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Abstract

Background and aims: Previous investigations of word learning problems among people with developmental language

disorder suggest that encoding, not retention, is the primary deficit. We aimed to replicate this finding; test the

prediction that word form, not the linking of form to referent, is particularly problematic; and determine whether

women with developmental language disorder are better word learners than men with developmental language disorder.

Methods: Twenty adults with developmental language disorder and 19 age-, sex-, and education-matched peers with

typical language development attempted to learn 15 words by retrieval practice. Their retention was measured one day-,

one week-, and one month after training.

Results: The participants with developmental language disorder required more exposures to the word-referent pairs

than the participants with typical language development to reach mastery. While training to mastery, they made more

errors in word form production, alone or in combination with errors in linking forms to the correct referents, but the

number of no attempts and pure link errors did not differ by group. Women demonstrated stronger retention of the

words than men at all intervals. The developmental language disorder and typical language development groups did not

differ at the one-day- and one-month retention intervals but the developmental language disorder group was weaker at

the one-week interval. Review via retrieval practice at the one-day and one-week interval enhanced retention at the

one-month interval; the review at one week was more beneficial than the review at one day. Women benefitted more

from the review opportunities than men but the developmental language disorder and typical language development

groups did not differ.

Conclusions: Adults with developmental language disorder present with weaknesses in the encoding of new words but

retention is a relative strength. Encoding word forms is especially challenging but encoding word-to-referent links is not.

We interpret this profile, and the evidence of a female advantage, as consistent with the Procedural Circuit Deficit

Hypothesis.

Implications: When treating a client with developmental language disorder whose goal is to increase vocabulary

knowledge, the interventionist should anticipate the need for multiple exposures to new words within activities that

highlight the forms of the words and support their memory and production. Periodic review should serve to support

long-term retention.
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Introduction

Developmental language disorder (DLD), sometimes

referred to as specific language impairment, is a

highly prevalent (Norbury et al., 2016) neurodevelop-

mental condition (APA, 2013) that is characterized by
below age-level attainments in spoken language com-

prehension and expression (Leonard, 2014), heightened

risk for reading and other learning disabilities (Young

et al., 2002), and notable rates of comorbidity with

Developmental Coordination Disorder and Attention-

Deficit/Hyperactivity Disorder (ADHD) (Beitchman

et al., 1996; Hill, 2001). Although the condition is evi-

dent in early childhood, it persists into adulthood

(Johnson et al., 1999). People with DLD may present
with word learning problems, which, if longstanding,

can lead to vocabularies that lack breadth and depth

(McGregor, Oleson, Bahnsen, & Duff, 2013) and, ulti-

mately, to functional limitations. Specifically, people

who have limited vocabularies are disadvantaged in

academic settings and this is true for children (Bleses,

Makransky, Dale, Hojen, & Ari, 2016; Morgan,

Farkas, Hillemeier, Hammer, & Maczuga, 2015) and

adults (Dollinger, Matyja, & Huber, 2008).

Word learning problems among adults with DLD

Whereas it is well documented that word learning

problems affect children with DLD (see Kan &

Windsor, 2010 for a meta-analysis), our understanding

of the extent and nature of word learning problems

among adults with DLD is limited. Jackson, Leit~ao,
Claessen, and Boyes (2019b) identified 70 papers on
word learning among people with DLD, only five of

which included adults. In one, Alt and Gutmann (2009)

compared college students with spoken and written

language disorders, with or without Attention-Deficit-

Hyperactivity Disorder (ADHD) to their peers with

typical language and attention on a task tapping the

fast mapping of semantic features and word forms.

Probes immediately after presentation of the novel

objects and names revealed poorer recognition of
both semantic features and word forms on the part of

the language disorderþADHD group as compared to

the typical group. The students with language disorders

but no attention problems scored between the two

other groups and differed from neither. Long-term

retention of the word forms and the semantic informa-

tion was not measured.
In a second study, Bishop, Barry, and Hardiman

(2012) examined the learning and retention of new

word forms, in the absence of semantic referents, in

children with DLD and their adult relatives compared

to children with typical language development and

their relatives. The task involved repeating novel

words five times each in succession, a 1-hour break,
and then repeating the novel words again. Whereas a
single administration of a nonword repetition task is
generally viewed as a measure of phonological short-
term memory, the investigators took improvement over
the five repeated administrations as indicative of learn-
ing and performance after the 1-hour break as evidence
of retention. The study was not meant to be about the
manifestation of DLD in adulthood, and thus DLD
among the adult relatives was not verified. The adults
from families with DLD did, however, present with
poorer performance on a single administration of the
standard NEPSY nonword repetition test than the
adults from typical language families. Nevertheless,
they did not demonstrate problems learning or retain-
ing the word forms after repeated administrations.

The other three papers reviewed in Jackson et al.
(2019b) were from our laboratory. In contrast to the
other two, we have consistently found that word learn-
ing is challenging for adults with DLD, but our studies
differed from Alt and Gutmann (2009) by measuring
word learning with production rather than recognition
probes and from Bishop et al. (2012) by verifying the
DLD diagnosis in the adult participants. We also rou-
tinely measure longer term retention.

The primary goal of the three aforementioned stud-
ies (McGregor, Arbisi-Kelm, & Eden, 2017; McGregor,
Gordon, Eden, Arbisi-Kelm, & Oleson, 2017;
McGregor, et al., 2013) was to determine whether the
word learning problem was a matter of encoding or
retaining new words. Each study involved an indepen-
dent sample of college students with DLD and their
peers with typical language development (TD) who
were similar in age and education. Although methodo-
logical details varied, in all studies, we trained the stu-
dents on a set of novel words and their referents. The
DLD and TD groups received the same numbers of
exposures to the to-be-learned information. We then
compared the groups on recall immediately after train-
ing and one week later. In McGregor et al., (2013), the
students with DLD recalled fewer word forms and
meanings than their TD peers immediately after train-
ing, suggesting that encoding is problematic. Over the
week, the DLD-TD gap in the recall of meaning
remained stable, suggesting no problems with reten-
tion. However, the DLD-TD gap in the recall of
word forms widened, suggesting, perhaps, that reten-
tion of word forms is a problem. That said, there were
also 12-hour and 24-hour retention tests that served to
provide more exposure to the word forms (and thus
more opportunities for encoding) before the one-week
test. In the next two studies, we took greater care to
reduce this confound. In McGregor, Arbisi-Kelm et al.,
(2017) and again in McGregor, Gordon, et al., (2017),
we found additional evidence of an encoding deficit but
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no evidence of a retention deficit. Moreover, we found

that having the participants engage in retrieval-based

practice during training, a method known to facilitate

encoding (Karpicke & Grimaldi, 2012), served to close

the DLD-TD word learning gap (McGregor, Gordon,

et al., 2017).

Word learning problems among children with DLD

Although contrary evidence exists (Rice, Oetting,

Marquis, Bode, & Pae, 1994; Riches, Tomasello, &

Conti-Ramsden, 2005), the word learning problems of

children with DLD often present as encoding deficits

but intact retention as well (Bishop & Hsu, 2015;

Haebig et al., 2019; Leonard et al., 2019; Storkel,

Komesidou, Fleming, & Romine, 2017). In Haebig

et al. (2019) and Leonard et al. (2019), two different

cohorts of 5-year-olds with DLD and their TD age-

matched peers learned novel words via retrieval prac-

tice and their recall of the words was tested after a

5-minute and one-week delay. In both cases, the chil-

dren with DLD named the novel referents less accu-

rately than their peers on the first retrieval trial but

their rate of learning thereafter was similar. One week

later, the groups did not differ in their recall of the

words. In Bishop and Hsu (2015), 8-year-olds with

DLD and their TD age-matched and grammar-

matched peers were taught the names for unfamiliar

animals over two weeks. The children also learned non-

verbal sounds linked to visual patterns via the same

training protocol. The children with DLD learned

fewer of the animal names than their age-mates, but

they did just as well as their peers when learning the

sound-visual associations. As in Haebig et al. (2019)

and Leonard et al. (2019), the word learning problem

was evident early in training, and the children with

DLD did not fall further behind their TD peers from

session to session. Thus, initial encoding, but not sub-

sequent encoding or retention, was problematic. In a

clinical treatment study involving teaching kindergart-

ners with DLD new words via interactive book read-

ing, Storkel et al. (2017) found variable presentations

such that individual children had problems with encod-

ing, retention, or both, but the overall pattern was that

most of the children who responded poorly to the inter-

vention were struggling with encoding.
If the problem is typically one of encoding new

information into long-term memory, then more expo-

sure to that information should attenuate the problem.

In fact, a frequent finding is that children with DLD

need more exposures to words and their referents than

their typical age-mates (Gray, 2003, 2004, 2005; Rice

et al., 1994) and, in some cases, younger typical lan-

guage mates (Riches et al., 2005; Windfuhr, Faragher,

& Conti-Ramsden, 2002) to attain the same word
learning outcomes.

In a series of studies, Gray (2003, 2004, 2005) taught
four novel word-referent pairs to four- and five-year-
old until they reached an a priori criterion of compre-
hension and production mastery. In each study, the
children needed more exposure to produce the word
correctly than to match a given word to its referent in
a 4-alternative forced choice (4AFC) task, like that
used in the Peabody Picture Vocabulary Test (PPVT-
4, Dunn & Dunn, 2007). Across studies, the children
with DLD required between 1.18 times the number of
exposures (the 4AFC task in Gray, 2004) and 2.07
times the number of exposures (the production task
in Gray, 2003) required by their peers to reach mastery.
In Gray’s more recent work, she and her colleagues did
NOT find differences between DLD and age-matched
TD groups in word learning—whether measured by
production or comprehension tasks during encoding
or retention (Gray & Brinkley, 2011; Gray, Brinkley,
& Svetina, 2012). In these studies, the authors used
different word sets so that they could manipulate the
neighborhood density and phonotactic probability of
the words to be learned and they trained the words in a
supportive, interactive setting. In Gray, Pittman, and
Weinhold (2014), using a third set of words and com-
puterized training, children with DLD learned to iden-
tify trained referents as quickly as their age-mates but
they were slower to learn to produce the names of those
referents. Thus, it appears that children with DLD
often, but not always, require more exposures than
their peers to learn new words.

The present study

The encoding deficit hypothesis. In the current study, we
manipulated the number of exposures to the words in
the training set. Our goal was not to test a clinical
intervention per se, but rather to test the hypothesis
that the word learning problems characteristic of
adults with DLD involve challenges with encoding
but not retention. Unlike our previous studies, we did
not provide the same number of exposures to each par-
ticipant. Instead, after one exposure to each referent
and its name, the participant proceeded toward mas-
tery via retrieval practice, that is, by naming the refer-
ent and receiving feedback on accuracy until he or she
named at least 13 of 15 targets correctly. We then
examined retention of the mastered word set by
asking each participant to name 1/3 of the referents
one day later, another 1/3 one week later, and all refer-
ents (the final 1/3 followed by the other two sets) one
month later.

Given the encoding deficit hypothesis, we predicted
that the adults with DLD would require more
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exposures to the word-referent pairs than the TD
adults to reach equivalent levels of mastery.
Moreover, we predicted that the adults with DLD
would retain the words that they had encoded to mas-
tery as well as their TD peers. Finally, because we
asked the participants to name all referents at the
one-month interval, we were able to determine how
the opportunity to name the first set at the one-day
interval and the second set at the one-week interval
facilitated longer term retention. We predicted that
such review would be beneficial for the TD group.
We did not make a firm prediction about the DLD
group. In the sense that naming the referents was an
opportunity for further encoding and we had hypoth-
esized encoding weaknesses for the DLD group, it
could be that they would benefit less from these inter-
vening exposures than their TD peers. On the other
hand, at the one-day and one-week intervals, the par-
ticipants were naming what was, by then, familiar
information. Because the encoding problem that char-
acterizes DLD tends to occur earlier, not later, in learn-
ing (Bishop & Hsu, 2015; Haebig et al., 2019; Leonard
et al., 2019; McGregor, Gordon et al., 2017), the
review could be more accurately considered as an
opportunity to enhance the already encoded represen-
tation. In that sense, the DLD group might reap similar
benefits as the TD group.

The word configuration hypothesis. The training to mastery
paradigm allowed answers to an additional question
about the word learning profiles of adults with DLD;
namely, whether learning the word form configuration
or linking the configuration to its referent is the greater
challenge. Specifically, because the training involved
learning via retrieval, the participants not only
attempted to name the targets at the retention intervals
but also during training. Therefore, we could explore
the route to mastery by examining the errors made
during each block of training. Imagine learning two
new words: a/sImb@k/is a prickly plant and a/peIntIT/
is a contraption that presses metal. Two possible
naming errors are informative. Upon seeing the prickly
plant, one learner might call it a/sImb@p/instead of a/
sImb@k/, but another learner might call it a/peIntIT/.
The first error reveals a problem with the word form
configuration, whereas the second reveals a problem
linking a correct word form to its referent. Gray
(2004) found that children with DLD who were poor
word learners comprehended most of a set of newly
trained words and could draw pictures of their refer-
ents well enough to demonstrate semantic knowledge,
but they struggled to produce the word forms. Given
this, together with our previous finding that, among
adults with DLD, newly learned lexical-semantic
knowledge was more stable than newly learned

form configurations (McGregor et al., 2013), we pre-

dicted that the learning of word form configurations

would present the greater challenge for adults with

DLD. The associative linking of word forms to their

referents would be a relative strength.
Framing this prediction is the Procedural Circuit

Deficit Hypothesis which posits that people with

DLD have weak procedural memory systems but

intact declarative systems (Ullman, Earle, Walenski,

& Janacsek, 2019; Ullman & Pierpont, 2005). This

hypothesis could account for the general profile asso-

ciated with DLD, that is, extraordinary problems with

grammar but less severe problems with vocabulary

(Leonard, 2014). Weaknesses in another procedural

task, the serial reaction time task (Lum, Conti-

Ramsden, Morgan, & Ullman, 2014), lend support to

the hypothesis. Moreover, the procedural system is

supported by frontal/basal ganglia circuits and these

circuits also play a role in attention and working

memory (McNab & Klingberg, 2008), additional

areas of deficit among many with DLD (Archibald &

Gathercole, 2006; Finneran, Francis, & Leonard,

2009; Lum, Conti-Ramsden, Page, & Ullman, 2012;

Spaulding, Plante, & Vance, 2008).
Both declarative and procedural systems are critical

to language learning and use but in different ways. The

procedural system supports the implicit learning of new

skills, especially complex motoric or cognitive sequen-

ces such as riding a bicycle, tying a shoe, or formulating

a grammatical sentence. The declarative system sup-

ports the implicit and explicit learning and use of idio-

syncratic knowledge such as facts and landmarks.

There is some redundancy between the two systems

and there can be tradeoffs between them according to

task, context, and the individual learner’s abilities

(Ullman et al., 2019). Because lexical knowledge is

explicitly available, we traditionally think of the lexicon

as a declarative system. In truth, it is supported by both

memory systems. For example, the declarative system

supports long-term memory for the association of

words to their referents, whereas the procedural

system supports the segmentation of new words from

the speech stream (Ullman et al., 2019). We argue that

the procedural system must also play a role in learning

unfamiliar word forms which are, after all, complex

motoric sequences. In fact, learning longer words is

harder for children with DLD than learning shorter

words, evidence that suggests more complex motoric

sequences are especially challenging (Jackson, Leit~ao,
Claessen, Boyes, 2019a). A meta-analysis of the statis-

tical learning of verbal sequences revealed reliable, age-

invariant weaknesses among people with DLD

(Lammertink, Boersma, Wijnen, & Rispens, 2017).

4 Autism & Developmental Language Impairments



The female advantage hypothesis. A third and final ques-
tion was whether the word learning profiles we obtain
differ by sex. We had not explored sex differences in
our earlier papers on word learning but in an analysis
of children’s verbal definitions, we found that girls
exhibited greater breadth and depth of extant vocabu-
lary than boys, and this was true of both typical
and DLD groups (McGregor, Oleson, Bahnsen, &
Duff, 2013). Given a female advantage for the learning,
memory and use of verbal information in the general
population of children (Bauer, Goldfield, & Reznick,
2002; Bornstein & Cote, 2005; Burman, Bitan, &
Booth, 2008; Kramer, Delis, Kaplan, O’Donnell, &
Prifitera, 1997) and adults (Halpern & LeMay, 2000;
Kaushanskaya, Marian, & Yoo, 2011), we predicted
that the women would encode and retain the new
words better than the men. Ullman (2016) argues that
females have stronger declarative memory systems than
males and, thus, when procedural memory is weak, as
is the case in DLD, affected females can draw upon
their declarative memory to compensate. Therefore,
we predicted the female advantage for both typical
and DLD groups. A viable alternative prediction is
that we would find no sex differences at all. We could
be under-powered to detect small effects, and our par-
ticipants are adults. There is evidence to suggest that
sex differences in language abilities are small and that
these small differences dwindle by adulthood
(Wallentin, 2009).

In summary, the goal of the current study was to
establish a profile of word learning among adults with
DLD. Specifically, we aimed to replicate the finding
that encoding is a relative weakness, but retention is
a relative strength for individuals with DLD, and to
test the hypothesis that word form configuration is
more challenging than the linking of forms to referents.
Finally, we asked whether women with DLD demon-
strate milder word learning problems relative to their
typically developing peers than men with DLD.

Method

Participants

Participants were recruited and tested according to a
protocol approved by the Internal Review Board at the
University of Iowa in compliance with the Declaration
of Helsinki. Forty-six college students (aged 18–25)
from the Midwest of the USA answered various
campus-wide advertisements for people with and with-
out language learning difficulties to participate in
research. To qualify for the study, the student had to
earn a standard score of 85 or better on the nonverbal
matrices of the Kaufman Brief Intelligence Test
(KBIT-2; Kaufman & Kaufman, 2004). One person

scored below this threshold and so did not enroll in
the study. The students were required to pass a pure-
tone audiometric screening at 0.5, 1, 2, and 4kHz at
25dB bilaterally. One person was excluded for this
reason.

To qualify for the DLD group, students had to
report concerns about their ability to learn and use
language. We asked whether they now, or in the past,
had difficulty in understanding or using spoken or writ-
ten language. We also sought to verify their DLD with
standardized tests; however, few language tests for
young adults exist and those few do not report their
sensitivity and specificity for DLD identification
(Fidler, Plante, & Vance, 2011). Fidler et al. (2011)
administered a variety of measures that tapped phonol-
ogy, morphology, syntax, semantics, and narrative to
typical adults and adults who had learning disabilities,
a history of speech-language services, or a family his-
tory of language impairments. They found three of
these—a 15-item spelling test for assessing knowledge
of irregularly spelled words; the word definition subtest
of the Clinical Evaluation of Language Fundamentals-
4 (CELF-4, Semel, Wiig, & Secord, 2003); and the
Modified Token Test (Morice & McNicol, 1985) for
assessing syntactic comprehension—to most accurately
identify those who had learning disabilities. Two of
those three, the spelling and Token tests most accurate-
ly identified those with a history of speech-language
therapy. Because we wished to establish a word learn-
ing profile for adults with DLD in general, not just
those who have clinically significant word learning
problems, we did not want to bias our sample by
depending on a word definition task for identification.
Therefore, we used the recommended cutoff on the
two-part screener, the spelling and Token tests.
Combined, these have a sensitivity of 80% and a spe-
cificity of 87% for identification of a history of speech-
language needs that required service. The measures
were weighted per the procedure used by Fidler et al.
(2011) as modified in Fidler, Plante, and Vance (2013).
Five people who reported concerns did not meet the
score threshold set by these measures and thus did
not enroll in the study. To qualify for the TD group,
students had to report no concerns about their spoken
or written language ability, and score above the thresh-
old recommended in Fidler et al. (2011).

Given these criteria, 20 students (10 women) quali-
fied for the DLD group and 19 (10 women) for the TD
group and enrolled in the study. Among the DLD
group, 12 received classroom accommodations because
of problems related to speaking, reading or writing,
four had not sought accommodations, one was in the
process of being evaluated for accommodations, and
three did not report the status of any accommodation.
One person reported a diagnosis of ADHD. In the TD
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group, two people reported a diagnosis of ADHD; one of
the two had classroom accommodations, and the other
had not sought accommodations. One person reported a
diagnosis of clinical anxiety, and that person was also
receiving accommodations given this condition.

Both groups were primarily Caucasian. Two partic-
ipants with DLD were African American. Two partic-
ipants in the TD group reported their ethnic
background as Hispanic or Latino, and one reported
race as Asian. Participants were matched for type of
post-secondary institution, which in our sample were
major universities (10 DLD, 10 TD) and community
colleges (nine DLD, nine TD). One participant with
DLD attended a four-year college.

To further describe the two participant groups, we
administered standardized tests to assess vocabulary,
memory, and additional language skills. The DLD
group scored significantly lower than the TD group
on phonological memory, sentence memory, receptive
vocabulary, and defining vocabulary and these were
large effects (Table 1); although, not surprising given
a sample recruited from post-secondary settings, the
mean scores of the DLD group were still within an
average range on most. In the DLD group, there
were below-average scores from four people on the
CELF-3 repeating sentences, nine people on the
CVLT-2, one person on the PPVT-4, and one person
on the EVT-2. In the TD group, eight people scored

Table 1. Demographic characteristics and cognitive/linguistic scores of the DLD and TD groups.

DLD TD

Domain Measure Unit of measure

Mean

(SD)

Mean

(SD)

Normed

mean p d

Age Self-report Years 20.7

(1.2)

18.75–23.00

20.9

(1.9)

18.42–24.00

.67 .14

Education Self-report Years 13.7

(1.3)

12–16

14.1

(1.8)

12–17

.48 .25

Nonverbal IQ KBIT-2 Standard score 98

(10.8)

85–120

110

(12.8)

90–130

100

(15)

.0025* 1.01

Spelling Probea Raw score out of 15 4.6

(2.9)

0–11

11.8

(2.3)

7–15

<.0001* 2.75

Sentence comprehension Token test Raw score out of 44 35

(5.5)

23–44

40

(3.1)

33–43

.0016* 1.12

Phonological memory Probeb Raw score out of 96 86

(6.4)

74–96

91

(3.3)

81–95

.0045* .98

Sentence memory CELF-3

Sentence recall

Standard score 9.6

(3.0)

3–15

11.68

(2.1)

7–15

10

(3)

.0179* .80

List memory CVLT-2 t-score 42

(11.7)

20–70

45

(11.3)

29–68

50

(10)

.40 .26

Receptive vocabulary PPVT-4 Standard score 100

(13.4)

71–130

110

(9.9)

96–131

100

(15)

.0136* .85

Expressive vocabulary EVT-2 Standard score 106

(14.6)

81–127

113

(8.2)

97–130

100

(15)

.10 .59

Defining vocabulary CELF-4

Word definition

Standard score 11.4

(2.3)

8–15

13.1

(1.3)

11–15

10

(3)

.0091* .91

KBIT: Kaufman Brief Intelligence Test; CELF: clinical evaluation of language fundamentals; CVLT: California Verbal Learning Test; PPVT: peabody

picture vocabulary test; EVT: expressive vocabulary test.
aFidler et al. (2011).
bDollaghan & Campbell (1998).

*p< .02.
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below average on the CVLT-2 but no one scored below

average on the language tests.

Stimuli

The stimuli were novel words that named unusual

objects. We used novel words to ensure that no one
had prior knowledge of the word forms. The decision

to use these novel words as nouns that name concrete
objects reflected the goal of testing the encoding deficit

hypothesis. Specifically, to test that hypothesis, we
needed a learning task that depended largely on the
ability to encode the co-occurrence of a word and a

visual referent, which is the case with concrete object
names. Other sorts of words, like adjectives or verbs,

would depend on additional processes such as sentence
comprehension and the use of that sentence to infer

meaning and word class.
There were three sets of five novel word stimuli

(Table 2). To better simulate real word learning, we
derived the novel words from real English words by

manipulating only the final consonants. All English
words were disyllabic nouns with primary stress on

the first syllable. The English words had familiarity
ratings (Nusbaum, Pisoni, & Davis, 1984) between 5

and 7 (scale 1–7; mean 6.83, SD 0.33); and each had
an age of acquisition rating (Kuperman, Stadthagen-

Gonzalez, & Brysbaert, 2012) below 10 years (mean
6.36, SD 1.85). The mean of the positional segmental

frequency of all segments in English words was .063
(SD¼ .014). After modifying the final consonant, the

mean of the positional segmental frequency of all seg-
ments in the novel words was .057 (SD¼ .013)
(Vitevitch & Luce, 2004).

To equate the learnability of the three sets, structure

variations (i.e. CV.CVC, CVC.CVC, CCV.CVC) and
phonological feature distribution (i.e. place, manner,
and voicing) of word-initial and word-final segments

were balanced across the three sets. No word-initial
or word-final segment occurred more than twice

within each set.
A female native speaker of Standard American

English recorded the audio stimuli and task instruc-
tions in a sound-treated booth using a Larson-Davis

2560 0.5-inch random incidence microphone. The

recorded signals were routed to the computer through

a Larson-Davis PRM902 preamplifier, a LISTEN

SoundConnect microphone power supplier, and a

MOTU Ultralite-mk3 Hybrid sound interface. The

stimuli were then digitized at a 44.1 kHz sampling

rate and 16-bit resolution using the sound-editing soft-

ware Adobe Audition 1.0.
Each novel word was randomly assigned a visual ref-

erent, specifically an unusual plant, animal, or inanimate

object that none of the laboratory personnel could

name. These were depicted in digital images found via

Google. Each of the three sets included three animate

two inanimate referents. The ordering of sets during

training was counterbalanced across participants.

Protocol

Data collection

Each participant visited the laboratory to give informed

consent and complete the battery of standardized tests

used for inclusion, exclusion, and description of lan-

guage and cognitive abilities. The experimental protocol

began when they returned to learn 15 novel words and

their referents until reaching mastery, an a priori crite-

rion of 13 of 15 referents named with an entirely correct

word form. The participants returned at set intervals so

that we could measure retention.
For training and retention, each participant sat

facing a laptop wearing closed circumaural headphones

with a Blue Snowball USB microphone placed approx-

imately 18 inches away from the mouth. Audio and

visual stimuli were presented using E-Prime 2.0, on a

Dell Vostro laptop. The data collection procedure is

summarized in Table 3 and explained below.

Training

The first step was passive exposure to one of the three

sets of five pictures and their names. The participant

imitated each word immediately after hearing it with-

out feedback. The next step involved active retrieval

trials. The participant saw the five pictured referents

Table 2. Training stimuli presented in phonetic notation, matched with orthographic English neighbors.

Set A Set B Set C

Trained Neighbor Trained Neighbor Trained Neighbor

blAs@d blossom gArlId garlic TIpmˆz chipmunk

drӕg@s dragon DӕkIz jacket dEz2g desert

kӕkt@b cactus mӕgn@f magnet kAt@f cottage

mEl@g melon baIs@t bison peInt@T painter

sImb@k cymbal skut@v scooter spaId@p spider

McGregor et al. 7



one at a time and attempted to name each one. A chime

played after a correct response. After an incorrect

response, the participant heard the correct production

and imitated it. Although the chimes and the produc-

tions of the correct words were computer generated,

the examiner sitting next to the participant controlled

those presentations. The block of five items in the first

training set was presented for active retrieval practice

five times. In each recurrence, the items within the

block were presented in a new random order.
The one block of passive exposure followed by the

five blocks of active retrieval with feedback was repeat-

ed for the second set of five items; then for the third set

of five items. To give the participants a chance to prac-

tice after other items had been interleaved, we then

cycled back through active retrieval practice: Naming

with feedback began again for two blocks of the first

set, followed by two blocks of the second set, and final-

ly, two blocks of the third set. In total, all participants

received one passive exposure to each item, and seven

(5þ 2) active exposures to each item, for a total of eight

exposures before mastery training.

Mastery

The participant saw the 15 pictures from the three

training sets combined in randomized order and

named each with feedback as described above. The

stimulus presentation program would automatically

calculate a participant’s total number of correct items

from the decisions that the examiner had entered in the

moment. If at least 13 of the 15 items were named

correctly, the task would end. If fewer than 13 items

were correct, participants undertook another try with

the same 15 words, in a re-randomized order. The max-

imum number of presentations was 10.

Post-mastery naming task

Immediately following the mastery task, participants

solved math problems for 20 s to reduce the likelihood

that subsequent recall of the newly learned words

reflected only short-term memory. Afterwards, partic-

ipants were presented with all 15 of the trained picture

items once more and asked to name them without

feedback.

Retention

Approximately one day (24� 2 hours) after training,

participants returned to name their first training set

of five items, once without feedback to determine reten-

tion, using the same procedure as post-mastery naming.

Then they named them again with feedback to allow

Table 3. Protocol.

Day Goal Stimuli

# of

items

# of

blocks Participant’s task

Training day To begin encoding Set 1a pictures and names 5 1 Look, listen, imitate

Set 1 pictures 5 5b Name w/feedback

Set 2 pictures and names 5 1 Look, listen, imitate

Set 2 pictures 5 5 Name w/feedback

Set 3 pictures and names 5 1 Look, listen, imitate

Set 3 pictures 5 5 Name w/feedback

Set 1 pictures 5 2 Name w/feedback

Set 2 pictures 5 2 Name w/feedback

Set 3 pictures 5 2 Name w/feedback

To reach mastery Sets 1, 2, & 3 pictures 15 1 to 10c Name w/feedback

To reduce short-term memory

for newly encoded words

Arithmetic problems Solve for 20 seconds

To measure encoding outcomes Sets 1, 2, & 3 pictures 15 1 Name w/out feedback

1 day post To measure retention over one day Set 1 pictures 5 1 Name w/out feedback

To enable re-encoding Set 1 pictures 5 1 Name w/feedback

1 week post To measure retention over one week Set 2 pictures 5 1 Name w/out feedback

To enable re-encoding Set 2 pictures 5 1 Name w/feedback

1 month post To measure retention over one month Set 3 pictures 5 1 Name w/out feedback

To determine whether re-encoding

opportunities boosted long-term

retention one month after initial training

Sets 1 & 2 pictures 10 1 Name w/out feedback

aThe order of sets was counterbalanced across participants.
bWhen multiple blocks were presented, the order of items within blocks was randomized anew each time.
cBlocks continued until the participant named at least 13 of 15 items correctly or until the 10th block was completed.
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active review. Approximately one week (7� 1 day)

after training, participants returned to name their

second training set once without feedback, then again

with feedback. Approximately one month (30� 3 days)

after training, they returned to name their third train-

ing set without feedback. Finally, they named the first

two sets (combined and in random order) without

feedback.

Data analysis

To test the prediction that encoding, not retention is

problematic, we examined the number of blocks to

mastery as well as accuracy one day-, one week-, and

one month after mastery in the DLD and TD groups.
To test the prediction that the word form, not the

linking of forms to their referents, is problematic, we

first transcribed the naming responses. Two independent

transcriptionists working on the same 20%of the sample

agreed segment-to-segment 97.6%of the time. The tran-

scriptions were entered segment by segment into an excel

spreadsheet.We then applied amatching algorithm, pro-

grammed inR, which automatically compared each pro-

duction to each of the 15 targets. The result was a set of

similarity metrics for each production that we used to

determine the response type, as explained in Table 4.We

binned picture naming attempts during training by

response type, time, and diagnostic group.
To test both the encoding and word form predic-

tions, we built relevant statistical models in SAS v9.4.

The details of these appear alongside the results below.

The data themselves and the code used for statistical

analysis are available in Open Science Forum (https://

osf.io/4v7j6/).

Results

Encoding

Five students with DLD did not reach mastery after 10

cycles. Given that their standard scores on the CELF-3

Recalling Sentences Subtest ranged from 3 to 8 (DLD

peers ranged from 6 to 15) and on the PPVT-4 ranged

from 71 to 95 (DLD peers ranged from 88 to 130), they

were, arguably, among those with the most severe

DLD presentations. None of these students reported

a history of ADHD. One of the students with

TD did not reach mastery. His test scores did not dis-

tinguish him from his TD peers. On the CELF-3

Recalling Sentences Subtest, he scored 14 (TD peers

ranged from 7 to 15) and on the PPVT-4 he scored

113 (TD peers ranged from 96 to 131); he did not

report ADHD.
We used a linear regression model to evaluate the

effect of diagnostic group and sex, on the number of

cycles required for mastery. The participants who did

not reach mastery were included in this analysis and the

number of cycles for them was entered as 10. This was

a conservative decision in that it reduced the chances of

finding the predicted difference between the DLD and

TD groups. Diagnostic group, sex, and the diagnostic

group� sex interaction explained 25% of the variance

in cycles required for mastery with diagnostic group

being statistically significant, b ¼ 2:89, t¼ 2.92,

p¼ .0019, 95% CI (0.88, 4.90), while sex was not, b ¼
�0.39, t¼�0.28, p¼ .7774, 95% CI (�3.16, 2.38), and

the interaction was not, b ¼ 0.59, t¼ 0.31, p¼ .7591,

95% CI (�3.28, 4.56). On average, students with

DLD required 5.9 mastery cycles (SD¼ 3.4), and stu-

dents with TD required 2.7 (SD¼ 2.5). Given that

everyone received eight exposures prior to mastery

training, the DLD group required 1.39 times the

amount of exposure of the TD group to meet the mas-

tery criterion (DLD: 8þ 5.9¼ 13.9; TD: 8þ 2.7¼ 10.7;

13.9/10.7¼ 1.39). The number of cycles required for

mastery was significantly correlated with vocabulary

size as measured by the PPVT-4 standard scores, for

the DLD group, r¼�48, p¼ .032, but not for the TD

group, r¼�.08, p¼ .74. Among the participants with

DLD, the more encoding cycles required, the smaller

the size of the extant vocabulary.

Table 4. Decision guide for interpreting similarity metrics.

Response Type Definition Example

Correct 100% match between the form produced and the

form of the target name

/drӕ.g@s/for the target/drӕ.g@s/

Form error <100% match between the form produced and

the form of the target name; best match of the

15 possibilities

/dӕ.g@s/for the target/drӕ.g@s/

Link error 100% match between the form produced and the

form of a non-target name

/drӕ.g@s/for the target/kA.t@f/

Linkþ form error <100% match between the form produced and

the form of a non-target name; best match of

the 15 possibilities

/dӕ.g@s/for the target/kA.t@f/
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Retention

Having demonstrated compromised encoding related
to vocabulary outcomes among people with DLD,
the next step was to test the prediction that retention
is intact. For those who reached mastery, we asked
whether naming performance differed by time, diag-
nostic group or sex. The primary research question
had a dichotomous outcome and involved between-
subject variables, so we used a longitudinal logistic
regression analysis with generalized estimating equa-
tions (GEE) (Liang and Zeger, 1986) and an exchange-
able correlation structure. The GEE approach for
estimating regression parameters adjusts the model
estimated standard errors due to correlated values
that result from repeated measures by using the so-
called sandwich estimator. The sandwich estimator
provides valid standard errors resulting in valid statis-
tical tests for the logistic regression beta coefficients.
The fixed effects were time, group, sex, group� time
and group� sex. The interaction term for group by
sex was not included in the final model, X2 (2 df)¼
3.71, p¼ 0.1566.

There was a significant effect for sex with females
(X¼ .59, SD¼ .04) scoring higher than males (X¼ .42,
SD¼ .04), b ¼ :71, z¼ 2.94, p¼ .0033, 95% CI (0.23,
1.18). There was a significant effect of time, with better
performance at the one-day interval (X¼ .74, SD¼ .03)
than the one-month interval (X¼ .21, SD¼ .04),
b ¼ 2:34, z¼ 8.03, p< . 0001, 95% CI (1.77, 2.91),
better performance at the one-day interval than the
one-week interval (X¼ .60, SD¼ .05), b ¼ :61,
z¼ 2.60, p¼ .0093, 95% CI (.15, 1.07), and better per-
formance at the one-week interval than the one-month
interval, b ¼ 1:73, z¼ 6.51, p< . 0001, 95% CI (1.20,
2.26). There was a significant effect of diagnostic
group with the TD group (X¼ .57, SD¼ .04) scoring
higher than the DLD group (X¼ .44, SD¼ .05), b ¼
�1.06, z¼�2.65, p¼ .0081, 95% CI (�1.85, �.28).
When we examined diagnostic group� time, we
found no difference at the one-day interval, b ¼
�0.19, z¼�0.57, p¼ .5662, 95% CI (�.86, .47), or at
the one-month interval, b ¼�.36, z¼�.82, p¼ .4134,
95% CI (�1.23, .41). However, there was a difference
at the one-week interval, b ¼ �1.06, z¼�2.65,

p¼ .0081, 95% CI (�1.85, �.28). This pattern is evi-
dent in Table 5.

Review

One month after training, we compared recall of the
first and second word sets, those reviewed at the one-
day and one-week retention intervals, to recall of the
third set, the set that had not been named since the
training day. We use a GEE analysis with an exchange-
able correlation structure. The fixed effects were diag-
nostic group, sex, time, diagnostic group� time, and
diagnostic group� sex. There was no diagnostic group-
� time interaction effect, X2 (2 df)¼1.42, p¼ .4924, or
diagnostic group� sex interaction, z¼ 0.99, p¼ .3232,
so they were removed from the final model.

There was no diagnostic group effect, b ¼�0.21,
z¼�0.72, p¼ .4694, 95% CI (�.79, .36). There was a
significant effect of sex, b ¼ :59, z¼ 1.99, p¼ .0462,
95% CI (.01, 1.18), with females (X¼ .48, SD¼ .04)
having a higher performance than males (X¼ .34,
SD¼ .06). There was a time effect, X2 (2 df)¼19.84,
p< .0001, such that words that were reviewed one
week after training resulted in the highest mean perfor-
mance (X¼ .63, SE¼ .05) at the one-month test; review
one day after training was also helpful as it resulted in a
mean performance (X¼ .42, SE¼ .05) that was higher
than no review (X¼ .22, SE¼ .04). At the one-month
test, the word sets reviewed one day after training, one
week after training, or not at all were significantly dif-
ferent from each other (Table 6).

Naming response profiles during training

We asked whether naming response profiles differed by
diagnostic group or sex as measured at each of the
seven active training blocks, the first mastery block,

Table 5. The effect of retention interval by group.

Group Time Estimate Z p 95% CI

DLD Day vs. month 1.34 6.84 <.0001 .96, 1.72

DLD Day vs. week 1.04 3.51 .0004 .46, 1.62

DLD Month vs. week �0.30 �1.45 0.1472 �.70, .11

TD Day vs. month 1.34 3.83 .0001 .66, 2.03

TD day vs. week �0.17 �0.63 .6270 �53, .88

TD Month vs. week �1.17 �3.81 .0001 �1.77, �.57

Table 6. Effect of review on naming performance one month
after training.

Review interval Estimate Z p 95% CI

1 day vs. 1 week �.86 �4.12 <.0001 �1.27, �.45

1 day vs. no review .96 3.49 .0005 .42, 1.49

1 week vs. no review 1.82 �6.38 <.0001 1.26, 2.38
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and the post-mastery block for each of three sets of five

items on the training day. For analysis purposes, the

sets are collapsed such that each block includes 15

naming attempts. We ran a generalized linear mixed

model for each of the possible response types: correct,

form error, link error, linkþ form error, and no

attempt. The outcome variable was 1 or 0 (that partic-

ular response was present or absent) with a logit link

function. The fixed effects in the model were diagnostic

group, sex, time, group� sex, and group� time. The

time variable was categorical with nine levels.

A random intercept for subject was included to account

for within-subject correlation over time, and a random

intercept for trial was included because the correlation

between trials within a block was different from the

correlation between trials from different blocks.

A Bonferroni correction yields a significance level .05/

9¼ . 0055. The analysis was carried out in SAS v9.4

Proc Glimmix using Laplace Approximation and resid-

ual degrees of freedom.

Correct responses. There was neither an effect for sex,

b ¼ :06, t5180¼ 0.17, p¼ .7975, 95% CI (�0.67, 0.80),

nor a diagnostic group x sex interaction, b ¼�0.60,

t5180¼�0.80, p¼ .4250, 95% CI (�2.06, 0.87). There

were effects for time, F8,5180¼ 86.23, p< .0001, diag-

nostic group, b ¼�1.45, t5180¼�3.88, p¼ .0001, 95%

CI (�2.19, 0.72), and their interaction, F8,5180¼ 2.74,

p¼ .0052. Correct responses, and all incorrect response

types, are plotted by time and diagnostic group in

Figure 1.

The diagnostic group by time interaction is pre-

sented in Table 7. There were no significant differences

between the groups at block 1 when both groups were

near floor; block 6 when both groups dipped as they

shifted from word set 3 back to word set 1; or post-

mastery when both groups approached ceiling. The

groups differed at all other blocks and, in each case,

the DLD group gave fewer correct names than the TD

group. Except for dips at block 6 and beginning mas-

tery corresponding to changes in the sets being named,

correct naming responses tended to increase over time.

Form error responses. There was no effect of sex,

b ¼ 0:11, t5180¼�0.51, p¼ .6083, 95% CI (�0.32,

0.54), or diagnostic group� sex interaction, b ¼ 0:25,
t5180¼ 0.58, p¼ .5640, 95% CI (�0.61, 1.12). There

were effects of time, F8,5180¼ 16.43, p< .0001, diagnos-

tic group, b ¼ 0:85, t5180¼ 3.87, p¼ .0001, 95% CI

(0.42, 1.29) and their interaction, F8,5180¼ 3.30,

p¼ .0009. The interaction between diagnostic group

and time is presented in Table 7. Although the DLD

group made more form errors than the TD group at

each block, these differences were significant at block 4,

block 5, block 7, beginning mastery, and post

mastery only.

Link error responses. Link errors were infrequent. There

were no link errors on the beginning mastery block for

the TD group and none on the post mastery block for

the DLD group. There was no effect of diagnostic

group, b ¼ 1:29, t5180¼ 0.04, p¼ .9679, 95% CI

Figure 1. Naming responses during training by diagnostic group, time, and type expressed as proportion of total responses.
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(�61.42, 64.00), no effect for sex, b ¼�0.75,
t5180¼�1.51, p¼ .1314, 95% CI (�1.73, 0.23), no diag-
nostic group� sex interaction, b ¼�0.24, t5180¼�0.24,

p¼ .8123, 95% CI (�2.19, 1.71), and no diagnostic
group� time interaction, F8,5180¼ 1.52, p¼ .1569.
There was a time effect, F8,5180¼ 62.20, p< .0001,

involving a significant increase in link errors from
block 5 to 6, b¼1.38, t5180¼ 2.16, p¼ .0310, 95% CI

(0.12, 2.63), but not block 1 to 2, b¼�0.34, t5180�1.93,
p¼ .0542, 95% CI (�1.32, 0.01), block 2 to 3,
b ¼�0.22, t5180¼�0.56, p¼ .5788, 95% CI (�0.01,

0.56), block 3 to 4, b ¼�1.20, t5180¼�1.88,
p¼ .0595, 95% CI (�2.45, 0.05), block 4 to 5,
b ¼�0.01, t5180¼�0.01, p¼ .9946, 95% CI (�1.57,

1.56), block 6 to 7, b ¼�0.90, t5180¼�1.75,
p¼ .0802, 95% CI (�1.90, 0.11), or beginning mastery

to post mastery, b ¼4.69, t5180¼ 0.03, p¼ .9741, 95%
CI (�277.46, 286.83). In other words, when accuracy
faltered as the training shifted from word set 3 on block

5 back to word set 1 on block 6, it was because of an
increase in link errors among both groups.

Linkþ form error responses. There was neither a signifi-

cant effect for sex, b ¼ 0:40, t5180¼ 1.20, p¼ .2305,
95% CI (�0.25, 1.04), nor an interaction between diag-

nostic group and sex, b ¼ 0:84, t5180¼ 1.28, p¼ .2008,
95% CI (�0.45, 2.13). There was an effect of time,
F8,5180¼ 18.43, p< .0001, and diagnostic group,

b ¼ 0:86, t5180¼ 2.56, p¼ .0104, 95% CI (0.20, 1.52),
but no diagnostic group� time interaction,
F8,5180¼ 1.64, p¼ .2008. LinkþForm errors were

infrequent, and, with a few exceptions, they tended to

decline over time in both groups; however, the DLD

group made more linkþ form errors overall than the

TD group.

No attempts. No attempts did not vary with sex, b ¼
�0.78, t5180¼�1.13, p¼ .2587, 95% CI (�2.14, 0.57),

diagnostic group, b ¼ 2:38, t5180¼ 0.04, p¼ .9687, 95%

CI (�116.63, 121.39), diagnostic group� sex, b ¼ 1:25,

t5180¼ 0.90, p¼ .3685, 95% CI (�1.48, 3.98), or diag-

nostic group� time, F8,5180¼ 0.81, p¼ .3685. There

was a significant effect of time, F8,5180¼ 31.58,

p< .0001: Failures to attempt naming were infrequent

and they tended to decline over time.
In summary, correct responses tended to increase

with training while errors decreased. There were a

few exceptions to the decreasing trend in errors that

had to do with changes in the order of the sets being

named. By the second training block, the DLD group

made fewer correct responses and more form and link-

þ form errors than the TD group. Link errors and no

attempts did not differentiate the DLD and TD groups.

Naming response profiles during retention

For those who reached mastery, we asked whether

naming response profiles differed by diagnostic group

or sex as measured at each retention interval. During

each interval, each participant named five items. We

ran a generalized linear mixed model for each of the

possible error responses: form error, link error, link-

þ form error, and no attempt. The outcome variable

was 1 or 0 (that response was present or absent) with a

Table 7. Diagnostic group� time interactions in the correct responses and form errors made during training.

Response Time b t5180 p 95% CI

Correct Block 1 �1.00 �2.22 .0265 �1.89, �0.12

Block 2 �1.33 �3.16 .0016* �2.16, �0.51

Block 3 �1.56 �3.67 .0002* �2.39, �0.72

Block 4 �2.01 �4.61 <.0001* �2.87, �1.16

Block 5 �2.08 �4.71 <.0001* �2.94, �1.21

Block 6 �0.95 �2.24 .0252 �1.78, �0.12

Block 7 �1.59 �3.62 .0003* �2.45, �0.73

Beginning mastery �1.35 �3.15 .0017* �2.19, �0.51

Post mastery �1.21 �2.70 .0069 �2.09, �0.33

Form error Block 1 0.23 �0.82 .4105 �0.32, 0.79

Block 2 0.77 2.70 .0070 0.21, 1.33

Block 3 0.74 2.51 .0120 0.16, 1.31

Block 4 1.28 4.04 <.0001* 0.66, 1.90

Block 5 1.44 4.41 <.0001* 0.80, 2.09

Block 6 0.31 �1.09 .2755 �0.25, 0.88

Block 7 1.04 3.17 .0015* 0.40, 1.68

Beginning mastery 0.88 2.84 .0046* 0.27, 1.48

Post mastery 1.00 2.97 .0029* 0.34, 1.66

*p< .0055.
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logit link function. The fixed effects in the model were

diagnostic group, sex, group� sex and group� time.

The time variable was categorical with three levels.

A random intercept for subject was included to account

for within-subject correlation over time, and a random

intercept for trial was included because the correlation

between trials within a given retention interval was dif-

ferent from the correlation between intervals. The

required Bonferroni correction given three compari-

sons, yields a significance level .05/3¼ . 016. The anal-

ysis was carried out in SAS v9.4 Proc Glimmix using

Laplace Approximation and residual degrees of free-

dom. The naming responses by retention interval and

diagnostic group appear in Figure 2.

Form error responses. There was no effect of time,

F2,487¼ 0.01, p¼ .9891, sex, b ¼� 0.37, t487¼�1.27,

p¼ .2055, 95% CI (�0.93, 0.20), diagnostic group-

� time, F2,487¼ 2.86, p¼ .0585, or diagnostic group-

� sex, F1,487¼ 0.00, p¼ .9493. There was a significant

diagnostic group effect, b ¼ 1.12, t487¼ 3.77, p¼ .0002,

95% CI (0.54, 1.71). The DLD group made more form

errors than the TD group.

Link error responses. There was no effect of diagnostic

group, b ¼�.51, t487¼�0.47, p¼ .6394, 95% CI

(�2.67, 1.64), sex, b ¼ �0.13, t487¼�0.21, p¼ .8333,

95% CI (�1.27, 1.02), diagnostic group� sex,

F1,487¼ 0.46, p¼ .4985, or diagnostic group� time,

F2,487¼ 0.19, p¼ .8277. There was a time effect

F2,487¼ 6.23, p¼ .0021. The DLD group had no link

errors at the one-day interval. There was an increase in

link errors from the one-week- to the one-month inter-

val, b ¼ 1.76, t487¼ 3.53, p¼ .0005, 95% CI (0.78, 2.75).

Linkþform error responses. There was no effect of diag-

nostic group, b ¼�.31, t487¼�0.46, p¼ .6439, 95% CI

(�1.62,1.00), sex, b ¼ �0.53, t487¼�0.85, p¼ .3935,

95% CI (�1.75, 0.69), diagnostic group� sex,

F1,487¼ 1.01, p¼ .3142, or diagnostic group� time,

F2,487¼ 2.04, p¼ .1305. There was a time effect

F2,487¼ 9.55, p< .0001, characterized by a significant

increase from the one-day- to the one-month interval,

b ¼ 1.86, t487¼ 3.67, p¼ .0003, 95% CI (0.87, 2.86)

and the one-week- to the one-month-interval,

b ¼ 1.43, t487¼ 3.35, p¼ .0009, 95% CI (0.59., 2.27),

but not the one-day- to the one-week-interval,

b ¼ 0.43, t487¼ 0.78, p¼ .4377, 95% CI (�0.66., 0.52).

No attempts. There was no effect of diagnostic group,

b ¼ 0:28, t487¼ 0.27, p¼ .7846, 95% CI (�1.70, 2.26),

sex, b ¼ �0:73, t487¼�1.14, p¼ .2544, 95% CI (�1.98,

0.52), diagnostic group� sex, F2,487¼ 0.36, p¼ .5491,

or diagnostic group� time, F2,487¼ 0.75, p¼ .4711.

There was a significant time effect F2,487¼ 7.71,

p¼ .0005. The TD group had 0 no attempts at the

one-day interval so we performed no comparisons

involving that interval. There was a significant

increase from the one-week- to the one-month-interval,

b ¼ 1.53, t487¼ 3.93, p< .0001, 95% CI (0.76, 2.29).
In summary, all error types increased as the length

of the retention interval increased. Only form errors

Figure 2. Naming responses during retention by diagnostic group, time, and type expressed as proportion of total responses.
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distinguished the retention performance of the DLD
and TD groups.

Discussion

In this study, people with DLD needed 39% more
exposure than their peers with TD to commit a set of
new words to long-term memory. In this specific case,
the learners were young adults who, despite finding
language to be challenging, were successful enough to
enter postsecondary education. The training set com-
prised 15 disyllabic nonwords that named object refer-
ents. Each word had at least one English neighbor and,
as a set, they had specific phonotactic properties. The
training protocol involved retrieval practice plus feed-
back, and the outcome measure was the accuracy of
referent naming. We list these details to emphasize
that there is nothing magical about the 39% value.
The amount of extra exposure required for people
with DLD will vary with characteristics of the learner,
stimuli, training, and outcome measure. In Gray’s ear-
lier work, 4- and 5-year-old with DLD needed 18%
more exposure than their age-mates to learn four
words when the outcome measure was to select the
referent when given the word (Gray, 2004), and
107% more exposure when the outcome measure was
naming the referent (Gray, 2003). The general point is
that people with DLD, as a group, tend to require more
exposures than other learners to encode new words into
long-term memory.

Examination of the naming response profiles during
training revealed that the encoding problem is specific
to word forms. Although the participants with DLD
did make linking errors and sometimes gave no
response, they did so no more often than their peers
with TD. In the next two sections, we summarize the
evidence in support of the conclusion that the encoding
of word forms is the primary bottleneck to word learn-
ing among people with DLD.

Encoding is problematic

That the participants with DLD required more expo-
sures than the adults with TD to reach mastery during
the training session stands as the primary evidence that
encoding is problematic for people with DLD. The
finding is congruent with our previous studies of
adults with DLD (CITATIONS-REMOVED-FOR-
BLIND-REVIEW) and with studies of children with
DLD (Bishop & Hsu, 2015; Gray, 2003, 2004, 2005;
Haebig et al., 2019; Leonard et al., 2019; Rice et al.,
1994 ; Riches et al., 2005; Storkel et al., 2017; Windfuhr
et al., 2002). The negative correlation between the
number of encoding exposures required and the
PPVT-4 scores of the participants with DLD suggests,

but does not prove, that the encoding problem limits
the eventual size of the lexicon.

The adults with DLD were not different from their
peers with TD in the extent to which their long-term
recall benefitted from re-encoding opportunities
afforded by retrieval practice after training. For both
groups, naming one month after training was improved
by retrieval practice one day or one week after training,
with greater benefit from the one-week practice. This
finding reflects the nonmonotonic lag effect; namely,
for any given retention interval, there is a practice
interval that optimizes accuracy (Cepeda, Pashler,
Vul, Wixted, & Rohrer, 2006). Simply put, to stave
off forgetting, one needs to find a ‘sweet spot’ for
review, not too close to teaching because of the risk
of forgetting again by the time of the retention session,
yet not too close to the retention session because, by
then, what was initially learned may have been
completely forgotten. To relate these patterns to our
data, given a session of learning to mastery and a reten-
tion session one month later, the sweet spot for review
was one week after learning/three weeks before reten-
tion, although perhaps a sweeter spot would have been
identified had we tried other options. The participants
with DLD, like their TD peers, demonstrated the
monotonic lag effect.

The mechanism at play during review is debated.
Cepeda et al. (2006) present two possibilities that
have potential for explaining the current results. It
could be that, upon review, a second memory trace
for a given word is formed that inherits the consolidat-
ed state of the initial trace for that word. Another pos-
sibility is that the review provided an opportunity to
retrieve the long-term memory trace established during
the learning session. The act of retrieval strengthened
that memory trace and increased contextual associa-
tions that could aid subsequent retrieval at the reten-
tion session. Note that, in either case, the proposed
mechanisms involve supporting additional encoding
via long-term memory. Therefore, the ability of the
DLD group to benefit from review similarly to their
typical peers is not inconsistent with the encoding
hypothesis: It is not the re-encoding of familiar word
forms but, instead, the encoding of NEW word forms
that is problematic for adults with DLD.

By hypothesizing that encoding is the bottleneck
that limits word learning, we imply the corollary, that
retention is intact. We found this to be the case for the
one-day and one-month interval: the naming accuracy
of the DLD and TD groups did not differ at these
points. However, we did find the DLD group to
name less accurately than the TD group at the one-
week interval. Both groups declined significantly
between one day and one month, but for the DLD
group, that decline occurred mainly over the first
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week; whereas, for the TD group, the decline occurred

somewhere between the one-week- and one-month

interval. In McGregor, Gordon, et al., (2017), we did

not find differences between the DLD and TD groups

in retention after a one-week interval, but the outcome

measure was a task that taps competition between the

new words and their English lexical neighbors. In

McGregor, Arbisi-Kelm, et al., (2017), we did not

find differences between the DLD and TD groups in

retention one week after training and, in fact, we did

not find declines in retention in either group, but the

words and referents were trained via passive study not

retrieval practice, and the production measure was

stem completion rather than picture naming. That

said, when examining the individual differences

within the DLD and TD groups (Figure 2,

McGregor, Arbisi-Kelm, et al., 2017), it is apparent

that some people did experience notable forgetting

(also see Storkel et al., 2017).
The result we obtained here, intact retention at one

day and one month with a faster rate of forgetting

between those two points on the part of the DLD

group welcomes further exploration to determine

whether different task demands or different presenta-

tions of DLD among affected individuals are at play.

We conclude that there is robust evidence for a deficit

in the encoding of new information but also a possibil-

ity that retention is problematic for some individuals at

some retention intervals as well. We turn next to evi-

dence that confirm that the encoding of word forms is

especially fragile.

Word form configurations are problematic

The trajectories of growth in naming accuracy over the

training interval were similar for the DLD and TD

groups. The two groups did not differ at block one

when performance was near floor nor at the post-

mastery block when, by definition, all had trained to

a high level of accuracy. During the sixth block, train-

ing shifted from the third word set back to the first and,

in response, performance dipped for both groups. With

those exceptions, the students with DLD demonstrated

lower performance than the TD group during training

due to more form errors, whether alone or in combi-

nation with link errors. As Bishop and Hsu (2015),

Haebig et al. (2019), and Leonard et al. (2019) reported

for children with DLD, the problem was apparent early

in training, in this case, by the second training block.

During retention, accuracy decreased over time for

both DLD and TD groups, although at a steeper rate

for the DLD group, as discussed above. Again, where

performance faltered, the form errors, not the other

error types, distinguished the DLD and TD groups.

In fact, the rates of no responses and link errors were
virtually identical in the DLD and TD groups.

We view this pattern as consistent with the
Procedural Circuit Deficit Hypothesis (Ullman et al.,
2019). Encoding the sequence of phonemes that com-
prise a word form early in the course of learning when
that complex motoric sequence is highly unfamiliar
may depend upon the procedural system. Retrieving
and producing that word form after learning may
depend, in part, upon the frontal/basal ganglia circuits
that underlie procedural memory (McNab &
Klingberg, 2008). Linking the word form to its referent,
an instance of associative learning that is supported by
the declarative system, is relatively intact (Ullman,
2016). A study comparing problems with word forms
and grammar within the same sample of participants
with DLD would be useful for determining whether
sequential learning and memory deficits in the proce-
dural system provide a parsimonious explanation for
these seemingly different problems with language.

Females demonstrate stronger performance
than males

Although men and women did not perform differently
during training, the women demonstrated stronger
retention and greater gains from review during the
retention interval than the men. The female advantage
held for both the TD and DLD groups, as it did in
McGregor, Oleson, et al., (2013), where we mined a
longitudinal corpus of verbal definitions collected
from boys and girls with and without DLD.

Kaushanskaya et al. (2011) attribute the difference
to women’s ability to recruit long-term knowledge
about their native language phonology as a support
for word learning. Kramer and colleagues (Kramer,
Delis, & Daniel, 1988; Kramer et al., 1997) attribute
the female advantage to more efficient application of
semantic clustering strategies that can facilitate verbal
memory. Either of these possibilities could apply here
as the novel words were derived from real English
words, thus making native phonology relevant, and
they named exemplars from plant, animal, and artifact
categories, thus making semantic clustering relevant.

Ullman (2016) makes the case that females have
stronger declarative memory systems than males and
that, in tasks that can be supported by both declarative
and procedural systems, females depend more on
declarative processes such as chunking the material to
be learned or processed. If so, then females who have
DLD may be better able to compensate for weaknesses
in the procedural system than males with DLD.
Ullman (2016) links the female advantage to estrogen
and its effect on neural function. Specifically, estrogens
enhance synaptic activity and plasticity, and thus
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learning (Garcia-Segura, 2008). The gene Cyp19a1 reg-
ulates aromatase, the enzyme that synthesizes estro-
gens, and, of particular interest here, variations in
Cyp19a1 alleles among families of probands with
speech sound disorder and/or dyslexia predicted the
performance of family members on measures of
extant vocabulary as well as their repetition of multi-
syllabic (nonsense) words and rate of repetition of
disyllables (Anthoni et al., 2012).

Boys are more prone to neurodevelopmental disor-
ders than girls and DLD is no exception. Community
samples reveal that girls are affected about 22% less
often than boys (Norbury et al., 2016). Lower preva-
lence among girls, together with findings of stronger
performance among women in this study and girls
in McGregor, Oleson, et al. (2013), suggest that being
female is a protective factor that limits the likelihood
and/or the severity of DLD. Given our small sample,
we view the finding that females with DLD are better at
retaining newly learned words than males with DLD as
a hypothesis, not a conclusion. We have much to learn
about how sex—and the sociocultural aspects of
gender—influence language learning in general and
manifestations of DLD in particular.

Conclusions

This paper is the fourth in a series of papers
(McGregor, et al., 2013; McGregor, Arbisi-Kelm, et al.,
2017; McGregor, Gordon, et al., 2017) in which we have
documented weaknesses in encoding but relative
strengths in retention in independent samples of college
students with DLD. Given this consistency, we are con-
fident in concluding that encoding is a bottleneck for
word learning in this population. In fact, given that our
sample included only mild cases, we might expect that
encoding is an even greater challenge in the population as
a whole. In this paper, we also found that the encoding of
word forms, not the linking of forms to their referents, is
the crux of the problem. This profile of strengths and
weaknesses held for both men and women with DLD
although the women tended to be stronger at retention
than the men.

This profile may provide a useful starting point for
clinicians working to improve the vocabulary knowl-
edge of their clients with DLD. Two specific implica-
tions emerge. First, it will be crucial to pay attention to
adequate dosage. It is now well documented that
people with DLD need more exposure to language tar-
gets than their typical peers to demonstrate comparable
learning. This is not to say that high dosage alone is
enough. The training study here was meant to manip-
ulate amount of exposure as a means of testing the
extent of the encoding deficit. In an actual language
intervention, the clinician would not only increase the

quantity of exposures but also their quality. For exam-

ple, exposures that allow for encoding across modalities

visual, auditory, and kinesthetic modalities (Jewitt,

Kress, Ogborn, & Charalampos, 2001; Valenzeno,

Alibali, & Klatzky, 2003) are useful and spaced expo-

sures are more helpful than massed exposures (e.g.,

Seabrook, Brown, & Solity, 2005). Second, activities

that highlight word forms may be indicated. For exam-

ple, in (McGregor, Arbisi-Kelm et al., (2017)), we found

that asking adults to identify key features of word forms

(e.g., did it start w a ‘b’ sound?) yielded better learning

of their form configurations than asking them to identify

key features of word referents (e.g., did it have eyes?).
In the future, we would do well to verify word learn-

ing profiles among children with DLD as well as adults

with DLD who have more severe language deficits. It

would be useful to relate the word learning profile to

more extensive measures of the language abilities and

disabilities of the participants, especially given that we

know little about how DLD manifests in adults.

Moreover, the profile established here could be extend-

ed as many aspects of word knowledge, for example,

contextually appropriate usage and the nuances of

semantic knowledge, remain relatively unexplored in

this population. The data we have collected in this

series of studies might well underestimate the severity

of the problem but also, perhaps, the range of the

strengths exhibited by people with DLD.
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