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Abstract

Purpose: Little is known about the relationship between sentence production and phonological
working memory in school-age children. To fill this gap, we examined how strongly these
constructs correlate. We also compared diagnostic groups’ working memory abilities to see if
differences co-occurred with qualitative differences in their sentences.

Method: We conducted Bayesian analyses on data from seven- to nine-year-old children (n =
165 typical language, n = 81 dyslexia-only, n = 43 comorbid dyslexia and developmental language
disorder). We correlated sentence production and working memory scores and conducted #tests
between groups’ working memaory scores and sentence length, lexical diversity, and complexity.

Results: Correlations were positive but weak. The dyslexic and typical groups had dissimilar
working memory and comparable sentence quality. The dyslexic and comorbid groups had
comparable working memory but dissimilar sentence quality.

Conclusion: Contrary to literature-based predictions, phonological working memory and

sentence production are weakly related in school-age children.
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Language and working memory are highly related, to the extent that they have been
characterized as having a reciprocal relationship (Archibald, 2018). A focus of the

current study is phonological working memory, a capacity-limited process that temporarily

maintains and manipulates auditory information (Baddeley, 2000). Phonological working
memory is implicated in various linguistic processes, including word learning (e.g.,
Gathercole, 2006) and language comprehension (e.g., Robertson & Joanisse, 2010).
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Language abilities (e.g., vocabulary size) may also influence performance on working
memory tasks, such as nonword repetition (e.g., Munson et al., 2005), which exemplifies
this reciprocal relationship. Early experiences with language may affect working memory
development, and vice versa (Delcenserie et al., 2020).

Working Memory

Working memory is a prolific topic in psychological literature and has been defined in
different ways over the years (Cowan, 2017). Alongside multiple definitions, there exist
several models of working memory. These vary in their proposed structure and individual
components. Baddeley and Hitch’s (1974) well-known multicomponent model consists of
two capacity-limited stores, the phonological loop and visuospatial sketchpad, that hold
auditory and visual sensory information, respectively. Its third component, the central
executive, controls the flow of information and shift of attentional focus between the
sensory stores. A fourth component, the episodic buffer, was later added to the model and
proposed to bind information from different sources, such as long-term memory and the
phonological loop (Baddeley, 2000). A less modular model was proposed by Cowan (1988):
the embedded processes model. This model includes a central executive that mediates
attentional focus, a focus of attention that may be directed at incoming stimuli, long-term
memory, or both, as well as a phonological storage and rehearsal mechanism.

In the current study, we discuss working memory in terms of a combined model that

has elements of both Baddeley and Hitch’s and Cowan’s models. This combined model

was based on seven- to nine-year-old children’s performance on a battery of working
memory tasks (Gray et al., 2017). Tasks were designed to test the theoretical constructs
associated with Baddeley and Hitch’s and Cowan’s models (e.g., central executive, short-
term phonological memory, short-term visuospatial memory). Results suggested that the
data fit a combined model of working memory consisting of: 1) a central executive, 2)

a focus of attention/visuospatial sketchpad, and 3) a phonological storage and rehearsal
component, akin to Baddeley and Hitch’s phonological loop (Gray et al., 2017). We use this
combined model as a framework for working memory in the current study because the data
used for our analyses came from children’s performance on the working memory tasks from
which the model was derived.

In this combined model of working memory, processing of phonological material is
represented by a single component. Importantly, the model did not provide evidence for
further subdivision of this component. That is, there was no evidence for a simple short-
term phonological storage component (i.e., simple short-term storage, the process involved
in forward digit recall tasks) separate from a component responsible for more complex
manipulation of phonological information (i.e., mental reconfiguration of information, the
process involved in backwards digit recall tasks). The phonological working memory tasks
used in the current study (i.e., nonword repetition, digit span, and phonological binding)
statistically significantly loaded onto the phonological component in the working memory
model. For this reason, we treat all three tasks as tapping into a unitary process that is
responsible for phonological working memory in the current study.
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Phonological Working Memory and Sentence Production

In general, empirical evidence for the role of working memory in language production

is scarce (Acheson & MacDonald, 2009; Cowan, 2017). However, it is plausible that
phonological working memory plays a role in the formulation stage immediately before

a speaker physically produces the message with their articulators. Established models of
speech and language production, such as Levelt’s (1999) model and Garrett’s (1980) model
(as cited in Rofes et al., 2019) include an intermediate formulation stages in which a
speaker’s conceptual message is mapped onto linguistic forms through lexical selection and
encoding of grammatical and phonological information (see Figure 1 in Levelt et al., 1999
and Figure 2 in Rofes et al., 2019). Although these models do not explicitly account for
phonological working memory, we posit that it is within these intermediate stages where it
would have an effect.

Based on available empirical evidence, there is reason to expect a link between phonological
working memory and sentence production. Phonological working memory has been
hypothesized to be a buffer for speech production (Adams & Gathercole, 1995), but it

may similarly act as an output buffer for language. When communicating, a speaker retrieves
words from long-term memory. They then produce the words in rule-governed order to
ensure the sentence is grammatical and coherent. One might expect that the better a person’s
working memory, the better they can maintain words, ideas, and rules in mind to form
grammatical and coherent sentences. As a result, someone with poor phonological working
memory might have qualitatively different (e.g., shorter, less lexically diverse, less complex)
sentences than someone with better phonological working memory.

Empirical evidence on the relationship between sentence production and phonological
working memory is especially scarce for school-age children. In their study with school-age
children, Torrens and Yague (2018) found a strong, positive correlation between these
constructs. They examined the correlation between scores on a sentence-level language
production task and phonological working memory measures, including nonword repetition
and digit span, for school-age children with and without developmental language disorder!
(DLD). Their language production task was taken from the Prueba de Lenguaje Oral de
Navarra (Navarra Oral Language Test; Aguinaga et al., 2004) and had two subtasks: (a)

one for sentence repetition and (b) another for novel sentence formulation. They calculated
an aggregate score based on children’s performance on both components. Results showed
a strong correlation between children’s scores on this language production task and the
phonological working memory tasks. However, we are limited in the extent to which we
can generalize these findings to the relationship between phonological working memory
and sentence production as it occurs in the real world. The imitative nature of the sentence
repetition subtask was highly similar to the working memory tasks, and therefore might
have influenced the strength of the observed correlation. It is unclear how much the novel
sentence formulation task added to the correlation. Additionally, sentence repetition is not

1Developmental language disorder has historically been referred to as specific language impairment, or SLI. However, a recent
consensus study concluded that the term DLD be used instead (Bishop et al., 2017). For consistency, we will use the term DLD, even
when the original authors of studies we discuss used SLI.
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representative of everyday communication; more generalizable insight could come from
examining children’s performance only on formulation of novel sentences. However, to our
knowledge, no study has done this. Therefore, one goal of the current study is to fill this gap
and examine the correlation between novel sentence production and phonological working
memory in school-age children. If a strong correlation were found, it would warrant further
research into this area, as it would provide insight into how sentence production difficulties
might be tied to an underlying relationship with phonological working memory.

A related area for which there is limited evidence with school-age children is the link
between phonological working memory and the length, lexical diversity, and complexity

of sentences they produce. Examining this level of sentence production in relation to
phonological working memory in school-age children is not only novel, but it is of particular
interest to this age group because their oral language skills are still developing in terms

of length, vocabulary, and syntactic complexity (e.g., Nippold, 1993). However, it is an

open question how phonological working memory skills impact these qualitative sentence
characteristics.

Though we have limited direct evidence on the relationship between phonological working
memory and sentence length, lexical diversity, and complexity in school-age children, extant
studies suggest a link between these variables in preschoolers and young adults. Adams

and Gathercole (1995) found that preschoolers with low phonological working memory
(measured by nonword repetition and digit span tasks) produced shorter, less lexically
diverse, and less complex sentences during a language sample than their peers with high
phonological working memory. Blake et al. (1994) found a positive correlation between
performance on a word span task and mean length of utterance for preschoolers under 3.5
years old. To our knowledge, no study has examined the relationship between phonological
working memory and the length, lexical diversity, and complexity of novel sentences
produced by school-age children. Therefore, a second goal of the current study is to fill

this literature gap and determine if better phonological working memory skills in school-age
children are associated with production of longer, more lexically diverse, and more complex
sentences.

Why might there be a link between phonological working memory abilities and the

length, lexical diversity, and complexity of sentences that school-age children produce?

In regard to length, phonological working memory may serve as a mental holding place
for the covert formulation of sentences immediately prior to their overt production. This
perspective treats phonological working memory as an output buffer for language, akin

to the hypothesis that it is a buffer for speech output (Adams & Gathercole, 1995).
Individuals with better phonological working memory capacity might be able to retrieve
and maintain more words in working memory during the covert formulation phase, in turn
allowing them to overtly produce longer—but still grammatical and coherent—sentences.
In contrast, when those with poorer phonological working memory produce grammatical,
coherent sentences, they may tend to be shorter; if they do produce longer sentences, these
sentences would predictably contain more grammatical or lexical errors because the length
of the sentence would exceed what they can maintain in working memory. In regard to
lexical diversity, speakers with better phonological working memory might be more likely
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to have a larger lexicon to draw from when speaking, thus resulting in increased lexical
diversity. This is expected given evidence of positive links between phonological working
memory and word learning and vocabulary knowledge (Baddeley et al. 1998; Gathercole,
2006; Gupta, 2003; Montgomery et al., 2010; Stokes et al., 2017). Speakers with better
phonological working memory might therefore be more likely to produce more lexically
diverse sentences because their strong phonological working memory abilities has positively
impacted their word learning and vocabulary knowledge. In regard to complexity, speakers
with better phonological working memory might produce more complex sentences from

the aforementioned perspective that phonological working memory is an output buffer

for language. Complex sentences, defined here as sentences with embedded clauses or
prepositional phrases, require speakers to maintain grammatical relations across multiple
grammatical and semantic elements. In the complex sentence, 7he girl who is wearing a
yellow shirt walks her dog, there are multiple grammatical dependencies which speakers
must keep track of if they are to produce a grammatically correct, coherent sentence. Within
the embedded clause, 7s must appear with -/ng in order to form the progressive tense.

The singular subject g/r/ must appear with the singular verb /s in the embedded clause,

as well as with the third person singular -s morpheme in the verb of the main clause,

in order to maintain correct subject-verb number agreement. In the simple sentence, 7he
girl walks her dog, there are fewer grammatical dependencies for speakers to keep track

of. A complex sentence that is coherent and grammatical, therefore, might place greater
demands on phonological working memory because the speaker must be aware of even more
grammatical and semantic dependencies. The speaker’s working memory capacity might
confine how much of these dependencies they can maintain and track. Poorer phonological
working memory may limit a speaker’s ability to keep track of these dependencies and so,
when they do produce a grammatical, coherent sentence, the sentence itself may be less
complex. Logically, there are many reasons to expect a link between these sentence-level
measures and phonological working memory.

Working Memory in Children with Language-Based Disorders

The current study includes participants with typical language, dyslexia, or comorbid
dyslexia and DLD. Children from these groups represent a wide range of working memory
and spoken language abilities. There is substantial evidence that as a group, children with
dyslexia-only and those with comorbid dyslexia and DLD demonstrate poorer phonological
working memory skills than their typically developing peers. These deficits have been found
when measured using digit span and nonword repetition tasks (dyslexia-only: Carvalho et
al., 2014; Jeffries & Everatt, 2004; Schuchardt et al., 2013; comorbid dyslexia and DLD:
Catts et al., 2005; Fraser et al., 2010; Schuchardt et al., 2013; however, there is evidence that
group-level differences do not always represent differences at the individual level, Gray et
al., 2019).

Dyslexia, though it primarily affects written language and has hallmark deficits with
decoding and spelling (Adlof & Hogan, 2018; Catts et al., 2005), has been linked to delayed
spoken language development in childhood (for brief review, see Bishop & Snowling, 2004)
and syntactic and vocabulary-related deficits in particular (Alt et al., 2017; Alt et al., 2019;
Altmann et al., 2008; Kida et al., 2015; Rispens & Been, 2007; Robertson & Joanisse,
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2010; Wiseheart & Altmann, 2018). Given these spoken language deficits and common
phonological working memory deficits in this population, it is possible that the latter
influences the former. DLD is associated with broad deficits in oral language in addition

to difficulty with written language (e.g., reading comprehension). Hallmark deficits include
difficulties with syntax and morphology (Bedore & Leonard, 1998). Similar to dyslexia,
vocabulary-related deficits are also present (Alt & Plante, 2006; Gray, 2003; McGregor et
al., 2013). Children with comorbid dyslexia and DLD would be expected to show patterns of
spoken language and phonological working memory deficits common to both disorders.

Including children from these different diagnostic groups was intended to provide a more
wholistic picture of the link between sentence-level language production and phonological
working memory in school-age children. Children with these disorders are most likely to
have sentence-level language production problems due to issues with either poor sentence
formulation, poor working memory skills, or both, it is important to better understand

this relationship in order to potentially improve their outcomes. Additionally, there was
reason to wonder whether a correlation existed between phonological working memory and
sentence production when children with varying degrees of phonological working memory
and sentence production skills were included in the analysis. Children with dyslexia but
not DLD, for example, were screened to have normal oral language but, as a group, tend
to have poorer phonological working memory skills than their peers with typical language.
Therefore, this screening process might eliminate any correlation between phonological
working memory and sentence formulation.

The Current Study

In the current study, we aimed to explore the relationship between phonological working
memory and novel sentence production in school-age children. We did this by analyzing
performances on phonological working memory and sentence production tasks by

children with typical language, dyslexia-only, or comorbid dyslexia and DLD (hereafter,
“dyslexia+DLD”). Our phonological working memory measures included a Nonword
Repetition, Digit Span, and Phonological Binding Span task that were completed as part of a
larger working memory battery (Cabbage et al., 2017; Gray et al., 2017). We used children’s
scaled scores from the Formulated Sentences subtest of the Clinical Evaluation of Language
Fundamentals—Fourth Edition (Semel et al., 2003) to measure their sentence production
abilities. In this task, children must produce novel sentences; performance is therefore more
generalizable to real world sentence production (as compared to a sentence repetition task)
while allowing a level of experimental control that could not be achieved through language
sampling. We analyzed sentences children produced on Formulated Sentences in terms of
their length, lexical diversity, and complexity.

The specific goals of the study were twofold. First, we aimed to examine the correlation
between children’s scores on phonological working memory tasks and a sentence production
task that required formulation of novel sentences. Using this type of task would allow us

to better generalize findings to the relationship between phonological working memory and
real-world language production and better understand if the relation between phonological
working memory and sentence production is as strong as the current—but scarce—extant
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evidence suggests (e.g., Torrens & Yague, 2018). We included children with typical
language, dyslexia-only, and dyslexia+DLD in order to determine if a relationship between
phonological working memory and sentence production skills would be observed when
children with a wide range of language and phonological working memory abilities were
included.

The second aim of our study was to extend Adams and Gathercole’s (1995) study with
preschoolers to (a) school-age children and (b) to those with language-based disorders to
determine if similar patterns could still be found with a more diverse sample. Examining

the relationship between phonological working memory and sentence production in this
older and more diverse population could help us understand the role that phonological
working memory plays in sentence production at a later point in language development.
Similar to Adams and Gathercole, we examined the length, lexical diversity, and complexity
of children’s novel sentences relative to their performance on phonological working

memory tasks. We matched children between each language group and conducted three
between-group comparisons: typical language vs. dyslexia-only, typical language vs.
dyslexia+DLD, and dyslexia-only vs. dyslexia+DLD. We compared groups on phonological
working memory scores and sentence-level measures (i.e., length, lexical diversity, and
complexity, measured from sentences produced in the Formulated Sentences task). Adams
and Gathercole found that preschoolers with higher phonological working memory produced
sentences that were longer, more lexically diverse, and more complex than preschoolers with
lower phonological working memory. We aimed to determine whether a similar pattern is
still present (a) later in childhood and (b) when children with different language diagnoses
were included. Our research questions were:

1. How do children’s scores on phonological working memory tasks (i.e., Nonword
Repetition, Digit Span, and Phonological Binding Span) correlate with their
scaled scores on Formulated Sentences?

2. How do the groups with typical language, dyslexia, and dyslexia+DLD compare
in terms of their scores on phonological working memory tasks and the length,
lexical diversity, and complexity of grammatically correct sentences?

For our first research question, we predicted that children’s scores on the three phonological
working memory tasks would correlate positively with their scaled scores on Formulated
Sentences. This prediction is based on the idea of phonological working memory as a
buffer for language output. Phonological working memory might influence how well a
speaker can formulate a grammatically correct, coherent sentence; when an individual
produces a sentence, they might use phonological working memory during the sentence
formulation phase when they are retrieving or holding words in memory and putting words
into a grammatical order to communicate an idea. Stronger phonological working memory
abilities, therefore, could be expected to correlate positively with sentence production
abilities, as measured by this Formulated Sentences task.

To answer the second research question, we conducted three between-group comparisons
after matching pairs between each group and analyzed a subset of sentences unique to
each pair. Specifically, we only analyzed sentences which both children in a matched
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pair produced grammatically correctly. We matched pairs across groups to eliminate
potential artifacts resulting from the Formulated Sentences task. For example, some children
completed later trials which obligate use of complex syntax while others did not complete
those same trials. Examining all sentences all children produced during the task might,
therefore, have erroneously influenced our sentence-level measures, such as complexity.

We elaborate on this matching process and rationale in the Method section. We had three
predictions for this research question, one for each between-group comparison, outlined
below.

Typical language vs. dyslexia-only

Our first prediction was that the group with typical language would score higher on

the phonological working memory tasks than the group with dyslexia-only, given the
aforementioned evidence of phonological working memory deficits in the latter group.
The other part of this prediction was that the group with typical language would produce
sentences that were 1) longer, 2) more lexically diverse, and 3) more complex than the
group with dyslexia-only. This prediction was based on the above discussion proposing a
link between phonological working memory and these sentence-level measures.

Typical language vs. dyslexia+DLD.

For our second group comparison, we predicted similar outcomes. We predicted that the
group with typical language would score higher on the phonological working memory tasks
than the group with dyslexia+DLD, given the evidence of phonological working memory
deficits in this latter group. The other part of this prediction was that the group with typical
language would produce sentences that were 1) longer, 2) more lexically diverse, and 3)
more complex than the group with dyslexia+DLD. Again, this prediction was based on

the earlier discussion proposing a link between phonological working memory and these
sentence-level measures.

Dyslexia-only vs. dyslexia+DLD.

Finally, we predicted that the groups with dyslexia-only and dyslexia+DLD would show no
difference in performance on the phonological working memory tasks, based on evidence

in the literature that both groups show deficits in this area. We predicted that they would
produce sentences that were comparable in terms of 1) length, 2) lexical diversity, and 3)
complexity. If groups were not expected to differ on phonological working memory, then
they should not differ on the sentence-level measures, given the proposed link between

these variables. This prediction may be surprising for a number of reasons. First, spoken
language deficits are more of a hallmark deficit in DLD than dyslexia, leading some to
automatically assume poorer sentence outcomes for the group with dyslexia+DLD compared
to those with dyslexia-only. However, a dyslexia-only diagnosis does not preclude children
from spoken language weaknesses (Alt et al., 2019; Altmann et al., 2008; Bishop &
Snowling, 2004; Kida et al., 2015). Additionally, although we would expect the group

with DLD to produce more errors overall, we did not analyze sentences with errors.

We only analyzed sentences that were grammatically correct (for rationale, see Method).
Given our discussion of how phonological working memory might influence production of
grammatically correct, coherent sentences, therefore, few differences were expected between
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these groups. Lastly, it may be surprising because children who have similar weaknesses
in underlying cognitive abilities, such as working memory, do not necessarily have the
same behavioral manifestations of that deficit in their language (Bishop & Snowling,
2004). However, we note that this prediction was motivated by a strong interpretation of
the influence of phonological working memory on sentence production; this interpretation
would suggest that phonological working memory may have a stronger influence on the
sentence-level measures of interest compared to the presence or absence of DLD.

Data used in the current study was collected as part of a larger project, Profiles of Working
Memory and Word Learning for Educational Research?, that investigated working memory
and word learning in school-age children with and without language-based disorders

(Gray et al., 2017). Following IRB approval, participants were recruited from public and
private charter schools in Arizona, Nebraska, and Massachusetts, where all second-grade
children received consent packets for guardians to sign and return if they wanted their

child to participate. Children were seven to nine years old and monolingual English
speakers. Various diagnostic groups were recruited, including typical language, dyslexia,
and comorbid dyslexia and developmental language disorder. All children were classified
as either expected typical language, dyslexia, or comorbid dyslexia and developmental
language disorder based on relevant standardized test scores. The Test of Word Reading
Efficiency-Second Edition (TOWRE-2; Torgesen et al., 2012) was used to classify expected
dyslexia. The Clinical Evaluation of Language Fundamentals—4t" Edition (CELF-4; Semel
et al., 2003) was used to classify expected developmental language disorder. The Kaufman
Assessment Battery for Children—Second Edition (KABC-I1; Kaufman & Kaufman, 2004)
was administered as an exclusionary criterion for intellectual disability. The Goldman-
Fristoe Test of Articulation—Second Edition (GFTA-2; Goldman & Fristoe, 2000) was
administered as well, and children who fell below our cut-off were still included in the
study if their errors were due to a single consonant (e.g., /1/). Table 1 contains cut-score
criteria for each group; although not all children had a clinical diagnosis, we will refer to the
groups hereafter as typical language, dyslexia-only, and dyslexia+DLD. In addition to these
standardized assessments, children had to pass hearing, visual acuity, and color blindness
screenings and were excluded if they had other linguistic influences (e.g., speaking a second
language), history of neuropsychiatric disorder, or prior special education services for other
diagnoses (e.g., autism spectrum disorder).

To answer our first research question, we used data from 289 children. Within this sample,

165 children had typical language, 81 dyslexia-only, and 43 dyslexia+DLD. Although there
were children identified as having DLD-only in the larger sample, we omitted them because
of their comparatively small group size (V= 9). Table 2 details group-level performance on

2The Profiles of Working Memory and Word Learning for Educational Research project was funded by National Institutes of Health
— National Institute on Deafness and Other Communication Disorders Grant R01 DC 010784. In addition to participants reported in
the current study, it included children with DLD only as well as bilingual Spanish-English speaking children with typical language
development. As part of this larger project, participants completed a comprehensive battery of working memory and word learning
games over the span of at least six days. For additional details, see Cabbage et al., 2017.

J Child Lang. Author manuscript; available in PMC 2024 July 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mettler et al.

Tasks

Page 10

standardized assessments. Table 3 contains demographic information for all participants and
each diagnostic group.

To answer our second research question, we used data from a subset of participants whose
Formulated Sentences audio files were accessible, which allowed us to analyze sentences for
length, lexical diversity, and complexity. We created matched pairs of children from each
group. Pairs were matched on age (+/— 6 months), sex, and maternal level of education
(MLE; +/- 3 years) to control for group differences on our sentence production measures
(e.9., lexical diversity) that may have been influenced by these factors. We were able to
create 14 matched pairs of children with typical language and children with dyslexia-only,
12 matched pairs of children with typical language and children with dyslexia+DLD, and 10
matched pairs of children with dyslexia-only and children with dyslexia+DLD.

Phonological Working Memory—As part of a larger study, participants completed the
Comprehensive Assessment Battery for Children—Working Memory (Cabbage et al., 2017),
which consisted of a randomized set of computerized working memory tasks. Data analyzed
in the current study came from results of three tasks—Nonword Repetition, Digit Span,

and Phonological Binding Span—that loaded significantly onto the phonological factor of a
working memory model that was statistically derived from children’s performances across
the entire working memory battery (Gray et al., 2017). Although some working memory
frameworks subdivide the phonological component into maintenance and manipulation or
phonological and verbal working memory (e.g., Pierpont et al., 2011), this model did not.

In the Nonword Repetition task, children listened to and verbally repeated nonwords that
increased in length from 2 to 5 syllables. Each child heard 16 nonwords in total. Nonwords
had no phonological neighbors and consisted of phoneme sequences that occur infrequently
in English (Gray et al., 2017). Scores were calculated by multiplying syllable length by

the number of correct nonwords repeated at each span length. A nonword was considered
correct if the child repeated it with all correct consonants. Products calculated at each span
length were then summed (Cabbage et al., 2017). Possible scores ranged from 0 to 56.

In the Digit Span task, children listened to and verbally repeated lists of one-syllable digits
(1-9, excluding 7) that increased in length from 2 to 8 digits. Each child heard two lists

per span length for a total of 14 lists of digits. The order of digits within each list was
randomized. Scores were calculated by multiplying span length by the number of correct
trials per span length. Correct trials had zero errors. Products calculated at each span length
were then summed (Cabbage et al., 2017). Possible scores ranged from 0-70.

In the Phonological Binding Span task, children heard nonwords (consonant-vowel-
consonant structure) paired with nonspeech sounds (e.g., beeps). After hearing all pairs

in a trial, children heard one of the nonspeech sounds from the trial and were instructed

to verbally reproduce its paired nonword. In the first stage, there were two trials, each
containing 1 nonword-nonspeech pair. The number of nonword-nonspeech pairs presented
within the trials increased incrementally with each stage: in the last stage, there were two
trials, each containing 4 nonword-nonspeech pairs. In total, children were asked to recall 20
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pairings. Scores were calculated by multiplying span length by the number of correct trials
per span length. Correct trials had zero errors. Products calculated at each span length were
then summed (Cabbage et al., 2017). Possible scores ranged from 0-20.

Sentence Production—We used the Formulated Sentences subtest of the CELF-4 to
measure sentence-level language production. In this task, children hear a target word they
must use in a sentence to talk about a picture. There is a maximum of 24 trials, but
administration may be stopped early based on children’s performance, which occurred

for some participants. Each trial is scored based on the number of errors in the sentence
produced. Error-free sentences receive a score of 2. Participants were audio-recorded during
this task for offline scoring.

To answer our first research question, we used children’s Formulated Sentences scaled
scores (x =10, SD = 3). To answer our second question, we analyzed sentences that
children produced on this subtest for sentence-level measures: length, lexical diversity,
and complexity. However, we did not analyze and compare all sentences produced by all
children because of possible task-related artifacts. Certain target words (e.g., “because”)
obligate different sentence-level characteristics (e.g., subordinate clauses or prepositional
phrases). Trials that obligated certain characteristics such as complex syntax were not
completed by all children because administration was stopped early for some children, as
allowed in the standardized administration of this task. Therefore, Therefore, analyzing all
sentences children produced might have artificially affected findings related to differences in
children’s sentence-level measures.

To avoid these task-related artifacts, we created matched pairs based on individual variables
discussed above (sex, age, maternal level of education) between each language group:
typical language versus dyslexia-only; typical language versus dyslexia+DLD; and dyslexia-
only versus dyslexia+DLD. We then identified the trials on which both children in a matched
pair earned a score of 2. As a result, the exact trials we analyzed from each pair across
groups was not the same. For example, the children in the second matched pair from the
groups typical language and dyslexia-only both scored a 2 on trials 1-5, 7, 8, and 11-14,
and those sentences were analyzed. For the second matched pair from the groups typical
language and dyslexia+DLD, trials 1-3, 5, 7, 9-11, 13, 15, and 17 were analyzed because
both children in that matched pair scored a 2 on them. In total, 140 sentence pairs were
included in the comparison between the groups with typical language versus dyslexia-only.
For the comparison between the groups with typical language versus dyslexia+DLD, 94
sentences pairs were analyzed. For the comparison between the groups with dyslexia-only
versus dyslexia+DLD, 66 sentences were analyzed. Some analyzed sentences came from
the final third of the task, but for all group comparisons, the majority came from the first
two thirds of the task. This is because earlier test items are easier than later items, and so
children in a matched pair were more likely to both score a 2 on earlier items.

We chose to analyze sentences that scored 2 because these were error-free and analyzing
sentences containing errors would have been problematic for the sentence-level measures
we were interested in. For example, an ungrammatical run-on sentence would have inflated
sentence length measurements. This matching procedure placed matched pairs under the
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same semantic and syntactic constraints associated with target words to minimize the error
in our analyses of group differences that might have been influenced by artifacts of the
sentence production task itself. Once we had matched sentences within each matched pair,
the sentences were transcribed. Appendix A contains our transcription rules. Transcribers
were blind to children’s diagnoses. Sixteen percent of sentences were re-transcribed by
another transcriber and used to calculate reliability between the transcribers. Inter-rater
transcription reliability was strong (91.9% agreement).

After transcribing the sentences, we analyzed them in the research version of the computer
program Systematic Analysis of Language Transcripts (SALT; Miller & Iglesias, 2010).
This program provided us with measurements of length (i.e., mean length of utterance in
words) and lexical diversity (i.e., number of unique words). We analyzed sentence length
based on the number of words rather than morphemes, as Adams and Gathercole (1995)

had done, because the latter is only a valid measure for children whose average utterance

is 4.5 morphemes or fewer (Blake et al., 1993), and the children in our study were beyond
this morphological stage. We measured complexity in terms of the number of 1) clauses

and 2) prepositional phrases children produced per sentence. Though Adams and Gathercole
used the Index of Productive Syntax (Scarborough, 1990) as a measure of complexity,

this measure has not been validated in school-aged children. We used number of clauses
and number of prepositional phrases as separate measures of complexity in our analyses.
Clauses and prepositional phrases were hand-counted by trained coders blind to children’s
diagnoses. A main coder counted all the data. A subset of 20% of the data was recounted

by a second coder (for instructions see Appendix B). Inter-rater reliability was 93.0%

for clauses and 86.4% for prepositional phrases. Discrepancies were resolved by direct
consultation with the coding instructions. All discrepancies occurred when the second coder
had miscounted a single clause or prepositional phrase, therefore no additional steps were
taken to edit the main coder’s counts.

Statistical Analyses

We conducted Bayesian statistical tests for all analyses. Bayesian tests provide a Bayes
factor that represents the likelihood odds of one hypothesis (or model) against others,
including the null. In addition to providing evidence in favor of the null or alternative
hypothesis, a Bayes factor also indicates the strength of the evidence. We opted against
using traditional null hypothesis significance testing because it provides less insight than a
Bayesian approach, only allowing us to accept or reject the null hypothesis. Furthermore,
traditional statistical analyses are more sensitive to negative effects of small sample sizes
compared to Bayesian approaches (Krypotos et al., 2017).

Interpreting Bayesian Results—A Bayes factor of 1 indicates no evidence in favor of
either the null or the alternative hypothesis. A Bayes factor above 1 indicates evidence in
favor of the alternative hypothesis, and the larger it is, the stronger the evidence in favor of
the alternative. It represents how much more likely the data are under the alternative than the
null (e.g., a Bayes factor of 8 means the data are 8 times more likely under the alternative).
A Bayes factor below 1 indicates evidence in favor of the null hypothesis, and the smaller

it is, the stronger the evidence in favor of the null. It represents how much more likely the
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data are under the null than the alternative (e.g., a Bayes factor of .02, for example, means
the data are 50 times—calculated as 1/.02—more likely under the null). All analyses were
conducted using the software JASP (JASP Team, 2018). We classified the effect sizes of the
Bayes factors using the classification scheme in Wagenmakers et al. (2018).

Phonological Working Memory and Formulated Sentences

Ouir first research question addressed how children’s scores on our phonological working
memory tasks correlated with scaled scores on Formulated Sentences, a task requiring
production of novel sentences. To answer it, we used the full data set (V= 289). Table 4
contains means, standard deviations, and ranges for Formulated Sentences scaled scores and
phonological working memory task scores, both across all participants and within groups.
We predicted that there would be a positive correlation (the alternative hypothesis).

Initial visual analysis of the scatter plots of these data suggested possible group differences
(see Figures 1-3). Therefore, we used group mean-centered data for this analysis, which
removed between-group variance and isolated individual differences. In essence, this
allowed us to examine the correlation between working memory and sentence production
while controlling for between-group differences. Figures 4—-6 show scatter plots of these
data with trendlines corresponding to the Pearson’s rand Bayes factors in Table 5. For this
Bayesian correlation, we used a default stretched beta prior of 1.0.

Table 5 contains results of our Bayesian correlational analyses, including Pearson’s r
values as well as Bayes factors, which indicate the strength of the evidence for the
alternative hypothesis (i.e., a positive correlation). Pearson’s rvalues indicated positive but
weak correlations between Formulated Sentences scaled scores and the individual working
memory task. The Bayes factor from the analysis between Formulated Sentences and
Nonword Repetition suggested strong evidence in favor of a positive correlation. The Bayes
factors from the analyses between a) Formulated Sentences scaled scores and Digit Span
scores and b) Formulated Sentences scaled scores and Phonological Binding Span scores
suggested only anecdotal evidence in favor of positive correlations.

Phonological Working Memory and Sentence-Level Measures

Our second research question addressed how groups with typical language, dyslexia,

and dyslexia+DLD compared both in terms of scores on phonological working memory
tasks and length, lexical diversity, and complexity of sentences produced on Formulated
Sentences. We used Bayesian paired samples #tests to compare the sets of matched

pairs from each language group (typical language vs. dyslexia-only, typical language vs.
dyslexia+DLD, and dyslexia-only vs. dyslexia+DLD). For these analyses, we used the
default prior Cauchy distribution of .707. A general summary of our predicted and observed
outcomes are in Table 6.

Comparison One: Typical Language versus Dyslexia-Only—Results for the
comparison between children with typical language vs. dyslexia-only are in Table 7.
We predicted that the children with typical language would have higher scores on the
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phonological working memory tasks compared to their matched pairs with dyslexia-only
(the alternative hypothesis). We found anecdotal to moderate evidence in favor of this
prediction according to the Bayes factors. For the sentence-level measures, we predicted that
children with typical language would produce sentences that were longer, more lexically
diverse, and more complex than those produced by their matched pairs with dyslexia-only
(the alternative hypothesis). We found no evidence for our prediction. Instead, the Bayes
factors indicated moderate evidence for the null hypothesis, which was that children with
typical language did not produce sentences that were more lexically diverse, longer, or more
complex than sentences produced by their matched pairs with dyslexia-only.

Comparison Two: Typical Language versus Dyslexia+DLD—Results for the
comparison between children with typical language vs. dyslexia+DLD are in Table 8.

We predicted that the children with typical language would have higher scores on the
phonological working memory tasks compared to their matched pairs with dyslexia+DLD
(the alternative hypothesis). We found anecdotal to strong evidence in favor of this
prediction according to the Bayes factors. For the sentence-level measures, we predicted
that children with typical language would produce sentences that were longer, more lexically
diverse, and more complex than those produced by their matched pairs with dyslexia+DLD
(the alternative hypothesis). The Bayes factors indicated anecdotal to strong evidence in
favor of this alternative hypothesis, which was that the matched pairs with typical language
produced sentences that were longer, more lexically diverse, and more complex.

Comparison Three: Dyslexia-Only versus Dyslexia+DLD—Results for the
comparison between children with dyslexia-only vs. dyslexia+DLD are in Table 9. We
predicted that there would be no difference in scores on the phonological working memory
tasks between the children with dyslexia-only and their matched pairs with dyslexia+DLD
(the null hypothesis). Bayes factors indicated anecdotal to moderate evidence in favor of
this prediction. In terms of sentence-level measures, we predicted that there would be no
differences between the matched pairs in the length, lexical diversity, and complexity of
their sentences (the null hypothesis). Bayes factors indicated anecdotal evidence for this null
hypothesis for one measure, the number of clauses, which was a measure of complexity. For
all other sentence-level measures (mean length of utterance in words, number of different
words, and number of prepositional phrases), Bayes factors indicated anecdotal to strong
evidence in favor of the alternative hypothesis, which was that that matched pairs from

the two groups differed on these measures. Specifically, the children with dyslexia-only
produced longer, more lexically diverse, and more complex sentences than their matched
pairs with dyslexia+DLD.

Discussion

Phonological Working Memory and Formulated Sentences

The first goal of our study was to determine how children’s scores on three phonological
working memory tasks correlated with their scores on a task of novel sentence production.
By answering this question, we aimed to fill a gap in the literature on the relationship
between these constructs in school-age children.
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Our results indicated weak, positive correlations between children’s Formulated Sentences
scaled scores and phonological working memory task scores. This finding suggests that
phonological working memory and sentence formulation are not closely related in the
school-age children. If phonological working memory does act as a language output
buffer, it only minimally influences sentence production in this age group. By this

time in childhood, language production may be more automatic, relying less heavily on
phonological working memory in the way that preschool children’s language production
might (Blake et al., 1994).

Bayesian analyses revealed strong evidence in favor of the correlation between Nonword
Repetition and Formulated Sentences, but only anecdotal evidence in favor of the other
correlations. This pattern was somewhat surprising, given that all tasks loaded significantly
onto a single phonological storage component of a novel, statistically-based model of
working member (see Combined Model in Gray et al., 2017), and merits further discussion.
In spite of their unified representation of a phonological component in the Combined Model
of working memory, some may consider the demands of Nonword Repetition and Digit
Span as tapping into simpler phonological short-term memory and Phonological Binding
Span as tapping into more complex working memory. However, if this were the case, we
would have expected more parallel outcomes between Nonword Repetition and Digit Span.
A possible reason why Nonword Repetition stood out from the others is that it might have
tapped into participants’ well-established mental phonological representations (Rispens &
Baker, 2012). Because phonology is a core component of language, this task is arguably the
most language-heavy of the three phonological memory tasks. This might have influenced
the degree to which it correlated with the language-heavy task Formulated Sentences. The
other two tasks are arguably less language-heavy: the Digit Span task requires participants
to maintain high frequency lexical entries that may be less linguistically burdensome, and
the Phonological Binding Task includes non-speech sounds which also does not tap into
language. This difference in how heavily the tasks tapped into language might explain

the varying level of evidence for the correlations between these tasks and Formulated
Sentences. Future studies examining the relationship between working memory and sentence
production should consider the linguistic nature of the working memory tasks and how the
underlying linguistic demand might mediate the relationship between the two constructs.
Another point is that if a nonword repetition task is used, the degree to which the nonwords
reflect speakers’ native language should also be considered (e.g., does it have phonological
neighbors or phoneme sequences that frequently occur in real language?). If the stimuli

are dissimilar to one’s native language, then more pure conclusions could be made about
the relationship between phonological working memory and sentence production. If the
stimuli are similar to one’s native language, then one might have to take into consideration
any mediating influence of the speaker’s linguistic knowledge (e.g., vocabulary) that might
affect both the nonword repetition task and sentence production outcomes. Furthermore,
studies could consider the degree to which tasks that are meant to tap into phonological
working memory tap specifically into phonology as opposed to a more general auditory
working memory resource. It may be that tasks that are not purely phonological in nature
and contain non-linguistic stimuli do not correlate as strongly with sentence production
measures, which is consistent with what we saw with the Phonological Binding Span task.
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There is another possible reason why evidence was strongest for the Nonword Repetition
and Formulated Sentences correlation. Examination of the working memory model that
these tasks were selected from (Gray et al., 2017) reveals that Nonword Repetition had the
strongest loading factor onto the phonological component. Because of this, we could expect
that if there is a correlation between sentence production and phonological working memory;,
the strongest correlation would be found between a sentence production measure and the
task that loaded most strongly onto the construct of phonological working memory. The
other two tasks loaded less strongly onto the phonological component, which could explain
why there was less evidence for their correlation with Formulated Sentences scores.

Few studies have examined the relationship between phonological working memory and
sentence production in the school-age populations of our current study, but these findings
may have implications for which types of measures to use in future studies. Our rationale
for using our three measures was because all three loaded significantly onto a phonological
working memory factor in a statistically-based model of working memory (Gray et al.,
2017). It would not have made sense to include one but not another. Given that we had

the strongest Bayesian evidence in favor of the Nonword Repetition task and sentence
production, we suggest that future studies use similar nonword repetition tasks. There

was simply insufficient Bayesian evidence in favor of the other correlations to warrant
using those tasks in similar future studies. However, we note that future studies should
acknowledge the linguistic nature of nonword repetition tasks and how that could influence
the observed correlation between phonological working memory and sentence production.
If multiple working memory measures are available, another suggestion for future studies is
to further explore whether there is a difference in results between tasks that tap into simple
phonological short-term memory, which some define as only requiring maintenance, versus
those that tap complex phonological working memory, which some define as requiring
maintenance and manipulation of information (Aben et al., 2012). It is an open question
whether sentence production abilities are more closely tied to one over the other; however,
evidence is mixed whether these theoretically distinct concepts do in fact measure distinct
constructs (Engel de Abreu et al., 2010; Hornung et al., 2011; Unsworth & Engle, 2007).

Phonological Working Memory and Sentence-Level Measures

Adams and Gathercole (1995) found that preschool children with high phonological working
memory produced sentences that were longer, more lexically diverse, and more complex
than sentences produced by their peers with low phonological memory. The second goal of
our study was to determine whether a similar pattern existed in older school-age children
with and without language-based disorders.

We did find a similar pattern when comparing children with typical language vs.
dyslexia+DLD, but not children with typical language vs. dyslexia-only or children with
dyslexia-only vs. dyslexia+DLD. In summary, groups that differed in phonological working
memory ability did not always differ in sentence-level measures, and groups that were
similar in phonological working memory ability were not always similar in sentence-level
measures. This pattern of results suggests that phonological working memory likely does not
play an explanatory role in how long, lexically diverse, or complex school-age children’s
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sentences are, which contrasts with the strong interpretation of the influence of phonological
working memory on sentence production we proposed. The lack of evidence for an
explanatory role of phonological working memory in two of our three comparisons might
be because the relationship between phonological working memory and sentence production
changes as children’s oral language systems mature. Specifically, as children develop more
mature language systems, one possibility is that they rely less on their phonological working
memory system when formulating and producing sentences. Preschool-age children are

in earlier stages of oral language development, and so they might rely more on their
phonological working memory when producing sentences than older children with more
mature language systems. Therefore, preschool-age children with poorer phonological
working memory might show differences in their spoken language output relative to

peers with better phonological working memory, which aligns Adams and Gathercole’s
(1995) findings. As preschool-age children develop more mature language systems, they
might rely less on phonological working memory during language production tasks, which
may mitigate any negative influence of poor phonological working memory on sentence
production.

Our comparison between school-age children with typical language vs. dyslexia-only
revealed differences in the group averages, where the group with dyslexia-only as a whole
showed deficits in phonological working memory relative to peers with typical language.
However, there were no differences between these groups in the length, lexical diversity, or
complexity of sentences they produced. One interpretation of this finding is that even though
children with dyslexia have phonological working memory deficits, these deficits do not
influence the quality of sentences they produce. It is possible that they have strong enough
oral language skills in general to compensate for any negative influence of phonological
working memory on sentence production. Another related interpretation of these results
relates to a changing relationship between phonological working memory and sentence
production as children’s language systems mature. It may be that children with dyslexia

do rely more heavily on phonological working memory when producing sentences but
only in earlier childhood. By the time they are school-age (i.e., 7- to 9-years-old), their

oral language systems might have matured enough that they no longer rely as heavily on
phonological working memory skills when producing language. As a result, deficits in
phonological working memory may not influence their sentence-level language production,
which is consistent with our findings.

Our findings for the dyslexia-only vs. dyslexia+DLD comparison did not follow the pattern
observed by Adams and Gathercole (1995). We found no group differences in phonological
working memory scores between children with dyslexia-only vs. dyslexia+DLD but did
find group differences in sentence-level measures: children with dyslexia+DLD produced
sentences that were shorter, less lexically diverse, and less complex. Perhaps the most
parsimonious explanation is that the presence of DLD has such a strong influence on
sentence production that it results in even poorer spoken language than is expected from
the negative influence of phonological working memory alone. If phonological working
memory had a stronger influence, then the groups would have been more similar in their
sentence-level measures. Whether children who have DLD rely on their phonological
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working memory system or their oral language system, or both, neither is strong enough
for them to meet the skill level of peers without DLD.

This group comparison also speaks to the complexities of the relationship between cognition
and language and may allude to fundamental differences in dyslexia and DLD. As Bishop
and Snowling (2004) note, similar underlying cognitive impairments do not always equate
to similar profiles of language impairment. In other words, although dyslexia and DLD
each typically present with phonological working memory deficits, these deficits could
differentially impact their language profiles, with one impacting written language more
and the other spoken language. This finding might also be explained by the maturation

of the phonological working memory system and its possible changing role in sentence
production in later childhood. School-age children with dyslexia-only might rely less

on phonological working memory during sentence production by relying more fully on
their more mature oral language systems. Despite still having weak phonological working
memory systems, it no longer seems to affect their sentence-level language production. As
for their peers with dyslexia+DLD, however, it may not simply be the presence of DLD
that explains this group’s production of shorter, less lexically diverse, and less complex
sentences. We speculate that children with dyslexia+DLD may experience a protracted
reliance on phonological working memory during sentence production later into childhood,
despite it being an area of weakness for many of them. This protracted reliance may help
them compensate for or avoid full reliance on their weak oral language systems. Because
of a continued dependence on a weak phonological working memory system, they may
continue to experience its negative influence on their sentence production, resulting in them
producing shorter, less lexically diverse, and less complex sentences.

The findings between the groups with dyslexia-only versus dyslexia+DLD are interesting

in the context of past literature. Past studies on dyslexia have not consistently described
whether participants have concomitant oral language disorder, like DLD. The reason is
partially because there has not always been an agreed upon distinction between these
disorders (for discussion, see Adlof & Hogan, 2018); however, evidence does point to

them as distinct (Catts et al., 2005). Our findings show how the two diagnoses might
manifest: a child with dyslexia-only might exhibit poor phonological working memory while
a child with dyslexia+DLD additionally exhibits deficits in sentence processing. Our results
imply that future studies examining dyslexia and language skills should determine whether
participants also have DLD, as sentence processing skills may be affected by its presence.

In sum and in the context of Adams and Gathercole’s (1995) findings, we interpret the
results of our between-group comparisons to suggest that both age and diagnosis may be
factors influencing the link between phonological working memory and the length, lexical
diversity, and complexity of sentences school-age children produce. The oral language
systems of younger preschool-age children are still maturing and so we speculate that
they may more heavily rely on phonological working memory during sentence production.
Subsequently, at this young age, negative effects of poor phonological working memory
may be more apparent on sentence production tasks. However, in later childhood, we

may see a divide based on children’s diagnoses and whether they continue to depend on
phonological working memory during sentence production or are able to compensate with
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stronger oral language skills. School-age children with dyslexia-only, despite continued
difficulty with phonological working memory, may no longer rely as heavily on that
system during sentence production tasks because they are able to rely on their mature oral
language systems. Alternatively, their more developed oral language systems may be able
to compensate for any difficulties with phonological working memory. In contrast, children
with dyslexia+DLD, many of whom difficulty with phonological working memory, may
experience prolonged reliance of phonological working memory during sentence production
due to them compensating for their weak oral language systems (relating to their DLD
diagnosis) and, thus, continue to experience the negative impact of a weak phonological
working memory system on their sentence production. Alternatively, their relatively poor
sentence production (even on correct responses) may simply be because of their poor oral
language skills, which takes precedence over any level of phonological working memory
skill. It will take additional work to determine if poor performance is, in fact, related

to prolonged involvement of the phonological working memory system during sentence
production in this group, or if it is related solely to their DLD diagnosis.

Limitations and Future Directions

One limitation of the current study is that the screening process might have worked against
the correlation we tested between children’s scores on phonological working memory
tasks and Formulated Sentences. Nearly one third of the participants in the correlational
analysis had dyslexia. These children, as a group, tend to show deficits in phonological
working memory. However, they were screened for normal oral language skills, and as

a result, data from this group might have counteracted the expected positive correlation
between phonological working memory and Formulated Sentences scores. A solution for
this would be to use a sentence production measure that was not part of a diagnostic
language assessment.

Another limitation some may consider is our use of Formulated Sentences as our sentence
production measure. One might argue that the highly structured nature of this task limits
its external validity as a tool for measuring real-world sentence production compared

to more naturalistic sentence elicitation tasks such as a conversational language sample.
However, any sentence a child produces in any context is still a sentence, and we would
argue that the structured nature of Formulated Sentences is one of its strengths. In a less
structured language production task such as a conversational language sample, children
could potentially talk about any number of different topics, which, depending on the
child’s personal knowledge and interest, could have influenced several of our sentence-level
measures of interest, such as lexical diversity. The structure of Formulated Sentences
allowed us to place children under the same syntactic constraints, which helped reduce
potential error related to measurements of syntactic complexity.

Finally, although we had reason to match participants for our between-group comparisons, it
is possible that the similarities and differences observed in our subset of analyzed sentences
would have been different than had we analyzed a larger set of sentences from each matched
pair. It could be informative for future studies to replicate our analyses of phonological
working memory and sentence production using a larger sample of sentences. Despite using
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a smaller subset of data, however, we do still have confidence in our results given that
we used Bayesian approaches, which typically offset issues associated with smaller sample
sizes.

The primary focus of this study was on the unidirectional relationship between phonological
working memory and sentence production. Given the complex relationship between working
memory and language (Archibald, 2018), however, exploration of a possible reciprocal
relationship between the two constructs may be warranted. For example, Coady and

Evans (2008) found that in early childhood nonword repetition is predicted by children’s
vocabulary. Although vocabulary was not measured in the current study, it may be
worthwhile for future studies to examine how differences in vocabulary knowledge affect
not only nonword repetition but also sentence-level lexical diversity.

Several related areas remain unexplored. One area is the relationship between phonological
working memory, sentence production, and literacy. It might be that children’s literacy
ability affects their sentence production because written language exposes them to more
complex syntax or advanced vocabulary. This relationship may be mediated by phonological
working memory abilities. Although many children in the current study were classified as
having dyslexia, all were second graders and therefore still at a stage of learning to read, as
opposed to reading to learn. The focus of their reading stage was still largely decoding rather
than gleaning meaning and getting exposure to complex syntactic structures. Therefore, the
relationship between these three variables in our young school-age participants was likely
minimal. However, it may be more worthwhile to pursue in children who are at a more
advanced stage of reading.

Another area is phonological working memory in relation to discourse-level language
production. The influence of working memory may be apparent at this level even across
school-age children. In discourse, speakers must maintain topics and grammatical agreement
(e.g., between an antecedent and subsequent pronoun referents) across an extended period
of time to successfully convey a message, and weaknesses in phonological working memory
may negatively impact their ability to do so. Another area is to examine how error patterns
in spoken language relate to phonological working memory. In our study, we only analyzed
error-free sentences, but individuals with poor working memory may be prone to more
errors in general, or certain types of errors. For example, they might produce more errors

in long sentences relative to short sentences, or they might produce noun-verb agreement
errors more frequently in complex sentences (e.g., those containing relative clauses or
prepositional phrases). Work involving manipulation of children’s working memory load
indicates it can influence errors in spoken language (Adams & Cowan, 2020), but it is
unknown whether individual differences in working memory affect sentence production
errors in naturalistic settings.

The current study is the first of its kind, to our knowledge, to directly compare the
length, lexical diversity, and complexity of sentences produced by school-age children to
their performance on phonological working memory tasks. Our results serve to provide
preliminary evidence regarding the relation between these variables in this age group and
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reveal that the nature of the relation may not be precisely what the literature might have led
us to believe.
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Refer to Web version on PubMed Central for supplementary material.
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Scatter Plot of Raw Formulated Sentences Scaled Scores and Nonword Repetition Scores
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Scatter Plot of Raw Formulated Sentences Scaled Scores and Digit Span Scores
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Table 1

Qualifying group cut-scores on standardized assessments.

Assessment Typical Language Dyslexia-only  Dyslexia+DLD
KABC-II (Nonverbal Index) 275 275 275
CELF-4 (Core Language Composite) >88 >88 <82
TOWRE-2 (2" Grade Composite Score) =96 <88 <88
GFTA-2 (Percentile) > 31%ile > 31%ile > 31%ile

Note. DLD = developmental language disorder; KABC-II = Kaufman Assessment Battery for Children-Second Edition; CELF-4 = Clinical
Evaluation of Language Fundamentals—Fourth Edition; TOWRE-2 = Test of Word Reading Efficiency—Second Edition; GFTA-2 = Goldman—
Fristoe Test of Articulation-2.

*
Children whose scores fell below the cut-off but whose errors were related to a single consonant (e.g., /a/) were included in the study.
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Table 2

Participants’ scores on standardized assessments by group.

KABC-II CELF-4 TOWRE-2 GFTA-2
Group n M (SD) Range M (SD) Range M (SD) Range M (SD) Range
Typical 165 117.6(15.6) 78-160 108.8(9.6) 88-130 109.5(8.4) 96-145 50.8(8.6)  7-62
Dyslexia-only ~ 81  107.0 (13.3) 82-141 100.4(8.6) 88-126 80.7(6.3) 55-88 41.3(16.1) 3-62
DyslexiatDLD 43  97.6 (14.4) 76-141 73.1(8.3) 48-82 79.1(7.1) 62-88 33.3(187) 3-62

Note. N=289. DLD = developmental language disorder; KABC-1l = Kaufman Assessment Battery for Children—Second Edition; CELF-4

Page 32

= Clinical Evaluation of Language Fundamentals—Fourth Edition; TOWRE-2 = Test of Word Reading Efficiency—Second Edition; GFTA-2 =

Goldman-Fristoe Test of Articulation-2.
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Table 3
Participant demographic information.
Characteristic All participants  Typical Language  Dyslexia  Dyslexia+DLD
n(male, female) 289 (135,154) 165 (72,93) 81 (36,45) 43 (27,16)
Age in months, M (SD) 93,5 (5.2) 92.8 (5.0) 94.1 (5.4) 94.6 (5.7)
Maternal level of education in years, M (SD) 15.1(1.8) 154 (1.7) 14.8 (1.9) 14.2 (2.1)
Ethnicity
Not Hispanic 236 143 64 29
Hispanic 47 20 15 12
Unknown 6 2 2 2
Race
American Indian/Alaska Native 9 3 3 3
Asian 3 3 0 0
Black/African American 11 4 2 5
Native Hawaiian 0 0 0 0
White 223 134 60 29
More than one race 33 19 12 2
Unknown 10 2 4 4

Note. DLD = developmental language disorder.
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Table 4

Group-level sentence production and phonological working memory task scores.

Formulated Sentences  Nonword Repetition Digit Span Phonological Binding Span
Group M (SD) Range M (SD) Range M (SD) Range M (SD) Range
All Participants 11.2 (2.9) 1-17 96(65 042 175(69) 0-42 11.1(6.7) 0-35
Typical Language  12.5 (2.0) 6-17  115(66) 0-42 19.6(6.8) 4-42 12.2 (6.9) 0-35
Dyslexia-only 11.0 (2.0) 7-16 84(55)  0-27 156(59) 0-36 10.1 (5.9) 0-28
Dyslexia+DLD 6.5 (2.3) 1-13 42(33) 0-13 128(54) 6-36 8.7 (6.4) 0-22

Note. DLD = developmental language disorder.
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Table 5

Page 35

Results of Bayesian correlation between Formulated Sentences scaled scores and the phonological working

memory task scores.

Correlation Pearson’sr  Bayes factor Median [95% CI] Evidence in favor of alternative hypothesis
FS and Nonword Repetition 20 38.56 19,08, .30] sFt:rgnRg
FS and Digit Span 13 163 13[.03, .24] A
FS and Phonological Binding Span 12 1.07 12,02, 23] FOR
’ ’ oL anecdotal

Note. FS = Formulated Sentences. Cl = Credible Interval.
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Table 6

Summary of predicted and observed outcomes for between-group comparisons.

Predicted Observed

PWM Sentence Measures PWM Sentence Measures

TD vs. Dyslexia-only different different different similar ™
TD vs. Dyslexia+DLD different different different different
Dyslexia-only vs. Dyslexia+DLD  similar similar similar different ™

Note. Asterisks (*) indicate outcomes that differed from predictions.
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Table 7

Page 37

Results from one-tailed Bayesian paired samples t-test comparing children with typical language vs. dyslexia-
only on phonological working memory scores and sentence-level measures.

Typical Language Dyslexia-Only Bayes . Evidence in favor of
Measure (M, SD) (M, SD) factor Median [95% Cl] alternative hypothesis
Phonological Working Memory
Scores
Nonword Repetition 1350 (9.55) 6.78 (4.02) 3.05 50 [.07, 1.05] FOR
' ' ' ' ' LR moderate
Digit Span 22.35 (9.81) 15.64 (5.13) 4.84 57,09, 1.14] FOR
’ ’ ’ ’ ' LS moderate
Phonological Binding Span 10.92 (4.46) 7.57 (5.00) 243 47,06, 1.01] FOR
' ' ' ' ' b anecdotal
Sentence-level Measures
. AGAINST
Number of different words 59.57 (19.99) 59.35 (14.21) 0.28 .17 [.01, .56] moderate for null
Mean length of utterance in AGAINST
worde 8.58 (2.06) 8.55 (1.38) 0.27 17 [.01, .55] moderate for null
AGAINST
Number of clauses 12.64 (4.53) 13.07 (4.17) 0.17 12 [.01, .45] moderate for null
. AGAINST
Number of prepositional phrases 5.35 (3.85) 5.64 (2.20) 0.21 14 [.01, .49] moderate for null

Note. The alternative hypothesis is that scores for the group with typical language are greater than scores for the group with dyslexia-only. Cl =

Credible Interval.
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Table 8

Page 38

Results from one-tailed Bayesian paired samples t-test comparing children with typical language vs.
dyslexia+DLD on phonological working memory scores and sentence-level measures.

Typical Language Dyslexia+DLD Bayes . Evidence in favor of
Measure (M, SD) (M, SD) factor Median [95% Cl] alternative hypothesis
Phonological Working Memory
Scores
Nonword Repetition FOR
12.27 (6.64) 3.72 (2.86) 8.95 79 .15, 1.56] moderate
Digit Span 18.66 (3.89) 13.00 (4.28) 15.84* 821[.20,1.52] FOR
strong
Phonological Binding Span FOR
11.80 (8.28) 6.75 (4.82) 2.00 49 [.05, 1.14] anecdotal
Sentence-Level Measures
Number of different words 46.33 (14.55) 3750 (10.13) 14.75% 80[.19, 1.50] S't:gr?g
Mean length of utterance in words FOR
8.19 (1.91) 6.38 (1.19) 6.67 67[12,1.32] moderate
Number of clauses FOR
9.16 (2.55) 8.50 (2.19) 9.57 .73 [.15, 1.40] moderate
Number of prepositional phrases FOR
4.16 (4.15) 2.16 (1.26) 172 44 1.04,1.01] anecdotal

*
Bayes factor > 10 indicates strong evidence

Note. The alternative hypothesis is that scores for the group with typical language are greater than scores for the group with dyslexia+DLD. ClI =

Credible Interval.
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Table 9

Results from two-tailed Bayesian paired samples t-test comparing children with dyslexia-only vs.
dyslexia+DLD on phonological working memory scores and sentence-level measures.

Dyslexia-only  Dyslexia+DLD Bayes Evidence in favor of

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Measure (M, SD) (M, SD) factor Median [35% Cl] alternative hypothesis
Phonological Working Memory
Scores
" AGAINST
Nonword Repetition 5.40 (2.79) 4.11 (3.05) 0.66 36 [-.24,1.01] anecdotal for null
o _ AGAINST
Digit Span 15.90 (5.74) 12.30 (4.37) 0.70 .37 [-.20, 1.00] anecdotal for null
. - _ AGAINST
Phonological Binding Span 7.40 (4.83) 7.30 (5.05) 0.30 .01 [-.54, .56] moderate for null
Sentence-Level Measures
Number of different words 39.40 (12.21) 31.70 (11.71) 2016~ 1.12[.31, 2.03] sfgr?g
. FOR
Mean length of utterance in words 7.80 (0.99) 6.40 (1.52) 2.36 .64 [.00, 1.36] moderate
_ AGAINST
Number of clauses 7.40 (2.50) 7.10 (2.76) 0.46 .25 [-.30, .84] anecdotal for null
. ~ FOR
Number of prepositional phrases 3.40 (2.17) 1.80 (1.13) 1.59 .56 [-.06, 1.25] anecdotal

*
Bayes factor > 10 indicates strong evidence

Note. The alternative hypothesis is that scores for the group with dyslexia-only and group with dyslexia+DLD are different. Cl = Credible Interval.
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