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Abstract: While task-based neuroimaging studies have identified alterations in neural circuitry under-
lying language processing in children with autism spectrum disorders [ASD], resting state functional
magnetic resonance imaging [rsfMRI] is a promising alternative to the constraints posed by task-based
fMRI. This study used rsfMRI, in a longitudinal design, to study the impact of a reading intervention
on connectivity of the brain regions involved in reading comprehension in children with ASD. Func-
tional connectivity was examined using group independent component analysis (GICA) and seed-
based correlation analysis of Broca’s and Wernicke’s areas, in three groups of participants: an experi-
mental group of ASD children (ASD-EXP), a wait list control group of ASD children (ASD-WLC), and
a group of typically developing (TD) control children. Both GICA and seed-based analyses revealed
stronger functional connectivity of Broca’s and Wernicke’s areas in the ASD-EXP group postinterven-
tion. Additionally, improvement in reading comprehension in the ASD-EXP group was correlated with
greater connectivity in both Broca’s and Wernicke’s area in the GICA identified reading network com-
ponent. In addition, increased connectivity between the Broca’s area and right postcentral and right
STG, and the Wernicke’s area and LIFG, were also correlated with greater improvement in reading
comprehension. Overall, this study revealed widespread changes in functional connectivity of the
brain’s reading network as a result of intervention in children with ASD. These novel findings provide
valuable insights into the neuroplasticity of brain areas underlying reading and the impact of intensive
intervention in modifying them in children with ASD. Hum Brain Mapp 36:2965-2979, 2015. © 2015
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INTRODUCTION

Autism spectrum disorder (ASD) is characterized by pro-
found impairments in verbal and nonverbal communication
[American Psychiatric Association, 2013]. With the rising
prevalence in ASD [currently 1 in 68 children; Center for
Disease Control, 2014], there is a growing need for
improved understanding of the neurobiology of this disor-
der which can lead to developing targeted interventions.
Both behavioral and neuroimaging studies have reported
that high-functioning children with ASD struggle with
different aspects of oral and reading comprehension, includ-
ing pragmatics, semantics, and phonological processes
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[Groen et al., 2008, 2010; Williams et al., 2008], while their
decoding and word identification skills remain relatively
intact [Nation et al., 2006; Newman et al., 2007; Norbury and
Nation, 2011]. Concurrently, neuroimaging research has
demonstrated alterations in the synchronization of brain
activity (underconnectivity of frontal and temporal lan-
guage regions) underlying language comprehension,
including semantics and integration of social information
[Groen et al., 2010], lexical over thematic processing [Just
et al., 2004], and pragmatics and syntax [Groen et al., 2008].
In typically developing (TD) individuals, the language com-
prehension network is left-hemisphere (LH) dominant, con-
sisting of the left posterior middle temporal gyrus (LMTG),
superior temporal gyrus (LSTG), superior temporal sulcus
(LSTS), inferior frontal gyrus (LIFG), and middle frontal
gyrus (LMFG) [Turken and Dronkers, 2011; Tomasi and Vol-
kow, 2012]. Individuals with ASD, conversely, tend to
recruit additional right-hemisphere (RH) regions and
appear to favor local connectivity between parietal and occi-
pital regions during language comprehension [Kana et al.,
2006; Kana and Wadsworth, 2012; Mason et al., 2008] at the
expense of more long-range frontal to posterior connections
[Courchesne et al., 2007; Minshew and Keller, 2010; Sahyoun
et al., 2010]. These results are consistent with the cortical
underconnectivity hypothesis which posits that complex
cognitive functions such as language are dependent on the
coordination of brain areas which may be compromised in
individuals with ASD [Just et al., 2004; Kana et al., 2006].

While task-based neuroimaging studies (e.g., sentence
comprehension, theory-of-mind, problem-solving) are
important in understanding the neural mechanisms of cog-
nitive processes, they are also constrained by the level of
task difficulty, response time, and participant performance.
Such demands make pediatric neuroimaging and imaging
children with neurodevelopmental disorders particularly
challenging. The advent of resting state functional MRI
(rsfMRI) has marked a paradigm shift in the field of neu-
roimaging [Raichle, 2009] and has opened new doors for
understanding the neurobiology of disorders like autism.
Neuroimaging studies have applied rsfMRI as a task-
independent method to identify low frequency (<0.1 Hz)
fluctuations of spontaneous brain activity that represent
structured and organized brain networks that closely
relate to functional patterns of connectivity observed dur-
ing task performance [Deco and Corbetta, 2011; Smith
et al., 2009; Toro et al., 2008]. More recently, studies have
used rsfMRI to assess the neural networks underlying lan-
guage comprehension, specifically reading ability in TD
individuals [Hampson et al., 2006; Koyama et al.,, 2010,
2011; Tomasi & Volkow, 2012].

Using rsfMRI brain activity to study language compre-
hension, particularly reading comprehension, a basic net-
work can be identified that acts as a framework for
language processing regardless of task [Lohmann et al.,
2010]. This is especially important for children with ASD,
where developing language tasks that can address the
wide spectrum of comprehension abilities is challenging.

The language comprehension network in TD children has
been successfully mapped in previous studies using
rsfMRI brain activity. In addition, reading performance of
TD children was positively correlated with resting state
connectivity between posterior superior temporal (Wer-
nicke’s area) and inferior frontal (Broca’s area) cortical
areas [Koyama et al., 2011]. To our knowledge, only one
study, so far, has assessed the language comprehension
network using rsfMRI in children with ASD [Verly et al,
2014] finding intact connectivity between Wernicke’s and
Broca’s area. However, underconnectivity was identified
between Broca’s area and supplemental motor area (SMA)
and dorsolateral prefrontal cortex (DLPFC) as well as
between frontal and cerebellar regions [Verly et al., 2014].
Thus, recent research indicates the potential of rsfMRI to
characterize language comprehension networks, including
the reading network, during task-free resting state. While
such characterization is vital in understanding ASD fur-
ther, an equally or perhaps more important next step is to
determine the plasticity of this intrinsically organized net-
work, and to test whether intervention can effect changes
in rsfMRI brain connectivity. The main goal of the present
study is to address this question in children with ASD
with the use of an intense, behaviorally tested, and com-
prehensive reading intervention.

While all previous studies have assessed the connectiv-
ity between brain regions associated with language com-
prehension during rest using a seed-based method
[Hampson et al., 2006; Koyama et al., 2010, 2011; Tomasi
et al., 2012; Verly et al., 2014], this study uses a purely
data-driven independent component analysis (ICA)
approach to identify spatially distinct, temporally corre-
lated brain networks [Calhoun et al., 2001]. Additionally,
we used a seed-based approach to assess the connectivity
of both Broca’s and Wernicke’s area with the rest of the
brain [Tomasi and Volkow, 2012]. Seed-based methods are
advantageous in analyzing correlations in rsfMRI between
specific regions of interest (ROI), or seeds, with other brain
regions in networks that have been previously well
defined; whereas, the benefit of the ICA approach is that
all significantly weighted voxels within an independent
component are highly correlated, and can be considered a
functionally connected network. In ICA, the time series of
all of the significant voxels can be assumed to share com-
monality, and can be considered to be functionally con-
nected with one another within the network [Erhardt
et al., 2011]. Given the relatively novel nature of using
rsfMRI to better understand the language comprehension
network, both ICA and seed-based approaches can pro-
vide valuable information in identifying specific regions
encompassed within this network that are altered in chil-
dren with ASD, and additionally increase the specificity to
determine intervention-related changes in functional
connectivity.

We used rsfMRI in a longitudinal design before and
after a reading remediation program to assess changes in
brain connectivity of brain regions involved in reading
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comprehension in children with ASD. In addition, we
assessed differences in rsfMRI connectivity between chil-
dren with ASD and TD children, to further evaluate differ-
ences between children with and without reading
comprehension difficulties. We expect that TD children
will have neural differences distinct from our ASD chil-
dren based on previous literature [e.g., Verly et al, 2014].
The intervention used in this study [Visualizing and
Verbalizing for Language Comprehension and Thinking
(V/V)] has been found to be successful in children with
reading disorders, but has never been applied to study
children with ASD. The V/V intervention has significant
implications for autism as it relies primarily on visual non-
verbal methods, a relative strength in individuals with
ASD, to aid in developing both oral and reading compre-
hension [Bell, 1991a, 1991b; Torgesen et al., 2001]. This
intervention is a practical application of the principles of
dual coding theory which posits that cognition involves
the activity of two distinct subsystems, a verbal system
specialized for dealing directly with language, and a non-
verbal (imagery) system specialized for dealing with non-
linguistic objects and events [Paivio, 2007; Sadoski and
Paivio, 2001]. We applied two connectivity analysis
approaches in this study, data-driven ICA and seed-based
correlation analysis, to evaluate the functional integrity of
the reading network during resting state and to delineate
changes in functional connectivity due to targeted inter-
vention in children with ASD. We hypothesize that chil-
dren with ASD who participated in the reading
intervention would show strengthened functional connec-
tivity within the identified reading network after interven-
tion as well as would recruit additional brain regions as
compensatory resource for reading comprehension. This
study is novel in its translational neuroimaging focus and
the findings will have a significant impact on understand-
ing and in applying targeted behavioral interventions to
children with ASD.

METHOD
Participants

Participants were 31 children with ASD (mean
age =10.6) and 22 age and IQ-matched TD children (mean
age = 10.4; see Table I). The children with ASD underwent
two fMRI sessions, 10 weeks apart; the TD children only
participated in one fMRI session. The children with ASD
were randomly assigned to participate in the V/V Inter-
vention Program either between imaging sessions (experi-
mental group; ASD-EXP; n=16) or after completing both
imaging sessions (wait-list control group; ASD-WLC;
n=15). The TD control group did not participate in the
intervention. Children were determined to have an ASD
diagnosis by either being diagnosed by a licensed clinical
psychologist using the Autism Diagnostic Observation
Schedule [ADOS; Lord et al, 2000] and/or the Autism

TABLE I. Participant Demographics

ASD-EXP ASD-WLC
Grou Group TD Group

Characteristic (n=16) (n =15) (n=22)
Age® 10.3+1.49 11.0+1.14 10.4 = 1.56
Gender

Male 12 12 16

Female 4 3 6
Self-Identify

Caucasian 10 9 10

Black 1 1 9

Asian 3 4

Hispanic 1
WASI FSIQ® 94.7 =12.98 97.2 +=15.53 97.6 =12.08
WASI VIQ® 91.3*+9.19 92.1+13.21 98.9 = 15.50
GORT-4 76.7 =11.56 84.2+9.76 105.7 +19.18

Comprehension®
SORT-R 107.5+7.78 105.5 + 8.18 109.2 £9.08

Reading Score®

Note: Value * standard deviation.

?Age in decimal years at first imaging session.

"Wechsler Abbreviated Scale of Intelligence, Full Scale Intelligence
Quotient.

“Wechsler Abbreviated Scale of Intelligence, Verbal Intelligence
Quotient.

dGray Oral Reading Test—Forth Edition Comprehension subtest
at the first imaging session in standard scores.

Slosson Oral Reading Test—Revised (SORT-R) reading score at
the first imaging session in standard scores.

Diagnostic Interview-Revised [ADI; Lord et al., 1994] or
being diagnosed by a licensed clinical psychologist and a
research diagnosis using the ADOS by trained research-
reliable personnel. No statistically significant differences
between the ASD group and the TD group were observed
for age [t(51)=0.427, P=0.671] or Full-Scale IQ [mean
ASD=095.8;, mean TD=97.6; t(51)= 0.497, P=0.621],
although there was a marginally significant difference in
verbal IQ [mean ASD =91.6; mean TD = 98.9; #(51) = 2.04,
P =0.048]. In addition, the ASD-EXP and ASD-WLC ASD
groups did not differ on reading comprehension level
prior to the first fMRI session, as measured by the Gray
Oral Reading Test (GORT-4): Comprehension Score [mean
ASD-EXP =76.5; mean ASD-WLC=284.2; #29)=1.59,
P=0.062]. Among the 31 children with ASD, 7 were
female (4 in the ASD-EXP group and 3 in the ASD-WLC
group), and all were right-handed. In the TD group, 6
were female, and all were right-handed.

All participants with ASD were recruited through multi-
ple sources, such as the Civitan-Sparks Clinic at UAB,
Mitchell’s Place for Autism in Birmingham, the Autism
Spectrum Disorders Clinic at the University of Alabama,
through the Alabama Autism Society, from the greater Bir-
mingham area, and from nearby cities, such as Montgom-
ery, Mobile, Huntsville, and Tuscaloosa. In addition, the
Lindamood-Bell Learning centers recruited potential
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participants at their centers, and sent those families to
UAB for eligibility testing. The TD participants and their
families were recruited by advertisements in local newspa-
pers and in UAB Reporter, and by flyers posted on UAB
campus. All participants with ASD met the following
inclusion criteria: ages from 8 to 13 years, current diagno-
sis of ASD as specified above, right-handed, and be recom-
mended for the V/V intervention, indexed by being a
native English speaker, having a Slosson Oral Reading
Test - Revised (SORT-R) reading score of at least 37th per-
centile and/or a Gray Oral Reading Test — Forth Edition
(GORT-4) accuracy score of at least 25th percentile, a
GORT-4 comprehension score below 37th percentile, and a
Verbal IQ score of at least 75, as measured by the Wechs-
ler Abbreviated Scale of Intelligence (WASI). The inclusion
criteria of TD participants included: ages from 8 to 13, no
diagnosis of an autism spectrum disorder or a language
disorder, and an average (greater than the 25th percentile)
oral reading and reading comprehension, as measured by
the SORT-R and GORT-4. Participants failing to meet any
of the inclusion criteria and participants currently taking
beta-blockers or vasodilators, having a history of ferro-
magnetic material in the body, or neurostimulators, being
claustrophobic, or history of kidney disease, seizure disor-
der, diabetes, hypertension, anemia, or sickle cell disease
were excluded from the study. All participants were off
medication at the time of their imaging session. All partici-
pants” legal guardians gave written informed consent and
all participants gave written informed assent, approved by
the UAB Institutional Review Board, to participate in the
study and were compensated for their participation.

Reading Intervention Program

The Visualizing and Verbalizing for Language Compre-
hension and Thinking (V/V) Intervention is based on the
use of nonverbal sensory input, in the form of imaged
gestalts, to develop oral and written language comprehen-
sion, establish vocabulary, and develop higher order think-
ing skills [Bell, 1991a, 1991b; Lindamood and Bell, 1997;
Johnson-Glenberg, 2000]. The V/V program is designed to
teach children to form imaged gestalts, or concept
imagery, as they read and hear language. Through the
sequential teaching methods of the program, the imaged
gestalt helps develop the imagery-language connection
and improve oral and reading comprehension. This is
based on the dual coding theory which posits that cogni-
tion involves the activity of two distinct subsystems, a
verbal system specialized for dealing directly with lan-
guage, and a nonverbal (imagery) system specialized for
dealing with nonlinguistic objects and events [Paivio, 2007;
Sadoski and Paivio, 2001]. The student progresses in the
program by beginning with word imagery and then
extending their understanding to sentence, paragraph, and
page imagery. The ultimate goal of this intervention is to
apply nonverbal imagery to language comprehension to

improve children’s reading and listening comprehension,
communication skills, and critical thinking skills. The clini-
cal teaching is what the program describes as a process-
based approach, “responding to the response,” leading
students to meta-cognitively “see” the meaning of what
they are reading or listening to and then verbalize what
they have visualized. Research has shown this intervention
to be effective for children with other learning disabilities
specific to reading, including dyslexia and hyperlexia
[Bell, 1991a; Johnson-Glenberg, 2000].

The V/V intervention the children with ASD received in
the current study was intensive, taking place in 4-hour ses-
sions per day, 5 days a week for 10 weeks. The interven-
tion was conducted at the Lindamood-Bell Learning
Processes center closest and/or convenient to where each
participant’s family lives. Trained clinicians administered
the intervention in a standardized manner, and were
monitored by an experienced supervisor who gives con-
stant feedback to the clinicians. Implementation of V/V
instruction to the participants was done one-on-one in a
distraction-free setting, with clinicians rotating every hour.

fMRI Data Acquisition

The MRI data were collected using a Siemens 3.0 Tesla
Allegra head-only Scanner (Siemens Medical, Erlangen,
Germany) located at the UAB Civitan Functional Neuroi-
maging Laboratory (CFNL). Each session consisted of the
following scans: (1) 3-plane localizer scan; (2) SENSE cali-
bration scan; (3) 3-D high-resolution anatomical scan; (4)
fMRI scans of activation to the resting state scan. For the
high resolution anatomical scan, T1-weighted scans were
acquired using a 160-slice 3D MPRAGE (Magnetization
Prepared Rapid Gradient Echo) volume scan with repeti-
tion time (TR)=200 ms, echo time (TE)=23.34 ms, flip
angle=7, FOV =256 cm, 256 X 256 matrix size, and
1 mm slice thickness. Functional MR images were acquired
using a single-shot T2*-weighted gradient-echo EPI pulse
sequence. We used TR =1000 ms, TE =30 ms, and a 60°
flip angle for 17 oblique axial slices 5 mm slice thickness
with a 1 mm slice gap, a 24 X 24 cm field of view (FOV),
and a 64 X 64 matrix, resulting in an in-plane resolution
of 3.75 X 3.75 X 5 mm®. For the resting state scan, a total
of 419 volumes were acquired for a total scan time of 6
min 59 s, with a TR of 1000 ms.

Data Preprocessing

Functional images were processed using the Statistical
Parametric Mapping (SPM8) software (Wellcome Depart-
ment of Cognitive Neurology, London, UK) and Analysis of
Functional Neurolmages AFNI software [Cox, 1996]. Func-
tional images were corrected for slice acquisition timing,
motion-correction by registering each functional volume to
the first time point of the scan, normalized to the MNI space,
resampled (3mm isotropic) and smoothed with an 8 mm
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Gaussian kernel. The normalized and smoothed images were
then low bandpass filtered (0.008 < f < 0.08 Hz).

Correction for Head Motion

Because head motion can impact functional connectivity
analyses, the following precautions were taken [Sat-
terthwaite et al., 2013; Van Dijk et al., 2012]. Head motion
was quantified as the Euclidean distance calculated from
the six rigid-body motion parameters for two consecutive
time points. For any instance >2mm, considered excessive
motion, the time point as well as the immediately preced-
ing and subsequent time points were censored, or
“scrubbed” [Power et al., 2012]. If two censored time
points occurred within ten time points of each other, all
time points between them were also censored. All partici-
pants retained >90% of their time points after censoring.
Average head motion over each participant’s session was
defined as the root mean square of displacement (RMSD)
and did not significantly differ between all groups (all P
values not significant from two- and paired-sample t-tests).
We additionally computed correlations between RMSD
and functional connectivity values and found no signifi-
cant correlations in the TD and ASD groups. Three sub-
jects with ASD (2 in the ASD-EXP group and 1 on the
ASD-WLC group) and three TD subjects had to be
excluded because of excessive head motion in which too
many time points would have had to be censored.

Group Independent Component Analysis

Group independent component analysis (GICA) was
conducted on all 53 participants using the fMRI Group
ICA Toolbox (GIFT; icatb.sourceforge.net, version 1.3e).
The GICA was carried out twice, with all subjects at the
first imaging session (n =53), and the ASD groups (EXP
and WLC) at the second imaging session (1 = 31). For both
GICA, independent components were estimated using the
minimum description length criteria, modified to account
for spatial correlation, [Li et al., 2007], with 34 independ-
ent components being estimated at the first session and 21
independent components being estimated for the second
session. The GIFT toolbox organizes the data into three
main batch steps: data reduction using principal compo-
nent analysis (PCA), ICA and back reconstruction. Two
data reduction steps are used in which each subject’s data
is reduced by PCA, which helped to reduce the impact of
noise and made the estimation computationally tractable.
ICA was then applied to the data set, and then back recon-
struction of subjects’ time courses and spatial maps are
generated such that each subject has a specific spatial map
and time course for each estimated component [Calhoun
et al., 2001, 2008]. Each component was visually inspected
for artifacts, such as activation primarily in white matter
or ventricles, or components suggestive of eye movements,
head motion or cardiac-inducted pulsatile artifact at the

base of the brain. This resulted in 23 components at the
first session and 17 components at the second session that
were selected for further analysis.

Based on our specific hypotheses of intervention related
changes to the reading network, we performed a spatial
correlation analyses with the surviving components to
determine which components had a high spatial overlap
with this network. For the reading network we created a
spatial map based of the anatomical regions identified dur-
ing rest from a meta-analysis of core language regions
involved in reading in children conducted by Koyama
et al. [2011]. These bilateral seeds included: inferior occipi-
tal gyrus (I0G), fusiform gyrus (FFG), superior temporal
gyrus (STG), precentral gyrus (PrCG), intraparietal sulcus
(IPS), supplementary motor area (SMA), inferior frontal
gyrus triangularis (IFGtr), middle frontal gyrus (MFG),
and thalamus (THAL). All regions were defined structur-
ally using templates from the WFU Pickatlas toolbox
within SPM8 using the AAL or Talairach Daemon atlases
[Lancaster et al., 2000; Maidjian et al., 2004]. The exception
was the intraparietal sulcus, for which we used a 6 mm
predefined sphere identified by Koyama et al. [2011]. This
anatomical mask, referred to as the Koyama reading network,
was used specifically as an a priori mask to aid in selecting
an independent component that best represented the read-
ing network. Five components were identified as having a
correlation value over 0.1 with the Koyama reading net-
work, and visual inspection of these components con-
firmed that they included regions from our spatial map of
the Koyama reading network. The component with the
highest correlational value (Pearson’s r = 0.272), which we
will refer to throughout the rest of the paper as the reading
network component, was selected for the between-group
analyses (described below). It should be noted that this
corresponding network had the highest spatial correlation
with the Koyama reading network mask at both the first
and second imaging session.

GICA Component ldentification

Of the five components with relatively moderate correla-
tion (Pearson’s correlation coefficient range = 0.117-0.272)
with our a priori spatial map of the Koyama reading net-
work, only one component had a significant correlation
value. This component we identified as the reading network
component, which included bilateral IFG—triangularis
(IFGtr; BA45), right IFG—opercularis (RIFGop), left IFG—
orbital (LIFGor), bilateral middle temporal gyrus (MTG),
bilateral FFG, LIPS, bilateral medial prefrontal cortex
(MPFC), and right cuneus (see Fig. 1A; Supporting Infor-
mation Table SI1). One-sample f-tests of the regions
included in this component for each group for each imag-
ing session demonstrated the same regions were repre-
sented within this component across groups and time
points. Additionally, we assessed the other components
(n=18) derived from group ICA that were not correlated
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A Reading Network Component

All Subjects S1

.?

Pre-intervention

C Intervention-Related Effects

ASD-EXP Post > Pre

ASD-EXP > ASD-WLC S2

Figure I.

(A) The independent component with the highest spatial corre-
lation with our reading network mask derived from all subjects
combined (TD + ASD-EXP + ASD-WLC groups; n=53) at the
first imaging session (FWE corrected at P < 0.05). (B) Between-
group differences in within-network connectivity for all ASD
combined at the first imaging session (ASD-EXP + ASD-WLC
groups) versus TD group (P <0.001, FDR corrected). (C) Inter-
vention related effects: Top panel: Between-group analysis show-
ing greater network connectivity at postintervention than
perintervention for the ASD-EXP group; bottom panel: Between
group analysis showing greater network connectivity in the
ASD-EXP group compared to the ASD-WLC group at the sec-
ond imaging session. Maps are thresholded at P<0.00l, FDR
corrected. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

with the Koyama reading network to determine if any
additional ~components showed intervention-related
changes outside of the reading network regions. We found

no additional brain region pairs that increased their mag-
nitude of connectivity from preintervention to postinter-
vention that were not encompassed in the reading
network component as identified above.

Statistical Analysis of Reading Network
Component

For each subject, the reading network component was
transformed to z-scores and were entered into SPMS8 for a
series of two-sample tests, with the TD children contrasted
with the children with ASD (ASD-EXP + ASD-WLC
groups) at the first imaging session, and the ASD-EXP
group contrasted with the ASD-WLC group at the second
imaging session. In addition, a paired t-test was conducted
to assess differences preintervention to postintervention in
the ASD-EXP group. All results were masked with all sub-
jects” (TD, ASD-EXP, and ASD-WLC groups) averaged
independent component thresholded at FWE corrected
P <0.05 at either the first or second imaging session to
assess only within network differences. In addition, for the
ASD-EXP group, we also assessed for differences outside
the masked average component at both the first and sec-
ond imaging sessions to better identify differences based
on the intervention. For regions outside the masked aver-
age component, we corrected for multiple comparisons
using a FDR cluster correction of P <0.05.

Seed-Based whole-Brain Analysis

The MNI coordinates for Broca’s area (—51, 27, 18), and
Wernicke’s area (—51, —51, 30) were selected based on a
previous study involving TD population [Tomasi and Vol-
kow, 2012]. Seeds were created using spherical binary
masks (6 mm-radius) and residual time-series were
extracted for each seed and correlated with every other
voxel in the brain for every participant. A Fisher’s r to z
transformation was applied to the correlation maps for
each participant before averaging and computing statistical
maps for each seed. Group comparisons for each seed con-
nectivity map included two-sample t-tests to compare: (1)
TD vs. all ASD participants (ASD-EXP + ASD-WLC) at
first imaging session, (2) ASD-EXP vs. ASD-WLC at sec-
ond imaging session, and (3) ASD-EXP vs. ASD-WLC at
second imaging session while using the first imaging ses-
sion connectivity maps as covariates; and paired-sample ¢-
tests to compare: (4) ASD-WLC first imaging session vs.
second imaging session, and (5) ASD-EXP preintervention
vs. postintervention. To correct for multiple comparisons,
10,000 Monte Carlo simulations were computed to obtain
a cluster-size-corrected FWE threshold of P<0.05. To
account for the signal from cerebral white matter and lat-
eral ventricles, masks were defined by anatomical masks
using the WFU PickAtlas [Maldjian et al., 2003]. Masks
were trimmed to avoid partial-volume effects, and an
average time-series for each region was extracted.
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Derivatives for head motion parameters, white matter and
ventricular time series were computed. Sources of noise
(head motion, white matter, and lateral ventricles plus
derivatives) were low bandpass filtered (0.008 <f< 0.08
Hz), modeled, and removed using a general linear model,
and residuals were used for functional connectivity
analysis.

Correlating Improvement in Reading
Comprehension with Connectivity

We further examined the relationship between changes
in functional connectivity in the ASD-EXP group and
changes in reading performance measured by the Gray
Oral Reading Test (GORT, 4th edition). The percent
change GORT-4 scores from preintervention to postinter-
vention and z-score maps of each whole-brain analysis
(Wernicke’s and Broca’s area) were examined in a voxel-
wise manner through simple regression analyses. This
generated a whole-brain correlation map showing which
regions in the brain were correlated with GORT-4 scores,
and cluster correction was applied as described above. In
addition, changes in GORT-4 scores were correlated with
the reading network component identified by GICA for
the ASD-EXP group postintervention. For all analyses,
verbal IQ was included as a covariate.

RESULTS
Overview

The key findings of this study are: (1) The ASD-EXP
group showed a significant increase in their reading com-
prehension abilities that were not seen in the ASD-WLC
group; (2) ICA-based connectivity analysis revealed a
strengthening of within-network functional connectivity of
both Broca’s (LIFG) and Wernicke’s (LSTG) areas in the
ASD-EXP group postintervention; (3) Seed-based func-
tional connectivity results revealed the ASD-EXP group
showing increased connectivity post-intervention between
Broca’s area and motor regions (e.g., SMA and precentral
gyrus) and supramarginal gyrus, and between Wernicke’s
area and LH language regions (e.g., LIFG and LMTG); and
(4) Lastly, greater connectivity in both Broca’s and Wer-
nicke’s area was correlated with greater improvement in
reading comprehension in the ASD-EXP group.

Behavioral Results

The ASD-EXP group showed significantly greater
improvement in reading comprehension (from preinter-
vention to postintervention) as measured by the GORT-4
Comprehension subtest [paired t-test, #(15) =5.01,
P <0.0001].Conversely, the ASD-WLC group did not have
a significant change in reading comprehension from the
first to second imaging session [paired t-test, #(14) =1.29,

P =0.218]. In addition, the ASD-EXP group significantly
improved their reading comprehension scores, indexed by
percent change from first to second session in GORT-4
scores, compared to the ASD-WLC group [ASD-WLC
mean: 2.6%, ASD-EXP mean: 16.4%, t(29) =2.92, P = 0.006].
The TD group had significantly higher reading compre-
hension scores than the children with ASD at the one ses-
sion they were tested [ASD-EXP+ ASD-WLC groups
versus TD; #(51) =5.91, P <0.0001].

Reading Network Component Connectivity:
Independent Component Analysis

When the reading network component was compared
between the TD children and the children with ASD
(ASD-EXP + ASD-WLC) at the first imaging session, there
was significantly reduced functional connectivity in the
ASD groups compared to the TD group (ASD < TD) in the
left insula (x= —32, y =12, z=10) and LIFG (Broca’s area;
x=—52, y=20, z=12), and overconnectivity (ASD >TD)
in the RIFGop. There were no differences between the
ASD-EXP and ASD-WLC group at the first imaging ses-
sion. In a second set of comparisons, we assessed interven-
tion effects in two different analyses: (1) The ASD-EXP
group revealed an increase in functional connectivity from
preintervention to postintervention within the reading net-
work component in Wernicke’s area (pSTS; BA39/40;
x=—58, y=—58, z=44), and a decrease in connectivity
from preintervention to postintervention within the RIFG -
orbital (IFGor; BA 47; see Fig. 1); (2) The ASD-EXP group
vs. ASD-WLC group comparison at the second imaging
session revealed greater functional connectivity in the
ASD-EXP group after intervention within the reading net-
work component in bilateral IFG (x=—38, y =50, z=4;
x=052, y=50, z= —4), LMFG (x=-44, x=30, x=22),
LMTG (x=-58, y=—-50, z=—8), and Wernicke’s area
(BA40, x=—46, y= —52, z=44). There were no regions
with greater connectivity in the ASD-WLC group com-
pared to the ASD-EXP group at the second imaging ses-
sion. A secondary analysis was conducted specifically to
determine if there were regions outside of the reading net-
work that also showed intervention related changes. Out-
side the reading network, we found additional recruitment
of LSFG (x=-30, y=-62, z=—4) and RMFG (x=52,
y =50, z= —4) at postintervention that was not seen in the
reading network component at preintervention in the
ASD-EXP group.

Functional Connectivity of Broca’s Area

An examination of all within-group results in this study
revealed strong functional connectivity between Broca’s
area with bilateral IFG and IPL with some additional con-
nectivity, which varied across analysis, in regions such as
SMA, subcortical regions, and temporal lobe regions (see
Supporting Information Table S2). Analysis of group
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TABLE Il. Between-group differences in connectivity with Broca’s and Wernicke’s seeds in the ASD group (ASD-
EXP + ASD-WLC groups; n = 31) at the first imaging session and the TD group (n = 22) (P<0.05, FWE corrected)

Peak coordinates Peak
Volume

Seed Direction Region Hemisphere (# of voxels) x Y z t
Broca ASD>TD Middle frontal gyrus R 1049 52 28 13 3.5
Middle frontal gyrus L 612 —54 34 10 3.8
Inferior frontal gyrus L 221 —67 42 6 45
Middle occipital gyrus L 127 —52 —42 49 4.0
TD > ASD Fusiform gyrus L 112 —63 —33 =10 -3.6
Wernicke ASD >TD Calcarine gyrus L 103 —13 -78 -13 2.9

differences comparing TD children with all children with
ASD (ASD-EXP + ASD-WLC groups) at the first imaging
session showed overconnectivity (ASD > TD) between Bro-
ca’s area with LIFG, bilateral MFG, and LMOG, along
with underconnectivity in one cluster (TD > ASD) with
LFFG (see Table II).

The second set of analyses was specifically aimed at
assessing intervention-related changes by comparing (1)
ASD-WLC and ASD-EXP group at the second imaging
session, while controlling for connectivity at the first
imaging session. This revealed an overall shift in con-
nectivity such that the ASD-EXP group showed
enhanced connectivity of Broca’s area with right middle

cingulate, RSMA, right precentral gyrus (RPrCG) and
right supramarginal gyrus (RSMG), and weaker connec-
tivity with the RSPL and right precuneus (see Fig. 2;
Table III) and (2) Additionally, the ASD-EXP group pre-
intervention to postintervention showed an overall shift
in connectivity involving stronger connections of Broca’s
area with RMFG, RSTG, LSMG, and right caudate post-
intervention (see Fig. 3; Table III). This was not seen in
the ASD-WLC group, who showed an overall reduction
in connectivity between Broca’s area with RSMA, and
bilateral occipital, temporal, and subcortical regions
from first to second imaging session. (see Supporting
Information Table S3).

Broca’s area seed

WLC T2> EXP T2

EXP T2 > WLCT2

-5

t 6

Wernicke’s area seed

WLC T2 > EXP T2

EXP T2 > WLC T2

Figure 2.
Areas of greater connectivity with Broca’s and Wernicke’s seeds in the ASD-EXP group than the
ASD-WLC group postintervention, while controlling for within-group connectivity at the first
imaging session (P <0.05, FWE corrected). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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TABLE Ill. Intervention related effects in whole-brain functional connectivity with both Broca’s and Wernicke’s
seed (P<0.05, FWE corrected)

Peak coordinates Peak
Volume
Seed Effect Region Hemisphere (# of voxels) x y z t
ASD-EXP vs. ASD-WLC at second imaging session
Broca WLC > EXP Superior parietal lobule R 166 36 =75 55 53
WLC > EXP Precuneus R 116 18 —42 37 5.6
EXP >WLC Middle cingulate R 464 3 6 37 —5.2
EXP >WLC SMA R 162 12 10 70 —4.5
EXP >WLC Precentral gyrus R 112 48 —4 22 —4.7
EXP >WLC Supramarginal gyrus R 111 57 —42 31 —4.1
Wernicke EXP >WLC Cerebellum R 313 7 —60 -9 —4.1
EXP >WLC Inferior frontal gyrus L 187 =19 64 15 -2.1
EXP >WLC Middle temporal gyrus L 109 —58 —78 —4 -3.5
ASD-EXP Preintervention vs. Postintervention
Broca Pre > Post Middle occipital gyrus R 152 42 =75 34 —4.7
Posterior cingulate cortex R 113 9 —48 28 —4.6
Post > Pre Middle frontal gyrus R 150 33 49 25 5.0
Supramarginal gyrus L 105 —58 —48 25 5.0
Caudate nucleus R 100 21 16 16 49
Superior temporal gyrus R 100 69 —45 13 54
Wernicke Post > Pre Anterior cingulate R 505 3 31 10 4.8
Middle orbital gyrus L 318 —34 61 -9 4.6
Inferior frontal gyrus R 211 51 19 12 45
Inferior frontal gyrus L 205 —34 16 22 4.9
Middle frontal gyrus R 149 33 52 37 4.7
Middle cingulate R 131 9 24 25 5.8
Precentral gyrus R 103 36 —24 55 42

Functional Connectivity of Wernicke’s Area

Functional connectivity of Wernicke’s area with the rest
of the brain in all of our groups showed strong time-series
correlations between this seed and IFG, temporal lobe
regions, and with midline cortical structures, such as mid-
dle cingulate and precuneus in different analyses (see Sup-
porting Information Table S2). Group difference analysis
involving TD children and all children with ASD, at the
first imaging session, revealed overconnectivity in the ASD
group between Wernicke’s area and calcarine sulcus (see
Table II). Our second analyses specific to intervention-
related changes compared 1) the ASD-EXP and ASD-WLC
group at the second imaging session while controlling for
connectivity at the first imaging session. The ASD-EXP
group showed enhanced connections postintervention with
LIFG and LMTG and bilateral cerebellum when compared
the ASD-WLC group (see Fig. 2; Table III); 2) the ASD-EXP
group preintervention to postintervention showed an over-
all shift in connectivity such that stronger connections of
Wernicke’s area with bilateral IFG, bilateral MFG, RPrCG,
and cingulate cortex were detected postintervention (see
Fig. 3; Table III). Lastly, we again found that the ASD-WLC
group from first to second session showed an overall reduc-
tion in connectivity between Wernicke’s area and LFFG and
RIPL (see Supporting Information Table S3).

Relationship between fcMRI and Percent Change
in Reading Comprehension Scores

Multiple regression analyses were performed to deter-
mine whether improvement in reading comprehension
due to intervention, as measured by the GORT-4 Compre-
hension subtest (controlling for verbal IQ), was correlated
with functional connectivity in either our GICA or seed-
based analyses in the ASD-EXP group. A significant posi-
tive correlation was found between percent change in
GORT-4 comprehension scores and connectivity of the
reading network component postintervention for Wer-
nicke’s area (BA40) and LIFGor. There were no significant
negative correlations with the reading network component
(see Fig. 4a). For the seed-based whole brain analyses
involving Broca’s area seed, a significant positive correla-
tion between percent change in GORT-4 scores and
increase in connectivity from preintervention to postinter-
vention was found in the bilateral postcentral gyrus
(PoCG) and RSPL (see Fig. 4b). From Wernicke’s area
seed, a significant positive correlation between change in
GORT-4 scores and increase in connectivity from preinter-
vention to postintervention was found in LIFGor, right cer-
ebellum, and LMOG/SOG (see Fig. 4c). There were no
significant negative correlations with the Broca’s or Wer-
nicke’s seed.
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Pre-intervention

Broca’s area seed

Pre > Post
7T T
-5 t 6

Post > Pre

Wernicke’s area seed

Post-intervention

Pre > Post

Post > Pre

Figure 3.
Areas of greater connectivity with Broca’s and Wernicke’s seeds postintervention than preinter-
vention in the ASD- EXP group (P < 0.05, FWE corrected). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

DISCUSSION

This study identified low frequency fluctuations of spon-
taneous brain activity using rsfMRI to characterize the
functional integrity of the language comprehension net-
work in children with ASD. More importantly, we demon-
strate the plasticity of functional connectivity across brain
regions in children with ASD who received the V/V inter-
vention, resulting in stronger connectivity of the reading
network postintervention. It should also be noted that the
improvement in reading comprehension in children with
ASD was correlated with increase in functional connectiv-
ity in the reading network component identified by GICA
(LIFG and LSTG) and between Broca’s area and RSTG and
Wernicke’s area and LIFG in our seed-based connectivity
analyses. Moreover, children with ASD who received the
intervention also showed additional recruitment of regions
outside of the reading network postintervention.

Both the GICA and seed-based approaches were sensi-
tive in showing intervention-related changes in our ASD-
EXP group at the second imaging session. In addition to
both types of analyses showing stronger functional connec-
tivity between Broca’s and Wernicke’s area as a result of
intervention, we also found strengthening of connectivity
of these regions with motor regions (SMA and PrCG).
Moreover, greater improvement in reading comprehension

was correlated with increased connectivity between Bro-
ca’s area and PoCG. The SMA and PrCG/PoCG have been
shown to be activated during different aspects of language
processing, such as processing abstract sentences [Sakreida
et al., 2013], mental rotation and mental imagery [Kosslyn
et al., 2001; Tomasino and Rumiati, 2013], imagining con-
crete words [Postle et al., 2008; Pulvermuller and Hank,
2006], and lexical decision making [Carreiras et al., 2006;
Tomasino et al., 2010]. Resting state studies of the lan-
guage comprehension network also have consistently
found connectivity between Broca’s and Wernicke’s areas
and premotor and motor regions [Koyama et al., 2010,
2011; Tomasi et al., 2012; Verly et al., 2014]. For example,
more effortful lexical processing (differentiating between
words and pseudowords) elicited greater recruitment of
motor regions, specifically SMA [Carreiras et al., 2006].
Similarly, Koyama et al., [2011] found that increased func-
tional connectivity between Broca’s and Wernicke’s areas
and PrCG and PoCG, in children, but not adults, was cor-
related with increased reading competence, and may
reflect more effortful sight reading. In children with ASD,
loss of connectivity between Broca’s area and SMA was
found to be correlated with lower level of language skills,
including word and sentence comprehension [Verly et al.,
2014]. Increased connectivity between language and motor
regions in our ASD-EXP group is of especial interest in the
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Reading Network Component
(Group ICA)

Wernicke’s area seed

Anterior

Posterior

Ventral view

Figure 4.

Positive correlations with percent change in reading comprehen-
sion scores (GORT-4), controlling for verbal 1Q, and functional
connectivity from pre- to postintervention in the ASD-EXP
group: (A) Greater within-network connectivity for our GICA
identified reading component postintervention was correlated
with greater reading improvement; (B) Greater connectivity in
brain regions with Broca’s seed was correlated with greater
reading improvement; and (C) Greater connectivity in brain
regions with Wernicke’s seed was correlated with greater read-
ing improvement. Maps are thresholded at P <0.05, FWE cor-
rected. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

context of Tomasino and Rumiati’s [2013] account of the
utility of motor activation in language comprehension.
They proposed that, given the large number of language
studies that find sensorimotor activity independent of
action related stimuli, activation of these areas are related
to a selective cognitive strategey (whether explicitly or
automatically) of utilizing mental imagery to enhance
reading comprehension across linguistic tasks [Tomasino
and Rumiati, 2013]. These findings are also in support of
the dual coding theory of cognition which posits that all
modality-specific mental representations derive from sen-
sory experience and can be classified as either verbal or
nonverbal [Paivio, 2007; Sadoski and Paivio, 2001]. This is
especially pertinent given the V/V intervention the chil-
dren with ASD received in our study focused on imagery
to enhance oral and written language comprehension.
Another specific difference we observed in intrinsic con-
nectivity was an increase in functional connectivity unique
to the ASD-EXP group between Broca’s area and bilateral
SMG. The SMG has been found to have an active role in

language comprehension, specific to phonological proc-
esses [Hartwigsen et al., 2010; Sliwinska et al., 2012; Tur-
keltaub et al. 2003]. The SMG has also been found to be
involved in mentally sounding out words [Stoeckel et al.,
2009], during visual word recognition [Carreiras et al.,
2009; Stoeckel et al., 2009], in lexical processing [Osipowicz
et al., 2011], and in verbal working memory [Acheson
et al., 2011; Deschamps et al., 2014]. Additionally, greater
activation of bilateral SMG has been correlated with
greater accuracy and efficiency in phonological decision
making [Harwigsen et al., 2010]. Interestingly, a recent dif-
fusion tensor imaging (DTI) study by Li et al. [2014] found
that greater white matter connectivity associated with the
SMG was correlated with increased reading comprehen-
sion (using the same GORT-4 measure as used in our
study), but only in the ASD group. It is noteworthy that
strengthening of RSMG connectivity with motor regions
[PrCG and PoCG; Li et al., 2014] was also found in our
study, specifically, increased connectivity with both Bro-
ca’s area and PrCG and PoCG as well as SMG. This sug-
gests compensatory mechanisms in gaining proficiency in
reading comprehension that involves both the SMG and
motor regions that may underlie unique strategies in chil-
dren with ASD.

Intervention-related effects were also seen with stronger
connectivity in the caudate and cerebellum, regions that
have only recently begun to be identified as having a role
in reading comprehension. Additionally, improvement in
reading comprehension after intervention was correlated
with increased connectivity between Wernicke’s area and
right cerebellum. The caudate has been shown to be func-
tionally connected to Broca’s and Wernicke’s areas in typi-
cal adults [Tomasi et al., 2012]. Recent studies have found
caudate to be involved in accuracy of phonological proc-
essing [Tettamanti et al., 2005] and suppressing word
interference [Ali et al.,, 2010]. Indeed the frontal-caudate
loop returns back to Broca’s area [Middleton and Strick,
1994], and lesions of the caudate show similar cognitive
deficts as lesions to Broca’s area including semantic and
phonological processing and memory retrieval for fluent
reading [Abdullaev et al., 1998]. Along with IFG, the cere-
bellum has been found to be involved in processing
semantic word association [Frings et al., 2006; Xiang et al.,
2003]. Moreover, cerebellar lesion studies have found spe-
cific deficits in higher-order language processes, such as
verbal fluency, syntax, word retrieval, and reading and
writing [Marien et al., 2001; Schmahmann and Sherman,
1998; Silveri et al., 1994]. In ASD, abnormal function of the
right cerebellum has been shown to be related to deficits
in language functioning [Hodge et al. 2010; Verly et al.,
2014].

Interestingly, there was a distinct hemispheric difference
in the improvement in connectivity in the Broca’s and
Wernicke’s seed regions when the ASD-EXP group was
compared to the ASD-WLC group postintervention. The
ASD-EXP group who received intervention showed
increased connectivity between Broca’s area and RH
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language-analogous regions, such as the SMA, PrCG, and
SMG. Wernicke’s area, conversely, showed strengthening
of connectivity with LH language regions, including LIFG
and LMTG. It has been well documented that individuals
with ASD tend to rely heavily on posterior parietal and
occipital regions when engaged in a language task, at the
expense of recruiting left frontal regions [Kana et al., 2006;
Kana and Wadsworth, 2012; Mason et al., 2008]. In addi-
tion, recent studies have demonstrated that even young
children with ASD fail to activate LH regions in response
to auditory and verbal language tasks [Eyler et al., 2012;
Groen et al., 2010; Sahyoun et al. 2010]. This suggests that
the children with ASD who received the intervention may
have difficulties modulating Broca’s area with other LH
regions, and are compensating by increasing functional
connectivity between Broca’s area and RH regions. Con-
versely, the posterior parietal regions in our ASD partici-
pants may help in increasing connectivity between
Wernicke’s area and more traditional LH language
regions. Indeed, in the reading network component identi-
fied by GICA, the ASD-EXP group strengthened the con-
nectivity of LSTG while decreasing reliance on RIFG. This
is further supported by the fact that increased connectivity
across different regions was correlated with greater
improvement in reading comprehension. Additionally,
while failure to activate LH regions in response to lan-
guage has been a characteristic feature of ASD [Herbert
et al., 2005], recent studies assessing the language compre-
hension network in TD individuals have found RH
involvement specific to RMTG and RSMG when interpret-
ing higher-order language, such as idiomatic sentences
[Proverbio et al.,, 2009] and phonological interpretation
[Hartwigsen et al., 2010]. Lexical decoding also has been
shown to be associated with activation of RH regions, spe-
cifically RMFG, RSMG, and bilateral cerebellum, as a func-
tion of skilled reading ability [Osipowicz et al., 2011].
Thus, it is also possible that the ASD-EXP group may be
strengthening a left-right connection between Broca’s area
and MFG, SMG and MTG, which already exists in unim-
paired adult readers [Tomasi et al., 2012].

One interesting result that deserves mention is a signifi-
cantly greater connectivity in ASD children, relative to TD
children, between Broca’s and left frontal regions, and
Wernicke’s area and calcarine gyrus. While initial litera-
ture in intrinsic connecitivity had focused on adults with
ASD [e.g., Assaf et al., 2010; Kennedy and Courchesne,
2008; Monk et al., 2009; von dem Hagen et al., 2012], stud-
ies investigating intrinsitc connecitivity in children with
ASD have consistently shown hyperconnecitivy compared
to TD children [Supekar et al.,, 2013; Di Martino et al.,
2011; Uddin et al., 2013]. This may suggest a developmen-
tal shift from hyperconnectivity to hypoconnectivity as
individuals with ASD mature into adulthood. In addition,
the underconnectivity account emphasizes weaker connec-
tivity of long-range cortical connections in favor of local
connectivity [e.g., Just et al., 2004, Muller et al., 2011;
Courchesne et al., 2007]. This is consistent with what we

observed in our study, with hyperconnectivity in ASD
between Broca’s and spacially adjacent frontal regions,
and between Wernicke’s and calcarine regions, when com-
pared to TD controls. Indeed, greater connectivity in the
TD group was seen only for more long-range connections,
between Broca’s area and FFG. Interestingly, Li et al.
[2014] found hyperconnectivity differences specific to local
connectivity in children with ASD compared to TD chil-
dren, and that greater local connectivity in the ASD group,
but not the TD group, was postively correlated with read-
ing ability. However, it is important to note that our ASD-
EXP group was able to strengthen frontal to posterior con-
nections in reading related brain regions through interven-
tion. This has larger implications by emphasizing the need
for targeted intervention in children with ASD. Morever,
in recent studies of functional connectivity and language
in TD individuals, the differences that have been observed
in connectivity due to development have only been
assessed via cross-sectional studies [Church et al., 2008;
Vogel et al., 2013], whereas our pretest/post-test design
allowed us to examine the developmental trajectories and
intervention effects in children with ASD.

While we have carefully controlled and matched the dif-
ferent groups of participants, a potential limitation per-
tains to the selection of children with ASD with a specific
reading profile that would be most likely to benefit from
the intervention, namely adequate decoding skills coupled
with statistically poorer reading comprehension. As such,
the results of this study may not be generalized to differ-
ent subtypes of ASD. Additionally, even in high-
functioning individuals, it has been observed that individ-
uals with lower or higher symptom severity tend to reflect
different connectivity profiles [Fishman et al., 2014; Keown
et al., 2013]. This may result in differences in improvement
due to the intervention, i.e., different connectivity routes/
regions for some individuals. Future studies should assess
whether reading interventions targeting other deficits in
ASD show similar patterns of change in functional connec-
tivity. Lastly, it is unclear whether the changes in func-
tional connectivity seen in this study may be contributed
by anatomical changes in the regions involved. Future
work should assess structural changes of the reading net-
work in children with ASD after intervention and its rela-
tion with functional connectivity. To our knowledge, there
have been no translational studies involving intervention
that have assessed structural changes of the reading net-
work in children, which would be the next logical step.

In summary, we found that improvement in reading
comprehension due to reading intervention in children
with ASD was associated with strengthening of functional
connectivity in Wernicke’s area and LIFGor and other pre-
motor and language regions. We also found increased con-
nectivity specific to the children with ASD who
participated in the reading intervention between Wer-
nicke’s area and posterior language and visual brain
regions, increased compensatory mechanisms for language
comprehension in RH connections with Broca’s area,
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strengthening of connections with SMG, and strengthening
of connectivity of regions outside to conventional language
network, including caudate and cerebellum. Furthermore,
our study utilized intrinsic resting state data to accurately
identify the reading network and determine functional
connectivity differences independent of the constraints of
task. The findings of this study emphasize the importance
of targeted interventions for children with ASD, and the
neuroplasticity in ASD is encouraging for future studies to
continue to assess intervention-related changes in brain
circuitry.
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