on the head and the nasion. 

Data from 2/14 ADs and 3/16 typicals were removed on the basis of the following 

two criteria: i) The hot spots for thumb, index finger, and lip were not in line with 

known somatotopic order. According to known topography of somatosensory cortex, 

the hot spot corresponding to the index finger is superior to the hot spots of the thumb 

and lip, and the hot spot corresponding to the thumb is superior to that of the lip 

(Hlustik, Solodkin, Gullapalli, Noll, & Small, 2001; Suk et al., 1991). Among excluded 

participants, one or both were not observed. ii) The automated dipole estimation method 

failed to obtain a reasonable hot spot location. This usually occurred because a spurious 

extremum occurred in the contour map, which the automated method used for dipole 

calculation. Excluded participants thus had abnormally large or small inter-hot spot 

distance. Manual estimation yielded reasonable hot spot locations but we did not use 

those estimates to maintain objectivity. Of interest, the present findings are robust to 

either method: Manual estimation yielded statistically significant findings similar to the 

findings obtained using the automated method. 
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2.2.4 Statistics 

Statistical analysis used SPSS 15 for Windows. Student’s t-tests (two-tailed) 

were used to examine group differences in age, IQ, head volume, and distance between 

the hot spots of thumb, index finger, and lip. Heteroscedastic tests were used in order to 

account for the unequal sample sizes of the two groups and the resulting unequal 

variances. Linear correlations between inter-hot spot distance and a host of variables 

related to IQ and brain volume1/3 were computed and analyzed for significance.  

2.3 Results 

Stimulation evoked a characteristic cortical response with several components at 

varying latencies that began with a strong response in the contralateral cortex 60-90 ms 

following the touch. The evoked cortical MEG response was modeled as coming from a 

single source or column(s) in cortex. The calculations yielded the location of the 

predominant site of activation in cortex in response to stimulation of the given body 

part, i.e., the cortical hot spot. We examined the distance in cortex between the hot 

spots of the lip and of each of the fingers.   

First, we measured the reliability of the cortical maps. The raw data obtained 

from each participant were split into two equal halves, or blocks, of trials corresponding 

to early and later recordings. For each block, we computed the distance between the 

cortical representations of thumb and index finger on the one hand and the lip on the 

other. The discrepancy between the two blocks was less than 0.2 cm on average and was 

not significantly different from zero for each pairwise comparison (p > 0.8 on each). Thus, 

our analysis indicates that reliable and stable cortical maps were obtained, in line with 

past studies conducted by us showing that somatic maps obtained with MEG are 

reliable and highly concordant with more invasive procedures (Castillo et al., 2004).   
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Next, we compared somatic distances between the two groups of participants 

using all available data. The distance between the representations in cortex of thumb and 

lip was about 38% greater on average in the Autism group (2.26 ± 0.13 cms) compared 

with typicals (1.63 ± 0.08 cms; Fig. 2-1). The difference was significant as measured using 

a heteroscedastic t-test in order to account for the unequal sample sizes of the two 

groups (t(19.26)=3.91, p<0.001, two-tailed). This expansion in cortical distance in the 

brains of the Autism group was not uniform, however: The distance between the cortical 

hot spots corresponding to the index finger and lip was numerically (Fig. 2-2, inset), 

though not significantly, smaller on average in the Autism group (2.15 ± 0.16 cm) relative 

to typicals (2.50 ± 0.19; t(27.00)=1.39, p=0.18, two-tailed heteroscedastic t-test).  

The inhomogeneity in somatic map extent was revealed in a clearer way when the 

ratios of the index finger-lip distance to the thumb-lip distance for the two groups were 

compared. Typically in cortex, the representation of the thumb as compared to that of 

the index finger is significantly closer to the representation of the lip (thumb – lip / index 

finger – lip = 0.74 in our typical sample). In contrast, the cortical representations of the 

thumb and index finger were nearly equidistant from that of the lip in our Autism group 

(thumb – lip / index finger – lip = 0.99). The thumb – lip / index finger – lip cortical 

distance ratio in the group of typicals was significantly different from one (0.74; p <0.01; 

Fig. 2-2), but not for the Autism group (0.99; p>0.8; Fig. 2-2) and the ratio between the 

groups was significantly different as well (t(23.75)=3.50, p=0.002, two-tailed 

heteroscedastic t-test on log transformed ratio values). 
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Figure 2-1 Somatic map distances in autism. The distance (mean ± s.e.m.) in cms between the 
representations in somatic cortex corresponding to the right thumb and lip in persons with AD 

(red) and typicals (blue). 

 
The difference in somatic map extent in autism versus typical is not attributable 

to differences in brain size at the time of the recordings. Figure 2-3a shows the brain 

volume estimates for Autism Group and typical, Figure 2-3b shows the relationship 

between the cube-root of the brain volume (abscissa) and the distance in cortex between 

the hot spots corresponding to RD1 and right lip (ordinate) in Autism group (left) and 

typicals (right) where the solid line is the optimal least-squares fit, and Figure 2-3c 

shows the normalized (RD1 – lip) / (brain volume)1/3 inter-hot spot distance  (mean ± 

s.e.m.) for the Autism group (left bar) and typicals (right bar). First, although our 

Autism group had slightly larger brain volumes (4295 ± 112 cm3; Fig. 2-3a) than the 

typicals (4004 ± 97 cm3; Fig. 2-3a), but it was not significantly so. Second, inter-hot spot 

distance (thumb-lip) and brain size (brain volume1/3) were not significantly correlated in 

either of the two groups (R2<0.01, p > 0.4; Fig. 2-3b). Finally, even after normalization by 
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head size, thereby yielding a dimensionless ratio – thumb-lip/(brain volume1/3) – thumb 

and lip hot spots remained significantly more distant in the Autism group compared 

with typicals (p=0.03; Fig. 2-3c). Thus, differences in brain volume at the time of the 

recordings between the two groups could not entirely explain the larger distance 

between the thumb and lip hot spots in autism. 

 

Figure 2-2 The (thumb – lip) / (index finger – lip) cortical distance ratio (mean ± s.e.m.) in ADs 
and typicals is shown. The inset shows the distance in cortex between the representations, or 

“hot spots,” of index finger and lip. 
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Figure 2-3 a) Brain volume estimates in m3 (mean ± s.e.m.). b) The relationship between the 
cube-root of the brain volume and the distance in cortex. c)The normalized inter-hot spot 

distances  (mean ± s.e.m.). 
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Figure 2-4 Correlation between IQ and inter-hot spot distance (RD1 – lip). Data for ADs and TDs 
are shown in the left and right panels, respectively. In all cases, solid lines represent the optimal 

least-square fits. 



22 
 

The difference in somatic map extent in autism versus typical is also not 

attributable to differences in IQ. The Autism group was all high-functioning individuals 

with FSIQs and VIQs greater than 85, and mean FSIQ, VIQ, and PIQ above 100 (average 

IQ). Nonetheless, our typicals had significantly higher IQs. Figure 2-4 shows the 

correlation between IQ and distance between thumb and lip Of importance however, 

inter-hot spot distance (thumb-lip) was not significantly correlated with verbal, 

performance, or full scale IQ in either group (R2 < 0.1, p > 0.4 in all six cases; Fig. 2-4). 

Figure 2-4 a, b shows the relationship between verbal IQ and inter-hot spot distance for 

ADs (a) and TDs (b), Figure 2-4 c, d shows the relationship between full-scale IQ and 

inter-hot spot distance for ADs (c) and TDs (d) and Figure 2-4 e, f shows relationship 

between performance IQ and inter-hot spot distance for ADs (e) and TDs (f). 

2.4 Discussion 

Cortical representations of the thumb and of the lip in our sample of individuals 

with autism spectrum disorders were significantly more distant compared with those of 

typically developing individuals. The representation of the lip was equidistant from the 

representations of the thumb and index finger in the cortex of individuals with autism, 

in contrast to the cortex of typical individuals. This atypical nature of somatic map 

extent in autism is among the first demonstrations of an abnormality in sensory 

organization in the brains of persons with autism. 

 Dynamic modulation of functional sensory organization in somatosensory cortex 

has been observed but only when the subject is performing a motor task with cognitive 

demands (Schaefer, Heinze, & Rotte, 2005). Participants in the present study did not 

perform any cognitive or motor task; therefore, differences in cognitive ability or motor 

activity between the two groups, if they exist at all, are unlikely to play any role in the 
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present findings. The experimental condition in our study is equivalent to a rest 

condition in terms of task demand—a common baseline in neuroimaging studies. 

Moreover, sensory cortical maps, unlike response amplitude and latency, are remarkably 

robust to change in level of attention (Gomez Gonzalez, Clark, Fan, Luck, & Hillyard, 

1994). In sum, differences in attention, motor task, or cognitive demand—if they exist at 

all—are unlikely to account for abnormalities in functional sensory organization in 

autism we observed. 

People with autism have abnormally large heads early in childhood, between 1-4 

years of age; as they near adulthood, the difference in head size compared with typical 

individuals is largely gone (Redcay & Courchesne, 2005). The development of the 

somatic map occurs very early in life, which is around the same time that the overgrowth 

is taking place in the brains of children with autism. Thus, it appears likely that the 

overgrowth in autism has an influence on the development of the somatic map. Rather 

than studying a possible outcome of the brain overgrowth as we are doing here with our 

young adult participants, it would be more suitable to study the relationship between 

overgrowth and somatic map abnormality (Courchesne, Redcay, Morgan, & Kennedy, 

2005). For this, one would have to replicate the present study with young children, and 

observe the development in sensory organization longitudinally both during and after 

the overgrowth has occurred. MEG recordings of young children 5-6 years old and 

younger have been successfully carried out (Fujioka, Ross, Kakigi, Pantev, & Trainor, 

2006; Paetau et al., 1994; Rojas et al., 2006). Moreover, there are no cognitive demands 

placed on our participants. Our paradigm thus appears transferable to young children. 

The relationship between brain overgrowth and somatic map development, if one 

exists, may not be as straightforward as one might imagine. For example, one is tempted 
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to speculate that the larger brains in people with autism imply a stretched out somatic 

map. This would explain the larger distance between the cortical representations of the 

lip and the thumb in our Autism group. However, even when the overgrowth was taken 

into account, the effect, i.e., the larger lip-thumb distance in the cortical map in the 

Autism group, persisted. Other factors besides the forces responsible for increasing brain 

volume, such as those affecting circuitry, are thus likely to be involved in giving rise to 

the increased distance. Complicating matters further, the distance between the lip and 

the index finger was not larger in the Autism group compared with typical, but slightly 

smaller. In summary, the evidence in totality suggests that any relationship between 

brain growth and somatic map development is likely to be complex. 
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Chapter 3 Noisy synapses in the autistic brain: Variability of 

evoked responses 

3.1 Introduction 

Autism Spectrum Disorders (ASDs) are a family of pervasive developmental 

disorders that are widely accepted to be underscored by abnormalities in brain 

development. Recent studies on human subjects using behavioral and neuroimaging 

techniques (Herbert et al., 2005; Herbert et al., 2003; Just, Cherkassky, Keller, Kana, & 

Minshew, 2007; Just, Cherkassky, Keller, & Minshew, 2004; Redcay, Haist, & 

Courchesne, 2008), as well as studies using animal models (Bachevalier, Malkova, & 

Mishkin, 2001), have shown anatomically characterized abnormal trajectories of brain 

development and functional impairments in several brain regions including the frontal 

lobe, medial temporal structures and the cerebellum. However, because ASDs are 

developmental disorders rather than the result of acquired injury or disease, their basis is 

likely to be distributed in neural networks rather than in single structures of the brain. A 

deviant trajectory of brain development, therefore, would be expected to affect brain 

circuits across the brain and the interaction of brain regions during behavior. 

Past studies on autism have found differences in functional connectivity between 

typically developing, or TD, persons and individuals with ASD, while they performed 

cognitive tasks, such as in the covariance of BOLD signals during sentence 

comprehension (Just et al., 2004), reduced functional connectivity between frontal and 

parietal brain areas during an executive task (Just et al., 2007). Other studies, using 

fMRI, of social cognition (Castelli, Frith, Happe, & Frith, 2002), working memory 

(Koshino et al., 2005) and visuo-motor coordination (Villalobos, Mizuno, Dahl, 
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Kemmotsu, & Muller, 2005) all have shown evidence for differences in functional 

connectivity between control and autistic brains.  

Thus, there is an emerging consensus that abnormality in neural circuitry is a 

central phenotype of autism. Several theories have been suggested regarding the specific 

nature of the abnormality. One appealing candidate is a noisy cortical network (J. L. 

Rubenstein & Merzenich, 2003); that is to say, persons with autism (ASD) have 

unreliable neural circuits. This proposal is based on the idea that there is an imbalance in 

the inhibition/excitation ratio and reduced cortical inhibition (Hussman, 2001) in the 

brains of those with ASD. However, this idea, while influential and capable of providing 

a powerful functional basis for the symptomatology of ASD, requires independent 

empirical verification.  

An intuitively appealing and plausible interpretation of the noisy network 

hypothesis is increased variability in the cortical response to external stimulation in 

autistic brains. That is to say, the autistic brain’s response to sensory stimulation is more 

variable. Because individuals with ASD frequently manifest any of a variety of abnormal 

responses to sensory experiences (e.g., seeking out or avoiding particular types of 

stimulation; apparent insensitivity to pain; extreme reactivity to being touched, etc), it is 

plausible that increased cortical variability in response to sensory stimulation could be 

present. In this study, we computed several measures of variability to empirically test 

this interpretation of the noisy cortical networks hypothesis. 

3.2 Methods 

3.2.1 Participants 

 MEG signals from 17 persons with a clinical diagnosis of autism spectrum 

disorder (mean ± s.e.m. = 18.7 ± 0.7 y/o) and 18 typically developing (TD) individuals 
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(TDs, 19.0 ± 1.2 y/o) were recorded. All individuals in the autism group met our research 

criteria for an autism spectrum disorder, as determined by using the Autism Diagnostic 

Observation Schedule (Lord et al., 1999) and Autism Diagnostic Interview, Revised 

(Rutter et al., 2003) administered by trained clinicians. Five individuals in the autism 

group were clinically classified as pervasive developmental disorder-not otherwise 

specified (PDD-NOS), one as Asperger syndrome, and the remaining eleven as autistic 

disorder. Three persons with autism and four TDs were female. Potential participants 

were excluded if there was evidence of brain injury, seizure disorder, or neurotropic 

infection or disease, or if they had a history of identified severe psychopathology such as 

bipolar disorder, schizophrenia, or behavior problems severe enough to make accurate 

and reliable testing difficult. All participants were right handed as determined by the 

Edinburgh Handedness Inventory (Oldfield, 1971). All individuals in the Autism group 

were high-functioning: full Scale IQs and verbal IQs derived from the Wechsler 

Abbreviated Scale of Intelligence (Roid, 2003) were greater than 85 (mean ± one s.e.m: 

Full Scale IQ – 97 ± 5; Verbal IQ – 96 ± 5; Performance IQ – 97 ± 5). TD individuals were 

volunteers without a history of ASD or other major developmental or psychiatric illness. 

Prior informed consent was obtained from all participants, or participants and their 

parents, under a protocol approved by the University of Texas Health Science Center-

Houston and the University of Houston. 

3.2.2 Stimuli 

  Pneumatically driven mechanical taps (1.8 kg/cm2) of 40 ms duration (20 ms rise 

time) were individually applied to the right thumb or right index finger (4D 

Neuroimaging Inc.). This is a benign tactile stimulus that elicits a mild sensation on the 

skin. Participants were told that a pressure pulse will be delivered and that all they had 
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to do was to close their eyes, relax, and stay still. A training block containing 5 stimuli 

prior to the actual recording familiarized participants with the stimuli.  

3.2.3 Procedure 

 Participants lay supine on a comfortable bed and kept their eyes closed. Fiducial 

markers were placed on their forehead and in the ears. The locations of the fiducial 

markers were recorded into the computer by means of a digitizer (stylus pen). The 

digitizer was slowly rolled over the participant’s scalp and the shape of his or her head 

was thus recorded.  

3.2.4 MEG recordings 

All MEG recordings used a whole-head neuromagnetometer containing an array 

of 248 gradiometers (Magnes WH3600, 4D Neuroimaging Inc.). The instruments were 

placed in a magnetically shielded and sound attenuated room (Vacuumschmelze Gmbh 

& Co. KG). There were 2000 epochs of stimulation of the index finger (D2) and 700 

epochs of stimulation of the thumb (D1) in separate blocks. A single epoch lasted 575 ms, 

and included a 120 ms pre-stimulus baseline. Data were acquired with a 1.0-Hz high-pass 

cutoff at a sampling rate of 290 Hz. Portions of the signal that were correlated to sensors 

placed far away from the head were likely to be noise and were subtracted out. Epochs 

remaining were ensemble averaged. 

3.2.5 MEG Analysis 

We measured the variability in the evoked response to tactile stimulation in 

autistic and control brains. Prior to our analysis, epochs containing exaggerated 

moments such as eye blinks (peak to peak deflections >2pT) were discarded. The 

following analyses were computed on the remaining epochs. For each participant in our 

sample, the sensor in the contralateral somatosensory cortex that exhibited the largest 
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evoked response relative to baseline was automatically selected using a program that we 

developed and designed. For this sensor, we computed across all trials and times (40-

260ms following stimulus onset; 290 Hz sampling rate) for each body part the a) mean 

evoked response, b) variance in the evoked response, and c) the ratio of the variance to 

the mean of the response (coefficient of variation or CV). We also computed the same 

measures for other sensors that exhibited high responses relative to baseline and ones 

that did not in order to investigate how the variability in evoked response was spatially 

distributed.. Lastly, we computed the entropy of the evoked response. 

3.2.5.1 Sensor Selection 

Our approach is inspired by the region of interest or ROI approach advocated by 

Kanwisher and colleagues in fMRI data analysis (Kanwisher, McDermott, & Chun, 

1997). We developed and designed a program to select the sensor that exhibited the 

largest evoked response relative to baseline. The need to select a sensor for each 

individual subject instead of using a particular sensor for all subjects emerged for the 

following reasons. MEG sensors are placed in a helmet-shaped device called a dewar. 

Unlike the electrode cap in EEG, which is fastened to the subject’s head, the dewar does 

not touch the subject’s head. Although the subject’s head has to be placed inside the 

dewar in a proper way, we still cannot claim that the same sensors map onto the same 

anatomical brain region from subject to subject. This problem is exacerbated by the fact 

that head size varies appreciably across subject. Thus, it is difficult to achieve anatomical 

or morphological equivalence across subjects in somatic MEG recordings (Wang & 

Oertel, 2000). Finally, even if morphological equivalence across subjects were somehow 

established, there are variations in functional anatomy that cannot be accounted for. 

Taking into account these issues, we selected the sensor in the contralateral hemisphere 
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to the stimulus that showed the highest functional or physiological evoked response 

relative to baseline. The sensor thus selected, whose exact location in the array varied 

across subject, was largely (though not entirely) used for the present analysis. Details on 

sensor selection are provided next.  

 For each individual sensor, we first ensemble averaged all epochs. Then, a 

threshold was set to distinguish spontaneous activity or noise from evoked response: the 

top 2.5% and bottom 2.5% of all values of the pre-stimulus baseline signal constituted 

the threshold. Post-stimulus activity that crossed the pre-stimulus baseline threshold 

was interpreted as evoked response. The area of the post-stimulus response that crossed 

the threshold was calculated, and this served as a measure of the total stimulus-evoked 

activation at the given sensor. The sensor that had the largest total evoked activity was 

then automatically selected for further analysis. Finally, we verified that the sensor was 

in contralateral somatosensory cortex. This sensor’s response was used in further 

analysis. Figure 3-1 shows a virtual representation of the sensor selection approach. 
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Figure 3-1 A visual representation of sensor selection approach. 
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3.2.5.2 Variability in the evoked response 

For each individual participant, body part (RD1, RD2) and selected sensor, we 

computed the mean and standard deviation in the evoked response time series across all 

epochs. We also computed the ratio of signal standard deviation to mean, a measure 

analogous to the coefficient of variation, or CV. CV is a measure of the dispersion of a 

distribution. Our measure is different from CV in the way that we calculated the mean. 

The mean of our distribution had some time points which were 0 femtoTesla or fT. The 

CV at these time points  ∞. To overcome this issue, we took the absolute value of the 

mean and then added a 200fT baseline to all time points. A modified CV was calculated 

using this modified mean. 

 We also computed the mean and variance in the evoked response for the five 

most active sensors and the five least active sensors in order to investigate how the 

variance was spatially distributed. For each of these sensors, the same measures were 

computed. 

3.2.5.3 Entropy 

A second measure of variability in response that accounts for linear as well as 

non-linear components of the response is entropy (Shannon, 1997). Entropy is a measure 

of uncertainty of an outcome. For the case in which there are n possible outcomes, a 

uniform distribution in which all the outcomes have equal probability (1/n) has 

maximum entropy (Pereda, Quiroga, & Bhattacharya, 2005). 

Again for the selected sensor, we computed the entropy for each subject 

separately across all trial and times. At each time point, the values were divided into bins 

where the width W of each bin was calculated as W = 2 (IQR) N-1/3 where IQR is the 

interquartile percentage and N is the number of data points. 
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3.2.6 Statistics 

Statistical analysis used SPSS 15 for Windows. A two way mixed model ANOVA, 

with time as the within-subjects factor (40-250 ms post-stimulus) and group as the 

between-subjects factor, was used to examine differences between the TD and ASD 

groups in the variability and entropy of their evoked responses. Student’s t-tests (two-

tailed) were used to examine group differences in age and IQ. Linear correlations 

between variance and IQ were computed and analyzed for significance. 

3.3 Results 

 We investigated variability in the MEG signal recorded in response to tactile 

stimulation of the thumb (D1) and index finger (D2) of the dominant (right) hand. All 

measures were separately computed for each subject, and then classified according to 

group (ASDs or TDs).  

 RD2: A statistical comparison of the mean evoked responses (Fig. 3-2a) showed 

no significant difference in mean response amplitude between ASDs and TDs 

(F(1,27)=1.739, MSE=7016.20, p=0.198). Figures 3-2b and 3-2c respectively show the 

standard deviations and CVs for TDs (blue) and ASDs (red). As Figs. 3-2b, c indicate, 

there is little evidence for greater variability in the response of autistic brains to the 

tactile stimulus. Indeed, variability in the evoked response in ASDs was no greater than 

that in TDs (F(1,27)=2.6, MSE=81446.26, p=0.118). Upon normalizing for differences in 

mean response, that is, by comparing group CVs, marginally smaller CVs in ASDs were 

observed (F(1,27)=2.936, MSE=2.17, p=0.098), suggesting a trend toward lower variability 

in the evoked response of autistic, not typical, brains. Group x time interactions were 

significant on none of the three measures.   
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Figure 3-2 Mean evoked response, standard deviation and coefficient of variation of the group 
mean evoked response to tactile stimulation of the index finger (left panel) and thumb (right 

panel) in autism (ASD) versus neurotypicals (TDs). Light regions indicate confidence interval. 

RD1: We repeated the sequence of computations for RD1, and the results were 

largely similar to those for RD2 (Fig. 3-2d-f). Again, the evoked response to stimulation 
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of RD1 in ASDs was no less variable than that of TDs in terms of standard deviation 

(F(1,33)< 1), or CVs (F(1,33)<<1). There was no difference in response amplitude between 

the two groups (F(1,33)<1). No group x time interactions was significant. 

The results shown so far were on the functionally most active sensor. In order to 

test the generality of our findings, we also measured and averaged the signal from the five 

sensors in contralateral cortex that exhibited the largest evoked response relative to 

baseline. Again, mean variability in evoked response was no greater statistically (and was 

maller numerically) in ASDs as compared to TDs for RD2 (F(1,27)=2.764, p=0.108), or RD1 

(F(1,33)=1.279, p=0.267). Overall, the findings suggest that the somatic evoked response in 

autistic brains was no more variable than that in the brains of neurotypicals.  

3.4 Discussion 

 We tested for variability in the evoked response to tactile stimulation in the 

brains of individuals with autism. Based on current theory (J. L. Rubenstein & 

Merzenich, 2003) , we predicted that the variability in the evoked MEG responses of the 

autism group would be greater than that in typically developing persons. However, we 

found no such difference. Not only that, if there was a trend at all, it was in the opposite 

direction: the responses of the control group were modestly, though not significantly, 

more variable than those of the autism group.   

One important point to mention is that autism spectrum disorders are a set of 

heterogeneous disorders and our autism sample consisted of a small number of subjects 

with a diagnosis of PDD-NOS, autism or Asperger syndrome. One might argue that 

restricting our analysis to only those individuals that have a diagnosis of Autistic 

Disorder might yield a different outcome. However, we still did not find an increase in 

variability in our sample of 11 persons with a diagnosis of Autistic Disorder compared 
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with TDs. Rather, we found a small trend toward reduced variability, in line with the 

results from the larger, heterogeneous sample.  

To confirm this finding, we looked at response variability in a number of different 

ways. For instance, we calculated and compared the entropy of the responses of the 

ASDs versus TDs. A distribution of responses with higher entropy can be thought of as a 

distribution that has a higher degree of variability. However, our analysis again failed to 

reveal any differences in entropy between the two groups. An altogether different 

interpretation of variability is that of timing: the noisier the circuit, the more variable is 

the trial-to-trial latency of the response of the circuit. Thus, a noisier brain network in 

autism could be reflected in a shorter, wider response peak. We examined this 

possibility as well: specifically, we compared the full-width at half maximum (FWHM) 

of MEP components M70 and M150 in both groups but did not find any difference. In 

sum, a number of analyses failed to reveal evidence that the somatic circuitry of autistic 

brains is noisier than that of control brains. 

The noisy network hypothesis stems from the suggestion of an imbalance 

between excitation and inhibition in autistic brains. Indications for reduced GABAergic 

inhibition and abnormal glutamatergic transmission in ASD come from genetic 

(DiCicco-Bloom et al., 2006; Polleux & Lauder, 2004), and anatomical studies 

(Courchesne et al., 2001; Herbert et al., 2003). A straightforward interpretation of this 

purported imbalance is an unstable, unreliable brain network (J. L. Rubenstein & 

Merzenich, 2003), which was tested at the systems level here.   

This finding does not preclude a cellular-level interpretation of the hypothesis, 

which may be tenable as well. That is to say, noise could mean synaptic noise. A noisy, 

unreliable synapse means a greater proportion of excitatory postsynaptic potentials 
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(EPSP) failures following pre-synaptic transmission, and/or a broader distribution of 

EPSP amplitudes in response to the release of a single quantum of neurotransmitter at 

the pre-synaptic terminal (Hessler, Shirke, & Malinow, 1993; Rosenmund, Clements, & 

Westbrook, 1993; Sayer, Friedlander, & Redman, 1990) This is an interesting idea but 

not easy to verify experimentally.  

Further it is possible that had we tested the groups using a different type of 

stimulation, one for example that involved an active cognitive or affective response, we 

might have found evidence of greater variability. Likewise, using a stimulus that the 

participant was known to respond to abnormally might have elicited a more variable 

response.  These possibilities are not ruled out by the present findings, however the 

finding of no differences in a task that used a very simple tactile stimulus shows at the 

least that increased variability in evoked response is not present for all stimuli.  
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Chapter 4 Studies of inhibition in the autistic brain: 

Interaction of finger representations in somatic cortex 

4.1 Introduction 

Autism spectrum disorder is a developmental disorder for which an objective 

medical test is not yet available, but rather trained clinicians conduct extensive 

interviews with the individual and their care-giver and perform rigorous behavioral 

evaluations of the individual in accordance with a manual. New diagnostic guidelines 

will come into effect as early as next year. New altered criteria by which individuals will 

be categorized as being included within the spectrum of autism disorders is likely to 

make the diagnostic process more difficult. The impending change and rising uncertainty 

in the diagnostic community has enhanced the imperative to find a biomarker that will 

eventually lead to the creation of an objective medical test that will complement 

behavioral evaluations and aid the clinician in making a correct and timely diagnosis. 

Moreover, an objective neural biomarker of autism has the potential to provide 

additional biological targets for intervention and treatment. 

One leading candidate biomarker is reduced levels of inhibition and imbalance in 

the inhibition/excitation ratio in the brains of individuals with autism (J. L. Rubenstein, 

& Merzenich, M.M., 2003). Evidence for reduced GABAergic inhibition and abnormal 

glutamatergic transmission in autism stems from genetic (DiCicco-Bloom et al., 2006; 

Polleux & Lauder, 2004), and anatomical studies (Courchesne et al., 2001; Herbert et al., 

2003). A functional or physiological test of differences in inhibition in the brains of 

individuals with ASD would provide, arguably, a direct and rigorous test of the reduced 

inhibition hypothesis. 
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Electrophysiological recordings of the cortex have shown that the simultaneous 

mechanical or electrical stimulation of adjacent fingers of the hand (e.g., thumb and 

index finger) suppresses the response of somatosensory cortex: The magnitude of the 

cerebral evoked potential in response to the simultaneous moderate or strong 

stimulation of both fingers is less than that predicted from the simple addition of the 

potentials generated by the individual stimulation of each finger. The amount of 

attenuation in the cortical response to the combined simultaneous stimulation of 

neighboring fingers relative to the arithmetic sum of the responses to the individual 

stimulation of each finger is proportional to the level of cortical inhibition (Friedman, 

Chen, & Roe, 2008; Gandevia, Burke, & McKeon, 1983; Greek, Chowdhury, & 

Rasmusson, 2003; Hsieh, Shima, Tobimatsu, Sun, & Kato, 1995). That is to say, the more 

sub-linear the combined response relative to the arithmetic sum of the responses, the 

greater is the level of cortical inhibition. Studies of paired finger stimulation can thus 

provide a physiological window into the level of inhibition  (Gandevia et al., 1983; Greek 

et al., 2003; Hsieh et al., 1995).  

In order to assay inhibition from a physiological perspective in autism, we 

investigated and compared the cortical response to paired finger stimulation in the 

brains of individuals with ASD using magnetoencephalography (MEG). The response to 

the stimulation of adjacent fingers of the dominant hand is plotted with respect to the 

response to the post-hoc sum of the responses to the individual stimulation of the same 

fingers. The plotted data is linearly regressed for each group separately, and the slopes 

thus provide a summary statistic of the degree of sub-linearity of the combined response 

of the NT and ASD groups. There are three possible outcomes. First, the slopes of both 

groups is less than unity (=1) indicating sub-linearity of response to paired stimulation 
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(and cortical inhibition as well), but the slope for the ASD group is significantly greater 

than that for the NT group. This would provide experimental support for the idea that 

inhibition is reduced in the brains of individuals with ASD (Hussman, 2001). 

Alternatively, the slopes of the two groups, while being significantly less than unity, do 

not differ statistically from one another’s, which would not bolster the reduced 

inhibition hypothesis. At the other extreme, significantly lower slope for the ASD group 

is a possibility as well.  Such a finding would argue against the idea that inhibition levels 

are lower throughout the brain in autism, but is rather consistent with the idea that 

there are local brain areas of increase and of decrease in inhibition level that would point 

to spatial imbalance in inhibition levels in the brains of individuals with autism. The last 

outcome could have different but equally important implications in the quest for a 

biomarker and possible treatment. 

4.2 Method 

4.2.1 Participants 

Magnetoencephalography (MEG) signals from 13 individuals with a diagnosis of 

autism spectrum disorder, or ASD (18.7 ± 1.0 years old; 4 female) and 17 typically 

developing, or NT, individuals (19.2 ± 1.2 years old; 4 female) were recorded. The groups 

were matched for age (p = 0.83, two-tailed t-test) and gender (p = 0.69, Fisher’s exact 

test). All individuals in the autism group met our research criteria for an ASD, as 

determined by using the Autism Diagnostic Observation Schedule (Lord et al., 1999) and 

the Autism Diagnostic Interview, Revised (Rutter et al., 2003) administered by trained 

clinicians. Five individuals in the autism group had been clinically classified as pervasive 

developmental disorder-not otherwise specified, one as Asperger syndrome, and the 

remaining seven as autistic disorder. Potential participants were excluded when there 
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was evidence of brain injury, seizure disorder, or neurotropic infection or disease, or if 

they had a history of identified severe psychopathology such as bipolar disorder, 

schizophrenia, or behavior problems severe enough to make accurate and reliable testing 

difficult. All participants were right handed as determined by the Edinburgh 

Handedness Inventory (Oldfield, 1971). All individuals with autism had strong verbal 

skills, and were without intellectual disability: full scale IQs and verbal IQs derived from 

the Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999) were greater than 85 

(full scale IQ: 103.7 ± 4.5; verbal IQ: 101.9 ± 4.9; performance IQ: 103.1 ± 4.5). NT 

participants were volunteers without a history of ASD or other major developmental or 

psychiatric illness. Their IQs were above-average (full scale IQ: 118 ± 3.0; verbal IQ: 113.0 

± 4.0; performance IQ: 118.0 ± 2.0) and were significantly higher than those of the ASD 

group (full scale IQ: p = 0.02; verbal IQ: p = 0.017; performance IQ: p = 0.012).  

Participants did not have to perform any cognitive task; therefore, any differences 

in signal between the groups are unlikely to be based on differences in IQ (see Appendix 

A for correlations between the extracted MEG signals and IQ measures). After complete 

description of the study to the study participants, written informed consent was 

obtained under a protocol approved by the University of Texas Health Science Center-

Houston and the University of Houston.  

4.2.2 Stimuli 

Pneumatically driven mechanical taps (25 pounds per square inch, or 25 psi) of 

40 ms duration (20 ms rise time) were delivered individually to the distal tips of the 

thumb (D1), index finger (D2), and a combination of both (D1, D2) of the dominant hand 

of participants in separate blocks of epochs. This is a benign tactile stimulus that elicits a 

mild sensation on the skin; none of the participants indicated any discomfort with this 
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procedure, but the stimulus amplitude (25 psi) is nonetheless clearly above the sensory 

detection threshold of 17 psi (Zhu et al., 2009). Each finger had its own dedicated 

pressure transducer. Participants were told that a pressure pulse will be delivered during 

which they were supposed to close their eyes, relax, and stay still. As mentioned above, 

there was no task to perform and therefore, no demand on participants’ cognition. A 

training block containing five epochs before the experimental recordings helped 

familiarize participants with the stimuli. 

4.2.3 Procedure 

Participants lay supine on a comfortable bed and kept their eyes closed. Fiducial 

markers were placed on their forehead and in the ears. The locations of the fiducial 

markers were recorded into the computer by means of a digitizer (stylus pen). The 

digitizer was slowly rolled over the participant’s scalp and the shape of his or her head 

was thus recorded. Using the digitization points and the fiducial marker locations, a 

single sphere head model was created that best fit each participant’s head (Fieldtrip 

toolbox, MATLAB). 

4.2.4 MEG recordings 

All MEG recordings used a whole-head neuromagnetometer containing an array 

of 248 gradiometers (Magnes WH3600, 4D Neuroimaging Inc., San Diego, California, 

USA). The instruments were placed in a magnetically shielded and sound attenuated 

room (Vacuumschmelze Gmbh & Co., KG, Hanau, Germany). In separate blocks, we ran 

2000 epochs of stimulation of the index finger (D2), 700 epochs of stimulation of the 

thumb (D1), and 700 epochs of stimulation of the both fingers combined (D1,D2). The 

additional epochs of D2 stimulation were for investigating the effects of continual 

stimulation on neural response and, as such, are for an altogether different study. It is 
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important to note though at this juncture that 700 epochs of stimulation produced a 

robust signal as indicated by the goodness of fits and correlations of the resulting 

equivalent current dipole sources (See Appendix A). A single epoch lasted 575 ms and 

included a 120 ms pre-stimulus baseline. Data were acquired with a 1.0-Hz high-pass 

cutoff at a sampling rate of 290 Hz. Portions of the signal that were correlated to sensors 

placed far away from the head were likely to be noise and were subtracted out. Epochs 

remaining were used for analysis.  

4.2.5 Analysis 

Prior to analysis, epochs containing exaggerated moments such as eye blinks 

(peak to peak deflections > 2pT) were discarded. The criteria caused us to discard from 

the NT and ASD groups respectively 8.2% ± 1.4% and 6.2% ± 1.7% of D1 stimulation 

epochs, 7.2% ± 1.8% and 9.1% ± 1.7% of D2 stimulation epochs, and 9.2% ± 0.6% and 13.1% 

± 4.3% of D1,D2 stimulation epochs. Statistical tests on arcsin transformed percent 

values confirmed that the between-group percentage of epochs discarded was 

indistinguishable (D1: p = 0.376; D2: p = 0.513; D1,D2: p = 0.407). Remaining epochs were 

used for analysis. 

4.2.5.1 Source modeling 

MEG data from remaining epochs (e.g., ) and the participant’s single 

sphere head model were combined to obtain a best fitting dipole model, utilizing the 

Fieldtrip toolbox in MATLAB. The best fitting dipole is the one that has the least 

squared error between modeled and actual data and is chosen from candidates between 

30 and 100 ms following stimulus onset – this corresponds to 22 time points at a 

sampling rate of 290 Hz – for each condition (D1, D2, and D1,D2 stimulation) separately. 

Typically, the best fitting dipole is obtained from the signal in the time interval around 
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the M80 component of the response. Dipole coordinates and orientations were computed 

for the best fitting dipole thus obtained. Next, for the dipole, a forward solution, termed 

a lead field (e.g., ), was computed which contains the evoked field distributions 

of all 248 MEG channels.  The lead field was used to compute the time series of the 

response of the dipole source to the tactile stimulus. Relatively high goodness of fit 

values and moderately high correlations between actual data and dipole modeled data 

were obtained (see Appendix A) indicating that the acquired MEG signals and source 

localization were of reasonably high quality. 

4.2.5.2 Computation of M40, M80 

The M40 and M80 responses of the best fitting dipole obtained for each stimulus 

condition described above (see Source modeling) were obtained using the procedure 

described below. For the two SSEF components, namely the M40 and the M80, the time 

point following stimulus onset at which the signal deviated from pre-stimulus baseline 

was obtained. For a given component, its half maximum value, defined as the signal 

amplitude halfway between those at the starting time point of the component and the 

component’s peak, was obtained. The time series was linearly interpolated by a factor of 

1000 in order to obtain a more precise estimate of the location of the half maximum in the 

time series. The amplitude of the given component was defined as the area of the signal 

(in femtoTesla * milliseconds) under the waveform that lay between the locations of the 

half maxima on either side of the component peak (see Appendix A. Fig. App A-1 for a 

visual depiction of the application of the area measure). The area measure has been used 

extensively in electroencephalography (EEG) studies (Hillyard, Squires, Bauer, & 

Lindsay, 1971; Picton & Hillyard, 1988; Viswanathan & Jansen, 2010) and is generally 

chosen to reduce the variability inherent in determining a single peak in a given 

2481

2

lfD



45 
 

component. Moreover, the area measure naturally utilizes more of the signal, i.e., 

averages over a wider range of time durations, than an amplitude peak measure, thereby 

providing a higher signal to noise ratio or SNR.  

For each individual subject, the above set of calculations was repeated to obtain 

responses to the stimulation of D1 alone, D2 alone and D1, D2 combined. For each group 

(ASD, NT), the response to the combined simultaneous stimulation of fingers D1 and D2 

(D1, D2) was plotted (ordinate) with respect to the sum of the responses to the 

individual stimulations of D1 and D2 (D1 + D2). The paired finger/single finger response 

ratios for a given group (NT or ASD) were fitted with a straight line using a least squares 

criterion.  

4.2.6 Statistics 

SPSS was used for statistical analyses (SPSS Inc., Chicago, Illinois, USA). 

Student’s t-test (two-tailed) examined the validity of the following null hypotheses: a) 

D1, D2 vs. D1 + D2 slope for each group (ASD, NT) does not differ significantly from 1.0 

(when MEG response to the combined stimulation of both fingers is equal to the 

arithmetic sum of the individual MEG responses); b) slopes of the optimal least squares 

linear regressors of the ASD and NT groups do not differ c) D1,D2 / D1+D2 response 

ratios of the two groups (ASD, NT) do not significantly differ from one another. 

4.3 Results 

4.3.1 M40 

Fig. 4-1A shows data for the short-latency M40 component of the MEG response 

analyzed using the source modeling approach – the responses to each finger and their 

combination are modeled separately – and plots the post-hoc sum of the M40 responses 

to the individual stimulation of fingers D1 and D2 (D1 + D2) versus the M40 response to 
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the combined simultaneous stimulation of both fingers (D1, D2), and the corresponding 

least-squares straight line fits. The slope of the D1, D2 vs. D1+D2 responses of the ASD 

group was significantly less than 1.0 (slope = 0.01 ± 0.09 (s.d.), t(11)=11.12, p<0.0001), 

indicating a sub-linear response to paired tactile stimulation. In the NT group on the 

other hand, the response to the combined stimulation of both fingers was comparable to 

the sum of the responses to the tactile stimulation of each finger separately (slope = 0.69 

± 0.17, t(15)=1.80, p=0.09). The difference in slopes of the two groups was significant 

(t(26)=3.58, p=0.001). Thus, the short-latency M40 response to the paired stimulation of 

fingers D1 and D2 in the brains of individuals with ASD was significantly weaker than 

that in the brains of NT individuals. Results obtained using singular value 

decomposition (Appendix A. Fig. App A-3A) were in the same general direction: The 

slopes fitting the NT group M40 data were greater than the respective slopes fitting the 

ASD group data, and furthermore, reached significance (see Appendix A).  

A different approach we employed was to compute the ratios (D1,D2 / D1+D2) for 

each individual and then compare the average ratios for the ASD and NT groups. Using 

this approach, we found that the ratios for the ASD (0.87 ± 0.20) and NT (0.63 ± 0.16) 

groups were statistically indistinguishable (t(21.00)=0.53, p=0.600; heteroscedastic t-test 

conducted on log transformed values – see Fleming & Wallace, 1986). 

A second alternative approach we employed was to compute the differences 

((D1,D2)-(D1+D2)) for each individual and then compare the differences for the ASD and 

NT groups. Using this approach, we found that the differences for the ASD and NT 

groups were statistically indistinguishable (t(16.71)=0.41, p=0.685;  heteroscedastic t-

test). 
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Figure 4-1 The response of the autism spectrum disorder (ASD) and typically developing (NT) 
groups to paired versus single finger stimulation and linear fits. 

It is notable that the response to combined stimulation relative to the responses 

to the individual stimuli was studied, as this normalizes for differences in responsiveness 

to tactile stimulation, even if they exist. Further analysis demonstrated that no between-
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group differences in neural excitability to tactile stimulation do not exist anyway: M40 

response magnitudes of the ASD and NT groups to stimulating D1 alone (t(28)=1.26, 

p=0.22) or D2 alone (t(28)=0.86, p=0.40) did not find significant differences. That is to 

say, the brains of individuals with ASD are not less responsive to tactile stimulation. 

In summary, even though there are small differences in the details of the results 

obtained using different analytical approaches and measures, there is one overriding 

commonality that cuts across all: the short-latency M40 cortical response to paired 

tactile stimulation was not significantly stronger, and often, significantly weaker, in the 

autism group as compared to their control counterparts. 

4.3.2 M80 

Fig. 4-1B shows data for the mid-latency M80 component of the MEG response 

analyzed using the source modeling approach. The regression slope of the D1, D2 vs. 

D1+D2 response ratio of the ASD group was significantly less than 1.0 (slope = 0.14 ± 0.31, 

t(11)=2.75, p=0.019), whereas the corresponding value for the NT group was 

indistinguishable from 1.0 (slope = 0.88 ± 0.12, t(15)=1.02, p=0.32). The difference in slope 

between the two groups was significant (t(26)=2.22, p=0.033; Fig. 4-1B). Thus, the 

normalized mid-latency M80 response to the combined stimulation of fingers D1 and D2 

in the ASD group was smaller, not greater, than that in the NT group [as in the case of 

the M40, there was no difference observed between the two groups in the magnitude of 

the M80 to D1 (t(28)=0.57, p=0.57) or D2 (t(28)=0.57, p=0.57)] stimulation. Results 

obtained using other analytical approaches, i.e., the vector interaction ratio (Appendix A. 

Fig. App A-2) and singular value decomposition (Appendix A. Fig. App A-3B), were 

remarkably consistent: the cortical response to paired tactile stimulation was never 

stronger, and often, significantly weaker, in the brains of individuals with ASD than that 
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in the brains of NT individuals. We also compared the response ratios (D1,D2 / D1+D2) of 

the ASD and NT groups and again found no difference between the ASD (0.80 ± 0.11) and 

NT (0.77 ± 0.09) groups (t(25.77)=0.14, p=0.89; heteroscedastic t-test on log transformed 

response ratios). We also compared the differences ((D1,D2)-(D1+D2)) for ASD and NT 

groups, and we found no difference between the ASD and NT groups (t(18.11)=0.37, 

p=0.715;  heteroscedastic t-test). 

4.4 Discussion 

The present study was designed to provide a physiological test – a window into 

the brain in action as such – of the seminal hypothesis of reduced inhibition in the brains 

of individuals with autism. Using high-resolution, whole-head magnetoencephalography 

(MEG), we compared the cortical response to the simultaneous tactile stimulation of the 

thumb and index finger in individuals with ASD versus NT individuals. Because there is 

no tried and tested measure, we employed a variety of analysis methods.  The different 

methods yielded findings that differed in details, but otherwise converged to the same 

basic result: The somatosensory cortex of the autism group did not respond more 

strongly to paired tactile stimulation than control. 

Before discussing possible implications of our finding, a brief discussion of the 

relative merits of the various techniques used here bear mention. In particular, 

calculating the ratio of the responses to paired over single finger mechanical stimulation 

and comparing the average values between the two groups appears straightforward. 

However, it runs into one problem: the measure is particularly sensitive to outliers, as 

even a single small (or large) ratio will drag down (or up) the mean and affect the 

statistic with it. By comparison, the linear regression approach is somewhat more robust 

to outliers. In fact, the response to the combined stimulation of two adjacent fingers 
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ought to be less, ipso facto, than the post-hoc summed response to the stimulation of 

each finger alone – this would be reflected in a ratio less than one – but there are 

instances of where this reasonable assumption is violated for individual ASD and NT 

participants (see Figs. 4-1A and 4-1B), and, in the case of the values obtained using the 

vector interaction method, the mean D1,D2/D1+D2 ratio of NT participants is greater 

than one (see Appendix A).  On the other hand, the slopes of the linear regressors 

obtained from all three analysis methods (dipole modeling, vector interaction, and SVD) 

are all less than one, which is in line with expectation and with the premise of our study. 

Thus, while we report here the results of both measures—slopes of linear regressors and 

raw ratios—we believe that the former is a more robust and reliable method to 

addressing the main question driving the present study, and has been successfully used 

before in a previous study (Coskun, Loveland, Pearson, Papanicolaou, & Sheth, 2013). 

Nonetheless, because single-cell physiology is the only way of incontrovertibly settling 

the methodological question but is not practical or ethical (in fairness, the regression 

method assumes a linear relationship, which is by no means proven either), our 

conclusions have to be tempered by the lack of a significant finding from the 

computation of ratios. Albeit, there are implications arising from these conclusions and 

they are discussed below. 

 4.4.1 Implications: reduced inhibition hypothesis 

As explained in the Introduction, a weaker physiological response to paired 

finger stimulation in the ASD group implies higher, not lower, level of inhibition in their 

somatosensory cortex. Our findings thus fail to support the claim of reduced inhibition 

in the brains of individuals with autism, and appears to go against the grain of past 

theoretical claims, anatomical and genetic studies, and behavioral findings (Casanova, 
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Buxhoeveden, & Gomez, 2003; Fatemi et al., 2002; Hussman, 2001; Keita, Mottron, & 

Bertone, 2010; J. L. Rubenstein, & Merzenich, M.M., 2003; Tannan, Holden, Zhang, 

Baranek, & Tommerdahl, 2008; Tommerdahl, Tannan, Cascio, Baranek, & Whitsel, 2007; 

Tommerdahl, Tannan, Holden, & Baranek, 2008).   

Functional studies of inhibition in humans have been conducted in recent years 

using sensory and sensorimotor gating. Sensory gating, which is the filtering out of 

irrelevant or repeated stimuli by the brain, is believed to be a physiological measure of 

inhibition in the brain. The paired click paradigm and the amplitude of the P50 

component of the auditory evoked potential to the second click is a non-invasive means 

of measuring sensory gating in the auditory cortex. Using this paradigm, Kemner et al. 

(2002) found normal P50 gating in “high-functioning” children with autism, indicating 

no difference in the putative early, inhibitory processes related to P50 gating. An 

audiovisual gating paradigm on adult males with ASD similarly revealed no suppression 

of the P50 component (Magnee, Oranje, van Engeland, Kahn, & Kemner, 2009). A 

different group of investigators replicated the negative finding in high-functioning 

children with autism, but also found a small but significant reduction in P50 amplitude 

in children with autism having low IQs (Orekhova et al., 2008). Sensorimotor gating 

studies of autism, which examine motor response and engage cortico-striatal circuits of 

the brain, showed a significant deficit in adult males with Asperger syndrome and autism 

(McAlonan et al., 2002; Perry, Minassian, Lopez, Maron, & Lincoln, 2007). Taken 

together, the studies on gating are a mixed bag in terms of what they inform us about 

inhibition levels in ASD: auditory and audiovisual gating show little difference in the 

level of inhibition in the auditory cortex of individuals with ASD, whereas sensorimotor 

gating studies imply reduced inhibition levels in cortico-striatal brain circuits. Finally, 
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the present study suggests, if anything, enhanced inhibition localized to the 

somatosensory cortex in the brains of individuals with autism. 

The lack of a clear and consistent finding regarding inhibition levels across the 

brain leads us to speculate the existence of interspersed regions of increased and 

decreased inhibition throughout the brains of individuals with ASD. These islands of 

excitation and inhibition may even characterize the brains of individuals with autism. It 

has been noted before that an imbalance of excitation and inhibition in either direction is 

likely to lead to profound differences in network dynamics, neural synchrony, and even 

behavior (Gibson, Bartley, Hays, & Huber, 2008). It may be that global increase or 

decrease in inhibition across the entire brain can be offset by homeostatic mechanisms 

(e.g., a long-term decrease in neuronal excitability can counteract an overall decrease in 

inhibition), but a localized patchwork of increases and decreases of inhibition across the 

brain is more difficult to naturally offset. It remains to be seen if the putative patchy 

imbalance in inhibition is correlated with significant, uncompensated alterations in 

brain functioning and behavior observed in the autism syndrome.  

4.4.2 Limitations and Future Directions  

Here, we investigated cortical response to the stimulation of a pair of adjacent 

fingers. Investigations of brain responses to pairs of non-adjacent fingers 

(D1,D3/D1,D4/D1,D5) is likely to yield insight into the upper and lower limits 

respectively of inhibition in the somatosensory pathway of individuals with (and 

without) autism.  

Increasing sample size will improve the generalizability of our findings. The 

exclusion of female participants, the Asperger’s syndrome participant, or the individuals 

with PDD-NOS did not qualitatively affect the basic findings (Appendix A). It bears 
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mention that distinctions between sub-diagnoses within the spectrum, e.g., Asperger’s, 

will no longer hold under new diagnostic criteria that will be adopted next year.  

It is also desirable that, when a measure of somatosensory activity is used, its 

relationship to tactile capabilities of the subjects is measured in tandem. Unfortunately, 

our study did not measure the sensory capabilities of the two groups. A correlational 

study measuring tactile discrimination in individuals with ASD and physiological assays 

of inhibition in somatosensory cortex is a logical next step.  

Finally, the task-free, preattentive nature of our experiment holds promise for 

studying the brains of young children with autism as well as of individuals with autism 

with intellectual disability or impaired verbal skills – two populations that are not that 

commonly studied using these methods. Furthermore, the idea of probing the brain 

response to multiple stimuli is a simple one that is readily extendable to other sensory 

modalities and to stimuli with clear emotional and/or social content – domains that are 

at the core of an autism diagnosis. 
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Chapter 5 Studies of Inhibition in the Autistic Brain: Cortical 

Adaptation  

5.1 Introduction 

When a sensory stimulus is presented repeatedly over a sustained duration of 

time, a living organism adapts by automatically decreasing the behavior elicited by the 

stimulus. At the neural level, the neuron decreases its response to the eliciting stimulus. 

Thus, adaptation is a window into the sensory system’s capability to adjust to a dynamic 

environment. Individuals with autism have shown atypical responses to a wide range of 

sensory stimuli (Dakin & Frith, 2005; Klin, Lin, Gorrindo, Ramsay, & Jones, 2009; 

Mottron, Dawson, Soulieres, Hubert, & Burack, 2006) and consistent with this point, it 

is widely believed that adaptation is likely to be diminished in autism. On the basis of 

recent behavioral studies of adaptation in the olfactory (Tavassoli & Baron-Cohen, 

2012), visual (Pellicano, Jeffery, Burr, & Rhodes, 2007), and tactile (Tommerdahl et al., 

2007) modalities, it appears that as the task becomes more complex and the stimulus 

more nuanced, differences arise in the adaptation of behavior in autism as compared to 

neurotypical.  

Adaptation at the behavioral level must have a basis in the brain. To our 

knowledge, no such study of neural adaptation in autism has been carried out to date. To 

this end, we recorded the brains of individuals with autism spectrum disorder (ASD) and 

age- and gender-matched neurotypical controls (NT) using magnetoencephalography 

while the right index finger was repeatedly stimulated over a sustained period of several 

minutes, and compared the change in the cortical response to repeated stimulation in the 

ASD versus NT groups.    
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5.2 Method 

5.2.1 Participants 

Magnetoencephalography (MEG) signals from 13 individuals with a clinical 

diagnosis of autism spectrum disorder, or ASD (18.7 ± 1.0 years old; 4 female) and 17 

neurotypical, or NT, individuals (19.2 ± 1.2 years old; 4 female) were recorded. The 

groups were matched for age (p = 0.83, two-tailed t-test) and gender (p = 0.69, Fisher’s 

exact test). All individuals in the autism group met our research criteria for an ASD, as 

determined using criterion cutoff scores from the Autism Diagnostic Observation 

Schedule (Lord et al., 1999) and the Autism Diagnostic Interview, Revised (Rutter et al., 

2003) administered by clinicians trained to research reliability. (In their clinical records, 

five individuals in the autism group had past diagnoses of pervasive developmental 

disorder-not otherwise specified, one of Asperger syndrome, and the remaining seven of 

Autistic Disorder.) Diagnostic cutoff scores were supplemented with the clinical 

judgment of a licensed psychologist for all our participants. Potential participants were 

excluded when there was evidence of brain injury, seizure disorder, or neurotropic 

infection or disease, or if they had a history of identified severe psychopathology such as 

bipolar disorder, schizophrenia, or behavior problems severe enough to make accurate 

and reliable testing difficult. All participants were right handed as determined by the 

Edinburgh Handedness Inventory (Oldfield, 1971). 

Individuals with autism had strong verbal skills, and were without intellectual 

disability: full scale IQs and verbal IQs derived from the Wechsler Abbreviated Scale of 

Intelligence (Wechsler, 1999) were greater than 85 (full scale IQ: 103.7 ± 4.5; verbal IQ: 

101.9 ± 4.9; performance IQ: 103.1 ± 4.5). NT participants were volunteers without a 

history of ASD or other major developmental or psychiatric illness. The NT group had 
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above-average IQs (full scale IQ: 118 ± 3.0; verbal IQ: 113.0 ± 4.0; performance IQ: 118.0 ± 

2.0), and these were significantly higher than those of the ASD group (full scale IQ: p = 

0.02; verbal IQ: p = 0.017; performance IQ: p = 0.012). Prior informed consent was 

obtained from all participants, or participants and their parents, under a protocol 

approved by the University of Texas Health Science Center-Houston and the University 

of Houston.  

5.2.2 Stimuli 

Pneumatically driven mechanical taps (25 pounds per square inch, or 25 psi) of 

40 ms duration (20 ms rise time) were delivered individually to the distal tips of the 

index finger (D2) of the dominant hand of participants. This is a benign tactile stimulus 

that elicits a mild sensation on the skin; none of the participants indicated any 

discomfort with this procedure, but the stimulus amplitude (25 psi) is nonetheless 

clearly above the sensory detection threshold of 17 psi (Zhu et al., 2009). Each digit had 

its own dedicated pressure transducer. There were 2000 epochs in all per participant. 

Participants were told that a pressure pulse would be delivered and that all they had to 

do was to close their eyes, relax, and stay still. Thus, there was no task and therefore, no 

demand on the participants’ cognition. Indeed, the point of adaptation is to record 

responses in a task-free context. On the other hand, it was important that the 

participants stayed awake. Participants were monitored with closed circuit television for 

signs of dozing off, their brain signal was monitored for signs of attenuation of alpha 

activity, and the experimenter conversed with the participants in between blocks – these 

combined ensured that the participant stayed awake during the recordings. A training 

block consisting of five epochs before the experimental recordings helped to familiarize 

participants with the procedure. 
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5.2.3 Procedure 

Participants lay supine on a comfortable bed and kept their eyes closed. Fiducial 

markers were placed on their forehead and in the ears. The locations of the fiducial 

markers were recorded into the computer by means of a digitizer (stylus pen). Using the 

digitization points and the fiducial marker locations, a single sphere head model was 

created that best fit each participant’s head (Fieldtrip toolbox, MATLAB).  

5.2.4 MEG recordings 

All MEG recordings used a whole-head neuromagnetometer containing an array 

of 248 gradiometers (Magnes WH3600, 4D Neuroimaging Inc., San Diego, California, 

USA). The instruments were placed in a magnetically shielded and sound attenuated 

room (Vacuumschmelze Gmbh & Co., KG, Hanau, Germany). The index digit (D2) was 

stimulated once on each epoch. A single epoch lasted 575 ms with the tactile stimulus 

appearing 120 ms from the epoch's start. There were 2000 epochs in all. In other words, 

the tactile stimulus was repeated 2000 times at a rate of 1.73 Hz; the stimulation lasted 

for a total of 1150 s (~ 19 min.). Data were acquired with a 1.0-Hz high-pass cutoff at a 

sampling rate of 290 Hz. Portions of the signal that were correlated to channels placed 

far away from the head were noise and were subtracted out.  

5.2.5 Analysis 

Prior to analysis, epochs containing exaggerated moments such as eye blinks 

(peak to peak deflections > 2 picoTesla or pT) were discarded. The criteria caused us to 

discard 7.2% ± 1.8% and 9.1% ± 1.7% of epochs from the NT and ASD groups respectively. 

Statistical tests on arcsin transformed percent values (Zar, 1999) yielded no significant 

differences in the percentage of epochs discarded as a function of group (D2: p = 0.513). 

Remaining epochs were used for further analysis.  



58 
 

5.2.5.1 Dipole source modeling 

MEG data ( , where number of MEG channels = 248, and number of 

time points = 122)  from all 2000 epochs of D2 stimulation and the participant’s single 

sphere head model were combined to obtain a best fitting dipole model, utilizing the 

Fieldtrip toolbox in MATLAB. The best fitting dipole is the one that has the least 

squared error between modeled and actual data. Dipole coordinates and orientations 

were computed for the best fitting dipole. Next, for the dipole, a forward solution, 

termed a lead field ( ), was computed which contains the evoked field 

distributions of all 248 MEG channels.  The lead field is used to compute the temporal 

evolution of the response of the dipole source to the stimulus.  

Goodness of fits of the dipole source was computed and reasonably high values 

were obtained: On average, dipole goodness of fits was 86.5% ± 1.9% (ASD group mean = 

87.7%, NT group mean = 85.6%). We further measured the degree of correlation between 

the modeled data obtained from dipole source modeling on the one hand and MEG data 

on the other, and the correlation coefficient was 0.83 ± 0.02 (ASD group r2 = 0.84, NT 

group r2 = 0.82). Combined, the high goodness of fits and moderately high correlations 

between actual data and dipole modeled data indicate that the acquired MEG signals 

and source localization were of reasonably high quality.  

5.2.5.2 Adaptation dynamics 

The area under the post-stimulus response (0-200 ms), or area under the curve 

(AUC) was integrated in order to obtain the average dipole source response for a given 

participant. The area measure has been used extensively in electroencephalography 

(EEG) studies (Hillyard et al., 1971; Picton & Hillyard, 1988; Viswanathan & Jansen, 
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2010) and is generally chosen to minimize the effect of inter-trial variability. We further 

computed the amplitudes of the M80 component and then subjected the data to similar 

analysis as with the AUC measure.  

In order to study the temporal evolution of the neural response to touch in 

general and the dynamics of adaptation in particular over the course of a session, epochs 

were binned into one of 12 bins, with 2000/12 = 166 epochs per bin. Epochs 1-166 fell into 

the first bin, epochs 167-332 into the second bin and so on. The number of bins was set to 

12 on the basis of the Struges method for constructing a histogram. According to the 

Sturges method (Sturges, 1926), the number of bins k = 1.0 + log2n, where n is the number 

of epochs; according to this, there should be 11.96, or 12 bins for n=2000 (see Appendix B 

and Fig. App B-2 for binning using a different method that studies response evolution 

over a finer time scale). For each participant, all epochs belonging to a particular bin 

were used to compute an average response. The lead field matrix ( ), which is a 

forward solution for the dipole that contains the evoked field distributions of all 248 

MEG channels, was separately projected on to the average response of each 166 epoch 

long bin. ( , where i represents the bin number and 

i = 1, 2 …, 12) in order to obtain the averaged response of the dipole (equivalent current 

source) in each bin.   

For a given participant, the average response in bin i, obtained as described above 

was normalized in the following way,  
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This ensured that the highest response across the 12 bins was normalized to a 

value of 1 and the minimum response to a value of 0 for a given participant and allowed 

for us to weigh the contribution of each participant equally in the final analysis. All 

analyses were carried out on the normalized response. 

The time sequence of the normalized average response was then modeled with a 

power law,  (x is the bin number, f(x) represents the dipole response, 1 

and  are free parameters). Parameters 1 and , and 95% confidence intervals (CIs) of 

each, were obtained from an optimal non-linear regression least squares fit of the data.  

The value of the parameter  is a measure of the degree of adaptation of the response as 

a function of time, i.e., bin number in the present case: positive values indicate 

adaptation, and the greater the magnitude, the greater is the level of adaptation. No 

overlap in the 95% CIs of the ASD and NT groups means a between-group significant 

difference in cortical adaptation.   

5.3 Results 

Figure App B-1 shows the ensemble averaged response of the putative cortical 

representation (equivalent current dipole) of digit D2 to the mechanical stimulation of 

D2, with epochs 1-2000 split into 12 equal bins (bin 1 contains epochs 1-166, bin 2 

contains epochs 167-332 and so on). The binned data were used for further analysis. 

Figure 5- 1 shows the normalized ensemble averaged dipole source response (area under 

the post-stimulus response) as a function of duration of stimulation, or bin number (1, 2, 

.., 12), and the least-squares power law fits for the ASD (red curve) and NT groups (blue 

curve). As Figure 5- 1  shows, both the ASD ( = 0.278, 95% CI = [0.155, 0.401]) and NT 

(0.204, 95% CI = [0.097, 0.311]) groups adapt, as indicated by the reduction in response 

21)(   xxf
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as a function of bin number, as well as the positive s and the positive 95% confidence 

interval ranges for both groups. Note that the parameter of the power law fits of the 

ASD group data is somewhat higher than that of the NT group, which indicates that the 

degree of adaptation to repeated touch is not attenuated in the ASD group as compared 

to NT; however, the 95% confidence intervals overlap, which indicates that the level of 

adaptation in both groups is not statistically distinguishable. The initial, pre-adaptation 

response fits, represented by the value of the parameter 1 of the power law fits, also 

failed to show a statistical difference between the ASD (1 = 0.669, 95% CI = [0.540, 

0.797]) and NT (1 = 0.596, 95% CI = [0.492, 0.700]) groups, indicating that the initial 

response to touch was comparable between the two groups. 

We further modeled the time series binned data from each participant, averaged 

the parametric model fits across participants in each group separately, and compared the 

group values of the fits. Again, adaptation in the ASD (mean ± s.e.m.:  = 0.167 ± 0.183) 

and NT (= 0.196 ± 0.107) groups did not differ statistically (t(25.86) = 0.543, P = 0.616, 

heteroscedastic t-test ), confirming that the amount of adaptation to repetitive tactile 

stimulation in the two groups was similar. Using a model-free approach, we ran a mixed-

model two-way ANOVA, with bin number as the within-subjects factor and group 

(ASD/NT) as the between-subject factor. There was a small but significant effect of bin, 

or duration [F(11, 297) = 2.569, mean square error (MSe) = 0.095, P = 0.004, partial eta-

squared = 0.087], indicating adaptation in both groups, but the effect of group [F(1,27) = 

0.002, MSe = 0.086, P = 0.966], or of the bin (duration) X group interaction [F(11,297) = 

0.675, MSe = 0.064, P = 0.762], was not significant.  
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Figure 5-1 The normalized group response of the cortical representation of digit D2 of the autism 
spectrum disorder (ASD; depicted in red) and neurotypical (NT; depicted in blue) groups to 

repeated tactile stimulation as a function of increasing bin number, or repetition. 

An alternative approach of data binning is to set the number of bins to the 

square-root of the number of data points in the sample (for N = 2000 epochs, the number 

of bins is 44 under this approach); using this approach, we again found that the response 

to tactile stimulation decreased over time in both groups and to a similar extent (Fig. 

App B-2). Furthermore, we used an alternative model based on singular value 

decomposition, and obtained a similar result: the level of adaptation of the ASD and NT 

groups did not differ statistically (see Fig. App B-3 and Appendix B). Between-group 

comparisons of the M80 component (Fig. App B-4) of the post-stimulus response, as 

well as that of the response to tactile stimulation of digit D1 (Fig. App B-5) confirmed 

our basic finding, namely that cortical response gradually decreases with repeated tactile 
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stimulation, and the amount of decrease, or neural adaptation, in the two groups is 

comparable. To sum up, our findings do not provide any evidence that neural adaptation 

in adolescents and young adults with ASD is divergent from that of their NT peers. 

5.4 Discussion 

To our knowledge, ours is the first to study adaptation at the neural level in 

autism by examining whether the cortical response to touch diminishes over repeated 

peripheral stimulation over the course of several minutes. Our results show that the 

brains of individuals with and without autism adapt, i.e., show a diminished response, to 

repeated and prolonged tactile stimulation, but that individuals with autism do not 

adapt any less compared with those without.  

The handful of reports of adaptation in individuals with ASD to date have used 

behavioral measures of adaptation, and the findings are far from unanimous: In the 

olfactory domain, Tavassoli and Baron-Cohen (2012) found that exposure to a strong 

odor altered olfactory detection thresholds in both individuals with and without autism 

to the same extent. In the visual domain, Pellicano et al. (2007) reported reduced face 

identity aftereffects in children with ASD. Arguably most relevant to the present study, 

Tommerdahl et al. (2007) studied adaptation in the tactile domain, and found that 

adaptation stimuli of long duration left intact the tactile spatial discrimination capacity 

of individuals with autism while enhancing that of individuals without autism. The last 

two reports differ from ours in that a more complex form of visual perception and a 

complex form of spatial interaction in the tactile domain were studied, in contrast to our 

study of basic cortical response to a tactile stimulus about which no perceptual 

judgment was  requested. In point of fact, when the task was simple—olfactory 
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detection—individuals with autism were no different than their NT control 

counterparts.  

Thus, there could be several possible reasons for the discrepancy between our 

physiological finding and the psychophysical one. Stimulus parameters between the two 

studies were not identical: Our stimulus persisted for several minutes; shorter adaptation 

durations of a second or less and/or faster stimulus rates may reveal differences in neural 

adaptation between the two groups. Alternatively, behavior is likely to emerge from the 

complex, non-linear, and dynamic interactions among multiple brain areas. In such a 

case, the mapping between behavioral psychophysics and neural activity may not be 

straightforward. One possibility in this regard is that whereas basic sensory perception, 

and the neural activity that underlies it, is similar in (high functioning) autism and 

control, sensory differences emerge only when complex cognitive demands are placed, 

attention is engaged, and neural interactions among multiple brain areas become a 

requirement to perform the task. The latter possibility, if true, is consistent with the idea 

that at least some behavioral deviations from control in individuals with autism could be 

because of a difference in disposition rather than an actual disability.  

Note that inadequate power could have been invoked as an explanation if the 

ASD group showed reduced adaptation that somehow failed to reach significance; 

adaptation of cortical response of the ASD group was no weaker than that in control, 

however. In fact, a closer look at the figures and Appendix B figures leads one to argue 

that the initial adaptation could be even stronger in the ASD group – although this was 

not significant – and that perhaps a closer look at initial adaptation over the first three of 

four taps would have yielded a significantly stronger adaptation in the ASD group. 

Viewing the brain signal resulting from each tap means no gain in signal to noise ratio 
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from averaging; a much larger sample size than the present study’s would be required to 

overcome this hurdle and address the issue of fast, initial adaptation. 
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Chapter 6 Studies of local overconnectivity in the autistic 

brain: Evoked response of cortical representation of adjacent 

finger 

6.1 Introduction 

A number of high-level descriptions of the autism syndrome have been proposed 

over the years: Autism has been characterized as reduced empathy associated with an 

extreme form of the male brain (Baron-Cohen, 2002), deficits in executive function 

(Ozonoff, Pennington, & Rogers, 1991), weak “central coherence” or inability to bind 

disparate parts into a coherent whole (Happe & Frith, 2006), and impaired theory of 

mind ability (Baron-Cohen, Leslie, & Frith, 1985). These theories have succeeded in 

characterizing the behavioral symptoms of autism; concurrently, theories have been 

proposed for the neural mechanisms underlying the autism syndrome and in this 

context, abnormal neural connectivity has emerged as an explanatory scaffold for 

synthesizing behavioral accounts of autism. 

Within this overarching biological framework, there has been intense interest in 

the idea that the brains of individuals with autism are characterized by an 

overabundance of local connections and sparse long-range connections (Belmonte et al., 

2004; Just et al., 2004), perhaps because of differences in synapse growth during 

development. Connections between different areas of the cortex can be reasonably 

thought of as long-range connections, whereas connections within the same brain area 

can be thought of as short-range connections. Several experimental studies have 

examined functional long-range connectivity between areas in the brains of individuals 

with autism (Anderson et al., 2011; Barttfeld et al., 2011; Braeutigam, Swithenby, & 
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Bailey, 2008; Castelli et al., 2002; Horwitz, Rumsey, Grady, & Rapoport, 1988; Just et al., 

2007; Just et al., 2004; Kana, Keller, Cherkassky, Minshew, & Just, 2006), but the 

physiological study of functional local connectivity within a brain area has lagged behind 

(Wilson et al., 2007).  

The somatosensory pathway is a promising candidate for testing the hypothesis 

of local neural overconnectivity. Autism spectrum disorders (ASDs) are developmental 

disorders rather than the result of acquired injury or disease, and their basis is likely to 

be distributed in neural networks, including those involved in somatosensory 

processing, rather than in isolated structures of the brain. Furthermore, deficits in 

sensorimotor function and hypo- or hyper-sensitivity to touch (Baranek et al., 2005; 

Rogers, Hepburn, & Wehner, 2003) (see also Grandin, 1995, pg. 43) have been 

commonly observed in individuals with ASD. In fact, tactile sensitivity is a common 

feature in the stereotyped repetitive interests and behaviors domain used in making a 

diagnosis of autism. Finally, a number of recent studies have found differences in the 

somatosensory pathway of individuals with and without autism (Casanova et al., 2006; 

Coskun et al., 2009; Miyazaki et al., 2007). In summary, the somatosensory pathway is a 

promising neural substrate for testing current theories of atypical functional 

connectivity in autism. 

The somatosensory pathway from the skin to primary somatosensory cortex is 

topographically organized (Gardner & Kandel, 2000): Signals from adjacent digits, e.g., 

D1 (thumb) and D2 (index digit) of the same hand, project to neighboring 

representations in somatosensory cortex. When the distal tip of a digit (e.g., D1) is 

stimulated with a gentle pressure stimulus, the mechanoreceptors underneath the 

stimulus site become active, and neurons in the cortical representation of D1 of primary 
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somatosensory cortex downstream, are activated after a short synaptic delay. The 

neurons in cortex that are activated from projections from a patch of skin via the 

thalamus constitute the cortical representation of said patch (e.g., the cortical 

representation of D1 is the region in cortex directly activated by the tactile stimulation of 

digit D1). Activity in the cortical representation of D1 spreads and activates, via local, 

within-area intracortical connections, cortical representations of adjacent digits, 

henceforth termed non-primary cortical representations, e.g., the cortical representation 

of D2 is a non-primary cortical representation for D1 stimulation. Indeed, studies in the 

rat have shown that columns in layer IV – the input layer – of the somatosensory cortex 

function as independent parallel processors, each of which individually transforms 

thalamic input from their corresponding primary whisker for subsequent processing by 

horizontal intracortical connections (Goldreich, Kyriazi, & Simons, 1999). Thus, the 

cortical columnar response to the stimulation of an adjacent whisker or digit is 

attributable largely to local intracortical excitatory connections. In other words, the 

ratio of the response to the tactile stimulation of D1 of the cortical representation of D2 

to that of the cortical representation of D1 (primary) is a physiological measure of local 

intracortical excitatory connection strength. 

Local overconnectivity in autism implies that the nonprimary/primary response 

ratios will be higher for the ASD group than the NT group, which means 

correspondingly that the slopes of the regression lines that fit the nonprimary/primary 

data will be steeper for the ASD group than the NT group. We tested our prediction 

using magnetoencephalography (MEG). It is important to note that computations and 

comparisons of group line slopes are more desirable over simple comparisons of 
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arithmetic means of group response ratios, because the latter is more sensitive to large 

deviations in values of the ratio, and more susceptible to noise, therefore.  

6.2 Method 

6.2.1 Participants 

Magnetoencephalography (MEG) signals from 13 individuals with a clinical 

diagnosis of autism spectrum disorder, or ASD (18.7 ± 1.0 years old; 4 female) and 17 

neurotypical, or NT, individuals (19.2 ± 1.2 years old; 4 female) were recorded. The 

groups were matched for age (p = 0.83, two-tailed t-test) and gender (p = 0.69, Fisher’s 

exact test).  Five individuals in the autism group had clinical diagnoses of pervasive 

developmental disorder-not otherwise specified, one of Asperger syndrome, and the 

remaining seven of Autistic Disorder. All individuals in the autism group met our 

research criteria for an ASD, as determined by a finding of Autism Spectrum Disorder 

using the Autism Diagnostic Observation Schedule (Lord et al., 1999) and the Autism 

Diagnostic Interview, Revised (Rutter et al., 2003) administered by clinicians trained to 

research reliability. Potential participants were excluded when there was evidence of 

brain injury, seizure disorder, or neurotropic infection or disease, or if they had a history 

of identified severe psychopathology such as bipolar disorder, schizophrenia, or behavior 

problems severe enough to make accurate and reliable testing difficult. All participants 

were right handed as determined by the Edinburgh Handedness Inventory (Oldfield, 

1971). 

All individuals with autism had strong verbal skills, and were without 

intellectual disability: full scale IQs and verbal IQs derived from the Wechsler 

Abbreviated Scale of Intelligence (Wechsler, 1999) were greater than 85 (full scale IQ: 

103.7 ± 4.5; verbal IQ: 101.9 ± 4.9; performance IQ: 103.1 ± 4.5). NT participants were 
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volunteers without a history of ASD or other major developmental or psychiatric illness. 

Their IQs were above-average (full scale IQ: 118 ± 3.0; verbal IQ: 113.0 ± 4.0; performance 

IQ: 118.0 ± 2.0) and were significantly higher than those of the ASD group (full scale IQ: p 

= 0.02; verbal IQ: p = 0.017; performance IQ: p = 0.012). It is important to note that 

participants did not have to perform any cognitive task at all, and therefore, differences 

in underlying activity between the groups are not likely to be based on differences in IQ 

(see Appendix A for correlations between the extracted MEG signals and IQ measures). 

Prior informed consent was obtained from all participants, or participants and their 

parents, under a protocol approved by the University of Texas Health Science Center-

Houston and the University of Houston.  

6.2.2 Stimuli 

Pneumatically driven mechanical taps (25 pounds per square inch, or 25 psi) of 

40 ms duration (20 ms rise time) were delivered individually to the distal tips of the 

thumb (D1), and index finger (D2) of the dominant hand of participants in separate 

blocks of epochs. This is a benign tactile stimulus that elicits a mild sensation on the 

skin; none of the participants indicated any discomfort with this procedure, but the 

stimulus amplitude (25 psi) is nonetheless clearly above the sensory detection threshold 

of 17 psi. Each digit had its own dedicated pressure transducer. Participants were told 

that a pressure pulse will be delivered and that all they had to do was to close their eyes, 

relax, and stay still. As mentioned above, there was no task to perform and therefore, no 

demand on participants’ cognition. A training block containing five epochs before the 

experimental recordings helped familiarize participants with the stimuli. 
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6.2.3 Procedure 

Participants lay supine on a comfortable bed and kept their eyes closed. Fiducial 

markers were placed on their forehead and in the ears. The locations of the fiducial 

markers were recorded into the computer by means of a digitizer (stylus pen). The 

digitizer was slowly rolled over the participant’s scalp and the shape of his or her head 

was thus recorded. Using the digitization points and the fiducial marker locations, a 

single sphere head model was created that best fit each participant’s head (Fieldtrip 

toolbox, MATLAB). Every effort was made to keep the participant comfortable, and all 

completed the procedure without difficulty. 

6.2.4 MEG recordings 

All MEG recordings used a whole-head neuromagnetometer containing an array 

of 248 gradiometers (Magnes WH3600, 4D Neuroimaging Inc., San Diego, California, 

USA). The instruments were placed in a magnetically shielded and sound attenuated 

room (Vacuumschmelze Gmbh & Co., KG, Hanau, Germany). In separate blocks, we ran 

2000 epochs of stimulation of the index digit (D2), and 700 epochs of stimulation of the 

thumb (D1). The additional epochs on D2 stimulation were for investigating the effects 

of continual stimulation on neural response and, as such, are for an altogether different 

study than the present. A single epoch lasted 575 ms and included a 120 ms pre-stimulus 

baseline. Data were acquired with a 1.0-Hz high-pass cutoff at a sampling rate of 290 Hz. 

Portions of the signal that were correlated to sensors placed far away from the head were 

likely to be noise and were subtracted out. Epochs remaining were used for analysis.  

6.2.5 Analysis 

Prior to analysis, epochs containing exaggerated moments such as eye blinks 

(peak to peak deflections > 2pT) were discarded. The criteria caused us to discard 8.2% ± 
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1.4% and 6.2% ± 1.7% of D1 stimulation epochs from the NT and ASD groups respectively, 

and 7.2% ± 1.8% and 9.1% ± 1.7% of D2 stimulation epochs from the NT and ASD groups 

respectively. Statistical tests on arcsin transformed percent values yielded no significant 

differences in the percentage of epochs discarded as a function of group (D1: p = 0.376; 

D2: p = 0.513). Remaining epochs were used for further analysis. We used two different 

approaches to analyze the response to stimulation, with the express purpose of knowing 

if our findings were sensitive to the use of analysis technique. The two approaches are 

described below. 

6.2.5.1 Source modeling approach 

For each participant and digit separately, all the artifact free epochs were 

ensemble averaged. Then, for a given body part (e.g., D1), the ensemble averaged MEG 

data (
122248

1

x

D data )  and the participant’s single sphere head model were combined 

between 30 and 100 ms post-stimulus onset to obtain a best fitting dipole model, 

utilizing the Fieldtrip toolbox in MATLAB. The best fitting dipole is the one that has the 

least squared error between modeled and actual data. Dipole coordinates and 

orientations were computed for the best fitting dipole. Next, for the dipole, a forward 

solution, termed a lead field (
2481

1

lfD ), was computed which contains the field 

distributions of the MEG sensors. Finally, the time courses of the dipoles (or the source 

waveforms) of D1 and D2 in response to D1 stimulation were obtained by projecting the 

lead field on to the ensemble averaged data (
122248

1

2481

1

1221

1 _   datalfwfdip DD

x

D ; 
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1
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2

1221

2 _   datalfwfdip DD

x

D ). Analogous computations were performed for the 

case when D2 was stimulated (see Appendix A for further details). 
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6.2.5.2 Virtual sensor (singular value decomposition) approach  

For each participant and digit separately (D1, and D2), we ensemble averaged all 

artifact-free epochs. For a given body part (e.g., D1), we isolated these data 30-100ms 

following stimulus onset (this corresponds to 22 time points at a 290 Hz sampling rate), 

and obtained a 248 X 22 matrix (
22248

1

x

D A ). Next, we decomposed the matrix A using 

SVD ( T

x

D

x

D

x

D

x

D VUA 2222

1

22248

1

248248

1

22248

1  ). The columns of U form a set of orthonormal 

output basis vector directions for A. The first column of U (
1248

1

x

D U ), which accounts for 

the largest proportion of the variance in the underlying data, is a vector of weights 

assigned to the signal recorded from each of the 248 sensors, and as such, is the virtual 

sensor corresponding to the cortical representation of D1. The above procedure was 

repeated to obtain the virtual sensor corresponding to the cortical representation of D2. 

The time courses of the D1 and D2 virtual sensors (from -120 to 200 ms relative to 

stimulus onset) in response to D1 stimulation, namely the somatosensory evoked fields or 

SSEFs, were then obtained (respectively, 
122248

1

1248

1

1221

1

x

DT

x

D

x

D dataUsorVirtualSen  ; 

122248

1

1248

2

1221

2

x

DT

x

D

x

D dataUsorVirtualSen  ,) and used for further computations (see 

Appendix A for further details). 

6.2.5.3 M40, M80 component computation  

For the M40 and the M80 components of the SSEF, the points in the time series 

where the signal deviated from pre-stimulus baseline values were obtained (see chapter 

4.2.5.2 Computation of M40, M80 for explanation). As mentioned above (see Methods: 

MEG Recordings), owing to time constraints, the number of epochs of D1 stimulation 

and D2 stimulation differed in our study. In spite of this difference, mean (± s.e.m.) M40 

responses of the cortical representations of D1 and D2 to their respective stimuli were 
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statistically indistinguishable under the dipole source modeling (D1 response – 192.5 ± 

29.9 fT.ms vs. D2 response – 170.7 ± 38.5 fT.ms, t(29) = 0.497, p = 0.623; two-tailed paired 

t-test) as well as SVD (D1 response – 157.5 ± 26.4 fT.ms vs. D2 response – 139.3 ± 29.3 

fT.ms, t(29) = 0.735, p = 0.468) approaches. Combining data from both groups, a small but 

statistically significant difference in M80 amplitudes of D1 and D2 response was 

observed with dipole source modeling (t(29) = 2.089, p = 0.046); although there were 

fewer epochs of D1 stimulation (700 epochs) than D2 stimulation (2000 epochs), the 

response of the D1 representation in cortex to D1 stimulation (2220.3 ± 241.9 fT.ms) was 

larger than the response of the D2 representation in cortex to D2 stimulation (1739.8 ± 

206.1 fT.ms). In contrast, the M80 amplitudes obtained using SVD were not statistically 

distinguishable (D1 response – 2043.8 ± 247.1 fT.ms vs. D2 response – 1899.1 ± 230.0 

fT.ms, t(29) = 0.662, p = 0.513). Overall, the D1 and D2 response means differed slightly, if 

at all, and the number of epochs of tactile stimulation did not predict relative response 

amplitudes. Of note, the relevant measure to the question at hand is a between-group 

comparison of cortical response to D1 (or D2) stimulation, and not response to D1 versus 

D2 stimulation, which has little bearing on the question in this study.  

For each group (ASD, NT), the area measure response of the non-primary cortical 

representation was plotted (ordinate) with respect to the area measure response of the 

primary cortical representation (e.g., D2/D1 response to the stimulation of D1). The non-

primary/primary cortical response ratios for a given group (NT or ASD) were linearly 

regressed under a least squares criterion. The line slopes of the NT and ASD groups were 

compared. 
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6.2.6 Statistics 

SPSS (version 11.5) was used for statistical analyses (SPSS Inc., Chicago, Illinois, 

USA). Student’s t-test (two-tailed) examined the validity of the following null 

hypothesis: slopes of the least squares linear regressors of the response ratios of the ASD 

and NT groups do not differ. 

6.3 Results 

6.3.1 M40 

Fig. 6-1 shows data for the short-latency M40 component of the SSEF, analyzed 

using the dipole source modeling (left panel) and SVD (right panel) approaches. Figs. 6-

1A and 1B illustrate response to the tactile stimulation of digit D2. Fig. 6-1A plots the 

ratio of the response of the D1 dipole to the response of the D2 dipole to the tactile 

stimulation of digit D2, and the least-squares straight line fits of ASD and NT group 

response ratios. The slope of the D1/D2 response ratios of the ASD group (slope = 0.62 ± 

0.13), as compared to the slope for the NT group (slope = 0.99 ± 0.14), was shallower, and 

the difference was marginally significant (t(26) = 2.02,  p = 0.054, two-tailed), indicating 

weaker response in ASD of the cortical neurons representing a particular digit to the 

tactile stimulation of an adjacent digit. Fig. 6-1B, which plots the ratios and regression 

lines using the SVD approach, confirms the results illustrated in Fig. 6-1A. In fact, the 

slope of the D1/D2 SVD response ratios of the ASD group (slope = 0.46 ± 0.12) is 

significantly shallower than that of the NT group (slope = 0.94 ± 0.10; t(26) = 2.50,  p = 

0.019, two-tailed), which suggests weaker spread of cortical activity via local 

intracortical connections in the ASD group as compared to control.  
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An alternative approach is to compute the ratios (D1/D2 and D2/D1) for each 

individual and then compare the average ratios for the ASD and NT groups. We found 

that the D1/D2 ratios for the ASD (2.43 ± 0.87) and NT (4.23 ± 3.18) groups were 

statistically indistinguishable (t(22.36)=0.10, p=0.924; heteroscedastic t-test conducted 

on log transformed values) as were the D2/D1 ratios (ASD – 1.22 ± 0.38, NT – ASD – 1.62 

± 0.59; t(25.26)=0.48, p=0.632; heteroscedastic t-test conducted on log transformed 

values). Note that the ratios are greater than one, which occurs because of outliers and 

ratios are particularly sensitive to outliers. In this regard, it is notable that dipoles 

between 30 and 100 ms were candidates for the best fitting dipole, and this meant that 

the best fit was generally chosen to be closer to the M80 component rather than the M40 

component, which was considerably smaller in magnitude and typically yielded weaker 

dipoles. In fact, these two facts combined imply that comparing M40 ratios between the 

two groups is probably not a valid measure.  

A second alternative we employed was to compute the differences between 

primary and nonprimary cortical response for each subject and then compare the 

differences for the ASD and NT groups. We found that the differences between primary 

and nonprimary cortical responses for ASD and NT group were statistically 

indistinguishable for both D1 stimulation (t(23.11)=-0.20; p=0.840; heteroscedastic t-test) 

and for D2 stimulation (t(19.76)=0.73; p=0.475; heteroscedastic t-test). 

Figs. 6-1C and D illustrate response to the tactile stimulation of digit D1. Fig. 6-1C 

plots the results of the dipole modeling; the slopes of the regression lines of the D2/D1 

response ratios of the ASD (0.65 ± 0.31) and NT (0.39 ± 0.23) groups were statistically 

indistinguishable (t(26) = -0.67,  p = 0.511, two-tailed). Fig. 6-1D plots the results of the 

SVD analysis. The slope of the D2/D1 response ratios of the ASD group (-0.21 ± 0.60) was 



77 
 

shallower than the corresponding slope for the NT group (1.14 ± 0.14), and the difference 

in slopes was significant (t(26) = 2.19,  p = 0.038, two-tailed), again indicating weaker 

local propagation of activity in the somatosensory cortex of individuals with autism as 

compared to control. Overall, our analyses suggest that the early activity of the cortical 

representation of a digit, when an adjacent digit is mechanically stimulated, is not 

stronger and sometimes, even significantly weaker, in the brains of individuals with ASD. 

 

 

Figure 6-1 Short-latency M40 component of the SSEF, analyzed using the dipole source modeling 
(left panel) and SVD (right panel) approaches. 
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6.3.2 M80 

Fig. 6-2 shows data for the mid-latency M80 component of the SSEF, analyzed 

using the dipole source modeling (left panel) and SVD (right panel) approaches. Figs. 6-

2A and B illustrate responses to the tactile stimulation of digit D2. Fig. 6-2A plots the 

ratio of the responses of the D1 to D2 dipoles to the tactile stimulation of digit D2, and 

the least-squares linear regressions of D1/D2 response ratios. As Fig. 6-2A shows, the 

slope of the linear regressor of D1/D2 response ratios of the ASD group (slope = 0.49 ± 

0.32) was shallower than the corresponding slope for NT data (slope = 0.95 ± 0.17), 

although the difference in slopes did not reach significance (t(26) = 1.40, p = 0.175, two-

tailed). Along the same lines but more dramatically, the slope of the linear regressor of 

D1/D2 response ratios of the ASD group (0.31 ± 0.12) extracted using SVD (Fig. 6-2B) was 

shallower than the corresponding slope for the NT group (0.79 ± 0.10; t(26) = 2.24,  p = 

0.034, two-tailed). Fig. 6-2C plots D2/D1 response ratios, obtained from dipole source 

modeling, of ASD and NT individuals to the tactile stimulation of D1. Again, the slope for 

the ASD group’s data (0.27 ± 0.24) was shallower than that for the NT group’s (0.79 ± 

0.12), and the difference was marginally significant (t(26) = -0.67,  p = 0.065, two-tailed). 

Fig. 6-2D plots the D2/D1 response ratios, obtained from SVD analysis. 

Comparing response ratios, we found that the D1/D2 ratios for the ASD (1.42 ± 

0.36) and NT (1.30 ± 0.36) groups were statistically indistinguishable (t(26.90)=0.56, 

p=0.580; heteroscedastic t-test conducted on log transformed values) as were the D2/D1 

ratios (ASD –0.76 ± 0.11, NT – ASD – 0.71 ± 0.08; t(27.87)=0.34, p=0.735; heteroscedastic t-

test conducted on log transformed values). Again, note that the M80 ratios are also 

greater than one, which is because of the presence of outliers. We also compared the 

differences between primary and nonprimary cortical responses for ASD and NT group 
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were statistically indistinguishable for both D1 stimulation (t(18.46)=0.59; p=0.559; 

heteroscedastic t-test) and for D2 stimulation (t(18.62)=-0.65; p=0.521; heteroscedastic t-

test). 

 

Figure 6-2 Mid-latency M80 component of the SSEF, analyzed using the dipole source modeling 
(left panel) and SVD (right panel) approaches. 

 The results were in the same direction as those obtained from dipole modeling. 

In fact, the slope of the linear regressor of ASD data (0.58 ± 0.15) was significantly 
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shallower than that of the NT group (1.65 ± 0.16; t(26) = 4.36, p = 0.0002, two-tailed). 

Combined, our analyses suggest that the mid-latency activation level of the cortical 

representation of a digit, when an adjacent digit is mechanically stimulated, is weaker, 

and often significantly so, in the brains of individuals with ASD. 

6.4 Discussion 

The present study was designed to physiologically test recent ideas of atypical 

connectivity in the brains of individuals with autism spectrum disorder, specifically the 

hypothesis that local neural connectivity is more profuse in the brains of individuals 

with ASD as compared to control. Mechanical stimulation of a digit (e.g., D1) causes the 

spatial representation or neurons in its corresponding topographically organized 

representation in cortex (termed the primary cortical representation) to become active. 

Local intracortical projections from the primary representation spreads activity to 

adjoining regions of the cortex including to neighboring representations of adjacent 

digits (e.g., D2), termed non-primary representations. The spread of activity is a measure 

of local connection strength and can be thought of as a response gain, i.e., the ratio of the 

non-primary/primary cortical responses. Using high-resolution, whole-head 

magnetoencephalography (MEG), and analyzing non-primary/primary cortical response 

ratios to tactile stimulation in individuals with and without autism, our study showed 

that contrary to current theory, local, intracortical connections are not stronger in the 

somatosensory cortex of individuals with autism, and could even be weaker. In the 

remainder of the discussion, we will explain the relative merits and limitations of the 

analysis techniques used and of our thinking here, place our findings in the context of 

related experimental and theoretical studies of autism, and offer directions for future 

research on neural connectivity in the autism syndrome. 
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6.4.1 Limitations and convergence of analysis techniques 

The small sample size, the lack of IQ matching between our autism and 

neurotypical groups and the relatively high intellectual functioning of our autism sample 

potentially limit the generalizability of our findings. Despite these limitations, the 

consistency of findings across two methods of analysis tends to support the validity of 

our results. SVD performs a linear combination of signals from all 248 sensors and 

extracts a solution that accounts for much of the variance in the signal across the sensor 

array, but does not explicitly model the spatial coordinates of the underlying source of 

activity. Dipole source modeling, on the other hand, uses the world coordinates of the 

sensors (and of multiple points on the head) to model the MEG recorded activity with a 

single equivalent current source and thus estimates the activity of the modeled source 

from the observed sensor data. Given the small sample sizes and inherent sensitivity of 

response ratios to variations in response to non-primary primary digit stimulation, some 

divergence in results from both approaches is to be expected. Nevertheless, both 

approaches identified a weaker normalized response of the non-adjacent digit’s 

representation in cortex in the ASD group, and the qualitative convergence of both 

approaches strengthens our belief in the robustness of the basic finding: weaker cortical 

response of individuals with ASD to the mechanical stimulation of an adjacent digit, and 

therefore, local underconnectivity in the somatosensory cortex of individuals with ASD. 

6.4.2 Local connectivity 

Our finding of a smaller non-primary/primary cortical response ratio slope in 

autism can be interpreted as a difference in synaptic connectivity. It is likely to represent 

a reduction in local excitatory connectivity, i.e., excitatory connections between 

neighboring columns in cortex, but the results are also consistent with increase in local 
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inhibition, i.e., suppressive interaction between neighboring columns in somatosensory 

cortex.   

Although there is consensus that differences in neural connectivity underlie 

autism, there is far less agreement about which particular aspect of local connectivity 

(i.e., whether excitatory or inhibitory, increase or decrease) in autism is deviant. One of 

the few studies that has probed local circuitry in autism from a physiological perspective 

found reduced 40 Hz gamma power from 200-500 ms after sound onset in the left 

hemisphere of children and adolescents with autism, as compared to NT children 

(Wilson et al., 2007). Current theory (Traub, Jefferys, & Whittington, 1997) and strong 

empirical evidence (Cardin et al., 2009) argue that gamma oscillations are generated by 

synchronous activity of fast-spiking inhibitory interneurons. Thus, Wilson et al’s (2007) 

findings imply reduced local neural inhibition in autism. If reduced gamma power is 

found in several brain areas and occurs as early as infancy (Wilson et al. (2007) studied 

children and adolescents), aberrant local inhibition would become a viable candidate for 

the genesis of the profound reshaping in autism of excitatory and inhibitory neural 

circuitry. Cardin et al. (2009) further showed that the synchronous activity of excitatory 

pyramidal neurons in cortex generate lower frequency oscillations. Unfortunately, 

Wilson et al. (2007) only reported on 40 Hz oscillations. A more complete study over a 

wider range of frequencies (0-80 Hz) in the brains of at-risk infants is, therefore, in 

order.  

On the other hand, recent studies have found evidence for local 

underconnectivity, in accord with the present finding. Discriminant function analysis of 

EEG spectral coherence on 1304 subjects with autism with ages ranging from 1 to 18 

years old found reduced short-distance coherences indicating poor local network 
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function in autism (Duffy & Als, 2012). A recent review of studies on structural and 

functional connectivity in autism concluded there was no evidence for local 

underconnectivity of the frontal cortex (Vissers, Cohen, & Geurts, 2012). In sum, local 

overconnectivity of the cortex in autism is, by no means, a widespread result in the 

literature. Our finding adds fuel to the growing doubts over the hypothesis of local 

overconnectivity. 

Physiological investigations of related but otherwise separate theories of 

connectivity in humans have yielded conflicting findings as well. For instance, a noisy 

network has been proposed to underlie autism. Not only did the first empirical test of 

this hypothesis fail to support the idea but instead its findings weakly argued against a 

noisier network in autism (Coskun et al, 2009b); in contrast, two subsequent studies, 

using similar analyses methods as those used in the original study, found weak evidence 

for noisy synapses in autism (Milne, 2011; Dinstein et al., 2012). 

While there have not been many functional studies of local connectivity to date, 

studies examining aspects of perception known to rely on local neural connectivity exist. 

Here too, the studies diverge. A study examining tactile perception in individuals with 

autism found that temporal order judgments of stimuli presented at a skin site, under the 

influence of synchronized conditioning stimuli on a near-adjacent skin site, deteriorated 

3-4 fold in control subjects, whereas those of individuals with autism were unaffected 

(Tommerdahl et al., 2008). The authors reasoned that the lack of local spatial interaction 

at the level of perception indicated reduced local connections between adjacent neuronal 

ensembles in the primary somatosensory cortex of individuals with autism. Our 

physiological finding of local underconnectivity in the somatosensory pathway of autism 

is in accord with these behavioral findings. In a study of visual crowding – an effect in 
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which the perception of a visual target is reduced in the presence of flankers and lateral 

inhibitory connections are believed to underlie it – it was found that the crowding effect 

observed in controls was reduced in the autism group (Keita et al., 2010), arguing for a 

decrease in local inhibitory connectivity in the visual cortex of individuals with autism.  

Mouse models of Rett’s syndrome and Fragile-X – disorders that share behavioral 

symptoms with autism – have yielded dissimilar findings on connectivity as well. On the 

one hand, Gibson et al. (2008) have observed a decrease in excitatory drive to fast-

spiking inhibitory neurons and concomitant increase in neuronal excitability in a mouse 

model of Fragile-X; on the other hand, animal models of autism such as Rett’s syndrome 

(Dani et al., 2005; Dani & Nelson, 2009) and neuroglin 3 mutation (Chubykin et al., 

2007) mouse models have shown a clear increase in local inhibition, decrease in neural 

excitability, and reduction in excitatory synaptic connectivity.  

Nevertheless, all the studies discussed above – animal model studies of autism, 

studies of sensory perception of individuals with autism, and physiological studies of 

autism – converge in one fundamental manner, namely in indicating an imbalance of 

excitation and inhibition in the autistic brain that is manifested as a change in local 

synaptic connectivity. It has been noted before that an imbalance of excitation and 

inhibition in either direction is likely to lead to profound differences in network 

dynamics, neural synchrony, and even behavior (Gibson et al., 2008). We further 

contend that whereas a global imbalance in excitation and inhibition across the entire 

brain can be offset by the brain’s homeostatic mechanisms (e.g., a long-term decrease in 

neuronal excitability to counteract a decrease in inhibition), imbalances of excitation to 

inhibition ratios but in opposing directions in different brain regions is much harder to 

offset on a global scale. In summary, the apparently disparate reports may reflect a 
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common basis after all: an imbalance in neural connectivity in any direction, as has been 

shown in this and other studies, is likely to be related to significant, uncompensated 

alterations in brain functioning and behavior observed in the autism syndrome.   

6.4.3 Future Directions  

A problem that plagues most functional studies of connectivity is that the 

findings are restricted to a limited brain region. Topography is a near-universal property 

of early sensory cortical functional organization; using a similar paradigm and logic as 

those used in the present study on somatosensory cortex, studies of local connectivity in 

other sensory areas will help understand if reduced local connectivity is general or 

specific to the somatosensory pathway. As discussed above, response imbalances in 

different directions in different brain regions can be as detrimental to normal brain 

function and behavior as a global, large-scale homogeneous imbalance. A second 

important issue is whether aberrant functional connectivity is a cause or effect. One way 

to investigate this is to extend the present study to younger populations, including 

perhaps infancy. One of the strengths (and weaknesses) of our paradigm is that there is 

no task, and no attentional or cognitive demand placed on the participant, which means 

our paradigm can be usefully applied to less developed populations (e.g., low-functioning 

individuals with ASD, infants). Finally, establishing a relationship between brain and 

behavior, i.e., correlating the non-primary/primary response ratio with sensory deficits 

across development, can address the extent to which a particular abnormality in brain 

function can cause a departure of a particular behavior from the norm. 
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Chapter 7 Conclusions 

There are two ways of thinking about the autistic brain. One approach is to focus 

on the core characteristics of the autism syndrome, specifically communication, 

socioemotional processing, and restricted interests and repetitive behaviors. This means 

one has to focus on the brain areas that are responsible for these complex processes and 

find out how autistic and neurotypical brains differ in these areas in terms of structure, 

anatomy, and above all, function. There are strong reasons to adopt this approach, but 

there are limitations as well. First, the core characteristics are complex processes, 

complex enough that animal models of autism suffer from severe limitations. Complex 

processes often involve the coordination of multiple brain areas and structures. Second, 

individuals with autism show a number of deficits other than in the core characteristics. 

Focusing on the core characteristics does not do justice to the panoply of symptoms and 

diversity of the autism syndrome. Third, the comorbidity of “core characteristics” and 

sensorimotor abnormalities in autism implies abnormalities in brain development of a 

general and pervasive nature and atypical organization of sensory cortex. Thus, studying 

the sensory system, specifically testing out theories and ideas about how the autistic 

brain works in the context of sensory information processing, holds the promise of being 

applicable to the autistic brain in general and not just to the specific brain area cited.  

The present set of studies that are confined to evoked responses in the 

somatosensory cortex must be taken in this context. We tested four leading ideas or 

hypotheses for how the autistic brain is wired differently and tested them out in the 

somatosensory cortex using magnetoencephalography, or MEG. Thus far, there have 

been, for the most part, morphological, structural and anatomical studies of connectivity, 



87 
 

but a functional perspective that is based on physiology is a must. Our studies provide 

just that. Armed with knowledge from neurophysiology and a solid grounding in signal 

processing and analysis, our studies have examined a number of hypotheses and found 

evidence that, by and large, does not support these naïve, first-order hypotheses. We 

detail our findings and conclusions from the various studies below. 

First, we (Chapter 2) demonstrated subtle but significant deviations from normal 

in the organization of somatosensory cortex in individuals with autism, and revealed 

abnormalities in brain development and cortical circuitry in autism that go beyond brain 

areas and circuitry corresponding to autism’s “core characteristics.”  

Another key idea regarding atypical connectivity in autistic brains is the 

hypothesis of noisier networks. The systems level version of this hypothesis predicts 

reduced reliability or increased variability in the evoked responses of individuals with 

autism. Contrary to the systems level version of the hypothesis that autistic brains are 

noisier than control, our analysis (Chapter 3) of MEG response to tactile stimulation 

failed to find increased variability in autistic brains as compared to neurotypical ones.  

A different idea altogether concerns the level of inhibition in the brains of 

individuals with autism. It has been speculated that the autistic brain has a lower level of 

inhibition in their brain circuits. Unlike studies to date that focus on structural, 

anatomical, or chemical assessments of brain circuitry and inhibition in autism, the 

present study (Chapter 4) performed a functional, physiological probe of inhibition 

levels in the brains of individuals with autism. We found that the level of inhibition in 

the somatosensory cortex of individuals with autism is either comparable to or greater 

than control levels. Proposed pharmacological treatments that globally enhance 

inhibition level in order to alleviate symptoms of the autism syndrome could enhance 
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already high levels of inhibition and dramatically alter the processing of touch in 

individuals with autism, perhaps in negative ways. Analogous investigations of cortical 

response to the simultaneous stimulation of neighboring sites in the periphery of other 

sensory modalities can provide a powerful and non-invasive means of probing inhibition 

levels in different areas of the brain, and thereby help refine current theory regarding the 

level of inhibition in the autistic brain.  

Adaptation is an important process that allows the individual to adjust to 

changes in the environment, and it has been hypothesized that the overall level of 

adaptation in autism is lower than that in neurotypical controls, consistent with the idea 

that the autistic brain has lower levels of inhibitory transmitter. However, our findings 

showed that (Chapter 5) cortical neurons adapted, namely response to repeated touch 

diminished in both individuals with and without autism, and to a similar extent. Put 

another way, the brains of individuals with autism adapt to tactile stimuli just as those 

of neurotypicals do. Thus, our studies of somatosensory physiology failed to find 

evidence supporting the idea of reduced inhibition in the autistic brain. 

We also looked at local overconnectivity, which has been proposed as an idea for 

how the autistic brain differs from the typical. Again, we have examined this question in 

the context of somatosensory physiology. Signals from adjacent digits project to 

neighboring locations or representations in somatosensory cortex. When a digit is 

stimulated, i.e., touched, its representation in cortex is directly activated; local 

intracortical connections indirectly activate non-primary cortical representations 

corresponding to adjacent digits. The response of the non-primary cortical 

representations is thus a proxy for connection strength. Local overconnectivity in autism 

implies that the nonprimary/primary response ratios of the ASD group will be higher 
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than those of the NT group. The present findings (Chapter 6) lend support to the 

hypothesis of local underconnectivity in (the somatosensory cortex of) individuals with 

autism. Of note, we do not explicitly measure connectivity using one of several boutique, 

controversial and not universally agreed upon, measures found in the literature, but 

rather an incontrovertibly measurable functional consequence of altered brain 

connectivity on physiological response using an approach grounded in established 

knowledge of brain function and cortical organization. 

Finally, we examined the idea that the brains of individuals with autism have 

higher levels of noise. In particular, we looked at the variability of the evoked response to 

touch in the somatosensory cortex of individuals with and without autism. Again, our 

results did not find support for the idea of noisy synapses, and had weak evidence 

arguing against the notion that the evoked responses of the autistic brain are less 

reliable. 

Just as in all other studies, our study has certain limitations and can be improved 

in a number of ways. For instance, we did not measure tactile detection thresholds for 

each individual participant and had the same stimulus intensity across all our subjects. 

This uniformity has a clear advantage in that it provides the same stimulus to all our 

participants rather than changing intensity based on behavioral constraints, which are 

susceptible to a number of psychological problems. Nonetheless, it is desirable to 

measure individual thresholds for each subject instead of a common stimulus across all 

subjects, because subjects’ tactile detection thresholds may differ. The sensory detection 

threshold of tactile stimulation across humans in general is 17 psi, and the present study 

used the tactile stimulus of 25 psi which is clearly above – about 1.5 times – the 

threshold. Participants were told that a pressure pulse would be delivered and that all 



90 
 

they had to do was to close their eyes, relax, and stay still. Thus, there was no task and 

therefore, no demand on the participants’ cognition. A training block of five stimuli was 

presented before each recording. Therefore, we ensured that the tactile stimulus is felt by 

the subject which meets the requirements of the study. Moreover, the ratio measures 

compensate for inter-individual differences. For example, consider an experimental setup 

in which an individual, who has a tactile detection threshold of certain amplitude, was 

presented stimuli at a range of amplitudes which are greater than the threshold. The 

amplitude of the response of the cortical representation will be a monotonic function of 

the underlying stimulus intensity. There will be propagation of activity to the adjacent 

finger representations commensurate with the activity of the primary cortical 

representation. How can one get a constant value of intracortical propagation of activity 

that is relatively independent of stimulus intensity? Assuming the gain of the response 

varies with intensity – a reasonable assumption to make – normalizing the response of 

the non-primary cortical representation to the cortical representation will be the 

solution, namely the ratio of the non-primary/primary responses would be an acceptable 

solution. It is clear that this solution holds under certain assumptions, namely that 

activity can be modeled as a gain function of stimulus intensity, which is reasonable. 

Therefore, we argue that the conclusions of our studies will not necessarily depend on 

subject-specific tactile detection thresholds. 

Another issue is regarding our choice of the slope as the primary measure in two 

of our studies (Chapters 4 and 6). The slope is a summary statistic that summarizes the 

ratio of combined/post-hoc summed responses or non-primary/primary responses 

between two groups—ASD vs. NT. This is a suitable measure of what we are trying to 

assess or evaluate in our study. An alternative is to measure the intercept, which would 
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correspond to the response of the non-primary representation when the primary 

representation shows zero response. Such a measure would be difficult to interpret 

because stimulation of a finger will evoke a strong response, ipso facto, in the primary 

representation in cortex. Another alternative measure is the difference between the non-

primary representation (/paired stimulation) and the primary representation (/post-hoc 

sum). This measure satisfies the characteristic of increasing in value as the response of 

the non-primary representation (/paired stimulation) increases. However, the measure is 

not consistent with physiology in the sense that it does not account for the fact that 

activity in the non-primary representation derives from activity in the primary 

representation in cortex, must be yoked to it and therefore proportional to the activity in 

the primary representation. The ratio measure satisfies both characteristics. Nonetheless, 

in the interests of completeness, we have also used the difference measure and the results 

for paired/post-hoc sum and non-primary/primary are given in Chapters 4 (see pages 46-

49) and Chapter 6 (see pages 76-79) respectively. 

Our measures of functional connectivity in general, and local functional 

connectivity in particular, are inspired by neurophysiology. There are other measures of 

connectivity that are based on signal processing. For instance, studies have shown that 

gamma activity is associated with local synchronization; beta activity is associated with 

integration of information between neighboring areas; alpha/theta activities are 

associated with long-range coordination (von Stein & Sarnthein, 2000). Moreover, alpha 

activity has been proposed to associate with long distance coordination of gamma 

oscillations, whereas theta activity has been proposed to support large-scale integration 

of systems that serves the formation and recall of memories (Uhlhaas, Roux, Rodriguez, 

Rotarska-Jagiela, & Singer). It has been suggested that, distinct neural units 
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communicate through the synchronization of their activity (Varela, Lachaux, Rodriguez, 

& Martinerie, 2001). Short distance synchronization has been suggested to occur at 

higher frequencies than long distance synchronization which often occurs at lower 

frequencies such as theta and alpha (Uhlhaas et al.). Therefore, studying the spectral 

characteristics of the evoked activity will provide another avenue test the various 

theories of connectivity in individuals with autism. Spectral characteristics of evoked 

activity focusing on somatosensory cortex physiology can be examined as well as 

spectral characteristics of spontaneous resting data. Resting data further allows one to 

focus on various areas of the cortex that are more directly involved in the core 

characteristics of autism, e.g., frontal areas involved in executive function, limbic areas 

involved in emotional processing, and certain areas of the temporal cortex involved in 

language processing and communication. 

Last but not least, is the limitation of our small sample size. Recruiting 

individuals with autism to participate in our study was not in our hands and our access 

to the autism sample from the city of Houston was limited. Moreover, MEG is highly 

sensitive to the presence of any metal on the body. A number of our participants had 

retainers in their teeth and we had to turn away a number of neurotypicals and 

individuals with autism because of these constraints. Regardless, a study with a much 

larger sample than ours will provide a definitive and robust conclusion. 
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Appendices 

Appendix A 

Goodness of dipole fits and correlation with raw data 

The goodness of fits of the resulting D1 and D2 dipole sources were computed and 

reasonably high values were obtained: On average, D1 dipole goodness of fit was 81.6% ± 

2.0% (ASD group mean = 81.5%, NT group mean = 81.7%), and D2 dipole goodness of fits 

was 86.5% ± 1.9% (ASD group mean = 87.7%, NT group mean = 85.6%). We further 

measured the degree of correlation between the modeled data obtained from dipole 

source modeling on the one hand and actual MEG data on the other, and the correlation 

coefficients were 0.77 ± 0.02 (ASD group r2 = 0.77, NT group r2 = 0.77) and 0.83 ± 0.02 

(ASD group r2 = 0.84, NT group r2 = 0.82) for D1 and D2 data comparisons respectively. 

The somewhat superior goodness of fits and correlation coefficients of D2 data owe to 

the higher signal to noise ratio of the acquired D2 signal, which is attributable to the 

greater number of epochs of D2 versus D1 stimulation. Combined, the high goodness of 

fits and moderately high correlations between actual data and dipole modeled data 

indicate that the acquired MEG signals and source localization were of reasonably high 

quality. Furthermore, given the remarkably close values of the goodness of fits and 

correlation coefficients of both groups, the signal quality of the ASD and NT groups was 

similar. 

Analysis on male participants only 

Four of seventeen NT participants were female, as were 4/13 participants with 

ASD. Because nearly 80% of individuals who get diagnosed with ASD are male, we 

conducted a new set of analyses limited to males (13 NTs, 9 individuals with ASD). 
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Excluding females reduced statistical power, but, by and large, did not significantly alter 

our basic findings. Details are provided below. 

M40 

Slopes of the D1,D2/D1+D2 response ratios were measured for ASD males (slope = 

-0.01, different from 1.0 – p = 0.000*; * = significant) and NT males (slope = 0.66, different 

from 1.0 – p = 0.138, not significant or ns). The difference in group slopes was statistically 

significant (p = 0.006, two-tailed t-test).  

M80 

Slopes of the D1,D2/D1+D2 response ratios were measured for ASD males (slope = 

0.02, different from 1.0 – p = 0.049*) and NT males (slope = 0.86, different from 1.0 – p = 

0.333, ns). The difference in group slopes was marginally significant (p = 0.070, two-

tailed t-test).  

Taken together, the results from our analysis on males alone turned out to be 

remarkably similar to the results in the main text. 

 

Figure App A-0-1: A visual depiction of the application of the area measure. 
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Correlation of combined/individual digit response ratios with IQ 

There was no cognitive task of any kind, and we measured evoked responses to 

tactile stimulation in early sensory cortex. Therefore, we have no a priori expectation of a 

significant correlation between IQ and our measure of combined/individual response 

ratio. Regression fits of response ratio versus IQ were consistent with our expectation: 

none of the correlation coefficients were significantly correlated with any of the three 

forms of IQ, namely verbal IQ (VIQ), performance IQ (PIQ), and full-scale IQ (FSIQ). 

Details are provided below. 

M40 

The correlation coefficient (R2) summarizes the relationship between response 

ratio and VIQ, PIQ, and FSIQ. The correlation coefficients were tested for statistical 

significance with t-tests followed by a false discovery test (FDR) to correct for multiple 

comparisons (threshold for significance: q < 0.05). D1,D2/D1+D2 M40 response ratios 

(obtained using dipole modeling) were found not to be significantly correlated (all q-

values > 0.05) with VIQ (R2 = 0.004), PIQ (R2 = 0.007) or FSIQ (R2 = 0.002).  

M80 

D1,D2/D1+D2 M80 response ratios were found not to be significantly correlated 

with VIQ (R2 = 0.001), PIQ (R2 = 0.043) or FSIQ (R2 = 0.013).  

It is typically a good idea to bring multiple different analysis approaches to bear 

in addressing a question. With this guideline, we compared the response to paired finger 

stimulation with the post-hoc sum of responses to single finger stimulation using two 

different approaches. The first approach, described below, is the vector interaction ratio, 

which has been used in an earlier MEG study on humans (Biermann et al., 1998). A short 

description of the technique, and the regression data obtained using the vector 
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interaction ratio, is given below. In brief, the results using this approach and the results 

in the main text dovetail nicely. 

Vector interaction 

The maximum amplitude of a given dipole is given by Q (in nAm), 

    √             (2) 

where,   ,   , and    are the amplitudes of the dipole in the  ,  , and   directions, 

respectively. Let  D1 and  D2 correspond to the maximum amplitudes of the D1 and D2 

dipoles corresponding to the M80. Then the dipole amplitude of the post-hoc vector sum 

(D1+D2) of dipole moments is given by  ⃗ D1+D2, where 

  ⃗ D1+D2 =   D1+D2 ⃗   +   D1+D2 ⃗   +    D1+D2 ⃗    , (3) 

and  ⃗    ⃗    ⃗   are the unit vectors in the  ,  , and   directions, respectively, and 

   D1+D2 =   D1 +    D2 ;   D1+D2 =   D1 +    D2; and   D1+D2 =   D1 +    D2 . (4) 

  The dipole  ⃗ D1,D2 is the amplitude of the dipole obtained from the real, 

simultaneous stimulation of D1 and D2. The amplitudes  D1,D2 (ordinate) and  D1+D2 

(abscissa) are plotted and linearly regressed as before (Fig. App A-2). The slope of the D1, 

D2 vs. D1+D2 M80 responses of the ASD group obtained using the vector interaction 

approach was significantly less than 1.0 (Fig. App A-2, slope = 0.09 ± 0.11, t(11) = 8.21, p < 

0.0001), as was the corresponding slope for the NT group (slope = 0.38 ± 0.20, t(15) = 3.15, 

p = 0.003). The slope for the NT group data was greater than the slope for the ASD group 

data, although the difference did not reach significance (t(26) = 1.43, p = 0.164). We also 

compared the response ratios (D1,D2 / D1+D2) of the ASD and NT groups and the 

difference between the ASD (0.83 ± 0.10) and NT (1.38 ± 0.40) groups was in the same 

direction as that obtained using linear regression, but it did not reach statistical 
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significance (t(27.72)=1.29, p=0.208). The second method involves using a technique from 

linear algebra known as singular value decomposition (SVD), which has also been 

applied in an earlier study using MEG (van Ede, Jensen, ,Maris, 2010). A brief description 

of the technique and the regression data obtained using SVD are given below. In brief, 

the results obtained using SVD confirm the results in the main text using the dipole 

source modeling approach.  

 

Figure App A-0-2: The response of the autism spectrum disorder (ASD) and neurotypical (NT) 
groups to paired versus single finger stimulation and linear fits.  

Virtual sensor (singular value decomposition) 

As an alternative to the dipole source modeling approach and to see if our results 

were independent of analysis method, a virtual sensor was created that used signals from 

all sensors using a technique called singular value decomposition (SVD). SVD provides a 

linear combination of MEG sensor data, and in our case, we utilized signals from 

contralateral somatosensory cortex. In general, the purpose of SVD is to reduce a dataset 
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containing a large number of values (248 time series, in the present case) to a dataset 

containing significantly fewer values, but which still contains a large fraction of the 

variability present in the original data. SVD analysis results in a more compact 

representation of the correlations present in the multi-sensor MEG data and can provide 

insight into spatial and temporal variations that underlie the MEG signal. For the 

present purposes, the first SVD component, which accounts for the largest degree of 

variance, was used to form the virtual sensor, and it is a weighted sum of the signals from 

all 248 sensors. 

M40 

The alternative virtual sensor analysis approach yielded a similar finding: the 

slope of the D1, D2 vs. D1+D2 responses of the ASD group was significantly less than 1.0 

(Fig. App A-3A, slope = 0.34 ± 0.16, t(11) = 4.07, p = 0.002), but was close to 1.0 in the NT 

group (slope = 0.88 ± 0.11, t(15) = 1.08, p = 0.297). The difference in slopes between the two 

groups was significant (t(26) = 2.80, p = 0.009). 

M80 

The virtual sensor analysis approach yielded a numerical trend in the same 

direction but the results did not reach statistical threshold: the response to combined 

stimulation (D1, D2) was comparable to that obtained from summing the individual 

responses (D1 + D2) in both the ASD (0.82 ± 0.27, t(11) = 0.68, p = 0.513) and NT groups 

(slope = 0.97 ± 0.09, t(15) = 0.39, p = 0.699), and the slopes did not significantly differ from 

each other (t(26) = 0.53, p = 0.603; Fig. App A-3B).  
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Figure App A-0-3 A. The short-latency M40 responses of the ASD and NT groups and linear fits. 
B. The mid-latency cortical M80 response of the ASD and NT groups and linear fits. 

First component of SVD 

The formula for the proportion of variance captured by the first component is 

given by 
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where the evis are the non-zero singular values of the matrix (where M = UV*), 

and are the square roots of the non-zero eigenvalues of M*M or MM *, and ev1 is the largest 

non-singular value in the matrix .  

In general, the first component of SVD of the multi-channel MEG data accounted 

for a large proportion of the variance in our signal. The 1st component of the signal in 

response to the tactile stimulation of D1, which corresponds to the D1 hot spot in cortex, 

accounted for 60.5 ± 4.1% (mean ± s.e.m.) in the ASD group and 63.4 ± 3.0% in the NT 

group. The 1st component of the signal in response to D2 stimulation accounted for 71.0 ± 

3.0% (mean s.e.m.) in the ASD group and 73.8 ± 3.4% in the NT group. In summary, the 

first component of the variance captures 60-75% of the overall variance in the signal. 

Implications: Blurred somatotopy 

Increased inhibition in the somatosensory pathway of individuals with autism is 

an attractive interpretation of our results, but there is at least one other interpretation, 

i.e., blurred somatotopy. Blurred somatotopy in the cortex of individuals with autism 

means that there is greater spatial overlap between the topographical representations of 

adjacent fingers in the somatosensory cortical map. Supporting the hypothesis of blurred 

somatotopy in autism, Belmonte and colleagues found an abnormally widespread cortical 

response to skin stimulation in autism (Belmonte et al., 2004), while Casanova and 

colleagues reported reduced neocortical functional minicolumnar size in a number of 

areas of parietal cortex in individuals with autism (Casanova, Buxhoeveden, Switala, & 

Roy, 2002; Casanova et al., 2006); note however that recent reports do not support the 

hypothesis of blurred somatotopy in autism (Coskun et al., 2009).  

http://en.wikipedia.org/wiki/Eigenvalues
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In the present context, blurred somatotopy means that a substantial proportion 

of the cortical neurons that are activated in response to the stimulation of one finger will 

also be activated in response to the stimulation of an adjacent finger and there is a 

greater proportion of such neurons in individuals with autism as compared to control. 

Can blurred somatotopy account for the present findings?  

Consistent with blurred somatotopy, if neurons that overlap the cortical columns 

corresponding to two adjacent fingers are suppressed by paired stimulation (note that 

because of the putatively greater degree of overlap in the brains of individuals with 

autism, the suppression will be greater), but are activated if only one of the two fingers is 

individually stimulated, a shallower paired finger / single finger response slope in the 

ASD versus NT groups will result. The account is speculative, as physiological evidence 

for overlap neurons with these special response properties has not yet been found. On 

the other hand, increased inhibition in the brains of individuals with autism appears to 

be integral to an account of our findings. In sum, although blurred somatotopy does not 

predict the present findings, it is not inconsistent with them (with certain additional 

constraints).  

Here, we interpret the blurred somatotopy idea and investigate whether it can 

qualitatively explain the present findings: diminished M40 and M80 response to the 

paired stimulation of fingers D1 and D2 in the brains of individuals with autism. We 

assume that each neuron contributes equally to the overall response for both groups. 

Now, consider the following: In cortex, there are 20 neurons that respond to the 

stimulation of D1, and 20 neurons that respond to the stimulation of D2. In accord with 

the blurred somatotopy hypothesis, of the 40 neurons, there are 10 neurons that respond 

to D1 or D2 in the cortex of individuals with ASD, whereas there is 1 such neuron that 
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responds to D1 or D2 in the cortex of the NT group. These neurons will henceforth be 

termed overlapping neurons. We explore expected results under different assumptions. 

1) Assume there is no inhibition or lateral interaction between D1 and D2 

representations:  

NT:  

D1 stimulation yields a response of 20. 

D2 stimulation yields a response of 20. 

D1+D2=20+20=40.  

When both D1 and D2 are stimulated,  

D1,D2=20+20=40 

Slope (D1,D2 vs. D1+D2) = 40/40 

ASD:  

D1+D2 = 20+20 = 40 

D1,D2 = 20+20 = 40 

Slope = 40/40 

Summary – The slopes are 1.0 (linear) and identical for both groups. This is not 

consistent with our findings. 

2) Assume that the overlapping neurons are the only ones that respond to joint 

stimulation (D1,D2), and the rest fall silent. This implies that paired stimulation causes a 

reduced level of inhibition in the cortex of individuals with ASD (10/40 neurons are 

silent in response to paired finger stimulation in ASD vs. 39/40 in NT). 

NT:  

D1+D2 = 20+20=40 

D1,D2 = 1  
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Slope = 1/40 

ASD:  

D1+D2 = 20+20=40 

D1,D2 = 10 

Slope = 10/40 

Summary – The slopes are sub-linear, which is consistent with present data; 

however slopes for the ASD group are shallower, not consistent with our findings.  

3) Assume that the overlapping neurons respond when either D1 or D2 is stimulated but 

are inhibited when both are stimulated simultaneously.  

NT:  

D1+D2=20+20=40 

D1,D2=20+20-1=39 

Slope = 39/40 

ASD: 

D1+D2=20+20=40 

D1,D2=20+20-10=30 

Slope = 30/40 

Summary – Both ASD and NT slopes are sub-linear and ASD slopes are shallower. 

This is consistent with data. This account implies a greater level of inhibition in the 

brains of individuals with ASD, but is consistent with the blurred somatotopy 

hypothesis. Of importance is the point that for our finding to be in agreement with the 

blurred somatotopy hypothesis, enhanced inhibition in the brains of ASD has to exist.  
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Appendix B 

 

Figure App B-0-4 The ensemble averages of the response of the cortical representation of digit D2 
to tactile stimulation of D2 in epochs 1-166 (bin 1), epochs 167-332 (bin 2) and so on. 

 
 Figure App B-1 shows the ensemble averages of the response of the cortical 

representation of digit D2 of the autism spectrum disorder (ASD) and neurotypical (NT) 

groups to tactile stimulation of D2 in epochs 1-166 (bin 1), epochs 167-332 (bin 2) and so 
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on. Somatosensory evoked fields (SSEFs) were computed using the dipole source 

modeling approach. The M80 and M170 components of the post-stimulus response are 

shown and the area under the curve (AUC) used for further calculations (0-200 ms 

following stimulus onset) is represented by a dashed black box. 

 
Figure App B-0-5 The normalized group response of the cortical representation of digit D2 to 

tactile stimulation of D2 as a function of increasing bin number. 

 

Figure App B-2 shows the normalized group response of the cortical 

representation of digit D2 to tactile stimulation of D2 of the ASD (red) and NT (blue) 

groups as a function of increasing bin number, or time following stimulation. The 2000 

epochs are binned using the square root method, so that there are sqrt(2000) = 44 epochs 

per bin, which yields a more fine-grained response dynamics as compared to the Sturges 
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method (see Fig. 1). The inset shows the power law parametric fits and between-group 

statistical comparisons of the two parameters of the fit show the degree of adaptation is 

no smaller in the ASD group compared with NTs. 

 

Figure App B-0-6 The normalized responses to tactile stimulation of D2 of the first component of 
the singular value decomposition (SVD). 

 
Figure App B-3 shows the normalized responses to tactile stimulation of D2 of 

the ASD (red) and NT (blue) groups of the first component of the singular value 

decomposition (SVD) of the multi-channel evoked response as a function of increasing 
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bin number (1,2,..,12), or time following stimulation. The inset shows the power law 

parametric fits, which show, as before, comparable adaptation in the two groups. 

 

 

Figure App B-0-7 The M80 component of the normalized response of the D2 cortical 
representation as a function of bin number. 

 
Figure App B-4 shows the M80 component of the normalized response of the D2 

cortical representation of the ASD (red) and NT (blue) groups as a function of bin 

number (1, 2, ..,12) evoked by tactile stimulation of D2. The inset shows the power law 
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parametric fits, which confirms similar levels of adaptation in the two groups to repeated 

tactile stimulation. 

 
Figure App B-0-8 The normalized responses of the cortical representation of digit D1 as a 

function of increasing bin number. 

 
Figure App B-5 shows the normalized responses of the cortical representation of 

digit D1 (thumb) of the ASD (red) and NT (blue) groups to repeated tactile stimulation 

as a function of increasing bin number. Somatosensory evoked fields (SSEFs) were 

computed using the dipole source modeling approach. Only 700 epochs of D1 stimulation 

were performed, and therefore the epochs were classified into 10 bins using the Sturges 

approach (epochs 1-70, epochs 71-140 and so on). The curves represent least-squares 

power law function fits, and as the figure shows, the results confirm and extend the 
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result obtained by stimulating D2: the brains of individuals with ASD adapt to repeated 

tactile stimulation and to the same degree as control. 
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