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A B S T R A C T   

Nonword repetition, a common clinical measure of phonological working memory, involves component pro-
cesses of speech perception, working memory, and speech production. Autistic children often show behavioral 
challenges in nonword repetition, as do many individuals with communication disorders. It is unknown which 
subprocesses of phonological working memory are vulnerable in autistic individuals, and whether the same brain 
processes underlie the transdiagnostic difficulty with nonword repetition. We used functional magnetic reso-
nance imaging (fMRI) to investigate the brain bases for nonword repetition challenges in autism. We compared 
activation during nonword repetition in functional brain networks subserving speech perception, working 
memory, and speech production between neurotypical and autistic children. Autistic children performed worse 
than neurotypical children on nonword repetition and had reduced activation in response to increasing 
phonological working memory load in the supplementary motor area. Multivoxel pattern analysis within the 
speech production network classified shorter vs longer nonword-repetition trials less accurately for autistic than 
neurotypical children. These speech production motor-specific differences were not observed in a group of 
children with reading disability who had similarly reduced nonword repetition behavior. These findings suggest 
that atypical function in speech production brain regions may contribute to nonword repetition difficulties in 
autism.   

1. Introduction 

During language development, children have a remarkable ability to 
rapidly learn to recognize and produce a multitude of new words 
(Bloom, 1973). Transforming language heard into language said de-
pends on a sophisticated orchestration among the cognitive and neural 

systems that support speech perception, working memory, and speech 
production. The ability to briefly hold speech information in mind 
during this transformation is known as phonological working memory 
and is thought to play a key role in language development (Baddeley, 
Gathercole, & Papagno, 1998). In turn, this faculty is thought to be 
disrupted in many developmental communication disorders (e.g., 
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Williams et al., 2013; Archibald, 2017; Gray et al., 2019). 
Clinicians and researchers frequently use nonword repetition as a 

measure of phonological working memory, which has high sensitivity 
for developmental language disorders (Archibald & Joanisse, 2009; 
Estes et al., 2007; Ellis Weismer et al., 2000) and reading disorders 
(Ehrhorn et al., 2021; Melby-Lervag and Lervag, 2012). Nonword 
repetition is also atypical in many autistic1 children (Whitehouse and 
Bishop, 2008; Gabig, 2008; Williams et al., 2013; Nadig & Mulligan, 
2017). It is currently unknown why children with autism spectrum 
disorder (ASD) have difficulty with nonword repetition, particularly 
given the heterogenous language profiles of autistic individuals (Kjel-
gaard & Tager-Flusberg, 2001). While nonword repetition performance 
is classically operationalized as an assessment of phonological working 
memory, this multifaceted behavior involves several subprocesses 
related to speech perception (e.g., encoding), short-term working 
memory (e.g., storage), and speech production (e.g., planning and 
articulation) (Hickok, 2009; Majerus, 2013). During the task of nonword 
repetition, it is likely that a distributed set of brain networks associated 
with each of these cognitive processes is engaged (Acheson et al., 2011; 
Fiez, 2016; Indefrey & Levelt, 2004; Scott & Perrachione, 2019). As 
such, each of these process-related networks may operate differently in 
autistic children, relating to different possible sources for the nonword 
repetition difficulties in this population. Here, we aimed to identify how 
functional response in each of these three brain networks differ in autism 
during nonword repetition, thereby shedding light on the neural bases of 
phonological working memory challenges in autistic individuals. 

Phonological working memory is related to a wide range of 
language-related skills including vocabulary acquisition, sentence and 
discourse processing, and reading development (Adams & Gathercole, 
1996; Baddeley et al., 1998; Gathercole et al., 1997; Gathercole, 2006). 
Several behavioral studies have found reduced phonological working 
memory in autistic individuals regardless of articulation skills (Gabig, 
2008; Habib et al., 2019; Macizo et al., 2016; Williams et al., 2006). 
Further, reduced phonological working memory has been identified in 
autistic children who have lower scores on assessments of vocabulary, 
higher-order syntax, and semantics (Kjelgaard & Tager-Flusberg, 2001). 
Phonological working memory challenges are also seen in other pop-
ulations with language difficulties, including dyslexia, dysfluency 
(stuttering), Down syndrome, and developmental language disorders 
(Estes et al., 2007; Peter et al., 2011; Melby-Lervag and Lervag, 2012; 
Ehrhorn et al., 2021). However, the underlying source of these diffi-
culties may differ across diagnoses. For example, the types of errors 
made by autistic children during nonword repetition tend to differ from 
those made by children with specific language impairment (or devel-
opmental language disorders) (Nadig & Mulligan, 2017; Williams et al., 
2013). These studies suggest that, while reduced phonological working 
memory in autistic children may have widespread consequences in 
language development, the source of their difficulties may differ from 
those of children with other developmental communication disorders. 

Despite the importance of phonological working memory in lan-
guage development, and the clinical value of its measurement via 
nonword repetition (Archibald and Gathercole, 2007; Dollaghan and 
Campbell, 1998), little is known about how phonological working 
memory is disrupted in autistic children, or why their difficulties with 
nonword repetition may manifest differently from those in other 
developmental communication disorders. Disentangling the sources of 
children’s nonword repetition difficulties via behavioral assays has 
proved challenging, as behavior alone cannot distinguish between dif-
ficulties perceiving, remembering, or reproducing the target speech. 

Neurally, however, the brain networks that support speech perception, 
working memory, and speech production are substantially distinct 
(Hickok and Poeppel, 2007), such that localized differences in brain 
activation may help inform which specific processes are disrupted. In 
this study, we investigated activation within each of these three brain 
networks (speech perception, working memory, speech production) to 
improve our understanding of their relationship to nonword repetition 
difficulties in autism. 

Our primary aim in this research was to identify functional brain 
differences during nonword repetition in autistic versus neurotypical 
(NT) children. Previous research has documented sensory, cognitive, 
and motor differences in autism, such that each of the three primary sub- 
components of nonword repetition may be the source of impaired 
phonological working memory: Correspondingly, (1) activation differ-
ences in the speech perception network during nonword repetition 
would be consistent with evidence for perception-based differences in 
autism (e.g., Frith, 1989; Mottron & Burack, 2001; Pellicano & Burr, 
2012); (2) activation differences in the working memory network during 
nonword repetition would be in-line with evidence for executive func-
tioning differences in autism (e.g., Ozonoff et al., 1991; Joseph and 
Tager-Flusberg, 2004; Pellicano, 2012; Leung et al., 2016); and (3) 
activation differences in the speech production network during nonword 
repetition would be consistent with evidence for motor-based differ-
ences in autism (e.g., Whyatt & Craig, 2013; Bhat et al., 2011). Upon 
identifying brain regions of difference between the autistic and NT 
groups, we then tested the specificity of any difference in a group of non- 
autistic children with reading disability who also exhibited impaired 
nonword repetition. 

1.1. Neural systems supporting nonword repetition 

1.1.1. Encoding: The speech perception network 
Speech perception involves encoding acoustic speech signals and 

mapping them onto abstract linguistic representations (Samuel, 2011; 
Poeppel, 2015). Speech perception tasks engage a network of widely 
distributed brain regions, including primary and association auditory 
areas (e.g., bilateral superior temporal gyrus (STG) and superior tem-
poral sulcus (STS)) involved in spectrotemporal and phonological pro-
cessing, respectively. Sensorimotor transformations are believed to 
occur via a posterior/dorsal auditory stream, encompassing planum 
temporale and parietal operculum, with articulatory representations 
and actions encoded in left inferior frontal gyrus and ventral (pre)motor 
cortex, and in parietal operculum (Hickok and Poeppel, 2007). 

Various sensory-based hypotheses of autism have posited that 
autistic individuals may make enhanced use of low-level sensory fea-
tures at the expense of higher-level gestalt representations (Mottron & 
Burack, 2001; Happe and Frith, 2006). Indeed, some behavioral evi-
dence has borne out this hypothesis in the domain of speech and lan-
guage. Some autistic individuals pay greater attention to lower-level 
acoustic cues at the cost of higher-level linguistic information (Järvinen- 
Pasley et al., 2008; Soulières et al., 2007). Further, a functional magnetic 
resonance imaging (fMRI) meta-analysis study of the brain bases of 
speech perception revealed that activation in temporal-lobe language 
areas (e.g., STG), was common to both autistic and NT groups, but 
activation in frontal language areas (e.g., superior frontal gyrus, left 
medial frontal gyrus, and right inferior frontal gyrus) was found exclu-
sively in the NT group (Tryfon et al., 2018). 

1.1.2. Storage: The working memory network 
Working memory refers to the temporary storage and manipulation 

of mental representations of information (e.g., speech sounds and se-
quences) on the timescale of seconds. In their influential phonological 
loop theory, Baddeley and Hitch (1974) proposed that short-term stor-
age of verbal information occurs through interactions between a 
phonological buffer and subvocal rehearsal process (Baddeley, 1992; 
Baddeley & Hitch, 1974; Baddeley, 2003; Hitch & Baddeley, 1976). 

1 Many autistic people prefer identity-first language (“autistic person”) to 
person-first language (“person with autism”), while some members within the 
community prefer person-first language (Lei et al., 2021). These preferences 
guide our semantic language choices; we use identity-first and person-first 
language interchangeably throughout the manuscript. 
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However, this psychological model does not posit specific brain regions 
associated with it. Classical fMRI and positron emission tomography 
(PET) studies using working memory tasks from cognitive psychology 
(e.g., digit span, n-back) identified a network of frontal and parietal 
regions as important for working memory (e.g., Buchsbaum and 
D’Esposito, 2019). However, studies that have used tasks focused on 
immediate repetition of nonwords tend to find a network comprising of 
mostly speech perception and speech production regions, such as STG, 
IFG, supplementary motor area (SMA), posterior middle frontal gyrus, 
and ventral motor cortex (Scott & Perrachione, 2019; Perrachione et al., 
2017; Strand et al., 2008). To this end, it remains an open question 
whether and how nonword repetition (and therefore phonological 
working memory) requires the participation of domain-general (or 
multiple demand) working memory areas such as dorsolateral prefrontal 
cortex and parietal lobe (Jacquemot & Scott, 2006; Majerus, 2013; 
Hickok, 2009; Fiez, 2016.) Furthermore, it is unknown whether 
nonword repetition difficulties in developmental communication dis-
orders like ASD place differential demands on speech vs domain-general 
(multiple demand) working memory networks for performing this task. 

There is evidence to suggest that reduced executive functioning – 
including working memory – is associated with many challenges 
observed in autistic individuals (e.g., Pellicano, 2012; Leung et al., 
2016). Meta-cognitive skills such as working memory and planning have 
been shown to predict social skills in autistic but not NT children (Leung 
et al., 2016). Behavioral research investigating spatial, verbal, and 
nonverbal working memory in autistic individuals has shown functional 
challenges, including reduced accuracy and slower performance (for a 
meta-analysis, see: Wang et al., 2017; Rabiee et al., 2018; Sachse et al., 
2013; Cui et al., 2010). Conflicting research, however, has shown intact 
verbal working memory as measured by n-back letter tasks (Williams 
et al., 2005) and intact visual working memory as measured by a visual 
change detection task (Lynn et al., 2022). Multiple studies have reported 
reduced n-back performance and altered patterns of brain activation in 
autistic children and adults (Vogan et al., 2018; Yeung et al., 2019; 
Koshino et al., 2005; Barendse et al., 2013). 

1.1.3. Planning and articulation: The speech production network 
Speech production involves the planning and execution of articula-

tory movements, as well as the continuous monitoring of the auditory 
and somatosensory experience of one’s own speech. The computational 
and neuroanatomical Directions into Velocities of Articulators (DIVA) 
model provides a unified theory of speech production and implicates a 
network of cortical and subcortical regions, including motor regions 
(primary motor cortex, supplementary motor area (SMA), basal ganglia) 
and sensory regions (e.g., STG) (Tourville & Guenther, 2011). Neuro-
imaging studies have shown bilateral activation of motor cortex, pre-
motor cortex, somatosensory cortex, and SMA to be most reliably 
associated with overt articulation, with a rough somatotopic organiza-
tion of articulators in the motor cortex (Conant and Chang, 2013; Long 
et al., 2016; Guenther, 2016). The primary sensory regions play a key 
role in the auditory monitoring of one’s speech and articulation by 
mapping auditory targets, auditory states, and errors. 

Despite the diagnostic emphasis on social and communication skills 
in autism, motor impairments have been increasingly identified as an 
underdiagnosed, yet clinically meaningful, feature of autism (Craig 
et al., 2021; Whyatt & Craig, 2013; Zampella et al., 2021). Motor delays 
and atypical movement development (e.g., stereotyped movement) have 
been identified as some of the earliest signs of autism, which often 
emerge even before the classical social communication differences 
(West, 2019; Posar & Visconti, 2022). Speech and language (expressive 
and receptive) abilities in autistic individuals have been shown to be 
correlated with oromotor, visuomotor, manual motor, fine motor, and 
gross motor skills (Gernsbacher et al., 2008; Bhat, 2021; Bal et al., 2019; 
Mody et al., 2017; Bedford et al., 2016). Behaviorally, studies of the 
motor speech profiles of autistic individuals have identified atypical 
speech production execution, including difficulty with complex syllable 

production tasks (Adams, 1998) and imprecise articulation (Wynn et al., 
2022). Despite the mounting evidence suggesting motor differences in 
autism, including fine motor control related to speech production, the 
research that investigates the behavioral and brain bases of speech 
production in autism remains highly limited. A magnetoencephalogra-
phy (MEG) study examining neural dynamics during phonemic pro-
duction tasks revealed significant differences between ASD and NT in 
magnitude and latency of activation in several brain regions including 
primary motor cortex, motor planning areas (e.g., SMA), sensorimotor 
integration areas (e.g., orbitofrontal cortex), and the dorsolateral pre-
frontal cortex (Pang et al., 2016). A diffusor tensor imaging study in 
adults with autism revealed a weaker connection between the ventral 
premotor cortex and the SMA (Peeva et al., 2013). An fMRI study of 
activation during a speech production task (picture naming) showed no 
differences in brain activation between NT and autistic children, but 
increased intra-subject variability in brain activation in the autistic 
group (Heller Murray et al., 2022). Taken together, these outcomes 
suggest brain and behavioral differences between autistic and NT groups 
during basic and complex oro-motor and phonemic tasks. 

1.2. Specificity of phonological working memory difficulties in autism 

An important goal in studying the brain bases of nonword repetition 
is to better understand how the functional substrates of phonological 
working memory impairments are shared versus distinct across autism 
and other neurodevelopmental disorders (cf. Lu et al., 2016). For 
example, individuals with reading disabilities often demonstrate 
behavioral difficulties with nonword repetition (Baird et al., 2011), as 
well as its associated processes (e.g., speech perception: Manis et al., 
1997; Joanisse et al., 2000; Boets et al., 2011; working memory: 
Smith-Spark et al., 2016; Jeffries & Everatt, 2004; speech production: 
Catts, 1989; Carroll et al., 2014; Lambrecht Smith et al., 2010). It is 
possible that any brain differences observed during nonword repetition 
in autism are not specific to autism but rather underlie nonword repe-
tition and/or communication challenges more broadly. A previous 
neuroanatomical study found that shared atypicality in the white-matter 
microstructural connectivity was related to the degree of phonological 
working memory impairment for both children with reading disabilities 
(RD) and those with autism (Lu et al., 2016). Testing whether 
non-autistic populations with parallel challenges in nonword repetition 
show similar differences in brain functions as autistic children will shed 
light on the debate about the relationship between language or reading 
impairment and autism. 

1.3. Current study 

The primary aim of this study was to identify the brain bases of 
phonological working memory impairments in autism. Children with 
and without autism performed a nonword repetition task in the scanner 
while we measured their neural activation using fMRI. With comple-
mentary univariate and multivariate pattern analyses, we examined 
whether the atypical phonological working memory abilities seen in 
autism are associated with functional differences in each of the three key 
brain networks thought to be involved in nonword repetition: speech 
perception, working memory, and speech production. We also used 
targeted analyses to examine whether children with reading disability 
also demonstrate the same brain differences identified in the comparison 
between autistic and NT children. 

2. Materials and methods 

2.1. Participants 

Children (age 5 to 18 years) with and without autism were recruited 
from the greater Boston area of the United States for this study. From an 
initial sample of n = 216 participants, a total of n = 69 children met 

A.M. O’Brien et al.                                                                                                                                                                                                                             



NeuroImage: Clinical 37 (2023) 103299

4

criteria for inclusion in the neurotypical (NT, n = 28) or autism (n = 23) 
groups. We also included a control group of participants with a reading 
disability (RD, n = 16) for targeted secondary analyses. Inclusion 
criteria for all participants required them to be native speakers of 
American English, right-handed, and born after 32 weeks gestational 
age. All included participants had parent-reported normal hearing and 
had nonverbal cognitive ability within normal limits, as measured by 
nonverbal IQ scores of ≥ 80 on the Kaufman Brief Intelligence Test 
(KBIT; Kaufman & Kaufman, 2004). Included participants had no history 
of head injury, comorbid psychiatric or neurological conditions, or any 
genetic disorders associated with autism (e.g., Fragile X syndrome). 
Written informed consent was obtained from a guardian of all partici-
pants. Children provided informed written assent and received mone-
tary compensation for their time. All procedures were approved and 
overseen by the Committee on the Use of Humans as Experimental 
Subjects (COUHES) at MIT and conducted in accordance with the 
Declaration of Helsinki. 

2.1.1. Behavioral assessments 
Participants completed a brief battery of standardized clinical mea-

sures of cognitive, language, and reading ability, including the Kaufman 
Brief Intelligence Test (KBIT) Expressive Vocabulary, Definitions, and 
Matrix subtests (Kaufman & Kaufman, 2004); the Clinical Evaluation of 
Language Fundamentals (CELF-4) core language subtests (Semel et al., 
2004); the Comprehensive Test of Phonological Processing (CTOPP) 
Elision, Blending Words, and Nonword Repetition subtests (Bruno & 
Walker, 1999); the Children’s Test of Nonword Repetition (CNRep) 
(Gathercole et al., 1994); the Woodcock Reading Mastery Test – Revised 
Normative Update (WRMT) Word Identification (WI) and Word Attack 
(WA) subtests (Woodcock, 2011); and the Test of Word Reading Effi-
ciency (TOWRE-2) Sight Word Efficiency and Phonemic Decoding sub-
tests (Tarar et al., 2015; Torgesen et al., 2012). The CTOPP and CNRep 
are tests of phonological working memory and are typically used to 
identify children at-risk for developmental language disorders (Gath-
ercole, 1995; Archibald & Joanisse, 2009). 

2.1.2. Diagnostic confirmation 
Participants were included in the autism group if they had a clinical 

diagnosis of autism, which was also confirmed by trained research staff 
using an Autism Diagnostic Observation Schedule (ADOS/ADOS-2) 
Module 3 or 4 (Lord et al., 2000; Lord et al., 2012). A score of 7 or higher 
was deemed consistent with an autism diagnosis. To quantify the degree 
of the autism symptomatology, we converted participants’ ADOS scores 

to autism calibrated severity scores (CSS) ranging from 1 to 10 (Gotham 
et al. 2006; Hus & Lord, 2014). Participants in the NT group scored 
within normal limits on the ADOS-2 and had no first-degree relatives 
with autism or reading disabilities. Participants in the RD group had 
standard scores below 90 (below the 25th percentile) on at least two of 
the four subtests of timed or untimed word or nonword reading from the 
WRMT and TOWRE. Participants in the RD group also scored within 
normal limits on the ADOS (Table 1). See Supplementary Methods 
S.1.1.1 and Supplementary Table 1 for more information on ADOS 
diagnostic confirmation and ADOS scores. 

2.1.3. Included matched sample 
After screening for demographic inclusion criteria (see 2.1), data 

quality (see MRI data pre-processing, below), and matching for de-
mographic characteristics, 69 children were included in this study. See 
Fig. 1 for a breakdown of reasons for exclusion. All matching was done 
using the optmatch package in R (Hansen and Klopfer, 2006), and a 
summary of the demographic, cognitive, language, and reading char-
acteristics of all participants is shown in Table 1. Supplementary Table 2 
provides a breakdown of the racial and ethnic makeup of the partici-
pants. In matching all participants, we used the pair matching function 
of the optmatch tool in R. The pair matching function works by mini-
mizing the mean paired Euclidean distance between designated vari-
ables (i.e., scores). To verify our matching, we used the MatchIt package 
(Ho et al., 2011) in R to calculate propensity scores for our included 
groups. All group comparisons had variance ratios within an acceptable 
range (0.5–2), as established by the literature (Kover and Atwood, 
2013). The NT vs ASD groups had a variance ratio of 0.83 for the vari-
ables of age, sex, and IQ. The NT vs RD groups had a variance ratio of 
1.71 for the variables of age, sex, and IQ. We also conducted supple-
mentary analyses with an additional control group of ASD and NT 
children matched on the Core Language Score of the CELF. The 
language-matched sample had a variance ratio of 1.56 for the variables 
of age, sex, IQ, and CELF core language score. See Supplementary 
Methods 1.1.2 and Supplementary Table 3 for additional information on 
the language-matched groups. Hypotheses related to our primary aim 
(neurofunctional differences during nonword repetition) were tested 
using groups of autistic (n = 23) and NT (n = 28) children who were 
matched by age, sex, and non-verbal IQ. Hypotheses related to our 
secondary aim (altered neural responses’ specificity to autism) were 
tested by comparing the NT and ASD groups to a third group of children 
with reading disability (RD; n = 16) and by comparing language- 
matched autistic vs NT subgroups. 

Table 1 
Phenotypic cognitive, behavioral, language, and reading characteristics in the primary analysis group (NT and ASD), as well as for the RD groups. All p-values in this 
table are from one-tailed t-tests (ASD < NT, RD < NT, and RD < ASD for age and all assessments, except for ADOS where ASD > NT and ASD > RD).   

NT ASD ASD vs NT RD RD vs NT RD vs ASD 

n = 28 (8F) n = 23 (5F) n = 16 (7F) 

Mean SD Mean SD p-value Mean SD p-value p-value 

Demographics Age  11.9  3.2  12.2  3.4  0.389 11.5  3.1  0.345  0.266 
IQ KBIT  112.8  14.2  110.6  16.2  0.302 104.3  12.3  0.022  0.088 
Language CELF (CLS)  116.2  9.8  103.2  19.2  0.004 97.3  17.9  0.001  0.166 
NWR In-scanner NWR  87.7  8.8  75.0  22.7  <0.001 73.8  21.2  0.000  0.262  

CTOPP (NWR)  10.0  2.7  7.7  2.1  0.001 8.4  2.7  0.035  0.199  
CNRep (Raw)  34.7  3.2  30.1  6.4  0.002 30  6.2  0.005  0.475 

Reading TOWRE (SWE)  108.3  9.9  97.5  10.5  0.001 83.1  7.2  0.000  <0.001  
TOWRE (PDE)  110.3  13.3  101.7  12.4  0.012 83.7  5.0  0.000  <0.001  
WRMT (WI)  113.0  9.8  102.7  15.0  0.004 88.1  9.7  0.000  0.001  
WRMT (WA)  108.7  12.0  101.9  14.1  0.038 91.1  6.9  0.000  0.002  
WJ  114.3  11.6  104.6  17.2  0.015 83.7  8.7  0.000  <0.001 

Autism ADOS CSS  1.19  1.28  10.18  4.48  <0.001 2.08  2.64  0.05 <0.001 

Note. NT = neurotypical; ASD = autism spectrum disorder; F = female; RD = reading disability; CELF (CLS) = Core Language Score (Clinical Evaluation of Language 
Fundamentals, Fourth edition); NWR = nonword repetition; CNRep = Children’s Test of Nonword Repetition; CTOPP = Comprehensive Test of Phonological Pro-
cessing 2; KBIT = Kaufman Brief Intelligence Test 2 (Matrix subtest); WRMT = Woodcock Reading Mastery Tests; WI = Word Identification; WA = Word Attack; 
TOWRE = Test of Word Reading Efficiency; SWE = Sight Word Efficiency; PDE = Phonemic Decoding Efficiency. WJ = Woodcock-Johnson III Tests of Achievement 
(Sentence Reading Fluency subtest); ADOS = Autism Diagnostic Observation Schedule; CSS = Calibrated Severity Score (averaged across ADOS Modules 3 and 4). 
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2.2. Stimuli 

We used the nonword (i.e., pseudoword) stimuli that were previously 
generated and described (Perrachione et al., 2017). There were 96 
nonwords total, balanced across syllable lengths (2, 3, 4, and 5 sylla-
bles), with 24 nonwords per syllable-length condition. The positional 
phoneme and biphone phonotactic probabilities of the stimuli did not 
vary significantly across syllable length (both F(1, 133) < 0.23, p >
0.61). The nonwords were generated to closely parallel the structural 
and statistical properties of real English words. A full list of the nonword 
stimuli can be found in Appendix A. 

Recordings were made from the speech of a female native speaker of 
standard American English. Before making the audio recordings of the 
nonword stimuli, the speaker was extensively familiarized with the 
nonwords to ensure natural, correct pronunciation. The speaker read the 
stimuli in citation format (individually and in isolation) and the speech 
was digitally recorded using a SM58 microphone (Shure Inc., Niles, IL) 
and Edirol UA-25EX sound card (Roland Corp., Los Angeles, CA), sam-
pling at 44.1 kHz (as described by Perrachione et al., 2017). Each token 
was normalized for root-mean-square amplitude to 70 dB using Praat 
(Boersma, 2001). 

2.3. Experimental session 

This experiment was part of a larger project that included other fMRI 

and MRI acquisition protocols. Participants first engaged in a practice 
scan to become familiarized with the equipment and behavioral tasks 
(see Supplementary Methods S1.2 for more information). Children 
completed the nonword repetition task during a sparse-sampling fMRI 
paradigm, which allowed the auditory stimuli to be presented, and 
verbal responses to be uttered, during silent periods in between func-
tional volume acquisitions. Children were instructed to listen to the 
“alien language” and repeat the words. An image of a colorful alien was 
used as a visual prompt for the child to repeat the word during the 
repeating trials, and a gray alien image signaled the child to remain 
silent during the resting trials (Fig. 2). The participants did not hear or 
say anything during the rest trials. 

Auditory stimuli were presented binaurally using Sensimetrics S-14 
earphones (Sensimetrics Corporation, Woburn, MA) at a comfortable 
listening level. Stimulus presentation was controlled by the software 
PsychoPy (Peirce et al., 2019). The task was conducted in three runs. 
Each run included 32 trials, including 8 trials of each syllable load (two, 
three, four, five syllables) and 8 trials of rest. Within each run, the trials 
were presented in pairs of each condition (e.g., the participant 
completed two trials of four syllables, then two trials of two syllables, 
then two trials of rest). These condition-pairs were pseudo-randomized 
in each run, such that all participants were presented with the stimuli 
and rest conditions in the same order, by run. Each trial lasted 6 s and 
consisted of 4 s of silence, during which the auditory stimulus was 
presented, and overt verbal repetition recorded, followed by a 2 s fMRI 
volume acquisition (Fig. 2). Rest trials also lasted 6 s, during which the 
participant saw the grayed alien image and remained silent. 

2.4. Neuroimaging data collection and analysis 

2.4.1. Scanning parameters 
Data were acquired on a Siemens Trio 3T scanner (Siemens AG, 

Berlin and Munich, Germany) with a 32-channel phased array head coil. 
A whole-head, high-resolution T1-weighted, multi-echo magnetization- 
prepared rapid gradient-echo (ME-MPRAGE) anatomical volume was 
obtained (acquisition parameters: repetition time [TR] = 2530 ms, echo 
time [TE] = {1.64, 3.44, 5.24, 7.04 ms}, flip angle = 7.0◦, inversion time 
[TI] = 1400 ms, voxel resolution = 1.0 mm3, field of view [FOV] = 220, 
220 mm, 176 sagittal slices. 

Three functional runs containing 108 volumes each were collected 
using sparse-sampled T2*-weighted gradient-echo planar imaging (EPI) 
scans (acquisition parameters: TR = 6000 ms, acquisition time [TA] =
2000 ms, TE = 30 ms, flip angle = 90◦, voxel resolution = 3.0 mm3, 
FOV = 192×192 mm, and 32 transverse slices acquired parallel to the 
anterior commissure–posterior commissure [AC-PC] plane, providing 
whole-brain coverage). Each functional run was preceded by two addi-
tional TRs during which no data were recorded to allow for stabilization 
of longitudinal magnetization. Each run was 4 min, 12 s long. Sparse- 
sampling (Hall et al., 1999) was chosen to present auditory stimuli in 
silence, as this is the case when nonword repetition is administered 
clinically. The sparse scanning protocol allows the stimuli to be pre-
sented, and overt verbal responses to occur, during silent intervals be-
tween EPI volume acquisitions, precluding motion artifacts from 
children’s head motion, as well as from structural changes in oral and 
nasal cavity, during speech production. The reduction in acoustic 
stimulation during scanning improves not only dynamic range in audi-
tory brain responses (Gaab et al., 2007), but has been shown to reduce 
spurious activation in executive regions related to the cognitive de-
mands of noise exclusion (Peelle, 2014; Gaab et al., 2008). A sparse- 
sampling rate of TR = 6 s, with four seconds of sparse delay, was 
selected to allow sufficient time for children to listen to and repeat the 
nonwords in silence while still sampling BOLD signal at the peak of the 
hemodynamic response at each trial (Perrachione & Ghosh, 2013). The 
delay in volume acquisition leads to substantially improved contrast-to- 
noise ratio (CNR) for each sparse volume relative to analogous 
continuously-sample EPI volume acquisition. Furthermore, we used an 

Fig. 1. Flowchart depicting exclusionary criteria and numbers of included 
participants in each group. 
Note. ASD = autism spectrum disorder; IQ = intelligence quotient; LBLD =
language based learning disorder; RD = reading disability; fMRI = functional 
magnetic resonance imaging; NT = neurotypical. 
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optimized procedure for modeling sparse data using convolved hemo-
dynamic response function (HRF), which allows detection of neural 
activation to events across discontinuous volume acquisitions (see Per-
rachione & Ghosh, 2013, for evidence that even slow sparse designs can 
capture event-related functional activation through HRF convolution). 

2.4.2. MRI data pre-processing 
The fMRI DICOM data were converted to NIFTI files following Brain 

Imaging Data Structure (BIDS) formatting using HeuDiConv (https:// 
github.com/nipy/heudiconv; Gorgolewski et al., 2017; Yarkoni et al., 
2019). Anatomical and functional images were preprocessed using 
fMRIPrep (v.1.4.1), including T1 correction, brain extraction, normali-
zation to the fsaverage5 template, tissue segmentation, and motion 
correction procedures [(Esteban et al., 2019); fMRIPrep Available from: 
https://doi.org/10.5281/zenodo.852659, RRID:SCR_016216], a 
Nipype-based tool (Gorgolewski et al., 2017); Nipype available from: 
https://doi.org/10.5281/zenodo.581704, RRID:SCR_002502). Slice 
timing correction was not applied due to the sparse data collection 
method that was used. See Supplementary Methods (S1.3.1) for addi-
tional details on the use of fMRIPrep. 

Framewise displacement (FD; Power et al., 2014), together with 
other commonly used confounds, such as motion parameters, was 
calculated for each functional run using the implementation in Nipype. 
FD and spatial s.d. of the data after temporal differencing (known as 
‘DVARS’) are calculated for each functional run, both with their 
implementations in Nipype (Esteban et al., 2019). Volumes with an FD 
≥ 2 mm were regressed out from the analysis (Siegel et al., 2014) and 
participants with ≥ 33 % of motion outlier volumes were removed from 
the analyses (Supplementary Table 4 for the group-average number of 
removed volumes and Fig. 1 for the total number of removed partici-
pants due to motion). The average number of removed volumes and 
average FD by group are reported in Supplementary Table 4. The two 
groups were not statistically different on either the number of outliers or 
motion parameters (Supplementary Table 4). 

2.4.3. fMRI analyses 
Analyses and hypotheses for this project were pre-registered using 

Open Science Framework (https://osf.io/xerpc). 

2.4.3.1. Networks of interest. We conducted the group-level analyses 
within hypothesis-driven networks of interest (NOIs) representing the 
three underlying cognitive processes involved in nonword repetition, as 
described in the introduction (Fig. 3). The NOIs were regions associated 
with the following functional terms on Neurosynth.org (https://neuro 
synth.org): “speech perception” (derived from a meta-analysis of 97 

studies), “working memory” (derived from a meta-analysis of 1091 
studies), and “speech production” (derived from a meta-analysis of 107 
studies). The use of a priori NOIs derived from meta-analyses is useful in 
reducing the effects of multiple comparisons. Univariate analyses (see 
2.5.3.2 below) were performed within a union (i.e., combination) mask 
of the three NOIs to examine within- and between-group differences. 
Multivariate pattern analysis (MVPA; see 2.5.3.3 below) were separately 
conducted in each NOI, as well as the union and conjunction (i.e., 
intersection of at least 2 NOIs) regions. To confirm that we did not miss 
possible effects of condition or group occurring in regions outside of the 
a priori NOIs, and to examine possible compensatory activity in the 
autistic group, additional univariate and multivariate analyses in the 
complement regions to the NOIs (i.e., those outside the networks) were 
subsequently performed after the main analyses. The location and extent 
of the Neurosynth-derived NOIs were compared to significant activation 
in the NT and ASD groups for nonword repetition of all syllable lengths 
> rest (p < 0.001) in the current study (Supplementary Methods S1.3.2), 
and were found to be generally inclusive of the task-based activation 
patterns. 

2.4.3.2. Univariate analyses. We used SnPM (version 13.1.08; https 
://nisox.org/Software/SnPM13/) to perform the non-parametric uni-
variate analyses within the combination of the (1) speech perception, (2) 
working memory, and (3) speech production regions (Nichols & Holmes, 
2002). We used within- and between-group cluster-wise nonparametric 
t-tests (5000 permutations, cluster-forming threshold p < 0.01, cluster- 
level FWE-corrected p < 0.05) to compare activation between task and 
rest (i.e., all nonword repetition syllable lengths > rest) and to compare 
activation as a function of phonological working memory-load (i.e., five 
> two-syllables). These analyses were followed by a more stringent 
threshold (cluster-forming threshold p < 0.001, cluster-level FWE-cor-
rected p < 0.05) to compare activation as a function of phonological 
working memory-load (i.e., five syllable > two syllable). Given the wide 
age-range of our participants, we also conducted the above univariate 
analysis with age and motion as covariates, to ensure that neither factor 
was driving the observed effects. Univariate analyses were also con-
ducted in the union and complement of the phonological working 
memory NOIs. See Supplementary Methods (S1.3.3) for methods used to 
identify significant anatomical brain regions. 

To investigate whether the univariate differences between NT and 
ASD were also seen in the RD group, we extracted each participant’s 
beta values from the voxels in which we detected a primary group dif-
ference (NT (n = 28) > ASD (n = 23)). We conducted independent 
samples one-tailed t-tests to compare of the beta values for (1) RD vs 
ASD and (2) RD vs NT. 

Fig. 2. Task design and accompanying visual prompt.  
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Fig. 3. Networks of interest (NOI) derived from Neurosynth.org used for the univariate and multivariate analyses. Regarding overlap between NOIs, the speech 
perception network has a 58.7% overlap with the speech production network and a 1% overlap with the working memory network. The working memory network 
has a 0.4% overlap with the speech perception network and a 2.4% overlap with the speech production network. The speech production network has a 30.5% overlap 
with the perception network and a 3% overlap with the working memory network. For coordinates and automated anatomical labeling (based on the Automated 
Anatomical Labeling Atlas) of the regions included within each of the networks of interest, see Supplementary Table 5. 
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2.4.3.3. Multivariate pattern analysis (MVPA). We used MVPA as an 
information-based decoding approach to ask how the decoding accuracy 
of information content (i.e., voxel-wise brain activity patterns associated 
with two vs five syllable nonword repetition) varies between autistic and 
NT children (Bae et al., 2020). MVPA is used to explore brain activation 
distinctions in processing between stimulus features and was chosen due 
to its usefulness in analyzing distributed patterns of activity that 
differentiate between multiple experimental conditions within typical 
and clinical populations (Kamitani & Tong, 2005; Bray, 2009). The ac-
curacy of a decoder can be used as a measure of neural specificity or 
reliability for a particular task (in this study, nonword repetition of 
varying syllable lengths; Park et al., 2010; Haynes & Rees, 2006; Riss-
man & Wagner, 2012). Given the likely increased variability within 
children, a within-subject MVPA may yield additional insight regarding 
neural function and compensatory processing strategies at an individual 
level, beyond that of a traditional univariate approach (Hanke, 2009). 
By comparing the average decoding accuracy of each group, we can 
better understand the underlying neural specificity during nonword 
repetition for each group. Fig. 4 provides a schematic representation of 
how patterns of activity may be decoded between two conditions. 

We used the BIDS app version of PyMVPA for running the MVPA 
analysis (Sajjadtorabian, 2018; https://github.com/BIDS-App 
s/PyMVPA). Using leave-one-out support vector machine classifica-
tion, the classifier decoded between five-syllable and two-syllable word 
activation (i.e., between high and low phonological working memory 
load) for each participant. The contrast of five syllables vs two syllables 
was selected to examine how the autistic and NT groups use neural in-
formation to represent increased phonological working memory load in 
each NOI. The classifier was iterated through each NOI to reveal how 
well the pattern of activation in each NOI differentiates between high 
and low phonological working memory loads and whether there are 
group differences (similar methods used in: Koster-Hale et al., 2013). 

All included participants had at least 67% of two and five syllable 
trials included to ensure sufficient trials for the analysis (Supplementary 
Table 4). There were no significant differences between groups or con-
ditions in the number of included trials for decoding. Given our rela-
tively low number of runs (n = 3) and trials, we generated estimates per 
individual trials rather than per run, which allowed for more, albeit 
noisier, estimates. We used feature-wise, chunk-wise z-scoring of the 
data which normalizes the dataset by scaling features into approxi-
mately the same range and removes the mean. 

Average decoding accuracy was calculated for the ASD and NT 
groups within each of the three phonological working memory NOIs 
(Fig. 2), as well as the combination and conjunction areas. In both the 

autistic and NT groups, decoding accuracy for each network was 
compared against chance. An analysis of variance (ANOVA) was used to 
compare decoding accuracy between NT and ASD across the three pri-
mary NOIs: speech perception, working memory, and speech produc-
tion. Post-hoc independent one-tailed t-tests were used to compare 
between decoding accuracy for ASD and NT within each of the three 
NOIs. The p-values for these t-tests were FDR-corrected for each 
between-group test conducted. 

We then completed a targeted follow-up analysis by comparing 
MVPA decoding accuracy within the network in which we ultimately 
detected group differences in our primary group analysis (i.e., speech 
production network). Independent one-tailed t-tests were used to 
compare decoding accuracy between (1) RD vs ASD, and (2) RD vs NT. 

2.5. Data availability statement 

Pre-processed z-maps have been uploaded to GitHub as an anony-
mized data set (https://github.com/Amandaobrien8/ynicl_103299/). 
Additionally, one anonymized participant’s data has been uploaded to 
GitHub with an accompanying tutorial to reproduce our MVPA results at 
a single-subject level. 

3. Results 

3.1. In-scanner behavioral results 

We used an ANOVA to test the effects of diagnosis and syllable length 
on nonword repetition accuracy among the RD, NT, and ASD groups 
(Fig. 5). The nonword repetition audio recordings from one participant 
in the RD group were missing due to technical issues. The ANOVA 
revealed significant main effects of groups (F(1, 256) = 30.32, p <
0.0001) and syllable length (F(3, 256) = 4.71, p = 0.003), but no 
interaction between diagnosis and syllable length (F(3, 256) = 1.28, p =
0.283). 

A comparison between the NT and ASD groups showed a main effect 
of diagnosis (F(1, 196) = 29.89, p < 0.0001) with the ASD group per-
forming worse, a marginal effect of syllable length (F(3, 196) = 2.43, p 
= 0.066), with better performance at shorter lengths, and no interaction 
between diagnosis and syllable length (F(3, 196) = 0.699, p = 0.55). A 
comparison between the NT and RD groups showed a main effect of 
diagnosis with the RD group performing worse (F(1, 164) = 40.29, p <
0.0001), a main effect of syllable length (F(3, 164) = 5.629, p = 0.0011), 
with better performance at shorter lengths, and a marginal interaction 
between diagnosis and syllable length (F(3, 164) = 2.284, p = 0.081), 

Fig. 4. A simplified schematic representation of how patterns of activity may be decoded between two conditions (two syllable nonword repetition and five syllable 
nonword repetition) within the speech production NOI. The first example depicts distinct patterns of activation associated with each syllable length and would likely 
be associated with above chance decoding accuracy. The second example depicts an inconsistent pattern of voxel activation across syllable lengths, and would likely 
be associated with at-chance decoding accuracy. 
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suggesting a steeper decrease of accuracy with increasing syllable length 
in RD than NT. A comparison between the ASD and RD groups showed 
no effect of diagnosis (F(1, 144) = 0.115, p = 0.735), a main effect of 
syllable length (F(3, 144) = 3.099, p = 0.0288), and no interaction 
between diagnosis and syllable length (F(3, 144) = 0.787, p = 0.503). 
Within each group, the effect of syllable-length was significant in the NT 
(F(3, 88) = 3.378, p = 0.021) and RD (F(3, 56) = 3.029, p = 0.037) 
groups, but not in the ASD group (F(3, 88) = 1.17, p = 0.325). 

3.2. Univariate comparison of group differences in task-based brain 
activation 

We investigated group differences in activation during nonword 
repetition > rest between the NT and ASD groups by conducting 
nonparametric one-sample (within) and two-sample (between) t-tests 
(cluster-forming threshold p < 0.01, cluster-level FWE-corrected 
threshold p < 0.05). Both groups showed significant clusters of activa-
tion in locations known to be involved in nonword repetition, such as 
bilateral STG and SMA (task vs rest contrast; Supplementary Table 6). 
No between-group differences were detected in the complement non- 
phonological working memory NOI regions or within the union of the 
three NOIs (Fig. 3), suggesting that similar brain regions are involved in 
nonword repetition in both groups of children. 

3.3. Univariate comparison of group differences in brain activation as a 
function of nonword length 

We examined the effect of syllable length (five syllables > two syl-
lables) in each group using nonparametric one-sample t-tests (cluster- 
forming non-parametric threshold p < 0.01, cluster-level FWE-corrected 
threshold p < 0.05) within the union of the three NOIs. The NT group 
showed significantly greater activation in bilateral STG and left STS for 
longer vs shorter nonwords (Table 2, Fig. 6A). The ASD group also 
showed significantly greater activation in bilateral STG for the five >
two syllables contrast. 

Between group analyses revealed that thehe NT group had signifi-
cantly greater difference between the two- and five-syllable conditions 
in pre-SMA and SMA-proper (peak coordinates: − 3, 15, 55; Table 2, 
Fig. 6A) compared to the ASD group. The reverse contrast of ASD > NT 
did not yield any significant clusters. The group difference remained 
consistent with use of a more stringent cluster-forming threshold (p <
0.001) and cluster-level FWE-corrected threshold of 0.05), and also 
remained significant when age and motion were added as covariates. 
Notably, the SMA in the NT group had greater activation to longer than 
shorter nonwords (t(27) = 2.24, p = 0.017), as measured by the beta 
weight from two and five syllables extracted from the SMA ROI. In 
contrast, the SMA in the ASD group had greater activation during 
shorter than longer nonwords (t(22) = 2.99, p = 0.003). No within- 
group syllable-load effect nor between-group differences were found 
in the complement regions outside of the phonological working memory 
NOIs. 

Fig. 5. In-scanner performance on nonword repetition task. Mean accuracy of nonword repetition within each condition for the NT, ASD, and RD groups. The NT had 
significantly higher overall performance than the ASD and the RD groups. There was no significant difference between the RD and ASD group. Error bars represent 
standard errors. Statistical significance marked by * is based on one-tailed T-tests on group differences. *** p < 0.001. 

Table 2 
Peak coordinates and anatomical locations of significant clusters for within and between group analyses for five-syllable > two-syllable contrast with a cluster defining 
threshold of p < 0.01 and FWE-corrected p < 0.05.  

Comparison Cluster-level k T Voxel-level p(uncorr) x y z Anatomical location 

p(FWE-corr) p(uncorr) 

NT (within group)  0.004  0.0008 201  5.47  0.0002 45 − 21 5 R STG  
0.047  0.0126 46  4.29  0.0002 54 − 42 1 R STS  
0.006  0.0011 178  4.19  0.0002 − 54 − 24 4 L STG  

ASD (within group)  0.011  0.0019 58  5.09  0.0002 54 − 9 1 R STG  
0.007  0.0012 66  3.52  0.0010 − 51 − 27 5 L STG  

NT > ASD  0.014  0.0019 135  4.43  0.0002 − 3 15 55 SMA  
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To better understand the relationship between SMA activation and 
phonological working memory abilities in the ASD and NT groups, we 
correlated each participant’s load-dependent activation difference (beta 
weight from the contrast of five > two syllables) extracted from the SMA 
ROI with their overall in-scanner nonword repetition accuracy. Using a 
nonparametric Spearman’s rank correlation in each group, we found a 
significant positive correlation for the NT group between SMA activation 
and in-scanner performance (rho = 0.32, one-tailed p < 0.05) (Fig. 6B). 
In contrast, the ASD group did not have a significant correlation between 
SMA activation and in-scanner performance (rho = -0.23, one-tailed p =
0.15), which was a significantly weaker association compared to that in 
the NT group (z = 1.89, one-tailed p = 0.03). 

We performed targeted follow-up analyses of activation within the 
SMA for two control comparisons (1) a smaller subset of the full ASD and 
NT groups who were additionally matched on CELF Core Language 
scores (language-matched groups; See Supplementary Methods S1.1.2 
for details) and (2) the RD group, who did not differ from the ASD group 
on nonword repetition performance either in or out of the scanner. The 
language-matched NT group continued to show significantly greater 
SMA activation with increased nonword syllable load than the language- 
matched ASD group (t(33.3) = 3.89, one-tailed p < 0.001). The RD 
group showed significantly greater SMA activation during increased 
phonological working memory load (five > two syllables) than the ASD 
group (t(29) = 2.34, one-tailed p = 0.02), but did not differ from the NT 
group (t(31) = 0.52) (Fig. 6C). 

3.4. Multivariate group comparison of neural decoding of nonword length 

We used the accuracy of multivoxel trial-wise decoding between the 
two- and five-syllable conditions as a measure of how consistently each 
of the NOIs represented phonological working memory load within each 
individual. A between-group comparison of decoding accuracy within 
each NOI for the ASD and NT groups, using a group by NOI ANOVA, 
showed a main effect of diagnosis, with significantly lower decoding 

accuracy in the ASD group compared to the NT group (F(1, 147) = 7.65, 
p < 0.01), which remained significant after controlling for in-scanner 
performance (F(1, 146) = 7.34, p < 0.01). 

There was above-chance decoding of phonological working memory 
load in all NOIs in the NT group, as revealed by a one-sample t-test 
against chance. In contrast, there was not above-chance decoding in any 
of the tested networks in the ASD group, including the combination, 
union, or complement networks (Table 3). After we controlled for 
multiple comparisons, a significant group difference was only observed 
in the speech-production NOI, shown as higher decoding accuracy in the 
NT group than the ASD group (t(47) = 2.5, FDR-corrected p < 0.05). 
Further, even for the two- vs four-syllable contrast where more robust 
behavioral differences were observed in the ASD group (See Fig. 5), 
neural decoding of these two conditions in the ASD group did not differ 
significantly from the classification of two- vs five-syllable load (Sup-
plementary Table 8). 

To examine whether the differences in decoding accuracy in the 
speech production NOI were being driven by brain regions common to 
the speech production and speech perception networks, or by those 
common to the speech production and working memory networks, we 
conducted two pairwise t-tests to compare decoding accuracy within 
these network intersections between ASD and NT. Neither group com-
parison was significant (Table 3), suggesting that the differences in the 
speech production network arise within core speech-production specific 
regions, rather than the overlapping regions between the networks. 

To determine whether decoding accuracy within the speech pro-
duction network was associated with behavioral characteristics in the 
ASD group, we conducted a series of correlations between decoding 
accuracy and several behavioral measures (in-scanner nonword repeti-
tion accuracy, Social Responsiveness Scale (SRS-2; Constantino & 
Gruber, 2012; Frazier et al., 2014), Social Communication Question-
naire (SCQ; Rutter et al., 2003), and ADOS Severity Score). Within the 
autism group, decoding accuracy from the speech production network 
was not associated with the in-scanner nonword repetition performance 

Fig. 6. Effects of syllable length in fMRI. A. Two vs five-syllable effect within the neurotypical (NT) and autism spectrum disorder (ASD) groups and the difference 
between the two groups (cluster-forming nonparametric p < 0.01, cluster-level FWE-corrected p < 0.05). B. Activation responses at SMA were positively correlated 
with in-scanner nonword repetition performance in the NT group, but not in the ASD group. C. The reading disability (RD) group did not vary significantly in SMA 
activation magnitude from the NT group but was significantly higher than the ASD group. Error bars represent standard errors. Spearman’s Rank correlation p-values 
are reported as one-tailed values. * p < 0.05; ** p < 0.01. 
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(Spearman’s rho < 0.08). Instead, we observed modest negative corre-
lations (Spearman’s rho’s > − 0.30) between the decoding accuracy of 
the speech-production network and all three autism-related measures 
(Supplementary Fig. 1), with lower decoding accuracy correlating with 
higher autism traits across all measures. 

As we did for the univariate analyses, we again conducted targeted 
follow-up analyses of MVPA decoding accuracy within the speech pro-
duction network for the two control groups. As seen with the full group, 
there was significantly higher decoding accuracy for the language- 
matched NT group vs the language-matched ASD group (t(32) = 1.86, 
p = 0.036). In contrast, there were no significant differences in decoding 
accuracy between the RD and ASD group (p = 0.72) or between the RD 
and NT group (p = 0.123). 

4. Discussion 

To better understand the brain bases of phonological working 
memory challenges in autism, we investigated how brain activation 
during nonword repetition differed in autistic versus neurotypical chil-
dren across three networks of interest known to support nonword 
repetition: speech perception, working memory, and speech production. 
Children with autism exhibited reduced nonword repetition accuracy 
both in and out of the scanner. Group differences in activation during 
nonword repetition were found in speech-production regions, the SMA 
and pre-SMA, which showed greater modulation of activation for longer 
versus shorter nonwords in NT than in ASD. Multivoxel pattern analysis 
within the speech production network classified shorter versus longer 
nonwords less accurately for autistic than neurotypical children. The 
specificity for the speech production difference in autism was supported 
by lack of an activation difference in children with RD. Further, these 
univariate and multivariate findings were replicated in a comparison 
between NT and ASD children who were matched on language skills, 
indicating that the brain differences were likely related to the autism 
phenotype rather than reflecting differences in core language abilities. 

Overall, these results suggest that phonological working memory 
challenges in autism may be due to differential engagement of speech- 
motor areas, including especially SMA, as seen here during nonword 
repetition. In contrast, our findings suggest that nonword challenges in 
autism may not be related to differences in perceptual processing, as 
activation in superior temporal regions was not atypical in this group. 
Instead, the results suggest typical phonological representation in 
autistic children, consistent with some previous neuroimaging and 
behavioral research (Ceponiene et al., 2003; Pomper et al., 2019). 

The univariate analyses revealed that while the ASD and NT groups 
recruited similar, canonical phonological working memory networks 
during the nonword repetition task overall, they differed in how this 
activation was modulated by increased phonological working memory 
load. Although the ASD group showed typical sensitivity to increased 
syllable length within bilateral STG, they differed specifically in their 
recruitment of the pre-SMA and SMA proper – brain regions associated 

with planning and controlling motor and speech actions (Tremblay & 
Gracco, 2009; Nachev et al., 2007; Alario et al., 2006). SMA and pre- 
SMA in particular have been implicated in sequencing and planning of 
speech (Guenther, 2016). SMA has also exhibited parametric responses 
for nonword syllable load in purely receptive tasks (Perrachione et al., 
2017; Strand et al., 2008), suggesting that engagement of SMA can 
signal a covert articulatory rehearsal process and does not require 
explicit speech production. 

Beyond the SMA, studies of nonword repetition in neurotypical 
adults have shown increased load-associated activation in several re-
gions associated with speech production including left precentral gyrus, 
left inferior frontal gyrus (IFG), and right and left cerebellum (Scott & 
Perrachione, 2019). A study of nonword repetition in neurotypical 
adults showed task-specific increases in the functional connections be-
tween pre-SMA and left dorsal premotor cortex (Hartwigsen et al., 
2013). According to the GODIVA neurocomputational model of speech 
processing (Bohland et al., 2010), IFG and SMA/pre-SMA subserve 
parallel phonological buffers, with the former encoding phonemic se-
quences and the latter representing abstract syllable frames and/or 
premotor sequencing of speech (Tremblay & Gracco, 2006; Alario et al., 
2006). Evidence has also suggested a diverse range of activations in both 
regions across individual participants (Scott & Perrachione, 2019). In 
the current study, the differences in SMA, but not in IFG, suggests po-
tential intact phonemic processing during nonword repetition in autistic 
children, but abnormal motor sequencing, which is independent of the 
specific phonemic or phonological content of the stimuli. 

Not only was there less activation of the SMA in the ASD group, but 
the ASD group showed a fundamentally different pattern of activation in 
the SMA. Unlike the NT group who showed greater activation for longer 
than shorter nonwords, the ASD group showed the reverse pattern with 
greater activation for shorter than longer nonwords. This suggests there 
may be less consistent or reliable motor sequencing for longer nonwords 
in ASD. A diffusion tensor imaging study in autistic adults with average 
nonverbal IQ revealed a weaker connection in the speech production 
network between the SMA and ventral premotor cortex compared to 
neurotypical controls (Peeva et al., 2013). It is possible that SMA func-
tions less efficiently and coherently with other regions in the speech 
motor system when children with ASD are faced with longer syllable 
sequences. 

The MVPA approach provided evidence supporting altered speech 
motor function beyond SMA. We used MVPA as an information-based 
decoding approach, to understand how the decoding accuracy of in-
formation content (i.e., voxel-wise brain activity patterns associated 
with two vs five syllable nonword repetition) varied between ASD and 
NT children. Above chance decoding accuracy indicates consistent 
patterns of activation associated with each syllable length, while at- 
chance decoding suggests an indiscriminate pattern of voxel activation 
across syllable lengths. Across speech perception, working memory, and 
speech production networks, only the speech production network had 
reliably lower decoding accuracy in the ASD group compared to the NT 

Table 3 
Decoding accuracy for NT and ASD groups within the NOIs, intersections of interest, complement regions, and combination of all networks. Between-group com-
parisons were conducted for the three NOIs. ∩: Intersection of two NOIs.  

Networks of Interest NT ASD NT vs ASD   

Against Chance   Against Chance FDR corrected p-value 

Mean SD FDR corrected p-value Mean SD FDR corrected p-value 

Speech Perception Network  56.2  8.8  0.001  52.5  8.7  0.142 0.110 
Working Memory Network  54.3  8.8  0.009  52.3  7.4  0.142 0.194 
Speech Production Network  57.7  7.1  0.000  52.6  7.3  0.141 0.024 
Perception ∩ Production  55.5  8.6  0.002  51.6  9.4  0.248 0.122 
Working Memory ∩ Production  53.8  8.8  0.015  51.0  7.8  0.279 0.143 
Complement Regions  55.8  8.9  0.002  53.3  7.1  0.142 NA 
Union of all three NOIs  56.4  7.8  0.0005  52.2  6.5  0.142 NA 
Intersection of all three NOIs  55.5  8.8  0.002  51.6  9.4  0.248 NA  
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group. Further, lower decoding accuracy within the speech production 
network was modestly correlated with more severe autism-based 
symptoms in the ASD group. This functional alteration in the speech 
motor network remained even when matching language skills across the 
ASD and NT groups. 

Together, these complementary findings support a speech-motor 
atypicality account for reduced nonword repetition performance in 
autism. However, the differences in SMA and speech production 
network do not imply that differences only occured at the last temporal 
phase of nonword repetition. The fMRI task, involving immediate 
repetition after listening, does not allow differentiation of temporal 
components of the behavior: speech perception, maintenance, and 
speech production. In addition, our fMRI nonword repetition task does 
not differentiate between verbal short-term recall and working memory, 
two associated cognitive processes captured by the same paradigm 
(Oberauer et al., 2012; Archibald & Gathercole, 2007). Future research 
investigating the brain bases of phonological working memory should 
include additional behavioral tasks to validate these findings (e.g., serial 
recall of lists of monosyllabic nonwords). 

Our findings add to a growing literature showing broad motor system 
differences in ASD, including motor differences related to speech and 
language. In fact, motor differences in autism have been found to be 
more closely linked to the diagnostic features of ASD, social communi-
cation and restricted and repetitive behaviors, than cognitive ability 
(Ketcheson et al., 2021). Related to speech and language, better fine 
motor skills in autistic children are associated with stronger receptive 
and expressive language skills (Mody et al., 2017). Visuomotor, general 
coordination, and fine motor skills have been shown to predict language 
delays in autistic children (Bhat, 2022). Similarly, oromotor, manual 
motor skills, and fine motor skills have been shown to be strong in-
dicators of speech development (Gernsbacher et al., 2008; Bal et al., 
2019). Notably, Krishnan et al. (2013) demonstrated that NT children’s 
ability to imitate and reproduce nonlinguistic oromotor sequences pre-
dicted their performance in a nonword repetition task. This relationship 
is independent of language skills and general cognitive abilities, sug-
gesting an involvement of domain-general motor skills and planning 
underlying phonological working memory, which is consistent with the 
present findings across autistic children with and without reduced 
concurrent language skills. These findings, together with the neuro-
imaging evidence from the current study, suggest that atypical motor 
function in autism might not be a byproduct of concurrent language 
challenges, but a possible indicator for further risks in language devel-
opment due to its association with reduced phonological working 
memory. 

Atypical activation of SMA occurred in the ASD group but not in an 
RD group that had similar behavioral impairment in nonword repetition. 
ASD and RD, however, may share some brain differences in relation to 
nonword repetition, such as atypical structural connectivity (Lu et al., 
2016). Perhaps atypical functional organization in speech perception 
(Boets et al., 2011) and working memory networks (Hachmann et al., 
2020; Jeffries & Everatt, 2004; Smith-Spark and Fisk, 2007) may better 
explain the challenges of RDs in nonword repetition. Although SMA 
activation in RD was similar to NT during nonword repetition, future 
research with a larger sample size is necessary to investigate other po-
tential mechanisms related to speech production in RD, such as pho-
nemic/phonological representation as opposed to sequencing, and 
whether they are related to nonword repetition deficits given the known 
difficulties in phonological processing in reading disabilities (Kovelman 
et al., 2012; Van Bergen et al., 2014). Behavioral research has docu-
mented some evidence of speech production difficulties in RD, including 
reduced speech rate and increased speech errors (e.g., Catts, 1989; 
Carroll et al., 2014; Lambrecht Smith et al., 2010). Some researchers 
connect speech errors with phonological awareness (Cabbage et al., 
2018), while others suggest a complex relationship between speech 
sound disorder, reading disability, and language impairment Hayiou- 
Thomas et al. (2017). Therefore, research in other language disorders 

will provide greater clarification for the specific and shared neural 
substrates underlying a common behavioral hallmark (cf. Pigdon et al., 
2020; Liégeois et al., 2011). 

The present findings should be considered within the context of 
several methodological limitations. Due to the scarcity of pediatric 
neuroimaging studies, the networks of interest for our analyses were 
based on meta-analyses from primarily adult participants. However, 
there is evidence that the core speech perception, speech production, 
and cognition networks are also implicated and selective in children 
during development (Hiersche et al., 2022). Despite this, we demon-
strated a substantial overlap between the Neurosynth networks of in-
terest and the activation patterns during nonword repetition observed in 
our pediatric sample (Supplementary Fig. 2). An alternative approach 
for future studies is to generated task-specific individual-specific func-
tional ROIs using a separate speech production task. These individual-
ized ROIs would be developmentally more appropriate and might 
improve decoding accuracy across all participant groups. 

Secondly, a replication study with a larger sample size is warranted. 
Due to the heterogeneity of the populations with autism and reading 
disabilities, the current study is limited in its power to detect more subtle 
group differences that may exist in other brain networks or brain re-
gions. In fact, none of the networks of interest in either the ASD group or 
the RD group reliably classified syllable length above chance. Therefore, 
the MVPA results may also reveal a global neural inconsistency phe-
nomenon that is neither unique to autism nor unique to the speech 
production network (e.g., Centanni et al., 2021). In addition, a larger 
sample size is necessary to uncover reliable brain-behavior correlations. 
Despite the small sample size, however, within the context of this paper, 
the targeted investigation with rigorous control for multiple compari-
sons allowed us to test the specificity of the brain and behavioral dif-
ferences to autism. 

Thirdly, there was a wide age range of participants in each group. 
Groups were carefully matched on data quality and age. However, 
because we used one standard MNI template across all groups, the de-
gree of spatial warping for younger brains was greater than older brains 
during normalization, which might lead to additional age-related 
confound during preprocessing. Although our main neuroimaging 
findings do not appear to be associated with age (Supplementary 
Table 6), a larger sample size in future studies will allow us to examine 
the developmental changes of motor speech functions in age-specific 
anatomical spaces. Different developmental trajectories might still 
exist between autistic and neurotypical groups. 

5. Conclusions and future directions 

Autistic children – even those with core language skills matched to 
NT children – may perform and function differently during nonword 
repetition tasks due to atypical engagement of the speech production 
network and especially the SMA. The vulnerability in phonological 
working memory even for language-matched autistic children could 
lead to downstream language and language-learning challenges (Bad-
deley et al., 1998), which will require future longitudinal samples to 
verify and characterize. Speech production, and its underlying neural 
mechanisms, is an important part of phonological working memory that 
has been largely neglected in previous phonological working memory 
research. Future research should investigate how motor functions in 
both the verbal and nonverbal domains predict language learning out-
comes in not only autistic children, but also children with other 
communication disorders who have concomitant motor and working 
memory difficulties. 
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Appendix A 

Two-, three-, four, and five-syllable nonword stimuli. Nonword 
pronunciation is shown in parentheses using International Phonetic 
Alphabet transcription). 

2-Syllable Nonwords. 
Plever/pever (′plεvɚ/′pεvɚ), pencid/pecid (′pεnsɪd/′pεsɪd), tector/ 

tetor (′tεktɚ/′tεtɚ), mubler/muber (′mublɚ/′mubɚ), sufting/sufing 
(′sʌftɪŋ/′sʌfɪŋ), bicket/bippet (′bɪkət/′bɪpət), blimpet/blimset (′blɪmpət/ 
′blɪmsət), nadle/naidle (′neɪdəl/′naɪdəl), shoken/shopen (′ʃoʊkən/ 
′ ʃoʊpən), sploiter/spleiter (′sploɪtɚ/′spleɪtɚ), cranscow/cranksow 
(′krænskaʊ/′krænksaʊ), troglem/trolgem (′tragləm/′tralgəm), kolite/ 
kilote (′koʊlaɪt/′kaɪloʊt), preport/preprot (′pripɔrt/′priprot), riftoon/ 
rooftin (′rɪftun/′ruftɪn), priote (′praɪoʊt), kabant (′kæbənt), ballom 
(′baləm), kather (′kæðɚ), gammert (′gæmɚt), shable (′ʃeɪbəl), morant 
(′mɔrænt), neaving (′nivɪŋ), klamic (′klæmɪk), ablit (′æblɪt), blekking 
(′blεkɪŋ), dorson (′dɔrsən), quipid (′kwɪpɪd), yantel (′yæntəl), promin 
(′proʊmən). 

3-Syllable Nonwords. 
esconter (ˌεs′kantɚ)/thiprisant (′θɪpˌrɪsænt)/femotal (ˌfə′motl̩)/bree-

kerment (′briˌkɚmənt)/bindacy (′bɪnˌdəsi)/candronish (ˌkæn′dronɪʃ)/ 
seblantic (ˌsə′blæntɪk)/kalandly (′kæˌlændli)/saplitize (′sæˌplɪtɑɪz)/ 
mesedine (′mεsəˌdɑɪn)/rekipance (ˌri′kɪpəns)/siprisom (′sɪˌprɪsom)/pro-
thader (′proˌðeθɚ)/gronify (′groˌnɪfɑɪ)/minerack (′mɪnɚˌræk)/accrevate 
or accrebate (′ækrɪˌvet or ′ækrɪˌbet)/taggrement (′tægɚˌmənt)/premon-
ish (ˌprima′nɪʃ)/guppering (′gʌˌpɚɪŋ)/restandent (ˌrɪ′stændənt)/misinter 
(′mɪzɪnˌtɚ)/jandersing (′dʒændɚˌsɪŋ)/vagalish (′vegəˌlɪʃ)/trabalize 
(′trebl̩ˌɑɪz). 

4-Syllable Nonwords. 
icnidator/icidator (′ɪknɪˌdeɪtɚ/′ɪkɪˌdeɪtɚ), metretory/meretory 

(′mεtrəˌtɔrɪ/′mεrəˌtɔrɪ), astragular/atragular (ˌæ′strægjulɚ/ 
ˌæ′trægjulɚ), hibernatist/hiberatist (haɪ′bɝnəˌtɪst/haɪ′bɝəˌtɪst), 
gasprodoxy/gasrodoxy (′gæsprəsˌdaksɪ/′gæsrəˌdaksɪ), decepoment/ 
decegoment (ˌdɪ′sipomənt/ˌdɪ′sigomənt), exvomition/exvotition 
(ˌεksvoʊ′mɪʃən/ˌεksvoʊ′tɪʃən), challopism/chollopism (′ʧæloˌpɪzəm/ 
′ʧoʊloˌpɪzəm), trallocistic/trallopistic (ˌtrælo′sɪstɪk/ˌtrælo′pɪstɪk), can-
astocize/canistocize (kæ′næsto ˌsaɪz/kæ′nɪstoˌsaɪz), crimipism/cripim-
ism (′krɪmɪˌpɪzəm/′krɪpɪˌmɪzəm), matastrocy/mastatrocy (mə′tæstro 
ˌsɪ/mə′stætroˌsɪ), candalopy/canladopy (kæn′dæloˌpɪ/kæn′lædoˌpɪ), 
besepalment/bepesalment (bi′sipəlmənt/bi′pisəlmənt), reaquisment/ 
reasquiment (ˌri′ækwɪzmənt/ˌri′æzkwɪmənt), hemostify (ˌhi′moʊstəfaɪ), 

allotastry (′æloʊˌtæstrɪ), shagonazle (′ ʃægoˌnæzəl), kamasticize 
(kə′mæstəˌsaɪz), rendoristat (rεn′dɔrɪˌstæt), posidriate (ˌpo′sɪdrieɪt), 
benopify (ˌbi′nopɪfaɪ), athandanate (ˌæ′θændəneɪt), nuplarative 
(ˌnu′plεrətɪv), fandosity (ˌfæn′doʊsɪtɪ), masadolyte (mæ′sædoˌlaɪt), 
kinimerate (ˌkɪ′nɪmɚeɪt), cavanator (′kævəˌneɪtɚ), reostify (ˌri′oʊstɪfaɪ), 
illostratic (ˌɪlo′strætɪk). 

5-Syllable Nonwords. 
ionificate (ɑɪo′nɪfɪˌket)/uninagable (ˌʌnɪn′ægəbl̩)/mallerogasty 

(ˌməlεrə′gæsti)/osacreatic (o′zakriˌætɪk)/androchiable (æn′drokiˌəbl̩)/ 
veronicity (ˌvəra′nɪsɪti)/kadastaline (kə′dæstˌl̩ɑɪn)/kiliometric 
(ˌkɪlio′mεtrɪk)/apristiation (əˌprɪsti′eʃən)/kredomiotic (ˌkre-
domɑɪ′atɪk)/cyoblisity (ˌsɑɪə′blɪsəti)/aglomantacy (ˌεglo′mæntəsi)/ 
aniobity (ˌæni′obɪti or ˌæni′obɪdɪ)/reancidity (ˌriæn′sɪdɪti)/hieromaly 
(ˌhɑɪɚra′məli)/amerondable (ˌæmɚ′andəbl̩)/hereomatic (ˌhir-
io′mætɪk)/lamonicify (′læˌmanɪsɪfɑɪ)/thidiometry (ˌθidi′amətri or 
ˌvidi′amətri)/cabernacity (ˌkæbɚ′næsɪti)/trandoriable (ˌtræn′doriəbl̩)/ 
remastography (riˌmæ′stagrəfi)/etocrastical (ito′kræˌstɪkl̩)/antriovacy 
(′ænˌtriovəsi). 

Appendix B. Supplementary data 

Supplementary data for this article can be found online at https://do 
i.org/10.1016/j.nicl.2022.103299. 

References 

Acheson, D.J., Hamidi, M., Binder, J.R., Postle, B.R., 2011. A Common Neural Substrate 
for Language Production and Verbal Working Memory. Journal of Cognitive 
Neuroscience (Vol. 23 (6), 1358–1367. https://doi.org/10.1162/jocn.2010.21519. 

Adams, A.M., Gathercole, S.E., 1996. Phonological Working Memory and Speech 
Production in Preschool Children. Journal of Speech, Language, and Hearing 
Research 38 (2), 403–414. 

Adams, L. (1998). Oral-Motor and Motor-Speech Characteristics of Children with Autism. 
In Focus on Autism and Other Developmental Disabilities (Vol. 13, Issue 2, pp. 
108–112). 10.1177/108835769801300207. 

Alario, F.X., Chainay, H., Lehericy, S., Cohen, L., 2006. The role of the supplementary 
motor area (SMA) in word production. Brain Research 1076 (1), 129–143. https:// 
doi.org/10.1016/j.brainres.2005.11.104. 

Archibald, 2017. Working memory and language learning: A review. Child Language 
Teaching and Therapy 33 (1), 5–17. https://doi.org/10.1177/0265659016654206. 

Archibald, L., Gathercole, S., 2007. Nonword repetition and serial recall: Equivalent 
measures of verbal short-term memory? Applied Psycholinguistics 28 (4), 587–606. 
https://doi.org/10.1017/S0142716407070324. 

Archibald, L.M.D., Joanisse, M.F., 2009. On the sensitivity and specificity of nonword 
repetition and sentence recall to language and memory impairments in children. 
Journal of Speech, Language, and Hearing Research: JSLHR 52 (4), 899–914. 

Baddeley, A., 1992. Working memory. Science 255 (5044), 556–559. 
Baddeley, A., 2003. Working memory and language: an overview. Journal of 

Communication Disorders 36 (3), 189–208. 
Baddeley, A., & Hitch, G. (1974). Working Memory. In Psychology of Learning and 

Motivation (pp. 47–89). 10.1016/s0079-7421(08)60452-1. 
Baddeley, A., Gathercole, S., Papagno, C., 1998. The phonological loop as a language 

learning device. Psychological Review 105 (1), 158–173. 
Bae, G.-Y., Leonard, C.J., Hahn, B., Gold, J.M., Luck, S.J., 2020. Assessing the 

information content of ERP signals in schizophrenia using multivariate decoding 
methods. In NeuroImage: Clinical 25, p. 102179). https://doi.org/10.1016/j. 
nicl.2020.102179. 

Baird, G., Slonims, V., Simonoff, E., Dworzynski, K., 2011. Impairment in non-word 
repetition: a marker for language impairment or reading impairment? 
Developmental medicine and child neurology 53 (8), 711–716. https://doi.org/ 
10.1111/j.1469-8749.2011.03936.x. 

Bal, V.H., Kim, S.-H., Fok, M., Lord, C., 2019. Autism spectrum disorder symptoms from 
ages 2 to 19 years: Implications for diagnosing adolescents and young adults. In 
Autism Research (Vol. 12 (1), 89–99. https://doi.org/10.1002/aur.2004. 

Barendse, E.M., Hendriks, M.P., Jansen, J.F., Backes, W.H., Hofman, P.A., Thoonen, G., 
Kessels, R.P., Aldenkamp, A.P., 2013. Working memory deficits in high-functioning 
adolescents with autism spectrum disorders: neuropsychological and neuroimaging 
correlates. Journal of neurodevelopmental disorders 5 (1), 14. 

Bedford, R., Pickles, A., Lord, C., 2016. Early gross motor skills predict the subsequent 
development of language in children with autism spectrum disorder. Autism 
Research 9 (9), 993–1001. https://doi.org/10.1002/aur.1587. 

Bhat, A., 2021. Motor Impairment Increases in Children With Autism Spectrum Disorder 
as a Function of Social Communication, Cognitive and Functional Impairment, 
Repetitive Behavior Severity, and Comorbid Diagnoses: A SPARK Study Report. 
Autism Research 14 (1), 202–219. https://doi.org/10.1002/aur.2453. 

Bhat, A., 2022. Multidimensional motor performance in children with autism mostly 
remains stable with age and predicts social communication delay, language delay, 
functional delay, and repetitive behavior severity after accounting for intellectual 

A.M. O’Brien et al.                                                                                                                                                                                                                             

https://github.com/Amandaobrien8/ynicl_103299/
https://doi.org/10.1016/j.nicl.2022.103299
https://doi.org/10.1016/j.nicl.2022.103299
https://doi.org/10.1162/jocn.2010.21519
http://refhub.elsevier.com/S2213-1582(22)00364-3/h0010
http://refhub.elsevier.com/S2213-1582(22)00364-3/h0010
http://refhub.elsevier.com/S2213-1582(22)00364-3/h0010
https://doi.org/10.1016/j.brainres.2005.11.104
https://doi.org/10.1016/j.brainres.2005.11.104
https://doi.org/10.1177/0265659016654206
https://doi.org/10.1017/S0142716407070324
http://refhub.elsevier.com/S2213-1582(22)00364-3/h0045
http://refhub.elsevier.com/S2213-1582(22)00364-3/h0045
http://refhub.elsevier.com/S2213-1582(22)00364-3/h0045
http://refhub.elsevier.com/S2213-1582(22)00364-3/h0050
http://refhub.elsevier.com/S2213-1582(22)00364-3/h0055
http://refhub.elsevier.com/S2213-1582(22)00364-3/h0055
http://refhub.elsevier.com/S2213-1582(22)00364-3/h0065
http://refhub.elsevier.com/S2213-1582(22)00364-3/h0065
https://doi.org/10.1016/j.nicl.2020.102179
https://doi.org/10.1016/j.nicl.2020.102179
https://doi.org/10.1111/j.1469-8749.2011.03936.x
https://doi.org/10.1111/j.1469-8749.2011.03936.x
https://doi.org/10.1002/aur.2004
http://refhub.elsevier.com/S2213-1582(22)00364-3/h0085
http://refhub.elsevier.com/S2213-1582(22)00364-3/h0085
http://refhub.elsevier.com/S2213-1582(22)00364-3/h0085
http://refhub.elsevier.com/S2213-1582(22)00364-3/h0085
https://doi.org/10.1002/aur.1587
https://doi.org/10.1002/aur.2453


NeuroImage: Clinical 37 (2023) 103299

14

disability or cognitive delay: A SPARK dataset analysis. Autism Research. https:// 
doi.org/10.1002/aur.2870. 

Bhat, A.N., Landa, R.J., Galloway, J.C., 2011. Current perspectives on motor functioning 
in infants, children, and adults with autism spectrum disorders. Physical Therapy 91 
(7), 1116–1129. 

Bloom, L., 1973. One word at a time ; the use of single word utterances before syntax. 
Mouton. 

Boersma, P., 2001. Praat, a system for doing phonetics by computer. Glot International 5, 
341–345. 

Boets, B., Vandermosten, M., Poelmans, H., Luts, H., Wouters, J., Ghesquière, P., 2011. 
Preschool impairments in auditory processing and speech perception uniquely 
predict future reading problems. Research in Developmental Disabilities 32 (2), 
560–570. https://doi.org/10.1016/j.ridd.2010.12.020. 

Bohland, J., Bullock, D., Guenther, F.H., 2010. Neural Representations and Mechanisms 
for the Performance of Simple Speech Sequences. Journal of Cognitive Neuroscience 
22 (7), 1504–1529. https://doi.org/10.1162/jocn.2009.21306. 

Bray, S., 2009. Applications of multivariate pattern classification analyses in 
developmental neuroimaging of healthy and clinical populations. In. Frontiers in 
Human Neuroscience 3. https://doi.org/10.3389/neuro.09.032.2009. 

Bruno, R.M., Walker, S.C., 1999. Comprehensive Test of Phonological Processing 
(CTOPP). In Diagnostique (Vol. 24 (1–4), 69–82. https://doi.org/10.1177/ 
153450849902401-408. 

Buchsbaum, B., D’Esposito, M., 2019. A sensorimotor view of verbal working memory. 
Cortex; a journal devoted to the study of the nervous system and behavior 112, 
134–148. https://doi.org/10.1016/j.cortex.2018.11.010. 

Cabbage, F.K., Iuzzini-Seigel, J., Zuk, J., Hogan, T.P., 2018. Exploring the Overlap 
Between Dyslexia and Speech Sound Production Deficits. Language, Speech & 
Hearing Services in Schools 49 (4), 774–786. https://doi.org/10.1044/2018_LSHSS- 
DYSLC-18-0008. 

Carroll, J.M., Mundy, I.R., Cunningham, A.J., 2014. The roles of family history of 
dyslexia, language, speech production and phonological processing in predicting 
literacy progress. Developmental science 17 (5), 727–742. https://doi.org/10.1111/ 
desc.12153. 

Catts, H.W., 1989. Speech production deficits in developmental dyslexia. The Journal of 
speech and hearing disorders 54 (3), 422–428. https://doi.org/10.1044/ 
jshd.5403.422. 

Centanni, T., Beach, S.D., Ozernov-Palchik, O., May, S., Pantazis, D., Gabrieli, J.D.E., 
2021. Categorical perception and influence of attention on neural consistency in 
response to speech sounds in adults with dyslexia. Annals of Dyslexia. https://doi. 
org/10.1007/s11881-021-00241-1. 

Ceponiene, R., Lepisto, T., Shestakova, A., Vanhala, R., Alku, P., Naatanen, R., 
Yaguchi, K., 2003. Speech-Sound-Selective Auditory Impairment in Children with 
Autism: They Can Perceive but Do Not Attend. Proceedings of the National Academy 
of Sciences - PNAS 100 (9), 5567–5572. https://doi.org/10.1073/pnas.0835631100. 

Conant, B.K.E., Chang, E.F., 2013. Speech map in the human ventral sensory-motor 
cortex. Current Opinion in Neurobiology 24 (1), 63–67. https://doi.org/10.1016/j. 
conb.2013.08.015. 

Constantino, J.N., Gruber, C.P., 2012. Social Responsiveness Scale-Second Edition (SRS- 
2). Western Psychological Services, Torrance, CA.  

Craig, F., Crippa, A., Ruggiero, M., Rizzato, V., Russo, L., Fanizza, I., Trabacca, A., 2021. 
Characterization of Autism Spectrum Disorder (ASD) subtypes based on the 
relationship between motor skills and social communication abilities. Human 
Movement Science 77, 102802. https://doi.org/10.1016/j.humov.2021.102802. 

Cui, J., Gao, D., Chen, Y., Zou, X., Wang, Y., 2010. Working Memory in Early-School-Age 
Children with Asperger’s Syndrome. In Journal of Autism and Developmental 
Disorders (Vol. 40 (8), 958–967. https://doi.org/10.1007/s10803-010-0943-9. 

Dollaghan, C., Campbell, T.F., 1998. Nonword Repetition and Child Language 
Impairment. Journal of Speech, Language, and Hearing Research 41 (5), 1136–1146. 
https://doi.org/10.1044/jslhr.4105.1136. 

Ehrhorn, A.M., Adlof, S.M., Fogerty, D., Laing, S., 2021. Probing Phonological Processing 
Differences in Nonword Repetition for Children with Separate or Co-Occurring 
Dyslexia and Developmental Language Disorder. Scientific Studies of Reading 25 (6), 
486–503. https://doi.org/10.1080/10888438.2020.1849223. 

Esteban, O., Markiewicz, C.J., Blair, R.W., Moodie, C.A., Isik, A.I., Erramuzpe, A., Kent, J. 
D., Goncalves, M., DuPre, E., Snyder, M., Oya, H., Ghosh, S.S., Wright, J., Durnez, J., 
Poldrack, R.A., Gorgolewski, K.J., 2019. fMRIPrep: a robust preprocessing pipeline 
for functional MRI. Nature Methods 16 (1), 111–116. 

Estes, K.G., Evans, J.L., Else-Quest, N.M., 2007. Differences in the Nonword Repetition 
Performance of Children With and Without Specific Language Impairment: A Meta- 
Analysis. In Journal of Speech, Language, and Hearing Research (Vol. 50 (1), 
177–195. https://doi.org/10.1044/1092-4388(2007/015). 

Fiez, J. A. (2016). Neural Basis of Phonological Short-Term Memory. In Neurobiology of 
Language (pp. 855–862). 10.1016/b978-0-12-407794-2.00068-7. 

Frazier, T.W., Ratliff, K.R., Gruber, C., Zhang, Y., Law, P.A., Constantino, J.N., 2014. 
Confirmatory factor analytic structure and measurement invariance of quantitative 
autistic traits measured by the Social Responsiveness Scale-2. Autism 18 (1), 31–44. 
https://doi.org/10.1177/1362361313500382. 

Frith, U., 1989. Autism: Explaining the enigma. Blackwell, Oxford.  
Gaab, N., Gabrieli, J.D.E., Glover, G.H., 2007. Assessing the influence of scanner 

background noise on auditory processing. II. An fMRI study comparing auditory 
processing in the absence and presence of recorded scanner noise using a sparse 
design. Human Brain Mapping 28 (8), 721–732. https://doi.org/10.1002/ 
hbm.20299. 

Gaab, N., Gabrieli, J.D.E., Glover, G.H., 2008. Resting in peace or noise: Scanner 
background noise suppresses default-mode network. Human Brain Mapping 29 (7), 
858–867. https://doi.org/10.1002/hbm.20578. 

Gabig, C.S., 2008. Verbal working memory and story retelling in school-age children 
with autism. Language, Speech, and Hearing Services in Schools 39 (4), 498–511. 

Gathercole, S.E., 1995. Nonword repetition: More than just a phonological output task. 
Cognitive. Neuropsychology 12 (8), 857–861. https://doi.org/10.1080/ 
02643299508251405. 

Gathercole, S.E., 2006. Nonword repetition and word learning: The nature of the 
relationship. Applied Psycholinguistics 27 (4), 513–543. 

Gathercole, S.E., Willis, C.S., Baddeley, A.D., Emslie, H., 1994. The children’s test of 
nonword repetition: A test of phonological working memory. In Memory 2 (2), 
103–127. https://doi.org/10.1080/09658219408258940. 

Gathercole, S.E., Hitch, G.J., Service, E., Martin, A.J., 1997. Phonological short-term 
memory and new word learning in children. Developmental Psychology 33 (6), 
966–979. 

Gernsbacher, M.A., Sauer, E.A., Geye, H.M., Schweigert, E.K., Hill Goldsmith, H., 2008. 
Infant and toddler oral- and manual-motor skills predict later speech fluency in 
autism. Journal of Child Psychology and Psychiatry, and Allied Disciplines 49 (1), 
43–50. 

Gorgolewski, K.J., Alfaro-Almagro, F., Auer, T., Bellec, P., Capotă, M., Chakravarty, M. 
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