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Response Dissociation in Hierarchical Cortical Circuits: a
Unique Feature of Autism Spectrum Disorder
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A prominent hypothesis regarding the pathophysiology of autism is that an increase in the balance between neural excitation and
inhibition results in an increase in neural responses. However, previous reports of population-level response magnitude in individuals
with autism have been inconsistent. Critically, network interactions have not been considered in previous neuroimaging studies of
excitation and inhibition imbalance in autism. In particular, a defining characteristic of cortical organization is its hierarchical and
interactive structure; sensory and cognitive systems are comprised of networks where later stages inherit and build upon the processing
of earlier input stages, and also influence and shape earlier stages by top-down modulation. Here we used the well established connections
of the human visual system to examine response magnitudes in a higher-order motion processing region [middle temporal area (MT�)]
and its primary input region (V1). Simple visual stimuli were presented to adult individuals with autism spectrum disorders (ASD; n �
24, mean age 23 years, 8 females) and neurotypical controls (n � 24, mean age 22, 8 females) during fMRI scanning. We discovered a
strong dissociation of fMRI response magnitude between region MT� and V1 in individuals with ASD: individuals with high MT�
responses had attenuated V1 responses. The magnitude of MT� amplification and of V1 attenuation was associated with autism severity,
appeared to result from amplified suppressive feedback from MT� to V1, and was not present in neurotypical controls. Our results reveal
the potential role of altered hierarchical network interactions in the pathophysiology of ASD.
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Introduction
Autism spectrum disorder (ASD) is a heterogeneous, behaviorally-
defined neurodevelopmental disorder characterized by difficul-
ties in social communication and interaction, restricted interests

and repetitive behaviors, and altered sensory responses (DSM-5;
American Psychiatric Association, 2013; Lord and Bishop, 2015).
Although the etiology of ASD is unknown, a pervasive increase in
the ratio of cortical excitation to inhibition (E/I) has been hy-
pothesized to be a primary contributor to the underlying patho-
physiology, resulting in neuronal hyperexcitability (Rubenstein
and Merzenich, 2003; Nelson and Valakh, 2015). Indeed, animal
model findings support the E/I model of ASD (Gogolla et al.,
2009; Yizhar et al., 2011; Antoine et al., 2019), and a causal rela-
tionship to the autism phenotype has been suggested using phar-
macology and gene-rescue approaches that alter E/I balance (Han
et al., 2012; Lee et al., 2017). However in humans, evidence for E/I
imbalance is either indirect or inconclusive in its support of this
hypothesis (Dickinson et al., 2016). One straightforward predic-
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Significance Statement

An imbalance between neural excitation and inhibition, resulting in increased neural responses, has been suggested as a patho-
physiological pathway to autism, but direct evidence from humans is lacking. In the current study we consider the role of
interactions between stages of sensory processing when testing increased neural responses in individuals with autism. We used
the well known hierarchical structure of the visual motion pathway to demonstrate dissociation in the fMRI response magnitude
between adjacent stages of processing in autism: responses are attenuated in a primary visual area but amplified in a subsequent
higher-order area. This response dissociation appears to rely on enhanced suppressive feedback between regions and reveals a
previously unknown cortical network alteration in autism.
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tion of an increase in E/I are higher neural spike rates (Contractor
et al., 2015). Consequently, larger amplitude neural population
responses are expected, which could be indexed with fMRI
and/or EEG. However, there are no consistent demonstrations of
such increased population-based responses in individuals with
ASD (Milne, 2011; Dinstein et al., 2012; Haigh et al., 2015; Butler
et al., 2017).

A complicating factor that has recently been recognized for
the E/I hypothesis is the homeostatic regulatory mechanisms that
adjust E/I balance to stabilize cortical firing rate (Turrigiano, 2011);
thus, increases or decreases in excitation in one component of a
neural circuit may be compensated for at a later component (Nelson
and Valakh, 2015), and ASD may be characterized by suboptimal
homeostasis causing interruption in population coding (Antoine
et al., 2019). Similarly, on a larger spatial scale, interactions be-
tween cortical areas involved in different stages of information
processing may also involve regulatory and/or compensatory
mechanisms, and such interactions are further complicated given
the recurrent structure of cortical networks (Mejias et al., 2016;
Heeger, 2017). For example, the feedforward, hierarchical orga-
nization of sensory systems is complemented by prominent feed-
back projections, further shaping neural activity by top-down
modulation (Felleman and Van Essen, 1991; Sillito et al., 2006;
Gilbert and Li, 2013), which can serve to amplify or suppress
responses (Bullier et al., 1996; Hupé et al., 1998; Bair et al., 2003;
Angelucci and Bressloff, 2006). This type of network interaction
has not been previously considered when examining population-
level responses in ASD, and might have been obscuring group
differences.

In the current study we specifically leveraged the well estab-
lished hierarchical structure of the visual motion processing
pathway, to measure fMRI response magnitude in adjacent stages
of cortical processing. Atypical visual motion processing has been
reported in autism using various stimuli and tasks, with some
reports of reduced sensitivity (Milne et al., 2002; Pellicano et al.,
2005; Robertson et al., 2012; Schauder et al., 2017) and others of
enhanced sensitivity (Chen et al., 2012; Foss-Feig et al., 2013;
Manning et al., 2015). While the nature of these atypicalities and
how they depend on the type and presentation of motion stimuli
is yet to be clarified, the visual motion processing pathway is a
good candidate to characterize neural responsiveness within a
well characterized cortical system that is also hypothesized to be
altered in ASD, and possibly relate to relevant perceptual patterns
(Robertson et al., 2014).

We show that although neural response magnitude is indeed
altered in ASD, this alteration is not unidirectional along the
visual motion pathway, and might take the form of either in-
creased or decreased responses. We suggest this mixed pattern of
results stems from inter-regional interactions and abnormal cor-
tical feedback in ASD, and that such interactions should be incor-
porated with the basic E/I model to inform testable predictions
for E/I in the human brain.

Materials and Methods
Participants. Twenty-four adults with ASD (16 males; 8 females) and 24
neurotypical (NT; 16 males; 8 females) young adults participated in Ex-
periment 1. The same cohorts also participated in other studies recently
reported by our group (Millin et al., 2018; Schallmo et al., 2019a); and NT
participants were also included in (Murray et al., 2018; Schallmo et al.,
2018, 2019b). All participants had normal IQ (Wechsler Abbreviated
Scale of Intelligence score; Stano, 2004) of at least 80, and normal or
corrected-to-normal vision. Groups were of equivalent ages and IQ
[mean non-verbal IQ of ASD participants: 112.5 (SD � 18.8; range 79 –
160); NT participants: 113.8 (SD � 10.5; range 86 –129); t(46) � �0.28,

p � 0.77; mean age of ASD participants: 22.7 (SD � 3.7; range 18 –31)
years; NT participants: 22.3 (SD � 2.6; range 19 –28) years; t(46) � 0.45,
p � 0.66]. All participants reported smoking no more than one cigarette
per day within the past 3 months, no illicit drug use within the past
month, and no alcohol use within 3 d before scanning. Participants with
ASD met diagnostic criteria for ASD on the Autism Diagnostic Interview-
Revised (ADI-R; Lord et al., 1994), the Autism Diagnostic Observation
Schedule, second edition (ADOS-2; Lord et al., 2012) and according to
expert clinical judgment using DSM-5 (American Psychiatric Associa-
tion, 2013) criteria. The ADOS-2 Overall Comparison Score, which re-
ports ASD symptom severity on a scale from 1 to 10, was calculated and
used in correlational analyses. Participants were included in the study
only if stable on any medication dosage for at least 3 months before the
study. Of these participants in Experiment 1, 11 participants with ASD (9
males, 2 females), 7 NT participants (5 males, 2 females) and one addi-
tional NT male participant also attended Experiment 2. Two ASD par-
ticipants and one NT participant were excluded before analysis because
of observed head motion and low data quality in the scanner, resulting in
a final sample of 9 ASD participants and 7 NT participants in Experiment
2. All participants provided written informed consent to participate, and
were monetary compensated for their time. The research protocol was
approved by the Institutional Review Board of the University of
Washington.

MRI acquisition. Data were acquired using a Philips Achieva 3-tesla
scanner with a 32-channel high-resolution head coil. T1-weighted MPRAGE
structural MRI data were acquired in each session at 1 mm isotropic
resolution. Functional MRI data (gradient echo EPI) were acquired with
3 � 3 mm in-plane resolution. Thirty oblique-axial slices were obtained
(3 mm slice thickness, separated by a 0.5 mm gap). Other scan parame-
ters: 2 s TR, 25 ms TE, 79° flip angle, A-P phase-encode direction. At the
start of each session, an opposite phase-encode direction (P-A) scan (1
TR) was acquired for distortion compensation. Each subject underwent
two 1-h-long scanning sessions for Experiment 1, each including primary
visual cortex (V1) and middle temporal area (MT�) functional localizer
scans and two experimental scans. This experiment was performed as
part of a larger set of visual fMRI experiments focused on the neural
mechanisms of surround suppression in ASD, additional functional
scans that were included in the sessions are reported elsewhere (Schallmo
et al., 2019a). Experiment 2 took place between 1 and 3 years after com-
pletion of Experiment 1 (mean time difference between experiments for
each participant: 647 d, SD � 292). Participants completed one (NT) or
two (ASD) 1-h-long scanning sessions in this experiment. During all
scanning sessions, subjects’ eye movements were recorded using an Eye-
Link 1000 Plus eye-tracker, sampling at 1000 Hz.

Stimuli and task design. Stimuli were displayed via projector (Epson
Powerlite 7250 or Eiki LCXL100A, following a hardware failure), oper-
ating at 60 Hz using Presentation software v14.9 (Neurobehavioral Sys-
tems) on a PC running Windows XP. Images were projected on a
semicircular screen at the rear of the scanner, and viewed through a
mirror on the head coil at a distance of 66 cm. Projector luminance was
linearized using custom software.

Experimental stimuli were similar to those described previously
(Schallmo et al., 2018). Briefly, drifting sinusoidal luminance modulated
gratings at two different Michelson contrast levels (low � 3%, high �
98%) were used, with a spatial frequency of 1 cycle/° and a drift rate of 4
cycle/s. Gratings were presented within a circular window, whose edges
were blurred with a Gaussian envelope (SD � 0.25°). In Experiment 1
stimuli diameter was 2° visual angle, and they were presented in the
center of the screen. In Experiment 2, four gratings were presented si-
multaneously in the four quadrants of the visual field, each subtending 3°
visual angle diameter and centered at an eccentricity of 5°. In both exper-
iments grating orientations (0°, 45°, 90°, 135°) and drifting directions
changed after a presentation duration of 400 ms, with an interstimulus
interval of 267 ms. Different orientations and motion directions ap-
peared with equal prevalence within each block, in a randomized order.
Blocks of drifting gratings alternated with blank background blocks, with
drifting gratings blocks alternating between high and low contrast grat-
ings. Each block was 10 s long, with a total of 25 blocks (6 high contrast,
6 low contrast, 13 blank). Each participant completed between 2 and 4
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experimental scans across 1–2 scanning sessions in each of the experi-
ments (some scans were cut short or canceled due to time constraints or
participants discomfort).

Functional localizer scans were acquired to identify regions-of-interest
(ROIs), with designs closely resembling that of the experimental scans,
and with stimuli in the same retinotopic locations. To identify areas V1,
V2, and V3 in the visual cortex, the stimuli used were circular 100%
contrast checkerboards phase-reversing at 8 Hz, in the same size and
location/s as the experimental stimuli (i.e., 2° diameter in the center of
the screen in Experiment 1, 3° diameter centered 5° from fixation in
Experiment 2). Blocks with flickering checkerboards alternated with
blank background blocks, each block 10 s long, for a total of 16 blocks per
scan. A second localizer was used to identify human MT complex
(MT�); we use this annotation to clarify that we did not attempt to
distinguish between MT and medial superior temporal area (MST), both
of which are motion selective (Huk et al., 2002). Stimuli were sinusoidal
luminance modulated gratings at 15% contrast. Stimuli were the same
size and had the same spatial frequency as the experimental stimuli, and
were presented in the same retinotopic locations (at fixation in Experi-
ment 1, 5° eccentricity in Experiment 2), without edge blurring. Blocks of
drifting gratings (4 cycle/°, same drift rate of the experimental stimuli)
alternated with blocks of static gratings, each block 10 s long, for a total of
24 blocks per scan. In Experiment 2 an additional localizer run was
included to identify the horizontal and vertical meridians. Wedges of
100% contrast polar checkerboards phase-reversing at 8 Hz were pre-
sented along either the horizontal or vertical meridian of the visual field
in alternating blocks, each block 10 s long, for a total of 16 blocks per
scan.

Throughout all blocks in all functional scans, participants were en-
gaged in a conjunctive color-shape detection task in the center of the
screen, to encourage fixation and maintain engagement and wakefulness.
Participants were instructed to press a button when a green circle ap-
peared in a series of small, briefly presented color shapes (green circle,
green square, blue square, blue hexagon, red hexagon, red star, purple
star, or purple circle), superimposed on the experimental stimuli (i.e.,
gratings/checkerboards). Shapes subtended 0.5° of visual angle, and ap-
peared for 66 ms in a rate of 1.33/s. Performance in this task was of no
interest for the main experimental design, but served as a measure of
compliance; runs in which the hit rate was �60% were excluded from the
fMRI analysis, as detailed below. We further examined the possible con-
tribution of performance differences to our neuroimaging findings by
directly comparing the hit rate between groups. This analysis showed an
overall high hit rate, and no differences between ASD and NT (t(46) �
�0.49, p � 0.628; Fig. 7a).

MRI data processing. Data were preprocessed using BrainVoyager QX
v2.8.4 (Brain Innovation) software. EPI data were motion-corrected,
corrected for distortion due to magnetic field inhomogeneities, high-
pass filtered (cutoff � 2 cycles/scan), and coregistered to the AC–PC-
aligned T1 structural scan.

ROIs were identified from the localizer scan data using correlational
analyses with an initial threshold of p � 0.05 (Bonferroni corrected). In
Experiment 1 ROIs were defined for each hemisphere in two anatomical
regions: a region of early visual cortex in the occipital pole right outside
the calcarine sulcus, selective to the retinotopic position of the central
stimulus (referred to here as V1; the activation to a central 2° stimuli lies
within the foveal confluence, where V1/2/3 could not be distinguished
with current resolution; Schira et al., 2009); and motion-selective MT�
in the lateral occipital lobe (Fig. 1b). In Experiment 2 seven ROIs were
defined for each hemisphere: regions of visual cortex in the occipital pole
corresponding to dorsal and ventral V1, V2, and V3, selective to the
retinotopic positions of the peripheral stimuli in the four quadrants of
the visual field, and motion-selective MT�. ROI position was defined
manually, verified by visualization on an inflated model of the cortical
white matter surface (Figs. 2b, 5b). Peripheral V1, V2, and V3 ROIs were
segregated using the meridian localizer scan results as a guideline. The
top 20 most significant voxels (in functional space) within each ROI were
used in the analysis. In a few cases, where there were not 20 functional
voxels within an ROI that met the statistical threshold above, the thresh-
old was relaxed until 20 voxels from the surrounding region were in-

cluded, resulting in a constant ROI size of 20 voxels for all regions and all
participants. In Experiment 2 there were some cases where no obvious
cluster of voxels was present after the threshold was lowered, or where
borderlines between regions were not clear, and these ROIs were ex-
cluded. This resulted in one ventral V2 ROI and two ventral V3 ROIs
excluded for NT participants, no such exclusions occurred among ASD.

Average time courses across the 20 voxels in each ROI were deter-
mined for each block. Percentage-transformed time courses were then
calculated for each block: first, for each stimulus block, we extracted 12
time points corresponding to �4 s before stimulus onset to 18 s after
stimulus onset. Then we converted the values to percentage signal change
relative to the mean value of time points �4, �2, and 0 (reflecting the
best-estimate of “baseline” before stimulus onset). Specifically, each
time course was normalized by subtracting and dividing by the mean of
the prestimulus time points and multiplying by 100. The resulting block
time courses were then averaged over blocks of the same condition,
across hemispheres, and across runs and sessions, yielding one such time
course for low contrast and another for high contrast for each subject.
Finally, to extract a univariate measure to be used in the statistical anal-
yses, the average response magnitude in time points 8 –12 s was calcu-
lated from each of these time courses. Some blocks/runs were excluded
from averaging because of head motion or low task performance, accord-
ing to the following criteria: data for a given block was excluded because
of head motion if the framewise displacement in successive TRs was �0.9
mm (Power et al., 2014; Siegel et al., 2014), up to and including 8 TRs
before the stimulus block or 2 TRs after it. If more than one-half the
blocks of either condition were excluded, or a subject had a hit rate of
�60% in the central fixation task, the whole run was excluded. If �2 runs
remained for a subject, than the subject was excluded from analysis com-
pletely. This procedure resulted in 6 –24 blocks per condition for each
participant included in the final data analysis [ASD participants: mean
21.58 (SD � 4.19); NT participants: mean 22.38 (SD � 3.64); t(46) �
�0.68, p � 0.497].

A secondary analysis was conducted to further control for head move-
ments and other non-neural noise by projecting out signal associated
with noise based on the compCor procedure (Behzadi et al., 2007) as
implemented in FMRIPREP v1.5.2 (Esteban et al., 2019). Principal com-
ponents were estimated for the two CompCor variants: temporal
(tCompCor) and anatomical (aCompCor). A mask to exclude signal
with cortical origin was obtained by eroding the brain mask, ensuring it
only contained subcortical structures. tCompCor components were then
calculated including only the top 5% variable voxels within that subcor-
tical mask. For aCompCor, components were calculated within the in-
tersection of the subcortical mask and the union of CSF and WM masks
calculated in T1w space, after their projection to the native space of each
functional run. Up to 6 components from each variant, or less if the
cumulative explained variance exceeded 50%, were included in addition
to the six motion parameters as regressors in a GLM, and the residual
time courses were used for consecutive processing as in the main analysis.
The results of this analysis yielded qualitatively identical results to the
main analysis, and hence are not further reported.

Head motion analysis. A head motion censoring procedure was applied
before event related averaging as described in the MRI data processing
section, and an additional noise removal step using compCor was shown
to yield identical results. However, these preprocessing steps do not pre-
clude residual head motion in the signal. Although the opposite direction
of effects found in V1 and MT� (attenuation in V1 and amplification in
MT� among the ASD group; see Results) argues against the possibility
that these findings are driven by differences in data quality between the
groups, we further examined the possible effect of head motion on the
results. Unsurprisingly, the average framewise displacement (FD) in
the data segments that were included in the final analysis was higher in
ASD than in NT (t(46) � �2.24, p � 0.030; Fig. 7b). However, when
splitting the ASD group according to the median value of V1 response
amplitude to high contrast stimuli, comparing participants with high
response to participants with attenuated response, there were no differ-
ences in FD (t(22) � �0.010, p � 0.923; Fig. 7b). The same pattern of
results was obtained when splitting the group according to V1 response
amplitude to low contrast stimuli or according to MT� response ampli-
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tude to either contrast level. Furthermore, average FD was not correlated
with V1 response amplitude (high contrast: r22 � 0.12, p � 0.394; low
contrast: r22 � �0.26, p � 0.073) or with MT� response amplitude
(high contrast: r22 � �0.15, p � 0.307; low contrast: r22 � �0.16, p �
0.266). To summarize, although ASD participants had more head mo-
tion during the scans than NT, this difference is not driving the observed
group differences in the study.

Eye tracking. When possible, subjects’ eyes were tracked during scan-
ning using an EyeLink 1000 Plus eye-tracker, sampling at 1000 Hz. Be-
cause of the challenges of eye-tracking in the scanner, especially with
participants wearing glasses, we were able to collect good quality data for
56% of subjects (11 ASD participants, 16 NT participants). We identified
fixation periods using a dispersion-based fixation detection algorithm
(Anliker, 1976; Blignaut, 2009) along with a subtractive post hoc drift
correction (Vadillo et al., 2015). Fixations were defined within set peri-

ods of at least 100 ms for which the maximum distance of any gaze
position measurement within the set compared with the set’s centroid
does not exceed a threshold radius of 1°. Next, post hoc drift correction
was performed by calculating the average gaze position across all fixa-
tions within a 10 s period, taking the difference between this average
fixation position and the intended fixation position (i.e., the fixation
mark at the center of the screen), and subtracting this value from all gaze
position measures within the 10 s period. We found no group differences
in eye movement behavior in the subjects whose eyes were successfully
tracked: no difference between ASD and NT in the proportion of time
spent fixating (two-tailed t(25) � �0.58, p � 0.566; Fig. 7c), or in the
mean distance of eye position from the fixation mark (two-tailed t(25) �
�1.22, p � 0.235; Fig. 7c). Notably, one ASD participant had an extreme
value in the latter measure; excluding him from the sample did not alter
any of the effects reported in the main text. We further compared the
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Figure 1. Task, ROIs, and fMRI responses. a, Drifting gratings (2° diameter) were presented in the center of the screen, changing direction every 400 ms. Stimuli were high contrast (98%) or low
contrast (3%) in different blocks. Participants were asked to press a button when a green circle appeared. Blocks were 10 s long and alternated with 10 s blocks of the fixation task only. b, ROIs in left
and right V1 and MT� were defined using independent localizer scans. ROIs in the right hemisphere are shown for an example NT participant overlaid on an inflated cortical surface. (c, d) time
courses and (e, f ) average magnitude of peak fMRI responses of NT (blue) and ASD (red) participants, for high contrast (solid lines) and low contrast (broken lines) stimuli. Shaded regions in c-d
deonte the time window for averaging in e-f. Error bars denote standard error of the mean (S.E.M). ASD responses are higher than NT responses in MT� but lower in V1.
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ASD subjects who had available eye-tracking data to those who did not,
to examine the possibility that the eye-tracking data are not representa-
tive of our sample, or that eye-tracking data availability is otherwise
confounded with our findings. We found that subgroups of ASD partic-
ipants with (n � 11) or without (n � 13) eye-tracking data did not differ
in any demographic variables (age, sex, or IQ), ASD symptom severity (as
assessed with the ADOS-2 total comparison score), or fMRI responses in
any of the examined ROIs.

Psychophysical tasks. Stimuli were presented using a ViewSonic PF790
CRT monitor (120 Hz) with an associated Bits# stimulus processor
(Cambridge Research Systems). The monitor luminance was linearized
using custom software. Stimuli were presented on a Windows PC in MAT-

LAB (MathWorks) using Psychtoolbox-3, with a
chin rest used to stabilize head position at a view-
ing distance of 66 cm.

The contrast detection task was described in
detail previously (Murray et al., 2018). Briefly,
the task was to detect whether a Gabor (sinu-
soidal luminance modulation within a Gauss-
ian window, SD � 0.42°, FWHM � 1°, 1.5
cycles/°, vertical or horizontal orientation) was
presented at the center of a mean gray back-
ground during either the first or second of two
possible stimulus presentation intervals. Stim-
ulus contrast was adjusted using a staircase
procedure, to determine the lowest contrast
that could be detected with 80% accuracy (i.e.,
the threshold).

The motion discrimination task is described
and reported in detail previously (Murray et
al., 2018; Schallmo et al., 2018, 2019b). Briefly,
drifting sinusoidal luminance modulated grat-
ings at two different Michelson contrast levels
(low � 3%, high � 98%) and three different
sizes (diameter � 0.84°, 1.7°, and 10°) were
presented in the center of the screen on a mean
luminance background. Motion speed was 4
cycles/s, and spatial frequency was 1.2 cycles/°.
Gratings were presented within a circular aper-
ture, whose edges were blurred with a Gaussian
envelope (SD � 0.21°). Participants were in-
structed to indicate the motion direction of the
grating (left or right). Stimulus duration was
adjusted using a staircase procedure to deter-
mine the amount of time needed to correctly
discriminate motion direction with 80% accu-
racy (i.e., the threshold). For the purpose of the
current analysis, we computed a geometric
mean across thresholds from different condi-
tions, to create an overall estimate of motion
sensitivity. For four NT participants and two
ASD participants, thresholds were not ob-
tained for the smallest stimulus size; hence,
their data from this task were not included.
One NT and one ASD participant were ex-
cluded from the analysis due to catch trials ac-
curacy �80%. One additional ASD participant
was excluded because his threshold was �3 SD
away from the groups’ mean. This resulted in a
final sample of 19 NT and 20 ASD participants
for the motion discrimination task.

Statistics. Statistical analyses were performed
in MATLAB R2017a and in SPSS v19. Experi-
mental task fMRI data were analyzed using
three-way mixed repeated-measures ANOVA,
with stimulus contrast and ROI as within-
subjects factors and group as a between-subject
factor; and group differences in localizer fMRI
data and in psychophysical tasks were assessed
using two-sample two-tailed t tests. Correla-

tions were assessed using Pearson’s correlation coefficient, and correla-
tion coefficients for the two groups were compared using Fisher’s Z
transform and test.

Data Availability. All data reported in the manuscript, including neu-
roimaging and behavioral data, is available through the NIH National
Database for Autism Research (NDAR). Raw data for experiment 1 is also
available on openneuro.org (ds002522).

Results
We measured sensory driven fMRI responses in early visual cor-
tex in a sample of adult individuals diagnosed with ASD and in a
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Figure 2. Probability maps showing V1 (a) MT� (b) ROI locations for NT (blue) and ASD (red) participants. Percentage overlap
across subjects calculated in Talairach space and displayed on an individual subject’s anatomical image.
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demographically-matched sample of NT control participants.
Experimental stimuli were small (2° diameter) moving sine wave
gratings (Fig. 1a) presented at the center of the visual field in
blocks of very low contrast (3%) and very high contrast (98%).
Response amplitudes were measured in two ROIs: an early visual
area was at the foveal confluence near the occipital pole, and we
refer to it hereafter as V1. The second ROI was human MT com-
plex (MT�), a higher-order area in extrastriate cortex that re-
sponds selectively to visual motion (Figs. 1b, 2). To emphasize
sensory driven responses and promote stable eye fixation and
attentional engagement, participants performed a conjunctive
color-shape detection task at the center of the screen throughout
all conditions in all scans. fMRI responses were calculated for
both low- and high-contrast stimuli relative to a blank (fixation
only) baseline condition.

Average time courses (Fig. 1c–f) showed responses that were
strongly modulated by stimulus contrast in both ROIs, as ex-
pected (main effect of contrast: F(1,46) � 110.17, p � 0.001, �p

2 �
0.71). Responses in MT� were overall higher than in V1 (main
effect of ROI: F(1,46) � 90.37, p � 0.001, �p

2 � 0.66). Importantly,
there was a significant interaction of ROI and group (F(1,46) �
8.62, p � 0.005, �p

2 � 0.16). Follow-up simple effects analyses,
collapsing across contrasts, revealed stronger MT� responses in
ASD than in NT, in line with the E/I model prediction (t(46) �
2.22, p � 0.032). However, V1 responses had the opposite pat-
tern, with responses being lower in ASD than in NT (t(46) �
�2.41, p � 0.020). No other effects in the ANOVA were
significant.

Moreover, the most striking difference between the groups
was in the relationship of responses in V1 and MT� across indi-
vidual participants (Fig. 3). There was a significant negative
correlation between V1 and MT� response magnitudes to high
contrast stimuli among individuals with ASD: participants with
lower V1 responses showed higher MT� responses (r22 � �0.50,
p � 0.013). This relationship between V1 and MT� was not

evident in the NT individuals, and even had the opposite trend
(r22 � 0.19, p � 0.373; significantly different from the correlation
among ASD as tested with Fisher’s z test: z � 2.41, p � 0.016).

Importantly, attenuation of V1 seems to be stimuli-specific.
When examining the responses to a flickering checkerboard dur-
ing the localizer scan, all participants had robust and comparable
responses to the stimuli (Fig. 4a). Consequently, V1 was reliably
defined for all participants. There were no group differences in
the size of the ROI (fixed to 20 voxels; see Materials and Methods)
or in its spatial location (Fig. 2, heat maps). At the same time,
MT� was not as strongly driven by the checkerboard stimuli as it
was by drifting gratings, and these responses were not different
between groups (t(46) � 0.79, p � 0.435; Fig. 4b). This pattern of
results suggests that the attenuated V1 responses are stimulus-
specific, and depend on the motion information and/or on the
activation of MT�: V1 attenuation is observed when the stimuli
strongly activate MT�, but not in the flickering checkerboard
condition when MT� is only weakly stimulated.

An inspection of individual subjects’ data revealed that for
some ASD participants, responses to the drifting gratings in the
experimental runs were not only attenuated but were even below
the baseline response, suggesting a suppressive effect. Moreover,
in these participants with the most attenuation, there was a rever-
sal in contrast response, with responses for high contrast stimuli
being lower than responses to low contrast stimuli (Figs. 4d, ex-
ample participants, 5, all individual data). Based on these obser-
vations, we suggest that enhanced suppressive feedback from
higher-order area MT� is underlying attenuated V1 responses.

To further explore the notion that suppressive feedback from
MT� drives the observed attenuation of V1 responses, we next
examined V1 responses to an independent set of stimuli. If the
attenuation of V1 is a stable individual-difference trait, we would
predict it would manifest in responses to a variety of moving
stimuli. Thus, we examined V1 response in the MT-localizer
scan; a scan during which we know that MT� is strongly en-
gaged. In this scan, blocks of drifting medium contrast (15%)
gratings alternated with blocks of stationary gratings. The re-
sponses in V1 to this contrast were overall low, because of the
constant visual stimulation; however, response magnitudes of
ASD participants were correlated with response magnitudes in
the main experiment (r22 � 0.42, p � 0.041; Fig. 4c), indicating
stability of V1 attenuation across scans.

Interestingly, response magnitudes in both V1 and MT� were
differentially correlated with autism symptom severity, as quan-
tified using the total comparison score from the ADOS-2 (Fig. 6;
V1: r22 � �0.46, p � 0.024; MT�: r22 � 0.41, p � 0.047), indi-
cating that response magnitude in visual cortex in ASD may be
clinically relevant.

We ruled out the contribution of a number of potential con-
founding variables to the attenuated V1 response, including
differences in fixation task performance, head motion, and eye
movement patterns (Fig. 7). We also rescanned a subgroup of
ASD participants on a different session, to test for reliability of the
response amplitude effects, and demonstrated a highly replicable
pattern of V1 and MT� responses (Fig. 8).

In the experiment described thus far, stimuli were presented
in the center of the visual field, hence the analysis was confined to
a region in the foveal confluence, likely within V1. To further
investigate response magnitude in other regions along the visual
pathway, specifically intermediate-order regions V2 and V3 lying
in between V1 and MT�, we conducted a second experiment
with stimuli presented in the periphery of the visual field. Drifting
gratings subtending 3° of visual angle were presented in the four
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quadrants of the visual field simultaneously, at an eccentricity of
5°, with all other parameters identical to the primary experiment
(Fig. 9a). ROIs were defined in ventral and dorsal V1, V2, and V3,
and in area MT� (Fig. 9b; see Materials and Methods). Re-

sponses were strongly modulated by stimulus contrast in all ROIs
and for both the ASD and NT groups, as expected (all F(1,14) �
46.7, p values � 0.001, �p

2 � 0.77). Response amplitudes in the
ASD group were slightly higher than in the NT group in all
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ROIs, however, these group differences were not significant
(all F(1,14) � 2.71, p values � 0.162; Fig. 9c–f ). Interestingly,
this includes V1 responses, indicating that attenuation of early
visual response is restricted to subregions of V1 retinotopi-

cally mapped to the center of the visual field (i.e., the perifo-
veal region).

Finally, to examine possible behavioral consequences of
differences in neural response magnitude in visual cortex, we
measured performance on two psychophysical tasks using fo-
veal stimuli: contrast detection, associated with early visual
cortex activity (Boynton et al., 1999; Ress and Heeger, 2003);
and motion perception, known to be tightly linked to MT�
responses (Turkozer et al., 2016; Chen et al., 2017). Contrast
detection thresholds were not different between ASD and NT
(t(46) � �0.05, p � 0.957; Fig. 10a), whereas motion discrimina-
tion thresholds were significantly lower in ASD than in NT
(t(37) � 2.77, p � 0.009; Fig. 6b), indicating typical contrast sen-
sitivity but higher motion sensitivity in ASD. These psychophys-
ical thresholds did not correlate with the fMRI measurements.

Discussion
Our results demonstrate differences in
fMRI response magnitude in participants
with ASD that vary between adjacent
stages of processing in the visual pathway:
attenuated responses in V1 and increased
responses in higher-order area MT�. This
pattern of magnitude change is stimulus-
specific; V1 responses were attenuated for
moving stimuli (drifting gratings) but not
for static stimuli (flickering checkerboards).
Moreover, the attenuation of V1 responses
was proportional to the responses in the
motion-sensitive area MT�, suggesting a
causal link may exist between the two.

Notably, differences in attention to or
away from the visual stimuli could not
explain the marked attenuation of V1 re-
sponses in ASD. Participants were per-
forming a conjunctive detection task at
fixation during all fMRI scans with equiv-
alently high accuracy in both groups and
across different background stimuli (e.g.,
drifting gratings and flickering checker-
boards). If attenuated V1 responses to the
gratings were attributed to filtering or
suppression of the gratings because of
competition with the fixation task, similar
attenuation would have been observed for
static stimuli. Furthermore, such atten-
tional effects are expected to occur in MT
as well; however, our results point to an
opposite pattern of results, increased MT
responses concurrent with attenuated V1
responses. Similarly, fixation stability as
measured with an eye tracker was equiva-
lent across ASD and NT participants, and
compliance with fixation instructions was
overall high, ruling out the possibility of
eye movements underlying the observed
pattern of responses.

The visual system is hierarchically or-
ganized, with information traveling for-

ward from V1 to MT�, both directly and through V2 and V3
(Ungerleider and Desimone, 1986; Felleman and Van Essen,
1991). In addition to these feedforward projections, feedback

0

5

10

15

0

5

10

15

0 11 2
MT+ response (%)V1 response (%)

AD
O

S-
2 

sc
or

e
a b

r22 = -.46
p = .024

r22 = .41
p = .047

High contrast High contrast

Figure 6. FMRI response amplitudes correlate with ASD symptom severity. V1 (a) and MT� (b)
responses are significantly correlated with the ADOS-2 total comparison score, i.e., participants with
high MT� and Low V1 responses experience more severe behavioral symptoms of ASD.

NT ASD
0

0.5

1

Hi
t R

at
e 

(%
 )

NT ASD
0

0.04

0.08

0.12

M
ea

n 
Fr

am
ew

ise
 D

isp
la

ce
m

en
t (

m
m

)

ASD
Low V1

ASD
High V1

NT ASD
0

0.5

1

Ti
m

e 
Fi

xa
tin

g 
(%

)

NT ASD
0

0.4

0.8

1.2

M
ea

n 
Di

st
an

ce
 F

ro
m

 F
ixa

tio
n 

(c
m

)

a b

c

Figure 7. Examination of possible data quality confounds. a, No group differences in performance of the conjunctive shape-
color detection task at fixation during fMRI scans. b, More head motion in ASD than in NT. However, no differences in head motion
between ASD participants with low V1 responses and those with high V1 responses. c, No group differences in adherence to fixation
instructions during fMRI scans. See detailed description of these analyses in Materials and Methods. Error bars denote S.E.M.

Kolodny et al. • Response Dissociation in Cortical Circuits in ASD J. Neurosci., March 11, 2020 • 40(11):2269 –2281 • 2277



0

0.5

1

1.5

2
MT+

0

0.5

1

1.5

2
V1

12 16840

time (s)
12 16840

time (s)

fM
RI

 re
sp

on
se

 (%
)

fM
RI

 re
sp

on
se

 (%
)

High contrast
Low contrast

NT
ASD experiment 1
ASD experiment 2

Figure 8. Replication of Low V1 and high MT� responses in ASD. ASD participants who attended Experiment 2 were also rescanned with the original paradigm from Experiment 1, to examine
the repeatability of the findings. Attenuation of V1 and amplification of MT� were replicated in this second scan. Shaded regions denote time window for averaging the peak magnitude of fMRI
response. Error bars denote S.E.M.

0 4 8 12 16

0

1

2

3

0 4 8 12 16

0

1

2

3

0 4 8 12 16

0

1

2

3

0 4 8 12 16

0

1

2

3

a b c
fM

RI
 re

sp
on

se
 (%

)
MT+

fM
RI

 re
sp

on
se

 (%
)

time (s) time (s) time (s)

V1 V2 V3

dV1

dV2

dV3

vV1

vV2

vV3

fM
RI

 re
sp

on
se

 (%
)

fM
RI

 re
sp

on
se

 (%
)

d e f

Figure 9. Design and results of Experiment 2: peripheral presentation of gratings stimuli. a, Gratings (3° diameter) drifting simultaneously in the four quadrants of the visual field, centered 5°
away from fixation. All other task details identical to Experiment 1. b, ROIs in left and right ventral (v) and dorsal (d) V1, V2, and V3, and MT� were defined using independent localizer scans. ROIs
in the left hemisphere are shown for an example ASD participant. c–f, Response magnitude in ASD is similar and somewhat higher than response in NT in all ROIs, including V1. Shaded regions in
the timecourses denote time window for averaging the peak magnitude of fMRI response. Error bars denote S.E.M.

2278 • J. Neurosci., March 11, 2020 • 40(11):2269 –2281 Kolodny et al. • Response Dissociation in Cortical Circuits in ASD



from MT� to V1 is also well established (Maunsell and van Es-
sen, 1983; Shipp and Zeki, 1989; Bullier, 2001; Pascual-Leone and
Walsh, 2001; Muckli et al., 2005; Silvanto et al., 2005; Sillito et al.,
2006) with inhibitory feedback connections outnumbering excit-
atory feedback connections (Bullier et al., 1996; Hupé et al.,
1998). Given this feedforward and feedback circuitry, we consid-
ered two possible general mechanisms that could explain the re-
lationship between V1 and MT� responses in our experiment.
First, V1 responses could be intrinsically attenuated via abnormal
V1 circuitry in ASD, and the enhancement of MT� responses
may be a consequent of a compensatory response to attenuated
V1 input. This possibility is consistent with homeostatic mecha-
nisms that are known to modulate excitation around a set point
(Turrigiano, 2011, 2012; Gainey and Feldman, 2017), and hy-
pothesized to be altered in ASD (Ramocki and Zoghbi, 2008;
Nelson and Valakh, 2015). An alternative possibility is that the
attenuated V1 responses in ASD result from enhanced suppres-
sive feedback from MT�.

There are four observations that lead us to favor a suppressive
feedback mechanism. First, attenuation in V1 only occurred for
motion stimuli that strongly drive MT� responses. V1 re-
sponses for checkerboards stimuli, that do not strongly engage
MT�, were typical. Second, in at least a subset of subjects with
ASD, attenuation in V1 was stronger and even below baseline for
high contrast stimuli. In this subset of subjects this resulted in
inverse contrast response functions; higher responses in V1 for
low contrast stimuli than high contrast stimuli. It is difficult to
explain this observation via a compensatory mechanism. However,
enhanced suppressive feedback predicts that any condition, such
as an increase in luminance contrast, that increases MT� re-
sponses will result in a corresponding decrease in V1 responses.
The third important observation is that the attenuated V1 re-
sponses were observed only when the stimuli were presented in
the center of the visual field, consistent with known suppressive
feedback pathways that specifically target foveal retinotopic cor-
tex (Williams et al., 2008; Chambers et al., 2013; Fan et al., 2016).
Finally, our psychophysical results demonstrate that contrast de-
tection thresholds were equivalent between ASD and NT individ-
uals. Contrast detection is a task that likely depends heavily on the
integrity of feedforward processing in early visual cortex (Boyn-
ton et al., 1999; Ress and Heeger, 2003). The fact that no signifi-
cant differences were observed suggests intact feedforward

processing of static visual stimuli in early
stages of the visual pathway in ASD, and is
consistent with previous reports of typical
low-level visual processing (de Jonge et
al., 2007; Koh et al., 2010a; Tavassoli et al.,
2011). Motion discrimination thresholds,
on the other hand, were lower in ASD
than in NT, in line with previous findings
(Foss-Feig et al., 2013; but for the opposite
result, see Schauder et al., 2017; Sysoeva et
al., 2017). This result is consistent with the
higher fMRI response found in MT� in
the ASD group. It is also consistent with
the broader literature of atypical motion
perception in ASD (Spencer et al., 2000;
Koh et al., 2010b; Chen et al., 2012; Rob-
ertson et al., 2012; Manning et al., 2015).
Overall, although the evidence appears to
favor enhanced suppressive feedback in
ASD over a compensatory mechanism,
future research that more precisely targets

the dynamics of this effect (e.g., disruption of MT� responses via
TMS) is necessary to better understand the underlying processes.

Previous imaging studies examining visual processing in ASD
have yielded mixed results. MT� response has been reported to
be low (Herrington et al., 2007), high (Brieber et al., 2010), or
typical (Koldewyn et al., 2011) in ASD. Similarly, some studies
have found typical responses in V1 (Dinstein et al., 2012), whereas
others reported enhanced V1 response (Brieber et al., 2010). Specif-
ically, our current results are at odds with two previous studies that
measured responses to partially-coherent moving dots displays:
Brieber et al. (2010) reported enhanced responses in ASD in both
V1 and MT�, whereas Robertson et al. (2014) reported reduced
responses in both regions. However, as highlighted by the latter
study, differences in behavior as well as in neural circuits in ASD
are specific to certain experimental conditions and stimulus
properties. Robertson et al. (2014) demonstrated group differ-
ences when the duration of stimuli presentation is short and there
is limited information to form a global percept, but not when
stimuli are presented for a longer period of time. Additionally,
Robertson et al. (2014) and Brieber et al. (2010), as well as others
(Manning et al., 2015) show that group differences depend on
coherence of the motion signal. Other factors that have been
found to modulate group differences in motion perception in-
clude speed (Manning et al., 2013) and stimulus size (Schauder et
al., 2017). Thus, inconsistency in imaging findings could be re-
lated to the choice of motion stimuli and experimental details in
the fMRI paradigms. Our current findings highlight further chal-
lenges in characterizing visual processing changes in ASD. First,
the effects in this study depended on retinotopic location. If, for
example, we had placed the stimuli in more traditional peripheral
locations, as commonly done in visual neuroscience studies using
fMRI, and specifically in previous ASD studies (Dinstein et al.,
2012; Robertson et al., 2014; Haigh et al., 2015), we would not
have observed any group differences. Furthermore, the task-
relevance of the motion signals is a potentially important issue,
and its effect on neural processing is yet to be assessed. The sub-
tlety and specificity of visual processing differences in ASD may
yield mechanistic insights as to their origin, but also render them
hard to detect and make it difficult to generalize across paradigms
and studies.

Second, it is important to note that the effect sizes reported in
this study are small to modest. An inspection of individual sub-
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jects’ data reveal that only a subset of the ASD group demonstrate
the pattern of attenuated V1 and enhanced MT� (Fig. 2, scatter
plot). Given the general heterogeneity of ASD, in clinical presen-
tation, behavior, and genetics (Jeste and Geschwind, 2014; Chaste
et al., 2015; Bedford et al., 2019; Lombardo et al., 2019), such
individual differences in neural response pattern are unsurpris-
ing. However, it implies that such effects are highly susceptible to
random differences between study samples, especially with small
sample sizes (Haigh et al., 2015). Overall, our results suggest that
characterizing differences in cortical circuitry in ASD likely re-
quires nuanced, individual-differences based approaches with
larger sample sizes.

Our findings of differential response magnitude at different
stages of processing in the visual pathway are in line with recent
work in mouse models of ASD, indicating complex patterns of
E/I imbalance. Although the original E/I model suggested brain-
wide alteration of E/I ratio that leads to an increase in neuronal
excitability, recent findings from animal work show that in-
creases in E/I at the synaptic level do not necessarily imply higher
firing rates, i.e., higher excitability (Antoine et al., 2019). It has
also been shown that E/I imbalance is region-specific (Gonçalves
et al., 2017), and that E/I balance changes throughout development
and can even flip direction (O’Donnell et al., 2017). These findings
suggest that the basic E/I model should be expanded and fine-
tuned to capture the complex dynamics of E/I. Our results extend
this claim to human neuroimaging, suggesting that future models
of E/I should account for the structure of functional pathways in
the brain and the possibility that ASD involves altered corticocor-
tical network interactions.
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