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Abstract

Children with autism spectrum disorder (ASD) have difficulties perceiving and producing skilled gestures, or praxis. The
inferior parietal lobule (IPL) is crucial to praxis acquisition and expression, yet how IPL connectivity contributes to
autism-associated impairments in praxis as well as social-communicative skill remains unclear. Using resting-state
functional magnetic resonance imaging, we applied independent component analysis to test how IPL connectivity relates to
praxis and social-communicative skills in children with and without ASD. Across all children (with/without ASD), praxis
positively correlated with connectivity of left posterior-IPL with the left dorsal premotor cortex and with the bilateral
posterior/medial parietal cortex. Praxis also correlated with connectivity of right central-IPL connectivity with the left
intraparietal sulcus and medial parietal lobe. Further, in children with ASD, poorer praxis and social-communicative skills
both correlated with weaker right central-IPL connectivity with the left cerebellum, posterior cingulate, and right dorsal
premotor cortex. Our findings suggest that IPL connectivity is linked to praxis development, that contributions arise
bilaterally, and that right IPL connectivity is associated with impaired praxis and social-communicative skills in autism. The
findings underscore the potential impact of IPL connectivity and impaired skill acquisition on the development of a range
of social-communicative and motor functions during childhood, including autism-associated impairments.
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Introduction later receive diagnosis (Teitelbaum et al. 1998), with impair-

Deficits in motor behavior are commonly observed in autism
spectrum disorder (ASD) (DeMyer et al. 1972; Hallett et al. 1993;
Teitelbaum et al. 1998; Mostofsky et al. 2006). Although not the
defining features of the disorder, motor deficits are one of the
earliest identifiable impairments in infants and toddlers that

ments in motor skill execution and learning linked to the core
social and communicative skill deficits that define ASD (Dziuk
et al. 2007; Dowell et al. 2009). Converging evidence suggests
that children with ASD show impaired execution of skilled goal-
directed actions (e.g., gestures) as well as impaired ability to cor-
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rectly identify gestures when performed by others (Mostofsky
et al. 2006; Dewey et al. 2007; Dowell et al. 2009; MacNeil and
Mostofsky 2012), which is often identified as a developmental
dyspraxia in the context of autism.

In individuals with ASD, developmental dyspraxia has been
studied by examining the ability to perform gestures in response
to verbal command, to imitation, and with tool use, with multi-
ple published studies revealing children with ASD show broad-
based praxis impairment across all three domains (Mostofsky
et al. 2006; Dowell et al. 2009; Nebel et al. 2016). There is evidence
suggesting that dyspraxia may be particular to ASD, with perfor-
mance impaired in comparison to children with developmental
coordination disorder and attention-deficit hyperactivity disor-
der (ADHD), as well as typically developing (TD) populations
(MacNeil and Mostofsky 2012). Further, multiple studies of ASD
have found a significant correlation of dyspraxia with measures
of the core social-communicative features of ASD (Dziuk et al.
2007; Dowell et al. 2009), highlighting the possibility that abnor-
malities in neural circuits that underlie development of motor
skills may more broadly contribute to impaired development
of similar perceptual-action models necessary to development
of social and communicative skills (Mostofsky and Ewen 2011).
Despite this, the neural basis for praxis in children with ASD
remains understudied.

Expression of praxis involves the dynamic interplay across
a wide-ranging set of prefrontal, premotor, and parietal corti-
cal regions (Johnson-Frey et al. 2005; Kroliczak and Frey 2009).
Among these, the left inferior parietal lobule (IPL) has been con-
sistently shown to have a key role in the representation of motor
skills (Choi et al. 2001; Johnson-Frey et al. 2005; Hermsdorfer
et al. 2007; Bohlhalter et al. 2009). Left IPL lesions from ischemic
stroke are commonly linked to ideomotor apraxia (IMA), which
is characterized by the impaired ability to perform motor skills
on command or through imitation, with absence of a primary
impairment in motor dexterity or a primary sensory defect
(Heilman and Gonzalez Rothi 2003). Of the multiple subtypes
of apraxia involving upper extremity movement, IMA largely
concerns a disrupted integration of motor content that speci-
fies cognitive and visuospatial features pertaining to familiar
actions. For instance, IMA patients show particular sensitivity
during tasks that involve pantomime gesture of familiar actions,
in which case patients are tested on their ability to retrieve
spatiotemporal kinematic and representational components of
familiar actions, in the absence of actual tools or objects used
(Leiguarda and Marsden 2000; Buxbaum et al. 2014).

Similarly, in neurotypical adults, neuroimaging research has
consistently identified the left IPL as part of a praxis network,
which includes other parietal, temporal, and frontal neocor-
tical regions involved in representational and production-
related control of sequential movements for skilled action
(Johnson-Frey et al. 2005; Kroliczak and Frey 2009). The left
IPL has been particularly emphasized with tasks involving
the dexterous manipulation of the upper limb and fingers for
the production of tool-related and communicative gestures
(Bohlhalter et al. 2009; Kroliczak and Frey 2009). Further, recent
evidence from both human (Wiestler and Diedrichsen 2013;
Wymbs and Grafton 2015) and nonhuman primates (Quallo
et al. 2009) suggests that the left IPL is also involved in the
formation of skill-specific representations during skill learning.
Evidence (Quallo et al. 2009; Wiestler and Diedrichsen 2013;
Wymbs and Grafton 2015) and theory (Desmurget and Grafton
2000; Mostofsky and Ewen 2011) therefore suggest that the left
IPL is important for the expression of forward action models,

which contribute by means of rapid online correction during
movement to avoid costly feedback-driven correction. As seen
in IMA patients, forward action models can be disrupted through
lesions to the IPL, which is densely connected within the ventro-
dorsal processing stream. The ventro-dorsal pathway, running
parallel to the dorso-dorsal processing stream, connects the
posterior temporal cortex with the rostral cortical regions
including the IPL and ventral premotor cortex and is believed
to support the processing of everyday action representations or
long-term memories of action (Binkofski and Buxbaum 2013).
For instance, IM patients show the strongest impairment when
online control is restricted, such as blindfolding to remove visual
feedback during gesture or other more elemental movements,
such as with reach to grasp (Buxbaum and Randerath 2018). Fur-
ther, other high-level action processes rely on functional com-
munication with the IPL, including motor imagery (Hardwick
et al. 2018), action intention (Desmurget and Sirigu 2012), and
action understanding (Rizzolatti and Rozzi 2018). Given these
self-other processes, the IPL may also extend beyond actions
identified as “motor skills,” and considering that the IPL is
heavily involved in social cognition (Igelstrom and Graziano
2017), it may support the development of social skills, including
theory of mind and empathy (Mostofsky and Ewen 2011).

Connecting action and social modes of cognition, the IPL
is a key node within the action observation network (AON), a
network that is hypothesized to support imitation behavior,
and, when compromised, may lead to impairments in core
social and communicative features in ASD (Oberman and
Ramachandran 2007). To understand how deficits of imitation
and social-communicative function in children with ASD may
be related to visuomotor integration connectivity, our group
recently evaluated resting-state functional magnetic resonance
imaging (rsfMRI) functional connectivity between visual and
somatomotor networks in the context of measures designed
to assess imitation and social-communicative behaviors (Nebel
et al. 2016). Using independent components analysis (ICA) to
isolate visual and somatomotor functional networks, we found
that children with ASD show greater asynchrony between
lateral visual and upper limb somatomotor networks relative
to TD children and that greater asynchrony in children with
ASD was correlated with poorer social-communicative skill.
Critically, visual-somatomotor synchrony was correlated with
praxis performance in TD children, but a similar relationship
was not observed in the ASD group, possibly because children
with ASD rely on alternate circuitry for praxis.

The involvement of the IPL in the integration of cognitive
and sensorimotor information is further informed by the diverse
structural and functional connectivity of the IPL with cortical
(for review, Caspers and Zilles 2018) and subcortical regions
(Clower et al. 2005; Prevosto et al. 2010; Caspers and Zilles 2018).
Additionally, detailed tractography of IPL subregions reveals a
hub-like structural architecture with diversity in connectivity
throughout the cortex, with anterior-posterior gradient showing
a transition from spatial-sensorimotor to polymodal association
cortex (Caspers et al. 2011). A multimodal architecture is further
echoed through evidence from functional connectivity showing
that the IPL is imbedded in multiple resting-state MRI networks,
with particular convergence on default mode and frontoparietal
control networks (DMN, FPN, respectively) (Buckner et al. 2008;
Corbetta et al. 2008; Vincent et al. 2008; Andrews-Hanna et al.
2010; Parlatini et al. 2017). These networks are consistently
linked with core features of ASD, with the DMN involved in
self-referential processing and social cognition (Buckner et al.
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2008; Andrews-Hanna et al. 2010), and the FPN involved in
task-directed cognitive control (Corbetta et al. 2008).

The diversity of IPL functional connectivity within whole-
brain resting-state networks is related in part to regional sub-
networks imbedded within the IPL (Igelstrom et al. 2015, 2017).
Igelstrom et al. (2017) examined the organization and cerebel-
lar connectivity of the temporoparietal junction (TPJ), an area
located within the IPL that is involved in social cognition, both
in neurotypical adolescents and in those with ASD. Using a
constrained ICA approach to localize intrinsic TPJ subregions,
they found reduced connectivity between a right dorsal TPJ
(TPJd) subregion and the left cerebellum Crus II for the ASD
adolescents. This result raises the possibility that within func-
tional hubs, such as the IPL, select subregions with abnormal
connectivity profiles may contribute to higher level cognitive
deficits of praxis and social skills as consistently observed in
children with ASD. Yet to date, the behavioral significance of IPL
subregions has not been examined in the context of ASD.

To address this gap in knowledge about associations between
IPL connectivity and skilled behaviors (e.g., motor, social, com-
munication) in autism, we implemented a constrained ICA anal-
ysis of the IPL to investigate subregion functional connectivity as
itrelates to praxis and social skills in children, including children
with ASD. This method is well suited for identifying overlapping
but distinct patterns of connectivity within regions that show
complex patterns of functional connectivity and provides a
sensitive means to understand shared and divergent connec-
tivity maps to distal cortical and subcortical targets for ASD
and neurotypical children. The following hypothesis were made:
(1) using a sample that included both ASD and TD children
to provide a wider distribution of praxis, connectivity strength
between the IPL and primary and secondary premotor regions
would positively correlate with praxis; (2) consistent with prior
published findings (Mostofsky et al. 2006; Dziuk et al. 2007; Nebel
et al. 2016), children with ASD would show significantly worse
praxis relative to TD children and that among children with ASD,
this impaired praxis would be related to long-range IPL connec-
tivity with other sensorimotor areas; and (3) the expression of
social and motor skills would be similarly related to reduced IPL
connectivity in children with ASD.

Materials and Methods

One-hundred and thirty-nine children (8-12 years old) volun-
teered with informed consent, confirmed by written assent from
the participant and their legal guardian, for procedures approved
by the Johns Hopkins Institutional Review Board in accordance
to the guidelines specified by the Declaration of Helsinki. Of
these, 70 children had high-functioning ASD and 69 were TD
children. Each participant visited the Kennedy Krieger Institute
on two occasions, with 2 weeks being the average time between
visits and never exceeding 6 months. See Table 1 for details on
demographics and behavior.

Children with ASD met DSM-IV or DSM-V criteria as
confirmed using the Autism Diagnostic Observation Schedule-
Generic (ADOS-G) and the Autism Diagnostic Interview-Revised
(ADI-R). Diagnosis was confirmed by a child neurologist with
over two decades of clinical experience (S.H.M.). Children were
excluded if they had an identifiable genetic cause for ASD,
documented prenatal/perinatal insult, or other neurological
disorder including epilepsy as determined during the initial
phone screening with parental guardian. TD children were
excluded if they had a first-degree relative with ASD, or if
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responses to the Diagnostic Interview for Children (DICA-IV;
Welner et al. 1987) indicated history of a psychiatric disorder.
ASD and TD children were excluded if their full-scale IQ was
below 80 on the Wechsler Intelligence Scale for Children IV or
V (WISC-IV: n=134; WISC-V: n=>5) but were still eligible if they
scored above 80 on either the Verbal Comprehension Index or
the Perceptual Reasoning Index.

Social-communicative behavior relevant to ASD diagnosis
was assessed using the Social Responsiveness Scale (SRS,
n=31; SRS-2, n=34; Constantino et al. 2003) questionnaire. The
SRS measures the ability of a child to engage in appropriate
reciprocal social interactions, by measuring the awareness,
interpretation, response, and motivation to respond to the social
and emotional cues of others. The SRS-generated social deficit
severity index is consistent across raters (e.g., teachers and
parents), and the raw score ranges from 0 to 195 with higher
scores indicating more severe impairment.

Praxis was assessed by examining upper limb gesture perfor-
mance using a version of the Florida Apraxia Battery (Gonzalez
Rothi et al. 1997) that was modified for assessment of children
(Mostofsky et al. 2006). The exam evaluated gesture performance
across three domains: (1) gesture to a verbal command (GTC), (2)
gesture imitation (GTI), and (3) manipulating a tool to demon-
strate a gesture, or gesture with tool use (GTU). For GTC, gestures
were either transitive (17 total, pantomimed use of an object
such as striking a nail with a hammer), or were intransitive
(8, e.g., making a fist or waving). For GTI, gestures either had
semantic content (25 transitive/intransitive gestures) or were
considered novel movements and free of semantic information
(9 gestures). Two raters blind to diagnosis evaluated each video-
taped session and scored each gesture as correct or incorrect,
with a correct gesture being free of any of the 4 categories of error
described below. At least 80% concurrence between raters was
achieved for each assessment, and scores were averaged across
raters. Briefly, error types followed the criteria set by Gonzalez
Rothi et al. (1997): (1) spatial: internal or external configuration
of gesture is inaccurate, (2) body-part-for-tool: using a body
part instead of the tool for an action, (3) temporal: timing or
sequence of action is incorrect, and (4) content/concretization:
inappropriate use of mimed object or for transitive, performing
gesture on a real object. Gestures could be labeled as showing
more than one error type.

The performance for each section (GTC, GTI, GTU) was then
summed to generate an overall cumulative score reflecting total
percent correct across the gesture exam. The total score pro-
vided a metric of general praxis performance, collapsing across
transitive and intransitive gestures, including those without
semantic content. The total score was then entered as a covari-
ate in the imaging analysis described below. See Mostofsky et al.
(2006) and Dziuk et al. (2007) for additional details on this praxis
assessment.

Prior to the acquisition of MRI data, children first participated
in a mock-scanner session to prepare for the constraints and
stimulation associated with a live scanning environment. MRI
scans were acquired using a 3T Philips Achieva with either an
8-channel (n=79, 156 time points; n=25, 128 time points) or
32-channel head coil (n=35, 156 time points). A single-shot,
partially parallel, echo planar imaging sequence with sensitivity
encoding was used to acquire 47 slices per repetition time
(TR=2500 ms, 3-mm axial slice thickness, no gap), echo time
(TE) of 30 ms, flip angle of 70°, sensitivity encoding accelera-
tion factor of 2, in-plane resolution of 3.05 x 3.15 mm (84 x 81
acquisition matrix), with individual slices collected in ascending
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Table 1 Demographics and behavioral measures of praxis (values reflect mean and standard deviation, where applicable)

Typically developing Autism spectrum disorder
Gender (M/F) 55/14 55/15 X =0.0179, P=0.8937
Age (years) 10.27 (1.15) 10.34 (1.47) T=0.7442, P =0.3270
Handedness (L/mixed/R) 5/6/58 7/2/61 X =0.3009, P=2.4019
Race 15 black/7 multi/47 Caucasian 5 black/1 Asian/7 multi/55 X=8.6207,P=0.0713

Caucasian/3 unspecified

GAI 109.94 (12.87) 109.46 (14.37) T=0.2094, P=0.8344
SES 49.90 (10.17) 52.51 (10.17) T=1.4910,P=0.1383
Mean FD (mm) 0.22 (0.23) 0.30 (0.28) T=0.6743, P=0.5013
Days between fMRI and FAB 16.07 (26.98) 9.55 (23.32) T=1.5241,P=0.1298
ADOS total N/A 13.43 (3.76)
ADI (subscales a/b/c) 19.97/15.75/6.01 (5.75/4.64/2.04)
SRS (total raw) 18.39 (9.97) 96.45 (26.40) T=22.4705, P =1.33 x 10~2
Command % correct 69.94 (13.97) 53.51(18.13) T=5.9769,P=1.86x 1078
Imitation % correct 72.25 (11.68) 55.04 (17.85) T=6.7166, P =4.56 x 10~
Tool use % correct 80.52 (11.40) 57.02 (20.61) T=8.3034,P=8.66 x 107 1*
Total praxis % correct 73.34 (10.65) 54.98 (16.93) T=7.6410,P=3.36 x 10712

order. The first 5 TRs (10 s) were excluded from acquisition
to ensure magnetization stabilization. A high-resolution T1-
weighted image of the whole brain was also acquired (TR =8 ms;
TE =3.7 ms, 1-mm isotropic voxel resolution).

Data were preprocessed using FSL version 5.011 (Oxford
Centre for Functional MRI of the Brain, Oxford, UK, http://www.
fmrib.ox.ac.uk/fsl/). Anatomical images were normalized to
Montreal Neurological Institute space using a 12-parameter
affine transformation (FSL FLIRT). Functional images were
corrected for head motion using rigid-body realignment by
realigning each volume to the middle volume of the run.
Functional volumes were adjusted for slice-timing offset
according to standard ascending slice acquisition. The entire
image time series was scaled using grand-mean intensity
normalization. The transformation matrices to warp from
native to standard space (MNI-152, 2 mm) were generated
using boundary-based registration to align EPI images to the
segmented native T1 and then to the MNI template. Transformed
images were input to the functional connectivity analysis.
To remove unwanted low-frequency drift, images were high-
pass filtered at 0.01 Hz. Prior to artifact removal (FSL FIX),
movement during the acquisition of fMRI was assessed using
the frame-wise displacement (FD) metric (fsl_motion_outliers).
Participants were excluded if greater that 2SD above the group
mean FD (M=0.29; SD=0.22). Using these criteria, 11 children
(7 ASD) were excluded from additional analysis. The remaining
datasets were then subject to artifact removal (FSL FIX). After
manual training of the FIX classifier on an independent set of
20 datasets, noise components were detected and the variance
associated with these noise components was regressed from
each functional time series.

Functionally independent subregions of the inferior parietal
lobe (IPL) were identified at the group level with a constrained
independent component analysis approach using the masked
ICA Toolbox (mICA, Moher Alsady et al. 2016). Group analysis of
IPL subregions began with the temporal concatenation of indi-
vidual subject (n=128, 1 scan/subject) preprocessed functional
data. The group time series was then restricted to the IPL using a
mask from the Jiilich atlas provided with FSL software to demar-
cate the supramarginal (SMG) and angular (ANG) gyrii, including
the intraparietal sulcus (IPS) (Fig. 1A). Constructed separately

for the left and right hemispheres, selected regions with proba-
bilistic threshold set at 25% included anterior IPL/supramarginal
gyrus regions (rostral opercular: PFop; caudal opercular: PFcm;
rostral: PFt; caudal: PF; mid-caudal: PFm), posterior IPL/angular
gyrus regions (anterior: PGa; posterior: PGp), and regions within
the IPS (hIP1, hIP2, hIP3). Please see Caspers et al. (2006, 2008)
for additional details regarding the cytoarchitectonic localiza-
tion of these regions. This approach avoids the inclusion of
signal from outside the IPL region of interest by incorporation
of spatial smoothing (6 mm FWHM) after the masking of the
data. Separate constrained ICA analyses were performed for
the left and right hemispheres. Estimation of model order for
each hemisphere was performed over dimensions 2-10 using
a reproducibility analysis approach. Spatial cross-correlation
using split-half sampling identified model orders of 4 for the left
IPL and 5 for the right IPL to be the most stable estimates. These
model orders are consistent with previous temporal-parietal
junction parcellations (including IPL) using rfMRI in neurotypical
adults (Igelstrom et al. 2015, 2017). Using these model order
estimates, the left and right IPL were parcellated based on z-
transformations of the ICA results with voxels being allocated
to a particular subdivision based on the component with the
highest z-score for a given location.

Multivariate functional connectivity between each IPL sub-
region and the whole brain was assessed using dual regression
as implemented in FSL (Fig. 1B). Dual regression uses the group-
level ICA results to generate single-subject projections of each
IC. The first regression stage used a general linear model with
the spatial maps of the left and right IPL ICs as inputs to a
design matrix. This step solved for the subject-specific time
courses for each group-level IPL spatial map while controlling
for the variance explained by the other spatial maps. The second
regression step used the subject-specific IPL time courses in
a design matrix to identify subject-specific whole-brain func-
tional connectivity networks. The second-stage spatial regres-
sion was constrained by a gray matter tissue prior mask. The
resulting maps provide a whole-brain measure of functional
connectivity with each of the IPL subregion time courses for each
participant.

To examine group differences in whole-brain functional
connectivity associated with each IPL subregion, the resulting
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Praxis functional connectivity in typically developing children and autism spectrum disorder
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Figure 1. Schematic of the major analytical steps performed in the functional connectivity analysis of the IPL. (A) Using a pre-defined mask of the IPL, a constrained
ICA approach was used to divide the IPL into subregions using resting state fMRI data sets (n=128). (B) Dual regression was used to identify patterns of whole-brain
functional connectivity arising from each IPL subregion. (C) To characterize the effect of IPL connectivity and praxis in TD children and ASD, whole-brain connectivity
maps were entered into separate models for each IPL subregion, with praxis performance entered as a covariate of interest.
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subject-specific spatial maps were analyzed with a multiple
regression model using SPM12. A separate regression model was
used for each IPL subregion. Age and handedness (categorical)
were entered as covariates of non-interest in each model.
Group effects were assessed with an initial cluster threshold
of P<0.001, Bonferroni corrected for the number of ICs (i.e.,
P <0.00011), with reported effects FWE cluster-corrected for
multiple comparisons at P < 0.05.

Three separate models were configured for each IPL sub-
region to address praxis and social skill hypotheses. First, to
identify IPL functional connectivity in children related to praxis,
the percent total correct metric from the FAB was entered in the
regression model as a covariate of interest (Fig. 1C). A second
regression model included an interaction term between clinical
diagnosis and praxis percent total correct to identify anomalous
connectivity in children with ASD as it is related to praxis.
Finally, to test for overlapping functional connectivity patterns
between praxis and social skill in children with ASD, covariates
praxis percent total correct and SRS total raw were assessed
using the global null conjunction option (Friston et al. 2005).
For any given covariate result, we corrected for the influence
of outlier data points from individual subjects by excluding
clusters that contained subject means above 4SD from a group
cluster mean.

Results
Behavioral Results

Children with ASD performed significantly fewer responses
correctly than TD children on the gesture exam. For children
with ASD, total praxis score ranged from 18 to 89% (mean
55%), whereas TD children ranged from 44 to 91% correct
(mean 73%). A similar pattern in performance was reflected
throughout the three sections of the exam (Table 1). Overall,
statistical comparison of the total score and section-wise scores
revealed that children with ASD made significantly more errors
during the praxis: (see Table 1, total: t=7.64,P=3.36 x 10712; GTC:
t=5.9769, P=1.86 x 1078, GTIL: t=6.7166, P=4.56 x 107, GTU:
t=8.3034,P=8.66 x 1071%).

Functional Connectivity of the IPL: Parcellation and
Corresponding Whole-Brain Effects

We identified a functional parcellation of the IPL using con-
strained ICA at the group level for all participants (TD and ASD,
n=128) within a region covering the supramarginal and angular
gyri (SMG and ANG, respectively), as well as the intraparietal sul-
cus (IPS), separately for each hemisphere. This approach resulted
in the identification of subregions that are spatially consistent
with previous functional and anatomical parcellations of the
IPL (Fig. 2, see Caspers et al. 2006 Igelstrom et al. 2015 for IPL
structural and functional parcellations, respectively). We identi-
fied subregions present in the right and left hemisphere as (1)
a dorsal subregion (dIPL) overlapping with SMG (PF/PFm) that
extended into the lateral bank of the IPS, (2) an anterior subre-
gion (aIPL) that overlapped with more lateral SMG and extended
into the parietal operculum (PF/PFm/PFcm/PFop), (3) a central
subregion (cIPL) positioned at the transition zone between the
SMG (PFm) and the anterior ANG (PGa), and (4) a posterior
subregion (pIPL) that overlapped exclusively with the posterior
ANG (PGp). We found an additional right hemisphere subregion

that was positioned ventrally (vIPL) along the transition between
the SMG (PFm) and anterior ANG (PGa).

Using dual-regression, we then examined whole-brain con-
nectivity from each of the identified functional subregions (dIPL,
alPL, cIPL, vIPL, pIPL), first testing for group-level whole-brain
networks (Fig. 3). This approach identified similar networks for
right and left subregion pairs. The dIPL (Fig. 3, blue) connectivity
map included regions of the superior parietal lobe (SPL), pre-
cuneus (PrC), posterior middle temporal gyrus (pMTG), medial
and lateral premotor cortex extending into the middle and
superior frontal gyri, and the lateral cerebellum (crus I/II). The
pIPL (Fig. 3, green) connectivity map included medial and lateral
SPL, PrC, medial and lateral premotor cortices, DLPFC extending
to the inferior frontal gyrus (IFG), striate and extrastriate visual
cortex, and cerebellum (lobules VI, VIII, crus I/II). The alPL (Fig. 3,
purple) connectivity profile consisted of sensory and sensori-
motor regions, including connectivity to anterior IPL, medial
and lateral SPL, medial and lateral premotor areas (extending
to primary sensorimotor), anterior insula, lateral occipital areas,
basal ganglia (head of caudate, posterior putamen), thalamus,
anterior (lobule VI), and lateral cerebellum (Crus II). Whole-brain
connectivity with the cIPL subnetwork (Fig. 3, red) included ANG,
superior temporal sulcus (STS), PrC, medial prefrontal cortex,
anterior and posterior cingulate (ACC and PCC, respectively),
sensorimotor cortex, frontal operculum, and primary auditory
cortex. Lastly, we observed a similar connectivity profile for
the right hemisphere dominant vIPL (Fig. 3, orange), but with
reduced activation in the frontal pole and sensorimotor cortex.
Notably, we did not observe any significant group differences
in connectivity for any of the IPL whole-brain networks (9 ICs),
suggesting that TD and ASD children have similar IPL whole-
brain functional organization. This is consistent with previous
work that observed similar connectivity profiles of the tem-
poroparietal junction (TPj), a region that included the IPL, in TD
and ASD adolescents.

Association of IPL Network Connectivity with
Praxis Across Diagnostic Groups (TD and ASD)

Praxis was significantly associated with functional connectivity
involving multiple IPL subregions across all children. Consistent
with known anatomical and functional relationship of the left
IPL and praxis in adults, we found that greater gesture accu-
racy was related to increased connectivity of the left pIPL with
bilateral cortical clusters of activation localized to the left dorsal
premotor cortex (PMd), the left posterior intraparietal sulcus
(pIPS), and multiple PrC foci located on the medial wall of the
SPL (Fig. 4A, Table 2). We more closely observed that the PMd
cluster was localized to the juncture of the superior frontal and
precentral sulci and extended caudally to the primary motor
cortex (M1, area 4p). The PrC cluster with the greatest spatial
extent was localized to the right posterior PrC (smaller cluster
in left PrC), extending along the superior aspect of the precuneal
sulcus (PCS) and posteriorly to the anterior bank of the parieto-
occiptal sulcus (POS). Position of this cluster is consistent with
the human V6A homologue (Pitzalis et al. 2012). Additionally,
we found another right hemisphere cluster positioned more
anterior, between the PCS and marginal ramus of the cingulate
sulcus.

Increased accuracy on praxis gestures was also associated
with increased connectivity between the right cIPL subregion
and the left SPL, as revealed through two clusters localized to
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Right

Figure 2. Parcellation of the IPL showing the subregions generated by constrained independent components analysis. Parcellation map reflects analyses for left and
right hemispheres, with subregions colored to reflect similar spatial arrangement across hemisphere.

Table 2 IPL subregion—whole-brain connectivity effects of praxis

MNI coordinates

X y z Peak T  Voxels
Subregion: left pIPL
Right superior parietal 8 -74 46 5.05 296
lobule
Right precuneus 10 —54 48 4.92 144
Left angular gyrus -28 -76 40 4.9 62
Left premotor cortex —26 -12 50 4.82 203
Left precuneus -6 —68 32 4.67 62
Subregion: right cIPL
Left precuneus -8 -60 50 6.05 192
Left superior parietal —34 —-58 50 5.15 152
lobule/intra parietal
sulcus
Subregion: right dIPL
Right supramarginal 60 —26 28 5.46 98
gyrus

lateral and medial (PrC) aspects of the SPL (Fig. 4B, Table 2). The
lateral SPL cluster was positioned along the intraparietal sulcus
(IPS) extending along the superior bank caudally from the pri-
mary intermediate sulcus of Jensen whereas the PrC cluster was
localized within the PCS, and anteriorly towards the cingulate
sulcus.

We additionally observed that increased connectivity of the
right dIPL was related to stronger praxis performance (Fig. 4C,
Table 2). Specifically, this pattern of increased connectivity in
relation to praxis was observed between right dIPL and the right
anterior supramarginal gyrus (SMG, Fig. 4C), with the cluster
spanning the parietal operculum.

Further, we failed to observe any significant effect of diag-
nosis (ASD, TD) when comparing IPL connectivity with praxis
performance. This lack of a statistical interaction suggests
that connectivity profiles are generally similar between groups
despite there being wide differences in praxis performance.

Table 3 IPL subregion—whole-brain connectivity conjunction of
praxis and social skills

MNI coordinates

X y z Peak T Voxels
Subregion: right cIPL
Left cerebellum lobule  —28 —40 —34 4.44 66
VI
Left posterior cingulate —16 —42 48 3.7 115
Right superior frontal 26 4 48 3.19 41

gyrus (rostral dorsal
premotor cortex)

Relationship of IPL Connectivity to Praxis
and Social Skill in Children with ASD

Using a conjunction analysis, we tested for overlap between IPL
connectivity associated with motor and social skills in children
with ASD. This approach revealed that the right cIPL subre-
gion had similar connectivity relationships for both motor and
social skills in autism (Fig. 5, Table 3) as measured by perfor-
mance on the praxis exam and social skill ability rated by a
parental guardian (SRS total score), respectively. The conjunc-
tion revealed that reduced connectivity with clusters in the right
rostral PMd (PMdr), and the left anterior cerebellum (lobule VI)
was associated with weaker praxis and social skills. Further,
a third cluster was localized to the left retrosplenial cortex,
including the ventral PrC and posterior cingulate cortex (PCC)

(Fig. 5).

Discussion

Our primary aim was to understand if abnormalities in IPL func-
tional connectivity were related to deficits in praxis and social
skills commonly observed in school-aged children with ASD. We
anticipated that reduced long-range connectivity from the IPL



2646 | Cerebral Cortex, 2021, Vol. 31, No. 5

IPL subregions

DD

&S
an a
OO 18

QS

OO
A

GO
QG

Left seed

em

+3

0
+0

&2

Subregion connectivity maps

Right seed

.
‘ . ‘ @
+42 -38

dorsal anterior (dIPL)

€

+4 &*52

Right seed

central (cIPL)

anterior (alPL)

&

Right seed
@é

posterior (pIPL)

_ventral (vIPL)

Right seed
ﬁ % +0

+36

Figure 3. Subregions of the IPL and corresponding whole-brain networks observed in the TD and ASD dataset (n=128). The position of the subregion is shown on the
far left of the image, with images of the corresponding whole-brain connectivity shown on the center and rightmost panels. Darker shades reflect voxels of higher
connectivity strength with the corresponding subregion (P < 0.05, FWE voxelwise correction).

and primary and secondary premotor regions would be linked
to deficits in praxis performance and that similar connectivity
reductions would be associated with poorer social skills. To
address these hypotheses, we tested if differences in intrinsic

functional connectivity (rsfMRI) are related to praxis and social-
communicative skill in a wider dimensional sample of TD and
ASD school-aged children (aged 8-12 years). Consistent with
our hypotheses, we found that praxis performance across both
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Figure 4. The relationship between IPL connectivity and praxis ability observed in a dimensional sample of TD children and children with ASD. (A) Regression of left pIPL
whole-brain connectivity maps revealed significant relationship with praxis ability, with clusters isolated to the left dorsal premotor cortex (PMd, dark green circles),
and right superior parietal cortex and precuneus (light green circles). (B) Analysis of right cIPL connectivity maps revealed that praxis performance was associated
with increased connectivity of the IPS (dark red circles) and precuneus. (C) Analysis of right dorsal IPL (dIPL) connectivity maps revealed that praxis performance was
correlated with connectivity of the right anterior supramarginal gyrus (dark blue circles). Right panels: coloring by diagnosis is to show the distribution of TD and
ASD participants. Plots of effects illustrate the relationship between praxis ability and connectivity strength across the dimensional sample (TD + ASD). All maps are

thresholded at P < 0.05, FWE cluster corrected.

ASD and TD children was associated with increased connec-
tivity between distinct subregions of the IPL and primary and
secondary premotor regions, which emerged bilaterally from
both the right and left IPL. Consistent with several prior studies
(Mostofsky et al. 2006; Dewey et al. 2007; Dziuk et al. 2007; Dowell
et al. 2009), we found children showed impaired praxis perfor-
mance compared with TD children. Further, we discovered that
reduced right IPL (cIPL) functional connectivity was associated

with impaired praxis performance, as well as impaired social
skill, in children with ASD.

We found the IPL to fractionate into subregions (4 in left, 5
in right hemisphere), each with distinct patterns of connectiv-
ity with the rest of the brain. The subregion landscapes that
we observed were comparable to IPL demarcations previously
observed in functional connectivity approaches involving neu-
rotypical young adults (Igelstrom et al. 2015), and anatomical
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Figure 5. The relationship between IPL connectivity, praxis and social skills in children with ASD. Conjunction analysis revealed that right cIPL connectivity is similarly
related to both motor and social skills, with increased connectivity to the left cerebellum (lobule VI, orange circle), posterior cingulate (dark red circle), and right rostral
dorsal premotor cortex (bright red circle) associated with greater ability in social and praxis skills. Note that the SRS total score is inversely related to social skill ability,
such that lower scores reflect greater social skill. All maps are thresholded at P < 0.05, FWE cluster corrected.

investigations (Caspers et al. 2006, 2008). Second, we found
that particular subregions of the IPL demonstrated patterns of
connectivity that tracked with praxis ability as measured across
a dimensional sample consisting of both TD children and those
with ASD. Using this approach, we found that children with
stronger praxis tended to show greater connectivity between
IPL subregions and distal brain regions commonly associated
with motor skills. Third, we found that diverse patterns of IPL
connectivity were associated not only with praxis motor skill,
but also with social skill, in children with ASD. This suggests
that anomalous development of the IPL may have a generalized
impact on autism-associated impairments in acquisition of a
broad-range of skilled behaviors, including those with motor
and social composition.

Our results show that across a dimensional sample of chil-
dren, praxis is supported by distinct patterns of IPL connectiv-
ity, such that connectivity with distal primary and secondary
premotor regions was strongly linked to a child’s performance
on tasks requiring action knowledge. These findings illustrate
the functional importance of IPL connectivity during childhood

and serve to build upon an already rich understanding of the
relationship between the IPL and action knowledge in adults
(Hermsdorfer et al. 2007; Bohlhalter et al. 2009; Kroliczak and
Frey 2009; Wiestler and Diedrichsen 2013; Wymbs and Grafton
2015; Buxbaum and Randerath 2018).

We observed that within a posterior subregion of the left IPL
(pIPL) spanning posterior SMG and ANG, praxis ability tracks
with increased connectivity with key areas of action repre-
sentation, namely, left dorsal premotor (PMd), posterior pari-
etal, and precuneus cortices. Connectivity between the left IPL
and left PMd cortex is thought to be a cornerstone in motor
skill representation (Kroliczak and Frey 2009; Buxbaum et al.
2014) including that of inverse models for action important for
understanding actions as performed by others (Grafton 2009;
Mostofsky and Ewen 2011). Association of praxis with left pIPL-
precuneus is notable given that, like the IPL, the precuneus
shows dense structural (Morecraft et al. 2003; Parvizi et al. 2006;
Scheperjans et al. 2008) and functional connectivity with rest-
ing state networks (Buckner et al. 2008; Hagmann et al. 2008)
highlighted in a diverse range of cognitive processes including
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action representation, semantic memory, and social cognition
(Hutchison et al. 2015).

Interestingly, we found that right IPL connectivity was asso-
ciated with praxis ability, specifically right central IPL (cIPL)
connectivity with the left intraparietal sulcus (IPS), extending
into the SPL, and the left precuneus. These findings suggest that
during child development, both the right and left IPL contribute
to skill representation. These findings are consistent with evi-
dence from neurotypical adults producing gestures with their
non-dominant hand (Kroliczak et al. 2016; Buchwald et al. 2018),
and further suggest the importance of interhemispheric (cal-
losal) connectivity in development of skilled behaviors during
childhood. Although it is far from conclusive, our findings argue
for bilateral involvement of the IPL in motor skill representa-
tion during childhood and suggest the importance of cross-
hemispheric integration of the IPL in the development of motor
skills.

We additionally identified an autism-specific association,
finding connectivity of the right cIPL to be strongly related to
both motor and social skills in children with ASD. Decreased
right cIPL connectivity to left cerebellum lobule VI, posterior
cingulate, and right PMdr cortex was related to greater impair-
ment in praxis and social skill ability. This finding is convergent
with evidence from our research group (Dziuk et al. 2007; Dowell
et al. 2009; Nebel et al. 2016) revealing an association of praxis
and social skill ability in children with ASD. Moreover, this is
consistent with the perspective that motor and social skills
rely on overlapping neural networks and that abnormalities in
motor skills, a phenotype that isillustrated early in development
in ASD children, and thus may affect or are at least closely
interrelated with the social-communicative skills that children
build later in development (Mostofsky and Ewen 2011).

Reduced connectivity in right PMdr—cIPL overlaps with
cortical territory comprising the dorsal frontoparietal network
(dFPN), which is linked to executive control processingin a range
of social and motor domains, including action emulation (Ptak
etal. 2017), which pertains to the dynamic offline representation
of kinematics and goals (Grafton 2009). In addition, the domain-
general nature of this finding is supported by mounting
evidence that networks involved in cognitive processes (e.g.,
FPN) demonstrate interactivity with other functional networks
in response to task demands (Cole et al. 2013; Mattar et al.
2015) including social cognition (Dixon et al. 2018). Thus, the
reduced long-range connectivity between the PMdr and cIPL
may ultimately have adverse effects on skills that demand
cognitive resources by weakening communication between
functional networks.

The association of praxis and social skill with right cIPL-left
anterior cerebellum (lobule VI) in children with ASD (Fig. 5A)
highlights the potential contribution of cerebellar abnormali-
ties to the pathophysiology of autism, with prior postmortem
(Whitney et al. 2008; Skefos et al. 2014), behavioral (Haswell
et al. 2009; Marko et al. 2015), and neuroimaging (Mostofsky
et al. 2009; D'Mello et al. 2015) studies providing additional
evidence for a role of the cerebellum in autism. Here, we show
evidence that reduced parietal-cerebellar connectivity may con-
tribute to a generalized impairment in skills acquired during
early childhood in ASD. Interestingly, this finding is consistent
with recent work using mouse and human models showing
that cerebellar-parietal connectivity is both functionally and
structurally altered, and is a key factor in the expression of
autism-related behaviors (Stoodley et al. 2017). In this case, the
investigators identified right Crus I—left IPL connectivity to be
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abnormal in human and mouse models, and that manipula-
tion of mouse brain connectivity resulted in abnormal ASD-
like social and repetitive use behaviors. Additionally, stimulation
of the right Crus I—left IPL pathway rescued ASD-like social
behaviors in their mouse model, which suggests that stimula-
tion involving this pathway might serve to alleviate social skill
challenges in children with ASD. Igelstrém et al. (2017) found
a similar effect in adolescents with ASD, showing a reduction
in functional connectivity with respect to controls, between the
right dorsal TPJ subregion (located within the IPL) and the left
Crus II. Our results extend these observed findings to show that
a reduction in connectivity between the right IPL and left cere-
bellum is linked to a stronger ASD phenotype, in an earlier and
more constrained developmental window, which may indicate
a pathway that has a generalized effect on the acquisition and
refinement of motor and communicative skills.

Notably, we observed that reduced right cIPL-left PCC connec-
tivity was also associated with weaker praxis and social skills in
children with ASD. The PCC is considered a hub within the DMN
(Buckner et al. 2008), and due to strong mesial temporal struc-
tural connectivity, is linked to self-referential processes embed-
ded in social skills, including autobiographical/episodic memory
retrieval (Spreng et al. 2009), visuospatial mental imagery, and
self-projection (Buckner et al. 2008). Aberrant PCC connectivity
is associated with ASD (Leech and Sharp 2014; Lau et al. 2019)
including the reduction in social skill performance (Lynch et al.
2013). We suggest that reduced IPL-PCC connectivity in children
with ASD may affect the reconciliation and mapping of action
and body knowledge, which may further disrupt the formation
of praxis and social skill. Further studies are needed to address
this possibility.

There are some limitations of our study that merit inquiry.
Our results cannot speak to an evoked response of IPL praxis
activity given that praxis was assessed outside of the scanner
environment. Instead, our results highlight the latent functional
pathways of the IPL and how these relate to praxis and social
skill. Recent investigations are indeed making progress in this
effort (e.g., McAuliffe et al. 2016), suggesting that acquisition
pipelines that are more robust to motion artifact (e.g., fNIRS)
or in conjunction with cutting-edge motion artifact computa-
tion (e.g., EEG/MEG) may provide the basis for praxis-related
evoked response of the IPL. Another limitation was that we
quantified praxis as an aggregate rating (percent correct) that
was further aggregated across different gesture types. There is
strong debate over what component of actions (e.g., kinematic,
semantic) is represented within the left IPL (Bohlhalter et al.
2009; Kroliczak and Frey 2009; Buxbaum et al. 2014), but this
topic is greatly underexplored children and remains a topic of
future study. Lastly, we have limited insight regarding potential
developmental effects of IPL connectivity and praxis because the
chosen sample is confined to a single time point within a narrow
range of school-aged children. Advances in neuroimaging in
infancy and preschool children invite future efforts to examine
the neurodevelopment of the IPL and how it may relate to the
emergence of skills that are later impaired in children with ASD,
which may lead to the development of early interventions that
promote praxis and social skill in very young children at risk for
autism.

Here, we observed that in school-aged children including
those with ASD, there are multiple subnetworks of the IPL,
arranged bilaterally, that show distinct patterns of intrinsic
functional connectivity in support of praxis. Connectivity
related to praxis was similarly observed in the left and right IPL,
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which is somewhat surprising given the evidence of strong later-
alization of praxis to the left IPL. The additional contribution of
right IPL connectivity in this population of school-age children
(with and without ASD) may be a consequence of ongoing
development of association cortex, with yet undetermined
(left) lateralization of praxis. Furthermore, our findings suggest
that abnormalities in right IPL connectivity (specifically, right
cIPL) in children with ASD may contribute to a generalized
impairment of communicative skills, as we observed reduced
connectivity linked to both praxis and social skills common
to the ASD phenotype. These results highlight the potential
wide-ranging impact that the IPL has on the development of
motor skills and how aberrant IPL connectivity in ASD may
contribute to challenges in the expression of motor skills applied
to social-communicative interaction.
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