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Abstract

Background: Both children with autism spectrum disorders (ASD) and children with specific language impairment
(SLI) have been shown to have difficulties with grammatical processing. A comparison of these two populations
with neurodevelopmental disorders was undertaken to examine similarities and differences in the mechanisms that
may underlie grammatical processing. Research has shown that working memory (WM) is recruited during
grammatical processing. The goal of this study was to examine morphosyntactic processing on a grammatical judgment
task in children who varied in clinical diagnosis and language abilities and to assess the extent to which performance is
predicted by nonverbal working memory (WM). Two theoretical perspectives were evaluated relative to performance on
the grammatical judgment task—the “working memory” account and the “wrap-up” account. These accounts
make contrasting predictions about the detection of grammatical errors occurring early versus late in the sentence.

Methods: Participants were 84 school-age children with SLI (n = 21), ASD (n = 27), and typical development (TD, n = 36).
Performance was analyzed based on diagnostic group as well as language status (normal language, NL, n = 54,
and language impairment, LI, n = 30). A grammatical judgment task was used in which the position of the error in
the sentence (early versus late) was manipulated. A visual WM task (N-back) was administered and the ability of
WM to predict morphosyntactic processing was assessed.

Results: Groups differed significantly in their sensitivity to grammatical errors (TD > SLI and NL > LI) but did not
differ in nonverbal WM. Overall, children in all groups were more sensitive and quicker at detecting errors
occurring late in the sentence than early in the sentence. Nonverbal WM predicted morphosyntactic processing across
groups, but the specific profile of association between WM and early versus late error detection was reversed
for children with and without language impairment.

Conclusions: Findings primarily support a “wrap up” account whereby the accumulating sentence context for errors
positioned late in the sentence (rather than early) appeared to facilitate morphosyntactic processing. Although none of
the groups displayed deficits in visual WM, individual differences in these nonverbal WM resources predicted
proficiency in morphosyntactic processing.
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Background
Grammatical deficits are a hallmark of children with
specific language impairment (SLI) [1]. Additionally, a
subset of children with autism spectrum disorders (ASD)
have deficient grammatical abilities that have been
described as being similar to those difficulties observed in
SLI [2, 3]. There is evidence to suggest that both children
with SLI [4–6] and children with ASD [7, 8] may have
deficits in working memory skills in addition to their
language challenges. Working memory (WM) refers
to the processing of information while maintaining
that information in temporary storage. Prior research
has established the importance of WM in typical lan-
guage processing by adults and children [9–13] as
well as in children with language impairment [14–17].
While both verbal and nonverbal WM has been investi-
gated in children with SLI and ASD, most of the research
examining the association between WM and grammatical
processing has employed verbal WM tasks. This makes it
difficult to disentangle effects related to linguistic process-
ing from those related to memory processes per se (see
[18] for similar argument). Focusing on the possible link
between visual WM and morphosyntactic processing
serves to provide insight into the role of domain-general
executive attention within WM with minimal influence
from domain-specific verbal mechanisms [19]. The goal of
this study was to investigate morphosyntactic processing
on a grammatical judgment task in children with varying
language abilities and to assess the association between
grammatical judgment performance and nonverbal WM.

Morphological deficits in children with SLI and ASD
Children with SLI have substantial difficulties with
grammatical morphology; in fact, morphological deficits
are typically considered to be a clinical marker of SLI
[20–22]. Studies have shown that children with SLI have
particular difficulty with marking finite verbs for tense
and agreement [21, 23–28]. Deficits in noun morphology
involving articles, plural markers and possessive markers
have also been observed [29]. There is an extensive
body of research documenting morphological deficits
in children with SLI across a variety of languages (see [1]
for review), and there are several theoretical accounts of
SLI that attempt to explain the specific profile of gram-
matical challenges observed [21, 30, 31].
Although social communication (pragmatic) deficits

rather than grammatical problems are the major hall-
mark of ASD, research has also noted morphosyntactic
problems in children with ASD [32, 33]. Findings from
several studies have suggested the morphological deficits
in ASD resemble the types of grammatical deficits seen
in SLI [2, 3, 34]. Whereas pragmatic deficits are inherent
in ASD (as defined by DSM-5 [35]), it is generally agreed
that only a portion of children with ASD have structural

language deficits, affecting phonology, vocabulary, and/
or grammar; therefore, various studies have subdivided
children on the autism spectrum into those with
language impairment versus those with normal struc-
tural language [2, 14]. An alternative view to the
subgroup notion is that grammatical challenges are char-
acteristic of ASD to varying degrees and weaknesses can
be revealed on more complex tasks even in children
who appear to have normal range abilities on standard-
ized assessments [36].

Working memory abilities in SLI and ASD
There is considerable evidence that children with SLI
have deficits in verbal WM across a variety of tasks,
including listening span measures [4–6, 15, 16, 37–39].
Findings regarding visuospatial WM in children with SLI
are less consistent and likely reflect variations across
studies in participants’ age, task demands, and compari-
son groups. Some studies have reported no significant
limitations in nonverbal WM in SLI [5, 6], whereas other
studies have found visuospatial WM deficits in children
with SLI [40–44], including a meta-analysis of 21 studies
that included complex (central executive) visuospatial
WM tasks [45]. Recent research using latent variable
analysis found that the underlying structure of WM was
similar for children with and without SLI, with the
different components of WM showing varying associa-
tions with language abilities [46]. The bulk of the find-
ings indicate that when difficulties with visuospatial WM
abilities are observed in SLI, the effects are less robust
than in the case for verbal WM [45]. Children with SLI
would be expected to perform worse on verbal WM
measures given that the verbal domain is their primary
area of deficit, but evidence that WM limitations extend
to visuospatial tasks suggests domain-general impair-
ments in SLI.
The evidence is decidedly mixed regarding verbal and

visuospatial WM deficits in children with ASD. Contrary
to the profiles typically seen in children with SLI, several
studies have reported that individuals with ASD had
visuospatial WM deficits but no verbal WM deficits
[47–49]. Conversely, other studies have found deficits in
verbal WM in children with ASD [7, 14] or deficits in both
spatial and verbal WM [50, 51]. Williams and colleagues
[51] found that the memory profile in children with ASD
was characterized by deficits in complex visual and verbal
memory as well as spatial WM. In fact, spatial WM
performance discriminated most accurately between the
children with ASD and control children. Recently, Hill
and colleagues [14] administered several measures of
verbal and nonverbal WM to three groups of children
matched on age, including children with ASD who had
co-occurring structural language impairment (ALI),
children with ASD who were ‘language normal’ (ALN),

Ellis Weismer et al. Journal of Neurodevelopmental Disorders  (2017) 9:28 Page 2 of 16



and children with specific language impairment (SLI). The
ALI children had more verbal WM impairments than the
ALN children, but the ALI and SLI children only differed
on verbal narrative WM with the ALI performing worse
than the SLI group. Hill et al. [14] also compared these
same children on nonverbal working memory tasks, and
found no significant group differences. This finding is con-
sistent with other research reporting that children with
ASD displayed spatial WM equivalent to typically devel-
oping (TD) controls [52]. In addition to domain of WM,
task complexity and sample characteristics likely contrib-
ute to discrepant findings in working memory abilities in
ASD (see discussion by [7, 50, 51]).

Relation between working memory and language
There are various models of WM that have been proposed
to characterize the ability to temporarily store and simul-
taneously manipulate information [37, 53–59]. WM is
traditionally indexed via complex memory span tasks that
focus on either verbal or visuospatial information. For
example, verbal WM is often measured by listening span
measures in which the individual must comprehend and
respond to sentences of increasing length while also recal-
ling the last word in each sentence. The most established
model, proposed by Baddeley and colleagues [37], concep-
tualizes WM as a multicomponent, limited capacity
system with distinct but interactive storage and control
mechanisms. The central executive (CE) component is
a domain-general attention-allocation mechanism that
controls and coordinates different activities within WM.
Control functions comprising the CE include various cog-
nitive processes such as selective attention, inhibition,
allocating and shifting attentional resources, updating
information, and coordination of multiple tasks [60]. Other
memory models posit a general WM system with limited
attentional resources; these models focus more on execu-
tive and attentional control components of WM. The
Embedded-Processes model [61] contends that WM
reflects activation of information from long-term memory
that is the current focus of attention. According to Engle’s
view, WM capacity is limited by the ability to control
attention such that individuals with greater WM cap-
acity display better controlled attention [62]. The Time-
Based Resource-Sharing model proposed by Barrouillet
and colleagues asserts that WM span is determined by
domain-general attention that must be shared between
storage and processing activities in a serial, time-based
manner [54, 63].
In sum, there are certain commonalities across the

various models of WM. It is agreed that WM entails a
multicomponent mechanism that supports storage and
maintenance of information along with concurrent pro-
cessing. WM models posit limited capacity storage as
well as a resource limited attentional mechanism (or CE)

that directs control processes which are assumed to play
a crucial role in WM performance. Findings from con-
firmatory factor analyses and structural equation models
in adults indicate that WM capacity measures largely
reflect a domain-general factor which is a strong pre-
dictor of fluid intelligence, whereas short-term memory
tasks are much more domain specific and are predictive
of verbal or visuospatial reasoning [64]. Further, there is
evidence from studies with adults to suggest that visuo-
spatial WM and verbal WM tasks differ in the extent to
which they draw on executive attention. Verbal WM has
been shown to rely on both domain-general attention and
domain-specific verbal processes (rehearsal), whereas
visuospatial WM primarily reflects domain-general atten-
tion [19]. This same pattern has been shown for children
for verbal WM [65]. In the current study, we employed a
visual WM task to explore the role of domain-general
executive attention within WM in morphosyntactic
processing, with minimal influence from domain-specific
verbal processes.
Following prior research, described below, the current

study examines the interplay between WM and language
within the context of a grammatical judgment task. The
ability to make grammatical judgments (which involve
linguistic awareness) imposes particular WM demands
with respect to executive control in order to allocate and
shift attention to detect the location of morphological
errors while processing the linguistic content and main-
taining information in temporary storage. In typically
developing children a significant relationship has been
reported between verbal WM and grammatical judgment
accuracy for various constructions (e.g., regular past
tense, present progressive) [12]. Noonan et al. [66] dem-
onstrated that WM capacity—as indexed by both verbal
and visuospatial complex memory span measures—in-
fluenced language processing in children with language
impairment independently from language competencies.
That study used a composite measure of WM so it was
not possible to determine the role of visuospatial WM
independent of verbal WM. The present study will
address that question.
Previous research has demonstrated a clear link between

WM and language abilities in SLI [46, 67, 68], with stron-
ger links observed for verbal than for nonverbal WM.
Studies have demonstrated associations between verbal
WM capacity and complex sentence comprehension
[13, 68] and the effect of morphological/syntactic com-
plexity on WM performance [69, 70]. Leonard and col-
leagues [71] examined memory abilities (verbal and
spatial/short-term and WM) and processing speed rela-
tive to language abilities in a large sample of adoles-
cents with and without SLI. Their findings from latent
variable regressions indicated that speed of processing
and memory abilities accounted for 62% of the variance
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in concurrent language scores, with verbal WM making
the largest contribution. It is noteworthy that nonverbal
(spatial) WM was not a significant predictor of language
abilities in SLI in that study [71]. Conversely, Karasinski
and Ellis Weismer [72] found that that spatial WM was a
significant predictor of distant inference accuracy for ado-
lescents with SLI in a spoken narrative comprehension
task; although, verbal WM (listening span task) was a
stronger predictor and remained significant after account-
ing for the effects of language and nonverbal cognition.
Furthermore, moderator analyses reported by Vugs et al.
[45] indicated that visuospatial WM was related to lan-
guage impairment in children with SLI, with impairment
in the storage component (rather than the central execu-
tive) driving the relationship.
Prior research has also examined the relationship of

working memory to language abilities in children with
ASD. Hill et al. [14] found that for a combined sample
of ASD children with and without language impairment,
the degree of language impairment was significantly
related to verbal WM abilities, but was not significantly
related to nonverbal WM abilities. A combination of
spatial and verbal WM tasks was found to account for
significant variance in language abilities (as well as aut-
ism severity) in children with high functioning autism
(HFA) [50]. However, other studies have failed to find a
significant relationship between measures of working mem-
ory and verbal abilities in children with ASD [8, 47, 73]. It
is possible that these conflicting results may be attributable
to task differences as well as level of language abilities of
the participants in each sample [14, 74].

Working memory and grammatical judgment tasks
Numerous studies have demonstrated that verbal WM
resources are recruited during syntactic processing,
especially when syntactic processing is tapped by gram-
matical judgment tasks [12, 75]. Grammatical judgment
tasks require that individuals determine whether a
sentence is grammatical or ungrammatical for specific
grammatical structures of interest. There is substantial
evidence that increased WM capacity is associated with
better and faster detection of grammatical errors. This link
has been established primarily for verbal WM [12, 15, 76]
though there is some indication that visuospatial WM
may also be implicated [66].
Several studies have employed grammatical judgment

tasks in which the position of the error within the
sentence has been manipulated in order to make infer-
ences about the role of WM in syntactic processing. There
are two competing theoretical perspectives motivating this
research that lead to differing predictions. According to
the “working memory” account [66, 77], errors that occur
later in a sentence should be more difficult to detect than
those occurring earlier because they place more demands

on WM. That is, more information must be processed,
integrated, and maintained as the sentence unfolds for late
appearing errors (rather than early errors), making it more
likely that WM capacity will be exceeded. Thus, the WM
account predicts that early errors should be easier and fas-
ter to detect than late errors. On the other hand, the
“wrap-up” account [78] emphasizes the facilitating effects
of sentence context in syntactic processing, and would
suggest that detection of errors occurring later in a
sentence rather than earlier should benefit from “wrap-up
effects”. The ability to utilize context by accumulating and
integrating information as the sentence unfolds serves a
buffering effect to reduce WM load; thus, contextual
information provides less support for early errors than late
errors and early error detection should depend on WM
more than late error detection. Contrary to the WM
account, the wrap-up account predicts better processing
of late than early errors.
Noonan and colleagues [66] examined the influence of

error position on judgments of grammaticality by school-
aged children with SLI but no WM impairment and
children with both SLI and WM impairment compared to
two controls groups—one matched on age, nonverbal
intelligence, and composite WM scores and one matched
on age and nonverbal intelligence, respectively. WM sta-
tus was determined based on a composite score from a
standardized battery of well-validated memory measures
that included verbal as well as visuospatial WM tasks.
Results indicated that children with co-occurring language
and WM impairments were significantly worse than con-
trols at detecting late (but not early) errors. The interpret-
ation of these findings was consistent with the WM
account in that the investigators suggested that the SLI
plus WM impairment group performed most poorly in
this condition due to the fact that late errors entailed the
greatest WM demands. However, it is noteworthy that the
SLI group without WM impairment did not display an
effect of error position and the TD controls were more
accurate at detecting late than early errors on this gram-
matical judgment task.
In contrast, Blackwell and Bates [78] proposed the

wrap-up account to explain their findings regarding
adults’ performance on a grammatical judgment task.
Using a dual-task paradigm, a secondary digit-span task
was added to the primary task involving a grammatical
judgment measure; under these conditions of increased
cognitive load there was a disproportionate decrease in
errors occurring early in the sentence rather than those
occurring late in the sentence. Similarly, Wulfeck et al.
[28] found that children with SLI, focal brain lesion, and
TD controls were more accurate and faster at detecting
errors late in the sentence rather than early in the sen-
tence. These results were interpreted as indicating that,
despite overall differences in grammatical sensitivity, all
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groups were capable of taking advantage of the accrual
of linguistic information toward the end of the sentence
as proposed by the wrap-up account.

Current study
In summary, children with SLI as well as a subset of
children with ASD are known to have deficits in morpho-
syntactic processing. There is mixed evidence regarding
WM deficits in these groups. While there has been prior
research examining the role of WM (particularly verbal
WM) in grammatical processing by children with SLI,
there is a dearth of information on this issue for children
with ASD. Recently, there has been an increasing interest
in exploring the extent of overlap in language (and cogni-
tive) phenotypes for SLI and ASD [79–81]. To our know-
ledge, this is the first cross-group comparison to examine
the role of WM resources in morphosyntactic processing
by children with SLI and ASD.
Although we might expect that both of the groups

with neurodevelopmental disorders would perform more
poorly than controls on the grammatical judgment task,
it is possible that the two groups may exhibit different
patterns of response, implicating varying underlying
cognitive processes (as has been claimed for compari-
sons of SLI and ASD groups on nonword repetition
tasks tapping short-term memory [14, 82]). For instance,
we might see differences between SLI and ASD groups
with respect to detection of late vs. early errors given
the purported difficulties of individuals with autism in
integrating contextual information into a coherent whole
[83, 84]. Problems with central coherence (using accu-
mulating linguistic context) would be assumed to be a
characteristic of the ASD phenotype (diagnosis linked)
and would presumably impose an increased load on
WM for these children. Whereas difficulties with various
components of WM have been implicated in children
with both SLI and ASD, limitations in central coherence
would only be hypothesized for the ASD group. It is rea-
sonable to assume that extant structural language abilities
also play a role in syntactic processing as indexed by
grammatical judgment tasks, and we know that some
children with ASD have normal range structural language
skills and others display language impairment [2]. There-
fore, performance on the grammatical judgment task was
examined both by diagnostic group (TD, SLI, ASD) as well
as language status [TD+ASD “language normal” (ALN) vs.
SLI +ASD language impairment (ALI)].
It can be argued that it is complicated to isolate the

role of WM in grammatical processing in groups with
language disorders when verbal measures of WM are
used. Therefore, in the present study, we utilized a non-
verbal WM measure to avoid confounding linguistic
processing and WM. Further, we were interested in
looking beyond connections between verbal WM and

linguistic processing to determine the extent to which
visual WM and executive attention processes may be
implicated in morphosyntactic processing. We examined
group differences in grammatical judgment and nonver-
bal WM, and we then assessed the extent to which non-
verbal WM predicts morphosyntactic processing for
different groupings of the sample based on diagnosis or
language status. In a previous study, we addressed the
issue of whether nonverbal WM contributes differentially
to the detection of early vs. late errors in two groups of
TD children (monolinguals vs. bilinguals) who both had
intact WM skills but who differed in language-specific
abilities [74]. Findings indicated that higher nonverbal
WM was associated with greater sensitivity to morphosyn-
tactic errors in bilinguals, but not monolinguals, suggest-
ing that nonverbal WM skills may be more closely linked
to syntactic processing in individuals with relatively lower
linguistic abilities. Therefore, for the present study, we
hypothesized that the relationship between nonverbal
WM and morphosyntactic processing would be stronger
for children with language impairment than for children
with normal language.
In summary, our research questions for this study

were:

1) Do groups of children defined on the basis of
diagnostic category (ASD, SLI, TD) or language
status (ALI + SLI or ALN + TD) differ in the
accuracy and/or speed with which they detect early
vs. late errors in a grammatical judgment task?

2) Do these groups differ in nonverbal WM skills?
3) What is the association between morphosyntactic

processing and nonverbal WM within groups
identified by diagnostic category or language status?

Methods
Participants
The participants in the present study were enrolled in a
larger project investigating the association between execu-
tive function (EF) and language in school-age children
with differing language backgrounds: TD monolingual
English speakers, TD bilingual English-Spanish speakers,
children with ASD, and children with SLI. Only the TD,
ASD, and SLI groups are the focus of the current report.
These subgroups also completed a lexical processing task
and various EF measures as previously reported [85]. The
TD children in this study comprise a subset of the sample
in a prior investigation of morphosyntactic processing by
monolingual versus bilingual children [74].
Children in all groups were recruited through local

schools, community centers, and clinics using flyers and
website postings. In addition to these approaches, the
children with ASD were recruited through a research
registry at the Waisman Center consisting of families
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who had indicated an interest in having their child
participate in research studies. The ASD and SLI groups,
as well as the TD group, represented convenience
samples based on adult referrals and willingness of the
children to participate. Parents of children in each of the
groups provided written consent for their child to
participate, and all study procedures were approved by the
university’s Institutional Review Board. All of the children
in this study were monolingual English speakers. Based on
parent report, 72% of the children in the study were
Caucasian, 14% were African American, 11% were multi-
racial, 2% were Asian, and 1% were American Indian. In
terms of ethnicity, 10% were Hispanic/Latino and 90%
were not Hispanic/Latino. Children had normal (or cor-
rected to normal vision) by parent report and all passed a
hearing screening at 20 dB at 1000, 2000, and 4000 Hz at
the time of the assessment.
A total of 84 children were enrolled in the current

study: 36 TD (18 males), 27 ASD (23 males), and 21 SLI
(12 males). The three groups were drawn from a larger
participant pool such that the diagnostic groups were
comparable in terms of chronological age (p = .32), non-
verbal IQ (p = .12), and SES (p = .99); see Table 1. Nonver-
bal IQ was assessed using the Perceptual Reasoning Index
of the Wechsler Intelligence Scale for Children, 4th Edition
(WISC-IV) [86], which is comprised of the Block Design,
Picture Concepts, and Matrix Reasoning subtests.

Number of years of maternal education was used as the
index of SES.
All of the children in the ASD group had previously

received a clinical or educational diagnosis within their
home communities (by a pediatrician, developmental
psychologist, school psychologist or an interdisciplinary
team). At the time of assessment for this study, the com-
munity diagnosis was confirmed by an experienced clin-
ical psychologist using the Childhood Autism Rating
Scale, Second Edition for high functioning individuals
(CARS2-HF) [87]. A minimum cutoff score of 25 was used
as this corresponds to the 10th percentile of CARS2-HF
scores among individuals with ASD in the standardization
sample. CARS2-HF scores for the ASD group were as fol-
lows: M = 44.8, SD = 4.6, range 37 to 53. All groups were
administered the Social Communication Questionnaire
(SCQ) [88], a parent-report autism screening measure.
The TD and SLI groups scored significantly lower
than the ASD group, indicating that they did not dis-
play behaviors suggesting concerns regarding autism
spectrum disorders (see Table 1). Language abilities
for the ASD group varied considerably as summarized
in Table 1. There were 9 (out of 27) children within
the ASD group who met the SLI criteria of at least
1.25 SDs below the mean on a standardized language
measure (described below) and 11 (out of 27) who
scored at least 1 SD below the mean.

Table 1 Participant characteristics (means and standard deviations) for the diagnostic groups (TD, ASD, SLI) and language status
groups (NL, LI)

TD Group (n = 36) ASD Group (n = 27) SLI Group (n = 21) NL Group (n = 54) LI Group (n = 30)

Age (years) 9.5 (1.0) 9.6 (1.2) 9.9 (1.1) 9.5 (1.1) 9.8 (1.0)

Nonverbal IQa 106.8 (10.3) 107.6 (13.9) 101.4 (7.4) 108.3 (12.0) 100.3 (7.8)

SESb 16.2 (2.8) 16.2 (3.2) 16.2 (4.6) 16.4 (3.0) 15.9 (4.0)

Language Comprehensionc 108.4 (13.5) 90.1 (19.9) 81.5 (9.9) 105.8 (13.8) 77.5 (12.1)

Language Productiond 107.9 (12.8) 90.9 (20.7) 77.7 (9.4) 106.4 (12.5) 74.7 (11.2)

Core Languagee 107.2 (12.3) 89.1 (21.0) 76.8 (7.2) 105.4 (11.9) 73.2 (10.8)

Social Communicationf 4.1 (4.1) 18.7 (6.7) 7.7 (5.4) 8.9 (8.5) 11.4 (7.8)

Race/Ethnicity 24 White 24 White 12 White 41 White 19 White

6 Black 0 Black 6 Black 6 Black 6 Black

1 Asian 0 Asian 1 Asian 1 Asian 1 Asian

0 Nat Amg 0 Nat Am 1 Nat Am 0 Nat Am 1 Nat Am

5 Multih 3 Multi 1 Multi 6 Multi 3 Multi

1 Hisp/Latni 4 Hisp/Latn 3 Hisp/Latn 2 Hisp/Latn 6 Hisp/Latn

Note: TD typical development, ASD autism spectrum disorders, SLI specific language impairment
aWechsler Intelligence Scale for Children-4th Edition Perceptual Reasoning Composite Score
bSocioeconomic status based on mother’s years of education
cClinical Evaluation of Language Fundamentals-4th Edition (CELF-4) Receptive Language Index Score
dCELF-4 Expressive Language Index Score
eCELF-4 Core Language Score
fSocial Communication Questionnaire score
gNat Am =Native American
hMulti = multiracial/other
iHisp/Latn = Hispanic/Latino
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Children in the SLI group were assessed with a
standardized language measure to confirm an SLI
diagnosis; they scored at least 1.25 SD below the
mean on one or more summary scores from the Clinical
Evaluation of Language Fundamentals, Fourth Edition
(CELF-4) [89]: core language, receptive language, or
expressive language. In addition to meeting this criterion,
children in the SLI group obtained a core language
score (combination of receptive and expressive lan-
guage scales) of at least 1 SD below the mean, indi-
cating that they had some extent of language delay in
both language comprehension and production. It was
not possible to obtain a core language score for one
child with SLI because she did not complete the ex-
pressive portion of the CELF-4 but her language
impairment was confirmed by a standard score of 79
on the receptive portion of the test. Nine of the 22
children (41%) in the SLI group were currently
receiving language intervention through their schools.
In contrast to the children with SLI, children in the
TD group had no history of language delay or inter-
vention and all performed within 1 SD of the mean
or higher on core language scores on the CELF-4.
The same sample of 84 children was also grouped

on the basis of language status. By splitting the
groups based on language abilities across diagnostic
categories, it is possible to make a stronger case that
performance is related to linguistic skill rather than
anything integral to diagnosis of TD, SLI, or ASD.
That is, this grouping ostensibly provides a “diagnosis
neutral” look at children’s performance by only con-
sidering their language capabilities. Thus, two groups
were formed to compare those with normal language
(NL) to those with language impairment (LI). The NL
group (n = 54; 34 males) consisted of children diag-
nosed as TD as well as children with ASD who had
age appropriate structural language abilities (i.e., TD +
ALN), whereas the LI group (n = 30; 19 males) consisted
of children with SLI and children with ASD who had lan-
guage impairments based on our criteria (i.e., SLI + ALI).
The Language Status groups did not differ signifi-
cantly in terms of age (p = .23) or SES (p = .47), but
did differ on nonverbal IQ, F(1,82) = 9.35, p = .003
(even though both groups demonstrated normal range
abilities); see Table 1.

Procedure
Children were assessed by experienced examiners, in-
cluding a certified speech-language pathologist and
clinical psychologist (for the SLI and ASD groups).
Sessions were conducted in child-friendly testing
suites in a research laboratory. Evaluations were com-
pleted in two sessions lasting approximately 2 h each.

Tasks
Nonverbal working memory
A visual N-back task was used as the measure of nonverbal
WM. This computerized task was presented using E-Prime
Studio 2 [90]. Children were instructed to match the shape
that appeared on the computer screen to shapes that they
had viewed previously [91, 92]. Stimuli for the N-back task
were comprised of abstract shapes that are difficult to label
[93, 94], reducing the likelihood that children would use
verbal mediation or rehearsal strategies (see Fig. 1). There
were three conditions of increasing difficulty in the N-back
task: 0-back, 1-back, and 2-back. For the 0-back condition,
children were instructed to press the green button on a
response box when they saw the target shape and to press
the red button when a different shape appeared. In the
other conditions, children were required to press the green
button when the shape was the same as the one that
appeared one (1-back) or two (2-back) trials before the tar-
get shape and to press the red button if the shape was dif-
ferent. Children completed five practice trials each for the
0-back and 1-back conditions and eight practice trials for
the 2-back condition before completing the task. Across
the three conditions, each stimulus was presented for
1500 ms, with an inter-stimulus interval (ISI) of 500 ms.
The N-back task consisted of a total of 40 trials, including
10 “hits” (target shape/green button items) and 30 “misses”
(non-target shape/red button items). A fixed pseudo-
random presentation sequence was used such that there
were at least two intervening trials between target shapes
in the 0-back condition and the N-1 and N-2 sequences
were not repeated more than 10 times. Overall accuracy
across the three conditions was used as the index of WM
for the N-back task.

Grammatical judgment
An adapted version of a grammatical judgment task
developed by Wulfeck et al. [28] was used to assess

Fig. 1 Sample abstract figures used as the visual stimuli for the N-back task
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morphosyntactic processing. This task involved having
children listen to sentences in order to determine
whether they were grammatically correct or incorrect.
Our version of the task focused on errors of omission
because children with language impairment make more
zero marking errors (drop grammatical morphemes) than
errors of other types [1, 3, 95]. We targeted omission of
regular past tense –ed markers and auxiliary markers
given the evidence that these are among the forms that
are particularly problematic for English-speaking children
with language impairment [96]. We manipulated the pos-
ition of errors such that they occurred either early or late
in the sentence (see Additional file 1 for sample stimuli;
refer to Gangopadhyay et al., 2016 for full stimulus list).
The stimuli for this study consisted of 56 sentences, 28
ungrammatical sentences, and 28 grammatical control
sentences matched on length and equated as a set for syn-
tactic complexity. All target verbs in ungrammatical and
grammatical control sentences were ones that are typically
mastered by 8 years of age based on grade-level norms.
Within the grammatical and ungrammatical sentences
there were four conditions—early control, early omission,
late control, and late omission—comprised of seven sen-
tences each. Prior to testing, six practice sentences with
verbal feedback were administered to ensure that children
understood the task.
The grammatical judgment task was designed using

E-Prime Studio 2. Stimulus sentences were recorded in a
sound booth and standardized to the same amplitude
range. A buffer of 3 ms was added to the beginning and
end of each sentence. Early errors occurred within the first
1200 ms of the sentence and late errors occurred after
1200 ms, per guidelines established by Wulfeck et al. [28].
The average point in the sentence where errors oc-
curred was 0.96 s (SD = 0.12 s) for early errors and
2.61 s (SD = 0.54 s) for late errors. Thus, there was a
1.65 s difference between early and late errors, which is a
significant difference t(13) = −11.92, p < .001. Auditory
stimuli were presented in the sound field (via computer
speakers), and participant responses consisted of button
presses using a serial response box attached to a desktop
computer. Children were instructed to press the button
with the smiling face if the sentence “sounded good, like
something a person would really say” or to press the but-
ton with the frowning face if the sentence “sounded bad,
like something a person would not really say.” Children
were instructed to press the button as soon as they
decided if the sentence was grammatical or ungrammat-
ical, but the sentence played to the end even if the
response occurred earlier. The ISI between each sentence
was set to 750 ms unless a response had not yet occurred
and then participants were allowed up to 2000 ms to
respond following the end of a sentence. A pseudorando-
mized order of presentation was employed such that no

more than three grammatical or ungrammatical sentences
occurred in sequence and sentences with the same
ungrammatical structure did not occur together.
Accuracy scores were computed for each child for the

grammatical and ungrammatical conditions. Sensitivity
(A’) and response bias (B”) scores were calculated using
Stanislaw and Todorov’s [97] procedure (see [74] for
more details). A sensitivity score of 0.5 indicates an in-
ability to distinguish between grammatical and ungram-
matical sentences, whereas a score of 1 indicates perfect
performance. Response bias scores provide an index of
the child’s tendency to respond “yes” or “no,” such that a
score of -1 indicates an extreme bias to say “yes” for each
response and 1 indicates an extreme bias to respond “no.”
Sensitivity and response bias scores have been used to
obtain a more nuanced assessment of performance in
prior research using Yes/No tasks [e.g., 86].
Reaction times (RTs) were recorded for both grammat-

ical and ungrammatical sentences. To calculate RTs for
ungrammatical sentences, it was necessary to take into
account the point at which the grammatical violation
occurred. Following Wulfeck et al. [28], the point of vio-
lation was defined as the offset of the word preceding
the error. For ungrammatical sentences, the time to the
point of violation was subtracted from the total RT in
order to obtain true RTs. RT data were analyzed only for
correct responses. RT data were trimmed to remove
outliers at the level of each child so that trials were ex-
cluded that fell more than 2.5 SDs from that child’s
mean RT for all ungrammatical sentences. RTs that were
≤0 ms were also eliminated because they occurred prior
to the error in sentence. These criteria resulted in the
elimination of a total of 1.9% of all trials.

Analyses
For the grammatical judgment task, separate mixed-model
ANOVAs were conducted on sensitivity (A’), bias (B”), and
RT scores separately for the diagnostic group and language
status comparisons. These involved a 2 × 3 ANOVA with
error position (early vs. late) as the within-subjects vari-
able and diagnostic group (TD/ASD/SLI) as the between-
subjects variable or a 2 × 2 ANOVA (position × NL/LI)
for the language status group. Given that the language sta-
tus groups differed significantly with respect to nonverbal
cognition, analyses of covariance (ANCOVAs) were also
completed using WISC-IV composite scores as the covari-
ate. We acknowledge the debate within the literature re-
garding the use of IQ scores as covariates in studies of
neurodevelopmental disorders [98]; however, we presented
both analyses (with and without the NVIQ covariate) to
allow comparison with prior studies that used an IQ co-
variate. ANOVAs were used to assess group differences on
the two nonverbal WMmeasures. Finally, simple linear re-
gression analyses were performed separately for the
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diagnostic groups and language status groups to deter-
mine whether WM predicted morphosyntactic processing
(A’ and RT scores). We used Holm-Bonferroni sequential
correction to account for Type I error in the multiple re-
gression analyses conducted in this study. The adjusted p
values were calculated using an online EXCEL calculator
developed by Justin Gaetano [99].

Results
Grammatical judgment
The ANOVA for the diagnostic groups examining A’
scores revealed a main effect of position, F(1,81) = 7.10,
p = .01, ŋp

2 = 0.08. Children were better at detecting late
errors (M = 0.78, SE = 0.02) than early errors (M = 0.73,
SE = 0.02). There was also a main effect of group,
F(2,81) = 5.63, p < .001, ŋp

2 = 0.12. Pairwise comparisons
revealed that the TD group (M = 0.82, SE = 0.02) dis-
played significantly (p < .05) better sensitivity to gram-
matical errors than the SLI group (M = 0.69, SE = 0.03).
The A’ scores for the ASD group (M = 0.76, SE = 0.03)
did not differ significantly from the scores of the other
two groups. The position × group interaction was not
statistically significant, F(2,81) = 2.38, p = .10, ŋp

2 = 0.06.
Analysis of B'' scores indicated that there was no signifi-
cant difference for the diagnostic groups with respect to
response bias, F(2, 81) = 0.54, p = .59, ŋp

2 = 0.01.
Analysis of RT scores for the diagnostic groups revealed

a main effect of position, F(1,80) = 557.57, p < .001, ŋp
2 =

0.88, such that RTs for detecting early errors were longer
(M = 2936.74, SE = 54.10) than RTs for detecting late
errors (M = 1825.79, SE = 35.10). The main effect of group
was not significant for RT, F(2, 80) = 1.23, p = .30, ŋp

2 =
0.03, nor was the position × group interaction effect,
F(2,80) = 2.12, p = .13, ŋp

2 = 0.05.
For the language status groups, the analysis of A’

scores yielded a significant main effect of position,
F(1,82) = 8.70, p < .001, ŋp

2 = 0.10. Late errors were de-
tected more easily (M = 0.77, SE = .0.01) than early errors
(M = 0.72, SE = 0.02). There was also a significant main
effect of group, F(1,82) = 22.65, p < .001, ŋp

2 = 0.22, with
the NL group performing better (M = 0.82, SE = 0.02)
than the LI group (M = 0.67, SE = 0.02). The position ×
group interaction was significant, F(1,82) = 6.97, p = .01,
ŋp
2 = 0.08, indicating that the LI group performed better

on the late errors (M = 0.72, SE = 0.02) than on early
errors (M = 0.63, SE = 0.03) whereas the NL group per-
formed similarly on late errors (M = 0.82, SE = 0.02) and
early errors (M = 0.82, SE = .02). Analysis of B'' scores
revealed that the LI and NL groups did not differ sig-
nificantly with respect to response bias, F(1,82) = 0.36,
p = .55, ŋp

2 = 0.00.
Because the language status groups differed signifi-

cantly on nonverbal cognition, an analysis of covariance
(ANCOVA) was conducted using WISC-IV scores as the

covariate in addition to the original analysis of A’ scores
reported above. ANCOVA results revealed no significant
main effect of position, F(1,81) = 0.58, p = .45, ŋp

2 = 0.01.
However, there was a significant main effect of group,
F(1,81) = 14.50, p < .001, ŋp

2 = 0.15 such that the NL
group performed better (M = 0.81, SE = 0.02) than the LI
group (M = 0.69, SE = 0.02). The position × group
interaction was also significant, F(1,81) = 5.50, p = .02,
ŋp
2 = 0.06. The LI group was better at detecting late errors

M = 0.73, SE = 0.02) than early errors (M = 0.65, SE =
0.03) but the NL group performed equally well on late
errors (M = 0.81, SE = 0.02) and early errors (M =
0.81, SE = 0.02). Analysis of B'' scores from the ANCOVA
again revealed no significant difference in response bias
for the LI and NL groups, F(1,82) = 0.55, p = .55, ŋp

2 = 0.00.
In terms of RTs for the language status groups,

ANOVA results revealed a significant effect of position,
F(1,81) = 524.28, p < .001, ŋp

2 = 0.87, with longer RTs
observed for early errors (M = 2944.84, SE = 56.13) than
late errors (M = 1825.24, SE = 35.62). The main effect for
language status group with respect to RTs was not
significant, F(1,81) = 0.08, p = .77, ŋp

2 = 0.00 and the pos-
ition × group interaction was also not significant,
F(1,81) = 0.01, p = .94, ŋp

2 = 0.00. Statistically equivalent
results for RTs were obtained from the ANCOVA ana-
lysis that accounted for group differences in nonverbal
cognition. There was a significant position effect, F(1,80) =
9.73, p < .001, ŋp

2 = 0.11, such that children were slower to
respond to early errors (M = 2942.23, SE = 56.72) than late
errors (M = 1826.26, SE = 36.02). There was no main effect
for language status group for RTs, F(1,80) = 0.04, p = .84,
ŋp
2 = 0.00, or position × group interaction, F(1,80) = 0.03,

p = .84, ŋp
2 = 0.00.

Nonverbal WM
The ANOVAs examining performance of the diagnostic
groups indicated that there was no significant group
difference on the N-back task, F(2,81) = 0.57, p = .56,
ŋp
2 = 0.01. On the N-back task the following values were

obtained: TD M = 0.78, SE = 0.04, ASD M = 0.75, SE =
0.04, and SLI M = 0.82, SE = 0.05.
Similarly, analysis of the language status groups

yielded no significant differences on the N-back task,
F(1,82) = 0.21, p = .65, ŋp

2 = 0.00. Group means were NL
M = 0.79, SE = 0.03, and LI M = 0.77, SE = 0.04.

Relation between nonverbal WM and grammatical
judgment
In order to assess the association between nonverbal
WM and morphosyntactic processing, we employed sep-
arate linear regression models for each group within the
diagnostic and language status groupings. The predictor
variable was 1-back target accuracy on the N-back task
(this specific index from the N-Back task was used in a
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latent variable analysis of EF [100]). The criterion vari-
ables were early A’, late A’, early RT, and late RT. Holm-
Bonferroni sequential correction was used to account for
the multiple regression analyses and adjusted p values (p’)
are reported.
For the diagnostic groups, the N-back task did not sig-

nificantly predict A’ scores for early errors on the gram-
matical judgment task for the TD group, F(1,34) = 0.74,
p’ = .79, R2 = 0.02 (see summary of regression findings in
Table 2). For late errors, however, there was a significant
relationship between WM and morphosyntactic process-
ing for the TD group, F(1,34) = 8.58, p’ = .02, R2 = 0.20,
such that N-back scores predicted performance. For the
ASD group, nonverbal WM was associated with A’ scores
for early errors on the grammatical judgment task,
F(1,25) = 10.62, p’ = .02, R2 = 0.30, such that the N-back
task significantly predicted performance. The same pat-
tern was observed for A' scores for late errors in the ASD
group, F(1,25) =11.10, p′ = .02, R2 = 0.31. For the SLI
group, the association between visual WM and A’ scores
for early errors was not significant, F(1,19) = 3.09, p’
= ..29, R2 = 0.25, and similarly there was no significant
relationship for late errors, F(1,19) = 0.12, p’ = .79, R2

= 0.01.
Next, we examined the role of nonverbal WM in pre-

dicting RT scores for early vs. late errors for the diagnostic
groups. For the TD group, there was not a significant rela-
tionship between WM and RT scores for early errors,
F(1,34) = 2.95, p’ = .38, R2 = 0.08. However, the association
between nonverbal WM and RTs for late errors for the
TD group was significant, F(1,34) =9.75, p’ = .02, R2 = 0.22.
For the ASD group, nonverbal WM did not predict RT on
errors occurring early in the sentence, F(1,25) =5.31, p’
= .15, R2 = 0.18 or late in the sentence, F(1,25) = 0.08, p’
= .99, R2 = 0.00. Similarly, for the SLI group there was no
significant relationship between WM and RTs for either
early errors, F(1,18) = 0.02, p’ = .99, R2 = 0.00, or late er-
rors, F(1,19) =0.01, p’ = .99, R2 = 0.00.
The regression analysis for the language status grouping

revealed no significant relationship between nonverbal
WM and A' scores for the NL group on early errors,

F(1,52) = 3.69, p′ = .12, R2 = 0.07. However, there was a
significant association between WM and A’ scores for the
NL group for late errors, F(1,52) = 12.65, p’ = .00, R2 =
0.20, with the N-back task performance predicting
morphosyntactic processing. The opposite profile was
observed for the LI group, such that there was a sig-
nificant relationship between WM and A’ scores on the
grammatical judgment task for early errors, F(1,28) = 7.62,
p’ = .03, R2 = 0.21, but no significant association for late er-
rors, F(1,28) = 0.72, p′ = .41, R2 = 0.03.
With respect to RT scores for the language status

groups, there was not a significant relationship between
WM and performance for the NL group on early error
items, F(1,52) = 4.98, p’ = .10, R2 = 0.09, or on late errors,
F(1,52) =5.42, p’ = .10, R2 = 0.09. Likewise, for the LI
group, there was no significant relationship between
WM and RT on early errors, F(1,27) = 0.91, p’ = .70,
R2 = 0.03, or late errors, F(1,28) = 0.01, p’ = .92, R2 = 0.00.

Discussion
In this study, we examined the relationship between
nonverbal WM and morphosyntactic processing as
indexed by a grammatical judgment task in school-age
children defined in terms of diagnostic category or lan-
guage status. Groups did not differ significantly in their
performance on an N-back task used to assess nonverbal
WM. As discussed below, there were significant group
differences in sensitivity to errors, but not in reaction
time or response bias on the grammatical judgment
measure. Children’s sensitivity to errors was contingent
on the position of the errors in the sentence such that
detection of late errors surpassed that of early errors,
except for the NL group (who performed equally well on
early and late errors). Additionally, children in all groups
responded more quickly to sentences with late errors
than early errors. Our findings revealed that nonverbal
WM significantly predicted morphosyntactic processing
(sensitivity to errors and/or reaction time), but that
the specific profile of associations differed for groups
who varied with respect to diagnostic category or lan-
guage status.

Table 2 Summary of nonverbal working memory and morphosyntactic processing relationships for the diagnostic groups and
language status groups

Diagnostic groups A’ early errors A’ late errors RT Early Errors RT late errors

TD NS R2 = 0.20* NS R2 = 0.22*

ASD R2 = 0.30* R2 = 0.31* NS NS

SLI NS NS NS NS

Language status Groups

NL NS R2 = 0.20* NS NS

LI R2 = 0.21* NS NS NS

Note: A’ sensitivity, RT reaction time, TD typical development, ASD autism spectrum disorders, SLI specific language impairment, NL normal language, LI language
impairment, NS not significant
*p′ < .05 after Holm-Bonferroni correction
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Grammatical judgment task performance
When morphosyntactic processing was compared on a
grammatical judgment task across groups of children
from different diagnostic categories (TD, ASD, SLI) who
were comparable on age, nonverbal IQ, and SES, only
the TD group significantly outperformed the SLI group.
This finding is consistent with research indicating that
morphosyntactic deficits are a hallmark of SLI, particu-
larly for English speaking children [1]. The ability of the
ASD group to detect grammatical errors was intermedi-
ate to that of the TD and SLI groups, but was not sig-
nificantly different from either of those groups. Prior
research focused on children with ASD has produced
mixed results when considering different morphological
structures and comparison groups [3, 34, 36]. Although
some investigators have emphasized grammatical difficul-
ties observed in ASD [32], there is considerable evi-
dence of a subgroup of children with ASD who do not
have clinically meaningful structural language impair-
ments [2, 101, 102]. Therefore, it is not entirely surpris-
ing that a sample of ASD children with normal range
cognition who had varying profiles of language skills
were not significantly less adept at morphosyntactic
processing than typical peers but also not significantly
better than children with SLI. There was no significant
difference across the diagnostic groups with regard to
response bias or the speed with which children cor-
rectly responded to sentences on the grammatical judg-
ment task. At first glance this might seem to contradict
evidence of “generalized slowing” for children with SLI
[103, 104]; however, those findings typically relate to
tasks for which accuracy is very high and group differ-
ences are observed in reaction times rather than
accuracy.
In the current study, results from the diagnostic group

analysis revealed that children, regardless of diagnosis,
were significantly better at detecting errors that occurred
late in the sentence than early in the sentence. Similarly,
reaction times (on correct responses) for late errors were
faster than for early errors. The findings that both the
ASD and SLI groups, as well as the TD group, were bet-
ter at detecting late occurring errors than early errors
are consistent with those of Blackwell and Bates [78]
and Wulfeck et al. [28], lending support to the wrap-up
account rather than the WM account. For the ASD
group, these results contrast with findings by Eigsti and
Bennetto [36] who found that children and adolescents
with ASD were significantly less sensitive than matched
controls to morphosyntactic errors that occurred late in
long (but not shorter) sentences, which they attributed
to possible deficits in WM. In addition to increased WM
load, children with ASD might have been hypothesized
to be less sensitive to late errors based on the need to
integrate more material and the increased demands for

employing contextual information. However, the op-
posite pattern was found in the current study, provid-
ing no evidence based on this verbal task that the
ASD group had difficulties with central coherence.
This result aligns with other studies with individuals
with ASD that have failed to support the weak central
coherence theory [101, 105, 106].
When interpreting the findings in terms of language

status instead of diagnostic category, the NL group per-
formed better on the grammatical judgment task than
the LI group, as would be expected. The LI group was
less sensitive to errors when they were early in the sen-
tence, compared to when errors were late in the sen-
tence. This finding in the LI group lends support to the
wrap-up account suggesting that sentence context helps
to offset the increased memory load associated with
greater amounts of information [78]. These findings are
also consistent with other research in children with lan-
guage impairment without any apparent WM difficulty
[28]. Conversely, in children with SLI who also had WM
impairment, the reverse relationship has been found;
that is, children had greater difficulty detecting early
errors, indicating they were less able to benefit from the
context of the sentence to reduce WM load [66]. It
appears that where the effects of WM load manifest in
such grammatical judgment tasks is likely to depend on
the child’s underlying language and WM abilities.
In contrast to the LI group, the NL group performed

equally well whether the error occurred early or late in
the sentence. Recall that both the TD and ASD diagnos-
tic groups were more sensitive to late errors relative to
early errors. The NL group was comprised of the TD
children plus a subset of the ASD children with normal
range structural language (ALN). Therefore, it is not
entirely clear how to explain this finding. There is no
evidence to suggest that variations in nonverbal WM
abilities played a role given that the TD and NL groups
displayed very similar levels of performance on the N-
back task. It is worth noting that when nonverbal IQ was
taken into account in the language status group analysis,
the main effect of position was no longer significant, sug-
gesting a connection between overall nonverbal cognition
and detection of morphosyntactic errors across varying
sentence positions.

Nonverbal working memory
For both the diagnostic groups and language status
groups, there were no significant group differences in
performance on the N-back task which was used to as-
sess nonverbal WM. That is, children with SLI or ASD
in this study demonstrated nonverbal WM abilities that
were equivalent to TD peers. Similarly, children with
language impairment (across diagnostic categories) dis-
played visual WM abilities that were comparable to
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children without language impairment. Most previous
research has examined WM deficits using a diagnostic
category grouping, with some studies subdividing ASD
groups into those with and without language impairment
[e.g., 14]. The present results are consistent with studies
that have failed to find deficits in visuospatial WM for
children with SLI [67, 107, 108]. However, they run
counter to other findings of deficits in nonverbal WM in
SLI [40, 45]. Current results concur with investigations
that report normal nonverbal WM in children with ASD
[14, 52], but are inconsistent with findings of deficits in
nonverbal WM [47–49]. Differences in various child
characteristics (age, IQ, severity of ASD, language im-
pairment, etc.), task demands, and nature of the nonver-
bal stimuli across these studies likely contributed to the
inconsistent findings. Prior research has pointed to a
strong connection between CE components of WM and
fluid intelligence [57]. Given that the diagnostic groups
in the present study had been selected to be comparable
on nonverbal intelligence (based on the Perceptual
Reasoning Index from the WISC-IV), this likely con-
strained the variability in WM within the SLI and
ASD groups such that no group differences were found
on the N-back task.

Relation between nonverbal WM and morphosyntactic
processing
Results from the current study demonstrated that individ-
ual differences in nonverbal WM predicted how accur-
ately and/or quickly children detected morphosyntactic
errors. For the groups without language impairments
(TD and NL), nonverbal WM predicted detection of late
errors, whereas for the groups with language impairments
(SLI and LI), WM did not predict sensitivity to late errors.
Instead, nonverbal WM predicted sensitivity to early
errors for the LI group. The finding that WM did not pre-
dict sensitivity to morphosyntactic errors for the SLI
group conflicts with prior research [66]. It is possible that
these contrasting findings stem from Noonan and
colleagues’ use of a composite WM measure involving a
verbal task in addition to visuospatial WM tasks com-
pared to the use of only a nonverbal WM task in the
current study. However, it seems more likely that the non-
significant finding for the SLI group in the current study
was related to low performance on the grammatical judg-
ment task, lack of variance, and the relatively small sample
size. For the ASD group WM predicted detection of early
and late errors. This was the most heterogeneous group
which included children with and without language
impairments, with the widest range of performance in
grammatical judgment. Nonverbal WM predicted RT for
late errors only for the TD group. For the groups including
children with language impairments (SLI, LI, and ASD)
the link between WM and morphosyntactic processing

was reflected in accuracy rather than speed of processing.
This suggests that the language system of children with
typical, but not impaired, language is characterized by an
interdependence between speed of morphosyntactic pro-
cessing and nonverbal WM. It is possible that the absence
of the link between nonverbal WM and RTs in the diag-
nostic groups and the LI group was due to the fact that
these groups found the grammatical judgment more chal-
lenging, and thus prioritized accuracy over efficiency in
their responses. The results of the sensitivity data appear
to support this interpretation.
According to the wrap-up account [78], late errors

should be detected with greater ease than early errors
because the availability of contextual information offsets
WM demands associated with parsing a sentence as it
unfolds. It is notable, however, that such a relationship
between WM and error-processing in different sentence
positions was only hypothesized by prior studies, but
never empirically tested. Our findings for the children
with typical development indicate that while late errors
were indeed detected with greater sensitivity than early
errors in a sentence, the ability to detect late errors
relied on nonverbal WM resources more so than the
ability to detect early errors. That is, integration of con-
textual information during morphosyntactic processing
associated with late-error processing appears to require
a greater reliance on WM. In this regard, the findings
for the children with typical language skills also partially
align with the WM account [66], which posits that
detection of late errors should rely on WM more than
detection of early errors. We had hypothesized that the
relationship between nonverbal WM and morphosyn-
tactic processing would be stronger for children with
language impairment than for children with normal
language. However, this prediction was not borne out.
Nonverbal WM was implicated in grammatical processing
across groups, but the specific pattern of association
between WM and early versus late error detection varied
according to language ability.
In summary, findings revealed that the SLI and LI

groups were less accurate and slower at detecting gram-
matical errors than their peers but yet displayed similar
patterns of error detection to typically developing
children. Despite limitations in linguistic knowledge in
the children with language impairment, they nevertheless
were able to take advantage of wrap-up effects of accumu-
lating sentence context as indexed by better performance
on late than early errors. In this study the SLI and ASD
children, unlike some children with these diagnostic
labels, did not demonstrate complex nonverbal WM defi-
cits. Similarly, the LI group did not have poorer nonverbal
WM than the NL group. While there is no indication that
nonverbal WM is a causal factor in the language deficits
in these children, findings suggest that it does play a role
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in their processing of linguistic stimuli. Nonverbal WM
predicted early errors for the LI group but late errors for
the NL group. We speculate that children in the LI group
could use context to aid in detection of late errors but
relied more heavily on generalized controlled attention
within WM to detect early errors (for which less context-
ual support was available) given their more limited gram-
matical abilities. On the other hand, nonverbal WM
predicted detection of morphosyntactic errors for the NL
and TD children who had strong linguistic skills only
when errors occurred later in the sentence and there was
more linguistic material to keep in mind, perhaps impli-
cating updating components of nonverbal WM rather
than attention allocation. Further research is needed to
explore these speculations and to establish how children’s
level of grammatical proficiency relates to the interplay
between accrual of context and recruitment of executive
attention and WM during morphosyntactic processing.
The current study provides new insights into the rela-

tion between nonverbal WM and morphosyntactic pro-
cessing for children with varying clinical diagnoses and
language abilities. There are, however, certain limitations
of this investigation that must be acknowledged. These
findings only apply to relatively more able children
on the autism spectrum who are verbal and do not
have co-morbid intellectual disabilities. While some of
the children within the ASD group had language impair-
ment, all of the children had normal-range nonverbal
cognitive abilities and behavioral control that enabled
them to complete the various language assessments and
computer-based experimental tasks. Another limitation of
this study is that the grammatical judgment task focused
only on omissions of auxiliary forms and regular past
tense markers. Future work could expand the variety of
grammatical structures as well as the types of error pat-
terns to gain a more comprehensive understanding of
morphosyntactic processing in children with SLI and
children with ASD with and without structural language
deficits. Finally, the diagnostic groups were not matched
in terms of sex, so findings could have been influenced by
this factor. However, the high proportion of males in the
ASD group (85%) reflects disproportionate sex ratios in
the population, whereas the TD and SLI groups were
balanced (58 and 57%, respectively). The NL and LI
groups both consisted of 63% males.

Conclusion
It is well known that children with language impairment
are not as adept as those with typical language in detecting
morphosyntactic errors. Although our findings confirm
this, our main objective was to examine the error position
effects on a grammatical judgment task in accordance
with distinct predictions about underlying mechanisms
involved in different patterns of error detection. Our study

is the first cross-group (SLI and ASD) comparison of the
WM and wrap-up accounts of morphosyntactic process-
ing. On the whole, results from the grammatical judgment
task indicated that children in all groups were more accur-
ate and faster at detecting errors occurring late, rather
than early, in the sentence—supporting the wrap-up
account. Thus, there was no evidence of different patterns
of performance for the SLI and ASD groups with respect
to early/late error detection (even though children with
SLI were significantly less proficient than children with
typical language). Despite this broad support for the wrap-
up account, WM abilities (in this sample of children with-
out nonverbal WM deficits) were found to differentially
predict morphosyntactic processing for children with and
without language impairment using a novel approach to
examining language status that was “diagnosis neutral”.
Taken together, the results indicate that cognitive
processes supporting both integration of accumulating
context and nonverbal WM are involved in grammatical
judgment. Therefore, a more nuanced framework of
morphosyntactic processing seems to be warranted.
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