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Neural responsivity to social rewards in autistic

female youth

Katherine E. Lawrence®', Leanna M. Hernandez®', Jeffrey Eilbott?, Allison Jack®, Elizabeth Aylward”, Nadine Gaab™®”,
John D. Van Hom?® Raphael A. Bernier®, Daniel H. Geschwind''®, James C. McPartland®'"'?, Charles A. Nelson®®,
Sara J. Webb?'3, Kevin A. Pelphrey'®, Susan Y. Bookheimer' and Mirella Dapretto' on behalf of the GENDAAR

Consortium

Abstract

condition and its heterogeneity.

Autism is hypothesized to be in part driven by a reduced sensitivity to the inherently rewarding nature of social stimuli.
Previous neuroimaging studies have indicated that autistic males do indeed display reduced neural activity to social
rewards, but it is unknown whether this finding extends to autistic females, particularly as behavioral evidence
suggests that affected females may not exhibit the same reduction in social motivation as their male peers. We
therefore used functional magnetic resonance imaging to examine social reward processing during an instrumental
implicit learning task in 154 children and adolescents (ages 8-17): 39 autistic girls, 43 autistic boys, 33 typically
developing girls, and 39 typically developing boys. We found that autistic girls displayed increased activity to socially
rewarding stimuli, including greater activity in the nucleus accumbens relative to autistic boys, as well as greater
activity in lateral frontal cortices and the anterior insula compared with typically developing girls. These results
demonstrate for the first time that autistic girls do not exhibit the same reduction in activity within social reward
systems as autistic boys. Instead, autistic girls display increased neural activation to such stimuli in areas related to
reward processing and salience detection. Our findings indicate that a reduced sensitivity to social rewards, as
assessed with a rewarded instrumental implicit learning task, does not generalize to affected female youth and
highlight the importance of studying potential sex differences in autism to improve our understanding of the

Introduction

Autism is a neurodevelopmental condition character-
ized by difficulties with social communication, as well as
the presence of repetitive behaviors and circumscribed
interests'. Numerous prior studies have found that autism
is associated with reduced attention to and preference for
social stimuli as compared with typically developing (TD)
controls*™*, This reduction in social attention is posited to
be in part driven by diminished sensitivity to the
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intrinsically rewarding nature of social stimuli, which
contributes to fewer opportunities for social learning,
thereby leading to the social challenges observed in
autism®~®, Recent functional magnetic resonance ima-
ging (fMRI) studies in primarily male samples have
directly tested this hypothesis by examining neural
activity in autism when social stimuli are presented as
feedback during tasks (e.g., a picture of a smiling face
appearing as feedback when participants make a correct
choice)’~'”. This body of work has provided evidence in
support of the notion that autistic individuals display
reduced neural activation compared with their neuro-
typical peers in reward-related frontostriatal circuitry
and corticolimbic regions during the anticipation and/or
receipt of positive social feedback”'?. Results from these

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
BY in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecormmons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-0156-353X
http://orcid.org/0000-0002-0156-353X
http://orcid.org/0000-0002-0156-353X
http://orcid.org/0000-0002-0156-353X
http://orcid.org/0000-0002-0156-353X
http://orcid.org/0000-0002-5816-7810
http://orcid.org/0000-0002-5816-7810
http://orcid.org/0000-0002-5816-7810
http://orcid.org/0000-0002-5816-7810
http://orcid.org/0000-0002-5816-7810
http://orcid.org/0000-0002-2570-0746
http://orcid.org/0000-0002-2570-0746
http://orcid.org/0000-0002-2570-0746
http://orcid.org/0000-0002-2570-0746
http://orcid.org/0000-0002-2570-0746
http://creativecommons.org/licenses/by/4.0/
mailto:mirella@ucla.edu

Lawrence et al. Translational Psychiatry (2020)10:178

studies have suggested that such reductions in reward
sensitivity may be particularly pronounced for social
stimuli®'®, although autistic individuals also exhibit
altered reward responsivity to non-social stimuli, including
corticostriatal hypoactivity to monetary rewards'>'¢~'®
and hyperactivity in frontostratial circuits when viewing
images which reflect their preferred interests during a
rewarded task'®™"”,

Autism is more frequently diagnosed in boys than girls,
and all fMRI studies to date investigating reward
responsivity in autism have thus included few or no
female participants®™'>. Although the discrepancy in
autism prevalence rates between males and females may
be exaggerated by sex-specific social and diagnostic fac-
tors®’, the fact that autism is more common among boys
is consistently demonstrated, with recent prevalence
estimates providing a sex ratio of approximately 4:1 males
to females when using registry-based data and approxi-
mately 3:1 when using population-based data®"*%
Importantly, there is evidence for a distinct autism phe-
notype among affected girls and women, suggesting that
previous findings from reward-based fMRI studies in
primarily male samples may not generalize to female
samples. Autistic females significantly differ from autistic
males in their neural activity when processing emotional
stories®®, their patterns of functional and structural brain
connectivity>*?’, their genetic load for autism®*~*°, and
their behavioral and cognitive profiles®>*'~3>, Most
notably, autistic females and males display different social
engagement patterns: autistic girls indicate that they have
closer friendships and a greater number of friends than
their male counterparts®®>°. Eye-tracking studies have
similarly found that autistic girls exhibit more typical
volitional social attention than autistic boys, as well as
comparatively reduced attention to objects associated
with circumscribed interests*®*'. In line with such
reports, one small self-report study with an approximately
equal number of female and male adolescents found that
autistic girls displayed significantly greater social moti-
vation than autistic boys as assessed using qualitative
interviews™®.,

Importantly, such evidence suggests that findings of
reduced social reward sensitivity in autism®~® may not
generalize to autistic females. We therefore examined the
neural basis of social reward processing in a balanced
sample of autistic and TD girls and boys. Specifically, we
investigated how social reward processing may differ
between autistic girls and boys, as well as between autistic
and TD girls. We additionally explored how alterations in
such reward processing among autistic youth might be
related to individual variability in implicit social learning
and core autism traits. By characterizing the neural
underpinnings of core autism symptomatology in girls,
these analyses improve our understanding of both sex
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differences in autism and factors which may contribute to
the considerable heterogeneity observed among indivi-
duals with autism®>*3,

Materials and methods
Participants

Youth (ages 8-17) were recruited from four sites
(Harvard Medical School, Seattle Children’s Research
Institute, University of California Los Angeles [UCLA],
and Yale University) as part of the Gender Exploration of
Neurogenetics and Development to Advance Autism
Research (GENDAAR) consortium, supported by an NIH
Autism Center of Excellence Network. Exclusion criteria
for all participants were as follows: premature birth, any
known genetic condition (e.g., Fragile X), a history of
neurological disorders involving pathology above the
brainstem (except uncomplicated non-focal epilepsy),
active seizures within the last year, and an inability to
comprehend task instructions. For the autism group,
inclusion criteria included a prior diagnosis of autism
spectrum disorder confirmed by a trained, research-
reliable clinician using the Autism Diagnostic Interview,
Revised (ADI-R)** and/or Autism Diagnostic Observation
Schedule, Second Edition (ADOS-2)%*. Inter-site relia-
bility was maintained for these measures by having all lead
clinicians team double-code one ADI-R and one ADOS-2
every six months, with intra-site reliability maintained by
having each site’s lead clinician double-code 10% of
assessments. Within the final sample, nearly all autistic
youth met criteria on both the ADI-R and the ADOS-2
(n="76/82). A smaller number of participants met criteria
on the ADI-R but either were subthreshold on the ADOS-
2 by virtue of falling one point short of the total diagnostic
cut-off (n=2) or did not receive the ADOS-2 because
they were lost to follow-up (m=1); a similarly small
number of participants met criteria on the ADOS-2 but
either were subthreshold on the ADI-R by virtue of falling
one point short of the total diagnostic cut-off (n=1) or
did not receive the ADI-R because they were lost to
follow-up (n =2). TD participants were required to have
no first- or second-degree relatives with autism, no
developmental, neurological, or psychiatric disorders, and
no evidence of elevated autism traits based on total ¢-
scores <65 on parent-report version of the Social
Responsiveness Scale, Second Edition (SRS-2)*°. After
excluding participants with incomplete neuroimaging or
IQ data, or excessive motion during scanning, youth were
further excluded for being the sibling of another partici-
pant in the study. The retained sibling was selected with
the goal of minimizing any potential group differences in
pubertal development (as measured by the Pubertal
Developmental Scale; PDS"), site/scanner, motion during
the fMRI task (as measured by mean relative motion and
the number of censored timepoints) and, separately
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within each diagnostic group, autism traits (as measured
by the SRS-2 for both diagnostic groups and the ADOS-2
for the autistic participants); this selection was done prior
to data analysis and prioritized matching participants on
autism traits and motion, followed by site/scanner and
pubertal development. The final sample included 154
youth: 39 autistic girls, 43 autistic boys, 33 TD girls, and
39 TD boys. Assignment to the female/girl or male/boy
group for our analyses was based on parent-report of
biological sex designated at birth; no assessment was
made of gender identity. As calculated in G*Power 3.1*°
for a 0.05 significance level, this sample size has 92—-95%
power to detect large effect sizes (Cohen’s d > 0.8) for our
between-group ROI analyses. Anonymized data are pub-
licly available for these participants through the National
Database for Autism Research (NDAR) under collection
ID 2021. Informed assent and consent were obtained from
all participants and their legal guardians, and the experi-
mental protocol was approved by the Institutional Review
Board at each participating site.

Descriptive statistics and two-tailed p-values for our
final sample are presented in Table 1; the reported sta-
tistical comparisons were completed in R** using ¢-tests,
chi-squared tests or their non-parametric equivalent as
appropriate. Within both diagnostic groups, girls and boys
did not significantly differ on age, general cognitive ability,
handedness, household income, mean relative motion,
and number of censored fMRI timepoints; there were
additionally no significant differences in fMRI task per-
formance as quantified by reaction time (button press
speed during social trials), number of correct/incorrect
trials (total count of correct and incorrect social trials,
respectively), and improvement in task accuracy (change
in accuracy between the first and last third of nonrandom
social trials) (all p >0.05). Within each diagnostic group
there was likewise no significant effect of sex on overall
autism traits, as measured by the SRS-2 for both groups
and the ADOS-2 for the autism group (all p>0.1). Of
particular note, the range of autism traits was similar
between autistic girls and boys (ADOS-2 Calibrated
Severity Score: 3—10 for girls vs. 3—10 for boys. SRS Total
T-Score: 47-90 for girls vs. 54—90 for boys. SRS Total
Raw Score: 22-162 for girls vs. 43-146 for boys). Not
surprisingly since neither the autistic nor TD sex groups
significantly differed on age, girls and boys within each
diagnostic group differed in pubertal development (both
p<0.01), with girls showing more advanced pubertal
development. When testing for demographic differences
within each sex, the autism and TD groups did not sig-
nificantly differ on age, general cognitive ability, handed-
ness, household income, mean relative motion, number of
censored fMRI timepoints, and task performance (all p >
0.05), with the exception of TD boys displaying higher
general cognitive ability scores and lower mean relative
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motion than autistic boys (both p<0.01). Psychotropic
medication information for our sample is presented in
Table S1. Notably, the number of participants on medi-
cation did not significantly differ between the autistic
female and male groups (p = 0.9).

fMRI task

We used a slightly modified version of the event-related
rewarded implicit learning task previously used by our
group to investigate reward processing in autistic and TD
boysg; this task is based on the well-established Weather
Prediction Task®*™* and was chosen to improve com-
parability with our prior study’. Participants completed
several practice trials prior to the scan to ensure they
understood task instructions. Briefly, participants were
told that abstract images would be presented multiple
times over the course of the task, and each time such an
image appeared they should guess via button press whe-
ther it belonged to “Team 1” or “Team 2”, after which they
would receive feedback on their response. Participants
thus used trial-and-error over the course of the task to
learn which stimuli were associated with which button
press, although the implicit learning nature of the task
was intentionally not mentioned to subjects. More spe-
cifically, each trial started with the presentation of a single
abstract fractal-like stimulus. A total of six abstract
fractal-like images were included over each administra-
tion of the experiment, with four of the six images having
a predictive probability of 83%, and the two remaining
images having a predictive probability of 50% (i.e., they
were associated with a correct response of “1” or “2” for an
equal number of trials); this predictive probability dis-
tribution was selected to ensure sufficient task difficulty
such that participants would rely on implicit learning
instead of explicit memorization strategies. While viewing
the abstract image presented at the beginning of each
trial, participants indicated a response via button press.
After 2 sec (s) had elapsed since the trial start, participants
received feedback for a duration of 1.25 s. Feedback in the
social condition consisted of a smiling male or female face
with the text “That’s right!” if the participant had guessed
correctly. If the subject’s response was incorrect, the same
male or female face with a sad expression was displayed
along with the text “That’s wrong” (Fig. 1). In the neutral
condition, feedback consisted of the corresponding text
“That’s right” or “That’s wrong” and an image of a male or
female face displaying a neutral expression. The identity
of the male face and the female face were kept constant
throughout the experiment. Distinct abstract images were
used for the social and neutral trials within each partici-
pant; across participants, abstract images were randomly
assigned to the social and neutral conditions. After each
trial was complete, a blank screen that lasted between
0.73s and 3.7s was shown before the start of the next
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Table 1 Mean and standard deviation of sample descriptives.

Autism D F vs. M P- Autism vs. TD

values P-values

Female Male Female Male Autism TD  Female Male
Sample size 39 43 33 39 - - -
Age (years) 1323 +243 13.10£3.10 1359+298 1331+271 0.83 0.67 0.57 0.75
Pubertal development 13.05+3.83° 10.68 + 4.06° 1329+ 4.26° 1023+3.74 0009 0002 081 061
General conceptual ability 10338 £21.52 103.95+20.16 109.76 £ 16.87 11533+ 15.76 091 0.15 0.17 0.006
Handedness (R/L) 34/5 41/2 32/1 39/0 0.25 046 0.21 0.50
Household income (1/2/3/4/5/6/7/ 0/0/1/1/0/1/4/2/  0/1/0/1/2/5/4/4/ ~ 0/0/0/0/1/1/2/7/  1/0/0/0/1/0/3/6/  1.00 092 1.00 0.78
8/9/10) 3/7°9 5/7° 4/8° 6/10°
Scanner (HT/ST/SP/UT/UP/YT) 1/9/3/9/4/13 5/2/10/12/5/9 4/3/8/5/6/7 3/2/7/10/7/10 0.03 083 0.08 0.94
Reaction time (social trials; ms) 800.0 + 145.8 746.25+190.5 829.1+ 1428 801.1+160.9 0.16 044 0.40 0.16
# Correct social trials 1631 +281 1621 £261 16.64 +3.31 16.77 £2.32 087 0.84 0.65 0.31
# Incorrect social trials 1764 +324 16.65 +2.64 1655+292 1641+276 0.13 0.84 0.14 0.69
Accuracy improvement (social 4.87 +29.58 —0.73+3046 152142728 386+ 2761 040 0.09 0.13 048
trials; %)
Mean relative motion (mm) 0.11+0.11 013+£0.13 0.09 +0.07 0.09 +0.09 049 097 0.36 0.009
Timepoints censored 877+6.73 1037 £5.68 9.15+£7.09 8.00+6.30 0.25 047 0.82 0.08
SRS-2 total raw 93.47 +31.58° 91.93 + 2345 1818+ 1233 1690+ 13.33 0.81 067 <0001 <0.001
SRS-2 total T-score 7653 +12.10° 73.18 +9.26° 4548 £5.15 4338555 0.17 0.10 <0001  <0.001
ADOS-2 calibrated severity score  6.61 +1.88° 733+£207 - - 0.11 - - -

Handedness: R Right, L Left. Household Income: 1 = $0-5000, 2 = $5001-10,000, 3 = $10,001-15,000, 4 = $15,001-25,000, 5 = $25,001-35,000, 6 = $35,001-50,000, 7
=$50,001-75,000, 8 = $75,001-100,000, 9 = $100,001-150,000, 10 = Over $150,000. Scanner: HT Harvard Trio, ST Seattle Trio, SP Seattle Prisma, UT UCLA Trio, UP
UCLA Prisma, YT Yale Trio. TD typically developing, F female. M male, SRS-2 Social Responsiveness Scale, Second Edition, ADOS-2 Autism Diagnostic Observation
Schedule, Second Edition. Superscripts indicate data missing from 12, 2°, 3, 109, 12°, 14, or 209 subjects.

Stimulus

Social Feedback

That's Wrong

Fig. 1 fMRI task. Schematic of an individual social trial within the
experimental paradigm.

. J

trial. The primary differences between the original and
current versions of the task were two-fold’. First, we did
not use a monetary condition because we were specifically
interested in social reward processing, and our initial

study using this task found no significant differences in
the activity of key reward circuitry (i.e., ventral striatum)
during monetary reward processing when comparing
autism and typical development. Second, the faces used as
feedback in the current task were both male and female,
whereas the face used as feedback in the original task was
always female; this very minor modification was due to
the present study involving both female and male parti-
cipants, whereas the original sample contained only male
youth®>?°,

Data acquisition

MRI data were acquired on a Siemens 3T Trio scanner
at each site using a 12-channel headcoil or, after scanner
upgrades at two sites (Seattle and UCLA), on a Siemens
3T Prisma scanner using a 20-channel headcoil. During
the task-based scan (TR =2000ms, TE = 30 ms, field of
view [FOV] =192 mm, 34 slices, slice thickness =4 mm,
in-plane voxel size = 3 x 3 mm, acquisition time = 5 min;
Trio and Prisma parameters were identical), participants
viewed stimuli through MR-compatible goggles
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(Resonance Technology, Inc., Northridge, CA, USA) and
indicated their responses on an MR-compatible button
box (Resonance Technology, Inc., Northridge, CA, USA).
Stimuli presentation and response recording were done
using E-Prime 2 (Psychology Software Tools, Inc.,
Sharpsburg, PA, USA). A T2-weighted high-resolution
echo planar scan (Trio: TR=5000ms, TE=34ms,
FOV =192mm, 34 slices, slice thickness =4 mm, in-
plane voxel size of 1.5x1.5mm, acquisition time=
1.5 min; Prisma parameters were identical except TE =
35ms) was also collected for registration purposes. To
control for potential between-scanner differences in the
multi-site fMRI data, three phantoms (one agar-filled
sphere and two human phantoms) traveled to multiple
sites. The temporal signal-to-noise ratio (tSNR) was then
calculated for each phantom/scanner combination using
Analysis of Functional Neurolmages (AFNI)®” (Table S2).
A linear mixed model including scanner as a fixed effect
and phantom as a random effect indicated a significant
main effect of scanner on the tSNR calculated from the
phantoms (p = 0.02). Site/scanner was therefore included
as a nuisance covariate in all neuroimaging analyses to
statistically control for site/scanner.

Data analysis

fMRI data underwent standard preprocessing using
FMRIB’s Software Library (FSL)®®, including skull strip-
ping®®, motion correction®®, smoothing with a 5mm full
width at half maximum (FWHM) Gaussian kernel, high-
pass filtering, and linear registration with 6 degrees of
freedom to each subject’s high-resolution matched
bandwidth coplanar image, followed by affine registration
to the standard MNI template of 152 averaged brains®>®’;
all registrations were visually inspected as part of quality
control procedures. For each subject, voxelwise regression
analyses were completed using FMRIB’s Improved Linear
Model (FILM)®% Each trial type was coded as a separate
explanatory variable and convolved with a canonical
(double-gamma) hemodynamic response function, with
the temporal derivative of each trial type likewise included
as a regressor. Timepoints which were corrupted by
motion were also included as individual regressors to
censor them. Specifically, timepoints were censored if
their DVARS value was greater than a participant-specific
boxplot cut-off equal to the 75th percentile plus 1.5 times
the interquartile range as calculated using
fsl_motion_outliers.

All group-level analyses assessed social reward proces-
sing by examining the task-based contrast “correct social”
> “incorrect social” (i.e., happy face with the text “That’s
right!” >sad face with the text “That’s wrong”); this
allowed for direct comparability with our previous fMRI
study which used a virtually identical task and examined
this specific contrast to investigate neural responsivity to
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social rewards in an independent sample of autistic and
TD boys’. For the current study, our planned key
between-group contrasts specifically focused on how
autistic girls differed both from autistic boys (female
autism vs. male autism) and from their TD peers (female
autism vs. female TD); using such pairwise contrasts is in
line with previous behavioral and neuroimaging studies
examining sex differences in autism****** and also
allowed for direct comparison with previous studies which
contrasted autistic and TD boys™'% For completeness, we
also tested whether autistic boys displayed significant
alterations relative to their male counterparts (male aut-
ism vs. male TD), as well as whether TD girls and boys
differed from each other (female TD vs. male TD). All
neuroimaging analyses included the following demo-
graphic variables as covariates of non-interest to control
for variability within groups and/or significant differences
between groups in these variables: site/scanner, demeaned
age, demeaned pubertal development (as assessed by the
PDS), and demeaned general cognitive ability (as assessed
by the DAS-II). For our between-group contrasts, we were
primarily interested in the nucleus accumbens (NAcc)
due to its importance in reward processing®®> > and prior
studies demonstrating activity- and connectivity-based
alterations of the NAcc in autism®®®®’, including NAcc
functional connectivity differences between autistic girls
and boys®®. We thus used a region of interest (ROI)
approach to examine NAcc activity, where we extracted
parameter estimates from each group using a bilateral
NAcc mask defined from the Harvard-Oxford Atlas at a
threshold of 25% probability®. One sample t-tests were
then completed to determine if each group displayed
significant activity when averaging across all of the voxels
included in this bilateral ROI, and general linear models
with our covariates of non-interest were used to conduct
between-group comparisons; residuals from all general
linear models were confirmed to meet the assumptions of
independence, normality, and constant variance based on
visual inspection of residual histograms and residual plots.
In addition to our ROI-based analyses, we also conducted
exploratory whole-brain analyses using FMRIB’s Local
Analyses of Mixed Effects (FLAME 1 + 2) with variance
estimated separately for autistic and TD participants.
These analyses were limited to gray matter voxels using a
prethreshold mask derived from the Harvard-Oxford atlas
at a threshold of 25% probability with a small-volume
correction for the NAcc due to our specific interest in this
structure and the complementary information provided
by ROI-based and whole-brain voxelwise analyses. All
whole-brain contrasts included our covariates of non-
interest and were corrected for multiple comparisons
using Gaussian random-field theory in FSL with a voxel-
wise threshold of Z > 2.3 and a corrected cluster threshold
of p<0.05; this statistical threshold was chosen to
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improve comparability with our previous study on social
reward responsivity during an essentially identical task in
autistic and TD boys’. Effect sizes for all significant
between-group differences were calculated using extrac-
ted parameter estimates and are reported as Cohen’s d.

To strengthen the clinical relevance of any significant
neural findings, we assessed how significant brain-based
differences in social reward processing were associated
with individual variability in implicit social learning and
overall autistic traits. Specifically, we extracted parameter
estimates from those regions which showed significant
between-group differences and used a general linear
model that included our covariates of non-interest to test
whether activity within such brain regions was sig-
nificantly related to implicit social learning in the autistic
or TD participants (i.e., improved accuracy in social trials
across the course of the task), parent-reported overall
autistic traits in the autism or TD groups (i.e., total raw
SRS-2 scores), and clinician-observed overall autistic traits
among autistic youth (i.e., ADOS-2 Calibrated Severity
Scores). As an example, if there were significant differ-
ences between autistic and TD girls in the whole-brain
analyses, parameter estimates would be extracted from
the significant between-group clusters to quantify neural
activity; these measures of brain activity would then be
related to implicit learning rate and total autistic traits
separately for the female autism and female TD groups. In
our completed analyses, behavioral associations were
tested for both the ROI-based and whole-brain analyses
due to the complementary information provided by these
two approaches. Two-tailed p-values are reported, with
Pearson’s r included to convey the magnitude of sig-
nificant associations.

To assess whether our findings were specific to social
reward processing, supplementary analyses were com-
pleted examining neural responsivity to non-social
rewarding feedback. Specifically, we contrasted brain
activity during correct and incorrect neutral trials (which
differed in their written feedback but did not differ in
social content, as both displayed a neutral facial expres-
sion) using the ROI and whole-brain approaches detailed
directly above to investigate non-social reward processing
(Supplementary Results; Table S3). For completeness, we
also conducted additional social reward analyses which
examined the main effects of diagnosis and sex as well as
their interaction using the NAcc ROI and whole-brain
approaches previously described (Supplementary Results;
Table S4). Finally, to confirm that our primary, pairwise
social reward results were not driven by effects of medi-
cation, inclusion of autistic participants who did not meet
criteria on both the ADI-R and the ADOS-2, motion
confounds, or an interaction between age and group, we
completed several supplementary analyses using the
parameter estimates extracted from the NAcc ROI and
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from the significant clusters in our main whole-brain
analyses. First, we contrasted neural activity between
medicated and unmedicated autistic youth separately
within each sex to assess the potential impact of medi-
cation (Supplementary Results). Second, we repeated our
between-group contrasts of interest on the extracted
parameter estimates using a general linear model which
was identical to our primary analyses, except that the
autistic participants who did not meet criteria on both the
ADI-R and the ADOS-2 were excluded, or the model was
supplemented with mean relative motion or the interac-
tion between age and group (see Supplementary Results).
Results from all additional analyses are presented in the
Supplementary Material. Code for all analyses is available
upon request.

Results
ROI analyses

Descriptive within-group analyses averaging across our
bilateral NAcc ROI revealed that autistic girls exhibited
significant increases in neural activity to socially reward-
ing stimuli (p =0.0007), whereas autistic boys did not
(p=0.4). Among TD girls, significantly greater mean
NAcc activity was similarly observed for “correct social”
trials compared with “incorrect social” trials (p = 0.008).
TD boys demonstrated no significant difference between
these two conditions when averaging across the NAcc
ROI (p =0.3), although as demonstrated below they did
display increased activity to “correct social” trials within
a region of the NAcc at the whole-brain level (Fig. S1,
Table S5).

Between-group analyses revealed that autistic girls dis-
played greater mean bilateral NAcc activity to socially
rewarding stimuli than their male counterparts (p = 0.03,
d =0.53; Fig. 2). In contrast, TD girls and boys did not
significantly differ in their NAcc activity to social rewards
(p = 0.8). We additionally examined whether autistic girls
and boys differed from their same-sex TD counterparts
and found no significant differences when averaging
within the NAcc ROI (both p>0.2). To inform our
understanding of how NAcc activity to socially rewarding
stimuli is associated with individual differences among
autistic youth, we extracted parameter estimates from the
NAcc ROI for the female and male autism groups. Neither
group exhibited a significant association between this
measure of NAcc activity and improved accuracy over the
course of the task or the magnitude of core autism traits
as measured by the SRS-2 or ADOS-2 (all p > 0.05).

Whole-brain analyses

Descriptive within-group results are presented in Figure
S1 and Table S5. Briefly, autistic girls and boys both dis-
played greater activity to “correct social” trials than
“incorrect social” trials in a number of cortical regions,
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ROI: Female Autism > Male Autism
p<.05
50

25

NAcc Parameter Estimates
o

Male Autism  Female Autism

Fig. 2 Significant group differences in region of interest (ROI)-
based nucleus accumbens (NAcc) activity to social rewards.
When averaging across all voxels in the bilateral NAcc region of
interest (left), autistic females displayed significantly greater mean
activity to social rewards than autistic males (right); error bars are +/—
1 standard error of the mean.

\ J

including the ventromedial prefrontal cortex (vmPFC),
the medial prefrontal cortex (mPFC), and the anterior
cingulate cortex (ACC). Autistic girls also exhibited
widespread activity to socially rewarding stimuli in a
range of additional cortical and subcortical areas,
including the NAcc, the insula, and lateral frontal cortex.
With regards to the control groups, TD girls and TD boys
both displayed increased activity to socially rewarding
stimuli within the NAcc.

When directly comparing girls and boys within each
diagnostic group, autistic girls displayed greater neural
activity than autistic boys in both the left and the right
NAcc during social rewards (Fig. 3a; Table 2). Unlike
autistic youth, there were no significant sex differences
among TD youth in their neural responsivity to socially
rewarding stimuli. Autistic girls also exhibited greater
neural activity to social rewards than TD girls (Fig. 3b;
Table 2); such hyperactivity among autistic girls was pri-
marily visible within lateral frontal regions, including the
ventrolateral prefrontal cortex (VIPFC) and the lateral
orbitofrontal cortex (OFC), in addition to the anterior
insula and other frontal and temporal regions (Table 2).
Autistic boys did not significantly differ in whole-brain
analyses from their TD counterparts.

To examine the relationship between social reward
responsivity and individual variability in autism traits and
task performance, we extracted parameter estimates from
those clusters which displayed a significant difference
between autistic girls and boys, in addition to extracting
parameter estimates from those clusters which sig-
nificantly differed between autistic girls and their TD
counterparts. No significant associations were found
among autistic or TD girls between extracted neural
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activity and task improvement or autism characteristics
(all p > 0.1). Likewise, no significant relationship was seen
in autistic boys between activity and core autism traits as
assessed by the SRS-2 or ADOS-2 (both p > 0.05). How-
ever, autistic boys displayed a significant relationship
between activity within the right NAcc and their ability to
implicitly learn from social trials, such that greater social
reward activity was associated with greater task-based
implicit learning (p = 0.04, r = 0.43; Fig. 2b).

Discussion

In the current study, we analyzed a sample of youth
between the ages of 8 and 17 years old to investigate how
autistic girls process socially rewarding stimuli, and how
their neural activity to social rewards may differ from
autistic boys and TD girls. Autistic girls exhibited sig-
nificantly greater neural responsivity to socially rewarding
stimuli (i.e., a smiling face) than their male counterparts,
reflecting that autistic girls displayed increased neural
activation to social rewards but autistic boys did not. One
account for the social challenges present in autism is that
these are driven by reduced sensitivity to the rewarding
nature of social stimuli, which subsequently leads to fewer
social learning opportunities and the emergence of the
social difficulties characteristic of autism”®. Prior neu-
roimaging studies in male samples have supported this
notion, demonstrating that autistic boys exhibit hypoac-
tivity to positive social stimuli in frontostriatal and limbic
circuitry such as the ventral striatum and the amyg-
dala®"?, as well as additional corticostriatal and limbic
alterations in response to neutral or negative social sti-
muli' 31416 or when contrasting social stimuli with
non-social stimuli'”'®>. We replicate these prior findings
in the current study with an independent sample. That is,
as with previous analyses focusing on positive social sti-
muli, autistic boys in the current study did not sig-
nificantly activate the ventral striatum in response to
social rewards at the whole-brain level, even though TD
boys did. Notably, reduced NAcc activity among our male
autism group was significantly related to reduced implicit
learning. Much of social learning in the real world occurs
without explicit instruction®®, and these results among
autistic boys thus lend novel support to the proposal that
diminished social reward sensitivity contributes to a
relative lack of social learning, which may ultimately
contribute to the core social challenges present in autism.

Although our findings and those of other prior studies
lend support to the hypothesis that alterations in social
reward sensitivity are related to autism in males>*'®, no
neuroimaging studies to date have investigated whether
reduced reward responsivity may also explain core autism
traits among affected females. Importantly, our results
suggest that this may not be the case for autistic girls, as
they displayed significantly increased neural activity to
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nucleus accumbens; TD: typically developing; L: Left.

(A) Whole-Brain: Female Autism > Male Autism

(B) Whole-Brain: Female Autism > Female TD

Fig. 3 Significant group differences in whole-brain activity to social rewards and relationship with behavior. a Areas in which autistic girls
exhibited significantly greater activity to socially rewarding stimuli than autistic boys in the whole-brain analyses (left). In the group of autistic boys,
increased activity to social rewards in the right NAcc cluster was related to improved accuracy over the course of the task (ie., greater implicit
learning) (right); plotted values reflect mean parameter estimates extracted from the significant whole-brain cluster located in the right NAcc.

b Regions in which autistic girls displayed significant hyperactivity to social rewards compared with TD girls in the whole-brain analyses. NAcc:

Accuracy Improvement (%)

z=-6 100 50 0 50
Right NAcc Extracted Activity

social rewards despite displaying no differences in activity
related to rewards which did not differ in social content.
This increased responsiveness to social rewards among
autistic girls included greater NAcc activity compared
with autistic boys, as well as greater activity within the
lateral OFC, vIPFC, and anterior insula relative to TD
girls. The anterior insula activates during reward-related
tasks’*~"* and is one of the hubs of the salience network,
which plays a role in detecting and coordinating a neural
and behavioral response to salient stimuli’>’®. It is
therefore possible that socially rewarding stimuli may
possess increased salience to autistic females. With
regards to the other regions which exhibited increased
activity among autistic girls, the vIPFC and OFC are
known to play a role in reversal learning and to encode
reward-related characteristics, such as the subjective value
and probability of rewards’”*>. The NAcc has similarly
been directly implicated in reward learning and proces-
sing. Among neurotypical individuals, neuroimaging
analyses have shown that the NAcc consistently
activates during the anticipation and receipt of a wide
variety of rewards, including monetary and social

4,65,70—74,84 . . cpe
rewards®*®>7°~74%% " Animal studies have additionally

demonstrated that the NAcc is associated with reward-
related hedonic pleasure through the opioid and endo-
cannabinoid systems, as well as incentive motivation and
prediction error-based learning through the mesolimbic
dopamine pathway®*®>. Our findings thus suggest that
autistic girls may be characterized by an increased moti-
vation to obtain positive social feedback and, furthermore,
that these girls’ neural circuitry may be more fine-tuned
to learn from such stimuli; this pattern of results is also in
line with a recent fMRI study which demonstrated that,
unlike autistic men, autistic women do not exhibit
hypoactivation of social brain areas®. Notably, the cur-
rent finding of greater neural sensitivity to social rewards
in autistic girls may be one biological mechanism for the
reduced prevalence of autism among females and for the
sex differences in friendship patterns among youth with
autism®>**7%, Such increased sensitivity to socially
rewarding stimuli among autistic girls may also have
implications for the use and personalization of
reinforcement-based interventions. By suggesting that
alterations in social reward responsivity may be less
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Table 2 Peak coordinates for altered whole-brain activity
to social rewards in autistic females.

Region L/R MaxZ MNI Peak Sig #
(mm) Voxels
X y z

Female autism > Male autism

Left nucleus accumbens cluster, d = 041

Accumbens L 340 -6 6 —6 11

Right nucleus accumbens cluster, d =0.78

Accumbens R 3.02 12 10 -10 12

Female autism > Female TD

Left frontal/insular cluster, d = 0.87

Orbital frontal cortex L 3.09 —40 20 -14 33

Inferior frontal gyrus L 370 —52 28 4 59

Frontal pole L 335 —48 40 12 28

Frontal operculum cortex L 362 —40 18 6 35

Insula L 357 —34 12 4 51

Right insular/temporal cluster, d = 0.89

Insula R 2.83 40 12 =12 35

Planum polare R 3.14 5 0 =2 11

Temporal pole R 344 50 10 =10 43

Central opercular cortex R 3.02 46 6 4 26

Left frontal cluster, d = 0.80

Frontal pole L 361 —18 68 10 370

Regions were labeled using the Harvard-Oxford atlas at a 50% probabilistic
threshold. Left/Right masks excluded the midline, and regions were only listed if
they included 10 or more voxels displaying a significant between-group
activation difference.

TD typically developing, L left, R right, MNI Montreal Neurological Institute.

relevant for the etiology of autism in girls, our findings
also underscore a need for studies to examine additional
factors which may contribute to the development of
autism in girls; these studies could, for instance, assess the
hypothesized importance of early differences in sensory
processing to the development of autism®®. Such studies
would also improve our understanding of the non-social
characteristics associated with autism, including sensory
overresponsivity, challenges with executive function, and
strengths in systemizing”*"~*°,

Future work should address the limitations of the current
study. Such investigations could separately examine the
anticipation and receipt of social rewards to test whether
these two stages of reward processing are differentially
affected among autistic females and males. These experi-
ments could also use stimuli which are more naturalistic,
such as dynamic videoclips of social praise instead of the
static images used here'®. Additionally, several prior studies
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have suggested that autistic boys may be characterized by
increased reward responsivity to stimuli related to their
circumscribed interests'>'®'®'°, Future analyses should
investigate whether this is also true among autistic girls,
particularly as autistic females may exhibit lower levels of
circumscribed interests and repetitive behaviors than their
male counterparts®>*>”!, Biological sex assigned at birth
also does not always reflect individuals’ gender identity®.
Future studies should thus explicitly assess gender identity,
particularly as autism may be associated with increased
rates of gender dysphoria”; these analyses could help clarify
the respective contributions of gender and biological sex to
patterns of altered reward processing in autism. With suf-
ficiently large sample sizes, such studies could also specifi-
cally assess the replicability of the current results in an
independent sample and furthermore allow for a more
comprehensive understanding of the potential main effects
of sex/gender and diagnosis, as well as their interaction.
Lastly, in the current study there were no significant dif-
ferences in task performance or overall autistic traits
between affected girls and boys, and more fine-grained
assessments of implicit learning and autism characteristics
were not collected. However, prior work suggests that
autistic girls and boys significantly differ in their cognitive
and behavioral profiles including, importantly, their level of
social motivation’>*'~*>*®, In the future, it will thus be
important to collect in-depth measurements of implicit
learning, as well detailed self-report and clinical assessments
of social motivation, to further characterize the association
between neural responsivity to social rewards and individual
differences in behavior®®**%,

Taken together, our results are the first to demonstrate
that autistic girls display increased responsivity to socially
rewarding stimuli, unlike what has been previously
reported in autistic males. These findings thus indicate
that autistic females may not display the same reductions
in social motivation as autistic males and underscore the
importance of considering sex when characterizing the
mechanisms that may give rise to autism and the con-
siderable heterogeneity associated with this condition.
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