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Neuroimaging studies of individuals with autism spectrum disorders (ASDs) consistently find an aberrant pattern of reduced
laterality in brain networks that support functions related to social communication and language. However, it is unclear how
the underlying functional organization of these brain networks is altered in ASD individuals. We tested four models of
reduced laterality in a social communication network in 70 ASD individuals (14 females) and a control group of the same
number of tightly matched typically developing (TD) individuals (19 females) using high-quality resting-state fMRI data and
a method of measuring patterns of functional laterality across the brain. We found that a functionally defined social commu-
nication network exhibited the typical pattern of left laterality in both groups, whereas there was a significant increase in
within- relative to across-hemisphere connectivity of homotopic regions in the right hemisphere in ASD individuals.
Furthermore, greater within- relative to across-hemisphere connectivity in the left hemisphere was positively correlated with
a measure of verbal ability in both groups, whereas greater within- relative to across-hemisphere connectivity in the right
hemisphere in ASD, but not TD, individuals was negatively correlated with the same verbal measure. Crucially, these differen-
ces in patterns of laterality were not found in two other functional networks and were specifically correlated to a measure of
verbal ability but not metrics of other core components of the ASD phenotype. These results suggest that previous reports of
reduced laterality in social communication regions in ASD is because of the two hemispheres functioning more independently
than seen in TD individuals, with the atypical right-hemisphere network component being maladaptive.
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Significance Statement

A consistent neuroimaging finding in individuals with ASD is an aberrant pattern of reduced laterality of the brain networks
that support functions related to social communication and language. We tested four models of reduced laterality in a social
communication network in ASD individuals and a TD control group using high-quality resting-state fMRI data. Our results
suggest that reduced laterality of social communication regions in ASD may be because of the two hemispheres functioning
more independently than seen in TD individuals, with atypically greater within- than across-hemisphere connectivity in the
right hemisphere being maladaptive.

Introduction
Impaired social communication is a core behavioral phenotype
across the autism spectrum, ranging from a complete lack of abil-
ity on the low end to subtle deficits in high-functioning individuals
(Goldstein et al., 1994; Boucher, 2003, 2012; Rapin and Dunn,
2003; American Psychiatric Association, 2013). Consistent with

these behavioral deficits, one of the most robust neuroimaging
findings in (usually high functioning) individuals with autism
spectrum disorders (ASDs) is an aberrant pattern of reduced lat-
erality of the brain networks that support functions related to
social communication and language (Lindell and Hudry, 2013;
Herringshaw et al., 2016). For example, functional MRI (fMRI)
studies that use communication- and language-based tasks con-
sistently find a reduced difference in the magnitude of neural
responses between typically left-lateralized regions and homo-
topic regions in the right hemisphere in ASD compared with typ-
ically developing (TD) individuals (Herbert et al., 2002; Boddaert
et al., 2003; Takeuchi et al., 2004; Harris et al., 2006; Wang et al.,
2006; Kleinhans et al., 2008; Knaus et al., 2008, 2010; Redcay and
Courchesne, 2008; Tesink et al., 2009; Anderson et al., 2010;
Eyler et al., 2012; Jouravlev et al., 2020). Although such results
suggest that typically left-lateralized cortical networks that
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support social communication and language are more symmetri-
cally distributed across hemispheres in ASD, hemispheric differ-
ences in task-based responses between ASD and TD groups
could be because of several underlying changes to the functional
organization of these brain networks. For example, atypical pat-
terns of task responses in ASD could be because of an intact left-
lateralized cortical network communicating more with the right
hemisphere or a weakened left-lateralized network that results in
compensatory activity in the right hemisphere. Therefore, it is
necessary to measure patterns of functional connectivity within
and across hemispheres to understand how brain networks under-
lying social communication are reorganized in ASD.

In TD individuals, left-lateralized networks that support func-
tions requiring rapid cortical interactions, such as language, com-
munication, and fine motor control, tend to communicate more
exclusively within hemisphere than with regions in the right hemi-
sphere (Semmes, 1968; Lackner and Teuber, 1973; Poeppel, 2003).
In contrast, typically right-lateralized networks that support func-
tions requiring integration of information across the hemispheres
(e.g., the right-lateralized visuospatial attention network requires
bilateral representations of space) also communicate strongly with
left hemisphere regions (Corbetta and Shulman, 2011). To probe
these distinct patterns of lateralization, a previous study developed
two metrics of laterality based on patterns of resting-state func-
tional connectivity, one that measures the tendency for greater
within-hemisphere than across-hemisphere communication from
the left versus the right hemisphere, referred to as Segregation,
and another that measures a greater sum of within- and across-
hemisphere communication from the left versus the right hemi-
sphere, referred to as Integration. The authors found that the
degree to which regions in a left-segregated frontotemporal net-
work were left lateralized was positively correlated with a measure
of verbal ability, whereas the degree to which regions in the right-
lateralized visuospatial attention network were integrated with the
left hemisphere was positively correlated with visuospatial ability
(Gotts et al., 2013). In the current study, we use these validated lat-
erality metrics to adjudicate between potential models of reduced
left laterality in social communication regions in ASD.

Materials and Methods
Participants. After excluding participants from each group based on

data quality metrics (see below), we analyzed the data from 70 individu-
als [mean (SD) age = 19 (3.8) years, 14 female] who met the Diagnostic
and Statistical Manual of Mental Disorders: DSM-5 criteria for ASD
(American Psychiatric Association, 2013) as assessed by a trained clini-
cian and 70 individuals with not a history of psychiatric or neurologic
disorders [mean (SD) age = 19.7 (3.7) years, 19 female], which served as
the TD control group. There was not a significant difference between the
ages of the two groups (t(138) = 1.14, p = 0.26, d = 0.19). Subsets of the
resting-state data from these individuals have been used in a number of
our previous studies (Gotts et al., 2012, 2013; Ramot et al., 2017; Jasmin
et al., 2019; Power et al., 2019; Persichetti et al., 2021). All participants
gave informed consent under a protocol approved by the National
Institutes of Health Institutional Review Board (10 M-0027, clinical trials
number NCT01031407).

Behavioral measures. The Wechsler Abbreviated Scale of Intelligence
(WASI; Wechsler, 1999) was administered within 1 year of the scanning
session to all participants in each group [mean (SD) full-score IQ, TD,
116.1 (11); ASD, 114.2 (12.9); t(138) = 1.15, p = 0.25, d = 0.16]. We used
the individual T scores (normative mean = 50, SD = 10) from the
Vocabulary and Block Design subtests of the WASI in a correlation anal-
ysis with the neuroimaging data. These scores were missing from one
participant in each group. We chose the Vocabulary and Block Design
subtests because they have been shown to have strong and selective
associations with verbal/language and visuospatial abilities, respectively

(Warrington et al., 1986; Gotts et al., 2013; Kenworthy et al., 2013). We
also obtained scores on two quantitative informant-based rating scales
that measure symptoms over the full range of severity as indicated
by the parents of ASD participants. The Social Responsiveness Scale
(Constantino et al., 2003) was used to assess social traits, and the
Repetitive Behaviors Scale–Revised (Lam and Aman, 2007) was used to
assess restricted repetitive behaviors.

MRI data acquisition. Scanning was completed on a Signa HDxt 3.0
T scanner (GE Healthcare) at the National Institutes of Health Clinical
Center Nuclear Magnetic Resonance Research Facility. For each partici-
pant, T2*-weighted blood oxygen level-dependent (BOLD) images cov-
ering the whole brain were acquired using an eight-channel receive-only
head coil and a gradient echo single-shot echoplanar imaging sequence
[repetition time (TR) = 3500ms, echo time = 27ms, flip angle = 90°, 42
axial contiguous interleaved slices per volume, 3.0 mm slice thickness,
field of view (FOV) = 22 cm, 128 � 128 acquisition matrix, single-voxel
volume 1.7 � 1.7 � 3.0 mm3]. An acceleration factor of 2 (Array Spatial
Sensitivity Encoding Technique) was used to reduce gradient coil heat-
ing during the session. In addition to the functional images, a high-reso-
lution T1-weighted anatomic image [magnetization-prepared rapid
acquisition with gradient echo (MPRAGE)] was obtained (124 axial sli-
ces, 1.2 mm slice thickness, FOV = 24 cm, 224 � 224 acquisition
matrix).

fMRI procedure. During the resting scans, participants were instructed
to relax and keep their eyes fixated on a central cross. Each resting scan
lasted 8min 10 s for a total of 140 consecutive whole-brain volumes.
Independent measures of cardiac and respiratory cycles were recorded
during scanning for later artifact removal.

fMRI data preprocessing. All data were preprocessed using the
Analysis of Functional Neuro Images (AFNI) software package (Cox,
1996). First, the initial three TRs from each EPI scan were removed to
allow for T1 equilibration. Next, 3dDespike was used to bound outlying
time points in each voxel within 4 SDs of the time series mean, and
3dTshift was used to adjust for slice acquisition time within each volume
(to t = 0). Then 3dvolreg was used to align each volume of the resting-
state scan series to the first retained volume of the scan. White matter
and large ventricle masks were created from the aligned MPRAGE scan
using FreeSurfer software (Fischl et al., 2002). These masks were then
resampled to EPI resolution, eroded by one voxel to prevent partial vol-
ume effects with gray matter voxels, and applied to the volume-regis-
tered data to generate white matter and ventricle nuisance regressors
before spatial blurring. Scans were then spatially blurred by a 6 mm
Gaussian kernel (full-width at half-maximum) and divided by the mean
of the voxelwise time series to yield units of percentage signal change.

The data were denoised using the ANATICOR preprocessing approach
(Jo et al., 2010). Nuisance regressors for each voxel included six head-posi-
tion parameter time series (three translation, three rotation); one average
eroded ventricle time series; one localized eroded white matter time series
(averaging the time series of all white matter voxels within a 15-mm-radius
sphere); eight RETROICOR time series (four cardiac, four respiration), cal-
culated from the cardiac and respiratory measures taken during the scan
(Glover et al., 2000); and five respiration volume per time time series to
minimize end-tidal CO2 effects from deep breaths (Birn et al., 2008). All
regressors were detrended with a fourth-order polynomial before denoising,
and the same detrending was applied during nuisance regression to the
voxel time series. Finally, the residual time series were spatially transformed
to standard anatomic space (Talairach–Tournoux).

To ensure that the fMRI data from both groups were high quality
and matched, we measured the temporal signal-to-noise-ratio (tSNR)
across the whole brain and a summary of in-scanner head motion using
the @1dDiffMag program in AFNI. We calculated the tSNR in each
voxel as the time series mean divided by time series SD. We used
DiffMag (comparable to mean framewise displacement, Power et al.,
2012), which estimates the average of first differences in frame-to-frame
motion across each scan run, to exclude participants with scores .0.2
mm/TR. We then selected participants from both groups that had the
highest tSNR values and lowest in-scanner head motion while ensuring
that both quality metrics were matched between the groups (tSNR, t(138) =
0.61, p = 0.54, d = 0.10; DiffMag, t(138) = 1.54, p = 0.13, d = 0.26; Fig. 1).
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Experimental design. Homotopic locations in the two hemispheres
were identified and aligned using nonlinear volumetric registration with
the AFNI 3dQwarp tool (Cox, 1996). Specifically, in each participant, we
first flipped the right hemisphere of the anatomic image across the mid-
line so that it was roughly overlapping the left hemisphere. Next, we
applied a nonlinear transformation with no blurring to align the right
hemisphere with the left. After achieving satisfactory alignment
of the right and left hemisphere anatomic images, we applied the
same transformation to the resting-state data maps. A consequence
of this transformation is that right-hemisphere voxels were tightly
aligned to the corresponding left-hemisphere voxels and thus could
be projected directly onto the left hemisphere. Therefore, analyses
for homotopic voxels in the left and right hemispheres could both
be mapped on to the same (left hemisphere) voxels.

Statistical analysis: calculating laterality metrics. The method that
we used to calculate the laterality metrics for our analyses has also been
used in earlier studies (Liu et al., 2009; Gotts et al., 2013). Specifically, we
first aligned the left and right hemispheres in each participant so that
each voxel in the left hemisphere was paired with its homotopic voxel in
the right hemisphere (Fig. 2A, top). We then correlated the BOLD time
series from each voxel with the time series from every other voxel in the
same and opposite hemispheres to create within- and across-hemisphere
connectivity maps (Fig. 2A, middle). For each voxel, we then averaged
the correlation values to all voxels in the within- and across-hemisphere
connectivity maps separately and stored the average correlation coeffi-
cients (r ) at the voxel location (Fig. 2A, bottom). Thus, each voxel in the
left hemisphere contained two values (LL and LR), and each voxel in the
right hemisphere contained two values (RR and RL). The first letter indi-
cates the voxel location, and the second letter indicates the target hemi-
sphere. Importantly, because the unique connectivity pattern between
each voxel and each hemisphere is calculated and then averaged sepa-
rately, the resultant metrics stored within each voxel are independent
and therefore result in a unique map for each of the laterality metrics
(Fig. 2A, bottom).

Next, we applied Fisher’s z9-transform to yield
normally distributed values across all voxels. In
each voxel, we then calculated two main metrics
of laterality—one that measures the tendency for
greater within-hemisphere than across-hemisphere
communication from the left versus right hemi-
sphere, referred to as Segregation, and another that
measures a greater sum of within- and across-hemi-
sphere communication from the left versus right
hemisphere, referred to as Integration (Fig. 2B). As
previously described by Gotts et al. (2013), the Segregation
and Integration equations were designed to test for differ-
ent types of hemispheric interactions between homotopic
left- and right-hemisphere voxels. Using patterns of whole-
brain correlations, the Segregation metric is meant to
identify areas of the brain where functional connectiv-
ity is more restricted to one hemisphere, whereas the
Integration metric is meant to identify areas of the
brain for which functional connectivity is more bilat-
erally distributed across cortex and stronger with a
location in one hemisphere relative to its homotopic
location in the other hemisphere. To measure Segregation,
we used an equation that is equivalent to a Seed-X tar-
get hemisphere interaction in an ANOVA, (LL - LR)�
(RR - RL). Positive results from this equation indicate
Left Segregation, and negative values indicate Right
Segregation. Whereas a large positive value of one side
of this equation (e.g., LL - LR) would indicate a stron-
ger average within- than across-hemisphere correlation
from a seed voxel, a large value (positive or negative) of
the full Segregation metric tends to indicate that in a
given seed or brain region the bias for stronger within-
hemisphere interactions is greater in one hemisphere
relative to the other. In contrast, the Integration metric
is equivalent to a main effect of seed hemisphere in an
ANOVA (Liu et al., 2009; Gotts et al., 2013), (LL1 LR)�

(RR1 RL). Positive results from this equation indicate that in a given seed
or brain region, bilateral interactions are stronger to a location in the left
hemisphere, and negative values indicate stronger bilateral interactions to
the homotopic location in the right hemisphere. As with main effects and
interactions detected with ANOVA, interpretation of the detailed pattern
must be clarified by post hoc tests performed on the individual components
(LL, LR, RR, RL).

Statistical analysis: identifying functional networks. After calculating
the laterality metrics in all voxels, we obtained whole-brain maps of
Segregation and Integration for both hemispheres (Fig. 2C). Because
these maps contained widespread activation, we then applied a stringent
threshold (p , 10�6, FDR q , 0.01) to them so we could identify indi-
vidual regions that could then be clustered into separate functional net-
works. Next, we extracted the average time series from each region and
correlated it with the time series from every voxel in the brain to obtain
a whole-brain connectivity pattern for each region. We then correlated
the whole-brain patterns of connectivity between the regions and sub-
mitted the resultant region times region correlation matrix to k-means
clustering. Specifically, the square region of interest correlation matrix
was iteratively analyzed with k-means cluster analysis at progressively
larger numbers of clusters (k), and each choice of k was repeated 100
times for stability.

Results
Functionally defining a network of interest
Before comparing patterns of laterality between ASD and TD
individuals, we first defined functional networks by combining
the groups (N = 140) and identifying brain regions based on four
patterns of laterality, Left segregation, Right segregation, Left
integration, and Right integration (Fig. 2C). We found a total of
18 regions across the brain; eight regions identified with the Left-

Figure 1. High-quality fMRI data were matched between the groups. A, Both groups had high tSNRs (i.e., time
series mean divided by time series SD) and a low level of head motion (as measured using the DiffMag program
in AFNI). There were no significant differences between tSNR or DiffMag between the groups. Black horizontal
lines in the violin plots represent the mean of each measure in each group. B, Whole-brain maps of the average
tSNR across participants from the TD and ASD groups, respectively. The tSNR values were high across the whole
brain in both groups.
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segregation metric, one with Right segre-
gation, five with Right integration, and
four with Left integration (p, 10�6, FDR
q , 0.01). We submitted the resultant
18 � 18 correlation matrix to k-means
clustering and found an optimal trade-off
of cluster number and variance explained
by k-means clustering at the choice of k =
3 clusters, with ;80% of the variance ex-
plained (Fig. 3A). Although the metric
used to identify a region did not guarantee
that it would be clustered with other re-
gions identified using the same metric, a
mostly frontotemporal network comprised
seven of the eight regions that were identi-
fied using the Left-segregation metric (Fig.
3B, red network)—the inferior frontal
gyrus, (dorsal and ventral) medial pre-
frontal cortex, anterior middle temporal
gyrus (MTG)/temporal pole, anterior hip-
pocampus, posterior MTG/superior tem-
poral sulcus, angular gyrus, and posterior
cingulate cortex/precuneus. This network
also included two regions defined with
the right and left Integration metrics,
respectively, anterior superior temporal
gyrus (aSTG) and lateral anterior tempo-
ral pole (Fig. 3D). We used this conglom-
eration of language and social processing
regions (Geschwind, 1972; Binder et al.,
1997; Frith and Frith, 2007; Olson et al.,
2007; Adolphs, 2009; Mitchell, 2009;
Fedorenko et al., 2011) as the primary
network of interest (NOI) for further
analyses.

Testing four models of reduced
laterality in the NOI
We tested the following four models of
reduced laterality in the NOI in ASD:
a model of increased communication
between hemispheres (the Integrated
model), a model of no change in the
asymmetry of (left) lateralized connec-
tivity between hemispheres (the Left-segregated, or Null,
model), a model of decreased laterality in left hemisphere
regions accompanied by increased laterality in homotopic
regions in the right hemisphere (the Right-segregated model),
and a model of strong segregation of the homotopic regions of
both hemispheres (the Decoupled-hemispheres model). First, we
tested the Integrated model using the Integration metric to ask
whether there is more interhemispheric communication in the
ASD network compared with the TD group. The Integration
metric was not significantly different from zero in either group
(both t(138) values, 1, both p values. 0.4, d values, 0.10), and
there was not a significant difference between the groups (t(138) =
0.08, p = 0.94, d = 0.01; Fig. 4A), thus suggesting that reduced lat-
erality in the NOI is not because of an increase in communica-
tion across the hemispheres. However, it could be the case that
in the ASD group there is an increase in the across-hemisphere
component metrics (LR and RL), which measure the strength of
communication between the typically left-lateralized network
and the left and right hemisphere, respectively, separate from the

degree of within-hemisphere or homotopic connectivity. If the
across-hemisphere metrics are greater in the ASD than the TD
group, it would suggest that left-hemisphere regions in the NOI
are communicating more with regions in the right hemisphere.
Interestingly, however, we instead found the opposite, that is,
decreases in the LR (t(138) = �1.90, p = 0.06, d = 0.32) and RL
(t(138) =�2.42, p = 0.02, d = 0.41) metrics in ASD compared with
the TD group (Fig. 4C). These results suggest that the typically
left-lateralized NOI in ASD is less connected to the right hemi-
sphere, whereas homotopic right regions are less connected with
the left hemisphere. [It is worth noting here, that functional
connectivity in the NOI was significantly reduced in the ASD
compared with TD group (Fig. 4C). This pattern of results is
consistent with prior studies that reported reduced connectivity
in brain networks that support social communication in ASD
relative to the TD group (Kennedy and Courchesne, 2008; Weng
et al., 2010; Ebisch et al., 2011; Gotts et al., 2012; Abrams et al.,
2013; Alaerts et al., 2014; Jung et al., 2014; Verly et al., 2014;
Fishman et al., 2015; Picci et al., 2016; Linke et al., 2018; Jasmin
et al., 2019). Critically, this main effect of group does not affect

Figure 2. Calculating within- and across-hemisphere connectivity at homotopic locations across the whole brain. A, Top, In
each participant we aligned the left and right hemispheres so that each voxel in the left hemisphere was paired with its homo-
topic voxel in the right hemisphere. Middle, Next, we correlated the BOLD time series from each voxel with the time series
from every other voxel in the same and opposite hemispheres to create within- and across-hemisphere connectivity maps
(data from an individual participant). Bottom, In each voxel, we then averaged the correlation values to all other voxels in the
within- and across-hemisphere connectivity maps separately and stored the average correlation coefficients (r ) at the voxel
location (data from an individual participant), so each homotopic pair of voxels contained four values, LL and LR in the left
hemisphere and RR and RL in the right hemisphere. We then applied Fisher’s z9-transform to yield normally distributed values
across all voxels. B, Next, we calculated two main metrics of laterality in each voxel, one that measures the degree of within-
hemisphere communication from each location in cortex relative to the homotopic location in the other hemisphere, referred
to as Segregation, and another that measures across-hemisphere communication, referred to as Integration. C, Once we calcu-
lated the Segregation and Integration metrics in all voxels in each participant, we then averaged the laterality maps across all
participants in both groups (N = 140). Finally, we thresholded the maps (p , 0.001) to functionally define regions based on
their laterality profiles and then used k-means clustering to identify networks of interest for our main analyses.
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our analyses or the interpretation of the results as the laterality
metrics rely on within-subject contrasts and are thus effectively
normalized across groups.]

Next, we tested the Left-segregated model using the Segre-
gation metric. In the TD group, the NOI exhibited strong leftward
segregation (i.e., significantly stronger left laterality compared with

the laterality of homotopic right regions);
thus, we can reject the Left-segregated
model if there is a significant decrease in
this laterality metric in the ASD group. As
predicted, a two-sample t test revealed a sig-
nificant decrease in the Left-segregation
metric in ASD compared with the TD group
(t(138) = �2.57, p = 0.01, d = 0.43), thus sug-
gesting that ASD individuals indeed exhibit
atypical left laterality in the NOI (Fig. 4A).

Finally, we tested the Right-segregated and
Decoupled-hemispheres models by looking at
the components of the Segregation metric sepa-
rately. As described above, the Segregation
metric is a measure of the degree of laterality in
voxels of one hemisphere relative to the lateral-
ity of homotopic voxels in the other hemi-
sphere. Thus, one side of the equation (LL -
LR, or the left-hemisphere component) indi-
cates greater within- than across-hemisphere
connectivity in the left hemisphere independ-
ent of homotopic regions in the right hemi-
sphere, whereas the other side (RR - RL, or the
right-hemisphere component) indicates greater
within- than across-hemisphere connectivity
at the homotopic points, independent of the
left hemisphere. If the Right-segregation
model is correct, then we should see a signifi-
cant decrease in the left-hemisphere compo-
nent coupled with a significant increase in the
right-hemisphere component in the ASD com-
pared with the TD group. In contrast, if the
Decoupled-hemispheres model is correct, then
we should see no difference in the left-hemi-
sphere component coupled with a significant
increase in the right-hemisphere component in
the ASD compared with the TD group. A 2
(Group ASD, TD) � 2 (Component Left,
Right) two-way ANOVA (Fig. 4B) revealed
a significant interaction (F(1,276) = 9.30, p ,
0.01, hP2 = 0.03), and planned-compari-
sons t tests showed that there was not a sig-
nificant difference in the left-hemisphere
component between the groups (t(138) =
�1.12, p = 0.26, d = 0.19), whereas there
was a significant increase in the right-hemi-
sphere component in the ASD compared
with the TD group (t(138) = 3.40, p , 0.001,
d = 0.58). Although these results support
the Decoupled-hemispheres model, it could
be the case that the difference in the right-
hemisphere component is driven solely by
increased connectivity within the right hemi-
sphere (RR) rather than a decrease in connec-
tivity to the left hemisphere (RL) in the ASD
group. To ensure that the difference between
the groups is because of decreased connectiv-
ity between hemispheres in the NOI, we con-

ducted a 2 (Group ASD, TD) � 2 (Seed Lx, Rx) � 2 (Target xR,
xL) three-way ANOVA. We found a significant interaction
(F(1,138) = 6.05, p , 0.05, hP2 = 0.04) that was driven by a sig-
nificantly greater decrease in the RL component in the ASD rel-
ative to the TD group compared with the difference in RR

Figure 3. Functionally defined networks of interest. A, After we defined 18 regions based on the left and right
Segregation and Integration maps, we extracted the time series from each, calculated a whole-brain correlation map
from each region, then created an 18 � 18 similarity matrix based on the whole-brain correlation patterns (left).
Next, we ran k-means clustering on the similarity matrix and found that an optimal solution of k = 3 clusters
explained;80% of the variance in the data (middle). Principal components analysis shows the distribution of the 18
regions separated into three clusters in a 2D plot (right). B, The three functionally defined networks displayed on an
inflated brain. Network 1 (red) is our primary NOI as the regions in it predominantly exhibited strong left Segregation
and overlap with previously reported regions related to language and social communication.

Figure 4. Laterality differences in the NOI. A, Integration and Segregation scores displayed as box plots with individual
data points overlaid for each group. Positive values indicate leftward Integration/Segregation and negative values indicate
rightward Integration/Segregation. The Integration metric did not differ from zero in either group, and there was not a signif-
icant difference between groups. In contrast, both groups showed significant left Segregation with a significant decrease in
left Segregation in the ASD compared with the TD group. B, Comparison of the left- and right-hemisphere components of
the Segregation metric separately. Greater values of LL - LR indicate greater within- than across-hemisphere connectivity of
regions in the left hemisphere, whereas greater values of RR - RL indicate greater within- than across-hemisphere connectivity
of regions in the right hemisphere. There was significantly greater within- than across-hemisphere connectivity in the left
hemisphere of both groups but no significant difference between groups. In the right hemisphere, the ASD group showed sig-
nificantly greater within- than across-hemisphere connectivity, whereas the TD group did not. Furthermore, there was a sig-
nificant Group times Component interaction. C, Left, The correlation coefficient for the component metrics in both groups.
Right, The components as across-group difference scores in a bar graph to make the group differences more apparent (Error
bars are61 SE from the mean.).
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between the groups (F(1,138) = 11.55, p , 0.001, hP2 = 0.08).
There was no such interaction between the groups for the LR
and LL components (F(1,138) = 1.27, p = 0.26, hP2 = 0.01; Fig.
4C). Together, these results suggest that although the ASD
group has an intact left-lateralized network, the homotopic
regions in the right hemisphere are communicating more
strongly within than across hemisphere relative to the TD
group.

Correlations between the left- and right-hemisphere
components in the NOI and a measure of verbal ability
Next, we correlated the left- and right-hemisphere component
metrics with Vocabulary subtest scores from the WASI (a mea-
sure of verbal ability) while covarying the effects of age, Block
Design subtest, and head motion. We then compared the corre-
lation coefficients between the groups. We found that verbal abil-
ity was positively correlated with the left-hemisphere component
in both groups (ASD, r = 0.38, p = 0.002; TD, r = 0.26, p = 0.03),
whereas verbal ability was negatively correlated with the right-
hemisphere component in the ASD (r = �0.28, p = 0.03) but not
the TD group (r = �0.002, p = 0.99; Fig. 5). Crucially, the nega-
tive correlation between verbal ability and the right-hemisphere
component metric in the ASD group was significantly different
from the same correlation coefficient in the TD group (z =
�1.64, p = 0.05) and significantly different from the within-
group correlation coefficient between verbal ability and the left-
hemisphere component (z = �2.46, p , 0.01). Furthermore,
neither the left- nor right-hemisphere component was corre-
lated with scores on the Block Design subtest of the WASI (i.e.,
a measure of visuospatial abilities; both r values , 0.08, both
p values. 0.50), the Social Responsiveness Scale (both r val-
ues , 0.10, both p values. 0.80), or the Repetitive Behaviors
Scale–Revised (both r values , 0.15, both p values . 0.6) while
covarying the effects of age, Vocabulary subtest score, and head
motion. This pattern of relationships between verbal ability and
the left- and right-hemisphere components in ASD further

supports the decoupled-hemispheres model by showing that
each hemisphere is covarying independently with the same be-
havioral measure and suggests that atypically greater within
than across hemisphere connectivity in the right hemisphere of
the NOI in ASD is a maladaptive trait.

Are these patterns of results specific to the NOI in ASD?
In addition to the typically left-lateralized NOI that was the focus
of our analyses, we also identified two other networks using met-
rics of laterality and k-means clustering (Fig. 3B). One network
was composed of regions in the insula and STG that were defined
using the Right-segregation and Left-integration metrics. The
other network comprised regions in somatosensory, occipital,
and dorsal lateral prefrontal cortices, and the parahippocampal
gyrus that were defined using the Left and Right integration and
Left-segregation metrics. Because a large body of the literature
has focused specifically on the typically left-lateralized network
(comparable to our NOI) in relation to communication- and lan-
guage-related deficits in ASD, we predicted that the other two
networks would not show the same pattern of atypical laterality.
As predicted, there were no significant differences between the
groups in any of the laterality metrics (all p values. 0.18). Thus,
atypical laterality in the ASD group appears to be specific to the
(typically left lateralized) NOI.

Discussion
We tested four models of reduced laterality in a social commu-
nication network in ASD individuals using high-quality fMRI
data and a resting-state fMRI method of measuring patterns
of functional laterality across the brain. We found that the
social communication network exhibited the typical pattern
of left laterality in ASD when compared with a tightly matched TD
control group. However, we also found within the same network
a significant increase in within- relative to across-hemisphere con-
nectivity in homotopic regions in the right hemisphere in ASD indi-
viduals. In both groups, greater within- than across-hemisphere

Figure 5. Correlations between the left- and right-hemisphere components and verbal ability. Left, For both TD and ASD groups, the left-hemisphere component in the NOI is positively cor-
related with verbal ability. Right, In contrast, the right-hemisphere component and verbal ability are not correlated in the TD group, but there is a negative correlation between the two varia-
bles in the ASD group. The plotted data are correlations of the residuals of the brain and behavior data after regressing out age, head motion, and Block Design score.
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connectivity in the left hemisphere was positively correlated with a
measure of verbal ability, whereas greater within- than across-hemi-
sphere connectivity in the right hemisphere in ASD, but not TD,
was negatively correlated with the same verbal measure. These
results suggest that reduced laterality of this network in ASD is
because of the two hemispheres functioning more independently
than seen in typically developing individuals and that the increase
in within- relative to across-hemisphere connectivity in the right
hemisphere in this network in ASD is maladaptive. Crucially, these
differences in patterns of laterality were not found in two other
functional networks and were specifically correlated to a measure of
verbal ability.

We designed our experiment to address three shortcomings
that are often found in prior studies of differences in patterns of
laterality between ASD and TD groups. First, we selected high-
quality fMRI data from a relatively large sample of ASD individ-
uals (N = 70), as determined by measures of tSNR and head
motion (Fig. 1), and a tightly matched control group of TD
individuals who were also matched on age and full-score IQ.
Therefore, we could be confident that differences between our
groups were because of functional changes of interest rather
than poor data quality or demographic differences. Second, our
method allowed us to define functional networks based on pat-
terns of resting-state correlations and then probe the defined
networks with independent measures of laterality, thus freeing
us from the need to define a priori networks based on anatomy
or coordinates from prior studies. Third, we measured changes
to the functional organization of a social communication net-
work in ASD, so we could adjudicate between models of func-
tional laterality that might underlie prior reports of reduced
laterality in ASD individuals.

Although several prior studies have used either task-based
fMRI or measures of cortical volume to establish that atypical, or
reduced, laterality of regions involved in social and communica-
tion processes is a stable feature of ASD, it is unclear how the
observed changes in laterality are related to the underlying func-
tional organization of the network. In the case of task-based
fMRI studies, the evidence for reduced laterality is an imbalance
in the relative magnitude of responses between the left- and
right-hemisphere regions of the network. For example, several
studies have found that during language and communication
tasks, the magnitude of responses is significantly greater in the
left hemisphere compared with homotopic regions in the right
for TD individuals, whereas in ASD individuals the magnitude of
responses is either statistically equal between the hemispheres or
even stronger in the right hemisphere (Lindell and Hudry, 2013;
Herringshaw et al., 2016). Although these results do indeed dem-
onstrate a reduction in the typical left laterality of the network,
the functional architecture underlying the reduction remains
unknown. Therefore, we used functional connectivity to measure
how the organization of the network is changed in ASD. We
tested four models of potential changes to the organization of the
network that would explain reductions in laterality found using
task-based fMRI. Our analyses indicated that although the later-
ality typically found in left-hemisphere regions is intact in ASD
individuals, homotopic regions in the right hemisphere are com-
municating more strongly within relative to across hemisphere
in the ASD compared with TD group. These results suggest that
reduced laterality in the functional networks underlying social
and communication processes in ASD individuals is because of
the left and right hemispheres acting more as independent net-
works compared with the hemispheric functional dynamics in
the TD group. Furthermore, we found that atypically greater

within- than across-hemisphere connectivity in the right-hemi-
sphere regions in ASD individuals is negatively correlated with
verbal ability and thus seems to be maladaptive. Intriguingly,
these results are consistent with deficits in language and social
communication skills related to agenesis of the corpus callosum,
a condition that results in reduced communication between
hemispheres of the brain (Paul et al., 2003).

In conclusion, we found that previous reports of reduced lat-
erality in regions underlying language and social communication
in ASD is a result of the hemispheres behaving more like inde-
pendent, intrahemispheric networks. We further found that the
degree to which right-hemisphere regions are communicating
more within than across hemisphere was negatively correlated
with verbal ability in ASD. These results offer a detailed account
of how patterns of functional laterality shift in a social-communi-
cation network in ASD individuals, and, we hope, these results
may lead to more precise clinical identification and interventions
for social communication deficits in ASD individuals.
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