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Neurobiology of Disease

Altered Development of Amygdala-Connected Brain Regions
in Males and Females with Autism

Joshua K. Lee,1,2 Derek S. Andrews,1,2 Arzu Ozturk,3 Marjorie Solomon,1,2 Sally Rogers,1,2 David G. Amaral,1,2p

and Christine Wu Nordahl1,2p
1MIND Institute, University of California Davis School of Medicine, Sacramento, California 95817, 2Department of Psychiatry and Behavioral
Sciences, and 3Department of Radiology, University of California Davis School of Medicine, Sacramento, California 95817

Altered amygdala development is implicated in the neurobiology of autism, but little is known about the coordinated devel-
opment of the brain regions directly connected with the amygdala. Here we investigated the volumetric development of an
amygdala-connected network, defined as the set of brain regions with monosynaptic connections with the amygdala, in au-
tism from early to middle childhood. A total of 950 longitudinal structural MRI scans were acquired from 282 children (93
female) with autism and 128 children with typical development (61 female) at up to four time points (mean ages: 39, 52, 64,
and 137months, respectively). Volumes from 32 amygdala-connected brain regions were examined using mixed effects multi-
variate distance matrix regression. The Social Responsiveness Scale-2 was administered to assess degree of autistic traits and
social impairments. The amygdala-connected network exhibited persistent diagnostic differences (p values £ 0.03) that
increased over time (p values £ 0.02). These differences were most prominent in autistics with more impacted social func-
tioning at baseline. This pattern was not observed across regions without monosynaptic amygdala connection. We observed
qualitative sex differences. In males, the bilateral subgenual anterior cingulate cortices were most affected, while in females
the left fusiform and superior temporal gyri were most affected. In conclusion, (1) autism is associated with widespread alter-
ations to the development of brain regions connected with the amygdala, which were associated with autistic social behaviors;
and (2) autistic males and females exhibited different patterns of alterations, adding to a growing body of evidence of sex dif-
ferences in the neurobiology of autism.

Key words: amygdala; autism spectrum disorder; brain; development; longitudinal; sex difference

Significance Statement

Global patterns of development across brain regions with monosynaptic connection to the amygdala differentiate autism
from typical development, and are modulated by social functioning in early childhood. Alterations to brain regions within the
amygdala-connected network differed in males and females with autism. Results also indicate larger volumetric differences in
regions having monosynaptic connection with the amygdala than in regions without monosynaptic connection.

Introduction
Autism spectrum disorder (autism) is a heterogeneous neurode-
velopmental condition that includes alterations to social-com-
munication behaviors (Anon, 2013). While many cross-sectional
MRI studies have investigated the neurobiology of autism, few
studies have examined autistic brain development from early
childhood onward. Moreover, much that we do know about the
neurobiology of autism comes from studies with predominately
male samples, and thus it remains unclear whether the neuro-
logic bases of autism differ in females (Lai et al., 2015).

The amygdala acts as a central hub that coordinates subsys-
tems broadly implicated in social functioning via its roles in reg-
ulating emotion, fear, anxiety, and affective valence (Amaral,
2002; Freese and Amaral, 2009; Rutishauser et al., 2013; Bickart
et al., 2014; Mears and Pollard, 2016; Padmanabhan et al., 2017;
Fadok et al., 2018; Hennessey et al., 2018). Thus, the amygdala
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has long been the focus of studies investigating the neurobiologi-
cal bases of autism (Munson et al., 2006; Schumann and Amaral,
2006; Mosconi et al., 2009; Bickart et al., 2014; Hennessey et al.,
2018; Müller and Fishman, 2018; Mundy, 2018; Gangopadhyay
et al., 2021). Converging evidence suggests that the amygdala
undergoes a period of accelerated volumetric growth in autism
that ends at some point in childhood (Schumann et al., 2004;
Nordahl et al., 2012; Morgan et al., 2014; Avino et al., 2018; Xu
et al., 2020; Shen et al., 2022). For example, enlargement of the
amygdala has been observed in young children with autism
(Schumann et al., 2004, 2009; Schumann and Amaral, 2006;
Mosconi et al., 2009; Nordahl et al., 2012), and postmortem
research has reported increased numbers of amygdala neurons
in autistic children and adolescents, but not autistic adults
(Avino et al., 2018). The amygdala also exhibits robust sex
differences in typically developing individuals (Ritchie et al.,
2018), differences that may be diminished in autism (Lee et
al., 2020a). Together, these factors make the amygdala an
appealing target to explore autism neurophenotypes.

Functional connectivity studies of the amygdala, while useful,
depend on correlative approaches that often link brain regions
with no known synaptic pathway with the amygdala (Hori et al.,
2020). Structural MRI studies, conversely, have tended to focus
only on the amygdala in isolation. Here, we leveraged knowledge
from neuroanatomical studies that have systematically mapped
the afferent and efferent connections of the amygdala (Amaral
and Price, 1984; Russchen et al., 1985; Insausti et al., 1987;
Saunders et al., 1988; Carmichael and Price, 1995; Stefanacci et
al., 1996; Stefanacci and Amaral, 2000, 2002; Amaral, 2002; Hori
et al., 2020) to identify a set of brain regions with known mono-
synaptic anatomic connection to the amygdala. We then eval-
uated the anatomic volumes of these amygdala-connected brain
regions to determine how their development may be altered in
autism (see Fig. 1).

In this study, we characterized the volumetric development
of this amygdala-connected anatomic network as a function of
autism diagnosis, biological sex, and social functioning behav-
iors from early to middle childhood using multivariate distance
matrix regression (MDMR) (Zapala and Schork, 2012). MDMR
regresses a matrix representing how individuals differ across
multiple measurements (e.g., the volumes of amygdala-con-
nected brain regions) onto one or more predictors, accumulat-
ing evidence across multivariate outcomes. Complementing
this approach, we examined effect sizes to determine which
brain regions within the amygdala-connected profile contrib-
uted differences in the MDMR analysis (McArtor et al., 2017).

We predicted that the amygdala-connected network would
exhibit global volumetric differences in association with autism
diagnosis, sex, and age. We further predicted that development
of the amygdala-connected network would proceed differently in
autistic children than in nonautistic children. Finally, we pre-
dicted that the amygdala-connected network would differ across
autistic males and females either quantitatively (magnitude of
effect) or qualitatively (effects in different brain regions) (Bejerot
et al., 2012; Werling and Geschwind, 2013; Hammill et al., 2021).

Materials and Methods
Participants. This longitudinal sample included a total of 950 scans

from 282 participants with autism (93 female) and 132 nonautistic par-
ticipants with typical development (TD) (61 female) enrolled in the UC
Davis MIND Institute Autism Phenome Project and scanned up to 4
times, with three annual time points during early childhood (24-
72months of age; T1, T2, and T3, respectively) and a fourth time point

during middle childhood (108-144months of age; T4). Diagnosis of au-
tism was performed using the Autism Diagnostic Interview–Revised and
the Autism Diagnostic Observation Schedule (ADOS)-Generic or
ADOS-2 by licensed, research-reliable clinical psychologists, and cali-
brated severity scores were computed (Lord et al., 1994, 2000, 2012;
Gotham et al., 2009). A TD control group was screened for autism and
developmental delay. TD controls were excluded if scores exceeded the
clinical cutoff on the Social Communication Questionnaire (�11)
(Rutter et al., 2003), if any subscale scores on the Mullen Scales of Early
Learning developmental quotients (DQ) (Mullen, 1995) were 2 or more
SDs below normative means, or if the individual had a first-degree rela-
tive with autism. All participants were English speaking and had no sus-
pected vision, hearing, or neurologic conditions.

The Social Responsiveness Scale-2 (SRS) (Constantino and Gruber,
2012) was administered to assess degree of autistic traits and social
impairments. Total T scores at baseline T1 (mean age 38months) were
used to predict future volumetric trajectories in amygdala-connected
anatomic networks in autistic children. An SRS T score of 75 is a widely
used cutoff demarcating moderate from severe social impairments
(Constantino and Gruber, 2012). We defined two groups of autistic chil-
dren based on lower (�75, SRS–, n= 136) and higher (.75, SRS1,
n=78) T1 SRS T scores. Handedness was assessed using the Hand
Preference Task at Time 1 (Spreen and Strauss, 1991).

All longitudinal research was conducted at the University of
California Davis MIND Institute and Imaging Research Center and was
approved by the UCDavis Institutional Review Board. Informed consent
was obtained from a parent or legal guardian.

Imaging acquisition. Images were acquired during natural nocturnal
sleep at T1 through T3 (Nordahl et al., 2008) or while awake at T4 using
a behavioral analytic approach that improves compliance (Nordahl et al.,
2016). All scans were acquired using a 3 Tesla Siemens Trio with an 8-
channel head coil. At each session, a T1-weighted MPRAGE image was
acquired to assess structural brain development (T1-T3: TR 2170ms, TE
4.86ms, FOV 256, 192 sagittal slices, 1.0 mm slice thickness, 8:46 acqui-
sition time; T4: TR 2170ms, TE 3.5ms, FOV 256 mm, FA 7, 192 sagittal
slices, 1.0 mm slice thickness; the latter sequence featuring a shorter ac-
quisition [5:10] to increase compliance in awake scanning). All scans
were acquired between January 2006 and February 2020. Uniform spatial
measurement over time was achieved by imaging a calibration phantom
at the end of each session and performing spatial distortion correction
(ADNI MAGPHAM, Phantom Laboratory; Image Owl; http://www.
imageowl.com) (Nordahl et al., 2012). Image quality control at acquisi-
tion was assessed both visually and with a previously described quantita-
tive procedure (Nordahl et al., 2016). All structural scans were assessed
by a pediatric neuroradiologist (A.O.) for clinically significant incidental
brain findings.

Image processing. Images were defaced, identifiable information
removed, and then uploaded to MRICloud for multi-atlas image seg-
mentation (https://mricloud.org) (Mori et al., 2016). Segmentation
entailed deforming an age-appropriate atlas of anatomically labeled
structural images to a participant’s MPRAGE using diffeomorphic regis-
tration (Nordahl et al., 2020; Reinhardt et al., 2020) producing a set of

Figure 1. The amygdalocentric network comprised of temporal, cingulate, insula, and
frontal gray matter regions. The listed regions share extensive monosynaptic afferent or
efferent connection with the amygdala, providing in total 32 brain regions (16 regions � 2
hemispheres). Amygdala connections to lower brainstem nuclei were not assessed. The vol-
umes of lower brainstem regions were not included in the current analysis.
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candidate segmentations from which joint label fusion generates an opti-
mal consensus segmentation (Ceritoglu et al., 2009; Tang et al., 2013;
Wang and Yushkevich, 2013). Gray-matter anatomic labels were based
on the LONI Probabilistic Brain Atlas (LPBA40) (Shattuck et al., 2008;
Oishi et al., 2009). Outputted anatomic regions were visually inspected
for slice-wise segmentation quality. Amygdala parcellations from this
pipeline have been validated against gold-standard manual tracings
within a subset of the current cohort (Nordahl et al., 2020).

Amygdala-connected network. We constructed a set of amygdala-con-
nected brain regions, defined by selecting cortical ROIs from the MRICloud
anatomic parcellations that have known monosynaptic connection with the
amygdala (Amaral and Price, 1984; Russchen et al., 1985; Insausti et al.,
1987; Saunders et al., 1988; Carmichael and Price, 1995; Stefanacci et al.,
1996; Stefanacci and Amaral, 2000, 2002; Amaral, 2002; Hori et al., 2020).
The volumes of each region (Fig. 1) were converted into proportions of the
participant’s concurrent total brain volume (TBV), accounting for overall
brain size differences; the proportions of each brain regions were then
standardized using z scores across participants to account for differences in
size between brain regions.

Analytic strategy. MDMR is a multivariate method well suited for
the analysis of high-dimensional MRI data (Zapala and Schork, 2012;
Satterthwaite et al., 2015; Lee et al., 2020a). MDMR regresses a distance
matrix onto an explanatory model (e.g., age, diagnosis) and residual
error term (Gower, 1966; Zapala and Schork, 2012), and allows for the
addition of a random effects term for mixed effects MDMR of longitudinal
data. Distances are summary metrics that represent the overall dissimilarity
between pairwise individuals across a network of outcome measures (e.g., a
set of MRI measurements). Interpretation of MDMR results is aided though
the use of distance-based redundancy analysis (dbRDA) to construct ordi-
nation plots, a constrained dimension-reduction technique for visualization
(Legendre and Anderson, 1999; Anderson and Willis, 2003), and by esti-
mating distances between groupmultivariate means using Euclidean projec-
tion (Apostol and Mnatsakanian, 2003). Since methods such as MDMR
work on distances, they do not typically retain information about the indi-
vidual outcomes that were used to construct the distance matrix. This limits
the capacity to identify which outcomes had the strongest associations with
a predictor. To overcome this limitation, we used a bootstrapping procedure
to estimate the effect sizes for each outcome variable, providing vectors of
effect sizes for each MDMRmodel parameter (i.e., effect sizes for each brain
region) (McArtor et al., 2017; Lee et al., 2020a). Two vectors can be com-
pared (e.g., effect sizes for each brain region in females and males) by com-
puting their Dice similarity coefficient (DSC) (Dice, 1945), ranging from 0,
indicating no agreement, to 1, indicating perfect agreement (i.e., identical
patterns of effect sizes for each brain region). Outcomes of interest identified
via effect size analysis were descriptively analyzed using univariate mixed
effects models (Hoffman, 2015) with multiple fractionated polynomials
(Long and Ryoo, 2010; for details, see Lee et al., 2020b). Simple effects tests

were conducted by recentering variables to the age at T1, T2, T3, and T4
samples (;37, 50, 65, and 135months, respectively) and reinspecting
regression parameters. Multiple comparison corrections were performed
using false discovery rate (FDR) (Benjamini and Hochberg, 1995).

Mixed MDMR analyses were conducted to assess differences in the
volumetric development of the amygdala-connected network. A pair-
wise dissimilarity matrix was then computed using the Manhattan
distance (Aggarwal et al., 2001). MDMR analyses were performed
using models of the form: Y = b 0 1 b 1(group) 1 b 2(age) 1
b 3(age

2) 1 b 4(group � age) 1 b 5(group � age2) 1 b 6(sex), where
group was autism diagnosis or SRS group. Sex differences were exam-
ined by adding constituent interactions and inspecting relevant pa-
rameters, and by comparing the effect sizes of individual regions in
males and females.

Last, we tested the specificity of findings to the amygdala-connected
network by (1) conducting MDMR analyses on 22 cortical gray matter
regions that are not part of the amygdala-connected network (i.e., do not
have monosynaptic connections with the amygdala), and (2) comparing
effect sizes between the amygdala-connected network and cortical regions
without monosynaptic connection with the amygdala. The cortical gray
matter regions that were not part of the amygdala network comprised 22
left and 22 right hemispheric ROIs, including the inferior frontal gyri pars
opercularis, orbitalis, and triangularis, the posterior, middle, and pole of
the superior frontal gyri, the dorsal and posterior segments of the middle
frontal gyri, the dorsal anterior and posterior cingulate, the precentral and
postcentral gyri, the parahippocampal gyri the angular gyri, superior pari-
etal gyri, the cuneus and precuneus, the lingual gyri, and the inferior, mid-
dle, and superior occipital gyri.

Data availability.Data described in the current research are available
from the corresponding author on reasonable request.

Results
Sample characteristics
Table 1 reports sample characteristics. At T1, mean DQ was
higher in TD children than autistic children (B=38, SE=2.5, p �
0.00001). Autistic males and females did not significantly differ
on SRS Total T scores (B=1.8, SE=1.6, p=0.25) or ADOS
Calibrated Severity Scores (B=0.07, SE=0.23, p=0.75), or DQ
(B=3.1, SE=2.8, p=0.27). The median SRS T scores of the autism
SRS– and SRS1 groups were 64 and 80, respectively.

Development of the amygdala-connected anatomic network
across diagnosis and sex
Autistic and TD children exhibited significant differences in
amygdala-connected networks throughout childhood (diagnosis:

Table 1. Sample characteristicsa

Boys Girls

Autism TD Autism TD

Participants 189 71 93 61
Participant scans included Time 1 177 68 90 60

Time 2 106 49 43 43
Time 3 74 38 33 30
Time 4 65 36 14 24

Participants with data from Time 1 and Time 2 103 46 42 42
Time 1 and Time 3 71 36 33 30
Time 1 and Time 4 55 34 12 24

Age (mo) Time 1 38.4 (6) 39.6 (6) 37.2 (6) 38.4 (7.2)
Time 2 50.4 (6) 52.8 (7.2) 50.4 (6) 52.8 (6)
Time 3 63.6 (4.8) 66 (6) 63.6 (6) 66 (6)
Time 4 136.8 (12) 133.2 (9.6) 136.8 (8.4) 135.6 (9.6)

ADOS CSS Time 1 7.44 (1.8) — 7.37 (1.7) —
SRS total scores Time 1 70.7 (10.7) — 72.6 (10.8) —
DQ/IQ Time 1 63.2 (21.3) 104.0 (12.0) 66.3 (22.8) 108.4 (11.7)
aData are mean (SD).
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Figure 2. Altered development of amygdala-connected network in autism. MDMR results indicate significantly different development of the amygdala-connected network in autism over
time. a, Plot represents the MDMR results using dbRDA, indicating group differences at Time 1, 2, 3, and 4 (T1-T4; mean ages of 38, 52, 64, and 137 months, respectively). dbRDA is a dimen-
sion reduction technique that facilitates visualization of relationships in high-dimensional data into two dimensions that capture the most variation. Black dots represent median centroid loca-
tions of each group and time point on the first two dbRDA axes. Ellipsoids represent the SE of those group-centroid locations. As apparent from the plots, the first dbRDA axis (horizontal) was
highly responsive to participant age over time and exhibited a clear gradient going from younger (left) to older (right). The second dbRDA axis differentiated autism from typical development.
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B values� 1.9, p values� 0.030). The magnitude of these differ-
ences significantly increased in size from early to middle child-
hood (linear and quadratic age � diagnosis interactions: B values
� 2.0, p values� 0.022) (Fig. 2a). This interpretation resulted
from increasing distances between autism and TD groups at sub-
sequent time points (Fig. 2b). See Model I in Table 2 for regression
parameters. Overall, the amygdala-connected network signifi-
cantly differed between males and females (sex: B=3.0, p=0.001),
but two-way (sex � diagnosis) and three-way (sex� diagnosis �
age) interactions with sex were not statistically significant (B val-
ues � 1.2, p values� 0.26). Left or right handedness did not sig-
nificantly moderate the volumetric differences between autistic
and TD children (B values� 1.4, p values� 0.17).

Finally, since all volumes are computed as a proportion of
TBV, we conducted an analysis of the development of TBV.
Autistic individuals had larger TBV than TD children at T1
(B= 30 cm3, SE= 9.7, t=3.09, p= 0.002); however, the curvature
of the TBV trajectory did not significantly differ by diagnosis, or
sex � diagnosis interaction (B values � 11, p values� 0.34),
largely consistent with our prior report (Lee et al., 2020b). These
trajectories are plotted in Figure 3.

Comparison of regional differences within amygdala-
connected networks across diagnosis, sex, and age
We next examined the contributions of individual brain regions
using multivariate effect size analysis, which identifies brain
regions that contributed the most to significant effects observed
in the MDMR analysis. Specifically, we probed two related ques-
tions: (1) How similar were the sets of brain regions that differ-
entiated autism and TD in males and in females? (2) Which
brain regions contributed most to the effects of diagnosis in
males and females?

We found that the effect sizes that differentiated autism
from TD children at T1 were largely dissimilar between males
and females, exhibiting little overlap in regional effect sizes
(DSC = 0.073). While autism in males at T1 was disproportion-
ately associated with volumetric differences in left subgenual,
ACC, right subgenual ACC, and right lateral fronto-orbital
gyrus, the greatest differences between autistic and TD females
were in the left fusiform gyrus, left superior temporal gyrus, and
left entorhinal cortex (Fig. 2c). The developmental trajectories of
these regions are included in Figure 3.

The sets of brain regions underlying the increasing dif-
ferences between autism and TD groups from early to mid-
dle childhood were also differentiated in males and females,
exhibiting moderate agreement or overlap (DSC = 0.294). In
males, this developmental effect was disproportionately
associated with the right middle temporal pole, right amyg-
dala, right lateral orbital frontal gyrus, and left hippocam-
pus, while in females it was disproportionately associated
with the bilateral middle orbitofrontal gyrus, right superior
temporal gyrus, and right subcallosal ACC (Fig. 2d). The
developmental trajectories of these regions are included in
Figure 3.

Social impairments in early childhood and amygdala-
connected development
Consistent with greater autism traits being associated with greater
differences in the development of the amygdala-connected
network, T1 SRS scores were found to significantly moder-
ate developmental trajectories of the amygdala-connected
network between groups (group � age: B values � 3.3, p
values� 0.025) (Fig. 4a). The differences between SRS1 and
TD groups became significantly larger over time (SRS1 vs
TD � age: B values � 2.4, p values� 0.006), while the trajec-
tories of SRS– and TD groups did not (SRS– vs TD � age:
B values � 1.6, p values� 0.09). The trajectories of SRS1

and SRS– groups diverged quadratically (i.e., with different
curvature) (SRS1 vs SRS– � age2: B values = 2.4, p = 0.008),
with increasing differences over time (Fig. 4b). For model
parameters, see Model II in Table 2. No sex � group inter-
actions were significant at any time point (B values � 2.3, p
values� 0.28).

Examination of regional effect sizes in males and females
separately suggests both similarities and differences between
sexes. Contrasting the SRS1 with TD at T1 revealed low to
moderate overlap (DSC = 0.285), with differences in males
being disproportionately associated with left subgenual ACC
and right lateral orbitofrontal gyrus, and in females, with
right amygdala, and bilateral gyrus rectus. Male and female
effect sizes associated with the longitudinal increase in the
differences between SRS1 and TD groups exhibited moder-
ate agreement (DSC = 0.473), with differences in males being
disproportionately associated with right middle temporal
gyrus and right amygdala, and differences in females associ-
ated with right amygdala and right subgenual ACC.

Specificity of effects related to the amygdala-connected
network
To test the specificity of the above findings to the amygdala-con-
nected network, we conducted longitudinal MDMR analyses on

/

Together, the graph represents diverging trajectories of development in autism. b, Bar plot
of the computed distances between autism and typically developing groups by time point,
showing that differences became greater as participants aged. c, Effect size analysis of the
effect of diagnosis revealed minimal overlap when separated by biological sex. d, Effect size
analysis of the effect of the age� diagnosis interaction also revealed minimal overlap when
separated by biological sex.

Table 2. Fixed effects from two mixed-level MDMR models predicting volumes
of amygdala-connected regionsa

Model Effect Statistic p

I (Intercept) 28.1 ,0.0001
Sex 2.99 0.001
Diagnosis 1.89 0.033
Age 91.5 ,0.0001
Age2 31.6 ,0.0001
Age � diagnosis 2.02 0.022
Age2 � diagnosis 2.27 0.010

II (Intercept) 7.05 ,0.0001
Sex 3.42 0.0004
DQ at T1 0.86 0.58
SRS– 0.38 0.98
SRS1 0.77 0.68
Age 63.9 ,0.0001
Age2 27.0 ,0.001
SRS– � age 1.35 0.17
SRS– � age2 1.57 0.09
SRS1 age 2.46 0.006
SRS1 age2 3.23 0.0007

aModel I: Age is lefted at the mean age of Time 1 (;37 months). Birth sex is effects coded (–0.5 male, 0.5
female). Autism spectrum disorder is the reference diagnostic group in regression. Model II: SRS–: Autistic
individuals with SRS scores at Time 1� 75. SRS1: SRS at Time 1. 75. TD children served as reference
group. Biological sex is effects coded (–0.5 male, 0.5 female). Age is lefted at the mean age of Time 1
(;37 months). DQ at Time 1 was used as a covariate and was lefted at 70. Similar results are observed
without controlling for differences in DQ.
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a set of cortical gray matter ROIs that are not monosynaptically
connected with the amygdala. In these analyses, there were no
significant effects of diagnosis or significant interactions with di-
agnosis (see Table 3, Model I). There were also no significant dif-
ferences between the TD, SRS–, and SRS1 group trajectories (see
Table 3, Model II). We also compared effect sizes between amyg-
dala-connected ROIs and non–amygdala-connected ROIs for
the effect of diagnosis at Time 1. The mean effect size was 2.7 times

larger in the amygdala-connected network than in the non–
amygdala-connected cortical ROIs. Finally, we summed the
volumes of all regions within each set of ROIs and conducted a
univariate mixed effects model examining the effects of diagnosis
between amygdala-connected network and the non–amygdala-
connected cortical regions after controlling for linear and quad-
ratic age terms. We observed a significant interaction between
diagnosis and ROI set (B=0.0027, SE=0.0009, t=2.95, p=0.003),

Figure 3. Longitudinal trajectories of regions within the amygdala-connected network. Volumetric trajectories for brain regions exhibiting the top two or three effect sizes in the MDMR anal-
yses. The effects of diagnosis at Time 1 (age ;38months) were largest in left and right subgenual ACC and right lateral fronto-orbital gyrus in males, and left entorhinal, left fusiform, and
left superior temporal gyrus in females. The effects of diagnosis that changed most with age were plotted for the right pole of the middle temporal gyrus, right lateral fronto-orbital cortex,
and right amygdala in males, and plotted for the right middle fronto-orbital cortex, right superior temporal gyrus, and right amygdala in females. The trajectories of left amygdala and of TBV
development are also plotted.
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such that the volume of amygdala-connected network was signifi-
cantly larger in autism, but not in cortex not monosynaptically
connected to the amygdala (see Fig. 5).

Discussion
The amygdala acts as the central hub of a brain network that is
involved in socioemotional functioning and exhibits pervasive
alterations in autism (Freese and Amaral, 2009; Bickart et al.,
2014; Mears and Pollard, 2016; Hennessey et al., 2018). Here we
examined the global pattern of volumetric change in a network
of brain regions sharing monosynaptic connections with the
amygdala. We report structural alterations in this amygdala net-
work in autism that grow larger from early to middle childhood,

particularly in those with more affected social functioning. The
results of this study reinforce the idea that brain development
relevant to social cognition and the neurobiology of autism does
not end in infancy and that childhood is still a period amenable
to intervention (Estes et al., 2015).

The divergence between autistic and TD children was most
prevalent in those with greater social communication problems
in early childhood (i.e., higher SRS scores). The strength of this
relationship became more robust over time, suggesting a cascad-
ing effect from earlier social behaviors to later brain maturation.
There is precedent for behavioral measurements serving as lead-
ing indicators of subsequent brain development. For example, a
well-powered population-based study reported that baseline
internalizing and externalizing problems predicted changes in
subcortical brain volume, but not vice versa (Muetzel et al.,
2018). The relative concurrency brain–behavior relationships in
autism will be a fertile area for future research.

Diagnostic differences were of comparable magnitude across
males and females. This result stands in contrast to our prior
MDMR analysis of amygdala resting-state functional connectiv-
ity in a subset of these participants (Lee et al., 2020a). There we
reported attenuated sex differences in autism, but not TD, con-
sistent with the gender incoherence hypothesis (Bejerot et al.,
2012); it is unclear whether this discrepancy results from differ-
ences in imaging modality or some other factor. Nevertheless,
qualitative differences by sex were evident.

In males at 38months (mean age at baseline), bilateral subge-
nual ACC was most affected in autism. The subgenual ACC is
densely innervated by the basal and accessory basal nuclei of the
amygdala, forming a circuit subserving emotion regulation and
fear extinction (Amaral and Price, 1984; Amaral, 2002; Sharma
et al., 2020). The subgenual ACCmonitors and signals social pre-
diction error, which is the concordance between the expected
behaviors and actual behaviors of others (Apps et al., 2016). The
subgenual ACC also subserves anxiety functioning by initiating
avoidance behaviors and emotion regulation (Chavanne and
Robinson, 2021).

In contrast, autistic females at 38months predominately
exhibited alterations in the left superior temporal gyrus.
Amygdala connections with the superior temporal gyrus are

Figure 4. Altered development of the amygdalocentric network in autism with higher SRS T scores at Time 1. a, Plot represent development of the amygdalocentric profile using dbRDA,
indicating group differences at Time 1, 2, 3, and 4 (T1-T4; mean ages of 38, 52, 64, and 137 months, respectively) in autistic children with higher (SRS1) and lower (SRS–) Time 1 SRS T scores
and TD children. Black dots represent median centroid locations of SRS1, SRS–, and TD groups at each time point on the first two dbRDA axes. Ellipsoids represent the SE of those group-cent-
roid locations. Plots represent diverging developmental trajectories between TD and SRS1, but not SRS– groups. b, Bar plot of the computed distances between SRS1, SRS–, and TD groups at
each time point. Distances confirm pattern of increasing separation over time between TD and the SRS1 group that has more impacted social functioning.

Table 3. Analysis of cortical brain region without monosynaptic connection
with the amygdalaa

Model Effect Statistic p

I (Intercept) 68.9 ,0.0001
Sex 3.13 0.0003
Diagnosis 0.78 0.72
Age 92.3 ,0.0001
Age2 36.3 ,0.0001
Age � diagnosis 0.60 0.92
Age2 � diagnosis 0.61 0.91

II (Intercept) 13.9 ,0.0001
Sex 3.02 0.0005
DQ at T1 1.2 0.25
SRS– 1.0 0.37
SRS1 0.99 0.44
Age 54.9 ,0.0001
Age2 25.2 ,0.0001
SRS– � age 0.68 0.83
SRS– � age2 0.62 0.89
SRS1 age 1.1 0.35
SRS1 age2 1.4 0.12

aModel I: Age is lefted at the mean age of Time 1 (;37 months). Birth sex is effects coded (–0.5 male, 0.5
female). Autism spectrum disorder is the reference diagnostic group in regression. Model II: SRS–: Autistic
individuals with SRS scores at Time 1� 75. SRS1: SRS at Time 1. 75. TD children served as reference
group. Biological sex is effects coded (–0.5 male, 0.5 female). Age is lefted at the mean age of Time 1
(;37 months). DQ at Time 1 was used as a covariate and was lefted at 70. Similar results are observed
without controlling for differences in DQ.
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implicated in disruptions to social perception
and communication (Abrams et al., 2019), and
are widely implicated in anxiety disorders (Xia
et al., 2017). Altered superior temporal gyrus
volumes have previously been associated with
common variants of the autism-related gene
CNTNAP2, a gene also implicated in social
interaction, communication behaviors, as well
as social anxiety in autism (Stein et al., 2012; Li
et al., 2021). We note that the left lateralization
of left superior temporal gyrus in girls runs
counter to the frequently reported right lateral-
ization of temporal lobe differences in autism,
especially in association with language function
(see, e.g., Kleinhans et al., 2008). However, few
studies have examined whether atypical lateral-
ity in autism is consistent across sex (Floris
et al., 2021). Moreover, brain lateralization
emerges across childhood (Olulade et al., 2020;
Floris et al., 2021). Consistent with this developmental perspec-
tive, right lateralized group differences in superior temporal
gyrus in females and middle temporal gyrus in males increased
over development.

At 38months of age (mean age at baseline), the amygdala
itself was not particularly distinguishing of autism, although fig-
uring somewhat more prominently in changes over time. The
amygdala is hypothesized to undergo a period of heightened
growth in autism; however, the majority of that overgrowth may
occur in infancy and end sometime in childhood (Avino et al.,
2018; Xu et al., 2020; Shen et al., 2022). The exact timing of the
transition from accelerated to slowed amygdala growth remains
uncertain, however; and substantial disagreement exists between
the available studies. Methodological differences and heterogene-
ity in co-occurring conditions, such as anxiety, likely contribute
to the inconsistency of findings. For example, we recently com-
pared amygdala growth (Andrews et al., 2022) in individuals
with traditional forms of anxiety, as defined in the Diagnostic
and Statistical Manual of Mental Disorders (DSM), with those
with a form of anxiety distinctly related to autism, which was
assessed by the Anxiety Disorders Interview Schedule–Autism
Addendum (Kerns et al., 2017). In this study, autistic children
with DSM anxiety tended to have persistent amygdala over-
growth, whereas those with autism-distinct anxieties had signifi-
cantly slower right amygdala growth compared with other
autistic and TD children. Future research should examine how
autism-distinct and DSM forms of anxiety might shape develop-
ment of the amygdala-connected network.

Broadly, the current results provide support for a growing lit-
erature that has identified qualitatively different neurobiological
alterations in males and females with autism (Lai et al., 2015;
Hammill et al., 2021). For example, brain morphometry associ-
ated with autism was recently reported to differ qualitatively in
males and females, even while the overall quantitative size of the
effects did not (Hammill et al., 2021). We note that qualitatively
distinct alterations in autistic males and females do not necessar-
ily indicate different etiologies. This is simply because those alter-
ations are measured against different baselines: their sex-specific
TD peers. This may be especially relevant because sex differences
are observed across multiple levels of analysis (McCarthy and
Arnold, 2011) and because the etiology of autism is intricately
linked to biological sex (Alaerts et al., 2016; Lai et al., 2017), and
to the full spectrum of gender-variant identities (Strang et al.,
2014).

The present research benefits by using a person-centric, mul-
tivariate methodology that differs from predominate approaches
in volumetric MRI studies. which either examine a single ROI
or conduct brain-wide mass-univariate analyses. In contrast,
we examined the confluence of volumetric differences across
an anatomically grounded, amygdala-connected brain net-
work using a robust multivariate approach, efficiently aggre-
gating evidence across ROIs that individually often provide
only weak or nonsignificant evidence for systematic differen-
ces. We complemented the prior approach with a bootstrap
analysis of effect sizes to estimate the relative contribution of
each brain region to the overall multivariate pattern. This
combined approach allows us to assess both quantitative and
qualitative differences in the effects of autism (Lai et al., 2017;
Hammill et al., 2021). These data also highlight the impor-
tance of longitudinal research. Cross-sectional investigations
of volumetric development are comparatively disadvantaged
from the substantial interindividual variability in volumes. In
contrast, in longitudinal research, participants serve as their own
matched control, effectively increasing the observed developmen-
tal signal. Despite its strengths, the current research faces several
limitations. First, a consequence of exclusively examining regions
with monosynaptic connection, we preclude brain regions that are
influenced through polysynaptic pathways. While overall, there is
overall strong correspondence between the regions we examined
and meta-analytic maps of amygdala resting-state functional con-
nectivity (https://neurosynth.org) (de la Vega et al., 2016), one
cortical region of particular note that was excluded in the present
analysis was the posterior cingulate cortex (PCC). While the PCC
is not monosynaptically connected with the amygdala (Kobayashi
and Amaral, 2003, 2007), it frequently exhibits functional correla-
tions with the amygdala. The PCC is an important brain region in
the default mode network that is altered in autism (Padmanabhan
et al., 2017). Nevertheless, in our examination of ROIs outside of
the amygdala-connected network, the PCC did not reliably exhibit
an effect size .0, suggesting minimal diagnostic differences.
Ultimately, we believe that the advantages of increasing the speci-
ficity of included brain regions was worth the potential cost of
excluding contributing, yet tertiary brain regions. Another poten-
tial limitation of this research was its reliance on ROI volumetric
data. Voxel-wise approaches may uncover differences obscured by
larger ROIs. However, ROIs offered several advantages, including
accessible boundaries that enabled us to examine our a priori
hypotheses. Relatedly, another limitation of this research is that
the amygdala is treated as a single unit, despite it having multiple

Figure 5. Volumes of amygdala-connected network and non–amygdala-connected cortical regions. Autism is associated with
increased total volume (adjusted by total brain volume) of gray matter regions with monosynaptic amygdala connections, but
not with gray matter regions without monosynaptic connections with the amygdala. Error bars indicate 95% confidence intervals.
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subnuclei with unique monosynaptic connections. Unfortunately,
the subnuclei are not discernable in standard MRI, and the exist-
ing techniques (e.g., FreeSurfer) (Saygin et al., 2017) wholly
depend on the dubious validity of statistical relationships devel-
oped on nonautistic, nonpediatric populations (Wisse et al., 2014,
2021; Seiger et al., 2021). Finally, although we included more autis-
tic females than many other studies, a sex imbalance remained,
potentially limiting statistical power to find smaller and interactive
effects.

In conclusion, this research sought to examine the structural
development of a network of brain regions with monosynaptic
connection to the amygdala in autistic and typical development.
We found global differences that increase with age, which were
associated with early social communication problems. We also
discovered qualitative differences between males and females in
terms of which brain regions within the amygdala-connected
network exhibited differences in autism compared with sex-
matched controls. These results indicate ongoing alterations to
brain development relevant to autism and social functioning, the
impact of which may be to suggest potential targets for future
clinical interventions.
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