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Abstract Previous findings have shown that individuals

with autism spectrum disorder (ASD) evince greater intra-

individual variability (IIV) in their sensory-evoked fMRI

responses compared to typical control participants. We

explore the robustness of this finding with a new sample of

high-functioning adults with autism. Participants were

presented with visual, somatosensory and auditory stimuli

in the scanner whilst they completed a one-back task.

While ASD and control participants were statistically

indistinguishable with respect to behavioral responses, the

new ASD group exhibited greater IIV relative to controls.

We also show that the IIV was equivalent across hemi-

spheres and remained stable over the duration of the

experiment. This suggests that greater cortical IIV may be

a replicable characteristic of sensory systems in autism.
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Introduction

Research on the neural basis of autism spectrum disorder

(ASD) has begun to focus on widespread alterations in

neural processing (Belmonte et al. 2004; Rubenstein and

Merzenich 2003). Because autism, as a disorder, is neu-

rodevelopmental in origin, rather than a consequence of

circumscribed brain injury or other focal disease, the

expectation is that a deviation in neural development will

affect brain circuits and neural processing quite widely,

even beyond the recognized triad of symptoms (commu-

nication, language and repetitive behaviors) (American

Psychiatric Association on DSM-IV 1994). The prediction

then is that the fundamental dynamics of neural responses

may be affected potentially throughout cortex.

Here, we focus on the unreliability or inconsistency of

cortical responses in individuals with autism. In principle,

this greater intra-individual variability (IIV), also referred

to as ‘wobble’ or ‘lability’, may be evident as variability in

either behavioral performance (MacDonald et al. 2006) or

in neural activity from one trial to the next (Rubenstein and

Merzenich 2003). The hypothesis that neural responses are

unreliable in ASD is also compatible with the observation

that individuals with autism may be over- or under-reactive

to sensory stimulation and this may be highly variable even

within individual (Cermak and Groza 1998). Additionally,
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the comorbidity of epilepsy with autism might reflect

similar mechanisms of neural instability (Tuchman and

Rapin 2002; Amiet et al. 2013). The claims of altered

cortical dynamics in ASD have, however, been mostly

speculative and only in the last few years has there been

any empirical evidence that supports such claims.

One of the first studies to explicitly explore IIV in ASD

was the re-analysis of data from a visual evoked potential

(VEP) study (Milne et al. 2009; Milne 2011), in which

children/adolescents responded to the presence of an odd-

ball image (a zebra) amongst a sequence of grating patch

stimuli. This study reported several measures of variability

across trials. First, they computed the degree of inter-trial

phase consistency across the time-course, and second, they

characterized various properties of the P1 waveform

including variability of amplitude, magnitude, and latency.

They found that intra-individual variability of P1 latency

and P1 amplitude was greater in participants with ASD,

and that inter-trial a-band (* 10 Hz) phase coherence was

lower. In addition, there was a significant correlation

between P1 peak amplitude variability and reaction time

variability in detecting the presence of the oddball.

In our previous research, we used functional magnetic

resonance imaging (fMRI) to assess variability in sensory

and motor responses in individuals with autism and typical

control participants (Dinstein et al. 2010, 2012). In one of

these two studies (Dinstein et al. 2012), we measured

responses evoked by visual, somatosensory and auditory

stimuli. Although there were no differences in the mean

amplitude of the fMRI responses in any of the sensory

modalities between individuals with autism and controls,

there was greater IIV, calculated as trial-to-trial variability,

in the autism than control group and, concomitantly,

weaker signal-to-noise ratios (SNRs). Greater IIV was also

observed in visual cortex and motor cortex in the other of

these two studies (Dinstein et al. 2010), in which partici-

pants were required to observe and execute hand move-

ments. Together, these fMRI and EEG findings suggest that

greater IIV might be a widespread alteration in cortical

processing, and that greater variability in evoked activity

from one trial to another might be an endophenotype of

autism.

One possible mechanism for the inconsistent neural

responses in autism is an imbalance in synaptic transmis-

sion. Genetic studies have identified abnormalities in areas

of the genome associated with synaptic development,

myelination and transmission (for example, see Glessner

et al. 2009). Also, imbalances between neurotransmitters

such as glutamate and GABA have been identified in

genetic (DiCicco-Bloom et al. 2006; Polleux and Lauder

2004) and cellular studies (Blatt and Fatemi 2011; Fatemi

et al. 2002), which could contribute to unstable synaptic

activity. The IIV recorded at the neuronal level, however,

is too small to be resolved by the MRI, which detects noise

at the macro level. However, noise at the neuronal level

may be correlated over time and across clusters of neurons.

Therefore, if the noise affects groups of neurons, then the

ensuing noise may be detected at the macro level too in the

unreliability of the MRI response.

There are, however, a number of key questions that remain

to be addressed. First, before we can claim with any confi-

dence that IIV is characteristic of autism, it is critical that these

initial findings of IIV in ASD be replicated and the robustness

of IIV confirmed. There has been a recent move to replicate

findings in autism (https://sfari.org/news-and-opinion/blog/

2012/transparent-reports), especially in light of the findings of

a recent study that found that 2 out of 13 well-known psy-

chological manipulations failed to replicate (https://open

scienceframework.org/project/WX7Ck/). Second, there are

aspects of the fMRI IIV that have not been fully characterized,

as yet. For example, our previous studies averaged the fMRI

responses across the two hemispheres (Dinstein et al. 2012)

with the aim of comparing the overall sensory-evoked

responses between individuals with autism and controls.

However, several studies have reported that hemispheric

activation, structure, and/or functional connectivity differ

between ASD and non-autistic individuals. For instance,

reduced inter-hemispheric connectivity, implying less inter-

hemispheric synchronization, has been noted in adults

(Anderson et al. 2011) and toddlers (Dinstein et al. 2011) with

ASD using resting state fMRI. There have also been several

reports of anatomical differences between hemispheres in

individuals with ASD versus controls, including larger right

parieto-occipital regions (Hier et al. 1979), and smaller left

planum temporale (Rojas et al. 2002). There are also func-

tional hemispheric differences between ASD compared with

controls such as decreased left insula activation under audi-

tory stimulation (Anderson et al. 2010), and greater right than

left hemisphere activity in prefrontal and parietal areas during

an N-back task (Koshino et al. 2005). Understanding whether

IIV manifests differently in the right and left hemispheres

might have relevance for these structural and functional

hemispheric differences.

Finally, a comprehensive examination of IIV requires

that we understand its temporal dynamics. IIV can be

generated by random trial-to-trial response changes or by a

gradual change in response over time, for example, in cases

of increasing fatigue throughout an experiment. Dissoci-

ating these two options is critical for better understanding

the underlying cortical process generating increased IIV in

ASD. The between- and within-block design we adopt in

the current study enables us to explore how the IIV changes

over time.

In this study, we replicated and extended the findings of

greater stimulus-evoked IIV in sensory cortices in indi-

viduals with autism than in control participants (Dinstein
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et al. 2012). Although EEG has better temporal resolution,

which would be of value here, there has already been one

study that demonstrated IIV using EEG (Milne 2011). We

wished to determine whether fMRI, which has better spa-

tial resolution, would reveal similar findings. We were

specifically interested in examining primary visual, audi-

tory and somatosensory cortices and MRI is well suited in

this aspect. In the first section below, we show that a new

group of individuals with ASD exhibit greater IIV com-

pared to controls, as in the original report (Dinstein et al.

2012). The analyses were identical to those employed in

the original study to permit the direct comparison between

the ‘new autism group’ and the ‘original autism group’. In

the second section, we demonstrate that in both the original

and new autism groups, greater IIV, relative to controls, is

stable across hemispheres and across the duration of the

scan. Taken together, these data attest to the robustness of

IIV findings and raise the challenge to understand the

mechanism that gives rise to this ubiquitous and wide-

spread alteration in cortical activity in autism.

Methods

Participants

Two groups of individuals with ASD, all of whom had IQ

scores above 88 participated in this study. The first group

Table 1 ADOS, ADI and IQ scores for individuals with autism

Participant Gender Age

(years)

ADOS

social

ADOS

communication

ADOS

stereotypical

ADI

social

ADI

communication

ADI

stereotypical

Full scale

IQ

1 M 36 8 2 1 20 11 3 129

2 M 23 6 4 1 21 18 8 123

3 M 41 6 4 2 24 18 10 96

4 M 19 7 3 3 22 15 5 96

5 M 33 5 3 3 26 18 12 131

6 M 42 6 6 1 32 22 10 129

7 M 45 6 3 4 15 8 10 106

8 M 22 11 5 3 20 15 3 107

9 M 29 6 3 1 15 12 2 116

10 M 31 7 4 2 25 9 8 117

11 M 30 10 6 2 23 17 6 128

12 M 22 13 6 1 23 13 4 88

13 M 32 9 4 0 18 18 9 92

14 M 44 9 4 3 24 19 5 108

15 M 33 7 5 1 19 16 8 103

16 M 21 8 4 2 21 17 6 123

17 F 19 7 5 3 27 20 6 107

18 M 20 8 5 1 27 22 5 124

19 M 21 9 5 1 22 15 5 108

20 M 27 6 2 3 20 16 7 104

21 F 31 10 6 3 15 9 6 121

22 M 22 6 5 6 19 11 4 127

23 F 31 7 2 4 10 8 6 123

24 M 39 7 4 1 21 16 8 116

25 M 24 13 6 3 10 16 3 118

26 M 30 13 5 3 20 13 3 134

27 M 24 10 5 2 20 12 4 95

28 M 27 9 4 3 20 17 7 100

Means

New autism 31.1 7.2 4.1 2.3 20.9 14.6 6.8 112

Original autism 26.4 8.6 4.5 2.6 19.4 14.9 5.6 114

Participants 1–12 were the new autism group; participants 13–26 were the original autism group
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(‘new autism’), 14 males (age range 19–44 years), all met

the DSM-IV criteria for autism (full-scale IQ range

88–131). Diagnosis was confirmed with the Autism Diag-

nostic Observation Schedule (ADOS) (Lord et al. 2000)

and Autism Diagnostic Interview (ADI) (Le Couteur et al.

1989; Lord et al. 1994) assessments carried out by expert

clinicians at the Center For Excellence in Autism Research,

at the University of Pittsburgh (see Table 1, participants

1–14 for demographics). A study comparing the DSM-IV

and the DSM-V criteria showed that the participants who

met the criteria for autism under the DSM-IV also met the

criteria for autism under the DSM-V (Mazefsky et al.

2013).

The second group (‘original autism’) included the par-

ticipants who took part in the original study (Dinstein et al.

2012). Data from that study were reanalyzed and reported

here. This original autism group was comprised of 2 females

and 12 males (age-range 19–39; full-scale IQ range 95–134).

They were also recruited through the Center For Excellence

in Autism Research at the University of Pittsburgh, and met

the same criteria for autism using ADOS and ADI measures

(see Table 1, Participants 15–27).

The data from 14 age- and gender-matched control

participants (age-range 20–40; full-scale IQ range

101–129), who were recruited from the general public and

took part in the original study (Dinstein et al. 2012), were

also used for this study. The controls were originally

matched in age and gender to the original autism group.

The new autism group was of a similar age and IQ range,

but was not gender-matched. Two-tailed t tests showed no

significant difference between the new autism group, the

original autism group or the control group on IQ (p [ .607)

or age (p [ .051).

All participants had normal or corrected-to-normal

vision. The Institutional Review Board at Carnegie Mellon

University and the University of Pittsburgh approved this

study, and all participants gave their informed consent. All

participants were paid for their time.

Experimental Design

The design was exactly the same as the design described in

the original study (Dinstein et al. 2012). Participants took

part in three sensory experiments measuring fMRI

responses to visual, auditory and somatosensory stimuli.

All three sensory experiments followed a rapid event-

related design, which enabled measurement of response

amplitude and variability.

Participants in both the present and the previous study

were presented with 72 trials, 24 in each of three sensory

modalities (auditory, somatosensory and visual). For each

modality, the trial began with an adapter, followed by a test

stimulus. The test stimulus was either identical to the

adapter (the adapted condition), different from the adapter

(the unadapted condition), or no test was presented (the no

test condition).

For the visual stimuli, the adapter stimulus consisted of

two circular apertures six degrees in diameter, which

appeared eight degrees on either side from the central

fixation point. Each aperture contained 500 white dots that

moved towards or away from fixation with 80 % motion

coherence. The test stimulus contained dots that either

moved in the same direction as the test stimulus (adapted

condition) or in the opposite direction (unadapted condi-

tion). No test stimulus was presented in the ‘no test’ con-

dition. An example trial is shown in Fig. 1.

For the somatosensory stimuli, the adapter stimulus

comprised eleven air puffs that were directed to the back of

the left hand. The test stimulus comprised three air puffs

that were located at the same spatial location as the adapter

stimulus (adapted condition) or at a different location 5 cm

away from the location of the adapter stimulus (unadapted

condition). Each air puff lasted 150 ms followed by

150 ms break. There was a 200 ms delay between the

adapter and the test stimuli.

For the auditory stimuli, the adapter stimulus was comprised

of eleven pure tone beeps (either 400 or 600 Hz) presented

through headphones to both ears. The test stimulus contained

three beeps of either the same tone as the adapter stimulus

(adapted condition), or the other tone (unadapted condition),

using the same timings as the somatosensory stimuli.

This study was conducted in six scans (two per sensory

modality) with twelve trials of each condition (adapted,

unadapted, and no-test) per scan. The six scans were inter-

leaved and IIV analyses were performed for each condition

separately, enabling assessment of IIV within each scan and

across scans (test–retest reliability within individual).

During all six scans, participants were instructed to

attend to a sequence of letters that appeared at fixation and

press a button every time a letter repeated consecutively,

thereby diverting attention away from the sensory stimuli.

The letters, presented in lower case, were presented one at

a time for a duration of 500 ms. Participants had 1 s to

respond with their right index finger and received feedback

such that, if they responded correctly, the fixation circle

turned green, and if not, it turned red. Misses were not

indicated. This design, in which the sensory stimulation

was orthogonal (and irrelevant) to the task being performed

was adopted to ensure that any sensory differences were

not a function of differential attention or differential task

performance.

Data Acquisition

The same 3T Siemens MRI scanner at the Carnegie Mellon

University SIBR was used for both the present and
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previous study. Six functional (two per sensory modality)

and one anatomical scan were acquired per participant. The

scanner was equipped with a Siemens 12 channel birdcage

head coil, which was used for RF transmit and receive.

Functional images were acquired with a T2*-sensitive echo

planar imaging pulse sequence (repetition time of

1,500 ms, echo time = 30 ms, flip angle = 75�, 24 slices,

3 9 3 9 3 mm voxels, field of view = 192 mm). Ana-

tomical volumes were acquired with a T1-weighted 3D-

MPRAGE pulse sequence (1 9 1 9 1 mm).

Data Analysis

Preprocessing

fMRI data were preprocessed using Brain Voyager and in-

house code in Matlab (Mathworks, Natick, MA) as well as

using the NeuroElf toolbox (http://neuroelf.net/, JW). Pre-

processing included 3D motion correction, temporal high-

pass filtering with a cutoff frequency of 6 cycles per run,

spatial smoothing using a Gaussian kernel with 8 mm width

at half height, alignment with the anatomical volume using

trilinear interpolation, and transformation to the Talairach

coordinate system (Talairach and Tournoux 1988).

Scan segments and/or entire scans containing head

movements in excess of 2 mm were removed such that

approximately 10 % of scans were excluded from data

analysis. There was no significant difference between

groups in the mean amount of residual head movement

except in the visual experiment. See Supplementary

Materials (Figure 1S) for details. All head motion esti-

mates, however, were regressed out of the data so as to

remove fMRI signal changes that were associated with

head movements in each of the subjects.

Replication

The first set of analyses was conducted using the same

procedure as in the original study (Dinstein et al. 2012) to

test whether the new autism group produced similar fMRI

response profiles to those of the original autism group, and

to allow for direct comparison with the previously pub-

lished results. For each individual, in each hemisphere, for

visual, auditory and somatosensory responses, regions of

interest (ROIs) were created by identifying the 200 voxels

with the most significant responses (activation) within the

corresponding sensory cortex in each hemisphere (Fig. 2).

An epoch of the fMRI time series, for each voxel in the

ROI, was then extracted from stimulus-onset to 15 s (8

time-points) after stimulus-onset. Response amplitudes

were calculated, separately for each trial, by averaging the

responses at time-points 4 and 5, which corresponded to the

peak of the haemodynamic response. Response standard

deviations were calculated by taking the average standard

 

Adapter (3.2 seconds) 

Blank (0.3 seconds) 

Tester (1 second) 

Inter-trial interval 
(4.5 / 7.5 / 10.5 seconds) 

Fig. 1 An example trial from

the visual experiment. The

adapter was shown for 3.2 s

followed by a blank screen for

0.3 s, and the tested stimulus for

1 s. The inter-trial interval

between trials were 4.5, 7.5 or

10.5 s in duration (in a

randomized order). Auditory

and somatosensory experiments

had an identical structure
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deviation of the fMRI responses to all 24 repetitions (12

presentations per scan) at time-points 3–6. Signal-to-noise

ratios (SNRs) were calculated by dividing the response

amplitudes by the response variances.

As this is a replication of a previous study (Dinstein et al.

2012), and we have a directional hypothesis, one-tailed t tests

were used to test for differences between the autism groups

and the control group in their fMRI responses, separately for

each sensory modality and separately for the response

amplitudes, response standard deviations, and SNRs.

The responses from the no test condition were used for

the main analysis due to the fact that the no test condition

only contained one stimulus exposure and does not induce

changes in adaptation dynamics. However, the responses

between the new autism, the original autism and the control

groups were similar for the adapted and unadapted condi-

tions as well (see Supplementary Materials, Figure 3S).

We also performed a complementary linear regression

analysis using a general linear model (Fig. 4). We used

fMRI data from one scan to identify the relevant ROIs in

each subject, and performed the response amplitude and

variability analyses on the participants who had two scans

to reduce bias due to ROI selection. The model contained a

separate column/predictor for each trial using a canonical

hemodynamic response function. This enabled us to esti-

mate the response amplitude of each trial and compute

trial-by-trial variability. Linear regression was used to fit

the model to the data, and the amplitude, standard devia-

tion and SNRs (amplitude/SD2) were calculated across

trials for each subject.

Finally, we performed complementary randomization

tests to assess the statistical significance of differences

across groups. The participants’ data were randomly

shuffled between the new autism group, the original autism

group, and the control group (i.e., labels permuted) and

differences in response amplitude, standard deviation, and

SNR were computed for the randomly assigned groups.

This was repeated 10,000 times, re-randomizing the labels

each time, to provide null distributions of the differences

across groups, according to the null hypothesis that there

was no difference between groups. To be deemed statisti-

cally significant the actual difference between the correctly

assigned groups had to exceed the 95th percentile of the

null distribution (equivalent to a one tailed t test, but

without assuming that variables are normally distributed).

The t tests analyzing the differences in the response

amplitudes allowed for a direct comparison of the main

results from the original study (Dinstein et al. 2012) and

the current study. The linear regression analysis was

included as it calculates the differences in mean and

standard deviation in the fMRI responses across the entire

response time-course and not just at the time-points (4–5)

corresponding to the peak response. The regression ana-

lysis also takes into account the variable inter-trial inter-

vals. The randomization test was likewise performed as a

complementary analysis; it is a non-parametric test version

of a t test and so does not make any assumptions about the

mean and standard deviation in responses being normally

distributed.

Extension

To examine whether trial-by-trial variability of the fMRI

responses changed over the course of the experiment or

across the duration of a single run (i.e., potentially

increased or even decreased), the standard deviation was

calculated slightly differently. The method of data extrac-

tion was the same as the first section: the amplitude of the

response was calculated by averaging the response at time-

points 4 and 5, which correspond to the peak of the

hemodynamic response. The standard deviation of the

response, however, was calculated by taking the average

response from the ROI at time-points 3–6 and taking the

standard deviation separately for trials 1–4, trials 5–8 and

trials 9–12 of each scan. This was computed separately for

each participant. Averaging across four trials provided a

measure of standard deviation in the fMRI responses,

whilst keeping all the other variables (sensory modality,

and condition—adapted, unadapted, and no-test—scanning

session and repetition) as factors in the analysis.

A mixed ANOVA was used to determine the statistical

significance of the results. Sensory modality (auditory,

somatosensory and visual), hemisphere (left and right),

Fig. 2 Statistical parameter maps of significant activation in the new

autism group. a Visually-evoked activity, combined across adapted,

unadapted and no test conditions. b Somatosensory. c Auditory. For

similar maps for the original autism group and the control group, see

Dinstein et al. (2012, Figure 1)
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scan (first or second scan of each sensory modality), con-

dition (adapted, unadapted and no test), and standard

deviation bin (i.e. the three trial-by-trial standard deviation

values described above) served as within-subject variables,

and group (autism compared to control group) served as a

between-subjects variable. A second ANOVA was also

performed with single trial amplitude (i.e. estimated

response on each of the 12 trials) instead of standard

deviation bin. This additional analysis enabled us to

determine whether response amplitudes differed with

respect to the other factors in the ANOVA. Violations in

the assumption of sphericity in the analyses of variance

were corrected using the Greenhouse Geisser adjustment

by adjusting the degrees of freedom.

A separate ANOVA was used to analyze the SNRs. Due

to the fact that the response standard deviations were cal-

culated by binning the repetitions into sets of four trials,

there was an unequal number of repetitions for the standard

deviations (3 repetitions) compared to the response

amplitudes (12 repetitions). Therefore, sensory modality

(auditory, somatosensory and visual), hemisphere (left and

right), scan (first or second scan in each sensory modality)

and condition (adapted, unadapted and no test) served as

within-subject variables, and group (autism compared to

control group) served as a between-subjects variable.

Results

Replication

The signal-to-noise ratios (SNRs, response amplitude/

response variance) of the stimulus-evoked fMRI responses

were consistently lower in both autism groups compared to

the control group (Fig. 3c). The new autism group produced

significantly lower SNRs compared to the control group for

the visual [t(23) = 3.10, p = .002] and auditory modalities

[t(21) = 2.38, p = .013], but not significantly so for the

somatosensory modality [t(25) = 1.39, p = .089], replicat-

ing our previously published result in a statistically inde-

pendent sample. As reported previously, the original autism

group produced significantly lower SNRs for all three sen-

sory modalities compared to the control group [visual:

t(24) = 2.09, p = .024; somatosensory: t(25) = 2.09,

p = .024; auditory: t(24) = 1.76, p = .046]. There was no

evidence for any differences in SNR between the new and

original autism groups for the somatosensory [t(24) = 0.18,

p = .429] and auditory modalities [t(23) = 0.99, p = .167],

but the new autism group produced even lower SNRs

compared to the original autism group for the visual

modality [t(23) = 2.23, p = .018].

The lower SNRs in the autism groups were partly due to

smaller response amplitudes (in the new autism group;

Fig. 3a, b). The original autism group produced consis-

tently greater response standard deviations than controls

for all three sensory modalities [visual: t(24) = 2.58,

p = .008; somatosensory: t(25) = 1.71, p = .050; audi-

tory: t(24) = 2.46, p = .011]. The new autism group pro-

duced greater standard deviations compared to the control

group for the visual [t(23) = 3.07, p = .002] and auditory

modalities [t(21) = 2.31, p = .016], but not for the

somatosensory [t(25) = 0.67, p = .255]. The new autism

group did not significantly differ from the original autism

group for visual [t(23) = 0.96, p = .172], somatosensory

[t(23) = 0.54, p = .352], or auditory [t(24) = 0.38,

p = .298] response standard deviations.

The original autism group and the control group did not

differ significantly in their response amplitudes (visual:

t(24) = 0.33, p = .374; somatosensory: t(25) = 0.93,

p = .180; auditory: [t(24) = 1.35, p = .0582]. There were

significant differences in the response amplitudes between

the new autism group and the control group [visual:

t(23) = 2.00, p = .029; somatosensory: t(25) = 2.98,

p = .003; auditory: t(21) = 2.17, p = .021]. There were

also significant differences in response amplitudes between

the new autism group and the original autism group for

visual [t(23) = 0.96, p = .044] and somatosensory

modalities [t(24) = 2.96, p = .001], but not for auditory

modality [t(23) = 0.98, p = .169]. The same analyses

were conducted on the data without correcting for motion

and the results were the same (see Supplementary Mate-

rials, Figure 2S).

We also performed complementary randomization tests

on the difference between the groups, and the results were

similar, supporting the same conclusions. The new autism

group produced significantly lower SNRs compared to the

control group for the visual (p \ .001) and auditory

responses (p = .005), but only a trend for the somatosen-

sory responses (p = .088). The new autism group also

produced greater standard deviations compared to controls

for the visual modality (visual: p = .002; somatosensory:

p = .269; auditory: p = .015), and smaller response

amplitudes compared to controls (visual: p = .031;

somatosensory: p = .004; auditory: p = .021). The origi-

nal autism group produced lower SNRs compared to the

control group (visual: p = .014; somatosensory: p = .023;

auditory: p = .034), greater response standard deviations

compared to the control group (visual: p = .007, somato-

sensory: p = .045, auditory: p = .012), and no significant

differences in response amplitudes compared to controls

(visual: p = .379; somatosensory: p = .192; auditory:

p = .099). The new autism group produced similar SNRs

compared to the original autism group, except that the new

autism group showed even weaker SNRs for the visual

modality (visual: p = .009; somatosensory: p = .429;

auditory: p = .191), similar standard deviations compared
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to original autism group (visual: p = .169; somatosensory:

p = .366; auditory: p = .304), and smaller response

amplitudes compared to the original autism group for the

visual and somatosensory modalities (visual: p = .046;

somatosensory: p = .004; auditory: p = .174).

The results were similar for all three adaptation condi-

tions (adapted test, unadapted test, and no test) supporting

the same conclusions (see Supplementary Materials,

Figure 3S).

In addition, we performed a complementary linear

regression analysis using a general linear model that con-

tained a separate predictor for each trial. The results were

similar and supported the same conclusions (Fig. 4). Of

specific importance, the greater standard deviation in fMRI

responses in the new autism group compared to the control

group is now significant in the all sensory modalities, and

the response amplitudes are not significantly different

across the sensory modalities between the three groups.

Due to the fact that the control group was matched to the

original autism group rather than to the new autism group

(although they did not differ on age or IQ), we redid the

analyses with an age- and gender-matched subset of the

controls and the new autism group (N = 11). The results

were similar to previous analyses (Supplementary Materi-

als Figure 4S), with the new autism group producing

weaker SNR than the age- and gender-matched controls.

Behavioral performance in the one-back letter-detection

task at fixation was analyzed to determine whether there

was any indication that the smaller response amplitudes,

larger IIV, and lower SNRs in the new autism group might

have occurred because of fluctuations in attention or some

other form of distraction (Fig. 5). There were no significant

differences, however, in performance accuracy (percent of

targets correctly identified as being repeats) between the

new autism group and the control group (Fig. 5a; visual:

t(23) = 0.04, p = .486; somatosensory: t(25) = 1.03,

p = .157; auditory: t(21) = 0.23, p = .412). Similarly,

there were no significant differences in the reaction times

(Fig. 5b; visual: t(23) = 0.74, p = .234; somatosensory:

t(25) = 0.13, p = .450; auditory: t(21) = 0.22, p = .415).

Fig. 3 The fMRI responses for

the original autism group, the

new autism group and the

control group for the visual,

somatosensory and auditory

responses. a Mean response

amplitudes. b Standard

deviations of the responses.

c Signal to noise ratios.

Significant pair-wise

comparisons are indicated with

an asterisk (without correction

for multiple comparisons);

Bonferroni corrected

comparisons are described in

text
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Together, this equivalence in performance suggests that the

differences in fMRI responses between the new autism

group and the controls are unlikely to be due to attentional,

arousal, or motivational differences.

To examine whether autism severity was related to the

fMRI responses, correlations were conducted using the

SNR in each sensory modality and the mean ADOS

score of all the individuals with autism in this study.

None of the correlations, however, were statistically

significant. The correlations between the SNR for each

sensory modality and IQ, or age, were also not

significant.

Fig. 4 Complementary linear

regression analysis on the fMRI

responses in the no test

condition to visual,

somatosensory and auditory

stimuli for the original autism

group, the new autism group

and the control group. a The

amplitude of the fMRI

responses. b The standard

deviation in the responses.

c SNRs (amplitude/SD2). Error

bars show one standard error.

Asterisk indicates number of

significant pair-wise

comparisons (one-tailed

p \ .05)

Fig. 5 Behavioral performance

from the new autism group

compared to the control group.

a Accuracy, the percent of letter

repeats that were correctly

identified. b Reaction time.

Error bars show one standard

error

J Autism Dev Disord

123



Greater variability in cortical activity was evident only

in the stimulus-evoked responses for the two autism

groups, compared to controls (see Supplementary Materi-

als, Figure 5S). To demonstrate this we repeated the ana-

lysis for each of the three sensory systems during sensory

stimulation of another system. For example, we measured

cortical activity (response amplitudes, response standard

deviations, and SNRs) in auditory cortex, during visual and

somatosensory stimulation. Likewise for visual cortex

(auditory and somatosensory stimulation) and somatosen-

sory cortex (visual and auditory stimulation). The results

showed that there were no significant differences between

groups in any of the sensory systems, for any of the three

measures (response amplitudes, response standard devia-

tions, SNRs).

It is unlikely that these results can be explained by

trivial differences in non-neural sources of variability such

as head motion or physiology. First, the group differences

in SNR were unique to sensory-evoked responses in cor-

responding sensory cortical areas (see above and Supple-

mentary Materials, Figure 5S). Second, although the new

autism group moved slightly more on average than the

original autism group and controls (see Supplementary

Materials, Figure 1S), head motion was regressed out of

the fMRI data before performing the analyses such that

fMRI signal changes associated with head movements were

removed from the analyzed data and were unlikely to

generate differences across groups.

Interim Discussion

Both the new autism group and the original autism group

showed significantly greater standard deviations in their

fMRI responses compared to the control group, and this

was evident in visual, somatosensory and auditory cortices.

The lower SNRs in the original autism group compared to

controls were predominantly a function of greater response

standard deviations. The new autism group also produced

lower SNRs compared to the control group although this

depended, to some extent on which variant of the analysis

was done (compare Figs. 3, 4, 2S, 3S and 4S). A possible

explanation for the differential magnitude in SNR across

groups in the fMRI responses might be a result of the

smaller response amplitudes in the new autism group. It is

important to note that the aim of the analyses reported here

was to directly compare the cortical profile of the two

autism groups to one another, as well as to the control

group. In summary, most of the results from our previous

study (Dinstein et al. 2012) were replicated in a new group

of individuals with autism. This replication supports the

conclusion that greater cortical variability may be a fun-

damental neural characteristic of individuals with autism.

Extension

Having demonstrated that we can replicate the findings of

greater variability of sensory-evoked activity in a second

group of ASD participants, here, we pooled the new autism

group (N = 14) and the original autism group (N = 14)

together to examine the IIV more closely. In particular, we

compared the IIV across the three sensory modalities, the

two hemispheres, and over time (within and between scans)

so as to uncover more detailed characteristics of the atyp-

ical cortical response profile.

There were significant differences between the visual,

somatosensory and auditory response amplitudes and SNRs

between the autism and control groups (see Supplementary

Materials, Figure 6S). The different stimulus conditions

(adapted, unadapted and no test) also evoked statistically

significant group differences (see Supplementary Materi-

als, Figure 6S). These served as checks that the stimuli

induced changes in the fMRI responses.

The combined (new and original) autism group exhib-

ited greater standard deviations across trials compared to

controls [F(1, 40) = 7.56, p = .009], replicating the group

differences in the original study (Dinstein et al. 2012).

There was no significant interaction between the autism

group and controls in their response standard deviations in

the first compared to the second block of scans [F(1,

40) = 3.59, p = .065], and there was no significant inter-

action between the two groups in their response standard

deviations across time within scans (comparing the early

standard deviation bin to the mid-session bin, to the late

bin) [F(2, 80) = 0.74, p = .478]. This suggests that the

greater variability in fMRI responses in the autism group

was consistent across the duration of the experiment, and

there is no indication that the greater IIV is due to fatigue

(Fig. 6). There was also no significant interaction in

response standard deviations between the two groups

across the two hemispheres [F(1, 40) = 0.68, p = .415],

again attesting to the widespread evidence of this group

difference.

The fMRI response amplitudes were statistically indis-

tinguishable between the combined autism group and the

control group [F(1, 40) = 0.86, p = .358]. There were no

significant differences between the groups in response

amplitudes across scans [F(1, 40) = 3.67, p = .063] across

time within scans [F(11, 440) = 0.89, p = .416], or across

hemispheres [F(1, 40) = 0.10, p = .755].

The final analysis adopted signal-to-noise ratio (SNR) as

the dependent measure (Fig. 7). We observed a main effect

of group, with the control group producing stronger SNR

compared to the autism group [F(2, 40) = 11.91,

p = .001], again replicating the group differences in the

original study (Dinstein et al. 2012). There were two
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significant interactions with group: a two-way interaction

with sensory modality [F(2, 80) = 3.78, p = .027] and a

three-way interaction between sensory modality, hemi-

sphere and group [F(2, 80) = 5.11, p = .008]. Tukey post

hoc tests showed that SNR in somatosensory responses

were not significantly different between controls and

individuals with autism. The three-way interaction was due

to the controls producing a larger SNR in left hemisphere

compared to right for visual responses only. Auditory and

somatosensory responses were similar across hemispheres,

and there was no significant difference between hemi-

spheres in any of the sensory modalities for the autism

group. In other words, the control group produced larger

SNR in left hemisphere visual cortex than other sensory

modalities (Fig. 7).

Discussion

Inter-individual variability is a well-known defining feature

of ASD (hence the term ‘spectrum’ or ‘continuum’) and the

heterogeneity in behavioral profile (for example Humph-

reys et al. 2007) is also accompanied by individually var-

iable brain organization in autism (for example,

Humphreys et al. 2008; Müller et al. 2003). There is,

however, growing recognition that ASD is also character-

ized by greater behavioral and neural intra-individual

variability (IIV) compared with that of non-ASD individ-

uals. IIV reflects transient within-person changes and these

fluctuations are evident in test–retest or trial-to-trial

assessments. The focus of this study was on intra-individ-

ual variability of cortical activity, as measured by unreli-

able fMRI responses to repeated sensory stimuli in

individuals with autism.

We began this investigation by using the same analytic

approach as Dinstein et al. (2012) who characterized the

IIV in a group of adults with ASD. We replicated the same

pattern of IIV in a second group of individuals with ASD

(‘the new autism group’) who, like the original autism

group, produced greater standard deviation in fMRI

responses, and weaker SNRs, compared to a group of non-

autistic controls. This was true in all cases except in the

somatosensory response in the first analysis examining at

the variability in the peak of the fMRI response. These

group differences in response amplitude might, therefore,

reflect heterogeneity across the population of individuals

with ASD with the new autism group evincing lower

amplitude across the board. Notwithstanding the amplitude

differences, the SNRs were smaller in both the original and

new autism group, relative to the controls. This shows that

even though the new autism group produced smaller fMRI

response amplitudes, they produced equivalent (or perhaps

even more) variability in their responses compared to the

controls, which resulted in the small response amplitudes

being swamped by the variability, resulting in weak SNR.

The differences in cortical profile between the ASD and

control participants (see Fig. 5) could not be attributed to

differences in attention or distraction as the behavioral

responses did not differ significantly across the groups (and

the sensory stimulation was orthogonal to the letter-repe-

tition task so attention was not engaged on the visual,

auditory or tactile stimuli). The key result, then, is that we

were able to replicate the trial-to-trial within-individual

variability in cortical dynamics in a second group of ASD

participants and, together with the original finding, reveal

the robustness of the sensory changes in the cortices of

individuals with ASD.

To characterize the nature of the cortical changes fur-

ther, we explored the IIV as a function of hemisphere and

of temporal order. When these factors were included in the

Fig. 6 Standard deviation of the fMRI responses in each of the three

std bins (trials 1–4, 5–8, and 9–12 across the scans) for the autism

(dotted line) and control (solid line) groups. Asterisks indicate

significant differences between groups. Error bars show one standard

error

Fig. 7 Signal-to-noise ratios (SNRs) of the fMRI responses for each

sensory modality and hemisphere, shown separately for the control

(black) and the combined (new and original) autism (white) groups.

Asterisks indicate significant differences between groups, and double

asterisk shows the result of the three-way interaction. Error bars

show one standard error
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model, the combined (new and original) autism group still

produced significantly greater variability in their fMRI

responses and weaker SNRs, compared to controls, and

there were no significant differences in the mean response

amplitudes. Importantly, too, greater IIV in autism

remained consistent over time. First, we observed that trial-

to-trial variability in the fMRI responses was indistin-

guishable across the two separate scans. Second, the vari-

ability was also equivalent across the three bins of trials per

scan. This suggests that the IIV is larger in ASD regardless

of when it is estimated and that it does not decay (or

increase) over the course of the study.

Taken together, these results suggest that sensory-

evoked cortical responses in ASD are consistently more

unreliable than in typical individuals and attest to the

robustness of the greater IIV, regardless of the mean

response amplitudes, across the brain, and over time.

The results of several other studies support the conclu-

sion that cortical responses are inconsistent and unreliable

in ASD. As mentioned earlier, a VEP study reported

greater intra-individual variability of P1 latency and P1

amplitude in ASD, lower inter-trial a-band (* 10 Hz)

phase coherence, and a significant correlation between P1

peak amplitude variability and reaction time (Milne 2011).

A magnetoencephalography (MEG) study of auditory-

evoked responses reported weaker phase-locking in ASD

compared to controls, which is compatible with unreliable

responses in ASD (Gandal et al. 2010). And, in yet a fur-

ther study, individuals with autism showed significantly

greater intra-individual response time variability compared

to both a group of typically developing (TD) matched

control participants and a group of matched participants

with ADHD (Geurts et al. 2008). The time scale of the

variability in the haemodynamic response is much slower

than the time scale of EEG and MEG measures, but taken

together, these studies suggest that there is substantial

within-subject variability at the neural and at the cortical

level. We have also recently begun to explore the func-

tional consequences of this cortical IIV and have observed

greater trial-to-trial variability in ratings of roughness in

individuals with autism compared to controls in a detailed

psychophysical investigation (Haigh et al. accepted).

However, not all results appear compatible with the

hypothesis that neural responses are unreliable in ASD. For

example, a study using MEG to record responses during

passive tactile stimulation of the thumb and index finger

showed no differences in IIV in individuals with ASD versus

typical controls (Coskun et al. 2009). A number of possible

explanations may account for this apparent discrepancy,

including the possibility that the heterogeneity of ASD

population may have outweighed the intra-individual vari-

ability, or that the mean response and the type of stimulation

(active/passive) may determine the presence of IIV.

Indeed, above, we found that response amplitudes were

consistently smaller for somatosensory stimulation com-

pared to the visual- or auditory-evoked activity, and sen-

sitivity for measuring differences in IIV might depend on

the mean amplitude of the evoked responses: the amount of

variability in fMRI responses from one trial to the next

could have been limited by the responses being smaller in

magnitude. We also found, both in the current study and

the original study (Dinstein et al. 2012), that greater IIV

was only evident in stimulus-evoked activity, not during

resting state or in areas of cortex that were not strongly

stimulus-driven (i.e., outside of the primary cortices

stimulated).

Having established the robustness and replicability of

the IIV profile in sensory cortices in ASD, the obvious

question now concerns its causal basis. There was no sta-

tistically significant difference in behavioural responses

between the new autism group and control group, sug-

gesting that the variability in fMRI signal was not due to

attentional differences. It is possible that dual attention is

more variable in ASD than controls; however, Grubb et al.

(2013) found no significant decrement in exogenous

attention in the ASD group.

Given that we have no single comprehensive explana-

tion for the increased IIV in autism, we suggest a number

of possible accounts. One such account is that the IIV is

due to imbalances at the neural level, perhaps resulting

from an imbalance between neural excitation and inhibition

(Jamain et al. 2002; Markram et al. 2007; Rubenstein and

Merzenich 2003; Vattikuti and Chow 2010). The hypoth-

esis is that there is excess excitation due to either increased

glutamatergic activity, or reduced GABAergic signaling.

The increased excitation in cortex in autism is consistent

with the increased comorbidity with epilepsy (Levisohn

2007; Rossi et al. 1995; Tuchman and Rapin 2002), and the

heightened sensory sensitivities, which are now recognized

under the DSM-5 (Baron-Cohen et al. 2009; Gomot et al.

2002; Simmons et al. 2009).

A further possible etiology for greater IIV in ASD is

dysfunctional modulation of select neurotransmitters. The

catecholamine and acetylcholine systems can give rise to

more neural noise (Bäckman et al. 2006) and greater IIV in

response latencies can be systematically linked to dimin-

ished D2 receptor binding (MacDonald et al. 2009) and

changes in D1 receptor binding (MacDonald et al. 2012).

The modulation of IIV by dopamine fits well with neuro-

computational studies in which dopamine dysregulation is

assumed to alter the signal-to-noise ratio of neural infor-

mation processing, effectively impairing the neuron’s

sensitivity to afferent signals, leading to noisier informa-

tion (i.e., signal) processing and impaired cognitive func-

tioning (Li et al. 2001; Lindenberger et al. 2011). Another

potential neurotransmitter that has been linked to increased
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signal-to-noise ratios is oxytocin (Owen et al. 2013):

individuals with autism show lower oxytocin levels

compared to non-autistic individuals (Modahl et al. 1998;

Wu et al. 2005), and oxytocin-related treatment has been

suggested as a therapy for ASD (Kuehn 2011; Modi and

Young 2012; Gordon et al. 2013).

Yet a further and final possibility we consider is that the

greater IIV in autism reflects reduced cortical maturity and

white matter refinement. Lower IIV is associated, in typical

control individuals, with higher fractional anisotropy and

lower overall diffusivity in white matter tracts throughout

the brain, over the course of development (Tamnes et al.

2012). These findings support the proposition that, in

control individuals, developmental reductions in IIV reflect

maturation of white matter connectivity. Numerous studies

of autism have shown abnormalities in white matter

integrity (Barnea-Goraly et al. 2004; Thomas et al. 2011)

and thus the greater IIV in ASD might be a reflection of

these deviations in white matter development.

The atypical cortical profile with increased IIV may

have direct consequences for some of the behavioral

changes in ASD. For example, behavioral evidence has

shown that individuals with ASD show atypical dynamics

(slower rate of binocular rivalry alterations, longer mixed

percept and increased likelihood to revert to the previously

perceived object when exiting a mixed percept) (Robertson

et al. 2013) and these findings are thought to mirror the

push and pull of altered inhibitory and excitatory cortical

dynamics which might serve as the basis of the increased

IIV (although another study reported indistinguishable

cortical dynamics in binocular rivalry with grating patch

stimuli instead of object images; Said et al. 2013). As noted

above, we have also documented increased IIV in rough-

ness ratings in a group of adults with IIV. Further explo-

ration is required to understand the relationship between

the altered cortical profile and behavioral consequences,

and how these relate to the structural differences recorded

in individuals with autism.

The focus on inter-participant variability in studies of

individuals with autism has largely overshadowed research

on intra-individual variability. As previously noted (Mac-

Donald et al. 2006), when intra-individual variability in

performance is small, mean-level differences provide use-

ful predictive information, but as intra-individual vari-

ability increases and represents systematic as opposed to

random error, calculating mean performance from a single

measurement in each individual can lead to flawed esti-

mates of average group differences.

In conclusion, a robust and replicable signature of ASD

is greater IIV in stimulus-evoked cortical activity. This

greater variability in the sensory-evoked fMRI response in

autism appears to be robust across different regions of

cortex and across different time intervals. Greater sensory

variability could be an endophenotype in autism but before

concluding that this is the case, it remains to be determined

whether this IIV profile is also evident in children with

ASD and in those who are lower functioning than the

participants of the present investigation.
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