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A B S T R A C T

Functional connectivity (FC) between the amygdala and the ventromedial prefrontal cortex underlies socio-
emotional functioning, a core domain of impairment in autism spectrum disorder (ASD). Although frontoa-
mygdala circuitry undergoes dynamic changes throughout development, little is known about age-related
changes in frontoamygdala networks in ASD. Here we characterize frontoamygdala resting-state FC in a cross-
sectional sample (ages 7–25) of 58 typically developing (TD) individuals and 53 individuals with ASD. Contrary
to hypotheses, individuals with ASD did not show different age-related patterns of frontoamygdala FC compared
with TD individuals. However, overall group differences in frontoamygdala FC were observed. Specifically,
relative to TD individuals, individuals with ASD showed weaker frontoamygdala FC between the right baso-
lateral (BL) amygdala and the rostral anterior cingulate cortex (rACC). These findings extend prior work to a
broader developmental range in ASD, and indicate ASD-related differences in frontoamygdala FC that may
underlie core socioemotional impairments in children and adolescents with ASD.

1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental condition
characterized by deficits in communication and reciprocal social in-
teraction as well as the presence of restricted and repetitive behaviors
(American Psychiatric Association, 2000). Social interaction depends
on the perception and evaluation of socioemotional information
(Swartz et al., 2014a), processes subserved by the amygdala and its
functional connectivity (FC) with other cortical and subcortical regions,
in particular the ventromedial prefrontal cortex (vmPFC; Adolphs,
2008; Ochsner et al., 2012; Quirk and Beer, 2006; Swartz et al., 2014b).
Atypical structure and function of the amygdala has been theorized to
contribute to the social difficulties at the core of ASD (Baron-Cohen
et al., 2000; Schultz, 2005). Although the amygdala has dense re-
ciprocal connections with the prefrontal cortex (Amaral and Insausti,
1992; Ghashghaei et al., 2007; Johansen-Berg et al., 2008), few studies
have used resting-state FC to examine differences in the functional in-
teractions and organization of the amygdala in individuals with ASD
(Kleinhans et al., 2016; Rausch et al., 2018; Shen et al., 2016; von dem
Hagen et al., 2013). Moreover, the amygdala and its connections with

the prefrontal cortex undergo dynamic changes during development
(Decety and Michalska, 2010; Gabard-Durnam et al., 2014, 2018; Gee,
2016; Gee et al., 2013; Perlman and Pelphrey, 2011; Vink et al., 2014),
yet little is known about age-related changes in intrinsic functional
organization of frontoamygdala networks in individuals with ASD. The
present study aimed to delineate age-related differences in frontoa-
mygdala FC in children and adolescents with ASD compared with ty-
pically developing (TD) individuals and to assess associations between
frontoamygdala FC and social impairment among individuals with ASD.

The amygdala is consistently implicated in socioemotional proces-
sing, including processing of emotions, emotion regulation, theory of
mind, and eye gaze (Etkin et al., 2006; Hariri et al., 2003; Kim et al.,
2011; Phelps et al., 2001; Zhang et al., 2013), all of which are impaired
in individuals with ASD (Baron-Cohen et al., 2000). Across the lifespan,
individuals with ASD show an atypical trajectory of amygdala structure,
initially showing an excess of neurons during childhood, followed by a
reduction in adulthood (Avino et al., 2018). Individuals with ASD also
show atypical activation of the amygdala during a range of socio-
emotional tasks across the lifespan (Harms et al., 2010; Pelphrey et al.,
2011). However, the nature of these findings has been largely mixed,
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with some evidence for both lower (Ashwin et al., 2007; Baron-Cohen
et al., 2000; Bookheimer et al., 2008; Domes et al., 2013; Kleinhans
et al., 2009, 2011; Perlman et al., 2011; Pierce et al., 2001; Pierce and
Redcay, 2008) and higher (Dalton et al., 2005; Grelotti et al., 2005;
Pelphrey et al., 2007; Tottenham et al., 2014; Zurcher et al., 2013) task-
related amygdala activation in ASD, even in response to the same so-
cially-evocative tasks (for a review, see Nomi and Uddin, 2015a). While
the majority of the literature on amygdala-related socioemotional
processing in ASD focuses on adults (e.g., Ashwin et al., 2007;
Kleinhans et al., 2009; Pelphrey et al., 2007; Perlman et al., 2011),
more recent studies have focused on youth with ASD and tend to show
higher task-related amygdala activation in ASD (e.g., Dalton et al.,
2005; Herrington et al., 2016; Tottenham et al., 2014). Yet, to our
knowledge, age-related differences in amygdala function and socio-
emotional processes remain unexplored in ASD. Inconsistent findings in
the extant work focusing on the amygdala as an isolated structure may
stem from varying task demands and performance or failure to account
for age-related differences (Piggot et al., 2004).

The amygdala is a heterogeneous region that has been cytoarchi-
tectonically subdivided into basolateral (BL), centromedial (CM), and
superficial (SF) subregions (Amunts et al., 2005; Price, 2003). These
subregions support distinct functions, with the existing literature in
humans focusing on the CM and BL subregions, which are two divisions
of the main nuclei of the amygdala, based largely on both cellular ar-
chitecture and structural connectivity in the primate brain
(Jalbrzikowski et al., 2017; Mosher et al., 2010; Pape and Pare, 2010).
Primarily a sensory input region, the BL amygdala is involved in eval-
uating the emotional content of incoming information (Davis and
Whalen, 2001; Mosher et al., 2010; Pape and Pare, 2010; Sah et al.,
2003). Conversely, the CM amygdala is primarily an output region and
supports attention allocation and salience detection. Given the role of
the BL in evaluating emotions, a process that is impaired in ASD, al-
terations of the BL amygdala may be especially pertinent to ASD
symptom severity (Kleinhans et al., 2016).

The vmPFC is comprised of subregions with distinct functions in-
cluding the ventral anterior cingulate cortex (vACC), rostral anterior
cingulate cortex (rACC), subgenual cingulate cortex, anterior vmPFC,
and medial orbitofrontal cortex (medial OFC; Mackey and Petrides,
2014). The rACC and anterior vmPFC play a particularly strong role in
the cognitive control of emotion (Blair et al., 2007; Etkin et al., 2015,
2006; Hariri et al., 2000; Ochsner et al., 2004, 2012; Phelps and
LeDoux, 2005; Phillips et al., 2003; Zald, 2003). FC between the
amygdala and the vmPFC may be especially relevant to ASD, as this
circuitry supports processes that are crucial for successful social inter-
actions including emotional attention, learning, and regulation
(Adolphs and Spezio, 2006; Ochsner et al., 2012; Phillips et al., 2003),
all of which may be impaired in individuals with ASD (Adolphs et al.,
2001; Ashwin et al., 2006; Baron-Cohen et al., 1999; Celani et al., 1999;
Corbett et al., 2009; Critchley et al., 2000; Dalton et al., 2005; Davies
et al., 1994; Macdonald et al., 1989; Schultz et al., 2000). The strong
reciprocal connections between the amygdala and the vmPFC (Adolphs,
2008; Ochsner et al., 2012; Quirk and Beer, 2006; Swartz et al., 2014b)
further suggest that assessing FC is critical to understanding amygdala-
related alterations in ASD.

Resting-state fMRI has been used to index the brain’s functional
architecture in typical development and to assess how it differs in
clinical populations (Berking and Wupperman, 2012; Das et al., 2007;
Uddin et al., 2011). Although the majority of studies exploring amyg-
dala FC in ASD have examined task-based connectivity, few studies
have observed alterations in amygdala FC in ASD using resting-state
fMRI (Guo et al., 2016; Kleinhans et al., 2016; Rausch et al., 2018,
2016; Shen et al., 2016). Of these, recent studies of adolescents and
adults with ASD have reported amygdala hypoconnectivity to visuos-
patial and superior parietal regions (Rausch et al., 2016), to the tha-
lamus and putamen (Guo et al., 2016), and to the insula (von dem
Hagen et al., 2013). Kleinhans et al. (2016) observed lower FC of the BL

amygdala to the nucleus accumbens in adolescents and adults with
ASD, but higher FC to the cerebellum, occipital pole, lateral occipital
cortex, and superior frontal gyrus. Lastly, recent evidence suggests
amygdala hypoconnectivity with the mPFC in preschool-aged children
(Shen et al., 2016) and adolescents (Rausch et al., 2018) with ASD.
While these studies converge on amygdala hypoconnectivity in ASD,
most of the studies were conducted in adults. Several of these studies
have combined adolescents and adults (Dalton et al., 2005; Zurcher
et al., 2013) or focused on earlier development (Shen et al., 2016),
while few studies have accounted for age-related differences (Pitskel
et al., 2011; Tottenham et al., 2014). Given the neurodevelopmental
nature of ASD and dynamic changes in amygdala FC with age, assessing
amygdala FC across a broader age range of individuals with ASD will be
important for further understanding the nature of amygdala abnorm-
alities in ASD. This is the first study to date to investigate intrinsic
frontoamygdala FC across a wide age range, including children, ado-
lescents, and young adults with ASD.

Prior research using both task-based (Gee et al., 2013; Hare et al.,
2008; McRae et al., 2012; Perlman et al., 2011; Wu et al., 2016) and
resting-state fMRI (Gabard-Durnam et al., 2014, 2016; Qin et al., 2012)
demonstrates that dramatic changes occur in the typical development
of amygdala FC across childhood and adolescence. In cross-sectional
studies, adults showed stronger frontoamygdala FC than children
(Bunge et al., 2002; Casey et al., 1997; Decety and Michalska, 2010;
Gabard-Durnam et al., 2014, 2016; Gee et al., 2013; Giedd et al., 1996;
Nelson et al., 2005; Perlman and Pelphrey, 2011; Qin et al., 2012;
Swartz et al., 2014a), a finding replicated in an independent study of
TD individuals ages 4 to 23 (Gabard-Durnam et al., 2014). Gabard-
Durnam et al. (2014) found an age-related increase in frontoamygdala
FC, with the transition from childhood to adolescence being an im-
portant point of change in this circuit. In contrast, a recent longitudinal
study of TD individuals ages 10 to 25 found age-related decreases in FC
between the CM amygdala and the rACC, anterior vmPFC, and
subgenual cingulate, and between the BL amygdala and rACC
(Jalbrzikowski et al., 2017). Given dynamic changes in frontoamygdala
FC across development, it is imperative to account for age when as-
sessing frontoamygdala differences in individuals with ASD. Further-
more, a "two-hit" model of autism has been proposed (Picci and Scherf,
2015) whereby the transition into adolescence marks a time of parti-
cular vulnerability for youth with ASD due to the increased social de-
mands and brain network changes that happen in parallel. This model
underscores the importance of a developmental approach when asses-
sing ASD-related differences in neural regions associated with socio-
emotional processes (Burrows et al., 2016).

The present study aims to characterize age-related differences in
frontoamygdala FC among children, adolescents, and young adults with
ASD and to examine the relationship between frontoamygdala FC and
social impairment in ASD. Based on existing literature on amygdala FC
in ASD (Etkin et al., 2015; Kleinhans et al., 2016; Rausch et al., 2018),
we hypothesized that individuals with ASD would display lower fron-
toamygdala FC compared with TD individuals. We anticipated that
these group differences would be specific to the right amygdala and to
BL amygdala FC with rACC and anterior vmPFC, consistent with prior
literature on right-lateralized socioemotional processing (Cahill, 2003)
and vmPFC subregion functions (e.g., Etkin et al., 2015; Ochsner et al.,
2004; Jalbrzikowski et al., 2017). We further hypothesized that TD
individuals and individuals with ASD would show different age-related
patterns of amygdala FC. Based on earlier cross-sectional work in TD
individuals (Gabard-Durnam et al., 2014) and adolescents with ASD
(Rausch et al., 2018), we anticipated that TD individuals would show a
linear age-related increase in frontoamygdala FC and that individuals
with ASD would show a positive quadratic age-related pattern, such
that there would be group differences across the lifespan but that
adolescents with ASD would show the largest difference in FC relative
to TD adolescents. Lastly, we hypothesized that lower frontoamygdala
FC would be associated with greater social impairment in ASD.
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Consistent with the two-hit model of autism (Picci and Scherf, 2015),
we predicted that group differences in amygdala FC and relationships
with social impairment would be strongest during adolescence.

2. Methods and materials

2.1. Participants

Resting-state fMRI data from 111 participants from the Autism
Brain Imaging Data Exchange first and second releases (ABIDE-I,
ABIDE-II; http://fcon_1000.projects.nitrc.org/indi/abide/; Di Martino
et al., 2017, 2013) were analyzed. Only data collected at the New York
University (NYU) Langone Medical Center were utilized due to the wide
age range of individuals with ASD and large sample of TD individuals
available in this dataset. To facilitate comparison with previous com-
prehensive studies of amygdala FC development (Gabard-Durnam et al.,
2014; Jalbrzikowski et al., 2017), participants ages 7–25 were included
in the current sample (Table 1). Participants from the ABIDE-I release
included in the present study are a subsample of participants used in
prior studies by our group (Dajani and Uddin, 2016; Farrant and Uddin,
2016; Nomi and Uddin, 2015a, 2015b). Since the release of ABIDE-II,
subjects from the same site (Sample 1) were added in order to increase
the current sample size. Data collection and sharing procedures were
approved by the institutional review board at NYU. Written informed
consent and/or informed assent were obtained from each participant
and their parent, where applicable.

Participants were included in the ASD group if they had a prior
clinician’s DSM-IV-TR diagnosis of Autistic Disorder, Asperger’s
Disorder, or Pervasive Developmental Disorder Not-Otherwise-
Specified or DSM-5 diagnosis of Autism Spectrum Disorder, for those
enrolled after the DSM-5 release in 2013. ASD diagnoses were con-
firmed using Overall Total scores on the Autism Diagnostic Observation
Schedule- Generic (ADOS-G; Lord et al., 2000) for ABIDE-I subjects and
the Autism Diagnostic Observation Schedule- Second Edition (ADOS-2;
Lord et al., 2012) for ABIDE-II subjects, in which higher scores signify a
higher level of impairment. The ADOS consists of four modules (1–4),
one of which is selected to be administered depending on the child’s or
adult’s developmental stage and verbal fluency. Of the 53 participants
with ASD included in the present study, a total of 41 were administered
module 3 and 12 were administered module 4. Though the modules
contain some overlapping items, only scores from module 3 were ex-
amined in the present study because the tasks and scoring of modules 3
and 4 are considered incompatible (i.e., the modules consist of different
tasks, and distinct items contribute to the scoring algorithms) (Hus and
Lord, 2014; Lord et al., 2000). Social affect, restricted and repetitive
behaviors, total, and severity scores were calculated using the Gotham
algorithm for ADOS-G for ABIDE-I subjects and the Gotham algorithm
for ADOS-2 for ABIDE-II subjects (Gotham et al., 2009). These two al-
gorithms use identical items regardless of ADOS version. The Gotham
algorithm was selected due to its improved psychometric properties

compared to the “classic” ADOS-G algorithm (Gotham et al., 2009; Lord
et al., 2012). The social affect score from the Gotham algorithm was
included as a dependent variable in further analyses. This score sums
specific items in the Reciprocal Social Interaction and Language and
Communication sections. Finally, when possible, the ASD diagnosis was
further confirmed with the Autism Diagnostic Interview-Revised (ADI-
R; Lord et al., 1994). TD individuals had no current Axis-I disorders,
assessed using the Kiddie Schedule for Affective Disorders and Schizo-
phrenia for Children- Present and Lifetime Version (K-SADS-PL;
Kaufman et al., 1997) for individuals under 18 years of age and the
Structured Clinical Interview for DSM-IV-TR Axis-I Disorders, Non-pa-
tient Edition (SCID-I/NP; First et al., 1995) for adults over 18 years of
age. All participants were right-handed as assessed with the Edinburgh
Handedness Inventory (Oldfield, 1971).

Subjects were excluded if their in-scanner mean rotational or
translational motion in any of the 6 rigid directions was greater than
2mm or 2°, respectively, or if the percentage of data that would need to
be scrubbed at a 0.5 mm threshold exceeded 25%, resulting in the re-
moval of 10 subjects (Power et al., 2012). Motion was assessed for each
individual using a summary measure of the 6 rigid parameters called
mean framewise displacement (FD), calculated as in Power et al.
(2012). In order to match the ASD and TD groups on in-scanner motion
and FSIQ, assessed using Wechsler Abbreviated Scale of Intelligence
(WASI; Wechsler, 1999) two additional ASD subjects were excluded
based on excessive motion (> 3 standard deviations from the mean
motion within each ABIDE subsample). In addition, manual one-to-one
matching based on age and sex was computed to remove the fewest
subjects possible without biasing the sample. Eight additional subjects
were excluded from further analyses due to excessive signal loss or
distortion in the ventral anterior frontal cortex (defined as outliers in
temporal signal-to-noise ratio (tSNR); Welvaert and Rosseel, 2013). See
Supplementary materials for detailed information regarding this as-
sessment of data quality. Following these procedures, there were no
group differences in mean FD (p=0.219, see Table 1 and Supple-
mentary Table S1). The final sample consisted of a total of 111 parti-
cipants, with 81 participants from ABIDE-I and 30 from ABIDE-II. Of the
combined sample, 53 participants were in the ASD group and 58 were
in the TD group. 50 out of the 53 participants in the ASD sample met
the clinical cutoff (total score> 7) on the ADOS, and the remaining
three participants (who scored 6, 6, and 5 respectively on the ADOS)
met criteria on the ADI-R for ASD. The final ASD and TD groups did not
differ significantly on age, sex, mean FD, full-scale IQ (FSIQ), or per-
formance IQ (PIQ). See Table 1 for participant demographics and group
comparisons.

2.2. fMRI data acquisition

Functional magnetic resonance imaging (fMRI) data for ABIDE-I were
acquired at NYU on a 3T Allegra scanner using the following parameters:
TR=2000ms; TE=15ms; flip angle=90°; FOV=240mm; voxel

Table 1
Participant characteristics and demographic information for ASD and TD groups.

Measure ASD (n= 53) TD (n=58)

Mean (SD) Range Mean (SD) Range t-value p-value

Sex 46 M : 7 F – 52M : 6 F – χ2 = 0.22 .639
Age (years) 12.57 (4.33) 7.13–24.41 12.34 (4.46) 7.11–23.35 0.28 .782
Full-scale IQ 108.70 (17.28) 78–148 112.07 (14.69) 80–139 −1.11 .269
Verbal IQ 106.32 (15.84) 77–139 113.22 (13.93) 80–142 −2.44 .016
Perceptual IQ 110.00 (18.19) 79–149 108.14 (15.90) 67–137 0.58 .566
Mean FD (mm) 0.14 (0.05) 0.06–0.25 0.13 (0.05) 0.07–0.26 1.24 .219
Data removed scrubbing (%) 0.05 (0.06) 0.00–0.23 0.04 (0.05) 0.00–0.24 0.64 .525
ADOS SA 8.81 (4.03) 3–20 – – – –

Demographic and mean IQ scores are shown for the ASD and TD groups. M, Male; F, Female; FD, Framewise displacement; ADOS SA, Autism Diagnostic Observation
Schedule social affect score (Gotham algorithm).
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size=3×3×4mm; number of slices=33; 4mm slice thickness. For
ABIDE-II data, fMRI data were also acquired at on a 3T Allegra scanner
with all the same parameters as ABIDE-I except the following: TE=30ms;
flip angle=82°; number of slices=34; 3mm slice thickness. Resting-state
fMRI scans for both ABIDE-I & ABIDE-II were acquired over 6min (180
volumes). For each subject in ABIDE-I, a high-resolution T1-weighted
structural scan was acquired with the following parameters: TR=2530ms;
TE=3.25ms; scan time=8:07min; flip angle=7; 128 slices; 1 vol
FOV=256mm. For the structural scan, all parameters remained un-
changed in ABIDE-II except the TR=3250ms. See (Di Martino et al., 2017,
2013) and the ABIDE website (http://fcon_1000.projects.nitrc.org/indi/
abide/abide_II.html) for more details on the data acquisition.

2.3. Data preprocessing

Data were preprocessed using the Data Processing Assistant for
Resting-State fMRI- Advanced edition (DPARSF-A; http://rfmri.org/
DPARSF; Chao-Gan and Yu-Feng, 2010). This toolbox combines tools
from SPM8 (http://www.fil.ion.ucl.ac.uk/spm), FSL (http://fsl.fmrib.
ox.ac.uk/), and the toolbox for Data Processing & Analysis of Brain
Imaging (DPABI, http://rfmri.org/DPABI).

Functional images underwent removal of the first four timepoints,
slice time correction, spatial realignment, nuisance covariate regression
[linear trend, 24 motion parameters (Friston et al., 1996), white matter
(WM), and cerebrospinal fluid (CSF) signal], band-pass filtering
(0.01–0.08 Hz), normalization to standard stereotaxic space (based on
the Montreal Neurological Institute (MNI) 152 2mm template), motion
scrubbing for TR-to-TR motion greater than a 0.5mm threshold (Power
et al., 2012), and spatial smoothing using a 6mm full-width half-
maximum Gaussian kernel to increase the signal-to-noise ratio prior to
statistical analysis. 24 motion parameter regression was used because it
has been shown to be superior to 6 parameter motion regression for
mitigating the effects of motion artifacts (Fair et al., 2012; Friston et al.,
1996; Power et al., 2014; Satterthwaite et al., 2013; Yan et al., 2013).
The 24 motion parameters included the 6 standard motion variables
(i.e., 3 rigid motion directions (x, y, z) and 3 rotation directions (pitch,
roll, yaw) for each timepoint, 6 head motion parameters one time point
before, and the 12 corresponding squared items (Friston et al., 1996).
Global signal regression (GSR) was not applied in the primary analyses
for a number of reasons. First, electrophysiological recordings in ma-
caques have demonstrated that the global signal also includes neural
components (Schölvinck et al., 2010); therefore, regressing this signal
out amounts to removing some true neural activity. Second, after GSR,
correlation values are centered on zero, which can lead to spurious
negative correlation values (Murphy et al., 2009). Third, in simulated
data, GSR has been shown to artificially introduce correlations between
brain regions and substantially distort group differences in inter-re-
gional correlations (Saad et al., 2012). Fourth, differences in caffeine

intake can affect global signal such that caffeine leads to widespread
decreases in connectivity and global signal amplitude (Wong et al.,
2012). Fifth, and most importantly, it has been demonstrated in a study
of ASD that GSR leads to a reversal in the direction of group correlation
differences relative to other preprocessing approaches, with a higher
incidence of both long-range and local connectivity differences that
favor the ASD group (Gotts et al., 2013). In the current work, the pri-
mary goal was to interpret group differences in connectivity; thus we
chose not to use GSR in the primary analysis. In order to assess the
robustness of the results, data were also analyzed with two additional
modified pipelines (i.e., with global signal regression, without
smoothing) (See Supplementary Tables S4–S7). Structural images were
skull-stripped, manually coregistered to the functional images using
AC-PC alignment, and segmented into gray matter, WM, and CSF
components. Based on visual inspection, all images passed quality
checks after brain extraction, coregistration, and normalization steps.

2.4. Region of interest selection

Amygdala region of interest (ROI) selection included subregions
identified based on previous studies (Gabard-Durnam et al., 2014;
Jalbrzikowski et al., 2017; Qin et al., 2012), which were derived from
FSL’s Juelich histological atlas: stereotaxic probabilistic maps of cy-
toarchitectonic boundaries generated by Amunts et al. (2005). Con-
sistent with a recent study examining amygdala FC across development,
maps of the CM and BL amygdala subregions were used, excluding the
superficial subregion given a lack of literature on this subregion
(Jalbrzikowski et al., 2017). Each amygdala subregion was thresholded
at 50% probability, and every voxel was assigned to only one subregion
(Fig. 1; Gabard-Durnam et al., 2014; Jalbrzikowski et al., 2017). The
right and left hemisphere ROIs were considered separately.

Consistent with a previous study of CM and BL amygdala FC across
development, we determined vmPFC ROIs for each subject using AFNI’s
Mackey vmPFC atlas of asymmetric and probabilistic cytoarchitectonic
maps generated by Mackey and Petrides (2014). This atlas provides
eight vmPFC subregions, extending from the frontal pole to the septal
region (Mackey and Petrides, 2014): the subgenual cingulate (BA 25),
the rACC (caudal portion of BA 32), the vACC (rostral BA 24), the
anterior vmPFC (dorsal portion of BA 11 and rostral-most portion of BA
32), two subregions of the anterior medial orbitofrontal cortex (OFC;
ventral anterior portion of BA 11), and two of the posterior medial
orbitofrontal cortex (ventral posterior portion of BA 11). All four OFC
subregions were excluded from further analyses due to dropout and/or
low signal quality in the majority of subjects as evidenced via quanti-
tative assessment of tSNR (see Supplementary Fig. S2) and visual in-
spection of raw fMRI images. Therefore, a total of two amygdala sub-
regions and four vmPFC subregions were used in analyses (Fig. 1).

Fig. 1. Amygdala and vmPFC regions of in-
terest (ROIs).
(A) Amygdala subregions examined in the
present study were selected from FSL’s Juelich
histological atlas (Eikhoff et al., 2007) and
thresholded at fifty percent; each voxel was
assigned to only one subregion. The subregions
included the centromedial amygdala (CM; red)
and the basolateral amygdala (BL; blue). The
superficial amygdala was not included, con-
sistent with previous studies (Jalbrzikowski
et al., 2017). (B) The ventromedial prefrontal
cortex (vmPFC) subregions used in the present
study were derived from Mackey and Petrides
(2014), implemented in AFNI and converted to
MNI space. The subregions included the ven-

tral anterior cingulate cortex (ACC; orange), the rostral ACC (purple), the anterior vmPFC (yellow), and the subgenual cingulate (green) (for interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article).
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2.5. Individual-level analysis

Individual-level seed-to-seed FC matrices were generated by corre-
lating the right amygdala BL and CM subregions’ average timeseries
with each of the four vmPFC subregions using the REST toolbox V1.8
(http://restfmri.net). The Fisher-transformed correlation coefficients
were carried forward to the multiple regression analyses.

2.6. Group-level analyses

Group-level analyses were conducted to address two primary
questions: 1) whether age-related changes in frontoamygdala FC dif-
fered in individuals with ASD compared with TD individuals, and 2)
whether frontoamygdala FC related to social impairment in children
with ASD and how this association may vary as a function of age. For
each aim, we conducted a set of multiple regression models to test each
of eight possible amygdala subregion-vmPFC subregion FC pairs for
each hemisphere. To address the first aim, both TD and ASD individuals
were included, and the following independent variables were modeled:
percent of volumes scrubbed (centered), diagnostic group (0=TD,
1=ASD), age (centered), age-squared, and an age x diagnosis inter-
action term. To reduce multicollinearity, the age-squared term was
calculated as the square of the centered age variable. For aim 1, the age-
squared x diagnosis interaction term was omitted due to high multi-
collinearity (Variance Inflation Factor> 5 in all models).

To address the second aim, we conducted a regression analysis ex-
amining the effect of age on the relationship between frontoamygdala
FC and ADOS Gotham algorithm social affect (ADOS SA) scores. Only
individuals with ASD with scores on module 3 of the ADOS were in-
cluded (ages 7.1–14.6; n=43). The following independent variables
were modeled: percent of volumes scrubbed (centered), ADOS SA score
(centered), age (centered), age-squared, and age x ADOS SA and age-
squared x ADOS SA interaction terms. The age-squared term was
computed in the same manner as described above. To address the
second aim, the only predictors of interest were ADOS SA and the age x
ADOS SA and age-squared x ADOS SA interaction terms. All analyses
controlled for the percentage of volumes scrubbed for each individual.

To control for multiple comparisons for the eight seed to seed FC
models, all tests of significance for beta values were thresholded at a
false discovery rate (FDR) of p < .05. FDR correction was implemented
in R (www.r-project.org/) and applied separately for each regression
model. For all regression model results, standardized betas and asso-
ciated t statistics are reported.

3. Results

3.1. Age x diagnostic group on frontoamygdala FC

To investigate the relationship between frontoamygdala FC, diag-
nostic status, and age, a multiple regression analysis was conducted.
Contrary to hypotheses, there were no significant interactions of age x
diagnosis or age-squared x diagnosis (p > .05, FDR-corrected, Table 2).
Consistent with hypotheses, we observed diagnostic group differences
in right BL amygdala-rACC FC when controlling for age and motion (R-
squared=0.13, B = −0.30, t(108) = −3.28, p= .011, FDR-cor-
rected), such that individuals with ASD had weaker FC than TD in-
dividuals (TD: M=0.34, SD=0.21; ASD: M=0.21, SD=0.23;
Fig. 2). The group difference in BL amygdala-rACC FC remained sig-
nificant when we implemented different preprocessing steps including
no spatial smoothing (p= .001, FDR-corrected) and adding global
signal regression (p= .033, uncorrected; Supplementary Tables S4–S7).

We also observed a significant relationship between age-squared
and right BL amygdala-subgenual cingulate FC when controlling for
diagnostic group and motion (R-squared=0.13, B= 0.37, t
(108)= 2.86, p= .041, FDR-corrected), such that adolescents showed
the lowest FC compared to both children and adults (i.e., a U-shaped

pattern, Fig. 3). This result was also evident when preprocessing was
conducted without smoothing (p= .033, uncorrected) and with global
signal regression (p < .001, FDR-corrected). There were no other
group differences in seed to seed FC. There were no significant pre-
dictors in any model using left hemisphere seeds.

3.2. Frontoamygdala FC and ASD social impairment

To investigate the relationship between frontoamygdala FC and
social impairment in children and adolescents with ASD, a multiple
regression analysis was used. No results survived FDR correction. Here
we report preliminary results at an exploratory threshold of p< .05,
uncorrected. In the right BL-rACC FC model, there was a preliminary
main effect of ADOS SA (R-squared= 0.18, B = −0.52, t(34) =
−2.32, p=0.027, uncorrected) and an interaction between age-
squared and ADOS SA (R squared=0.18, B=0.59, t(34)= 2.18,
p= .036, uncorrected). For the right CM-subgenual cingulate FC
model, there was a main effect of age-squared, controlling for ADOS SA
and age (R squared=0.16, B=0.39, t(34)= 2.15, p= .039, un-
corrected; Table 3). Given that these effects (i.e., the main effect of age-
squared for CM-subgenual cingulate FC and the main effect of ADOS SA
and age-squared x ADOS SA interaction for BL-rACC FC) did not survive
FDR correction for multiple comparisons, they were not interrogated
further. There were no significant predictors in any model investigating
social impairment using left hemisphere seeds.

4. Discussion

Situated at the core of the brain’s socioemotional networks, the amyg-
dala and its interactions with the vmPFC are critical for domains impaired
in ASD such as socioemotional processing and regulation. Given dynamic
changes in frontoamygdala FC across typical development, assessing FC
differences in individuals with ASD across a broad age range was a central
focus of the present study. To our knowledge, this was the first study to
investigate age-related changes in frontoamygdala networks in ASD and the
relation of changes to social impairment across childhood and adolescence.
Relative to TD individuals, individuals with ASD exhibited weaker fron-
toamygdala FC, and this group difference was specific to the right hemi-
sphere BL amygdala and its FC with the rACC. These findings provide
evidence for differences in intrinsic amygdala FC among individuals with
ASD across a broad age range.

Resting-state fMRI studies are optimally suited to examine changes
in large-scale brain networks across development and between clinical
populations, as they may be less affected by confounds of differences in
task demands and strategies (Fox and Raichle, 2007). However, existing
studies of FC in ASD have examined a single age group or have not
accounted for age-related changes in FC (Guo et al., 2016; Hahamy
et al., 2015; Kleinhans et al., 2016; Rausch et al., 2018; Shen et al.,
2016), precluding the opportunity to inform developmental change in
ASD. Consistent with two previous studies of frontoamygdala FC in
preschool-age children with ASD (Shen et al., 2016) and adolescents
with ASD (Rausch et al., 2018), we observed weaker frontoamygdala FC
in ASD. Though both of these studies examined youth with ASD, they
did not assess for age-related changes or control for age. The present
study also incorporated rigorous motion correction (i.e., Friston 24
motion parameters regression, motion scrubbing, and controlling for
differences in percent scrubbed in regression analyses) and found
highly similar correlations of age and motion parameters between ASD
and TD individuals (Supplementary Table S1). Lastly, the present
findings were consistent when data were analyzed using two alternative
preprocessing pipelines (i.e., without smoothing the fMRI data, and
using global signal regression). Here, in a large cross-sectional sample
that is uniquely equipped to examine age-related differences across a
wide age range (i.e., 7–25 years old), we found converging evidence for
weaker frontoamygdala FC in individuals with ASD, relative to TD
counterparts.
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FC between the amygdala and subregions of the vmPFC has been
implicated in many higher-order socioemotional processes, including
appraising emotions (Adolphs, 2002), eye gaze (Spezio et al., 2007),
understanding others’ perspectives (Völlm et al., 2006), and emotion
regulation (Etkin et al., 2006; Hariri et al., 2000; Kim et al., 2011;
Phelps and LeDoux, 2005; Zhang et al., 2013). Individuals with autism
exhibit difficulty with social interactions including abnormal face pro-
cessing (Adolphs et al., 2001; Ashwin et al., 2006; Baron-Cohen et al.,
1999; Critchley et al., 2000; Dalton et al., 2005; Davies et al., 1994;
Schultz et al., 2000) and automatic processing and judgement of emo-
tions (Celani et al., 1999; Macdonald et al., 1989; Wang et al., 2004). In
the present study, lower frontoamygdala FC in individuals with ASD
was observed, specifically between the right BL amygdala and the
rACC, two regions that have previously been implicated in socio-
emotional processes including the evaluation of emotional content of
incoming information (Dolan and Vuilleumier, 2003; Sah et al., 2003)
and the cognitive control of emotion (Etkin et al., 2015, 2011), both of
which are crucial for successful social interactions. No other regions
showed a group difference in FC after controlling for multiple com-
parisons, suggesting this diagnostic group difference may be specific to
the right hemisphere BL amygdala-rACC FC. This lateralization is
consistent with our hypotheses based on extant literature implicating

the right amygdala in emotion regulation and social functioning
(Adolphs and Spezio, 2006; Cahill, 2003; Ochsner et al., 2012), as well
as lateralization in prior findings of frontoamygdala FC (e.g.,
Jalbrzikowski et al., 2017). The finding of lower BL amygdala-rACC FC
in ASD builds on existing literature reporting frontoamygdala differ-
ences in individuals with ASD (Rausch et al., 2018; Shen et al., 2016) by
extending the age range of this finding to middle childhood and iden-
tifying interactions between the BL amygdala and rACC as a specific
aspect of frontoamygdala circuitry that may be implicated in ASD.

Contrary to our hypotheses, there was no evidence for group dif-
ferences in the age-related trajectory of frontoamygdala FC. Here, we
had expected to find age-related changes in right BL-rACC FC in ASD
given the involvement of these regions in socioemotional processes that
are implicated in ASD (Dolan and Vuilleumier, 2003; Etkin et al., 2015;
Kleinhans et al., 2016; Sah et al., 2003). However, we did observe non-
linear age-related changes in frontoamygdala FC between the BL
amygdala and subgenual cingulate cortex in the entire sample, when
controlling for diagnostic status. Specifically, BL amygdala-subgenual
cingulate FC displayed a quadratic U-shaped pattern with age, such that
adolescents had weaker FC than both children and adults. We did not
have a priori hypotheses about amygdala FC with the subgenual cin-
gulate, though prior evidence suggests that this circuitry may undergo

Table 2
Seed to seed results: age x diagnosis on frontoamygdala connectivity.

Centromedial amygdala Basolateral amygdala

vACC rACC anterior vmPFC subgenual cingulate vACC rACC anterior vmPFC subgenual cingulate

Right hemisphere

Diagnostic group 0.120 −0.073 −0.117 −0.105 −0.166 −0.300* −0.157 −0.144
Age 0.085 −0.030 0.035 −0.082 0.134 0.067 0.173 −0.102
Age-squared −0.207 −0.002 0.002 0.201 −0.045 0.172 0.091 0.371*

Age x Diagnostic group 0.120 0.134 0.085 0.132 0.089 −0.015 −0.091 0.056

Left hemisphere

Diagnostic group 0.051 −0.063 −0.039 −0.138 0.098 0.001 0.004 0.032
Age 0.009 −0.158 −0.164 −0.091 0.020 −0.131 0.059 0.000
Age-squared −0.024 0.038 0.141 0.095 0.140 0.148 0.120 0.146
Age x Diagnostic group 0.160 0.170 0.086 0.028 0.041 0.136 −0.027 −0.026

Standardized beta values for each regression model between right and left amygdala subregions and vmPFC subregions. Each model included a nuisance covariate for
percentage of data scrubbed.
* = p < .05, FDR-corrected.

Fig. 2. Group differences in right frontoa-
mygdala FC. FC strength for centromedial (CM)
and basolateral (BL) amygdala subregions with
each vmPFC subregion in the TD (white) and
ASD (black) diagnostic groups. BL-rACC FC
strength was significantly weaker in ASD com-
pared to TD individuals, p= .011, FDR-cor-
rected. There were no other group differences
in frontoamygdala FC prior to or following FDR
correction. Error bars represent± 1 standard
error. The y-axis shows unstandardized pre-
dicted values that were extracted from the re-
gression model. FC values are Fisher’s r to z
transformed values.
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change during typical development (Jalbrzikowski et al., 2017; Kelly
et al., 2009), and it has also been implicated in depression (Johansen-
Berg et al., 2008; Murphy et al., 2016) and anxiety (Coombs et al.,
2014). Although the present ABIDE sample does not provide measures
of anxiety or depression symptoms, comorbidities between ASD with
anxiety and depression (Brereton et al., 2006; Burrows et al., 2017a;
Simonoff et al., 2008; White et al., 2009) suggest this is a relevant
circuit to examine with regard to co-occurring ASD and internalizing
disorders.

Previous studies examining the typical development of frontoa-
mygdala FC at rest have demonstrated mixed results, reporting both
age-related increases (Gabard-Durnam et al., 2014; Qin et al., 2012;
Alarcón et al., 2015) and decreases (Jalbrzikowski et al., 2017). These
inconsistent findings may stem from diverging methods, with one
previous study focusing on cross-sectional development of the bilateral
amygdala to whole-brain FC (Gabard-Durnam et al., 2014) and the
other using longitudinal data to examine amygdala FC with vmPFC

subregions (Jalbrzikowski et al., 2017). Here, to examine FC between
specific amygdala and vmPFC subregions we followed the recent
methods of Jalbrzikowski et al. (2017) as closely as possible.
Jalbrzikowski et al. (2017) found age-related decreases in right hemi-
sphere BL-rACC, CM-rACC, CM-vmPFC, and CM-subgenual cingulate FC
in TD individuals. A key difference is that the data available in the
present study were cross-sectional and not longitudinal, which may
have contributed to discrepancies in our findings. Taken together, the
current findings contribute to a mixed literature on typical and atypical
frontoamygdala development and suggest that future research would
benefit from longitudinal investigations to further clarify the nature of
frontoamygdala development in ASD.

A strength of the present study is that social impairment in youth
with ASD was assessed using an in vivo clinician-administered ob-
servational measure of current social and communication symptoms,
which could provide enhanced ecological validity relative to self-report
measures of social symptoms. However, the ADOS assessment is not

Fig. 3. Quadratic association between age and
frontoamygdala FC. FC of the BL amygdala-
subgenual cingulate showed a main effect of
age-squared, controlling for diagnostic group
and age, p = .041, FDR-corrected, such that
adolescents showed weaker FC than children
and adults. The y-axis shows unstandardized
predicted values that were extracted from the
regression model. FC values are Fisher’s r to z
transformed values. Diagnostic group distinc-
tion (i.e., dot color) is shown for illustrative
purposes only; there was no significant inter-
action between diagnostic group and age.

Table 3
Seed to seed results: age x ADOS SA on frontoamygdala connectivity.

Centromedial amygdala Basolateral amygdala

vACC rACC anterior vmPFC subgenual cingulate vACC rACC anterior vmPFC subgenual cingulate

Right hemisphere

ADOS SA −0.084 −0.083 −0.028 0.045 −0.284 −0.519† −0.281 −0.159
Age 0.070 −0.051 0.047 −0.266 0.005 −0.089 −0.014 −0.318
Age-squared −0.176 0.070 0.087 0.389† −0.027 0.255 0.206 0.217
ADOS SA x age −0.308 −0.377 −0.308 −0.214 −0.287 −0.326 −0.133 −0.135
ADOS SA x age-squared 0.104 0.146 0.044 0.116 0.369 0.592† 0.236 0.249

Left hemisphere

ADOS SA 0.115 −0.037 0.218 −0.159 −0.346 −0.326 0.031 −0.040
Age 0.115 −0.086 −0.236 −0.126 −0.165 −0.096 −0.057 −0.117
Age-squared −0.148 0.019 0.144 0.076 0.259 0.129 0.135 −0.042
ADOS SA x age −0.185 −0.260 −0.247 −0.348 −0.274 −0.375 −0.140 −0.042
ADOS SA x age-squared −0.210 −0.113 −0.187 0.033 0.188 0.288 −0.138 −0.142

Standardized beta values for each regression model between right and left amygdala subregions and vmPFC subregions. ADOS social affect score (ADOS SA) (Gotham
algorithm) was used for subjects with ASD who were administered module 3 (n= 43; Gotham et al., 2009). Each model included a nuisance covariate for percentage
of data scrubbed.
† = p < .05, uncorrected.
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without limitations. The ADOS has been shown to display consistency
insofar as establishing whether an individual meets criteria for an ASD
diagnosis, yet test-retest reliability and inter-rater reliability for in-
dividual items are less robust (Lord et al., 2000). Relevant to the present
study, reliability is adequate and relatively higher for social items than
for restricted and repetitive behavior items across modules (Lord et al.,
2000). In the present study, data from only one site were used, in-
creasing the likelihood that the reported scores were consistently ob-
tained. Because the primary goal of the present study was to investigate
ASD-related differences in amygdala FC given its role in socioemotional
processing, we selected a severity score specific to social impairment, as
opposed to a more general measure of symptom severity. Due to dif-
ferences between ADOS modules 3 and 4, only subjects with the ADOS
module 3 (i.e., ages 14.6 or younger in this sample) were included in
the analyses of frontoamygdala FC and social impairment.

Given that adolescence is a particularly salient time for social
functioning, we hypothesized that frontoamygdala FC would be related
to social impairment in youth with ASD in an age-dependent manner.
Although BL amygdala-rACC FC, the same network that showed lower
FC in individuals with ASD compared to TD individuals, had a non-
linear age-related association with social impairment among ASD youth
at an uncorrected statistical threshold, this finding did not survive
correction for multiple comparisons. Thus we have avoided interpreting
the effect further and note that the inability to combine across ADOS
modules may have constrained statistical power for our analysis of
social impairment. Thus, while we did not observe associations between
frontoamygdala FC and social impairment, examining potential age-
related changes in the relationship between frontoamygdala FC and
social impairment in ASD may be an important avenue for future re-
search with a larger sample size and perhaps a more robust measure of
social impairment.

The current study has several limitations that should be addressed
in future research on frontoamygdala circuitry in ASD. Although
resting-state fMRI studies may help to minimize developmental differ-
ences in task performance, the process of “resting” itself could differ
across development, and may be particularly challenging for younger
children. Future work may capitalize on recent developments in the use
of movie viewing paradigms to improve compliance in young children
(Vanderwal et al., 2015). Given the primary goal to examine age-re-
lated change across childhood through early adulthood in ASD, the
current study specifically benefited from the broad age range of parti-
cipants at the NYU site in the ABIDE consortium. A replication sample
with a similarly broad age range was not available within ABIDE; thus,
replication of the results reported here will be important. Our findings
regarding frontoamygdala connectivity in ASD extend prior work from
adulthood and adolescence to middle childhood. Future research will
also benefit from examining early childhood, when ASD is typically
diagnosed.

The present findings contribute to the growing literature im-
plicating the amygdala as an important locus of dysfunction in in-
dividuals with ASD and highlight alterations in frontoamygdala cir-
cuitry, specifically interactions between the BL amygdala and rACC, in
ASD. Disruptions in intrinsic frontoamygdala connectivity may con-
tribute to ASD-related social deficits, though ongoing research will be
necessary to further assess this relationship. As part of its role in so-
cioemotional development, frontoamygdala circuitry has also been as-
sociated with anxiety symptoms during childhood and adolescence
(Blackford and Pine, 2012; Gee et al., 2013; Jalbrzikowski et al., 2017;
Kujawa et al., 2016; Gee et al., 2016). Youth with ASD are at heigh-
tened risk for co-occurring anxiety, which often emerges among in-
dividuals with ASD during childhood and adolescence (Sukhodolsky
et al., 2008; White et al., 2009). Children and adolescents with ASD
who have more severe social deficits, as well as insight into these dif-
ficulties, are particularly vulnerable to developing symptoms of anxiety
(Burrows et al., 2017b; Sukhodolsky et al., 2008). Increasingly, inter-
ventions for youth with ASD have focused on targeting comorbid

symptoms of anxiety (Sze and Wood, 2008; Wood et al., 2009; White
et al., 2009; Storch et al., 2013). Future research may elucidate asso-
ciations between frontoamygdala FC, ASD-related social impairment,
and comorbid anxiety in youth with ASD (Burrows et al., 2017a), as
well as a potential pathway from social difficulties to anxiety (e.g.,
Bellini, 2006), in ways that inform clinical translation for interventions
aimed at targeting both ASD and comorbid anxiety.
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