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Abstract

Background—The cerebellum plays important roles in both sensorimotor and supramodal
cognitive functions. Cellular, volumetric, and functional abnormalities of the cerebellum have been
found in autism spectrum disorders (ASD), but no comprehensive investigation of cerebro-
cerebellar connectivity in ASD is available.

Methods—We used resting-state functional connectivity MRI in 56 children and adolescents (28
ASD, 28 typically developing [TD]) aged 8-17 years. Partial and total correlation analyses were
performed for unilateral regions of interest (ROISs), distinguished in two broad domains as
sensorimotor (premator/primary motor, somatosensory, superior temporal, occipital) and
supramodal (prefrontal, posterior parietal, and inferior and middle temporal).

Results—There were three main findings: (i) Total correlation analyses showed predominant
cerebro-cerebellar functional overconnectivity in the ASD group; (ii) partial correlation analyses
that emphasized domain-specificity (sensorimotor vs. supramodal) indicated a pattern of robustly
increased connectivity in the ASD group (compared to the TD group) for sensorimotor ROIs, but
predominantly reduced connectivity for supramodal ROIs; (iii) this atypical pattern of connectivity
was supported by significantly increased non-canonical connections (between sensorimotor
cerebral and supramodal cerebellar ROls, and vice versa) in the ASD group.
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Conclusions—Our findings indicate that sensorimotor intrinsic functional connectivity is
atypically increased in ASD, at the expense of connectivity supporting cerebellar participation in
supramodal cognition.
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Introduction

While originally considered a sensorimotor structure (1), the cerebellum has come to be
recognized more recently for its role in complex cognition, including social and emotional
functions (2-5). In autism spectrum disorder (ASD), a neurodevelopmental disorder
diagnosed based on sociocommunicative impairments and restricted and repetitive
behaviors, cerebellar anomalies have been reported for decades (e.g., 6,7). A recent
,»consensus paper’ emphasized the strong evidence of anatomical abnormalities in the
cerebellum, accompanied by findings of neuroinflammation and oxidative stress, as well as
motor and cognitive impairments indicating cerebellar involvement in ASD (8). Postmortem
studies have revealed abnormalities in Purkinje cells, including reduced cell size (9) and
count (10,11). This appears consistent with reports of reduced cerebellar blood flow (12),
and with MR spectroscopy findings of decreased cerebellar levels of N-acetyl-asparate in
ASD, indicating decreased neuronal density and function (see meta-analysis (13)). A
number of studies have further indicated gross abnormalities of cerebellar morphology (14—
17). Specific findings include early cerebellar overgrowth (18,19) and hypoplasia of vermis
lobules VI-VII (7,20,21), and possibly lobules VIII and 1X (22) in ASD (but see (23)). A
cerebellar role in ASD is furthermore supported by comorbidity with ASD in disorders
associated with cerebellar defects (such as Joubert syndrome) (24) and the high incidence of
autistic signs in prematurely born children with cerebellar injury (25).

Evidence implicating cerebro-cerebellar connectivity in ASD remains limited. Several
diffusion tensor imaging (DT]I) studies observed white matter compromise in the superior
and middle cerebellar peduncles (26-28). Functional connectivity MRI (fcMRI) studies have
reported reduced connectivity within cerebro-cerebellar motor networks during finger
sequence tapping (29) and reduced cerebro-cerebellar connectivity related to verb generation
(30) in children with ASD. However, there has been no comprehensive investigation of
cerebro-cerebellar connectivity in ASD to date.

Resting state (rs) fcMRI detects spontaneous fluctuations of the blood oxygen level
dependent (BOLD) signal (31). Network-specific synchronized fluctuations are specifically
detected at low frequencies (c. 0.01<%&0.1Hz) (32). Findings from rs-fcMRI have been
found to largely correspond to anatomical connectivity (33,34) and networks known from
activation fMRI (35,36). Although rs-fcMRI data have been used for the study of the default
mode network (37), other functional cognitive and sensorimotor networks can be equally
detected (36,38). The cerebellum can be broadly partitioned into sensorimotor and
supramodal zones (predominantly in anterior and inferior vs. lateral cerebellar regions,
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respectively) (5,39). Using rs-fcMRI in healthy adults, O’Reilly et al. (40) identified such
sensorimotor and supramodal zones within the cerebellum (referred to as “domains” in the
present study) that were in agreement with evidence from activation studies (41).

The present study examined cerebro-cerebellar resting state functional connectivity in
children and adolescents with ASD and matched typically developing (TD) participants for a
comprehensive investigation of sensorimotor and supramodal connectivity, including seeds
in prefrontal, motor, somatosensory, temporal, parietal, and occipital regions. In view of
evidence from other techniques implicating the cerebellum, we expected reduced
connectivity for regions both in sensorimotor and supramodal ‘cognitive’ domains.

Materials and Methods

Participants

Sixty-five participants (33 ASD and 32 TD) were scanned for this study. Nine participants (6
ASD, 3 TD) were excluded from analyses due to excessive head motion (see details below).
The final analysis therefore included 56 participants (28 per group) aged 8.0 to 17.7 years,
with groups matched for handedness, 1Q, age, and motion (Table 1).

Diagnostic decision in the ASD group was made by a clinical expert (co-author AJL), based
on DSM-IV (42), Autism Diagnostic Interview-Revised (ADI-R) (43), and Autism
Diagnostic Observation Schedule (ADOS) (44). No participants with comorbid medical
diagnoses (e.g., Fragile-X, epilepsy, tuberous sclerosis) were included. Nine ASD
participants were taking psychotropic medications at the time of study (Supplementary Table
S1). No TD participants with any family history of ASD or personal history of any other
neurological or psychiatric condition were included. Hand preference was determined using
the Edinburgh handedness inventory (45). General intelligence was assessed using the
Wechsler Abbreviated Scale of Intelligence (46). For an additional measure of
sociocommunicative abilities, we administered the Social Responsiveness Scale (SRS) (47).

MRI Data Acquisition

Imaging data were acquired on a 3 Tesla GE MR750 Scanner with an 8-channel head coil,
including high-resolution T1-weighted structural images (TR: 11.08ms; TE: 4.3ms; flip
angle: 45°; FOV: 256mm; 256 x 256 matrix; 180 slices; 1mms3 resolution). Resting state
T2*-weighted images were acquired for 6:10 minutes (185 whole-brain volumes) with an
Array Spatial Sensitivity Encoding Technique (ASSET), using a single-shot gradient-
recalled, echo-planar pulse sequence (TR: 2000ms; TE: 30ms; slice thickness: 3.4mm; in-
plane resolution: 3.4mm?). Heart rate was monitored with a pulse oximeter and respiration
with a pressure sensitive belt. Physiological data were only available for 42 of the 56
participants (21 per group) due to equipment malfunction. Participants were instructed to
relax and remain still in the scanner, and to fixate a white crosshair at the center of a black
projection screen.
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Data Preprocessing

Imaging data were preprocessed and analyzed using AFNI (48). Preprocessing included field
map, slice-time, and motion correction, isolation of low frequency fluctuations through
temporal bandpass filtering (.01</&.1Hz), normalization to Talairach space, and spatial
smoothing to a Gaussian full-width at half-maximum of 6mm3. Nuisance regressors
included 6 rigid-body motion parameters (3 rotational and 3 translational directions), heart
rate and respiration (if available), and time series extracted from ventricular and white matter
compartments. Global signal regression (GSR) was not performed, given tight group
matching for motion-related noise (see below) and availability of physiological regressors
for most participants. While global signal regression has been argued to powerfully remove
noise in FC analyses (49), it has also been found that GSR removes true (functionally
relevant) BOLD signal (50) and has the potential to distort group differences in FC (51,52).

Head Motion

In view of the known impact of head motion on BOLD correlations (53,54), several steps
beyond conventional motion correction and the use of six motion nuisance regressors were
taken to reduce the effect of head motion. Time points with excessive motion (=1.5mm
displacement), as well as their immediate neighbors, were censored (“scrubbed”).
Participants with <80% retained time points were excluded. Groups did not differ on motion
as measured by root mean square of displacement (0=.86). We also tested for group
differences in type of motion using a two-way ANOVA with factors group and motion type
(3 translations, 3 rotations), which yielded no group by motion type interaction (p=.76).

Regions of Interest

Cortical masks were obtained using the Jilich-Histological Atlas available in FSLView
Toolbox. In total, 14 cortical regions of interest (ROIs) were used (7 per hemisphere; Figure
1). Ten of these corresponded to those used by O’Reilly et al. (40): prefrontal cortex (PFC),
somatosensory (S1), superior temporal cortex (STC), premotor and primary motor cortices
(PMC), and posterior parietal cortex (PPC). Whereas O’Reilly et al. (40) used a visual ROI
that was limited to MT/V5, we included an ROI covering the entire occipital lobe (OCC) in
each hemisphere. Two additional ROIs (IMT, one per hemisphere) combined inferior and
middle temporal gyri. The cerebellar mask was obtained from the Cerebellar MNI FLIRT
Maxprob thr25-2mm mask also available in FSLView Toolbox and was separated by
hemisphere. The cerebellar mask excluded white matter areas and was transformed into
Talairach space.

Correlation analyses

Following O’Reilly et al. (40), ROIs were divided into two domains. The sensorimotor
domain included PMC, S1, STC, and OCC, the supramoadal domain included PFC, PPC, and
IMT. An average time series was extracted from each unilateral ROI in each participant.
Partial correlation analyses were performed between ROI-specific time series and each voxel
in the contralateral cerebellum (given the crossed connectivity between cerebrum and
cerebellum). For each supramodal ROI, four time series from ipsilateral sensorimotor ROIs
were partialled out. Likewise, for each sensorimotor ROI, three time series from ipsilateral
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supramodal ROIs were partialled out. Analyses were performed using a general linear model
(AFNI’s 3dDeconvolve), with nuisance regressors as described above. Correlation
coefficients were normalized using Fisher’s r-to-z’ conversion.

While partial correlations highlight the domain-specificity of functional connectivity (FC),
possible general group differences (such as overall underconnectivity in ASD) may remain
undetected. We therefore also performed corresponding analyses using total correlations. For
both partial and total correlation, one sample t-tests were performed for within-group and
two sample t-tests for between-group effects, using a random-effects approach. Statistical
maps for partial and total correlation were thresholded (using AFNI’s 3dclustsim) at a voxel-
wise significance of p<.001 with a minimum cluster size of 15 voxels in within-group tests,
and at p<.01 with a cluster size of =25 voxels in between-group tests, both for a corrected
significance at p<.05 (55). These parameters were adapted to the different magnitude of
effects (greater for within-than for between-group comparisons) and optimized for the
detection of regionally specific effects (56).

To further examine the overall sensorimotor vs. supramodal cerebro-cerebellar connectivity,
all sensorimotor ROIs (PMC, S1, STC, OCC) were combined into a single sensorimotor
mask (SM) per hemisphere, and all supramodal ROIs (PFC, PPC, IMT) were combined into
one supramodal mask (SU) per hemisphere. Analogous partial and total correlation analyses
were then performed for these seeds.

We also tested for group differences in connectivity type. We distinguished canonical
connectivity (i.e., connectivity expected from the TD literature between cerebral and
cerebellar ROIs of the same type [SM, SU]) from non-canonical connectivity (SU-SM, SM-
SU), using data from partial correlation analyses (as these highlight the domain-specificity
of connections) and expecting to find the latter to be increased in ASD. Based on Stoodley
and colleagues (39,41), the sensorimotor cerebellar zone included lobules -V, VIIIA and B,
and IX, and supramodal cerebellar zone included lobules VI, and VIIA and B (crus | and II;
see Supplementary Figure S1). Lobule VI was classified as supramodal, given its
connectivity with prefrontal and parietal association areas (57) and involvement in working
memory and verb generation (58). Lobule 1X was classified as SM, based on evidence of its
involvement in tactile perception (59), balance, and gait (60). No effects were detected in
lobule X. Cortical and cerebellar ROIs were coded as either SU or SM, and a group (TD,
ASD) by connection type (canonical, non-canonical) ANOVA was performed. Further, we
examined whether there were differential effects of age on cerebro-cerebellar connectivity
for ASD and TD groups by adding age as a covariate.

Finally, Pearson correlations were computed to explore the relationship between cerebro-
cerebellar FC (mean z’ extracted from clusters of significant between-group effects) and
scores for symptom severity (ADOS total, SRS total) and general level of functioning (VIQ,
NVIQ) in the ASD group. In order to limit the number of comparisons, these were only
performed for combined sets of ROIs (SM, SU).
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Partial correlation analyses revealed connectivity between cerebral sensorimotor ROIs (STC,
S1, PMC, OCC) in anterior (Lobule 1-V), superior (lobule I'V=VI), and inferior (lobule VIII)
cerebellum in both groups (Figure 1A). Connectivity with supramodal ROIs (PFC, PPC,
IMT) was detected predominantly in posterolateral neocerebellum (primarily lobule VI,
crus | and 1) (Figure 1B). Our findings for TD children and adolescents were thus largely
consistent with those from O’Reilly et al. (40) for TD adults. Between-group comparisons
showed increased connectivity in the ASD compared to the TD group for all four
sensorimotor ROIs, primarily in lobules VI and VI (crus 1), except for a small cluster for the
right PMC seed showing an inverse effect (TD>ASD) that peaked in lobule VIIb.
Conversely, we found reduced connectivity for supramodal ROIs (bilateral PFC and PPC),
detected in lobules VI and VII (predominantly crus I) (Figure 2B; Supplementary Table S2).
The pattern for IMT was mixed, with underconnectivity in the ASD group in left crus I, but
overconnectivity in inferior cerebellum and vermis.

Group comparisons were also performed for total correlations between each unilateral
cortical ROI and bilateral cerebellum, in order to test for (i) general effects of under- or
overconnectivity in ASD across ROIs that may have remained undetected in partial
correlations, and (ii) potential differences in the primarily crossed connectivity between
cerebral and cerebellar hemispheres. The pattern of results (Figure 2C) differed from those
for partial correlations. First, whereas only a few small underconnectivity clusters were
detected for STC bilaterally, left OCC, and right PPC and IMT, we found extensive
overconnectivity effects for every single seed (Supplementary Table S3). Second, the regions
of overconnectivity within the cerebellum were similar across different cerebral seeds,
occurring predominantly in Lobule VI, crus I-11, and lobules VIIIA-B.

Combined sensorimotor and supramodal ROIs

For both left and right SM ROls, exclusive overconnectivity (ASD>TD) was seen for partial
and total connectivity analyses (Figure 2B—C; Supplementary Tables S4-S5) in lobules VI,
V11, and VIII. Overconnectivity (in lobules VI-1X) was also detected for right SU, whereas
effects for left SU were mixed, with overconnectivity in similar regions accompanied by
underconnectivity clusters (TD>ASD) extending from lobule VI to IX. In total correlation
analyses, overconnectivity effects for left hemisphere seeds occurred in bilateral cerebellum,
but those for right hemisphere seeds predominated in the ipsilateral (right) cerebellar
hemisphere (Figure 2C).

Analyses for connectivity type

There was a main effect of both group (ASD, TD), F(1, 55)=4.434, p=.035, and connectivity
type (canonical, non-canonical), F(1, 55)=45.91, p<.001. Additionally, we found a
significant group by connection type interaction, F(2,54)=7.08, p=.008. Post hoc analyses
using Bonferroni correction indicated that canonical mean cerebro-cerebellar connectivity
was similar in both groups, whereas non-canonical connectivity was significantly greater in
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the ASD than in the TD group (Figure 3). There was also a significant effect of the age
covariate, F(1, 55) = 12.48, p<.001 (see Supplementary Figure S2).

Diagnostic and Neuropsychological Correlations

For cerebro-cerebellar functional connectivity of SM or SU ROIs, there were no correlations
with ADOS total severity scores. However, correlations were found for SRS total scores and
left (but not the right) cerebral ROIs. For left SM, correlation with SRS total scores was
negative (/(26) = —.583, p<.002), whereas for left SU it was positive (/(26) =.415, p <.035).
Cerebellar connectivity with the right SM ROI was further negatively correlated with
nonverbal 1Q (/(26) = -.513, p<.009). Note that these correlational analyses were
exploratory and no correction for multiple comparisons was performed.

Discussion

This is the first comprehensive investigation of cerebro-cerebellar functional connectivity in
ASD. Results were consistent with the known functional topography of the cerebellum
(40,41) and its role in both sensorimotor and supramodal cognitive domains (2,39,61,62).
Our partial correlation findings for TD children and adolescents (Figure 1) were overall in
agreement with those from O’Reilly and colleagues (40) for adults, with few differences
(e.g., slightly stronger inferior cerebellar connectivity with sensorimotor ROIs in our the
study), which may relate to slight differences in cortical ROIs and the younger age of our
participants. Note that O’Reilly et al. (40) reported few effects in medial cerebellum,
whereas we used unilateral cerebellar target masks all the way up to the midline and
expectedly found strong effects in the vermis.

Atypical cerebro-cerebellar FC in ASD can be summarized by three main findings. Total
correlation analyses, which were more sensitive to global connectivity differences, showed
that functional connectivity was overall atypically increased in the ASD group. Partial
correlation analyses, which highlighted the domain-specificity of connections, showed that
non-canonical connections (between cortical regions of one domain [supramodal or
sensorimotor] and cerebellar regions of the other) were increased in ASD. Finally, partial
correlation analyses also showed that cerebro-cerebellar overconnectivity in sensorimotor
networks was accompanied by underconnectivity in supramodal networks.

General cerebro-cerebellar functional overconnectivity

Total correlation analyses showed that intrinsic FC between cerebrum and cerebellum was
overall significantly increased in the ASD group for each of the seven cortical seeds. While a
few small clusters of inverse effects (TD > ASD) were detected for some of these seeds,
large overconnectivity clusters predominated. This overall finding may appear unexpected,
both generally in the context of the ASD connectivity literature and more specifically with
respect to cerebro-cerebellar connectivity. One fcMRI study (29) reported reduced cerebellar
activation during finger tapping and reduced FC within a motor circuit (primary motor
cortex, SMA, thalamus, and anterior cerebellum). Although we also detected a small
underconnectivity cluster in left anterior cerebellum for the PMC seed, we found much
larger inverse effects of overconnectitviy for the ASD group in lateral and inferior cerebellar
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regions, i.e., outside the cerebellar ROI used by Mostofsky and colleagues. Other
methodological differences include the focus on task-driven BOLD correlations by
Mostofsky et al. (29), contrary to our use of intrinsic FC. This difference between co-
activation and intrinsic fcMRI may heavily impact between-group findings (63,64). A
growing number of recent intrinsic fcMRI studies has, in fact, reported overconnectivity in
ASD (65-67). Synchronized intrinsic low-frequency fluctuations are considered to reflect
functional network organization as an outcome of Hebbian synaptic plasticity (68,69). Thus
cerebral and cerebellar regions, for which intrinsic overconnectivity was detected in our
study, are likely to be linked by a history of concurrent activation. Whether such
overconnectivity may be beneficial or detrimental to efficient network function will be
discussed below.

Our overconnectivity finding may also appear at odds with the currently very limited DTI
evidence for cerebellar connectivity. Findings showed reduced fractional anisotropy (FA) for
the bilateral middle cerebellar peduncle in children with ASD (70), and reduced FA in adults
with Asperger’s syndrome in the right superior cerebellar peduncle and in short fibers within
the right cerebellum (28). However, lowered FA indicates reduced coherence of fiber
orientation, but not necessarily reduced numbers of fibers. DTI and fcMRI are
fundamentally different connectivity measures (one detecting BOLD signal correlations in
gray matter, the other water diffusion in white matter) and are therefore sensitive to different
features of aberrant connectivity in ASD — as also supported by a recent combined fcMRI
and DTI study on thalamocortical connectivity (71). Furthermore, fcMRI signal correlations
do not rely on monosynaptic connectivity, i.e., a direct fiber tract that would be detected in
DTI tractography.

Non-canonical connectivity and preponderance of sensorimotor connectivity in ASD

Additional results highlighted more specific patterns underlying the general cerebro-
cerebellar functional overconnectivity in ASD. First, we found a group difference in the
general pattern of connectivity, with significantly greater non-canonical connectivity in the
ASD than the TD group. This implies that overconnectivity in ASD was in part driven by
atypically strong FC between cerebral regions of one type (sensorimotor, supramodal) and
cerebellar regions of the other.

Secondly, partial correlation analyses showed a distinct pattern of exclusive overconnectivity
for all four sensorimotor ROIs (with a minimal exception for right PMC), but exclusive
underconnectivity for the supramodal ROIs (except for IMT; Figure 2B). This indicates
specificity of aberrant cerebro-cerebellar connectivity in ASD. Given that sensorimotor
connectivity overall matures earlier than supramodal connectivity, the pattern of findings
may relate to early white matter overgrowth in children with ASD, as observed in
anatomical MRI (72) and DTI studies (73,74). Overgrowth occurring in early childhood, at a
time when basic sensorimotor functions are already in place, but supramodal cognition has
yet to emerge, may bias cerebro-cerebellar connectivity in ASD towards sensorimotor
circuits, at the expense of circuits supporting higher cognitive functions. This interpretation
is compatible with models of enhanced perceptual functioning (75) in the context of
impaired integrative cognition (76) in ASD. However, cerebellar connectivity has not been
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previously given much consideration in these models, adding to the significance of our
findings.

The observed pattern of atypically increased sensorimotor and decreased supramodal
connectivity is compatible with recently reported fronto-cerebellar underconnectivity related
to verb generation in language-impaired adolescents with ASD (77). It also appears
analogous to earlier cerebral fMRI findings in adults with ASD showing an expansion of
simple motor processing into prefrontal and parietal association cortices (78). However, the
supramodal underconnectivity effects, as accentuated by partial correlations (Figure 2B),
must be understood in the general context of predominant cerebro-cerebellar
overconnectivity in ASD (as discussed above), which was highlighted by total correlation
results (Figure 2C).

Limitations and unresolved questions

While our study showed significant differences in FC between ASD and TD groups,
connectivity measures were not broadly related to diagnostic and sociocommunicative
measures. This suggests that aberrant cerebro-cerebellar connectivity — while associated
with the disorder itself — accounts only moderately for variability along the autistic
spectrum. This is not unexpected, given many other obvious factors of variability (e.g.,
treatment history), which were probably enhanced by the relatively wide age range studied
here. It is indeed likely that maturational changes from childhood into adolescence may
affect observed group differences between ASD and TD samples (79). Note also that fcMRI
requires high levels of cooperation, limiting samples to the higher functioning end of the
spectrum and thus reducing the ability to detect correlates of symptom severity. Further, 9 of
the 28 ASD participants were taking psychotropic medications, which may have some effect
on the BOLD signal.

Our findings can also not directly speak to the developmental timeline of disturbances in
cerebro-cerebellar connectivity. While links with early white matter overgrowth, as
described above, appear reasonable, it cannot be ruled out that overconnectivity observed
here may reflect secondary and potentially compensatory effects related to experiential
plasticity. As also noted above, fcMRI does not uniquely reflect monosynaptic connectivity,
which needs to be considered in the context of the complex anatomical circuitry connecting
cerebrum and cerebellum, involving basal ganglia, midbrain structures, and thalamus.

The broader picture: The role of the cerebellum in ASD

Our study adds novel evidence to previous observations of anatomical, functional, and
biochemical abnormalities of the cerebellum in ASD (8). However, the question remains as
to whether these are selective and may play a pivotal role in the developmental emergence of
the disorder. A recent study in young adults with ASD showed atypical microglial activation
(indicating inflammation), not only in several cerebral regions, but most robustly in left
cerebellum (80), possibly suggesting some selectivity. Some of the present findings might
indicate a specific cerebellar role in autistic pathology. First, the evidence of predominant
overconnectivity differs from many fcMRI findings of predominant underconnectivity
within the cerebrum (81). Second, our findings stand in marked contrast with thalamo-
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cortical underconnectivity we recently reported for a partly overlapping cohort of children
and adolescents with ASD (71), suggesting that aberrant connectivity patterns in ASD differ
between cerebellum and thalamus. Third, the pattern of exclusive overconnectivity for
sensorimotor seeds contrasting with partial underconnectivity for supramodal (‘cognitive”)
seeds appears different from fcMRI findings for other parts of the brain. While both over-
and underconnectivity have been reported for cerebral connectivity, findings have not
followed the same pattern, with reports of underconnectivity for sensory (82) and motor (29)
circuits, but overconnectivity for some supramodal cortical seeds (66,83-85). These
consideration may indicate a potentially special role of the cerebellum in ASD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cerebro-cerebellar intrinsic functional connectivity maps from partial correlation analyses

by cortical seed and group (p<.05, corr.). Cortical seeds in the center are shown in right
hemisphere overlay only. For each unilateral cortical seed, only effects in contralateral
cerebellum are shown. For example, effects for left PMC are depicted in right cerebellum,
those for right PMC are depicted in left cerebellum, and both overlays are merged in each
panel. Effects are shown for sensorimotor ROIs in (A), for supramodal ROIs in (B), and for
ROIs combined by type in (C). PMC, premotor and primary motor cortices; S1,
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somatosensory cortex; STC, superior temporal cortex; OCC, occipital lobe; PFC, prefrontal
cortex; PPC, posterior parietal cortex; IMT, inferior and middle temporal gyri.
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Figure 2.
Between-group effects by cortical seed and group (0<.05, corr.). Seeds are shown in (A). In

(B), effects for partial correlation are shown analogous to Figure 1. Effects for total
correlation (C) are shown separately for left and right hemispheric seeds. On these maps,
effects for unilateral cortical seeds are shown in bilateral cerebellum (as explained in main
text). Positive t-scores (warm colors) indicate greater FC in the ASD group, negative t-scores
(cool colors) indicate greater FC in the TD group.
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Group

ETD
B ASD

Canonical Non-canonical
Type of Connection

FCMRI effects by connectivity type. While both groups show similarly high levels of
canonical connectivity, the ASD group shows significantly greater non-canonical
connectivity than the TD group (*, p<.05). Error bars display standard error of the mean.
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Table 1
Participant Characteristics

ASD TD

n =28 (3 female) n =28 (5 female) p

Mean + SD (range) Mean + SD (range)
Age (years) 14.2742.51 (9.2-17.7)  13.3+2.56 (8.0-16.8) .92
Non-verbal IQ  104+20.00 (52-129) 111+10 (90-137) 19
Verbal 1Q 105+18.73 (72-147) 108+10 (87-127) 52
Full-scale IQ ~ 108+17.5 (73-141) 111+9.5 (93-130) 51
Handedness 4 left 4 left -
RMSD .125+.12 (.02-.48) .133+.12 (.30-57) 86
ADOS-Total  10.38+3.79 (7-19) - -
ADOS-Soc 6.94+3.17 (3-13) - -
ADOS-Comm  3.44+2.19 (0-8) - -
ADOS-Rep 1.94+1.29 (0-4) - -
ADI-R Soc 16.80+5.50 (10-23) - -
ADI-R Comm  12.47+5.82 (8-22) - -
ADI-R Rep 5.73+2.22 (3-11) - -
SRS_Mot 73.94+12.31 (56-92) 44.64+ 6.77 (37-59) .00
SRS_Comm 78.56+ 7.59 (67-90)  41.50+4.27 (36-48) .00
SRS_Aware 70.33+ 10.18 (46-88)  45.59+ 8.88 (36-65) .00
SRS_Cog 75+ 10.28 (57-94) 42,77+ 591 (36-56) .00
SRS_Am 86.61+ 13.47 (74-114)  42.96x+ 4.28 (40-55) .00
SRS_Total 81.83+7.95(73-94)  44.23+11.86 (35-92) .00
SCQ 18.89+ 6.09 (3-29) 2.86+ 4.49 (0-21) 00

Significance value, p, from two-sample independent t-tests. SD, standard deviation; RMSD, root mean square displacement.
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