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Abstract

Face recognition abilities improve between adolescences and adulthood over typical development
(TD), but plateau in autism, leading to increasing face recognition deficits in autism later in life.
Developmental differences between autism and TD may reflect changes between neural systems
involved in the development of face encoding and recognition. Here, we focused on whole-brain
connectivity with the fusiform face area (FFA), a well-established face-preferential brain region.
Older children, adolescents, and adults with and without autism completed the Cambridge Face
Memory Test, and a matched car memory test, during fMRI scanning. We then examined task-
based functional connectivity between the FFA and the rest of the brain, comparing autism and TD
groups during encoding and recognition of face and car stimuli. The autism group exhibited
underconnectivity, relative to the TD group, between the FFA and frontal and primary visual
cortices, independent of age. Underconnectivity with the medial and rostral lateral prefrontal
cortex was face-specific during encoding and recognition, respectively. Conversely,
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underconnectivity with the L orbitofrontal cortex was evident for both face and car encoding.
Atypical age-related changes in connectivity emerged between the FFA and the R temporoparietal
junction, and R dorsal striatum for face stimuli only. Similar differences in age-related changes in
autism emerged for FFA connectivity with the amygdala across both face and car recognition.
Thus, underconnectivity and atypical development of functional connectivity may lead to a less
optimal face-processing network in the context of increasing general and social cognitive deficits
in autism.
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Introduction

Autism is a neurodevelopmental disorder characterized by deficits in social cognition. One
frequently studied social cognitive skill that is disrupted in autism is face recognition—the
everyday social task of accurately recognizing a previously encoded individual face (see
Weigelt, Koldewyn, & Kanwisher, 2013). Improvements in face recognition occur between
late childhood/adolescence and adulthood in typical development (TD), but plateau between
adolescence and adulthood in autism (Germine, Duchaine, & Nakayama, 2011; Greimel et
al., 2014; O’Hearn, Schroer, Minshew, & Luna, 2010; Rump, Giovannelli, Minshew, &
Strauss, 2009). Little is currently known about the neural substrates underlying this
developmental difference in face recognition abilities between autism and TD. As face
recognition likely involves multiple brain regions acting in concert, one outstanding question
is: how might functional brain connectivity contribute to developmental face recognition
impairments in autism?

The neural substrates underlying typical face recognition can be divided into core and
extended face-processing regions. Core regions include the fusiform face area (FFA),
superior temporal sulcus (STS), and occipital face area (OFA) (Haxby, Hoffman, & Gobbini,
2000). Of these regions, the FFA is the most face selective and its development is the most
protracted, suggesting that the FFA may support fine-tuned, mature face recognition
performance (Golarai et al., 2007; Scherf, Behrmann, Humphreys, & Luna, 2007). Extended
face-processing regions include the amygdala (AMY), temporoparietal junction (TPJ),
intraparietal sulcus (IPS), inferior frontal gyrus (IFG), anterior insula (Al), orbitofrontal
cortex (OFC), anterior cingulate cortex (ACC), and medial prefrontal cortex (mPFC) (Frith
& Frith, 2007; Haxby et al., 2000; Haxby, Hoffman, & Gobbini, 2002). Recent research
suggests that activation in extended face-processing regions may decrease with age in TD
(Haist, Adamo, Han, Lee, & Stiles, 2013; Joseph, Gathers, & Bhatt, 2011), while the
connectivity between these regions may increase with age (Joseph et al., 2012).

Functional magnetic resonance imaging (fMRI) studies examining developmental face
processing in both TD and autism generally focus on neural activation of core face-
processing regions. Developmental studies focusing on TD have demonstrated that, with
age, FFA activation becomes more face-specific (i.e., activation to faces is maintained, while
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activation to other stimuli decreases) and the size of the FFA increases (i.e., number of
voxels), especially from childhood through adolescence (Golarai et al., 2007; Golarai,
Liberman, Yoon, & Grill-Spector, 2010; Haist et al., 2013; Scherf et al., 2007; Scherf, Luna,
Avidan, & Behrmann, 2011; Scherf, Thomas, Doyle, & Behrmann, 2013). Furthermore,
these changes may be linked to increases in face recognition performance (Golarai et al.,
2007, 2010). Recent work examining age-related changes in activation of extended face-
processing regions suggests neural activation may decrease with age in TD (Haist et al.,
2013). In autism, reduced FFA activation, independent of age, in response to face stimuli has
been reported (Humphreys, Hasson, Avidan, Minshew, & Behrmann, 2008; Pelphrey,
Morris, McCarthy, & Labar, 2007; Pierce, Miller, Ambrose, Allen, & Courchesne, 2001;
Pierce & Redcay, 2008; Schultz et al., 2000). Other studies, including those involving
passive face viewing and working memory for faces, have reported no differences in FFA
activation in adults with autism, relative to neurotypical adults (Hadjikhani et al., 2004;
Hadjikhani, Joseph, Snyder, & Tager-Flusberg, 2007; Kleinhans et al., 2008). Taken
together, from a developmental perspective, findings of FFA activation differences in
adolescence with autism, but no differences in adulthood, suggests that development is
delayed in autism during adolescence, but leads to a relatively typical endpoint (Scherf,
Luna, Minshew, & Behrmann, 2010).

While local FFA function, as measured by neuronal activation magnitude, may eventually
reach typical levels by adulthood in individuals with autism, age-related changes in the
functional connectivity between the FFA and other core and extended face-processing
regions may continue to be atypical and underlie the late increase in face recognition deficits
in autism. In TD individuals, functional connectivity between core face-processing regions
increases with age (Cohen Kadosh, Cohen Kadosh, Dick, & Johnson, 2011; Joseph et al.,
2012) and may be associated with face recognition improvements (Cohen Kadosh et al.,
2011). Functional connectivity between core and extended face-processing regions also
change with age in TD and may play an important role in integrating information between
early visual processing and emotional, and social cognitive regions (Fairhall & Ishai, 2007;
Zhen, Fang, & Liu, 2013). In adults with autism, connectivity between core and extended
face-processing regions is reduced relative to neurotypical adults (Kleinhans et al., 2008;
Koshino et al., 2008). However, differences in connectivity between core face-processing
regions and bottom-up visual processing regions, and top-down frontal control regions, have
also been found between adults with autism and neurotypical adults (Kleinhans et al., 2008;
Koshino et al., 2008). Recent studies focused on age-related functional connectivity changes
in autism have also demonstrated that connectivity between core face-processing regions
(e.g., STS and fusiform gyrus) and between core face-processing and subcortical reward-
processing regions (e.g., striatum and fusiform gyrus) decreases with age in TD, but
increases with age in autism, potentially leading to relative underconnectivity in childhood
and overconnectivity in adulthood (Alaerts et al., 2015; Padmanabhan, Lynn, Foran, Luna, &
O’Hearn, 2013). Thus, the current fMRI literature suggests that while neural activation
within core face-processing regions may support typical face recognition development,
connectivity between and within core and extended face-processing regions may provide
insight into the neural mechanism underlying the atypical face recognition development in
autism (Johnson, Grossmann, & Cohen, 2009). Together, this literature also suggests that
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atypical functional connectivity underlying disrupted face recognition development in
autism may be more widespread than canonical face-processing regions.

Here, we examine age-related changes in task-related functional connectivity of the FFA
during face and car stimuli encoding and recognition in autism relative to TD. First, we
predict that face recognition performance will improve with age in TD, but not in autism,
resulting in robust recognition differences in adulthood (O’Hearn et al., 2010). Next, we
predict that, relative to the TD group, individuals with autism will demonstrate (a) reduced
connectivity independent of age, (b) atypical age-related changes in connectivity, and (c)
face-specific atypical age-related changes (i.e., more striking age-related differences for
faces than cars) in connectivity between the FFA and other core and extended face-
processing regions. This study provides the first examination of how age-related changes in
FFA connectivity differ in autism during a developmental period when face recognition
becomes increasingly impaired.

Method

Participants

We tested 14 older children, 16 adolescents, and 14 adults diagnosed with autism and an
equal number of TD controls, matched for age, 1Q and gender (See Table 1). Age groups
were chosen, instead of treating age as a continuous variable, based on previous results
showing differences in face recognition development between adolescence and adulthood
(O’Hearn et al., 2010). This approach also increased power and avoided specifying an age-
related trajectory that may be asymptotic or occur stepwise. One adolescent with autism was
excluded from all analyses due to poor face recognition performance (> 2 SD from group
mean). Additionally, two older children (one with autism and one TD) and one adult with
autism were excluded from all analyses due to poor car recognition performance (> 2 SD
from group mean).

Participants were recruited through the University of Pittsburgh Autism Center for
Excellence subject core (HD#055748) and other projects in the Laboratory of
Neurocognitive Development. Participants were diagnosed with autism by an expert
clinician using the Autism Diagnostic Interview (ADI) (Lord, Rutter, & Couteur, 1994) and
the Autism Observation Schedule-G (ADOS) (Lord et al., 2000). Autism participants met
cut-offs for autism on the ADI? and autism or autism spectrum disorder on the ADOS.
Exclusion criteria included: brain injury, uncorrected vision problems, drug abuse,
neurological disorders or MRI contraindications (e.g., metal plates). Participants with a
known autism etiology (e.g., Fragile X) were excluded. TD participants with a diagnosed
learning disability or psychiatric disorder, or a first-degree relative with a psychiatric
disorder, were excluded.

All adult participants and legal guardians of child and adolescent participants provided
consent prior to being enrolled in the study; all older children and adolescent participants

1Except one individual on section D (Abnormality of Development Evident at or Before 36 Months
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provided assent. The Institutional Review Board at the University of Pittsburgh approved
this study.

Stimuli and procedure

Participants were first acclimated to the MRI environment in a mock scanner and practiced
encoding and recognition trials with cartoon characters. Participants completed three tasks
during fMRI acquisition, the Cambridge Face Memory Test (CFMT), the Cambridge Face
Memory Test Australian (CFMT-Australian), and a matched in-house Car Memory Test
(Duchaine & Nakayama, 2006; McKone et al., 2011). The order of these tasks was
counterbalanced across participants. Tasks were modified from the original to allow for
jittered trials in the scanner environment. Participants viewed the task presented on a
translucent screen visible via a mirror mounted to the head coil. To simplify the current
study and increase power, we examine the first condition only for face and car tasks, and for
faces, we collapsed across CFMT and CFMT-Australian. The tasks included encoding and
recognitiontrials from condition 1, which were analyzed separately. Participants had
previously completed the CFMT and Car Memory Test during a prior behavioral visit.
Stimuli were black and white images of young Caucasian men (hair cropped with neutral
expressions) and early 2000s sedans (make and model information removed).

Participants were asked to encode and subsequently recognize a total of 12 ‘target’ faces and
6 “target’ cars. First, during three encoding trials, a target stimulus was presented from 3
angles sequentially (left 1/3 profile, front, right 1/3 profile), for 3s each (9s total). Next,
during recognition, three stimuli were presented simultaneously, one of which was the target
stimulus, in a view identical to that shown during the encoding phase. Three recognition
trials examined recognition of the left 1/3 side view, front, and right 1/3 side view separately.
Participants were instructed to choose the target stimulus, from among the distractor stimuli,
by pressing the corresponding button on a MRI-safe response glove. Recognition trials in
which participants did not respond were excluded from both behavioral and fMRI analyses.
A jittered (1500-12000ms) inter-trial fixation cross stimuli was presented between each
encoding and recognition trial. In total, there were 12 face encoding trials and 36 face
recognition trials, and 6 car encoding trials and 18 car recognition trials.

Behavioral analysis

On the basis of a priorihypotheses, we examined recognition performance (percent correct)
using ANOVAs with diagnosis group (TD, autism) and age group (older children,
adolescents, adults) as between subject factors, for each object category (faces, cars)
separately. We also examined age-related changes for each category in each diagnosis group
separately. All behavioral analyses were conducted on arcsine-transformed data to correct
for a negatively skewed distribution (face accuracy skewness: Z =-5.55, car accuracy
skewness: Z =-3.60). After transformation, behavioral data were normally distributed
(arcsine-transformed face accuracy skewness: Z =-1.28, arcsine-transformed car accuracy
skewness: Z =1.33). Non-transformed group means are presented in the figures to aid in
interpretation.
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fMRI analysis

Scans were performed on a Siemens Allegra 3T MRI scanner at the Neuroscience Imaging
Center at the McGowan Institute for Regenerative Medicine at the University of Pittsburgh.
Structural images were collected with magnetization-prepared rapid gradient echo
(MPRAGE) sequences (TR = 2100 ms, TE = 3.93 ms, flip angle = 7°, 176 1 mm axial slices,
voxel size = 1.05 mm?3). Functional images were obtained using a gradient echo, echo-planar
imaging (EPI) sequence sensitive to blood-oxygen-level-dependent (BOLD) contrast (TR =
1500 ms, TE = 25 ms, flip angle = 70°, 29 4 mm axial slices, voxel size=3.1 x 3.1 x4
mm3, 188 volumes per run, in-plane field of view = 200 mm).

Preprocessing—Imaging data were preprocessed using FSL (Smith et al., 2004) and
AFNI (Cox, 1996). Structural scans were nonlinearly transformed into Montreal
Neurological Institute (MNI) space using fnirt. Functional scans were first corrected for slice
acquisition time using sficetimer, then corrected for motion with mcffirt, co-registering to
the middle functional volume. Functional volumes were then co-registered to the structural
scan and warped into MNI space using the transformation defined by the previous structural-
to-MNI nonlinear warp. This step also resulted in resampling of the functional data into
3mm isocubic voxels. Data were then spatially smoothed with a 5 mm full-width-at-half-
maximum kernel. Next, low frequency drift was removed with a high-pass temporal filter
(0.0167Hz). Each time series was normalized to have a mean of 100 to approximate percent
signal change.

A general linear model (GLM) was used to fit voxel-wise functional data using AFNI’s
3dDeconvolve program (Ward, 1998). The hemodynamic response was modeled using a
gamma function convolved with separate boxcar functions at the time of trial onset for
encoding and recognition trials separately. Correct trials were modeled separately from
incorrect and non-responsive trials. Six motion parameters and their derivatives were
included as regressors of no interest (3 translations: X, Y, Z; 3 rotations: roll, pitch, yaw). To
further correct for motion artifact, volumes including rapid movement (>0.8mm, relative to
the previous volume) and the volume preceding this movement, were censored (Siegel et al.,
2014). The number of volumes removed did not differ between diagnosis groups (p=0.71).
However, more volumes were censored in younger participants [main effect of age group,

H2,81)=6.464, p<0.002, 7;12,:0.14; older children: M=7.32, adolescents: M=2.55, adults:
M=1.11]. The number of censored volumes across age did not differ between diagnosis
groups (p=0.92). No more than 20% of volumes were removed from any subject.

Connectivity measures were generated by obtaining separate parameter estimates for
encoding trials and correct recognition trials separately, and then separately concatenated to
form two beta series per subject (Rissman, Gazzaley, & D’Esposito, 2004). R and L FFA
ROIls were used as seed regions (see Seed RO/ selection section below). For each subject,
the average beta series from each seed region and trial type were entered into a GLM model
to calculate correlation (i.e., functional connectivity) between each respective beta series and
every other voxel in the brain. To minimize the influence of non-grey matter signal, mean
beta-series estimates were calculated using cerebrospinal fluid (CSF) and white matter
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(WM) masks separately and included as regressors-of-no-interest. Beta outliers were
removed using the following procedure:

1. The minimum and maximum beta values across all voxels for each trial were
calculated.
2. Trials with beta values more than 2.5 standard deviations from the mean of the

minima or maxima were censored.

Resulting correlation maps were ztransformed (Fisher’s rto ztransformation) and used as a
measure of functional connectivity strength between regions.

Functional connectivity

Seed ROI selection (Supplementary Fig. 1)—To identify the FFA functionally and
independent of the current data set, a reverse inference map based on a meta-analytic search
of the term “ffa” in the online NeuroSynth software (Yarkoni, Poldrack, Nichols, Van Essen,
& Wager, 2011) was used, which included data from 63 studies. Spheres with a radius of
6mm were centered on the peak activation coordinates (minimum distance between peaks:
24mm) and were then masked to include only significant voxels in the NeuroSynth meta-
analysis. These regions were subsequently restricted to the fusiform gyrus according to the
Harvard-Oxford cortical atlas. This resulted in R (25 voxels, 675mm3) and L (21 voxels, 567
mm3) FFA ROls.

Analysis—Functional connectivity strength with each seed region for each trial type was
extracted and submitted to group-level analyses for each voxel. Using ANOVA tests (AFNI’s
3dMVM program; Chen, Adleman, Saad, Leibenluft, & Cox, 2014), functional connectivity
was assessed as the dependent variable in a 2 (diagnosis group) x 3 (age group) x 2
(category) design. Four ANOVAs examined the encoding and recognition conditions
separately in the R and then L FFA. Diagnosis group (autism, TD) and age group (older
children, adolescents and adults) served as between-group factors, with object category
(faces, cars) as a within-group factor. Cluster size was determined using a Monte-Carlo
simulation (AFNI’s 3dClustSim program) to correct for multiple comparisons. A voxel
threshold of p < .025, at a cluster threshold of p < .05, yielded in a cluster size of 73 voxels
(1971 mm3). In order to account for medication effects on functional connectivity, we re-ran
our analyses with medication status as a covariate. The results were generally the same, with
connectivity clusters remaining significant at p<0.05 (uncorrected).

We first report regions showing connectivity differences between diagnosis groups,
independent of age and category (diagnosis main effects), with R FFA, followed by L FFA.
Next, we report regions showing diagnosis group differences that vary across stimuli,
independent of age (diagnosis by category interaction). We then report regions showing
differences between diagnosis groups that differ across age groups, independent of category
(diagnosis by age group interaction). Finally, we report regions that exhibit age-related
differences between diagnosis groups that are category-specific (diagnosis by age group by
category interaction). For regions showing an interaction with category, follow-up simple
effect ANOVAs were performed for each category separately to determine whether diagnosis
differences or age-related change differences were specific to face stimuli.
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Behavioral performance (Fig. 1)

ANOVASs were utilized to test diagnosis and age group effects for faces and cars separately.
The TD group performed better than the autism group in both face [diagnosis main effect:

A1,78)=9.589, p=.003, 7]2:0.109] and car recognition [diagnosis main effect:
H1,78)=4.030, p=.048, 77220.049]. Performance across diagnosis groups improved with age
for face [age main effect: H2,78)=4.739, p=.011, 775:0.108], but not car recognition [age
main effect: A2,78)=1.683, p=.193, 77,2,:0.041]. Age-related performance improvements for
face recognition [diagnosis by age group interaction: A2,78)=3.129, p=.049, n§:0.074], but
not for car recognition [diagnosis by age group interaction: A2,78)=0.104, p=.902,
77]2,:0.003], differed between diagnosis groups.

Follow-up simple effects tests comparing diagnosis groups in each age group separately
revealed that the TD group performed better than the autism group, for face stimuli
[425)=3.683, p=0.001], but not car stimuli [{25)=1.366, p=0.184] /n the adult group only.
Performance did not differ between diagnosis groups during adolescence or childhood for
either faces or cars (all p’s>.2). These results support our predictions, providing further
evidence that face recognition improves into adulthood typically, but not in autism (Germine
etal., 2011; O’Hearn et al., 2010). In the current study, car recognition does not exhibit this
developmental pattern.

Functional connectivity

Diagnosis group differences independent of age

Overall diagnosis differences (diagnosis main effect): Connectivity between the FFA and
visual, attention, extended face-processing, and frontal cognitive control regions was
reduced in the group with autism, compared to the TD group, across both categories (Figure
2, Table 2).

Encoding: The autism group displayed reduced functional connectivity between the R FFA
and bilateral visual and posterior parietal (PPC) cortices, the L temporoparietal junction
(TPJ), L lateral prefrontal (IPFC) and orbitofrontal (OFC) cortices, and unexpectedly the R
somatosensory and motor cortices. Participants with autism also displayed reduced
functional connectivity between L FFA and a smaller set of regions, including bilateral
visual cortex, L medial parietal cortex, PPC, and OFC.

Recognition: During recognition, a pattern of results emerged that was similar to, but less
robust than diagnosis differences during encoding. The autism group exhibited reduced
connectivity between the R FFA and bilateral visual cortex, L PPC, and the L TPJ.
Additionally, participants with autism displayed reduced functional connectivity between the
L FFA and bilateral visual cortex, R medial parietal and L PPC, L somatosensory cortex, and
R dorsal posterior insula.
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Category-specific diagnosis differences (diagnosis by category

interaction): Connectivity between the FFA and frontal and temporal extended-face
processing, and frontal cognitive control regions exhibited diagnosis group differences
depending on the object category (Table 2, Figure 2, Supplementary Figure 2). Generally,
significant diagnosis by category interactions reflected reduced connectivity in the autism
group, relative to the TD group, for faces, but not cars.

Encoding: Underconnectivity between the R FFA and bilateral medial PFC (mPFC), and
ACC was category specific in autism. Follow-up analyses (See Table 2) comparing diagnosis
groups in each category separately revealed that R FFA connectivity with the mPFC was
reduced for faces, but not cars, in the autism group when compared to the TD group. No
diagnosis by category differences emerged for L FFA connectivity.

Recognition: Diagnosis groups differed depending on category for connectivity between the
R FFA and R visual cortex, R TPJ, L somatosensory cortex extending to the L IPFC, and L
anterior superior temporal gyrus. Follow-up analyses (See Table 2) revealed that
connectivity was reduced in the autism group, relative to the TD group, for faces, but not
cars, for all clusters except the R TPJ. Though R FFA—R TPJ connectivity was
quantitatively less for faces in the autism group, compared to the TD group, these
differences did not reach statistical significance.

Additionally, diagnosis groups differed depending on category for connectivity between the
L FFA and L rostral IPFC, and L dorsal IPFC. Follow up analyses (See Table 2) revealed that
L FFA—L rostral IPFC connectivity was reduced in the autism group, relative to the TD
group, for faces, but not cars. L FFA—L dorsal IPFC connectivity in the autism group was
marginally reduced for faces, relative to the TD group, but significantly greater for cars.

Age-related change differences between diagnosis groups

Overall age-related differences (diagnosis by age interaction): Age-related changes in
connectivity between the FFA and subcortical extended face-processing and cognitive
control regions, and cortical visual regions differed between diagnosis groups for both face
and car recognition (Table 3, Figure 3, Supplementary Figure 3). The TD group exhibited
decreasing connectivity with age, whereas the group with autism exhibited increases or
quadratic changes with age.

Encoding: Age-related changes differed between diagnosis groups in connectivity between
the R FFA and L motor cortex. However, no regions displaying a diagnosis by age group
interactions were evident for L FFA connectivity.

Recognition: No regions displayed diagnosis by age group interaction for R FFA
connectivity. However, diagnosis groups differed in age-related changes for connectivity
between the L FFA and R visual cortex, R dorsal striatum (caudate nucleus and putamen)
extending to the R amygdala, and L amygdala extending to the L dorsal striatum (putamen).

Category-specific age-related differences (diagnosis by age by category
interactions): Diagnosis groups displayed different age-related changes, depending on the
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object category, for connectivity between the FFA and cortical visual, frontal and temporal
extended face-processing, and subcortical sensory and cognitive control regions (Table 3,
Figure 3, Figure 4). As hypothesized, most age-related change differences were face-
specific. However, unexpectedly, some regions also showed age-related change differences
to car stimuli.

Encoding: Age-related change differences between diagnosis groups depended on category
for connectivity between the R FFA and L visual and medial parietal cortices, and L TPJ.
Follow-up analyses (See Table 3) revealed that R FFA—L visual and medial parietal cortex
connectivity showed marginally different age-related changes in the autism group, relative to
the TD group, for cars, but not faces. Similarly, R FFA—L TPJ connectivity changed
differently with age in the autism group, relative to the TD group, for cars, but not faces. No
regions exhibited age-related change differences depending on category for L FFA.

Recognition: Diagnosis groups displayed different age-related changes depending on the
object category for connectivity between the R FFA and bilateral thalamus extending to the
dorsal striatum, R putamen (dorsal striatum) extending to the R anterior insula, L dorsal
ACC (dACC) extending to the bilateral pre-supplementary motor area (preSMA), and R
TPJ. Follow-up analyses (See Table 3) for all significant regions revealed that connectivity
for faces, but not cars, changed with age differently in the autism group, relative to the TD

group.

Similarly, age-related changes differed between diagnosis groups depending on the object
category for connectivity between the L FFA and R dorsal striatum (putamen) extending to
the R insula. Follow-up analyses (See Table 3) revealed that L FFA—R dorsal striatum
connectivity changed with age differently for both faces and cars in the autism group,
relative to the TD group. However, these changes were not the same across faces and cars: L
FFA—R dorsal striatum connectivity decreased with age with age in the TD group, but
increased with age in the autism group during face recognition, while connectivity increased
from childhood to adolescences and decreased from adolescences to adulthood in the TD
group, but decrease with age overall in the autism group during car recognition.

Discussion

Here we provided unique insight into the developmental plateau of face recognition in
autism by examining functional connectivity between the FFA, a core face-processing
region, and the rest of the brain. Consistent with previous work, we found that face
recognition performance improves with age typically, but not in autism, which may result in
greater face recognition deficits in adults with autism (O’Hearn et al., 2010). In addition,
FFA connectivity differed between TD and autism groups for a distributed set of extended
face-processing regions, as well as domain-general regions. More specifically, FFA
underconnectivity in autism was evident independent of age, sometimes for faces only, with
frontal extended face-processing and domain-general regions, as well as primary visual
regions. Age-related differences between TD and autism groups were found for FFA
connectivity with temporoparietal and subcortical extended-face processing regions, as well
as subcortical cognitive control regions. Generally, in regions exhibiting age-related
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connectivity differences, decreases with age were found in the TD group, while increases
with age were found in autism. In most, but not all regions, these effects were specific to
face stimuli.

Connectivity with the extended face-processing network

Frontal regions—Connectivity was reduced in autism between the FFA and frontal
regions included in the extended face-processing network (Frith & Frith, 2007; Haxby et al.,
2000, 2002). More specifically, independent of age, bilateral FFA connectivity with the
IOFC displayed underconnectivity in the autism group, relative to the TD group, for both
face and car encoding, and R FFA connectivity with the mPFC/ACC displayed
underconnectivity in the autism group, relative to the TD group for face encoding only.
Underconnectivity with the mPFC may reflect specific social deficits such as thinking about
others’ attributes when viewing a face (Amodio & Frith, 2006; Frith & Frith, 2006; Schurz,
Radua, Aichhorn, Richlan, & Perner, 2014), and therefore be specific to R FFA connectivity
and face stimuli. Moreover, reduced FFA—mPFC connectivity specifically during the
encoding, but not recognition, condition suggests that integration of information from
temporal and occipital regions that are necessary for object representation (Haxby et al.,
1991, 1994; Hillebrandt et al., 2013) may be atypical, leading to an overall less reliable
representation in autism. Overall, these data provide further support for reduced long-range
corticocortical functional connectivity in autism (Belmonte et al., 2004; Khan et al., 2013),
that may be critical for object recognition, especially faces.

Temporoparietal regions—In autism, connectivity between the FFA and both the R and
L TPJ, which are included in extended face-processing network, was reduced relative to TD
individuals. More specifically, while connectivity between the R FFA and L TPJ was
reduced in autism independent of age for both face and car encoding and recognition,
connectivity between the R FFA and the R TPJ exhibited atypical age-related changes in the
autism group relative to the TD group for face recognition on/y. We found that FFA—R TPJ
connectivity is reduced in older children with autism (p<0.05), but not adolescents or adults
with autism (a// p’s>0.3), during face recognition. It is possible that these disruptions in FFA
—TPJ connectivity may reflect abnormal attention allocation and control, with the FFA—R
TPJ connectivity development more protracted and face specific, and FFA—L TPJ
connectivity more general across age and object processing. Indeed, visual attention is often
atypical in individuals with autism (Amso, Haas, Tenenbaum, Markant, & Sheinkopf, 2014;
Keehn, Miller, & Townsend, 2013). And interestingly, even when performance on simple
attention tasks is typical in those with autism, functional connectivity between attention and
cognitive control, and visual processing networks appears atypical (Fitzgerald et al., 2014),
highlighting a neurobiological basis of face processing deficits in autism. Given that atypical
age-related changes in connectivity between the R FFA and R TPJ were evident in autism
during face recognition only, provides further support for the notion that attention to faces
develops differently in autism.

Evidence also suggests the TPJ is important for determining stimulus relevance (i.e.,
importance to the task at hand) and selecting appropriate behavioral responses (Han &
Marois, 2014). This view of TPJ is consistent with our results of atypical R FFA—R TPJ
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connectivity during 7face recognition trials when participants were asked to identify the target
face from among two distractors. Thus, atypical development of attention and relevance
detection in autism may contribute at least partially to the plateau in the development of face
recognition in autism, from adolescence into adulthood

Our findings also highlight the importance of considering age when assessing connectivity
in autism. For example, had we not considered age, we may have found that FFA—R TPJ
connectivity is reduced during face recognition. Thus, fully considering the developmental
trajectory of functional connectivity in autism is necessary in order to fully characterize the
nature of this disorder and its implications.

Subcortical regions: Amygdala—Connectivity between the L FFA and bilateral
amygdala exhibited atypical age-related changes for both face and car recognition.
Specifically, we found underconnectivity between the L FFA and bilateral amygdala in
adolescents with autism, consistent with previous research examining social cognition using
vignettes in adolescents with autism (Weisberg et al., 2014). Furthermore, we also found
overconnectivity in autism by adulthood, unlike previous studies examining social cognition
that found underconnectivity in adults with autism (Kleinhans et al., 2008; Weisberg et al.,
2014). Differences between our results and previous studies reporting reduced functional
connectivity between the FFA and amygdala in adults with autism are likely to reflect a
number of study differences. First, we found differences in L FFA connectivity while other
studies only reported differences in R FFA functional connectivity (Kleinhans et al., 2008).
Second, we considered age as a factor while other studies combined both adolescents and
adults into one group and do not consider age as a factor (Kleinhans et al., 2008, 2015;
Weisberg et al., 2014). Third, we did not limit our analysis to face-specific connectivity
(Kleinhans et al., 2008) and included non-social stimuli (e.g., cars). Our results show that L
FFA—amygdala connectivity does not decrease with age in individuals with autism, as it
does in TD individuals, but may follow a different developmental trajectory, regardless of
object category. Similar to the TPJ (Han & Marois, 2014), the amygdala is also involved in
the detection of relevant stimuli, which increases visual processing for such a stimulus at the
cortical level (Sander, Grafman, & Zalla, 2003; Zalla & Sperduti, 2013). Thus, we speculate
that atypical FFA—amygdala connectivity in individuals with autism may underlie deficits
in detecting relevant target features for both social and non-social categories. Behavioral
studies have sown that recognition deficits exist across object categories in autism and may
emerge in adolescences, although these effects are more robust face recognition deficits
(Berhmann et al., 2006; Blair, Frith, Smith, Abell, & Cipolotti, 2002; O’Hearn et al., 2014).
Future work should explore the causal relationship between cortico-amygdala connectivity
and the detection of relevant or salient stimuli and how these connections may be altered in
autism, affecting social processing specifically or object processing generally.

Connectivity with domain-general regions

Frontal regions—We also found reduced connectivity between the FFA and frontal
regions not included in the extended face-processing network. This included face-specific
FFA underconnectivity and car-specific FFA overconnectivity with the rostral and dorsal
IPFC in autism, respectively, independent of age. Atypical functional connectivity between
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temporal (e.g., the FFA) and frontal regions (e.g., the IPFC) is consistent with previous
studies, although these studies were specific to social cognition, including emotion
recognition (Wicker et al., 2008), face working memory (Koshino et al., 2008), and theory of
mind (ToM; Kana, Libero, Hu, Deshpande, & Colburn, 2014).

Our findings suggest that atypical connectivity may be domain general in autism and future
studies should also include non-social stimuli to better characterize the nature of these
differences. Furthermore, as lateral frontal regions are important for cognitive control and
working memory (Cole & Schneider, 2007) it is possible that atypical connectivity between
ventral object processing regions, such as the FFA, and working memory areas impact object
recognition in autism.

Visual cortex—One of our most striking results was reduced bilateral FFA connectivity
with the visual cortex in autism for both face and car encoding and recognition, independent
of age, and reduced R FFA connectivity with the visual cortex for face recognition only.
Previous studies suggest that individuals with autism exhibit enhanced or more local,
compared to global, perceptual processing of objects (Hubl et al., 2003; Samson, Mottron,
Souliéres, & Zeffiro, 2012). Other studies suggest that adults with autism exhibit reduced
functional temporal-occipital connectivity (Kana, Keller, Cherkassky, Minshew, & Just,
2009; Sato, Toichi, Uono, & Kochiyama, 2012; Wicker et al., 2008) during social cognition
tasks, and these visual processing differences in autism may contribute to disrupted face
processing/recognition (Samson et al., 2012). General underconnectivity, independent of
age, between the FFA and the visual cortex suggests that abnormalities in perceptual systems
underling object encoding may contribute to recognition deficits in autism, especially faces
(Greimel et al., 2012; Solomon, McCauley, losif, Carter, & Ragland, 2016). It is also
possible that perceptual complexity, or the added social component of faces, impairs
recognition abilities more than cars in individuals with autism, despite similar connectivity
profiles for face and car encoding. Atypical changes in face-specific connectivity in the
ventral stream during recognition, over development, may also contribute to atypical social
cognitive development in autism.

Subcortical regions: Dorsal striatum—We also found age-related differences in
connectivity between FFA and subcortical regions not included in the extended face-
processing network. Specifically, FFA connectivity with the R caudate nucleus, extending to
the R putamen, exhibited age-related changes that differed between autism and TD groups
during recognition, for both faces and cars. Additionally, R FFA connectivity with a small
cluster within the R putamen exhibited atypical age-related changes in autism during face
recognition only, with connectivity decreasing with age in the TD group, but increasing with
age in the autism group. This atypical connectivity between the FFA and dorsal striatal
regions is consistent with our previous work using resting-state fMRI, where we found that
connectivity between the fusiform gyrus and bilateral dorsal striatum demonstrated atypical
age-related change between childhood and adulthood in autism (Padmanabhan et al., 2013),
with a decrease with age in the TD group, and an increase with age in the autism group.
Here, we also find greater L FFA—R dorsal striatum connectivity in children with autism
during car recognition, but reduced connectivity during face recognition. Thus, differences
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in striatal connectivity in autism may be task- or stimulus-specific. These discrepancies also
call for future studies to directly compare task-dependent and resting-state corticostriatal
connectivity across development in autism.

Limitations and future directions

Given the novelty of our study, future research is necessary to address a number of
limitations. First, longitudinal data analyses are necessary to more accurately characterize
the development of functional connectivity in both TD and autism. In addition, small sample
sizes within each age group limit our ability to fully characterize the nature of
developmental change in functional connectivity during face and car recognition. While we
think that the face recognition developmental trajectory is neither continuous nor linear,
future studies with larger age groups are needed to confirm our associated connectivity
findings. In addition, our results reflect the particular FFA region we identified based on an
independent meta-analysis of mostly neurotypical adults; results may vary depending on the
specific FFA seed region used. For example, since the FFA increases in size with age
(Golarai et al., 2007, 2010; Haist et al., 2013), the average beta-series may include voxels
that are not face-specific in older children and adolescents, but that are face-specific in
adults. This suggests a face localizer to determine each subject’s FFA might be helpful,
although it adds more variability to the study. Additionally, further research is necessary to
determine if the results presented in this study are limited to working and/or short-term
memory, or if long-term memory for faces is also affected. Finally, research should also
examine how both face recognition, and the activity in the face-processing network, is
modulated during different attentional strategies (i.e., looking to eyes, nose, etc.) across
development.

Conclusions

Face recognition impairments in autism, especially those that increase between adolescents
and adulthood, may be related to atypical connectivity between the FFA and a distributed set
of extended face-processing and domain-general brain regions. Together our findings
suggest that overall underconnectivity accompanied by atypical development of connectivity
is associated with increasing face recognition deficits between adolescents and adulthood in
autism. Specifically, atypical cortico-subcortical and temporoparietal connectivity
development may be important contributors to atypical face recognition development autism.
Underconnectivity and atypical development of connectivity may lead to a less optimal face-
processing brain network in the context of increasing general cognitive and social cognitive
deficits that are characteristic of autism. Further, social cognitive deficits may manifest due
to a combination of deficits in perceptual processing, attention allocation, relevance
detection, and cognitive control. These results also identify the adolescent period as one of
dynamic developmental change in autism that may reflect a unique period of plasticity that
can inform treatment strategies.
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Research highlights

Overall, functional connectivity between the FFA and frontal and visual
cortices was reduced independent of age for face, but not car, recognition in
autism compared to typically developing (TD) individuals.

Connectivity between the FFA and L orbitofrontal cortex was reduced in
individuals with autism, relative to TD individuals, for both face and car
recognition.

Atypical age-related changes in autism, relative to TD individuals, were
evident in connectivity between the FFA and both domain-general subcortical
regions and temporoparietal regions included in the extended face-processing
network. In most cases, connectivity decreased with age in TD individuals,
but increased with age in individuals with autism.

FFA—amygdala connectivity also exhibited atypical age-related changes in
those with autism, relative to TD individuals, during both face and car
recognition.
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Fig 1.

thavioral performance. Face recognition performance increased across age groups in TD,
but not autism, and only differed between diagnosis groups in adults. Car recognition
performance was better in the TD group, but age-related changes were not different between
diagnosis groups. Dark grey bars represent the TD group, light grey bars represent the
autism group. Error bars represent standard error of the mean. ***p=0.001
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Encoding Recognition
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Fig 2.

Connectivity: Diagnosis group differences. Top: R FFA Connectivity. Bottom: L FFA
Connectivity. Left: Encoding. Right: Encoding. Red represents a diagnosis main effect.
Purple represents diagnosis by category interaction. In all regions showing a diagnosis main
effect, connectivity was reduced in the group with autism, compared to the TD group. Black
arrows highlight regions showing underconnectivity specific to face stimuli.
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Fig 3.

annectivity: Age-related change differences between diagnosis groups during recognition.
Top: R FFA Connectivity. Bottom: L FFA Connectivity. Left: Cortical. Right: Subcortical.
Blue represents a diagnosis by age interaction. Yellow represents diagnosis by age by
category interaction. Black arrows highlight regions showing a diagnosis by age interaction
specific to face stimuli.
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Graphs: Category-specific age-related change differences between diagnosis groups. A.
Category-specific age-related change differences in R FFA connectivity during encoding. B.
Category-specific age-related change differences in R and L FFA connectivity during
recognition. Generally, age-related change differences between diagnosis groups were
evident for face recognition. Dark grey bars represent the TD group, light grey bars
represent the autism group. R, right; L, left; Ch, children; Ad, adolescents; Adu, adults; TPJ,
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temporoparietal junction; ACC, anterior cingulate cortex. *significant category-specific age-
related change differences
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