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Morgan Beaurenaut'", Klara Kovarski??, Constance Destais*, Rocco Mennella'#" and Julie Grézes*

Abstract

Background Individuals with Autism Spectrum Condition (ASC) are characterized by atypicalities in social
interactions, compared to Typically Developing individuals (TD). The social motivation theory posits that these
difficulties stem from diminished anticipation, reception, and/or learning from social rewards. Although learning from
socioemotional outcomes is core to the theory, studies to date have been sparse and inconsistent. This possibly arises
from a combination of theoretical, methodological and sample-related issues. Here, we assessed participants'ability
to develop a spontaneous preference for actions that lead to desirable socioemotional outcomes (approaching/
avoiding of happy/angry individuals, respectively), in an ecologically valid social scenario. We expected that learning
abilities would be impaired in ASC individuals, particularly in response to affiliative social feedback.

Method We ran an online social reinforcement learning task, on two large online cohorts with (n=274) and

without (n=290) ASC, matched for gender, age and education. Participants had to indicate where they would sit in

a waiting room. Each seat was associated with different probabilities of approaching/avoiding emotional individuals.
Importantly, the task was implicit, as participants were not instructed to learn, and emotional expressions were never
mentioned. We applied both categorical analyses contrasting the ASC and TD groups and dimensional factor analysis
on affective questionnaires.

Results Contrary to our hypothesis, participants showed spontaneous learning from socioemotional outcomes,
regardless of their diagnostic group. Yet, when accounting for dimensional variations in autistic traits, as well as
depression and anxiety, two main findings emerged among females who failed to develop explicit learning strategies:
(1) autism severity in ASC correlated with reduced learning to approach happy individuals; (2) anxiety-depression
severity across both ASC and TD participants correlated with reduced learning to approach/avoid happy/angry
individuals, respectively.

Conclusions Implicit spontaneous learning from socioemotional outcomes is not generally impaired in autism but
may be specifically associated with autism severity in females with ASC, when they do not have an explicit strategy
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for adapting to their social environment. Clinical diagnosis and intervention ought to take into account individual
differences in their full complexity, including the presence of co-morbid anxiety and depression, when dealing with

social atypicalities in autism.

Keywords Autism, Social reinforcement learning, Emotional expressions, Approach/avoidance, Gender bias

Background

Autism spectrum condition (ASC or autism) is an early-
onset, lifelong neurodevelopmental disorder character-
ized by symptom heterogeneity [1]. Individuals with ASC
exhibit atypicalities in social communication and interac-
tions, as well as repetitive and restricted behaviors and
interests [2, 3]. In terms of social difficulties, individu-
als with ASC experience discomfort during eye contact
and actively avoid it [4]. In addition, clinicians and family
members report decreased attention to social cues and
difficulties with reciprocity in social interactions, i.e., the
ability to recognize and respond to socioemotional cues
[5-8]. Consistent with clinical evidence, behavioral and
neuroimaging findings reveal atypical perceptual pro-
cessing of emotional and non-emotional social displays
(e.g., faces and bodies) across development [9-16].

To explain these findings, the social motivation theory
[17, 18] postulates that both atypical face processing and
social difficulties in ASC are related to reduced sensitivity
and responsiveness to social incentives. In other words,
reduced motivation for social interaction - and associated
hypoactivation of frontostriatal reward circuits - leads to
reduced opportunities to learn and master social skills
throughout development [see also 19]. Specifically, moti-
vation refers to the anticipation of potentially reward-
ing and/or pleasurable stimuli (“wanting”), as well as the
pleasure associated with reward consumption (“liking”)
and the ability to consider past rewards/punishments to
guide future actions (“learning”).

Recent studies support social motivation theory by
showing that both structural and functional atypicalities
in the mesolimbic reward pathway in response to social
stimuli correlate with impairments in social interaction
in individuals with ASC [20-23]. Nevertheless, a recent
meta-analysis failed to find a strong relationship between
diminished attention toward social stimuli and social
seeking in ASC [24] and several criticisms have been
raised to the social motivation theory [25]. For instance, it
is unclear whether atypicalities in reward processing are
specific for social situations. Recent studies have reported
reduced reward wanting for both social and nonsocial
reward, while no atypical reward liking emerged [26-31].
In this line, several meta-analyses confirmed that reward
processing is atypical in autism across both social and
non-social domains [32-34]. Furthermore, some stud-
ies found an unexpected neural and physiological hyper-
activation of reward circuits in autism, suggesting that

motivation is preserved but requires additional “neural
effort’] i.e. is less efficient in ASC [35-38].

Interestingly, and along with inconsistent results, pre-
vious research in ASC has focused mainly on reward
anticipation and receipt, while reward learning has been
less investigated. However, the ability to consider past
rewards/punishments to guide future actions is crucial
for optimally navigating our complex and dynamic social
environment and is central to social motivation theory.
Indeed, some studies support the idea that individuals
with ASC have specific difficulties in learning from social
rewards due to reduced sensitivity to social stimuli [32,
39-42], while other studies have found no differences in
social learning between ASC and control groups [43].

Of note, learning deficits in social contexts may not
only be related to reduced sensitivity to social stimuli, but
also to more general difficulties in establishing stimulus-
action-outcome associations in complex environments.
Evidence suggests that ASC individuals have difficulty
extracting the statistical structure, i.e., the predictability,
of environments that vary in terms of action opportuni-
ties and their consequences [44—48]. This is the case in
social settings that involve multiple actors in different
interaction contexts, where the contingencies between
actions and outcomes are dynamic and complex [49].
Accordingly, extracting action-outcome contingencies in
social contexts has been shown to be altered in partici-
pants with ASC [50].

Overall, to effectively test social learning in autism,
it seems essential to (1) provide sufficiently motivat-
ing social scenarios and (2) introduce complexity in the
action-outcome contingency. Indeed, the heterogene-
ity of previous findings on social learning may be due to
characteristics of the experimental paradigms used [51].
For example, it has been pointed out that the reward
valence and magnitude of the social stimuli used in these
studies - photos or videos of smiling faces of strangers or
thumbs up/down - are difficult to quantify and may be
insufficiently motivating [5, 28]. Furthermore, in classical
paradigms, it is often quite explicit what the “good”/“bad”
outcome is, regardless of its social nature. Thus, partici-
pants may simply understand the explicit rule that they
should receive a thumbs-up or a smiling face, irrespec-
tive of whether they value it or not. This is particularly
important because individuals with ASC often use more
explicit learning strategies, sometimes leading to behav-
ioral performance comparable with controls. For exam-
ple, atypicalities in social cognition tend to disappear in
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experimental paradigms with explicit instructions com-
pared to implicit/spontaneous conditions [52, 53].

In addition to methodological considerations, the char-
acteristics of the sample studied are also likely to play an
important role in the heterogeneity of the results. First,
reduced social motivation (social anhedonia) is observed
transdiagnostically [54], not only in autism but also, for
example, in depression [55] and anxiety [56, 57]. In par-
ticular, both reduced positive affect in healthy individu-
als and clinical anhedonia in depressed patients have
been associated with reduced approach responses toward
individuals with affiliative and prosocial expressions [55,
58]. This is relevant because compared to non-autistics,
individuals with ASC have a higher lifetime prevalence of
anxiety and depression of 42% and 37%, respectively [59],
both of which predict lower social functioning in ASC
[60, 61]. Furthermore, in both typically developing (TD)
and ASC populations, female adults have higher rates of
these co-occurring mental health conditions compared
to males [62]. Of interest here, and in partial contradic-
tion with this evidence, self-reported social motivation
[63], as well as activation in the neural reward system,
have been observed to be higher in females/girls relative
to males/boys in both non-autistic and ASC individuals
[64—66]. Overall, due to the great clinical heterogeneity,
it is of paramount importance to rely on large sample
sizes to account for inter-individual differences in ASC
studies [67, 68].

The present study investigated social learning in ASC,
by taking into account both the above-mentioned meth-
odological aspects and the importance of inter-individual
differences. We recruited a large online sample (n=564,
50% female, age- and education-matched) composed
from participants declaring having (n=274) and not
having (#=290) an ASC diagnosis. We relied on a pre-
viously validated paradigm [69] to test whether partici-
pants spontaneously (i.e., without instructions) develop
a preference for the actions that lead to desirable socio-
emotional outcomes (i.e., avoiding threatening individu-
als/approaching friendly ones). Specifically, participants
were presented with a waiting room containing four
chairs, with the two chairs in the middle occupied by two
individuals and the two outer chairs empty. They indi-
cated which chair in the scene they would prefer to sit in
by pressing a button, knowing that there were no right
or wrong answers. At choice time, both seated individu-
als had a neutral expression, but after the response, one
of the individuals changed the expression from neutral
to emotional. Accordingly, in this brief feedback phase
after choice, subjects would find themselves either far
from (avoidance scenario) or close to (approach scenario)
the individual expressing emotion. On each trial, one
response (e.g., sit on the right chair) was associated with
an 80% probability of avoidance and a 20% probability of
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approach in the feedback phase. The other response (e.g.,
sit on the left chair) was associated with the complemen-
tary probabilities (20% avoidance, 80% approach). Cru-
cially, the emotional individual was always present in the
feedback phase, while the subject’s physical distance from
the emotional individual changed depending on response
choice. Finally, we introduced variability to better simu-
late realistic social environments, by setting frequent
action-outcome probability reversals. Here, we tested
spontaneous learning using either angry or happy expres-
sions, in different sub-samples.

Our main hypothesis was that participants with
declared ASC would show diminished spontane-
ous social learning, as revealed by lower proportion
of responses leading to desirable outcomes, i.e., avoid-
ance of angry/approach of happy individuals, compared
to controls. We also expected spontaneous learning of
approach responses toward happy individuals to be more
strongly impaired in ASC, based on the social motiva-
tion theory and on previous studies reporting reduced
tendency to approach affiliative signals in ASC [70, 71].
We further explored (1) the influence of the emergence of
explicit (reportable) approach/avoidance strategies [see
69]; (2) gender effects; (3) separate influence of autistic
traits, depression and anxiety, and personality, as mea-
sured by questionnaires.

Methods

Participants

First, we run a version of the task in which, after par-
ticipants’ choice, one of the two individuals in the wait-
ing room scene turned angry (angry feedback task, AFT;
see Reinforcement learning task). We recruited initially
n=584 participants, including a typical development
group (TD; npp=293) and a group with autism (ASC;
n,gc=291). Participants were included in the TD group
if they met the following pre-screening criteria: no diag-
nosis of mental disorder (including ASC), dementia,
no visual impairment, no mental illness (even not diag-
nosed) having a significant impact on daily functioning,
no need for psychiatric help, nor medication use. In addi-
tion, participants from Mennella et al. [69] sample were
excluded from recruitment. Participants were included
in the ASC group if they met the following pre-screening
criteria: declared formal clinical diagnosis of autism spec-
trum disorder received from a psychiatrist, psychologist,
or other qualified medical professional, no reported use
of medication and no reported visual impairment. We
then excluded participants meeting the following exclu-
sion criteria: (1) TD individuals not matching in terms of
age, gender, and education any ASC participant [MatchlIt
R package, matchit function, method exact —72]; (2)
Reported issues with online feedback display (a-synchro-
nous scene appearance and green tick not appearing on
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Table 1 Participants’ characteristics within each condition group

(ASC and TD)
Variable N  ASC, TD, p-value?  ef-
N=274 N=290' fect
size®
Experiment 564 0.5
Angry 127 (46%) 127 (44%)
Happy 147 (54%) 163 (56%)
Gender 564 0.5
F 130 (47%) 146 (50%)
M 144 (53%) 144 (50%)
Strategy 564 04
Non-explicit 185 (68%) 186 (64%)
Explicit 89 (32%) 104 (36%)
Age 564 240210, 240210, >09 0.004
28.0) 29.0)
Education 564 >09
Undergraduate 119 (43%) 130 (45%)
A-levels 90 (33%) 92 (32%)
Graduate 37 (14%) 41 (14%)
Technical 25 (9.1%) 24 (8.3%)
PhD 2(0.7%) 2(0.7%)
Secondary 1 (0.4%) 1(0.3%)
Handedness 564 0.10
R 231 (84%) 253 (87%)
L 31(11%) 33(11%)
A 12 (4.4%) 4(1.4%)
CATI total 564 154 (137, 109 (90, <0.001 0.664
168) 127)
CATlsoc 564 28(23,32) 19(14,24) <0.001 0.465
CATlcom 564 22(18,25) 13(10,17) <0.001 0.593
CATlcam 564 25(21,29) 18 (14,22) <0.001 0.488
CATlrig 564 280 (240, 220(19.0, <0.001 0448
31.0) 26.0)
CATlrep 564 27 (23,30) 19(15,23) <0.001 0.523
CATlsen 564 26 (21,30) 16 (11,19) <0.001 0619
STAI-State 564 12.0(9.0, 10.0(7.0, <0.001 0.302
15.0) 12.0)
STAI-Trait 564 17.0(13.0, 12.0(10.0, <0.001 0420
19.0) 15.0)
PHQ 564 11(6,16) 5(2,9) <0.001 0.408
BIS 564 240210, 220190, <0.001 0.245
26.8) 24.0)
BASDrive 564 10.00(8.00, 11.00(9.00, 04 0.036
12.00) 12.00)
BASFun 564 11.00 (9.00, 12.00 0.022 0.097
13.00) (10.00,
13.00)
BASReward 564 16.00 (14.25, 17.00 0.035 0.089
18.00) (15.00,
18.00)

'n (%); Median (IQR)
2Pearson’s Chi-squared test; Wilcoxon rank sum test; Fisher’s exact test

3Wilcoxon effect size, 0.10 - < 0.3 (small effect), 0.30 - < 0.5 (moderate effect)
and >=0.5 (large effect)

Note: Soc: Social Interactions, Com: Communication, Cam: Social Camouflage,
Rig: Cognitive Rigidity, Rep: Repetitive Behaviour and Sen: Sensory Sensitivity
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the chair; see Reinforcement learning task); (3) Task per-
formance, namely if they responded to less than 90% of
the trials in the allotted time, if they anticipated more
than 15% of the total number of valid responses (the
anticipation threshold was set at 100ms) or if they missed
the 2 catch trials inserted into the auto-questionnaires.
This resulted in a final sample of 254 participants to the
AFT (npgc=127, see Table 1 for demographics).

Then, we ran a second version of the task in which
after participants’ choice, one of the two individuals in
the waiting room scene turned happy (happy feedback
task, HFT). Participants having been included in the
AFT were not eligible for HFT. We initially recruited
n=398 participants, including a TD group (n;p=216) and
an ASC group (n,g-=182). We applied exactly the same
inclusion/exclusion criteria as for the AFT, except the
one concerning issues with online feedback display, as
the task code was improved to avoid such issues. Further-
more, ASC group was recruited first, which allowed to
ensure the best possible match with controls in the pre-
screening phase. This resulted in a final sample of 310
participants who received happy feedback (n,g-=147,
see Table 1 for demographics). Participants’ data from
the AFT and the HFT were pooled, with the emotion in
the feedback phase treated as a between-subjects vari-
able. General socio-demographic characteristics of both
samples and specific characteristics of the ASC sample
are presented in Tables 1 and 2, respectively.

The experimental protocol was approved by the Comité
d’Evaluation Ethique de I'Institut National de la Santé et
de la Recherche Médicale (INSERM - IRB0O0003888 - N°
21-796) and was carried out in accordance with the Dec-
laration of Helsinki. Participants were recruited online
using the Prolific platform (https://www.prolific.com).
They gave informed consent and were compensated for
their participation in the study. The payment was £9 per
hour (median experiment duration was 32.9 min).

General procedure

The experiment was coded in JavaScript, using the
jsPsych 6.1.0 library [73] and was hosted on Pavlovia’s
servers (www.pavlovia.org). The experimental session
consisted of four steps. First, participants provided their
consent to participate, as well as sociodemographic
information, and then completed the short version of the
State Anxiety questionnaire [STAI-S-6; 74]. Second, after
reading the instructions and becoming familiar with the
task through a short training session, participants com-
pleted the reinforcement learning task. Third, at the end
of the task, participants answered to several task-related
questions. They reported whether they used a particular
strategy to perform the task and whether they observed
any changes in the faces. Participants who reported that
they strategically tried to avoid angry individuals in the
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Table 2 Characteristics of the ASC group

Declared ASC N FN=130" M, p-value? ef-
N=144" fect
size®

Emotion 274 04

Angry 64 (49%) 63 (44%)

Happy 66 (51%) 81 (56%)

Strategy 274 0.8

Non-explicit 89 (68%) 96 (67%)

Explicit 41 (32%) 48 (33%)

Age 274 240210, 23.0(21.0, 02 0.070
29.0) 28.0)

Diagnosis 274 <0.001

Autism spectrum 75 (58%) 41 (28%)

disorder

Asperger 30 (23%) 78 (54%)

syndrome

High functioning 18 (14%) 17 (12%)

autism

Low functioning 1 (0.8%) 3(2.1%)

autism

Pervasive 2 (1.5%) 1 (0.7%)

developmental

disorder, not oth-

erwise specified

Other 4(3.1%) 4 (2.8%)

Diagnosticage 274 18(12,22) 12(7,18) <0.001 0.266

CATltotal 274 159(139,  148(133, <0.001 0.202
175) 164)

CATlsoc 274 29(24,32) 26(21,31) 0027 0.134

CATlcom 274 230(180, 220(17.8, 03 0.067
26.0) 25.0)

CATlcam 274 27(22,30) 24(20,27) <0.001 0.242

CATlrig 274 280240, 280(240, 06 0.029
32.0) 31.0)

CATlrep 274 280(23.0, 27.0(220, 0.14 0.090
31.0) 30.0)

CATlsen 274 28(24,32) 24(19,28) <0.001 0.287

Comorbidities

Attention deficits 274 37 (28%) 42 (29%) 0.9

Depression 274 74 (57%) 57 (40%) 0.004

General Anxiety 274 65 (50%) 45 (31%) 0.002

Social Anxiety 274 45 (35%) 39 (27%) 0.2

Other Condition 274 39 (30%) 23 (16%) 0.006

n (%); Median (IQR)
2pearson’s Chi-squared test; Wilcoxon rank sum test; Fisher's exact test

3Wilcoxon effect size, 0.10 - < 0.3 (small effect), 0.30 - < 0.5 (moderate effect)
and >=0.5 (large effect)

Note: Soc: Social Interactions, Com: Communication, Cam: Social Camouflage,
Rig: Cognitive Rigidity, Rep: Repetitive Behaviour and Sen: Sensory Sensitivity

AFT or to approach happy ones in the HFT were cat-
egorised into the Explicit strategy group, while the oth-
ers were categorized into the Non-explicit strategy group
[as in 69]. Fourth, participants carried out the subjective
evaluation task, which began with the task instructions
and a 1-minute training session. Finally, participants were
debriefed about the subjective task as well as the overall
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quality of the experimental session and ended the session
by filling: (i) the short version of the Trait Anxiety ques-
tionnaire [STAI-T-6; 74] to assess individual variations in
anxiety trait, (ii) the Comprehensive Autistic Trait Inven-
tory [CATI; 75] constituted to six subscales that contrib-
ute independently to predicting autistic status (Social
Interactions, Communication, Social Camouflage, Cog-
nitive Rigidity, Repetitive Behaviour and Sensory Sensi-
tivity), (iii) the Behavioural Inhibition-Activation Scales
[BIS-BAS; 76] to assess individual tendencies to exhibit
avoidance or approach behaviours via four subscales
(BIS-inhibition, Bas-Drive, Bas-Fun Seeking and Bas
Reward responsiveness) and (iv) the eight-item Patient
Health Questionnaire depression scale [PHQ-8; 77] was
used as a tool to evaluate current depression severity.

Reinforcement learning task

The stimuli depicted a waiting room with four chairs,
with two individuals sitting in the two middle chairs
[as in 78, 79]. Ten fixed pairs of same-gender identities
(5 male and 5 female) were used [see 79 for full descrip-
tion and validation of the stimuli]. Each identity could be
presented in both middle chairs, resulting in a set of 20
different stimuli. The fixed pairs of identities as well as
the position of the identities in the scene were counter-
balanced and each specific scene was presented 15 times
in a random order (with the constraint that one stimulus
could not be presented more than twice in a row). This
resulted in 300 trials (2 genders X 5 pairs X 2 positions x
15 repetitions).

Participants were instructed that the experiment con-
sisted of a series of decisions, and that they had to indi-
cate where they would prefer to sit in the waiting room,
while maintaining fixation on the fixation cross through-
out the trial. Participants were asked to make sponta-
neous free choices and were informed that there were
no correct answers. Each trial began with a grey screen
displayed for 500ms, followed by a fixation cross super-
imposed on the upper centre of the screen for a dura-
tion varying between 500-700ms (see Fig. 1). Then, the
scene with two individuals displaying neutral expres-
sions appeared and remained on the screen until a valid
response (consisting of a left or right button press within
the given time) was registered, or until a maximum time
of 1500ms, in the case of no response. If no response was
registered, the message “TOO SLOW’ was displayed. To
respond, participants used their keyboard, pressing “S” to
sit in the left chair or “L” to sit in the right chair. Follow-
ing the participants’ response, a visual mask consisting
of a random permutation of the pixels of the previously
presented scene was displayed for 200ms, and feedback
was provided immediately thereafter (500ms). This feed-
back presented the same scene, with a green tick sym-
bol superimposed on the chosen chair, indicating the
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Greyscreen

Fixation

500-700ms

Until response
{max 1500ms)

200ms
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Angry Feedback Task

2 2

Avoidance

OR

|
500ms Approach

Fig. 1 Experimental design. Participants performed a reinforcement learning task in which they indicated their preference for a free chair by pressing a
left/right button. During the feedback phase, they could find themselves either far from (avoidance) or close to (approach) an individual displaying an
emotional expression (either happy for HFT or angry for AFT). The feedback was determined by a hidden probability associated with each chair. The figure
illustrates an example trial in which the participant pressed the left button, resulting in the desired outcome for each version of the task: avoiding the

angry individual or approaching the happy individual

participant’s position in the scene. Importantly, either
the individual near or far from the chosen chair changed
their expression from neutral to angry in the AFT, or
from neutral to happy in the HFT. Thus, the feedback
to the participants was that they were seated far from
(avoidance) or close to (approach) the emotional individ-
ual. On each trial, one response (e.g., sit in the right chair)
was associated with an 80% probability of avoidance and
a 20% probability of approach in the feedback phase. The
other response (e.g., sit in the left chair) was associated
with the complementary probability (20% avoidance, 80%
approach). Importantly, the action-outcome probabilities
were reversed on average every 25 trials (from 20 to 30),
to ensure continuous goal-directed learning and to dis-
courage habit formation.

Subjective evaluation task

During this task, participants had to indicate to what
extent they would have liked to be in the situation rep-
resented by each of the 40 possible feedback which were
presented in the Reinforcement Learning task: 10 pairs
of actors, each of which could display either a neutral

or an emotional expression, with a green tick indicat-
ing the participant’s position either far from or close to
the emotional actor. Each trial started with a grey screen
displayed for 500ms, then a fixation cross was superim-
posed on the upper centre of the grey screen for a dura-
tion varying between 800 and 1200ms. Once the fixation
cross disappeared (to allow for free visual exploration),
the feedback scene was presented for 1000ms, followed
by a visual analogue scale ranging from ‘NOT AT ALL
to ‘EXTREMELY’ (re-coded offline as a continuous scale
from 0 to 100). Participants were requested to provide
their subjective evaluation on the visual analogue scale,
by clicking on their cursor and moving it along the scale
before validating their response by pressing ‘continue’

Statistical analyses: categorical approach

For the reinforcement learning, we treated as a first
dependent variable the probability of “hits” (p(hits)),
defined as the proportion of trials in which participants
selected the seat associated with the higher probability
of obtaining the desirable outcome (sitting far from the
angry individual or sitting next to the happy individual).
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In other words, p(hits) measures whether subjects spon-
taneously developed a preference for the action leading
to a desirable socio-emotional outcome throughout the
task (i.e., avoid angry and approach happy individuals).
We studied the effect on p(hits) of four between-subject
independent variables, namely Condition (TD vs. ASC),
Emotion (Angry vs. Happy), Strategy (Explicit vs. Non-
explicit) and Gender (Female vs. Male), by running a fac-
torial analysis of variance (ANOVA).

To investigate sensitivity to the socio-emotional feed-
back, we analysed the proportion of ‘repetition’ (p(rep)),
indicating whether participants repeated or changed
the choice given at the previous trial (t-1), as a func-
tion of the received feedback (approach/avoidance). An
ANOVA was conducted on p(rep) with the Feedback
t-1 (Approach vs. Avoidance) as the within-subject fac-
tor and Condition, Emotion, Strategy and Gender as
between-subject factors.

To complement the traditional frequentist statisti-
cal analyses, we quantified the relative strength of our
empirical data in favor of the absence or presence of dif-
ferences in learning between ASC and TD participants.
To do so, a first Bayesian t-test was conducted on p(hits)
with Condition as a between-subject factor. To conduct
the second Bayesian t-test on p(rep), we first calculated,
for each subject, the difference between the probability
of repeating the previous choice when it led to a socially
desirable outcome (approach joy / avoid anger) and the
probability of repeating the previous choice when it led
to an undesirable outcome (avoid joy / approach anger).
We then performed the Bayesian t-test on this difference
with Condition as a between-subject factor.

Statistical analyses: dimensional approach

In recent years, numerous studies have highlighted the
limits of a categorical approach based on clinical diagno-
ses to psychopathology, proposing a shift to considering
psychopathology in a dimensional and transdiagnostic
manner [80-82]. Concerning autism, the use of DSM
categories may be particularly problematic, due to the
high rates of comorbidity and symptom variability [83,
84]. In this exploratory section, we therefore re-ana-
lysed our data adopting a dimensional approach. To do
this, we applied a factor analysis to account for the par-
tial overlap between the different subscale scores of our
questionnaires and to identify potential latent structures
between them. Factor analysis with Maximum likelihood
Estimation was conducted using the fa function from the
Psych R package [85], with an oblique rotation (varimax).
Thirteen subscales were entered as measured variables in
the factor analysis (the 6 subscales of the CATI question-
naire, the STAI-state and STAI-trait, the PHQ question-
naire, the 4 subscales of the BIS/BAS). We selected the
number of factors using the function #n_factors from the
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R package Parameters [86] that automatically estimates
the optimal number of dimensions to retain, crossing
several methods. We then tested the extent to which each
of the identified factors interacted with our between-sub-
jects variables (Condition, Emotion, Strategy, Gender)
on p(hits). Finally, we ran an ANOVA on the identified
factors with Condition, Emotion, Strategy, Gender as
between-subjects variables.

Statistical analyses: Subjective evaluation of the feedback
For the subjective evaluation task, we treated as a depen-
dent variable the subjective rating attributed to each
feedback. An ANOVA was conducted on the subjective
ratings with the nature of the Feedback (Approach vs.
Avoidance) as within-subject factor and Condition, Emo-
tion, Strategy and Gender as between-subject factors. We
also investigated the relationship between participants’
subjective evaluations of angry and happy feedback and
socioemotional learning (e.g., p(hits)). To do so, we com-
puted the difference in the subjective ratings between
avoidance and approach feedback (diffAvAp), and tested
(ANCOVA) the extent to which this difference in subjec-
tive ratings interacted with our between-subject variable
Emotion on p(hits). All the analyses have been performed
on R [87] via Rstudio [88] and JASP [89].

Tables of descriptive and inferential statistics of all
the analyses described above (Tables S1-17, Figures S1-
3), as well as of additional control analyses (on possible
confounding variables (Tables S18-21, Figures S4-6), on
the role of stimuli’s gender on participants’ perfor-
mance (Tables S22-24, Figure S7) and on the relationship
between age of diagnosis and autism severity (Figure S8))
are available in the Supplementary Materials.

Results

Spontaneous learning of action-outcomes contingencies
A main effect of Emotion on the probability of choos-
ing the action that maximises the chance to obtain
desirable socio-emotional outcome (p(hits)) emerged,
F(1,548)=12.6, p<0.001, r12p = 0.023, indicating stronger
spontaneous learning to avoid angry individuals (AFT),
compared to approaching happy ones (HFT). A main
effect of Gender [F(1,548)=24.9, p<0.001, r12p = 0.043]
and a main effect of Strategy [F(1,548)=60.2, p<0.001,
I]ZP = 0.099] also emerged, further characterised by an
interaction between Gender and Strategy [F(1,548)=4.8,
p=0.029, I]ZP = 0.009], indicating that female partici-
pants with an explicit strategy chose the rewarding chair
more often than all other participants (see Fig. 2A and
B). Interestingly, all groups characterizing the interac-
tion between Gender and Strategy showed learning sig-
nificantly above chance level (all p-values for one sample
t-tests against 0.5<0.001). No other main effects or inter-
actions, notably with the clinical Condition, were found



Beaurenaut et al. Molecular Autism

(2024) 15:33

Page 8 of 18

A Proportion of Hits
F [ M

0.8

0.7 1
2}
£ 061 ;
a o}

I
OA5. ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, e o R @ feo
0.4 1
non-e'xplicit expllicit non-elxpﬁcit expllicit
strategy
C Proportion of repetition
Angry | | Happy |

100- Kk ok ns FhH

0.751
= TS
2 & ,
B 0.50
o
e 3 "\"
O 1

0.251

strategy ' non-explicit 6: explicit
0.00 1
apprloach avoid‘ance apprloach avoid'ance

feedback t-1

strategy =¢= non-explicit :«]\; explicit
5 10 15 20 5 10 15 20
trial number
D
Angry || Happy
1.001 ns = 5 ns
0.75
=
e
B 0.501
o
-
=
0.251
gender © F M
0.00 1
appr'oach avoidlance apprloach avoid'ance

feedback t-1

Fig. 2 Summary of behavioural results from the categorical approach. Thick-contour dots represent means, while error bars represent 95% confidence
intervals for the normal distribution. Shaded points represent individual participant means. A: Mean proportion of hits across the task, as a function of
participant strategy and gender. B: Mean proportion of hits over the first 20 trials across blocks of stable action-outcome contingencies (trial 1=reversal
trial). The fitted curve represents the best fit (and 95% confidence interval) for the hyperbolic function y=1-1/(1 +x) previously used in Mennella et al.
(2022) and confirms the results for the mean proportion of hits (A). C & D: Mean proportion of action repetitions following either approach or avoidance
outcomes in the angry and happy versions of the reinforcement learning task, as a function of participant strategy (C) and gender (D). Symbols: p <0.001

% p<0.01 %, p<0.05% p<0.1 ~

to be significant (all ps>0.054, see Tables S1-2). Further-
more, Bayesian t-test with Condition as between-subject
factor revealed a moderate level of evidence supporting
similar level of spontaneous learning of action-outcomes
contingencies between ASC and TD (BF,,=0.11, see Fig-
ure S1).

Adaptation to immediate socio-emotional feedback

The ANOVA revealed a significant Gender x Condi-
tion interaction [F(1,548)=4.8, p=0.029, 11213 = 0.009],
indicating that female compared to male participants
repeated their previous choice more often, regard-
less of its outcome, in the ASC group but not in the
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TD group. We also observed a main effect of the Feed-
back t-1 [F(1,548)=15.0, p<0.001, 1]2p = 0.027], sig-
nificant interactions between Feedback t-1 x Emotion
[F(1,548)=281.2, p<0.001, n°, = 0.34], and Feedback t-1
x Strategy [F(1,548)=7.6, p=0.006, 1]2p = 0.014], further
characterised by a three-way interaction between Feed-
back t-1 x Strategy x Emotion [F(1,548)=69.7, p<0.001,
I]ZP = 0.11]. Participants more often repeated previous
choices that led to desirable social outcomes (avoid anger
& approach happy) compared to undesirable social out-
comes (approach anger & avoid happy); this difference
in p(rep) between desirable and undesirable outcomes
was enhanced in participants in the Explicit group, par-
ticularly in the Angry task (see Fig. 2C). In other words,
participants with an explicit strategy had a higher sensi-
tivity to avoidance of angry individuals than to approach
of happy ones.

Finally, the interaction Feedback t-1 x Gender x Emo-
tion interaction was significant [F(1,548)=15.8, p<0.001,
I]ZP =0.028], such that females more often repeated previ-
ous choices that led to desirable outcomes (avoid anger
& approach happy) compared to males, but not to unde-
sirable outcomes (see Fig. 2D). In the above-mentioned
analysis, we observed that females performed better on
the task compared to males. To assess whether males
were nonetheless sensitive to social feed-back, we con-
ducted two additional ANOVAs. The first, which focused
on all males, revealed that the three-way interaction
between Feedback t-1 x Strategy x Emotion was signifi-
cant [F(1,280)=30.6, p<0.001, r12p = 0.010]. The second,
focusing only on males in the Non-explicit group, also
revealed that the interaction between Feedback t-1 x
Emotion was significant [F(1,185)=26.87, p<0.001, I]2p =
0.13]. No other main effects or interactions, notably with
the Condition, were found to be significant (all ps>0.12,
see Tables S3-6). Consistently, Bayesian t-test with Con-
dition as between-subject factor revealed a strong level of
evidence in favor of similar level of adaptation to imme-
diate socio-emotional feedback between ASC and TD
(BF,,=0.095, see Figure S2).

Dimensional approach of spontaneous learning

First, we tested the factorability of our data using Kai-
ser-Meyer-Olkin (KMO) (overall MSA=0.87, suggested
cutoff KMO>0.6), and Barthlett’s test of sphericity
(x2(78)=3.492, p<0.001), both of which confirming the
usefulness of performing a factor analysis on our data. A
3-factor latent structure was found to explain the shared
variance best and most parsimoniously between all 13
subscale scores (supported by 9 (33.33%) out of 27 meth-
ods). Factorl, labelled ‘Autistic traits, regrouped all the
subscales of the CATI questionnaire and explained 26%
of the variance. Factor2, labelled ‘Anxiety-Depression’
(17% of the variance), regrouped Trait and State anxiety
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(STAI), PHQ-depression, and the BIS. Finally, Factor3,
labelled ‘Appetitive motivation’ (12% of the variance),
included the 3 subscales of the behavioural activation
system (BAS).

The ANCOVA (see Tables S7-10) revealed a signifi-
cant three-way interaction with Anxiety-Depression
[Factor2*Gender*Strategy, F(1,500)=5.199, p=0.023,
n12p=0.010]. Correlational analyses indicated that the
interaction emerged due to a significant negative correla-
tion in the Non-explicit female group between the anx-
ious-depression factor and p(hits) (r=-0.16, p=0.035, see
Fig. 3B), while correlations were non-significant in the
other groups. Furthermore, the ANCOVA revealed a sig-
nificant interaction between Condition, Emotion, Strat-
egy, Gender and Factorl-Autistic traits [F(1,500)=10.189,
p=0.002, 12p=0.02]. To better characterise this inter-
action, we ran an additional ANCOVA, separately for
ASC and TD, including only the Autistic trait factor. The
ANOVA on the ASC, but not on the TD, revealed a sig-
nificant four-way interaction between Emotion, Strategy,
Gender and Autistic traits [F(1,258)=9.636, p=0.002,
12p=0.036], further characterised by a significant inter-
action between Emotion, Gender and Autistic traits in
Non-explicit participants only [F(1,177)=8.825, p=0.003,
n2p=0.048]. This latter interaction is illustrated by a
negative correlation in ASC female participants from the
Non-explicit group between p(hits) and Autistic traits (r
=-0.4, p=0.0048, Fig. 3A).

The ANOVA on Factorl-Autistic traits revealed a sig-
nificant interaction between Condition and Gender
[F(1,548)=16.233, p<0.001, 2p=0.029, see Fig. 3C and
Table S11], characterised by higher levels of autistic traits
in females compared to males in the ASC group, and
the reverse in the TD group. For the Factor2-Anxiety-
Depression, a significant interaction between Condition,
Gender and Emotion emerged [F(1,548)=4.218, p=0.040,
n2p=0.008, see Fig. 3D and Table S12], characterised by
higher levels of Anxiety-Depression in females compared
to males, except in the Angry feedback task for the ASC

group.

Subjective evaluations of angry and happy feedback

The ANOVA revealed an interaction between Con-
dition, Strategy, Emotion, Gender and Feedback
[F(1,548)=4.17, p=0.041, n2p=0.008] (Tables S13-16).
To better characterise this interaction, we conducted
an additional ANOVA, separately for Angry and Happy
tasks. The ANOVA on the AFT, but not on the HFT,
revealed two interactions with Condition. First, a sig-
nificant three-way interaction between Condition, Gen-
der and Feedback [F(1,246)=4.98, p=0.026, 12p=0.020]
(Fig. 4A) was related to the fact that ASC females rated
the avoidance scenario less positively than ASC males,
whereas TD females rated the approach scenario more
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negatively than TD males. The second significant three-
way interaction between Condition, Strategy and Feed-
back [F(1,246)=4.83, p=0.029, 12p=0.019] (Fig. 4B) was
related to the fact that the Explicit participants rated the
approach scenario more negatively than the Non-explicit
participants, and this difference was more important in
ASC compared to TD. In contrast, the ANOVA on the
HEFT task only revealed a two-way interaction between

Strategy and Feedback [F(1,302)=30.98 p<0.001,
12p=0.093] (Fig. 4C), characterized by more positive rat-
ings of approach feedback and more negative ratings of
avoidance feedback from the Explicit participants com-
pared to the Non-explicit participants.

Finally, we explored the relationship between par-
ticipants’ subjective evaluations of angry and happy
feedback and socioemotional learning. The ANCOVA
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revealed a significant two-way interaction between
Emotion and diffAvAp (i.e. the difference in the subjec-
tive ratings between avoidance and approach feedback;
[F(1,560)=35,23, p<0.001, 12p=0.059], see Table S17).
Correlational analyses indicated that the interaction was
due to a positive correlation with learning (p(hits)) in the
angry feedback task (r=0.21, p<0.001) and a negative
correlation with learning in the happy feedback task (r =
-0.29, p<0.001, see Figure S3).

Discussion

The present study set out to investigate whether socio-
emotional learning in autism is atypical, as predicted
by the social motivation theory [17, 18]. To this end, we
tested whether participants spontaneously learned from
socio-emotional outcomes, in a social reinforcement
learning task. Importantly, to target implicit learning,
participants were neither informed of the presence of
emotional displays, nor instructed to learn. To account
for the heterogeneity of autism, we ran an online task on
a large cohort of TD and ASC participants, matched for
gender, age, and education. Contrary to our main hypoth-
eses, all participants, regardless of their diagnostic group,
spontaneously learned to choose the action that led to
the most socially desirable outcome, i.e., to avoid angry
individuals and approach happy ones. In both groups,
approximately one-third of participants developed an
explicit angry-avoidance/happy-approach strategy and

showed better learning than the non-explicit group, rep-
licating previous results in typically developed partici-
pants [69]. When accounting for dimensional variations
in autistic traits, depression and anxiety, and personality,
two main findings emerged, specifically in females who
did not report an explicit learning strategy: within this
subgroup, (1) higher levels of autistic traits in ASC par-
ticipants correlated with reduced spontaneous learning
to approach happy individuals; (2) higher levels of anxi-
ety-depression across both ASC and TD participants cor-
related with reduced spontaneous learning to approach/
avoid happy/angry individuals, respectively.

One of the main hypotheses of the social motivation
theory of autism is that reduced social motivation leads
to reduced spontaneous learning and mastering of social
skills throughout development [17, 19]. Contrary to
this prediction, the first important finding of the pres-
ent study is that both frequentist and Bayesian analyses
converged on the absence of clear differences in socio-
emotional learning between ASC and TD participants
in our large and gender-balanced adult samples. Of note,
what motivated learning in the present task was the
physical distance in the waiting room between the sub-
ject and the individual expressing the emotion, which is
intrinsically social. Accordingly, at the subjective level,
both TD and ASC reported a preference for approaching
happy/avoiding angry individuals, compared to avoid-
ing happy/approaching angry individuals. Moreover, as
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indicated by the results on the proportion of response
repetition, both groups considered the previous feed-
back (approach/avoidance) to adapt their subsequent
responses. Thus, overall ASC participants did not show
reduced sensitivity to socio-emotional feedback com-
pared to TD, either at the subjective or behavioral level.
In addition, it has been argued that atypicalities in learn-
ing in social contexts might derive from a more general
difficulty in extracting statistical regularities from com-
plex environments [44—48]. Here, to reproduce the com-
plexity of social environments, the association between
action and social outcome was probabilistic and multiple
reversals of such contingency were introduced. Still, ASC
participants were able to show statistically significant
learning, comparable to the TD group, as indicated by
the proportion of hits across trials and within blocks of
stable action-outcome contingencies. Finally, on average,
females showed higher spontaneous learning than males,
regardless of clinical condition, emotion, and strategy.
This is consistent with previous evidence from the litera-
ture showing that self-reported social motivation [63],
social interaction and social communication skills, as
well as activation in the neural reward system, are higher
in females/girls compared to males/boys in both non-
autistic and ASC individuals [64—66].

Importantly, in the present study, we adopted an
implicit learning task that provided no learning instruc-
tions and never mentioned the presence or relevance
of emotional expressions. Accordingly, most partici-
pants, both ASC and TD, did not report using an explicit
approach/avoidance strategy at the end of the task. Nev-
ertheless, they still showed sensitivity to the feedback
and significant learning on average [see 69]. In the past,
learning in ASC individuals has been found to be typical
in both implicit non-social contexts [90, 91] and explicit
social contexts [e.g., 26]. Our study further extends these
results by showing that implicit learning abilities can
be preserved in social situations in ASC. On the other
hand, approximately one-third of participants reported
spontaneously developing an explicit approach/avoid-
ance strategy during the task, replicating previous find-
ings on TD individuals [69]. The explicit learning strategy
group showed better learning than the non-explicit
group, and this effect was more pronounced in females
than in males. As in the non-explicit groups, no differ-
ences between ASC and TD emerged in the explicit
groups, suggesting that ASC individuals can form explicit
behavioral strategies for responding in social contexts.
However, more research is needed to determine whether
individuals who can form explicit behavioral strategies
are better at using them effectively to achieve desirable
socio-emotional outcomes, or whether, conversely, the
strategy is more likely to be consciously understood in
individuals who have a stronger learning effect.
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Interestingly, dimensional analyses of autistic traits,
depression and anxiety, and personality, revealed that
these traits were correlated with learning only in a spe-
cific subgroup, namely the female participants who did
not develop an explicit approach/avoidance strategy
(hereafter, female non-explicit; F-NE). First, within the
F-NE participants with ASC, the severity of the self-
reported autistic traits was negatively correlated with the
ability to learn the response that maximized the chances
of approaching happy individuals. In other words, F-NE
ASC participants showed reduced learning from affili-
ative social feedback, proportionally to the reported
severity of their ASC symptoms. This finding is partially
consistent with our main hypothesis of stronger impair-
ments in learning from affiliative social signals in ASC,
based on the social motivation theory and on previous
studies reporting reduced tendency to approach affilia-
tive signals in ASC [70, 71]. Yet, this finding is intriguing
because not only did females show higher spontaneous
learning than males, on average, but females with ASC
also reported more severe autistic symptoms (CATI
total), compared to males. How can females with ASC
have both more severe autistic symptoms than males and
better performance on the social learning task?

In a recent study using the CATI, self-reported autistic
traits were found to be higher in females than in males
with ASC, and the opposite was found in the TD popula-
tion (personal communication from Dr. Michael English,
November 2023), similar to the present study. Autistic
adults without intellectual disability, especially females,
are known to use compensatory strategies to mask autis-
tic characteristics and camouflage their social difficul-
ties [92-95]. Camouflage can be measured using either
self-report or internal-external discrepancy approaches
[96]. Accordingly, a first explanation for the higher autis-
tic traits in ASC females is that the CATI questionnaire
includes a camouflage subscale, on which females with
ASC did score higher than males. However, the same
pattern of results has also been found in some previous
studies using other self-report scales that do not sys-
tematically account for camouflage, such as the Autism
spectrum Quotient [AQ; 97-99] and the Broad Autism
Phenotype Questionnaire [BAPQ; 96].

Therefore, a second explanation for our findings relates
to the fact that camouflage can be operationalized as the
discrepancy between external behavioral presentation in
social contexts and internal status - self-representation of
autistic symptoms [94]. To conform to societal expecta-
tions and pressures regarding gender role’s stereotypes
[e.g., 100,101], females with ASC may be more preoccu-
pied with their socio-emotional abilities (self-reflection).
As a result, they may have a better representation of
their symptoms, hence their higher scores on the autis-
tic questionnaires mentioned above. Conversely, when
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measures of socio-emotional abilities are based on clini-
cal behavioral assessments rather than self-report (e.g.,
with the ADOS and ADI), ASC females, who more often
camouflage their social difficulties, tend to have either
lower [94, 102] or similar autistic scores [103] than males.
Therefore, self-report of autistic symptoms may currently
be poorly comparable across genders, and this may also
be the case for clinical evaluation, but with a gender bias
going in the opposite direction. More research is needed
to determine whether gender differences in self-report,
as well as in clinical evaluation, correspond to differences
in the severity of the social atypicalities.

The fact that the predictions of the social motivation
theory seemed to hold specifically for the F-NE ASC sub-
group, as indicated by the correlation between autism
severity and learning, may be related to two concurrent
aspects. On the one hand, socio-emotional difficulties in
ASC females are more predictive of an autism diagno-
sis than in boys/males, whereas the opposite is true for
repetitive and restricted behavior symptoms [104, 105].
Therefore, there may be a closer correspondence between
variations in CATTI scores and behavioral difficulties in
social contexts within the female subgroup. On the other
hand, this relationship may be stronger for the F-NE ASC
participants, precisely because they failed to develop an
explicit strategy for approaching happy individuals. The
reliance on explicit compensation strategies and social
scripts to behave adaptively in social contexts is particu-
larly pronounced in females with ASC [106, 107], often
leading to under- or mis-estimation of their social diffi-
culties [102, 108] and later diagnosis compared to boys/
males [e.g., 109-111]. Here, females with ASC who did
not extract and make explicit the task’s regularities may
have failed to compensate for their reduced sensitivity
and responsiveness to affiliative signals, explaining the
clearer relationship between ASC severity and learning in
this subgroup.

Our dimensional analyses further revealed a correla-
tion between anxiety/depressive symptoms and learning
performance in the F-NE subgroup, across conditions. It
is well known that the prevalence of anxious and depres-
sive symptoms is higher in females than in males in both
TD and ASC populations [62] and this was also true in
the present study. Furthermore, both anxiety and depres-
sion have been associated with difficulties in learning
from reward [112,113, for a review, see 114], decision
making [for a review, see 115], socioemotional behav-
ior [55, 116—118] and predict lower social functioning
in ASC [60, 61]. Therefore, female participants who did
not develop an explicit approach/avoidance strategy were
more likely to manifest this relationship. This highlights
the importance of adopting a transdiagnostic perspec-
tive on ASC, taking into account the co-occurring clinical
symptoms when assessing socio-emotional behavior, in
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order to capture the full complexity of the social atypical-
ity. Accordingly, compared to TD, individuals with ASC
have a high lifetime prevalence of anxiety and depression
of 42% and 37%, respectively [59], and a similar pattern
of findings was found here (see Fig. 3D; Tables 1 and 2
& S12). In summary, depressive and anxiety symptoms
might concur with autistic traits in determining each
individual’s social functioning, and ought to be consid-
ered in both research and clinical assessment, especially
in interaction with gender.

Finally, we examined the role of possible confounding
variables that may have influenced learning, beyond the
effect of sensitivity to social reward. First, we focused on
the ability to remain attentive throughout the task. On
the one hand, it is conceivable that learning might dete-
riorate over the time of the task, which lasted around
30 min, due to a decrease in attention. On the other hand,
self-reported comorbidity with attention deficit disorder
in the ASC group might also have negatively impacted
performance. Nonetheless, in our sample, neither the
effect of time (splitting the experiment into 3 parts), nei-
ther the presence of self-reported diagnosis of attention
deficit, showed a significant effect on participants’ learn-
ing performance (See Supplementary Materials Tables
S19-S20 and Figure S5).

Additionally, although there is conflicting evidence
regarding altered emotional face processing and recog-
nition in autism [119, 120], these atypicalities may also
affect performance. To account for interindividual dif-
ferences in emotion recognition abilities, we asked each
participant during the debriefing phase whether they had
seen emotions on the faces, allowing us to distinguish
participants who had seen emotions from those who
had not. We observed that while there was no difference
between the diagnostic groups in the angry feedback
task, in the happy task, ASC participants reported seeing
the emotion less often compared to TD (See Supplemen-
tary Materials Table S21 and Figure S6). However, not
only did reporting having seen the emotion not correlate
with better learning in the happy feedback task, but our
main finding in the present paper is that there is no sig-
nificant difference in learning between diagnostic groups.
Thus, despite ASC participants differing in the ability to
explicitly recognize and report affiliative social signals,
this effect is independent from their ability to use this
information to adapt their behavior.

Limitations

This study should be interpreted in light of some limi-
tations. First, to obtain a large and balanced sample, we
recruited participants online, and relied on reports of
formal clinical diagnosis. Recently, it has been high-
lighted that some participants may misrepresent them-
selves as autistic online for financial compensation [121].



Beaurenaut et al. Molecular Autism (2024) 15:33

Nonetheless, on the Prolific platform, participants who
identify as having ASC are automatically excluded from
studies focusing on TD participants. Given that experi-
mental studies on TD individuals are more common,
such a strategy is financially disadvantageous. Moreover,
it is important to emphasize that we asked participants
whether they had received a formal diagnosis from a
clinician, the age at which this diagnosis was made, the
specific form of autism, their comorbidities (both explicit
and self-reported), and their self-reported autistic traits.
This approach allowed us to confirm that our recruitment
matched the known characteristics of the ASC popula-
tion compared to TD, namely high levels of autistic traits,
higher presence of comorbidities - especially anxiety and
depression - and late diagnosis for women compared to
men with ASC [84, 109, 122].

Another limitation is that, due to the nature of our
online task, we selected mostly high-functioning adults
with ASC, which restraints the generalizability of our
conclusions. On the one hand, this may be relevant in
relation to the social motivation theory, which postulates
that learning in social contexts is impaired throughout
development, beginning with early life experiences. On
the other hand, learning may be more severely impaired
in individuals with intellectual disabilities. Nonetheless,
our conclusions still suggest that impaired social learn-
ing is unlikely to be a common and general mechanism
underlying social difficulties in ASC, as suggested by
the social motivation theory. While our result by itself
contradicts the main claim of the social motivation
theory, namely that motivation toward social reward
is diminished in ASC, methodologically it would have
been important to include a non-social learning task, as
this could provide a full picture of learning from differ-
ent kinds of reward in ASC. In the context of the pres-
ent online study, it would have been difficult timewise to
demand subjects to perform an additional nonsocial task.
Instead, we preferred to include a second social rein-
forcement learning task with happy individuals to gen-
eralize results across negatively and positively valenced
expressions using a between-subject experimental
design. Also, future studies ought to test implicit socio-
emotional learning in children and/or adolescents with
ASC. Indeed, we cannot exclude the possibility that our
adult sample had learned how to improve their social
skills, either through life experiences or cognitive and/
or behavioral training (such as Applied Behavior Analy-
sis; ABA, [123]). Partially in line with this hypothesis, we
showed that the longer the time since diagnosis, the less
severe the self-reported autistic traits (first factor from
the factor analysis; see Supplementary Materials, Figure
S8). Of note, this may be relevant to gender differences
as, in line with the literature, female ASC were diagnosed
later than males [111, 124]. The lack of information on
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the previous exposure of our sample to behavioral/cogni-
tive interventions, which could indeed reduce social dif-
ficulties, is a limitation of the present study.

Furthermore, the lack of neural measures in the pres-
ent study prevents us from drawing strong conclusions
about the underlying neural mechanisms that are central
to the social motivation theory. This is important because
many previous studies have failed to find behavioral dif-
ferences in social tasks, but have nevertheless found neu-
ral functional differences, either in the form of generally
reduced [28, 125], or generally increased activity [35, 36,
126], or reduced/increased functional connectivity [127]
between brain regions. Future neuroimaging studies with
large and gender-balanced samples could help to further
clarify the specificities in social learning that emerged
in female participants without an explicit strategy in the
present study. For example, we hypothesize that sponta-
neous learning in this subgroup would correlate with the
activation of the fronto-striatal dopaminergic system,
whereas learning via an explicit strategy might depend
on regions related to theory of mind (superior temporal
sulcus, temporal-parietal junction and dorsal anterior
cingulate) or cognitive control (dorsolateral prefrontal
cortex).

Finally, the socio-emotional feedback provided in the
present task may have been too fast and subtle to allow
for significant learning in the majority of the population.
At the group level, both TD and ASC showed significant
adaptation to feedback and learning, whereas within-
individual learning was only significant for a minority of
participants. This was particularly true for males, which
may have prevented the emergence of more pronounced
differences between ASC and TD. While spontaneous
and implicit social learning is a crucial building block
for the development of everyday life social skills, it will
be interesting in future studies to compare results with
tasks that allow for an easier extraction of action-out-
come probabilities of the social environment. Lastly, par-
ticipants here were forced to choose between two social
actions. However, the differences between TD and ASC
may be more pronounced in a setting that mimics real-
world conditions in which a non-social action is available
(e.g., refraining to sit). Indeed, some ASC participants
reported during debriefing that they “personally would
not sit next to anyone anyway, especially if individu-
als “might want to start a conversation,” and expressed a
preference for a missing “stand outside option” that they
“would press that quite often”.

Conclusions

In summary, this is the first study investigating social
learning using an ecologically valid experimental para-
digm in a large gender- and age-matched sample. We
conclude that implicit and spontaneous learning from
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socioemotional outcomes is not generally impaired in
autism, contrary to the predictions of the social motiva-
tion theory. Nonetheless, diminished motivation or other
mechanisms, such as difficulties in extracting action-out-
come regularities in the environment, may be specifically
associated with autism severity in females with ASC,
when they do not have an explicit strategy for adapting
to their social environment. This provides a strong argu-
ment for directing future research toward the clarifying
gender differences and biases in ASC, as the underlying
neurocognitive atypicalities in females vs. males with
ASC are likely to be consistently different. In the future,
this will hopefully orient clinical diagnosis and interven-
tion to take into account individual differences in their
full complexity, including the presence of co-occurring
comorbidities, in particular anxiety and depression, when
dealing with social atypicalities in autism.
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