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Reduced Language Lateralization in Autism and the Broader Autism
Phenotype as Assessed with Robust Individual-Subjects Analyses
Olessia Jouravlev , Alexander J.E. Kell, Zachary Mineroff, Amanda J. Haskins, Dima Ayyash,
Nancy Kanwisher, and Evelina Fedorenko

One of the few replicated functional brain differences between individuals with autism spectrum disorders (ASD) and
neurotypical (NT) controls is reduced language lateralization. However, most prior reports relied on comparisons of
group-level activation maps or functional markers that had not been validated at the individual-subject level, and/or used
tasks that do not isolate language processing from other cognitive processes, complicating interpretation. Furthermore,
few prior studies have examined functional responses in other brain networks, as needed to determine the spatial selec-
tivity of the effect. Using functional magnetic resonance imaging (fMRI), we compared language lateralization between
28 adult ASD participants and carefully pairwise-matched controls, with the language regions defined individually using
a well-validated language “localizer” task. Across two language comprehension paradigms, ASD participants showed less
lateralized responses due to stronger right hemisphere activity. Furthermore, this effect did not stem from a ubiquitous
reduction in lateralization of function across the brain: ASD participants did not differ from controls in the lateralization
of two other large-scale networks—the Theory of Mind network and the Multiple Demand network. Finally, in an explor-
atory study, we tested whether reduced language lateralization may also be present in NT individuals with high autism-
like traits. Indeed, autistic trait load in a large set of NT participants (n = 189) was associated with less lateralized language
responses. These results suggest that reduced language lateralization is robustly associated with autism and, to some
extent, with autism-like traits in the general population, and this lateralization reduction appears to be restricted to the
language system. Autism Res 2020, 00: 1–16. © 2020 International Society for Autism Research and Wiley Periodi-
cals LLC

Lay Summary: How do brains of individuals with autism spectrum disorders (ASD) differ from those of neurotypical
(NT) controls? One of the most consistently reported differences is the reduction of lateralization during language
processing in individuals with ASD. However, most prior studies have used methods that made this finding difficult to
interpret, and perhaps even artifactual. Using robust individual-level markers of lateralization, we found that indeed, ASD
individuals show reduced lateralization for language due to stronger right-hemisphere activity. We further show that this
reduction is not due to a general reduction of lateralization of function across the brain. Finally, we show that greater
autistic trait load is associated with less lateralized language responses in the NT population. These results suggest that
reduced language lateralization is robustly associated with autism and, to some extent, with autism-like traits in the gen-
eral population.
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Introduction

Many differences in brain structure and function once
thought to be hallmarks of autism [Gallagher et al., 2000;
Hughes, 2009; Just, Cherkassky, Keller, & Minshew
, 2004; Pierce, 2001] have turned out to be unreliable or
artifactual [Deen & Pelphrey, 2012; Dufour et al., 2013;
Hadjikhani, Joseph, Snyder, & Tager-Flusberg, 2007; He,
Byrge, & Kennedy, 2020; Koldewyn et al., 2014;

Moessnang et al., 2020]. One finding has withstood the
test of time and replication: reduced lateralization during
speech/language processing [Eyler, Pierce, &
Courchesne, 2012; Herbert et al., 2002; Kleinhans,
Müller, Cohen, & Courchesne, 2008; Knaus, Silver,
Lindgren, Hadjikhani, & Tager-Flusberg, 2008; Knaus
et al., 2010; see Lindell & Hudry, 2013 for a review; see
Herringshaw, Ammons, DeRamus, & Kana, 2016 for a
meta-analysis]. Phenotypically, deficits in language and
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communication are a core feature of autism spectrum dis-
orders (ASD) [Lord et al., 2012; Tager-Flusberg, Paul, &
Lord, 2013; Volkmar, Lord, Bailey, Schultz, & Klin, 2004;
Wilkinson, 1998]. Reduced language lateralization might
therefore be a neural marker of communicative impair-
ment in ASD.
Although reduced language lateralization appears to be

consistent across paradigms and studies, the majority
of prior work [cf. Kleinhans et al., 2008] has relied on
comparisons of group-level activation maps. Because
individuals vary in the precise locations of macro- and
micro-anatomical areas [Amunts et al., 1999; Juch,
Zimine, Seghier, Lazeyras, & Fasel, 2005; Tomaiuolo
et al., 1999], functional activations do not align perfectly,
especially in the higher-order association cortex
[Fedorenko & Blank, 2020; Fischl et al., 2008; Frost &
Goebel, 2012; Vázquez-Rodríguez et al., 2019]. This vari-
ability may further be greater in populations with neu-
rodevelopmental disorders like autism [Coutanche,
Thompson-Schill, & Schultz, 2011; Müller, Kleinhans,
Kemmotsu, Pierce, & Courchesne, 2003; Pegado
et al., 2020]. Apparent reduction in activity in some brain
areas in ASD at the group level—which would translate
into reduced lateralization if these were left hemisphere
(LH) areas—may therefore simply reflect higher variabil-
ity in the locations of the relevant functional regions.
Furthermore, the nature and scope of lateralization

reduction in ASD remain poorly understood. First, the
cause of the reduced lateralization is debated. Some
report decreased activity in the LH [Eyler et al., 2012; Har-
ris et al., 2006; Müller et al., 2003]; others increased activ-
ity in the right hemisphere (RH) [Anderson et al., 2010;
Knaus et al., 2008; Takeuchi, Harada, Matsuzaki,
Nishitani, & Mori, 2004; Tesink et al., 2009; Wang, Lee,
Sigman, & Dapretto, 2006]; yet others find both
[Boddaert et al., 2003; Kleinhans et al., 2008; Redcay &
Courchesne, 2008]. Given that LH and RH language
regions plausibly contribute differently to language
processing [Lindell, 2006; Mitchell & Crow, 2005], under-
standing which hemisphere drives the lateralization dif-
ferences is critical for interpretation. Second, many studies
use language tasks that are not designed to isolate partic-
ular cognitive processes. For example, verbal-fluency
tasks, where participants are presented with a cue (letter,
category name, etc.) and are asked to generate as many
associated words as possible [Kenworthy et al., 2013;
Kleinhans et al., 2008] certainly engage linguistic
resources—spanning several aspects of language
[Bradshaw, Thompson, Wilson, Bishop, &
Woodhead, 2017]—but also have an executive compo-
nent [Thompson-Schill, D’Esposito, Aguirre, &
Farah, 1997]. As a result, these tasks may activate multi-
ple functionally distinct brain networks, complicating
the interpretation of the lateralization differences. And
third, most studies examine functional responses during a

single task making it impossible to determine whether
reduced lateralization is specific to that task or the brain
areas / network(s) that the task targets, or whether it
instead stems from an across-the-brain reduction in
lateralization [Cardinale, Shih, Fishman, Ford, & Müll
er, 2013; Dawson, 1983; Fein, Humes, Kaplan, Lucci, &
Waterhouse, 1984].

To illuminate the nature and scope of reduced language
lateralization in autism, in Study 1, we used a well-
validated language “localizer” [Fedorenko, Hsieh, Nieto-
Castañón, Whitfield-Gabrieli, & Kanwisher, 2010] to
identify language-responsive regions in each brain indi-
vidually [for methodological, statistical, and theoretical
advantages that functional localizers afford, see Brett,
Johnsrude, & Owen, 2002; Fedorenko & Blank, 2020;
Nieto-Castañon & Fedorenko, 2012; Saxe, Brett, &
Kanwisher, 2006]. We then examined the responses of
these language regions and their RH homologs in individ-
uals with an ASD diagnosis and pairwise-matched con-
trols during two language comprehension tasks to assess
lateralization differences between the two groups.

To test whether lateralization reduction is restricted to
the language network, we additionally examined two
other networks: the network that supports social cogni-
tion, including Theory of Mind (ToM) [Saxe &
Kanwisher, 2003] and the Multiple Demand
(MD) network, which supports executive functions
[Duncan, 2010, 2013]. These networks were chosen
because (a) like the language network, they support high-
level cognitive abilities; (b) like the language network,
both social/emotional processes [e.g., Gainotti, 2019;
Isik, Koldewyn, Beeler, & Kanwisher, 2017; Saxe &
Powell, 2006] and at least some executive processes [e.g.,
d’Esposito et al., 1998; Nagel, Herting, Maxwell, Bruno, &
Fair, 2013; Smith & Jonides, 1998; Thomason et al., 2009;
Walter et al., 2003] have been argued to exhibit a hemi-
spheric bias (with stronger responses in the right hemi-
sphere); (c) like language and communication, both
social/emotional cognition [e.g., Kana et al., 2015;
Lombardo, Chakrabarti, Bullmore, & Baron-Cohen, 2011;
White, Frith, Rellecke, Al-Noor, & Gilbert, 2014] and
executive functions [e.g., Kana, Keller, Minshew, &
Just, 2007; Kenworthy, Yerys, Anthony, & Wallace, 2008;
Luna et al., 2002; Solomon et al., 2009] have been shown
to be affected in autism; and iv) for both networks, robust
individual-level “localizer” paradigms have been devel-
oped and extensively validated [ToM network: Dufour
et al., 2013; Saxe & Kanwisher, 2003; MD network:
Assem, Blank, Mineroff, Ademoglu, & Fedorenko, 2020;
Fedorenko, Duncan, & Kanwisher, 2013].

Moreover, the emerging genetic picture of autism is
complex, with numerous genes implicated and geneti-
cally mediated overlaps with autism-like traits present in
the general population [Huguet, Ey, & Bourgeron, 2013;
Miles, 2011; Talkowski, Minikel, & Gusella, 2014]. This
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continuous (cf. categorical) construal of autism predicts
that the same behavioral or neural features that show dif-
ferences between individuals with ASD and neurotypical
(NT) individuals should exhibit a relationship with autis-
tic trait load in the NT population [e.g., Baron-Cohen
et al., 2011; Lai, Lombardo, Auyeung, Chakrabarti, &
Baron-Cohen, 2015]. In an exploratory Study 2, we there-
fore tested whether the strength of language lateraliza-
tion relates to autistic trait load in a relatively large NT
population (n = 189). (Although this continuous relation-
ship should also characterize the ASD population, it may
be more difficult to detect given the small sample size,
and lower variability in both autistic trait load and later-
alization. For completeness, we examined this relation-
ship in the ASD participants, as well.)

Methods
Participants

Participants gave informed consent in accordance with
the requirements of MIT’s Committee on the Use of
Humans as Experimental Subjects (COUHES) and were
paid for their time.

Study 1. Thirty-two individuals with a clinical ASD diag-
nosis participated. Four participants were not included in
the analyses due to motion-related scanner artifacts, leav-
ing 28 participants. All participants were native English
speakers with normal hearing and vision (Mage = 26.7,
SD = 6.8, range: 18–45; 7 females; 5 left-handed; in 4 of
the left-handed participants, the language network was
left-lateralized, and in the remaining participant, it was
right-lateralized). All participants were administered the
Autism Diagnostic Observation Schedule (ADOS) [Lord,
Rutter, DiLavore, & Risi, 1999] and met the criteria for a
clinical diagnosis: ADOS Social Communication Score
M = 9.6, SD = 2.3, range: 7–15 (these summary statistics
exclude two participants whose ADOS scores were lost).
All participants were also administered the Autism

Spectrum Quotient questionnaire (ASQ) [Baron-Cohen,
Wheelwright, Skinner, Martin, & Clubley, 2001]:
M = 31.7, SD = 8.4, range: 14–43. Finally, nonverbal IQ
was measured with the Matrices subtest of the Kaufman
Brief Intelligence Test (KBIT) [Kaufman, 1990]: M = 114.9,
SD = 10.5, range 92–130; and verbal IQ was measured
with the Verbal Knowledge and Riddles subtests of the
KBIT: M = 115.2, SD = 12.7, range 84–135.

Twenty-eight native English speakers without a clinical
ASD diagnosis or any other neurodevelopmental disorder
were pairwise-matched to ASD participants on age
(M = 26.1, SD = 5.4, range: 20–45; t(27) = 0.39, P = 0.35),
sex, handedness (in all 5 left-handed participants, the
language network was left-lateralized), nonverbal IQ
(M = 118.1, SD = 10.6, range 94–130; t(27) = −1.11,
P = 0.14), verbal IQ (M = 116.4, SD = 14.9, range 85–144;
t(27) = −0.32, P = 0.38), fMRI acquisition sequence
parameters, experimental parameters (the version of the
localizer used for each network, as detailed below), and
the amount of motion in the scanner during each task
(Language localizer task: t(27) = 1.14, P = 0.13; ToM
localizer task: t(18) = 0.47, P = 0.32; MD localizer task:
t(19) = −1.05, P = 0.15; Table 1) [see Jenkinson, 1999, for
details of the motion measure]. As expected, the ASQ
scores of the control (or NT) group were reliably lower
than the ASD group (M = 18.0, SD = 6.2, range 9–31;
t(27) = 6.98, P < 0.001), and none of the NT participants
scored at or above 32 (the threshold that has been argued
to index “clinically significant levels of autistic traits,”
although this level is not meant to be diagnostic of an
ASD) [Baron-Cohen et al., 2001].

(Exploratory) Study 2. We searched the Fedorenko
lab’s database for native English speakers with normal
hearing and vision, no ASD diagnosis (or other neu-
rodevelopmental disorders), who had completed the ASQ
and the KBIT Matrices subtest (because the verbal and
nonverbal KBIT scores are correlated, we typically only
administer the nonverbal Matrices subset to our NT

TABLE 1. Matching the ASD and NT Participants (N = 28 in Each Group) for Study 1

Group

ASDs NTs t test

Sex (male:female) 21:7 21:7
Handedness (right:left) 23:5 23:5
Age: mean (SD) 26.7 (6.8) 26.1 (5.4) t(54) = 0.39
ADOS: mean (SD) 9.6 (2.3) NA
ASQ: mean (SD) 31.7 (8.4) 18.0 (6.2) t(51) = 6.98*
KBIT nonverbal: mean (SD) 114.9 (10.5) 118.1 (9.8) t(54) = 1.11
KBIT verbal: mean (SD) 115.2 (12.7) 116.4 (14.9) t(54) = 0.32
TVM—language localizer task: mean (SD) 0.14 (0.06) 0.12 (0.03) t(54) = 1.14
TVM—ToM localizer task: mean (SD) 0.14 (0.05) 0.13 (0.04) t(43) = 0.47
TVM—MD localizer task: mean (SD) 0.13 (0.05) 0.12 (0.03) t(36) = 1.05

Note. Results of t tests significant at P < 0.05 are bolded and marked by an asterisk. TVM, total vector motion (in mm).
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participants). These criteria yielded 189 individuals
(Mage = 26.2, SD = 6.6, range: 19–61); 132 females;
14 left-handed (2 left-handed individuals had their lan-
guage network left-lateralized; MASQ = 17.3, SD = 7.2,
range: 3–42; MKBIT = 119.3, SD = 11.9, range: 75–132).
Eight participants (�4%) had an ASQ score of 32 or
higher, indicating a high autistic trait load, as noted
above.

Design, Materials, and Procedure

Study 1. All participants completed a language localizer
[Fedorenko et al., 2010]. A subset of participants addition-
ally completed a ToM localizer [Saxe & Kanwisher, 2003]
(n = 18 in each group), and/or a MD system localizer [e.g.,
Blank, Kanwisher, & Fedorenko, 2014] (n = 19 in each
group). (Not everyone completed all three localizers
because this data set was pooled from across two projects
differing in their goals.) Some participants completed
additional tasks for unrelated studies. The scanning ses-
sion lasted approximately 2 h.
Language localizer. Participants read sentences or non-

word sequences in a blocked design. The
Sentences > Nonwords contrast targets brain regions that
selectively support high-level linguistic processing [Blank
et al., 2014; Braga, Van Dijk, Polimeni, Eldaief, &
Buckner, 2019; Fedorenko, Behr, & Kanwisher, 2011],
including lexical-level and combinatorial—syntactic and
semantic—processes [Bautista & Wilson, 2016; Fedorenko
et al., 2010; Fedorenko, Nieto-Castanon, &
Kanwisher, 2012; Fedorenko & Blank, 2020]. Two slightly
different versions of the localizer were used (because the
data were pooled from across two projects, as noted
above), which have been previously established to elicit
similar activations [Fedorenko et al., 2010]. In one ver-
sion (SNloc_ips189), each trial started with 300 msec
pretrial fixation, followed by a 12-word-long sentence/
nonword sequence presented one word/nonword at a
time for 350 msec each, followed by a probe word/non-
word presented in blue for 1,000 msec. Participants
pressed one of two buttons to indicate whether the probe
appeared in the preceding stimulus. Each trial ended with
500 msec of fixation. In the other version (SNloc_ips179),
each trial started with 100-msec pretrial fixation,
followed by a 12-word-long sentence/nonword sequence
presented at the rate of 450 msec per word/nonword,
followed by a line drawing of a finger pressing a button
presented for 400 msec. Participants pressed a button
whenever they saw this drawing. Each trial ended with
100 msec of fixation. In both versions, each block con-
sisted of three trials and lasted 18 sec. Each run consisted
of 16 experimental blocks (8 per condition) and 5 fixation
blocks (18 or 14 sec each for the two versions), for a total
duration of 378 or 358 sec. Each participant performed
two runs, with condition order counterbalanced across

runs. Sixteen participants in each group (ASD, NT) per-
formed the SNloc_ips189 version of the localizer; the
remaining 12 participants in each group performed the
SNloc_ips179 version.

ToM localizer. Participants read short stories. In the crit-
ical, False Belief, condition, each story described a protag-
onist who held a false belief. In the control, False Photo,
condition, each story described an object (e.g., a photo-
graph or a painting) depicting some state of the world
that was no longer true. The False Belief > False Photo
contrast targets brain regions that support ToM reasoning
[Dodell-Feder, Koster-Hale, Bedny, & Saxe, 2011; Saxe &
Kanwisher, 2003]. The stories were presented one at a
time for 10 sec, centered on the screen, and followed by a
True/False question presented for 4 sec. Participants
pressed one of two buttons to indicate their response.
Each run consisted of 10 trials (5 per condition), and
11 fixation blocks, for a total duration of 272 sec. Each
participant performed two runs, with condition order
counterbalanced across runs.

MD localizer task. Participants kept track of four (easy
condition) or eight (hard condition) spatial locations in
a 3 × 4 grid [Fedorenko et al., 2011]. The Hard > Easy
contrast targets brain regions that support domain-
general executive processes, like working memory and
cognitive control [Duncan, 2010, 2013; Fedorenko
et al., 2013]. The locations flashed up one or two at a
time (for the easy and hard conditions, respectively),
followed by the presentation of two sets of locations.
Participants pressed one of two buttons to indicate
which set of locations they just saw. Ech trial lasted
8 sec [see Fedorenko et al., 2011, for details]. Each block
consisted of four trials and lasted 32 sec. Each run con-
sisted of 12 experimental blocks (6 per condition) and
4 fixation blocks (16 s each), for a total duration of
448 sec. Each participant performed two runs, with con-
dition order counterbalanced across runs.

Study 2. Participants completed one of six versions of
the language localizer task (Table 2), with 165 of the
189 participants (87%) completing the versions used in
Study 1. Detailed information on the procedure and
timing of the different versions can be found in
Mahowald and Fedorenko [2016].

fMRI Data Acquisition and Preprocessing

Structural and functional data were collected on the
whole-body 3-Tesla Siemens Trio scanner with a
32-channel head coil at the Athinoula A. Martinos Imag-
ing Center at the McGovern Institute for Brain Research
at MIT. T1-weighted structural images were collected in
128 axial slices with 1-mm isotropic voxels (repetition
time [TR] = 2,530 msec, echo time [TE]= 3.48 msec) (the
anatomical image was not used in the analyses reported
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here). Functional, blood oxygenation-level-dependent
(BOLD) data were acquired using an echo planar imaging
(EPI) sequence (with a 90� flip angle and using GRAPPA
with an acceleration factor of 2), with the following
acquisition parameters: thirty-one 4-mm thick near-axial
slices, acquired in an interleaved order with a 10% dis-
tance factor; 2.1 mm × 2.1 mm in-plane resolution; field
of view 200 mm in the phase-encoding anterior to poste-
rior direction; matrix size 96 mm × 96 mm; TR
2,000 msec; TE 30 msec; 16 nonlinear iterations for spa-
tial normalization with 7 × 9 × 7 basis functions. Prospec-
tive acquisition correction [Thesen, Heid, Mueller, &
Schad, 2000] was used to adjust the positions of the gra-
dients based on the participant’s motion one TR back.
The first 10 sec of each run were excluded to allow for
steady-state magnetization.

Functional data were preprocessed and analyzed
using SPM5 and custom MATLAB scripts. The data were
motion corrected, normalized to a common space func-
tional template (Montreal Neurological Institute), res-
ampled into 2-mm isotropic voxels, and high-pass
filtered at 200 sec. The data were then smoothed with a
4-mm Gaussian filter. The effects were estimated using
a general linear model (GLM) in which each experi-
mental condition was modeled with a boxcar function
(representing entire blocks/events) convolved with the
canonical hemodynamic response function. The model
also included first-order temporal derivatives of these
effects, as well as nuisance regressors representing
experimental runs and offline-estimated motion
parameters. A constant scaling factor was applied to
the BOLD signal from each individual participant and
run in order to scale all data to percent signal change
units.

Definition of Group-Constrained, Subject-Specific fROIs

For each participant, functional regions of inetrest (fROIs)
were defined using the group-constrained subject-specific
(GSS) approach [Fedorenko et al., 2010]. In this approach,
a set of parcels (brain areas within which most individ-
uals in prior studies showed activity for the relevant
localizer contrast) is intersected with each individual par-
ticipant’s activation map for the same contrast. To define
the language fROIs in the LH, we used parcels—derived
from a probabilistic activation overlap map for the
Sentences > Nonwords contrast for 220 participants—
falling within inferior frontal gyrus (LIFG) and its orbital
part (LIFGorb), middle frontal gyrus (LMFG), anterior and
posterior temporal (LAntTemp and LPostTemp), and
angular gyrus (LAngG). See Figure 1 for the images of the
parcels. Furthermore, we defined the RH homologous
fROIs using LH parcels mirror-projected onto the RH. The
mirrored versions of the parcels are likely to encompass
the RH homolog of the LH language network, despite
possible hemispheric asymmetries in their precise loca-
tions. The probability maps and the masks are available
for download from the Fedorenko Lab’s website (https://
evlab.mit.edu) or by request from EF.

For the ToM network, we focused on the right
temporo-parietal junction (RTPJ), which has been shown
to be most selective for mental-state attribution [Saxe &
Powell, 2006] and its LH homolog. To define these fROIs,
we used the parcels derived from a group-level representa-
tion for the False Belief > False Photo contrast in an inde-
pendent group of 462 participants [Dufour et al., 2013].

To define the MD fROIs, following Fedorenko
et al. [2013], we used 18 anatomical parcels across the
two hemispheres [Tzourio-Mazoyer et al., 2002]:

Table 2. Information on Which Subsets of Participants in the Sample of 189 NT Participants Performed Which Version of the
Language Localizer

Number of
participants

Language localizer
version Conditions Materials

Trials per
block

Blocks per run/per
condition per run

n = 153 SNloc_ips179 Sentences, Nonwords
12-Word-/nonword-long
sequences 3 16/8

n = 12 SNloc_ips189 Sentence, Nonwords
12-Word-/nonword-long
sequences 3 16/8

n = 13 SWNloc_ips168 Sentences, Wordlists, Nonwords
8-Word-/nonword-long
sequences 5 12/4

n = 6 SWNloc_ips198 Sentences, Wordlists, Nonwords
12-Word-/nonword-long
sequences 3 18/6

n = 1 SWJN_v1_ips252
Sentences, Wordlists,
Jaberwocky, Nonwords

12-Word-/nonword-long
sequences 5 16/4

n = 3 SWJN_v2_ips232
Sentences, Wordlists,
Jaberwocky, Nonwords

8-Word-/nonword-long
sequences 5 16/4

n = 1 SNloc_ips232 Sentences, Nonwords
8-Word-/nonword-long
sequences 5 16/8

Note. Information on the procedure and timing details for the SNloc_ips179 and SNloc_ips189 is provided in “Methods” section. Information on the
procedure and timing details for the other versions of the language localizer can be found in Mahowald and Fedorenko [2016], table 2].
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opercular IFG (LIFGop and RIFGop), MFG (LMFG and
RMFG), orbital MFG (LMFGorb and RMFGorb), insular
cortex (LInsula and RInsula), precentral gyrus (LPrecG
and RPrecG), supplementary and presupplementary
motor areas (LSMA and RSMA), inferior parietal cortex
(LParInf and RParInf), superior parietal cortex (LParSup
and RParSup), and anterior cingulate cortex (LACC and
RACC). The probability maps and the masks are available
for download from the Fedorenko Lab’s website (https://
evlab.mit.edu) or by request from EF.
These parcels were used to extract functional region vol-

umes and effect sizes in each network in each individual.
To compute region volumes, we counted the number of
voxels showing a significant effect (at the P < 0.001
whole-brain uncorrected threshold; this level was chosen
based on prior work where we had observed that most
participants show robust responses at this level for the
contrasts used here) for the relevant localizer contrast
within each relevant parcel. For example, for the lan-
guage network, we counted the number of significant
Sentences > Nonwords voxels within each of six LH and
each of six RH language parcels. For the language and
MD networks, these values were then summed across the
regions within each hemisphere, to derive a single value
per hemisphere per network per participant. The motiva-
tion for examining the networks holistically (cf. region
by region) is that much evidence suggests that the
regions within each network form a strongly functionally
integrated system [Assem et al., 2020; Blank et al., 2014;

Fedorenko & Blank, 2020; Mahowald & Fedorenko, 2016;
Mineroff, Blank, Mahowald, & Fedorenko, 2018].

To compute effect sizes, we first defined subject-specific
fROIs by selecting the top 10% of localizer-responsive
voxels based on the t values for the relevant contrast and
then extracted the responses of these fROIs to the rele-
vant localizer contrast (in percent BOLD signal change).
To ensure independence between the data used to define
the fROIs vs. to extract effect-size measures [Kriegeskorte,
Simmons, Bellgowan, & Baker, 2009], we used an across-
runs cross-validation procedure [Nieto-Castañon &
Fedorenko, 2012]. In particular, the first run was used to
define the fROIs, and the second run to estimate the
responses, the second run was used to define the fROIs,
and the first run to estimate the responses, and finally,
the estimates were averaged across the two left-out runs
to derive a single value per participant per fROI. For the
language and MD networks, these values were then aver-
aged across the regions within each hemisphere, to derive
a single value per hemisphere per network per
participant.

For the language network, we additionally extracted
the responses of the Sentences > Nonwords fROI to the
False Photo stories from the ToM localizer (relative to fix-
ation). As described in 2.2, the stories in the False Photo
condition describe scenarios where a photograph
(or some other medium) depicts a state of the world that
is no longer true (to parallel the stories in the False Belief
condition, where a conflict exists between reality and the

Figure 1. (A) Lateralization measures for the language network in individuals with ASD (n = 28, darker bars) versus NT controls
(n = 28, lighter bars). (B) Region volumes of the language LH and RH networks. (C) Effect sizes of the language LH and RH networks.
Significant group differences are marked by asterisks. (D) Language network mask.
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content of an individual’s mind). These stories, like any
sentence-level linguistic materials, are expected to elicit a
strong response in the language regions (relative to the fix-
ation baseline), thereby allowing us to examine potential
differences in the lateralization of response. (We included
only the False Photo condition in this analysis to avoid
potential influences of the mental state content—present
in the False Belief stories—on lateralization; although the
language and the ToM network are functionally dissocia-
ble, they do exhibit some degree of synchronization [e.g.,
Paunov, Blank, & Fedorenko, 2019].)

Computing Lateralization

The critical measure for each network was the degree of
lateralization. Following prior work [Binder et al., 1997;
Seghier, Lazeyras, Pegna, Annoni, & Khateb, 2008], we
used volume-based lateralization (cf. activation-strength-
based lateralization) [see Mahowald & Fedorenko, 2016,
for evidence that the two are correlated]. For each net-
work, the number of activated voxels in the RH was sub-
tracted from the number of activated voxels in the LH,
and the resulting value was divided by the number of
activated voxels across hemispheres. The obtained values
could therefore range from 1 (exclusively LH activation)
to −1 (exclusively RH activation), with 0 corresponding
to bilateral activations. We have previously established
that this measure is highly stable within individuals over
time [Mahowald & Fedorenko, 2016].

Analyses

Study 1. We compared ASD individuals to pairwise-
matched NT controls. To test for group differences in lan-
guage lateralization, we used GLMs with Group (ASD
vs. NT) as a predictor of lateralization in the language net-
work identified using the Sentences > Nonwords contrast
of the language localizer task. We also examined data fit
under the null and alternative hypotheses by estimating
Bayes factors (BF10) using Bayesian linear regressions
[Wagenmakers, Wetzels, Borsboom, & Van Der
Maas, 2011]. BF10 statistics—which reveal how many
times the observed data are more likely under the alterna-
tive than the null hypothesis—were calculated using the
JASP software package. We adopted the following inter-
pretations of BF10 [Lee & Wagenmakers, 2013]: BF10 < 1
provides evidence for the null hypothesis, 1 < BF10 < 3 is
considered anecdotal evidence for the alternative hypoth-
esis, 3 < BF10 < 10—moderate evidence, and 10 < BF10—
strong evidence.

To determine whether presumed differences in lan-
guage lateralization result from differences in the LH, the
RH, or both, we submitted LH and RH region volumes, as
well as effect sizes (in a separate analysis), as dependent
variables to GLMs and Bayesian linear regressions with

Group (ASD vs. NT) as a predictor. Effect sizes are gener-
ally highly correlated with volumes but show greater sta-
bility at the individual level given that they do not
depend on the statistical-significance threshold
[Mahowald & Fedorenko, 2016].

To assess the robustness of the potential language later-
alization differences across different linguistic materials,
we further examined the responses in the language fROIs
(defined with the language localizer as described above)
to the processing of the False Photo stories from the ToM
localizer, as described above. The region volumes, effect
sizes, and lateralization values were computed in the
same way as for the Sentences > Nonwords contrast.

To test whether lateralization reduction is restricted to
the language network, we submitted LH and RH region
volumes and effect sizes as dependent variables to GLMs
and Bayesian linear regressions with Group (ASD vs. NT)
as a predictor of lateralization in the ToM and MD net-
works. We also computed bivariate and partial (control-
ling for age, sex, and nonverbal IQ) Pearson correlations
between language and MD lateralization measures (net-
works where lateralization reduction was observed in
individuals with ASD) across participants, to test whether
these effects are driven by the same underlying factor.

Finally, to test whether language lateralization in our
sample of individuals with ASD is related to autism sever-
ity, we computed bivariate and partial (controlling for
age, sex, and non-verbal IQ) Pearson correlations between
language lateralization measures and ASQ and ADOS
scores.

(Exploratory) Study 2. To test whether language later-
alization is related to autistic trait load in NT individuals,
we computed bivariate and partial (controlling for age,
sex, and nonverbal IQ) Pearson correlations between lan-
guage lateralization measures and ASQ scores.

Results
Language Lateralization Is Reduced in ASD Individuals

Language activations were left-lateralized in both groups
(Sentences > Nonwords: MASD = 0.36, SD = 0.06,
t(27) = 4.89, P < 0.001; MNT = 0.61, SD = 0.04,
t(27) = 13.76, P < 0.001; False Photo > Fixation:
MASD = 0.22, SD = 0.39, t(17) = 2.41, P = 0.03; MNT = 0.54,
SD = 0.18, t(17) = 12.70, P < 0.001). Critically, however,
the degree of lateralization was significantly lower in ASD
individuals (Sentences > Nonwords: t(54) = 2.90,
P = 0.005, BF10 = 7.71; False Photo > Fixation:
t(34) = 3.10, P = 0.004, BF10 = 10.46; Fig. 1A). (Note that
one participant in the ASD group had a language laterali-
zation value below the first quartile [i.e., could be consid-
ered an outlier] for the Sentences > Nonwords contrast.
We reran the analysis without this participant and the
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corresponding matched control. The results did not
change. Language lateralization was significantly lower in
the patient than in the control group, t(52) = 2.94,
P = 0.005, BF10 = 7.73).
This group difference in language lateralization was pri-

marily driven by differences in the RH activity (Fig 1B,C).
In particular, for the Sentences > Nonwords contrast, LH
region volumes and effect sizes were similar between the
groups (volumes: t(54) = 0.56, P = 0.58, BF10 = 0.31;
effect sizes: t(54) = 1.19, P = 0.24, BF10 = 0.49), but in the
RH, ASD individuals exhibited larger volumes
(t(54) = −2.44, P = 0.018, BF10 = 3.10) and effect sizes
(t(54) = −2.94, P = 0.005, BF10 = 8.47) than NT controls.
Similarly, for the False Photo > Fixation contrast, LH vol-
umes were similar between the two groups (t(34) = 1.56,
P = 0.13, BF10 = 0.82), but in the RH, ASD individuals
exhibited somewhat larger volumes (t(34) = −2.22,
P = 0.03, BF10 = 2.07), although no reliable group differ-
ences obtained for the effect sizes (LH: t(34) = 1.83,
P = 0.08; BF10 = 1.15; RH: t(34) = −0.91, P = 0.37,
BF10 = 0.44).

Reduced Language Lateralization in ASD Does Not Stem from
Generalized Reduction in Lateralization across the Brain

ToM activations exhibited a trend toward right-
lateralization in both groups (MASD = −0.15, SD = 0.37,

t(19) = −1.68, P = 0.11; MNT = −0.12, SD = 0.37,
t(19) = −1.37, P = 0.19), in line with prior reports of stron-
ger and more selective activations for some social/ToM
contrasts in the RTPJ compared to the LTPJ [e.g., Isik
et al., 2017; Saxe & Powell, 2006]. Replicating Dufour
et al. [2013], we found no group difference in lateraliza-
tion (t(34) = 0.21, P = 0.84, BF10 = 0.33; Figure 2A). Fur-
thermore, also in line with Dufour et al. [2013, see also
Moessnang et al., 2020], the groups did not reliably differ
in the volumes or effect sizes in either the LH or RH
(LH volumes: t(34) = 0.74, P = 0.47, BF10 = 0.40; LH effect
sizes: t(34) = 0.38, P = 0.71, BF10 = 0.34; RH volumes:
t(34) = 0.03, P = 0.98, BF10 = 0.32; RH effect sizes:
t(34) = 0.08, P = 0.94, BF10 = 0.32; Fig. 2B,C).

MD activations did not show a laterality bias in ASD
participants (MASD = −0.02, SD = 0.19, t(18) = −0.47,
P = 0.65), and they were right-lateralized in the control
group (MNT = −0.19, SD = 0.25, t(18) = −3.25, P = 0.01).
Lateralization of nonverbal executive function tasks to
the right hemisphere has been previously reported in NT
participants [e.g., d’Esposito et al., 1998; Nagel
et al., 2013; Smith & Jonides, 1998; Thomason
et al., 2009; Walter et al., 2003]. The degree of lateraliza-
tion was lower in ASD individuals (t(36) = 2.30, P = 0.03;
Figure 2A), but according to a Bayes factor (BF10 = 2.37),
this evidence was weak. Furthermore, no reliable group
differences obtained for the volumes or effect sizes in

Figure 2. (A) Lateralization measures for the ToM and MD networks in individuals with ASD (n = 28, darker bars) versus NT controls
(n = 28, lighter bars). (B) Region volumes of the ToM and MD LH and RH networks. (C) Effect sizes of the ToM and MD LH and RH net-
works. Significant group differences are marked by asterisks. (D) Theory of Mind network mask. (E) Multiple demand network mask.
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either the LH or RH (LH region volumes: t(36) = 0.92,
P = 0.36, BF10 = 0.44; LH effect sizes: t(36) = 0.51,
P = 0.62, BF10 = 0.35; RH region volumes: t(36) = 1.52,
P = 0.14, BF10 = 0.77; RH effect sizes: t(36) = 0.71,
P = 0.481; BF10 = 0.39; Figure 2B,C).

To ensure that the lack of robust lateralization differ-
ences between ASD and NT participants in the ToM and
MD networks is not due to lower power (fewer partici-
pants were included in these analyses compared to the
analysis of the language network), we repeated the lan-
guage latearlization analyses on the subsets of partici-
pants that were included in the ToM and MD analyses.
The results showed reliably lower language lateralization
even for these smaller samples (with the sample identical
to the one used to examine MD lateralization:
Sentences > Nonwords: t(36) = 2.85, P = 0.007, BF10 = 6.48;
and with the sample identical to the one used to examine
ToM lateralization: Sentences > Nonwords: t(34) = 2.94,
P = 0.006, BF10 = 7.54), suggesting that real differences
can be detected even with less power, and giving us more
confidence for interpreting the lack of lateralization differ-
ences for the ToM and MD networks as meaningful.

Given that ASD individuals showed reduced lateraliza-
tion in the language network and, to some extent, in the
MD network, we asked whether the degree of this reduc-
tion was correlated between the two networks, which
would suggest a shared underlying mechanism. The later-
alization measures showed no reliable correlation
(r(17) = 0.09, P = 0.71; partial r(14) = 0.04, P = 0.88),
suggesting that these effects are independent.

Reduced Language Lateralization Relates to Autistic
Trait Load

In 189 NT participants, ASQ scores correlated signifi-
cantly with the degree of language lateralization, with
higher autistic trait load associated with less lateralized
responses (r(187) = −0.15, P = 0.05, partial r(184) = −0.16,
P = 0.03; Figure 3B). A further exploratory examination of
the correlations between the lateralization measure and
ASQ subscale scores revealed that the observed relation-
ship is primarily driven by the communicative abilities
subscale (r(187) = −0.18, P = 0.05, partial r(185) = −0.20,
P(corrected) = 0.03; P values are corrected using the
Bonferroni method to account for multiple comparisons,
i.e., n = 5 subscales). Scores on the other subscales—
tapping social skills, imagination, attention switching, or
attention to detail—did not reliably correlate with lan-
guage lateralization (all r(187) < j0.11j, all p(corrected)
> 0.14; all partial r(187) < j0.12j, all p(corrected) > 0.6).

For completeness, we also examined the relationships
between language lateralization and ASQ/ADOS scores in
the ASD participants keeping in mind that correlations in
small samples should be interpreted with caution [Schö-
nbrodt & Perugini, 2013]. Neither ASQ scores nor ADOS
scores correlated with the degree of lateralization (ASQ:
r(26) = −0.09, P = 0.64; partial r(23) = 0.03; P = 0.89;
Fig. 3A; ADOS: r(24) = −0.08, P = 0.70; partial
r(21) = 0.05; P = 0.82), possibly due to insufficient vari-
ability in the ASQ and ADOS scores in this population
[Hedge, Powell, & Sumner, 2018].

Figure 3. Reduced language lateralization and the presence of autistic traits. (A) A correlation between the language lateralization
measure and autism severity, as measured by ASQ scores, in individuals with ASD (n = 28). (B) A correlation between the language later-
alization measure and autistic trait load, as measured by the ASQ scores, in NTs (n = 189). The data points are standardized residual
values, controlling for age, sex, and nonverbal IQ.
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Discussion

Perhaps the most consistent finding from cognitive neu-
roscience of autism is reduced lateralization of neural
activity during language tasks [Herringshaw et al., 2016;
Lindell & Hudry, 2013]. However, as discussed in the
Introduction, most prior studies have relied on compari-
sons of group-level maps, complicating interpretation,
and left the nature and scope of this effect ambiguous.
Here, using a robust individual-subjects functional locali-
zation approach [Fedorenko et al., 2010], we found
reduced lateralization during language comprehension—
across two paradigms—in individual participants. Fur-
thermore, we established that this reduced lateralization
(a) results from increased RH activity (cf. decreased LH
activity or both); (b) occurs within the language-selective
network (given that the language localizer effectively iso-
lates this network from nearby functionally distinct net-
works) [Braga et al., 2019; Fedorenko & Blank, 2020];
(c) is not due to a global lateralization reduction (given
that two other lateralized networks did not show a similar
reduction). Finally, in a more exploratory investigation of
NT individuals, we found some evidence for reduced lan-
guage lateralization in individuals with high autistic trait
load. Below, we discuss several issues that our results bear
on, and highlight some open questions and challenges
for future work.

Increased RH Activity During Language Processing in ASD

We found stronger RH responses during language
processing in ASD individuals compared to controls, lead-
ing to more bilateral responses. Is the LH bias for speech
absent/reduced in autism and other developmental disor-
ders at birth, or is the LH bias ubiquitous at birth, with
the RH playing a gradually stronger role in individuals
who experience speech/language difficulties
[Bishop, 2013]?
Some have proposed that increased RH activity stems

from an aberrant brain development trajectory in autism
[Courchesne et al., 2001; Redcay & Courchesne, 2008]. In
particular, whereas typically developing brains grow at a
relatively constant rate [Toga & Thompson, 2003], brains
of ASD individuals exhibit initial rapid growth, followed
by a premature arrest of growth [Courchesne, 2004;
Pardo & Eberhart, 2007]. Because the RH matures earlier
than the LH [Chiron et al., 1997; Geschwind, Miller,
DeCarli, & Carmelli, 2002], this difference in the growth
rate at different brain development stages may lead to an
overdeveloped RH and underdeveloped LH in ASD
[Courchesne, 2004]. Furthermore, genes related to lan-
guage and cognitive development, like FOXP2 [Fisher &
Scharff, 2009; MacDermot et al., 2005] or CNTNAP2
[Alarcón et al., 2008; Scott-Van Zeeland et al., 2010], are
differentially expressed in the left versus right embryonic

perisylvian cortex [Sun et al., 2005]. Dysregulation of
these genes in autism [Muhle, Trentacoste, &
Rapin, 2004; cf. Newbury et al., 2002] could potentially
lead to increased RH engagement during language
processing. Others have advanced an experiential
account whereby speech/language difficulties in ASD
individuals result in overtaxing the specialized LH mech-
anisms and the consequent recruitment of less special-
ized homologous RH areas [Mason, Williams, Kana,
Minshew, & Just, 2008; Tesink et al., 2009].

Regardless of the origin of increased RH activity in
autism, we can ask whether it leads to better language
outcomes, or is maladaptive. There are both theoretical
and empirical reasons in support of the latter possibility.
On the theoretical side, RH language regions have been
argued to be less functionally specialized for language
processing [Gotts et al., 2013; Lindell, 2006], instead
supporting visual semantic processing and/or visual
imagery [Joseph, 1988; Roland & Friberg, 1985]. Indeed,
some individuals with ASD describe themselves as “visual
thinkers,” who translate linguistic representations into
mental images to achieve comprehension
[Grandin, 2006]. Some have further proposed that RH
language regions are less engaged in linguistic prediction
[Federmeier & Kutas, 1999; Federmeier, Wlotko, &
Meyer, 2008]. And empirically, in aphasia research, the
recruitment of RH language regions (cf. the intact LH lan-
guage regions) following stroke has been argued to be
maladaptive [Barwood et al., 2011; Hamilton et al., 2010;
Turkeltaub et al., 2012].

Our data also suggestively point to the maladaptive
nature of the RH engagement: NT individuals with more
bilateral language responses reported greater communica-
tion difficulties, and a similar trend was present in ASD
individuals, although the sample is too small to draw
meaningful conclusions. So, greater RH activity does not
appear to alleviate language/communicative difficulties.

Evidence Against Global Lateralization Reduction in ASD

Some have argued that reduced lateralization in autism
extends beyond language processing [Cardinale
et al., 2013; Dawson, 1983; Fein et al., 1984; Postema
et al., 2019]. To test this idea, in addition to the language
network, we examined activity in two other networks
that are right-lateralized in NT individuals: the ToM
mentalizing network [Saxe & Kanwisher, 2003] and the
domain-general MD executive control network
[Duncan, 2010]. We found no evidence for decreased lat-
eralization of the ToM activity (although it remains to be
examined whether group differences in lateralization of
the ToM activity would emerge if a more visual-
processing based social cognitive task (e.g., facial/emo-
tion recognition) was used), and only weak evidence for
decreased lateralization of the MD activity in ASD
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individuals [see also Dufour et al., 2013; Gilbert, Regier,
Kay, & Ivry, 2006]. These results argue against a generally
more functionally symmetrical brain in ASD individuals:
reduced lateralization appears to be most pronounced—
and perhaps restricted to—the language network [see also
Nielsen et al., 2014, for similar conclusions drawn from
resting state fMRI].

Reduced Language Lateralization in NT Individuals with High
Autistic Trait Load

Autism-like traits are present to some degree in many
individuals who do not have a clinical ASD diagnosis. In
our exploratory Study 2, we observed reduced language
lateralization in NT individuals with a higher autistic trait
load (although note that the size of this correlation was
only moderate). These results demonstrate that reduced
language lateralization may extend to NT individuals
with autism-like characteristics, in line with a continuum
model of underlying genetic risk [Gaugler et al., 2014;
Geschwind, 2011; Robinson et al., 2016; Wing, 1988].
Given the relatively moderate size of the observed corre-
lation, further examination of the relationship between
autistic trait load and language lateralization in NT indi-
viduals is needed.

Limitations and Future Directions

Functional brain-imaging (and many behavioral) investi-
gations of ASD are characterized by small samples, which
is problematic given the well-documented heterogeneity
of this population. Furthermore, most studies, including
ours, only include verbal individuals with ASD with aver-
age or above average intelligence [cf. Tager-Flusberg &
Kasari, 2013]. Yet lower-functioning ASD individuals,
some of whom never acquire functional linguistic skills
[Maljaars, Noens, Scholte, & van Berckelaer-Onnes, 2012],
may hold critical clues as to the nature and neural basis
of the linguistic/communicative impairment in ASD.

Another challenge—relevant to probing the functional
importance of reduced language lateralization—is the lack
of robust and validated behavioral measures of linguistic
processing that are not confounded by executive
demands, like commonly used vocabulary and grammar
assessments that strongly correlate with measures of non-
verbal IQ [Beck & Black, 1986; Hodapp & Gerken, 1999].
Efforts to develop robust language-selective measures will
be critical in understanding how more bilateral language
processing affects behavioral outcomes. Investigations of
the stability of reduced language lateralization within
individuals across development will also be important to
further inform its functional significance.

Finally, evidence for reduced language lateralization
has been previously provided for diverse developmental
disorders, including those that affect linguistic functions,

like dyslexia and specific language impairment [e.g., De
Guibert et al., 2011; Wehner, Ahlfors, & Mody, 2007],
but also those that do not typically affect language/com-
munication, like schizophrenia, attention-deficit hyper-
activity disorder, and epilepsy [e.g., Hale et al., 2005;
Oertel-Knöchel & Linden, 2011; Yuan et al., 2006].
Whether patterns of atypical lateralization for language
differ across these disorders, and whether they result from
the same underlying mechanisms remains to be
determined.
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