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Abstract

Objective—Valid and reliable methods for assessing speech perception in toddlers are lacking in
the field, leading to conspicuous gaps in understanding how speech perception develops and
limited clinical tools for assessing sensory aid benefit in toddlers. The objective of this
investigation was to evaluate speech-sound discrimination in toddlers using modifications to the
Change/No-Change procedurel.

Methods—Normal-hearing 2- and 3-year-olds’ discrimination of acoustically dissimilar (“easy”)
and similar (“hard”) speech-sound contrasts were evaluated in a combined repeated measures and
factorial design. Performance was measured in d’. Effects of contrast difficulty and age were
examined, as was test-retest reliability, using repeated measures ANOVAs, planned post-hoc tests,
and correlation analyses.

Results—The easy contrast (M=2.53) was discriminated better than the hard contrast (M=1.72)
across all ages (p < .0001). The oldest group of children (M=3.13) discriminated the contrasts
better than youngest (M=1.04; p <.0001) and the mid-age children (M=2.20; p=.037), who in
turn discriminated the contrasts better than the youngest children (o =.010). Test-retest reliability
was excellent (r=.886, p<.0001). Almost 90% of the children met the teaching criterion. The
vast majority demonstrated the ability to be tested with the modified procedure and discriminated
the contrasts. The few who did not were 2.5 years of age and younger.

Conclusions—The modifications implemented resulted, at least preliminarily, in a procedure
that is reliable and sensitive to contrast difficulty and age in this young group of children,
suggesting that these modifications are appropriate for this age group. With further development,
the procedure holds promise for use in clinical populations who are believed to have core deficits
in rapid phonological encoding, such as children with hearing loss or specific language
impairment, children who are struggling to read, and second-language learners.
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Introduction

Accurate perception of speech requires some mastery of different levels of perception, often
times simultaneously. A listener must detect the utterance, discriminate its component
sounds from others, recognize the word or phrase, and ultimately map the perception to
meaning in order to comprehend the message. Disruptions to the formation of phonological
representations, such as those caused by hearing loss, auditory processing deficits or other
disabilities, can negatively influence any task that requires the ability to form accurate
representations of auditory signals. Disturbances at any level of perceptual processing can
lead to delays in language, social, and educational development2—4. Despite the potentially
devastating consequences of poor processing of speech, little is known about how speech
perception develops during toddlerhood and childhood, even in typically developing
populations®. One reason for this gap in understanding is that, with the exception of some
preliminary research by Dawson et al.%, valid and reliable methods for assessing speech
discrimination in this age range are lacking’-°. Consequently, many investigators routinely
omit 2-year-olds from research, instead including infants up to about 12-months-old and
then jumping to 3- and/or 5-year-olds&-9- 10-11 despite this critical age of rapid language
development®12-13 The purpose of this investigation is to evaluate speech-sound
discrimination of 2- and 3-year-old children, who often are neglected in the literature, using
novel, developmentally appropriate modifications to a procedure that has been used to
evaluate speech-sound discrimination in older children — the Change/No-Change
procedurel.

Toddlers tend to be difficult to test for several reasons: their attention spans are shorter than
their older peers; their language is not as fully developed as their older peers; they are not
fully intelligible until age 4 years4-1°; and they are more mobile than infants. These
developmental factors limit what stimuli, procedures, and response tasks can be used.
Eisenberg, Boothroyd and Martinez have begun to develop new methods for testing this
population. Their test battery is based on early work by Boothroyd on the Speech Pattern
Contrast (SPAC) Test16, with modifications to accommodate children at different stages of
development. At present, the two published tests developed by this group of researchers that
have been used with toddlers are the Visual Reinforcement Assessment of the Perception of
Speech Pattern Contrasts (VRASPAC)1’ and the Imitative Test of Speech Pattern Contrast
(IMSPAC)18-19,

The first prototype of the VRASPAC combines three procedures that have been used to test
young children: the visually reinforced, repeating auditory background discrimination
paradigm used with infants2%, the Change/No-Change procedurel which itself is based on
Eilers et al.’s approach, and the SPAC. The VRASPAC has been used with normal-hearing
infants and toddlers between the ages of 7 and 34 months and those with hearing loss
between the ages of 9 and 38 months® 19, Listeners are conditioned to turn their heads to a
lighted, animated toy when they detect a change in a honsense syllable stimulus array. The
syllable contrast increases in difficulty, beginning with vowel height and moving to vowel
place, consonant voicing, consonant manner/continuance, and, finally to consonant place.
Martinez et al.? reported that regardless of hearing status, all of the infants (9 with normal
hearing and 11 with hearing loss) that were tested on the VRASPAC were able to reliably
discriminate the vowel height contrast, but those with hearing losses greater than 60 dB HL
had difficulty discriminating vowel place, which relies on perceiving second formant
transitions. In contrast, performance for the consonant contrasts was extremely variable,
even for the infants and toddlers with normal hearing. Further, performance was best for the
infants under 12 months of age, but declined for children older than 12 months. Finally, the
VRASPAC was sensitive to changes in discrimination performance after cochlear
implantation in a single 16-month-old. These mixed results suggest that in its current form
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the VRASPAC is most useful in infants younger than 12 months of age, a conclusion that is
consistent in some respects with the early work on the traditional clinical threshold-seeking
visual reinforcement audiometry (VRA) procedure used with infants. Primus and
Thompson?! reported that 11- to 13-month-olds and 22- to 26-month-olds could be
conditioned at the same rate, but that the reinforcer maintained the operant in the 11- to 13-
month-old infants for significantly more test trials than it did for the 22- to 26-month-olds.
In other words, the habituation rate increased with increasing age. Although using novel
visual reinforcers slowed the rate of habituation, the 22- to 26-month-old infants still had
lower rates of responding than the younger infants.

The IMSPAC assesses young children’s ability to convey discrimination of phonologically
contrastive information through imitations of syllables. In the original version of the test, the
imitations were recorded and played back to adult subjects. In an effort to make test
administration more efficient, a modified version, the On-line IMSPAC (OlimSPAC), was
developed?2. Eisenberg et al. presented nonsense syllables in the auditory-only and
audiovisual modalities to 30 children (10 with normal hearing, 10 with hearing aids, and 10
with cochlear implants) ranging in age from 2.75 to 7.9 years. During testing, each syllable
was presented individually eight times and the child was instructed to imitate what she/he
perceived. Responses were scored for feature correct (vowel height, vowel place, consonant
voicing, consonant manner/continuance, and consonant place). The results suggest that the
ability to imitate speech sounds did not vary significantly over the age range tested in the
investigation. Further, normal-hearing children achieved approximately 90% correct,
indicating that they were unable to complete the test with perfect accuracy. Finally, the test
was sensitive to different degrees of hearing loss and to the inherent difficulty of the vowel
or consonant feature contrast.

A potential limitation of the IMSPAC/OIlimSPAC is that one has to make the assumption
that incorrect imitation reflects an error in perception. Only 50% of the speech of average
normal-hearing 2-year-olds is intelligible!-15 and children with hearing loss have even
poorer articulation. Even normal-hearing children are not fully intelligible until 4 years of
agel*15, In a recent report, Boothroyd, Eisenberg, and Martinez23 evaluated developmental
effects on OlimSPAC performance in 34 children with normal hearing. Four of the youngest
children (ages 1;10 to 2;10 [month;year]) were unable or unwilling to do the task, leaving 30
children (ages 2;7 to 6;7) who completed the protocol. Six different individual vowel-
consonant-vowel syllable contrasts were presented eight times. Children imitated each
syllable and the tester, who was blind to the presented stimulus, selected which of eight
alternatives the child uttered. Note that responses on the OlimSPAC are scored for contrast
feature correct and not phoneme correct. Therefore, if a child imitated the feature correctly
(e.g., consonant voicing), but the phoneme itself was not imitated correctly, the response
was scored as correct. Across all contrasts, percent correct (corrected for chance) increased
up to 4 years of age, at which scores approached ceiling. Further, younger children’s
performance was influence more by the type of feature contrast than were older children,
suggesting that phonological development contributes to task performance. Finally, all 26
children who were 3 years of age or older performed above chance on at least five of the six
contrasts. The results suggest that normal-hearing children who are 3 years of age or older
are likely to be able to complete the OlimSPAC, but that phonological development plays a
significant role in performance of young children on the test. Further work is needed to
evaluate developmental effects in children with hearing loss, who typically struggle with
intelligibility more than their normal-hearing peers23.

An approach that has been used often with infants, but is a bit more novel in toddlers and
young children, is to use eye tracking to evaluate what children look at in a speech
perception task. Newton et al.2* recently investigated the utility of measuring direction and
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duration of eye gaze in a minimal pairs “discrimination” paradigm, termed Speech by Eye
(SP-EYE). Children with normal hearing ages 2 through 7 years were presented with 30 sets
of pictures of monosyllabic items that differed in consonant voicing, consonant place of
articulation, consonant manner, vowel, or by consonant voicing, place and manner all at
once. During each trial the child heard the name of the target picture presented auditory-only
and then eye movement was recorded for a 2-second interval. The primary measure of
accuracy, how often the child’s first gaze shift was to the target picture, resulted in no
significant effects: children did not look to the target first significantly more often than the
distractor. In fact, overall, children looked to the distractor first more often than to the target
(although the difference was not significant). The authors argue that this was because the
children were not given the instruction to look at the item that was named. They did,
however, report that children looked significantly longer at the target than the distractor
picture. Furthermore, no age effects or contrast difficulty effects were found. Finally,
although the authors describe the task as one of discrimination, it really is a recognition and
comprehension task because it requires the child to accurately perceive the presented item,
map it to an item in their lexicon and identify it as one of the pictured items on the screen by
looking to that item.

The results from the IMSPAC and the VRASPAC suggest that whereas they are effective
measures of speech perception for some children, other children, particularly those who are
2 and 3 years of age, might benefit from further test modifications or a slightly different
approach. The results from the SP-EYE suggest that it does not assess speech discrimination
in its current form, and that more work is needed before it could be a sensitive measure of
speech recognition. The overall objective of the current study is to evaluate speech-sound
discrimination in 2- and 3-year-olds, the population of children for whom speech-sound
discrimination measures are lacking, using a modified version of the Change/No-Change
procedurel.

Recently Holt and Carney?2® successfully used the Change/No-Change procedure to evaluate
speech discrimination in children as young as 4 years of age. The procedure—originally
implemented by Sussman and Carneyl—was adapted from the visually reinforced, repeating
auditory background discrimination paradigm used with infants20. During a trial, listeners
are presented with an auditory string of nonsense syllables that either change (e.g., “rarala
la”) or remain identical (e.g., “rararara”). The first stimuli presented are standards (“ra ra”)
and the second are comparisons (either “la Ia” or “ra ra”). The listener indicates whether the
standard and comparison are the same or different by using a developmentally appropriate
motor response task (e.g., pressing a button or registering a response on a touch screen
monitor). The methodology is particularly useful for young children with the most limited
language and auditory skills because it does not require a linguistic response. This is a
particularly important problem as the average age at cochlear implantation and hearing aid
fitting continues to decrease, because these children will have limited language skills, due to
their chronological age and/or their limited auditory experience. Another advantage of the
procedure is that it can be used to assess not only discrimination ability, but also the strength
of the perceptual representation?>~26, which is important for certain models of speech
perception (e.g., Trace?’, PARSYN?8, and Shortlist2%). The procedure requires the listener
to act upon a neural representation of the encoding of speech input, and thus provides a
window into children’s early sensory encoding of speech. Measurement of early sensory
encoding is important for children with hearing loss or other populations with
underspecified phonological representations, such as children with specific language
impairment39-31, children experiencing reading deficits32-33 and second-language
learners34-35, | children cannot do this task, they will be unable to perform higher-level
tasks, such classification and categorization. Furthermore, the procedure is not influenced by
speech-motor ability, it uses a developmentally appropriate response, it provides multiple
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types of reinforcement to keep the child motivated and attentive, it is flexible — clinicians or
researchers can employ any desired contrast, and it uses a fun, engaging interface. The
procedure’s validity and reliability have been demonstrated in normal-hearing and hearing-
impaired adults and childrenl: 6. 25-26.36-40 ajthough its success was limited in children
younger than 4 years of age®. Therefore, the form of the Change/No-Change procedure that
has been used with young children is limited in its applicability to toddlers.

In this investigation we implemented modifications to the Change/No-Change procedure,
such as employing a developmentally appropriate gross motor response and using various
forms of reinforcement, to allow assessment of toddlers’ speech-sound discrimination. We
hypothesize that toddlers’ relative sensitivity to perceptually “easy” (acoustically distinct)
and perceptually “hard” (acoustically similar) speech-sound contrasts will emerge by
implementing these novel modifications to the procedure. Further, we expect that older
toddlers will demonstrate better sensitivity to the speech-sound contrasts than the younger
toddlers. Finally, we hypothesize that toddlers’ performance will be reliable in that scores at
test will be related to those obtained at retest.

Participants

Stimuli

Out of a total of 43 English-speaking children, 30 met the criteria to participate in the study.
The 30 children who met the study criteria were between the ages of 2;2 and 3;11 and were
stratified into three groups based on chronological age. More 2-year-olds than 3-year-olds
were recruited because it was anticipated that developmental effects would be more
influential in the younger toddlers relative to the older toddlers. The youngest group of
toddlers (“Young,” n = 10) were comprised of younger 2-year-olds with an average age of
2;4. The second group of toddlers (“Mid-Age,” n = 10) consisted of older 2-year-olds with
an average age of 2;9. Finally, the oldest group (“Old,” n = 10) was comprised of primarily
3-year-olds with an average age of 3;4. Participant demographics are displayed in Table 1.

Participants passed a binaural hearing screening using conditioned play audiometry at 20 dB
HL for audiometric frequencies between and including 500 and 8000 Hz, and 25 dB HL at
250 Hz (re: American National Standards Institute, 2004) or a 4-frequency distortion-
product otoacoustic emission (DPOAE) screening. The DPOAE screening was used with the
2-year-olds, because conditioned play audiometry is most appropriate for children 3 years
and older (e.g., Madell, 2008), and also with some of the young 3-year-olds, because it
reduced the total testing time. In addition, all participants passed a speech-language
screening. The Early Language Milestone Scale — 241 was used to screen speech and
language development in the 2-year-olds using the pass/fail scoring method and the
Preschool Language Scales — 4 Screening®2 was used with the 3-year-olds. The 13 children
who failed to meet the study criteria did so for the following reasons: failed the hearing
screening (n=4), failed the speech-language screening (n=2), were unable to learn the
procedure (n=4), or the parents opted not to return for further testing due to family problems
or because the child cried or was uncooperative (n=3). Note that the investigators never used
lack of cooperation as a reason for not inviting families back for return visits; these
decisions were made independently by the families.

Three sets of natural, digitally recorded nonsense syllable contrasts were used in the
investigation. Nonsense syllables were selected to reduce the effects of word knowledge on
the task, because we anticipate using this procedure with toddlers with limited speech and
language abilities in the future, such as children with hearing loss. A training contrast
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consisting of a long /u/ vs. a short /ga/, was used to evaluate whether the children understood
the task and to ensure continued task understanding and attention after each test and retest
condition. Two test contrasts, a perceptually easy one (/ba/ vs. /bu/) and a perceptually hard
one (/sa/ vs. /Ja/), also were used. The vowels in /ba/ and /bu/ differ in height, and thus the
first formant, as well as in lip rounding, whereas the fricatives in /sa/ and /[a/ differ in place
of articulation. The easy contrast was selected to be maximally contrastive and thus, should
be easier to discriminate than the hard contrast. Vowel height tends to be a relatively easy
contrast for most listeners, even young children with hearing loss, to discriminate® and
consonant place errors are common in consonant-vowel discrimination tasks, even in
listeners with normal hearing®3. The fricative pair has been used in previous research on the
Change/No-Change procedure25-26 and has been used extensively by Nittrouer and
colleagues*4-48 in their investigations on the developmental weighting shift theory of speech
perception.

Stimulus Recording—Twenty highly intelligible, natural productions of each syllable
were used as stimuli in the discrimination procedure. The use of multiple tokens almost
eliminates the chance that listeners will use unanticipated subphonemic cues from any given
token. The utterances of three native-English females with standard General American
dialects were recorded in a double-walled sound booth with a Senheiser head-mounted
condenser microphone and a Marantz digital recorder using 16-bit, 44.1 kHz sampling rate.
To ensure that the tokens were highly intelligible, each speaker produced at least 70 tokens
of each syllable. To avoid vocal fatigue on a particular token, the speakers produced
approximately 10 tokens of each syllable and then repeated the sequence six times. The
speakers were told to produce all of the tokens in the same manner and approximate duration
using a pleasant-sounding voice. In addition, they were given a photo of a 2-year-old child
reading a book and were told to utter each syllable as though they were identifying an item
in the book to the child. This instruction was meant to help ensure that the stimuli were
uttered in a child-directed fashion. All of the tokens were edited into individual .wav files
and the total rms was normalized to have equal intensity in Audition v. 2.0%°. For each
speaker, the mean duration of the tokens was calculated. For each syllable, only tokens that
were within 50 ms of the mean duration and that were void of any extraneous audible
sounds (e.g., lip closure) were included in the stimulus selection experiments. Table Al in
Appendix A displays the descriptive data for the subset of tokens that were within 50 ms of
the mean of each speaker’s syllables.

Two stimulus selection experiments were then carried out on this subset of tokens. The
purpose of the first stimulus selection experiment was to identify the speaker whose
utterances were most intelligible. The purpose of the second stimulus selection experiment
was to select 20 tokens of each syllable that best exemplified the intended target from the
speaker selected in the first stimulus selection experiment. A description of the two
preliminary experiments and their respective results are included in Appendix A.

Discrimination Experiment Stimuli—The stimuli presented to the children consisted of
two standard, followed by two comparison syllables, using an inter-stimulus interval of 100
ms. All four syllables in each trial were randomly drawn from the twenty most highly
intelligible tokens from Speaker 1 (as identified during the stimulus selection experiments).
During no-change trials, the standard and comparison were the same syllable but not the
same tokens. In other words, no-change trials consisted of four randomly chosen tokens of
the same syllable. During change trials, the standard and comparison stimuli were different.
Therefore, change trials consisted of 2 randomly chosen tokens of the standard syllable
followed by 2 randomly chosen tokens of the comparison. Eighteen different change and 18
no-change trials were created for each syllable contrast. The standard used for each contrast
was randomized across participants.
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E-Prime2 software>9 on an Intel desktop computer was used to present stimuli and record
responses. The auditory signal was routed through a GSI-61 audiometer to two GSI speakers
located at +/— 45 degrees azimuth relative to the listener in a double-walled sound booth.
Speech was presented at an overall level of 65 dB A at the location of the listener’s head.
Similar sound field presentation methods have been used with other age groups in previous
implementations of the Change/No-Change procedure?>26, Sound field presentation was
necessary, because children were unlikely to remain attentive while wearing earphones for
the entire duration of a one-hour session and headphones with cords would impede the gross
motor response described in the Procedures section. Stimuli were presented at signal levels
well above threshold; therefore, small variations in sound pressure level due to variations in
head placement are not likely to influence results. Calibration was checked each day of
testing.

We presented the user interface, the centering/listening cue, complex, visual feedback, as
well as a visual method for keeping track of the number of trials on a 19” Elo Touchsystems
touch-screen monitor (see Figure 1 for a diagram of the test set-up). The experimenter
recorded the child’s responses using the touch-screen monitor. The child stood or sat on a 4’
x 5’ SoftTile interlocking foam mat on the floor of the sound booth. The mat was wood
grain patterned, except for two red pieces with circle-shaped cut-outs and a purple piece
with a star-shaped cut out. The star, referred to as the “listening star,” was set in the middle
of the back half of the mat. The two red circles, one to the front/left and the other to the
front/right of the star, displayed pictures corresponding to the no-change and change
responses respectively. The pictures were clip-art images from Microsoft Office ironed on to
white fabric using Printworks white t-shirt transfers. During the teaching and training
phases, the no-change picture consisted of four identical images in a row (e.g. four cows)
and the change picture consisted of two sets of two different images (e.g. two cows and two
frogs). For test and retest conditions, children chose response pictures from two or three
alternatives (e.g., bananas and flowers, dogs and cupcakes, or apples and crayons). The
toddlers were taught the procedure using live-voice presentations of “moooo” and “ribbit.”
Therefore, the pictures were semantically related to the stimuli (“mo000” — cow picture;
“ribbit” — frog picture) during the teaching phase. However, the pictures were not
semantically related to the stimuli during the training, test and retest conditions to strip the
task of as much required language knowledge as possible.

Although the Change/No-Change procedure has been used successfully with 4- and 5-year-
old children25-26 and with some limited success in 3-year-olds®, many procedural
adjustments were required for it to have a chance of successfully evaluating speech-sound
discrimination in toddlers. The following modifications were implemented in the current
investigation to the Change/No-Change procedure as used by Holt and Carney2®, based on
toddlers’ developmental constraints (see Table 2 for a summary). First, the number of trials
and conditions were reduced to accommodate toddlers’ shorter attention spans®-55: 36 trials
in each of 4 conditions (versus 50 trials in each of 12 conditions in the previous version of
the procedure). Second, two additional forms of reinforcement for correct answers that have
been used successfully in testing auditory detection thresholds in toddlers were employed—
animated, visual reinforcers2! and tangible reinforcers®® (e.g., mini M&M’s and Cheerios).
Third, a large gross motor response of jumping to, stepping to, or placing a beanbag on one
of two response mats on the floor was used to capitalize on toddlers’ desire to exploit their
newfound mobility”. Fourth, the stimuli were presented in quiet to accommodate toddlers’
less mature auditory systems and listening strategies®3: %8-62_ Fifth, a teaching session was
employed to learn the response task. Sixth, post-test training-contrast trials were
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administered to preliminarily evaluate task understanding at the end of each condition. And
finally, digitized, natural speech tokens were used because they provide a richer signal than
synthetic stimuli and richer speech signals are less cognitively demanding®2.

Participants were run in a combined repeated measures and factorial design. All participants
completed live-voice teaching trials, followed by recorded training trials. Then each
completed the recorded easy and hard contrasts (order of contrast difficulty was
randomized). Participants either were tested on the easy or hard contrasts randomly at retest
to reduce testing time (Table 3 displays the order of the conditions, along with their
contents). Each condition consisted of 36 trials (half were change trials), which was selected
based on a power analysis to determine the number of trials required to be sensitive to
differences in discrimination abilities. Most children required two or three 1-hour visits to
complete the protocol. Four children (one Young and three Mid-Age toddlers) required four
1-hour visits to complete the protocol.

Teaching Phase—Before testing began, the experimenter taught the child to respond to
live-voice, familiar animal sounds that are maximally contrastive auditorally (“moo000” v.
“ribbit™), and pictures that semantically mapped to the animal sounds (cows and frogs,
respectively). Marzolf and Del.oache®4 have shown that initial testing using iconic symbols
leads to better performance on symbolically harder tasks that follow. Performance in all
testing conditions should therefore benefit from the teaching session. The child stood on the
listening star on the response mat, facing the response spaces and the touch screen monitor,
while the tester sat off to the side (see Figure 1). The tester instructed the child to jump to,
step to, or place a beanbag on the set of pictures of all cows if she/he heard, “moooo,
mo000, moooo, moooo” and to direct her/his action to the set of pictures of two cows and
two frogs if she/he heard, “moooo, moooo, ribbit, ribbit.” Successive approximations of the
motor response were reinforced until the child completed five trials in a row correctly
(consistent with Trehub et al.’s criterion1). All but four of the toddlers successfully met the
teaching performance criterion. These four participants were some of the youngest recruited
-2;0, 2;0, 2;2, and 2;6 — and did not complete any further testing (and thus were not
included in the 30 who completed the protocol).

Training Phase—Following the teaching session, participants completed the training
contrast — recorded long /u/ vs. short /ga/. The cow and frog pictures continued to be used
during the training phase. During training (as well as the test and retest conditions), a picture
of a woman with her hand cupped around her ear appeared on the monitor, cueing the child
to listen. The experimenter began the trial when the child was in a ready state (quietly
standing or sitting on the listening star). The child responded with a gross motor task and the
experimenter recorded the child’s responses on the touchscreen monitor. If a child chose
both pictures, the experimenter reminded the child to choose the one picture that
corresponded to the stimulus. Correct responses were reinforced with a 3-second animated
video (complex, visual reinforcer), which varied from trial to trial. Both correct and
incorrect responses were followed by verbal encouragement/praise and a puzzle piece filling
in on the screen. Each puzzle consisted of 12 pieces, such that three puzzles were completed
in the training phase (as well as the test and retest conditions). Typically after each puzzle
was completed, the child received a small snack (tangible reinforcer), although verbal
encouragement and breaks were adapted to each individual child.

Test and Retest Conditions—Following the training phase, participants completed the
test contrasts — a perceptually easy contrast (/ba/ vs. /bu/) and a perceptually hard contrast (/
sa/ vs. /Jal). The order of easy or hard test contrast was randomized. Participants were
randomly retested on either the easy or the hard contrast to reduce testing time. After each
test and retest condition, the child was presented with four of the training contrasts (two
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change and two no-change trials). The four post-test training-contrast trials were included to
attempt to evaluate whether poor performance in the test/retest conditions was primarily due
to not being able to complete the procedure or to not discriminating the test/retest contrasts
well. The procedure for presenting the stimuli, responding on each trial, as well as use of
reinforcements that was described for the training phase was the same as that used the test
and retest conditions with two exceptions. First, the response pictures were selected by each
participant from several sets of options. Second, an additional 4-piece puzzle followed test
and retest conditions, corresponding to the post-test training-contrast trials.

Performance was measured in d’. P(C) will also be reported for the reader to get a better
sense for proportion correct in each condition. Both individual and group data were
evaluated across the training and test/retest contrasts. In addition to examining performance
across the conditions, we also evaluated performance on the first half of the trials within
each condition relative to the second half of the trials. This analysis was carried out to
broadly examine effects of learning and fatigue. Performance for the first half was measured
by calculating d” of the first 9 change trials and the first 9 no-change trials and performance
during the second half was measured by calculating d’ of all remaining trials. Using this
method, first- and second-half trials sometimes overlapped temporally due to the random
presentation of stimuli. Post-test trials were not included in this calculation. A three-way
ANOVA (main effects: first/second half of trials, age group [Young/Mid-Age/Old], and
contrast [training/easy test/hard test]) were used to evaluate performance between the first
and second halves of testing across age groups and speech-sound contrasts. Overall,
performance did not differ between the two halves (p = 0.780) and no interactions were
significant. This suggests that there were no group differences in relative performance
during the first and second half of testing for a particular contrast in any the age groups or
for any contrast. Therefore, the split-half data only will be used for looking at trends in
performance of those children who had low discrimination scores on individual contrasts.

Perceptual Difficulty and Age Effects

Overall Results—Figure 2 displays the average d’ scores on the easy and hard test
contrasts as a function of age group. A 2-way repeated measures ANOVA (within subject
factor: test contrast [easy/hard]; between subject factor: age [Young/Mid-Age/Old]) was
carried out on the test data. The results of the ANOVA are displayed in Table 4. The
toddlers showed better discrimination of the easy contrast than the hard contrast, F(1,27) =
20.192, p<.0001. In order to visualize individual performance differences on the
perceptually easy and hard test contrasts, Figure 3 displays a scatterplot of individual
participants’ performance. Five of the children displayed the unexpected performance trend
of better discrimination sensitivity of the perceptually hard contrast than the easy contrast
and three children had the same discrimination sensitivity for both the perceptually easy and
perceptually hard contrasts (see the three data points directly on the diagonal). Therefore, 22
of the children had better discrimination sensitivity for the perceptually easy than the
perceptually hard contrast and for many of them the differences were quite substantial.
Additionally, the older toddlers discriminated the contrasts better than the younger toddlers,
F(2,27) = 12.254, p < .0001. Planned post-hoc LSD ttests revealed that all three age groups
performed differently from each other: the Old group had better discrimination than the
Mid-Age group (o = .037) and the Young group (p < .0001), and the Mid-Age group was
better at discriminating the contrasts than the Young group (p=.01). The interaction
between contrast difficulty and participant age was not significant (p = .257).
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Training Contrast—Individual performance, as well as group means for the Young, Mid-
Age and OlId groups, are displayed in Figures 4 through 6 for the training contrast (long /u/
vs. /ga/), the easy contrast (/ba/ vs. /bu/), and the hard contrast (/sa/ vs. /[a/), respectively.
Individual participants are ordered by increasing age at first test in Figures 4 through 6.

On the training contrast (Figure 4), all of the Old toddlers (who were primarily age 3 years
and older) had high d’ scores (the lowest was 0.94) and thus, as a group showed excellent
discrimination of the training contrast (mean d’ = 3.07, mean P(C) = 89.44). The mean d’
score for the Mid-Age group (comprised of older 2-year-olds) also was high (2.69, mean
P(C) = 85.56) and lowest individual score in that group was 1.05, demonstrating that the
Mid-Age toddlers could discriminate the training contrast. In contrast to the older age
groups, only six individual children in the Young group (who consisted of young 2-year-
olds) showed clear evidence of training contrast discrimination and understanding of the
procedure. Of the four toddlers with negative d’ scores, two were highly negative. This
suggests that these two toddlers might have been “flipping” their responses in a relatively
consistent way: responding “change” on no-change trials and “no-change” on change trials.
Because of these highly negative scores, as a group the youngest children — the young 2-
years-olds — had a mean d’ of 0.68 (mean P(C) of 63.61). The split-half analysis of the
individuals in the Young group revealed that the toddler with the largest negative d’ score on
the training contrast (age 2;3;21) performed at chance on the first half of the training trials
(d’ = 0), but on the second half of the training trials had a d’ of —1.56. Although this is based
on a limited number of trials (n=18), these data suggest some benefit from practice, although
confusion on use of the response mat cannot be ruled out. There were no split-half trends for
the other toddlers with low d’ scores on the training contrast.

Perceptually Easy Contrast—Similar to the training contrast, all of the toddlers in the
Old group easily discriminated the easy speech-sound contrast (see Figure 5), with a group
mean d’ of 3.68 (mean P(C) = 94.44). All of the Mid-Age toddlers showed evidence that
they could discriminate the easy contrast, and thus, as a group had a high mean d’ score of
2.40 (mean P(C) = 83.89). The lowest-performing Mid-Age toddler (age 2;9;25; d’ = 0.57)
showed a slight learning trend with scores increasing from 0.30 to 0.90 on the first and
second half of the easy contrast trials, respectively. This child could discriminate the training
contrast well (see Figure 4) and in fact, responded correctly to three of the four post-test
training-contrast trials.

As a group the Young toddlers displayed evidence of discrimination of the easy contrast
(mean d’ = 1.50; mean P(C) = 70.83). One Young toddler (age 2;6;0) continued to be one of
the lower-performing toddlers in this young group, but showed evidence of discrimination of
the easy contrast (d” = 0.71). In addition, this toddler attained a perfect score on all four of
the post-test training contrast trials, suggesting that she/he understood the procedure, but
required more practice to learn it. Only one of the Young toddlers clearly could not
discriminate the easy contrast (age 2;3;21; d’ = —0.16). This was the same Young toddler
who had a highly negative d’ score on the training contrast. Further, she/he was at chance on
the post-test training contrast trials. The split-half data did not show any clear trends for this
toddler. Together, these results suggest that this Young toddler (age 2;3;21) was struggling
more than the others to complete the procedure.

Perceptually Hard Contrast—Individual and group mean data for the perceptually hard
contrast appear in Figure 6. The two oldest age groups showed clear evidence of
discrimination of the hard contrast (Old group mean d’ = 2.57; Old group mean P(C) =
85.56; Mid-Age group mean d’ = 2.00; Mid-Age group P(C) = 79.17). Unlike the easy
contrast, there were two 3-year-olds who struggled somewhat with discriminating the hard
contrast. These children, ages 3;2;17 and 3;3;27, had d’ scores on the hard contrast of 0.45
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and 0.48, respectively. Further, both showed a slight learning trend in their split-half data:
the younger of the two children improved from .29 to .62 and the older child improved from
chance to 0.86 from the first to the second half of the hard contrast trials. Upon post-test
training-contrast testing, these two 3-year-olds each achieved three or four of the four trials
correct. Together, these results suggest that they could do the task, but were struggling to
discriminate the difficult place-of-articulation contrast.

One toddler (age 2;9;21) in the Mid-Age group was struggling to some extent with
discriminating the hard contrast, as well (d” = 0.48). The split-half data for this Mid-Age
toddler revealed that d” decreased from 1.56 to —1.28 from the first to the second half of the
trials. Interpreting this second toddler’s split-half data is difficult — either she/he began
confusing the response pads in the second half of the trials, fatigue set in, or there was some
combination of factors (or the low number of trials that occurs when the condition was split
into two sections could reduce sensitivity of the measure). This toddler only responded
correctly to 1 of the 4 post-test training-contrast trials, even though she/he had no difficulty
discriminating either the training or easy contrasts. Together, these performance trends
suggest that this child was likely experiencing fatigue by the end of the hard contrast
condition.

Three of the toddlers in the Young group clearly were unable to show discrimination of the
hard contrast — ages 2;2;23, 2;4;9, and 2;4;26 (d’ = 0.0, —.15, and —.14, respectively). None
of these toddlers had any noteworthy trends in their split-half data. Two additional toddlers
in the Young group struggled more than the others to discriminate the hard contrast (age
2;3;19 and 2;7;8, d’ = 0.42). The younger of the these two (age 2;3;19) showed improved
performance on the first half to the second half of the hard contrast trials (-.29 to 1.19),
suggesting a possible learning effect with this harder contrast. Further, this toddler never had
any difficulty discriminating the training or easy contrasts and in fact, responded correctly to
3 of the 4 post-test training-contrast trials. Together, this suggests that this child was able to
perform the procedure, but was having a harder time discriminating the perceptually hard
contrast than the easy or the training contrasts. The older of these two toddlers (age 2;7;8)
had consistent performance during the first and second halves of the hard contrast trials and
responded correctly to 3 of the 4 post-test training-contrast trials. Further, this toddler never
demonstrated difficulty discriminating the training or the easy contrast. Together, this
suggests that she/he too was able to do the task, but was struggling somewhat to detect the
spectral difference between the hard contrast stimuli. Finally, one toddler (age 2;6;0) in the
Young group had a d’ of —0.73 on the hard contrast and only responded correctly to 1 of the
4 post-test-training contrast trials, and struggled discriminating the training contrast. Overall,
at age 2;6;0, this was the oldest toddler to show difficulty mastering the task. As a group, the
Young toddlers struggled with the hard contrast achieving a mean d’ of 0.57 (mean P(C) =
58.89).

Test-Retest Reliability

Scores at test and retest are displayed in a scatterplot in Figure 7. The unfilled triangles
display data from three toddlers who scored at ceiling at test and/or retest and the unfilled
circle represents a single participant who was unable to return for retest for 4 months and
subsequently moved to the next chronological age group at retest. These four participants’
data were not included in the correlation analysis for test-retest reliability. Pearson’s
correlation between test and retest revealed highly significant reliability across the two
testing sessions, r=.886, p < .0001.
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Discussion

The purpose of the current investigation was to evaluate speech-sound discrimination in
normal-hearing 2- and 3-year-olds using a selected set of modifications to the Change/No-
Change procedure. The results suggest that the modified procedure is sensitive to different
perceptual abilities across speech-sound contrasts, as well as to developmental differences
across the children. Because there is no gold standard test to which to compare these results,
revealing that the modified procedure is sensitive to acoustic similarity of the speech-sound
stimuli and to developmental effects is a critical first step in demonstrating that the method
is a valid approach to assessing speech perception in toddlers. Further, individual data reveal
that of the 90% of toddlers who met the teaching criterion, the vast majority were able to
complete the procedure; only two of the youngest participants struggled with the task.
Moreover, the results demonstrate that the modified procedure is highly reliable across
testing sessions, despite this population’s notoriously variable performance. Although the
investigation did not evaluate which modifications (or if all of them) were responsible for
making it a viable procedure to use with toddlers, the developmentally appropriate response
task and the multiple forms of reinforcement, including tangible rewards, are likely
contenders, because these are primarily what makes this modified procedure different from
others that have been used with limited success in this population.

To address task difficulty versus perceptual contrast difficulty, we examined performance
across conditions and between the post-test training-contrast trials. To balance number of
post-test trials with length of testing, only four post-test training-contrast trials were used.
Although there might not have been enough trials to be adequately sensitive to performance
differences, other procedures, such as the VRASPAC?, the OlimSPAC?2), and the SP-
EYE?24 use a similar number of test trials as we used in our post-test training-contrast trials.
The VRASPAC used up to 5 trials per speech-sound contrast®, as did the SP-EYE24 and the
On-line IMSPAC uses 8 trials per speech-sound contrast?2. Therefore, we contend that as a
first attempt to tease these issues apart, use of performance on post-test training-contrast
trials is appropriate. Because the vast majority of the children, even some of the youngest
ones, displayed evidence of discrimination of the contrasts, task difficulty versus perceptual
difficulty need only be addressed for a few children. Those children with low scores (but
that were above chance) on the hard test contrast, but not on the easy and/or training
contrasts, were not likely having difficulty carrying out the procedure, because they were
able to complete it in easier conditions. Further, they typically responded correctly to three
or four of the post-test training-contrast trials after the hard condition. Therefore, these
children could do the procedure, but were struggling to consistently discriminate the difficult
place-of-articulation contrast. One toddler (age 2;3;21) never clearly demonstrated the
ability to complete the procedure. At no time did this child show clear evidence of either
discrimination or task understanding. The 2-year-olds who had low discrimination scores in
some conditions seemed to show similar overall performance trends: their training and hard
test contrast scores were low, whereas there was some evidence of discrimination on the
easy contrast. Perhaps the performance on the easy contrast was an anomaly or perhaps
these children could not discriminate the hard contrast well, but were showing some learning
effects. Certainly, there is evidence for some learning effects overall and for individual
children: there is a trend for the training contrast performance to be lower for all of the age
groups than the easy contrast, even though the training contrast is a much easier contrast to
perceive. We are unable to tease apart these alternate explanations but future work will
address this issue of possible learning effects, by determining when performance plateaus.

A reliable procedure that can evaluate speech perception in toddlers could help begin filling
in the glaring gaps in the developmental speech perception literature. In particular, it could
begin addressing some inconsistent or conflicting conclusions about how speech perception
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develops in infancy through childhood. For example, many investigators have reported that
newborn infants are capable of discriminating phonemic contrasts categorically: 65-69, |n
contrast, Nittrouer’? has shown that large percentages of both infants and preschoolers are
unable to discriminate native contrasts. In an attempt to reconcile these contradictory
findings, Nittrouer et al.#2 proposed the Developmental Weighting Shift based on evidence
that children weight acoustic properties upon which phonetic decisions are made differently
from adults**-45 71-74 The model assumes that infants have some general auditory
boundaries that begin to shift in early childhood with language experience due to weights
that children ascribe to different acoustic aspects of speech and that these weights are based
on the linguistic decisions made by the child. Although the Developmental Weighting Shift,
as well as other models of developmental speech perception, attempt to account for the
pediatric speech perception data, gaps in understanding remain due to not being able to
evaluate the toddler population effectively. The preliminary results reported here suggest
that, with further development, the modified Change/No-Change procedure might be able to
be used as one approach for investigating toddler speech perception.

Although the results are promising, there are some important limitations of the current form
of the modified procedure. First, four of the youngest children (approximately 10% of the
sample) were unable to meet the learning criterion of getting five correct responses in a row
to the live-voice teaching contrast. Although studies on infant perception often report nearly
50% attrition rates’% 7576 if 10% of the normal-hearing toddlers are unable to learn the
procedure, further modifications are needed before the procedure can be evaluated in
children with hearing loss or other populations who have deficient or fragile phonological
representations (e.g., children with specific language impairment39-31, children experiencing
reading deficits32-33 and second-language learners3°-36). Second, some children had more
difficulty discriminating the training contrast than the easy contrast even though the training
contrast is a much easier contrast to discriminate perceptually. This suggests that some of
the toddlers were showing learning effects. Therefore, a better understanding of the learning
trajectory on this task will help establish when performance has stabilized. Third, the
toddlers who had difficulty with the training contrast (primarily those 2;6 and younger) had
negative d’ scores, suggesting that perhaps these children had significant difficulty with the
task when the auditory stimuli no longer shared a direct relationship with the visual response
pictures (as was the case with the teaching stimuli), and/or when the stimuli were no longer
presented audiovisually via live-voice but instead were recorded auditory-only stimuli, and/
or when the contrast increased in difficulty. The current study design does not allow us to
evaluate these possible explanations. Therefore, future research will evaluate further
modifications, such as using response pictures that semantically map to the stimuli in test
conditions (e.g., a picture of a sheep for /ba/ or a picture of a sock for /sa/), so as to eliminate
the need for toddlers to make the cognitive leap from live-voice teaching contrasts that are
semantically related to the response pictures to recorded training and testing contrasts that
have no semantic relationship to the response pictures. Finally, the procedure in its current
form requires more testing time that most clinics have for hearing aid fitting and cochlear
implant programming verification. Analyses of the first 20 of the total 36 trials in each
condition preliminary suggest that fewer trials in each condition would not likely
compromise the validity and reliability of the procedure for assessing speech-sound
discrimination in toddlers. Scores for the first twenty trials were highly correlated (p=.
0001) with those from all 36 Training contrast (r=.959), Easy contrast (r=.914) and Hard
contrast (r=.930) trials. A repeated measures ANOVA on only the first 20 trials in each
condition suggests that listeners are still better at discriminating the easy than the hard
contrast, ~(1, 27) =11.713, p=.002 and that older toddlers were more sensitive to the
contrasts than younger toddlers, ~(2, 27) = 8.628, p=.001. Finally, test-retest reliability for
the first 20 trials in each condition was highly significant (r=.724, p < .0001). More work is
necessary to carefully evaluate the effects of reducing the number of trials further.
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Despite the limitations noted, the search for valid, reliable methods to test speech
discrimination in toddlers remains essential. The lack of speech perception testing
procedures for toddlers’: @ has led not only to gaps in knowledge of how children’s speech
perception develops, particularly during rapid periods of language acquisition® 12-13  put
also has limited how clinical audiologists evaluate benefit from sensory aids in toddlers and
in older children with limited language skills. Currently, best practices in pediatric hearing
aid fitting involve using a prescriptive gain method developed specifically to address the
listening needs of children, such as the Desired Sensation Level (DSL)?7~"? and DSL [i/0]8°.
The goals of the DSL approaches are to make speech consistently audible, comfortable, and
distortion free, and to provide the widest frequency spectrum possible’®. Even though
pediatric prescriptive gain methods call for the added gain that children require, they still use
an audibility-based model of prescribing gain. This is probably appropriate for adults who
have a solid, robust language base from which to draw when adjusting to amplification. But
for toddlers, who by their very nature are developing a language base, the assumption that
audibility alone is sufficient for learning language might not be accurate. In fact, pediatric
hearing aid users with mild to severe hearing losses display delays in language, vocabulary,
and psychosocial and adaptive skills81. Even children with minimal hearing losses are more
than three times as likely to experience difficulties in academics, communication, and
attention as their normal-hearing peers and the chances of repeating a grade is significantly
higher for children with hearing loss than it is for normal-hearing children82. More effective
and targeted early intervention could reduce the chances of academic failure for children
with hearing aids.

Toddlers with cochlear implants also stand to benefit from additional assessment methods.
Certainly spoken language testing of children with cochlear implants is far more common
clinical practice than that of children with hearing aids, however, as the age at cochlear
implantation continues to decline, more and more young children will require spoken
language perception testing, which currently is limited in the toddler population.

Developing a method for assessing children’s perceptual development at a younger age than
is currently possible is critical to determining if adjustments are needed to children’s hearing
aids and cochlear implants, and would lead directly to intervention strategies for young
children and their families. Children who demonstrate strong auditory skills on this
discrimination task would most likely benefit from auditory/oral modes of communication,
whereas those who show reduced auditory discrimination might benefit most from
multisensory communication modes. The results also could reduce costly decision-making
delays, as well as families’ and early intervention workers’ effort and frustration during the
earliest stages of intervention, which are known to be critical in developing normal speech
and language.

The modifications made to the Change/No-Change procedure implemented here resulted in
one of the first procedures shown, at least preliminarily, to be sensitive to differences in
toddlers’ speech-sound discrimination. Further, the majority of toddlers tested could
complete the procedure. Moreover, the results are highly reliable — a critical attribute should
the procedure be used to track perceptual development or to evaluate pre- vs. post-sensory
aid fitting performance. Future research will address the shortcomings of the current
investigation by evaluating alternate teaching strategies and/or performance criteria, as well
as implementing more developmentally appropriate modifications intended to promote
transfer of learning to the testing phase and improving the percentage of young toddlers that
can be tested. Finally, evaluating modification that transfer easily to clinical practice, such
as reducing testing time, will be important in future investigations.
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Appendix A

Preliminary Stimulus Selection Experiments: Stimulus Identification and

Rating

In the first stimulus selection experiment, 10 normal-hearing adults who spoke English as
their first or only language (mean age: 24.3 years; age range: 21-32 years) were presented
with all of the tokens from each speaker in random order in the sound field at 65 dB A. The
participants were seated in a double-walled sound booth in front of a touch screen monitor.
On the monitor were seven squares: six contained the orthographic representation of each of
the syllables (“000,” “gah,” “boo,” “bah,” “sa,” and “sha”) and the seventh square contained
an “o0” for “other.” Participants were instructed to touch the box that represented the syllable
presented on each trial or to touch the “0” box if the syllable did not match any of the six
syllables options. The “other” option was used to discourage subjects from guessing if the
spoken syllable was a poor representation of the target. Each response was coded as either
correct or incorrect. Both the presentation of stimuli and recording of responses were
controlled using E-Prime2 software0. Table A2 in this Appendix displays the total percent
correct identification of each syllable for each of the three speakers. Overall, the first two
speakers were highly intelligible across all six syllables. However, Speaker 1 was the most
intelligible and there was less variability in her intelligibility across the six tokens, with no
average rating falling below 96%. Therefore, Speaker 1’s tokens were used in the second
stimulus selection experiment.
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The purpose of the second stimulus selection experiment was to select twenty tokens of each
syllable from Speaker 1 based on how well they exemplified the intended target. Only those
tokens that were identified with 100% accuracy in the first stimulus selection experiment
were used in this, the second stimulus selection experiment. To make the training contrast
maximally distinguishable, the /u/ tokens identified with perfect accuracy in the first
stimulus selection experiment were elongated using Audition v. 2.0%°. This artificial process
is preferable to directing the speakers to extend the duration of /u/ tokens naturally, as doing
so can affect the fundamental frequency contour of the long /u/ tokens, the relative vocal
effort across the duration of the syllable, and the duration of other syllables. Each /u/ token
was subjected to a 67% decrease in tempo using the time stretch effect, a stretch option in
Audition v. 2.0 that does not alter pitch. This adjustment increased the duration of /u/ stimuli
from an average of 531 ms to an average of 787 ms. Note that the value of 531 ms is not the
same as the average value for the /u/ stimuli in Table Al, because in this phase of stimulus
selection only those tokens identified with perfect accuracy were included in the duration
calculation.

Seated in front of a touch screen monitor, 10 additional normal-hearing adults who spoke
English as their first language (mean age: 24.4 years; age range: 22—37 years) were
presented with all of the tokens from Speaker 1 that were identified with perfect accuracy in
the first stimulus selection experiment, as well as the elongated /u/ tokens, in the sound field
at 65 dB A. On each trial, an orthographic representation of the syllable appeared on the
monitor. Underneath the syllable were seven squares labeled with the integers 1 through 7.
Participants were instructed to rate how good of an example each syllable presentation was
(1 = poor example; 7 = excellent example). Average ratings and standard deviations for the
20 highest-rated tokens of each syllable appear in Table A3 of this Appendix. Average
ratings ranged from 5.53 to 6.40 (out of 7.00), suggesting the selected tokens were not only
identified with perfect accuracy, but were also rated as very good exemplars of the intended
targets. Therefore, these 20 highest-rated tokens for /ga/, long /u/, /ba/, /bul/, /sa/, and / [a/
from Speaker 1 were used as the final stimuli that were presented to the children in the
discrimination procedure.

Table A4 in this Appendix displays the duration data for the final set of tokens used in the
discrimination procedure. Paired-samples t-tests revealed that the durations between the sets
of tokens within each contrast were not significantly different from each other for the hard
contrast (/sa/ vs. /[al, p=.242), approached significance for the easy contrast (/ba/ vs. /bul/,
p=.053), and was significant for the training contrast (long /u/ vs. /ga/), {19) = 21.158, p
<.0001. The syllables used in the training contrast were intended to be different in length by
design. That the easy contrast contained a potentially more noticeable duration cue ought to,
if anything, make the easy contrast even easier to discriminate than the hard contrast.

Descriptive data for the natural, recorded, digitized stimuli that were within 50 ms of the
mean duration of each of the three speaker’s syllable utterances

Speaker 1 Speaker 2 Speaker 3
Syllable #tokens Mean length (SD) #tokens Mean length (SD) #tokens Mean length (SD)
Ju/ 40 521 ms (29 ms) 40 711 ms (29 ms) 40 542 ms (28 ms)
lga/ 56 555 ms (27 ms) 46 682 ms (45 ms) 36 500 ms (24 ms)
Iba/ 46 531 ms (31 ms) 38 640 ms (26 ms) 48 479 ms (23 ms)
/bu/ 37 543 ms (26 ms) 46 624 ms (30 ms) 50 468 ms (28 ms)
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Speaker 1 Speaker 2 Speaker 3
Syllable #tokens Mean length (SD) #tokens Mean length (SD) #tokens Mean length (SD)
[sa/ 44 680 ms (28 ms) 45 784 ms (25 ms) 29 631 ms (35 ms)
1Jal 33 686 ms (29 ms) 40 758 ms (24 ms) 47 635 ms (28 ms)

# = Number; SD = Standard Deviation

Table A2

Mean percent correct identification for each syllable produced by the three speakers in the

identification portion of the stimulus selection experiments

Speaker u/ Igal /bal /bu/  /sal 1fa/ mean acr oss syllables
Speaker1 97.60 99.11 97.83 96.49 99.77 99.39  98.36
Speaker2 99.50 98.89 97.37 94.13 100.00 9854  98.07
Speaker3 98.75 98.89 8833 86.60 99.66 99.79  95.34

Table A3

“Goodness” ratings for the 20 highest-rated syllables spoken by Speaker 1 in the rating
portion of the stimulus selection experiments.

u/  long/u/ Igal /bal  [ou/ /sal [fal
Mean rating (out of 7)  5.94 5.93 6.30 6.16 553 6.40 6.19
Standard deviation 0.25 0.26 018 0.20 049 0.17 017

Table A4

Mean durations and standard deviations for the final tokens used in the discrimination
procedure

long/u/ Iga/l [/bal [bu/ /sal Ifal
Mean length (ms) 787 551 533 551 678 688
Standard deviation (ms) 49 23 34 17 29 27
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Figure 1.

Schematic of the test set-up, including the 4’ x 5* SoftTile interlocking foam mat that served
as the response mat. This was placed on the floor of the sound booth. The mat had a wood
grain pattern, except for two red pieces with circle-shaped cut-outs and a purple piece with a
star-shaped cut out. The child stood on the “listening star” and a trial would begin when the
child was in a ready state. The two red circles, one to the front/left and the other to the front/
right of the star, displayed pictures corresponding to the no-change and change responses,
respectively. In this figure, the pictures displayed (cows and frogs) were used in the teaching
and training phases. A touch screen monitor was placed on a table at the child’s eye level.
The touch screen monitor displayed the centering/listening cue, the complex, visual
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reinforcers, and the puzzle pieces. The monitor also served as a user interface for the Tester

to register the child’s responses. Speakers were placed at +/— 45 degrees azimuth. Note that
figure is not to scale.
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-=Young
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-=-0ld
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Mean performance on the perceptually easy and hard test contrasts as a function of
participant age group: Young (diamonds), Mid-Age (circles), and Old (squares).
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Figure 3.

Scatterplot of individual performance on the perceptually easy (/bu/ vs. /ba/) and hard (/sa/
vs. /[a/) test contrasts. The diagonal line displays what would be expected if performance
were equivalent on the perceptually easy and hard contrasts. Note that there were 3 pairs of
participants who had identical scores on the perceptually easy and hard contrasts, explaining
why only 27 data points are plotted in the figure.
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Individual Participants (year; month; day)
Figure4.

Individual performance for the Young (black-filled bars), Mid-Age (unfilled bars) and Old
toddlers (gray-filled bars) on the training contrast (long /u/ vs. /ga/). The children are
ordered from youngest to oldest age at first testing session. At the far right are the mean (and
+1 standard deviation) group data for each age group: Young (black-filled bars), Mid-Age
(unfilled bars) and Old (gray-filled bars).
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Figureb5.

Individual performance for the Young (black-filled bars), Mid-Age (unfilled bars) and Old
toddlers (gray-filled bars) on the perceptually easy test contrast (/bu/ vs. /ba/). The children
are ordered from youngest to oldest age at first testing session. At the far right are the mean
(and +1 standard deviation) group data for each age group: Young (black-filled bars), Mid-
Age (unfilled bars) and Old (gray-filled bars).
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Individual performance for the Young (black-filled bars), Mid-Age (unfilled bars) and Old
toddlers (gray-filled bars) on the perceptually hard test contrast (/sa/ vs. / [a/). The children
are ordered from youngest to oldest age at first testing session. At the far right are the mean
(and +1 standard deviation) group data for each age group: Young (black-filled bars), Mid-
Age (unfilled bars) and Old (gray-filled bars).
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Scatterplot of individual test and retest scores. The unfilled triangles display data from three
toddlers who scored at ceiling at test and/or retest and the unfilled circle represents a single
participant who had a 4-month delay between test and retest. The regression line was
calculated with data from the toddlers who scored at ceiling and the child with the long test-
retest delay excluded from the analysis.
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Table 1

Toddler participant demographics

Group
Young
Mid-Age
old

n
10

10

Mean Age  AgeRange
(year;month)  (year;month;day) Number Female

2;4 2;2,23-2;7,8 4
2,9 2;7;18-2;11;21 5
34 2;11;23 - 3;11;22 5
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Table 2

Modifications implemented in the current investigation to the Change/No-Change procedure used by Holt and
Carney (2007)
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Modification

Testing time reduced: Number of trials

per condition

Testing time reduced: Number of

conditions

Response method

Easier listening conditions

Teach response task

Evaluate task understanding at the end

of each condition

Additional reinforcements

Stimulus

Previous Procedure

50 trials

12 conditions

Touch pictures on a touch screen
monitor while sitting in a chair

Stimuli presented in noise

No formal teaching session

No post-test trials

Puzzle piece added on screen and
verbal praise at the end of each trial

Synthetic tokens

Current Procedure

50 trials

4 conditions

Large gross motor response of jumping to, stepping to, or
placing a beanbag on one of two response mats on the
floor

Stimuli presented in quiet

Formal teaching session, requiring 5 consecutive correct
responses

4 post-test training trials at the end of each condition

Puzzle piece added on screen and verbal praise at the end
of each trial, as well as animated visual reinforcement after
correct trials, and periodic tangible reinforcement

Natural, digitized tokens
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Table 3

Condition Order and Content of each Condition
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Phase

1. Teaching
2. Training
3. Testing
4. Retest

Stimuli

Live-voice “moo” v. “ribbit”

Recorded long /u/ v. /ga/

Recorded /ba/ v. /bu/ (perceptually easy) Recorded /sa/ v. /[a/ (perceptually hard) (Order randomized)
Recorded /ba/ v. /bu/ OR /sa/ v. / [a/(Randomized)

Response Pictures
Cows and frogs
Cows and frogs
Chosen by child
Chosen by child
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Table 4

2-way repeated measures ANOVA and planned post-hoc t-test results

Main Effect or Post-Hoc Comparison  p-value

Contrast

Age

Contrast X Age
Young vs. Mid-Age
Young vs. Old
Mid-Age vs. Old

<.0001
<.0001
.257
.010
<.0001
.037
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