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Abstract
Background—Socio-communicative impairments are salient features of autism spectrum
disorder (ASD). Abnormal development of posterior superior temporal sulcus (pSTS), a key
processing area for language, biological motion, and social context, may play a role in these
deficits.

Methods—Functional connectivity MRI (fcMRI) was used to examine the synchronization of
low frequency BOLD fluctuations during continuous performance on a visual search task.
Twenty-one children and adolescents with ASD and 26 typically developing (TD) individuals,
matched on age, sex, and IQ, participated in the study. Three subregions of pSTS were delineated
with a data-driven approach, and differentiation of pSTS was examined by comparing the
connectivity of each subregion.

Results—In TD individuals, differentiation of networks was positively associated with age and
anatomical maturation (cortical thinning in pSTS, greater white matter volume). In the ASD
group, differentiation of pSTS connectivity was significantly reduced and correlations with
anatomical measures were weak or absent. Moreover, pSTS differentiation was inversely
correlated with autism symptom severity.

Conclusions—Atypical maturation of pSTS suggests altered trajectories for functional
segregation and integration of networks in ASD, potentially related to impaired cognitive and
sensorimotor development. Furthermore, our findings provide a novel explanation for atypically
increased connectivity in ASD observed in some fcMRI studies.
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Introduction
In the past decade, the neurobiology of autism spectrum disorder (ASD) has come to be
characterized with respect to abnormal neural connectivity and altered neurodevelopmental
trajectories (1). For the detection of functional networks, many ASD studies have applied
functional connectivity MRI (fcMRI) to assess temporal correlations of the blood oxygen
level-dependent (BOLD) signal. FcMRI can either focus predominantly on task-evoked
BOLD effects or on spontaneous BOLD fluctuations. In task-related fcMRI studies,
functional connectivity describes the synchronization of task-driven activation effects
between areas recruited for task performance. Spontaneous fluctuations, on the other hand,
have most often been studied in a task-free, resting-state condition.

Synchronized spontaneous BOLD fluctuations during rest were first observed by Biswal and
colleagues (2) in the motor system. Such “resting-state networks” may be more aptly called
intrinsic connectivity networks (ICNs), as a large repertoire of connectivity patterns
subserving domain-general and some domain-specific processes can be extracted from
resting BOLD signals (3, 4). Slow spontaneous fluctuations of ICNs have been observed
during sleep (5) and anesthesia (6), indicating that they exist separately from stimulus-
dependent cognition. Notably, ICNs are simultaneously present during task performance and
may equal task-evoked BOLD responses in amplitude (7). Low frequency BOLD (LF-
BOLD) synchronizations are also strongly associated with anatomical connectivity (8, 9),
although they are not constrained to monosynaptic relationships and connectivity may be
modified with persistent use (10–13). Spontaneous fluctuations could therefore be a distinct
neurobiological mechanism that reflects frequent and long-standing Hebbian co-activation,
which supports the fundamental functional significance of LF-BOLD synchronizations (14).
Task-driven fcMRI studies in ASD have generally found reduced coordination between
areas of activation involving higher-order processing (15–19). Other fcMRI studies
examining whole-brain effects have uncovered regions of partially enhanced functional
connectivity in ASD (20–24).

One brain region reported as abnormal in ASD is the posterior superior temporal sulcus
(pSTS). Situated at the temporo-parietal junction, pSTS receives polymodal input and
subserves integrative functions that rely on convergent sensory processes (25). The STS in
general participates in networks involved in socio-communicative processes such as
language, biological motion, and intention understanding (26), which may be impaired in
ASD (27–30). Abnormalities of the STS in ASD have been observed in anatomical studies
(31–34) and have been indicated by reduced activation for socio-communicative tasks in
PET (35) and fMRI studies (36). In addition, fMRI studies have detected abnormally
enhanced activation in STS for tasks that do not activate STS in TD individuals (17, 28).
Such atypical involvement across tasks may suggest abnormal recruitment of neurons in
STS and reduced functional specificity. Task-evoked fcMRI studies have revealed reduced
synchronization between pSTS and other regions, such as medial prefrontal cortex for theory
of mind processing (17) and fusiform gyrus for face processing in ASD (18). One rs-fcMRI
study examining LF-BOLD fluctuations in default mode network areas in ASD found
greater intrinsic connectivity between posterior cingulate cortex and middle STS that
positively correlated with autism symptom severity scores (37). However, no neuroimaging
study in ASD has specifically investigated LF-BOLD fluctuations in pSTS.
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Although low frequency fcMRI studies typically examine ICNs at rest, individual and
systematic differences in intrinsic connectivity have been attributed to differences in
cognitive states and spontaneous thoughts (10, 38–40), which may present serious
confounds in participants with ASD. Several studies have indeed observed differences in
mentation between ASD and TD individuals (41–44). As an alternative approach, fMRI data
acquired during task engagement are suitable for the study of intrinsic connectivity, since
network-specific, LF-BOLD signals can be computationally separated from modeled task-
evoked BOLD responses (7, 45, 46). However, residual effects of task may still remain in
the time series; therefore, the approach of examining LF-BOLD fluctuations from task-
related data may be more comparable to low frequency steady-state fcMRI (ss-fcMRI) (47).
In contrast to resting-state, ss-fcMRI attempts to control for inter- and intra-individual
variations in spontaneous thought processes through continuous task performance, thus
offering an alternative to examining ICNs when systematic differences in mentation between
groups cannot be ruled out.

In typical development, the shaping of synaptic connectivity patterns through experience-
based selective pruning and stabilization results in the emergence of distinctly organized
functional networks, associated with domain-specific learning and functional efficiency
(48). On the local level, this maturational process is accompanied by increasing functional
differentiation (49). Although the sculpting of connectivity patterns and the emergence of
local functional specialization are often examined separately, they are more adequately
understood as two aspects of the same developmental process of network constitution. Any
local cortical site thus achieves functional specialization through its unique afferent and
efferent connectivity patterns (50, 51). While this view of typical brain development is
generally accepted, surprisingly little experimental evidence is available addressing potential
disturbances of these basic developmental mechanisms in ASD.

Using ss-fcMRI to examine LF-BOLD fluctuations, we identified three functional
subdivisions in pSTS with a data-driven approach and investigated their individual patterns
of connectivity. Based on fMRI findings of atypical activation in pSTS, we hypothesized
diminished functional differentiation within the pSTS region in ASD, accompanied by
reduced segregation of networks and increased connectivity with regions outside of typical
networks. Further, we expected that in the TD brain, anatomical maturation would be
associated with increases in functional differentiation within pSTS, whereas the links
between the developmental trajectories of structure and function would be disturbed in ASD.

Methods and Materials
Participants

Twenty-one high-functioning children and adolescents with ASD and 26 TD participants,
matched on age, verbal IQ, and nonverbal IQ, were included (Table 1). IQ was assessed
using the Wechsler Abbreviated Scale of Intelligence (WASI; 52) and hand preference using
the Edinburgh Handedness Inventory (53). Informed consent was collected from all
participants in accordance with the Institutional Review Boards of University of California,
San Diego, and San Diego State University. Diagnosis of ASD was established using
Autism Diagnostic Interview-Revised (ADI-R; 54), Autism Diagnostic Observation
Schedule (ADOS; 55), and expert clinical opinion. Children with autism-related medical
conditions (e.g. Fragile-X, tuberous sclerosis, epilepsy) were excluded. Participants in the
TD group had no reported personal or family history of autism, autism-related symptoms, or
any other neurological or psychiatric conditions.
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MRI Acquisition
Imaging data were acquired on a GE 3T HD Signa Excite scanner with an 8-channel head
coil. High-resolution structural images were acquired with a standard FSPGR T1-weighted
sequence (TR: 11.08-ms; TE: 4.3-ms; flip angle: 45°; field of view [FOV]: 256-mm;
256×256 matrix; 172 slices; 1-mm3 resolution). Functional T2*-weighted images were
obtained using a single-shot gradient-recalled, echo-planar pulse sequence. Four 5:20 minute
runs were acquired, each including 128 volumes of 39 or 40 interleaved 3.2-mm axial slices
(TR: 2.5-s; TE: 30-ms; flip angle: 90°; FOV: 220-mm; 64×64 matrix; 3.4 mm2 in-plane
resolution).

Data Preprocessing
Functional images were processed using the Analysis of Functional NeuroImages software
(AFNI; 56). The first four time points of each run were discarded and slice-time correction
was performed. Due to the potential sensitivity of our analysis to effects of head motion,
several precautions were taken. 1) To reduce interpolation-related blurring, motion
correction of functional images and co-registration to the anatomical image were performed
in one combined transformation matrix. 2) Data were spatially smoothed to a global full-
width-at-half-maximum (FWHM) of 5-mm using AFNI’s 3dBlurtoFWHM, which
incrementally smooth and estimates the FWHM value at each step. 3) Six rigid-body motion
parameters were modeled as nuisance variables and removed with regression. 4) Time points
with excessive motion, estimated as the magnitude of displacement from one time point to
the next (Equation S1), were censored. 5) Each participant’s total motion over the entire
session was quantified as the root mean square of displacement (Equation S2). Total motion
was not significantly different between groups (p > .05). Nonetheless, comprehensive post
hoc analyses of head motion were performed to confirm the effects observed in the present
study (see Supplement).

We examined LF-BOLD fluctuations from fMRI data acquired during continuous
performance on a visual search task, presented in an event-related design. There were
generally no significant group differences in performance (see Supplement). To isolate the
LF-BOLD signal, we applied a band-pass filter (.008<f<.08-Hz) (57) and modeled
orthogonal task regressors (46, 58–60). Specifically, to model stimulus-evoked BOLD
effects as accurately as possible for removal, we estimated variable-shape (rather than fixed-
shape) response functions for each trial-type by interpolating seven cubic spline basis
functions over 15 seconds.

Linear effects attributable to scanner drift, the mean BOLD signal time series in white
matter, and six motion parameters were included in the general linear model. The mean
white matter signal was extracted with a binary mask, derived from Freesurfer’s automated
segmentation output (excluding the cerebellum) and shrunk by 3 voxels in all directions
(61). All participants had at least 180 remaining time points (corresponding to 7.5 minutes),
which is sufficient to produce reliable ICNs (62). There were no differences between groups
(p > .05). For group analysis, images were standardized to the N27 Talairach template (63).
Intensity normalization was performed on each run.

Identification of Subdivisions in PSTS
A flow chart of the entire process for investigating pSTS subregions is available as Figure
S1 in the Supplement. Anatomical images were processed and labeled by Freesurfer’s
automated segmentation and cortical parcellation algorithm version 4.5.0 (61). The superior
and inferior banks of the STS, parcellated by Freesurfer according to the Desikan-Killiany
cortical atlas (64), were selected in each hemisphere in native anatomical space as our pSTS
region-of-interest (ROI). We further performed a connectivity-based parcellation of pSTS,
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which identified three functional subdivisions (Figure S2 in the Supplement). A data-driven
procedure was applied, as functional parcellation of pSTS in the developing brain is not well
understood (for details on methods, see Supplement).

Functional Connectivity of PSTS Subregions
Conjunction Analysis of Whole-Brain FcMRI Effects—At the individual-subject
level, we obtained the intrinsic connectivity maps of each pSTS subregion by correlating its
average time series with every voxel in the brain. Fisher’s r-to-z' transformations were
applied and one-sample t-tests were performed to construct group-wise connectivity maps
for each seed. For qualitatively visualizing within-group ICNs, the maps were uniformly
thresholded across all six seeds and included a minimum cluster size of 10 neighboring
voxels. Different thresholds for the TD (p < 1×10−8) and ASD (p < 6.5×10−5) groups were
chosen so that the average number of voxels showing connectivity with rostral- and caudal-
pSTS were approximately equal, as those seeds were derived from the same principle
component (Figure S2 in the Supplement). Between-group comparisons of whole-brain
effects were performed with two-sample independent t-tests for each pSTS seed separately.
Group differences in connectivity were protected against false positives with Monte-Carlo
simulations (65). All six pSTS connectivity maps were binarized and combined to examine
conjunction effects.

Connectional Fingerprints—We constructed fingerprints (51) by depicting a
subregion’s strength of connectivity with all regions that showed significant connectivity
with any of the three pSTS subregions. A 600-µl sphere was placed at coordinates centered
on peak connectivity (t > 10) across all fcMRI effects in the TD group (Table 2 and Tables
S5-S10 in the Supplement).

Functional Brain Development
Differentiation of Intrinsic Network Connectivity—In functional brain development,
connectional specificity increases as neurons become more specialized to respond to a
smaller range of sensory stimuli or cognitive tasks (49). High consistency among the BOLD
responses across a large cortical expanse would suggest an immature pattern of connectivity.
To examine pSTS within each individual, a differentiation index (DI) was devised as a
coarse measure to describe the segregation of intrinsic networks subserved by a region. DI
values can range from 0, similarly connected, to 1, distinctly segregated, and is calculated by

(1)

which incorporates a commonly used measure of internal consistency, Cronbach’s alpha
(66). Alpha is given by

(2)

where i,j = {1, …, k}, k is the number of ROIs in a given anatomically defined region (i.e.,
pSTS), and r̅ij is the average correlation between all ROI pairs. Composite DIs averaged
across both hemispheres were computed separately for temporal correlations between time
courses and spatial correlations between connectivity maps, DIT and DIS, respectively. The
distribution of DI was found to be approximately normal; therefore, two-sample independent
t-tests were appropriate.

Anatomical Maturation—To compare functional and anatomical maturation, measures of
cortical thickness in pSTS and total cerebral white matter volume were obtained for each
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participant using Freesurfer’s segmentation and parcellation software (61). To avoid
potentially nonlinear effects, the two youngest participants in each group were excluded to
restrict the age range to 11–19 years.

Results
Intrinsic Connectivity Networks of PSTS

In the TD group, the conjunction analysis of fcMRI effects indicated that rostral-pSTS and
caudal-pSTS had similar patterns of connectivity, while mid-pSTS participated in a
distinctly different network (Figure 1A). The connectional fingerprints were similar between
rostral- and caudal-pSTS and between homotopic seeds in contralateral regions (Figure 2).
In the ASD group, extensive three-way conjunction effects indicated greater degrees of
overlap among the networks subserved by pSTS (darkest clusters in Figure 1B). On direct-
group comparisons of fcMRI effects, significantly greater connectivity in the ASD group
compared to the TD group with regions belonging to adjacent pSTS networks suggests that
each subregion was functionally less distinct from its neighbor (Figure 1C). No inverse
effects (TD > ASD) were detected after correcting for multiple comparisons. Effects for
each seed are presented in Tables S5-S10 in the Supplement. Since one study (60) suggested
an effect of global signal regression (GSR) on fcMRI group differences, we performed an
identical between-group analysis including GSR, which produced similar results (Figure S3
in the Supplement).

Differentiation of PSTS Connectivity with Age
Temporal and spatial differentiation indices (DI) comparing the connectivity of pSTS
subregions were computed for each individual. Differentiation was overall decreased in
ASD relative to TD participants [DIT: t(45) = 2.43, p = .019; DIS: t(45) = 2.45, p = .018]. As
expected given increasing functional differentiation in neurotypical development, we
observed positive correlations of age with both DIT [r(24) = 0.60, p = .001] and DIS[r(24) =
0.60, p = .001] in the TD group (Figure S4 in the Supplement). In the ASD group,
correlation with age was marginally significant for DIT [r(19) = 0.45, p = .040], but not for
DIS [r(19) = 0.39, p = .085]. The difference in slopes for the TD and ASD groups was
nonsignificant [z(45) = 0.86, p = .19]. DI was not associated with IQ in either group. In
ASD, abnormal responses in pSTS have been associated with impaired socio-
communicative functions; therefore, Spearman’s rank correlations between DI and symptom
severity were performed. Greater ADOS combined communication and social scores were
significantly associated with reduced DIT [ρ(18) = −0.59, p = .006]; a negative relationship
with DIS trended toward significance [ρ(18) = −0.43, p = .057].

Relationship between Anatomy and Intrinsic Connectivity
We investigated the relationship of our differentiation indices with anatomical measures of
cortical thickness and total white matter volume (Table 3). We observed significant negative
correlations between cortical thicknesses in bilateral pSTS and age in the TD group.
Increasing differentiation was associated with cortical thinning in pSTS and greater cerebral
white matter volume (Figure S4 in the Supplement). The relationship was strongest for
spatial differentiation, which supports the notion that functional brain development involves
myelination of large-scale networks throughout childhood and adolescence. In the ASD
group, we did not observe any significant correlations between our measures for anatomical
and functional maturation. We observed, however, a positive relationship between the
cortical thickness of right pSTS and ADOS social reciprocity scores [r(16) = 0.64, p = .004]
(Figure 3). No significant differences between groups were detected in cortical thickness and
white matter volume.
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Discussion
Using ss-fcMRI, we assessed functional differentiation in pSTS by examining low
frequency BOLD (LF-BOLD) fluctuations in TD children and adolescents and those with
ASD. Three subdivisions (caudal-, mid-, and rostral-pSTS) in each hemisphere were
delineated with a data-driven approach, producing six connectional fingerprints with unique
topographical characteristics. Comparable fingerprints were seen in the ASD group,
although the patterns of connectivity were more diffuse, involving atypical LF-BOLD
synchronizations with areas outside of the networks identified for TD participants. In a
conjunction analysis combining the fcMRI effect maps of all pSTS seeds, we observed
extensively overlapping patterns in the ASD group. Direct group comparisons of functional
connectivity maps indicated many areas of increased connectivity in ASD, whereas no
inverse effects (TD > ASD) were found. This finding may appear unexpected given
numerous previous studies reporting underconnectivity (15–19); however methodological
differences, especially the focus on intrinsic BOLD fluctuations in the present study may
explain inconsistencies (as discussed in; 67). In general, significantly greater correlations in
the ASD group appeared in areas where atypical, between-seed overlap of connectivity was
observed in the within-group maps (dark clusters in Figure 1B).

Such overlapping patterns of connectivity suggest impaired functional network
differentiation in ASD. We therefore investigated age-dependent correlates of pSTS
differentiation and anatomical maturation. The emergence of distinct ICNs may directly
relate to functional maturation of connections. We observed significantly lower
differentiation of pSTS in participants with ASD. Further, positive associations between
differentiation and age were significant in the TD group for both spatial and temporal
differentiation, whereas they were marginal to nonsignificant in the ASD group. However,
the relationship between age and DI was not significantly different between groups, which
may be related to the relatively high functional level of our ASD participants compared to
the overall ASD population. Interestingly, inverse relationships between differentiation of
pSTS connectivity and autism symptom severity were observed. Correlations were also
found between DI and anatomical measures in TD children and adolescents, which were
absent in the ASD group. However, cortical thickness of right pSTS positively correlated
with ADOS social reciprocity scores, which is consistent with results from Hadjikhani et al.
(68) and may reflect impaired regressive mechanisms of cortical development in a region
considered crucial for socio-emotional processing (27).

The current evidence suggests that the synchronization of spontaneous BOLD fluctuations
may have widespread implications in functional brain development. Consistent with this
hypothesis, rs-fcMRI studies have provided support for a model of brain development
involving functional segregation of local connections and strengthened integration between
distant regions of maturing large-scale networks (69–72). Thus, the differentiation of
networks subserved by pSTS may be a developmental processes occurring through late
childhood and adolescence that is intimately related to functional maturation and
specialization. One mechanism for functional specialization involves tuning of neurons to
activate selectively for a specific set of stimuli (73). Analogously, since LF-BOLD
synchronization may reflect mechanisms of learning and network development possibly
related to Hebbian plasticity (74), increasing specialization via sharpening of neural
responses would be associated with more specific and distinct connections between
functionally interacting regions.

Reduced connectional specificity in pSTS indicates that the region may be less functionally
specialized in ASD. Impaired differentiation of pSTS networks could be reflected in reports
of atypically enhanced BOLD responses in STS/pSTS in ASD for nonsocial tasks (17, 28,

Shih et al. Page 7

Biol Psychiatry. Author manuscript; available in PMC 2012 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



43, 44), in addition to findings of reduced STS activation for socio-emotional tasks (18, 36).
In the neurotypical brain, pSTS is involved in the processing of language, theory-of-mind,
biological motion, faces, gaze perception, intention inferences, and other socio-
communicative functions (26, 75). Some of these functions may arise from activity within
distinct subregions, while others may require the interaction among subregions. Therefore, it
is of note that attributing distinctly specialized functions to the networks observed in the
present study (Figure 1) would appear overly ambitious and simplified, particularly since the
relationship between LF-BOLD networks and task-specific activation has yet to be fully
elucidated. One study employing independent component analysis to compare rs-fcMRI-
derived ICNs and BrainMap meta-data from 7,342 fMRI activation maps found overall close
correspondence between the two (3). However, some functions involved more than one
network and some networks subserved more than one function, which is expected given the
limits on localization imposed by spatial resolution in fMRI.

Although the lack of association between functional and anatomical maturation in the ASD
group in part reflect greater individual variability often observed in ASD (76) or the
existence of ASD subtypes (77), it is probably indicative of aberrant neurobiological
mechanisms underlying functional brain development (78). Reductions in pSTS gray matter
with age, particularly during late childhood through early adulthood, have been documented
by several anatomical studies in typically developing brains (79, 80). However, findings of
abnormal gray matter volume in ASD in areas such as the temporal cortices (31) suggests
that abnormal regressive and constructive mechanisms may be involved at specific points in
development.

Furthermore, deviant maturation of LF-BOLD synchronization in pSTS comes in the
context of consistent findings of early white matter overgrowth (33, 81, 82) and abnormal
trajectories in cortical development (83, 84). The theory of interactive specialization posits
that basic neural scaffoldings are set in place, but further development depends on the
ongoing interaction between neurobiological and experience-dependent mechanisms (49, 85,
86). Thus, insufficient social interaction may further hamper the emergence of networks for
socio-communicative processes in ASD. Conversely, networks supporting restricted
interests may be overdeveloped, occupying the resources of other processes that are
recruited less often. Improper input during specific periods of development may lead to
disorganized or altered cortical connectivity (87, 88). Altered developmental time courses
for functional segregation and integration of networks in ASD may thus result in subtly
altered topographical characteristics, especially in functional domains and associated regions
that are subject to sensitive or critical periods.

Our approach of using ss-fcMRI allowed us to examine intrinsic spontaneous BOLD
fluctuations, while minimizing confounds related to differences in mentation between TD
and ASD groups. The statistical removal of task-evoked effects has distinct advantages,
providing greater control in isolating intrinsic LF-BOLD fluctuations; however, these
fluctuations may subtly differ between resting and task states and subtle effects of task could
remain even after task-regression and low-pass filtering. Indeed, the relationship between
spontaneous BOLD fluctuations and task-driven BOLD synchronization is likely
intertwined, as one can influence the other (11, 89). Arguably the more critical issue, head
motion can be a potentially serious confound in fcMRI studies, since it may result in inflated
and diminished signal correlations. Although our two groups did not significantly differ in
total head motion, we nonetheless implemented several precautionary processing steps and
conducted additional analyses to examine any residual effects on our main findings, which
were found to be minimal (see Supplement).
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The current study is, to our knowledge, the first to present fcMRI results directly addressing
the issue of impaired cortical functional differentiation in ASD. Our findings of reduced
differentiation in pSTS accompanied by slowed developmental increase in differentiation
contribute novel clues to understanding the neurofunctional bases of cognitive and
behavioral impairment in ASD. Furthermore, they generate a potential explanation for
findings of increased connectivity in ASD relative to age-matched TD groups, as observed
in some fcMRI studies (20–24, 37). Reduced local functional differentiation thus appears to
be accompanied by more diffuse (less distinct) connectivity patterns, which is consistent
with the concept of specialized local function being a reflection of distinctive connectivity
(50). Increasing differentiation of network connectivity throughout childhood and
adolescence in typical development, as observed in our study, is a reflection of constructive
and regressive principles of functional and anatomical maturation (48, 90, 91). In ASD,
early maturational schedules appear disturbed, as documented by aberrations in early brain
growth, possibly resulting in disruptions of local functional differentiation and associated
sculpting of distributed specialized networks. These disruptions result in the appearance of
“immature” differentiation of connectivity patterns, as observed for pSTS in this study;
however, our use of the term immaturity does not imply any claim that the brain is expected
to ultimately reach maturity and full functional differentiation at a later age. Longitudinal
studies with a wider age range including older adults will be needed for further elucidation.
The lack of typical relationships between measures of functional and anatomical maturation
in ASD suggests that functional brain development may be partially deviant, rather than
simply delayed, with pervasive alterations in neurodevelopmental trajectories.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Seed-based connectivity maps show distinct, mid-pSTS connectivity and overlapping
rostral–caudal pSTS networks. Connectivity maps for all subregion were combined: light
blue = rostral-pSTS, red = mid-pSTS, and dark blue = caudal-pSTS. Color code also
indicated in a Venn diagram. Conjunction of whole-brain effects within the TD group (A),
within the ASD group (B), and from between-group comparisons of each seed (ASD > TD
only) (C). No significant TD > ASD effects were observed after correcting for multiple
comparisons (p < 0.05). See Tables S5-S10 in the Supplement for a full listing of significant
clusters.
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Figure 2.
Connectional fingerprints. PSTS subregions show distinct patterns of connectivity that is
relatively consistent between TD (blue) and ASD (orange) groups: rostral-pSTS (A), mid-
pSTS (B) and caudal-pSTS (C) of the left and right hemispheres. Radial distances indicate
the strength of connectivity (between specified pSTS seed and labeled region from Table 2).
There is greater similarity between rostral- and caudal-pSTS and between homotopic seeds.
Connectivity in ASD is overall more diffuse, interacting with regions belonging to networks
of other distinct subregions. L = left; R = right. Clockwise from mSFG = medial superior
frontal gyrus; MFG = middle frontal gyrus; FG = fusiform gyrus; MCing = middle cingulate
gyrus; Caud = caudate; PrC = precuneus; Pulv = pulvinar; Pal = pallidum; PrCG =
precentral gyrus; IFG (pO) = inferior frontal gyrus pars orbitalis.
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Figure 3.
Scatter plot depicts a relationship between cortical thickness of right pSTS and symptom
severity in the ASD group [r(16) = 0.64, p = 0.004].
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Table 1

Demographic and Diagnostic Information

TD ASD p

N (male) 26 21 n/a

Handedness 24 Right;
  2 Left

19 Right;
  2 Left

n/a

Age in years* 14.3 (2.9)
  8–19

14.3 (2.8)
  8–18

.92

Verbal IQ* 110.5 (13.0)
  74–133

108.2 (16.8)
  79–147

.87

Nonverbal IQ* 112.1 (12.1)
  85–129

111.8 (13.7)
  70–131

.80

Full Scale IQ* 112.6 (13.2)
  77–140

111.4 (15.5)
  73–141

.93

ADOS Algorithm Score*

   Communication n/a 3.5 (1.9)
  0–6

n/a

   Social reciprocity n/a 7.7 (2.6)
  3–13

n/a

   Repetitive n/a 1.7 (1.5)
  0–5

n/a

*
Values for age, IQ, and ADOS scores are presented as Mean (SD) and Range. Significance value, p, from independent t-tests for differences

between groups. IQ scores were missing for two individuals in the TD and ASD group. ADOS scores were not available for one individual.
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Table 2

Regions of Greatest Connectivity in pSTS Networks of the Typically Developing Group

Region of interest (Brodmann area) Peak t Talairach
coordinates

x y z

Right hemisphere regions

   Caudate Nucleus 19.6 11 5 15

   Middle Temporal Gyrus, V5/MT+ (37) 17.6 44 −62 9

   Medial Superior Frontal Gyrus (6) 16.9 8 48 36

   Middle Cingulate Cortex (31) 15.7 2 −23 45

   Precuneus (7) 15.1 2 −50 42

   Superior Frontal Gyrus (8) 13.5 26 23 51

   Middle Frontal Gyrus (8) 13.1 47 11 42

   Fusiform Gyrus (37) 13.1 29 −38 −7

Left hemisphere regions

   Precuneus (7) 19.6 −7 −53 34

   Medial Superior Frontal Gyrus (8) 15.1 −2 29 46

   Pallidum 14.4 −17 2 9

   Precentral Gyrus (6) 14.4 −47 2 39

   Middle Cingulate Cortex (24) 13.9 −5 −14 39

   Inferior Frontal Gyrus (47) 13.9 −44 23 −1

   Pulvinar 13.8 −8 −26 3

   Fusiform Gyrus (37) 13.5 −44 −56 −13

   Caudate Nucleus 13.4 −11 5 18

Peak t-value obtained from within-TD group functional connectivity maps. See Supplementary Tables S1–6 for a full listing of significant fcMRI
effects.
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Table 3

Correlations Between pSTS Differentiation and Anatomical Measures

TD ASD

Cortical thickness
Total WM

volume

Cortical thickness
Total WM

volumeLeft pSTS Right pSTS Left pSTS Right pSTS

r(22) p r(22) p r(22) p r(17) p r(17) p r(17) p

Age −0.59 .002 −0.48 .018 0.47 .020 0.01 .968 −0.26 .282 0.07 .776

DIT −0.41 .047 −0.30 .154 0.44 .031 −0.05 .839 −0.20 .412 0.02 .935

DIS −0.50 .013 −0.32 .127 0.66 .0004 0.13 .596 −0.10 .684 0.11 .654

Temporal and spatial differentiation indices, DIT and DIS respectively, were computed as coarse measures of functional maturation of pSTS

intrinsic connectivity networks. See Supplementary Figure S4 for scatter plots. WM = white matter.
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