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Behavioral Assessment of Hearing
in 2- to 7-Year-Old Children: Evaluation

of a Two-Interval, Observer-Based
Procedure Using Conditioned

Play-Based Responses

Angela Yarnell Bonino,a Michael E. Ramsey,b Haley M. McTee,a and Eric A. Vanceb
Purpose: It is challenging to collect reliable behavioral
data from toddlers and preschoolers. Consequently, we
have significant gaps in our understanding of how auditory
development unfolds during this time period. One method
that appears to be promising is an observer-based procedure
that uses conditioned, play-based responses (Bonino &
Leibold, 2017). In order to evaluate the quality of data obtained
with this method, this study presented a suprathreshold
signal to determine the number of trials 2- to 7-year-old
children could complete, as well as the associated hit rate
and observer confidence.
Method: Participants were 23 children (2–7 years old).
Children were taught to perform a play-based motor
response when they detected the 1000-Hz warble tone
signal (at 30 dB SPL). An observer evaluated children’s
behavior using a 2-interval, 2-alternative testing paradigm.
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Testing was terminated after 100 trials or earlier, if signs of
habituation were observed.
Results: Data were successfully collected from 22 of the
23 children. Of the 22 children, all but 1 child completed
100 trials. Overall hit rate was high (0.88–1.0; M = 0.94) and
improved with listener age. Hit rate was stable across the test
session. Strong agreement was seen between the correctness
of the response and the observer’s confidence in the judgment.
Conclusion: Results of this study confirm that the 2-interval,
observer-based procedure described in this article is a
powerful tool for measuring detection and discrimination
abilities in young children. Future research will (a) evaluate
coder reliability and (b) examine stability of performance across
a test session when the signal intensity is manipulated.
Supplemental Material: https://doi.org/10.23641/asha.
8309273
S ubstantial differences in behavioral data between
infants and school-age children suggest that the
auditory system undergoes significant development

in early childhood (reviewed by Werner, 2017; Buss, Hall,
& Grose, 2012). However, it is not clear how auditory de-
velopment unfolds during the toddler and preschool years
due to methodological constraints. In order to address the
shortage of behavioral methods for testing young children,
Bonino and Leibold (2017) developed an observer-based
method in which a child’s behavior is judged by an experi-
menter (called an observer) using a two-interval, two-al-
ternative testing paradigm. Children’s response to the
stimulus is further shaped by training them to perform a
conditioned, play-based response to the sound. This method
is called the Play Observer-Based, Two-Interval (PlayO2I)
method. While initial feasibility data for this method are
promising (Bonino & Leibold, 2017), questions remain re-
garding the feasibility and reliability of this method. How
many trials can children perform in a single test session?
How frequently are lapses in attention experienced for the
child–observer team? How confident are observers at
judging children’s responses in a two-interval task? In an
effort to address these questions, this study presented a
suprathreshold stimulus—a 1000-Hz warble tone at 30 dB
SPL in quiet—throughout the testing session. Data were
examined from 2- to 7-year-old children to determine hit
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rate, observer confidence, and the number of trials that
could be performed in a single test session.

The development of this method was motivated by
the observation that there are few paradigms for testing
hearing in toddlers and preschoolers. Researchers have had
mixed success testing toddlers and preschoolers by modified
existing paradigms designed for either infants or school-age
children (e.g., Allen & Wightman, 1992, 1994; Eisenberg,
Martinez, & Boothroyd, 2007; Garadat & Litovsky, 2007;
Holt & Lalonde, 2012; Jensen & Neff, 1993). Based on
infant paradigms, toddlers and preschoolers have been
tested by measuring their looking time toward an object
(e.g., Newman, 2011) or by training children to make a re-
sponse, such as a head turn, when the signal is heard (e.g.,
Eisenberg et al., 2007; Schneider, Trehub, Morrongiello, &
Thorpe, 1986). However, toddlers often quickly habituate
on these paradigms (e.g., Eisenberg et al., 2007; Primus
& Thompson, 1985). Another challenge with many of the
infant paradigms is that it is difficult to interpret devel-
opmental trends over a wide age span of childhood. This
is because the data are often vulnerable to a variety of
listener or observer factors (e.g., motivation, habituation,
lapses in attention, or response bias) that may change as a
function of listener age (e.g., Jones, Kalwarowsky, Braddick,
Atkinson, & Nardini, 2015).

The other strategy researchers have used is to employ
forced-choice tasks that were designed for school-age
children (e.g., Allen & Wightman, 1992, 1994; Garadat &
Litovsky, 2007; Jensen & Neff, 1993). For these tasks, chil-
dren typically indicate the interval that a tonal signal was
played or select the picture that corresponds to the target
speech signal. In addition to being time efficient, the other
benefit of this approach is that forced-choice paradigms
are expected to guard against response bias (e.g., Green &
Swets, 1966; although data from Jones, Moore, and Shub,
2015, challenge this assumption). However, young chil-
dren often lack the cognitive abilities required to complete
forced-choice tasks. Thus, even with extensive training,
some 3- and 4-year-olds and most 2-year-olds cannot per-
form these tasks (e.g., Allen & Wightman, 1992, 1994).
There are two notable exceptions that have shown to be
feasible for 2-year-olds in the laboratory. First, using a
forced-choice, picture-pointing task (CRISP-Jr.; Garadat
& Litovsky, 2007), Hess, Misurelli, and Litovsky (2018)
recently reported masked word recognition thresholds for
2-year-old children. All of the 2-year-olds with normal
hearing sensitivity appeared to be able to perform the task.
However, the utility of this paradigm is limited to measur-
ing speech recognition. Second, Holt and Lalonde (2012)
evaluated 2-year-olds’ speech-sound discrimination with a
modified, change/no-change procedure. This task required
children to move to one of two areas in the booth, one for
the “no-change” stimulus array and the other for the “change”
stimulus array. While most of the 2- and 3-year-olds were
able to perform this task, four of the youngest children
(< 2.5 years; 10% of the sample) could not. Furthermore,
in a follow-up article, the authors recommended that this
method not be used until at least 2.5 years of age, and
Bonin
perhaps later, depending on the cognitive and language abili-
ties of the children in the sample (Lalonde & Holt, 2014).

Given the limited success researchers have had test-
ing hearing in young children—especially 2-year-olds—our
approach was to draw on the successes of conditioned play
audiometry (CPA). CPA is routinely used by audiologists to
obtain thresholds from 2- to 5-year-old children (e.g., Barr,
1955; M. Thompson & Thompson, 1972). Children are
trained to provide a play-based, motor response (e.g., put-
ting a peg into a board) that is time-locked to the presenta-
tion of an auditory signal. Using this method, a conventional
clinical audiogram can be obtained for > 90% of 3-year-
olds (e.g., Barr, 1955; G. Thompson & Weber, 1974) and
60%–70% of 2-year-olds (e.g., Nielsen & Olsen, 1997;
M. Thompson, Thompson, & Vethivelu, 1989). CPA uses
a single-interval adaptive procedure, which is designed to
be efficient and has high patient acceptance. Unfortunately,
CPA is susceptible to observer and listener response bias
(Green & Swets, 1966). For example, the audiologist, who
initiates the signal presentation, may be influenced by
factors such as expectations regarding the child’s hearing
sensitivity. In addition, threshold estimates can be affected
by the listener’s decision strategy in a single-interval task. In
other words, a conservative response criterion results in
a higher threshold than a liberal response criterion. More-
over, response criterion is affected by listener age and task
(e.g., Bonino, Leibold, & Buss, 2013; Leibold & Werner,
2006; Marshall & Jesteadt, 1986). Because the CPA proce-
dure does not control for these forms of bias, it is difficult
to compare threshold estimates across listener age groups
and stimulus conditions.

In order to overcome the shortcomings of CPA, the
PlayO2I method combines the response method and be-
havioral shaping strategies of CPA with the psychometric
rigor of the observer-based psychoacoustic procedure (OPP;
Olsho, Koch, Halpin, & Carter, 1987). OPP is designed to
control for observer bias and is used to test infants. In this
method, the experimenter (called an observer) watches the
infant’s behavior to determine whether a signal or no-signal
trial has occurred. Although infants often provide a head-
turn response, any consistent behavior that is time-locked
with the presentation of the stimulus can be used. This
method is designed to control for observer bias because the
observer is unaware to whether the trial is a signal or no-
signal trial. One limitation of OPP is that half of the trials
are no-signal trials, resulting in extensive wait time between
signal trials and a limited amount of data. In order to ad-
dress this challenge, Browning, Buss, and Leibold (2014)
modified OPP to be a two-interval, forced-choice proce-
dure. In this adaptation, each trial contained two observa-
tion intervals, and the signal was randomly presented in
one of them. At the end of each trial, the observer selected
which interval contained the signal based on the infant’s
behavior. This procedure appears to be feasible and efficient
based on 7- to 8-month-old infants’ training data reported
by Browning et al.

Drawing on the infant work discussed above, the
PlayO2I method is an observer-based procedure that uses
o et al.: Behavioral Assessment in 2- to 7-Year-Old Children 561



a two-interval, forced-choice paradigm. In this method,
children are trained to perform a play-based, conditioned
motor response when a signal is heard. However, the ob-
server can use any behavioral response that is time-locked
with the presentation of the signal (e.g., eye movements,
change in activity level, and eyebrow furrow). On each
trial, two observation windows are presented with the sig-
nal being randomly placed in one of the intervals. Based
on the child’s behavior, the observer determines if the sig-
nal occurred in Interval 1 or Interval 2. Using the PlayO2I
method, we recently measured tone detection thresholds
for thirty-three 2- to 4-year-old children with no known
hearing problems (Bonino & Leibold, 2017). A valid thresh-
old estimate was obtained for 82% of the children. Thus, the
PlayO2I method appears to be a promising procedure for
measuring thresholds, while guarding against observer
bias, from an age group that has historically been difficult
to test.

Building upon the promising feasibility data (Bonino
& Leibold, 2017), the purpose of the current study was
to evaluate the reliability of the data obtained with the
PlayO2I method. Specifically, a suprathreshold stimulus
was presented to 2- to 7-year-old children to determine
the number of trials completed before habituation and the
associated hit rate and observer confidence. The test ses-
sion was terminated after 100 trials or earlier, if performance
was consistent with the effects of habituation or fatigue.
The termination criterion was achieved if the observer
judged four out of five consecutive trials as “not confident”
after the activation of the mechanical toys. Consistent
with data from Bonino and Leibold (2017), we anticipated
that > 80% of the children tested would be able to perform
the task and that the proportion of correct responses (hit
rate) would be > 0.80. Our hypothesis was that the number
of trials children performed would be dependent on their
chronological age. It was predicted that 3- to 4-year-old
children would complete 60–90 trials and that 2-year-olds
would complete fewer trials. M. Thompson et al. (1989)
reported that 24- to 27-month-old toddlers completed a
mean of 28 trials with the CPA task. However, in our
work with this method, we have observed that 2-year-olds
are typically able to complete at least a single adaptive
threshold run per visit (30–45 trials; Bonino & Leibold,
2017).
1Of the 23 children recruited, 14 children had never participated in a
hearing study (including seven of the eight 2-year-old children). The
remaining nine children had completed a masked speech detection
experiment 1–8 months earlier.
Method
Participants

Participants were 23 children (14 girls and 9 boys):
eight 2-year-olds, five 3-year-olds, seven 4-year-olds, and
three 5- to 7-year-olds. Selection criteria include (a) no risk
factors for hearing loss as assessed by parental report, (b) no
history of pressure equalization tubes placement, (c) not under
treatment for otitis media within the prior month, (d) no risk
factors for developmental delays as assessed by parental re-
port on the Comprehensive Parent/Caregiver Form of the
Vineland-3 Adaptive Behavior Scales (Sparrow, Cicchetti,
562 American Journal of Audiology • Vol. 28 • 560–571 • September 2
& Saulnier, 2016), (e) had not participated in more than
one previous hearing experiment,1 and (f ) healthy on test
day. All children passed a distortion product otoacoustic
emission and a tympanometry screening on the day of test-
ing. The pass screening criterion for otoacoustic emissions
was a signal-to-noise ratio of ≥ 6 dB for three out of the
four screening frequencies (2000, 3000, 4000, and 5000 Hz).
The pass screening criterion for tympanometry was a peak
admittance of ≥ 0.2 mmhos at a pressure between −200 and
50 daPa. All children were able to complete testing within a
single 1-hr visit. This research was approved by the institu-
tional review board at the University of Colorado Boulder.
Stimuli
The signal was a 500-ms, 1000-Hz warble tone (10-ms,

cos2, rise/fall ramps) with a 20-Hz modulation rate and 5%
modulation. For all stages of training and testing, the signal
was presented in quiet at a fixed intensity of 30 dB SPL.
This intensity level was expected to be well above threshold
for the age range tested here (Bonino & Leibold, 2017;
Schneider et al., 1986). Stimuli were generated by TDT RZ6
hardware that was controlled by a custom MATLAB
script. Stimuli were presented to the left ear over a pair of
Sennheiser HD 25 light-weight headphones.
Booth Setup and Experimenters
All testing was completed in a double-walled, sound-

isolated booth (Industrial Acoustics). Testing was performed
by two experimenters, referred to as a “test assistant” and
an “observer.” The test assistant sat with the child at a table
inside the test booth. The role of the test assistant was to
train the child, provide social reinforcement, redirect the
child when needed, and change the “game” every 10–15 tri-
als. The test assistant trained the child to perform the task
with oral directions, modeling, and hand-over-hand assis-
tance. Next to the test assistant (but out of sight of the child)
was a variety of games that could be selected from during
testing. Inside the booth were also two mechanical toys with
lights in dark Plexiglas boxes that could be activated for
additional reinforcement. The observer was located in the
adjacent control room with the computer that controlled
the experiment. The role of the observer was to run the
experiment by initiating trials and judging the child’s be-
havior. The observer was able to watch the child and as-
sistant through an observation window. The observer
and test assistant were able to communicate via a two-
way communication system.

Six experimenters collected data. All experimenters
were cross-trained and could serve as either the observer
or the test assistant. Experimenters had a minimum of
1 year of experience testing young children’s hearing and
019



completed a ~3-month training period to learn the PlayO2I
method.
Procedure
This study used the PlayO2I method—an observer-

based procedure that used a two-interval, forced-choice
paradigm (Bonino & Leibold, 2017). For each trial, there
were two temporal observation windows. Observation in-
tervals were 1,065 ms in duration separated by a 500-ms
interstimulus interval (ISI).2 Real-time visual and audio
markers for each interval were provided to the observer. The
real-time audio markers were also provided to the test assistant
through headphones. In contrast to the experimenters, chil-
dren were not provided any indicators that a trial had been
initiated by the observer nor were they aware that there
were two observation intervals. Trials were only initiated
by the observer if the child was judged to be in a “ready
state” (e.g., response toy was positioned on the belly or
cheek; child was quiet). The observer then watched the
child’s behavior during the trial to determine which inter-
val contained the signal. Recall that, although the child
was trained to perform a motor-based response when the
signal was heard, the observer was able to use any type
of behavior provided by the child. The observer also indi-
cated her confidence level for each judgment (“confident”
vs. “not confident”). The observer was provided trial-by-
trial feedback by the software.

Testing of the participants consisted of three stages:
two stages of training followed by the collection of experi-
mental data. Stage 1 was a conditioning phase in which
the child was taught to perform a play-based, motor re-
sponse (e.g., put a block in a bucket) when the target sig-
nal was heard. In Stage 1, the signal was always presented
in the second interval to allow the assistant to pair the
stimulus and the response. This stage continued until the
observer judged that the child was able to independently
produce a response that was time-locked to the signal.
Children were required to perform at least three trials in
this stage. On average, children completed 7.09 condition-
ing trials (SD = 5.48, max = 23). In Stage 2, the criterion
phase, the child–observer team had to correctly identify the
interval that contained the signal for four out of five con-
secutive trials. This criterion was met in ≤ 6 trials for all
participants (M = 4.14, SD = 0.47). Upon the successful
completion of training (Stages 1 and 2), experimental
data were collected in Stage 3. The signal was presented
in Stage 3 for a maximum of 100 trials. In Stages 2 and
3, the a priori probability of the signal occurring in an
2In Bonino and Leibold (2017), a 1,065-ms observation interval and a
300-ms ISI were employed. A 1,065-ms interval was programmed to
allow for longer .wav files (e.g., a disyllabic target word) to also be
presented in the same custom MATLAB software. The ISI was
increased to 500 ms in the current study to account for potentially
slower responses in 2-year-old children compared to older children.
Pilot data from a young 2-year-old child suggested improved observer
confidence for an ISI of 500 ms compared to 300 ms.

Bonin
interval was 0.50. Experimenters were also blinded to which
interval contained the signal in Stages 2 and 3.

Throughout the test session, care was taken to pre-
vent habituation to the task and/or reinforcers (reviewed
by McSweeney & Murphy, 2014). The primary strategy
used to reduce the risk of habituation was that the test as-
sistant changed the game every 10–15 trials. The test assis-
tant selected games based on the child’s developmental
abilities and interests. These games included activities such
as placing blocks in a bucket, building towers, racing cars
down a ramp, and constructing puppets with Velcro at-
tachments. Moreover, the complexity of the games often
increased with time (e.g., elements of pretend play were
introduced). Another strategy used to address potential
habituation was to provide additional reinforcement with
the activation of the mechanical toys. Mechanical toys
were activated if an observer judged four out of five
consecutive trials as “not confident” in Stage 3 of testing.3

Once activated, mechanical toys were used for all remain-
ing trials. In order for the software to activate the mechan-
ical toys on a given trial, the interval selection had to be
both correct and judged as confident by the observer. Only
three children (2.51, 3.17, and 4.30 years old) were tested
with the mechanical toys. Testing was terminated if the child
continued to demonstrate performance consistent with
habituation after the activation of the mechanical toys.
The criterion for terminating testing was that the observer
had to score 4 out of 5 consecutive responses as “not confi-
dent” after the mechanical toys had been activated.
Results
Useable data were obtained from 22 out of 23 children

recruited for this study. The child who was not able to
successfully complete training was 2.47 years old. Among
the 22 children who could perform the task, 21 completed
100 trials during Stage 3 of testing. Only one child (Subject
6, 4.30 years old) met the termination criterion. For Sub-
ject 6, the mechanical toys were activated after 65 trials,
and testing was terminated after 73 trials. Because this
was the only child who demonstrated signs of habituation
based on our criterion, his data were excluded from all
statistical analyses below.

In Figure 1, individual trial-by-trial plots are pro-
vided for the seven 2-year-olds who were able to perform
the task. Each panel provides trial-by-trial (circle) data
for an individual child over the course of Stage 3 testing.
The location of the symbol on the ordinate indicates if
the observer was accurate in identifying the interval that
contained the signal based on the child’s behavior. If the
correct interval was selected, the data point was plotted
at “Yes (Y).” However, if the observer selected the wrong
3For Subject 100 (2.51 years old), the observer deviated from this rule.
Instead, the mechanical toys were activated because the child was
inconsistently responding. The average observer confidence rate was
0.50 for the 10 trials preceding the activation of the mechanical toys
at Trial 74.

o et al.: Behavioral Assessment in 2- to 7-Year-Old Children 563



4The fitted regression line is y = 0.87117 + 0.14363(x).

Figure 2. Individual hit rates as a function of child age in log10 years
scale. A linear function (line) was fitted to the data. The shading
represents the 95% confidence bands for the regression line. Subject 6
(4.3 years old) was excluded from the model but is plotted here as
a filled circle.

Figure 1. Trial-by-trial data (Stage 3 only) are provided for the
seven 2-year-old children. Recall that one child (2.47 years old)
was unable to successfully complete training in this age group.
Each panel represents a single child. Response accuracy is indicated
by placement of the data point on the ordinate, “Yes (Y)” for a
correct response and “No (N)” for an incorrect response. Observer
confidence is indicated by fill color: white for “confident” and red
for “not confident.” Trials in which the mechanical toys were activated
have a gray background. yr = years.
interval, the data point was plotted at “No (N).” Symbol
color reflects the observer’s confidence in her judgment for
that trial: White is “confident,” and red is “not confident.”
Trial-by-trial plots for all other children are provided in
the Supplemental Materials: 3-year-olds (n = 5) in Supple-
mental Material S1, 4-year-olds (n = 7) in Supplemental
Material S2, and 5- to 7-year-olds (n = 3) in Supplemental
Material S3.

Hit Rate
The hit rate was calculated by determining the pro-

portion of trials where the correct interval was selected by
the child–observer team. Recall that, in the PlayO2I method,
the observer’s ability to make an accurate judgment is de-
pendent on the child providing a reliable response to the
signal. Across the test session, hit rate ranged from 0.88 to
1.0 (M = 0.95, SD = 0.04) for the test sessions in which
100 trials were completed (n = 21). For the remaining ses-
sion, Subject 6 (4.30 years old), the hit rate was 0.88 prior
to the child demonstrating signs of habituation (61 trials).

Developmental Trends
Individual hit rate values (open circles) are plotted in

Figure 2 as a function of child age. For visual reference,
data from the child excluded from the model (Subject 6,
4.30 years old) are represented by the filled circle. Age
(in years) was transformed to log10 to allow for the ob-
served decelerating effects of development with increasing
age (e.g., Buss, Leibold, Porter, & Grose, 2017; Mayer &
564 American Journal of Audiology • Vol. 28 • 560–571 • September 2
Dobson, 1982; Moller & Rollins, 2002). Improvement in
hit rate with child age was fitted using a linear function of
the form y = a + b × x, where y is hit rate and x is child
age in log10 years. In Figure 2, the solid line represents the
mean trend line4 and the shaded band represents 95%
confidence bands for the regression line. Age (in log10 years)
accounted for 35% of the variability in hit rate (R2 = .35).
A significant coefficient on log10 years (p = .004) was ob-
tained. The predicted hit rates for 2-, 3-, and 4-year-olds
were 0.91, 0.94, and 0.96, respectively.

Stability of Performance Over the Test Session
One concern with this method is that performance

for the child–observer team may change over the course of
a test session. In order to evaluate this concern, two analy-
ses were performed using the data from the 21 children
who completed 100 trials in Stage 3. The first analysis ex-
amined hit rate at two different time points (within Stage 3):
the first 30 trials and the last 30 trials. Results from this
analysis are shown in Figure 3. Boxes represent ± 1 SD of
the mean (dashed red line). For reference, overall hit rate
(100 trials) is also reported. Symbols represent data from
individual children, with fill color and symbol type indicat-
ing child age. Mean hit rate at the beginning of the test
session was 0.97 (SD = 0.04), and that at the end of the
session was 0.94 (SD = 0.06). This difference was not sig-
nificantly different as tested by the Wilcoxon signed-ranks
test, a nonparametric paired test (p = .09). Consistent with
this group trend, hit rate for individual test sessions ap-
peared to be similar for these two time points. Three test
sessions had a deterioration in hit rate of > 0.1, meaning
that ≥ 3 trials were incorrectly identified by the child–
observer team in the last 30 trials compared to the first
30 trials. However, overall hit rate for these three test ses-
sions was high: 0.95 (Subject 44, 2.20 years old), 0.89 (Sub-
ject 100, 2.51 years old), and 0.93 (Subject 89, 3.44 years old).
019



Figure 4. Simple moving averages for hit rate are provided for two
age groups of children: 2-year-olds (dashed line) and 3- to 7-year-olds
(solid line). Shading represents the 95% credible interval around the
mean: red for 2-year-olds and gray for 3- to 7-year-olds. Trial number
corresponds to the proportion of trials the child–observer team
were correct, calculated over the current trial and the nine preceding
trials for each group. For example, Trial 15 is the proportion correct
among Session Trials 6–15. yr = years.

Figure 5. The proportion of correct versus incorrect responses was
calculated for each of the two possible observer confidence levels.
Along the x-axis are the four accuracy–confidence pairs: RCCY
(correct/yes-confident), RICY (incorrect/confident), RCCN (correct/
not-confident), and RICN (incorrect/not-confident). For each correct–
confidence pair, mean (dashed line) and individual (symbols) data
are provided. The box indicates ± 1 SD of the mean. Symbol type

Figure 3. Hit rate was calculated for three time points (Stage 3):
first 30 trials, last 30 trials, and all (100) trials. For each time point,
mean (dashed line) and individual hit rates (symbols) are provided.
The box indicates ± 1 SD of the mean. Symbol type and fill reflect
child age. yr = years.
The second analysis calculated a simple moving av-
erage based on the hit rate for every 10 trials. To better
understand potential age-related trends, two separate aver-
ages were calculated: one average for test sessions with
2-year-old children (n = 7) and another for test sessions
with 3- to 7-year-old children (n = 14). In Figure 4, the av-
erage hit rates for test sessions with 2-year-olds and 3- to
7-year-olds are represented by the dashed and solid lines,
respectively. Shading represents the 95% credible interval
around the average hit rate.5 Over the course of the testing
session, the simple moving average did not fall below 0.84
and 0.91 for 2-year-olds and 3- to 7-year-olds, respectively.
Based on visual examination of the moving average data, hit
rate for the child–observer teams appears to be similar for
the two child age groups for the first ~50 trials. However,
after 50 trials, hit rate of the child–observer team appears
to slightly worsen for 2-year-old children, but not for 3- to
7-year-old children. The worst performance for test sessions
of 2-year-olds occurred at moving average Trial 65 (average
of Trials 56–65). However, by Session Trial 75, hit rate for
2-year-olds’ test sessions seemed to recover to a level compa-
rable to that of the child–observer teams evaluating 3- to
7-year-old children.
and fill reflect child age. Three children were not included in the
RCCN or RCCN calculations because all trials were coded as confident.
yr = years.
Observer Confidence

The observer confidence was calculated by determin-
ing the proportion of trials that the observer indicated
that she was “confident” about her judgment of which in-
terval contained the signal. Across children, the average
observer confidence was 0.93 (SD = 0.058; min = 0.79,
max = 1.0). Observer confidence was highly correlated
with overall hit rate (r = .82, p < .001). To further assess
this, we created boxplots for all four of the correct/confident
595% Cedible intervals were computed with Bayesian methods, using
a beta-binomial model and assuming a noninformative Jeffreys prior
for the hit rate (Gelman et al., 2013).

Bonin
pairs for the observer in Figure 5. Boxes represent ± 1 SD
of the mean (dashed red line). Each symbol represents data
from an individual child, with fill color and symbol type
indicating the child’s age. On the x-axis, “R” stands for
response, and the subscript “C” or “I” indicates whether
the trial interval judgment was made correctly or incorrectly.
Similarly, “C” stands for confident, and the subscript “Y”

or “N” stands for “yes” or “no,” respectively. For exam-
ple, RCCY stands for the proportion of correct responses,
given that the observer responded that she was confident
in her judgment of the child’s behavior. In Figure 5, we see
that this proportion was high, indicating that if a child
provided a response that the observer could confidently judge,
o et al.: Behavioral Assessment in 2- to 7-Year-Old Children 565



the child–observer team performed well in the experiment.
Complementary to that result, there was a low proportion
of trials in which the observer was falsely confident of the
judgment.

For the limited number of trials in which the ob-
server was not confident in the interval selection, two dif-
ferent patterns were possible in the data (RCCN vs. RICN).
One possibility was that, in these trials, the observer was
essentially guessing, because either the child did not pro-
vide any behavior or the response was weak and was not
detected by the observer. In this case, we should see the
same amount of correct and incorrect responses (RCCN =
RICN). Alternatively, if the child reliably provided subtle
responses (e.g., eye movement, looking to test assistant)
when a signal was heard, we should see a higher propor-
tion for RCCN than for RICN. This pattern would suggest
that the observer was accurately judging the child’s behav-
ior despite limited confidence in the judgment. Only those
children who had at least one trial that was coded as not
confident were included in this analysis. Thus, three chil-
dren (3.34, 5.10, and 5.99 years old) were excluded in the
RCCN and RICN boxplots. In Figure 5, boxplots for RCCN

and RICN are similarly distributed, with similar means. A
Wilcoxon signed-ranks test failed to detect a significant
difference in means between RCCN and RICN (p = .62).
Although there were a limited number of trials in which
observers coded their interval section as not confident,
these results suggest that, for these trials, observers were
not using reliable, subtle auditory behavior to make their
judgments.
Discussion
The goal of this study was to determine if the PlayO2I

method is feasible and reliable for measuring hearing in
2- to 7-year-old children. The PlayO2I method (Bonino &
Leibold, 2017) is a two-interval, forced-choice observer-
based procedure that requires the observer to determine if
the signal was presented in Interval 1 or Interval 2 based
on the child’s behavior. Children are taught to perform a
time-locked, play-based response when the signal is de-
tected. The approach used in the current study evaluated
performance over a test session in which the 1000-Hz war-
ble tone signal was presented at a fixed, suprathreshold
intensity level (30 dB SPL). Results from this study indi-
cate that almost all children can perform at least 100 trials
and that performance is stable across the test session. The
PlayO2I method appears to be a powerful research tool
for measuring hearing in 2- to 4-year-old children. Data
collected with the PlayO2I method will allow us to map
out how auditory development unfolds during the toddler
and preschooler years—a time period where we know little
about development. Having a comprehensive model of
auditory development is clinically significant because it
will pave the way for developing clinical methods for
monitoring auditory functioning in young children with
hearing loss.
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Feasibility of the PlayO2I Method
Data collected with the PlayO2I method indicate

that most 2- to 4-year-old children can be trained to per-
form this task. Of the twenty 2- to 4-year-old children re-
cruited in the current study, all but one child (2.47 years
old) was able to successfully complete training. Moreover,
seven of the eight 2-year-olds—six of which were < 2.5 years
old—could perform the task. The yield rate of 2- to 4-year-
olds in the current study (95%) is slightly higher than our
previous work that evaluated thirty-three 2- to 4-year-old
children with the same method (Bonino & Leibold, 2017).
That study resulted in an 88% yield rate, with data being
successfully collected from five of the eight 2-year-olds.
This difference is likely due to a change in transducer type
(insert earphone vs. light-weight headphones), as Bonino
and Leibold (2017) reported that the most common reason
for unusable data was due to intolerance of the insert ear-
phone. Results from the PlayO2I method indicate that
the yield rate is high and it is at least comparable to, if not
better than, the clinical CPA procedure. While studies eval-
uating CPA have consistently reported high yield rates
(≥ 95%) for 3- and 4-year-old children, yield rates for 2-year-
old children are variable (e.g., Barr, 1955; Kemaloğlu,
Gündüz, Gökmen, & Yilmaz, 2005; Nielsen & Olsen, 1997;
G. Thompson & Weber, 1974; M. Thompson et al., 1989).
Across these studies, yield rate for 2-year-old children
ranged from 20% to 70% for children < 2.5 years old and
from 80% to 90% for children > 2.5 years old. Differences
across these studies are likely a result of methodology differ-
ences (i.e., inserts vs. sound field; one vs. two experimenters).

In addition to determining the number of children
who could perform the task, of particular interest was to
determine how age affected the number of trials children
completed prior to demonstrating signs of habituation or
fatigue. Previous research indicates that 2-year-olds pro-
vide a limited number of responses with the clinical CPA
procedure (e.g., Nielsen & Olsen, 1997; M. Thompson
et al., 1989; G. Thompson & Weber, 1974). For example,
M. Thompson et al. (1989) measured the number of trials
24- to 27-month-old toddlers could complete with CPA
prior to habituation. The habituation criterion was met
when four out of five consecutive stimulus trials were coded
as a “no response” for the 2-s noise signal presented at
60 dB SPL. Of the 2-year-olds who could perform the
task (n = 15, 68%), the mean number of trials performed
was 28.33 (SD = 18.97) prior to habituation. No child was
able to complete more than 50 trials. Similar findings to
M. Thompson et al. (1989) have also been reported for
CPA in clinical settings (e.g., Kemaloğlu et al., 2005;
Nielsen & Olsen, 1997). Nielsen and Olsen (1997) reported
that audiologists were able to obtain ≥ 6 clinical thresholds
in one testing session on 10% of 24- to 29-month-olds and
40% of 30- to 35-month-olds. In contrast, nearly 75% of
3-year-olds tested completed ≥ 6 thresholds. Based on this
previous work, we predicted that the number of trials
children could complete in a single test session would in-
crease as a function of age. However, we did not detect a
019



developmental trend; nearly all children tested were able
to complete 100 test trials. Of particular surprise was that,
of the 2-year-olds who could perform the task, all seven were
able to complete 100 trials in Stage 3.

There are several possible explanations for why 2-year-
old children tested with the PlayO2I method had better
outcomes—in terms of the number of trials completed—
than what has been previously reported for the CPA proce-
dure. One potential explanation is that the families and
children who have volunteered to participate in this research
study may not be representative of the general population,
as has been observed for other auditory investigations (e.g.,
Lalonde & Holt, 2014). While we did not directly measure
children’s language or cognitive abilities, parents did com-
plete a developmental questionnaire that probed communi-
cation, motor, socialization, and daily living skills. Based
on their Adaptive Behavior Composite scores from the
Vineland-3 (Sparrow et al., 2016), all 2-year-olds tested in
the current study had an overall adaptive functioning score
that was within 1 SD of the normative mean. Thus, results
from the Vineland suggest that our sample of children
have adaptive behaviors that are consistent with the gen-
eral population. Furthermore, our sample of children is
likely representative of the children who are recruited by
university laboratories through large child databases of
families who are willing to participate in research. Another
potential explanation is that children are less likely to
habituate to the warble tone at 30 dB SPL used here than
they are for the stimuli used in other studies. For example,
limited data may have been obtained by Nielsen and Olsen
(1997) because they were varying signal intensity in order
to measure thresholds. However, M. Thompson et al. (1989)
reported that 2-year-olds habituated after 28 trials for a
noise sample presented at a fixed level of 60 dB SPL. Fur-
thermore, 2-year-olds’ mean response rate appears to be
independent of signal level, assuming the levels are not near
threshold (30 vs. 45 dB HL; M. Thompson & Thompson,
1972). Thus, differences across the studies cannot be accounted
for by stimulus differences.

An alternative, and more likely, explanation is that
the task reinforcement strategy used in the current study
reduced the risk of habituation for young children. Follow-
ing the standard procedure for CPA, children were taught
to perform a motor-based response each time they heard
the signal in the context of a game. The test assistant was
required to change the game frequently and often increase
the complexity of the game over time. On average, children
played each game for 11.6 trials (SD = 2.65). All children
were provided frequent social reinforcement. In addition,
three children had the mechanical toys activated. In con-
trast to this approach, it appears that other researchers
trained children to perform a single game for the duration
of the testing session (e.g., putting a block in a box or a
ring on a spindle) and provided frequent social reinforce-
ment (Nielsen & Olsen, 1997; M. Thompson et al., 1989).
The unique parameters of our task reinforcement strategy—
frequently changing the game and manipulating the com-
plexity of the game—appear to have successfully guarded
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against the risk of habituation (e.g., Lloyd, 1966; Rankin
et al., 2009). It is not clear from our data why these two
parameters guarded against habituation. One potential ex-
planation is that manipulating these two parameters may
have increased children’s motivation, resulting in strength-
ening of the behavioral response (e.g., McSweeney &
Murphy, 2014). A second possible explanation is that fre-
quently changing the game and/or manipulating the com-
plexity of the game served as an additional source of
reinforcement. Although the game is traditionally viewed
as part of the response in CPA, a more limited definition
of the response is to include only the initial motor move-
ment of the hand from the “ready state” (e.g., cheek).
Under this interpretation, interacting with the game (e.g.,
putting the peg in the board) could be considered a form
of reinforcement, and thus, changing the game introduces
novel reinforcement. The third possible explanation is that
the use of multiple reinforcers—games, social interaction,
and mechanical toys—on different reinforcement schedules
may have contributed to the number of trials obtained in
the current study (e.g., Lloyd, 1966; Moore, Thompson, &
Thompson, 1975; Primus & Thompson, 1985). Regardless
of the underlying mechanism(s), it appears that the task rein-
forcement strategy used in the current study resulted in
the completion of more trials than has been previously re-
ported in the CPA literature (e.g., Nielsen & Olsen, 1997;
M. Thompson et al., 1989). This finding is clinically signif-
icant because the primary elements of our task reinforce-
ment strategy (i.e., switching the game, manipulating the
complexity of the game) can be incorporated into a CPA
test session to increase the number of thresholds obtained
during a single clinical visit. Future research is needed to
understand which elements of our task reinforcement strat-
egy are the most effective at reducing the risk of habitua-
tion and how and when they should be combined to result
in maximizing the number of trials in research and clinical
settings.

Quality of Data Obtained With the PlayO2I Method
Results from this study indicate that overall hit rate

was high across all child–observer teams (M = 0.94). For
the group of 2-year-olds, hit rate ranged from 0.88 to 0.99
(M = 0.92, SD = 0.04). These findings are consistent with
the 0.88 (SD = 0.12) hit rate reported for 24- to 27-month-
olds with CPA (M. Thompson et al., 1989). Although
there was limited variability in hit rate (0.88–1.0) across
child–observer teams, 35% of the variability was accounted
for by listener age (log10 years). Based on the linear model,
the predicted hit rates for 2-, 3-, and 4-year-olds were 0.91,
0.94, and 0.96, respectively.

Because the signal was presented at a suprathreshold
intensity level, the measured hit rate should correspond
to the upper asymptote of the listener’s underlying psy-
chometric function. Thus, our results suggest that upper
asymptotic performance improves across the age span tested
here. This finding is consistent with the observation that
upper asymptote for psychoacoustic tasks is different at
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two time points in development: ~0.85 for infants (e.g.,
Bargones, Werner, & Marean, 1995) and ~0.95 for school-
age children (e.g., Buss, Hall, & Grose, 2009). In con-
trast, adults’ mean upper asymptote was ≥ 0.97 in these
studies (Bargones et al., 1995; Buss et al., 2009). Develop-
mental effects for upper asymptotic performance can be
interpreted to indicate that, with increased age, there are
fewer trials in which the listener experiences inattention.
Models of general inattention indicate that lapses in atten-
tion also result in elevated threshold and shallower slope
estimates of the psychometric function (e.g., Viemeister &
Schlauch, 1992; Wightman & Allen, 1992). Thus, our data
highlight the importance of the recommendation to allow
upper asymptote to be a free parameter during the fitting
of children’s psychometric functions in order to account
for developmental differences in upper asymptotic perfor-
mance (e.g., Buss et al., 2009; Manning, Jones, Dekker, &
Pellicano, 2018). Moreover, Manning et al. (2018) recently
suggested that developmental data collected with adaptive
paradigms can be reprocessed with psychometric fitting
software (psignifit toolbox; Wichmann & Hill, 2001) to ad-
dress this concern. However, this effort may not be war-
ranted for studies examining threshold differences with the
PlayO2I method because the extent of inattentiveness re-
ported here likely has a minimal effect on threshold esti-
mates (Viemeister & Schlauch, 1992).

In addition to developmental differences in overall
hit rate, we evaluated our data for possible shifts in perfor-
mance over the course of the test session for child–observer
teams. In general, hit rate appears to be relatively stable.
Specifically, hit rate was similar for the first 30 trials and
the last 30 trials. Moving average plots provide further sup-
port that performance was stable for test sessions of 3- to
7-year-old children across the 100 trials in Stage 3 of test-
ing. In contrast, moving average data suggest that there
may be a slight deterioration in data collected from 2-year-
old children after 50 trials of testing. However, hit rate
appears to recover later in the track. It is not clear why
child–observer teams evaluating 2-year-olds had a tempo-
rary shift in performance, but potential explanations in-
clude the child or observer having experienced increased
inattentiveness, increased rate of off-task child behavior
during trials (e.g., talking), and changes in the child’s re-
sponse (e.g., slower to respond, less robust response) that
reduced the observer’s ability to make a correct judgment.

It is not clear the extent to which this deterioration
in performance would affect the quality of the data col-
lected from 2-year-old children. For studies using an adap-
tive paradigm, a single threshold estimate can be completed
in fewer than 50 trials. Thus, performance is likely stable
over the entire run, although it is possible that a deteriora-
tion in performance may occur prior to 50 trials when pre-
sentation levels are near threshold. Shifts in performance
can be monitored by presenting probe trials throughout
the testing block. Probe trials are the signal presented at
a clearly audible level (typically the same intensity level as
training) throughout data collection. As recommended by
Bonino and Leibold (2017), two probe trials should be
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presented for every block of 12 trials and test sessions are
required to have a probe hit rate of ≥ 0.8 in order for the
data to be considered “useable.” In future studies, this rec-
ommendation could be expanded upon by increasing the
number of probe trials and monitoring for changes in
probe hit rate across the test session. Data sets with evi-
dence of nonstationary inattentiveness could be reprocessed
by fitting psychometric functions to account for upper as-
ymptote being < 1.0 (e.g., Manning et al., 2018). Another
approach for monitoring of shifts in performance would be
to test children with multiple interleaved adaptive tracks
(e.g., Leek, 2001). If the tracks diverge, it is assumed that
the underlying psychometric function is unstable. Further
research is currently being conducted in our laboratory to
understand the utility of these approaches.

The Advantages of the PlayO2I Method
There are several advantages associated with this

method. The first advantage is that children as young as
2.0 years old can perform this task. Combining results
from the current study and from our previous work (Bonino
& Leibold, 2017), 12 out of the sixteen 2-year-olds recruited
were able to perform the task. Moreover, seven out of the
eight 2-year-olds tested in the current study were able to
complete training and 100 experimental trials (Stage 3 of
testing) in a single 1-hr visit. Thus, it appears that the re-
sponse task and reinforcers employed are developmentally
appropriate and engaging for this age group. The PlayO2I
method likely also has less cognitive demand than other
forced-choice tasks that have been successfully used with
2-year-olds in research settings. For example, the change/
no-change speech-sound discrimination task requires chil-
dren to select between two responses (Holt & Lalonde,
2012), and the CRISP-Jr. picture pointing task requires
children to select a target word from an array of four
choices (Garadat & Litovsky, 2007; Hess et al., 2018). In
contrast to these procedures, the PlayO2I method places
the burden of selecting the target interval on the observer,
not the child. Moreover, the PlayO2I method allows ob-
servers to base their judgment on subtle auditory behavior
provided by the child (e.g., eye movement, eyebrow fur-
row), in addition to the targeted motor response. These
design features make the PlayO2I method feasible for
young children who do not yet have the cognitive abilities
to perform a traditional forced-choice paradigm. Further-
more, it may also be possible to modify this procedure to
test children with motor or cognitive impairments who may
have inconsistent or delayed responses (Browning, Buss,
Porter, McLean, & Leibold, 2017; Porter, Buss, Browning,
& Leibold, 2018).

The second advantage is that the PlayO2I method
allows researchers to obtain a substantial number of trials
from young children. A common dilemma faced by devel-
opmental researchers is that the number of trials and/or
conditions has to be reduced in order to ensure that the
study is feasible for young children. For example, in our
previous work, we limited data collection to one adaptive
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track (30–45 trials) per visit for 2- and 3-year-old children
(Bonino & Leibold, 2017). However, the current data suggest
that young children may be able to perform upward of
100 trials during a single test session. Further research is needed
to verify that this recommendation continues to be appro-
priate for testing near threshold or for complex stimuli. Re-
searchers are also able to capture more data with the utilization
of a two-alternative, forced-choice paradigm than with
other implementations of OPP. The traditional implemen-
tation of OPP requires the researcher to present a substan-
tial number of no-signal trials (i.e., a 1:1 signal to no-signal
ratio). In contrast, the two-interval design presents a signal
(or probe signal) every trial. This approach may also re-
duce the risk of habituation because children experience a
minimal delay between trials and reinforcement opportunities.

The third advantage of the PlayO2I method is that
it guards against some forms of bias. The observer (and
test assistant) is blind to which interval contained the sig-
nal in Stages 2 and 3 of testing. This design feature controls
for the observer making a selection based on his or her ex-
pectations of the child’s sensitivity, thus controlling for
observer bias. It is unclear if the PlayO2I method also guards
against response bias. Historically, it has been thought
that a two-interval, forced-choice procedure is free from
response bias (e.g., Green & Swets, 1966). Based on this
perspective, it was proposed by Browning et al. (2014) that
their two-interval adaptation of OPP guarded against re-
sponse bias. However, that assumption has come under
question for two reasons. The first reason is that, in the
two-interval, observer-based procedure, the task is not a
two-interval task from the perspective of the listener. In
previous OPP studies where the listening interval was not
defined to the listener, adults and school-age children
tended to adopt a conservative decision-making strategy
(e.g., Bonino et al., 2013; Leibold & Werner, 2006). In
contrast, infants showed no response bias (e.g., Leibold &
Werner, 2006). It is not known what the decision strategy
tends to be of toddlers and preschoolers. Thus, potential
developmental differences in response bias may interfere
with the interpretation of data collected over a wide age
span of childhood. The second reason is that forced-choice
tasks may not be free from response bias. For example,
Jones, Moore, et al. (2015) reported that naive adult lis-
teners showed evidence of a bias toward selecting an inter-
val based on which interval had been correct on previous
trials. However, with subsequent practice, this bias was
eliminated. One interpretation of the data from Jones et al.
is that observers testing with the PlayO2I method may be
bias-free in their selection of an interval, assuming that
they have extensive practice with the method. Future re-
search is needed to better understand how response bias
affects data collected from the child–observer team within
the context of the PlayO2I method.

The fourth advantage of this method is that it may
be easier to train new observers and to establish reliability
between observers compared to OPP. Results from this
study confirm that children are able to make a fast, time-
locked response to the signal that observers can accurately
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and confidently judge across the two temporal observation
windows. Moreover, high observer confidence throughout
the test session implies that children continued to provide a
strong response. These results also confirmed that a 1,065-ms
observation interval and a 500-ms ISI were appropriate.
However, temporal constraints may need to be modified
for other stimuli or for testing children who have develop-
mental delays as their response time may be delayed and/or
variable (Browning et al., 2017; Porter et al., 2018). One
benefit of a two-interval task is that there is limited memory
load on the observer because his or her judgment is based
on the child’s behavior across the two intervals within a
given trial. In contrast, OPP requires the observer to make
a yes/no decision based on his or her observation of the
child’s behavior over multiple trials. This reduction in
memory load may reduce the training time needed for new
observers to obtain reliable data with the PlayO2I method
compared to OPP. Furthermore, reduction in memory
load may also reduce variability across observers. Current
work in our laboratory is examining the interobserver
reliability of the PlayO2I method. We are also developing
video training modules to ensure that all new observers are
reliable with the method prior to testing children. This
work will also guide us in better understanding how much
training observers need with testing young children and
with the PlayO2I method before reliable data can be col-
lected in the laboratory.
Conclusions
The PlayO2I method provides a powerful tool for

researchers that can be used to measure detection and
discrimination abilities in toddlers and preschoolers. This
method is feasible starting at a developmental age of
2.0 years. Results from the current study indicate that chil-
dren were able to consistently provide a fast, time-locked
response that was accurately and confidently judged by
observers. Moreover, performance was stable across a
long test session (100 trials). Future studies are planned
to examine interobserver reliability and stability of the
underlying psychometric function during adaptive testing.
Training materials are currently being developed to promote
the training of new testers across multiple laboratories.
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