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Abstract

Structural brain alterations in autism spectrum disorder (ASD) are heterogeneous,
with limited effect sizes overall. In this study, we aimed to identify subgroups in
ASD, based on neuroanatomical profiles; we hypothesized that the effect sizes for
case/control differences would be increased in the newly defined subgroups. Analyz-
ing a large data set from the ENIGMA-ASD working group (n = 2661), we applied
exploratory factor analysis (EFA) to seven subcortical volumes of individuals with
and without ASD to uncover the underlying organization of subcortical structures.
Based on earlier findings and data availability, we focused on three age groups: boys
(<=14 years), male adolescents (15-22 years), and adult men (> = 22 years). The
resulting factor scores were used in a community detection (CD) analysis to cluster
participants into subgroups. Three factors were found in each subsample; the factor
structure in adult men differed from that in boys and male adolescents. From these
factors, CD uncovered four distinct communities in boys and three communities in
adolescents and adult men, irrespective of ASD diagnosis. The effect sizes for case/
control comparisons were more pronounced than in the combined sample, for some
communities. A significant group difference in ADOS scores between communities
was observed in boys and male adolescents with ASD. We succeeded in stratifying
participants into more homogeneous subgroups based on subcortical brain volumes.
This stratification enhanced our ability to observe case/control differences in subcor-
tical brain volumes in ASD, and may help to explain the heterogeneity of previous
findings in ASD.

Lay summary

 Structural brain alterations in ASD are heterogeneous, with overall limited
effect sizes. Here we aimed to identify subgroups in ASD based on neuroim-
aging measures. We tested whether the effect sizes for case/control differences
would be increased in the newly defined subgroups.

» Based on neuroanatomical profiles, we succeeded in stratifying our participants
into more homogeneous subgroups. The effect sizes of case/control differences
were more pronounced in some subgroups than those in the whole sample.
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INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental
disorder, which is characterized by persistent deficits in
communication and social-emotional reciprocity combined
with repetitive and stereotypical behaviors and interests
(APA, 2013). The median worldwide prevalence estimate
for ASD was 62/10,000, but variability is wide (Chiarotti &
Venerosi, 2020; Elsabbagh et al., 2012). The prevalence
rate in males is estimated to 3:1 higher than in females
(Loomes et al., 2017).

Structural brain alterations have been reported in ASD
for several decades (Amaral et al., 2008), with pervasive
alterations observed in the subcortical areas (van Rooij
et al., 2018; Wegiel et al., 2014). Existing literature indicates
considerable heterogeneity at an individual level regarding
the direction and size of subcortical alterations in ASD
(Donovan & Basson, 2017; Haar et al., 2014). For example,
a number of studies have shown enlargement of the amyg-
dala, especially in children with ASD (Groen et al., 2010;
Nordahl et al., 2012), while other studies with varying partic-
ipants’ age ranges reported either no differences (Barnea-
Goraly et al., 2014) or volumetric reduction of the amygdala
in ASD (Nacewicz et al., 2006). Hippocampal findings
reported from cross-sectional studies are also inconsistent.
Increased and decreased hippocampal volumes have been
found in ASD, irrespective of age (Barnea-Goraly
et al., 2014; Groen et al., 2010; Maier et al., 2015). Overall
enlargement of the striatum in individuals with ASD has
been reported compared with healthy controls (Hollander
et al., 2005; Schuetze et al., 2016); however, notable inconsis-
tencies exist in the literature (Haar et al., 2014; Lange
et al., 2015). Similarly, discrepant findings exist for the thala-
mus (Lange et al., 2015; Schuetze et al., 2016). Recently, the
ENIGMA-ASD working group conducted a large-scale
case/control mega-analysis reporting smaller subcortical vol-
umes in the pallidum, putamen, amygdala, and nucleus
accumbens in individuals with ASD (age range: 2-64 years)
(van Roojj et al., 2018). However, all effect sizes observed
were small.

We expect that these limited effect sizes may be due
to the heterogeneity of neuroanatomical profiles within
both ASD patients and the general population. Earlier
clustering studies have shown the possibility to stratify a
population based on their neuroanatomical profiles,
which could increase the power to detect case/control dif-
ferences within subgroups (Fair et al., 2012; Feczko
et al., 2018; Feczko et al., 2019). Similarly, our recent
findings from the ENIGMA-attention deficit/
hyperactivity disorder (ADHD) working group showed
distinct subgroups based on subcortical brain patterns in
male participants with and without ADHD (Li
et al., 2021). Rather than expecting to find consistent
neuroanatomical alterations across the entire ASD popu-
lation, it may be reasonable to first stratify both partici-
pants with and without ASD into more homogeneous
subgroups based on their neuroanatomical profiles, and

subsequently investigate ASD diagnostic differences
within subgroups.

Here, using subcortical brain volume data from the
ENIGMA-ASD working group, we applied exploratory
factor analysis (EFA) and community detection (CD) to
explore the existence of more homogeneous subgroups in
participants with and without ASD (Newman, 2006;
Rubinov & Sporns, 2011). We expected that similar sub-
groups should be observed within ASD patients and
healthy controls; the effect sizes of case/control compari-
sons would be increased within each subgroup. We also
examined whether the brain-based clusterings were
related to clinical ASD profiles.

METHODS
Participants and ASD assessment

The analyzed magnetic resonance imaging (MRI) data
came from the ENIGMA-ASD working group (http:/
enigma.ini.usc.edu/ongoing/enigma-asd-working-group).
Full details about the ENIGMA-ASD working group
sample have been previously described (van Rooij
et al., 2018). The working group implemented a data
freeze in July 2018, at which point 1353 patients with
ASD (age range: 2.5-64 years old) and 1308 healthy con-
trols (1.5-64 years old) were included. Since ENIGMA-
ASD cohort consists of distinct existing data samples
from different sites, the only admission condition was
clinically valid ASD diagnosis and the presence of mini-
mal demographic variables and MRI data (van Rooij
et al., 2018). The inclusion and exclusion criteria were
not unified before admission into ENIGMA-ASD work-
ing group. For each sample site, the clinical diagnosis of
ASD was done according to DSM-IV criteria. All sub-
jects were diagnosed by a clinically experienced and certi-
fied psychiatrist/psychologist/physician. Information of
DSM-IV subtypes of ASD were not collected by the
ENIGMA-ASD working group. Local medical ethical
approval was acquired at each site.

Based on earlier findings in participants with ADHD,
we expected sex differences in subcortical brain organiza-
tion (Li et al., 2021), and given the limited data availabil-
ity in females (only 145 girls, 45 female adolescents, and
33 women with ASD), we decided to only focus on male
participants in the current study. As in our previous stud-
ies, we subdivided the full cohort into three subsamples
based on age (<=14 years, 15-22 years, and >= 22 years)
(Boedhoe et al., 2020, Hoogman et al.,2017; Li
et al., 2021): a subsample comprised of 772 boys with
ASD (mean age: 10.5 + 2.8) and 733 healthy controls
(mean age: 10.6 £ 2.5), a subsample of 360 male adoles-
cents with ASD (mean age: 18.0 + 2.0) and 321 healthy
controls (mean age: 17.9 +2.0), and a subsample of
221 adult men with ASD (mean age: 31.7 + 9.4) and
254 healthy controls (mean age: 30.7 & 8.1). Schematic
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workflow of this study was presented in Figure 1. Infor-
mation on the ENIGMA-ASD cohorts and subsamples
in the current study are presented in Table S1.

Clinical information including ASD severity, 1Q, medi-
cation uses, and the presence of comorbidities has been
described in detail in a previous study (van Rooij
et al., 2018). ASD severity was measured using the Autism
Diagnostic Observation Schedule-Generic (ADOS) in
most studies, and ADOS data were available for 654 indi-
viduals with ASD (Lord et al., 2000). In the current study,
data on IQ were available for 1100 individuals with ASD
and 1068 healthy controls. The information about medica-
tion use at the time of scanning (i.e., current use of psychi-
atric treatment for ASD or comorbid conditions) was
available for 652 individuals with ASD. The information
on the presence/absence of at least one comorbid condition
(i.e., ADHD, obsessive-compulsive disorder, depression,
anxiety, and/or Tourette’s syndrome) was available for
211 individuals with ASD.

Neuroimaging segmentation

Structural T1-weighted brain MRI scans were collected
at the various contributing sites. The MRI data were seg-
mented using standardized ENIGMA imaging protocols
based on FreeSurfer version 5.3 (http://enigma.ini.usc.
edu/protocols/imaging-protocals/). Standardized quality
control (QC) relied on the automatic detection of seg-
mentation outliers for each volume. Detailed information
on the QC procedure has been described in our previous
study (van Rooij et al., 2018). For each participant, seven
subcortical volumes were averaged across the two hemi-
spheres. Before running the main analyses, the subcorti-
cal volumes of children and the rest of participants in the
whole ENIGMA-ASD working group were regressed
with age, age’, intracranial volume (ICV), and cohort
sites separately, allowing nonlinear patterns of subcorti-
cal brain volumes (the underlying functional or anatomi-
cal connection between subcortical volumes) across age.
The residuals of the regression were used for subsequent
analysis.

Factor analysis

We performed EFA to uncover the latent structure
underlying the subcortical brain, and reduce the input
variables to a more parsimonious model consisting of
fewer factors than the total number of subcortical vol-
umes. Following our previously established analyses
pipeline (Li et al., 2021), covariance matrices and squared
multiple correlations were built as prior communality
estimates for each participant overall subcortical vol-
umes. Subsequently, the maximum likelihood method
and oblique rotation were applied to extract factors in
the EFA. If the loading on the factor was more than
0.40, a variable would be loaded on one factor. Model

fitness was evaluated by Tucker Lewis index (TLI),
Bayesian information criterion (BIC), and the root mean
square error of approximation (RMSEA). Given the
EFA generated differential model outcome in the adult
men compared with the boys and male adolescents, Con-
firmatory factor analysis (CFA) was applied to test
whether the factor structure generated in adult men was
superior to the factor structure observed in the other two
subsamples. This was done by evaluating comparative fit
index (CFI), TLI, BIC, and RMSEA between the
resulting models. The analyses were conducted in R pro-
gramming v3.6.2 using the “psych” package.

CD

CD was utilized to identify distinct subgroups of partici-
pants in each of the three subsamples (Newman, 2006;
Rubinov & Sporns, 2011). Using the normalized factor
scores generated by EFA, n x n weighted, undirected net-
works were built to obtain distance information among
participants. We then used a weight-conserving modular-
ity algorithm to identify distinct communities in each net-
work (Fair et al., 2012; Rubinov & Sporns, 2011). This
modularity measures the strength of the division of each
network into subgroups, which does not constrain the
sizes of subgroups or discard any nodes (Newman, 2006).
The algorithm sorts iteratively nodes (participants in this
study) into subgroups until the modularity (Q) reaches a
maximum to find the optimal partition. The variation of
information (VOI) was calculated to assess robustness of
the community structure. VOI indicates the variance
between the original and perturbed networks over a
range of alpha, which ranges between 0 and 1 (Karrer
et al., 2008). The CD analyses were performed in Matlab
(Rubinov & Sporns, 2011).

Statistical analysis

Descriptive statistics of age and IQ was compared
between participants with and without ASD, using
independent-samples ¢ test and ANOVA. Within each
subsample, chi-square test was used to check whether the
distribution between communities differs in ASD patients
and healthy controls. ¢ test was used to compare subcorti-
cal factor scores and subcortical brain volumes between
participants with and without ASD in each subgroup.
Multivariate analysis of variance (MANOVAs) was
applied to test which kind of grouping (brain-based sub-
group or ASD diagnosis group) showed the main effect
on subcortical brain volumes in each subsample, in which
age, age’, intracranial volume (ICV), and cohort sites
were included as covariates. We assessed whether the
clinical presentations differed among communities in
each subsample. False discovery rate (FDR) correction
at p-value of 0.05 was used for multiple comparisons. All
analyses were performed in IBM SPSS Statistics 25.
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FIGURE 1 Schematic workflow of this study

RESULTS
Participant characteristics

Age and 1Q in each subsample were presented in Table 1.
There were no case/control differences in age in each sub-
sample after regressing the effect of cohort sites (boys:
t = —1.2, p = 0.46; male adolescents: t = 0.97, p = 0.54;
adult men: t = 1.29, p = 0.42). Case/control differences
in IQ were significant in each subsample (boys: F = 47.8,
p = 9.4e—10; male adolescents: F = 26.6, p = 6.3e—06;
adult men: F = 16.6, p = 2.8e—04).

EFA on subcortical volumes
EFA in boys

EFA was applied to the residualized subcortical vol-
umes in boys with and without ASD both separately
and together, which resulted in similar factor struc-
tures. Three eigenvectors were extracted from the
covariance matrix (Model fitness: TLI=0.95,
BIC = 1.94, RMSEA = 0.07). The first eigenvector
was composed of caudate nucleus, globus pallidus,
nucleus accumbens, and putamen. The second eigen-
vector included the hippocampus and amygdala, and
the third eigenvector only included the thalamus. We
interpreted them as “basal ganglia,” “limbic system,”
and “thalamus” (Figures 2 and S1). The three eigenvec-
tors accounted for 30%, 16%, and 9% of the total
shared variance, respectively.

EFA in male adolescents

EFA was next applied to male adolescents, including
both participants with and without ASD. The same
three eigenvectors as in the boys subsample were
extracted (Model fitness: TLI = 0.94, BIC = —3.72,
RMSEA = 0.08) (Figures 2 and S1). The proportion of
variance accounted for each eigenvector was 28%, 20%,
and 12% of the total shared variance, respectively.

EFA in adult men

In the subsample of adult men, the EFA resulted in a dif-
ferent factor structure than those observed in boys and
male  adolescents (Model fitness: TLI = 1.01,
BIC = —16.99, RMSEA = 0.00). The first eigenvector,
named “basal ganglia,” included caudate nucleus, globus
pallidus, and putamen; The second eigenvector, named
“limbic  system-accumbens,” included the nucleus
accumbens, hippocampus, and amygdala; the third eigen-
vector included the thalamus only (Figures 2 and S1).
The three eigenvectors respectively accounted for 28%,
21%, and 12% of the total shared variance.

Given that the EFA showed nucleus accumbens load-
ing on the limbic system, rather than on the basal ganglia
in the subsample of adult men, an additional CFA was
run to compare the fitness of the two models in adult
men. CFA confirmed that the factor structure including
the nucleus accumbens loading on the limbic system in
adult men was superior compared with the factor struc-
ture including the nucleus accumbens loading on the
basal ganglia (Model fitness: CFI =0.70, TLI = 0.47,
BIC = 48570.5, RMSEA = 0.24; compared with CFI =
0.59, TLI = 0.28, BIC = 48688.2, RMSEA = (.28, respec-
tively; chi-square difference = 117.69, p = 1.2e—14).

CD in each sample based on subcortical factor
scores

CD in boys

The CD algorithm was initially performed on the subcor-
tical factor scores in boys (with and without ASD). Four
distinct communities were generated, each comprising
between 22.9% and 26.7% of the subsample (Figure 3;
Table 2). Community 1 was characterized by increased
volume of the basal ganglia and limbic system, but
smaller thalamic volume compared with the average vol-
ume of the whole subsample. Community 2 showed
smaller basal ganglia and limbic system, but larger tha-
lamic volumes. Community 3 had a larger volume in the
limbic system, but smaller basal ganglia volume,
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compared with the average volume. Community 4 had
larger basal ganglia, but smaller limbic system and tha-
lamic volumes compared with the average volume of the
whole subsample.

CD in male adolescents

CD in male adolescents resulted in three communities.
Each community accounted for 27.0% to 44.8% of the
subsample. No participants were present in the equiva-
lent of Community 3 from the CD analysis in boys
(Figure 3, Table 2). The three remaining communities
had quite similar features to the equivalent communities
in boys. Community 1 was characterized by increased
volumes of the basal ganglia and limbic system above the
average volume, but with smaller thalamus. The volume
of basal ganglia and limbic system was smaller than aver-
age, but the thalamus had larger volume in Community
2. Community 4 showed larger basal ganglia, but smaller
limbic system and thalamus than average in the male
adolescents.

CD in adult men

In adult men, CD revealed three communities with the pro-
portion of participants from 21.3% to 48.8% of the sample.
The equivalent of Community 3 in boys was absent
(Figure 3, Table 2). In Community 1, the basal ganglia and
limbic system-accumbens had increased volumes compared
with the average level overall groups, but the thalamus was
smaller. Community 2 had reduced volume of the basal
ganglia, but larger thalamus than average. The volume of
basal ganglia in Community 4 was increased compared
with the average volume, but the limbic system-accumbens
and thalamus were smaller than average.

In all three CD analyses, the quality index (Table 2)
and VOIs (Figure S2) indicated that these communities
significantly differed from random networks, and the net-
works were robust against chance variation. In this way,
the VOI analysis can be viewed as an internal replication
method, showing the CD results do not change when ran-
dom parts of the sample were perturbed. There were no
significant differences in the distribution of ASD partici-
pants and healthy controls between communities at each
age bin (boys: Chi-square = 10.6, df = 3, p = 0.08; male

adolescents: Chi-square = 3.3, df =2, p =0.41; adult
men: Chi-square = 2.5, df =2, p = 0.49). The distribu-
tion of ASD patients and healthy controls in each cohort
is presented in Tables S2-S4.

Casel/control comparison of subcortical factor
scores in ASD

We examined whether participants with ASD showed
altered subcortical factor scores from healthy controls,
first in each subsample and then in each community sepa-
rately. The results, as presented in Table 3, Figures 3 and
4, indicate that boys with ASD had smaller basal ganglia
than healthy controls in Community 3 (t= —5.6,
p = 1.0e—06, d = —0.63, 95% CIs [—0.86, —0.41]). For
the limbic system, compared with healthy controls, boys
with ASD showed increased volume in Community
1 (t=3.1, p=0.01, d =0.30, 95% ClIs [0.11, 0.49]), but
reduced volumes in Community 2 and 3 (Community 2:
t=-59, p=15-07, d=-0.56, 95% CIs [-0.75,
—0.37]; Community 3: t=-44, p=1.7e—04,
d=-0.50, 95% CIs [-0.73, —0.27]). In Community
3, boys with ASD had larger thalamic volume compared
with healthy controls (t =4.5, p =1.4e—04, d =0.51,
95% Cls [0.28, 0.74]). In the sample of male adolescents
and adult men, two case/control differences were found,
but did not survive FDR correction.

In Table S5-S7, we present case/control comparisons
for each individual subcortical brain volume in the whole
sample and each Community. We observed several signif-
icant case/control differences within the communities:
eight case/control comparisons in boys and three in male
adolescents survived FDR correction. The effect sizes
reaching significance with communities ranged from
d=-0.84 (95% CIs [-1,07, —0.60]) to —0.42 (95% ClIs
[-0.69, —0.14]) and from d = 0.37 (95% CIs [0.14, 0.59])
to 0.51 (95% ClIs [0.28, 0.74]), which were more pro-
nounced than those in the whole subsample with d rang-
ing from d = —0.29 (95% ClIs [-0.44, —0.13]) to —0.17
(95% CIs [-0.32, —0.02]) and from d = 0.01 (95% ClIs
[-0.09, 0.11]) to 0.04 (95% CIs [-0.14, 0.22]). MAN-
OVAs indicated that the communities accounted for
more variance in subcortical brain volumes than ASD
diagnosis in each subsample (boys: Communities:
F=1478, p=12e—14; ASD diagnosis: F =10.95,
p =0.69; male adolescents: Communities: F = 113.7,

TABLE 1 Information on the three subsamples of the ENIGMA-ASD working group data set
Boys Male adolescents Adult men
Variables Patients Controls Patients Controls Patients Controls
N 772 733 360 321 221 254
Mean age (SD) 10.5(2.8) 10.6 (2.5) 18.0 (2.0) 17.9 (2.0) 31.7(9.4) 30.7 (8.1)
Mean IQ (SD) 103.9 (19.5) 111.0 (15.5) 105.4 (17.8) 111.8 (12.4) 109.7 (14.9) 115.1 (11.6)

Abbreviations: IQ, intelligence quotient; SD, standard deviation.
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FIGURE 2 The three-factor model that was generated by EFA. (a) Boys. (b) Male adolescents. (¢) Adult men

p=12e—14; ASD diagnosis: F =4.38, p=6.9¢e—04;
adult men: Communities: F = 3.12, p = 6.8¢—04; ASD
diagnosis: F = 0.83, p = 0.75).

ASD clinical profiles and comorbidities in
communities

In current study, we added analyses on the relations
between brain-based community and ASD clinical pre-
sentation, including 1Q, ADOS score, comorbidities, and
medication use, which is presented in Table S8. In the
subsample of boys with ASD, the ADOS total score was
available for n = 338 (43.8%), which was used as an esti-
mate of ASD severity (Table S8). After controlling for
age and cohort sites, we found significant differences in
ADOS scores between communities (F = 5.24, df =3,
p = 0.013). Post hoc analysis indicated Community 1 had
a significantly lower ADOS score than Community
2 (p =0.003); Community 4 had significantly lower
ADOS score than Community 2 (p = 0.0002) and Com-
munity 3 (p = 0.03). There were no significant differences
in ADOS score between the communities in the subsam-
ple of male adolescent (n = 198 [55.0%], F = 2.0, df = 2,

p=0.14) and adult men (n =118 [53.4%], F =0.08,
df =2, p=10.98).

1Q scores were available for 577 (74.7%) boys with
ASD, 322 (89.4%) male adolescents with ASD and
201 (91.0%) adult men with ASD (Table S8); no associa-
tion between 1Q and the communities was observed (boys:
F=0.13, df =3, p=0.99; male adolescents: F = 0.61,
df =3, p =0.74; adult men: F = 0.79, df = 3, p = 0.46).

Medication use information was available for n = 403
(52.2%) boys, n =151 (41.9%) male adolescents, and
n = 98 (44.3%) adult men with ASD (Table S8). No signifi-
cant association between medication use and the communi-
ties was found (boys: X2 =43, p = 0.47; male adolescents:
¥* = 0.84, p = 0.82; adult men: y* = 1.3, p = 0.74).

we investigated the presence or absence of common
comorbidities in ASD, including ADHD, OCD, Tour-
ette’s symptoms, learning disability, depression, and anxi-
ety. Information was available only for a very limited
number of participants, that is, 87 (11.3%) boys with
ASD, 66 (18.3%) male adolescents with ASD, and
58 (26.2%) adult men. There was no significant associa-
tion between comorbidities and the communities (boys:
y* = 4.4, p = 0.46; male adolescents: y*> = 0.48, p = 0.90;
adult men: y*> = 0.66, p = 0.85).
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sizes of case/control differences would be larger within
each subgroup. In our EFA, we found that the latent

In this study, we aimed to dissociate subgroups of ASD structure of subcortical volumes was composed of three
participants based on neuroanatomical profiles of sub-  factors, which remain largely stable across the lifespan
cortical brain volumes. We hypothesized that the effect = and were identical in participants with and without ASD.
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TABLE 2 The percentages of participants in each community of
the three subsamples

Sample Total Patients Controls
Boys (N) 1505 772 733
1 381 (25.3%) 221 (28.6%) 200 (27.3%)
2 402 (26.7%) 204 (26.4%) 240 (32.7%)
3 345 (22.9%) 193 (25.0%) 129 (17.6%)
4 377 (25.0%) 154 (19.9%) 164 (22.4%)
Q values 0.45 0.46 0.43
Male adolescent (N) 681 360 321
1 184 (27.0%) 105 (29.2%) 105 (32.7%)
2 305 (44.8%) 159 (44.2%) 143 (44.5%)
4 192 (28.2%) 96 (26.7%) 73 (22.7%)
Q values 0.47 0.48 0.48
Men (N) 475 221 254
1 142 (29.9%) 60 (27.1%) 75 (29.5%)
2 232 (48.8%) 104 (47.1%) 119 (46.9%)
4 101 (21.3%) 57 (25.8%) 60 (23.6%)
Q values 0.44 0.47 0.44

Note: Q values: the quality index of modularity.

Among them, we discerned four distinct communities in
boys, three in male adolescents, and adult men. Within
some communities, the effect sizes of case/control differ-
ences in neuroanatomical volume were much stronger
than those across the whole sample. Moreover, these
communities have potential clinical links with ASD
symptom severity as indicated by higher ADOS scores.
In the subsamples of boys and male adolescents, the
same three-factor structures—basal ganglia, limbic sys-
tem, and thalamus were observed based on subcortical
brain volume. In adult men, the three-factor structure
was slightly different; nucleus accumbens loaded into the
second factor, which was named “limbic system-
accumbens,” instead of the limbic system factor. These
structural patterns of subcortical brain volumes were
observed regardless of diagnostic status in those with and
without ASD, indicating no qualitative differences in
subcortical brain organization exist in ASD. The factor
structures are largely in line with previous smaller-scale
studies on subcortical brain organization. One study
using 322 healthy adults (age range 65-85 years) reported
three clusters based on cortex and subcortical structures,
with one cluster comprising of the basal ganglia (caudate,
putamen, and pallidum) and the second cluster including
the nucleus accumbens, amygdala, hippocampus, and
thalamus; the cortical lobes were in the third cluster
(Wen et al., 2016). Another study on 404 healthy adults
indicated that subcortical brain volumes could be par-
titioned into three factors: basal ganglia/thalamus,
nucleus accumbens, and limbic factor (Eyler et al., 2011).
In recent a study of the ENIGMA-ADHD working
group, identical subcortical factor structure as in the

TABLE 3 Case/control comparison of subcortical factor scores in ASD

Thalamus

Limbic system

Basal ganglia

Mean factor scores

Mean factor scores

Mean factor scores

Adjusted
p-value

Adjusted
p-value

Adjusted
p-value

Cohen’s d (95% CIs)

Controls p-value

Patients

Cohen’s d (95% ClIs)

Controls p-value

Patients

Cohen’s d (95% Cls)

Controls p-value

Patients

Community

0.03 (—0.07-0.13)

0.57 0.74

—0.01 (0.78)

0.01 (0.75)

—0.03 (—0.13-0.07)

0.54 0.74

0.01 (0.85)

—0.01 (0.87)

—0.07 (—0.18-0.03)

0.15 0.37

0.03 (0.91)

—0.03 (0.93)

Boys

0.05 (—0.14-0.24)

0.62

0.41

—0.53 (0.58)

—0.50 (0.64)

0.30 (0.11-0.49)

2.0e—03 0.01

0.30 (0.67)

0.52(0.77)

—0.10 (—0.29-0.10)

0.33 0.53

0.58 (0.58)

0.51(0.73)

—0.02 (—0.21-0.17)

0.55 (0.70) 0.57(0.70)  0.82 1.0

0.37)

~0.56 (—0.75 -

6.6e—09 1.4e—07

—0.24 (0.71)

~0.64 (0.70)

0.19 (~0.01-0.38)

0.15

0.04

~0.67 (0.78)

~0.52(0.75)

0.51 (0.28-0.74)

1.3e—04

0.11(0.62) —0.22(0.68) 1.1e—05

20.27)

—0.50 (—0.73 -

1.5e—05 1.7e—04

0.77 (0.86)

0.39 (0.69)
—0.45 (0.60)

—0.63 (—0.86 - -0.41)

5.2e—08 1.0e—06

~0.24 (0.75)

~0.69 (0.68)

—0.05 (—0.27-0.17)

0.64 0.81

~0.06 (0.65)

~0.09 (0.56)

0.17 (—=0.05-0.40)

0.26 0.31

~0.56 (0.64)

0.05 (—0.17-0.27)

0.67 0.81

0.62 (0.68)

0.65 (0.69)

—6.5e—17 (—0.15-0.15)

1.0 1.0

0.00 (0.82)

0.00 (0.95)

2.2e—16 (—0.15-0.15)

1.0

1.0

0.00 (0.90)

0.00 (0.91)
0.83 (0.66)

5.7e—18 (-0.15-0.15)

1.0 1.0

0.00 (0.93)

0.00 (0.91)

Male adolescents”

0.06 (—0.21-0.33)

0.68 0.81

—0.51 (0.57)

—0.47 (0.77)

0.32(0.04-0.59)

0.10

0.02

0.61(0.72)

—0.33 (—0.60 - -0.05)

0.02 0.09

0.45(0.75)

0.21 (0.68)

0.12 (~0.10-0.35)

0.28 0.48

0.50 (0.72)

0.60 (0.82)

~0.06 (~0.28-0.17)

0.06 0.20

~0.20 (0.85)

—0.24 (0.73)

0.21 (~0.02-0.44)

0.07 0.22

—0.65 (0.69)

~0.49 (0.82)

0.29 (~0.60-0.01)

0.20

0.06

—0.26 (0.75)

~0.48 (0.74)

—0.03 (—0.33-0.28)

0.89 0.94

—0.49 (0.75)

—0.51 (0.79)

—0.06 (—0.37-0.24)

0.67 0.81

0.63 (0.76)

0.58 (0.82)

6.9e—17 (—0.18-0.18)

1.0 1.0

0.00 (0.82)

0.00 (0.83)

~2.7e—16 (~0.18-0.18)

1.0 1.0

0.00 (0.89)

0.00 (0.89)
0.48 (0.95)
0.08 (0.75)

—0.66 (0.66)

1.0 2.0e—17 (~0.18-0.18)

1.0

0.00 (0.93)

0.00 (0.92)

Adult Men®

—0.40 (—0.75-—0.05)

0.02 0.10

0.52 (0.60)

—0.77 (0.66)

—0.12 (—0.46-0.22)

0.49 0.69

0.59 (0.80)

0.11 (—0.23-0.46)

0.52 0.72

0.54 (0.71)

0.63 (0.88)

—0.04 (—0.31-0.22)

0.08 0.24

0.52(0.52)

0.49 (0.63)

0.22 (-0.05-0.48)

0.11 0.30

—0.09 (0.84)

—0.03 (—0.30-0.23)

0.81 0.90

—0.62 (0.76)

—0.64 (0.60)

0.46 (0.09-0.82)

0.02 0.08

—0.39 (0.63)

—0.09 (0.68)

—0.15 (—0.52-0.21)

0.40 0.61

—0.56 (0.64)

—0.06 (—0.42-0.29)

0.70 0.83

0.55 (0.65)

0.51 (0.62)

Note: Adjusted p-value: adjusted p-value: FDR-correction. Significant difference in bold.

Abbreviation: 95% Cls: 95% Confidence intervals.

“Community 3 is absent in male adolescents and adult men, because no healthy controls were loaded using CD.
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FIGURE 4 Effect sizes of case/control comparison within each community and the whole subsample. (a) Boys. (b) Male adolescents. (c) Adult
men. All: The whole subsample, 1: Community 1; 2: Community 2; 3: Community 3; 4: Community 4

current analysis—basal ganglia, limbic system, and
thalamus—existed in boys and adult men, which was
irrespective of ADHD diagnosis and age (Li et al., 2021).
Nucleus accumbens receives direct glutamatergic inputs
from the amygdala and hippocampus, and the nucleus
accumbens shell may be regarded as a part of the
extended amygdala (Salgado & Kaplitt, 2015); this may
explain why the nucleus accumbens loads on either the
basal ganglia or the limbic system in the current study.
Using a lifespan approach, we observed variated factor
structure between the three aged subsamples, which may
suggest the correlations between subcortical structures
change slightly during maturation (Sussman et al., 2016).

Using CD analysis, each subsample could be strati-
fied into similar subgroups with more homogeneous neu-
roanatomical patterns. Four communities were observed
in boys, three were seen in male adolescents and adult
men, irrespective of ASD status and age; The CD results
indicated that the heterogeneity in subcortical brain vol-
umes is nested within normative variability, with different
neuroanatomical communities existing in both patients
and healthy controls (Marquand et al., 2016). Impor-
tantly, the observed community structure is highly consis-
tent with our findings in the ENIGMA-ADHD working
group (Li et al., 2021). With two independent cohorts
(different samples of healthy controls), we observe not
only identical factor structures, but also similar commu-
nities, which greatly supports the robustness of our cur-
rent analysis. In fact, the CD results in the healthy
controls group of the ENIGMA-ADHD cohort can be
viewed as an independent, external validation of the cur-
rent observation. This also allows us to investigate
whether participants with ADHD and ASD show differ-
ences in their community structure. In the current analy-
sis, Community 3 was not observed in adolescents and

men. In the ENIGMA-ADHD analysis, we also observed
that Community 3 was absent in healthy men, but not in
men with ADHD (Li et al., 2021). This reduction of sub-
groups from four in the subsample of boys to three in
male adolescents and adult men may be related to struc-
tural brain maturation over age, leading to less diversity
in the organization of subcortical volumes in the popula-
tion (Coupe et al., 2017).

In the current study, analyzing case/control differ-
ences within communities indicated substantially larger
effect sizes than those in the entire sample (van Rooij
et al., 2018). Interestingly, case/control differences are
not consistently present in all subcortical factors of each
community. For example, boys with ASD have increased
volume of the limbic system in Community 1, but smaller
volume in Community 2 and 3 compared with healthy
controls. The substantially larger effect sizes suggest that
neuroanatomical-based subgroups may exist in the entire
population. The results also may explain the subcortical
heterogeneity. Previous small studies may have acciden-
tally recruited a disproportionately large number of spe-
cific subgroups, which resulted in contradictory
subcortical alterations in ASD (Lombardo et al., 2019).
In our study, the brain-based ASD subgroups accounted
for more variance of subcortical brain volumes than the
ASD diagnostic groups.

We further investigated associations between the
brain-based communities and clinical presentation,
including ADOS scores, 1Q, medication use, and com-
orbidities. Only ADOS scores, indicating the ASD sever-
ity, showed significant differences between communities
in the subsample of boys with ASD. Specifically, in Com-
munity 1, boys with ASD had lower ADOS scores than
Community 2; boys with ASD in Community 4 also had
lower ADOS scores than those in Communities 2 and
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3. No differences between communities were observed in
male adolescence and adult men. A previous study on the
full ENIGMA-ASD cohort reported significant associa-
tions between ADOS scores and subcortical volumes
(van Roojj et al., 2018). Although it is hard to directly
compare these results due to differences in samples and
methodologies used in each ENIGMA-ASD cohort, our
findings support the notion that subcortical brain vol-
umes are linked to ASD clinical presentation. Unfortu-
nately, ADOS scores were only available in a small
proportion of ENIGMA-ASD cohorts. We cannot
entirely exclude the possibility that the identified commu-
nities were associated with residual side effects that were
not eliminated by the regression analysis. Without
detailed clinical information, our interpretations must be
treated with caution until the findings have been repli-
cated. Significant difference in 1Q was reported between
ASD patients and healthy controls, however, we did not
observe that the brain-based communities were associ-
ated with IQ in ASD patients. This indicates brain-based
subtypes are unlikely to reflect IQ differences. We did not
find the association between brain-based communities
and medication uses or the presence/absence of any com-
orbidities either. As the spare clinical information has
been mentioned before, the lack of significant association
may be due to insufficient statistical analysis power. Rep-
lication in an independent, large, and enriched data set
with deep phenotypes is in need.

This work has to be viewed in light of several
strengths and limitations. Using the MRI data set from
the ENIGMA-ASD working group, we had a large sam-
ple size allowing us to explore underlying structural pat-
tern and subgroups in ASD across the lifespan; the large
sample size enabled us to split the whole cohort into three
subsamples. By applying EFA and CD independently in
each subsample, we were able to observe consistent sub-
groups across subsamples. Combination of our previous
work in ENIGMA-ADHD cohort, in which similar sub-
groups were reported in a completely independent cohort.
It has sufficiently validated the robustness of cluster anal-
ysis in this study; However, as previously mentioned, the
limited availability of demographic and clinical informa-
tion restricted our ability to explore how brain-based
communities are linked to the clinical presentation of
ASD. Related to the limited information, potential varia-
tions in clinical assessment across different sample sites
increase the difficulty of harmonized data sets. As men-
tioned before, ASD represents spectra with large hetero-
geneity in symptomatology, neuropsychology,
neurobiology, and comorbidity (Lord, 2019; Masi
et al., 2017). Whether the varied presentation may come
forth from the same underlying putative mechanism or
maybe the result of different mechanisms remains to be
clarified. In the future, more diverse, demographically
enriched data sets with deep phenotypes are needed to
tackle such huge heterogeneity in ASD. Moreover, in this
study, we only had sufficient power to analyze male

participants. Previous studies have reported sex differ-
ences in subcortical brain volumes (Ritchie et al., 2018),
and different underlying subcortical organizations were
reported in females from the ENIGMA-ADHD working
group (Li et al., 2021). Given that sex-based differences
in neuroanatomy are central topics in ASD (Ecker
et al., 2017; Lai et al., 2017), further analyses including
female samples may help to elucidate the association
between neuroanatomical organization and the specific
etiology of ASD in females. Thirdly, the arbitrariness of
employing the modularity algorithm can be a potential
limitation. Although it is a widely used technique and
consistent approximations were obtained across subsam-
ples and disease diagnoses (Li et al., 2021), this
unsupervised approach might be influenced by unknown
effects. We also cannot exclude the possibility that other
classification methodologies may result in different sub-
groups. Further analysis could Ileverage hybrid
approaches, such as normative modeling (Marquand
et al., 2016), surrogate variable analysis (Leek &
Storey, 2007) to parse and understand the complex, het-
erogeneous nature of ASD. An additional alternative
could be to apply a priori subtyping based on a more bio-
logically informed phenotype framework, like the hierar-
chical taxonomy of psychopathology (HiTOP)
framework (Kotov et al., 2017). In conclusion, using sub-
cortical brain volume data from the ENIGMA-ASD
working group, we were able to stratify participants with
and without ASD into more homogeneous subgroups
based on the underlying neuroanatomical organization.
Our results indicate that this stratification may enhance
our capability to observe case/control differences and
may help to explain the contradictory results observed in
previous studies on brain structure in ASD.

ACKNOWLEDGMENTS

Ting Li is supported by China Scholarship Council
(CSC) under the Grant CSC no 201507720006. This
work also received funding from the FEuropean
Community’s Horizon 2020 Programme (H2020/2014—
2020) under grant agreements no 667302 (CoCA), no
728018 (Eat2beNICE), and no 847879 (PRIME). Dr. M.
Hoogman is supported by a personal Veni grant from the
Netherlands Organization for Scientific Research (NWO,
grant number 91619115). ENIGMA received funding
from NIH Consortium grant U54 EB020403 to Dr. Paul
Thompson, supported by a cross-NIH alliance that funds
Big Data to Knowledge Centers of Excellence (BD2K).
This research was further supported by the European
Community’s Seventh Framework Programme (FP7/
2007-2013) under grant agreement number 278948
(TACTICS), and the Innovative Medicines Initiative
Joint Undertaking under grant agreement number
115300 (EU-AIMS), resources of which are composed of
financial contributions from the European Union’s Sev-
enth Framework Programme (FP7/2007-2013) and the
European Federation of Pharmaceutical Industries and



52|

LIET AL.

Associations companies’ in-kind contribution. The Cana-
dian samples were collected as part of the Province of
Ontario Neurodevelopmental Disorders (POND) Net-
work, funded by the Ontario Brain Institute (grant IDS-I
1-02 to Dr. Anagnostou and Dr. Lerch). Dr. Calvo has
received The Maratdé TV3 Foundation Grant No.091710,
the Carlos III Health Institute (P1I091588) co-funded by
FEDER funds/European Regional Development Fund
(ERDF), “a way to build Europe.” Dr. Arango and Dr.
Parellada have received funding from the Spanish Minis-
try of Science and Innovation. Instituto de Salud Carlos
IIT (SAMI16PEO7CP1, PI16/02012, PI19/024), co-
financed by ERDF Funds from the European Commis-
sion, “A way of making Europe,” CIBERSAM. Madrid
Regional Government (B2017/BMD-3740 AGES-CM-
2), European Union Structural Funds. European Union
Seventh Framework Program under grant agreements
FP7-4-HEALTH-2009-2.2.1-2-241909 (Project EU-GEI),
FP7-HEALTH-2013-2.2.1-2-603196 (Project PSYSCAN)
and FP7-HEALTH-2013-2.2.1-2-602478 (Project
METSY); and European Union H2020 Program under
the Innovative Medicines Initiative 2 Joint Undertaking
(grant agreement No 115916, Project PRISM, and grant
agreement No 777394, Project AIMS-2-TRIALS),
Fundacion Familia Alonso and Fundacion Alicia
Koplowitz. Dr. Declan Murphy has received funding
from the Innovative Medicines Initiative 1 and 2 Joint
Undertaking under grant agreement no. 115300 (EU
AIMS) and no. 777394 (AIMS-2-TRIALS), the National
Institute for Health Research (NIHR) Biomedical
Research Centre at South London and Maudsley NHS
Foundation Trust and King’s College London, and a
Medical Research Council grant no. G0400061. Dr.
Anagnostou has received funding from the Alva Founda-
tion, Autism Speaks, Brain Canada, the Canadian Insti-
tutes of Health Research, the Department of Defense, the
National Centers of Excellence, NIH, the Ontario Brain
Institute, the Physicians’ Services Incorporated (PSI)
Foundation, Sanofi-Aventis, and SynapDx, as well as in-
kind research support from AMO Pharma; she receives
royalties from American Psychiatric Press and Springer
and an editorial honorarium from Wiley.

CONFLICT OF INTEREST

Dr. Arango has been a consultant to or has received hono-
raria or grants from Acadia, Angelini, Gedeon Richter,
Janssen Cilag, Lundbeck, Minerva, Otsuka, Roche, Sage,
Servier, Shire, Schering Plough, Sumitomo Dainippon
Pharma, Sunovion, and Takeda. Dr. Anagnostou has
served as a consultant or advisory board member for
Roche and Takeda. Dr. Freitag has served as a consultant
for Desitin regarding issues on ASD. Dr. Rubia has
received funding from Takeda pharmaceuticals for
another project. Dr. Buitelaar has served as a consultant,
advisory board member, or speaker for Eli Lilly, Janssen-
Cilag, Lundbeck, Medice, Novartis, Servier, Shire, and
Roche, and he has received research support from Roche
and Vifor. Dr. Gallagher received funding from the Meath

Foundation and the National Children’s Research Centre
in Ireland. Dr. Parellada has served as a consultant, advi-
sory board member, or received honoraria from Sevier
and Exeltis. She has received travel support from Janssen
Cilag and Lundbeck. Dr. Murphy has served on advisory
boards for Roche and Servier. Dr. Franke has received
educational speaking fees from Medice. The other authors
report no financial relationships with commercial interests.

ORCID

Ting Li® https://orcid.org/0000-0002-8408-2482

REFERENCES

Amaral, D. G., Schumann, C. M., & Nordahl, C. W. (2008). Neuro-
anatomy of autism. Trends in Neurosciences, 31(3), 137-145.
https://doi.org/10.1016/j.tins.2007.12.005

APA. (2013). American Psychiatric Association. Diagnostic and statisti-
cal manual of mental disorders (5th ed.). Washington, DC: Ameri-
can Psychiatric Association.

Barnea-Goraly, N., Frazier, T. W., Piacenza, L., Minshew, N. J.,
Keshavan, M. S., Reiss, A. L., & Hardan, A. Y. (2014). A prelimi-
nary longitudinal volumetric MRI study of amygdala and hippo-
campal  volumes in  autism.  Progress in  Neuro-
Psychopharmacology & Biological Psychiatry, 48, 124-128. https:/
doi.org/10.1016/j.pnpbp.2013.09.010

Boedhoe, P. S., Van Rooij, D., Hoogman, M., Twisk, J. W., Schmaal,
L., Abe, Y., Alonso, P., Ameis, S. H., Anikin, A., Anticevic, A.,
Abherson, P., Arango, C., Arnold, P. D., Assogna, F., Auzias, G.,
Banaschewski, T., Baranov, A., Batistuzzo, M. C., Baumeister, S.,
... Weiss, E. O. (2020). Subcortical brain volume, regional cortical
thickness, and cortical surface area across disorders: Findings from
the ENIGMA ADHD, ASD, and OCD working groups. Ameri-
can Journal of Psychiatry, 177(9), 834-843.

Chiarotti, F., & Venerosi, A. (2020). Epidemiology of autism Spectrum
disorders: A review of worldwide prevalence estimates since 2014.
Brain Sciences, 10(5), 274. https://doi.org/10.3390/brainsci1 0050274

Coupe, P., Catheline, G., Lanuza, E., & Manjon, J. V. (2017). Towards
a unified analysis of brain maturation and aging across the entire
lifespan: A MRI analysis. Human Brain Mapping, 38(11), 5501-
5518. https://doi.org/10.1002/hbm.23743

Donovan, A. P. A., & Basson, M. A. (2017). The neuroanatomy of
autism - a developmental perspective. Journal of Anatomy, 230(1),
4-15. https://doi.org/10.1111/joa.12542

Ecker, C., Andrews, D. S., Gudbrandsen, C. M., Marquand, A. F.,
Ginestet, C. E., Daly, E. M., Murphy, C. M., Lai, M.-C,,
Lombardo, M. V., Ruigrok, A. N. V., Bullmore, E. T,
Suckling, J., Williams, S. C. R., Baron-Cohen, S., Craig, M. C., &
Murphy, D. G. (2017). Association between the probability of
autism spectrum disorder and normative sex-related phenotypic
diversity in brain structure. JAMA Psychiatry, 74(4), 329-338.
https://doi.org/10.1001/jamapsychiatry.2016.3990

Elsabbagh, M., Divan, G., Koh, Y. J., Kim, Y. S., Kauchali, S.,
Marcin, C., Montiel-Nava, C., Patel, V., Paula, C. S., Wang, C.,
Yasamy, M. T., & Fombonne, E. (2012). Global prevalence of
autism and other pervasive developmental disorders. Autism
Research, 5(3), 160-179. https://doi.org/10.1002/aur.239

Eyler, L. T., Prom-Wormley, E., Fennema-Notestine, C.,
Panizzon, M. S., Neale, M. C., Jernigan, T. L., Fischl, B.,
Franz, C. E., Lyons, M. J., Stevens, A., Pacheco, J., Perry, M. E.,
Schmitt, J. E., Spitzer, N. C., Seidman, L. J., Thermenos, H. W.,
Tsuang, M. T., Dale, A. M., & Kremen, W. S. (2011). Genetic pat-
terns of correlation among subcortical volumes in humans: Results
from a magnetic resonance imaging twin study. Human Brain
Mapping, 32(4), 641-653. https://doi.org/10.1002/hbm.21054

Fair, D. A., Bathula, D., Nikolas, M. A., & Nigg, J. T. (2012). Distinct
neuropsychological subgroups in typically developing youth


https://orcid.org/0000-0002-8408-2482
https://orcid.org/0000-0002-8408-2482
https://doi.org/10.1016/j.tins.2007.12.005
https://doi.org/10.1016/j.pnpbp.2013.09.010
https://doi.org/10.1016/j.pnpbp.2013.09.010
https://doi.org/10.3390/brainsci10050274
https://doi.org/10.1002/hbm.23743
https://doi.org/10.1111/joa.12542
https://doi.org/10.1001/jamapsychiatry.2016.3990
https://doi.org/10.1002/aur.239
https://doi.org/10.1002/hbm.21054

LIET AL.

53

inform heterogeneity in children with ADHD. Proceedings of the
National Academy of Sciences of the United States of America,
109(17), 6769-6774. https://doi.org/10.1073/pnas. 1115365109

Feczko, E., Balba, N. M., Miranda-Dominguez, O., Cordova, M.,
Karalunas, S. L., Irwin, L., Demeter, D. V., Hill, A. P,
Langhorst, B. H., Grieser Painter, J., Van Santen, J.,
Fombonne, E. J., Nigg, J. T., & Fair, D. A. (2018). Subtyping cog-
nitive profiles in autism spectrum disorder using a functional ran-
dom Forest algorithm. Neurolmage, 172, 674-688. https://doi.org/
10.1016/j.neuroimage.2017.12.044

Feczko, E., Miranda-Dominguez, O., Marr, M., Graham, A. M.,
Nigg, J. T., & Fair, D. A. (2019). The heterogeneity problem:
Approaches to identify psychiatric subtypes. Trends in Cognitive
Sciences, 23(7), 584-601.

Groen, W., Teluij, M., Buitelaar, J., & Tendolkar, I. (2010). Amygdala
and hippocampus enlargement during adolescence in autism. Jour-
nal of the American Academy of Child and Adolescent Psychiatry,
49(6), 552-560. https://doi.org/10.1016/j.jaac.2009.12.023

Haar, S., Berman, S., Behrmann, M., & Dinstein, 1. (2014). Anatomical
abnormalities in autism? Cerebral Cortex, 26(4), 1440-1452.
https://doi.org/10.1093/cercor/bhu242

Hollander, E., Anagnostou, E., Chaplin, W., Esposito, K.,
Haznedar, M. M., Licalzi, E., Wasserman, S., Soorya, L., &
Buchsbaum, M. (2005). Striatal volume on magnetic resonance
imaging and repetitive behaviors in autism. Biological Psychiatry,
58(3), 226-232. https://doi.org/10.1016/j.biopsych.2005.03.040

Hoogman, M., Bralten, J., Hibar, D. P., Mennes, M., Zwiers, M. P.,
Schweren, L. S. J., van Hulzen, K. J. E., Medland, S. E.,
Shumskaya, E., Jahanshad, N., Zeeuw, P. ., Szekely, E.,
Sudre, G., Wolfers, T., Onnink, A. M. H., Dammers, J. T.,
Mostert, J. C., Vives-Gilabert, Y., Kohls, G., ... Franke, B.
(2017). Subcortical brain volume differences in participants with
attention deficit hyperactivity disorder in children and adults: A
cross-sectional mega-analysis. Lancet Psychiatry, 4(4), 310-319.
https://doi.org/10.1016/S2215-0366(17)30049-4

Karrer, B., Levina, E., & Newman, M. E. (2008). Robustness of com-
munity structure in networks. Physical Review. E, Statistical,
Nonlinear, and Soft Matter Physics, 77(4 Pt 2), 046119. https://doi.
org/10.1103/PhysRevE.77.046119

Kotov, R., Krueger, R. F., Watson, D., Achenbach, T. M.,
Althoff, R. R., Bagby, R. M., Brown, T. A., Carpenter, W. T.,
Caspi, A., Clark, L. A., Eaton, N. R., Forbes, M. K.,
Forbush, K. T., Goldberg, D., Hasin, D., Hyman, S. E.,
Ivanova, M. Y., Lynam, D. R., Markon, K., ... Zimmerman, M.
(2017). The hierarchical taxonomy of psychopathology (HiTOP):

A dimensional alternative to traditional nosologies. Journal of

Abnormal Psychology, 126(4), 454-477.

Lai, M. C., Lerch, J. P., Floris, D. L., Ruigrok, A. N., Pohl, A.,
Lombardo, M. V., & Baron-Cohen, S. (2017). Imaging sex/gender
and autism in the brain: Etiological implications. Journal of Neu-
roscience Research, 95(1-2), 380-397. https://doi.org/10.1002/jnr.
23948

Lange, N., Travers, B. G., Bigler, E. D., Prigge, M. B. D.,
Froehlich, A. L., Nielsen, J. A., Cariello, A. N., Zielinski, B. A.,
Anderson, J. S., Fletcher, P. T., Alexander, A. A., &
Lainhart, J. E. (2015). Longitudinal volumetric brain changes in
autism spectrum disorder ages 6-35 years. Autism Research, 8(1),
82-93. https://doi.org/10.1002/aur.1427

Leek, J. T., & Storey, J. D. (2007). Capturing heterogeneity in gene
expression studies by surrogate variable analysis. PLoS Genetics,
3(9), el6l.

Li, T., van Rooij, D., Roth Mota, N., Buitelaar, J. K., Hoogman, M.,
Arias Vasquez, A., & Franke, B. (2021). Characterizing neuroana-
tomic heterogeneity in people with and without ADHD based on
subcortical brain volumes. Journal of Child Psychology and Psychi-
atry, 62, 1140-1149. https://doi.org/10.1111/jcpp.13384

Lombardo, M. V., Lai, M.-C., & Baron-Cohen, S. (2019). Big data
approaches to decomposing heterogeneity across the autism

spectrum. Molecular Psychiatry, 24(10), 1435-1450. https://doi.
org/10.1038/s41380-018-0321-0

Loomes, R., Hull, L., & Mandy, W. P. L. (2017). What is the male-to-
female ratio in autism Spectrum disorder? A systematic review and
meta-analysis. Journal of the American Academy of Child and Ado-
lescent Psychiatry, 56(6), 466-474. https://doi.org/10.1016/j.jaac.
2017.03.013

Lord, C. (2019). Recognising the heterogeneity of autism. The Lancet
Psychiatry, 6(7), 551-552. https://doi.org/10.1016/S2215-0366(19)
30220-2

Lord, C., Risi, S., Lambrecht, L., Cook, E. H., Jr., Leventhal, B. L.,
DilLavore, P. C., Pickles, A., & Rutter, M. (2000). The autism
diagnostic observation schedule-generic: A standard measure of
social and communication deficits associated with the spectrum of
autism. Journal of Autism and Developmental Disorders, 30(3),
205-223.

Maier, S., Tebartz van Elst, L., Beier, D., Ebert, D., Fangmeier, T.,
Radtke, M., Perlov, E., & Riedel, A. (2015). Increased hippocam-
pal volumes in adults with high functioning autism spectrum disor-
der and an IQ>100: A manual morphometric study. Psychiatry
Research, 234(1), 152-155. https://doi.org/10.1016/j.pscychresns.
2015.08.002

Marquand, A. F., Rezek, 1., Buitelaar, J., & Beckmann, C. F. (2016).
Understanding heterogeneity in clinical cohorts using normative
models: Beyond case-control studies. Biological Psychiatry, 80(7),
552-561. https://doi.org/10.1016/j.biopsych.2015.12.023

Masi, A., DeMayo, M. M., Glozier, N., & Guastella, A. J. (2017). An
overview of autism Spectrum disorder, heterogeneity and treat-
ment options. Neuroscience Bulletin, 33(2), 183-193. https://doi.
org/10.1007/s12264-017-0100-y

Nacewicz, B. M., Dalton, K. M., Johnstone, T., Long, M. T.,
MCcAuliff, E. M., Oakes, T. R., Alexander, A. L., & Davidson, R. J.
(2006). Amygdala volume and nonverbal social impairment in ado-
lescent and adult males with autism. Archives of General Psychiatry,
63(12), 1417-1428. https://doi.org/10.1001/archpsyc.63.12.1417

Newman, M. E. (2006). Modularity and community structure in net-
works. Proceedings of the National Academy of Sciences of the
United States of America, 103(23), 8577-8582. https://doi.org/10.
1073/pnas.0601602103

Nordahl, C. W., Scholz, R., Yang, X., Buonocore, M. H., Simon, T.,
Rogers, S., & Amaral, D. G. (2012). Increased rate of amygdala
growth in children aged 2 to 4 years with autism spectrum disor-
ders: A longitudinal study. Archives of General Psychiatry, 69(1),
53-61. https://doi.org/10.1001/archgenpsychiatry.2011.145

Ritchie, S. J., Cox, S. R., Shen, X., Lombardo, M. V., Reus, L. M.,
Alloza, C., Harris, M. A., Alderson, H. L., Hunter, S.,
Neilson, E., Liewald, D. C. M., Auyeung, B., Whalley, H. C.,
Lawrie, S. M., Gale, C. R., Bastin, M. E., McIntosh, A. M., &
Deary, 1. J. (2018). Sex differences in the adult human brain: Evi-
dence from 5216 UKbiobank participants. Cerebral Cortex, 28(8),
2959-2975. https://doi.org/10.1093/cercor/bhy109

Rubinov, M., & Sporns, O. (2011). Weight-conserving characterization
of complex functional brain networks. Neurolmage, 56(4), 2068—
2079. https://doi.org/10.1016/j.neuroimage.2011.03.069

Salgado, S., & Kaplitt, M. G. (2015). The nucleus Accumbens: A com-
prehensive review. Stereotactic and Functional Neurosurgery,
93(2), 75-93. https://doi.org/10.1159/000368279

Schuetze, M., Park, M. T. M., Cho, I. Y. K., MacMaster, F. P.,
Chakravarty, M. M., & Bray, S. L. (2016). Morphological alter-
ations in the thalamus, striatum, and pallidum in autism Spectrum
disorder. Neuropsychopharmacology, 41, 2627-2637. https://doi.
org/10.1038/npp.2016.64

Sussman, D., Leung, R. C., Chakravarty, M. M., Lerch, J. P, &
Taylor, M. J. (2016). The developing human brain: Age-related
changes in cortical, subcortical, and cerebellar anatomy. Brain and
Behavior, 6(4), €00457-e00457. https://doi.org/10.1002/brb3.457

van Rooij, D., Anagnostou, E., Arango, C., Auzias, G., Behrmann, M.,
Busatto, G. F., Calderoni, S., Daly, E., Deruelle, C., di


https://doi.org/10.1073/pnas.1115365109
https://doi.org/10.1016/j.neuroimage.2017.12.044
https://doi.org/10.1016/j.neuroimage.2017.12.044
https://doi.org/10.1016/j.jaac.2009.12.023
https://doi.org/10.1093/cercor/bhu242
https://doi.org/10.1016/j.biopsych.2005.03.040
https://doi.org/10.1016/S2215-0366(17)30049-4
https://doi.org/10.1103/PhysRevE.77.046119
https://doi.org/10.1103/PhysRevE.77.046119
https://doi.org/10.1002/jnr.23948
https://doi.org/10.1002/jnr.23948
https://doi.org/10.1002/aur.1427
https://doi.org/10.1111/jcpp.13384
https://doi.org/10.1038/s41380-018-0321-0
https://doi.org/10.1038/s41380-018-0321-0
https://doi.org/10.1016/j.jaac.2017.03.013
https://doi.org/10.1016/j.jaac.2017.03.013
https://doi.org/10.1016/S2215-0366(19)30220-2
https://doi.org/10.1016/S2215-0366(19)30220-2
https://doi.org/10.1016/j.pscychresns.2015.08.002
https://doi.org/10.1016/j.pscychresns.2015.08.002
https://doi.org/10.1016/j.biopsych.2015.12.023
https://doi.org/10.1007/s12264-017-0100-y
https://doi.org/10.1007/s12264-017-0100-y
https://doi.org/10.1001/archpsyc.63.12.1417
https://doi.org/10.1073/pnas.0601602103
https://doi.org/10.1073/pnas.0601602103
https://doi.org/10.1001/archgenpsychiatry.2011.145
https://doi.org/10.1093/cercor/bhy109
https://doi.org/10.1016/j.neuroimage.2011.03.069
https://doi.org/10.1159/000368279
https://doi.org/10.1038/npp.2016.64
https://doi.org/10.1038/npp.2016.64
https://doi.org/10.1002/brb3.457

54

LIET AL.

Martino, A., Dinstein, 1., Duran, F. L. S., Durston, S., Ecker, C.,
Fair, D., Fedor, J., Fitzgerald, J., Freitag, C. M., Gallagher, L., ...
Buitelaar, J. K. (2018). Cortical and subcortical brain morphometry
differences between patients with autism spectrum disorder and
healthy individuals across the lifespan: Results from the ENIGMA
ASD working group. The American Journal of Psychiatry, 175(4),
359-369. https://doi.org/10.1176/appi.ajp.2017.17010100

Wegiel, J., Flory, M., Kuchna, 1., Nowicki, K., Ma, S. Y., Imaki, H.,
Wegiel, J., Cohen, 1. L., London, E., Brown, W. T., &
Wisniewski, T. (2014). Brain-region—specific alterations of the tra-
jectories of neuronal volume growth throughout the lifespan in
autism. Acta Neuropathologica Communications, 2(1), 28. https://
doi.org/10.1186/2051-5960-2-28

Wen, W., Thalamuthu, A., Mather, K. A., Zhu, W., Jiang, J., de
Micheaux, P. L., Wright, M. J., Ames, D., & Sachdev, P. S. (2016).
Distinct genetic influences on cortical and subcortical brain struc-
tures. Scientific Reports, 6, 32760. https://doi.org/10.1038/srep32760

APPENDIX

Alessandra Retico - National Institute for Nuclear Physics,
Pisa Division, Largo B. Pontecorvo 3, 56124, Pisa, Italy.

Beatriz Luna - Department of Psychiatry, University
of Pittsburgh, Pittsburgh, PA, USA.

Bob Oranje - Brain Center Rudolf Magnus, Depart-
ment of Psychiatry, University Medical Center Utrecht,
The Netherlands.

Celso Arango - Child and Adolescent Psychiatry
Department, Gregorio Maranén General University
Hospital, School of Medicine, Universidad Complutense,
[iISGM, CIBERSAM, Madrid, Spain.

Christine Deruelle - Institut de Neurosciences de la
Timone, UMR 7289, Aix Marseille Université, CNRS,
Marseille, France.

Christine Ecker - Department of Child and Adoles-
cent Psychiatry, Psychosomatics and Psychotherapy,
University Hospital Frankfurt, Goethe University,
Frankfurt am Main, Germany.

Christine M. Freitag - Department of Child and Ado-
lescent Psychiatry, Psychosomatics and Psychotherapy,
University Hospital Frankfurt, Goethe University,
Frankfurt am Main, Germany.

Damien Fair - Department of Behavioral Neurosci-
ence, Oregon Health & Science University, Portland,
Oregon, USA.

Declan G. M. Murphy - The Sackler Institute for
Translational Neurodevelopment, Institute of Psychiatry,
Psychology & Neuroscience, King’s College London,
London, UK.

Devon Shook - Brain Center Rudolf Magnus,
Department of Psychiatry, University Medical Center
Utrecht, The Netherlands.

Eileen Daly - Department of Forensic and Neu-
rodevelopmental Sciences,Institute of Psychiatry, Psychol-
ogy & Neuroscience King’s College London,London, UK.

Evdokia Anagnostou - Bloorview Research Institute,
University of Toronto, Toronto, Canada.

Fabio L. S. Duran - Laboratory of Psychiatric Neu-
roimaging (LIM-21), Departamento e Instituto de
Psiquiatria, Hospital das Clinicas HCFMUSP,

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Li, T., Hoogman, M., Roth
Mota, N., Buitelaar, J. K., The ENIGMA-ASD
working group, Vasquez, A. A., Franke, B., &

van Rooij, D. (2022). Dissecting the heterogeneous
subcortical brain volume of autism spectrum
disorder using community detection. Autism
Research, 15(1), 42-55. https://doi.org/10.1002/
aur.2627

Faculdade de Medicina, Universidade de Sao Paulo, Sao
Paulo, SP, BR.

Fengfeng Zhou - College of Computer Science and
Technology, and Key Laboratory of Symbolic Computa-
tion and Knowledge Engineering of Ministry of Educa-
tion, Jilin University, Changchun, Jilin, 130012, China.

Filippo Muratori - IRCCS Stella Maris Foundation,
viale del Tirreno 331, 56128, Pisa, Italy; Department of
Clinical and Experimental Medicine, University of Pisa,
Pisa, Italy.

Geraldo F. Busatto - Laboratory of Psychiatric Neu-
roimaging (LIM-21), Departamento e Instituto de
Psiquiatria, Hospital das Clinicas HCFMUSP,
Faculdade de Medicina, Universidade de Sao Paulo, Sao
Paulo, SP, BR.

Gregory L. Wallace - Department of Speech, Lan-
guage, and Hearing Sciences, The George Washington
University, Washington, DC, USA.

Guillaume Auzias - Institut de Neurosciences de la
Timone, UMR 7289, Aix Marseille Université, CNRS,
Marseille, France.

Ilan Dinstein - Department of Psychology, Ben-
Gurion University of the Negev, Beer Sheva, Israel.

Ilaria Gori - National Institute for Nuclear Physics,
Pisa Division, Largo B. Pontecorvo 3, 56124, Pisa, Italy.

Jackie Fitzgerald - Department of Psychiatry, School
of Medicine, Trinity College, Dublin, Ireland.

Jane McGrath - Department of Psychiatry, School of
Medicine, Trinity College, Dublin, Ireland.

Jason Lerch - Mouse Imaging Centre, The Hospital
for Sick Children, Toronto, Canada.

Jennifer Fedor - Department of Psychiatry, Univer-
sity of Pittsburgh, Pittsburgh, PA, USA.

Joost Janssen - Child and Adolescent Psychiatry
Department, Gregorio Maranén General University
Hospital, School of Medicine, Universidad Complutense,
IiSGM, CIBERSAM, Madrid, Spain.

Joseph A. King - Division of Psychological and
Social Medicine and Developmental Neurosciences, Fac-
ulty of Medicine, TU Dresden, Germany.

Katya Rubia - Institute of Psychiatry, Psychology
and Neuroscience, Kings College London, London, UK.


https://doi.org/10.1176/appi.ajp.2017.17010100
https://doi.org/10.1186/2051-5960-2-28
https://doi.org/10.1186/2051-5960-2-28
https://doi.org/10.1038/srep32760
https://doi.org/10.1002/aur.2627
https://doi.org/10.1002/aur.2627

LIET AL.

|55

Kirsten O’Hearn - Department of Physiology and
Pharmacology, Wake Forest School of Medicine,
Winston-Salme, NC, USA.

Liesbeth Hoekstra - Department of Cognitive Neuro-
science, Donders Institute for Brain, Cognition and
Behaviour, Donders Centre for Cognitive Neuroimaging,
Radboud University Medical Centre, Nijmegen, The
Netherlands.

Louise Gallagher - Department of Psychiatry, School
of Medicine, Trinity College, Dublin, Ireland.

Luisa Lazaro - Department of Child and Adolescent
Psychiatry and Psychology Hospital Clinic, Barcelona
CIBERSAM, Universitat de Barcelona, IDIBAPS.

Mara Parellada - Child and Adolescent Psychiatry
Department, Gregorio Maranén General University
Hospital, School of Medicine, Universidad Complutense,
[iISGM, CIBERSAM, Madrid, Spain.

Margot Taylor - Diagnostic Imaging Research, The
Hospital for Sick Children, University of Toronto,
Canada.

Maria Jalbrzikowski - Department of Psychiatry,
School of Medicine, Trinity College, Dublin, Ireland.

Marlene Behrmann - Department of Psychology,
Carnegie Mellon University, Pittsburgh, PA, USA.

Meiyu Duan - College of Computer Science and
Technology, and Key Laboratory of Symbolic

Computation and Knowledge Engineering of Ministry of
Education, Jilin University, Changchun, Jilin, 130012,
China.

Michela Tosetti - IRCCS Stella Maris Foundation,
viale del Tirreno 331, 56128, Pisa, Italy.

Pedro G. P. Rosa - Laboratory of Psychiatric Neuro-
imaging (LIM-21), Departamento e Instituto de
Psiquiatria, Hospital das Clinicas HCFMUSP,
Faculdade de Medicina, Universidade de Sao Paulo, Sao
Paulo, SP, BR.

Rosa Calvo - Department of Child and Adolescent
Psychiatry and Psychology Hospital Clinic, Barcelona
CIBERSAM, Universitat de Barcelona.

Sara Calderoni - IRCCS Stella Maris Foundation,
viale del Tirreno 331, 56128, Pisa, Italy; Department of
Clinical and Experimental Medicine, University of Pisa,
Pisa, Italy.

Sarah Durston - Brain Center Rudolf Magnus,
Department of Psychiatry, University Medical Center
Utrecht, The Netherlands.

Shlomi Haar - Department of Bioengineering, Impe-
rial College London, London, UK.

Stenfan Ehrlich - Division of Psychological and
Social Medicine and Developmental Neurosciences, Fac-
ulty of Medicine, TU Dresden, Germany.



	Dissecting the heterogeneous subcortical brain volume of autism spectrum disorder using community detection
	INTRODUCTION
	METHODS
	Participants and ASD assessment
	Neuroimaging segmentation
	Factor analysis
	CD
	Statistical analysis

	RESULTS
	Participant characteristics
	EFA on subcortical volumes
	EFA in boys
	EFA in male adolescents
	EFA in adult men

	CD in each sample based on subcortical factor scores
	CD in boys
	CD in male adolescents
	CD in adult men

	Case/control comparison of subcortical factor scores in ASD
	ASD clinical profiles and comorbidities in communities

	DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	REFERENCES


