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Cognitive and Linguistic Sources
of Variance in 2-Year-0Olds’
Speech-Sound Discrimination:
A Preliminary Investigation

Kaylah Lalonde® and Rachael Frush Holt?

Purpose: This preliminary investigation explored potential
cognitive and linguistic sources of variance in 2-year-olds’
speech-sound discrimination by using the toddler change/
no-change procedure and examined whether modifications
would result in a procedure that can be used consistently with
younger 2-year-olds.

Method: Twenty typically developing 2-year-olds completed
the newly modified toddler change/no-change procedure.
Behavioral tests and parent report questionnaires were
used to measure several cognitive and linguistic constructs.
Stepwise linear regression was used to relate discrimination
sensitivity to the cognitive and linguistic measures. In
addition, discrimination results from the current experiment
were compared with those from 2-year-old children tested
in a previous experiment.

Results: Receptive vocabulary and working memory explained
56.6% of variance in discrimination performance. Performance

was not different on the modified toddler change/no-change
procedure used in the current experiment from in a previous
investigation, which used the original version of the
procedure.

Conclusions: The relationship between speech discrimination
and receptive vocabulary and working memory provides
further evidence that the procedure is sensitive to the strength
of perceptual representations. The role for working memory
might also suggest that there are specific subject-related,
nonsensory factors limiting the applicability of the procedure
to children who have not reached the necessary levels of
cognitive and linguistic development.
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tion require developmentally appropriate tests and

procedures that can track the growth of young chil-
dren’s speech perception skills, assess the benefit of sensory
aids, optimize adjustments to those aids, and guide decisions
about (re)habilitative intervention (Boothroyd, 2004). Speech
discrimination testing is a valuable tool for determining
whether children of varying ages have the auditory capacity
to perceptually discriminate speech contrasts that are im-
portant for the development of phonetic representations and
thus speech and language (Eisenberg, Martinez, & Boothroyd,
2007; Holt & Carney 2007; Sussman & Carney, 1989; Tyler,
1993). When young children and toddlers complete a speech

I : arly identification of hearing loss and early interven-
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discrimination procedure, they do so with incomplete and
highly variable cognitive and linguistic skills, which con-
strains the methods that can be used, complicates interpre-
tation of results, and introduces high levels of individual
variability that are caused by both sensory and nonsensory
factors. Nonsensory factors include child factors, such as
cognitive and linguistic skills; and task factors, such as how
much the task demands cognition and language (Boothroyd,
2004). Accounting for nonsensory variables is the primary
obstacle to creating valid and reliable tests and procedures for
assessing toddlers’ speech discrimination (Boothroyd, 1991;
Eisenberg et al., 2007; Tyler, 1993).

Whereas investigators and clinicians reasonably try to
minimize the influences of nonsensory factors, they often do
not examine their inevitable contribution to the variability
in performance of toddlers and young children. Recently, we
modified the change/no-change procedure (Sussman & Carney,
1989), a speech discrimination task wherein listeners indicate
whether they detect a change in the string of speech sounds by
using a developmentally appropriate motor response. These
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modifications made the procedure suitable for toddlers age
2.5 years and older (Holt & Lalonde, 2012). As is typical
in toddler speech perception, performance on the task was
widely variable, and the youngest 2-year-olds struggled with
the procedure. The purpose of the current investigation was
to identify nonsensory (e.g., cognitive and linguistic) sources
of variance in performance on this toddler speech-sound dis-
crimination task, the toddler change/no-change procedure. By
investigating the relationship between individual differences
in nonsensory child factors (in this case, cognitive and
linguistic development) and individual differences in discrim-
ination sensitivity, we can make conclusions about nonsensory
task requirements and get a better sense of what the task is
measuring. A secondary aim was to examine whether further
modifications to the procedure would lead to reliable testing
of 24- to 30-month-old toddlers.

Role of Nonsensory Factors in Toddler Speech
Perception Testing

In an ideal behavioral test, the response to a stimulus
reflects only the listener’s perceptual abilities. In reality, it is
impossible to eliminate all nonsensory factors from behav-
ioral testing, especially in pediatric populations but particu-
larly in toddlers (Allen & Wightman, 1992; Boothroyd, 1991;
Eisenberg et al., 2007; Tyler, 1993). As Boothroyd (1971)
pointed out, child factors such as attention, orientation, lin-
guistic skills, motor development, and phonological knowledge
constrain methods that can be used to test toddlers. These
factors specifically create test-related effects that may influ-
ence interpretation of test results and introduce high levels of
variability, even among typically developing children. Fur-
ther, the parallel development of cognition, language, and
speech perception causes difficulty in determining how much
developmental change and individual differences in discrim-
ination (particularly on the poor end of the spectrum) are
related to sensory—perceptual factors versus task-related fac-
tors (Eisenberg et al., 2007; Holt & Carney, 2007).

Toddler Cognition and Language

Two-year-olds are a particularly difficult age group
to evaluate because of their developmental status in many
domains. First, on average only 50% of their speech is intel-
ligible (Coplan & Gleason, 1988; Weiss & Lillywhite, 1976).
Second, there is evidence that 2-year-olds’ phonetic repre-
sentations are more holistic (less specified) than those of adults
(Charles-Luce & Luce, 1990, 1995; Jusczyk, 1986; Walley,
1993), as less detail is required to distinguish between items in
their limited lexicon (Metsala & Walley, 1998). For example,
toddlers discriminate minimally different word pairs only
when they know the words well, despite being able to dis-
criminate phonological contrasts soon after birth (Barton,
1980; Eimas, Siqueland, Jusczyk, & Vigorito, 1971). Third,
2-year-olds have not yet reached the general executive func-
tion growth spurt that occurs between 3 and 6 years of age
(Carlson, 2005; Diamond 2001; Garon, Bryson, & Smith,
2008; Rothbart & Posner, 2001), likely because the slow de-
velopment of the prefrontal cortex, which is related to the

development of executive function, is far from complete
(Benes, 2001; Madsen et al., 2010; Scheibel & Levin, 1997).
Consequently, 2-year-olds are limited in their ability to hold
information in sensory and short-term memory (Glass, Sachse,
& von Suchodoletz, 2008; Pelphrey & Reznick, 2002), inhibit
automatic responses (Garon et al., 2008), sustain focused
attention (Ruff & Capozolli, 2003), and delay gratification
(Carlson, 2005; Kochanska, Murray, & Harlan, 2000;
Kochanska, Murray, Jacques, Koenig, & Vandegeest, 1996).
Fourth, they are able to hold fewer items in short-term mem-
ory than older peers (Pelphrey & Reznick, 2002) and are
only beginning to exhibit use of working memory (Call, 2001;
Collier-Baker & Suddendorf, 2006; Corrigan, 1981; Ross,
Boatright, Auld, & Nass, 1996; Triana & Pasnak, 1986).
Fifth, their language is less complex than that of older peers
(Bates, Dale, & Thal, 1995). Sixth, although they can learn
rules on the basis of environmental feedback (Diamond,
1990), they encounter difficulty in associating an abstract rule
with a reward (Diamond, 2006). Finally, combining demands
from these various domains further taxes the developing
system (Berger, 2004; Garon et al., 2008).

There are individual differences in the time course of
maturation of each of these cognitive and linguistic domains,
making 2-year-olds particularly susceptible to task-related
variability. For example, when asked to carry out a sorting
task in a counterintuitive manner (similar to a Stroop task)
after sorting them in an intuitive way, some 24-month-old
children fail to inhibit the initial prepotent response whereas
others carry out the new task without difficulty (Carlson,
Mandell, & Williams, 2004). The ability to delay gratifica-
tion (e.g., delay eating a smaller snack to be rewarded with
a larger one) at 24 months of age varies in duration from
0.9 to 12.5 s (Carlson et al., 2004). Further, focused atten-
tion during play with toys averages 22.8 s (SD = 22.6 s) for
26-month-old children (Ruff & Capozolli, 2003). Considerable
variability in performance was observed on Hughes and
Ensor’s (2007) test of 2-year-olds’ working memory using a
multilocation search task called spin-the-pots, with perfor-
mance varying from perfect to up to 10 of 16 possible incor-
rect responses. Finally, there also is large, consistent variability
in the rate of early development of language (Bates et al.,
1995). For example, expressive vocabulary ranges from 89 to
534 words among typically developing 24-month-old chil-
dren (Bates et al., 1995). Others have proposed that this large
variation in lexicon size reflects underlying variability in
specificity of phonetic representations (Walley, 2004), which
likely has important implications for speech discrimination
assessments.

Constraints on Methodology

Limitations and variability in cognitive and linguistic
skills make toddlers especially susceptible to nonsensory task
factors. To minimize the influence of nonsensory task factors,
researchers and clinicians attempt to work within certain
methodological constraints. Specifically, the task must be
interesting and short enough to sustain the child’s motivation
and attention. The response task must not exceed the child’s
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motor abilities (including gross, fine, and speech motor
skills). The level of reasoning involved in understanding task
requirements and the relationship between the response and
the reward or reinforcement must be considered. The amount
of information that must be stored and the duration of the
delay between stimulus and response cannot exceed the child’s
short-term memory span. Effective verbal instructions must
have limited linguistic complexity. Finally, stimuli with lin-
guistic content may be included only at the expense of intro-
ducing confounds related to lexical development (Holt &
Lalonde, 2012).

Variability in Pediatric Speech Perception

In addition to constraining methodology, cognitive and
linguistic factors also contribute to the inevitable variability
in speech perception performance. With the focus in pediatric
speech perception research on group averages, variability is
sometimes not reported (e.g., Dawson, Nott, Clark, & Cowan,
1998; Eilers, Wilson, & Moore, 1977; L. L. Elliott, 1986;
Erber, 1971; Sussman & Carney, 1989). However, the litera-
ture is replete with examples of variability in performance,
even among typically developing school-age children with
normal hearing. For example, in one study, the performance
of 19 normal-hearing 5- to 7-year-old children on a three-
interval forced-choice speech feature discrimination paradigm
ranged from approximately 30% to 87% relative to chance
(Hnath-Chisolm, Laipply, & Boothroyd, 1998). Using a
visually reinforced head turn procedure similar to the visually
reinforced infant speech discrimination procedure (VRISD;
Eilers et al., 1977), Eisenberg and colleagues (2007) reported
that children 6 to 30 months of age could discriminate par-
ticular speech features on the basis of probability theory.
Scores for consonant place, manner, and voicing discrimi-
nation varied from 0% to 90%. Using a different response
task—a play (motor) act—in response to a change in the
stimulus array, the authors reported that percent confidence
varied between 70% and 95% in children 2;9 (years;months)
to 3;6. Finally, in a study that used an imitative response,
accuracy scores ranged from 58% to 96% in 2- and 3-year-olds
(Boothroyd, Eisenberg, & Martinez, 2010). These results
highlight the consistent findings of enormous individual dif-
ferences in children’s speech perception, even among typically
developing children with normal hearing.

The change/no-change procedure (Sussman & Carney,
1989) is similarly sensitive to a wide range of children’s dis-
crimination performance. Sussman (1993) tested nine chil-
dren between 4;9 and 6;6. Discrimination of the end points of
a /ba/ to /ga/ continuum varied from chance performance to
perfect accuracy. Holt and Carney (2007) tested thirty 4- and
S-year-olds using the same procedure. In any one of the more
difficult listening conditions (e.g., —4 dB signal-to-noise ratio
[SNR]), performance also varied from chance to ceiling levels
of performance. Finally, we recently tested 2- and 3-year-old
typically developing children on a toddler-based version of
Sussman and Carney’s (1989) change/no-change procedure.
Discrimination sensitivity in quiet again ranged from chance
levels to perfect discrimination (Holt & Lalonde, 2012).

This variability in performance is not limited to the
perceptual level of discrimination. Speech recognition testing
(particularly in noise) shows a wide range of scores among
normal-hearing children. For instance, Sanderson-Leepa
and Rintelman (1976) administered the Word Intelligibility
by Picture Identification (WIPI; Ross & Lerman, 1970) test
and the Phonetically Balanced Kindergarten Word Lists
(PBK-50; Haskins, 1949) to twelve 3.5-year-old typically
developing children. Mean accuracy was 88.3% and 71.7%
with standard deviations of 10.85 and 15.75 on the WIPI
and PBK-50, respectively. In addition, typically developing
3- to 5-year-old children identified key words in sentences
with 55%-100% accuracy at 7 dB SNR in one study (Holt,
Kirk, & Hay-McCutcheon, 2011). In another, typically de-
veloping children between 4.5 and 6.5 years identified words in
sentences presented at 0 dB SNR with 43.8%-85% accuracy
(Nittrouer & Boothroyd, 1990).

Together these data suggest that regardless of the
procedure or task, individual differences in pediatric speech
perception are the norm, even among typically developing
populations. Identifying factors that contribute to individual
variability in pediatric speech perception is important for
understanding both typical and atypical speech perception.
A reasonable place to begin examining nonsensory contribu-
tions to speech perception is at a level where complex neural
encoding of the stimulus is required, but lexical knowledge is
not. The change/no-change procedure or, in the case of young
children, the toddler change/no-change procedure (Holt &
Lalonde, 2012) allows assessment at this neural encoding
level (Holt, 2011).

Toddler ChangelNo-Change Procedure

The change/no-change procedure (Sussman & Carney,
1989) is a forced-choice procedure that involves presenting
standard and comparison auditory speech stimuli and requir-
ing the listener to indicate, with a developmentally appropriate
motor response, whether the stimuli are the same (no change)
or different (change). The procedure has been used successfully
with normal-hearing and hearing-impaired children and
adults (Carney et al., 1991, 1993; Dawson et al., 1998; Holt,
2011; Holt & Carney, 2005, 2007; Osberger et al., 1991;
Sussman, 1991, 1993) but with only limited success in children
under 4 years of age (Dawson et al., 1998). The toddler ver-
sion of this task (Holt & Lalonde, 2012) uses procedural
modifications from the original version that address toddlers’
developmental constraints. These targeted modifications
include reducing test time and using a teaching session, a
developmentally appropriate gross motor response, and mul-
tiple forms of reinforcement. In the modified version, toddlers
stood on a star on a mat in a sound booth facing a computer
monitor and two sets of pictures on white fabric placed on a
mat on the floor. When a no-change stimulus array was pre-
sented (e.g., /ba ba ba ba/), the child was instructed to jump or
step to a set of four identical pictures; when a change stimulus
array was presented (e.g., /ba ba bu buw/), the child was in-
structed to jump or step to two sets of two different pictures.
Each trial consisted of two presentations of the standard
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stimulus followed by two presentations of the comparison
stimulus.

Children were taught the response task using live-voice
presentation of animal sounds (“moo moo moo moo” and
“moo moo ribbit ribbit”) and semantically related pictures
of animals (e.g., four cows or two cows followed by two
frogs). Thirty of the thirty-four 2- and 3-year-old toddlers
who were taught the procedure reached the response criterion
of five consecutive correct responses (consistent with the
criterion used in Trehub, Schneider, & Henderson, 1995).
These 30 toddlers were then tested on 36 recorded trials of
maximally contrastive training stimuli (long /u/ vs. short /ga/),
followed by 36 recorded trials each of perceptually easy
(acoustically distinct: /ba/ vs. /bu/) and perceptually hard
(acoustically similar: /sa/ vs. /[a/) contrasts. Each child also
was retested on either the easy or the hard contrast. During
training, test, and retest phases, trials began with a picture
of a woman cupping her hand around her ear while the
auditory stimulus was presented in the sound field. After the
child responded, a puzzle piece appeared on the monitor, and
the child was verbally praised. After correct responses, the
child was reinforced with a 3-s animated video. After every
12 trials, the child was given tangible reinforcement (M&M’s
or Cheerios).

The results indicated that performance relied on per-
ceptual processing and development, in that the procedure
was sensitive to both the perceptual difficulty (acoustic dis-
tinctiveness) of the speech contrasts and the age of the listener.
Results were also highly reliable from test to retest. Although
these results were promising, 4 of the 12 children between
the ages of 24 and 30 months did not learn the response task,
one other child (27 months of age) who learned the response
task failed to clearly demonstrate the ability to complete
the procedure, and many younger 2-year-olds had low dis-
crimination sensitivity scores. Further, as noted above,
intersubject variability was high, with scores ranging from
chance performance to perfect accuracy. Because the toddler
change/no-change procedure (a) was shown to be valid and
reliable for assessing speech discrimination in 3-year-olds and
older 2-year olds, (b) has high intersubject variability, and
(c) can be used to examine the early sensory—neural encoding
of speech (Holt & Lalonde, 2012), it is an appropriate pro-
cedure to begin investigating sources of individual differences
in speech discrimination. Furthermore, because the youngest
2-year-olds struggled to master the procedure, further mod-
ifications need to be examined to determine whether the
procedure can be used with these youngest toddlers.

The purpose of this investigation was twofold: (a) to
identify likely nonsensory sources of variance in toddler
speech-sound discrimination by examining cognitive and
linguistic development; and (b) to examine whether further
modifications would lead to a procedure that can be used with
24- to 30-month-old toddlers. This investigation introduces
three developmentally based modifications to the toddler
change/no-change procedure—an orientation cue; immediate,
selective reinforcement; and fewer trials per condition—to
evaluate whether they are effective at allowing younger 2-year-
olds to overcome task-related effects and thus extend the

youngest age with which the procedure can be used. Although
modifications based on known developmental constraints
increase the validity of a task, it is impossible to eliminate
nonsensory factors from pediatric psychoacoustic methods
(Allen & Wightman, 1992). Further, given individual dif-
ferences among toddlers and their notoriously variable speech
discrimination performance, even the most theory- and de-
velopmentally based procedure will not yield uniform per-
formance in this age group. Therefore, it is important to
understand how cognitive and linguistic factors might influ-
ence speech discrimination, particularly if the testing proce-
dure is intended for use with clinical populations (Boothroyd,
1991; Tyler, 1993). This study takes the approach of acknowl-
edging and investigating individual differences in cognitive
and linguistic variables that are likely to contribute to indi-
vidual differences in speech discrimination performance,
including attention, working memory, reasoning, executive
functioning, and receptive and expressive vocabulary.

Materials and Method
Participants

Of the thirty 2-year-olds recruited to participate in the
study, 28 met the inclusion criteria of native English back-
ground and normal hearing, speech, and language develop-
ment. One was excluded because of bilingual status; another
failed the speech screening. Two additional participants
cried and refused to perform the experimental tasks, and one
parent never rescheduled follow-up appointments. The re-
maining 25 children completed all of the cognitive and lin-
guistic tests. Three of these children were unable to learn
the toddler change/no-change procedure (ages 25, 25, and
27 months), and two refused to complete all speech discrim-
ination testing conditions (ages 27 and 28 months). The re-
maining 20 participants completed the entire protocol and
ranged in age between 27 and 36 months (M = 31.76, SD = 3.02).
All children passed a bilateral hearing screening using a
four-frequency distortion product otoacoustic emission
(DPOAE) test, conditioned play, or modified visual reinforce-
ment audiometry at 0.25, 0.5, 1, 2, and 4 kHz. Conditioned
play and modified visual reinforcement audiometry were used
when children did not pass the DPOAE screening or would
not allow the researcher to place the DPOAE probe in the ear
canal. Behavioral screening was completed at 20 dB HL for
0.5 through 4 kHz and at 25 dB HL at 0.25 kHz (American
National Standards Institute, 2004). All children also passed the
Early Language Milestone Scale—2 (Coplan, 1993).

Linguistic Measures

Standardized tests and questionnaires widely used to
measure linguistic development in toddlers were used in the
current study to assess receptive and expressive vocabulary.

Receptive One-Word Picture Vocabulary Test. The
Receptive One-Word Picture Vocabulary Test—Fourth
Edition (ROWPVT-4; Martin & Brownell, 2011) is a norm-
referenced measure of receptive vocabulary. This test was
administered in accordance with the instruction manual.
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During test administration, an easel displaying a row of four
pictures was placed in the child’s view. The examiner ver-
bally presented test items, and the participant touched the
full-color picture corresponding to the item presented. Test
items are presented in a developmental sequence, based on the
age when examinees are likely to encounter the concepts.
Testing ends when the participant misses 6 of 8 consecutive
items. Raw scores and standard scores based on normative
data were used. Based on test norms, the mean standard score
for any age is 100.

MacArthur-Bates Communicative Development Inventory.
The MacArthur-Bates Communicative Development In-
ventory (MCDI; Fenson et al., 1994) was used to measure
expressive vocabulary. The Words and Sentences subtest was
used for participants younger than 30 months of age. This
subtest is based on normative data from 1,789 children ages
8 to 30 months (Dale & Fenson, 1996). A newly published
version, the CDI-III subtest (Fenson et al., 2007), was used
for participants age 30 months and older. The CDI-III is
based on normative data from 356 children ages 30 to 37 months.
One of each child’s parents read a list of words (680 on the
Words and Sentences subtest, 100 on the CDI-III) and marked
a circle next to words that the child was known to say (re-
gardless of articulation accuracy).

Cognitive Measures

Standardized tests and questionnaires widely used to
measure cognitive development in toddlers were used in the
present study. The areas assessed included executive function-
ing, short-term and working memory, reasoning, nonverbal
intelligence, and attention.

Behavioral Rating Inventory of Executive Function—
Preschool Version. The Behavioral Rating Inventory of
Executive Function—Preschool Version (BRIEF-P; Gioia,
Epsy, & Isquith 2001) was used to assess executive functions.
The parent read a list of behaviors and indicated the fre-
quency with which his or her child’s use of that behavior had
caused a problem in the past 6 months (never, sometimes,
or often). This standardized rating scale yields scores for
inhibitory control, shifting, emotional control, working mem-
ory, and planning and organization indexes. Those scores are
combined to generate the General Executive Composite
reported using ¢ scores in the current study, because all of the
children tested fit into one normative group. Based on the test
norms, the mean ¢ score is 50. Higher scores on the BRIEF-P
are associated with parent-reported executive function
problems.

Leiter International Performance Scales— Revised. The
Leiter International Performance Scales—Revised (Leiter—R;
Roid & Miller, 1997a) were used to assess reasoning, non-
verbal intelligence, attention, and memory because this com-
pletely nonverbal test is not confounded with the child’s
language development, uses no verbal instruction, and re-
quires no verbal response. The Leiter-R consists of two
batteries: Visualization and Reasoning; and Attention and
Memory. For 2-year-olds, the Visualization and Reasoning
battery consists of seven subtests that are combined to

generate composite scores of fluid reasoning, fundamental
visualization, and nonverbal 1Q. The fluid reasoning score
is based on performance on a Sequential Order subtest and
the Repeated Patterns subtest, both of which require the
child to observe a pattern and generate rules. The fundamental
visualization score is based on a Picture Context subtest and
a Classification subtest, both of which require the child to
perceive conceptual similarity and match pictures on the basis
of classes of information. In addition to the four subtests
already described, the full nonverbal 1IQ is based on three
additional subtests: the Figure Ground, the Form Completion,
and the Matching subtests. The Figure Ground subtest is a
visual recognition task with distracters in the form of complex
backgrounds. It requires visual scanning, inhibition, and
freedom from distractibility. The Form Completion subtest is
a visual organization task that requires the child to mentally
organize fragmented pieces so as to perceive the fragments
as a whole. It also requires perceptual scanning and visual
recognition. The Matching subtest measures visual aware-
ness, scanning, and spatial orientation as well as patience
and freedom from impulsivity.

The Attention and Memory battery consists of three
subtests for 2-year-olds: Associated Pairs, Forward Memory,
and Attention Sustained. The Associated Pairs subtest is a
paired-associates learning task with familiar and unfamiliar
pairs that measures short-term retention. The test calls on
echoic memory and possibly rehearsal skills. The Forward
Memory subtest is a measure of sequential memory span that
also requires sustained attention and inhibition of proactive
interference from previous trials. The Attention Sustained
subtest is a cancellation task that measures sustained visual
attention. It requires vigilance, focused attention, motoric
inhibition, and visual scanning as the child crosses out stimuli
of one class without marking another class. Some of the
children tested struggled with this task, scribbling on the
paper rather than following the nonverbal instructions.
According to the test guidelines, these children were assigned
scores of “negative,” a score that was also assigned if chil-
dren marked more items from the wrong class than from the
right class. Seven of the 20 children tested received a score
of negative, suggesting that this test was particularly difficult
for nearly half of the children and thus was not particularly
sensitive to individual differences in this group’s selective
attention.

The order of testing and methods for teaching the task
followed the instructions outlined in the Leiter—R examiner’s
manual. The validity and reliability of the Leiter—R is well
established, and normative data are based on 1,719 typically
developing children (Roid & Miller, 1997b). Scaled scores
for each individual subtest and the composite measures are
based on normative data. Raw and scaled scores were used
for individual subtests and composite measures.

Spin-the-pots. The only working memory measure
available for 2-year-olds is Hughes and Ensor’s (2005) spin-
the-pots task, a multilocation search task in which the child
and experimenter place stickers in six of eight boxes on a lazy
Susan. After covering the boxes and spinning the lazy Susan,
the child is given 16 opportunities to find all of the stickers,
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choosing one box at a time and returning it to its position
on the tray after opening it. Children earned a score between
0 and 16, representing the difference between the number

of opportunities (16) and the number of errors. Scores for the
122 2-year-old children tested by Hughes and Ensor (2005)
varied from 6 to 16, suggesting that performance on this task
is sufficiently variable to correlate spin-the-pots scores with
speech discrimination sensitivity. Because the reliability of
this task has not previously been established, this task was
administered twice. A Pearson correlation revealed that scores
at test and retest were significantly related, but the correla-
tion was not strong (r = .59, p = .0019).

Strategic Modifications to the Toddler
ChangelNo-Change Procedure

In an effort to test younger 2-year-olds using the toddler
change/no-change procedure (Holt & Lalonde, 2012), we
implemented three additional developmentally based mod-
ifications in the current investigation: an orientation cue,
immediate and selective reinforcement, and fewer trials
per condition. In the previous version of this task (Holt &
Lalonde, 2012), animated reinforcement was provided for
correct responses. However, the substantial delay between
the correct response and the reinforcement was filled with
noncontingent verbal praise, a noncontingent puzzle piece
appearing on the screen to keep the task interesting, and
discussion about the puzzle. In the version used in the current
investigation, the 3-s animated video was replaced with
lighted, animated toys inside smoked, Plexiglas boxes (toys
commonly used in visual reinforcement audiometry) placed
on the floor directly in front of each response space. After
stepping on the correct response space, children were imme-
diately reinforced by the activation of the visual reinforce-
ment toy just in front of the correct response space. Only clear,
correct responses were rewarded. This reinforcement method
was also used during the teaching portion to allow maximal
transfer and to motivate younger children to learn the task.

The implementation of immediate, selective reinforce-
ment was based on findings that infants are better able to
infer the relationship between response and reward when the
two are physically attached (Diamond, Churchland, Cruess,
& Kirkham, 1999). Specifically, 9- and 12-month-old in-
fants can perform a delayed match-to-sample task above
chance when the reward is attached to the novel stimulus (but
not visible) but not when the reward sits in a basin below the
novel stimulus. It is reasonable to expect that toddlers will
also benefit from the tighter coupling of the response and
reward (in time and space). Tight coupling between the re-
sponse and reward should alleviate some task-related diffi-
culty regarding toddlers’ trouble with associating the abstract
rule with rewards (Diamond, 2006). Only clear, correct re-
sponses were rewarded because research with infants (Eilers
et al., 1977; Primus & Thompson, 1985) and older children
(R. Elliott, 1970) has shown that contingent rewards lead to
better, faster responses.

Before each stimulus was presented, an orientation
cue consisting of a 2-s video of a baby laughing silently was

used to get the child into a “ready” state. This video was
developed in Hirsh-Pasek’s lab (e.g., Roseberry, Hirsh-Pasek,
Parish-Morris, & Golinkoff, 2009) and has been used in
research with 6- to 30-month-old children (e.g., Houston,
Ying, Pisoni, & Kirk, 2003; Roseberry et al., 2009). This
change was meant to ameliorate constraints related to focused
attention (Ruff & Capozolli, 2003) and is based on adult
detection literature showing that orientation cues decrease
detection thresholds (Watson & Nichols, 1976). It is difficult
to know what a child is attending to prior to the onset of
a trial, and pediatric research has demonstrated that the
degree to which a listener is involved in some other task can
influence the degree to which he or she reacts to a stimulus
(Tellinghuisen & Oakes, 1997). By directing each child’s
attention to the same cue prior to beginning the trial, we
attempted to limit any deficits in discrimination that may
have arisen because of distractions.

To further reduce the effects of limited focused atten-
tion, we further reduced the number of trials per condition
relative to our previous study. The previous implementa-
tion of this procedure included 36 trials in each condition
(Holt & Lalonde, 2012). Twenty trials were used in each test
and retest condition in the current investigation. However,
36 trials were used in training because learning effects were
observed in the previous study. Additional analysis of the
data justified these modifications. Specifically, average dis-
crimination scores using only the first 10 change trials and
first 10 no-change trials were greater than or equal to scores
using all 36 trials. Furthermore, analyzing only a subset of
trials did not compromise test validity and reliability. The
effects of age and difficulty of speech contrast and test-retest
reliability remained significant. Finally, interpretation of
individual results is largely unaffected by this change. Chil-
dren who had poor discrimination sensitivity with 36 trials
continued to discriminate poorly when 20 trials were ana-
lyzed; children who discriminated well continued to discrim-
inate well. The increased number of training trials (relative
to test-retest trials) was used to help ensure that participants
had sufficient practice with the task.

Discrimination Stimuli

The stimuli used in the discrimination experiment
consisted of two standard syllables followed by two compar-
ison syllables that were either the same as the standard syllables
(no-change stimuli) or different from the standard syllables
(change stimuli). The syllables were separated by 100-ms
silent intervals. The same three contrasts were used in the
current experiment as were used in the previous one (i.e., Holt
& Lalonde, 2012): a maximally contrastive training con-
trast of long /u/ versus short /ga/, an acoustically distinct
(perceptually easy) vowel height contrast of /bu/ versus /ba/, and
an acoustically similar (perceptually hard) place contrast of
/sal versus /|a/. The training contrast consisted of 18 change and
18 no-change trials, randomly presented. The easy and hard
contrasts consisted of 10 change and 10 no-change trials each,
randomly presented. The syllables were digitally recorded from
a female speaker and equalized in total root-mean-square
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amplitude. Multiple tokens of each syllable were used to
eliminate nonphonemic differences between syllables. The
stimulus recording, editing, and selection procedures, as well
as statistics related to duration, amplitude, accuracy of iden-
tification, and rating of goodness, have been described else-
where (Holt & Lalonde, 2012). Adult listeners identified
the individual syllables with 100% accuracy and rated the
syllables as very good examples of the target production
(Holt & Lalonde, 2012).

Discrimination Test Setup

Figure 1 shows a diagram of the test setup for the cur-
rent experiment. The discrimination stimuli were presented
and data were recorded using E-Prime software (Version 2.0;
Psychology Software Tools, 2007) and an Intel desktop
computer. As in previous implementations of the change/
no-change procedure (Holt & Carney, 2005, 2007; Holt &
Lalonde, 2012), the stimuli were routed through an audiom-
eter to two wall-mounted speakers in a double-walled sound
booth, at +45° relative to the listener. The stimuli were pre-
sented at 65 dBA at the location of the listener’s head. Sound-
field presentation allows the participants to remain mobile
while performing the gross motor response described below.
In addition, the small variations in sound pressure level should
not affect results, because 65 dBA is well above participants’
detection thresholds. Calibration was checked at the start of
each testing day.

A 4-ft x 5-ft SoftTile interlocking foam mat, set in the
center of the floor of the testing booth, served as a response
mat. The mat has a wood grain pattern, except for a purple
piece with a star cutout placed in the center of the mat and
two red pieces with circle cutouts placed directly in front of
the star cutout—one to the left and one to the right. The child
stood on the star facing the two circles. The circle on the left
contained a picture of four identical animals in a row (four
cows), representing a no-change response; the circle on the
right contained a picture of two cows and two frogs in a row,
representing a change response. The pictures were clip-art
images from Microsoft Office ironed onto white fabric using
Printworks white t-shirt transfers. Unlike in the previous
study, the cows and frogs were used for teaching, training, and
testing. A 19-in. monitor used to present an orientation cue
was placed on a table approximately 1 m from the child at
his or her eye level. A keyboard was placed to the left of the
response mat and next to the examiner, who used the keyboard
to record the child’s response. Lighted, animated toys inside
smoked, Plexiglas boxes were set on the floor, 1 ft in front
of each response space. These toys were used to immediately
reinforce correct responses.

Discrimination Testing Protocol

The participants were run in a combined factorial and
repeated measures design. Following live-voice teaching
trials, participants completed the recorded training and easy

Figure 1. Schematic of the test setup, including the 4-ft x 5-ft response mat placed on the floor of the sound
booth. The child stood on the star-shaped cutout facing the two red circles to the front-left and front-right of
the star, which displayed pictures of cows and frogs corresponding to the no-change and change responses.
Lighted, animated toys in smoked, Plexiglas boxes sat in front of each response space for immediate, selective
reinforcement. The reinforcement controller and a keyboard for entering responses were placed to the left of
the experimenter. A monitor placed on a table at the child’s eye level displayed the orientation cue. Speakers were

placed at +45° azimuth. Figure is not to scale.
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and hard test contrasts. The 36 trials of the training con-
trast were completed first; order of easy and hard contrasts
(20 trials each) was counterbalanced across participants. Each
participant was also retested using 20 trials of either the easy
or hard contrast.

During the teaching phase, the child was instructed to
stand on the listening star, facing the response spaces, the
reinforcement toys, and the monitor while the experimenter
explained the task and introduced the reinforcement. Highly
contrastive, live-voice, familiar animal sounds were used as
teaching stimuli. The experimenter taught the child to jump to
the no-change response space (picture of four cows) when the
child heard “moo moo moo moo” and to the change space
(picture of two cows and two frogs) when hearing “moo moo
ribbit ribbit.” When the child jumped to or touched the cor-
rect response picture, the examiner activated the animated
reinforcer directly in front of that response and explained that
the toy “was dancing” because the child chose the right answer.
The training phase continued until the child responded cor-
rectly to five consecutive trials (consistent with the criterion
used in Trehub et al., 1995).

Following the teaching session, participants completed
the training trials, recorded long /u/ versus /ga/. On each
training trial, the 2-s orientation video of a laughing baby was
followed by a 200-ms silent interval during which the baby’s
still image remained on the screen, and then the stimulus
was presented. If the child did not respond independently, the
experimenter asked, “What did the baby say? Which pic-
ture?” If the child jumped to or touched the correct answer,
the reinforcement was immediately presented and the par-
ticipant praised. If the child jumped to or touched the wrong
picture, the experimenter directed her or his attention to the
correct response picture, demonstrating that the sounds
presented matched that image. The experimenter recorded
the child’s response when the participant was ready for the
next trial (standing on the star quietly) and directed the child’s
attention to the orientation cue and upcoming stimulus.
Although these procedures remained exciting for many of the
children, some needed breaks and other reinforcement to
maintain attention to the task. Reinforcement methods
were adapted to each individual participant, including a
TossAcross game (beanbag throwing game) and tangible
“listening tickets.” Test and retest conditions followed the
same protocol as the teaching session.

Experimental Procedure

This study was approved by the Indiana University
institutional review board. All experimental tasks were com-
pleted in three or four 1-hr sessions. Following parental in-
formed consent, all children underwent speech, language, and
hearing screenings to determine eligibility to participate in the
study. Once a child was deemed eligible to participate, the
psychometrically rigorous parent questionnaires, standardized
tests, and toddler change/no-change discrimination test were
administered. Standardized testing always began with the
Leiter-R, because this completely nonverbal test allowed shy
toddlers to begin the experiment without needing to talk with

the experimenter. The order of the remaining tasks was
counterbalanced, with the exception that the second admin-
istration of the spin-the-pots task always occurred during
the last session. To avoid attrition, we tailored the order of
testing to the temperament of the child whenever necessary.
For instance, when children stopped responding to nonverbal
instructions and encouragement during administration of
the Leiter—R, the examiner administered the ROWPVT—4
(Martin & Brownell, 2011) and spin-the-pots task (Hughes &
Ensor, 2005) or began testing speech discrimination, all of
which allowed verbal encouragement. The Leiter-R was
always administered over multiple sessions. To get the best
possible data, we typically conducted speech perception
testing over multiple sessions. The child led how much speech
perception testing occurred on a given day, completing as
much testing as possible in a given session before the experi-
menter judged that the child’s attention had waned. All cog-
nitive and linguistic testing occurred in the quiet laboratory
at a child-sized table, with the parent seated behind the child
for comfort. Parents were instructed not to help their chil-
dren with any of the tasks, especially not to provide verbal
directions on the Leiter—R. For motivation to continue re-
sponding, children stamped a sheet of paper after each subtest
was administered.

Results
Speech Discrimination

The dependent measure in this study was d’, a bias-free
measure of sensitivity to the speech contrast (Macmillan &
Creelman, 2005); d’ is calculated by subtracting the z score for
the false alarm rate from the z score for the hit rate. As in
other studies (Holt, 2011; Holt & Carney, 2005, 2007; Holt &
Lalonde, 2012), the hit and false alarm rates were limited to
the range of 0.01 and 0.99, so that perfect performance cor-
responds to a d” of 4.65.

As previously noted, three of the children recruited
were unable to learn the task (ages 25.4, 25.8, and 27.2 months),
and two refused to complete all conditions (ages 27.8 and
28.7 months). Individual results and mean data on the toddler
change/no-change procedure for the remaining participants
are shown in Figure 2. Participants are ordered by chrono-
logical age on the x-axis, and sensitivity to the contrast (d”) is
shown on the y-axis for the training contrast (Figure 2a), easy
contrast (Figure 2b), and hard contrast (Figure 2c). As a
group, the children performed well above chance levels, and
large individual variability was observed for each contrast:
training (mean d’ = 1.96, SD = 1.21, range = 0.14 to 3.92),
easy contrast (mean d’ = 2.27, SD = 1.80, range = —0.44 to
4.65), and hard contrast (mean d’ = 1.74, SD = 1.73, range =
—0.76 to 4.65). All but one of the children (age 31.2 months)
demonstrated task understanding, performing well above
chance on at least one contrast (d” = 0.59 or greater).

As in the previous investigation of the toddler change/
no-change procedure (i.e., Holt & Lalonde, 2012), a Pearson
correlation relating performance at test to performance on
the same contrast at retest was conducted to assess test-retest
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Figure 2. Individual performance on the (a) training, (b) easy, and
(c) hard contrasts. The children are ordered by chronological age at
first testing session. Group means (+1 standard deviation) are shown
at the far right of each panel.
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reliability. This correlation was significant (r = .671, p = .001),
supporting and extending previous reliability results to a
slightly younger group of toddlers.

Cognitive and Linguistic Measures

Group means, standard deviations, and ranges for each
of the cognitive and linguistic measures are reported in Table 1.

Raw and standard scores are reported, where available.
Standard scores are provided to allow comparisons with
normative data. Raw scores are not reported for the MCDI,
because different subscales were used for the younger and
older 2-year-old children. Further, because many children
received a score of “negative” on the attention sustained task,
mean and standard deviation could not be calculated. Finally,
there is no standardized measure for the spin-the-pots task.
Here, the raw scores are compared with the mean raw score
from another study (Hughes & Ensor, 2006).

One-sample ¢ tests were conducted to assess whether the
sample of children included in the study differed significantly
from the mean normative data on each measure and thus
the general population. As a group, the 2-year-olds were
significantly above the average of the normative data on
many of the measures, including receptive vocabulary,
1(19) = 12.92, p < .001; and several of the subtests from the
nonverbal intelligence measure that contribute to the funda-
mental visualization composite, #(19) = 12.55, p < .001; non-
verbal 1Q, #(19) = 13.96, p < .001; and memory screener,
#(19) = 3.89, p < .001. Although these relatively gifted children
may not be representative of the general 2-year-old population,
Table 1 shows that children varied considerably in their per-
formance on each of the cognitive and linguistic measures. This
is important given that a range of scores is necessary for
investigating the possible relations between cognitive and
linguistic development and discrimination sensitivity. As dis-
cussed below, it is very likely that other studies conducted in a
university setting rely on similar, nonrepresentative samples.

Relation Between Cognitive—Linguistic Measures
and Speech Discrimination

To reduce the data set, the independent variables (easy
and hard test contrast discrimination scores) were submitted
to a principal component analysis. The two test contrasts
loaded strongly (.922 each) on one component that accounted
for 85% of variance. This component represents discrimina-
tion sensitivity and is perfectly correlated with the mean of the
easy and hard contrast scores (r = 1, p <.0001). Discrimination
sensitivity was used as an outcome measure to investigate
cognitive and linguistic factors in pediatric speech discrimina-
tion. Although the units are not meaningful, individual scores
on this aggregate measure are displayed in Figure 3.

First-order Pearson correlations were performed to
preliminarily test the relationship between this measure of
discrimination sensitivity and each of the cognitive and lin-
guistic variables. These are displayed in the rightmost column
of Table 1. When possible, raw scores were used for each
cognitive and linguistic variable to better investigate the strength
of relationship between discrimination and the linguistic con-
structs tested. Raw scores were preferred over standard scores
because, for example, if a 26-month-old child and a 34-month-
old child knew the same number of words, the 26-month-old
would have a higher scaled score than the 34-month-old de-
spite the fact that their lexicons are likely of similar size.

As shown in Table 1, discrimination sensitivity signifi-
cantly correlated with receptive vocabulary (r = .614, p = .004),
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Table 1. Results of cognitive—linguistic and neurocognitive measure

S.

Mean raw Range of Mean standard Normative mean Correlation with

Variable scores (SD) raw scores scores (SD) standard score discrimination ()
Linguistic

Receptive vocabulary (ROWPVT-4) 50.45 (9.023) 35-69 119.6 (6.79)** 100 614

Expressive vocabulary (MCDI) 19.29-99 61.39 (24.87) 50 292
Cognitive

General executive composite (BRIEF-P) 91.21 (15.69) 65-129 50.26 (9.44) 50 -.118

Associated pairs (Leiter—R) 8.70 (3.95) 3-17 18.15 (3.13)* 10 .061

Forward memory (Leiter—R) 4.05 (2.28) 1-10 10.55 (2.11) 10 .532*

Attention sustained (Leiter—R) “negative’™—45 8.89 (4.04) 10

Fundamental visualization (Leiter—R) 39.45 (6.46) 26-50 126.4 (9.41)* 100 317

Fluid reasoning (Leiter—R) 10.45 (6.30) 3-26 100.1 (12.39) 100 .505*

Nonverbal intelligence (Leiter-R) 70.90 (8.25) 53-85 123.8 (7.63)"* 100 .337

Spin-the-pots 5-16 12.7 (2.90) 12 17

Note.

ROWPVT—4 = Receptive One-Word Picture Vocabulary Test—Fourth Edition; MCDI

= MacArthur-Bates Communicative Development Inventory;

BRIEF-P = Behavioral Rating Inventory of Executive Function—Preschool Version; Leiter—R = Leiter International Performance Scales—Revised.

*p <.025. *p < .01. *p < .001.

the nonverbal reasoning measure; the fluid reasoning score
from the Leiter—R (r = .505, p = .023); and the raw score for
the short-term sequential memory measure, forward memory,
from the Leiter—R (r = .532, p = .016). In accordance with
our previous data (Holt & Lalonde, 2012), the correlation be-
tween discrimination sensitivity and chronological age was
also significant (r = .534, p = .015). The same pattern of cor-
relations is observed when performance on the individual
contrasts (easy and hard) is used as the outcome variable. The
correlations between individual contrast scores and cognitive—
linguistic measures tend to be slightly weaker than those
between the discrimination sensitivity measure and cognitive—
linguistic measures. This suggests that the measure of overall
discrimination sensitivity (across the contrasts of different
perceptual difficulties) is more robust and supports the use
of this variable as the outcome measure in further analyses.
The cognitive and linguistic variables in Table 1 (ex-
cluding the sustained attention measure, for which seven

Figure 3. Individual principal component (PC) scores for the measure
of discrimination sensitivity. The children are ordered by chronological

age at first testing session.
| I I I ‘

. H ||
1.5

Participants (ordered by chronological age in months)

2
1.5
1

PC score

children received scores of “negative”) and age were sub-
mitted to another principal component analysis. Four un-
correlated components emerged, accounting for 73.89% of
variance in discrimination sensitivity. The loadings onto each
component are shown in Appendix A. Most of the variables
(receptive vocabulary, nonverbal intelligence, age, funda-
mental visualization, fluid reasoning, associated pairs, and
forward memory) loaded positively onto Component 1, so
the component could not be used to determine which of the
specific cognitive or linguistic variables accounts for discrim-
ination sensitivity. Executive function, short-term memory,
and associated pairs all loaded onto Component 2. However,
executive function loaded in the opposite direction from short-
term memory and paired-associates learning. Thus, a high
score on this component represents poor executive function
but good short-term memory and paired-associates learning.
This is not meaningful, because short-term memory is a sub-
component of executive function. Expressive vocabulary and
paired-associates learning loaded strongly but in opposite
directions onto Component 3. Finally, fluid reasoning and
fundamental visualization loaded strongly but in opposite
directions onto Component 4. In summary, the analysis did
not provide meaningful components for exploring the rela-
tionship between discrimination sensitivity and cognitive—
linguistic development. Therefore, the original cognitive and
linguistic variables from Table 1 were used as the predictor
variables in a stepwise regression analysis to further examine
the relationship between the cognitive and linguistic variables
and discrimination sensitivity.

Because there were significant correlations among
some of the measures of cognitive and linguistic development
(see Appendix B), we evaluated the predictor data set for
potential colinearity issues by using variance inflation factors
(VIFs). A common conservative criterion is that no variable
in the predictor set should have VIF > 5 (Belsley, Kuh, &
Welsch, 1980). When VIF's were calculated for the cogni-
tive and linguistic variables in Table 1 and chronological
age, some were greater than 5 (VIF for age = 6.27, VIF for
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nonverbal IQ = 5.69), indicating that one or more predictor
variables needed to be removed. The correlation matrix in
Appendix B displays relatively large correlations between
nonverbal intelligence and fluid reasoning (r = .851) and age
(r = .834). Removing either age or nonverbal IQ from the
predictor data set resulted in acceptable VIFs (VIF < 4.72
without age, VIF < 4.22 without nonverbal 1Q). Therefore,
age was not included as a predictor variable in the stepwise
regression, because excluding age resulted in better VIF val-
ues than removing nonverbal intelligence and because non-
verbal intelligence is more theoretically meaningful than age.

The nine cognitive and linguistic variables in Table 1
(excluding attention sustained) were entered as predictor
variables in a stepwise linear regression with discrimination
sensitivity as the outcome variable. Adjusted R* values were
used to estimate the proportion of independent variance in
discrimination explained by each variable that emerged from
the stepwise regression. Table 2 shows that 48.9% of variance
in discrimination sensitivity could be accounted for by re-
ceptive vocabulary (34.2%), F(1, 18) = 10.871, p = .004; and
executive function (14.7%), F(1, 17) = 6.155, p = .001. No
other variables were significant.

Executive function is an umbrella term for the cognitive
processes used to regulate one’s own actions and behaviors,
such as inhibition, planning, and working memory. To
further examine the relationship between executive function
and discrimination sensitivity, a second stepwise regression
was conducted. The predictor variables included in the
analysis were receptive vocabulary and the five subscales of the
BRIEF-P measure of executive function: Inhibition, Task
Shifting, Emotional Control, Working Memory, and Planning/
Organization. We chose to use this subset of variables, rather
than adding the BRIEF-P subscales to the set of predictors
from the previous regression, because using the full set led
to unacceptable variance inflation factors (VIF < 12.32).
The VIFs for the subset were acceptable (VIF < 4.41). As
shown in Table 3, 56.6% of variance in discrimination
sensitivity could be accounted for by receptive vocabulary
(34.2%), F(1, 18) = 10.871, p = .004; and working memory
(22.4%), F(1, 17) = 10.286, p = .005. No other variables were
significant.

Comparison With Previous Data

A secondary goal of the current study was to examine
whether evidence-based modifications to the toddler change/
no-change procedure resulted in the procedure being appro-
priate for evaluating the discrimination skills of the youngest

2-year-olds. Data from the current study were compared with
those from the first 20 trials per condition for 2-year-olds
tested using the previous implementation of the toddler
change/no-change procedure (Holt & Lalonde, 2012). The
two groups of children were similar in age (p = .74): current
experiment (M = 31.76 months, SD = 3.02) and previous
experiment (M = 31.59 months, SD = 2.95). Box plots com-
paring the two groups on each speech-sound contrast are dis-
played in Figure 4. To test for differences in performance
between the group that participated in the previous experiment
and the group that participated in the current experiment, we
performed a mixed analysis of variance (ANOVA; variables:
experiment [old or new] and contrast [training, easy, hard]).
The effect of contrast was significant, F(2, 37) = 5.84,
p = .004. Post hoc comparisons with Bonferroni corrections
for multiple comparisons indicated that, as in the previous
study (Holt & Lalonde, 2012), the effect of contrast was
due to significantly better performance on the perceptually
easy than the perceptually hard contrast. There were no
significant differences between performance on the training
contrast and the easy contrast (p = .141) or hard contrast
(p = .487). There was no effect of experiment, F(1, 37) = 0.12,
p =.729; or interaction between the two variables, F(2, 37) =
0.236, p = .748; suggesting that as a group, children in the
current experiment with further procedural modifications did
not perform differently than those in the previous experiment.
However, we were specifically interested in the youngest
2-year-olds who struggled with the task in the previous in-
vestigation. Therefore, further analyses were carried out.
Seven of the children tested in each investigation were
between 24 and 30 month of age at the time of testing. The
ages of the two subgroups were well matched: current in-
vestigation (M = 28.30 months, SD = 1.01) and previous
investigation (M = 28.32 months, SD = 1.12). On average,
there was a trend for younger 2-year-old children in the
current experiment to perform better than the younger 2-year-
old children in the previous experiment on the training
contrast (4’ = 2.25 in the current experiment, d’ = 0.93 in the
previous experiment), easy contrast (d’ = 2.22 in the current
experiment, d’ = 1.60 in the previous experiment), and hard
contrast (4’ = 1.92 in the current experiment, d’ = 0.54 in the
previous experiment). However, a mixed ANOVA with only
the 24- to 30-month-old children revealed that these group
differences were not significant, F(1, 12) = 0.354, p = .563.
Further, the ages of the children who could not learn the task
in the previous and current experiment were similar: two were
25 months old and one was 27 months old in the current
experiment; two were 24 months old, one was 26 months old,

Table 2. Summary of significant results of stepwise linear regression for the discrimination sensitivity measure.

Dependent variable Predictor variable

Standardized beta % variance F P

Discrimination sensitivity ~Receptive vocabulary
Executive function®

0.797 34.2
-0.446 14.7

F(1,18)=10.892 .004
F(1,17)=6.155  .024

Note. Probability of F to enter < .05; probability of F to remove < .1.
#_ower executive function scores mean fewer problems with executive function.
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Table 3. Summary of significant results of stepwise linear regression for the discrimination sensitivity measure with
Receptive Vocabulary and the Executive Function subscales as predictor variables.

Dependent variable Predictor variable

Standardized beta % variance F P

Discrimination sensitivity ~Receptive Vocabulary
Working Memory®

0.748 34.2
-0.503 22.4

F(1,18) = 10.871 .004
F(1,17) = 10.286 .005

Note. Probability of F to enter < .05; probability of F to remove < .1.
#Lower executive function scores mean fewer problems with executive function.

and one was 30 months old in the previous experiment. The
children who refused to finish testing in the current exper-
iment were 27 and 28 months of age; those in the previous
experiment were 28 and 29 months of age. Finally, Pearson
correlations relating performance at test to performance at
retest were approximately the same for 2-year-old children
tested in the previous experiment (r = .691, p = .001) and those
tested in the current experiment (r = .776, p = .04).

Discussion

The primary purpose of the current investigation was to
identify sources of variance in 2-year-old children’s perfor-
mance on a speech-sound discrimination task, the toddler
change/no-change procedure, by investigating individual
differences in cognitive and linguistic development across
toddlers. The secondary purpose was to examine whether

Figure 4. Mean performance (+1 standard deviation) on training and
perceptually easy and hard test contrasts by children in the current
experiment (filled bars) and 2-year-olds from Holt and Lalonde (2012;
unfilled bars).
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modifications to the toddler change/no-change procedure
would allow testing of younger 2-year-olds.

Sources of Variance in Toddlers’
Speech-Sound Discrimination

Two cognitive and linguistic variables—receptive vo-
cabulary and working memory—emerged from regression
analyses, explaining 56.6% of the variance in discrimination
sensitivity. Receptive vocabulary accounted for 34.2% of
variance in speech discrimination sensitivity. As discussed
below, there are several possible interpretations of the rela-
tion between discrimination and receptive vocabulary:

(a) Language development might strengthen phonetic repre-
sentations and improve discrimination; (b) children with
better discrimination abilities might have an advantage for
word learning; or (c) children with larger vocabularies might
have understood the oral instructions about the discrimina-
tion procedure better than those with smaller vocabularies.

The first interpretation, that language development
might strengthen phonetic representations and improve dis-
crimination, is supported by the lexical restructuring model
(Metsala & Walley, 1998), which predicts that children with
larger vocabularies will demonstrate better speech discrim-
ination sensitivity, because vocabulary development prompts
restructuring of representations from initially holistic to more
detailed representations, as more detail is required to dis-
tinguish between items in our lexicon. Although it is clear that
language and speech processing develop in parallel, much of
the evidence for the link between the two has been indirect
(Walley, 1993). In addition, children’s receptive vocabulary is
related to measures of their phonological sensitivity and/or
phonological short-term memory (Baddeley, Gathercole, &
Papagno, 1998; Metsala, 1999; Nazzi & Bertoncini, 2003;
Storkel & Morrisette, 2002), including 30- to 36-month
old toddlers (Schwartz, Burnham, & Bowey, 2006; Smith,
McGregor, & Demille, 2006). The current investigation
extends this work by demonstrating a relationship between
receptive vocabulary and more basic speech perception skills.
Specifically, speech discrimination, which requires complex
neural encoding and analysis of the auditory stimulus without
necessarily invoking phonological awareness skills or the
lexicon, was shown to relate to receptive vocabulary.

The second interpretation of this relation is that chil-
dren who have better entry-level speech discrimination (those
who potentially have better phonetic representations) might
have an advantage for word learning. This is supported by
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Kuhl and colleagues’ research demonstrating that infants’
native speech-sound discrimination at 6 months of age is cor-
related with parent reports of word and phrase understanding
and word production at 13, 16, and 24 months of age (Tsao,
Liu, & Kuhl, 2004). Differences in general auditory capacity
and cognitive abilities could not explain the relationship
between speech discrimination and later language skills,
because discrimination of nonnative contrasts—a task with
the same auditory and cognitive load—was negatively cor-
related with later language development (Kuhl, Conboy,
Padden, Nelson, & Pruitt, 2005). The current investigation
extends these earlier findings and suggests that entry-level
speech discrimination, even at 2 years of age, continues to be
related to children’s language development. These findings
are consistent with the literature on clinical populations, such
as children with language and reading impairments, show-
ing that they do not discriminate speech sounds as well as
normal-hearing, typically developing controls (Bradlow et al.,
1999; Godfrey, Syrdal-Lasky, Millay, & Knox, 1981; Kraus
et al., 1996; Leonard, McGregor, & Allen, 1992; Manis et al.,
1997; Reed, 1989; Stark & Heinz, 1996a, 1996b; Sussman,
1993, 2001; Tallal & Piercey, 1974, 1975; Werker & Tees, 1987).

These interpretations are not mutually exclusive, and
it is likely that both are valid. Children with better discrim-
ination abilities may have had an advantage for word learning
and thus developed larger vocabularies. In turn, these larger
vocabularies may lead to stronger phonetic representations
and improved discrimination. Current models of develop-
mental speech perception typically include bidirectional
interactions (e.g., Kuhl et al., 2008; Werker & Curtin, 2005).
Werker and Curtin’s processing rich information from multi-
dimensional interactive representations model includes three
multidimensional spaces—a general perceptual space, a word
form space, and a phoneme space—that mutually influence
one another. Phase 3 of the expanded native language magnet
theory includes bidirectional effects, wherein phonetic learn-
ing improves detection of word patterns and learning pho-
netically similar words improves awareness of phonetic
distinctions (Kuhl et al., 2008).

Regardless of the direction of interpretation, these
results provide further evidence that the toddler change/
no-change procedure is sensitive to the strength of the child’s
phonetic representations, the development of which either
results from vocabulary development, aids in vocabulary
development, or both. This is consistent with studies that have
used the change/no-change procedure with older children
and adults. Holt and Carney (2005, 2007) and Holt (2011)
demonstrated that adults’ and older children’s discrimination
sensitivity, measured using the change/no-change procedure,
improves when the number of stimulus repetitions increases.
This was interpreted as a demonstration that repetition
strengthens the early perceptual representation of the speech
stimulus at the initial stage of speech-sound processing
(Holt, 2011; Holt & Carney, 2005, 2007). The current study
extends this finding to a younger age range and preliminarily
suggests that the procedure is also sensitive to individual
differences in the strength of phonetic representations. This
procedure may serve as a means to further investigate the

development of phonetic representations. Unfortunately, this
may also mean that the procedure is measuring more than
whether children have the auditory capacity to perceptually
discriminate speech contrasts that are important for the
development of phonetic representations and thus speech and
language (Eisenberg et al., 2007; Holt & Carney, 2007,
Sussman & Carney, 1989; Tyler, 1993). If the development of
speech discrimination, phonetic representations, and vocab-
ulary are as intricately linked as the current findings, the
literature, and models of developmental speech perception
suggest, it may not be possible to separate the auditory ca-
pacity for speech discrimination from the phonetic and lexical
knowledge that support the process.

The third interpretation of these results is that better
vocabulary could facilitate better task understanding or oral
instruction, leading to better discrimination performance.
However, this seems unlikely because some of the children
who were able to learn the task had poorer vocabularies than
those who could not learn to perform the discrimination task.

Executive function also accounted for a sizable portion
of the variance in speech discrimination sensitivity, after con-
trolling for receptive vocabulary. Further analysis revealed
that this variance could be attributed to a specific component
of executive function—working memory—that accounted for
an additional 22.4% of variance in speech discrimination sen-
sitivity. The results suggest that speech discrimination, at least
as tested by the procedure, relies in part on working memory.

The creators of the BRIEF-P describe the Working
Memory subscale as measuring both working memory and
sustained attention, processes they consider to be closely
linked and behaviorally indistinguishable (Gioia et al., 2001).
More specifically, the subscale measures the ability to “hold
information in mind for the purpose of completing a task
or making a response” (Gioia et al., 2001, p. 18), which is
important for following directions and carrying out multistep
activities. Children with high scores on the Working Memory
subscale are described as having short attention spans and
frequently forgetting things, including rules or direction, even
for very short durations, such as a few seconds, and even while
currently involved with a task (Gioia et al., 2001).

It is easy to see that these results might reflect demands
specific to the toddler change/no-change procedure. The speech
information must be held in memory during the interval be-
tween stimulus presentation and response, while it is associated
with the appropriate sequence of pictures on the response
mat, and a motor response is executed. Although the toddlers
were encouraged to respond immediately after the stimulus
was presented, they sometimes had to be prompted to re-
spond, creating a substantial delay between the stimulus and
response. Further, the child had to simultaneously remember
the rules of the task over the duration of testing. After an
incorrect response, the experimenter always directed the child’s
attention to the response picture and demonstrated that the
sounds presented matched the image. Thus, there were fre-
quent, systematic reminders of the rules of the task, which should
have lessened the effects of working memory requirements.

Yoshida and colleagues highlighted the contributions of
task demands (particularly memory demands) to 14-month-olds’
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performance on a word-learning task by administering
two slightly different testing protocols (Yoshida, Fennell,
Swingley, & Werker, 2009). As in previous studies (Fennel &
Werker, 2003; Stager & Werker, 1997; Werker, Fennell,
Corcoran, & Stager, 2002), 14-month-old children were
presented with two novel object-label mappings. The infants
demonstrated the ability to discriminate the minimally con-
trastive object labels (“bin” and “din”) in a preferential
looking paradigm, but not in the switch task commonly used
by Werker and colleagues (e.g., Fennel & Werker, 2003;
Stager & Werker, 1997; Werker et al., 2002). This was inter-
preted in terms of the amount of resource demands. Spe-
cifically, the switch task measures differences in looking time
between test trials where the object is paired with the mapped
label and test trials where the mismatched label is pre-
sented; this requires the infant to remember the object-label
combinations and compare them with the combination pre-
sented during the trial. The preferential looking procedure
likely involves a reduced memory load, as both objects are
presented simultaneously (Fennel & Werker, 2003). This
allows the infant to devote limited attentional resources to
attending to the fine phonetic detail necessary to discrim-
inate between the minimally contrastive labels and dem-
onstrate the ability to use that detail to process recently
learned words (Fennel & Werker, 2003; Stager & Werker,
1997; Werker et al., 2002; Yoshida et al., 2009). Just as
children in Werker and colleagues’ set of word-learning
experiments were required to link the label with the object,
toddlers’ ability to link the speech sounds with the appro-
priate response space likely plays a role in determining
whether a given toddler can meet the training criterion
and how well he or she will discriminate the stimuli. The
change/no-change procedure is more cognitively demanding
than the head-turn procedure used with younger infants,
in that it requires a similar linking of the speech sound with
the appropriate response. However, performance on less
demanding tasks, such as head-turn procedures, declines
beyond the age of 12 months (Eilers et al., 1977; Martinez,
Eisenberg, Boothroyd, & Visser-Dumont, 2008), making
these procedures inappropriate for the 2-year-old age range.
The observed relation between discrimination sensi-
tivity and working memory may reflect the role of working
memory in speech perception, generally. In fact, Baddeley
and colleagues have theorized that verbal working memory,
in the form of the phonological loop, mediates the develop-
ment of phonological representations, which in turn aid in
acquiring new words (Baddeley et al., 1998). In fact, the
relation between the capacity of the phonological loop and
receptive vocabulary development is well documented (e.g.,
Baddeley et al., 1998). Some researchers have suggested that
the phonological loop contributes to word learning, especially
for younger children (age 5-6 years) (Baddeley et al., 1998;
Gathercole & Baddeley, 1989; Gathercole, Hitch, Service,
& Martin, 1997). Alternatively and consistent with the
lexical restructuring model, others have suggested that the
detailed phonological representations associated with larger
vocabularies lead to better representation of the items in
the phonological store, resulting in greater storage capacity

(Fowler, 1991; Metsala, 1999; Metsala & Walley, 1998;
Walley, 1993). The phonological loop seems less important
for older children who have acquired enough language to use
their vocabulary knowledge to aid in learning new words
(Baddeley et al., 1998; Gathercole & Baddeley, 1989). Con-
sistent with this line of reasoning, there is evidence that the
phonological loop is especially relevant when the listener
cannot rely on language knowledge (such as vocabulary),
when, for example, the stimulus is a nonword (Gathercole &
Baddeley, 1989, 1990). This is clearly the case in the current
investigation, in which the stimuli are meaningless strings
of syllables. Although speech discrimination requires only
complex neural encoding and analysis of the auditory stimulus
without necessarily invoking phonological awareness skills

or the lexicon, the relationship between working memory and
discrimination sensitivity might suggest that the 2-year-old
children tested were encoding the stimulus as a sequence of
syllables. They seemed to be attempting to use their developing
phonological knowledge to perform the task.

It is curious that the behavioral working memory
measure, the spin-the-pots task (Hughes & Ensor, 2005),
did not also emerge from the regression. Performance on the
spin-the-pots task also was not significantly correlated with
the Working Memory subscale of the BRIEF-P (r = —.335,
p = .149). These results may question the validity of the
spin-the-pots task as a measure of working memory. It may be
the case that the two measures are assessing different aspects
of working memory, that the spin-the-pots task is a pure
visuospatial working memory measure whereas the BRIEF-P
is also assessing verbal working memory. Finally, the
BRIEF-P is based on parental report, whereas spin-the-pots
is a performance measure.

Evaluating Speech-Sound Discrimination in Toddlers
24 to 30 Months of Age

Three developmentally based modifications to the
toddler change/no-change procedure were incorporated into
the current experiment in an attempt to assess younger 2-year-
olds: an orientation cue, immediate and selective reinforce-
ment, and fewer trials per condition. Children in the current
experiment did not perform significantly better than those
in the previous experiment, and results were not more reliable
from test to retest, suggesting that these modifications were
not successful in making the task more appropriate for young
toddlers. Of the 20 participants who completed the speech
discrimination procedure, only two did not demonstrate task
understanding during the experiment (27.42 and 31.20 months).
However, three others were unable to learn the task and two
chose to end testing.

Other testing procedures have proven successful with
young children. However, some of these tests have upper
limits to the age at which the test can be used, because older
infants (age 22-26 months) habituate to a visual reinforcer
faster than do younger infants (11-13 months), despite similar
conditioning rates (Primus & Thompson, 1985). The VRISD
procedure (Eilers et al., 1977) and the Visual Reinforcement
Assessment of the Perception of Speech Pattern Contrasts
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(Eisenberg, Martinez, & Boothroyd, 2004), a test based on
the VRISD procedure, are two examples wherein performance
is best for children under 12 months of age and declines for
older infants (Martinez et al., 2008). Other tests have been
successful with children 3 years of age and older, including
the Speech Feature Test (SFT; Dawson et al., 1998); the Play
Assessment of Speech Pattern Contrasts (Eisenberg et al.,
2007), which is based on the SFT; the Imitative Test of
Speech Pattern Contrasts (Boothroyd, 1985) as well as its
online version (Eisenberg, Martinez, & Boothroyd, 2003);
and the change/no-change procedure (Holt & Carney, 2007,
Sussman & Carney, 1989). However, these tests and proce-
dures are limited in their applicability to the 2-year-old range
(Holt & Lalonde, 2012). Although progress has been made,
no test or procedure has been designed that completely and
consistently covers the entire 2-year-old age range. As in
our previous investigation (Holt & Lalonde, 2012), some of
the younger 2-year-old children (generally those less than
30 months of age) could not learn the task, did not complete
the entire procedure, or performed poorly in the current
investigation. This suggests that the procedure’s application
is limited with children below 2.5 years of age but does fill
a gap by providing an appropriate test for the 2.5- to 3-year-old
range. However, given that the sample of children used in the
current study was not representative of the typical population,
in that no children with low to average vocabularies and
intelligence were recruited, it remains to be demonstrated
that the procedure can be used with the average (or below
average) 2.5- to 3-year-old who is more commonly seen in a
clinical setting. It is also unclear whether the same variables
would be most strongly related to speech discrimination if
a more varied and representative sample were recruited.

It should be noted that although this sample was gifted
in certain cognitive and linguistic domains, it is very likely
that other studies conducted in a university setting rely on
similar nonrepresentative samples. These participants are
typical of the children recruited for research purposes at this
university campus (e.g., recruited from our large child data-
base of families who are willing to participate in research).
It is likely that the families that voluntarily enroll their chil-
dren in our research are less reflective of the general popu-
lation than researchers desire. Consequently, the procedure’s
lower age limits for use with the general population might
be higher than our research indicates, a fact we would not
have discovered if we had not measured cognitive and lin-
guistic function. These results support the notion proposed by
others (e.g., Champion, Hyter, McCabe, & Bland-Stewart,
2003; Kresheck & Nicolosi, 1973; Washington, 1996;
Washington & Craig, 1992) that pediatric scientists in uni-
versity settings must be mindful of potentially exaggerated
differences between the typical and disordered sample re-
sulting from self-selected sampling.

Limitations and Future Directions

We identified two cognitive and linguistic sources of
variance in toddler speech discrimination sensitivity that
accounted for just over half of the variability in performance.

Obviously, there was remaining variance that was not cap-
tured by the cognitive and linguistic measures included in
the study. It may be the case that vocabulary and working
memory become less important when other variables are
included. However, these preliminary results of our theoret-
ically driven investigation suggest that the outcomes of speech
discrimination tasks represent the complex interaction of
many speech perception processes, including working mem-
ory and phonological processing. The findings also serve as

a caution for clinicians and researchers about the complexity
of what is asked of a child in a speech perception task (and
perhaps in speech perception in daily life) and about the need
to consider the development of specific cognitive and lin-
guistic constructs when assessing speech perception in young
children. This issue may be particularly relevant for clinical
populations with poorer receptive vocabularies and/or exec-
utive function, such as those with hearing impairment, lan-
guage impairment, or attention deficit disorders.

It is clear that task requirements have an effect on the
degree to which 2-year-old children succeed on the toddler
change/no-change procedure. However, it is unclear whether
the cognitive and linguistic variables investigated in this
study are related to the processes necessary to discriminate
speech or the processes necessary to perform the task. This
could be investigated by performing the same experiment
using other discrimination tasks and/or nonspeech stimuli.
In addition, this study was designed to investigate only
between-subject variance. Certainly there are nonsensory
factors affecting within-subject variation in performance,
which should be considered when making choices about pro-
cedures and interpreting results in both clinical and research
settings. It will be important for future studies to assess whether
the same variables affect within-subject, trial-to-trial vari-
ability in performance.

Because of the limited scope of the current study, it was
not possible to test every cognitive and linguistic construct
that might influence performance. Each of the toddlers in
the experiment was tested during approximately four 1-hr
sessions. The need to limit test time precluded the inclusion of
more measures. Given the known relation between receptive
vocabulary and phonemic awareness and the potential role
of general phonological knowledge in performing the change/
no-change procedure or reducing task-related demands
(Yoshida et al., 2009), future research should include mea-
sures of phonemic awareness as a potential mediating process.
In addition, different types of measures were used to assess
each of the constructs (behavioral and parent report), and at
least one of our measures proved inappropriate for the ex-
periment (attention), despite the use of standardized measures
with normative data. Given that the two variables that
emerged from the regression analysis were tested behaviorally
(receptive vocabulary) and by parent report (executive func-
tion), this may not have been an issue for the current study.
Finally, it is impossible to determine causation by using
correlations and regression analyses. However, as a first
attempt to account for individual differences in 2-year-olds’
speech-sound discrimination, these results represent a prom-
ising area for further investigations.
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Results of Principal Component Analysis, Showing Loading of Predictor Variables on Principal Components

Principle Principle Principle Principle

Variable Component 1 Component 2 Component 3 Component 4
Linguistic

Receptive vocabulary (ROWPVT-4) 0.734 0.405 0.360 —-0.005

Expressive vocabulary (MCDI) -0.136 -0.086 0.783 0.237
Cognitive

General executive composite (BRIEF-P) 0.151 0.836 -0.072 0.301

Associated pairs (Leiter-R) 0.423 0.327 -0.508 -0.222

Forward memory (Leiter—R) 0.403 0.578 0.299 —0.204

Fundamental visualization (Leiter—R) 0.580 -0.242 0.181 0.644

Fluid reasoning (Leiter—R) 0.539 -0.328 0.413 -0.544

Nonverbal intelligence (Leiter-R) 0.880 -0.282 -0.192 0.045

Spin-the-pots 0.294 —-0.208 -0.378 0.268
Other

Chronological age 0.909 -0.199 -0.110 -0.035

Note. ROWPVT-4 = Receptive One-Word Picture Vocabulary Test—Fourth Edition; MCDI = MacArthur-Bates
Communicative Development Inventory; BRIEF—P = Behavioral Rating Inventory of Executive Function—Preschool
Version; Leiter—R = Leiter International Performance Scales—Revised.

Appendix B

First-Order Pearson Correlations Among Predictor Variables

Cognitive

Linguistic
Receptive Expressive Fluid

Fundamental Nonverbal associates term

Paired- Short-

Working Executive

Variable vocabulary vocabulary reasoning visualization intelligence learning memory memory function
Chronological age 542 —.256 A449* 540" .834* 315 274 .261 -.075
Executive function 491 -.079 -213 .069 222 .408 .350 -.032

Working memory .101 —-.160 -110 .199 —-.006 134 .042

Short-term memory 574 .072 .183 —-.060 .042 .154

Paired-associates learning 147 —.268 —-.026 .095 216

Nonverbal intelligence 416 —-.042 .489* 851

Fundamental visualization .266 .042 .249

Fluid reasoning 401 .146

Expressive vocabulary .079

Note. Receptive vocabulary was measured using the ROWPVT-4. Expressive vocabulary was measured using the MCDI. Working memory
refers to the spin-the-pots task. Short-term memory refers to the forward memory task. Fundamental visualization measures visual abilities at a
basic level. Fluid reasoning refers to the ability to solve novel problems.

*p < .05. *p < .01. *p < .001.
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