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Abstract
Background: A growing body of work shows that children with developmen-
tal language disorder (DLD) perform poorly on statistical word learning (SWL)
tasks, consistent with the predictions of the Procedural Deficit Hypothesis that
predicts that procedural memory is impaired in DLD. To date, however, SWL
performance has not been compared across linguistically heterogeneous popu-
lations of children with DLD.
Aims: To compare SWL performance in a group of age, sex and non-verbal
IQ-matched Catalan–Spanish and English-speaking children with and without
DLD.
Methods & Procedures: Two cohorts of children: (1) 35 Catalan–Spanish-
speaking children with DLD (Mage = 8;7 years) and 35 age/sex-matched typical
developing (TD) children (Mage = 8;9 years), and (2) 24 English-speaking chil-
dren with DLD (Mage = 9;1 years) and 19 age/sex matched TD controls (Mage =

8;9 years) completed the tone version of a SWL task from Evans et al. (2009).
Children listened to a tone language in which transitional probabilities within
tone words were higher than those between words.
Outcomes & Results: For both Catalan–Spanish and English cohorts, overall
performance for the children with DLD was poorer than that of the TD con-
trols regardless of the child’s native language. Item analysis revealed that chil-
dren with DLD had difficulty tracking statistical information and using transi-
tional probability to discover tone word boundaries within the input. For both
the Catalan–Spanish and English-speaking children, SWL accounted for a sig-
nificant amount of unique variance in Receptive and Expressive vocabulary.
Likelihood ratio analysis revealed that for both Catalan–Spanish and English
cohorts, children having performance ≤ 45% on the SWL task had an extremely
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high degree of likelihood of having DLD. The analysis also revealed that for the
Catalan–Spanish and English-speaking children, scores of ≥ 75% and ≥ 70%,
respectively, were highly likelihood to be children with normal language abili-
ties.
Conclusions & Implications: The findings add to a pattern suggesting that
SWL is a mechanism that children rely on to acquire vocabulary. The results also
suggest that SWL deficits, in particular when combined with other measures,
may be a reliable diagnostic indicator for children with DLD regardless of the
child’s native language, and whether or not the child is bilingual or monolin-
gual.

KEYWORDS
developmental language disorder, specific language impairment, statistical word learning,
cross-linguistic

What this paper adds
What is already known on the subject
∙ Although there is some disagreement, a small but growing body of work sug-
gests that deficits in proceduralmemory, asmeasured either bymotor sequenc-
ing (Serial Reaction Time—SRT) or SWL tasks, may be part of the deficit pro-
file of children with DLD. To date, studies have not examined SWL across lin-
guistically heterogeneous populations of children with DLD to determine if it
is a unique clinical marker of the disorder.

What this paper adds to existing knowledge

∙ The results show that children with DLD, regardless of their native language,
or whether the child is bi- or monolingual, have difficulties on SWL tasks,
and that these deficits are linked to severity of the language disorder. Taken
together, these results indicate that procedural memory deficits may be a core
feature of DLD. This suggests that statistical-learning tasks using tone stimuli
can also advance our understanding of statistical-learning abilities in children
with DLD more globally.

What are the potential or actual clinical implications of this work?

∙ The current study shows that statistical-learning tasks using tone stimuli can
be used in conjunctionwith standardized assessmentmeasures to differentiate
children with DLD from children with typical language ability.

INTRODUCTION

Developmental language disorder (DLD) refers to a group
of children with a neurodevelopmental disorder character-
ized by the inability tomaster spoken andwritten language
comprehension and production in the absence of intellec-
tual disability, hearing loss or other medical conditions or
syndromes known to cause language disorders (Bishop,
2014). Although numbers vary slightly across countries,

in the United States about 7% of English-speaking school-
aged children have DLD (Tomblin et al., 1997). Although
much of the research inDLDhas focused on preschool and
school-aged children, studies now show that DLD persists
into adolescence and adulthood (Catts et al., 2008; Conti-
Ramsden et al., 2013; Durkin & Conti-Ramsden, 2007;
Tomblin et al., 1992).
Recently, there has been interest in characterizing pro-

cedural memory deficits in children with DLD following
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Ullman’s Procedural Deficit Hypothesis (PDH) that posits
that procedural learning deficits are the underlying cause
of language impairments in these children (Ullman&Pier-
pont, 2005; Ullman & Pullman, 2015; Ullman et al., 2020).
In one of the first studies to examine procedural learning
in children with DLD, Tomblin et al. (2007) employed a
serial reaction time (SRT) task and found that adolescents
with a documented history of DLD evidenced atypical
procedural learning patterns not evident in the typical con-
trols. Follow-up studies are consistent with the findings of
Tomblin and colleagues (Evans et al., 2009; Haebig et al.,
2017; Kemény & Lukács, 2010; Lammertink et al., 2020;
Lum et al., 2010, 2012, 2014; Plante et al., 2002). For exam-
ple, a meta-analysis of studies using SRT tasks, conducted
by Lum and Conti-Ramsden (2013) and Lum et al. (2014),
revealed a consistent pattern of poor sequential learning
in children with DLD. Similarly, a meta-analysis by Obeid
et al. (2016) that included a broader range of procedural
learning tasks (i.e., SRT, artificial grammar learning, prob-
abilistic classification, etc.) also found that children with
DLD showed significant impairments in procedural learn-
ing as compared with controls, with task modality (visual
versus auditory) not being a variable that moderated their
observed effect sizes.
Key to the PDH account of DLD is impaired procedural

memory, a type of non-declarative/implicit memory. Non-
declarative memory is not a single construct, but a term
used to characterize a type of learning that occurs on an
ongoing basis over multiple trials or exemplars and where
learning is manifested in the gradual changes in perfor-
mance or behaviour across these tasks. Because knowl-
edge acquired via non-declarative memory is not avail-
able to conscious recollection or verbal expression, it is
also referred to as implicit memory (cf. Squire, 1992, 1994;
Squire & Knowlton, 2000). Procedural memory is impli-
cated in the acquisition and control of motor and cogni-
tive sequential habits and skills, and the computation and
use of rule-based procedures, such as the concatenation of
the sequential information (Mishkin et al., 1984; Poldrack
et al., 1999; Squire, 1994).
The PDH links impaired proceduralmemory to themor-

phosyntactic deficits in DLD and to lexical deficits in these
children (Ullman et al., 2020). The ability to hold in mem-
ory the sequential order of phonemes and syllables within
the speech stream to implicitly track and compute the
probabilities of adjacent sound sequences is an aspect of
word learning that relies heavily on procedural memory.
Typically referred to as ‘statistical word learning’ (SWL),
this ability to track and compute sequential statistics in
the stream of speech—transitional probability—has been
linked to word learning and vocabulary acquisition in typ-
ically developing children (Graf Estes et al., 2007; Saffran
& Graf Estes, 2006). Ullman et al. (2020) have recently
extended the PDH model and suggest that children rely

on procedural memory to gradually and implicitly seg-
ment sequences of syllables or phonemes from the speech
stream to acquire the phoneme sequences of words.
Only a small number of studies have examined the link

between impaired procedural memory and lexical deficits
in DLD. Evans et al. (2009) asked whether children with
DLD (ages 6;5–14;4) were able to maintain the order of
sequences of syllables in auditory memory to track the
transitional probability of the sequence of these sylla-
bles and use this information to implicitly discover word
boundaries within the continuous stream of speech and
if this ability was related to children’s vocabulary. After 21
min of exposure to a stream of speech syllables where the
transitional probability across CV syllables was the only
cue toword boundaries, they observed that, unlike the age-
match typical controls, the performance of the children
with DLD was no different from chance. Importantly, for
the purpose of this present study, in a follow-up exper-
iment, Evans et al. (2009) asked whether the DLD chil-
dren’s failure to track statistical information across speech
sounds extended to non-linguistic auditory stimuli as well.
A subset of the children from the first experiment com-
pleted a second experiment where they listened to a non-
linguistic version of the SWL task consisting of a stream of
pure tones. After 42 min of exposure to the tone language,
the performance for the children with DLD was again sig-
nificantly poorer than the normal language controls and
no different from chance. Follow-up analysis revealed that
the children’s ability to use transitional probability to dis-
cover theword boundarieswithin the streamof speechwas
significantly correlated with both receptive and expressive
vocabulary, suggesting that failure to track and compute
the transitional probabilities within the stream of speech
may be a factor that underlies the vocabulary deficits seen
in DLD.
A small but growing body of work appears to support

the idea that in addition to poor performance on SRT tasks,
children with DLD also perform less accurately than typ-
ical peers on SWL (i.e., Haebig et al., 2017; Mayor-Dubois
et al., 2012). For example, a meta-analysis by Lammertink
et al. (2017) revealed robust auditory–verbal statistical-
learning deficits in children with DLD. Taken together,
these findings suggest that implicit learning deficits in
DLDmay extend beyond sensorimotor sequential learning
to include implicitmemory for cognitive sequences aswell,
in particular in the auditory domain.

Current study

Critical to the PDH account of DLD is whether the find-
ings fromEvans et al. (2009) extend to amore linguistically
heterogeneous sample, and if children’s SWL ability differ-
entiates individuals with DLD from children with normal
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language. The goal of the current study was to compare
the SWLperformance of a groupCatalan–Spanish children
with and without DLD with that of an English-speaking
cohort matched on age, sex and non-verbal IQ. A second
goal of the study was to determine the likelihood ratios
of SWL to differentiate children with DLD from children
with typical language abilities and to evaluate the poten-
tial clinical usefulness of the task as a culturally unbiased
marker of DLD. If, as current research suggests, impaired
auditory statistical learning is a characteristic of children
with DLD, then the pattern of SWL learning observed for
Catalan–Spanish-speaking childrenwith DLD shouldmir-
ror that of the English-speaking children with DLD. Sim-
ilarly, if SWL is linked to aspects of the lexicon, then the
relationship between SWL and receptive and expressive
vocabulary should be the same for Catalan–Spanish and
English-speaking children. Finally, if SWL performance is
a sensitive measure of procedural memory deficits in chil-
dren with DLD, then the likelihood ratio for a true positive
rate (i.e., accurately ruling in/out DLD) also should be the
same for the children with DLD regardless of their native
language.

EXPERIMENT 1

Methods

Participants
A total of 70 Catalan–Spanish (CS)-speaking children

(22 girls and 48 boys), 35 children with developmental
language disorder (DLD-CS, MAge = 8;9) and 35 chrono-
logical age- and sex-paired-wise-matched typically devel-
opment children with normal language (TD-CS, MAge
= 8;9) participated in Experiment 1. The children with
DLD-CS were recruited from institutions, organizations
and schools around Catalonia. Children with DLD-CS
were identified with the help of the Catalan Center of
Resources for Hearing-Impaired People (CREDA), mem-
bers of the Catalan service for school counselling and guid-
ance (EAP), and Catalan Association of Specific Language
Impairment (ATELCA), which work in conjunction with
public and private schools throughout Catalonia to iden-
tify children with DLD-CS or children with language diffi-
culties. The children with TD-CSwere recruited from pub-
lic schools within the larger Barcelona metropolitan area.
All participating families completed an informed consent
form and a background information questionnaire. A final
report containing the results of all the tests administered to
the children was given to the family as a token of gratitude
for their commitment and contribution to the study.
All participants met the following inclusion criteria:

(1) normal non-verbal intellectual quotient (NVIQ) ≥ 75;
(2) normal hearing at 500, 1000, 2000 and 4000 Hz at

20 dB based on the American National Standards Insti-
tute (1997); (3) normal or corrected-to-normal vision; (4)
normal oral and speech motor abilities by a certified
speech–language pathologist; and (5) were native bilingual
Catalan–Spanish speakers.1 Children were excluded if par-
ents reported: (1) a neurodevelopmental disorder, (2) emo-
tional or behavioural disturbances, (3) frank neurological
signs or (4) seizure disorders or use of medication to con-
trol seizures.
The children in the DLD-CS group had a formal diag-

nosis of language impairment or were in process to be
diagnosed and were receiving speech–language services at
the time of the study. The TD-CS children were at grade
level in school had no history, or diagnosis, of language-
learning disability and had never received speech and
language services. To confirm participant’s language sta-
tus, standardized testing was completed by two trained
researchers at the time of the study and included the
Nonverbal Kaufman Brief Intelligence Test (K-BIT; Kauf-
man & Kaufman, 2004), and Clinical Evaluation of Lan-
guage Fundamentals—Fourth Edition, Spanish (CELF-4-
Spanish; Wiig et al., 2006):2 (1) Core Language score, (2)
Expressive Language score and/or (3) Receptive Language
score. For the children with DLD-CS, either Core, Recep-
tive or Expressive CELF composite scores were ≥ 1.5 SD
below age level expectations. For the children in the TD-CS
group, CELF composite scoreswere all at or above age level
expectations (Table 1). Non-verbal IQ was within normal
limits for all the participants and the two groups did not
differ in age or in the number of females/males per group
(22 females, 24 males). In addition, to investigate whether
children’s SWL is related to their receptive and expres-
sive vocabulary, all children also completed the Peabody
Picture Vocabulary Test, Third Edition, Spanish version
(PPVT-III; Dunn et al., 2006), and the expressive vocabu-
lary portion of the Spanish version of the Kaufman Brief
Intelligence test (K-BIT-Voc; Kaufman & Kaufman, 2004).
Stimuli
Because the goal of the present study was to extend the

findings from Evans et al. (2009) to a group of Catalan–
Spanish children, the stimuli for the present study was the
tone language used by Evans et al. (2009) and tone lan-
guage 1 from Saffran et al. (1999). The tone language con-
sisted of 11 pure tones taken from the same octave (start-
ing at middle C within the chromatic set A, B, C, C#, D,
D#, E, F, F#, G, G#). Each pure tone was created using
the SoundEdit 16 sine wave generator (Adobe, San Jose,
CA, USA) and was 0.33 s in duration. The tones were com-
bined to create a total of six, three-syllable tone words. The
tone words did not conform to rules of standard melodic
or musical composition. Some tones appeared in only one
wordwhereas other tones occurred inmore than oneword.
For example, D occurred in four of the tone words whereas
G# only occurred in one of the tone words (Table 2).
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TABLE 1 Age and standardized scores for language and cognitive assessment measures for Catalan–Spanish (CS)-speaking children
with developmental language disorder (DLD-CS) and typically developing (TD-CS) children

DLD-CS (n = 35) TD-CS (n = 35) Comparison
Variable Mean SD Range Mean SD Range t(68) p-value
Age (months) 105.34 21.27 66–155 107.80 21.26 67–153 –0.48 0.63
K-BIT (IQ)a 99.08 11.69 82–119 103.51 9.76 88–125 –1.72 0.09
CELF-CLSb 72.57 10.89 45–89 108.74 6.09 95–125 17.14 < 0.01
CELF-ELSc 73.22 8.77 52–87 108.45 8.11 89–128 –17.43 < 0.01
CELF-RLSd 77.45 10.19 59–97 105.82 5.55 94–118 14.45 < 0.01
Concepts & Directionse 5.80 2.30 1–10 11.66 1.71 8–15 –12.09 < 0.01
K-BIT vocf 77.14 11.65 53–96 106.40 10.20 83–127 –11.17 < 0.01
PPVT-IIIg 77.80 11.87 55–105 106.25 12.59 83–127 –9.72 < 0.01

Note: aK-BIT IQ: Kaufman Brief Intelligence, Spanish version: Non-verbal intelligence score (Kaufman & Kaufman, 2004) Scaled scores (M = 100, SD = 15).
bCELF-4 CLS = Spanish Clinical Evaluation of Language Fundamentals, 4th Edition: Core Language score (Wiig et al., 2006). Scaled scores (M = 100, SD = 15).
cCELF-4 ELS = Spanish Clinical Evaluation of Language Fundamentals, 4th Edition: Expressive Language score (Wiig et al., 2006). Scaled scores (M = 100, SD =

15).
dCELF-4 RLS = Spanish Clinical Evaluation of Language Fundamentals, 4th Edition: Receptive Language score (Wiig et al., 2006). Scaled scores (M = 100, SD =

15).
eClinical Evaluation of Language Fundamentals (Wiig et al., 2006): Oral Directions Receptive Subtest Score (M = 10, SD = 3).
fK-BIT vocabulary = Kaufman Brief Intelligence, Spanish version: Expressive vocabulary score (Kaufman & Kaufman, 2004) Scaled scores (M = 100, SD = 15).
gPPVT-III = Peabody Picture Vocabulary Test, Third Edition, Spanish version (Dunn, Dunn & Arribas, 2006) Scaled scores (M = 100, SD = 15).
Significance of the p-values is shown in bold.

TABLE 2 Transitional probability of tone words and
non-words

Stimuli
Internal transitional
probability

Tone words
GG#A 1.0
CC#D 0.75
D#ED 0.65
FCF# 0.50
DFE 0.42
ADB 0.37
Tone non-words
AC#E 0.0
F#G#E 0.0
GCD# 0.0
C#BA 0.0
C#FD 0.0
G#BA 0.0

The six tone words were combined in a random order
with no silent junctures between the words to create a
21-min continuous stream of tones where an individual
tone word never occurred twice in a row. The transitional
probability within the tone words ranged from 0.37 to
1.00, whereas the transitional probability across the tone
word boundaries ranges from 0.05 to 0.60. This overlap in
the transitional probabilities within and across the word
boundaries occurred three times in the 30 across-word tone
pairs resulting in this across word probability of 0.60. This

0.60 probability occurred when the tone word GG#A was
followed by the tone word DFE, as the cross-boundary
sequence AD also occurred in the tone word ADB. In addi-
tion to the six tone words, six tone non-words were cre-
ated (Table 2). These non-words were made up of the same
tones from the language tone inventory, but because they
never occurred in that order during the exposure the inter-
nal transitional probability of the non-words was 0.0.
The same two-alternative forced choice (2AFC) test as in

Evans et al. (2009) was used to measure children’s ability
to use transitional probability to discover the boundaries
of the tone words within the stream of tones. The six tone
words and non-words listed in Table 2 were paired exhaus-
tively to generate a 36-item test. Each test trial consisted of
a tone word plus non-word pair. The tone word occurred
as the first member of the pair for half of the test items and
as the second member of the pair for the remaining test
items. The order of test items with the tone word as the
first item in the pair was counterbalanced across the trials
and the order of the trials was randomized. The test items
were recorded onto a digital recorder and presented in the
same fixed random order to all the participants.
Procedure
Similar to Evans et al. (2009), the children listened to the

continuous stream of tones while colouring pictures. To
avoid potential ceiling effects, the Catalan–Spanish study
was designed to mirror that of Saffran et al. (1999), and the
children heard the exposure stimuli for a total of 21 min.
Prior to the task, children were told:
You are going to have about 20 min to colour. While you

are colouring, some weird computer music will be playing
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F IGURE 1 Percentage of correct answers for the tone version of the statistical word learning (SWL) task for the group of
Catalan–Spanish-speaking children with developmental language disorder (DLD-CS) and the group of typically developing (TD-CS) children.
Note: Chance equals 50%. *Significantly different between groups

in the background, but I would like you to focus on paint-
ing.When themusic has finished, Iwill ask you someques-
tions.
The examiner sat quietly behind the children during the

task to ensure they were focused on the colouring task and
were not distracted. At the end of the 21 min of exposure,
children completed the test trials. Childrenwere instructed
to choose the sound sequence that sounded most familiar
to the word tone stream from among two alternatives.
Prior to the testing phase, children completed a series

of practice trials. Practice trials consisted of pairs of short
melodies created from familiar Catalan–Spanish children’s
songs in a correct and incorrect order (e.g., the tune, with-
out words, from ‘Quan les oques van al camp’ versus ‘les
van camp al quan oques’). For the practice trials children
were told:
Now you are going to hear two sets of sounds and I want

you to choose the set of sounds that sounds most like the
weird computermusic. If you do not know, it is ok to guess.
First, we will practice. We’re going to hear two different
sets of sounds. I want you to tell me verbally if the ‘one’ set
or the ‘two’ set sounds more like the song you know.
After completing the practice phase children completed

the test trials. All the children completed all the practice
trials successfully and no children were excluded from the
study because they were unable to understand the task.

Results

Statistical word learning (SWL)
Accuracy for the DLD-CS and TD-CS groups are shown
in Figure 1. The mean for the children with DLD-CS was
56.9% (SD= 10.3) and for the TD-CS groupwas 66.9% (SD=
13.5). Single-sample t-tests (two-tailed), where chance was
50% indicated that both groups’ performance was signifi-
cantly better than chance (DLD: t(34) = 3.94, p < 0.001;
TD: t(34) = 7.40, p < 0.001). To determine whether the
performance for the DLD-CS group differed from that of
the TD-CS controls an analysis of covariance (ANCOVA)
was conducted with non-verbal IQ as a covariate, because
NVIQ approached significance between the two groups (p
= 0.09). The result of the ANCOVA revealed that the per-
formance for the children with DLD-CS was significantly
poorer than that of the TD controls F(1, 69)= 5.99, p< 0.01,
partial η2 = 0.15, power = 0.86.
For each group, we conducted one sample Student’s t-

tests to determine if the children learned any of the six
tone words at a level better than chance. Our hypothesis
was that if the children were using the transitional proba-
bility cues within the stream of tones to discover the tone
word boundaries, then their ability to correctly recognize a
toneword at test should correspond to internal transitional
probability of the tone words, with children’s performance
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F IGURE 2 Accuracy by individual tone word for the Catalan–Spanish-speaking children with developmental language disorder
(DLD-CS) and typically developing controls (TD-CS). Note: The internal transitional probability of each word is shown in parentheses.
Chance equals 50%. The error bar reflects 95% confidence intervals around the means. *Significantly different from chance on the t-test

TABLE 3 Individual Student’s t-test values versus chance for the six tone words on the statistical word-learning task for the
Catalan–Spanish-speaking children with developmental language disorder (DLD) and children with normal language (TD)

DLD-CS TD-CS
Mean t(35) p-value Mean t(35) p-value

GG#A (1.0) 55.7 1.64 0.11 76.6 7.10 < 0.00
CC#D (0.75) 53.3 0.96 0.34 76.6 8.90 < 0.00
D#ED (0.65) 59.0 2.29 < 0.05 61.9 3.00 < 0.00
FCF# (0.50) 54.7 1.12 0.27 59.5 2.34 < 0.05
DFE (0.42) 60.9 2.67 < 0.01 71.4 5.58 < 0.00
ADB (0.37) 56.6 1.71 0.09 56.1 1.32 0.19

Note: Significance p-values is shown in bold.

being greater for the words having the highest transition
probability (i.e., GG#A, CC#D) as compared with the tone
words having the lowest internal transitional probability
(i.e., ADB).
As can be seen in Figure 2 and Table 3, the TD-

CS group exhibited the pattern we expected, where the
strength of the transitional probability of the tone words
mirrored the children’s segmentation accuracy, with the
children identifying 5:6 tone words having the highest
internal transitional probability better than chance, but
not the tone word having the lowest transitional prob-
ability (ABD (0.37)). In contrast, the children in the
DLD-CS group learning only 2:6 tone words better than
chance ((D#ED (0.65) and DFE (0.42)). The results of
this analysis suggest that the TD-CS controls were able

to attend to and use the transition probability cues in
the stream of tones to discover the tone-word bound-
aries. In contrast, despite performance being above chance
overall for the children with DLD-CS, the tone words
learned by the DLD-CS children were not those having
the highest internal transitional probability suggesting that
they were not tracking the statistical information in the
input.

Relationship between SWL and vocabulary
We used multiple regression analysis to investigate the
relationship between SWL and expressive and receptive
vocabulary. For the Catalan–Spanish participants, SWL
performance was significantly correlated with expressive
vocabulary (r = 0.36, p < 0.01), receptive vocabulary (r =
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TABLE 4 Regression model to predict Expressive Vocabulary
for Catalan–Spanish (CS)-speaking children with developmental
language disorder (DLD-CS) and children with normal language
(TD-CS)

Model 𝜷-coefficient R2 R2 change F change
Order 1
Age (months) –0.17 0.01 0.01 0.66
NVIQ –0.10 0.02 0.01 0.68
SWL 0.33** 0.14 0.12** 9.95**
Group 1.22** 0.68 0.53** 107.9**
Group × SWL –0.58 0.66 0.00 1.21
Order 2
Age (months) –0.09 0.01 0.01 0.66
NVIQ –0.06 0.02 0.01 0.68
Group 0.83** 0.67 0.65** 134.5**
SWL 0.05 0.68 0.00 0.49
Group × SWL –0.58 0.68 0.00 1.21

Note: Regression model predicting children’s statistical word learning (SWL)
performance on the Kaufmann Brief Intelligence Test: NVIQ score and the
Kaufman Brief Intelligence, Spanish version: Expressive Vocabulary score
(Kaufman & Kaufman, 2004).
*p < 0.05; **p < 0.01.

0.30, p < 0.05) but not age (r = 0.02, p = 0.87) or NVIQ (r
= 0.05, p = 0.69).
Inspection of the histograms and normal P-P plots of

residuals suggested that the analysis described below met
the assumptions of linear regression. We considered two
models. For the first model, the dependent variable was
Expressive vocabulary and for the secondmodel the depen-
dent variable was Receptive vocabulary. For both models,
we considered two orders of independent variable entry to
inspect independent variances accounts for by SWL and
groupmembership (DLD, TD): (1) age, NVIQ, SWL, group,
and group × SWL; and (2) age, NVIQ, group, SWL, and
group × SWL. Age and NVIQ were entered first because
these two variables were considered control variables.
In the first model, SWL and group were significant pre-

dictors of Expressive vocabulary independent of age and
NVIQ as indicated by the significant B-coefficient and R2
change result by adding SWL and group to the model fol-
lowing age and NVIQ (Table 4). Children with DLD had
significantly lower Expressive vocabulary scores than TD
controls. Critically, those children who were better statis-
tical word learners had better Expressive vocabulary. The
pattern was the same in the second model for Receptive
vocabulary, where SWL and group were significant pre-
dictors of Receptive vocabulary independent of age and
NVIQ (Table 5). Again, children with DLD had signifi-
cantly lower Receptive vocabulary and childrenwith better
SWL ability had better Receptive vocabulary.

TABLE 5 Regression model to predict Receptive Vocabulary
for Catalan–Spanish (CS)-speaking children with developmental
language disorder (DLD-CS) and children with normal language
(TD-CS)

Model 𝜷-coefficient R2 R2 change F change
Order 1
Age (months) 0.01 0.00 0.00 0.01
NVIQ 0.18 0.03 0.03 2.20
SWL 0.28* 0.11* 0.08* 6.02*
Group 0.76** 0.58** 0.47** 73.1**
Group × SWL –0.60 0.58 0.00 0.99
Order 2
Age (months) 0.01 0.00 0.00 0.01
NVIQ 18 0.03 0.03 2.20
Group 0.76** 0.58** 0.55** 87.1**
SWL –0.02 0.58 0.00 0.00
Group × SWL –0.60 0.58 0.00 0.99

Note: Regression model predicting children’s statistical word learning (SWL)
performance on the Kaufmann Brief Intelligence Test: NVIQ score and the
Peabody Picture Vocabulary Test (PPVT-III Spanish Version).
*p < 0.05; **p < 0.01.

Use of SWL to rule in/rule out DLD
Likelihood ratio (LH) analyses were conducted using pres-
ence/absence of DLD-CS as the gold standard to deter-
minewhether Catalan–Spanish-speaking children’s ability
to track the statisticswithin the streamof tonesmight serve
as a screening tool to detect and diagnose in children with
DLD (Haynes et al., 2006; Sackett et al., 1991). To deter-
mine the LH ratio for a positive result based on per cent
correct at test on the SWL task (SWL-PC), the true posi-
tive rate (proportion of children with DLD-CS with a total
SWL-PC at or below x-determined cut-off) was divided by
the false-positive rate (proportion of TD-CS children with
total SWL-PC at or below x-determined cut-off). The LH
ratio for a negative test result sufficient to rule out the pres-
ence of DLDwas set at a total SWL-PC at x-determined cut-
off or higher. The negative test was calculated by dividing
the false-negative rate (proportion of children with DLD
whohad total SWL-PCat or above x-determined cut-off) by
the true-negative rate (proportion of TD childrenwith total
SWL-PC or above x-determined cut-off). We used Haynes
et al.’s (2006) criteria to classify a positive test (i.e., accu-
rately ruling in the disorder) which includes: (1) ‘High’ as
defined as LH ratio of ≥ 20 having a probability of ≥ 95%
that the disorder is present; (2) ‘IntermediateHigh’ defined
as a LH ratio between 1 and 20; and (3) ‘Indeterminated’
defined as a LH close to 1.0. For a negative test (i.e., accu-
rately ruling out the disorder) Haynes et al. define the LH
to be as close to 0 as possible.
In the present study, LH ratios were used to calculate

the cut off scores to maximize the ability to ‘rule in’ and
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TABLE 6 Number and proportion of children (negative and positive rates) for different cut-off values based on percentage correct at test
on the statistical word-learning task (SWL-PC) developmental disorder diagnosis (DLD) for the Catalan–Spanish (CS)-speaking children with
and without DLD

DLD-CS TD-CS
SWL-PC Test negative ≥ Test positive ≤ Test negative ≥ Test positive ≤
Cut-off n Proportion n Proportion +LH n Proportion n Proportion –LH
45 30 0.8571 5 0.1429 50.00 34 0.9714 1 0.0286 0.88
50 21 0.6000 14 0.4000 40.67 32 0.9143 3 0.0857 0.66
55 21 0.6000 14 0.4000 20.80 30 0.8571 5 0.1429 0.70
60 14 0.4000 21 0.6000 10.50 21 0.6000 14 0.4000 0.67
65 8 0.2286 27 0.7714 10.50 17 0.4857 18 0.5143 0.47
70 2 0.0571 33 0.9429 10.65 15 0.4286 20 0.5714 0.13
75 1 0.0286 34 0.9714 10.42 11 0.3143 24 0.6857 0.09
80 1 0.0286 34 0.9714 10.26 8 0.2286 27 0.7714 0.13
85 1 0.0286 34 0.9714 10.13 5 0.1429 30 0.8571 0.20

Note: For the cut-off of 50% the participants at ≤ 50 were computed for +LH and the participants > 50 were computed for –LH. The best cut-offs for +LH (< 45)
and–LH (> 75) are highlighted in bold.

‘rule out’ DLD, we first calculated the number and propor-
tion of children in the DLD and TD groups whose scores
fell above (test negative) or below (test positive) for a given
SWL-PC value (Table 6). For each cut-point, we then cal-
culated the positive LH (+LH) and the negative LH (–LH)
ratios corresponding to each cut-off to identify Catalan–
Spanish-speaking children.
As can be seen in Table 6, the analysis revealed that for

the Catalan–Spanish-speaking children, the most discrim-
inating positive test result was a score of ≤ 45%. This was
determined by dividing the true positive rate (the num-
ber of children with DLD who had total SWL-PC ≤ 45%,
which is 5/35 or 0.1429) by the false-negative rate (the num-
ber of children with TD with total SWL-PC ≤ 45%, which
is 1/35, or 0.0286). The +LH ratio for a score of ≤ 45%
(0.1429/0.0286) for ruling a child in to the DLD group was
5.00, indicating that a child who scored ≤ 45% on the SWL
tasks was five times more likely to be a Catalan–Spanish-
speaking child with DLD as opposed to a child with nor-
mal language. Based on Haynes et al. (2006), this positive
test result (≤ 45%) would be considered as an ‘intermedi-
ate high’+LH, indicating that additional diagnostic testing
would be required to correctly classify Catalan–Spanish-
speaking children as having DLD.
The analysis also revealed that the most discriminating

negative test –LH value (i.e., children without DLD) was
SWL-PC ≥ 75%. This was determined by dividing the false-
negative rate (the number of children with DLD who had
total SWL-PC this high, which is 1/35 or 0.0286) by the
true-negative rate (the number of children with TD who
had total SWL-PC this high, which is 11/35, or 0.3143). The
resulting –LH ratio for a score of≥ 75%was 0.09, indicating
that a child whose score on the SWL task was ≥ 75% could
be ‘ruled out’ of the DLD groupwith a high degree of confi-

dence. LHs for levels of SWL-PCperformance between 45%
and 75% cut points was 1.26, indicating that a child whose
score fell within this rangewould not be able to be correctly
classified either as DLD or TD.

Children with above-chance performance
There was a subset of the Catalan–Spanish-speaking chil-
dren in both the DLD and TD groups whose SWL perfor-
mance was greater than chance (> 50%) (DLD n= 21; TD n
= 32). One question was whether the performance for this
subset of children with DLD mirrored that of the TD con-
trols. The standardized behavioural assessment scores for
this subset of children are shown in Table 7. Similar to the
larger cohort, the DLD and TD groups also did not differ
in age or NVIQ, and the language scores for the children
with DLD were significantly poorer than those of the TD
controls.
Results for the children having above-chance perfor-

mance in the DLD and TD groups are shown in Figure 3.
The mean for the subset of children with DLD-CS was
63.7% (SD = 7.3), whereas the mean for the TD-CS group
was 68.9% (SD = 12.2). Single-sample t-tests (two-tailed)
where chance equals 50%, confirmed that the perfor-
mance of each group was significantly better than chance
(DLD-CS t(20) = 8.6, p < 0.001 and TD-CS t(32) = 8.7, p <
0.001). An analysis of variance (ANOVA) revealed that the
performance of the children with DLD-CS did not differ
from that of the TD-CS controls F(1, 53) = 3.03, p = 0.08,
partial η2 = 0.05, power = 0.40.
The results by tone word are shown for both groups

in Figure 4 and the results of the one sample Student’s
t-tests for the individual words are shown in Table 8.
The performance for the above chance TD group mir-
rored that of the larger cohort of TD-CS controls, with the
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F IGURE 3 Percentage of correct answers for the tone version of the statistical word learning (SWL) task for the group of
Catalan-speaking children with developmental language disorder (DLD-CS) and the group of typically developing (TD-CS) children with
above chance (i.e., >50%) performance on the SWL task. Note: Chance equals 50%

F IGURE 4 Accuracy by individual tone word for the subset of Catalan–Spanish-speaking children with developmental language
disorder (DLD-CS) and typically developing controls (TD-CS) who had above chance performance on the statistical word-learning task. Note:
The internal transitional probability of each word is shown in parentheses. Chance equals 50%. The error bar reflects 95% confidence intervals
around the means. *Significantly different from chance on the t-test
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TABLE 7 Age and standardized scores for language and cognitive assessment measures for Catalan–Spanish (CS)-speaking children
with developmental language disorder (DLD-CS) and typically developing (TD-CS) children having above chance (AC) performance on the
statistical word-learning task

DLD-CS (n = 21) TD-CS (n = 32) Comparison
Variable Mean SD Range Mean SD Range t(68) p-value
Age (months) 104.85 16.06 66–155 108.25 20.18 67–153 –0.65 0.52
K-BIT mat (IQ)a 100.14 11.60 82–119 103.78 10.10 88–125 –1.21 0.23
CELF-CLSb 72.52 11.30 45–89 108.19 5.82 95–125 –13.34 < 0.01
CELF-ELSc 73.66 9.56 52–87 107.81 7.81 89–128 –14.24 < 0.01
CELF-RLSd 75.57 9.43 59–97 105.78 5.76 94–118 –14.49 < 0.01
Concepts & Directionse 5.66 2.15 1–9 11.69 1.75 8–15 –11.18 < 0.01
K-BIT voci 79.95 9.88 63–95 106.81 10.41 83–127 –9.37 < 0.01
PPVT-IIIg 78.76 10.39 60–99 105.44 12.60 83–125 –8.06 < 0.01

Note: aK-BIT mat = Kaufman Brief Intelligence, Spanish version: Non-verbal intelligence score (Kaufman & Kaufman, 2004) Scaled scores (M = 100, SD = 15).
bCELF-4 CLS = Spanish Clinical Evaluation of Language Fundamentals, 4th Edition: Core Language score (Wiig et al., 2006). Scaled scores (M = 100, SD = 15).
cCELF-4 ELS = Spanish Clinical Evaluation of Language Fundamentals, 4th Edition: Expressive Language score (Wiig et al., 2006). Scaled scores (M = 100, SD =

15).
dCELF-4 RLS = Spanish Clinical Evaluation of Language Fundamentals, 4th Edition: Receptive Language score (Wiig et al., 2006). Scaled scores (M = 100, SD =

15).
eClinical Evaluation of Language Fundamentals (Wiig et al., 2006): Oral Directions Receptive Subtest Score (M = 10, SD = 3).
iK-BIT vocabulary. Kaufman Brief Intelligence, Spanish version: Expressive vocabulary score (Kaufman & Kaufman, 2004) Scaled scores (M = 100, SD = 15).
gPPVT-III = Peabody Picture Vocabulary Test, Third Edition, Spanish version (Dunn, Dunn & Arribas, 2006) Scaled scores (M = 100, SD = 15).
Significance of the p-values highlighted in bold.

TABLE 8 Individual Student’s t-test values versus chance for
the six tone words on the statistical word-learning task for the
Catalan–Spanish-speaking children with developmental language
disorder (DLD-AC) and typically developing (TD-AC) controls
having above-chance performance on the statistical word-learning
task (SWL)

DLD-AC TD-AC
Mean t(20) p-value Mean t(31) p-value

GG#A (1.0) 61.1 2.75 0.01 79.6 8.14 < 0.00
CC#D (0.75) 56.3 1.32 0.20 77.0 8.59 < 0.00
D#ED (0.65) 61.1 2.00 0.06 62.4 2.90 < 0.00
FCF# (0.50) 69.8 4.85 < 0.00 61.4 2.68 < 0.01
DFE (0.42) 70.6 5.43 < 0.00 73.4 6.15 < 0.00
ADB (0.37) 63.4 3.06 < 0.00 59.3 1.98 0.06

Note: Significance p-values is shown in bold.

children again exhibiting the expected pattern of per-
formance where the children learned 5:6 words having
the highest internal transitional probability. Surprisingly,
although overall performance for the above-chance group
of childrenwithDLDdidnot differ from that of theTDcon-
trols, the word-level analysis revealed that the individual
tone words learned by the above chance group with DLD-
CS differed from the words learned by both groups of TD-
CS controls. Specifically, the children with DLD-CS hav-
ing above chance performance learnedGG#A (1.0) and the
three words having the lowest internal transitional proba-
bility FCF# (0.50), DFE (0.42) and ADB (0.37). This sug-
gests that these children with DLD appeared to be able to

use the transitional probability cues in the exposure stimuli
to discover the tone word boundary of the tone word hav-
ing the highest internal transitional probability. However,
the DLD group’s learning of the words having low inter-
nal transitional probability suggests that they may also
have been attending to cues other than transitional prob-
ability either during exposure to the tone language or at
test.
In Experiment 1 we used a tone version of a SWL task to

examine SWL in Catalan–Spanish-speaking children with
and without DLD and observed that after 21 min of expo-
sure the performance of the children with DLD was sig-
nificantly poorer than their TD peers. We also observed
that children’s SWL ability was significantly correlated
with expressive and receptive vocabulary. The LH analy-
sis revealed that a score of ≤ 45% on the tone version of
the SWL task had a high degree of likelihood of identify-
ing a child as DLD. In Experiment 2 we ask if the pattern
of results for an English-speaking cohort of children with
and without DLD matched on age and NVIQ mirrors that
of the Catalan–Spanish-speaking cohort in Experiment 1.

EXPERIMENT 2

Method

Participants
Data were analysed from a total of 43 children (16 girls

and 27 boys), 24 English-speaking children with DLD-E
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TABLE 9 Age and standardized scores for language and cognitive assessment measures for English-speaking (E) children with
developmental language disorder (DLD-E) and typically developing (TD-E) children

DLD-E (n = 24) TD-E (n = 19) Comparison
Variable Mean SD Range Mean SD Range t(40) p-value
Age (months) 110.1 16.5 77–135 106.6 17.9 89–154 1.07 0.29
Leiter-Ra 98.9 9.3 87–119 102.1 6.1 91–113 1.2 0.21
CELF-3 ELSb 70.0 12.2 50–84 107.5 10.6 88–125 10.5 < 0.00
CELF-3 RLSc 67.6 14.4 50–98
Concepts & Directionsd 5.1 2.0 3–10 10.3 2.4 5–14 9.16 < 0.00
EVTe 81.6 8.4 68–109 102.8 11.7 83–124 6.74 < 0.00
PPVT-IIIf 91.7 10.2 69–112 106.5 11.7 84–126 4.52 < 0.00

Note: aLeiter–R (International Performance Scale—Revised; Roid & Miller, 1997), Age-scaled scores (M = 100, SD = 15).
bCELF-3 ELS = Clinical Evaluation of Language Fundamentals, Expressive Language Score (Semel et al., 1995), Age-scaled scores (M = 100, SD = 15).
cCELF-3 RLS = Clinical Evaluation of Language Fundamentals, Receptive Language Score (Semel et al., 1995), Age-scaled scores (M = 100, SD = 15).
dClinical Evaluation of Language Fundamentals (Semel et al., 1995): Oral Directions Receptive Subtest Score (M = 10, SD = 3).
eEVT = Expressive Vocabulary Test (Williams, 1997), Age-scaled scores (M = 100, SD = 15).
fPPVT-III = Peabody Picture Vocabulary Test, Third Edition (Dunn & Dunn, 1997), Age-scaled scores (M = 100, SD = 15).
Significance of the p-values are highlighted in bold.

(MAge = 9;1) and 19 chronological age- and NVIQ-matched
typically developing children with normal language TD-E
(MAge = 8;9). The children in Experiment 2 were part of
a larger study examining language and cognitive process-
ing in children with and without DLD conducted between
2000 and 2006 in Madison, Wisconsin.3 The children
were recruited from local public and parochial schools in
the greater Madison metropolitan area. All the participat-
ing families completed an informed consent form and a
background information questionnaire. A summary of the
results of all the tests administered to the children was
given to the family upon request as a token of gratitude for
their commitment and contribution to the study.
All participants all met the following inclusion criteria:

(1) normal NVIQ; (2) normal hearing sensitivity at time
of testing (American National Standards Institute, 1997);
(3) normal or corrected vision; (4) normal oral and speech
production as confirmed by a certified Speech Language
Pathologist; and (5) from a monolingual English-speaking
home environment. Children were excluded if parents
reported: (1) neurodevelopmental disorder, (2) emotional
or behavioural disturbances, (3) frank neurological signs
or (4) seizure disorders or use of medication to control
seizures. English was the primary language spoken by the
children.
The children in the DLD-E group had a formal diag-

nosis of language impairment and were receiving speech–
language services at the time of the study. Children in the
TD-E group were at grade level in school, had no history,
or diagnosis, of language-learning disability and had never
received speech and language services. To confirm partici-
pant’s language status, standardized testingwas completed
by a certified speech–language pathologist at the time of
the study and included Leiter International Performance

Scale—Revised (Roid &Miller, 1997) and the Clinical Eval-
uation of Language Fundamentals—3 (Semel et al., 1995),
Peabody Picture Vocabulary Test—Third Edition (PPVT-
III; Dunn & Dunn, 1997) and the Expressive Vocabulary
Test (EVT; Williams, 1997). For the children in the DLD-E
group, both Expressive and Receptive Language compos-
ite scores on the CELF-3 were ≥ 1.5 SD below age level
expectations. For the children in the TD-E group, Expres-
sive Language composite scores, and standard scores on
the Concepts &Directions subtest from the Receptive Lan-
guage portion of the CELF-3 were at or above age level
expectations.4 Similar to the Catalan–Spanish-speaking
cohort, non-verbal IQwaswithin normal limits for the par-
ticipants, and the two groups did not differ in age or the
number of females/males per group χ(1) = 0.462, p = 0.49
(Table 9).
Stimuli and procedures
The stimuli and procedures for Experiment 2 were the

same as Evans et al. (2009). In Experiment 1 the Catalan–
Spanish-speaking children listened to the tone stream tape
only for a total of 21 min; however, because the Madison
study examined children’s learning after double the expo-
sure to the tone language, the English-speaking children in
Experiment 2 heard the recording of the tone stream twice,
without a break, for 42 continuous minutes. The English-
speaking children heard the same digital recording of the
36 test trials in the same order as the children in Experi-
ment 1. To ensure that the children understood the task,
children also completed a series of practice trials contain-
ing word–non-word pairs derived from words in English
(e.g., com-pu-ter versus pu-ter-com). All the children were
able to successfully complete the practice trials and no par-
ticipant was excluded from the study due an inability to
understand the task.
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F IGURE 5 Percentage of correct answers for the tone version of the statistical word learning (SWL) task for the group of
English-speaking children with developmental language disorder (DLD-E) and the group of typically developing (TD-E) children

Results

Statistical word learning (SWL)
Accuracy for children in the DLD-E and TD-E groups is
shown in Figure 5. The mean for the children with DLD-E
was 46.6% (SD = 9) and for the TD-E group was 61.9% (SD
= 13.9). To be consistent with the analysis in Experiment
1, an ANCOVA with NVIQ as a covariate was conducted.
The results revealed that the DLD-E group’s performance
was significantly poorer than that of the TD group, F(1, 40)
= 16.18, p < 0.001, partial η2 = 0.28, power = 0.97. Single-
sample t-tests (two-tailed) where chance equals 50% indi-
cated that the performance of the DLD-E group did not dif-
ferent from chance t(23)= –1.65, p = 0.11, whereas the per-
formance was for the TD-E group was significantly better
than chance t(18) = 3.75, p < 0.001. The results by word
are shown for the English-speaking cohort in Figure 6
and Table 10. The children in the TD-E group learned 2:6
words greater than chance (CC#D (0.75) and DFE (0.42)),
whereas the children with DLD-E did not learn any word
significantly greater than chance.

Relationship between SWL and vocabulary
We again considered two models, the first where the
dependent variable was Expressive vocabulary, and the
second dependent variable was Receptive vocabulary. For
the English-speaking cohort, SWLperformancewas signif-
icantly correlated with expressive vocabulary (r= 0.38, p<

TABLE 10 Individual Student’s t-test values versus chance for
the six tone words on the statistical word-learning task for the
English-speaking children with developmental language disorder
(DLD-E) and children with normal language (TD-E)

DLD-E TD-E
Mean t(23) p-value Mean t(19) p-value

GG#A (1.0) 34.0 –4.04 < 0.00* 48.2 –0.34 0.73
CC#D (0.75) 48.6 –0.25 0.79 64.9 2.62 0.01
D#ED (0.65) 44.4 –1.35 0.18 61.4 1.78 0.09
FCF# (0.50) 43.7 –1.30 0.20 59.6 1.93 0.06
DFE (0.42) 52.0 0.40 0.68 68.4 3.62 < 0.00
ADB (0.37) 42.3 –1.66 0.11 51.7 0.23 0.81

Note: *Performance for the DLD group for GG#A (p = 0.00) was significantly
below chance.
Significance p-values is shown in bold.

0.05), receptive vocabulary (r= 0.54, p< 0.01) but not age (r
= –0.08, p= 0.69) orNVIQ (r= 0.14, p= 0.35). Inspection of
the histograms and normal P-P plots of residuals suggested
that the analysis described below met the assumptions of
linear regression. Same as for the CS cohort, we considered
two orders of independent variable entry to inspect inde-
pendent variances accounts for by SWL and group mem-
bership (DLD, TD): (1) age, NVIQ, SWL, group, and group
× SWL; and (2) age, NVIQ, group, SWL, and group × SWL.
Age and NVIQ were entered first because these two vari-
ables were considered control variables.
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F IGURE 6 Accuracy by individual tone word for the English-speaking children with developmental language disorder (DLD-E) and
typically developing controls (TD-E). The internal transitional probability of each word is shown in parentheses. Note: Chance equals 50%.
The error bar reflects 95% confidence intervals around the means. *Significantly different from chance on the t-test

TABLE 11 Regression model to predict Expressive Vocabulary
for English (E)-speaking children with developmental language
disorder (DLD-E) and children with normal language (TD-E).
Regression model predicting children’s Statistical Word Learning
(SWL) performance on the Leiter-R Nonverbal Intelligence Test
(NVIQ) and Expressive Vocabulary Test (EVT)

Model 𝜷-coefficient R2 R2 change F change
Order 1
Age (months) –0.21 0.04 0.04 2.05
NVIQ 0.29 0.13 0.08 3.80
SWL 0.50** 0.37 0.24** 15.2**
Group 0.58** 0.60 0.23** 22.2**
Group × SWL 1.0 0.62 0.01 1.74
Order 2
Age (months) –0.21 0.04 0.04 2.05
NVIQ 0.29 0.13 0.08 3.80
Group 0.68** 0.58** 0.45** 42.1**
SWL 0.18 0.60 0.02 2.33
Group × SWL 1.0 0.62 0.01 1.74

Note: *p < 0.05; .**p < 0.01.

In the first model, SWL and group were significant pre-
dictors of Expressive vocabulary independent of age and
NVIQ as indicated by the significant B-coefficient and R2
change result by adding SWL and group to the model fol-
lowing age and NVIQ (Table 11). Children with DLD-E
had significantly lower Expressive vocabulary scores than
TD controls. Critically, those children who were better sta-

TABLE 1 2 Regression model to predict Receptive Vocabulary
for English (E)-speaking children with developmental language
disorder (DLD-E) and children with normal language (TD-E).
Regression model predicting children’s Statistical Word Learning
(SWL) performance on the Leiter-R Nonverbal Intelligence Test
(NVIQ) and the Peabody Picture Vocabulary Test (PPVT-III)

Model 𝜷-coefficient R2 R2 change F change
Order 1
Age (months) –0.08 0.00 0.00 0.30
NVIQ 0.40** 0.17** 0.16** 7.91**
SWL 0.33** 0.27* 0.10* 5.82*
Group 0.46** 0.42 0.14** 9.49**
Group × SWL 0.37 0.42 0.00 0.14
Order 2
Age (months) –0.08 0.00 0.00 0.30
NVIQ 0.40** 0.17** 0.16** 7.91**
Group 0.50** 0.41** 0.24** 16.5**
SWL 0.08 0.42 0.00 0.32
Group × SWL 0.37 0.42 0.00 0.14

Note: *p < 0.05; **p < 0.01.

tistical word learners had better Expressive vocabulary.
In the second model for Receptive vocabulary, although
NVIQ was a significant predictor of Receptive vocabu-
lary, SWLand group accounted for significant independent
variance in Receptive vocabulary independent of age and
NVIQ (Table 12). Again, children with DLD-E had signif-
icantly lower Receptive vocabulary and English-speaking
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TABLE 13 Number and proportion of children (negative and positive rates) for different cut-off values based on percentage correct at
test on the statistical word-learning task (SWL-PC) developmental disorder diagnosis (DLD) for the English-speaking children with and
without DLD

DLD-E TD-E
SWL-PC Test negative ≥ Test positive ≤ Test negative ≥ Test positive ≤
Cut-off n Proportion n Proportion +LH n Proportion n Proportion –LH
45 15 0.6250 9 0.3750 7.13 18 0.9474 1 0.0526 0.66
50 5 0.2083 19 0.7917 2.51 13 0.6842 6 0.3158 0.30
55 4 0.1667 20 0.8333 2.64 13 0.6842 6 0.3158 0.24
60 2 0.0833 22 0.9167 1.94 10 0.5263 9 0.4737 0.16
65 1 0.0417 23 0.9583 1.52 7 0.3684 12 0.6316 0.11
70 0 0.0000 24 1.0000 1.19 3 0.1579 16 0.8421 0.00
75 0 0.0000 24 1.0000 1.19 3 0.1579 16 0.8421 0.00
80 0 0.0000 24 1.0000 1.19 3 0.1579 16 0.8421 0.00
85 0 0.0000 24 1.0000 1.19 3 0.1579 16 0.8421 0.00

Note: For the cut-off of 50% the participants at 50 and below were computed for the +LH and the participants above 50 were computed for the –LH.

TABLE 14 Age and standardized scores for language and cognitive assessment measures for English-speaking (E) children with
developmental language disorder (DLD-E) and typically developing (TD-E) children. Subjects that performed above chance in the SWL task

DLD (n = 5) TD (n = 13) Comparison
Variable Mean SD Range Mean SD Range t(40) p-values
Age (months) 108.2 10.4 99–123 104.0 17.9 89–154 1.07 0.61
Leiter-Ra 103.4 4.0 98–108 101.7 6.1 91–113 1.2 0.54
CELF-3 ELSb 68.0 15.5 50–84 109.3 10.6 88–125 10.5 < 0.00
CELF-3 RLSc 73.2 13.8 50–86
Concepts & Directionsd 6.8 2.2 4–10 9.7 2.4 5–14 9.16 < 0.05
EVTe 82.2 9.4 68–93 104.9 11.7 89–124 6.74 < 0.00
PPVT-IIIf 92.6 13.3 75–112 106.3 11.7 93–118 4.52 < 0.05

Note: aLeiter-R (International Performance Scale—Revised; Roid & Miller, 1997), Age-scaled scores (M = 100, SD = 15).
bCELF-3 ELS = Clinical Evaluation of Language Fundamentals, Expressive Language Score (Semel et al., 1995), Age-scaled scores (M = 100, SD = 15).
cCELF-3 RLS = Clinical Evaluation of Language Fundamentals, Receptive Language Score (Semel et al., 1995), Age-scaled scores (M = 100, SD = 15).
dClinical Evaluation of Language Fundamentals (Semel et al., 1995): Oral Directions Receptive Subtest Score (M = 10, SD = 3).
eEVT = Expressive Vocabulary Test (Williams, 1997), Age-scaled scores (M = 100, SD = 15).
fPPVT-III = Peabody Picture Vocabulary Test, Third Edition (Dunn & Dunn, 1997), Age-scaled scores (M = 100, SD = 1.
Significance of the p-values is shown in bold.

children with better SWL ability had better Receptive
vocabulary.

Use of SWL to rule in/rule out DLD
The same LH analysis was conducted to determine if
English-speaking children’s ability to track the statistics
within the stream of tones might serve as a screening tool
to detect and diagnose children with DLD in the English-
speaking cohort.
LH ratios
As can be seen in Table 13, the true positive rate +LH

ratio (0.375/0.052) for the English-speaking cohort also
was ≤ 45% for a +LH of 7.13, indicating that an English-
speaking child with a score of ≤ 45% on the tone SWL task
was seven times more likely to be a child with DLD-E than

a child with normal language. Alternatively, most discrim-
inating negative test results were ≥ 70% for the English-
speaking cohort, which resulted in a –LH for a negative
test result equalled 0.00. Thus, an English-speaking child
who had a score ≥ 70% at test on the tone version of the
task could be ‘ruled out’ of the DLD group with an excel-
lent degree of confidence.

Children with above-chance performance
Similar to the Catalan–Spanish cohort, there was a
small group of DLD and TD controls whose perfor-
mance was greater than chance (DLD: n = 5; CA: n
= 13). The standardized behavioural assessment scores
for this subset of children in each group are shown in
Table 14.
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F IGURE 7 Percentage of correct answers for the tone version of the statistical word learning (SWL) task for the group of
English-speaking children with developmental language disorder (DLD-E) and the group of typically developing (TD-E) children with above
chance (i.e., >50%) in the statistical word-learning task. Note: Chance equals 50%

Results for the English-speaking children with above-
chance performance are shown in Figure 7. The mean for
the subset of children with DLD-E was 58% (SD = 5.0) and
for the TD-E controls was 68% (SD = 11). Single-sample t-
tests (two-tailed) where chance equals 50% confirmed that
the performance for both groups was significantly better
than chance (DLD-E t(4) = 3.3, p < 0.05; TD-E t(32) = 5.6,
p < 0.001). An ANOVA revealed that the performance for
the children with DLD-E did not differ significantly from
that of the above chance TD-E children F(1, 17) = 3.38, p =
0.08, partial η2 = 0.17, power = 0.40.
Performance for each word is shown in Figure 8 and

the sample Student’s t-tests are presented in Table 15. The
subset of children with DLD-E with above chance perfor-
mance learned 1:6 words greater than chance (DFE (0.42)).
In contrast, the above chance TD-E group learned 3:6
words greater than chance (CC#D (0.75), D#ED (0.65) and
DFE (42)). Unlike the Catalan–Spanish cohort, these find-
ings suggest that children in both the DLD and TD groups
were attending to cues other than transitional probability
either in the input stream or in the test trials.

Catalan–Spanish versus English-speaking cohorts
A key difference between the two experiments in the
current study was the amount of time the Catalan–
Spanish and English-speaking cohorts were exposed to
the tone language. To avoid potential ceiling effects, the

TABLE 15 Individual Student’s t-test values versus chance for
the six tone words on the statistical word-learning task for the
subset of English-speaking children with developmental language
disorder (DLD-E) and children with normal language (TD-E) having
above chance performance on the statistical word-learning task

DLD-E CA-E
Mean t(4) p-value Mean t(12) p-value

GG#A (1.0) 50.0 0.0 1.0 56.4 1.10 0.29
CC#D (0.75) 56.6 0.40 0.70 71.7 3.15 < 0.00
D#ED (0.65) 46.6 –1.0 0.37 71.7 3.04 < 0.01
FCF# (0.50) 46.6 –0.40 0.70 60.2 1.86 0.08
DFE (0.42) 66.6 3.1 < 0.05 74.3 4.16 < 0.00
ADB (0.37) 53.3 0.30 0.77 57.6 .82 0.42

Note: Significance p-values is shown in bold.

Catalan–Spanish study was designed to mirror that of
Saffran et al. (1999), and the children heard the exposure
stimuli for a total of 21 min. However, in the original
Evans et al. (2009) study, the children heard the tone word
stimuli for a total of 42 min because study asked whether
additional exposure time would aid in the DLD group’s
ability to discover the tone words in the stream of tones.
An ANOVA comparing SWL for the Catalan–Spanish and
English-speaking TD children revealed no effect of group
F(1, 53) = 1.6, p = 0.21, partial η2 = 0.03, power = 0.23;
however, a follow-up analysis revealed a significant group
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F IGURE 8 Accuracy by individual tone word for the subset of English-speaking children with developmental language disorder
(DLD-E) and typically developing controls (TD-E) having above chance performance on the statistical word-learning task. Note: The internal
transitional probability of each word is shown in parentheses. Chance equals 50%. The error bar reflects 95% confidence intervals around the
means. *Significantly different from chance on the t-test

by tone word interaction F(1, 57) = 7.4, p < 0.01, partial η2
= 0.12, power = 0.76, where the TD-CS children learned
2:6 words (GG#A (1.0), CC#D (0.75)) significantly better
than the TD-E controls. An ANOVA revealed that SWL
learning for the Catalan–Spanish-speaking children with
DLD was significantly better than the English-speaking
children with DLD F(1, 87) = 15.01, p < 0.001, partial η2
= 0.20, power = 0.96. Follow-up analysis revealed that
the DLD-CS cohort learned 3:6 words (GG#A (1.0), D#ED
(0.65), ADB (0.37)) significantly better than the DLD-E
cohort F(1, 57) = 0.35 p = 0.55, partial η2 = 0.00, power =
0.09. These results indicate that for both the DLD and TD
children, performance was better after 21 min of exposure
indicating that double exposure to the tone stimuli did not
result in improved performance for the English-speaking
children.
A second question is whether differences in age, NVIQ

and language abilitieswere related to SWL for theCatalan–
Spanish and English cohorts. The two TD groups did not
differ in ageF(1, 53)= 0.32 p= 0.84, partial η2= 0.00, power
= 0.05; NVIQ F(1, 53) = 0.32, p = 0.57, partial η2 = 0.00,
power = 0.08, CELF-E F(1, 53) = 0.12 p = 0.72, partial η2 =
0.00, power= 0.06; receptive vocabularyF(1, 53)= 0.00 p=
0.92, partial η2 = 0.00, power = 0.05, or expressive vocab-
ulary F(1, 53) = 1.34 p = 0.25, partial η2 = 0.02, power =
0.20. The Catalan–Spanish and English-speaking children
brought different music, cultural and language exposure
to the study, which may account for the difference in the
individual words learned by the two TD groups.

The two DLD cohorts also did not differ in age F(1, 58)
= 0.87 p = 0.35, partial η2 = 0.01, power = 0.15; NVIQ F(1,
58)= 0.00 p= 0.96, partial η2 = 0.00, power= 0.05; CELF-
E F(1, 58) = 1.39 p = 0.24, partial η2 = 0.02, power = 0.21;
or expressive vocabulary F(1, 58) = 2.6 p = 0.11, partial η2
= 0.04, power = 0.35. In contrast, receptive language abil-
ities of the Catalan–Spanish children with DLD were bet-
ter than those of the English-speaking children with DLD:
CELF-R F(1, 58) = 9.4 p < 0.01, partial η2 = 0.14, power
= 0.85, receptive vocabulary F(1, 58) = 22.1 p < 0.001, par-
tial η2 = 0.28, power = 0.99. This suggests that better SWL
learning is linked to better receptive language ability in
children with DLD.

DISCUSSION AND CONCLUSIONS

The results of this investigation replicated those of prior
studies that have reported deficits in SWL in children with
DLD. In the present study, performance for both groups of
children with DLD was significantly poorer than that of
their TD peers. Regression analysis also revealed that for
both cohorts, SWL accounted for a significant amount of
unique variance in Receptive and Expressive vocabulary,
indicating that children with better SWL ability have bet-
ter vocabulary regardless of their native language. LH ratio
analysis revealed that a Catalan–Spanish childwith a score
of ≤ 45% on the SWL task would be five times more likely
to have DLD, and English-speaking child with this score
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would be seven times more likely to have DLD. These LH
values are in linewith LH values reported by EllisWeismer
et al. (2000) for non-word repetition tasks, indicating that,
similar to non-word repetition, SWL appears to be effective
in distinguishing between affected and unaffected children
regardless of their native language.
The word-level analysis revealed that the Catalan–

Spanish and English-speaking children with DLD
appeared to be attending to cues other than transitional
probability. The PDH account posits that children with
DLD may compensate for procedural memory deficits by
relying on declarative memory (Ullman & Pullman, 2015).
In this study we used the term implicit learning to refer to
a form of learning in which the children were able/unable
to extract statistical structure from the input stimulus
but where the evidence of this learning was manifested
in change in their performance, not in their ability to
verbalize this knowledge explicitly. Although implicit
learning in adults has typically been studies using tasks
such as artificial grammar learning and SRT tasks, studies
suggest that SWL is another form of implicit learning (e.g.,
Karuza et al., 2013) and seen as falling under the purview
of implicit learning and the basal ganglia, however, there
is some evidence of declarative memory/medial temporal
lobe (MTL) and hippocampal involvement in statistical
learning in typical individuals (Turk-Browne et al., 2009).
Further, SWL studies using both syllables and tones in
patients having MTL damage and/or complete loss of
bilateral hippocampus show at chance SWL as compared
with healthy participants (Covington et al., 2018; Schapiro
et al., 2014). The hippocampus is able to support the rapid
binding of arbitrarily related elements and their temporal
relations (Eichenbaum & Cohen, 2001) and the above
results suggest that declarative memory may contribute to
unconscious processing of relational binding on a rapid
time course characteristic of statistical learning as well.
In the present study, the children with DLD may have

been relying on declarative memory as a compensatory
strategy both during the exposure to the language and at
test. Notably, the tone language used in the study was
designed by Saffran et al. (1999) to ask: Does the ability
to implicitly track transitional probability within a stream
of speech extend to non-linguistic tone stimuli, not if
a child is relying on declarative memory as a compen-
satory learning strategy? However, the word level analy-
sis of TD controls with above-chance performance in both
the Catalan–Spanish and English cohorts suggests that in
addition to transitional probability cues, there may have
been other cues inherent in the tone stream and/or the test
items themselves. It has been argued that fragments and/or
chunks provide good coding of information (Perruchet &
Pacton, 2006). A chunking strategy representation is based
on the participants’ memorization of fragments of strings

and reflects reliance on the declarative memory system.
Although not designed specifically to address the ques-
tion, in the current study the children with DLDmay have
been using a chunk-based strategy reflecting a reliance on
declarative memory as a compensatory strategy both in
processing the tone stimuli, and in an attempt to manage
the 2AFC test format which may have placed extensive
demands on already poor phonological working memory
in the children with DLD (Ellis Weismer et al., 2000).
In this study, the absolute performance on the SWL

task differed for the Catalan–Spanish children with DLD
from that of the English children with DLD. Moreover,
the Catalan–Spanish cohort was bilingual and the English
cohort was monolingual, and the exposure time differed
across the two cohorts. That the same relationship between
SWL and vocabulary and LH cut points was observed
across these two distinct cohorts of children is an intrigu-
ing finding. Recently there has been increased interest in
examining the consistency in children’s performance on
various implicit learning tasks (Arnon, 2020; West et al.,
2018). Although the results of these studies have been
somewhat equivocal, the LH values from this project sug-
gest that performance on auditory SWL tasks such as the
one used in the current study may be sensitive to individ-
ual differences in children’s language abilities in children
regardless of their clinical status.
Another unique aspect of the current study was that

the children in the Catalan–Spanish cohort were simul-
taneous bilinguals. Demographically, the rapid growth in
the number of children being raised in bilingual language
learning environments poses a diagnostic dilemma for
researchers, educators and practitioners due to potential
overlap in the performance of child second language
(L2) acquisition and DLD on standardized tests. Studies
of bilingual children with DLD (BIDLD) aim at disen-
tangling the effects of bilingualism from those of DLD,
making use of both models of bilingualism and models
of language impairment (Armon-Lotem, 2012). To date,
studies examining performance on tasks designed to tap
implicit learning skills in BIDLD is sparse, however, Park
et al. (2018) observed poor performance on procedural
sequential learning tasks in bilingual school-age children
with and without DLD that mirrors those reported by
Lum et al. (2014) supporting the proposal that DLD may
be characterized by failure of learning on SRT tasks. What
is notable about Park et al. (2018) was that the children in
their study had various language backgrounds (Korean,
Chinese, German, Bengali, French and Spanish) in addi-
tion to speaking English. The findings from the current
study suggest that deficits in SWL are evident in chil-
dren with DLD regardless of the child’s native language.
Further, the findings from the current study suggest that
whether the child is bi- or monolingual, the tone version
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of the SWL task may serve as an additional cross-linguistic
screening tool to detect and diagnose children with DLD.
Consistent with prior work by Graf et al (2007), this

study shows that SWL appears to be a fundamental
learning mechanism that children rely on to acquire
vocabulary and that children with poor SWL abilities
may experience significant challenges in their vocabulary
acquisition. Clinically, the results from this study show
that poor performance on auditory SWL tasks where
children are required to track transitional probability
cues within a stream of input may be indicative of the
presence of language deficits, regardless of the child’s
native language, and whether or not the child is bilingual
or monolingual. Clinically, similar to non-word repetition
tasks (Ellis Weismer et al., 2000), although the results
from this study suggest that poor performance on these
types of SWL tasks is highly suggestive of DLD, but may
not be diagnostically sufficient for ruling in and ruling out
language impairment in children.
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NOTES
1 In Catalonia, both Spanish and Catalan are official languages and
therefore proficiency in both languages is, if not native, native-like.
Accordingly, it is very difficult to find a monolingual child. Bilin-
gualism in Catalonia is considered as balanced because almost all
the population is proficiencient in two languages such that their
skills in each language match those of a native speaker of the same
age. The vehicular language at schools is Catalan, but Spanish is
also taught at school. Although Catalan is an institutional and an
official language, Spanish has a big presence in the social life of the
country. Everyone has the right to use both languages in all social
contexts.

2 All children were classified as either TD or DLD based on standard
clinical practice in Catalonia–Spain, which is based on the Spanish
version of the standardized test where all stimuli are presented in
Spanish, but if children answered correctly in Catalan they were
given credit for their answer.

3 A subset of this larger group of children with and without DLD
(DLD = 15; TD = 15) was reported by Evans et al. (2009).

4 Although two children in the TD-E group had scores that were
< 1 SD on the Concepts and Directions subtest of the CELF-3,
they were included in the TD-E control group because their per-
formance in school was at grade level and their ELS on the CELF-3
as well as their PPPVT and EVT scores were at or above age-level
expectations.
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