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Abstract

Objective: The aims of this study were to identify a subset of children with autism spectrum
disorder (ASD) and co-occurring symptoms of psychopathology, and to evaluate associations
between this subgroup and biological sex and amygdala volume.

Method: Participants included 420 children (ASD: 91 girls, 209 boys; typically developing
controls: 57 girls, 63 boys). Latent profile analysis was used to identify ASD subgroups based on
symptoms of psychopathology, adaptive functioning, cognitive development, and autism severity.
Differences in the proportions of girls and boys across subgroups were evaluated. Magnetic
resonance imaging scans were acquired (346 children); amygdala volumes were evaluated in
relation to subgroups and problem behavior scores.

Results: Three ASD subgroups were identified. One group was characterized by high levels of
psychopathology and moderate impairment on other measures (High Psychopathology Moderate
Impairments [HPMI], comprising 27% of the sample). The other two subgroups had lower
symptoms of psychopathology but were differentiated by high and low levels of impairment on
other measures. A higher proportion of girls were classified into the HPMI subgroup (40% of girls
versus 22% of boys). Relative to controls, amygdala volumes were enlarged only in the HPMI
subgroup. There was a positive association between right amygdala volume and internalizing
behaviors in girls but not in boys with ASD.
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Conclusion: A higher proportion of girls with ASD faced greater challenges with
psychopathology, suggesting a need for closer evaluation and potentially earlier intervention to
help improve outcomes. Amygdala enlargement was associated with co-occurring symptoms of
psychopathology, and sex-specific correlations with symptoms were observed.

Keywords
autism spectrum disorder; psychopathology; girls; amygdala; MRI

Autism spectrum disorder (ASD) is heterogeneous, and multiple etiologies and subtypes
exist.1=3 One approach to parsing heterogeneity in ASD is to identify clinically meaningful
subgroups based on behavioral profiles and underlying etiologies. In this study, our goal was
to investigate heterogeneity in psychopathology, biological sex, and amygdala volume in a
cohort of preschool-aged children with ASD.

Biological sex is one source of heterogeneity in ASD, with female individuals being
diagnosed less frequently than male individuals at a roughly 1 to 4 ratio.*® Recent efforts
have begun to elucidate differences between boys and girls with ASD, both in behavioral® as
well as in neural characteristics.”-8 Co-occurring psychiatric conditions, including affective
and anxiety disorders, attention-deficit/hyperactivity disorder (ADHD), and oppositional
defiant disorder (ODD), also contribute to the heterogeneity of ASD, and occur at higher
rates in individuals with ASD than in the general population.® Across childhood and
adolescence, an estimated 70% to 80% of individuals with ASD have at least one co-
occurring psychiatric condition, and approximately 40% have 2 or more.10.11 There is
evidence suggesting that female adolescents and adults with ASD have higher rates of mood
disorders1? and internalizing problems!3 than male counterparts. Less is known about what
proportion of very young children exhibit co-occurring symptoms of psychopathology,
whether there are sex differences in symptom presentation, and what the underlying neural
mechanisms might be.

The amygdala, which plays an important role in emotion regulation and threat detection, is
widely implicated in ASD as well as other psychiatric disorders, such as anxiety and
depression.1415> Amygdala enlargement is reported in many,16-19 but not all, studies of
ASD, and heterogeneity is often cited as a reason for inconsistent findings.2% There is
evidence that older children and adolescents with ASD with and without co-occurring
anxiety disorders have distinct patterns of amygdala development.2! The relationship
between amygdala enlargement and co-occurring symptoms of psychopathology has not yet
been evaluated in young children with ASD. We predicted that amygdala enlargement would
be most pronounced in a subset of children who also exhibited high rates of
psychopathology. In addition, based on previous findings of more extreme amygdala
enlargement in female children with ASD,17 we also predicted possible sex differences in
either amygdala volume or in associations between amygdala volume and symptoms of
psychopathology.

The current study used a person-centered approach to identify distinct patterns of
psychopathology, adaptive functioning, cognitive development, and autism severity data
collected on a large sample of preschool-aged children with ASD. We first derived
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subgroups of ASD children with similar patterns of symptoms across the variables examined
using latent profile analysis (LPA). LPA is a latent variable approach for clustering
individuals into more homogeneous subgroups using multiple continuous aspects of
behavior. In this framework, the multiplicity of outcomes is handled by summarizing
observations into latent constructs. A key assumption of LPA is that inter-item correlations
are accounted for solely by class membership (conditional independence).

We then explored sex differences in the proportion of male and female participants in each
subgroup. We predicted that there would be a subgroup of children with high levels of
psychopathology accompanied by deficits in other areas and that a higher proportion of girls
than boys with ASD would be classified into this subgroup. We also explored amygdala
volume in relation to subgroups and symptoms of psychopathology. Age-matched TD
controls served as a reference to the ASD group.

Participants were enrolled in the University of California (UC) Davis MIND Institute
Autism Phenome Project or Girls with Autism Imaging of Neurodevelopment Study, and
included 300 children with ASD (91 girls, 209 boys) and 120 TD controls (57 girls, 63
boys). Children were 2-3.5 years of age at study entry (mean age 36.3 months). Studies
were approved by the UC Davis Institutional Review Board. Informed consent was obtained
from each participant’s parent or guardian. Parents completed a demographic form that
included parental level of education and race/ethnicity. All participants were native English
speakers, ambulatory, and had no suspected vision or hearing problems, known genetic
disorders (including Fragile X), or other neurological conditions.

Assessments

Diagnostic evaluation for ASD was carried out using the Autism Diagnostic Interview—
Revised and the Autism Diagnostic Observation Schedule (ADOS)-Generic or
ADOS-222-24 py licensed clinical psychologists trained to research standards. The ADOS-2
provides a diagnostic cutoff and a calibrated severity score (CSS) to compare autism severity
across different modules.2526 TD children were screened using the Social Communication
Questionnaire?” and excluded for scores greater than the clinical cutoff (=11) or if they had
first-degree relatives with ASD.

Developmental ability was assessed using the Mullen Scales of Early Learning (MSEL).28
TD children were excluded if developmental scores were two or more SDs below normative
means on any MSEL subscale. Developmental quotients (DQ) were calculated as the
average of the age-equivalent subscale scores divided by the chronological age and
multiplied by 100.

Symptoms of psychopathology were measured using the parent-report preschool form of the
Child Behavior Checklist (CBCL 1.5-5).2° The CBCL includes scales developed to reflect
disorders catalogued in the DSM;, these DSM-oriented scales yield age-normed ¢scores
representing symptom severity.2%:30 Four of the five CBCL DSM-oriented scales were
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included in current analyses, including Depressive Problems, Anxiety Problems, Attention-
Deficit/ Hyperactivity Problems, and Oppositional Defiant Problems. The DSM-oriented
Autism Problems scale was not used because data from this scale were redundant with other
measures of autism symptom severity (ADOS CSS). The Internalizing and Externalizing
Problems 7 scores were used to investigate associations with amygdala volume.

Adaptive behavior encompasses skills important for independence during daily activities.
Parents reported adaptive behavior using the Vineland Adaptive Behavior Scales—I1 Parent/
Caregiver Rating Form (VABS-11).3! The VABS-II measures adaptive skills across four
domains: Communication, Daily Living, Socialization, and Motor Skills, yielding age-
referenced standard scores.

Magnetic resonance imaging (MRI) scans were acquired during natural nocturnal sleep32 in
all TD participants and a subset of ASD participants (73 girls, 153 boys) at the UC Davis
Imaging Research Center on a 3T Siemens Trio whole-body MRI system using an eight-
channel head coil. A 3-dimensional T1-weighted magnetization-prepared rapid acquisition
gradient-echo (MPRAGE) sequence (TR 2,170 milliseconds; TE 4.86 milliseconds; matrix
256 x 256; 192 slices in the sagittal direction; 1.0-mm isotropic voxels) was acquired. To
control for distortion associated with changes in hardware and software over time, a
calibration phantom (ADNI MAGPHAM, The Phantom Laboratory) was scanned at the end
of each MRI session. Distortion correction was implemented for each participant’s
MPRAGE (Image Owl, Inc, Greenwich, NY; http://www.imageowl.com/).

Of the 74 children with ASD for whom a useable MRI scan was not acquired (18 girls, 56
boys), 29 children (7 girls, 22 boys) were unable to sleep through the MRI scan, 26 (8 girls,
18 boys) declined to attempt the MRI scan, and 7 (2 girls, 5 boys) had images acquired that
did not pass quality control measures (ie, poor segmentation quality due to motion artifact or
lack of accompanying phantom image for distortion correction). An additional 12 children
(1 girl, 11 boys) were excluded because sequences were acquired using a different sequence
protocol. Children with ASD in the MRI subsample had slightly higher mean DQ than
children without an MRI scan (64.2 versus 58.6, p = .049), but there were no differences in
ADOS CSS, CBCL DSM-oriented scores, or VABS subscale scores.

The distortion corrected, anonymized, and defaced MRIs were uploaded to MRICloud
(https://mricloud.org)33 and segmented into anatomically defined regions using a multi-atlas
approach in the fully automated MRICloud T1-Segmentation pipeline version 7A, which is
based on the Diffeomorphic Multi-Atlas Likelihood Fusion algorithm.34 For each
participant, an age-specific atlas set was used, based on age in years at the time of the scan.
For 2- and 3- year-olds, the multi-atlas sets (each comprising 13 pediatric atlases) were
optimized using data from our site at each age group, and are available on MRI Cloud (UC
Davis 2 Years and UC Davis 3 Years). For children 4 years of age and older, the Pediatric 4—
8 Years multi-atlas (based on 10 pediatric atlases) from the Johns Hopkins University
inventory was used. The whole-brain segmentation output for each participant was
downloaded and visually inspected for segmentation quality. Total hemispheric volumes and
volumes for right and left amygdala were extracted. Total hemispheric volumes were
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summed for a total cerebral volume (TCV) measurement. To assess reliability of amygdala
segmentations, we compared 107 amygdala volumes from the current study to manually
segmented amygdala volumes from a previous study that includes a subset of male
participants in the current study.!® Intraclass correlation coefficients were high (0.86 and
0.81 for left and right amygdala volumes).

Statistical Approach

Prior to analysis, distributions of CBCL DSM-oriented scales, VABS subscales, DQ, and
ADOS CSS were examined. Whereas VABS and DQ were normally distributed, the CBCL
DSM-oriented scales and ADOS-CSS exhibited a large number of observations clustered at
the lower limits (ie, 50 for CBCL and 4 for ADOS) of the distribution. Thus, they were
treated as censored normal variables in the LPA models.

Two-, three-, four-, five-, and six-class LPA models were run and compared using both
statistical goodness-of-fit criteria and interpretability, taking into account whether the classes
captured clinically meaningful features. We selected the optimal number of groups using the
most parsimonious model that still provided good relative fit using a combination of
statistical goodness-of-fit criteria, which included the Bayesian information criterion (BIC),
Akaike information criterion (AlIC), entropy, and Lo—Mendell-Rubin (LMR) and parametric
bootstrapped likelihood ratio test (PBLRT).3%:36 Smaller values of AIC and BIC indicate
better fit and entropy values closer to 1 indicate better classification quality of individuals by
each model. The likelihood ratio tests compare the fit of the specified class solution to
models with one less class, and a significant p value indicates that the specified model
should be preferred. The local maximum problem was addressed by using a large number of
starting points (up to 500) to replicate each model.

Each LPA model provides two important pieces of information: it identifies the number of
latent subgroups within the overall sample, and it estimates posterior probabilities for each
participant’s assignment to a latent subgroup. For descriptive analyses, the highest posterior
probability from the best-fitting model was used to assign each child to the most likely
subgroup. For subsequent analyses using latent subgroup membership (ie, examination of
sex differences and amygdala associations, described below), multiple pseudo-class draws
were used to reduce bias by accounting for the uncertainty in class assignments.3” Children
were randomly classified into latent classes 100 times based on their distribution of posterior
probabilities from the best-fitting model. The subsequent analyses were performed 100 times
(ie, for each draw), and results were combined across draws using standard methods for
multiple imputation for missing data.38 2 tests were used to examine sex differences across
groups. LPA was performed in Mplus version 8.3% All other analyses were implemented
using SAS Version 9.4 (SAS Institute Inc, Cary, NC). All tests were two-sided, with a =
0.05.

MRI Analyses

A general linear model framework was used to investigate group differences in amygdala
volume, as well as associations between CBCL Internalizing and Externalizing 7 scores and
amygdala volume, while accounting for the effect of TCV, age, and sex. Separate models
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were fit for right and left amygdala volumes. A first set of models was fit to test for
differences between all ASD and TD children, after adjusting for TCV, age, and sex. A
second set of models included fixed effects to test for differences between each of the LPA
groups and the TD group, after adjusting for TCV, age, and sex. A third set of models was
used to explore associations between amygdala volume and CBCL internalizing and
externalizing 7 scores. This third set of models included terms for TCV, CBCL scores, sex,
and the interaction between sex and CBCL scores. The interaction allowed for evaluation of
sex differences in the association of amygdala volume with CBCL scores.

RESULTS

Participant characteristics and scores on diagnostic and behavioral assessments are detailed
in Table 1. Scores for typically developing controls are provided for reference. Information
on race/ethnicity and parental education is provided in Table S1, available online.

LPA Subgroups in ASD

Fit indices for two-class to six-class solutions are summarized in Table 2. They provided a
mixed picture of the optimal number of classes. BIC and AIC indices never increased with
added classes, PBLRT continued to decrease in models up to six classes, whereas the LMR
likelihood ratio test suggested that a three-class solution was optimal (three-class was better
than two-class, and four-class was not better than three-class). All models provided similar
classification quality (entropy ranging from 0.82 to 0.85). In latent profile analyses, AIC and
BIC may not increase with additional parameters, but the resulting models may have
additional classes that are not meaningful. For example, in both five- and six-class models,
one class with a lower level of impairments was differentiated into two classes that were not
meaningfully different. Thus, the three-class solution was chosen as optimal because it was
the most parsimonious model that still provided adequate fit.

Based on the pattern of symptom severity across all measures, the three classes were hamed
high psychopathology moderate impairments (HPMI), low psychopathology higher
impairments (LPHI), and low psychopathology lower impairments (LPLI). Only one class,
the HPMI class, had estimated scores in the borderline (65-69) to clinical (=70) range on the
CBCL DSM scales. Estimated scores for VABS subscales and DQ were moderately low and
low ranges (<85) but intermediate to the 2 other classes. The other 2 classes had CBCL
DSM estimated scores in the normal range (<64) but were differentiated based on the other
measures. The LPHI class had the lowest estimated scores on VABS and DQ and the most
severe ADOS CSS scores. The LPLI class had the highest estimated scores on VABS, with
scores primarily in the adequate (86—100), and the highest DQ out of the 3 classes (although
still in the moderately low range). Figure 1A illustrates the profiles for the three-class
solution in greater detail.

The highest posterior probability was used to assign each child to 1 of the 3 groups; 82
(27%) were assigned to the HPMI group, 97 (32%) to the LPHI group, and 121 (40%) to the
LPLI group (average assignment probabilities for the groups were 89.5%, 90.3%, and 94.2%
respectively). Figure 1B depicts averaged z scores and standard errors for each of the
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measures and each of the subgroups. Scores are depicted separately for girls and boys in
Table S2, available online.

Sex Differences in LPA Subgroups in ASD

Next, we examined the sex distribution across the three LPA subgroups. Using the highest
probability assignment, of the 91 female participants with ASD, 36 (40%) were classified
into the HPMI group, 27 (30%) in the LPHI group, and 28 (31%) in the LPLI group. Of the
209 male participants with ASD, 46 (22%) were classified into the HPMI group, 70 (33%)
in the LPHI group, and 93 (45%) in the LPLI group. Participant sex was significantly
different across class membership (X2 =10.4, p=.006). depicted in Figure 1C, a much As
higher proportion of girls, almost twice the proportion of boys, were in the HPMI group.
This pattern of sex differences remained significant when 100 pseudo class draws were used
to account for uncertainty in class assignment (p = .02).

Amygdala Findings

Amygdala and total cerebral volumes by diagnostic group and sex are summarized in Table
S3, available online. After accounting for age, TCV, and sex, there was an overall diagnostic
group difference between ASD and TD controls in right amygdala (estimated difference =
29.56 mm3, p=.04), but not in the left amygdala (estimated difference = =1.54 mm3, p
=.91). Sex-by-diagnosis interactions were not significant (both p>.74).

Next, each LPA subgroup (HPMI: 25 girls, 32 boys; LPHI: 24 girls, 48 boys; LPLI: 24 girls,
73 boys) was compared to TD controls (Figure 2A) as well as to each other in analyses that
accounted for uncertainty in class assignment (using 100 draws) and adjusting for age, TCV,
and sex. Only the children in the HPMI group had significantly larger right amygdala
volume (estimated difference = 46.62 mm3, p=.02) (Table 3, Figure 2A). Sex-by LPA
group interactions were not significant (all p> .26). The LPHI and LPLI groups did not
differ from TD controls (Table 3). Among ASD subgroups, the HPMI had larger volume
than both LPHI and LPLI groups (estimated differences = 20.54 mm3 and 27.92 mm3,
respectively) but these differences did not reach statistical significance (both p> .20). The
difference between the LPHI and LPLI groups was modest (=7.38 mm3, p=.74).

Next, associations between CBCL Internalizing and Externalizing Problems scores and
amygdala volume were evaluated across all children with ASD. As depicted in Figure 2B,
there was a significant interaction between sex and CBCL Internalizing score (p = .01),
reflected in a strong association between right amygdala volume and CBCL Internalizing
scores in female participants (estimate = 3.72 mm3, p= .01, ie, an estimated increase in
volume of 3.72 mm3 for each unit increase in score) but not in male participants (estimate
-1.01 mm3, p=.38). The pattern was similar for associations between right amygdala
volume and CBCL Externalizing scores (girls: estimate = 3.03 mm3, p= .01, estimate = 0.94
mm3, boys: p = .34), although the interaction between sex and CBCL externalizing score did
not reach statistical significance (p=.18).
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DISCUSSION

Our results indicate that female children with ASD were significantly more likely than males
to exhibit co-occurring emotional and behavioral problems associated with psychopathology.
Relative to age-matched TD controls, amygdala enlargement was most prominent in the
subset of children with ASD who showed more severe symptoms of psychopathology, and
amygdala volume was associated with severity of internalizing problem behaviors in girls,
but not in boys with ASD.

Identifying differences between boys and girls with ASD has been an area of increased
interest. Existing evidence suggests that female adults and adolescents with ASD have
higher rates of mood disorders!? and internalizing problems.13 In children with ASD, there
is evidence for greater emotional problems in girls, but more externalizing problems in boys,
40 including higher rates of ADHD and ODD in boys.#! Our results suggest that sex
differences in psychopathology begin to manifest as early as 2 to 4 years of age in children
with ASD, and that preschool-aged girls have higher symptoms of psychopathology across
both internalizing and externalizing domains. One interpretation of these findings is that
associated symptoms of psychopathology are more closely related to autism in girls than in
boys.

By using a latent profile analysis, we were able to investigate how patterns of impairments
cluster on measures of psychopathology, adaptive functioning, cognitive ability, and autism
severity. We identified three distinct subgroups, and there were sex differences in group
membership. One subgroup, comprising 27% of children with ASD in our sample, was
distinguished based on having scores within the clinical range on measures of problem
behaviors related to depression, anxiety, ADHD, and ODD. This subgroup had moderate
impairments on the other measures of adaptive functioning and cognitive development but
did not have the most impaired autism severity scores. More than one-third of girls with
ASD (40%) versus less than one-fourth of boys (22%) were classified into this HPMI
subgroup.

We originally hypothesized that children with the highest symptoms of psychopathology
would also exhibit high levels of impairment on measures of adaptive functioning. Although
children in the HPMI group did have moderately high levels of impairment on adaptive
functioning and cognitive development, our results indicate that there was a separate
subgroup, comprising 32% of the total ASD sample, with low symptoms of
psychopathology but significantly more severe impairments on adaptive functioning and
cognitive development. This subgroup was also distinguished by very high autism severity
scores. Male and female participants were more evenly represented in this LPHI subgroup,
with 30% of girls and 33% of boys classified into this subgroup. A third subgroup,
comprising 40% of the ASD sample, had relatively low impairment on all measures (ie, low
scores on measures of psychopathology and higher adaptive functioning and cognitive
abilities), and 45% of boys versus 31% of girls were classified into this LPLI group.

We also evaluated amygdala enlargement, first across all children with ASD relative to TD
controls, as many previous studies have done, and then within each subgroup of children
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with ASD relative to TD controls. Consistent with previous studies of young children,16-19
including a prior study from our group using a subset of males in the current study, we found
enlargement in right amygdala volume in the group average for all children with ASD. In the
current study, we also compared each of the ASD subgroups to TD controls and observed
that right amygdala enlargement was most pronounced in HPMI group. The other subgroups
did not differ significantly from TD controls, suggesting that amygdala enlargement was
differentiated more by symptoms of psychopathology than the other measures of adaptive
functioning, cognitive ability, and autism severity.

These results are consistent with a previous study that found differences in amygdala
morphology in children and adolescents with ASD based on whether co-occurring anxiety
disorders were present,2! although that study found reduced right amygdala volume in
relation to co-occurring anxiety disorders, whereas we observed right amygdala enlargement
in the HPM/ group. This discrepancy in the directionality of the findings may be explained
by the different ages of the samples: our study focused on 2- to 4-year-old children, whereas
the previous study focused on older children and adolescents. Recent human postmortem
evidence suggests that individuals with autism initially have excess numbers of mature
neurons in the amygdala during early childhood, followed by a marked decline beginning in
adolescence.#2 Longitudinal studies that span early to middle childhood and adolescence
will be instrumental in determining whether symptoms of psychopathology at 2 to 4 years of
age persist. Additionally, longitudinal studies are needed to test whether associations
between amygdala volume and symptoms of psychopathology change over the course of
development and can predict clinical presentations of affective and anxiety disorders,
ADHD, and ODD at later ages.

We also evaluated sex differences in amygdala enlargement in ASD. Across all children with
ASD, we did not observe any differences in the pattern of enlargement across male and
female children with ASD. Thus, with a larger sample of female children with ASD, we did
not replicate the earlier findings of more extreme amygdala enlargement in girls with ASD.
17 \We also did not observe any sex-by-subgroup interactions in our comparison of each LPA
subgroup relative to TD controls, suggesting that amygdala volume did not differ by sex
within each LPA group. We did, however, observe sex-specific associations between
amygdala volume and internalizing problem behaviors on the CBCL. Larger amygdala
volumes were associated with more severe scores in girls, but not in boys with ASD. Thus,
whereas the pattern of amygdala enlargement did not differ across male and female children
with ASD, the associations with behavioral symptoms did.

Although the precise implications of this finding remain unclear, it is interesting to consider
that within typical development, there is evidence from human imaging studies for sex
differences in amygdala function related to emotional processing and fear detection,
sometimes in the absence of overt behavioral differences (reviewed by Whittle er a/43) and a
different developmental trajectory of amygdala growth, with girls reaching peak amygdala
volume about 1 year earlier than boys.#445 In addition, recent evidence from animal studies
have found sex differences in fear extinction,*6 which is heavily dependent on amygdala
function, and suggest a potential role for estradiol in explaining female vulnerability to
anxiety and mood disorders.#” As we learn more about sex differences, both in typical
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development as well as in ASD, it will also be important to consider how sex differences in
the neural circuitry related to psychopathology interact with ASD. Evidence from the current
study suggests that the amygdala may play a more circumscribed role related to symptoms
of psychopathology in female children with ASD.

There are several strengths and limitations to consider regarding the current study. Strengths
include a relatively large sample size of girls with ASD, particularly for a neuroimaging
study. It is also important to evaluate young children, close in time to the age of diagnosis,
prior to intensive behavioral and pharmacological interventions likely altering neural
circuitry and possibly masking the true underlying neural basis of ASD. One important
limitation to the study is that the measures of psychopathology and adaptive functioning
used in this study are based on parent- report, which could be biased by differences in
implicit gender-based expectations or a reflection of greater symptom camouflaging in girls.
48 Moreover, longitudinal stability of the CBCL DSM-oriented scales, in particular, has not
yet been empirically demonstrated in preschool-aged children with ASD. Longitudinal
follow-up of these subgroups will be necessary to determine whether subgroups identified in
early childhood are meaningful in identifying risk for later psychopathology. Another
potential limitation is that all children enrolled in the study had a clinical diagnosis of ASD
based on current gold standard diagnostic instruments. Although this was necessary in order
to define our ASD group, recent evidence suggests there may be diagnostic gender bias
resulting in fewer girls being clinically diagnosed with ASD,*? and girls who do have a
clinical diagnosis of ASD often have additional problem behaviors or cognitive difficulties.
50 With the current study design, it is impossible to determine whether a subset of girls
exists who would meet criteria for a clinical diagnosis but do not have high levels of co-
occurring psychopathology. Additional population-based studies and/or development of sex-
specific clinical assessments will be critical toward addressing this question. Finally, the
LPA assumption of conditional independence implies that there is no variation within
classes. Factor mixture models (FMM) would allow for an analysis that overcomes this
assumption. Our sample size did not allow the use of FMM, but future larger studies in ASD
could use FMM to replicate the present findings and to permit characterization of symptom
severity differences between class members.

In conclusion, we used a data-driven approach to tease apart heterogeneity related to
biological sex, co-occurring psychopathology symptoms, and amygdala volume in 2-to 4-
year-old children with ASD. Our results suggest that a higher proportion of female children
with ASD have clinically significant symptoms of psychopathology. We also found that
amygdala enlargement is not present in all children with ASD but, rather, only in the subset
with the most prominent psychopathology. Earlier detection of co-occurring
psychopathology and better understanding of underlying neural mechanisms of these
symptoms could lead to interventions and treatments to improve outcomes in later childhood
and adolescence.
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FIGURE 1. Characterization of Autism Spectrum Disorder (ASD) Subgroups
Note: (A) Estimated means for latent profile subgroups. (B) Average z scores and standard

errors (SE) for each subgroup. The zscores were calculated based on means and standard
deviations for all ASD participants. Averages and SE for each subgroup were calculated
after generating 100 data sets using pseudo-draws to assign group membership and pooling
the results. (C) Sex differences in the proportion of male and female participants in each
latent class subgroup. A higher proportion of girls are classified into the HPMI (red) group
than boys. ASD = autism spectrum disorder; Depressive = Child Behavior Checklist (CBCL)
Depressive Problems; Anxiety = CBCL Anxiety Problems; ADHD = CBCL attention-
deficit/hyperactivity problems; ODD = CBCL Oppositional Defiant Problems; Living =
Vineland Adaptive Behavior Scales (VABS) Daily Living Skills; Comm = VVABS
Communication Skills; Social = VABS Socialization Skills; Motor = VABS Motor Skills;
DQ = Mullen Scales of Early Learning (MSEL) Developmental Quotient; CSS = Autism
Diagnostic Observation Schedule (ADOS) Calibrated Severity Score; ASD-F = female
participant with ASD; ASD-M = male participant with ASD.
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FIGURE 2. Amygdala Volume and Autism Spectrum Disorder (ASD) Subgroups
Note: (A) Right amygdala volumes (adjusted for sex, age, and total cerebral volume) by

latent profile subgroups. Only the HPMI group differs from TD controls. (B) CBCL
internalizing problems score is associated with right amygdala volume in female participants
with ASD but not in male participants. Colors represent LPA group assignment. Amygdala
volumes were adjusted by generating residuals for all participants using the estimates
obtained from a regression model (using sex, age, and total cerebral volume as predictors)
for the control group only. Each residual represents the deviation for each participant’s
observed amygdala volume from what would be expected of a control participant with the
same age, sex, and total cerebral volume. ASD = autism spectrum disorder; HPMI = High
Psychopathology Moderate Impairments; LPLI = Low Psychopathology Lower

JAm Acad Child Adolesc Psychiatry. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Nordahl et al.

Page 17

Impairments; LPHI = Low Psychopathology Higher Impairments; LPA = latent profile
analysis; TD = typically developing; CBCL = Child Behavior Checklist; ASD-F = female
participant with ASD; ASD-M = male participant with ASD.
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Parameter Estimates (Standard Errors) for the General Linear Models Predicting Right and Left Amygdala

Volume (mm3)

Model Term

Intercept

Difference between HPMI and TD groups, mm3

Difference between LPHI and TD groups, mm3
Difference between LPLI and TD groups, mm?
Age, mo

Female sex

Total cerebral volume, for 100 mm3

Right Amygdala

Left Amygdala

P

<.001
.02
21
.29
.02
.002

<.001

P
<.001
.52
.95
.55
.047
<.001
<.001

Note: To account for the uncertainty in class assignments, we used 100 pseudo-class draws to randomly classify children into latent classes 100
times based on their distribution of posterior probabilities from the best fitting model. We subsequently performed the general linear model analysis
100 times (ie, for each draw) and results were combined across draws using standard methods for multiple imputation for missing data. Age and
total cerebral volume were centered at the mean in the TD group. Because of centering, the intercept can be interpreted as the average amygdala
volume for a TD male child with average age and average total cerebral volume. HPMI = high psychopathology moderate impairments; LPHI =
low psychopathology higher impairments; LPLI = low psychopathology lower impairments; SE = standard error; TD = typically developing.
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