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Background: A subgroup of young children with autism spectrum disorders (ASD) have significant language
impairments (phonology, grammar, vocabulary), although such impairments are not considered to be core
symptoms of and are not unique to ASD. Children with specific language impairment (SLI) display similar
impairments in language. Given evidence for phenotypic and possibly etiologic overlap between SLI and ASD, it
has been suggested that language-impaired children with ASD (ASD + language impairment, ALI) may be
characterized as having both ASD and SLI. However, the extent to which the language phenotypes in SLI and ALl
can be viewed as similar or different depends in part upon the age of the individuals studied. The purpose of the
current study is to examine differences in memory abilities, specifically those that are key “markers” of heritable SLI,
among young school-age children with SLI, ALI, and ALN (ASD + language normal).

Methods: In this cross-sectional study, three groups of children between ages 5 and 8 years participated: SLI (n = 18),
ALl (n=22), and ALN (n = 20). A battery of cognitive, language, and ASD assessments was administered as well as a
nonword repetition (NWR) test and measures of verbal memory, visual memory, and processing speed.

Results: NWR difficulties were more severe in SLI than in ALI, with the largest effect sizes in response to nonwords with
the shortest syllable lengths. Among children with ASD, NWR difficulties were not associated with the presence of
impairments in multiple ASD domains, as reported previously. Verbal memory difficulties were present in both SLI and
ALl groups relative to children with ALN. Performance on measures related to verbal but not visual memory or
processing speed were significantly associated with the relative degree of language impairment in children with ASD,
supporting the role of verbal memory difficulties in language impairments among early school-age children with ASD.

Conclusions: The primary difference between children with SLI and ALl was in NWR performance, particularly in
repeating two- and three-syllable nonwords, suggesting that shared difficulties in early language learning found in
previous studies do not necessarily reflect the same underlying mechanisms.
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Background

Autism spectrum disorders (ASDs) are characterized by
significant impairments in social reciprocity and com-
munication, accompanied by patterns of repetitive,
ritualistic behaviors or intense interests [1]. Although
impairments in structural language abilities (phonology,
grammar, vocabulary) may often be present in children

* Correspondence: hillali@ohsu.edu

'Center for Spoken Language Understanding, Oregon Health & Science
University, Portland, OR, USA

“Institute on Development and Disability, Oregon Health & Science
University, Portland, OR, USA

Full list of author information is available at the end of the article

( ) BiolVled Central

with ASD, such impairments are not considered to be
core symptoms of ASD [2]. Language impairment is also
not specific to ASD [3]. In particular, children with
specific language impairment (SLI) have significantly im-
paired language abilities in the absence of other develop-
mental or sensory problems [3, 4]. Although clinical
definitions clearly delineate SLI as distinct from ASD
[5], much research has focused on the relationship (simi-
larities and dissimilarities) between these two disorders
[3, 6]. For example, family studies have shown that
language-based difficulties are elevated in parents and
siblings of individuals with ASD [7-9] and ASD risk is
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elevated in siblings of children with SLI [10]. Coupled
with evidence that approximately 50 % of verbally fluent
children with ASD also meet standard criteria for language
impairment (henceforth, ASD with language impairment
(ALI)) [11, 12], these findings suggest phenotypic as well as
etiologic overlap between SLI and ASD [13-15], implying
at least one or more shared genes [13].

The extent to which the language phenotypes in SLI
and ALI can be viewed as similar or different, however,
depends in part upon the age of the individuals studied
[5]. Generally, the “typical” language phenotypes of
preschool-aged children with ALI and SLI are thought
to substantially overlap, whereas school-age children
with ALI are thought to display more severe impair-
ments in higher order processing as opposed to the pro-
found difficulties in comprehension and production of
language displayed by children with SLI [5]. Examining
differences between children with SLI and ALI in the
early school-age years may be particularly important be-
cause the linguistic and behavioral profiles for each
disorder may shift over time from childhood into adoles-
cence. For example, among a sample of individuals with
autism and developmental language disorders followed
longitudinally from early childhood to adulthood (ages
7-8 to 23-24, respectively), social and communication
problems became more apparent in adulthood among
those with language disorders, whereas language scores
improved significantly more with age in the autism
group than in the language-disordered group [16]. A
more recent study with preschool-aged children (2-4
years) found that 76 % of those with ALI no longer met
criteria for language impairment 12 months later [17].
Importantly, for children with ASD, language impairment
measured at ages 68 years has been found to be a more
robust predictor of symptom and functional outcomes
than language measured at earlier ages [18], suggesting
that language abilities during the early school-age years
play a pivotal role in development. Given that the lan-
guage phenotypes of children with SLI and ALI may be
expected to overlap most significantly at younger ages and
diverge over time, it is important to understand the nature
of early language impairments in children with ASD and
whether parallels in such impairments in children with
SLI reflect shared mechanisms underlying difficulties in
early language learning.

Recently, the study of clinical “markers” of SLI in chil-
dren with ALI has further shed light on the potential
overlap between the two disorders. One of the most
robust findings is that children in both groups have diffi-
culties with nonword repetition (NWR), which are inter-
preted to reflect underlying deficits in phonological
memory [19, 20]. NWR ability is typically measured by
tests that involve repeating syllable strings of nonwords
(e.g., tauveeb) of increasing length presented aurally.
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Approximately 75 % of children with SLI have NWR dif-
ficulties [21], and such difficulties persist even after past
language impairments have resolved [22]. Consequently,
difficulties with NWR are considered to be a reliable be-
havioral marker of SLI, as well as a clinical marker of
heritable language impairment [23]. Importantly, NWR
performance in children with SLI degrades as syllable
length increases: when nonwords are shorter (1 or 2 syl-
lables), these children perform at levels commensurate
to non-language-impaired children; when nonwords are
longer (23 syllables), they perform significantly worse
than unaffected children [20, 24].

Evidence that children with ALI also experience diffi-
culties with NWR [15, 25-27] led some researchers to
question whether a subgroup of children with ASD dis-
play the same neurocognitive phenotype that character-
izes children with SLI [14]. On the other hand, others
have argued that similarities between SLI and ALI have
primarily been found on standardized assessments,
which may not be sensitive to the ways that children
with SLI and ALI differ, and do not necessarily reflect
shared etiology [5, 27, 28]. In support of this view, recent
studies have found evidence for different profiles of
NWR difficulties as a function of syllable length in chil-
dren with SLI and ALIL Specifically, children with ALI
are better able to repeat nonwords with three or more
syllables than those with SLI [26—28]. However, findings
have been inconsistent across studies, likely due to
methodological differences including specific features of
the tests used to measure NWR (see Table 1). In
addition, the samples in previous studies were either re-
stricted to only those children with poor overall NWR
performance [27] or to older children and adolescents
[26, 28], limiting the generalizability of these results to
younger children. Previous analyses of NWR as a function
of syllable length have also not included a group of chil-
dren with ALN, leaving some questions as to whether the
patterns of NWR difficulties observed in ALI groups are
linked to language impairment or whether the demands of
NWR tasks may be particularly difficult for children with
ASD regardless of language abilities [27].

Recently, Whitehouse and colleagues [27] hypothe-
sized that NWR performance among children with ASD
is uniquely impacted by the presence of significant im-
pairments in multiple behavioral domains of ASD symp-
tomatology. For example, the combination of difficulties
attending to others’ speech and imitating others could
result in poor NWR performance in children with ASD
[27]. In their study, Whitehouse et al. [27] reported that
nine out of nine children who performed poorly on a
measure of NWR met their criteria for substantial im-
pairments in two or three of the domains on the SCQ.
However, this finding was based on a small sample and
has yet to be replicated.
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Table 1 Characteristics of different tests of nonword repetition
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NEPSY

repetition of nonsense words

CTOPP

CNRep

NRT (current study)

Scoring method

Total number of
nonwords

Range of syllable
lengths

Articulatory complexity

Wordlikeness

Stopping rule

« Scored online

- Syllable-level: score is
number of syllables
repeated without errors

- Errors defined as distortions

or omissions of syllables
(not insertions)

13
2-5

High: most nonwords
contain at least one
consonant cluster
(e.g., crumsee)

Mixed:

- Some nonwords contain
English words or affixes
(eg. pledgyfriskree,
inkewsment)

« Low phonotactic probabilities

Test is discontinued after 4
consecutive scores of 0.

« Scored online

- Word-level: score is
number of whole words
repeated without errors

- Errors defined as
phoneme distortions,
omissions, or insertions

30

1-10

Mixed: 8 nonwords contain
consonant clusters
(e.g., burloogugendaplo)

Low:

+ No embedded English
words

+ Low phonotactic
probabilities

Test is discontinued after 3
consecutive scores of 0.

« Scored online

- Word-level: score is
number of whole words
repeated without errors

- Errors defined as

phoneme distortions,
omissions, or insertions

40
2-5

Mixed: half of the

nonwords contain
consonant clusters
(e.g., prindle)

Mixed:

+ Some nonwords contain
English words or affixes
(e.q., penl, glistering)

« High phonotactic

probabilities

None

- Scored offline via transcripts
« Phoneme-level: score is
percentage of phonemes
repeated without errors
- Errors defined as
distortions or omissions
of phonemes (not
insertions)

12 (typically 16)

2-4 (typically 1 syllable
words also included)

Low: no consonant clusters,
late-acquired phonemes not
used

Low:

+ No embedded English
words

« Low phonotactic
probabilities

None

NEPSY a developmental NEuroPSYchological assessment, CTOPP Comprehensive Test of Phonological Processing, CNRep Children’s Test of Nonword Repetition,

NRT Nonword Repetition Test

The degree to which neurocognitive phenotypes overlap
in children with ALI and SLI beyond standardized language
assessments and NWR is also unclear, particularly during
the early school-age years. Numerous studies have now
found that children with SLI have difficulties in verbal
memory abilities such as in tests of simple digit span [22,
29-35], in addition to limitations in verbal working mem-
ory [19, 24, 29, 36-38] and processing speed [19, 22, 30,
39]. This constellation of impairments has led some re-
searchers to hypothesize that language learning difficulties
in children with SLI stem from limited processing abilities
[19]. Importantly, memory limitations seem to be specific
to the verbal domain [22] as visual memory is not signifi-
cantly impaired in children with SLI [22, 40]. Given that
children with ASD (regardless of language) have impaired
verbal memory [41] and slower processing speed [42, 43], it
is possible that the combination of language impairment
and ASD constitutes a developmental “double hit” [11, 17],
whereby children with ALI are more severely impacted in
domains specifically related to memory and processing of
verbal information relative to children with ALN or SLI.

The current study

This study has three aims. Our primary aim is to determine
whether young children with SLI (5-8 years) would display
more severe NWR difficulties than same-aged children with
ALI and whether the pattern of such difficulties across

syllables would vary by group. We hypothesized that in-
creasing nonword length in the NWR task would more
negatively impact performance of children with SLI relative
to the ALI and ALN groups, supporting the theory that SLI
is associated with specific difficulty forming phonologically
complex representations [28]. As a secondary aim, we ex-
amined Whitehouse and colleagues” hypothesis [27, 44] that
poor NWR performance in children with ASD is associated
with the presence of significant impairments in behavioral
domains associated with ASD, specifically, social affect and
restricted, repetitive behaviors. Finally, we examined differ-
ences in broader memory abilities (verbal memory, verbal
working memory, processing speed) between groups to fur-
ther examine possible features of the neurocognitive pheno-
types that may overlap between children with SLI and ALL

Methods

Participants

Children aged 5-8 years from the Portland, OR area partic-
ipated in this study. Participants were excluded if they had
any of the following: (1) identified metabolic, neurological,
or genetic disorder; (2) gross sensory or motor impairment;
(3) brain lesion; or (4) orofacial abnormality (e.g., cleft pal-
ate). All participants spoke English as their native language,
produced a mean length of utterance in morphemes
(MLU-M) of at least three, and had performance IQ (PIQ)
scores >80 (with the exception of one child in the SLI
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group who had a PIQ of 79 and core language score of 60
on the Clinical Evaluation of Language Fundamentals). IQ
was measured using the Wechsler Preschool and Primary
Scale of Intelligence (WPPSI-III) [45] for children between
5 and 6;11 years old, and the Wechsler Intelligence Scale
for Children (WISC-IV) [46] for children age seven and
older. During an initial screening procedure, a certified
speech-language pathologist confirmed the absence of
speech intelligibility impairments.

Children with SLI were recruited through local speech
clinics, speech-language pathologists, and the Oregon
Speech and Hearing Association. The following criteria
were used to define SLI in this study: (1) documented
history of language delay and/or deficits; (2) best esti-
mate clinical (BEC) consensus judgment (two clinical
psychologists, a speech-language pathologist, and an
occupational therapist, all with specific expertise with
ASD) of language impairment in the absence of ASD
based on all available evidence, including medical and
family history, our assessments, prior assessments, and
education records; and (3) core language scores (CLS)
on the Clinical Evaluation of Language Fundamentals
(CELF) [47, 48] below 85 (1 SD below the mean). The
CELF assesses morphology, syntax, semantics, and mem-
ory for language. For children under 6 years of age, the
CELF Preschool-2 [47] was administered; the CELF 4
[48] was used for ages six and older. The subtests that
contribute to the CLS have the greatest sensitivity for
detecting language disorders in both the receptive lan-
guage (RL) and expressive language (EL) domains. Sub-
tests that contribute to the CLS in the CELF P-2 include
sentence structure (RL), word structure (EL), and ex-
pressive vocabulary (EL), and in the CELF 4 CLS, they
include concepts and following directions (RL), word
structure (EL), recalling sentences (EL), and formulated
sentences (EL).

Children with ASD were recruited through local
healthcare specialists, education service districts, autism
clinics, parent groups, and non-profit autism organiza-
tions. The following criteria were used to define ASD in
this study: (1) an existing diagnosis of ASD; (2) a BEC
judgment of ASD using the DSM-IV-TR criteria [49];
and (3) above cut-off scores for ASD on both the Autism
Diagnostic Observation Schedule (ADOS-G Module 2
or 3) [50] revised algorithm [51] and the Social Commu-
nication Questionnaire (SCQ) [52] according to the rec-
ommended cut-off score of 12 for research purposes
[53]. We subdivided the ASD group into those with lan-
guage impairment (ALI) and those with normally devel-
oping language (ALN) using the same CELF CLS
criterion as with SLI. These criteria led to three groups
of children (see Table 2): SLI (n =18), ALI (n =22), and
ALN (n = 20). Overall, 13 children received the CELF P-
2 (SLI, n =3; ALIL, n=5; ALN, n =5) and 47 received the
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CELF 4 (SLI, n=15; ALL, n=17; ALN, n =15). Table 2
shows that the SLI and ALI groups did not differ signifi-
cantly from each other in terms of IQ (full-scale, PIQ,
and VIQ) or language (PPVT-III, MLU-M, all CELF
index scores), but did differ significantly as expected on
measures specific to ASD symptoms (ADOS, SCQ,
CCC-2 SIDI). We also note that approximately 90 % of
children in each language-impaired group had scores on
the CELF recalling sentences subtest more than one
standard deviation below the normative mean (SLI, 16
out of 18; ALIL 20 out of 22), corresponding to scores
below the 16th centile; scores in this range have been
observed in approximately 82 % of children with SLI
[33]. The ALI and ALN groups did differ on full-scale
and verbal IQ (but not PIQ) and all language-related
measures. There was also a significant difference on the
CCC-2 SIDL

Procedure

This research was approved by the Oregon Health & Sci-
ence University Institutional Review Board. Participating
families were fully informed about the study procedures
and provided written consent. Participants completed a
battery of experimental tasks and cognitive, language, and
neuropsychological assessments over approximately six
sessions of 2—3 h each.

Measures

The development of the stimuli and procedures for the
nonword repetition task have been described in detail
elsewhere [54]. In the current study, children listened to
pre-recorded nonwords (e.g., tauveeb) and were instructed
to immediately repeat each item. Trials were administered
in order of increasing syllable length. One-syllable non-
words were administered as practice trials and were not
analyzed. Thus, NWR performance was assessed with a
total of 12 trials, consisting of four nonwords at each of
three syllable lengths (2, 3, 4). Children’s responses were
audio recorded for offline phonetic transcription and scor-
ing. Following Dollaghan and Campbell [54], a target
phoneme was scored as incorrect if the child omitted that
phoneme or substituted another English phoneme for it;
any insertions were ignored, and subphonemic distortions
were scored as correct. The number of phonemes re-
peated correctly across all trials for each syllable length
was divided by the total number of target phonemes (2
syllables = 20 phonemes; 3 syllables = 28 phonemes; 4 syl-
lables = 36 phonemes) to obtain the proportion of pho-
nemes correct (PPC) for each syllable length. We also
calculated a total PPC score, which is the total phonemes
correct divided by the total number of target phonemes,
to examine associations with ASD symptoms. All children
in the SLI group received all four trials for each syllable
length. Some children in the ALI group were missing data
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Table 2 Participant characteristics
Mean (SD)

SLI ALl ALN H(2) p Post hoc adjusted

n=18 (11 male) n=22(19male) n=20(18 male) Mann-Whitney tests®
Age (years) 2(08) 6.9 (1.0) 69 (1.1) 1.65 44
Full-scale 1Q° 883 (7.8) 91.6 (9.0) 110.1 (13.7) 2610 <001 [SLI'=ALI] < ALN
Performance IQb 101.1 (12.3) 107.8 (13.6) 117.1 (14.5) 991 <01 SLI < ALN®
Verbal 1Q° 86.2 (6.1) 83.3(10.3) 110.1 (13.8) 2955 <001 [SLI'=ALI] < ALN
PPVT-III° 87.9 (10.0) 90.1 (14.9) 1116 (16.2) 2008  <.001 [SLI'=ALI] < ALN
MLU-M 209 9(0.8) 46 (1.1) 338 19
CELF core language score® 725 (9.0) 714 (12.9) 108.5 (13.7) 3948 <001 [SLI=ALI] < ALN
CELF receptive language index® 849 (10.3) 78.1 (13.6) 104.2 (15.8) 2466 <001 [SLI=ALI] < ALN
CELF expressive language index® 69.5 (9.9) 70.6 (12.4) 109.0 (13.1) 39.36 <.001 [SLI=ALI] < ALN
ADOS calibrated severity score® 1(26) 8(1.8) 6.8 (2.0) 2416 <001  SLI<[ALI=ALN]
Social Communication Questionnaire 12.1 (6.7) 21.1 (5.6) 210 (4.9 1752 <001 SLI < [ALI = ALN]
VABS-II adaptive behavior compositeb 870 (11.6) 819 (9.2 81.5(9.8) 2.89 23
CCC-2 general communication composite 473 (11.7) 464 (13.6) 53.0 84) 338 18
CCC-2 Social Interaction Deviance Index (SIDI)® 63 (11.4) —-94 (7.2) —15.1 (6.9) 2725 <001 SLI > ALl > ALN

ADOS autism diagnostic observation schedule, CCC-2 Children’s Communication Checklist 2nd Edition, CELF Clinical Evaluation of Language Fundamentals
(preschool 2nd Edition or IV), PPVT-IIl Peabody Picture Vocabulary Test 3rd Edition, VABS-II Vineland Adaptive Behavior Scales 2nd Edition
“Indicated pairwise group differences (< or >) based on p values adjusted using the False Discovery Rate method (g < .05) [63]

PStandard scores (M =100, SD = 15)

For PIQ, the ALI group did not differ significantly from either the SLI or the ALN groups

%This score ranges from 0-10 [59]

€Positive SIDI scores indicate primarily structural language difficulties; negative scores indicate primarily pragmatic/social difficulties

for one of the four trials (n =2 for two-syllable-length tri-
als; m=1 for three-syllable-length trials; n=1 for four-
syllable-length trials); one child in the ALN group was
missing one four-syllable trial. For these children, the PPC
scores were calculated based on the three intact trials.
Additional verbal memory abilities were assessed using
a digit span test (CELF Number Repetition Forward; M
=10, SD =3), a backward digit span test (CELF Number
Repetition Backward; M =10, SD =3), and a narrative
memory test (NEPSY Narrative Memory [55]; M =10,
SD =3). It is important to note that the CELF Number
Repetition Forward and Backward tasks are only in-
cluded in the CELF 4 (which is valid for children age 5
and over) but were administered to all children in the
current study. Two visual memory subtests from the
Wide-Ranging Assessment of Memory and Learning 2nd
Edition (WRAML-2) [56] were also administered: Picture
Memory and Finger Windows (both: M =10, SD = 3). The
Picture Memory subtest involves instructing children to
look at a complex scene then look at a second, similar
scene and identify what is now different. In the Finger
Windows subtest, children watch as the examiner pokes a
pencil eraser through a series of holes in a plastic card.
For each trial, children are immediately asked to place a
finger in each hole in the same order as the examiner, with
the length of each sequence increasing on successive trials.
Processing speed was assessed by scaled scores (M =10,

SD=3) on two processing speed subtests from the
WPPSI-III or the WISC-IV [45, 46]: Coding and Symbol
Search. The Peabody Picture Vocabulary Test 3rd Edition
(PPVT-III) [57] provided a measure of receptive vocabulary.
The ADOS [50], a semi-structured autism diagnostic obser-
vation, was administered to all children in the current study
and was scored according to the revised algorithms [51].
Calibrated severity scores (CSS) were calculated as an indi-
cator of total ASD severity (total CSS; [58]) and severity of
social affect (SA) and restricted and repetitive behavioral
(RRB) symptoms [59]. The SA CSS reflects the severity of
the child’s social communication impairments, whereas the
RRB CSS reflects the severity of symptoms such as hand
flapping, sensory examination of materials, or excessive ref-
erences to a particular topic. MLU-M was based on tran-
scriptions of child speech during the ADOS.

Parents completed the SCQ [52], the Vineland Adap-
tive Behavior Scales, 2nd Edition (VABS-II) [60], and the
Children’s Communication Checklist (CCC-2) [61]. The
SCQ is a 40-item questionnaire that assesses core autism
symptoms. The VABS-II assesses functional skills used
in everyday life and provides an adaptive behavior com-
posite as an estimate of overall adaptive functioning (M =
100, SD =15). The CCC-2 is a 70-item questionnaire that
assesses both the structural and pragmatic aspects of a
child’s communicative ability. The general communication
composite (GCC) is the sum of eight subscales related to
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communication (speech, syntax, semantics, coherence, ini-
tiation, stereotyped language, use of context, and nonver-
bal communication). The Social Interaction Deviance
Index (SIDI) reflects the relative extent of social commu-
nication versus structural language difficulties. Positive
SIDI scores indicate primarily structural language difficul-
ties; negative scores indicate primarily pragmatic/social
difficulties.

Statistical analyses

The goal of the analyses of NWR performance was to
examine group differences as a function of syllable
length. Because PPC scores for each syllable length were
correlated, a multivariate analysis of covariance (MAN-
COVA) would have been the preferable analytic ap-
proach. Unfortunately, the distributions of PPC scores
strongly deviated from the multivariate normal distribu-
tion, as did each syllable-length PPC score. Therefore,
we first used the multivariate extension of the nonpara-
metric Kruskal-Wallis test with PPC scores at each syl-
lable length (2, 3, 4) as the dependent variables and the
groups (SLI, ALI, ALN) as the between-subjects factor,
implemented in the “MNM” package in R using p values
estimated from 10,000 random permutations as recom-
mended for small sample sizes [62]. Univariate Kruskal—
Wallis tests (H) were then conducted at each individual
syllable length followed by pairwise Mann—Whitney U
tests to analyze group differences. Levene’s tests con-
firmed that the assumption of homogeneity of variances
was met for PPC scores at all syllable lengths. Within
each syllable length, a false discovery rate of ¢ <.05 [63]
was used to control for the planned contrasts (n = 3); all
reported p values are adjusted using the FDR method.

To examine the effects of syllable length on NWR per-
formance within each group, a series of planned Wilcoxon
signed-rank tests were performed (adjusted p values are
reported; n = 3 contrasts per group). For all between- and
within-group contrasts, nonparametric effect sizes are re-
ported as Cliff’s delta (A), implemented within the “ord-
dom” package in R [64]. The value of this statistic reflects
the degree of overlap between the two distributions of
scores; a A of £1.0 indicates the absence of overlap be-
tween the two groups, whereas a value of 0 indicates that
the distributions of the two groups are identical. Although
not directly comparable to Cohen’s d [65], Cliff’s A values
of .147 correspond to a small effect size, .33 to a medium
effect size, and 474 to a large effect size, had the two dis-
tributions been normally distributed [66].

Following Whitehouse et al. [27], in order to examine
the hypothesis that poor NWR performance is associated
with deficits in multiple ASD symptom domains, we
classified children with ASD based on whether or not
they had poor NWR performance following a median
split of total PPC scores (= vs. <85 %; n=19 and 23,
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respectively). We also classified the same children with
ASD according to median splits of ADOS SA CSSs (7 or
higher was categorized as high) and RRB CSSs (9 or 10
were categorized as high) [59]. We conducted a Fisher
exact test on proportions (with both PPC and ADOS
CSSs as categorical variables) and a Mann—Whitney U
test on total PPC scores as a continuous dependent vari-
able with the number of ASD domains impacted as mea-
sured by ADOS CSSs (zero or one vs. both categorized
as “high” by median splits) as the independent factor. In
Whitehouse et al. [27], a scaled score of 8 on the NEPSY
NWR test was the criterion for poor performance on
that test, which (assuming normally distributed scores)
corresponded to approximately 1.6 SDs below the mean
on this test from a previous study and .67 SDs below the
mean based on the US scaled scores (M =10, SD = 3).
We used the median as the criterion in the current sam-
ple due to the non-normal, negatively skewed distribu-
tion of total PPC scores.

Across groups, age was not associated with PPC scores
at any syllable length (Kendall’s T range, .01-.07; ps >
.80). PIQ was also not significantly associated with PPC
scores for 2-syllable (t =.14; p=.19), 3-syllable (t=.21;
p=.08), and 4-syllable nonwords (t=.08; p=.41).
Additional file 1 presents a follow-up analysis involving
pairwise contrasts of NWR PPC scores with groups spe-
cifically matched on age (as the nonword repetition task
does not provide norm-referenced scores) and PIQ
according to a slightly more conservative criterion of
Mann—Whitney U tests p > .25.

For all other measures, age-normed scaled scores were
available (M =10, SD = 3). Prior to analysis, all variables
were screened for normality and homogeneity of vari-
ances. Although the assumption of homogeneity of vari-
ances was met for all variables, several were not normally
distributed. Therefore, we examined differences among
the three groups using Kruskal-Wallis tests (H), followed
by Mann—Whitney U tests to examine post hoc contrasts.
Within each measure, p values are adjusted using the FDR
method (# = 3 contrasts per variable).

In addition to categorical analyses, we were also inter-
ested in examining language as a continuous variable
within the ASD group overall (n=42) to determine
whether performance on each measure accounted for sig-
nificant variability in language abilities among children
with ASD. Following Baird et al. [22], we calculated the
difference between PIQ and CELF CLS scores (henceforth,
the PIQ-CELF CLS discrepancy score), both of which have
a mean of 100 (SD = 15), to estimate the relative degree of
language difficulty in children with ASD (ALI and ALN
combined): positive scores indicate higher PIQ than lan-
guage scores; negative scores indicate higher language
than PIQ scores. Kendall’s T was used as the measure of
association with PIQ-CELF CLS discrepancy scores.
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Results

Nonword repetition: between-group differences

The multivariate Kruskal-Wallis test revealed a signifi-
cant effect of group on NWR PPC scores, H=23.01, p
=.001. Univariate Kruskal-Wallis tests were significant
at each syllable length (see Table 3). Separate pairwise
Mann—Whitney U tests revealed that children with ALI
had significantly higher PPC scores than those with SLI
for both 2- and 3-syllable nonword stimuli with medium
to large effect sizes (As=>0.45; see Table 3). Children
with ALN had significantly higher PPC scores than those
with ALI for 3- and 4-syllable nonwords (As>0.46).
Based on estimates for the modified probability of super-
jority effect size [67, 68], there was a 26.5 % chance that
a participant randomly chosen from the SLI group
would have a higher score than a randomly chosen child
from the ALI group for 2-syllable nonwords, a 27.6 %
chance for 3-syllable nonwords, and a 40 % chance for
4-syllable nonwords. As shown in Additional file 1, re-
sults (including magnitude of effect sizes) were similar
when analyses were conducted on a subset of children in
each group, pairwise group-matched to a stronger criterion
of p > .25 for age and PIQ. Additionally, we examined group
differences according to a stricter criterion for language

Page 7 of 13

impairment defined by CELF CLS scores >1.25 SD below
the norm (scores <81; n=16 in each language-impaired
group). Analyses revealed similar patterns of group differ-
ences and magnitude of effect sizes at 2 (p=.01, A =.54)
and 3 syllables (p =.04, A = .43), but no differences for 4 syl-
lable nonwords (p = .89, A =.03).

Nonword repetition: within-group effect of syllable length
To better understand the effect of syllable length within
each group, a series of paired Wilcoxon signed-rank
tests were conducted between syllable lengths (p values
adjusted using FDR for n=3 contrasts; contrasts be-
tween 2- and 4-syllable nonwords were always signifi-
cant and are not detailed further). For children in the
SLI group, PPC scores decreased significantly with
each increase in syllable length (3 syllables < 2: A = .67,
p <.001; 4 syllables < 3: A =.78, p <.001). A similar pat-
tern was true for children in the ALI group (3 syllables <
2: A=.59, p=.003; 4 syllables<3: A=.82, p<.001). For
those in the ALN group, PPC scores significantly de-
creased from 3- to 4-syllable nonwords (A =.90, p <.001)
but not from 2- to 3-syllable nonwords (A =.15, p = .48).
For contrasts between 2- and 3-syllable nonwords, the
between-syllable effect size was greatest in the SLI group,

Table 3 Descriptive statistics and group contrasts for the proportion of phonemes correct on the nonword repetition test by

syllable length

Cliff's A
SLI ALl ALN H(2) p Post hoc adjusted SLI < ALI ALl < ALN
(n=18) (n=22) (n=20) Mann-Whitney tests®
2 syllables
Median 85 95 92 7.51 02 SLI < [ALI'= ALN] 47 =07
Range 60-1.00 .80-1.00 .75-1.00
Mean (SD) 85 (11) 93 (.06) 92 (07)
95 % Cl for the mean® [.80; .90] [97; .96] [.89; .95]
3 syllables
Median 79 86 96 1843 <.001 SLI < ALl < ALN A5 46
Range .50-96 .57-1.00 71-1.00
Mean (SD) 78 (11) 85 (1) 93 (07)
95 % Cl for the mean® [.72; 82] [.80; .89] [.89; .95]
% PPC < .90° 89 % 73 % 35%
4 syllables
Median 60 64 81 14.46 <.001 [SLI=ALIJ < ALN 20 48
Range 33-78 .36-96 53-94
Mean (SD) 60 (12) 66 (.15) 78 (12)
95 % Cl for the mean® [.54; 65] [59; .71] [.72; 83]
% PPC < .75° 89 % 73 % 40 %

“Indicated pairwise group differences (< or >) based on p values adjusted using the False Discovery Rate method (g < .05) [63]

PBased on 10,000 bootstrapped samples

“Compared to 95 % of language-impaired children ages 5; 8 to 12; 2 (N =44) based on enrollment in language intervention [54]
4Compared to 98 % of language-impaired children ages 5; 8 to 12; 2 (N =44) based on enrollment in language intervention [54]
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although the between-syllable effect sizes in comparisons
of 3- versus 4-syllable nonwords were comparably large in
magnitude across all three groups (As=.78), with 4-
syllable nonwords consistently eliciting the lowest NWR
performance levels.

Nonword repetition and ASD symptom severity

Overall, 13 children with ASD received high scores on
both domain CSSs (SA and RRB), 21 on either, and 8 on
neither; participants with one or neither CSS categorized
as high were combined for analyses due to low cell fre-
quencies (also see [27]). A 2 x 2 (low/high PPC scores x
0-1/2 CSS domains high) Fisher exact test was not sig-
nificant (p =.32). A Mann—Whitney U test with PPC
scores as a continuous dependent variable revealed no
differences in PPC scores between children with ASD
who had either zero or one versus both ADOS CSSs cat-
egorized as high (p =.13; A =.30).

Memory abilities and language impairment

Table 4 presents results of between-group analyses for
measures related to verbal memory, visual memory, and
processing speed. Children with ALI had significantly
lower scores relative to those with ALN on the three
measures related to verbal memory (CELF Number
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Repetition Forward, NEPSY Narrative Memory, and CELF
Number Repetition Backward; As >.60), but did not differ
from children with ALN on tests related to visual memory
or processing speed. The only significant difference between
children with SLI and ALI was on the NEPSY Narrative
Memory test, where children with ALI received significantly
lower scores than those with SLI (A = —.39). Results were
relatively unchanged when more stringent criteria for lan-
guage impairment were used (CELF CLS < 1.25 SD below
the normative mean): only scores on narrative memory
were lower for those with ALI than SLI (A = -.58).

For children with ASD (ALI and ALN combined), the
degree of language impairment (measured using the PIQ-
CELF CLS discrepancy scores) was significantly associated
with poorer performance on only the three verbal memory
measures (7s < —.42); it was not associated with measures
of processing speed or visual memory.

Discussion

This study presents the first comparisons of language-
related memory abilities among early school-age children
(5-8 years) with SLI, ALIL and ALN. Our primary aim was
to examine differences in patterns of NWR abilities be-
tween the three groups of children. Using the nonword
repetition task [54], children with SLI produced significantly

Table 4 Means (standard deviations), group comparisons, and associations with degree of language impairment in ASD

Median Cliffs A ASD PIQ-
et dicrepancy
Assessment SLI ALl ALN H2) p Post hoc adjusted SLI< ALl ALI<ALN ¢®
n=18 n=22 n=20 Mann-Whitney tests®
CELF Number Repetition Forward® 7.0 8.0 10.0 1936 <.001 [SLI=ALI] < ALN 21 65 —53%*
6.83 (1.95) 736 (2.26) 10.50 (3.14)
NEPSY Narrative Memory© 6.0 35 100 22.77 <001 ALl < SLI < ALN -39 77 —.53%
589 (259) 4.05(298) 940 (3.19)
CELF Number Repetition Backward® 7.5 7.5 12.0 16.54 <001 [SLI'=ALI] < ALN 04 61 —A42%
733(3.18) 764 (354) 1155(293)
Coding® 80 8.0 7.5 001 99 .00
828 (375 850(343) 825(302)
Symbol search® 75 80 80 199 37 -01
6.83 (3.24) 809 (237) 805 (267)
WRAML-I Picture Memory© 11.5 9.5 8.0 531 .07 09
10.56 (348) 9.14 (495) 7.75 (3.24)
WRAML-II Finger Windows* 11.0 10.0 11.0 183 40 18
9.89 (265) 9.77 (2.58) 1095 (3.32)

CELF Clinical Evaluation of Language Fundamentals, NEPSY a developmental NEuroPSYchological assessment, WRAML-Il Wide-Range Assessment of Memory and

Learning 2nd Edition
* p<.05; ** p<.001

“Indicated pairwise group differences (< or >) based on p values adjusted using the False Discovery Rate method (g < .05) [63]
PFor both ASD groups combined (ALI + ALN), Kendall's tau between the degree of language impairment (measured by PIQ-CELF Core Language Score discrepancy
score) and the assessment score is reported: negative values indicate that more severe relative language impairments are associated with poorer performance on

that assessment
Scaled scores (M =10, SD =3)
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more phoneme errors compared to those with ALI in re-
sponse to 2- and 3-syllable nonwords. These findings are
consistent with recent research demonstrating greater im-
pairments in nonword repetition abilities among children
with SLI versus ALI [26-28], and suggests that, despite par-
allel impairments in core language as measured by the
CELF standardized assessment, the cognitive or linguistic
underpinnings of early language difficulties during the early
school-age years may be distinct in children with SLI and
ALL

An alternative explanation is that, because we did not
include a standardized measure of articulation, children
with SLI had more difficulty articulating the nonwords
than the ASD groups, as articulation difficulties are
known to be more common among children with SLI
than ALI (see [69]). However, greater articulation diffi-
culties in children with SLI are unlikely to fully account
for the group differences found in the current study for
several reasons. First, a certified speech-language patholo-
gist conducted an initial screening to rule out articulation
and other oro-motor difficulties. Second, following the
scoring guidelines [54], phoneme distortions explicitly did
not affect PPC scores.

On the other hand, our results were not consistent
with previous studies demonstrating that differences
in nonword repetition between children with SLI ver-
sus ALI are greatest at longer syllable lengths [26—28].
Rather, we found the reverse: the effect size for the
comparison between SLI and ALI was the greatest for
2-syllable nonwords, whereas the greatest difference in
NWR performance between ALN and ALI was for 4-
syllable nonwords. There are several possible explana-
tions for the relatively poorer performance of children
with SLI at the shortest syllable length. One possibility
is that previous tasks may have included high wordli-
keness items (Table 1), which could have supported
performance among children with SLI in particular at
shorter syllable lengths, masking NWR difficulties that
may be apparent at longer syllable lengths [21]. An-
other possibility is that previous studies have tended
to rely on measures that utilize word-level rather than
phoneme-level scoring (Table 1), which could dilute
subtle group differences in NWR performance that
may be present at shorter syllable lengths [26]. Age
also likely plays an important role here. We know very
little about how NWR abilities develop in childhood
and into adolescence in either language-impaired or
typical children [21]. It is possible that we would ob-
serve different developmental trajectories of N'WR
abilities with age. For example, children with SLI may
develop strategies and skills for repeating shorter
nonwords yet continue to struggle to repeat longer
nonwords into adolescence, while early language
impairments (alongside NWR difficulties) in children
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with ALI may ameliorate to some extent during the
same time period [5].

We also observed striking similarities between the
three groups in terms of the effect of syllable length on
NWR performance. While children with SLI showed a
larger decrement in NWR performance in response to
2- versus 3-syllable nonwords relative to the two ASD
groups, all three groups showed significant decrements
in NWR performance in response to 3- versus 4-syllable
nonwords with large effect sizes (As~.8). This finding
contrasts with previous research demonstrating greater
effects of syllable length in children with SLI versus ALI
[26, 27]. That is, in previous studies, children with SLI
were relatively more affected by longer syllable lengths.
However, Williams et al. [28] recently found that syllable
length appeared to affect NWR performance in individ-
uals with SLI (mean age=12.4 vyears) somewhat less
than in the other groups, including an ALI group. Given
the younger age and more narrow age range of our sam-
ple, it is possible that repeating nonword stimuli with
four or more syllables may be a developmentally difficult
task; in the ALN group, for example, the maximum PPC
scores for 2- and 3-syllable nonwords were higher than
95 %, whereas the highest PPC score for 4-syllable non-
words dropped to 84 %. Our results indicate that children
in all three groups were equally affected by the increase
from 3 to 4 syllables in the sense that all exhibited sub-
stantial decreases in their ability to repeat nonword pho-
nemes accurately. Studies including participants without
neurodevelopmental disorders would help to clarify devel-
opmental expectations regarding NWR performance as a
function of syllable length.

As a secondary aim, we examined the hypothesis [27, 44]
that NWR difficulties among children with ASD stem from
the presence of significant impairments in multiple behav-
ioral domains of ASD symptomatology. Our results did not
support this hypothesis, but instead suggested that the se-
verity of clinician-observed ASD symptoms is not strongly
associated with the severity of NWR difficulties. This is in
contrast to previous results reported by Whitehouse and
colleagues [27]. Several factors may account for these dis-
sonant findings. First, our sample age range is younger and
narrower than that of Whitehouse and colleagues (6-15
years; mean age ~ 10 years). Given possible improvements
in language impairments among children with ALI into
adolescence [5], it may be that the older group of children
with autism and language impairment in their study
included those with more persistent and severe language
impairments than in the current sample. Alternatively, par-
ents of children with ASD may perceive and report elevated
symptoms on the SCQ in the presence of language impair-
ment, whereas clinicians may be better able to evaluate
ASD symptoms independent of language status. However,
we did not find evidence in our sample for mean-level
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differences on either parent-reported (SCQ) or clinician-
observed (ADOS) measures of ASD symptoms between
ALI and ALN. No difference in NWR performance was
found between children with ALN and ALI for 2-syllable
nonwords, with both groups repeating over 92 % of pho-
nemes correctly. This suggests that the NWR task itself was
not difficult to understand for children with ASD. Poor
NWR performance, however, can arise for a number of rea-
sons including difficulties with speech processing, motor
planning, and lexical and phonological knowledge [21, 70].
For children with ASD, it is possible that additional factors
unmeasured in the current study, such as attention, im-
pulsivity, and abilities related to executive control such as
planning or inhibition may be found to influence NWR
performance.

We also examined possible features of broader mem-
ory abilities (verbal memory, verbal working memory,
processing speed) that may overlap between children
with SLI and ALI Consistent with several previous stud-
ies of children with SLI [22, 29-35], we found that this
group had significantly lower scores on forward and
backward digit span tests compared to the ALN group.
Children with ALI also showed similar difficulties on
each of these tests. This suggests a possible mechanism
for language impairment in children with ASD related to
restriction in working memory capacity that may be
specific to verbal information. Both the categorical ana-
lysis and the associations between degree of language
impairment (CELF CLS-PIQ discrepancy scores) con-
verge in showing that verbal memory-related difficulties
(forward/backward digit span, narrative memory) are
uniquely associated with language impairment in chil-
dren with ASD. However, the direction of influence is
still unknown; for example, language learning difficulties
could stem from memory and processing limitations, or
limited language knowledge could hinder the growth of
memory and processing capacities [38]. No differences
were found on subtests related to processing speed,
which is thought to be a domain of difficulty for children
with SLI [19, 22, 30, 39]. However, because we did not
include a group of typically developing children, it is dif-
ficult to draw inferences about these subtests as all
group means were lower than the normative mean yet
not by more than one standard deviation. Processing
speed may be an area of weakness for children with neu-
rodevelopmental disorders that is not specific to those
with language impairment. Narrative memory, on the
other hand, was a specific area of difficulty for children
with ALI compared to both the SLI and ALN groups,
providing support for the dual roles of structural and
pragmatic language abilities in story comprehension and
recall [71]. In fact, 20 % of children in the ALN group
received scores lower than 1 SD on narrative memory,
compared to 82 % of the ALI group.
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However, as Tomblin points out [3], one question that
remains unresolved is why there are so many children
with ASD who may be considered “poor language
learners.” In the current study, defining a separate group
of children with ALI by applying the same criterion as
for SLI resulted in 52 % of the ASD participants classi-
fied as language impaired, consistent with prevalence es-
timates of approximately 50 % based on epidemiological
samples [11, 12]. Children with ASD may be particularly
prone to language impairment, but for qualitatively dif-
ferent reasons than in the general population. For ex-
ample (as one reviewer suggested), early experience
listening and attending to speech is likely a critical ingre-
dient for successful early language learning. In some
children with ASD, reduced social engagement and at-
tention to speech, combined with verbal memory and
working memory difficulties, could result in language
learning difficulties, leading to impairments in language
that resemble those seen in children with SLI. However,
although children in the ALN group did not have im-
paired language based on CELF Core Language Scores,
it may not be accurate to characterize their language de-
velopment as typical or unimpaired.

Strengths of this study include our focus on a rela-
tively narrower age range compared to previous studies,
which may have reduced the role of age as a confound-
ing factor. We also included an array of verbal memory
measures in addition to nonword repetition including
digit span, backward digit span, and narrative memory,
as well as measures related to memory for visual infor-
mation and processing speed. Finally, our analyses also
included children with ASD without language impair-
ment (ALN), a group that has rarely been included in
previous studies as a comparison for an ALI group. This
allowed us to examine whether performance on NWR
and other memory tasks among children with ALI was
associated with the presence and severity of language
impairment. These analyses showed that language im-
pairment in children with ASD was systematically asso-
ciated with poorer verbal memory and verbal working
memory abilities.

This study also had several limitations. First, this was a
cross-sectional study with an age range (5-8 years) that
encompassed children at different stages of language de-
velopment and as a result may have obscured important
group and individual differences. This may have been
exacerbated by our use of two different versions of the
CELF [47, 48] to identify language impairment. Second,
our sample sizes were small, and although not unusual
in studies that involve comprehensive assessments, this
may limit the generalizability of our findings. A related
limitation is that our sample was predominantly male
and we lacked statistical power and access to demo-
graphic data to examine the effects of gender, socio-
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economic status, race, or ethnicity, although these fac-
tors may influence many of the domains measured.
Third, participants had IQ scores in the normal range,
and therefore are not representative of the general ASD
population. Language impairment in these individuals
may differ qualitatively from language impairment in in-
dividuals with poorer levels of cognitive functioning
[72]. Fourth, we used a “cut-off” approach as one of the
three criteria for defining SLI in this study and to classify
language impairment in children with ASD, following
several previous studies [25, 73, 74] in using the criter-
ion of 1 SD below the normative mean. Other studies
have implemented more stringent criterion levels. In
addition, some have incorporated NWR difficulties as
one of the criteria for defining language impairment in
SLI and ALI [15, 25, 27]. Our results suggest that NWR
difficulties may have a different meaning in children
with and without ASD, and may result in non-
comparable definitions or inclusion criteria that in turn
might bias the results. Finally, we did not include spon-
taneous language measures [75—78] or story generation
abilities [79], all of which have substantial clinical utility
in language-disordered populations and may further re-
veal meaningful differences between children with SLI,
ALI and ALN.

Conclusions

This study adds to the literature by demonstrating both
shared and diverging features of the neurocognitive phe-
notypes in young children with SLI and ALIL Language
impairment, regardless of ASD diagnosis, was associated
with difficulties in verbal memory and verbal working
memory, whereas visual memory and processing speed
were not robustly associated with the presence or sever-
ity of language impairment in ASD. The primary differ-
ence between children with SLI and ALI was in NWR
performance, particularly in repeating 2- and 3-syllable
nonwords, suggesting that shared difficulties in early
language learning found in previous studies do not ne-
cessarily reflect the same underlying mechanisms. How-
ever, we do not know if these NWR difficulties persist
over time in children with ALI, what factors may be as-
sociated with gains in NWR abilities, and whether such
gains in turn impact language. Longitudinal studies are
needed to better understand how the developmental
language profiles change over time in both language-
impaired and ASD populations.

Additional file

Additional file 1: Matched group (age and PIQ) contrasts for the
proportion of phonemes correct on the nonword repetition test by
syllable length.
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