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Abstract

Developmental language disorder (DLD) and dyslexia are common language-based learn-
ing disabilities that often co-occur, prompting debate regarding the nature of overlap in
their learning and memory profiles. The current study examined how young adults with
and without DLD or dyslexia learn and consolidate declarative, procedural, and speech-
sound information over a 12-hour period. Participants completed learning tasks in the
morning or evening and were retested on their performance after 12 hours. Declarative
memory performance improved after 12 hours among evening-trained participants with-
out DLD but not in morning-trained participants, nor in participants with DLD. Procedur-
al memory performance improved after 12 hours among all participants without DLD,
but not in participants with DLD. Sensitivity to the learned speech sounds improved after
12 hours across all participants. Together, these findings suggest that the time course of
learning and consolidation differs across different types of learning and across different
learning disability subtypes.
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Developmental language disorder (DLD) and
dyslexia are common neurodevelopmental disorders
that affectlanguage abilities. Specifically, DLDis char-
acterized by difficulties in language, including gram-
mar, syntax, and language comprehension (Bishop et
al., 2017), while dyslexia primarily impacts reading
and spelling (Shaywitz & Shaywitz, 2005). Although
DLD and dyslexia have distinct diagnostic criteria,
they often co-occur and share certain characteristics.

A core debate in the field centers on whether
these disorders arise from a shared underlying im-
pairment or reflect different root causes (Bishop
& Snowling, 2004; Ramus et al., 2013). The crux of
this debate centers on the nature of the phonological
deficits observed in both DLD and dyslexia (Ramus
etal, 2013). In DLD, it has been proposed that impov-
erished speech representations affect the ability to
acquire grammatical morphemes of low perceptual
saliency (Phonological Deficit Hypothesis; Joanisse,
2007; Joanisse & Seidenberg, 2003). Phonological
instability has been posited to hinder the establish-
ment of stable phoneme-grapheme mappings for ef-
ficient decoding (Snowling, 1981). Thus, poor speech

representations can account for much of the overlap
in symptomology between the two conditions. It is
quite possible, however, to arrive at poor speech rep-
resentations through different mechanisms (Ramus
et al., 2013). A better understanding of these mech-
anisms may help us to better predict which subset
of children with DLD is more likely to struggle with
the acquisition of literacy, facilitating intervention
on pre-literacy skills prior to the onset of reading in-
struction.

While the literary landscapes of DLD and dys-
lexia differ in nuance, both include long-standing de-
bates between a class of theories that posits atypical
sensory processing vs. a class of theories that posits
deficits in learning and memory. The processing per-
spective for DLD includes proposals on deficits in
processing speed (Leonard et al., 2007; Zapparrata
et al, 2023), phonological processing (Claessen et
al., 2013; Joanisse, 2007), and predictive processing
(Jones & Westermann, 2021). For dyslexia, proposals
include deficits in auditory processing (Haméldinen
et al., 2013), atypical temporal sampling of auditory
input (Goswami, 2011), and impaired processing of
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transient visual and auditory input (Stein & Talcott,
1999). These differences in processing are thought to
similarly underlie the phonological deficits observed
in both DLD and dyslexia. Of course, processing and
memory are not mutually exclusive, in that sensory
processing affects encoding of representations and
acoustic-phonetic representations affects linguistic
processing speed.

The proposals on deficits in learning and memo-
ry have implicated selective weaknesses in procedural
learning (Lum et al., 2014, 2018) and statistical learn-
ing (Lammertink et al, 2017; Schmalz et al., 2017)
across both DLD and dyslexia. However, these propos-
als have been criticized for the task-specific nature of
the observed weaknesses (Bogaerts et al., 2021; West
etal., 2018).

Apotential means of disambiguating the narrative
might be to examine the neuroanatomical substrates
that underlie performance across tasks in common.
For example, the Procedural Circuit Deficit Hypothe-
sis (PDH; Ullman et al., 2020) posits that various neu-
rodevelopmental disorders of language, such as DLD
and dyslexia, arise from structural differences in the
procedural memory circuitry. As such, a tenet of the
PDH is that declarative memory is relatively unaffect-
ed and that, moreover, implicit learning tasks, often
considered “procedural,” may be unimpaired if declar-
ative memory can be recruited to compensate. Thus,
a performance-based test of the PDH necessitates the
use of procedural and declarative memory tasks that
can reasonably be trusted to rely on the basal ganglia
vs. the hippocampus, respectively.

Furthermore, a description of learning and
memory function must consider not just the initial
encoding of experience or practice, but the consol-
idation and retention of information over time. In
the past two decades, a considerable body of work
on memory consolidation in language learning has
highlighted a critical role for sleep (see Gémez, 2011,
and Schreiner & Rasch, 2017, for reviews). This lit-
erature has prompted an interest in a potential link
between disorders of sleep and disorders of language
(Botting & Baraka, 2018; McGregor & Alper, 2015).

Atypical sleep patterns have been reported in chil-
dren with DLD (Knowland et al., 2021) and in children
with dyslexia (O’Bruni et al., 2009), as well as atypical
consolidation behaviors. In DLD, deficits in overnight
consolidation has been reported for both procedural
(Hedenius et al., 2011) and declarative memory (Earle
& Ullman, 2021), as well as in speech-sound learning
(Earle et al., 2018), suggesting a general weakness in
converting new information to long-term knowledge
(cf. Gordon et al., 2021).

Consolidation deficits have also been reported
for dyslexia in procedural learning (Ballan et al., 2023;
Hedenius et al., 2021; see Solbi & Earle, 2025, for re-
view); however, it remains unclear if the patterns of
learning and consolidation are the same across pro-
cedural and declarative learning in these populations.
Important, the time course of consolidation is not uni-
form across procedural and declarative memory. That
is, whereas a post-learning period of sleep is thought to
support systems consolidation of declarative (i.e. hip-
pocampal) learning (Diekelmann & Born, 2010), local-
ized synaptic changes that support the enhancement
of procedural learning is thought to occur as a func-
tion of time, regardless of state (Nemeth et al., 2010).

Establishing new speech-sound representation
is not a monolithic skill, and likely relies on both
declarative and procedural memory systems (Chan-
drasekaran et al., 2014; Earle & Myers, 2014). Poten-
tial weaknesses in the learning and retention of new
acoustic-phonetic information may be attributable to
weaknesses in procedural or declarative memory, or
both, as well as subsequent consolidation. Further-
more, given the nature of the learning disabilities, it
is unclear if patterns of learning and retention are
the same for linguistic (e.g., speech-sound) and for
nonlinguistic learning.

Rationale for the Current Study

The current study aimed to investigate the initial
learning and consolidation of three types of mem-
ory: declarative memory, procedural memory, and
speech-perceptual memory. We focused on young
adulthood, as this stage of life is marked by increas-
ing academic, professional, and social demands that
require effective language use across various situa-
tions. Moreover, a growing literature points to life-
long difficulties experienced by those affected (Bot-
ting, 2020; Del Tufo & Earle, 2020; Earle & Del Tufo,
2021; McGregor et al., 2020). That is, if core memory
deficits persist into adulthood, such challenges are
likely to contribute to long-term educational and em-
ployment outcomes (Dubois et al., 2020).

To assess declarative memory, we used a recogni-
tion memory task due to its reliance on the hippocam-
pus (Manns et al., 2003). To assess procedural memory,
we used a serial reaction time task for its recruitment
of the basal ganglia (Janacsek et al., 2020). To track
the learning and consolidation of “new” acoustic-pho-
netic features, we used a nonnative contrast training
task (Earle & Myers, 2015a, 2015b). Based on the PDH,
we hypothesized that procedural memory would be
compromised at initial learning (i.e., prior to consoli-
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dation), but that initial learning in declarative memory
would be unimpaired, for both DLD and dyslexia. For
speech-sound learning, we predicted initial learning to
be intact in DLD (Earle et al., 2018); however, we rea-
soned that documented deficits in auditory processing
(e.g., Goswami, 2011) may compromise the ability of
those with dyslexia to learn acoustic-phonetic fea-
tures. Following an overnight interval, we predicted
adults with DLD would show a deficit in all three
memory tasks subsequent to poor initial learning for
procedural memory and to weak consolidation for
declarative and speech sound learning. We predicted
adults with dyslexia would show a deficit in procedur-
al and speech-sound learning tasks subsequent to poor
initial learning, without an a priori hypothesis regard-
ing consolidation of declarative memory. This pattern
of results would provide insights into the different
mechanisms underlying poor speech-perception per-
formance in the two populations.

Method

Participants

Participants were recruited from the community
surrounding the University of Delaware, which in-
cludes urban, rural, and suburban environments with-
in a 15-mile radius. Flyers, social media, and e-mail ad-
vertisements were used. Targeted ads with language to
recruit adults with a history of unspecified learning dis-
abilities were also posted at the buildings surrounding
disability support services, as well as on social media.

To participate, individuals had to be monolingual
speakers of American English between the ages of 18
and 25 with a history of typical gestation, hearing, vi-
sion, nonverbal cognition, and sensory-motor develop-
ment. Exclusion criteria included a history of autism
spectrum disorder (ASD), neurological injury and/or
condition, and attention deficit/hyperactivity disorder
(ADHD).

Interested individuals e-mailed our laboratory
for details about the study. Upon e-mail confirmation
that prospective participants, to their knowledge, met
the inclusionary criteria, they were scheduled for two
sessions in our laboratory 12 hours apart. Participants
were compensated $50 in gift cards for study partici-
pation.

DLD Status

We indicated participants who reported a histo-
ry of receiving services and were identified as being
language-impaired by the procedures developed by

Fidler et al. (2011, 2013) as positive for DLD status.
This method applies the raw scores of an individu-
al's Modified Token Test and the 15-word spelling
test into a logit regression equation derived from a
discriminant analysis. This method is widely used in
adult DLD research due to the lack of standardized
diagnostic instruments (e.g., Earle & Del Tufo, 2021;
McGregor et al., 2020; Nippold et al., 2017).

Dyslexia Status

Participants who reported a history of reading
disorder and obtained scores below 1 standard
deviation below the mean on two or more measures
of word-level reading were indicated as positive for
dyslexia.

A total of 135 participants met these criteria and
participated in the study. Of these, 24 participants
were positively identified with DLD status, and 32
were positively identified with dyslexia. There was
an overlap of 12 participants who met criteria for
both DLD and dyslexia. Please see Table 1 for demo-
graphic breakdown of participants. Table 2 presents
average performance on the cognition, language, and
reading scores by status.

Materials

Questionnaires

In addition to an in-house questionnaire that
asked for demographic information and devel-
opmental history, participants were asked to pro-
vide information about their habitual sleep quality
(Pittsburgh Sleep Quality Index [PSQI]; Buysse et
al., 1989), daytime sleepiness (Epworth Sleepiness
Scale [ESS]; Johns, 1991), and circadian preference
(Horne-Ostberg Morningness-Eveningness Ques-
tionnaire; Horne & Ostberg, 1976). They also com-
pleted the Behavior Rating Inventory of Executive
Function-Adult Version (BRIEF-A; Roth et al., 2005)
as a self-reported measure of executive function and
self-regulation. Questionnaire administration and
data storage were handled through Research Elec-
tronic Data Capture (REDCAP; Harris et al., 2019).

Assessment Materials

Standardized and nonstandardized instruments
were administered to determine participants’ DLD
and/or dyslexia status. The Wechsler Abbreviated
Scale of Intelligence, 2nd Ed. (WASI II; Wechsler,
2011) was administered to assess nonverbal cognition.
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Table 1
Demographic Breakdown of Participants by Status

N TD DLD Only Dyslexia Only DLD + Dyslexia
91 12 20 12
77F:14M 9F:3M 17F:3M 8F:4M
Age
mean(stdev) 21.23(2.08) 20.70(1.97) 20.48(1.52) 21.41(1.73)
Non-Hispanic
White 80 9 15 8
Black 2 3 2
Asian 4
Hispanic
White 5 1 2 1
Black 1
Table 2

Participant Characteristics and Performance by Group

Measure TD (n=91)
Nonverbal Cognition

Block Design 48.43(9.10)
Matrix Reasoning 22.30 (2.68)
Word-Level Reading

Untimed Word Reading 4242 (2.44)
Untimed Nonword Reading 23.60 (1.60)
Timed Word Reading 9545 (9.21)
Timed Nonword Reading 59.09 (5.49)
Spelling 11.93(2.07)
Language

Modified Token Test 39.78 (2.86)
Passage Comprehension 32.70(1.60)
Executive Function

Behavioral Regulation Index 4137 (6.47)
Metacognition Index 56.41(9.99)
Global Executive Composite 98.12 (14.54)

DLD Only (n=12)

4467 (8.08)
22.00 (2.89)

38.67 (3.55)
22.25(1.14)
89.33 (8.88)
52.17(8.32)
8.67 (2.74)

34.33 (4.68)
22.25(1.14)

4542 (9.02)
59.50(10.48)

104.92 (18.49)

Dyslexia Only (n=20) DLD + Dyslexia (n=12)

49.95 (8.09)
22.10(2.71)

40.55 (2.05)
18.75 (2.05)
88.35(11.51)
51.10(6.82)
9.65 (3.15)

40.50(1.93)
18.75 (2.05)

42.30(7.83)
54.20 (9.26)

96.50 (15.00)

46.92 (10.84)
26.58(13.89)

39.08 (2.15)
18.75(3.02)
86.25(7.23)
44.75(12.48)
6.00 (3.13)

30.92 (6.69)
18.75(3.02)

41.83(7.79)
60.50(17.91)

102.33 (24.40)

Note.Values are reported as M (SD). TD = typically developing; DLD = developmental language disorder. Nonverbal cognition
was measured using the Wechsler Abbreviated Scale of Intelligence, Second Edition (WASI-I; Wechsler, 2011); reading was
measured using the Woodcock Reading Mastery Tests, Third Edition (WRMT-II; untimed; Woodcock, 2011) and Test of Word
Reading Efficiency, Second Edition (TOWRE-2; timed; Torgesen et al., 2012); executive function was measured using the
Behavioral Rating Inventory of Executive Function — Adult version (BRIEF-A; Roth et al., 2005). Higher scores indicate better
performance across measures except for the BRIEF-A, in which higher scores correspond to elevated difficulty.
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The Test of Word Reading Efficiency-II (TOWRE-II;
Torgesen et al., 2012) and the Word Identification,
Word Attack, and the Passage Comprehension subtests
of the Woodcock Reading Mastery Test - III (WRMT-
III; Woodcock, 2011) were administered to measure
timed and untimed reading ability, respectively. We
also administered nonstandardized assessments as
described by Fidler et al. (2011, 2013), including a
15-word spelling test and the Modified Token Test,
designed to assess spoken language processing.

Learning Tasks

Three types of learning tasks, declarative, proce-
dural, and speech learning, were built using E-Prime
3.0 software (Psychology Software Tools; https://pst-
net.com/).

Declarative Learning Task. The stimuli consist-
ed of 128 black-and-white drawings of 64 real and
64 made-up objects, which were used for nameabil-
ity and manipulability. The real objects in each set
(encoding, recognition, and retention) were matched
for word frequency, number of syllables, and num-
ber of phonemes. The same task has been used with
those with DLD (Earle & Ullman, 2021) and dyslexia
(Hedenius et al., 2013).

Procedural Learning Task. An image of a yellow
smiley face was generated using the “Shapes” tool
within Microsoft Powerpoint.

Speech-Learning Task. The visual stimuli were
sourced from an online repository containing a range
of novel visual objects (“Fribbles” stimulus images
courtesy of Michael J. Tarr, Center for the Neural Basis
of Cognition and Department of Psychology, Carnegie
Mellon University, http://www.tarrlab.org/). The audi-
tory stimuli comprised five examples each of the retro-
flex /d/ and dental /d/ consonants, spoken in a /CVC/
frame context (/dug/-/dug/, by a male native speaker
of Hindi digitally recorded in a sound-proof audiolo-
gy booth, cut to capture the burst onset, and rescaled
to have 70dB mean amplitude using the rootmean-
square method on PRAAT software (Boersma, 2011).

Procedures

All human subjects procedures were reviewed
and approved by the University of Delaware institu-
tional review board.

Study Overview

The study took place in two sessions, spaced ap-
proximately 12 hours apart. The majority (n = 115) of
the participants completed the first session in the eve-

ning and the second session in the morning, such that
they had an opportunity to sleep between Sessions 1
and 2. A subset of 20 participants completed the first
session in the morning and the second session in the
evening. This allowed us to determine if the time of
day of training (AM vs. PM) affected initial encoding
on the three tasks and to examine if the changes fol-
lowing a 12-hr delay patterned differently according to
whether sleep took place between sessions.

Upon arrival to the laboratory for their first ses-
sion, participants first provided informed consent for
study participation. Then they completed the study
questionnaires, followed by the three learning tasks.
All measures were administered by a trained graduate
students. All participants completed the declarative
learning task first, followed by procedural learning
and then nonnative speech learning. Participants re-
turned to the lab 12 hours later for their second ses-
sion. Here they were first tested on the three tasks
learned during the prior session. Upon completion
of the memory tasks, the battery of cognitive, read-
ing, and language tests were administered. Raw score
sheets were converted to standard scores and percen-
tiles by two independent scorers for accuracy, with
discrepancies flagged and resolved by the last author.

Declarative Learning Task: Object
Recognition

This task consisted of three phases: encoding, rec-
ognition, and retention. During the encoding phase,
participants were seated in front of a computer and
instructed to place one finger from each hand on the
“S” and “L” keys on the keyboard, respectively. There
were told that they would be presented with images
of real and imaginary objects on the screen, and that
they were to indicate via key press if the objects were
real or made up. The words “real” and “made up” were
displayed on either side of the screen to remind par-
ticipants which key corresponded to which response.
The correspondence of keys to the response was coun-
terbalanced across participants. The trial began with
a 1-second fixation cross at the center of the screen,
followed by the presentation of the stimulus image. To
control for the duration of exposure to the items, the
images remained on the screen for exactly 500ms for
every trial. The trial ended when the participant indi-
cated a response.

Participants first completed three practice trials,
and then proceeded to 64 trials, consisting of 32 real
and 32 imaginary objects. Images were presented in a
pseudo-random order to limit the number of consecu-
tive trials in a single trial type to no more than three.
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The recognition phase took place roughly 10
mins after the encoding phase. Participants were
presented with images of real and made-up objects
and asked to indicate if they had seen these objects
before (i.e., during encoding) or not. The trials began
with a 1-second presentation of a fixation cross, fol-
lowed by presentation of the stimulus image. The
words “Seen before?” appeared on the screen above
the stimulus image, with prompts “yes” and “no”
written on either side of the screen to indicate which
key corresponded to which response. After 5 prac-
tice trials with feedback, participants completed 128
trials without feedback, comprising 64 objects that
had been presented during the encoding phase and
64 objects that had not been presented before.

The retention phase took place approximately
12 hours later, during Session 2. It had the same trial
structure as the recognition phase, using a new set of
unfamiliar objects. As in the encoding phase, stim-
ulus images were presented in a pseudo-random or-
der, with a different presentation order coded across
the recognition and retention phases.

Procedural Learning: Serial Reaction Time
(SRT) Encoding/Assessments

Procedural learning was evaluated using a mod-
ified version of Nissen and Bullemer’s (1987) Serial
Reaction Time (SRT) task. Participants viewed a
dark display showing the outlines of four boxes ar-
ranged horizontally, and were asked to place one fin-
ger on each of four adjacent, marked keys on a key-
board. On each trial, a smiley face appeared in one of
the four positions, and participants were instructed
to press the key corresponding to that position as
quickly and accurately as possible. The trials were
self-paced, such that the stimulus image appeared in
the next location immediately after the participant
indicated a response.

On Day 1, the session began with a 40-trial
practice block in which the smiley face appeared
in a pseudo-random order. This was followed by
four blocks of 80 trials each, in which the stimulus
followed a repeating sequence of 10 locations (se-
quence trials: 4,3,2,1,3,2,4,3,2,1, as used by Nissen
& Bullemer, 1982). The session ended with an ad-
ditional 80-trial block presented in pseudo-random
order, such that the frequency of occurrence in
each position equaled that of the sequence trials. On
Day 2, participants again completed a 40-trial pseu-
do-random warm-up block, followed by an 80-trial
sequence block and a final 80-trial pseudo-random
block. At the end of the task on Day 2, participants

were asked if they were aware of any structure to the
trial order.

Speech-Sound Learning: Nonnative
Contrast Training

Participants were assessed on their speech-sound
learning by completing perceptual training on a non-
native speech-sound contrast training and assess-
ments. Participants wore circum-aural headphones
during the task, and auditory stimuli were present-
ed at 70dB. During the first session, participants first
completed a baseline discrimination probe, followed
by a familiarization sequence, identification training,
the first post-training identification test, and the first
post-training discrimination test. During the second
session, participants completed an identification test,
followed by a discrimination test.

During the discrimination tests, the participants
were told that they would hear a sequence of two
sounds, and were instructed to indicate whether the
word onsets were the same or different using the
computer mouse. The screen prompted participants
to “click left for ‘same,’ right for ‘different.”” Two
tokens were played in sequence (800ms inter-
stimulus interval [ISI]). Only responses indicated by
participants after the second sound were recorded.
The trial ended when the participants indicated a
response; the next trial began after a 500ms delay.
Each discrimination test contained a total of 64 trials
(32 same/32 different). In the “different” trials, dental
and retroflex tokens were used (dug/dug2), whereas
the “same” trials used acoustically different tokens
of the same category (ie., dugl/dug2). Stimulus
presentation was set to random order on E-Prime.

Duringthefamiliarization sequence, participants
were told that they would now be presented with
each picture along with the corresponding “word.” A
“fribble” appeared on the screen while each auditory
token in the stimulus set for the dental tokens (5 per
target) was played in sequence, with a 1-second ISL
The second fribble then appeared, whereupon each
auditory token for the retroflex set was presented at
1-second ISI. For identification training, participants
were told that they would learn a set of “new” speech
sounds. Following a short familiarization sequence,
they were asked to choose the novel visual object
(out of two options) corresponding to the “word” that
they heard. Two novel objects were presented on the
screen to indicate which button on the mouse cor-
responded to which image. The trial began with the
presentation of the target auditory token. Immediate-
ly after the participant indicated a response, written
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feedback (Correct!/incorrect) was presented for 1
second. The next trial began after a 500ms delay. Par-
ticipants completed 200 trials with a 2-minute break
halfway through. For the identification tests, partic-
ipants completed 50 trials of the same 2 alternative
forced-choice tasks without feedback.

Analyses and Results

Data Overlap With Prior Publications

The current dataset overlaps with a portion of
the data presented in a prior publication on the over-
night consolidation of declarative and procedural
memory tasks in adults with and without DLD (Earle
& Ullman, 2021). Specifically, the subset of the Earle
and Ullman (2021) dataset collected at the Universi-
ty of Delaware is included within the current data.
In addition, a subset of the speech learning data was
presented in a prior publication on the relationship
between overnight consolidation of speech and
reading (Williams & Earle, 2022), and a subset of the
reading and language assessment data has appeared
in papers describing the skill profiles of adults with
DLD and/or dyslexia (Del Tufo & Earle, 2020; Earle
& Del Tufo, 2021). Data on the morning-trained con-
trol group, the speech-sound learning data for adults
with DLD, and all data on adults with dyslexia, have
not been presented elsewhere and are original con-
tributions of the current manuscript.

Data Processing

For declarative learning, we first examined the
data to ensure that participants met a threshold of
at least 90% accuracy during the encoding phase to
ensure task compliance and engagement. To account
for response bias in measuring sensitivity to familiar/
unfamiliar objects and the dental/retroflex sounds,
percent accuracy on the declarative and speech tasks
was converted to D-Prime scores (MacMillan & Creel-
man, 2004). D-Prime scores were calculated for real
and made-up objects separately, and then averaged, to
arrive at a single score per participant per session. For
the speech learning task, D-Prime scores were calcu-
lated for discrimination and identification tasks sepa-
rately for each participant at each time point.

For the procedural learning task, we examined
the data to ensure that participants met a threshold
of at least 90% accuracy as an assurance of task en-
gagement. We then retained only trials in which par-
ticipants keyed the correct location of the image on
the screen. We then removed reaction times deemed

outliers (more than two standard deviations beyond
the mean), and averaged reaction times over the last
sequence and last random blocks for each person at
each time point. While we examined accuracy perfor-
mance, the differences between the average reaction
time between the random block and the sequence
block were used as the primary outcome measure of
procedural learning for the analyses below.

The dataset contained missing values due to
participant attrition, failure of experiment platform,
experimenter error, and/or data corruption. Specif-
ically, the total number of missing data points were
11/135 for Day 1 declarative learning, 11/135 for Day
2 declarative learning, 14/135 for Day 1 procedural
learning, 11/135 for Day 2 procedural learning, 9/129
for baseline discrimination, 9/135 for Day 1 discrimi-
nation, 8/135 for Day 2 discrimination, 9/135 for Day 1
identification, and 8/135 for Day 2 identification. The
missing values approximated 7.5% of the total dataset.

In order to reduce bias and to improve model
performance, missing values were imputed via
linear mixed-effects-based multivariate imputation
by chained equation to allow for missing values to
be derived from the model’s predictive distribution.
Imputations were carried outusing the MICE package
in R (Van Buuren & Groothuis-Oudshoorn, 2011).
The full dataset of outcome variables (including
imputed values) and the code used for imputation
and analyses are publicly available through the Open
Science Framework (https://osf.io/rtcdu/?view_
only=12f9ac445d734617828d4a97a2906d98).

Learning and Consolidation Patterns
Across Groups

Outcome measures were modeled using a linear
mixed-effects approach, which is the recommended
approach for examining within-subjects measures
across uneven sample sizes. The models were im-
plemented using the lme4 package in R (Bates et
al., 2015). Marginal and conditional R2 values on
the mixed-effects models were calculated using the
MuMIn package (Barton, 2015), and effect sizes
for parameter estimates were calculated using the
r2glmm package (Jaeger, 2017). Significant interac-
tion(s) in the omnibus model determined the pair-
wise comparisons to be conducted. T-tests were
conducted on the estimated marginal means via the
emmeans package (Lenth, 2024), with the Tukey
correction applied for multiple comparisons. Condi-
tional and marginal coefficients of determination for
the generalized mixed-effect models were calculat-
ed using the MuMIn package. Categorical variables

24 International Journal for Research in Learning Disabilities Vol.9, No. 1



Memory Consolidation in Adults With and Without Developmental Language Disorder and Dyslexia

were effects-coded for the purpose of examining in-
teractions between categorical variables.

Declarative Memory

The declarative learning scores were modeled
with a four-way interaction term between Time (Ses-
sion 1 vs. Session 2), Time of Day (TOD) of training
(Morning vs. Evening), DLD status, and dyslexia sta-
tus, with by-participant intercepts entered as the ran-
dom effect. The resultant model (Akaike Information
Criterion [AIC] = 530.7, Bayesian Information Crite-
rion [BIC] = 595.5, R’» = .11, R% = .65) contained a
significant interaction between Time, TOD, and DLD
(Estimate [EST] =-1.54, Standard Error [SE] = .65, t =
-2.37, p=.019, R? = .012), and a main effect of Time
(EST =-.18, SE =. 07, t =-99, p <.001, R? = .02). Pair-
wise comparisons examining the nature of the three-
way interaction revealed that Session 2 scores were
greater than Session 1 scores (EST = .35, SE = .08, t
ratio = 4.25, p = .001) for adults without DLD who
were trained in the Evening, but not for those trained
in the Morning (p >.999), nor for adults with DLD (p
=.583). All other pairwise comparisons that met sig-
nificance involved morning-trained adults with DLD
(n = 2), but the lack of a sufficient sample prevents
meaningful interpretation.

To summarize, the Time main effect suggested
that performance, on average, improved between Ses-
sions 1 and 2. This observation was qualified by TOD
of training for adults without DLD, however. For adults
without DLD, performance was stable across 12 hours
for those who trained in the morning. For those with-
out DLD who trained in the evening, performance
improved after 12 hours. For adults with DLD, perfor-
mance did not improve after 12 hours. Dyslexia status
did not significantly influence the pattern of change (or
lack thereof) in behavior over time. See Figure 1 for
graphical depiction of the pattern of behavior.

Procedural Memory

The procedural learning scores (the difference be-
tween average reaction time between random and se-
quence blocks) were modeled with a four-way interac-
tion term between Time, TOD of training, DLD status,
and dyslexia status, with by-participant intercepts en-
tered as the random effect. The resultant model (AIC
=2572.3, BIC = 2637.1, R’ = .26, R = .26) contained
a significant two-way interaction between Time and
DLD status (EST = 36.09, SE = 15.73, t = 2.23, p = .023,
R? <.01). All other main effects and interactions were
not statistically significant. Pairwise comparisons ex-
amining the nature of these interactions revealed that

2.5
2
2 1.5 I
3
3 1
= 1
0.5
0
Session 1 Session 2
ETD AM =TDPM ®mDLD m®Dyslexia
Figure 1

Declarative Memory Performance Across 12 Hours

Note. AM = morning training; PM = evening training; TD = typically developing; DLD = developmental language disorder. Figure
1 provides a graphical presentation of declarative learning performance at Session 1 and performance 12 hours later at Session
2.TD plots depict performance by participants without DLD or dyslexia. The plots depict estimated marginal means of d scores

by session; error bars depict standard errors of the mean.

International Journal for Research in Learning Disabilities Vol. 9, No. 1 25



McSorley and Earle

individuals without DLD significantly improved their
procedural performance after 12 hours (EST = 26.50,
SE =7.68, t ratio = 3.45, p=.004). Also, those without
DLD outperformed those with DLD on the procedur-
al task at Session 2 (EST = 31.34, SE = 11.47, t ratio =
2.73, p = .036). The results of all other pairwise com-
parisons were not significant.

To determine if accuracy differed over time and
across groups, we modeled response accuracy as the
outcome measure, with a fourway interaction term
between Time, TOD, DLD status, and dyslexia status,
with block type (Random vs. Sequence) as covariate,
and with by-participant intercepts entered as the ran-
dom effect. The resultant model (AIC =-2191.7, BIC
=-2110.1, R%» = .09, R% = .24) contained a significant
fourway interaction (EST =-.11, SE=.05, {=2.30,p =
.022, R? <.01), as well as two-way interactions between
Time and TOD (EST =.03, SE =.01, t =-2.44, p =.015,
R? <.01) and between Time and DLD status (EST =.02,
SE=.01,{=2.08, p=.038, R? <.01). The model also con-
tained a main effect of block type (sequence>random;
EST=.01, SE<.01,t=5.50, p<.001, R*=.02). Follow-up
pairwise comparisons revealed no statistically signif-
icant differences in accuracy across groups or over
time. See Table 3 for means and standard deviations
of accuracy performance by group.

In summary, the Time main effect suggests that
performance, on average, improved between Sessions
1 and 2. This was qualified by the observation that
whereas those without DLD improved their perfor-
mance over 12 hours, those with DLD did not. That
is, those without DLD outperformed those with DLD
at Session 2, even though a group-level difference was
not observed at Session 1. Dyslexia status did not sig-
nificantly influence the pattern of change in behavior
over time. See Figure 2 for a graphical depiction.

Speech-Sound Learning
The posttraining speech-discrimination scores
were modeled with a fourway interaction term be-

tween Time, TOD, DLD status, and dyslexia status,
with baseline discrimination scores as covariate, and
with by-participant intercepts entered as the random
effect. The resultant model (AIC = 641.9, BIC = 710.3,
R’m = .23, R%:=.72) contained a significant four-way in-
teraction (EST = 2.74, SE = 1.20, t = 2.27, p = .025, R?
<.01) and three-way interactions between Time, TOD,
and DLD status (EST =-1.68, SE = .60, { =-2.79, p =006,
R? <.01), and between Time, DLD status, and dyslexia
status (EST =-1.33, SE= .60, t =-2.21, p=. 029, R2 <.01).
In addition, two-way interactions were found between
Time and DLD status (EST =-68, SE = .30, t =-2.25, p
=.026, R? <.01), between TOD and DLD status (EST =
1.36, SE = .64, t = 2.12, p = .036, R* <.01), and between
Time and dyslexia status (EST =.75, SE = .30, t = 2.51,
p =.013, R? <.01), and between Time and TOD (EST =
-85, SE = .30, t =-2.82, p = .005, R? <.01). Additionally,
the model contained main effects of Time (EST =-.43,
SE=.15,t=-2.85, p=. 005, R? <.01) and baseline discrim-
ination ability (EST = .55, SE =.10, t =5.55, p <.001, R?
=.09). Following these interactions, the only pairwise
comparisons that met statistical significance included
morning-trained adults with DLD (n = 2), but a lack of
a sufficient sample prevents meaningful interpretation.

The speech-identification scores were modeled
with a four-way interaction term between Time, TOD,
DLD status, and dyslexia status, with baseline discrim-
ination scores as covariate, and with by-participant in-
tercepts entered as the random effect. The resultant
model (AIC = 810.3, BIC = 878.6, R’» = .30, R%: = .54)
contained significant main effects of Time (EST =
-93, SE = .25, t =3.72, p <.001, R2 <.01) and baseline
discrimination ability (EST = .74, SE =11, t = 6.68, p
<.001, R2 = .11). All other main effects and interac-
tions were not significant.

In summary, post-training speech perception im-
proved on average between Sessions 1 and 2 across
tasks after controlling for baseline discrimination abili-
ty. The improvement in discrimination was qualified by

Table 3
Accuracy Performance on the Serial Reaction Time Task
Session 1 Session 2

Random Sequence Random Sequence
TDAM .96(.04) .97(.03) .97(.03) .98(.02)
TD PM .96(.03) .97(.02) .96(.05) .98(.03)
DLD .98(.02) .98(.03) .97(.03) .98(.02)
Dyslexia .96(.03) .98(.01) .94(.04) .97(.04)

Note. AM = morning training; PM = evening training; TD = typically developing; DLD = developmental language disorder. Values
expressed are mean accuracy (% correct) and standard deviations.
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Figure 2
Procedural Memory Performance Across 12 Hours

Note. AM = morning training; PM = evening training; TD = typically developing; DLD = developmental language disorder. Figure
2 provides a graphical presentation of procedural learning performance at Session 1 and performance 12 hours later at Session
2. Procedural learning is expressed as a difference between the reaction time (RT) during the last sequence block and the last
random block in milliseconds. The plots depict estimated marginal means; error bars depict standard errors of the mean.

interactions with TOD, DLD status, and dyslexia status;
however the follow-up pairwise comparisons revealed
no contrasts that survived correction. See Figure 3 fora
graphical depiction of speech behaviors over time.

Relationships Between Memory Measures
and Language Skills

To determine if the learning measures were
associated with functional measures of language
and reading, we conducted a series of Pearson
product-moment correlation analyses between the

outcome measures of declarative, procedural, and
speech-sound learning, and word-level reading, read-
ing comprehension, and sentence-level processing.
The Holms-Bonferroni method of correction was
applied to control for the family-wise error rate to
below .05. Out of the 63 correlations, 3 relationships
were found to be significant after correction.

Untimed word and timed nonword reading abil-
ities, as well as spoken language processing, were
positively correlated with Day 1 identification scores.
The full matrix of R and p-values is provided in the
Supplementary Materials.
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Figure 3
Procedural Memory Performance Across 12 Hours

Note. AM = morning training; PM = evening training; TD = typically developing; DLD = developmental language disorder. Figure
2 provides a graphical presentation of procedural learning performance at Session 1 and performance 12 hours later at Session
2. Procedural learning is expressed as a difference between the reaction time (RT) during the last sequence block and the last
random block in milliseconds. The plots depict estimated marginal means; error bars depict standard errors of the mean
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Discussion

This study examined how adults with DLD and/
or dyslexia learn and consolidate learned informa-
tion over a 12-hour period compared to adults with
typical language and reading abilities. Below, we in-
terpret each of these findings in the context of the
literature and consider their implications for mem-
ory consolidation in individuals with and without
learning disabilities.

Declarative Memory

We predicted that recognition memory perfor-
mance would be comparable across groups initially,
but that performance gains in the evening-trained TD
group following the 12-hour interval would result in
group-level differences in retention. The pattern of be-
havior in typical adults, that is, improvement for the
evening-trained group, but not for the morning-trained
group, is consistent with the broad literature on the
benefit of sleep for the consolidation of declarative
memory (see Diekelmann & Born, 2010, for review).
Furthermore, the lack of overnight performance gains
in the individuals with DLD is consistent with a previ-
ous report on the absence of overnight consolidation
of declarative memory in those with DLD (Earle & Ull-
man, 2021). It is unclear if the lack of overnight gains
observed in DLD stems from atypical sleep or from ini-
tial learning that subtly differs from those without DLD.
In any case, these findings suggest that adults with DLD
may struggle with retention of declarative memory. In
contrast, participants with dyslexia were observed to
demonstrate a similar learning and consolidation pat-
tern to that of adults without DLD or dyslexia.

Interesting, Figure 1 suggests a numerically, if
not statistically, greater performance by those with
dyslexia. This observation echoes findings by Hede-
nius et al. (2013), who reported enhanced declarative
memory performance in children with dyslexia. En-
hanced declarative memory has been hypothesized
as a compensation mechanism for certain neurode-
velopmental disorders, including dyslexia (Hedenius
et al., 2013; Ullman & Pullman, 2015). While our
findings do not directly support this compensation
hypothesis, we note that "50% of participants in our
dyslexia sample also met the criteria for DLD, con-
sistent with the known high rate of co-occurrence
of these conditions (Adlof & Hogan, 2018). Thus, the
elevated performance in the dyslexia sample hints at
a possibility that declarative memory performance
is enhanced in adults with dyslexia without concur-
rent DLD. In any case, declarative learning and reten-
tion appears unimpaired in those with dyslexia.

Procedural Memory

We predicted poor initial performance, and in
subsequent retention, on the SRT task in adults with
DLD and dyslexia relative to TD. Instead, we found
task performance to be low when tested immediately
after learning across all groups (see Figure 2); that is,
performance during Session 1 alone did not provide
strong evidence of learning. It is not entirely clear
why performance was so low at Session 1, although
we find performance to generally improve in Session
2.

SRT performance of participants without DLD
improved over 12 hours regardless of whether they
engaged in learning in the morning or in the evening,
suggesting that the delayed improvement in the pro-
cedural memory task was not specific to a sleep-con-
taining interval. These outcomes align with the sug-
gestion that the consolidation of procedural memory
reflects localized changes to synaptic strengths that
occur over time spent in the absence of interfering
input (Diekelmann & Born, 2010) and do not necessi-
tate sleep (Janacsek & Nemeth, 2012; Nemeth et al.,
2010; Pan & Rickard, 2015).

The performance of adults with DLD did not im-
prove over time, resulting in a delayed deficit in pro-
cedural memory performance at Session 2. A similar
observation was reported in Hedenius et al. (2011), in
which children with DLD demonstrated typical-like
performance on the SRT task tested immediately af-
ter learning, but lacked the improvement observed
in typical children on the next day. As all groups per-
formed poorly at Session 1, it is unclear if the perfor-
mance deficit observed in DLD is attributable to poor
encoding or consolidation.

Those with dyslexia were found to have a simi-
lar performance profile to that of typical adults. This
finding is counter to reports of a procedural learning
deficit in children with dyslexia (see Lum et al., 2013,
for meta-analysis). One possibility for this difference
is that adults with dyslexia are more practiced in
compensating for procedural deficits with alternate
strategies. In any case, the current findings better
support the Procedural Circuit Deficit Hypothesis in
those with DLD than in those with dyslexia.

Speech-Sound Learning

We predicted that adults with DLD would
demonstrate a delayed deficit in the recall of nonna-
tive acoustic-phonetic cues at Session 2, whereas we
expected adults with dyslexia to be compromised at
initial learning. Despite significant interactions ob-
served in the omnibus model for discrimination per-
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formance, follow-up pairwise comparisons did not
reveal any significant group-level differences in the
pattern of changes to performance.

In general, discrimination and identification per-
formance on the nonnative contrast improved across
12 hours, regardless of time of day of training. In oth-
er words, performance on the speech training task
patterned more similarly to SRT performance than
the recognition memory task. It has been observed
previously that performance on speech identifica-
tion is enhanced following a delay, but that a peri-
od of sleep stabilizes discrimination performance
against conflicting input (Earle & Myers, 2015a) and
facilitates generalization of perceptual skill (Earle
& Myers, 2015b; Fenn et al., 2003; Qin et al., 2025).
Thus, the current findings are consistent with prior
observations on the time course of speech-perceptu-
al learning on trained items in typical adults.

With respect to the speech-sound learning be-
havior in adults with DLD, we did not observe a con-
solidation deficit as previously reported in Earle et
al. (2018). We note that the analysis approach here
differed slightly from that of Earle et al. (2018), in that
we entered baseline discrimination performance as
a covariate in the post-training perceptual scores.
However, this does not explain why the current sam-
ple of adults with DLD was observed with offline
enhancement in speech-perceptual performance
after demonstrating an impairment at Session 2 in
both the declarative and procedural tasks. Further-
more, that adults with dyslexia were found with
speech-perceptual behavior comparable to that of
adults without dyslexia was unexpected, given that
speech perception is a known difficulty in this pop-
ulation (Lieberman et al., 1985; Manis et al., 1997;
Serniclaes et al., 2004; Ziegler et al., 2009). One pos-
sible explanation of this unexpected finding is that
speech perception is a more pronounced deficit for
those with dyslexia during childhood (Hazan et al.,
2009; Law et al., 2014). This is an area in which fur-
ther exploration is necessary, to better understand
the relationship between speech-sound learning and
language and reading disabilities.

Correlations Between Learning Ability
and Language/Reading Skills

Correlational analyses revealed significant rela-
tionships between speech learning and reading ability,
as well as spoken language processing (see Supple-
mental Table). In general, it appears that speech-sound
learning is strongly associated with functional lan-
guage and reading abilities, although the directionality

of these relationships is unclear. Beyond these specific
associations, it is worth noting that the strengths of the
associations between reading/language ability and dif-
ferent memory measures appear to differ over time.

To illustrate, the R values suggest that declarative
and speech-sound memory measures have positive as-
sociations with reading and language measures across
sessions in general. In contrast, SRT performance
appears to have negative relationships with reading
and language measures at Session 1 but positive re-
lationships at Session 2. This may relate to poor task
performance across individuals without DLD (see Fig-
ure 2), wherein those with DLD demonstrated slightly
(though not significantly) higher performance at Ses-
sion 1. While the mechanisms underlying these rela-
tionships are unclear, learning and memory abilities
continue to be associated with reading and language
abilities in adulthood.

Study Limitations

There are important limitations in the current
study that challenge our interpretations. First, our
samples included a large overlap between subjects
with DLD and dyslexia, with insufficient numbers of
those with DLD or dyslexia only to compare behavior-
al profiles across those with vs. without co-occurring
conditions. This limits our ability to interpret patterns
of behavior attributable to “pure” diagnostic categories.
Second, we did not ask participants about their explic-
it awareness of the repeated sequences in the SRT
task, so, given that task-based performance measures
of memory place a heavy burden of interpretation on
the tasks that are used, and no task-based measures
of memory are infallible, it is possible that some indi-
viduals relied on declarative knowledge about the se-
quence trials to perform this task. A battery of different
tasks to measure declarative and procedural memory
would afford a more robust interpretation of learning
and consolidation patterns in these populations. Third,
our study design conflated time of day of learning with
the likelihood that the postlearning interval contains
sleep. Thus, we were unable to disentangle effects of
sleep vs. circadian influences on consolidation, and
our interpretation of results reflect this limitation. Fi-
nally, our speech-sound learning measure did not in-
clude a measure of generalization, which would have
allowed us to better track systems consolidation on
perceptual performance.

Conclusion

Despite these limitations, however, the current
work offers some important insights into learning and
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retention across individuals with different learning
disabilities. Notably, consolidation patterns were ob-
served to be quite different between individuals with
DLD and those with dyslexia. Specifically, DLD status
was associated with a lack of offline improvement
across our task-based measures of declarative and
procedural memory that led to a performance deficit
12 hours after learning. In contrast, participants with
dyslexia patterned similarly to typical adults on mem-
ory tasks. This may suggest that, despite the frequent
co-occurrence between these disorders and etiolog-
ical frameworks that highlight similar weaknesses
between them, the learning and memory profiles of
these disorders may be distinct, thereby underscor-
ing the importance of tailored support for those with
these neurodevelopmental conditions into adulthood.
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Supplemental Table

Correlation Matrix of Learning Measures With Reading and Language Ability

Declarative Memory

Word-Level Reading Day 1 Day2

Pearson’s R 0.16 0.18

- Word

g P-value 0.059 0.038

‘DE Pearson’s R 006 0.05

Nonword

P-value 0.513 0.546

Pearson’s R -0.02 0.02

Word

g P-value 0.857 0.819

= Pearson's R 023 0.26

Nonword
P-value 0.007 0.003
Spelling

Pearson’s R 0.10 0.08

P-value 0272 0372
Language Processing

g Modified Token PearsonsR 0.14 0.22
& Task P-value 0113 0012

E Passage Pearson’s R 017 0.08
‘;— Comprehension P-value 0.045 0385

Procedural Memory

Speech-Sound Learning

Discrimination Identification
Day 1 Day 2 Day 1 Day 2 Day 1 Day 2
-0.21 0.11 0.15 0.24 031 0.09
0.017 0.187 0.088 0.004 <0.001* 0.323
-0.16 0.05 0.01 0.11 0.21 0.05
0.066 0.547 0.947 0.195 0.015 0.596
-0.21 -0.03 -0.02 0.06 0.16 0.08
0.016 0.747 0.859 0499 0.065 0.357
-0.17 -0.01 0.12 0.22 034 0.19
0.046 0913 0.163 0.009 <0.001* 0.026
-0.26 0.07 0.17 0.28 0.27 0.14
0.002 0423 0.043 0.001 0.001 0.113
-0.19 0.25 0.27 0.20 032 0.15
0.030 0.003 0.001 0.022 <0.001* 0.084
-0.10 0.20 0.13 0.13 0.19 0.03
0.266 0.020 0.127 0.124 0.031 0.694

S1 presents the matrix of Pearson’s R and p-values across experimental measures and cognitive, reading, and language
measures. Word-level reading was assessed with the Word Identification and Word Attack subtests of the WRMT-III (untimed;
Woodcock, 2011) and the Sight Word Efficiency and Phonemic Decoding subtests of the TOWRE-2 (timed; Torgesen et al.,, 2012).
The spelling and modified token task were taken from Fidler et al. (2011). Passage comprehension was measured using the
passage comprehension subtest of the WRMT-IIl (Woodcock, 2011).

*Statistical significance at .05 level following Holms-Bonferroni adjustments for multiple correlations.
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