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The idiosyncratic brain: distortion of spontaneous
connectivity patterns in autism spectrum disorder

Avital Hahamy!, Marlene Behrmann? & Rafael Malach!

Autism spectrum disorder (ASD) has been associated with a reduction in resting state functional connectivity, though this
assertion has recently been challenged by reports of increased connectivity in ASD. To address these contradictory findings, we
examined both inter- and intrahemispheric functional connectivity in several resting state data sets acquired from adults with
high-functioning ASD and matched control participants. Our results reveal areas of both increased and decreased connectivity

in multiple ASD groups as compared to control groups. We propose that this heterogeneity stems from a previously unrecognized
ASD characteristic: idiosyncratic distortions of the functional connectivity pattern relative to the typical, canonical template. The
magnitude of an individual’s pattern distortion in homotopic interhemispheric connectivity correlated significantly with behavioral
symptoms of ASD. We propose that individualized alterations in functional connectivity organization are a core characteristic of
high-functioning ASD, and that this may account for previous discrepant findings.

At rest, the typical adult brain shows activation patterns that are cor-
related within brain networks. This intra- as well as interhemispheric
spontaneous functional connectivity has been robustly demonstrated
in studies using functional magnetic resonance imaging (fMRI)!-3, as
well as in human electrophysiological recordings®>. However, close
examination reveals that the level of connectivity is not uniform
across the cortex: for example, in the case of homotopic interhemi-
spheric connectivity, many primary sensory-motor regions show high
levels of connectivity, while higher order association regions do so
to a lesser degree®. Similarly, intra-network functional connectivity
varies between regions comprising each network’.

A substantial body of research has identified atypicalities in func-
tional connectivity patterns in individuals with ASD, a neurodevel-
opmental disorder diagnosed on the basis of deficits in social and
language abilities, as well as excessive repetitive behaviors® (although
note that the Diagnostic and Statistical Manual of Mental Disorders
fifth edition (DSM-V) has different criteria). The atypicalities, which
include reduction in various functional connections®-!1, and particu-
larly in interhemispheric connections!?-14, are taken as support for
the claim that the ASD brain is characterized by “underconnectiv-
ity” However, this claim of underconnectivity has been challenged by
recent studies reporting functional overconnectivity in ASD>-19.

Here we used a large database of f/MRI resting state scans (ABIDE)!4
to search for an underlying principle that may reconcile these conflict-
ing findings. Our results reveal a new and robust abnormality in the
ASD connectivity, which relates to the topographical nature of the
functional connectivity patterns rather than to their overall strength.
Specifically, we found that the canonical pattern of functional con-
nectivity seen in typical controls showed significant and individually
distinct (idiosyncratic) distortions in participants with ASD. The
idiosyncratic nature of these distortions led to high inter-subject
variability in the connectivity patterns of individuals with ASD as

compared to controls, evident in both intra- and interhemispheric
connectivity patterns across all data sets examined. The magnitude
of individual distortions in homotopic interhemispheric connectivity
was also correlated with behavioral measures of ASD. These findings
point to exaggerated variations in the topographies of connection
patterns as a possible measure for characterizing brain alterations and
symptom severity in ASD, and offer a means for reconciling previous
discrepant empirical findings.

RESULTS

Homotopic interhemispheric connectivity

We first analyzed the homotopic interhemispheric functional con-
nections, since they offer a relatively simple yet robust subset of brain
connectivity>#. Furthermore, unlike the general case of functional
connectivity, the strength of these connections has been consist-
ently demonstrated to be reduced in ASD!>14, We examined the
voxel-wise differences in homotopic interhemispheric connectivity
of adult participants diagnosed with ASD and controls across five
separate data sets: CAL (California Institute of Technology), CMU
(Carnegie Mellon University), PBG (University of Pittsburgh), Utah-1
(University of Utah, first half) and Utah-2 (University of Utah, second
half) (see Online Methods, Table 1 and Supplementary Table 1). To
evaluate whether an ASD-related global (average across all connec-
tions) underconnectivity of interhemispheric connections was repro-
ducible across all data sets!3, we calculated the ratio between ASD and
control groups’ global interhemispheric connectivities for each data
set (see Online Methods). All ratios were found to be slightly smaller
than 1, indicating a weak but consistent reduction in global inter-
hemispheric connectivity in the ASD groups; however, this effect did
not survive correction for multiple comparisons (CAL: 0.88, CMU:
0.98, PBG: 0.91, Utah-1: 0.97, Utah-2: 0.94, Xz(lo) =21.22,P=0.48
corrected, Fisher’s method).
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Table 1 Demographics and behavioral statistics for ASD and control groups

Fraction Fraction right-

N Age male handed FSiQ viQ PIQ ADOS SOC ADOS COM ADOS RRB  ADI SOC ADICOM ADI RRB
Control 73 25.82 0.81 0.90 114.01 113.11 111.62
(0.79) (1.33)  (1.41) (1.26)
ASD 68 26.6 0.91 0.93 107.82 105.87 108.43 8.39 4.8 2.08 20.74 15.85 6.05
(0.77) (1.92) (2) (1.83) (0.33) (0.2) (0.22) (0.58) (0.5) (0.3)

Means, with s.e.m. values given in parentheses. FSIQ, full-scale IQ; VIQ, verbal 1Q; PIQ, performance 1Q; SOC, social; COM, communication; RRB, restricted and repetitive

behavior. See also Supplementary Table 1.

To assess whether the homotopic interhemispheric underconnec-
tivity of the ASD samples was topographically uniform across the
cortex, we inspected group maps of interhemispheric connectivity
(see Online Methods). In agreement with previous reports®, we
found a pattern of regional variations of interhemispheric con-
nectivity strengths across the cortex in both control and ASD
groups (Fig. 1a). The highest interhemispheric connectivity was
located in the primary somatosensory and motor cortices (pre-
and postcentral gyri), followed by other primary sensory areas
(occipital pole, Heschl's gyrus). Areas showing relatively low inter-
hemispheric connectivity were heteromodal association areas,
such as the frontal lobe and temporal regions (inferior and mid-
dle temporal gyri). However, even qualitative evaluation revealed
that there were marked differences between the interhemispheric
connectivities of ASD and control groups.

To quantify these interhemispheric connectivity differences between
control and ASD groups, we created between-groups ¢-test maps for
each data set separately and across the pooled cohort of participants
(see Online Methods). These maps revealed both regions of decreased
and regions of increased interhemispheric connectivity in ASD par-
ticipants relative to controls (Fig. 1c¢ and Supplementary Fig. 1).
We also used meta-analysis to assess the consistency in interhemi-
spheric connectivity effects across data sets (see Online Methods). The
resulting map displayed both areas of increased and areas of decreased
interhemispheric connectivity in ASD groups in comparison to con-
trol groups. This map strongly resembled the pooled ¢-test map, con-
firming the consistency of areas showing either increased or decreased
connectivity in ASD participants across data sets (Supplementary
Fig. 2). Thus, while our results revealed a global underconnectivity
trend, they also demonstrated consistent localized instances of over-
connectivity in ASD groups as compared to controls.

Spatial structure of group differences

In the search of an underlying principle for the mapping of under-
and overconnectivity effects, we compared the between-groups t-map
with the typical interhemispheric connectivity map in the pooled

Figure 1 Pooled homotopic interhemispheric group maps and between-
groups difference map. (a) Control group (n = 73) and ASD group

(n = 68) homotopic interhemispheric maps, combined across all data
sets. (b) Averaged homotopic interhemispheric map of all control and

ASD participants across data sets. (¢) Pooled between-groups t-test

map (control > ASD). Arrows demonstrate the correspondence between
directionalities of group differences (control > ASD or ASD > control)

and regional variation in homotopic interhemispheric connectivity in the
brain. The ASD group shows reduced interhemispheric connectivity in
regions of typically high interhemispheric connectivity (orange arrows) and
increased interhemispheric connectivity in areas of reduced connectivity
in the typical brain (blue arrows). Homotopic interhemispheric maps are
symmetrical across the midline, so only the right hemisphere is presented.
LOC, lateral occipital cortex; ITG, inferior temporal gyrus; PCG, post-
central gyrus; MFG, middle frontal gyrus. See also Supplementary

Figures 1 and 2, demonstrating the consistency of this effect in each
separate data set used in this study.

cohort of participants. Since the mean of each experimental group and
the difference between these means as assessed by t-tests are math-
ematically dependent, we compared an averaged interhemispheric
connectivity map across all 141 participants with the between-groups
difference map (Fig. 1b,c). These comparisons revealed that the direc-
tionality of group differences (control > ASD or ASD > control) in
interhemispheric connectivity depended on the typical magnitude
of interhemispheric connectivity. Specifically, regions that typically
showed high interhemispheric connectivity (for example, sensori-
motor cortex, occipital cortex) tended to have reduced connectivity
in ASD as compared to control participants. The opposite was true
for regions that typically showed low interhemispheric connectivity
(for example, frontal cortex, temporal cortex), which tended to have
increased interhemispheric connectivity in participants with ASD as
compared to controls. We will refer to this phenomenon as a ‘regres-
sion to the mean’ effect.

This ‘regression to the mean’ effect was also evident in data set—
specific analyses. To avoid circularity, we compared between-groups dif-
ference maps of each data set with control group maps excluding control
participants for which the difference maps were calculated (see Online
Methods). These comparisons again revealed that areas of typically high
interhemispheric connectivity showed lower levels of connectivity in
participants with ASD, and vice versa (Supplementary Fig. 1).

A straightforward prediction of the ‘regression to the mean’ effect
is that extreme voxel values (of both high and low interhemispheric
connectivity) in the ASD group maps should be attenuated in com-
parison to voxel values in the control group maps. This would lead to
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Figure 2 Schematic illustration of the spatial-distortion origins of the
‘regression to the mean’ effect. Each column presents graphics illustrating
three single-subject maps and one group map displaying two areas of
high homotopic interhemispheric connectivity (yellow-red) and an area

of low interhemispheric connectivity (blue-white). Arrows demonstrate
the alignment between single-subject maps. Group maps were created by
superimposing single-subject maps. The low spatial variability between
maps of control participants (left) results in a group map showing distinct
areas of high and low interhemispheric connectivity. However, the
idiosyncratic spatial distortions in each ASD single-subject map (right)

as compared with the control maps yields a ‘regression to the mean’
effect in the group map: areas of typically high levels of interhemispheric
connectivity show lower connectivity levels, and vice versa. Bars present
a quantitative comparison between the two maps of each row. Each

bar represents the value of a hypothetical voxel of highest homotopic
interhemispheric connectivity (H) and a hypothetical voxel of lowest
interhemispheric connectivity (L) of each map. Vertical lines illustrate the
dispersion of values in each map. The ‘regression to the mean’ effect is
evident at the group level as lower dispersion of values in the ASD group
map as compared to the control group map (bottom). This effect does not
stem from the single-subject level, since the dispersions of values within
ASD single-subject maps do not differ from those of control maps.

reduced variance of voxel-connectivity values across the ASD group
maps as compared to the variance of control group maps. This was
indeed found across all data sets, confirming the existence of a con-
sistent ‘regression to the mean’ effect (CAL: 0.52, CMU: 0.97, PBG:
0.55, Utah-1: 0.37, Utah-2: 0.47, X2(10) = 30.75 P = 0.01 corrected,
Fisher’s method).

Origins of the ‘regression to the mean’ effect

The group-level ‘regression to the mean’ effect may stem from two
different phenomena at the single-subject level. First, the observed
group effects may be due to a ‘regression to the mean’ effect operating
within each individual’s brain in the ASD group. To test this possibil-
ity, we used the same quantitative measure applied to the group maps
for the single-subject maps and measured the variance of interhemi-
spheric connectivity values in each individual brain. Comparison of
the ratios of group-averaged single-subject variances across data sets
did not show a consistent between-groups effect, and most ratios
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actually showed an opposite trend (higher variance in ASD partici-
pants), suggesting that the group ‘regression to the mean’ effect did
not stem from ‘regression to the mean’ at the single-subject level
(CAL: 1.05, CMU: 1.04, PBG: 1.14, Utah-1: 1.1, Utah-2: 0.98).

An alternative explanation for the observed group ‘regression to the
mean’ effect is that participants with ASD showed greater individual-
istic topographical distortions in their interhemispheric connectivity
patterns. To illustrate why such individual distortions should lead
to a ‘regression to the mean’ effect at the group level, we schemati-
cally depict this alternative in Figure 2. Consistent with the reported
findings, under this topographic distortion alternative, mean single-
subject variances of interhemispheric connectivity values should not
differ between control and ASD-diagnosed participants. By contrast,
a misalignment between areas of high or low connectivity magnitudes

Figure 3 Idiosyncratic distortions of
homotopic interhemispheric connectivity
0.50 patterns in ASD groups. (a) For each data
set separately, similarity (spatial correlation)
matrices are presented for the control group
(left) and the ASD group (right). Each row
and column presents the similarity between
0.20 the homotopic interhemispheric connectivity
map of a single participant and the maps
of all other participants of the same
ASD i experimental group. Participants in each
matrix are ordered by descending mean
similarity values. Note the higher levels of
inter-subject similarity between participants
of the control groups in comparison to those
of the ASD groups. (b) The mean inter-subject
similarity (see Online Methods) of each matrix
in a is compared between the control and ASD
group in each data set. Error bars represent
s.e.m. Averaged inter-subject similarities
are higher in control than in ASD-diagnosed
participants in all data sets, indicating higher
levels of idiosyncratic distortions in homotopic
interhemispheric connectivity patterns in
ASD samples in comparison to the control
samples (x210) = 31.95, P = 0.01 corrected,
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Figure 4 Quantification of individual pattern distortions and correlation
with ASD symptoms. (a) Subtraction of mean homotopic interhemispheric
control values from ASD single-subject values, displayed for two ASD
participants of lowest (left) and highest (right) ADOS total score. Note the
low variability in homotopic interhemispheric difference values (d) in the
participant with low ADOS score, indicative of a low level of distortion,
and the high variability in interhemispheric difference values in the
participant with high ADOS score, indicative of a high level of distortion.
The variance of each participant’s difference values is referred to as the
single-subject distortion index. (b) Correlation between single-subject
distortion index and ASD symptoms on the ADOS scale. Correlation
coefficients are displayed in each panel. Though all correlations

were significant before correction for multiple comparisons, only the
correlations with ADOS total and ADOS communication (top row) survived
correction for multiple comparisons.

across participants with ASD will result in mixing of a range of high
and low magnitudes, causing a ‘regression to the mean’ effect at the
group level.

Critically, for this possibility to account for the observed group
‘regression to the mean’ effect, different ASD participants must
show idiosyncratic patterns of interhemispheric connectivity: each
individual ASD participant should show a different distortion of the
typical pattern. To evaluate this possibility, we computed the spatial
correlation between each participant’s interhemispheric connectivity
pattern and those of all other participants of the same experimental
group in each separate data set (see Online Methods). The result-
ing between-subjects similarity matrices consistently showed higher
correlation values (more similarity between interhemispheric con-
nectivity patterns) among control participants than among those with
ASD (Fig. 3a). The ratios between the overall similarity of connectivity
patterns in individuals with ASD as compared to control participants
were consistently lower than 1, attesting to a more diverse range of
interhemispheric connectivity patterns in participants with ASD as
compared to the more reproducible control patterns (CAL: 0.88, CMU:
0.9, PBG: 0.88, Utah-1: 0.77, Utah-2: 0.9, Xz(lo) =31.95P=0.01 cor-
rected, Fisher’s method; Fig. 3b). Thus, our analysis clearly pointed to
a wider range of idiosyncratic connectivity patterns in individuals with
ASD as the underlying phenomenon that led to the ‘regression to the
mearn’ effect in the group interhemispheric connectivity patterns.

Alternatives to the idiosyncrasy of functional patterns
Thus far, we have established that the spatial patterns of interhemi-
spheric connectivity were less similar between ASD participants than
between controls. However, it is also possible that there were common
pattern distortions in ASD participants across data sets as compared to
the canonical control pattern. Such a hypothesis would entail higher
correlations among participants with ASD with a canonical ASD pat-
tern (which would contain the systematic pattern distortions) than with
a canonical control pattern (which lacks these distortions). However,
we did not find such an effect in our data (¢7) = —0.81, P = 0.42).
While our analysis focused on idiosyncratic patterns in ASD partic-
ipants, an interesting alternative could be that several distinct patterns
exist within the ASD cohort, which may constitute subgroups of indi-
viduals with autism. These patterns would be similar across members
of the same subgroup but different between subgroups. To evaluate
this possibility, we separately submitted homotopic interhemispheric
connectivity voxel values of ASD-diagnosed and control participants
to k-means clustering and tested the resulting clusters using gap sta-
tistics?0. To avoid spurious clustering driven by differences between
acquisition sites and protocols, we applied the clustering to each data
set separately. Our results revealed that the optimal number of clusters
was 1 in both control and ASD samples across data sets. Thus, our
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analysis did not reveal the existence of a significant difference in
clustering among individuals with ASD as compared to controls.

Finally, it is possible that the functional inter-subject variability
in ASD may have resulted from anatomical differences. For exam-
ple, the brains of participants with ASD may show more asymmetry
across hemispheres as compared to control brains. However, group
differences in the level of anatomical asymmetry were very small and
inconsistent across data sets (Supplementary Table 2). It is therefore
unlikely that this has biased our functional measures.

Relationship to diagnostic tests of ASD

We next hypothesized that the level of connectivity pattern distortion
in the brain of each individual with ASD, which underlies the low
inter-subject spatial correlations in ASD groups (Fig. 3), would be
related to behavioral symptoms of ASD. To map the topographical
distortions of interhemispheric connectivity for each participant with
ASD, we subtracted the control group voxel-wise interhemispheric
connectivity values from the corresponding values of each participant
with ASD (see Online Methods). The resulting single-subject maps
expressed the level of deviation for each voxel from the typical control
interhemispheric connectivity pattern. Figure 4a presents the voxel
deviation maps for the two individuals showing the most extreme
Autism Diagnostic Observation Schedule (ADOS) measures (lowest
and highest ADOS total scores) in the ASD cohort. As is apparent
even on qualitative inspection, the individual with the more severe
ASD symptoms showed greater deviations, both positive and nega-
tive, from the typical interhemispheric connectivity pattern than the
individual with the less severe ASD symptoms. In other words, the
variance of deviations from the control pattern was larger in the par-
ticipant with the more severe symptoms.

We therefore defined a distortion index as the variance of differ-
ences in interhemispheric connectivity levels for each individual
brain. We found significant positive correlations between the dis-
tortion index and all ADOS measures (Fig. 4b); however, only the
correlations with ADOS total (r = 0.32, P = 0.045, corrected, n = 66)
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Figure 5 Idiosyncratic distortions of a
heterotopic interhemispheric connectivity
patterns in ASD groups. (a) For each data

set separately, similarity (spatial correlation)
matrices are presented for the control group
(left) and the ASD group (right). Each row

and column presents the similarity between
the heterotopic interhemispheric connectivity
values of a single participant and the
corresponding values in all other participants
of the same experimental group. Participants
in each matrix are ordered by descending mean
similarity values. Note the higher levels of
inter-subject similarity between participants

of the control groups in comparison to those

of the ASD groups. (b) The mean inter-

subject similarity (see Online Methods) of
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and ADOS communication scores (r=0.33, P = 0.04, corrected, n = 66)
remained significant after applying a Bonferroni correction for
multiple comparisons (P = 0.13 ADOS social, P = 0.5 ADOS stereo-
typic behavior, corrected). We also computed distortion levels for
control participants (see Online Methods). The levels of distortion
in control participants were, as expected, below those of ASD partici-
pants (ASD/control distortion ratio of 1.13, P = 0.01).

Heterotopic interhemispheric and intrahemispheric patterns

Idiosyncratic connectivity distortions may not be unique to homo-
topic interhemispheric connections but could reflect a more gen-
eral brain phenomenon. To address this hypothesis, we compared
voxel-wise heterotopic interhemispheric connectivity patterns, as
well as within-hemisphere connectivity patterns of control and ASD-
diagnosed participants (see Online Methods). Extending our finding
in the homotopic interhemispheric connectivity patterns, ASD groups
showed a consistent reduction in inter-subject spatial similarity
(increased idiosyncrasy) in comparison to control groups in the

Figure 6 Idiosyncratic distortions of intrahemispheric connectivity
patterns in ASD groups. (a) For each data set separately, similarity
matrices are presented for the control group (left) and the ASD group
(right), and for the right hemisphere (top) and left hemisphere (bottom).
Within each matrix, each row and column present the similarity between
the intrahemispheric connectivity values of a single participant and the
corresponding values of all other participants of the same experimental
group. Participants in each matrix are ordered by descending mean
similarity values. Note the higher levels of intra-subject similarity
between participants of the control groups in comparison to those

of the ASD groups. (b) For each hemisphere separately, the mean
intra-subject similarity (see Online Methods) of each matrix in a is
compared between the control and ASD group in each data set. Error
bars represent s.e.m. Averaged intra-subject similarities are higher in
control than in ASD participants in all data sets and across hemispheres,
indicating higher levels of idiosyncratic distortions in intrahemispheric
connectivity patterns in ASD samples in comparison to the control
samples (for left and right hemispheres, respectively, x%10) = 43.01,
P=1.2 x 10~* corrected; x%(109y = 34.47, P= 0.004 corrected;

Fisher’s method).

Subjects

o
w
=}

Correlation coefficient
o
i
o

0
; CAL CMU PBG Utah-1 Utah-2
Subjects

heterotopic interhemispheric connectivity patterns (CAL: 0.68, CMU:
0.9, PBG: 0.88, Utah-1: 0.81, Utah-2:0.82, Xz(m) =41.28P=24x10"*
corrected, Fisher’s method; Fig. 5). The same phenomenon was evi-
dent in connectivity patterns both within the left hemisphere (CAL:
0.74, CMU: 0.9, PBG: 0.89, Utah-1: 0.83, Utah-2: 0.83, 32 (0) = 43.01

CMU
Control ASD

a CAL
Control ASD
| 0.45

0.15
0.45

0.15

Utah-1

0.45

0.20
0.45

0.20

o

Correlation coefficient

CAL CMU PBG Utah-1 Utah-2

306

VOLUME 18 | NUMBER 2 | FEBRUARY 2015 NATURE NEUROSCIENCE



© 2015 Nature America, Inc. All rights reserved.

&

P=1.2 x 10 corrected, Fisher’s method; Fig. 6) and within the right
hemisphere (CAL: 0.77, CMU: 0.91, PBG: 0.93, Utah-1: 0.87, Utah-2:
0.88, X2(10) =34.47 P = 0.004 corrected, Fisher’s method; Fig. 6).

We next calculated single-subject distortion indices for heterotopic
interhemispheric patterns and for the patterns within each hemisphere
(see Online Methods) and correlated these indices with clinical ASD
measures, age and IQ scores. Although significant positive correlations
were found between ADOS measures and the distortion indices of
both heterotopic connections and the right hemisphere’s connections,
these correlations did not survive correction for multiple compari-
sons (corrected P values for heterotopic interhemispheric connectiv-
ity: ADOS total, 0.25; ADOS social, 0.2; corrected P values for right
hemisphere connectivity: ADOS total, 0.17; ADOS social 0.12).

If underconnectivity is a global characteristic of the ASD brain®11,
then all brain connections should demonstrate lower amplitudes in
ASD as compared to control groups. However, unlike in the homo-
topic interhemispheric connectivity case, our analyses failed to reveal
a consistent global underconnectivity effect either in the heterotopic
interhemispheric connections (CAL: 0.72, CMU: 1.08, PBG: 0.85,
Utah-1: 1.15, Utah-2: 1.04), in the left hemisphere connections (CAL:
0.72, CMU: 1.08, PBG: 0.87, Utah-1: 1.13, Utah-2: 1.02) or in the right
hemisphere connections (CAL: 0.74, CMU: 1.08, PBG: 0.84, Utah-1:
1.15, Utah-2: 1.06).

For additional analyses, see Supplementary Tables 3-5 for intra-
hemispheric connectivity as a function of distance, Supplementary
Tables 6 and 7 for group comparisons of head-motion and brain
alignment and Supplementary Table 8 for IQ-related analyses.
Supplementary Table 9 summarizes our main findings using the
statistics described above and additional procedures.

DISCUSSION

Spatially distorted connectivity patterns in ASD

Our study reveals a new characteristic of brain abnormality in adults
with high-functioning ASD. We found that the topographic pattern
of resting state functional connectivity in ASD participants was sig-
nificantly distorted relative to the more consistent pattern found
across typical participants. These distortions were idiosyncratic in
that individual ASD participants tended to differ from each other in
their functional connectivity patterns to a greater degree than was
true for the control participants.

The most direct evidence for the topographical distortion phe-
nomenon was the significantly lower inter-subject similarity of the
functional connectivity spatial patterns across ASD individuals as
compared to control participants. We consistently found this effect in
different connectivity types: in the patterns of functional connectivity
within each hemisphere (Fig. 6) as well as in the functional connectiv-
ity between the hemispheres (Figs. 3 and 5).

The increased spatial diversity led to the observation of a ‘regression
to the mean’ effect as a result of reduced variance in the ASD group
maps of homotopic interhemispheric connectivity. It is important to
note that a ‘regression to the mean’ effect at the group level could also
result from possible misalignment of homotopic voxels across the two
hemispheres in individual brains of participants with ASD. However,
such misalignments would necessarily result in attenuation of extreme
interhemispheric connectivity values (‘regression to the mean’) at the
single-subject level, which was not the case.

It is also possible that at least part of the increased variability
among individuals with ASD resulted from the existence of distinct
ASD subtypes (subgroups of participants with ASD whose patterns
were more correlated to each other than to those of individuals with
other subtypes of ASD). While we failed to find subgroups in the
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homotopic interhemispheric connectivity patterns, these results can-
not be taken as evidence against the possibility of ASD subtypes. The
space of possible connectivity patterns is vast, and it is possible that
far larger data sets must be analyzed to uncover such clustering. It is
also possible that larger cohorts of participants would have revealed
consistent pattern distortions across data sets, though our results did
not reveal such an effect.

Relation to behavioral measures

Previous studies have framed connectivity changes in ASD as a categor-
ical trait (which differentiates autistic from non-autistic individuals),
while other neurophysiological parameters have been framed as
dimensional traits (placing ASD at the end of a continuous spectrum
with controls)?!. Our results appear to be compatible with both cat-
egorical and dimensional aspects, since the idiosyncratic functional
patterns categorically differentiated between individuals with and
without autism, but the level of idiosyncrasy corresponded with the
level of autism severity on the ADOS scale (Fig. 4b). Further neural
and behavioral comparisons of individuals with ASD, their relatives
and control participants are needed to assess whether the reported
functional idiosyncrasy in ASD may be an extreme end of dimension-
ally distributed functional patterns in the general population.

Unlike the ADOS scores, which reflect ASD symptoms in adult-
hood??, Autism Diagnostic Interview (ADI) scores (which reflect
childhood history)?? did not correlate with the level of idiosyncratic
distortion. However, since ADI scores were only available for roughly
half of the participants across the ASD groups, it is not currently
possible to determine whether our reported effects may have devel-
opmental origins, or might be related to compensatory mechanisms.
Taken together with the absence of a relation between idiosyncratic
distortions and age in our current samples of adults, further studies on
children with ASD are needed to address the developmental aspects
of our findings.

The relationship between behavioral measures and heterotopic
interhemispheric as well as intrahemispheric spatial distortions
revealed only a nonsignificant trend, albeit in the same direction
as the homotopic interhemispheric findings. This may suggest that
distortions in homotopic interhemispheric connectivity patterns are
a more sensitive marker for ASD, possibly owing to higher signal-
to-noise ratio in comparison to other subsets of brain connections*.
We also note that the significance of correlations between idiosyn-
cratic patterns and behavioral symptoms were weaker than those
of our other reported effects. As behavioral measures of ASD are
notoriously difficult to quantify, the source of the variability in these
correlations remains to be clarified.

It is also important to stress that we did not find significant correla-
tions between the levels of distortion and IQ scores. The absence of
correlations with IQ indicates that, although there was a significant IQ
difference between experimental groups in some of the analyzed data
sets, this IQ difference was unlikely to be the source of the distortion
differences between groups.

Relation to previous functional connectivity findings

Our group results failed to reveal significant global underconnectivity
effects across different types of brain connections®~!1. However, our
results demonstrated that both increased and decreased connectivity
in ASD groups in comparison to control groups may be contributed
by spatial distortions in connectivity patterns at the individual level.
In the homotopic interhemispheric connectivity case, averaging such
distorted patterns across individuals led to the apparent ‘dilution’ of
high and low connectivity strengths, reflected in a ‘regression to the
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mean’ effect in the ASD group maps. Thus, our findings suggest that
caution should be exercised when interpreting regional group differ-
ences between controls and individuals with ASD, as these may also
be related to ASD idiosyncratic connectivity patterns.

The use of multi-site data

The finding of idiosyncratic spatial distortions in connectivity across
all analyzed ASD samples attests to the robustness of this effect, par-
ticularly when considering the variability of data sets included in this
study (see Supplementary Table 10). Although we could not control
for experiment-related sources of variability (for example, different
experimental protocols), the spatial distortions in connectivity pat-
terns were sufficiently pronounced to over-ride any methodological
or demographic differences between data sets.

Moreover, the fact that we were able to characterize functional con-
nectivity in a large sample of individuals, whose data were acquired
at different sites, allowed us to control for other sources of variability
that might explain previously inconsistent neuroimaging findings.
First, we limited variability in the demographic and clinical character-
istics of the participants with ASD by restricting our analyses to adults
with high-functioning ASD?%. Second, we used the same data process-
ing methodology for all data sets!”. Third, we carefully controlled for
non-neuronal contributions to the fMRI signal by applying methods
that reduce the influence of head movements on functional data?>.

Possible sources of the idiosyncratic functional patterns

What mechanism might give rise to the idiosyncrasy of spontane-
ous connectivity patterns in ASD? When considering distortions
of homotopic interhemispheric functional connectivity patterns, a
straightforward possibility is that alterations in hemispheric struc-
tural laterality exist in ASD. However, between-groups comparisons of
structural laterality did not support this possibility (Supplementary
Table 2). Another possibility might be that individuals with ASD
have atypically shaped brains?®. In such a case, the transformation to
standard space could cause altered anatomies to drive the observed
functional idiosyncrasy. However, we did not find group differences in
the level of distortion caused by the transformation to standard space
(Supplementary Table 7), arguing against this alternative.

A further possibility is that group differences might be related to
idiosyncratic differences in task-related neural activity. Some findings
that are compatible with this possibility have been reported in adults
and adolescents diagnosed with high-functioning ASD. Specifically,
both intra- and interhemispheric idiosyncratic activations have been
documented during a simple motor task?’, more complex visuomotor
learning?$, face processing?%3 and naturalistic sensory stimulation?!.
While these studies mostly examined the activity of specific brain
regions under well-defined tasks and using relatively small sample
sizes, our results offer a general framework within which previous
findings may be interpreted. Namely, the presence of idiosyncratic
functional connectivity patterns across all brain regions and con-
nection types, even in the absence of an external task, and across a
large cohort of participants, proposes functional idiosyncrasy as a
new neural characteristic of ASD.

In addition, the emergence of this idiosyncrasy in the absence of an
external task is of great interest, since spontaneously emerging func-
tional connectivity patterns have recently been shown to be shaped by
the routine behavior of individuals over the course of daily life32. As
previously postulated, habitual behaviors driven by interactions with
the external environmental may be encoded as synaptic efficacies and
may emerge in the absence of overt behavior, during rest>>34. By exten-
sion, it is tempting to conjecture that the idiosyncratic connectivity

patterns of individuals with ASD may similarly stem from the altered
interaction of the autistic individual with the external environment.
Under the assumption that social and physical environmental factors
and the brain activations they elicit are largely shared across typical
individuals, the environment-neural interactivity will act to regular-
ize network organizations, leading to convergence into a canonical,
typical brain. In contrast, the behavioral disconnection of individuals
diagnosed with ASD from such regularizing interactions, in addition
to their well-documented unreliable and hyper-plastic responses to
the external environment3>3%, may result in an aberrant and idiosyn-
cratic connectivity pattern in the brain of each individual with ASD.
An interesting question for future studies is whether such connectivity
idiosyncrasies may emerge in other clinical populations exhibiting
abnormal brain-environment interactivity.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Participants. The resting state and structural imaging data of 68 participants
with ASD (mean age 26.6, age range 18-42, 62 males) and 73 control participants
(mean age 25.82, age range 18-44, 59 males) aggregated from multiple sites'*
were analyzed in this study. No blinding was done. Inclusion criteria for sites
were a total of at least 10 ASD participants who met the inclusion criteria for
participants and had successful preprocessing as described below. Included data
sets were from the Carnegie Mellon University (CMU), the California Institute
of Technology (CAL), the School of Medicine at the University of Utah (Utah)
and the University of Pittsburgh (PBG). Data from additional participants not
available online (4 controls, 5 ASD) were added to the CMU data set. The Utah
data set, which was much larger than all other data sets, was randomly split, such
that each subsample included 14 control participants and 13 with ASD. Thus,
we created five independent data sets of relatively similar sizes for all following
comparisons.

Inclusion criteria for ASD participants were a diagnosis of high-functioning
ASD on the basis of the ADOS-G?2 and/or ADI-R?%. ASD and control participants
were excluded if they were below the age of 18 or above the age of 45, and if they
had large (>1.5 mm) head movements during the scan. Table 1 summarizes the
demographics and behavioral statistics for the entire cohort of participants, and
Supplementary Table 1 describes the ASD and control groups in each data set
separately. Supplementary Table 10 presents details regarding the experimental
design used to acquire each data set. Details of acquisition, informed consent,
site-specific protocols, specific diagnostic criteria and medication usage at the
time of the scan for each data set can be found at http://fcon_1000.projects.nitrc.
org/indi/abide/index.html. The following committees approved the protocols of
each site: the Human Subjects Protection Committee of the California Institute of
Technology (CAL), the Institutional Review Board at Carnegie Mellon University
(CMU), the Institutional Review Board at the University of Pittsburgh (PBG) and
the University of Utah Institutional Review Board (Utah). Though the medication
profiles vary across participants and data sets, the consistency of results across data
sets suggests that the findings are not driven by specific medication regimens.

fMRI data analysis. All fMRI data were processed using FSL 5.0.2.1 (http://www.
fmrib.ox.ac.uk/fsl/) and in-house Matlab code (MathWorks, Natick, MA, USA).
Functional data were analyzed using FMRIB’s expert analysis tool (FEAT, ver-
sion 6). The following preprocessing was applied to the data of each individual
participant: motion correction using MCFLIRT?’, brain extraction using BET#
and high-pass temporal filtering with a cut-off frequency of 0.01 Hz. Functional
images were aligned with high-resolution anatomical volumes initially using lin-
ear registration (FLIRT), then optimized using boundary-based registration3°.
Structural images were transformed to standard MNI space using a nonlinear reg-
istration tool (FNIRT), and the resulting warp fields were applied to the functional
images. Normalized files were manually inspected to verify that the transforma-
tion was successful. Tissue-type segmentation was carried out using FAST4,
and ventricles and white-matter masks were drawn, avoiding the boundaries
between tissue types. The motion parameters of each participant were inspected
to identify severe head movements. Head movements of 1-1.5 mm that appeared
at either the beginning or end of the scanning session were cropped from the
relevant files. Data from participants whose head motion exceeded 1.5 mm were
removed from subsequent analyses. Small head movements that might affect the
BOLD signal were identified using a scrubbing procedure*!. Functional data
were low-pass filtered with a cutoff frequency of 0.1 Hz, and motion parameters
from the six axes of head movements were band-pass filtered (0.01-0.1 Hz)*2.
The non-neuronal contributions to the BOLD signal were removed by linear
regression of motion parameters and ventricle and white-matter time courses
for each participant*3, all confined to a relevant temporal mask?!. Global signal
regression was not performed, as this procedure has been shown to bias group
comparisons**#°, The data were then spatially smoothed using a Gaussian filter
of 8 mm full width at half maximum.

Interhemispheric connectivity. A voxel-wise method for analyzing homotopic
interhemispheric connectivity patterns was employed!>13. For each subject sepa-
rately, the time course of each voxel was correlated with the time course of the
homologous voxel in the other hemisphere (as determined by the x coordinates
in MNI space). Note that possible voxel-wise anatomical asymmetries between
the two hemispheres were accounted for by applying spatial-smoothing with a

relatively wide Gaussian kernel, as previously described!2. However, this large
smoothing may cause the mixing of BOLD signals from the two cerebral hemi-
spheres along the midline area, thus precluding our ability to test the separate
contribution of the medial aspects of each hemisphere to the interhemispheric
connectivity. We therefore restricted all further voxel-wise interhemispheric
analyses to the lateral aspects of the brain by including only gray-matter voxels
that were at least 8 mm away from the midline. Also, note that the homotopic
interhemispheric analysis necessarily creates symmetrical maps. Thus it is suf-
ficient to conduct all further analyses on data of a single hemisphere.

Group comparison of global interhemispheric connectivity. To test whether
the overall (global) level of interhemispheric connectivity in the single-subject
level was reduced in ASD participants as compared to controls!?, the average of
each participant’s interhemispheric connectivity voxel values was calculated. In
each data set separately, these mean interhemispheric connectivity values of all
participants from the same experimental group (control or ASD) were averaged,
and the ratio between the ASD and control group averages was calculated.

Next, the consistency in directionalities of global interhemispheric connectiv-
ity effects across all data sets was assessed using a stringent criterion. Specifically,
a global underconnectivity effect in the ASD samples (ASD/control < 1) would be
defined as consistent if ratios smaller than 1 were to be observed across all data
sets (the probability of obtaining a ratio smaller than 1 across all five data sets is
1/2°, P <0.05). Here, and in all further similar analyses, uniform directionalities
across all data set-specific effects were taken to indicate a consistent trend, which
allowed further testing to assess its magnitude.

To assess the magnitude of these global underconnectivity effects, data
set-specific P values were calculated using randomization tests, under the null
hypothesis of no group differences in the levels of global interhemispheric con-
nectivity. Specifically, within each data set separately, participants’ labels (ASD
or control) were permuted, creating two random experimental groups, and the
between-groups ratio of global interhemispheric connectivity was calculated as
explained above (ASD/control). This procedure was repeated 10,000 times, creat-
ing 10,000 random ratios that constructed the null distribution, from which the
one-sided data set-specific P value was obtained. All resulting data set—specific
P values were then tested using Fisher’s method*®#’. Here, and in all similar
analyses, significant P values were corrected for multiple hypotheses testing using
the highly conservative Bonferroni correction. To establish the robustness of the
reported effects, P values were additionally tested using Stouffer’s test*® and the
weighted Z-test with weights set to the square root of each sample size?®
(see Supplementary Tables 5 and 9).

Data set-specific group maps and between-groups difference maps. To exam-
ine regional variations in interhemispheric connectivity differences between
experimental groups, correlation coefficients of each participant’s voxels were
converted to z values using Fisher’s r-to-z transformation to improve normality.
For each data set separately, voxelwise group and between-groups two-tailed
t-tests were run using a general linear model (GLM) design, including group as a
factor. For data sets that showed a significant IQ difference between experimental
groups (CAL, one subgroup of Utah), the relevant IQ variables were also added
as nuisance regressors to the GLM designs. For presentation purposes, result-
ing unthresholded group and between-groups t-values were projected onto an
inflated MNI template brain using FreeSurfer (http://surfernmr.mgh.harvard.
edu/). Note that these maps are presented without any statistical threshold, as
they are used for whole-brain topographic pattern comparisons rather than for
standard statistical inference, as will be described below. Therefore, correction
for multiple comparisons is not applied to these maps.

Pooled analysis and meta-analysis. Pooled interhemispheric connectivity group
(control or ASD) and between-groups two-tailed ¢-test maps were created using
a GLM design including group as a factor, and acquisition site and IQ scores as
nuisance variables®®. An additional pooled interhemispheric connectivity map
of all participants, independent of diagnosis, was created by averaging the two
pooled group maps, thus accounting for the different numbers of subjects in
the two pooled experimental groups. To verify that the between-groups ¢-test
was not biased as a result of the different numbers of participants in the differ-
ent data sets, we compared the pooled analysis to a meta-analysis of these data.
First, the interhemispheric between-groups ¢-test maps of each separate data set
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were converted to Hedges's g-effect size maps!. Then a weighted mean of effect
sizes across data sets, along with a confidence interval, were calculated for each
voxel>>%3, For presentation purposes, resulting unthresholded statistical values
were projected onto an inflated MNI template brain using FreeSurfer.

Assessment of the spatial structure of group differences. We next set out to
examine the relationship between the directionality of the interhemispheric dif-
ferences between groups (control > ASD or ASD > control) and the magnitude
of interhemispheric connectivity in the typical brain. ‘Regression to the mean’
of interhemispheric connectivity values in the ASD groups in comparison to the
control groups would be established if a reduction in interhemispheric connectiv-
ity would be evident in ASD groups in areas of typically high interhemispheric
connectivity, and an increase in interhemispheric connectivity would be evident
in ASD groups in areas of typically low connectivity. This relation can be assessed
by qualitatively comparing the between-groups interhemispheric ¢-test maps with
the interhemispheric maps of the control groups. However, group differences
and group means are mathematically dependent. To create an unbiased estimate,
we differentiated the data used in the between-groups t-test from the data used
to calculate the control group t-values. Specifically, for the pooled cohort, we
compared the between-groups interhemispheric t-test map with the average of
the two pooled group maps, since differences of means and sum of means are not
correlated. For the data set-specific comparisons, for each data set k we define
Ay = ASD group, Cy = control group. Each data set-specific between-groups
difference map (Cy, versus Ay) was compared to a control group map comprising
data pooled across all other data sets ({Cy, ... Cs} — {Cy}), thus omitting from
the reference data those controls who had formed one side of the within-data
set difference map. These aggregated control group maps were created using a
GLM design including acquisition sites as nuisance variables, thus removing the
variance in the data explained by differences between acquisition sitesC.

A quantitative measure for the ‘regression to the mean’ effect at the group level
was also obtained by comparing the variance of interhemispheric connectivity
voxel values between the ASD and control group maps of each data set. High
variance would indicate the existence of areas of both very high and very low
interhemispheric connectivity, whereas low variance would indicate the pres-
ence of more midscale connectivity values across the brain. Specifically, for each
data set separately, the cross-voxel variance in interhemispheric connectivity was
computed for the control and ASD group maps, and the ratio between ASD group
variance and control group variance was derived. This procedure resulted in
five data set-specific group variance ratios. A consistent ‘regression to the mean’
effect of the interhemispheric connectivity values in the ASD groups was defined
as ratios being lower than 1 across all five data sets (uniform directionalities of
effects across all data sets). Effect magnitudes were assessed using randomization
tests, under the null hypothesis of no difference in voxel-wise variance between
experimental group maps. Specifically, participants’ labels were permuted within
each separate data set, creating two random experimental groups. Two group
t-maps were then created using a GLM design including group as a factor and IQ
variables as nuisance regressors, and the ratio between voxel-wise variances of
the two group maps was calculated. This procedure was repeated 10,000 times,
creating the null distribution, which was used in the same statistical procedure
as described above.

Subject-level variance comparison. To assess whether the ‘regression to the
mean’ effect was evident at the single-subject level, the interhemispheric con-
nectivity variance across voxels was calculated for each participant. In each data
set separately, these single-subject variances were averaged across participants of
each experimental group, and the ratio between mean ASD variance and mean
control variance was derived. This procedure resulted in five data set-specific
variance ratios, and the uniformity of their directionalities was assessed. As
no consistent effect was found, integration of data set-specific P values was
not performed.

Inter-subject spatial correlation of homotopic interhemispheric values. To
examine ASD idiosyncrasy in homotopic interhemispheric connectivity patterns,
similarity matrices were created for each experimental group. For each data set
separately, spatial correlations were computed between the interhemispheric
functional connectivity voxel values of each participant and the corresponding
values in each other participant of the same experimental group. This resulted

in a correlation matrix in which every entry represented the level of similarity
between the interhemispheric patterns of each pair of participants (the correlation
coefficient for each pair of participants appears twice in such a matrix). The lower
triangular entries of this matrix, which contain only one correlation coefficient
for each pair of participants, were averaged for each experimental group in each
data set, and the ratio between ASD and control averaged values was derived.
The uniformity of directionalities of the five resulting ratios (obtained from the
five separate ASD and control groups) was assessed. Effect magnitudes were
determined using randomization tests, under the null hypothesis of no difference
in inter-subject spatial correlation between experimental groups, and used in the
same statistical procedure as described above.

Alternatives to the idiosyncrasy of functional pattern. The existence of possible
systematic patterns of distortions was evaluated across ASD participants. To this
end, homotopic interhemispheric connectivity voxel values of each participant
with ASD were correlated with two sets of corresponding voxel values: values
averaged across the pooled control participants, and values averaged across the
pooled ASD participants, excluding the participant for which the correlations
were computed. The resulting two correlation coefficients created for each par-
ticipant with ASD were Fisher-transformed and compared across participants
using a two-tailed paired sample ¢-test.

To assess whether participants with ASD may be divided into subgroups on
the basis of similarity in their distortion patterns, k-means clustering and gap
statistics?® were employed as implemented in Matlab statistics toolbox (evalclus-
ters). In each data set, the interhemispheric spatial patterns of ASD and control
participants underwent separate k-means clustering procedures, iteratively using
1-4 clusters. In each such iteration, the within-cluster sum of squares was com-
puted. For each experimental group, 1,000 reference data sets were generated
via Monte-Carlo sampling from a uniform distribution over a box aligned with
the principal components of the participants’ data matrix. The k-means proce-
dure was repeated for each reference data set. The optimal number of clusters
was then chosen as the one for which the experimental within-cluster sum of
squares differed most from its related null reference distribution. An optimal
solution of 1 cluster would indicate the lack of separation of participants into
distinct clusters.

Structural asymmetry. To assess group differences in structural hemispherical
asymmetry, voxel-based morphometry of structural data in each separate data
set was analyzed using FSL-VBM?>4, an optimized VBM protocol®” carried out
with FSL tools®. First, segmented structural images in MNI-152 standard space
were averaged and flipped along the x-axis to create a left-right-symmetric, data
set-specific gray matter template. Second, all native gray matter images were
nonlinearly registered to this data set-specific template and modulated to correct
for local expansion (or contraction) due to the nonlinear component of the spatial
transformation. The modulated gray matter images were then smoothed with a
range of isotropic Gaussian kernels with ¢ value of 2-4 mm. Each participant’s
image was then flipped along the x axis, and a laterality map was created by com-
puting the voxel-wise difference between the original and flipped images, divided
by their sum (higher absolute values representing more laterality). The average of
the absolute voxel values of each participant was derived, and the ratios between
ASD and control group means were assessed for consistency across data sets.

Correlation with behavioral measures. The level of distortion in interhemi-
spheric connectivity patterns was next measured. Specifically, the control mean
interhemispheric connectivity voxel values across data sets were subtracted from
each ASD participant’s voxel values. This resulted in a map of differences for
each participant with ASD. The variance of differences across voxels (distortion
index) was calculated for each participant, and correlated with the participants’
ages, IQ scores, ADI-R scores and ADOS-G scores (for participants with avail-
able clinical scores).

The significance of correlations was tested using a randomization test. For each
clinical or demographical measure separately, the null distribution, assuming
no correlation between this measure and the distortion index, was constructed
by randomly shuffling the participants’ distortion indices and correlating these
with the unshuffled clinical or demographical measures. These values were used
as previously described, and P values were Bonferroni-corrected to account for
multiple comparisons.
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Distortion indices were also calculated for control participants. To establish
complete independence between single-subject data and group data, the control
group voxel values subtracted from each control participant’s voxel values were
created without including that particular participant, and the variance of differ-
ences for that participant was then calculated. Group differences in interhemi-
spheric connectivity spatial distortions were tested using a randomization test,
as previously described, under the null hypothesis of no difference in distortion
indices between experimental groups.

Intrahemispheric connectivity and heterotopic interhemispheric connec-
tivity. For each hemisphere separately, single-subject time courses of gray-mat-
ter voxels that are mutual to the ASD and control participants of each separate
data set were extracted. By cross-correlating these time courses within each
participant, single-subject cross-correlation matrices were created for each
hemisphere. These matrices are the equivalent of using each voxel as seed for
an intrahemispheric functional connectivity analysis, and they thus reflect a
high-resolution measure of intrahemispheric connectivity patterns. To test
whether there was a global reduction in intrahemispheric connectivity in the
ASD groups as compared to the control groups, the mean lower triangular
value of each single-subject cross-correlation matrix was calculated for each
hemisphere. For each data set and hemisphere, these single-subject values
were averaged separately within the control and ASD groups, and the ratios
between ASD and control group means were calculated. The uniformity of
directionalities was assessed in each of the two resulting sets of ratios (created
for each hemisphere across the five data sets).

Next, group differences in inter-subject spatial correlation of intrahemispheric
connectivity patterns were examined. Specifically, for each data set separately and
for each hemisphere separately, spatial correlations were computed between the
lower triangular cross-correlation matrix of each participant and those of each
other participant of the same experimental group. This procedure yielded two
similarity matrices (one for each hemisphere) for each experimental group in
each data set. Lower triangular values of each similarity matrix were then aver-
aged, and the ratio between ASD and control averaged values were derived for
each data set and hemisphere. The uniformity of directionalities across each set
of five hemisphere-specific ratios was assessed. Effect magnitudes were deter-
mined using randomization tests and tested using the same statistical procedure
as described above.

Within-hemisphere single-subject distortion indices were computed for each
hemisphere separately by subtracting the mean control matrix values from the
corresponding matrix values of each participant with ASD and calculating the
variance of differences. The two resulting distortion indices for each participant
(one for each hemisphere) were correlated with ASD symptoms, age and IQ meas-
ures. Correlations were submitted to the same statistical procedure as described
for the homotopic interhemispheric connectivity case.

Heterotopic interhemispheric cross-correlation matrices were also created by
cross-correlating time courses of the right hemispheres with those of the left
hemisphere in each participant. The same procedures described above (global
functional connectivity, inter-subject spatial correlation, distortion index) were
carried out for all values comprising these single-subject matrices.

Intrahemisphere connectivity as a function of distance. For each hemisphere
and data set separately, the coordinates of common gray-matter voxels of the
two experimental groups were extracted, and the Euclidean distance between
each pair of voxels in MNT space was calculated. Voxel-distance thresholds
of 3 cm, 6 cm, 9 cm and 12 cm were applied to the intrahemispheric cross-
correlation matrices of each participant, and the global connectivity and inter-
subject spatial correlation analyses were repeated for each subset of connections,
as described above. Note that each subset of resulting connections cov-
ered voxels of the entire hemisphere, as relevant connections were chosen
for each voxel.

Control analyses. Head movements. To ensure that no bias was introduced by
the scrubbing procedure, the number of time points was compared between data
of participants from the two experimental groups in each separate data set using
a randomization test, under the null hypothesis of no group difference in the
number of scrubbed time points. To examine residual group difference in head
movements, the variability of head motion was calculated for each of the six

motion axes for each participant within the corresponding temporal mask. The
motion variability in each axis was then compared between experimental groups
of each separate data set using a randomization test, under the null hypothesis of
no group difference in motion variance.

Brain alignment. To evaluate group differences in the extent of data distor-
tion caused by the transformation to standard space, the Jacobian determinants
of the deformation fields were compared between groups. Specifically, both
the single-subject average and variance of Jacobian determinants across voxels
were compared between experimental groups of each data set separately using
arandomization test, under the null hypothesis of no group difference in either
Jacobian mean or Jacobian variance.

IQ. To ensure that differences in IQ were not related to differences in inter-
subject spatial correlations, the inter-subject FSIQ differences were calculated
and correlated with the corresponding inter-subject similarity values, for each
experimental group and type of connections. Corresponding P values were cal-
culated using permutation tests, as described above.

Mathematical formulation of analysis pipeline. Connectivity types. Connectivity
was computed using the Pearson correlation coefficient r” between two voxel time
courses, 7; and ¥;. We used three different types of v;, V; connectivity:

Homotopic interhemispheric connectivity. This used time courses of each pair
of two homologous voxels v; = (x,y,z),vj = (-x,),2).

Heterotopic interhemispheric connectivity. This used time courses of each
and every voxel v; in one hemisphere and each and every voxel v; in the second
hemisphere.

Intrahemispheric connectivity. This used time courses of each and every voxel
v;in one hemisphere and each and every voxel v; in the same hemisphere.

Data set-specific analyses and their integration across data sets. For each data
set k = 1..5, the ratio R between the statistic of the ASD group (T%4) and the
statistic of the control group (T5C) was computed:

T(k,A)
Re=wo
For a full list of statistics, see below.

We are interested in the consistency of effect directionalities across data sets.
That will be established with high degree of certainty (P < 0.05) provided that
lower statistic values in ASD groups satisfy Ry < 1 for each k =1..5.

In cases where the requirement for consistency of effect directionalities was
satisfied, data set-specific effect magnitudes were assessed using randomiza-
tion tests, and P values were derived. The magnitude of consistency was tested,
for example, using Fisher’s method, using the data set-specific P values:

k
x%k =- ZZln(p,»)
i=1

List of statistics. Each of the below statistics were calculated for each data set
(k = 1..5) and each experimental group (A/C).

Group-level ‘regression to the mean’ effect. The test statistic was defined as the
cross-voxel variance of M, an array of voxel values representing group-wise
interhemispheric connectivity:

2
N (=kaC_1~N=kA/C
E i=1(Mi —N E ; M; )

N

ThAIC :SZ(Mk,A/C)

where N signifies the number of voxels in the array.

Single-subject ‘regression to the mean’ effect. Cross-voxel variance of the
homotopic interhemispheric connectivity voxel array was calculated for each
participant. The test statistic was defined as the average of these variances
across participants:

n
(kAIC) _ 1§ 2 ~kA/IC
T = n ZS (mi )
i=1
where n signifies the number of participants of an experimental group and

rﬁf’A/ ¢ signifies an array of voxel values of a single participant in a given data
set and experimental group.
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Global connectivity. The average of connectivity values (types described above)
was calculated for each participant. The test’s statistic was derived by averag-
ing these values across participants in each data set and experimental group

separately: LAJC
n,m v:k,
kAIC _ zi,j ij

nm

T

where # signifies the number of participants of an experimental group, m signi-
fies the length of the correlation array and ’i‘,/:‘ ¥ signifies a correlation value
between two voxel time courses, which is at position j in the correlation array of
a given participant i in data set k and experimental group A or C.

Inter-subject spatial correlation. The lower triangular element of a similarity
matrix was derived by computing the correlation coefficient r* between the con-
nectivity values of each participant and the corresponding values of each other
participant of the same experimental group and data set. The test’s statistic was
defined as the average of these values across participants:

n(n-1)
Tk’A/C _ 2 2 ris:k,A/C
n(n—1)4=i=1

where 7 signifies the number of participants in a given experimental group and

n(n—1)
2

is the number of entries of the lower triangular element of a similarity matrix.
A Supplementary Methods Checklist is available.
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