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Abstract: Autism spectrum disorders (ASD) are complex neurodevelopmental disorders. Twin
studies have provided heritability estimates as high as 90% for idiopathic ASD. Further evidence
for the spectrum’s heritability is provided by the presence of the broad autism phenotype (BAP)
in unaffected first-degree relatives. Language ability, specifically phonological processing, is pro-
posed to be a core BAP trait. To date, however, no functional neuroimaging investigations of
phonological processing in relatives of individuals with ASD have been undertaken. We con-
ducted a functional magnetic resonance imaging (fMRI) study in parents of children with ASD
utilizing a priming task probing implicit phonological processing. In our condition that placed
heavier demands on phonological recoding, parents exhibited greater hemodynamic responses
than controls in a network of cortical regions involved in phonological processing. Across condi-
tions, parents exhibited enhanced priming-induced response suppression suggesting compensatory
neural processing. A nonword repetition test used in previous studies of relatives was also
administered. Correlations between this measure and our functional measures also suggested
compensatory processing in parents. Regions exhibiting atypical responses in parents included
regions previously implicated in the spectrum’s language impairments and found to exhibit struc-
tural abnormalities in a parent study. These results suggest a possible neurobiological substrate
of the phonological deficits proposed to be a core BAP trait. However, these results should be
considered preliminary. No previous fMRI study has investigated phonological processing in
ASD, so replication is required. Furthermore, interpretation of our fMRI results is limited by the
fact that the parent group failed to exhibit behavioral evidence of phonological impairments.
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INTRODUCTION

Autism spectrum disorders (ASD), which include autis-
tic disorder, Asperger’s disorder, and pervasive develop-
mental disorder not otherwise specified (PDD-NOS), are
complex neurodevelopmental disorders defined clinically
by a triad of impairments in communication, social inter-
action, and behavioral flexibility. The prevalence of ASD is
estimated to be as high as 1 in 110 children [Centers for
Disease Control and Prevention, 2009], with the majority
of cases classified as idiopathic [Kielinen et al., 2004;
Reddy, 2005; Schaefer and Lutz, 2006; Wassink et al.,
2001]. On the basis of twin studies, the heritability of idio-
pathic ASD has been estimated to be as high as 90% [Bai-
ley et al., 1995; Folstein and Rutter, 1977; Steffenburg
et al., 1989]. Further evidence for the heritability of ASD
has been provided by the presence of the broad autism
phenotype (BAP), which is a sub-clinical profile of autistic
traits including milder traits qualitatively similar to the
defining deficits of ASD that is observed in the unaffected
first-degree relatives of individuals with ASD. For exam-
ple, parents of children with ASD have been observed to
exhibit increased rates of developmental language delays,
anxiety disorders, and certain personality traits such as
aloofness, hypersensitivity, and rigidness [Folstein et al.,
1999; Losh et al., 2008; Piven et al., 1997a]; and unaffected
siblings have been observed to exhibit lower receptive lan-
guage skills, a history of language delay, poor social-emo-
tional functioning, and impairments in adaptive behavior
[Constantino et al., 2010; Toth et al., 2007].

Language ability, specifically phonological processing
ability, has been proposed to be one of six candidate BAP
traits [Dawson et al., 2002]. While impairments in lan-
guage functioning are a hallmark of ASD, the severity of
language impairments across individuals with ASD is
highly variable [Kjelgaard and Tager-Flusberg, 2001; Lord
and Paul, 1997; Tager-Flusberg and Caronna, 2007]. At one
extreme, language skills may fall within a normal range
with quite mild deficits; at the other, there is an absence of
language. Most studies of language in ASD have focused
on pragmatic communication deficits (i.e., the inappropri-
ate social use of language), an area of impairment that
appears consistently across the spectrum of disorders as
well as across all developmental stages [Tager-Flusberg,
2005]. These deficits, however, have been suggested to be
secondary to the social impairments observed in ASD,
such as those involving theory of mind (i.e., the ability to
attribute mental states to oneself and to others) [Baron-
Cohen, 1988; Tager-Flusberg, 1996, 1999] and weak central
coherence (i.e., a cognitive style marked by an inability to
process information in context for global meaning) [Frith
and Happe, 1994].

In contrast to pragmatics, which requires higher order
language processing combined with social skills, there is
also evidence for lower order structural language deficits
in ASD, one of which involves phonology (i.e., the sounds
of a language and their organization in that language). In

earlier clinical investigations, as many as 63% (N ¼ 299)
[Allen and Rapin, 1992] and 59% (N ¼ 197) [Tuchman
et al., 1991] of children with ASD were found to exhibit
deficient phonological processing skills. In more recent
investigations, 77% (N ¼ 44) of children with ASD [Kjel-
gaard and Tager-Flusberg, 2001] were found to exhibit
impairments involving phonology, although a recent
investigation of school-age children with ASD reported
that only 24% (N ¼ 62) of their sample exhibited deficits
in phonological processing [Rapin et al., 2009]. This study,
however, did not measure phonological processing skills
using tests of nonword repetition that may reveal persis-
tent, albeit compensated for, underlying deficits [Bishop
et al., 1996] and that have been used to exhibit phonologi-
cal processing deficits in school-age children with ASD
[Bishop et al., 2004; Gabig, 2008; Whitehouse et al., 2008].

Given the evidence for phonological processing deficits
in ASD, behavioral investigations have been undertaken to
examine phonological processing deficits in the unaffected
first-degree relatives of individuals with ASD. However,
these have resulted in both positive and negative findings
[Bishop et al., 2004; Folstein et al., 1999; Lindgren et al.,
2009; Piven and Palmer, 1997; Schmidt et al., 2008], indi-
cating that further studies are required. Furthermore, to
date no neuroimaging studies have investigated phonolog-
ical processing in the unaffected relatives of individuals
with ASD. Therefore, we conducted a functional magnetic
resonance imaging (fMRI) study in parents of children
with ASD utilizing a priming task that we developed in
order to investigate the automatic, implicit stages of pho-
nological processing. Behaviorally, priming refers to an
increased sensitivity to a stimulus following prior experi-
ence with that or a related stimulus and has been used in
conjunction with fMRI as a tool to identify brain regions
associated with the processing of linguistic stimuli and
more specifically phonological processing [Chou et al.,
2006; Graves et al., 2008; Haist et al., 2001; Kouider et al.,
2010; Kouider et al., 2007; Vaden et al., 2010; Wilson et al.,
2011]. To investigate phonological processing, the task in
this study consisted of prime-target word pairs differing
in terms of their phonological relatedness including both
word-word homophone (e.g., PAUSE-paws) and pseudo-
word-word pseudohomophone (e.g., JURM-germ) pairs. In
addition, we administered a test of nonword repetition in
order to obtain a behavioral measure of phonological proc-
essing that has been used in previous behavioral studies
of phonological processing in unaffected first-degree
relatives.

This study was intended as a preliminary investigation
of the possible neurobiological substrates of the phonologi-
cal processing deficits that have been proposed to be part
of the BAP. Parents of children with ASD were recruited
specifically to examine phonological processes in persons
who exhibit ASD traits (i.e., BAP) without exhibiting the
full clinical ASD spectrum. We hypothesized that parents
of individuals with ASD would exhibit enhanced hemody-
namic responses for pseudohomophone relative to
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homophone priming, due to the greater phonological
recoding demands of the pseudoword primes. On the ba-
sis of previous fMRI studies of visual word recognition in
control subjects, we expected to observe these effects pri-
marily in the inferior frontal cortex (IFC) and anterior in-
sular cortex (IC) [Awh et al., 1996; Burton et al., 2005;
Chen and Desmond, 2005a; Herbster et al., 1997; Kouider
et al., 2007; Newman and Joanisse, 2011; Poldrack et al.,
1999]. In addition, we predicted that parents of individuals
with ASD would exhibit decreased hemodynamic suppres-
sion in response to phonological primes as a reflection of
reduced automatic prime facilitation of target word proc-
essing. We expected this effect to be observed in cortical
regions shown to exhibit hemodynamic response suppres-
sion induced by phonological priming in controls and
found in numerous previous imaging studies to play a key
role in phonological processing, in particular the left later-
alized superior temporal gyrus (STG) and supramarginal
gyrus (SMG) [e.g., Bles and Jansma, 2008; Chou et al.,
2006; Hickok and Poeppel, 2007; Jobard et al., 2003;
Stoeckel et al., 2009; Turkeltaub and Coslett, 2010; Wilson
et al., 2011]. These findings would mirror those from imag-
ing studies in individuals with dyslexia, a disorder
thought to arise primarily from phonological processing
deficits [Shaywitz, 1996, 1998; Vellutino et al., 2004], that
using a variety of tasks have found a disruption in poste-
rior cortical regions including the parietotemporal cortex
with compensatory engagement of anterior cortical regions
including the IFC, IC, and supplementary motor area
(SMA) [e.g., Brunswick et al., 1999; Richlan et al., 2009;
Shaywitz et al., 2006; Shaywitz et al., 2002; Shaywitz and
Shaywitz, 2008; Shaywitz et al., 1998; Sun et al., 2010].

MATERIALS AND METHODS

Participants

The study included data from 16 parents of a child with
ASD and 18 comparison subjects. Data from three addi-
tional subjects were excluded: two due to scan acquisition
errors and one due to head motion greater than one voxel
(3.44 mm) during scanning. Each of the 16 parents had a
child who met the Diagnostic and Statistical Manual, fourth
edition (DSM-IV) [APA, 1994] criteria for ASD as deter-
mined by consensus of the Autism Diagnostic Observation
Schedule (ADOS) [Lord et al., 2000], the Autism Diagnos-
tic Interview, Revised (ADI-R) [Lord et al., 1994], and
DSM-IV diagnosis by an experienced clinical psychologist
(SH). Since both parents of one proband participated, 15
probands served to qualify the parent sample. Of the 15
probands, 11 had a clinical diagnosis of autistic disorder,
three of Asperger’s disorder, and one of PDD-NOS.
Twelve probands were male and three female. Child pro-
band participation was limited to the qualification of the
parent group.

All subjects spoke English as their first language and
were classified as right-handed as determined by the

Annett Handedness Scale [Annett, 1985]. The Autism
Spectrum Quotient (AQ) [Baron-Cohen et al., 2001], a self-
administered scale of autism symptoms, was completed by
subjects in order to obtain a measure of the presence of
ASD traits. To obtain a measure of cognitive ability, the
four subtests of the Wechsler Abbreviated Scale of Intelli-
gence (WASI) were administered [Wechsler, 1999]. All
subjects signed informed consent to participate in the
study consistent with the guidelines of the Colorado Mul-
tiple Institution Review Board.

Nonword Repetition: Administration

The nonword repetition subtest of the Comprehensive
Test of Phonological Processing (CTOPP) [Wagner et al.,
1999] was administered to participants in this study. This
standardized test consists of eighteen nonwords of increas-
ing difficulty, which subjects are required to repeat aloud
immediately after hearing each item presented on an
audiocassette recorder. The task assesses an individual’s
ability to encode phonological information, store it in
working memory, and reproduce it.

fMRI: Stimuli Design and Task Procedure

A total of 192 prime-target pairs were developed for this
study. Stimuli were divided into four conditions: 40 homo-
phone, 40 pseudohomophone, 40 unrelated, and 72 word/
nonword pairs. All words were matched across conditions
for written frequency, bigram sum, bigram mean, bigram
frequency by position, number of phonemes, length, and
number of syllables with ratings derived from the English
Lexicon Project (ELP) Web Site [Balota et al., 2007]. All
nonwords were formed by rearrangement of the target
words appearing in the other three conditions in order
that similar phonemes and syllable structures would be
maintained across target conditions. All primes were pre-
sented in uppercase and all targets in lowercase so that
the visual form of primes and targets differed. For addi-
tional detail of stimuli, with examples, see Wilson et al.
[2011].

Participants performed a lexical decision task (LDT) to
ensure proper attention to the stimuli, which were pre-
sented using a projector and screen system. They indicated
if each target was a real word or nonword by pressing one
of two buttons on an MR-compatible response pad. Partici-
pants were not informed of the presence of the uppercase
prime, which was below perceptual threshold, but were
told that they would see a series of number signs followed
by a lowercase word to which they were to respond. Prior
to the scan, all participants practiced the task on a set of
additional trials not repeated in the scanner. A single trial
proceeded as follows: 500 ms forward mask consisting of
a series of number signs of equal length to the prime, 30
ms prime, 30 ms blank screen, 400 ms target, and 1040 ms
blank screen during which participants responded. The
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preceding design resulted in a prime-target stimulus onset
asynchrony (SOA) of 60 ms.

Stimuli were presented in one session of 30 16-s blocks,
for a total time of 8 min. Each of the four conditions and a
rest condition (i.e., fixation on a series of plus signs) were
presented six times in the following order: homophone,
pseudohomophone, unrelated, word/nonword. Each block
of the homophone, pseudohomophone, and unrelated con-
ditions consisted of six pseudorandomized word pairs
within the given condition intermixed with two pairs from
the word/nonword condition to minimize strategy use.
Accordingly, each block of the word/nonword condition
contained six pseudorandomized word/nonword pairs
intermixed with two pairs randomly chosen from the other
three conditions. Rest blocks were of equal duration to
trial blocks (i.e., series of plus signs presented for the trial
length of 2,000 ms repeated eight times). Within blocks,
stimuli were pseudorandomized. Stimulus order was the
same for all participants.

Behavioral Data Analyses

Statistical analyses of behavioral data were performed
using SPSS version 11 (SPSS, Chicago, IL) with a two-
tailed alpha criterion of 0.05. Group differences in age,
gender, WASI scores, AQ scores, and CTOPP nonword
repetition subtest raw scores (i.e., the number of items
completed correctly before the discontinue rule of three
incorrect items in a row) were examined separately in one-
way ANOVAs (i.e., age by group, gender by group, verbal
IQ (VIQ) by group, performance IQ (PIQ) by group, full-
scale IQ (FSIQ) by group, AQ score by group, and CTOPP
raw score by group). Accuracy on the fMRI LDT task was
examined by entering the percentage of each condition
(i.e., homophone, pseudohomophone, unrelated, and
word/nonword) correctly identified into a 4X2 ANOVA
(i.e., condition by group). A’ scores were also calculated
for each subject in order to obtain a nonparametric mea-
sure of signal detection [Stanislaw and Todorov, 1999].
Reaction times were examined by entering the mean reac-
tion times of all accurate trials for each condition into a
4X2 ANOVA (i.e., condition by group). For all ANOVAs,
assumptions of sphericity were confirmed via Mauchly’s
test with degrees of freedom corrected using Greenhouse-
Geisser estimates of sphericity as needed. Post hoc com-
parisons were conducted using the least significant differ-
ence (LSD) pairwise multiple comparison test.

MRI/fMRI: Data Acquisition and Analyses

Imaging data were acquired with at 3T GE whole-body
MR scanner with an Excite upgrade using an 8-channel
head coil. A high-resolution, T1-weighted 3D anatomical
scan was acquired for coregistration to functional data
(inversion recovery-spoiled gradient-recall acquisition IR-
SPGR, TR ¼ 9 ms, TE ¼ 1.9 ms, TI ¼ 500 ms, flip angle ¼

10�, matrix ¼ 2562, FOV ¼ 220 mm2, 124 1.7-mm-thick cor-
onal slices). Functional images were acquired with a gradi-
ent-echo T2* Blood Oxygenation Level Dependent (BOLD)
contrast technique with TR ¼ 2,000 ms, TE ¼ 30 ms, FOV
¼ 220 mm2, 642 matrix, 32 slices, 3.5 mm thick, 0.5 gap,
angled parallel to the planum sphenoidale. Additionally,
one IR-EPI (TI ¼ 505 ms) volume was acquired from each
subject to improve the spatial normalization of EPIs.

Data were analyzed using SPM8 (Wellcome Department
of Imaging Neuroscience, London). The first four image
volumes were excluded for saturation effects. Functional
data from each subject were realigned to the first volume.
The realigned images were then normalized to Montreal
Neurological Institute space using the unified segmenta-
tion algorithm [Ashburner and Friston, 2005] on the IR-EPI
image and applying the resultant estimated warp parame-
ters to the coregistered EPI data. Finally, functional images
were smoothed with an 8-mm FWHM Gaussian kernel.
All trials belonging to each of the five conditions (i.e.,
homophone, pseudohomophone, unrelated, word/non-
word, and rest) were separately convolved with the canon-
ical hemodynamic response function using the general
linear model (e.g., homophone trials within homophone
blocks as well as homophone trials within word/nonword
blocks, word/nonword trials within word/nonword
blocks as well as word/nonword trials within homophone
blocks, etc.). Response accuracy within a window of 300–
1,440 ms of target onset was included as an additional
regressor at the first level to model and remove variance
associated with task performance. A 182-s high-pass filter
was applied to remove low-frequency fluctuation in the
BOLD signal, and a one-lag autoregression [AR(1)] model
was used to correct for temporal autocorrelation.

To account for both within-group and within-subject
variance, a whole-brain random-effects analysis was
implemented. Parameter estimates for each individual’s
first level analysis (SPM contrast images) were entered
into second-level two-sample t-tests. Contrasts of interest
for our group comparisons included: (1) homophone
prime vs. pseudohomophone prime and (2) primed (i.e.,
homophone þ pseudohomophone) vs. unrelated. In addi-
tion, in order to investigate correlations between the fMRI
and CTOPP measures, we computed a regression between
each functional contrast of interest and the CTOPP non-
word repetition raw scores separately for each group. Mul-
tiple comparison correction was performed using the
AFNI (Analysis of Functional NeuroImages) program
AlphaSim (http://afni.nimh.nih.gov/afni/doc/manual/
AlphaSim), which with 10,000 permutations resulted in a
combined height threshold of P < 0.01 and cluster size of
57 voxels for a family-wise error (FWE) corrected thresh-
old of P < 0.05. Anatomic localization of all reported clus-
ters meeting the corrected threshold was established using
the Automated Anatomical Labeling (AAL) atlas supple-
mented with visual inspection [Tzourio-Mazoyer et al.,
2002]. Finally, possible language lateralization differences
between our groups were investigated using the
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lateralization toolbox for SPM [Wilke and Lidzba, 2007].
To examine overall language dominance, SPM contrast
images were computed for each subject of all our language
related conditions (i.e., homophone, pseudohomophone,
unrelated, nonword) relative to rest. A lateralization index
(LI: values between �1 and þ1 with �1 indicating purely
right and þ1 purely left activation) was then calculated
using adaptive thresholding methods for each participant
for this contrast in the following ROIs: (1) fusiform gyrus
(FG), (2) STG, (3) SMG, and (4) IFC. For each ROI, the
main effect of task was first examined by entering each
participant’s LI into a one-sample t-test to determine if he-
modynamic responses related to the task exhibited lateral-
ity effects across groups. Group differences were then
examined by entering each participant’s LI into a one-way
ANOVA (i.e., LI by group). These statistical analyses were
performed using SPSS version 11 with a two-tailed alpha
criterion of 0.05.

RESULTS

Participant Characteristics

No significant group differences were found for age
(F(1,32) ¼ 0.94, P ¼ 0.34), gender (F(1,32) ¼ 0.06, P ¼ 0.81),
VIQ (F(1,31) ¼ 1.48, P ¼ 0.23), PIQ (F(1,31) ¼ 0.60, P ¼ 0.45),

FSIQ (F(1,31) ¼ 1.16, P ¼ 0.29), AQ (F(1,29) ¼ 0.10, P ¼ 0.76),
or the nonword repetition subtest of the CTOPP (F(1,30) ¼
0.25, P ¼ 0.62). Participant characteristics are listed in Table I.

fMRI Reaction Times and Accuracy

For percentage accuracy, the main effect of condition
(F(1.44,46.19) ¼ 3.02, P ¼ 0.07), the main effect of group
(F(1,32) ¼ 0.03, P ¼ 0.87), and the condition by group
interaction (F(1.44,46.19) ¼ 1.21, P ¼ 0.30) were nonsignifi-
cant. In addition, A’ scores for all conditions were greater
than 0.8, suggesting the absence of systematic response
bias for all subjects. Examination of reaction times
revealed a significant main effect of condition
(F(1.50,48.04) ¼ 63.59, P < 0.001), but the main effect of
group (F(1,32) ¼ 0.34, P ¼ 0.56) and the group by interac-
tion effect (F(1.50,48.04) ¼ 1.76, P ¼ 0.19) were not signifi-
cant. Post-hoc comparisons indicated reaction times for the
word/nonword condition were significantly slower than
each of the three other conditions (P < 0.001). Mean accu-
racy and reaction time data are listed in Table II.

fMRI

Whole-brain FWE corrected fMRI results are listed in
Table III. Relative to comparison subjects, the parent group
exhibited greater hemodynamic responses for pseudoho-
mophone relative to homophone priming in several corti-
cal regions (Fig. 1). These included the bilateral SMA,
posterior cingulate gyrus, thalamus, cerebellum, and mid-
brain; the left lateralized precentral gyrus, postcentral
gyrus, middle cingulate gyrus, and IC; and the right later-
alized precuneus, STG, and SMG. In addition, the parent
group exhibited greater hemodynamic response suppres-
sion for unrelated relative to primed stimuli in the left lat-
eralized postcentral gyrus, middle temporal gyrus (MTG),
STG, and SMG (Fig. 2). No other contrasts were significant
in our whole-brain group analyses.

Correlations Between CTOPP Raw Scores and

fMRI Contrasts

Correlations between SPM functional contrasts of inter-
est and raw scores on the nonword repetition subtest of

TABLE I. Behavioral characteristics of participants

Parents of ASD Control Subjects

Age 43.7 (8.1) 41.0 (8.1)
Women/Men 10/6 12/6
VIQ 110.8 (9.3) 115.0 (10.4)
PIQ 113.6 (13.2) 116.7 (9.0)
FSIQ 113.8 (11.2) 117.8 (9.8)
AQ 14.9 (5.0) 15.6 (6.0)
NWR CTOPP 10.8 (1.9) 11.2 (2.3)

Numbers in parenthesis are standard deviations. VIQ, verbal IQ;
PIQ, performance IQ; FSIQ, full-scale IQ; AQ, Autism-Spectrum
Quotient; NWR CTOPP, Nonword repetition subtest of the Com-
prehensive Test of Phonological Processing. Age and gender
include all participants (parents: N ¼ 16; controls: N ¼ 18). IQ
measures were collected for all parents and 17 controls. The AQ
was administered to 15 parents and 16 controls. The NWR CTOPP
was administered to 16 parents and 16 controls.

TABLE II. fMRI task behavioral results

Condition

Parents of ASD (N ¼ 16) Control subjects (N ¼ 18)

Percentage correct Reaction time—ms Percentage correct Reaction time—ms

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Homophone 92.34 (4.52) 665.92 (79.12) 93.33 (4.54) 651.11 (72.66)
Pseudohomophone 95.16 (5.66) 667.06 (80.17) 96.11 (4.39) 634.83 (63.12)
Unrelated 95.00 (3.76) 662.86 (78.73) 95.83 (4.37) 645.34 (76.14)
Word/Nonword 93.84 (7.62) 752.83 (85.21) 90.12 (13.21) 761.95 (75.93)
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the CTOPP are listed in Table IV. For the parent group,
significant positive correlations were found between
CTOPP raw scores and greater hemodynamic responses
for pseudohomophone relative to homophone priming in
the right lateralized STG; and the left-lateralized IFC and
IC. For the control subjects, significant positive correlations
were found between CTOPP raw scores and greater hemo-
dynamic responses for pseudohomophone relative to
homophone priming in the bilateral occipital gyrus, parie-
tal lobule, postcentral gyrus, lingual gyrus, and IFC; the
left lateralized parahippocampal gyrus, cerebellum, and
calcarine sulcus; and the right lateralized inferior temporal
gyrus (ITG), precentral gyrus, and SMG; and the cerebellar
vermis. No other significant correlations between CTOPP
subscale raw scores and our functional contrasts of interest
were observed.

Hemispheric Lateralization Indices

One-sample t-tests indicated significant left hemispheric
lateralization across groups within our chosen ROIs. The
mean LI for each ROI with standard deviations in paren-
thesis was: (1) FZ: 0.12 (0.28), P ¼ 0.01, (2) STG: 0.15 (0.39),
P ¼ 0.04, (3) SMG: 0.47 (.30), P < 0.01, and (4) IFG: 0.14
(0.26), P < 0.01. No significant group LI differences were
found for any of our ROIs.

DISCUSSION

Our primary hypothesis was that parents of children
with ASD would exhibit greater hemodynamic responses
than control subjects for pseudohomophone relative to
homophone priming. Pseudohomophones lack an
addressed phonology (i.e., phonology activated on the ba-
sis of whole word representations in the orthographic lexi-
con) and require the use of assembled phonology (i.e.,
phonology activated on the basis of direct grapheme-to-
phoneme conversion). As a result, the pseudohomophone
primes were expected to place heavier demands than
homophone primes on phonological recoding and working
memory skills, two skills assessed in the tests of nonword
reading and repetition that have been utilized to provide
behavioral evidence for phonological processing deficits in
the BAP. Greater hemodynamic responses in the parent
group were therefore predicted as an index of more effort-
ful processing. As hypothesized, parents of children with
ASD exhibited significantly greater hemodynamic
responses than controls for pseudohomophone relative to
homophone priming. These effects were observed in an
extensive network of cortical regions including as hypothe-
sized the left lateralized IC and in addition the bilateral
cerebellum and thalamus; left lateralized postcentral gyrus,
precentral gyrus, and SMA; and right lateralized STG and
SMG.

TABLE III. Group differences: Parents of individuals with ASD (N 5 16) and control subjects (N 5 18)

Brain region t Cluster Size MNI Coordinates

Parents of ASD > Control Subjects

Pseudohomophone > Homophone

Left precentral gyrus 4.30 1642 �27 �19 52
Left postcentral gyrus 4.24 �27 �28 49
Left middle cingulate gyrus 4.06 �9 �1 43
Left supplementary motor cortex 3.76 �6 �7 61
Right supplementary motor cortex 3.65 12 2 46
Left midbrain 4.16 516 �15 �22 �8
Left thalamus 3.70 �15 �22 13
Right thalamus 3.69 15 �13 13
Left cerebellar lobule VI 3.40 136 �27 �55 �35
Right posterior cingulate gyrus 3.28 128 9 �46 22
Right precuneus 2.88 15 �55 31
Left posterior cingulate gyrus 2.64 �9 �43 22
Right midbrain 3.19 118 15 �25 �11
Right superior temporal gyrus 3.25 109 57 2 �8
Right supramarginal gyrus 3.61 83 48 �31 37
Left insular cortex 3.44 78 �33 �13 16
Right cerebellar lobule VI 3.16 65 36 �55 �26
Unrelated > Primed

Left postcentral gyrus 3.42 261 �30 �28 46
Left middle temporal gyrus 3.06 �51 �61 �5
Left superior temporal gyrus 3.02 �57 �49 19
Left supramarginal gyrus 3.00 �51 �34 25

Whole-brain FWE (p < .05) corrected fMRI results.
All labels are derived from the AAL atlas supplemented with visual inspection. Where cluster size is not indicated, peak voxels repre-
sent subpeaks within the above-labeled cluster.
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Figure 1.

Cortical regions exhibiting greater hemodynamic response

enhancement for pseudohomophone relative to homophone pri-

ming in parents of children with ASD (N ¼ 16) relative to con-

trol subjects (N ¼ 18). These included the bilateral cerebellum;

bilateral thalamus and the left insular cortex; the left precentral

gyrus, postcentral gyrus, and bilateral supplementary cortex; the

right superior temporal gyrus; and the right supramarginal gyrus.

Results are whole-brain with statistical maps shown thresholded

at P < 0.01 uncorrected, the cluster-defining threshold used in

the study. Results are overlaid onto the average T1-weighted

image from the study and presented in neurological convention

(left hemisphere on the left).

Figure 2.

Cortical regions exhibiting greater hemodynamic response sup-

pression due to phonological priming in parents of children with

ASD (N ¼ 16) relative to comparison subjects (N ¼ 18). These

included the left postcentral, superior temporal, and supramargi-

nal gyri. Results are whole-brain with statistical maps shown

thresholded at P < 0.01 uncorrected, the cluster-defining

threshold used in the study. Results are overlaid onto the aver-

age T1-weighted image from the study and presented in neuro-

logical convention (left hemisphere on the left).
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Cerebellar anomalies are one of most replicated neuroa-
natomical findings in ASD [e.g., Abell et al., 1999; Courch-
esne, 1997; Courchesne et al., 1994; Courchesne et al., 1988;
Gaffney et al., 1987; Hashimoto et al., 1993; Murakami
et al., 1989; Palmen and van Engeland, 2004; Piven et al.,
1997b]. The cerebellum, previously thought to be primarily
involved in aspects of motor function, is now known to
play a role in many nonmotor aspects of behavior includ-
ing language [Ghosh et al., 2008; Marien et al., 2001; Mur-
doch, 2010] with evidence for a role in phonological
processing and verbal working memory [Bohland and
Guenther, 2006; Chen and Desmond, 2005a,b; Fulbright
et al., 1999; Ghosh et al., 2008]. Superior portions of the
cerebellum in conjunction with left lateralized frontal corti-
cal regions including the precentral gyrus and SMA,
regions in which the parent group also exhibited enhanced
responses for pseudohomophone priming, have been sug-
gested to contribute to the articulatory component of the
phonological loop as proposed by Baddeley [Baddeley,
1992; Chen and Desmond, 2005a,b]. As such, this cerebro-

cerebellar network is thought to play a role in subvocal re-
hearsal mechanisms and speech motor plan representa-
tions [Ackermann et al., 2007]. Furthermore, the left
lateralized IC, a region in which the parent group also
exhibited enhanced hemodynamic responses for pseudo-
homophone relative to homophone priming as hypothe-
sized, is thought to be involved in articulatory processes
[for a review see Ackermann and Riecker, 2004]. Findings
of increased activity with the IC as well as the SMA are
also interesting in that they parallel findings in dyslexia in
which enhanced activity within these anterior cortical
regions has been found relative to controls and has been
interpreted as compensatory involvement of articulatory
routines to access phonological representations [e.g.,
Brunswick et al., 1999; Richlan et al., 2009].

Related to these cerebellar and cortical findings,
enhanced hemodynamic responses in the parent group for
pseudohomophone relative to homophone priming were
also observed in the bilateral thalamus. The cerebellum
and the cerebral cortex are extensively interconnected

TABLE IV. Significant correlations between functional SPM contrasts of interest and raw scores on the nonword

repetition subtest of the Comprehensive Test of Phonological Processing (CTOPP)

Brain region t Cluster size MNI coordinates

Pseudohomophone > Homophone

Parents of ASD

Right superior temporal gyrus 3.82 80 57 �31 4
Left inferior frontal gyrus, triangularis 3.37 57 �42 26 7
Left insular cortex 3.06 �33 26 1
Control Subjects

Left middle occipital gyrus 5.05 651 �42 �79 19
Left superior occipital gyrus 4.41 �21 �88 31
Right inferior temporal gyrus 6.39 390 48 �46 �26
Right inferior occipital gyrus 4.98 45 �76 �2
Right superior parietal lobule 6.80 376 27 �67 55
Right middle occipital gyrus 3.92 45 �70 25
Right precentral gyrus 6.06 346 54 2 28
Right postcentral gyrus 5.27 57 �19 37
Right lingual gyrus 4.85 310 9 �31 �8
Left parahippocampal gyrus 4.09 �21 �40 �8
Left postcentral gyrus 6.32 294 �60 �1 28
Left inferior frontal gyrus, opercularis 4.15 �57 11 19
Left cerebellar crus I 4.63 248 �45 �64 �23
Left cerebellar lobule VI 3.74 �27 �67 �23
Left cerebellar crus II 3.61 �12 �76 �32
Cerebellar vermis 3.42 165 6 �67 �11
Right inferior frontal gyrus, triangularis 3.87 135 48 35 7
Left cerebellar lobule IX 3.00 83 �12 �49 �41
Right supramarginal gyrus 4.02 82 42 �28 37
Right inferior parietal lobule 3.67 45 �49 49
Left inferior frontal gyrus, triangularis 3.95 77 �42 29 28
Left lingual gyrus 3.34 74 �12 �76 1
Left calcarine sulcus 3.08 �12 �88 �2
Left inferior parietal lobule 3.60 62 �51 �58 46

Parents of individuals with ASD (N ¼ 16) and control subjects (N ¼ 16). Whole-brain FWE (p < .05) corrected results. The sign of the t-
statistic indicates whether the correlations are positive or negative. All labels are derived from the AAL atlas supplemented with visual
inspection. Where cluster size is not indicated, peak voxels represent subpeaks within the above-labeled cluster.
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through afferent projections from widespread cortical
regions relayed through the pontine nuclei to the cerebel-
lum and efferent projections from the cerebellum via tha-
lamic nuclei back to multiple cortical regions
[Schmahmann, 1996; Strick et al., 2009]. There is some evi-
dence for atypical thalamic volumes in relation to total
brain volume as well as for aberrant functioning in tha-
lamo-cortical and cerebello-thalamo-cortical circuits in
individuals with ASD [e.g., Hardan et al., 2006; Hardan
et al., 2008a; Hardan et al., 2008b; Mizuno et al., 2006; Mul-
ler et al., 1998; Thatcher et al., 2009; Tsatsanis et al., 2003].
Functional imaging studies of individuals with ASD have
also reported atypical activation patterns relative to con-
trols in the SMA [Enticott et al., 2009; Mostofsky et al.,
2009; Muller et al., 2001] and the IC [Anderson et al.,
2010]. In addition, in a recent voxel-based morphometry
(VBM) study several cortical regions of atypical gray mat-
ter volumes were observed in parents of children with
ASD relative to a control group [Peterson et al., 2006].
These included both cerebellar enhancements and reduc-
tions, although in different cerebellar regions than
reported here, in their sample of parents of children with
ASD relative to controls. In light of these studies as well
those for cerebellar anomalies in ASD, the combined find-
ings of enhanced responses in the cerebellum, premotor
cortical regions, IC, and thalamus in parents of children
with ASD relative to a control group suggest a network of
regions involved in phonological processing that could
possibly be neural substrates of the phonological process-
ing deficits that have been proposed to be part of the BAP.

Last, parents of children with ASD exhibited greater he-
modynamic response enhancements for pseudohomo-
phone relative to homophone priming in the right
lateralized STG and SMG. The STG and SMG are both
regions known to be involved in phonetic and prelexical
phonological processing [e.g., Booth et al., 2002; Hickok
and Poeppel, 2007; Jobard et al., 2003; Turkeltaub and
Coslett, 2010; Vaden et al., 2010]. While there is clear evi-
dence for the involvement of bilateral STG and SMG in
language processing [e.g., Benson et al., 2001; Booth et al.,
2002; Lee et al., 2007; Vaden et al., 2010], the left hemi-
sphere of the brain is generally accepted to be functionally
specialized for linguistic processing in �95% of right-
handed individuals [Knecht et al., 2000a,b; Pujol et al.,
1999; Szaflarski et al., 2002]. Numerous studies have pro-
vided evidence for atypical language lateralization in indi-
viduals with ASD [Bigler et al., 2007; Flagg et al., 2005;
Herbert et al., 2002; Jou et al., 2010; Kleinhans et al., 2008;
Knaus et al., 2008, 2010; Redcay and Courchesne, 2008;
Rojas et al., 2002]. The present study included only right-
handed individuals, so the finding of greater recruitment
of the right lateralized STG and SMG during phonological
priming in the parent group possibly suggest familiality of
atypical hemispheric lateralization in ASD. However, our
examination of hemispheric lateralization related to our
language conditions did not indicate greater right hemi-
spheric language dominance in our parent sample. Our

results related specifically to phonological processing do
suggest greater engagement of right hemispheric parieto-
temporal regions for parents of ASD relative to controls
during this particular aspect of language processing, a
finding that has also been found in individuals with dys-
lexia and that has been interpreted as compensating for a
corresponding left hemispheric dysfunction [Richlan et al.,
2009].

In addition to our hypothesis about differences in pseu-
dohomophone versus homophone priming, we predicted
that parents of children with ASD would exhibit reduced
priming-related hemodynamic response suppression
across both homophone and pseudohomophone conditions
relative to controls as a result of phonological processing
impairments and subsequent inefficient implicit activation
of phonological representations. In particular, we expected
these effects to be greatest in the left lateralized STG and
SMG. Contrary to our hypothesis, parents of individuals
with ASD exhibited enhanced hemodynamic suppression
in response to phonological priming relative to controls in
several cortical regions including both the left lateralized
STG and SMG. Together with our lack of findings for
CTOPP nonword repetition subtest scores between groups
and in light of findings in which reduced activation in
parietotemporal regions is seen as part of a ‘‘neural signa-
ture’’ of dyslexia [Shaywitz and Shaywitz, 2008], greater
priming-induced response suppression could be an index
of compensatory neural processing in the parent group.
While unexpected in terms of their directionality, the find-
ings of significant priming-induced hemodynamic
response differences within the STG relative to controls is
particularly interesting since both volumetric and func-
tional imaging studies have provided evidence for STG
abnormalities in individuals with ASD [Amaral et al.,
2008; Bigler et al., 2007; Boddaert et al., 2004; Herbert
et al., 2002; Hyde et al., 2010; Jou et al., 2010; Kleinhans
et al., 2008; Verhoeven et al., 2010; Williams and Minshew,
2007] and these abnormalities have been proposed to con-
tribute to the language and communication deficits that
are a core feature of the autism spectrum. Furthermore,
Peterson et al. [2006] also observed larger left STG and
SMG gray matter volumes in parents of children with
ASD relative to a control group in their VBM study, which
were suggested to contribute to the etiology of ASD. Fur-
thermore, Dawson et al. 2002 proposed that the STG and
parietotemporal cortex were brain regions associated with
the phonological processing deficits that they put forth as
a core component of the BAP.

In addition to our fMRI task, the nonword repetition
subtest of the CTOPP was administered to obtain a behav-
ioral measure of phonological processing in our sample.
While we expected the parent group to perform less accu-
rately than controls, no differences between groups were
observed for the CTOPP subtest raw scores. Previous be-
havioral studies of phonological processing using tests of
nonword repetition and reading in unaffected first-degree
relatives of individuals with ASD have reported significant
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deficits [Folstein et al., 1999; Schmidt et al., 2008]. How-
ever, negative findings have also been reported [Bishop
et al., 2004; Lindgren et al., 2009; Piven and Palmer, 1997].
In this study, the findings of hemodynamic response dif-
ferences despite a lack of significant behavioral differences
between groups suggests that compared to behavioral
studies functional imaging offers a more direct measure of
brain activity and a possible measure of the neural mecha-
nisms underlying the phonological processing deficits that

have been proposed to be part of the BAP. Examination of
correlations between our functional contrasts of interests
and the nonword repetition raw scores also revealed sig-
nificant positive correlations between raw scores and
greater hemodynamic responses for pseudohomophone
relative to homophone priming in several cortical regions
for each group. Of particular interest are the positive cor-
relations that were observed within the left lateralized IFC
for both groups (Fig. 3) and the IC for the parent group

Figure 3.

Significant positive correlations between raw scores on the

Comprehensive Test of Phonological Processing (CTOPP) non-

word repetition subtest and greater hemodynamic responses for

pseudohomophone relative to homophone priming for both

parents of children with ASD (N ¼ 16) and comparison subjects

(N ¼ 16) were observed in several cortical regions including the

left inferior frontal cortex. Results are whole-brain with statisti-

cal maps shown thresholded at P < 0.01 uncorrected, the clus-

ter-defining threshold used in the study. Results are overlaid

onto the average T1-weighted image from the study and pre-

sented in neurological convention (left hemisphere on the left).
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(Fig. 4). The left lateralized IFC is a region known to be
involved in phonological processing and has been
observed to exhibit increased hemodynamic responses for
pseudowords and nonwords relative to words thought
due to the greater articulatory recoding demands of these
stimuli [Burton et al., 2005; Herbster et al., 1997; Newman
and Joanisse, 2011; Poldrack et al., 1999]. The IC is a
region also known to be involved in articulatory processes
[Ackermann and Riecker, 2004]. In addition, in individuals

with dyslexia compensatory engagement within these
regions has been found relative to controls [Richlan et al.,
2009; Shaywitz and Shaywitz, 2008; Shaywitz et al., 1998].
The left IC was also a region in which the parent group as
we had hypothesized exhibited greater hemodynamic
responses than controls for pseudohomophones relative to
homophones. The findings of positive correlations between
activation in these regions and raw scores of nonword rep-
etition suggests that greater recruitment of these regions is

Figure 4.

Significant positive correlations between raw scores on the

Comprehensive Test of Phonological Processing (CTOPP) non-

word repetition subtest and greater hemodynamic responses for

pseudohomophone relative to homophone priming for parents

of children with ASD (N ¼ 16) were observed in the anterior

insular cortex. Results are whole-brain with statistical maps

shown thresholded at P < 0.01 uncorrected, the cluster-defining

threshold used in the study. Results are overlaid onto the aver-

age T1-weighted image from the study and presented in neuro-

logical convention (left hemisphere on the left).
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associated with more effective phonological recoding and
are a possible indication that the greater activation
observed in the parent group reflects compensatory neural
processes.

This study provides evidence for possible neural sub-
strates of phonological processing deficits in the unaffected
first-degree relatives of children with ASD. Other recent
investigations have also begun to utilize functional imag-
ing techniques to investigate the neurobiology underlying
the BAP in unaffected first-degree relatives of individuals
with ASD [Baron-Cohen et al., 2006; Dalton et al., 2007;
Dawson et al., 2005; Elsabbagh et al., 2009; Maziade et al.,
2000; Mitchell et al., 2009; Peterson et al., 2006; Rojas et al.,
2004,2008]. One goal of these studies to identify heritable
physiological endophenotypes related to distinct pieces of
the full autistic clinical syndrome. These in turn could be
used to incorporate phenotypically defined subgroups into
genetic studies potentially leading to strengthened linkage
findings to genes contributing to more narrowly defined
components of the disorder. This approach has proven
effective in recent studies of ASD, in which incorporation
of subgroups based on the behavioral markers of the pro-
band’s history of language delay and a parental history of
language difficulties has resulted in strengthened linkage
findings on chromosomes 3q, 7q, 13q, and 17q [Alarcon
et al., 2002, 2005; Bradford et al., 2001]. Similarly, a recent
combined structural imaging and genetic investigation of
CNTNAP2 (contactin-associated like protein-2), which has
been implicated as a susceptibility gene for ASD and has
been found to be associated with nonword repetition in
children with language impairment [Alarcon et al., 2002,
2005; Bradford et al., 2001; Vernes et al., 2008], reported
morphological brain variations in healthy controls that
varied with genotype. These included neural regions
implicated in ASD such as the cerebellum. In regards to
the language impairments found in ASD, CNTNAP2 is
particularly interesting because it encodes a member of the
neurexin superfamily of transmembrane proteins that has
been implicated in neurodevelopmental processes includ-
ing cell adhesion, neuronal recognition, and localization/
maintenance of voltage-gated potassium channels [Alarcon
et al., 2008; Arking et al., 2008; Vernes et al., 2008]. In
addition, CNTNAP2 expression is regulated by the fork-
head box transcription factor FOXP2, the gene for which
has been found to be mutated in the KE family, a multige-
nerational pedigree of over thirty members wherein
approximately half display severe impairments in speech
and language development [Hurst et al., 1990]. These stud-
ies suggest the potential of the incorporation of physiologi-
cal endophenotypes into genetic studies of ASD in order
to identify genes contributing to the language impairments
found in individuals with ASD rather than attempting to
examine the full heterogeneous clinical syndrome.

This study was designed as a first functional imaging
investigation of the phonological processing deficits that
have been proposed to be a core component of the BAP.
Given that no other fMRI studies have investigated phono-

logical processing in first-degree relatives of individuals
with ASD, the results should be considered preliminary.
While the choice of task is based on previous successful
behavioral and imaging studies of phonological processing
in controls, replication in other samples of first-degree rel-
atives of individuals with ASD is required. A further limi-
tation of the current study is that the parent sample did
not exhibit BAP traits based on the results of the AQ or
exhibit phonological processing deficits based on the non-
word repetition subtest of the CTOPP. As a result, our
neuroimaging results are difficult to interpret. While the
imaging data may reflect increased effort in task-related
phonological processing in the parent sample, independent
replication and use of a more extensive set of behavioral
measures of phonological processing are warranted. Addi-
tionally, the lack of behavioral evidence for phonological
processing deficits in our parent sample could be due to
the use of singleton families in this study, as the BAP as
been found to be expressed more strongly in multiplex
families [Losh et al., 2008; Virkud et al., 2009]. The use of
direct tests of phonological processing such as the non-
word repetition subtest of the CTOPP have provided
inconsistent findings in first-degree relatives, which partly
motivated the use of fMRI to identify a more sensitive
measure of the phonological processing deficits that have
been proposed to be a core BAP trait. Given the lack of
CTOPP differences observed between groups and the na-
ture of the fMRI task utilized in this study that has been
shown to probe phonological processing in control sam-
ples in both behavioral and imaging studies, our whole-
brain and correlation results suggest that parents are
engaging different underlying neural mechanisms than
controls during phonological processing possibly due to
compensatory mechanisms. In addition to a lack of group
CTOPP differences, no behavioral differences between
groups were observed for the fMRI LDT. However, the
lack of behavioral differences for the LDT avoids a poten-
tial confound in performance task differences between
groups. For any group comparisons in fMRI, it has been
suggested that behavioral tasks be chosen that can be per-
formed equally well (i.e., in terms of accuracy and/or
response times) by all included groups. If task perform-
ance is matched, the differential hemodynamic responses
can then be interpreted as differential neural processing as
opposed to less successful task performance due to such
factors as inattention, error processing, guessing, or misun-
derstanding of the task [Church et al., 2010; Johnson et al.,
2002; Price and Friston, 1999; Schlaggar and McCandliss,
2007]. Last, further studies will need to be undertaken
with larger sample sizes and measures of language func-
tioning within the proband sample. The relatively small
sample size of this study did not allow us to investigate
effects of gender as a few BAP studies have suggested that
the BAP is more strongly expressed in fathers than moth-
ers [Wheelwright et al., 2010]. There is no evidence of
which we are aware, however, suggesting that the lan-
guage aspect of the BAP exhibits a gender difference. In
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addition, proband participation in the current study was
limited to confirmation of autism diagnoses for qualifica-
tion of the parent sample. Further studies should include
proband language measures to examine relationships
between parent and child functioning.

Our whole-brain findings of group differences in hemo-
dynamic responses between parents of individuals with
ASD and control subjects during a implicit phonological pri-
ming task provide preliminary neurobiological evidence of
phonological processing deficits within first-degree relatives
with ASD. Therefore, our results indicate that these deficits
may be part of the BAP. Regions exhibiting atypical hemo-
dynamic response patterns in our parent sample included
cortical regions shown previously to be implicated in the
language and communication impairments that define ASD
as well as regions found to show structural abnormalities in
a previous study of parents of children with ASD. Further-
more, our overall findings in our parent sample mirror find-
ings in individuals with dyslexia, a reading disorder that is
thought to primarily be due to difficulties in phonological
processing. Studies such as these in unaffected first-degree
relatives allow for the identification of which anatomical
substrates of the disorder may be heritable and thereby may
reflect genetic factors.
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