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Abstract

Purpose: Learning novel words, including the specific phonemes that make up word forms, is a
struggle for many individuals with Developmental Language Disorder (DLD). Building robust
representations of words includes encoding during periods of input and consolidation between
periods of input. The primary purpose of the current study is to determine differences between
children with DLD and with typical development (TD) in the encoding and consolidation of
word forms during the slow mapping process.

Method: Preschool-age children (DLD =9, TD = 9) were trained on nine form-referent pairs
across multiple consecutive training days. Children’s ability to name referents at the end of
training days indicated their ability to encode forms. Children’s ability to name referents at the
beginning of training days after a period of overnight sleep indicated their ability to consolidate
forms. Word learning was assessed one-month after training to determine long-term retention of
forms.

Results: Throughout training, children with DLD produced fewer forms correctly and produced
forms with less phonological precision than children with TD. Thus, children with DLD
demonstrated impaired encoding. However, children with and without DLD demonstrated a
similar ability to consolidate forms between training days and to retain forms across a one-month
delay.

Conclusions: Difficulties with word form learning are primarily driven by deficits in encoding
for children with DLD. Clinicians and educators can support encoding by providing children

with adequate exposures to target words via robust training that occurs across multiple sessions.
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Introduction

A child’s vocabulary knowledge at school entry is the foundation upon which academic,
social, and literacy skills are built (Pace, Alper, Burchinal, Golinkoff, & Hirsh-Pasek, 2019).
Children with Developmental Language Disorder (DLD)* are at risk for poor vocabulary
knowledge at school entry (Norbury et al., 2016; Tomblin et al., 1997). DLD is a fairly common
disorder, affecting 7% of the population (Tomblin et al., 1997). Most children with DLD are not
diagnosed and do not receive clinical services during early childhood (Norbury et al., 2016).
This is problematic. Through effective vocabulary intervention during the preschool years,
children with DLD could enter school better equipped to access academic content, to build
essential literacy skills, and to learn additional vocabulary from verbal and written content.

For vocabulary interventions to be successful, it is important to understand areas of
relative strength and weakness in the word learning process for children with DLD. The
Complementary Systems Account of word learning, which is based on a large body of
neurological and behavioral evidence, posits that word learning occurs through two essential
systems (Davis & Gaskell, 2009; McClelland, McNaughton, & O’Rilly, 1995). These systems
manage encoding during periods of input and consolidation between periods of input. These
systems could be differentially impaired in individuals with DLD relative to their peers with
typical development (TD) (Storkel, 2015; Storkel, Komesidou, Fleming, & Romine, 2017).

During an initial experience with an unfamiliar word, the child may encode
representations of the word form, which includes the specific phonemes that make up the word

and their order; the word meaning; and the link between the two (Figure 1). This is often referred

! Developmental Language Disorder has been called by a variety of terms including Specific Language Impairment,
Language Impairment, and Primary Language Disorder. We use the term, Developmental Language Disorder,
following the recommendations of Bishop et al., (2017).
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to as fast mapping (Swingley, 2010). At this stage, representations of the form, meaning, and link
are associated with hippocampal activity (Dumay & Gaskell, 2007). After this initial period of
input, these representations must be consolidated to be retained (Simon, Gomez, & Nadel, 2020).
Consolidation entails the off-line mental activities related to the target information that occur
between periods of input. Specifically, during sleep recently encoded information is often re-
activated (Davis & Gaskell, 2009). Long-term memories associated with cortical activity that are
related to the newly encoded information are also activated (James, Gaskell, Weighall, &
Henderson, 2017). Thus, the newly encoded information can become associated with cortical
activity and consolidated with long-term memories. During sleep, representations of the form,
meaning, and link can be consolidated successfully in that they are strengthened and maintained
(Henderson, Weighall, Brown, & Gaskell, 2012). Consolidation can be less successful, in that
after a period of sleep children remember less about a word than they did before sleep (Malins et
al., 2020). Consolidation can also be unsuccessful when encoded representations are forgotten
completely (Storkel, 2015).

If a word is consolidated, the child can retrieve her stored representations of the form,
meaning, and link during the next period of input. When representations are retrieved they
become activated in working memory and become malleable (McKenzie & Eichenbaum, 2011).
Re-encoding is similar to encoding in that children are building representations during a period
of input. The key difference is that during re-encoding, the child refines a previously encoded
representation by correcting, adding detail to, and linking additional information with the
representation (Nader & Hardt, 2009). It is through the processes of encoding, consolidation,

retrieval, and re-encoding across multiple experiences that the child slowly refines her
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representations associated with the word. This process is referred to as slow or extended
mapping (Swingley, 2010).

Learning the forms and meanings of words can be challenging for individuals with DLD
(Kan & Windsor, 2010). However, learning forms is a particular area of weakness (McGregor et
al., 2013). Notably, adding a word to one’s expressive vocabulary such that the form can be
readily retrieved and produced accurately requires extensive input (McGregor, Sheng, & Ball,
2007). For a child to add a word to her expressive vocabulary, she must encode the specific
phonemes that make up the form and their order, link the representation of the form to the word
meaning, build the representation of the form across exposures to a high level of phonological
precision, retrieve the representation of the form after a delay, and enact a motor plan to produce
it (Benham & Goffman, 2020). Learning forms to this level is challenging even for children with
TD. For example, Gray (2005) found that preschool-age children with and without DLD required
80-90 exposures before they reliably named referents. Given that learning forms is particularly
challenging, in the current study we focus on the ability of preschool-age children with and
without DLD to learn forms across sessions that occur on subsequent days. Critically, to
understand differences between children with and without DLD in the slow-mapping process, it
is essential to account for differences in encoding and in consolidation. Specifically, children
with DLD could encode less phonological information about forms than children with TD during
periods of input and/or could lose more phonological information about forms between periods
of input. Below we review the current literature on differences between children with and
without DLD in encoding and consolidation.

Encoding Words from Input
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When first exposed to an unfamiliar word, children encode sparse and short-lasting
representations of forms (Horst & Samuelson, 2008; Vlach, 2019). Initial representations of
forms are sparse in that they lack phonological precision and short lasting in that they decay
rapidly from memory (Munro, Baker, McGregor, Docking, & Arciuli, 2012). Given the short-
lasting nature of the representation, a single exposure to a novel form is often insufficient to
support learning that lasts. However, if the child hears multiple presentations of the target form
during the same session, he is able to refine and strengthen his representation of the form
(Bishop, Barry, & Hardiman, 2012). Thus, at the end of a session with multiple presentations, the
child may have developed a robust enough representation of the form that it can be successfully
consolidated and retrieved during the next experience with the word.

Children’s ability to encode novel words from input is strongly associated with their
working memory abilities (see Gathercole, 2006 for a review). Verbal working memory includes
the ability to encode, temporarily store, and manipulate verbal information. Children with poorer
working memory abilities are at risk for slower vocabulary growth during the preschool years
and poorer vocabulary knowledge at school entry (Archibald, 2017). Many children with DLD
demonstrate deficits in verbal working memory which makes learning forms from verbal input
challenging (Alloway & Gathercole, 2006; Alt, 2011; Archibald & Gathercole, 2006;
Montgomery, Magimairaj, & Finney, 2010). For example, when given one presentation of a
novel form, individuals with DLD encode less phonologically precise representations than their
peers (Graf Estes, Evans, & Else-Quest, 2007). Thus, during the next presentation of the form,
individuals with DLD have a less phonologically precise representation to build upon. At the end
of a session with a set number of exposures, children with DLD are likely to have encoded a less

phonologically precise representation of the form than their peers with TD (Bishop et al., 2012).
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Because verbal working memory is a common weakness for children with DLD, the stages of
encoding and re-encoding are likely to be areas of weakness in the slow mapping process.
Consolidating Words Between Periods of Input

To date, the majority of research on word learning in both typical and atypical
populations has focused on children’s ability to encode words during periods of input. Thus,
there is limited research on how consolidation varies across children and whether it is an area of
weakness for individuals with DLD. Current results on this topic are mixed. Through a series of
studies, McGregor and colleagues found that consolidation is an area of relative strength for
college students with DLD (McGregor, Arbisi-Kelm, & Eden, 2017; McGregor, Arbisi-Kelm,
Eden, & Oleson, 2020; McGregor, Gordon, Eden, Arbisi-Kelm, & Oleson, 2017). Leonard and
colleagues have demonstrated a comparable pattern of results for preschool-age children with
DLD when tested five minutes and one week after training (see Leonard & Deevy, 2020 for a
review).

In contrast, other researchers have demonstrated impaired consolidation of word learning
for individuals with DLD. When exposed to novel words through an incidental learning
paradigm, preschool-age children with DLD demonstrated poorer retention than their peers
(Rice, Oetting, Marquis, Bode, & Pae, 1994). In a more recent study, 3™ and 4™ grade children
with DLD demonstrated poorer retention of word learning than their peers when tested the
following day (Malins et al., 2020). Children’s phonological representations of forms were more
stringently tested in this study than is typical for word learning studies. For every form in the set
(e.q., pibu), there was a form that shared an onset with that form (e.g., pibo) and a form that
rhymed with that form (e.qg., dibu). Thus, children were required to encode and retain

phonologically precise representations of forms to correctly identify the target referent. In this
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case, the fact that children with DLD demonstrated poorer retention of learning than their peers
suggests that they had difficulty retaining the phonological specificity of their encoded
representations of forms.

The Current Study

The primary goal of the current study is to compare the abilities of preschool-age children
with and without DLD to encode, consolidate, and re-encode forms during the slow mapping
process. To date, the majority of studies on encoding and consolidation include one training
session to assess encoding and one delayed session to assess consolidation. These studies do not
capture how children refine representations across multiple training sessions and how children
consolidate these representations between training sessions. However, these processes are
essential for a child to add a word to her expressive vocabulary. To more accurately capture the
slow-mapping process, in the current study we trained children on nine form-referent pairs across
subsequent training days until each child demonstrated learning of all pairs or completed a total
of six training days. We also assessed their ability to retain learning over a one-month post-
training delay.

For this study, we assessed differences in encoding and consolidation across groups when
they were given highly supportive training. We utilized retrieval-based practice as this strategy
supports encoding and long-term retention in children with and without DLD (see Leonard &
Deevy, 2020). We asked children to actively retrieve forms throughout training and provided
feedback to their responses. We included tasks that varied in retrieval demands as this strategy
can be particularly effective in supporting encoding and long-term retention of information
(Adesope, Trevisan, & Sundararajan, 2017). Specifically, the learner can strengthen retrieval

pathways when she successfully retrieves information via tasks that include cuing. However, she
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can also slowly enhance her ability to successfully retrieve information without cuing via free
recall tasks (see Gordon, 2020 for an overview of this literature).

Our research questions are the following. First, do preschool-age children with DLD
produce fewer forms correctly and produce forms with less phonological precision during
periods of input in comparison to children with TD demonstrating poorer encoding and re-
encoding? Second, do the number of forms produced correctly and the phonological precision of
productions by preschool-age children with DLD decrease over periods of sleep more than
children with TD demonstrating poorer consolidation? Third, do the number of forms produced
correctly and the phonological precision of productions by preschool-age children with DLD
decrease over a one-month delay more than children with TD demonstrating poorer long-term
retention of learning?

Method

Participants

All reported protocols and recruitment methods were approved by the Institutional
Review Board at Boys Town National Research Hospital. Methods of recruitment included: the
Human Subject Research Core participant database, hearing and language screenings during
public events (e.g., library story hour), local childcare providers, home school events, and other
kindergarten readiness programs. Word of mouth, flyer distribution and social media campaigns
supported additional recruitment. Parents and legal guardians gave written informed consent for
their child to participate. Sessions were completed at a location that fit the family’s needs: either
the child’s home, the child’s daycare facility, a public place such as a local library, in the
laboratory of the first author, or a speech-language clinic operated by Boys Town National

Research Hospital. When testing occurred in participants’ homes, families were asked to create a



195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

10

distraction-free environment. When testing occurred in libraries or clinics, private rooms or other
quiet spaces were used.

Participants included nine children with DLD (females = 5, males = 4) and nine children
with TD between the ages of 4:0 and 6:11 (mean age in months = 59.06, sd = 8.40) Table 1 lists
participant characteristics, and Appendix A includes additional standardized test results. Each
child with TD was matched to a child with DLD on biological sex, age (within three months
difference), and number of years of maternal education (mean difference = .78 years, range = 0
to 3 years difference). Children’s racial/ethnic backgrounds were as follows: white/non-Hispanic
= 14, biracial/non-Hispanic = 2, biracial/non-reported ethnicity = 1, information not provided =
1. The data was collected between May 2018 and December 2019 and all children resided within
30 miles distance from Omaha, Nebraska during data collection. The data from two additional
children were excluded due to experimenter error.

To be included in the study children had to demonstrate: normal hearing via a pure-tone
audiometric screening and typical non-verbal 1Q by achieving a standardized score of 4 or
greater (equivalent to a standardized score of 70) on the Wechsler Preschool and Primary Scale
of Intelligence-1V block design and matrix reasoning subtests (WPPSI-1V; Wechsler, 2012). To
pass the hearing screening, responses to pure tones presented at 20 dB HL were required in both
ears for frequencies of 1-4k Hz. All children spoke Mainstream American English with no
reported exposure to a second language. All children lacked neurological or other developmental
disorders based on parental report.

Additionally, to be included children had to demonstrate the ability to produce the
majority of phonemes that made up the target forms included in the current study on the

Goldman-Fristoe Test of Articulation-3 (GFTA-3; Goldman, 2015). For children with DLD, an
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average of 1.44 (sd = 1.51) of the target forms included phonemes that were not produced
correctly on the GFTA-3. For children with TD, an average of 1.11 (sd = 0.93) target forms
included phonemes that were not produced correctly on the GFTA-3. However, in many cases
these forms resolved in that they were produced with 100% accuracy sometime during training
(see Supplemental Materials, S1). Overall, the children with TD and DLD demonstrated a similar
number of items missed on the GFTA-3 that related to target forms and a similar number of
resolved forms. Thus, we elected to code each production throughout training and the long-term
test based on the phonemes the child produced rather than making adjustments based on missed
GFTA-3 items.

DLD status was determined via standardized scores on the Structured Photographic
Expressive Language Test — 3 (SPELT-3; Dawson, Stout, & Eyer, 2003) given the high
sensitivity and specificity of this measure (Perona, Plante, & Vance, 2005). Children who
received a standardized score of 95 or below were included in the DLD group and children who
received a standardized score of 96 or above were included in the TD group. Children completed
the Peabody Picture Vocabulary Test — 4 (PPVT-4; Dunn & Dunn, 2007) to assess receptive
vocabulary abilities and a non-word repetition test [NWR, (Dollaghan & Campbell, 1998)] to
assess phonological working memory abilities (Table 1). Children with and without DLD did not
differ significantly in age, maternal education, articulation abilities (GFTA-3), or the two
subtests from the WPPSI-IV. Children with DLD demonstrated significantly lower performance
than children with TD on the SPELT, t (15.11) = 10.30, p <.001, and on the non-word repetition
test, t (15.97) =5.90, p < .001. Notably, the scores from the two groups did not overlap on the

SPELT or the NWR test. Children with DLD demonstrated a lower mean score on the PPVT, but
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this difference was not statistically significant, t (14.11) = 1.62, p = 0.13, and the scores
overlapped substantially.

Stimuli

Stimuli included nine forms, three one-syllable and six two-syllable forms, created in the
laboratory (Appendix B). The two-syllable forms contained a syllable structure of CV.CVC or
CCV.CVC. All forms were composed primarily of early acquired sounds (McLeod & Crowe,
2018). All forms within the set varied in initial consonant or consonant cluster. Each form had an
accompanying minimal pair that varied from the target in the final consonant for the one-syllable
forms. For the two-syllable forms, three minimal pairs varied from the target in the medial
consonant and three varied in the final consonant. Each form was paired with one of nine
unfamiliar objects (Appendix B). Throughout training and testing, children never produced the
real name for any of the objects demonstrating that they were unnamable to the children.

Assessments of Learning

We assessed children’s representations of forms throughout training and after the long-
term delay via three primary tasks. These include: a Free Recall Task, a Cued Recall Task, and a
four alternative forced choice (4AFC) Recognition Task. Each of these tasks served the dual
purpose of assessing children’s representations of forms and providing retrieval-based learning
opportunities throughout training. Administering tasks that varied in retrieval demands provided
sensitivity to assess group differences across training days and after delays. The Free and Cued
Recall Tasks proved to be sensitive assessments of children’s learning. Thus, responses to these
tasks are the primary outcome variables in the current analyses. Children’s responses to the
Recognition Task (4AFC task) administered near the end of each training day did reveal

differences across groups and training days (see Appendix C). However, this task is less sensitive



13

263  to assess the specific phonological precision of children’s representations of forms. Thus, we do
264  not include these results in the primary analyses.

265 Free and Cued Recall Tasks

266 During each trial of the Free Recall Task, the child was shown one of the trained objects
267  and asked, “What is this one called?”. After a three to five second wait time, encouragement to
268  guess was offered. If the child did not produce the correct form, the experimenter administered
269  the Cued Recall production probe which included the CV or CCV onset of the target form. For
270  example, if the child was shown the object that was labeled a /mep/ during training and she

271  labeled the object a /binig/, she was told, “It starts with /me/ ....”. If the child responded by

272  finishing the target word, in this case /p/, the examiner prompted the child to produce the entire
273 form.

274 We administered the Cued Recall prompt to aid children in retrieving their representation
275  of the form. Free recall of phonological forms (i.e., naming tasks) are traditionally difficult for
276  young children (see Gordon & McGregor, 2014). We anticipated that children would often fail to
277  respond to this task. Providing a cue of the first CV or CCV of the target form allowed us to

278  assess if the child had some memory of the form. Notably, if children produced the correct form
279 inthe Free Recall Task, there was no need to administer the cue as we already assessed their
280  representation of the form. In this case, their response to the Free Recall prompt was coded as
281  both their Free Recall and Cued Recall response for that object at that time point. Additionally,
282  during Free Recall if a child produced the correct CV/CCV onset of the target form, but failed to
283  produce the entire form correctly, the Cued Recall probe was not administered. The reasoning

284  behind this choice was that providing the first CV/CCV of the target form is unlikely to induce
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further retrieval of the correct form. In this case, their response to the Free Recall prompt was
coded as both their Free and Cued Recall response for that object at that time point.

Children were provided with performance-contingent feedback during the Free and Cued
Recall Tasks at specific timepoints in the protocol (Appendix D). The feedback was given after
the child had responded to both the Free Recall prompt and Cued Recall prompt, when it was
administered. When the child produced the form correctly, the experimenter would respond,
“Yes that’s right, this is a /mep/.” When the child produced the form incorrectly, the
experimenter would respond, “Actually this is a /mep/.” When the child stated a phonologically
similar form (e.g., /meb/ for /mep/) the examiner’s response was, “That’s really close but this

one is a /mep/.”?

Recognition Tasks

Two recognition tasks were used to provide additional opportunities for children to
retrieve forms and receive feedback to their responses. These included two and four alternative
forced choice recognition tasks (2AFC Dot Task; 4AFC Dot Task). In a given trial of the 2AFC
Dot Task, an object as well as a piece of paper with two large dots on it were placed in front of
the child (see Appendix C). The experimenter pointed to the object and asked, “What is this one
called?”. The experimenter then presented the child with two forms, the target form for the
object present and another trained form from the set, order randomized across trials. As she
produced the first form the experimenter pointed to one of the black dots on the paper. As she
produced the second form she pointed to the other black dot. Children could indicate their
response by producing one of the forms, by pointing to one of the black dots, or by doing both.

The 4AFC Dot Task was similar but each trial included four forms as options: the target form, a

2 One form, /grama-/, was particularly difficult for children to say with 100% accuracy. Thus, we adjusted what we
considered a correct production during training when giving feedback (see Supplemental Materials, S1).



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

15

minimal pair of the target, another trained form (i.e., the alternative form), and a minimal pair of
the alternative form. Feedback to the 2AFC and 4AFC Dot Tasks were given in a manner similar
to the Free and Cued Recall Tasks.

Protocol

Each training day included six distinct blocks (Appendix D). Children participated in
stretches or walks for one-minute intervals between each block. On each day, objects were
presented in the same order during each block. However, object order was randomized across
training days. The first block included the Free Recall Task without feedback for all nine form-
referent pairs. Any object that was named with 100% of phonemes produced correctly was not
included in the training blocks for that day (see Supplemental Materials S2). In this way, the
training time each day focused on form-referent pairs that the child had not yet learned.® During
Training Block 1, the child was shown each object individually, the experimenter labeled the
object two times, and prompted the child to repeat the form. During Training Blocks 2 and 3,
children completed the 2AFC Dot Task. During these blocks, each form served once as the target
and once as the alternative form. Training Block 3 mirrored Training Block 2 with the exception
that each target form was paired with a different distractor than Block 2.

Upon completion of the training blocks, children participated in two additional Testing
Blocks in which all nine form-referent pairs were tested regardless of whether children named
them correctly at the beginning of the session. During Testing Block 2, they completed the 4AFC

Dot Task. Each form served once as the target and once as the alternative form. Children took a

3 The original purpose of this study was to train all children to criterion on all nine words, without overtraining
words they had successfully learned. This would allow us to assess children’s ability to retain words over a post-
training delay after training all words to the same level. However, not all children reached criterion after six
subsequent training days. Regardless, children within and across groups demonstrated a similar ability to retain
learning relative to their end of training performance. We realized the more interesting differences across groups
resided in differences in encoding during training days and consolidation between training days.
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one-minute break to stretch or walk between every three trials during this testing block to avoid
fatigue. During the final testing block, the examiner administered the Free and Cued Recall
probes for each object. As stated previously, the Cued Recall probe immediately followed the
Free Recall probe for a specific object if the child did not produce the onset CV/CCV of the
target form correctly.

The first training day followed a similar structure as the other training days with the
following key differences. Testing Block 1 was not administered as children had not yet learned
any of the form-referent pairs. Pilot testing revealed that presenting all nine pairs one after the
other on the first day contributed to particularly poor performance on target tasks. Thus, form-
referent pairs were presented in three sets of three. The first set were introduced via all training
and testing blocks included in Appendix D (excluding Testing Block 1). During Training Block
2, each form was presented with a familiar noun (e.g., Is it a /plun/ or a flower?) to familiarize
children with the 2AFC Dot Task. Children subsequently completing all training and testing
blocks with the second and third set. After the three sets had been presented, children completed
Testing Blocks 2 and 3 with all three sets intermixed.

Children completed training days until they reached criterion or completed a total of six
training days. All children completed all training days consecutively without extra days between
any of the sessions. To achieve criterion, a child had to demonstrate robust learning of all nine
target forms and the link between each form and its referent at the end of a given training day.
Thus, for each object the child had to respond correctly in the Free Recall Task or had to respond
correctly in the Cued Recall Task and respond correctly for that same form in the 4AFC Dot

Task, demonstrating a memory for both the form and the link for that object.
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All children completed testing one-month after their last training day (range 27 to 30
days, mean = 28.17 days). During this session, words were tested in three sets of three (see
below). Each set included three testing blocks with one-minute stretch breaks between each
block. During the first block, the examiner presented each object one at a time and administered
a Free Recall prompt immediately followed by a Cued Recall prompt if needed. No feedback
was given. During the second block, the examiner administered the 4AFC Dot Task without
feedback. The third testing block was identical to the first testing block however children were
provided with feedback to their responses, similar to the feedback given during training. The
4AFC block and additional Free/Cued Recall testing block were added in case children
demonstrated poor retrieval of target forms. However, the initial Free and Cued Recall prompts
proved to be sensitive to assessing children’s memory for forms after the one-month delay. Thus,
only the first Free and Cued Recall prompts administered for each word were included in
analyses.

Between the last training day and the one-month session we tested subsets of the forms at
various delay intervals to determine whether a brief testing session aided long-term retention of
forms. For each child, three forms were tested one week after the last training day (Set A), three
forms were tested two weeks after the last training day (Set B), and three forms were tested at the
beginning of the one-month session (Set C). These additional testing sessions followed the same
protocol as the one-month testing session. Information about how forms were assigned to each
testing timepoint is included in Supplemental Materials S2. We report results of this
manipulation in the analyses below. However, this manipulation did not significantly relate to
children’s ability to retrieve and produce forms at the one-month delay. Thus, we do not discuss

testing at these various timepoints in the introduction or discussion.
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Scoring

Three research assistants formally trained in IPA transcription coded children’s verbal
responses in the Free and Cued Recall tasks based on high-quality video and audio recordings.
Each production was independently transcribed by two research assistants before they compared
their transcriptions. Intercoder reliability was 91%. Discrepancies were resolved by watching the
video together to determine an accurate transcription. The third author is a certified speech-
language pathologist and she aided with resolving disagreements when needed.

Each production yielded two scores: a phonological precision score and a whole word
score. For the phonological precision score, the phonemes that children produced were compared
to the target form (Edwards, Beckman, & Munson, 2004). Consonants were assigned a value up
to three points for the correct production of manner, voicing, and place features. Vowels were
assigned a value up to three points for correct production of height, backness, and tenseness
features. Each production was coded as the total percentage of phonetic features produced
correctly relative to the target form. Target forms were coded as zero features correct when the
child’s production more closely approximated another form in the set. For the whole word score,
only productions with 100% of the phonetic features produced correctly were coded as correct.
All other productions were coded as incorrect. See Supplemental Materials S1 for additional
information about coding.

Analyses and Results

In all sections below we fit two mixed effects models: a model with the log odds of a
correct response as the outcome variable using the whole word score and a model with the
phonological precision of productions as the outcome variable using the phonological precision

score. For the whole word score we used the log odds to account for a lack of homogeneity of
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variance inherent in analyses with binary responses (see Gordon, 2019). All analyses were
conducted in an R environment using the Ime4 package.

Encoding During Training

To determine children’s ability to encode forms from input, we conducted a generalized
mixed effects model with the log odds of a correct response to the Free and Cued Recall probes
administered at the end of each training day as the outcome variable. The fixed effects of the
maximal model included: group (DLD, TD), cue (free recall, cued recall), day, age (in months),
and biological sex. We included a day by group interaction to determine whether participants
with TD demonstrated a faster learning rate across days than participants with DLD. We also
included a cue by group interaction to determine if either children with DLD or TD demonstrated
a greater benefit from cuing. Mixed effects models include random effects to control for
systematic variation in the data when identifying the relationships between the fixed effects and
outcome variable (see Gordon, 2019). For this model, we included intercepts for participant and
form as well as participant by day and form by day slopes as random effects. The random effect
structure that best supported model fit included intercepts for participant and form and a
participant by day slope. The minimal fixed effect structure that best supported model fit
included group, cue, day, and a cue by group interaction (Appendix E, Table 1). Descriptive
statistics of the number of words produced correctly at the end of each training day for children
with TD and DLD are listed in Table 2.

Children with TD had a higher probability of producing the correct form than children
with DLD (B =-1.23,z = -2.63, p < 0.01). Additionally, children had a higher probability of
producing the correct form in the Cued as opposed to Free Recall Task (B =1.67,z=9.52, p <

0.001). For example, on Day 1 the TD group had an average probability of 12% of producing the



418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

20

form correctly in the Free Recall Task, and 41% of producing the form correctly in the Cued
Recall Task. Thus, they produced a model based* average of 1.04 and 3.69 forms correctly in the
Free and Cued Recall Tasks, respectively. In contrast, the DLD group had an average probability
of 4% of producing the form correctly in the Free Recall Task, and 9% of producing the form
correctly in the Cued Recall Task. Thus, they produced a model-based average of 0.33 and 0.78
forms correctly in the Free and Cued Recall Tasks, respectively. These averages reveal the nature
of the cue by group interaction. Specifically, when given the cue children with TD increased the
probability of producing forms correctly by 29%, the equivalent of 2.65 additional forms. When
given the cue, the children with DLD increased the probability of producing forms correctly by
5%, the equivalent of .45 additional forms. Performance improved across days (B = 0.61, z =
7.32, p <0.001). The group by day interaction did not improve model fit, thus, it was excluded
from the final model. This indicates that the probability of producing the correct form increased
to the same degree per training day across groups, an average increase of .72 forms per day.
Children’s individual performance during training is included in Supplemental Materials, S4.

To determine changes in the phonological precision of productions across training days,
we conducted a linear mixed effects model. For this model, the percentage of phonological
features produced correctly in response to Free and Cued Recall probes administered at the end
of each training day was the outcome variable. This model had the same fixed and random
effects as the previous model. The random effect structure that best supported model fit included
intercepts for participant and form and a participant by day slope. The minimal fixed effect

structure that best supported model fit included group, cue, training day, biological sex, and a

4 These averages are derived from the final model in which systematic differences across participants and forms
are accounted for via the random effects. Descriptive statistics of means and standard deviations are included in
Table 2.
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group by cue interaction (Appendix E, Table 2). Descriptive statistics of phonological precision
of productions at the end of each training day for children with TD and DLD are listed in Table
3.

Productions by children with DLD were, on average, 11% less precise than productions
by children with TD (B =-0.11, t =-2.13, p = 0.05). Children produced more phonological
features correctly in the Cued as opposed to Free Recall Task (B =0.44, t = 18.09, p <.001). The
group by cue interaction revealed that children with TD benefited more from the cue than
children with DLD (B =-0.08, t =-2.45, p = 0.01). Specifically, on Day 1 children with TD
produced an average of 26% features correct in the Free Recall Task, and 71% features correct in
the Cued Recall Task, reflecting an average increase of 45%. On Day 1 children with DLD
produced an average of 15% features correct in the Free Recall Task, and 51% of features correct
in the Cued Recall Task, reflecting an average increase of 36%. Examination of the interaction of
cue revealed that children with DLD were more likely not to respond to the Cued Recall prompt
than children with TD. Across all training days, children with TD were cued a total of 246 times
(mean per child = 27.22, sd = 11.05). In 23 instances, or 9% of trials, children with TD did not
produce a response. Across all training days, children with DLD were cued a total of 335 times
(mean per child = 37.11, sd = 10.89). In 76 instances, or 22% of trials, children with DLD did
not produce a response. When children did respond, they were highly accurate at producing the
part of the word that was cued. Children with TD and DLD produced a respective average of
98% (sd = .08) and 98% (sd = .07) phonetic features of the first CV/CCV correctly.

Performance improved across days (B = 0.08, t = 7.57, p < .001) with an average increase
in phonological precision of 8% from one day to the next. Once again, the group by day

interaction did not improve model fit, thus, it was eliminated from the final model. This indicates
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that across groups, children improved the phonological precision of productions to the same
degree from one day to the next.

We ran two additional models to assess how children’s NWR score ( i.e., percentage of
phonemes correct, Dollaghan & Campbell, 1998) and PPVT score were related to phonological
precision of productions. The variables NWR score, PPVT score, and Group (DLD, TD) cannot
be included in the same model due to multicollinearity. However, NWR score and PPVT score
were significantly related to the phonological precision of children’s productions, NWR (B =
.003,t=2.13, p =.05) and PPVT (B =.004, t = 2.43, p = .03) (Supplemental Materials, S3).

Consolidation During Training

We conducted a generalized mixed effects model to determine whether there was a
significant change in the probability of a correct production at the end of one training session and
at the beginning of the following training session and whether this differed across groups. This
model only included responses to the Free Recall Task, as Cued Recall was not administered at
the beginning of training sessions. The fixed effects of the maximal model included: assessment
time (end of session, beginning of session), gap (1 to 5), group (DLD, TD), age (in months), and
biological sex. The variable Gap is similar to the variable Day from the previous analyses (See
Figure 1). For each child, there was up to six training days. Similarly, for each child there was up
to five gaps between training days. Each gap (e.g., Gap 1) included performance at the end of a
specific training day (e.g., Day 1) and performance at the beginning of the following training day

(e.g., Day 2).°> We included an assessment time by group interaction as a fixed effect to

5 Scores included in Gap 1 assesses learning that occurred after the input from Training Day 1, but before input from
training Day 2. Performance at the end of Training Day 1 are coded as Gap 1 and coded as the assessment time, end
of session. Performance at the beginning of Training Day 2 are coded as Gap 1 and coded as the assessment time,
beginning of session. Thus, the effect of Time allows us to assess how performance changed from the end of one
session to the beginning of the next session. The effect of Gap allows us to assess changes across the five Gaps
based on how much training the child had received at that point.
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determine whether children with or without DLD demonstrated poorer consolidation of learning
over a period of overnight sleep.

The random effects structure that best supported model fit included intercepts for
participant and form. The minimal fixed effects structure that best supported model fit included
fixed effects for gap and group (Appendix E, Table 3). Participants increased the probability of a
correct response from one gap to the next (B = .66, z = 10.38, p <.001). This reflects an average
increase of 4% probability of a correct response from one gap to the next. Also, participants with
TD had a higher probability of producing forms correctly than participants with DLD (B = -1.33,
z=-2.10, p =.04). Notably, including a fixed effect for assessment time did not improve model
fit, indicating that participants’ performance at the end of a training day and the beginning of the
following training day did not differ significantly.

We conducted a similar model to determine whether there was a significant difference
between the percentage of phonetic features produced correctly at the end of one training day
and at the beginning of the following training day and whether this differed across children with
DLD and TD. This model had the same fixed and random effects as the previous model. The
random effects structure that supported model fit included intercepts for participant and form and
a participant by gap slope. The minimal fixed effects structure that best supported model fit
included fixed effects for gap and age in months (Appendix E, Table 4). Participants increased
the percentage of phonetic features produced correctly from one gap to the next (B = .10, t =
7.39, p <.001). Including a fixed effect for assessment time did not improve model fit, indicating
that the phonological precision of productions at the end of a training day and the beginning of
the following training day did not differ significantly.

Post-Training Retention
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Four children with TD and one child with DLD achieved criterion with all nine forms by
the end of the training. Children with TD demonstrated criterion on an average of 7.56 (1.42)
forms and children with DLD demonstrated criterion on 4.89 (2.57) forms. To assess retention of
learning, we conducted a generalized mixed effects model with the log odds of a correct response
as the outcome variable to determine changes in the probability of producing the correct form at
the end of the last training day and the one-month delay. The fixed effects of the maximal model
included: group (DLD, TD), cue (free recall, cued recall), age (in months), biological sex, delay
(end of training, one-month delay) and a fixed effect for retest (retested after a one-week delay, a
two-week delay, or not retested before the one-month test). We also included a delay by cue by
group interaction to determine if the cue differentially affected children with and without DLD
based on the delay (end of training, one-month delay). We included intercepts for participant and
form as random effects. These random effects were retained as they best supported model fit.
The minimal fixed effect structure that best supported model fit included delay, cue, and group
(Appendix E, Table 5).

Participants had a higher probability of producing a form correctly at the end of the last
training day (average probability = .64, 5.76 forms) than after the one-month delay (average
probability = .48, 4.32 forms). Participants with TD had a higher probability of producing forms
correctly than participants with DLD (B = -1.49, z = -2.09, p = .04). Additionally, participants
had a higher probability of producing forms correctly in the Cued as opposed to Free Recall Task
(B=1.46,z=7.14, p <.001). Specifically, at the end of training children with TD produced an
average of 5.22 (2.11) forms and 7.67 (1.22) forms correctly in the Free and Cued Recall Tasks,
respectively. After the one-month delay, they produced an average of 3.67 (2.45) forms and 6.78

(2.28) forms correctly in the Free and Cued Recall Tasks, respectively. At the end of training,
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children with DLD produced an average of 3.44 (2.35) forms and 5.00 (2.60) forms correctly in
the Free and Cued Recall Tasks, respectively. After the one-month delay, they produced an
average of 2.67 (1.94) forms and 4.33 (3.39) forms correctly in the Free and Cued Recall Tasks,
respectively. There was not a significant delay by group interaction, indicating that the
probability of a correct response decreased to a similar degree over the one-month delay for both
groups. Including a fixed effect for retest did not improve model fit, thus, it was eliminated from
the final model.

We conducted a linear mixed effects model to determine the percentage of phonological
features produced correctly at the end of training and after the one-month delay. This model had
the same fixed and random effects as the previous model. The random effect structure that best
supported model fit included intercepts for participant and form. The minimal fixed effect
structure that best supported model fit included group and cue (Appendix E, Table 6).
Participants with TD produced more phonological features correctly than participants with DLD
(B =-0.16,t =-2.13, p = .05). Additionally, participants produced forms with more phonological
precision in the Cued as opposed to Free Recall Task (B = 0.35, t = 12.33, p <.001). Notably,
there was not a significant effect of delay indicating that the phonological precision of
productions did not differ significantly between the end of training performance and after the one
month delay. Including a fixed effect for retest did not improve model fit, thus, it was eliminated
from the final model.

Discussion

In the current study, our research questions were the following. First, do preschool-age

children with DLD produce fewer forms correctly and produce forms with less phonological

precision during periods of input in comparison to children with TD demonstrating poorer
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encoding? Second, do the number of forms produced correctly and the phonological precision of
productions by preschool-age children with DLD decrease over periods of sleep more than
children with TD demonstrating poorer consolidation? Third, do the number of forms produced
correctly and the phonological precision of productions by preschool-age children with DLD
decrease over a one-month delay more than children with TD demonstrating poorer long-term
retention of learning? Overall, encoding was a relative weakness and consolidation was a relative
strength for children with DLD. This was the case both for the number of forms produced and for
the phonological precision of productions. Children with TD and DLD demonstrated robust
long-term retention of learning. We discuss results and implications in more detail below.

Encoding and Phonological Precision

In the current study, preschool-age children with DLD demonstrated difficulty encoding
forms from input relative to children with TD. Interestingly, children with DLD demonstrated
similar gains in word learning across days as children with TD. These findings are consistent
with Bishop et al. (2012). They presented forms multiple times to children and asked them to
repeat the forms each time they heard them within a single session. Children with DLD
demonstrated poorer productions of forms than children with TD. However, the degree to which
their performance improved across trials did not differ across groups. Notably, children’s
performance in non-word repetition tasks, which capture their ability to encode an initial
phonological representation of the form, are related to the rate of children’s vocabulary growth
during early childhood (see Gathercole, 2006 for a review). The results of Bishop et al., (2012)
and the current study suggest that the phonological precision of children’s initial representation
of a form is what contributes to individual differences in the total amount of experience the child

needs to add a form to her productive vocabulary. However, children’s ability to refine a
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representation across additional experiences (i.e., re-encoding) is much less likely to contribute
to individual differences in the rate of word learning.

An alternate explanation of the current findings and Bishop et al. (2012) is that children
with DLD and TD do differ in their ability to refine representations of forms across trials/training
sessions. However, because the initial representations of children with TD are more
phonologically precise, they have less ability to refine those representations as they approach
ceiling throughout training. In the current study and Bishop et al., the word set was limited to a
specific number of word-referent pairs. However, in the real world, the number of words to learn
is vast. Thus, children with DLD may demonstrate a slower rate of vocabulary growth than
children with TD because they encode less phonological information overall during periods of
input. Both encoding new forms and refining previously encoded forms may be impaired relative
to children with TD.

Overall, there is robust evidence that encoding, which involves establishing an initial
representation of a word form, is impaired in individuals with DLD relative to peers with TD.
However, it is unclear if the process of re-encoding, which involves refining a previously
encoded representation, is impaired in individuals with DLD. Furthermore, if both encoding and
re-encoding are impaired in individuals with DLD, the relative contribution of each of these
processes to the slowed rate of word learning is unclear. The current study and Bishop et al.,
suggest that impaired encoding abilities has a larger effect on the rate of word learning for
individuals with DLD than possible impaired re-encoding abilities. However, further research in
which ceiling effects are carefully controlled are needed to gain a better understanding of the

encoding and re-encoding abilities of children with DLD relative to children with TD.
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Another finding from the current study is that children with TD demonstrated a greater
improvement in their productions than children with DLD when they were given the first
CVICCV of the form as a cue. Children with TD were more likely to attempt a response when
cued than children with DLD. The retrieval-based learning literature indicates that providing
retrieval opportunities, even those that lead to wrong responses or no response, can support
encoding and consolidation of target information (see Gordon, 2020). Notably, after the learner
attempts to retrieve the target information, she becomes aware of what she does or does not
know and is likely to attend to the target information when the correct response is given as
feedback. Additionally, providing retrieval opportunities that vary in retrieval support (e.g., Free
Recall, Cued Recall, Recognition) can enhance encoding and consolidation more than providing
only one type of retrieval opportunity (Adesope et al., 2017). In the current study when the child
was provided with the cue of the first CV/CCV, this may have benefited learning as it
contributed to more successful retrievals than Free Recall prompts. Conversely, children may
have put less effort into retrieving information in response to Free Recall prompts because they
knew that they would receive the cue. Gordon et al., (2020) found that adults with DLD
benefited more from Free Recall prompts that were not followed by a cue than Cued Recall
prompts when learning word forms. Through further research, we can better understand the
blend of retrieval tasks that contribute to the best learning and retention of forms for preschool-
age children with DLD.

It is important to note that similar to children with TD, children with DLD varied in their
verbal working memory abilities as measured by the NWR task (Dollaghan and Campbell,
1998). Working memory abilities and receptive vocabulary knowledge, as measured by the

PPVT-4, were related to variability in children’s ability to learn forms from input. The best
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learner with DLD achieved criterion, in that he demonstrated robust knowledge of all nine forms,
on the fifth training day. The performance of this learner was similar to that of children with TD.
The learner with DLD who struggled the most produced one and two forms correctly in the Free
and Cued Recall Tasks respectively at the end of the last training day. Although verbal working
memory is a common deficit for children with DLD (see Alloway & Gathercole, 2006;
Montgomery, Magimairaj, & Finney, 2010 for reviews), not all children with DLD demonstrate
impaired working memory (Gray et al., 2019). Furthermore, the specific nature and severity of
this impairment varies across children with DLD. Additionally, children with DLD vary
substantially in their receptive vocabulary knowledge, and often demonstrate overlapping
receptive vocabulary scores with children with TD (Kan & Windsor, 2010). Thus, in line with
Gray and colleagues (2019), we conclude that to support learning in an individual child with
DLD, it is important to understand that child’s specific working memory and vocabulary
knowledge profile.

Consolidation and Long-Term Retention

Results from the current study demonstrate that consolidation is an area of relative
strength for children with DLD when learning words. This is the case for the number of forms
children produced before and after a period of overnight sleep, and also for the phonological
precision at which they produced forms. These results coincide with the results from McGregor
and colleagues with college-age students with DLD (McGregor, Arbisi-Kelm, et al., 2017;
McGregor et al., 2020; McGregor, Gordon, et al., 2017) and with the results from Leonard and
colleagues with preschool-age children with DLD (see Leonard & Deevy, 2020 for a review).
These results stand in contrast to Malins et al., (2020) and Rice et al., (1994) in which children

with DLD demonstrated poorer consolidation of word learning than children with TD. Notably in
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Malins et al.,(2020) children were taught words that contained a high degree of phonological
similarity across the set. Given that children with DLD are likely to encode less phonologically
precise representations of forms, these representations may not have been robust enough to
support consolidation and fine-grained distinctions the following day. Furthermore, during
training children were shown two potential referents and were asked to find the target referent
when given a specific form (e.g., Find the pibu). Children were provided with direct feedback
after their selection. However, having two referents present when they heard the form may have
contributed to difficulty building a stable representation of the form-referent link. In Rice et al.,
(1994) children attempted to learn words via incidental exposures, which can be particularly
challenging for children with DLD (Steele & Mills, 2011). Thus, children with DLD may have
had more difficulty building representations that were robust enough to support consolidation of
learning.

In the current study, we selected training that was most likely to support encoding,
consolidation, and long-term retention of words. Children were given direct instruction via
retrieval-based practice in which they were repeatedly asked to retrieve forms and were given
feedback to their responses. Additionally, forms within the set were phonologically distinct from
one another to support learning across the set. In a similar manner, McGregor and colleagues as
well as Leonard and colleagues provided highly supportive training to individuals with DLD in
that they both utilized retrieval-based practice. One limitation of the current study is that children
with DLD and TD may have differed in their ability to consolidate forms, but we would need a
larger sample size to capture this difference. We note that the current measures were sensitive
enough to demonstrate differences in encoding given the current sample size. Thus, if differences

in consolidation abilities across groups exists, the effect of consolidation is smaller than the
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effect of encoding when children are given highly supportive training. Overall, further research
is needed to determine how the level of support during training contributes to differences in
encoding and consolidation across children with and without DLD. This would lead to a better
understanding of differences across groups when training is less supportive, such as through
incidental exposures to target words when multiple referents are present, and when training is
highly supportive, such as during robust vocabulary instruction in educational and clinical
contexts. Additionally, as noted previously researchers typically include one training session and
one session after a delay to assess consolidation and retention processes. However, robust
learning is built across multiple sessions of input with multiple intervening periods of
consolidation. Thus, it is important to understand how different levels of support during training
affect changes of representations of words across these interleaving periods of input and
consolidation (Simon et al., 2020)

In the current study we used some principles of robust vocabulary instruction (McKeown,
2019) such as providing explicit information about words, providing opportunities to actively
retrieve encoded information, and targeting the same words across multiple sessions. However, a
key aspect of robust vocabulary instruction includes teaching words in meaningful contexts
given the semantic meanings of words. To focus on children’s ability to learn forms, we
constrained the semantic meaning of the words. We trained children with concrete objects and
did not provide additional semantic information such as object function. During real-world word
learning, children are gradually building rich semantic representations of word meanings while
they are refining their phonological representations of forms. On the one hand, phonological and
semantic representations may compete with each other in that children can only encode a limited

amount of information during an exposure to a form-referent pair (Crystal, 1987). On the other
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hand, learning semantic information may support the learning of phonological information and
vice versa (see Benham & Goffman, 2020). For example, children with DLD demonstrate better
semantic knowledge for referents that they can more readily name (McGregor, Newman, Reilly,
& Capone, 2002). Additional research is needed to understand how semantic representations
(i.e., word meanings) and phonological representations (i.e., word forms) interact throughout the
slow-mapping process.

An additional limitation of the current study is that we excluded training trials when
children retrieved and produced forms correctly at the beginning of a training session. Because
learning forms to the level that they can be retrieved and produced accurately is difficult for
children with TD and DLD, we interpreted correct productions at the beginning of a training
session as an indication that children had learned these forms. Overall, this was the case. When
children retrieved and produced a form at the beginning of a session, they tended to retrieve and
produce that form correctly at the beginning of subsequent sessions (Supplemental Materials,
S2). Both children with and without DLD received the same training in that additional training
trials were consistently excluded for forms they retrieved and produced correctly at the
beginning of sessions. However, future research in which children with DLD and TD receive the
same dosage to all words regardless of performance would illuminate whether receiving
additional exposures to words children can retrieve and produce correctly contributes to
differential effects on consolidation and long-term retention.

Implications for Educational and Clinical Practice

Overall, results from the current study and past research demonstrate that children with

DLD are likely to successfully consolidate and later retrieve encoded information when provided

with highly supportive training. In fact, principles of robust vocabulary instruction are likely to
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benefit both children with and without DLD (see Beck, McKeown, & Kucan, 2016; Gordon,
2020). Alarmingly, information about how to implement robust vocabulary instruction is often
missing from Pre-K curricula (Neuman & Dwyer, 2009). This is reflected in educational

practice. In an assessment of vocabulary instruction in Kindergarten classrooms, Wright and
Neuman (2014) found that instructors tend to select target words incidentally. Instructors
provided explicit definitions of words when they appeared in storybooks or a student asked about
a word. When words are targeted incidentally, poorer word learners may not receive supportive
enough training or enough exposures to the target word during a specific lesson to build
representations that can be consolidated and retrieved during the following lesson.

Another danger of not implementing systematic robust vocabulary instruction is that
poorer word learners may not receive an adequate total dosage to target words (i.e., cumulative
intensity) to add words to their vocabularies. For example, preschool-age children with DLD
demonstrate a better response to a vocabulary intervention when they were given 36 total
exposures to target words as opposed to 12 or 24 exposures (Storkel et al., 2016). Critically, as
demonstrated by the current study, children with DLD require more exposures to target words
than children with TD to develop precise phonological representations of the words. For children
with DLD, classroom instruction can be supplemented by an SLP who provides additional
supportive exposures to target words during therapy sessions. Additionally, supporting word
learning in children with DLD is particularly effective when SLPs and teachers partner together
(Throneburg, Calvert, Sturm, Paramboukas, & Paul, 2000) and when SLPs involve parents
(Marulis & Neuman, 2013). These partnerships include the benefits of increasing the exposures
that children receive as well as providing opportunities for one-on-one instruction that can be

tailored to the child’s word learning abilities.
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Children with DLD are likely to enter formal schooling with poorer vocabulary
knowledge than their peers with TD. This poorer vocabulary knowledge affects the child’s
ability to succeed academically and to build essential literacy skills. Effective word learning
interventions during preschool could improve children’s access to academic content, set them on
a path for better literacy development, and increase the likelihood that they will learn additional
words from verbal and written content. Word learning interventions for children with DLD are
only effective if they support encoding, consolidation, and long-term retention of learning.
Children with DLD must be provided with supportive training during sessions and adequate
exposures across sessions to foster learning that is likely to be retained long-term. Through
partnerships between educators, clinicians, and parents we can achieve the important goal of

improving long-term trajectories for children with DLD.
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937  Figure 1: The memory processes involved in slow mapping.
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Table 1: Participant characteristics including mean standardized scores and standard deviations
(sd). Minimum and maximum scores are listed in parentheses.

TD DLD t-test
Age in Months 58.78 (50, 80) 59.33 (50, 78) t (15.86) = -0.14,
sd =9.05 sd =8.25 p=0.89
Biological Sex Females =5 Females =5 _
Males = 4 Males = 4
Maternal Education 16.11 (14, 18) 16.22 (13, 20) t (13.99) =-0.13,
(in years) sd =1.45 sd =2.17 p=0.90
PPVT-4* 112.44 (83, 142) 100.78 (88, 121) t(14.11) = 1.62,
sd=17.81 sd =12.13 p=0.13
SPELT-3* 120.22 (111, 130) 83.33 (81, 95) t (15.11) = 10.30,
sd = 6.61 sd = 8.47 p <.001
GFTA-3* 87.89 (59, 115) 85.22 (64, 104) t (14.70) = 0.33,
sd =19.39 sd = 14.26 p=.74
Non-word repetition 75.35 (64.58, 88.54) | 47.11 (28.13,60.42) | t(15.97) =5.90,
(percentage of sd =10.35 sd =9.93 p <.001
phonemes correct)
WPPSI-1V, Block 9.89 (8, 13) 8.78 (7, 11) t (15.54) = 1.45,
Design* sd =176 sd =148 p=0.17
WPPSI-IV, Matrix 10.00 (7, 13) 9.00 (7, 14) t (14.85) = 1.00,
Reasoning* sd =1.80 sd = 2.40 p=0.33

*Scores are standardized scores.
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Table 2: Descriptive statistics for the mean number of words produced with 100% phonological

precision at each assessment point during training. Standard deviations in paratheses.

Children with Typical Development

Day 1

Day 2

Day 3

Day 4

Day 5

Day 6

Beginning
of Session,
Free Recall

1.11 (0.93)

1.75 (1.28)

3.38 (2.20)

3.67 (3.27)

3.00 (L.41)

End of
Session,
Free Recall

1.00 (1.00)

2.22 (1.72)

3.00 (1.77)

4.63 (2.56)

3.67 (1.97)

4.20 (1.10)

End of
Session,
Cued
Recall

2.56 (1.88)

6.11 (1.05)

6.38 (1.60)

7.13 (1.55)

6.17 (2.04)

6.80 (0.84)

Children with Developmen

tal Language Disorder

Day 1

Day 2

Day 3

Day 4

Day 5

Day 6

Beginning
of Session,
Free Recall

0.33 (0.50)

0.78 (1.30)

1.44 (1.51)

2.11 (2.62)

2.88 (2.36)

End of
Session,
Free Recall

0.33 (0.50)

1.22 (1.56)

1.33 (1.22)

2.67 (2.00)

3.00 (2.00)

3.25 (2.43)

End of
Session,
Cued
Recall

0.67 (0.71)

2.22 (1.86)

2.67 (1.87)

3.56 (2.19)

4.89 (2.37)

450 (2.27)
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Table 3: Descriptive statistics for the percentage of phonological features produced correctly at
each assessment point during training. Standard deviations in paratheses.

Children with Typical Development

Day 1

Day 2

Day 3

Day 4

Day 5

Day 6

Beginning
of Session,
Free Recall

0.18 (0.37)

0.32 (0.44)

0.46 (0.48)

0.50 (0.48)

0.49 (0.47)

End of
Session,
Free Recall

0.17 (0.36)

0.32 (0.45)

0.41 (0.48)

0.60 (0.48)

0.55 (0.47)

0.58 (47)

End of
Session,
Cued
Recall

0.68 (0.34)

0.85 (0.30)

0.90 (0.23)

0.95 (0.12)

0.91 (0.18)

0.92 (0.20)

Children with Developmen

tal Language Disorder

Day 1

Day 2

Day 3

Day 4

Day 5

Day 6

Beginning
of Session,
Free Recall

0.08 (0.26)

0.18 (0.36)

0.34 (0.45)

0.31 (0.45)

0.43 (0.48)

End of
Session,
Free Recall

0.08 (0.25)

0.25 (0.41)

0.25 (0.41)

0.44 (0.48)

0.38 (0.48)

0.45 (0.48)

End of
Session,
Cued
Recall

0.50 (0.32)

0.61 (0.37)

0.68 (0.35)

0.73 (0.34)

0.74 (0.36)

0.73 (0.37)
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Appendix A. Additional standardized test scores for children with DLD and TD.

Table 1: Results from additional standardized tests administered to further characterize the
current sample of children with DLD and TD. Minimum and maximum scores are listed in

parentheses.
D DLD t-test
Digit Recall 109.44 (87, 137) | 86.33 (77, 97) t (12.36) =
- sd =14.31 sd=7.79 4.25,
o p<.01
% Dot Matrix 97.22 (75, 126) 85.67 (70, 98) t (14.57) =
2 sd = 15.05 sd = 10.87 1.87,
< p =0.08
g‘ Counting Recall 100.89 (82, 130) | 85.22 (69, 97) t(15.13) =
E 2 sd = 15.36 sd =12.03 2.41,
[<B]
S S p=0.03
= =/ Counting Recall, Processing | 98.67 (80, 131) 85.56 (82, 94) t(10.42) =
< 9 score sd = 15.57 sd = 6.13 2.35,
g p=0.04
o Odd-one-out 109.00 (90, 125) | 93.56 (85, 115) t(13.34) =
T sd = 15.86 sd =9.81 2.48,
£ p=0.03
E Odd-one-out Processing Score | 106.44 (89, 124) | 93.33 (84, 122) t(15.22) =
sd =14.76 sd=11.72 2.09,
p=0.05
Diagnostic Evaluation of Language | 11.11 (7, 18) 7.22 (5, 10) t (15.08) =
Variation (DELV)* sd =2.93 sd =2.28 3.14,
p<.01

*Normed referenced scoring

To further assess children’s verbal and non-verbal working memory abilities, we administered
four subtests of the Automated Working Memory Assessment (AWMA,; Alloway, 2007): digit
recall, dot matrix, counting recall, and odd-one-out. During digit recall children repeated strings
of digits of increasing length to assess verbal short-term memory. The dot matrix subtest
required children to view a red dot on a four-by-four grid and then indicate the dot’s prior
position on an empty grid to assess visuospatial short-term memory. We obtained two scores
from the counting recall subtest in which children counted the number of red circles in an array
of shapes and colors (percentage of correct responses coded as their processing score) and
recalled the correct number of red circles (recall score) to assess verbal working memory. We
also obtained two scores from the odd-one-out task in which children indicated the different
shape in a set of three across a number of trials (percentage of correct responses coded as their
processing score) and then indicated the former positions of these shapes on an empty grid
(recall score) to assess visuospatial working memory.
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Appendix B. Word-referent pairs

Table 1. Word forms and characteristics, phonotactic probability. Phonotactic probability was

calculated with the English calculator (Vitevitch and Luce, 2004;

https://calculator.ku.edu/phonotactic/about).
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Target Form | Phonotactic | Phonotactic Minimal Pair | Phonotactic | Phonotactic
Probability, Probability, Probability, Probability,
Sum of Biphone Sum of Biphone
Positional Probability Positional Probability
Segment Segment
Frequency Frequency
/bnip/ 0.3117 0191 /binig/ 0.303 0197
/dob/ 0.1271 .0027 /dof/ 0.1208 .0016
/grama-/ 0.2104 .0186 /grata/ 0.2703 .0250
/Kintt/ 0.3488 .0093 /Kigrt/ 0.2706 .0033
/mep/ 0.1235 .0045 /mev/ 0.11 .0043
/nedig/ 0.1505 .0099 /nedip/ 0.1592 .0093
/plun/ 0.1905 .0092 /plub/ 0.1617 .0088
/sibl/ 0.183 .0061 [sifl/ 0.1767 .0041
/topin/ 0.2547 .0078 [toprf/ 0.1929 .0058

Table 2. Word forms and characteristics, neighborhood density. Neighborhood density was

calculated using the English child corpus calculator (Vitevitch and Luce, 2004;

https://calculator.ku.edu/density/about).

Target | Neighborhood | Minimal | Neighborhood
Form Density Pair Density
/binip/ | 0 /bintg/ | O

/dob/ 7 /dof/ 7
/grama-/ | O /grata/ | O

/kintt/ | 0 /Kigrt/ 0

/mep/ 13 /mev/ 15
/nedig/ |0 /nedip/ | 0

/plun/ 2 /plub/ 0

/sibl/ 2 [sifl/ 0
/topn/ | 0 [toprf/ 0



https://calculator.ku.edu/phonotactic/about
https://calculator.ku.edu/density/about
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Appendix C. The 2AFC and 4AFC dot tasks

Figure 1: Illustrations of the 2AFC and 4AFC dot tasks used throughout training and the long-
term session.
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Description of Tasks

In a given trial of the 2AFC dot task, an object as well as a piece of paper with two large
dots on it were placed in front of the child. The experimenter first pointed to the object and
asked, “What is this one called?”. The experimenter then presented the child with two forms to
choose from, the target form for the object present and another trained form from the set. As she
produced the first form the experimenter pointed to one of the black dots on the paper. As she
produced the second form she pointed to the other black dot. Children could indicate their
response by producing one of the forms, by pointing to one of the black dots, or by doing both. If

the child produced a form and pointed to the dot not associated with that form, their stated form
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took precedence. If the child said a form that was phonologically similar but not identical to one
of the options, this was coded as a production of the target form (e.g., /meb/ for /mep/). If the
child produced a form that was not phonologically similar to either of the options or blended two
forms, the experimenter re-administered the trial and encouraged the child to select one of the
stated options. The pairing of target and distractor forms as well as the order they were presented
within trials (e.g., target form produced first or second) were randomized throughout training.
Feedback of the correct form after each trial was given in a manner similar to the feedback
provided during the Free and Cued Recall tasks.

The 4AFC dot task was similar to the 2AFC dot task, but each trial included four forms
as options: the target form, a minimal pair of the target, another trained form (i.e., the distractor
form), and a minimal pair of the distractor form. The 4AFC dot task was administered with the
object placed at the top of a paper that included four large dots on it arranged with two dots each
in two large squares. For example, the experimenter would show the child the object labeled as a
/mep/ during training, and would ask the child, “What is this one called? Is it a /mep/, a /mev/, a
/binig/, or a /binip/?”” The experimenter pointed to each dot, left to right from the child’s point of
view, simultaneous to the production of each form. The order that the four options were
presented within trials was balanced such that the correct response was presented a similar
number of times in each position (produced first, second, third or fourth). The minimal pair for
each form was always either produced directly before or directly after that form. Responses were
coded in the same way as the 2AFC dot task.

Analyses
For the 4AFC task administered at the end of training sessions, we conducted a

generalized mixed effects model with the log odds of a correct response as the outcome variable.
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The fixed effects of the maximal models included: group (DLD, TD), day, age (in months), and
biological sex. We included a day by group interaction to determine whether participants with
TD demonstrated a faster learning rate across days than participants with DLD. For this model,
we included intercepts for participant and form as well as participant by day and form by day
slopes as random effects. The random effect structure that best supported model fit included
intercepts for participant and form. The minimal fixed effect structure that best supported model
fit included group and day (Table 1).

Children with TD had a higher probability of selecting the correct form than children
with DLD (B =-1.15, z =-3.38, p < 0.001). For example, on Day 1 the TD group had an average
probability of 74% of selecting the target form. They selected the target form for an average of
6.69 out of the nine trained objects. In contrast, the DLD group had an average probability of
48% of selecting the target form. They selected the target form for an average of 4.30 objects.

Overall, performance improved across days (B = 0.36, z = 6.84, p < 0.001). The
probability of selecting the target form increased by an average of 8% the equivalent of .73
forms per day. The group by training day interaction did not improve model fit, thus, it was
excluded from the final model. This indicates that the probability of selecting the correct form
increased to the same degree per training day across groups.

Table 1: Final models for word learning performance across training days, 4AFC dot task

Log Odds of Selecting the Target Form

Estimate Standard Error z value Pr(>z|)
Intercept 1.06 0.29 3.62 <.001
Group? -1.15 0.34 -3.38 <.001
Day 0.36 0.05 6.84 <.001

4Reference group is typically developing.
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Table 1. Protocol during each training session
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Block Task Objects Script Feedback Exposures
to Form
with
Target
Referent
Present

Testing | Free All objects What is this | None 0

Block 1 | Recall one called?

Task
Training | Explicit Only objects | Thisisa None 2
Block 1 | Labeling | that were not | /binip/. You
named say /binip/.
correctly
during
Testing
Block 1.
Training | 2AFC Only objects | Isthisone a | Correct = “Yes that’s right | 2
Block 2 | Dot Task | that were not | /binip/ ora | thisisa/binip/.”
named /mep/? Incorrect = “Actually this
correctly is called a /brnip/.”
during Incorrect/close = “That’s
Testing really close, but this one is
Block 1. a /binip/.”
Training | 2AFC Only objects | Is this one a | The same as Training 2
Block 3 | Dot Task | that were not | /grama-/or a | Block 2.
named /binip/?
correctly
during
Testing
Block 1.
Testing | 4AFC All objects Is this one a | The same as Training 2
Block 2 | Dot Task /binip/, a Block 2.
/binig/, a
/dob/, or a
/dof/?
Testing | Free/Cued | All objects What is this | The same as Training 1
Block 3 | Recall one called? | Block 2.
Task It starts
with /br/....
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Table 1: Final models for word learning performance across training days, whole word score

Log Odds of Producing a Word Correctly

Estimate Standard z value Pr(>z|) Cohen’s d°
Error
Intercept -2.04 0.41 -4,99 <.001 -
Group? -1.23 0.47 -2.63 <.01 0.43
Day 0.61 0.08 7.32 <.001 0.26°
Cue® 1.67 0.18 9.52 <.001 0.22
Group x Cue | -0.76 0.25 -3.06 <.01 -

aReference group is typically developing. °Reference group is Free Recall. “Cohen’s d is
calculated with means and standard deviations of each group/condition. ‘Comparison is between

Day 1 and Day 2.

Table 2: Final models for word learning performance across training days, phonological

recision score

Percentage of Phonetic Features Produced correctly
Estimate Standard t value Pr(>|z|) Cohen’s d¢
Error
Intercept 0.22 0.06 4.02 <.001 -
Group? -0.11 0.05 -2.13 0.05 0.35
Day 0.07 0.01 7.56 <.001 0.17°
Cue® 0.44 0.02 18.09 <.001 0.51
Biological 0.08 0.05 1.56 0.14 0.18
Sex°®
Group x Cue -0.08 0.03 -2.45 0.01 -

aReference group is typically developing. "Reference group is Free Recall. °Reference group is
Female. Cohen’s d is calculated with means and standard deviations of each group/condition.
¢Comparison is between Day 1 and Day 2.

Table 3: Final models for consolidation during training, whole word score

Log Odds of Producing a Word Correctly

Estimate Standard z value Pr(>|z|) Cohen’s d°
Error
Intercept -2.36 0.52 -4.51 <.001 -
Group? -1.33 0.63 -2.10 0.04 0.23
Gap 0.66 0.06 10.38 <.001 0.10°

aReference group is typically developing. °Cohen’s d is calculated with means and standard

deviations of each group/condition. “Comparison is between Gap 1 and Gap 2.
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Table 4: Final models for consolidation during training, phonological precision score

Percentage of Phonetic Features Produced correctly

Estimate Standard t value Pr(>|z|) Cohen’s d?
Error
Intercept 0.14 0.05 2.90 <0.05 -
Age 0.01 0.003 1.96 0.06 -
Gap 0.10 0.01 7.39 <.001 0.16°

%Cohen’s d is calculated with means and standard deviations of each group/condition.
bComparison is between Gap 1 and Gap 2.

Table 5: Final models assessing the effect of delay (end of training, one-month delay) on
production of words, whole word score.

Log Odds of Producing a Word Correctly

Estimate Standard z value Pr(>|z|) Cohen’s d¢
Error
Intercept 0.58 0.56 1.05 0.30 -
Delay® -0.67 0.20 -3.39 <.001 0.12
Group® -1.49 0.71 -2.09 0.04 0.45
Cue® 1.46 0.20 7.14 <.001 0.26

aReference group is end of training. "Reference group is typically developing. “Reference group
is Free Recall. %Cohen’s d is calculated with means and standard deviations of each
group/condition.

Table 6: Final models assessing the effect of delay (end of training, one-month delay) on
production of words, phonological precision score.

Percentage of Phonetic Features Produced correctly
Estimate Standard t value Pr(>z|) Cohen’s d°
Error
Intercept 0.58 0.06 10.26 <.001 -
Group? -0.16 0.07 -2.13 0.05 0.37
Cue® 0.35 0.03 12.33 <.001 0.19

aReference group is typically developing. PReference group is Free Recall. “Cohen’s d is
calculated with means and standard deviations of each group/condition.



