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Understanding depression in autism: the D
role of subjective perception and anterior
cingulate cortex volume
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Abstract

Background The prevalence of depression is elevated in individuals with autism spectrum disorder (ASD) compared
to the general population, yet the reasons for this disparity remain unclear. While social deficits central to ASD may
contribute to depression, it is uncertain whether social interaction behavior themselves or individuals'introspection
about their social behaviors are more impactful. Although the anterior cingulate cortex (ACC) is frequently implicated
in ASD, depression, and social functioning, it is unknown if it explains differences between ASD adults with and
without co-occurring depression.

Methods The present study contrasted observed vs. subjective perception of autism symptoms and social interaction
assessed with both standardized measures and a lab task, in 65 sex-balanced (52.24% male) autistic young adults. We
also quantified ACC and amygdala volume with 7-Tesla structural neuroimaging to examine correlations with self-
reported depression and social functioning.

Results We found that ASD individuals with self-reported depression exhibited differences in subjective evaluations
including heightened self-awareness of ASD symptoms, lower subjective satisfaction with social relations, and less
perceived affiliation during the social interaction task, yet no differences in corresponding observed measures,
compared to those without depression. Larger ACC volume was related to depression, greater self-awareness of
ASD symptoms, and worse subjective satisfaction with social relations. In contrast, amygdala volume, despite its
association with clinician-rated ASD symptoms, was not related to depression.

Limitations Due to the cross-sectional nature of our study, we cannot determine the directionality of the observed
relationships. Additionally, we included only individuals with an IQ over 60 to ensure participants could complete the
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social task. We also utilized self-reported depression indices instead of clinically diagnosed depression, which may

limit the comprehensiveness of the findings.

Conclusions Our approach highlights the unique role of subjective perception of autism symptoms and social
interactions, beyond the observable manifestation of social impairment in ASD, in contributing to self-reported
depression, with the ACC playing a crucial role. These findings imply possible heterogeneity of ASD concerning
co-occurring depression. Using neuroimaging, we were able to demarcate depressive phenotypes co-occurring

alongside autistic phenotypes.

Keywords Autism spectrum disorder, Depression, Anterior cingulate cortex, Amygdala, Social impairments, Self-

awareness, Affiliation

Background

Depression is one of the most commonly observed co-
occurring psychiatric conditions in adults with autism
spectrum disorder (ASD) [1], yet the reasons behind this
co-occurrence remain unclear. The lifetime prevalence
of depression in ASD is estimated to be 10-49% depend-
ing on the measurement, which is significantly higher
than rates in the general population [2—4]. The presence
of comorbid depression may substantially impact qual-
ity of life for adults with ASD, affecting their education,
employment, and satisfaction with social relations [5-7].
Understanding the phenotypes that differentiate depres-
sion and ASD could point toward new intervention paths
to improve psychosocial outcomes, adaptive functioning,
and overall quality of life for adults with ASD.

Depression is in general linked to social factors such
as the number, quality, and reciprocity of social relation-
ships [8]. Given that interpersonal difficulties are central
to an ASD diagnosis [9], there is compelling evidence to
suggest that social factors play a critical role in the etiol-
ogy of depression in adults with ASD [10, 11]. However,
there are mixed findings on the relationship between
clinician-rated ASD symptom severity and depression
[12-16]. Additionally, there may be significant variability
among adults with ASD in their awareness of their social
interaction successes or difficulties. Young people with
ASD who are more conscious of themselves, and their
social difficulties tend to experience greater emotional
pain when faced with social failures, the risk of which
increases when social interactions are more conflictive
[17, 18]. While social deficits in ASD may contribute to
depression, it remains unclear whether it is the observed
social impairments or the subjective awareness of dif-
ficulties in these interactions and subsequent feelings
about social connections that have a greater impact on
depression in ASD individuals.

Findings on the relation between self-rated autism
symptoms and depression in young adults with ASD are
limited. For example, Gotham et al. (2014) found that
greater self-perceived autistic impairments in young
adults were associated with increased depression symp-
toms [19], while Murray et al. (2019) found no such

relationship [20]. Other measures of self-perception
of social interaction, such as perceived lack of tangible
social support, feeling different from others, and low
self-perceived social competence, have been associ-
ated with increased symptoms of depression with ASD
[21-23]. Additionally, Day et al. (2019) found that higher
self-awareness of social impairments, defined as being
aware of one’s disability and differences from others, pre-
dicted depression symptoms among young adults with
ASD who had average or above average 1Q [24]. This evi-
dence suggests the need for more research to differenti-
ate between observable measures, such as clinician-rated
autism symptoms, and subjective perceptions of autism
symptoms and social difficulties in the development of
depression.

Beyond the debate on how autism symptoms corre-
late with depression, less attention, despite advances in
neuroimaging, has been given to how brain structures
underlying autism symptoms contribute to depression
in the autism population. We conducted an a priori test
of brain regions previously implicated in both the ASD
and depression literatures: the anterior cingulate cortex
(ACC). Anatomical and functional evidence suggested
that the ACC contributes to social cognition by estimat-
ing the motivation of others and dynamically updating
these estimates when new evidence suggests they were
incorrect (see review from Apps et al. 2016 [25]). Stud-
ies have found functional abnormalities in the ACC in
individuals with ASD, either through resting-state fMRI
[26] or task-based fMRI [27-30] investigating social defi-
cits, and thinner cingulate in ASD compared with typi-
cally developed individuals [31, 32]. Less is known about
how the volume of the ACC relates to ASD-related phe-
notypes. In addition, ACC volumetric reduction is con-
sidered a biomarker in major depressive disorder and
self-rated depressive symptom severity [33-36], but its
relationship to depression in ASD is not well understood.
In examining whether the volumes of ACC in autistic
individuals are associated with their ASD symptoms and
depression, we also incorporated amygdala in our analy-
sis. Cumulative evidence has demonstrated abnormalities
in the amygdala structure and its function during social
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and emotional processing in autism [37-39] and a corre-
lation between amygdala volumes and autism symptoms
severity [40—45]. As the amygdala volume has frequently
been studied in association with anxiety in ASD [46, 47],
it can be a region of interest to contrast with the ACC to
better understand the relationship between ASD pheno-
types and depressive phenotypes in ASD.

Thus, the primary aim of the present study was to
understand the contributions of observed vs. subjec-
tive perception of autism symptoms on the occurrence
of depression in adults with ASD. We considered both
clinician-rated autism symptoms and participants’ self-
rated autism symptoms as a pair of contrast. Utilizing 7T
structural neuroimaging, we then tested whether ACC
volume was related to autism and depression symptoms
while controlling for amygdala volume. The examina-
tion incorporating structural neuroimaging can help us
demarcate the biological phenotypes of co-occurring
depression from those of ASD and examine their relation
to behavioral phenotypes.

We also conducted exploratory analyses that expanded
another two paired contrasts of observed vs. subjective
perception of social interactions. We first incorporated
surveys to assess frequency of social contacts as an objec-
tive index of social relations, and we also assessed subjec-
tive satisfaction with social relations. It has been shown
that network size in social contacts was related to depres-
sion [48], but subjective satisfaction with social rela-
tions might matters more for quality of life in the general
population [49]. If self-awareness and introspection are
important contributors to depression in ASD, we would
expect that worse subjective satisfaction with social rela-
tions would have a greater impact than objective index
of social relations on depression in the ASD population.
The second pair of observed vs. subjective perception of
social interaction was assessed with affiliation behav-
iors during a dynamic social navigation task contrasted
with subjective impression of affiliation with task char-
acters reported directly following task completion. Past
research from our lab using this task found that individu-
als with ASD showed lower social affiliation behaviors
(e.g., sharing personal information or physical contacts)
than typically developing individuals [50]. Moreover, it
was found that young adults in the general population
with depression showed lower perceived affiliation [51].
Lower social connectedness can exacerbate life dissatis-
faction [52]. In the present study, we tested how observed
affiliation and subjective perception of affiliation would
be related to depression in ASD. Taken together, these
three paired examinations of observed vs. subjective
perception indices of autism symptoms and social inter-
action can help us understand the role of ASD-related
social impairment in the etiology of depression co-occur-
ring in autism, as well as why autistic individuals are
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more prone to depression than others. Last, we explored
the ACC volume role in relation to subjective indices of
social interaction.

Methods

Participants

Participants were recruited through our local research
registry, physical flyers around New York City, email list-
serv announcements, and word of mouth. The eligibility
criteria were: (1) ages 18 to 50, (2) meeting DSM-5 cri-
teria for ASD, (3) having an IQ over 60 (assessed by the
Wechsler Abbreviated Scale of Intelligence and Wechsler
Intelligence Scale for Adults), (4) having no history of
neurological concerns like epilepsy or traumatic brain
injury, and (5) no substance or alcohol abuse disorders
nor recreational drug use. Both individuals with a prior
autism diagnosis and those suspected of having autism
participated in this study. We conducted a thorough
diagnostic evaluation to confirm the diagnosis for all
participants; ASD screening was conducted by licensed
clinicians using the ADOS-2, supplemented with devel-
opmental and clinical history as needed, to inform
DSM-5 criteria. We intentionally over-recruited females
to ensure better representation of this underrepresented
group in autism research.

Since there is no prior research on the relationship
between brain structure and depression in ASD, and no
studies examining the contrast between objective and
subjective evaluations of social functioning, we couldn’t
perform a power analysis to estimate the sample size. In
total, 104 autistic individuals participated in the study
and 92 participants had complete demographic and
IQ measures. Among them, 40 individuals were tak-
ing SSRI/SNRI medication, which can be prescribed for
depression. Among these 92 participants, 73 completed
the social task and 72 underwent MRI scan. Seven par-
ticipants’” MRI data was removed due to bad quality, and
the final analysis included 65 sex-balanced (52.24% male)
young adults with ASD (mean age =27.32, SD =8.77) who
had average or above average IQ for volumetric analy-
sis. Among 65 individuals who had MRI data, 26 had
prior autism diagnoses. The Icahn School of Medicine at
Mount Sinai’s Institutional Review Board approved the
study protocol (#16-01089). All participants gave written
informed consent and received compensation for their
participation.

Assessment of autism and depression

Clinical assessments of autism symptom severity and
intelligence were collected in addition to self-rated
autism symptom severity, self-rated depression symp-
toms and self-reported depression diagnoses. Demo-
graphic information and statistics of clinical assessment
is shown in Table 1.
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Table 1 Descriptive statistics of demographic and clinical symptoms in study participants (N=92). Welch two-sample t-tests were
performed to evaluate group differences based on self-reported depression diagnoses

Self-reported depression Dx

YES (37, 40%) NO (55, 60%) T-test

Age 28.16 (7.88) 26.80 (9.89) t=1.08, p=0.281
18.17-45.78 18.10-56.83

Sex 15 males 34 males t=220,p=0.030
22 females 21 females

1Q 106.60 (18.78) 104.60 (17.79) t=0.82,p=0417
67-150 63-140

Income 4.81 (3.00) 5.36 (2.93) t=-0.88,p=0384
1-9 1-9

Education 6.89 (1.33) 6.95 (1.27) t=-0.19,p=0.847
3-9 5-9

ADOS total 14.54 (3.32) 15.18 (4.86) t=-0.99,p=0.325
9-24 7-26

ADOS 827 (1.71) 8.35(2.64) t=-043,p=0.669

Social 4-13 4-16

BAPQ 4.27(0.70) 3.57 (0.61) t=5.03,p<0.0001
2.67-5.25 1.56-4.69

Zung self-rated depression scale 51.32(9.72) 43.56 (7.02) t=4.60,p<0.0001
35-70 31-60

Note Income levels: 1. $0 - $15,000, 2. $15,000 - $24,999, 3. $25,000 - $34,999, 4. $35,000 - $49,999, 5. $50,000 - $74,999, 6. $75,000 - $99,999, 7. $100,000 - $149,999,
8.$150,000 - $199,999. Education levels: 1. Preschool, 2. Kindergarten, 3. Elementary school, 4. Junior high school, 5. Partial high school, 6. High school graduate, 7.
Partial college training/Associate’s degree, 8. Standard college/university graduate, 9. Completed graduate /professional training

ADOS-2 module 4

The Autism Diagnostic Observation Schedule, 2nd edi-
tion (ADOS-2 [53]), is a semi-structured diagnostic tool
for autism that includes different modules for varying lev-
els of verbal and developmental abilities. Module 4 was
used in this study, which was comprised fully of verbally
fluent adults. Everyone who participated in this study
was assessed using the same module, with a total score
range of 0-22. Therefore, we did not need to calibrate
the scores. We used the total score instead of the clini-
cal severity score, which ranges from 0 to 10, to ensure a
wider range of available scores. In the following sections,
we will refer to this as clinician-rated autism symptoms.
We also obtained ADOS reciprocal social interaction
subscale scores, which will be referred as clinician-rated
ASD social impairments.

Broad autism phenotype questionnaire

The Broad Autism Phenotype Questionnaire (BAPQ)
is a self-report questionnaire for adults that contains
36 statements. It yields subscales measuring aloofness,
rigidity, and pragmatic language. This questionnaire
has succeeded in meeting both sensitivity and specific-
ity requirements for detecting the broader autism phe-
notype [54]. Its robust psychometric properties [54, 55]
and absence of ceiling effects [56] in individuals with
ASD indicate that it performs effectively in both clinical
populations [57] and the general population. In the fol-
lowing sections, we will refer to this as self-rated autism
symptoms.

Intelligence quotient

The Wechsler Abbreviated Scale of Intelligence, Second
Edition (WASI-II), is a measure of cognitive ability for
individuals aged 6—90 years. The Full Scale IQ (FSIQ) was
calculated based on the administration of all four sub-
tests (FSIQ-4 [58]). In addition, the Wechsler Intelligence
Scale for Adults — Fourth edition (WAIS-IV [59]) is used
to assess intellectual profile for people between 16 and
90 years old. It is composed of four scores and a general
intelligence index. The four indexes are VCI, PRI, WMI
and PSI. In our sample, 16 participants completed the
WAIS and 81 participants completed the WASI In the
following sections, we will refer to these scales as IQ.

Self-reported major depressive disorder diagnosis
Depression was measured by a screening question: “Have
you ever been diagnosed with any of the following psy-
chiatric disorders?” Major Depressive Disorder (MDD) is
one of the options. The response to this question is either
“yes” or “no’ If participants selected “yes” for MDD,
they were considered part of the depression group for
this study, and vice versa. In our sample, 40% of the par-
ticipants reported a diagnosis of MDD. In the following
sections, we will refer to this as self-reported depression
diagnosis.

Zung self-rated depression scale

The Zung self-rated depression scale consists of 20 items
rated on a Likert scale of 1-4 (a little of the time, some
of the time, good part of the time, most of the time) that
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measure the four common characteristics of current
depression symptoms: the pervasive effect, the physio-
logical equivalents, other disturbances, and psychomotor
activities [60]. The scores range from 25 to 100, with 50
as clinical depression cutoff. In the following sections, we
will refer to this as self-rated depression symptoms.

Social interaction survey and task

Social relations survey

The Social Relations Survey was adapted from Quality of
Life Interview developed by Lehman (1983) [49], which
has two subscales. One subscale measures objective social
contacts with items such as how often you do things
with a close friend, visit someone who does not live with
you, or call or text someone who does not live with you.
The other subscale measures subjective satisfaction with
social relations, including questions like: How do you feel
about the things you do with other people? Are you satis-
fied with the amount of time you spend with other peo-
ple? How do you feel about the people you see socially,
the number of friendships in your life, and how you get
al.ong with other people in general?

Social navigation task

In this study, participants engaged with a role-playing
game designed to map out their individual social land-
scapes, tracing their interactive pathways with various
characters [61]. The game simulated a scenario in which
participants find themselves in a new town, with the
objective of securing employment and housing by inter-
acting with local residents. During gameplay, partici-
pants encountered local residents as cartoon characters
on slides, with conversation occurring via text bubbles.
These characters lacked a visual spatial context but pos-
sessed distinct attributes suggestive of their social roles—
such as an old acquaintance or a potential employer.
Participants navigated the social scenarios by choosing
from two dialogue options, using a button press to dic-
tate their responses. Some of these responses represent
social affiliation behaviors with one option representing
higher affiliation behavior (=+1) and the other option
representing lower affiliation behavior (= -1). An example
is shown in Fig. 1. The task also incorporated trials rep-
resenting power behaviors but they were not included in
our analysis. We have 5 characters in the game, and for
each character, there are 6 trials of affiliation choices. In
the analysis, we calculated the mean of affiliation choices
across all 30 trials to represent observed affiliation. After
completing the task, participants were asked to rate
friendship or intimacy they felt with each character. We
then calculated the mean of the affiliation perceptions
across the 5 characters to represent subjective affiliation.
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Imaging acquisition and processing

Structural MRI data was acquired for all participants
on a 7 Tesla whole body scanner (Magnetom, Siemens
Healthcare, Erlangen, Germany). A SC72CD gradient
coil was used with a single coil transmit and a 32-chan-
nel head coil (Nova Medical, Wilmington, MA, USA).
A Til-weighted MP2RAGE sequence was performed
on each participant, with a 0.7 mm x 0.7 mm x 0.7 mm
voxel resolution. Field of view (FOV) was 225 x 183, ori-
entation of scan was coronal, repetition time (TR) was
6000 ms and echo time (TE) was 3.62 ms. A coronal-
oblique T2-weighted turbo spin echo (T2-TSE) sequence
was also obtained for all participants, with a 0.43 mm x
0.43 mm x 2.0 mm voxel resolution. FOV was 222 x 177,
orientation of scan was coronal, TR was 9000 ms and
TE was 69 ms. Results included in this manuscript come
from preprocessing performed using fMRIPrep 22.0.0
(RRID: SCR_016216) [62, 63], which is based on Nipype
1.8.3 (RRID: SCR_002502) [64, 65]. One T1-weighted
(T1w) image was found within the input BIDS dataset.
The T1-weighted (T1w) image was corrected for inten-
sity non-uniformity (INU) with N4BiasFieldCorrection
[66], distributed with ANTs 2.3.3 (RRID: SCR_004757)
[67], and used as Tlw-reference throughout the work-
flow. The Tlw-reference was then skull-stripped with
a Nipype implementation of the antsBrainExtraction.
sh workflow (from ANTs), using OASIS30ANTs as tar-
get template. Brain tissue segmentation of cerebrospinal
fluid (CSF), white-matter (WM) and gray-matter (GM)
was performed on the brain-extracted T1w using fast
(FSL 6.0.5.1:57b01774, RRID: SCR_002823) [68]. Brain
surfaces were reconstructed using recon-all (FreeSurfer
7.2.0, RRID: SCR_001847) [69], and the brain mask esti-
mated previously was refined with a custom variation of
the method to reconcile ANTs-derived and FreeSurfer-
derived segmentations of the cortical gray-matter of
Mindboggle (RRID: SCR_002438) [70]. Volume-based
spatial normalization to two standard spaces (MNI152N-
Lin2009cAsym, MNI152NLin6Asym) was performed
through nonlinear registration with antsRegistration
(ANTs 2.3.3), using brain-extracted versions of both T1w
reference and the T1w template. The following templates
were selected for spatial normalization: ICBM 152 Non-
linear Asymmetrical template version 2009c [71][RRID:
SCR_008796; TemplateFlow ID: MNI152NLin2009cA-
sym], FSLs MNI ICBM 152 non-linear 6th Generation
Asymmetric Average Brain Stereotaxic Registration Model
[72][RRID: SCR_002823; TemplateFlow ID: MNI152N-
Lin6Asym]. FreeSurfer (http://surfer.nmr.mgh.harvard
.edu) automated segmentation of the volumes was used
to extract ACC and amygdala volume. We averaged the
volumes of the bilateral rostral anterior cingulate and
caudal anterior cingulate to obtain the ACC volume and
we averaged the bilateral amygdala volumes as amygdala
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You moved to a new city, Greenville. You
have just arrived. You have no job, no
place to call your own, and you don’t

know anyone. You need to find your way

around and settle in. Your task is to find
a job and a place to live in this new
community. In the meantime, you are
sleeping in a sublet.
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Narrative
1-15s

Anthony and you continue walking. It's a
lovely evening with a light breeze

Anthony: “...so that's everyone.
Oh, here is the restaurant.
Here is my cell number, if you
want to chat more.”

Narrative
1-15s

Options (choice)
12s

Fig. 1 Schematic diagram of social navigation task. Participants engaged in an interactive game simulating a scenario of navigating a new town to
secure employment and housing by interacting with local residents. Cartoon characters with distinct social roles (e.g., an old acquaintance or potential
employer) appeared on slides, and participants selected responses via button presses, choosing between higher affiliation behavior (+1) or lower affili-
ation behavior (-1). For example, as shown in the diagram, response 1 to Anthony is counted as + 1 and response 2 to Anthony is counted as -1. In total,

30 affiliation trials were presented

volume for the subsequent statistical analysis. Informa-
tion about the testing of rostral and caudal ACC sepa-
rately is available in the Supplementary Materials.

Statistical analyses

The analyses focused on assessing whether subjec-
tive perception of autism symptoms and social impair-
ment are related to depression in the ASD population
and whether ACC volume explains this relationship. We
verified that all data points fell within three standard
deviations of the mean, confirming that no outliers were
present. We ran statistical models to address the follow-
ing 4 questions (including primary and exploratory). In
the introduction, we introduced 3 pairs of variables to
represent observed vs. subjective perception of autism
symptoms and social interaction. We conducted 3 mul-
tiple regression models each using a pair of the contrast-
ing variables. To address the first question of whether

clinician-rated or self-rated autism symptoms correlate
with depression, we utilized a multiple regression model.
This model predicted depression using both clinician-
rated autism symptoms (as indicated by ADOS scores)
and self-rated autism symptoms (as indicated by BAPQ
scores), while controlling for age, sex, IQ, and socioeco-
nomic status (composite score of income and education).

The second question explored whether self-reported
objective vs. subjective perception measures of social
interaction are related to depression in individuals with
ASD. We applied a multiple regression model to predict
depression using measures of both objective social con-
tacts and subjective satisfaction subscales of the social
relations survey, controlling for the same covariates men-
tioned in the first question. Then, we examined whether
observed affiliation behaviors during the social interac-
tion task or subjective perception of affiliation during the
task are related to depression in individuals with ASD,
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again applying the same regression model with both
observed affiliation and subjective affiliation included.

For our third inquiry into the role of the ACC in indi-
viduals with ASD and depression, we included ACC vol-
ume and controlled amygdala volume in our regression
models to predict clinician-rated ASD symptoms (i.e.,
ADOS total scores and ADOS reciprocal social interac-
tion subscale scores) and depression, respectively, con-
trolling for the previously mentioned covariates plus
intracranial volume.

Lastly, we sought to determine whether ACC volume
correlates with subjective ASD symptom, social interac-
tion and affiliation during tasks, using regression models
to predict each social interaction outcome with ACC vol-
ume and amygdala volume controlled in the analyses.

In the above analyses, we used self-reported depres-
sion diagnosis first and then repeated the procedure on
Zung self-rated depression symptoms. We reported stan-
dardized beta coefficients ( 5 ) and 95% confidence inter-
val (CI) to indicate effect sizes in all the analyses along
with test statistics and p values. All p values and CI were
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corrected for multiple comparisons within a given ques-
tion using the false discovery rate. We verified that our
data and analyses did not have severe multicollinearity
issues. The correlation among independent variables (see
Supplementary Materials) and the variance inflation fac-
tor (all below 1.8) confirmed this.

Results

ASD with depression is related to higher subjectively
perceived, but not observed, autism symptoms

When both self-rated autism symptoms and clinician-
rated autism symptoms were included together in the
model to predict self-reported depression diagnosis,
higher self-rated autism symptoms were associated
with a higher chance of depression diagnosis, (x? =
20.36, 8 =1.28, 95% CI = [0.52, 2.03], p<0.0001), while
clinician-rated ASD symptoms were not (x 2 = 0.32,
8 =-0.15, 95% CI = [-0.76, 0.46], p=0.892), shown in
Fig. 2A. Results for self-rated depression symptoms par-
alleled those for self-reported depression diagnosis, with
higher self-rated ASD symptoms associated with higher

(A) Self-reported depression diagnoses and autism symptoms

w
o

p <0.0001

N
o
0o0°8 ©

Self-rated autism symptoms
£
Clinician-rated autism symptoms
S
e |t
. .

o

Y

Mean Difference (Dep Yes - Dep No)

No Yes No
Self-reported depression diagnoses

Self-reported depression diagnoses

Yes 1.Self-reported  2.Clinician-rated

Effect Size for Group Differences

(B) Self-rated depression symptoms and autism symptoms
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Fig. 2 Self-reported depression relation to observed vs. subjective perception of autism symptoms. (A) Compared to individuals with ASD without de-
pression, those with ASD and self-reported depression diagnoses show higher self-rated autism symptoms (subjective perception) but no difference in
clinician-rated autism symptoms (observed). The triangles represent the difference between those with self-reported depression and those without self-
reported depression. (B) scatter plots show autism symptoms relation to Zung self-rated depression symptoms with consistent findings to self-reported
depression diagnoses. The graphs were made with values regressed out covariates (sex, age, IQ and SES) and show self-rated depression correlates with
self-rated, but not clinician-rated, ASD symptoms. All error bars and shaded areas represent 95% confidence intervals
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depression symptoms ( F' = 54.82, 5 = 0.64, 95% CI =
[0.44, 0.84], p<0.0001), whereas clinician-rated ASD
symptoms were not (F = 0.02, 8 = -0.01, 95% CI =
[-0.21, 0.18], p=0.892), shown in Fig. 2B. Controlling for
prior ASD diagnosis status and/or depression medication
use did not change our conclusions. In our sample, self-
rated autism symptoms and clinician-rated autism symp-
toms were not correlated (r = -0.08, p =0.448).

ASD with depression is related to subjective perception
but not observed indices of social interaction

If self-reported depression was related to subjective but
not observed autism symptoms, we would expect other
depression-related measures to similarly show stronger
effects in subjective than observed measures. To test this,
we conducted exploratory analyses on another two sets
of observed vs. subjective social interaction measures.
When both subjective satisfaction with social relations
and objective social contacts were included in the model
to predict self-reported depression diagnosis, only lower
subjective satisfaction with social relations was related to
a higher chance of depression diagnosis (x 2 = 9.78, 3 =

Page 8 of 15

-1.00, 95% CI = [-1.80, -0.19], p=0.002); objective social
contacts were not (x 2 = 0.03, 8 =0.05, 95% CI = [-0.68,
0.78], p=0.867), as shown in Fig. 3A. Likewise, lower
subjective satisfaction with social relations was related to
higher depression symptoms measured by the self-rated
depression scale ( F' = 20.96, 5 =-0.54, 95% CI = [-0.81,
-0.27], p<0.0001), whereas objective social contacts were
not significantly associated with depression (F' = 4.34,
B = 0.26, 95% CI = [-0.02, 0.54], p=0.080), shown in
Fig. 3B.

Finally, when both subjective affiliation and observed
affiliation in the task were included together in the model
to predict self-reported depression diagnosis, only lower
subjective affiliation was related to higher probability
of depression, (x 2 = 845, 8 = -1.03, 95% CI = [-1.92,
-0.14], p=0.007), while observed affiliation was not ( y 2
= 0.55, f = -0.21, 95% CI = [-0.87, 0.44], p=0.460),
shown in Fig. 4. Self-rated depression symptoms were
not related to both affiliation measures (all p>0.13).

We further replicated these findings in an online sam-
ple of 575 young adults aged 18 to 30 (mean=25.38,
SD=3.31) who self-reported diagnoses of autism. Of
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sion, those with ASD and self-reported depression diagnoses show lower subjective satisfaction with social relations but no difference in objective social
contacts. The triangles represent the difference between those with self-reported depression and those without self-reported depression. (B) scatter plots
show social relation to Zung self-rated depression symptoms with consistent findings to self-reported depression diagnoses. The graphs were made with
values regressed out covariates (sex, age, IQ and SES). All error bars and shaded areas represent 95% confidence intervals



Hao et al. Molecular Autism (2025) 16:9

Self-reported depression diagnoses and affiliation
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these, 375 participants (65%) self-reported a lifetime
diagnosis of depression. Their depression diagnoses
were found to be associated with subjective satisfaction
with social relations and subjective affiliation percep-
tion during the task but not associated with correspond-
ing observed measures. For details of methods and
statistics for this replication sampling, see Supplemen-
tary Materials.

ASD with depression is associated with larger ACC volume
but not associated with amygdala volume

Another primary question was to examine the role of
ACC volume in observed autism symptoms (i.e., clini-
cian-rated symptoms) and depression in autism. First, we
found that only smaller amygdala volume was correlated
with severity of overall ASD symptoms rated by clinicians

(i.e., ADOS total score, for ACC: F=0.18, 8 = 0.35, 95%
CI = [-0.11, 0.48], p=0.148; for amygdala: F=9.59, 8 =
-0.39, 95% CI = [-0.67, -0.10], p=0.006). Although ACC
was not related to the overall clinician-rated autism
symptom score, larger ACC volume was correlated with
more severe clinician-rated social impairments specifi-
cally (ie., reciprocal social interaction subscale of the
ADOS, for ACC: F=7.12, § = 0.35, 95% CI = [0.05,
0.66], p=0.019, Fig. 5A; for amygdala: F=8.29, 8 =-0.37,
95% CI = [-0.67, -0.07], p=0.006, Fig. 5B). Controlling for
prior versus new ASD diagnosis status and/or depression
medication use did not change our conclusions. These
findings imply that ACC volume is relevant to observable
features of social impairments associated with ASD.
Next, we analyzed if ACC volume was related to
depression in our ASD sample. We found that larger
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ACC volume was associated with higher chance of self-
reported depression diagnosis (x 2= 6.33, 3 = 0.89, 95%
CI = [0.00, 1.78], p=0.012); amygdala volume, however,
was not predictive of self-reported depression diagnoses
(x2%=0.76, B =028, 95% CI = [-0.47, 1.03], p=0.384),
shown in Fig. 6A. Since there was an extreme data point
for ACC volume in the ASD with depression group,
we also ran 1000 bootstrap iterations on the relation
between ACC volume and self-reported depression diag-
noses, and found consistent results (5 = 0.89, 95% CI =
[0.24, 3.04]). Removing the highest ACC volume in the
depression group also yielded consistent findings. Like-
wise, larger ACC volume was also associated with higher
self-rated depression symptoms (F=9.57, 5 = 0.41, 95%
CI = [0.10, 0.71], p=0.006) but amygdala volume did not
show a significant relationship (F=0.76, 8 = -0.12, 95%
CI = [-0.41, 0.17], p=0.384), shown in Fig. 6B. Control-
ling for prior ASD diagnosis status and/or depression
medication use did not change our conclusion.
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Larger ACC volume is related to greater subjective autism
symptoms and worse subjective satisfaction with social
relations

Extending our exploratory tests of ACC'’s role, we found
that ACC volume was related to self-rated autism symp-
toms (F=6.17, § = 0.31, 95% CI = [0.06, 0.57], p=0.016,
Fig. 7A) and subjective satisfaction with social relations
(F=10.35, p = -0.36, 95% CI = [-0.62, -0.10], p=0.004,
Fig. 7B). Amygdala volume, controlled in the analyses
alongside ACC, was not a significant predictor of self-
rated autism symptoms or subjective satisfaction with
social relations (all p>0.8). Both ACC and amygdala
volumes were not related to subjective perception of
affiliation. These findings suggest that the ACC may be
sensitive to capturing subjective social interaction dif-
ficulties associated with depression in ASD. In contrast,
the amygdala, though it was related to observed symp-
toms of ASD, was not associated with self-reported
depression or related subjective measures of social rela-
tions and autism symptoms.

(A) Self-reported depression diagnoses and ACC and amygdala volume
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Fig. 6 ACC and amygdala and volumes relation to self-reported depression. (A) Compared to individuals with ASD without depression, those with ASD
and self-reported depression show larger ACC volume but no difference in amygdala volume. The triangles represent the difference between those with
self-reported depression and those without self-reported depression. (B) scatter plots ACC and amygdala volumes relation to Zung self-rated depression
symptoms with consistent findings to self-reported depression diagnoses. The graphs were made with values regressed out covariates (sex, age, 1Q, SES
and intracranial volume). All error bars and shaded areas represent 95% confidence intervals
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and worse subjective satisfaction with social relations (B). The graphs were made with values regressed out covariates (sex, age, IQ, SES and intracranial

volume). Shaded areas represent 95% confidence intervals

Discussion

Although a high prevalence of depression is observed in
the ASD population, the underlying mechanisms remain
unknown. It is unclear whether depression is due to the
observed autism symptoms related to social deficits or
to individuals’ subjective introspection regarding their
social impairment. What brain structures may contrib-
ute to this effect remains elusive. Investigating this ques-
tion can help us understand why some individuals with
ASD develop depression while others do not, potentially
revealing both risk and protective factors. Our findings
indicate that levels of clinician-rated ASD symptoms,
objective social contacts, and observed affiliation behav-
ior during social interaction tasks did not differ between
individuals with ASD who did or did not report a history
of depression nor associate with self-rated depression
symptoms at the time of participation. However, com-
pared to individuals with ASD without depression, those
ASD individuals with self-reported depression diagno-
ses and high level of self-reported depressive symptoms
exhibited heightened self-rated autism symptoms, worse
satisfaction with social relations, and diminished subjec-
tive affiliation with social characters during a social navi-
gation task. ACC volume was related to all major factors
investigated here: autism symptoms, depression, and
subjective perception of social difficulties.

Expanding on findings from Day et al. (2019) in young
adults with ASD and low support needs, which indi-
cated that self-awareness of social impairment is related
to depression [24], our study expanded self-evaluation of
social functioning to include three measures: self-rated
autism symptoms, subjective satisfaction with social rela-
tions, and subjective affiliation during social navigation
task. Contrary to Day et al. (2019) and a few other studies

[16, 24] that found depression to be associated with less
severe autism symptoms as assessed by clinicians as
well as a few studies that found depression to be associ-
ated with more severe clinician-rated autism symptoms
[12-14], we did not find a relationship between clinician-
rated ASD symptoms and depression. Consistent with a
few other studies, however, we found higher self-rated
autism symptoms related to depression in our autism
sample [12, 19, 73]. Our sample also showed no relation
between clinician-rated and self-reported ASD symp-
toms. Because our sample was restricted to a group of
autistic adults with average or above average IQ, our null
relationships may only reflect patterns in the segment of
the autism spectrum who were able to participate in our
assessments. Nevertheless, our findings might imply both
common and distinct mechanisms underlying externally
observed autism symptoms and self-perception of autism
symptoms.

Using structural neuroimaging, we were able to dissect
these common and distinct mechanisms. Interestingly,
larger ACC volume, which was associated with severity
of autism symptoms rated by clinicians and participants’
self-awareness of autism symptoms, also correlated with
a higher likelihood of self-reported lifetime depression
diagnosis, greater self-rated current depression symp-
toms, and worse subjective satisfaction with social rela-
tionships. On the other hand, amygdala volume related
only to clinician-rated autism symptom severity and was
not related to self-ratings of autistic traits, depression, or
subjective perception of social behaviors. The amygdala
has been an important region studied in the autism lit-
erature, given its association with emotional and social
processing [38, 74, 75]. While some studies found that
larger amygdala volume was associated with more severe
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ASD symptoms [42—44], we found, consistent with a few
other studies [40, 41] that reduced amygdala volume is
associated with more severe clinician-observed ASD
symptoms. Therefore, despite amygdala volume not relat-
ing to depression, it served as a unique control region in
examining the role of the ACC on depression and social
impairments in ASD.

Prior studies reported autism symptom severity in
association with ACC functional abnormalities in both
social-related tasks [27-29] and resting-state functional
connectivity [26]. When investigating ACC structure,
one study found that individuals with autism who had
thinner ACC tended (p <0.1) to have lower social respon-
siveness [31] and another study found that reduced
white matter volume was related to more social aware-
ness deficits in autism [32]. We contribute to the litera-
ture by demonstrating a significant relationship between
ACC volume and social reciprocity as rated by clinicians.
Moreover, we specifically showed that larger ACC was
related to subjective measures including self-rated autism
symptoms, self-reported lifetime depression diagnoses,
self-rated depression symptom severity, and subjective
satisfaction with social relations. As the ACC plays a role
in estimating and updating social motivation when inter-
acting with others [25], the ACC might serve as a hub
connecting depression with self-rated autism symptoms
severity and social satisfaction. It may reflect introspec-
tion and awareness of autistic symptoms, suggesting that
the sources of social (dis)satisfaction and depression
symptoms are interconnected.

In summary, ACC volume is associated with self-
reported depression and core ASD symptoms, par-
ticularly clinician-rated reciprocal social interaction.
Given amygdala volume was related to observed — but
not self-reported - autism symptoms and not to depres-
sion, it may be that depression emerges in the context
of increased perception of social difficulties within ASD
rather than as a function of social difficulties themselves.
Our exploratory analyses further demonstrated the role
of subjective perception of social interaction (social
relation satisfaction and subjective affiliation) in self-
reported depression, which were also replicated with an
online sample with different demographic distributions.
It is important to note that although objective social con-
tacts and observed affiliation behaviors are significantly
lower in autism compared with typically developing indi-
viduals [50, 76, 77], they did not contribute to depres-
sion in our samples. Future studies can examine neural
pattern-based ASD subtypes based on our findings to dif-
ferentiate the neural substrates of observed vs. subjective
manifestations of social interaction difficulties and exam-
ine their relations to depression.

Our findings are readily translatable for future studies
in longitudinal samples. Future studies can examine the
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association between progression of depression symptoms
and changes in self-rated ASD symptoms as well as satis-
faction in social relationships in order to determine the
directional influences of ASD symptoms, self-perception
and depression. Future studies could also examine longi-
tudinal tracking of self-reported autism symptoms, social
satisfaction, etc. overtime in thinking about risk, preven-
tion and intervention. Moreover, feelings of loneliness
can be an important mediator of social communication
deficits in ASD and in the development of depression
(see meta-analysis [78]); future studies can examine how
feeling of loneliness and introspection of social behav-
iors interact in this association. Finally, as our study only
considered individual factors, future research should
examine the interaction between individual factors and
environmental stressors [79], an important risk factor for
depression across populations, in the context of comor-
bid depression in ASD (for full reviews, see [17, 80, 81]).

Limitation

One key limitation is the cross-sectional study design.
Longitudinal studies are necessary to determine the
directionality of the relationships we observe. Addi-
tionally, the study did not include individuals with an
IQ below 60 as it required participants to read and to
express their experiences, through button presses and
written responses, interacting with social task characters
and self-reporting on depression and social interaction.
These requirements exclude many individuals on the
spectrum, and risk factors for co-occurring depression
should also be explored for these groups. In this study,
we utilized self-reported depression indices instead of
clinically ascertained MDD status. There is some evi-
dence showing that presentation of depressive symptoms
may be different in individual with ASD compared with
typically developing individuals, such as more insomnia
or restlessness [82-86]. However, there is lack of data
regarding the degree to which self reports and clinician
diagnoses converge regarding MDD in ASD [84]. Given
rates of depression are much higher when participants
with ASD report their own depressive symptoms [3],
our current study focused on self-report of depression.
Future study should incorporate depression measures
from both self-report and clinician diagnosis and clarify
both current symptoms and past episodes to provide a
comprehensive view of the relation between depression
and social functioning in ASD. Future study should also
evaluate whether the contribution of subjective percep-
tion of social behaviors to depression in autism replicates
or diverges in non-autistic samples. Finally, the findings
related to brain structure are limited by sample size,
highlighting the need for replication in larger samples
[87].
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Conclusions

In summary, our findings suggest that greater subjective
perception of social interaction difficulties and enlarged
ACC may serve as potential markers indicating risk for
depressive disorders in ASD. Given the link between
depressive disorders, reduced adaptive function, and
increased suicide risk in ASD, understanding the emer-
gence of and risk factors associated with depression in
ASD may yield significant public health benefits, includ-
ing improvements in psychosocial outcomes and adap-
tive functioning. In the future, clinicians may be able
use features identified in this study—more self-reported
social impairments and poorer perceived social satisfac-
tion—to identify individuals with ASD who are at risk for
developing depression. This approach may also benefit
the characterization and diagnosis of depression in ASD
and facilitate identifying effective treatments.
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