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ABSTRACT

Children with residual speech sound disorder
(RSSD) exhibit speech production patterns that differ
from their dialect community and persist beyond the
typical developmental window. Differences in
auditory acuity or auditory feedback response may
contribute to these persisting deviations. To assess
this, the present study evaluated auditory feedback
response in 31 children aged 9-15 with and without
RSSD. Participants heard their speech in near real-
time with the first formant frequency shifted upwards
by 30%. We also administered an explicit behavioral
measure of auditory-perceptual acuity for the
phonetic contrast in the perturbation task.

The results indicate a trend toward greater
compensation under altered feedback conditions by
children with RSSD and a trend towards greater
adaptation (i.e., persistence of learned changes after
altered feedback was withdrawn) by children without
RSSD. There were no significant differences in
auditory-perceptual acuity between groups and no
significant correlations between auditory-perceptual
acuity and degree of compensation or adaptation.
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1. INTRODUCTION

Children with speech sound disorder (SSD) exhibit
atypical speech patterns that negatively affect
intelligibility, posing a barrier to participation in
social and academic settings [1]. Delayed speech
development typically resolves by 8-9 years old, but
between 2-5% of speakers exhibit residual speech
sound disorder (RSSD) that persists through
adolescence or even adulthood [2].

The causes of these persisting speech
deviations are still poorly understood, but it is known
that typical speech production requires fine-grained
representations of the sensory characteristics of
different speech sounds, as well as the ability to
update motor plans when sensory feedback indicates
a mismatch with the intended target. Previous
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research shows that children with SSD/RSSD, on
average, exhibit weaker speech perception than
children with typical production [3, 4]. However,
some children with SSD/RSSD perform in the
average range on perceptual tasks, even for the
contrast(s) they produce in an atypical fashion [3 -5].
It is possible that such children perceive the contrast
between their productions and those of others in their
environment, but they have difficulty updating their
speech-motor routines in response to sensory
feedback indicating a discrepancy.

This possibility was supported in previous
research investigating compensation for perturbed
auditory feedback in children with SSD aged 3-7
years [6]. In perturbation studies, specialized
software [7] is used to transform the acoustics of
participants’ speech in near-real time, such that they
hear their own voice with altered auditory-perceptual
characteristics. On average, speakers tend to
compensate for these real-time perturbations (i.e.,
they tend to shift their production in the opposing
direction). Speakers also typically exhibit some
degree of adaptation (i.e., changes in production that
persist after the perturbation is removed), which is
suggestive of updates to the feedforward plan for the
speech sound in question. In a study of young
children with and without SSD, Terband et al. [6]
found that typically developing children were
successful in compensating for perturbed auditory
feedback affecting the vowel /e/, whereas children
with SSD actually tended to follow the shift rather
than compensate for it. This suggested that the
children with SSD were successful in detecting the
altered feedback but were unable to adjust their motor
plans to offset the perturbation.

The present study examined both auditory-
perceptual acuity and response to altered auditory
feedback in an older population of children/
adolescents with and without RSSD. The children
with RSSD specifically exhibited deviations affecting
American English /1/, a late-emerging sound that is
commonly a target of speech intervention in later
childhood. Based on previous literature, we
hypothesized that we would observe statistically
significant between-group differences in both
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auditory-perceptual acuity and compensation/
adaptation in response to perturbed feedback.
However, we also expected to observe individual
heterogeneity underlying these group-level effects. In
the future, we hope that individual differences in
performance on such tasks can be leveraged to make
customized recommendations for treatment for
children with RSSD (e.g., input-oriented intervention
if auditory-perceptual acuity is atypical; ultrasound
biofeedback intervention if participants have intact
perceptual discrimination but have difficulty
updating a speech-motor plan in response to sensory
feedback). In addition, we investigated the
association between auditory-perceptual acuity and
compensation/adaptation ~ for altered auditory
feedback. Based on previous research [8], we
hypothesized that individuals with more acute
auditory perception would exhibit a stronger response
to perturbation.

2. METHODS

Data collection occurred in two different university
laboratory settings with approval from a single
external Institutional Review Board (BRANY 18-10-
393). Written informed assent and parent permission
were obtained for all participants.

2.1. Participants

The data reported in this study come from 31 children
aged 9-15 years old who live in New York or New
Jersey and speak a rhotic dialect of American English
in the home. The children are split into two groups.
One group (n=12, 10 male, 2 female) has a history of
RSSD and participated in a 16-week treatment study
to aid in their development of the English /1/ sound.
The second group (n=19, 6 male, 13 female) has no
history of RSSD. Parental reports confirm no history
of speech-language-hearing difficulties, with the
exception of speech production difficulty for the
RSSD group. For inclusion, participants were
required to pass a bilateral pure-tone hearing
screening (20 dB HL at 500, 1000, 200, and 4000 Hz)
administered on the day of testing.

2.2. Auditory-Perceptual Acuity Tasks

To assess the participants’ auditory-perceptual acuity,
an identification and discrimination task focused on
the same phonetic context (/hed/ - /haed/) were used
in combination. Perceptual stimuli were presented on
a laptop computer over Sennheiser HD429
headphones in a sound-shielded booth.

2.2.1 Auditory-Perceptual Identification
Participants completed a perceptual identification
task implemented in Experigen [9]. STRAIGHT
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synthesis [10] was used to generate an 11-step
continuum between naturally produced tokens of
head and had, elicited from a typical young adult
female talker from the same area as the participants
[11]. Participants were instructed to identify each
token by clicking the word head or had in a forced-
choice task. After a practice phase featuring the
continuum endpoints, participants heard each
continuum step 8 times in random order (total 72
trials). A break was provided halfway through.

Performance on the task was analyzed by
fitting a logistic function over the number of head
responses for each step of the continuum. The
phoneme boundary is defined as the 50" percentile of
probability, where head and had responses are
equally likely [12].

2.2.2 Auditory-Perceptual Discrimination
Participants subsequently completed a gamified AXB
discrimination task implemented in MATLAB. A
240-step head-had continuum (a superset of the
continuum used in the identification task) was used.
The starting point was set in an individualized fashion
based on the boundary location determined in the
identification task.

In a gamified interface, participants heard a
standard stimulus (X) and were instructed to identify
which of two flanking stimuli (A and B) differed from
the central stimulus. The distance between A and B
began at half the continuum width and was adjusted
in an adaptive staircase design that shifted from 8-
down 4-up to 2-down 1-up, with step distance halving
after every 3 reversals; the task terminated after 9
reversals. The mean distance across the last three
reversals was treated as the just noticeable difference
(JND), where a higher JND indicates lower
perceptual acuity.

2.3. Altered Auditory Feedback Tasks

2.3.1 Task design and administration
Participants completed reflexive and adaptive altered
auditory feedback paradigms during the session. This
paper will only report on the adaptive paradigm.

In a protocol modified from Daliri et al. [13],
during the adaptive paradigm, Audapter software [7]
was used to shift the first formant frequency (F1)
values of the target vowel /e/ upwards 30% in near
real time. Participants wore a headset microphone and
over-ear headphones so they could hear their altered
auditory signal in near real time (estimated 27 ms
delay [14]). The stimuli included the words bed, head,
and Ted along with representative pictures.
Participants were asked to produce the word as soon
as the picture appeared on the screen and to hold out
the vowel sound until the picture disappeared. They
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were then given visual feedback regarding their
production duration (“Too short”, “Just right”, or
“Too long”). The window for “Just right” was 1100-
1500 milliseconds. The stimuli were randomized in
blocks of three so that the same stimuli would not be
presented twice in a row.

The experimenter introduced the participants
to the task during a practice session. The
experimenter demonstrated the task expectations and
elicited and gave feedback for 4 practice productions
of “bed.” Participants then repeated “bed” 3 more
times during a voice calibration phase, which allowed
the experimenter to monitor microphone levels and
select the best Linear Predictive Coding (LPC) setting
for the participant. Individualized LPC settings were
necessary given the developmental age range of our
participants [15]. Finally, the adaptive paradigm
included a baseline phase of 18 trials, an altered F1
phase of 36 trials, and an aftereffect phase of 18 trials
where the perturbation was removed. During the
altered F1 phase, the perturbation turned on at voice
onset and remained on for the duration of the trial.

2.3.2 Measurement

The results of the altered auditory feedback task were
measured in MATLAB using FLVoice software [16].
Two of the authors reviewed both the waveform and
spectrogram for all 72 trials per participant to ensure
the quality of productions and formant traces. Trials
were excluded if they were less than 700ms in
duration, included a false start/misproduction, or
featured audio distortions in the microphone or
headphone signal. LPC settings were adjusted if the
initially selected setting yielded unstable formant
tracking. A custom MATLAB script extracted the
average F1 value in the 350-550ms window for each
trial. This time window is expected to capture both
within-trial ~ compensation  and trial-to-trial
adaptation.

3. RESULTS
3.1. Auditory-Perceptual Acuity

The boxplots in Figure 1 represent JND in the
auditory discrimination task for each group. The
median for the group with RSSD is slightly lower,
suggesting a slight trend toward more acute
performance in this group of children. However, an
independent-samples t-test revealed no significant
difference between the groups (t(28.92) = 0.85, p =
0.4). The boxplots in Figure 1 show two outliers in
the non-RSSD group, which could be contributing to
the appearance of the slight trend.
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Figure 1: Just Noticeable Difference for each group in the

auditory-perceptual discrimination task. Horizontal lines

represent group medians, boxes represent the interquartile
range, and outliers appear as points.

3.2. Altered Auditory Feedback Response

3.2.1 Altered F1 Phase

The boxplots in Figure 2 represent the average degree
of compensation during the altered feedback phase
for each group, relative to the baseline phase. The
RSSD group has a lower median value than the non-
RSSD group, indicating a greater degree of
compensation during perturbation, and there is
minimal overlap between the notches representing the
confidence interval around the median for each
group. However, an independent-samples t-test
indicated that this difference was not statistically
significant (t(20.88) = 1.06, p = 0.3).
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Figure 2: Percent compensation for each group during the
altered F1 phase.

3.2.2 Aftereffect Phase

Figure 3 shows each group’s average degree of
adaptation in the first three trials after the perturbation
was removed, relative to the baseline phase. In
contrast with the previous plot, Figure 3 shows a
greater degree of adaptation for non-RSSD children
than children with RSSD. One-sample t-tests were
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used to test if the degree of adaptation after the
perturbation was withdrawn was significantly
different from zero. The difference was significant for
the group of children without RSSD (t(18) = -2.72, p
=.001), but not for the group of children with RSSD
(t(11) = -1.04, p = .16). However, the difference
between groups was not statistically significant
(t(27.83) =-1.24, p = .22).
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Figure 3: Percent adaptation for each group after
withdrawal of the perturbation (aftereffect phase).

3.2. Auditory Acuity and Altered Auditory
Feedback Response

Finally, we examined possible correlations between
auditory acuity and the auditory feedback responses
(percent compensation and adaptation). There was no
significant correlation between discrimination JND
and auditory feedback response either during the
altered F1 phase (r(29) = 0.18, p = 0.35) or aftereffect
phase (r(29) = 0.05, p =0.78).

4. DISCUSSION

The results reported here are preliminary and must be
interpreted with caution in light of a number of
limitations. The number of participants is small, and
the group of children with RSSD is roughly half the
size of the group without RSSD. At the present time,
the study is also limited in that the groups differed in
sex breakdown, with a larger percentage of male
participants in the RSSD group. We are continuing to
recruit children with RSSD in connection with an
ongoing clinical trial and will re-evaluate group
differences after parity in group size is achieved.

In our preliminary sample, we found no
significant difference in auditory acuity between the
groups of participants with and without RSSD. While
this was contrary to hypothesis, it was not entirely
surprising, since we assessed perception using a
sound contrast, /e/-/ee/, that participants in the RSSD
group did not have trouble articulating. Some
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previous literature has suggested that perceptual
deficits in SSD may be specific to the contrasts that
the speakers produce in error [17], although there is a
lack of consensus on this point [3, 4].

In these preliminary data, children with
RSSD showed a greater degree of compensation
during perturbation than children without RSSD,
although the difference was not statistically
significant. This differs from a previous study of
younger children [6], where a significant degree of
compensation was observed in children with typical
speech, but no compensation was observed in
children with SSD. Given that the present study
examined older children with a relatively mild speech
distortion, it is not entirely surprising that our findings
differed relative to [6]. Interestingly, whereas the
RSSD group showed a numerically greater degree of
compensation while the perturbation was in place, the
group without RSSD showed a greater degree of
adaptation after the perturbation was withdrawn.
One-sample t-tests indicated that the magnitude of
adaptation was significantly different from zero for
the group without RSSD but not the group with
RSSD, although the difference between the groups
was not statistically significant. If this result is found
to be robust when the complete sample is collected, it
could constitute a suggestion that children with RSSD

have more difficulty updating feedforward
commands than children with typical speech
production, and they may tend to rely

correspondingly more on feedback in speech-motor
control. This is broadly consistent with previous work
on a different type of speech sound disorder,
Childhood Apraxia of Speech [18].

5. CONCLUSION

While the current results only show group trends
rather than statistically significant differences, they
point to an interesting potential contrast between
compensation during perturbation and adaptation
after perturbation is withdrawn. Data collection is
ongoing to achieve parity in group size and sex
distribution. If the trends observed here are robust
when the complete sample is collected, they will
suggest a difference in feedback processing versus
feedforward updating in children with and without
RSSD. Additionally, SimpleDIVA modelling [19] is
underway for this dataset, which will provide further
insights into speech-motor control in this population.
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