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ARTICLE INFO ABSTRACT

Purpose: This study aimed to identify predictors of response to treatment for
residual speech sound disorder (RSSD) affecting English rhotics. Progress was
tracked during an initial phase of traditional motor-based treatment and a longer
phase of treatment incorporating ultrasound biofeedback. Based on previous lit-
erature, we focused on baseline stimulability and sensory acuity as predictors
of interest.

Method: Thirty-three individuals aged 9-15 years with residual distortions of /i/
received a course of individual intervention comprising 1 week of intensive tradi-
tional treatment and 9 weeks of ultrasound biofeedback treatment. Stimulability
for /1/ was probed prior to treatment, after the traditional treatment phase, and
after the end of all treatment. Accuracy of /i/ production in each probe was
assessed with an acoustic measure: normalized third formant (F3)—second for-
mant (F2) distance. Model-based clustering analysis was applied to these
acoustic measures to identify different average trajectories of progress over the
course of treatment. The resulting clusters were compared with respect to acu-
ity in auditory and somatosensory domains.

Results: All but four individuals were judged to exhibit a clinically significant
response to the combined course of treatment. Two major clusters were identi-
fied. The “low stimulability” cluster was characterized by very low accuracy at
baseline, minimal response to traditional treatment, and strong response to ultra-
sound biofeedback. The “high stimulability” group was more accurate at baseline
and made significant gains in both traditional and ultrasound biofeedback phases
of treatment. The clusters did not differ with respect to sensory acuity.
Conclusions: This research accords with clinical intuition in finding that individ-
uals who are more stimulable at baseline are more likely to respond to tradi-
tional intervention, whereas less stimulable individuals may derive greater rela-
tive benefit from biofeedback.
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Speech sound disorder (SSD) is a broad label that
characterizes individuals whose speech production patterns
do not converge with normative expectations for speakers
of their language and dialect. Many individuals who

Correspondence to Tara McAllister: tkm214@nyu.edu. Disclosure:
The authors have declared that no competing financial or nonfinancial
interests existed at the time of publication.

present with SSD in early childhood do converge on more
typical speech patterns by late school age, either through
treatment or through maturation (To et al., 2022).
Approximately 25% of children with SSD continue to exhibit
atypical speech patterns past the age of 6 years (Shriberg
et al., 1999). When these patterns persist past 8-9 years of
age, a child might be identified as having a residual SSD
(RSSD). RSSD is considered particularly challenging to
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treat, and some children are dismissed from clinician case-
loads prior to full remediation; in an estimated 1%-2% of
the overall population, RSSD continues through adolescence
and into adulthood (Culton, 1986; Flipsen, 2015). Deviations
in RSSD tend to cluster on late-emerging sounds such as /v/
and /s/ (Ruscello, 1995); our focus here is on /i/, which is
often characterized as the most common and most challeng-
ing residual deviation for speakers of North American
English. This may be due to the articulatory complexity
required to produce perceptually accurate /i/. While most
sounds are produced with a single major lingual constriction,
/il requires near-simultaneous dual constrictions: one near
the palate/alveolar ridge and one in the pharynx. In addition,
there is extensive variation in the tongue shapes used for /v/,
both within and across speakers (Boyce, 2015; Delattre &
Freeman, 1968; Westbury et al., 1998); in this context,
speech-language pathologists (SLPs) may find it challenging
to identify successful cueing strategies for a given child.
Although the impacts of RSSD on intelligibility may be rela-
tively minor, speech differences have been linked to negative
perception by peers (e.g., Crowe Hall, 1991), with potential
ramifications for socioemotional well-being (Hitchcock
et al., 2015). Developing effective treatments and determin-
ing which children show the strongest or weakest response to
those treatments is a high priority for clinical research on
RSSD.

Traditional motor-based treatment for /1/ can lead
to improved speech sound production in some children
with RSSD (e.g., McAllister Byun & Hitchcock, 2012;
Preston et al., 2017; Ruscello & Shelton, 1979; Shriberg,
1975). In motor-based treatment, the SLP typically pro-
vides auditory models, verbal cues, and shaping strategies
to encourage appropriate articulator placement for /v/
(e.g., Boyce, 2015; Preston, Benway, et al., 2020; Van
Riper & Erickson, 1996). Treatment usually involves
repetitive drilling, beginning in simple contexts and pro-
ceeding to stimuli of increasing complexity. However,
motor-based treatments are not always effective for
RSSD, and clinicians have called for improved treatment
approaches for this population (Ruscello, 1995).

Ultrasound Biofeedback for /i1/
in Children With RSSD

In recent years, considerable attention has been
devoted to the possibility that RSSD might be remediated
more effectively or efficiently through treatment incorpo-
rating visual biofeedback. Biofeedback uses instrumenta-
tion to create a real-time visual display of the current
function of some physiological process (Davis & Drichta,
1980; Volin, 1998), adding a new modality to the typical
sensory experience of producing speech. This is intended
to help learners gain more conscious control over

processes that are typically highly automatized. It may
also be beneficial for individuals with weak perceptual
ability in auditory and/or somatosensory domains, which
are generally understood to provide the primary targets of
speech, as discussed subsequently.

Several biofeedback technologies have been used for
treating RSSD, including visual-acoustic biofeedback,
which displays the resonant frequencies of the vocal tract
(e.g., McAllister Byun & Hitchcock, 2012), and electropa-
latographic biofeedback, which displays an image of
regions of contact between the tongue and the palate (e.g.,
Hitchcock et al., 2017). Possibly the most thoroughly stud-
ied type of biofeedback is ultrasound biofeedback, in
which an ultrasound probe placed beneath the chin is used
to provide a real-time view of the surface of the tongue.
In a systematic review of 28 ultrasound biofeedback treat-
ment studies encompassing over 100 participants with var-
ious forms of developmental SSD, Sugden et al. (2019)
found that ultrasound biofeedback was associated with
positive outcomes in many, but not all, children. There is
increasingly high-quality evidence in support of the use of
ultrasound biofeedback for RSSD specifically. In a single-
case experimental study, Preston et al. (2019) found
greater improvements in /i/ production for six children
who received eight sessions of ultrasound biofeedback
treatment versus six children who received eight sessions
of traditional articulation treatment. Several other case
studies and single-case experimental studies have also
reported that children with RSSD affecting /1/ show bene-
fit from ultrasound biofeedback treatment (Adler-Bock
et al., 2007, McAllister Byun et al.,, 2014; Preston &
Leece, 2017; Preston et al., 2014, 2017, 2018).

Despite reporting positive outcomes on average, the
existing literature on biofeedback intervention has high-
lighted heterogeneity in participants’ treatment response
and has noted that it should be a priority to understand
these differences. Virtually all studies to date have
reported a mix of strong responders and nonresponders,
where response is generally measured based on change in
listener ratings of the target sound in untreated word con-
texts. Lack of response to treatment is commonly reported
in roughly one quarter to one third of individuals receiv-
ing biofeedback treatment (McAllister Byun & Campbell,
2016; Preston et al., 2019). Research in the “personalized
learning framework” suggests that learning can be opti-
mized by identifying profiles of baseline ability that might
be linked to different profiles of treatment response
(Perrachione et al., 2011; Wong et al., 2017). For instance,
Perrachione et al. (2011) found that the optimal paradigm
to train participants in a pitch-learning task differed for
individuals with high versus low performance in a pitch
identification task at baseline. Applying this framework to
the study of treatment methods such as biofeedback could
make it possible to pair individuals with an approach
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expected to be most effective for their profile of strengths
and limitations.

Potential Predictors of Treatment
Response

Stimulability

To apply the personalized learning framework in the
context of ultrasound biofeedback intervention, it is neces-
sary to identify plausible predictors of treatment response.
Volin (1998), who measured performance in a nonlinguis-
tic respiratory control task with biofeedback, put forward
a clear candidate in the form of baseline stimulability. Sti-
mulability has been defined as “a generalized measure of
a child’s ability to correct errors in an imitative context”
(Miccio et al., 1999, citing Milisen, 1954); it generally
involves prompting the learner to imitate the clinician’s
model of a target sound in isolation or in a simple context
such as a nonword syllable. Volin (1998) used partici-
pants’ performance on the experimental task after a brief
period of initial training as the index of stimulability. Par-
ticipants (n = 36) were randomly assigned to receive fur-
ther training in a biofeedback condition or a condition in
which only verbal knowledge of performance (KP) feed-
back was provided. Participants with low baseline stimul-
ability tended to make gains in the biofeedback condition
but not in the verbal feedback conditions; participants
with moderate baseline stimulability showed comparable
gains in accuracy in both conditions. However, partici-
pants with high stimulability at baseline showed a large
decrement in performance when assigned to receive bio-
feedback training, versus negligible change in the KP feed-
back condition. Volin hypothesized that biofeedback may
interfere with performance in highly stimulable learners by
forcing them to recalibrate their motor plan to match an
external specification, even though they already possessed
an internal representation that was largely successful.
These results suggested that biofeedback is most helpful
for the least stimulable learners and may be contraindi-
cated for the most stimulable. For moderate stimulability,
biofeedback may be beneficial but may not outperform
traditional verbal cueing.

The findings from Volin (1998) are consistent with
general principles of motor learning (e.g., Maas et al,
2008). Detailed qualitative or KP feedback, of which bio-
feedback is one type, is thought to be most effective in
early stages of learning when the learner is working to
understand the parameters of the movement (Newell et al.,
1990). As a learner’s skill increases, detailed feedback has
been associated with diminishing returns and may even
inhibit generalization to novel contexts (Ballard et al.,
2012; Hodges & Franks, 2001). However, there is relatively

little research examining the connection between stimulabil-
ity and response to biofeedback in the specific context of
speech-motor learning. Previous non-biofeedback studies
have found a significant relationship between stimulability
and generalization during treatment for SSDs (Miccio,
1995; Powell et al., 1991). Higher stimulability is generally
associated with greater gains in the absence of treatment
(Powell & Miccio, 1996; To et al., 2022), as well as greater
progress in the treatment setting (Carter & Buck, 1958;
Irwin et al., 1966; but cf. Sommers et al., 1967). In light of
this predictive power, stimulability testing is widely used in
clinical practice; in a 2019 survey of school-based SLPs,
over 80% of respondents indicated that they assessed sti-
mulability as part of a typical evaluation for SSD
(Farquharson & Tambyraja, 2019). In the specific context
of biofeedback, multiple studies have argued that techno-
logically enhanced feedback may have its greatest impact in
the early stages of intervention, when learners are presumed
to be at their least stimulable (for ultrasound biofeedback,
see Preston et al., 2019; for visual-acoustic biofeedback, see
McAllister Byun & Campbell, 2016, and Peterson et al.,
2022). However, these studies did not specifically examine
individual differences in baseline stimulability as predictors
of treatment response.

Sensory Acuity

Since speech is a sensorimotor skill, efforts to pre-
dict treatment response should also focus on measuring
aspects of sensorimotor control. Following models such as
DIVA (Guenther, 2016), HSFC (Hickok, 2012), and
FACTS (Parrell et al., 2019), we understand speech as a
process of acquiring and refining motor plans to achieve
goals in auditory and somatosensory space. These motor
plans must be adjusted in response to auditory and
somatosensory feedback. Sensorimotor models of speech
production predict that speakers who represent a given
speech sound with a narrower region in sensory space
should also be more precise in their phonetic realization
of that sound. Empirical research in recent decades (e.g.,
Brunner et al., 2011; Ghosh et al., 2010; Perkell et al.,
2004; Villacorta et al., 2007) has accumulated a body of
evidence that individual variation in speech production
does indeed correlate with individual differences in audi-
tory and/or somatosensory sensitivity.

Auditory-Perceptual Acuity

Previous research has found significant associations
between individual differences in auditory-perceptual acu-
ity for speech sounds and individual variation in speech
production in typical adults (Newman, 2003; Perkell et al.,
2004; Villacorta et al., 2007) and children/adolescents
(McAllister Byun & Tiede, 2017). In the clinical literature,
a 2019 meta-analysis showed that, on average, children
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with SSD exhibit lower performance on speech perception
tasks than typically developing peers, although perceptual
deficits are not universal in SSD (Hearnshaw et al., 2019).
Children who misarticulate a sound may have specific diffi-
culty distinguishing correct versus incorrect versions of that
target (e.g., Rvachew & Jamieson, 1989); in the specific
context of RSSD, Shuster (1998) found that children with
RSSD affecting /1/ tended to perceive both correct and mis-
articulated /1/ as acceptable variants. Recent research has
also suggested that auditory-perceptual acuity may act as a
significant predictor of response to biofeedback treatment
for RSSD affecting /i/. In a randomized controlled trial
with 38 children ages 8-16 years receiving ultrasound biofeed-
back therapy for /i misarticulation, Preston, Hitchcock,
and Leece (2020) found that pretreatment auditory-
perceptual acuity was positively correlated with treatment
response for children who participated in ultrasound bio-
feedback treatment. Better auditory-perceptual acuity was
associated with better /i/ production outcomes regardless of
whether or not children received speech perception training
along with biofeedback treatment. Cialdella et al. (2021)
extended this finding in a retrospective study of 59 partici-
pants ages 9-15 years who received treatment for RSSD
affecting /1/ using various biofeedback technologies. That
study found that the children with RSSD showed signifi-
cantly poorer auditory-perceptual acuity (wider boundary
region in an auditory identification task with stimuli along
a synthetic continuum from rake to wake) than 48 age-
matched peers with typically developing speech. The study
also found a positive correlation between pretreatment
auditory-perceptual acuity and treatment response that was
significant in female but not in male participants. Finally,
in a single-case experimental study of seven participants with
RSSD affecting /1/ who received both visual-acoustic and
ultrasound biofeedback, Benway et al. (2021) found that
individuals with more acute auditory perception at base-
line exhibited a larger magnitude of change over the
course of treatment. Despite the small sample size, this
association was strong and significant (Spearman rho =
.86, p = .024).

Somatosensory Acuity

Oral somatosensory feedback helps refine sensory
targets during speech development. Somatosensory feed-
back may include information about the position and
movements of body structures (proprioception and kines-
thesia), as well as the tactile sense of touch and pressure
as body structures come into contact with other surfaces
(Guenther, 2016). A number of studies have examined
oral tactile acuity in connection with speech production.
Oral tactile awareness can be measured through stereo-
gnosis tasks, in which participants are asked to identify
shapes or letters presented in the oral cavity (Attanasio,
1987), as well as through tasks measuring thresholds for

the detection of touch or vibration. Children and young
adults with RSSD have been observed to show reduced
somatosensory acuity relative to typically developing
peers on tasks such as two-point discrimination and oral
stereognosis (Fucci, 1972; Fucci & Robertson, 1971;
McNutt, 1977; Ringel et al., 1968), although other studies
have failed to find an association between oral somato-
sensory acuity and articulation, particularly in younger
speakers (Lonegan, 1974; Madison & Fucci, 1971). In
addition, Moreau and Lass (1974) found that perfor-
mance on an oral form discrimination task was signifi-
cantly correlated with stimulability in a sample of chil-
dren with SSD.

Purpose and Hypotheses

Following the personalized learning framework, this
study aimed to identify individual baseline characteristics
that might be associated with distinct profiles of response
to different types of treatment for RSSD affecting /1/. All
participants received an initial phase of traditional treat-
ment followed by a longer period of ultrasound biofeed-
back treatment. To evaluate the relationship between sti-
mulability and response to different types of treatment, we
administered the same stimulability probe in the pretreat-
ment baseline phase (pretreatment time point), after the
initial phase of traditional treatment (posttraditional time
point), and again after ultrasound biofeedback treatment
(posttreatment time point). We used model-based cluster-
ing (Banfield & Raftery, 1993) to identify participants
with similar profiles of performance over the course of
treatment. We hypothesized that this process would iden-
tify at least two clusters reflecting differences in baseline
stimulability, relative response to traditional and biofeed-
back treatment, and/or overall magnitude of response.
Based on Volin (1998) and other literature reviewed previ-
ously, we predicted that greater stimulability at baseline
would be associated with a smaller relative magnitude of
response to biofeedback treatment compared to traditional
treatment. We then compared the resulting clusters with
respect to age, auditory-perceptual acuity, and somatosen-
sory acuity. We hypothesized that the clusters identified
on the basis of differences in treatment response would
show differences with respect to at least one of our sen-
sory measures, which were selected for their relevance to
speech—-motor control.

Finally, we obtained blinded listeners’ perceptual
ratings of /1/ sounds in word probes elicited at the begin-
ning and end of treatment. This allowed us to examine
participants’ average magnitude of treatment response in a
fashion more comparable to prior studies (e.g., Preston
et al., 2019), which typically focus on generalization of per-
ceptually accurate production to untrained words spoken
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Table 1. Characteristics of 33 children with residual speech sound disorder included in treatment.

Variable M SD Minimum Maximum
Age (years;months) 10;7 17.7 mo 9;0 14;7
GFTA-2 standard score <733 11.2 <40 91
PPVT-4 standard score 115 14.4 86 152
CELF-4 recalling sentences scaled score 12.1 3.2 7 18
CTOPP-2 phonological awareness composite score 98.4 12.2 65 127
Note. GFTA-2 = Goldman—Fristoe Test of Articulation—Second Edition; PPVT-4 = Peabody Picture Vocabulary Test—Fourth Edition;

CELF-4 = Clinical Evaluation of Language Fundamentals—Fourth Edition; CTOPP-2 = Comprehensive Test of Phonological Processing—

Second Edition.

nonimitatively. We additionally examined whether this over-
all response magnitude differed across clusters.

Method

This was a single-group study designed to evaluate
changes from pre- to posttreatment. Data were collected
from two participating sites: Haskins Laboratories and New
York University. Institutional review board approval was
obtained from the respective institutions. Three -certified
SLPs completed assessments and treatment at each site: two
at New York University and one at Haskins Laboratories.

Participants

Participants between ages 9 and 15 years were recruited
through flyers posted throughout the community and through
referrals from local SLPs. During an initial screening appoint-
ment, parents completed a case history and demographic
form. A total of 33 participants met all criteria for inclusion
in the study, including 18 at New York University and 15 at
Haskins Laboratories. Four additional participants were eval-
uated but not included in the final study because they did not
meet all inclusionary criteria.! Participants completed a
written consent and assent process.

Inclusionary Criteria

All participants included in the study were native
speakers of rhotic dialects of American English, per parent
report. Participants were required to demonstrate /i/ dis-
tortions in conversational speech and on the Goldman-
Fristoe Test of Articulation—-Second Edition (GFTA-2;

"Due to experimenter error, one participant was enrolled in the study
despite not meeting all inclusionary criteria (baseline accuracy in the
standard /¥ word probe exceeded the maximum cutoff of 30% cor-
rect). This participant was identified at the data processing stage, and
their scores appeared as extreme outliers relative to other partici-
pants. Their data were thus excluded from the analyses and results
reported here.

Goldman & Fristoe, 2000), as determined by a certified
SLP. To establish a relatively uniform level of severity of
RSSD affecting /i/, participants were required to fall
below 30% accuracy on a standard list of 50 words asses-
sing /1/ accuracy as scored by the SLP. Participants were
required to achieve a minimum score of 80 on the Pea-
body Picture Vocabulary Test-Fourth Edition (Dunn &
Dunn, 2007) and to pass a pure-tone hearing screening at
20 dB bilaterally at 500, 1000, 2000, and 4000 Hz.

Speech motor function was assessed using a maxi-
mum performance task (see Thoonen et al., 1999). This
examination evaluated presence of possible dysarthria and
apraxia by evaluating measured duration of sustained pho-
nemes including /a/, /f/ /s/, and /z/; speed and accuracy in
repeated production of /pa/, /ta/, and /ka/; and accurate pro-
duction of /pataka/ at the quickest rate possible. Participants’
performance then fell into one of three categories: A score
of 0 was representative of no apparent signs of dysarthria or
apraxia, 1 was indicative of an uncertain diagnosis of dysar-
thria or apraxia, and a score of 2 meant likely dysarthria or
apraxia. Participants were required to receive a score below
2 for inclusion in the study.

Once eligibility was confirmed, a second pretreatment
assessment visit was conducted. The Recalling Sentences sub-
test of the Clinical Evaluation of Language Fundamentals—
Fourth Edition (Semel et al., 2003) and the Comprehensive
Test of Phonological Processing-Second Edition (Wagner
et al., 2013) were administered for descriptive purposes. The
tasks used to predict treatment response, outlined subse-
quently, were also administered. Table 1 shows descriptive
characteristics for included participants.

Assessment of Auditory-Perceptual Acuity

Auditory-perceptual acuity for /1/ was assessed using
the categorical perception task described by McAllister
Byun and Tiede (2017). A synthetic nine-step continuum
between the sounds /1/ and /w/ was presented in a custom-
ized computerized task. Stimuli were generated from natu-
ral productions of the words rake and wake spoken by a
10-year-old female participant. (The endpoints of rake and
wake were chosen because misarticulated productions of
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syllable-initial /1/ are often perceived as /w/ or a similar
sound such as the labiodental glide /v/, although other dis-
tortions also occur.) The steps along the continuum were
synthesized from the weighted average of the linear pre-
dictive coding coefficients, the gain, and the associated
residuals computed from the voiced region of the aligned
natural rake and wake utterances. During the task, partici-
pants listened to and categorized each step of the continuum
8 times, presented in random order, for a total of 72 trials.
In a two-alternative forced-choice task, each token was pre-
sented twice with a 200-ms interstimulus interval, and then
participants selected rake or wake on the computer screen
via mouse click. This task was completed with headphones
in a soundproof booth or a sound-attenuated room. For
each participant, auditory-perceptual acuity was measured
by plotting the proportion of presentations of each contin-
uum step that were identified as rake. These data points
were then fitted to logistic functions via maximum-
likelihood estimation. Auditory-perceptual acuity for /i/ was
defined as the width of the fitted function from the 25th to
the 75th percentile of probability. In this task, a narrower
boundary region between rake and wake is indicative of a
higher degree of response consistency, which has been inter-
preted as evidence of more acute auditory perception
(Hazan & Barrett, 2000; McAllister Byun & Tiede, 2017).

Assessment of Somatosensory Acuity

An oral stereognosis task was administered to assess
the tactile aspect of somatosensory acuity.” This task,
which was administered per the specifications in Steele
et al. (2014), uses Teflon strips with raised embossed let-
ters ranging in size from 2.5 to 8 mm. The clinician pre-
sented each strip to the participant with the top of the let-
ter oriented toward the back of their mouth. Participants,
who wore dark glasses to obscure visual access to the
strips, were instructed to insert each plastic strip into their
mouth and use their tongue tip to identify each letter. Par-
ticipants received an initial training explaining how the
strips would be oriented and describing key characteristics
of the stimuli (e.g., letters were capital and could repeat).
After comprehension of this information was confirmed,

?Oral stereognosis can be defined as the ability to recognize shapes or
symbols using the sense of touch with oral structures (Fucci &
Robertson, 1971). It assesses oral somatosensory function in a more
complex and functional way than measures involving the detection of
tactile stimuli, such as vibrotactile threshold or two-point discrimina-
tion tasks (Jacobs et al., 1998). Stereognosis tasks also permit active
manipulation of the object to be identified (e.g., searching the object
with the tongue), in contrast with tactile detection tasks, which do
not allow movement of the body part being assessed (Lukasewycz &
Mennella, 2012). Because oral stereognosis was the only oral somato-
sensory task administered in this study, we use the general term
somatosensory acuity in connection with performance on this task.

the child completed one practice trial and then proceeded
to the main task. Letters were presented in an adaptive
staircase fashion in which size increased following an incor-
rect response and decreased following a correct response.
No accuracy feedback was provided. The task was termi-
nated after eight reversals in direction or 28 total trials,
whichever occurred first. Following Steele et al. (2014), the
score was calculated as the average size of letters in correct
trials only. As such, higher scores are indicative of lower
somatosensory acuity. Because the protocol and materials
for this task were still being prepared at the time this study
was initiated, 11 participants completed this task at pre-
treatment, 14 participants completed the task at posttreat-
ment, and the remaining eight participants were unable to
complete the task because their participation ended prior to
the availability of task materials. Results pertaining to
somatosensory acuity will be interpreted with caution in
light of these limitations.

Treatment

Treatment occurred in one phase of traditional treat-
ment and a phase of ultrasound biofeedback treatment
that included a brief period of intensive treatment and a
longer period of less intensive treatment focused on general-
ization. Target selection was based on participant perfor-
mance on the stimulability probe described below (see
details in Supplemental Material S1). For each participant,
treatment targets included syllabic /3/ plus the three least
accurate contexts, based on the stimulability probe, selected
from the following: postvocalic /i/ following a front vowel,
postvocalic /i/ following a back vowel, onset /1/ before a
front vowel, or onset /1/ before a back vowel. Target con-
texts remained stable across phases of treatment.

Phase I: Intensive Traditional Treatment

Phase I consisted of intensive non-biofeedback
motor-based (henceforth, “traditional”) treatment in which
participants were provided three 1.5-hr sessions of motor-
based speech therapy (with no ultrasound use) within
roughly 1 week. Each treatment session consisted of pre-
practice and structured practice portions. During preprac-
tice, participants received visual and verbal cues aimed at
eliciting correct /1/, including descriptions of tongue posi-
tioning, phonetic placement cues, and shaping strategies
(for examples of such cues, see Preston, Benway, et al.,
2020). A document listing suggested cues was provided to
the clinicians as guidance; additional strategies were
allowed at the clinician’s discretion. Targets in prepractice
were selected to feature two exemplars for each of the
child’s four contexts (e.g., /m3J/, /3-g/; /x/, [xel/; ul, lexl; lail,
/o1f). The structured practice component of each Phase I
session began after all target syllables were produced cor-
rectly at least 3 times (24 correct productions in total) or
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after 50 min, whichever came first. In Phase I, structured
practice was guided by the Challenge Point Program (CPP;
McAllister et al., 2021). The software presented 96 trials in
blocks of six, with targets equally divided across the four
chosen contexts for the child. At the start of each block,
the clinician provided one verbal model. For each produc-
tion, the clinician entered a score of correct (1) or incorrect
(0) into the software. Based on the clinician’s rating, the
software displayed knowledge of results feedback on the
screen (i.e., “That’s right!” or “Not quite”) following Trials
1, 3, and 5 in each block, and the clinician was prompted
to provide detailed KP feedback at the end of the block.
This first phase of treatment was nonadaptive, meaning
that all participants received the same practice structure
regardless of their accuracy.

Phase llI-a: Intensive Ultrasound Treatment

During treatment Phase II-a, participants received
three 1.5-hr sessions of intensive ultrasound therapy within
a 1-week period. Intensive ultrasound sessions began with
instruction about the function of the ultrasound and how
to interpret ultrasound images. A Siemens Acuson X300
ultrasound machine with C6-2 transducer was used for
biofeedback at the Haskins Site; at the NYU site, the
same device was used with a C8-5 transducer. During pre-
practice, magnetic resonance imaging (MRI) images of the
vocal tracts of 22 speakers producing /i/ were displayed
(Boyce, 2015; Tiede et al., 2004), and example tongue
images were selected for participants to use as visual
models. Sample tongue shapes were selected based on the
clinician’s judgment of which aspects of practiced shapes
were facilitative during prepractice. The ultrasound could
be used in both sagittal and coronal views. In sagittal
view, participants were instructed to focus on elevating
the anterior tongue (tip, blade, or anterior dorsum), lower
the posterior tongue dorsum, or retract the tongue root to
achieve an accurate /1/. In coronal view, the focus was on
elevating the sides of the tongue and forming a groove in
the midline of the posterior tongue dorsum. No head stabi-
lization was used, but the probe was stabilized in a micro-
phone stand and repositioned as needed by the clinician or
participant. Each Phase IlI-a session began with up to
50 min of prepractice followed by 30 min of structured
practice. As in Phase I, participants could advance to struc-
tured practice early if they produced 24 perceptually correct
utterances. Structured practice in Phase II-a was identical
to Phase I in terms of the number of trials and the nature
and timing of clinician feedback; the only difference was
the inclusion of real-time ultrasound biofeedback.

Phase lI-b: Ultrasound Treatment for
Generalization

In Phase II-b of treatment, participants received two
sessions per week for 8 weeks with ultrasound biofeedback.

Sessions were 45 min to 1 hr in duration. The syllables/
words targeted in each session were randomly selected by
the CPP program from its built-in lists of words/syllables,
with three items initially selected to represent each of the
participant’s four target contexts. Each Phase II-b session
began with prepractice that was identical to Phase Il-a,
except that the duration was limited to 15 min or 24 cor-
rect productions, whichever came first. Phase II-b struc-
tured practice consisted of 216 /i/ trials, elicited in blocks of
six trials, or a cumulative session duration of 1 hr. Phase
II-b treatment differed from the previous phases in that
structured practice was adaptive; that is, the conditions of
practice were adjusted to be more or less challenging based
on the child’s recent performance. This was accomplished
using the CPP software, which was designed to facilitate
adaptive practice embodying the principles of the challenge
point framework for motor learning (Guadagnoli & Lee,
2004; Matthews et al., 2021). If accuracy in a block of six
trials exceeded 80%, the next block would feature an
increase in complexity; if accuracy in a block fell below
50%, complexity in the next block would decrease. Within-
session changes in complexity could manipulate the fre-
quency of verbal feedback from the clinician (from four to
two trials per block) and the complexity of the practiced
items (from syllables to words in sentences). Other adaptive
changes were made between sessions based on cumulative
accuracy in the previous session; these included changes in
the order of presentation of practice trials (fully blocked,
random blocked, or fully random), and the frequency at
which ultrasound feedback was made available (from 80%
to 30% to 0% of blocks). See McAllister et al. (2020) for
additional details of the CPP software and the complexity
hierarchy. CPP settings were carried over from one session
to the next so that the complexity at the start of a session
was the same as that achieved at the end of the previous
session.

Treatment Fidelity

Fidelity in treatment was assessed by blinded trained
students who reviewed recordings of 102 pseudorandomly
selected treatment sessions, representing roughly 14% of
all sessions completed. Pseudorandom selection was used
to ensure a balanced representation of participants and
phases of treatment across fidelity checks. In each check,
the student reviewed a video or audio recording of the ses-
sion® while also inspecting CPP records indicating what
stimuli were expected to be presented and what cues were
expected to be provided in each block of six trials. They
followed a checklist to answer the following questions for

3In the ultrasound treatment condition, video was obtained as part of
the ultrasound setup process. In the traditional treatment condition,
no video was obtained; hence, the fidelity check was performed on
the basis of the session audio recording.
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each block. (a) Was a verbal model provided at the start
of the block? (b) For biofeedback sessions only, was a
visual target (MRI image or custom trace) made avail-
able? (c) Was the correct number of trials completed? (d)
Was biofeedback presented or withheld as indicated by
the CPP? (e) Was qualitative feedback provided as indi-
cated by the CPP? Results of the fidelity check are
reported in Table 2. All parameters had at least 90% fidel-
ity, indicating an appropriate level of adherence to the
stated experimental protocol.

Measurement

Stimulability Probes

A standard stimulability probe eliciting /i/ was
administered at the pretreatment, posttraditional, and post-
treatment time points. The probe, which is provided in Sup-
plemental Material S1, consisted of 15 syllables that were
elicited 3 times each. Nine targets elicited vocalic /1/ (three
syllabic /3/; three postvocalic with front vowels, and three
postvocalic with back vowels), and six elicited consonantal
/1/ in consonant-vowel syllables (three with front and three
with back vowels). Syllables elicited in the stimulability
probe were excluded from lists of targets used during treat-
ment. In stimulability probe administration, the treating cli-
nician provided a visual and auditory model of each sylla-
ble and cued the child to repeat with their “best /1/ sound.”

Using Praat software for acoustic analysis (Boersma
& Weenink, 2019), the third author and a trained gradu-
ate research assistant measured the formant frequencies of
the target /1/ intervals. An optimal filter order (e.g., five
formants in 5000 Hz, following Praat conventions) was
selected for each participant (Burris et al., 2014) by com-
paring different settings and selecting the one that yielded
the best match between automated tracks and visible areas
of energy concentration. At that selected formant setting,
the researcher selected a time point during which the first
three formants of the rhotic interval were judged to be
stable and representative of that production, particularly
with respect to the third formant (F3). A Praat script
(Lennes, 2003) was used to extract measurements of the
first three formant frequencies from a 50-ms Gaussian
window generated around the selected point. For each
production, the difference between the second and third

formants (F3-F2) was calculated in Hertz and then con-
verted to z scores in order to account for expected differ-
ences in formant frequencies related to age and gender.
This normalization process was carried out using pub-
lished means and standard deviations (Flipsen et al., 2001;
S. Lee et al., 1999). Normalized F3-F2 distance was
selected based on previous research suggesting that it is the
acoustic index of rhoticity that corresponds most closely
with expert ratings of perceptual accuracy (Campbell et al.,
2018; Dugan et al., 2019). To assess reliability, the second
author followed the same procedure for 20/99 files (20%)
representing a range of participants and time points. Intra-
class correlation with single random raters was used to
assess the reliability of F3-F2 measurements between the
original and remeasured files. The ICC was computed to
be 0.95, indicating strong agreement between formant mea-
surements carried out by different individuals (Koo & Li,
2016).

Word Probes

While performance on stimulability probe measures
was the primary focus of this study, participants were also
recorded producing untreated words containing /1/ in a
nonimitative fashion. A fixed list of words (see Supplemen-
tal Material S1) was elicited at the beginning and end of
the study to assess the overall magnitude of generalization
learning over the course of all treatment, including both
traditional and ultrasound biofeedback phases. No word
probe was administered at the posttraditional time point
because minimal generalization learning was expected after
such a brief period of treatment. To further increase the
real-world relevance of this generalization measure, instead
of acoustic measurement, word probes were rated for per-
ceptual accuracy by blinded untrained listeners recruited
using the Amazon Mechanical Turk (AMT) crowdsourcing
platform. Previous literature has explored online crowd-
sourcing as a means to obtain ratings of speech productions
from members of the general public (Nightingale et al.,
2020; Sescleifer et al., 2018). Listeners recruited in this way
do not have specific training in speech rating, and they
use different equipment to complete the task, introducing
an additional source of noise into the rating data. Never-
theless, empirical studies have shown that when responses
are averaged over a sufficient number of listeners,

Table 2. Treatment fidelity indicating the percentage of treatment blocks (groups of six trials) meeting the criteria for each treatment site.

NYU site Haskins site
Fidelity domain (out of 1,100 blocks) (out of 1,638 blocks)
Provided model at start of each block 99.8% 99.1%
MRI or custom tongue image available for reference in the block (biofeedback only) 90.7% 100%
Correct number of trials completed in the block 99.5% 100%

Note. NYU = New York University; MRI = magnetic resonance imaging.
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crowdsourced ratings are comparable to trained listener
ratings obtained in the laboratory setting. Specifically,
McAllister Byun et al. (2015) found that ratings from
nine untrained AMT listeners converged with ratings
derived from three trained listeners.

Following McAllister Byun et al. (2015), target
utterances from audio recordings of each probe session
were labeled with a textgrid file in Praat (Boersma &
Weenink, 2019) and used to generate individual word-
level sound files. These sound files were randomized and
presented to listeners on AMT in blocks of 200 words.
Each token was independently judged by nine unique lis-
teners, who rated the /1/ sound as correct or incorrect. Lis-
teners were blinded to the time point of elicitation and the
identity of the speaker, but they were provided with an
orthographic representation of the target word. Listeners
were required to have IP addresses within the United
States, report speaking English as their primary language,
and report no history of speech or hearing difficulty. In
addition, they were required to pass a qualification task in
which their ratings of 100 /i/ words were compared
against ratings from expert listeners (see details in
McAllister Byun et al., 2015). Finally, each block of 200
files included 20 catch trials that were judged to be
unequivocally correct or incorrect based on previous
expert ratings. The listeners on AMT needed to agree with
the expert rater judgment on at least 80% of these tokens
for their data to be included. A total of 26 raters (17 females
and 9 males) contributed to the task, with each rater com-
pleting an average of 11.2 blocks (SD = 8.5, range: 1-28).
Raters had a mean age of 40.8 years (SD = 9.2 years, range:
27-60 years).

Analyses

The data set used for the clustering analysis con-
sisted of three measurements for each participant: mean
normalized F3-F2 distance for the stimulability probes
administered at pretreatment, posttraditional, and post-
treatment time points. These three raw measures were
used as input to a principal components analysis (PCA) in
R (R Core Team, 2019). PCA identifies orthogonal com-
ponents characterized by sequentially maximal variance
derived from a set of measures. While PCA is commonly
used for dimensionality reduction, due to the low dimen-
sionality of our raw data (only three observations per par-
ticipant), PCA was used to rotate the data with no change
in dimensionality. The principal component (PC) scores
were then used as input to unsupervised model-based clus-
tering analyses using the “mclust” package (Scrucca et al.,
2016). The optimal number of clusters was selected based
on Bayesian information criterion (BIC) values (Schwarz,
1978) as suggested by Fraley and Raftery (1998) and sup-
ported by visual inspection of classification plots. The

resulting clusters were qualitatively examined to character-
ize their respective patterns in terms of baseline stimulabil-
ity and changes over the course of treatment. They were
also compared with respect to age, auditory acuity, and
somatosensory acuity using a single multivariate logistic
regression model and visual inspection of boxplots. A final
set of analyses examined participants’ generalization learn-
ing as indicated by blinded listeners’ perceptual ratings of
probes composed of untreated words. Scores at pre- and
posttreatment were compared across clusters using a mul-
tivariate ¢ test (Hotelling’s 7%), and magnitude of change
from pre- to posttreatment was compared across clusters
using an independent-samples ¢ test. Complete code and
deidentified data to reproduce the analyses reported here
can be found on the Open Science Framework at https://
osf.io/fe3pr/.

Results

Stimulability Probes

Figure 1 shows each participant’s acoustically mea-
sured accuracy (normalized F3-F2 distance) for stimul-
ability probes at the pretreatment, posttraditional, and
posttreatment time points. The median F3-F2 distance is
represented with a horizontal bar at each time point.
Recall that because F3-F2 distance is smaller in perceptu-
ally accurate /1/ sounds, this measure decreases as accu-
racy increases. In Figure 1, the group median decreases
slightly in the brief initial phase of intensive traditional
treatment, followed by a larger reduction in the longer
phase of treatment featuring ultrasound biofeedback. At
all time points, the plot shows considerable heterogeneity
across participants.

PCA

PCA was applied to the acoustic measures (mean
normalized F3-F2 distance for each participant at each of
the three time points) to rotate the space to a coordinate
system where variance is maximized along uncorrelated
axes. The resulting PCs are linear combinations of the
original features. All three time points were found to load
relatively equally onto PC 1. Posttreatment acoustically
measured accuracy loaded most strongly on PC 2 (where
it contrasted with posttraditional accuracy). Pretreatment
accuracy was not found to load on PC 2 but was the
strongest factor for PC 3. The complete table of loadings
of original variables on PCA components is reported in
Supplemental Material S2.

Cluster Analysis
Scores resulting from the previously described PCA
were used as input to a model-based clustering algorithm.
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Figure 1. Individual participants’ acoustically measured accuracy in stimulability probes at pretreatment, posttraditional (after Phase I), and
posttreatment (after Phase II-b) time points. Horizontal bars mark the median at each time point. Line color and type reflect classification in

a two-cluster (left panel) and a three-cluster (right panel) model.
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The “mclust” package (Scrucca et al., 2016) examines a
range of choices for the number of groups under different
covariance structures and selects the best solution using
the BIC. The optimal solution identified three clusters
with VVI covariance structure (diagonal, variable volume,
and shape); however, a very similar BIC score was
obtained by a two-cluster solution with VII covariance
structure (spherical, variable volume, and equal shape).
These solutions were further evaluated through visual
inspection of plots of each participant’s accuracy over time,
with trajectories colored by classification (see Figure 1).
Figure 1 shows that individuals in the third cluster do pat-
tern differently from the others, but the cluster includes
only three participants. Therefore, our primary analyses
will focus on the two-cluster solution, with a brief explor-
atory consideration of the three-cluster option.

Figure 2 shows boxplots of accuracy for each cluster
at each time point in the two-cluster solution. The first
cluster (n = 18) is characterized by very low initial accu-
racy; the median normalized F3-F2 distance is 10.6, indi-
cating that participants tended to produce /i/ with substan-
tially greater separation of F2 and F3 than their age-
matched peers. After the intensive phase of traditional treat-
ment, the median normalized F3-F2 distance decreased to
9.9, indicating a very small improvement in accuracy.
Finally, after ultrasound treatment, normalized F3-F2

distance dropped substantially. However, the median z
score is still 3.4, indicating that age-typical levels of acous-
tic accuracy in /1/ production were not attained. The sec-
ond cluster (n = 15) is characterized by a lower median
F3-F2 distance of 5.3 at baseline, indicating that these
participants started with a higher level of accuracy than
those in the first cluster. This group of participants made
a larger magnitude of improvement in the traditional
phase of treatment than the first group; the median
decreased to 2.9 and the interquartile ranges of the box-
plots for the pretreatment and posttraditional time points
do not overlap. After ultrasound treatment, this group of
participants made further progress, finishing with a
median z score very close to zero. Thus, at the end of the
treatment period, these participants demonstrated virtually
typical acoustics of /1/ in the stimulability probe.

For our analyses moving forward, it will be helpful
to attach descriptive labels to the clusters of participants.
The first cluster, which began with low acoustically mea-
sured accuracy and remained well below normative levels
of accuracy by posttreatment, will be termed the low-
stimulability group. The second cluster, which began with
higher acoustically measured accuracy and achieved age-
appropriate median accuracy by posttreatment, will be
called the high-stimulability group. Although these descrip-
tive labels characterize the clusters in terms of their initial
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Figure 2. Boxplots showing acoustically measured accuracy in stimulability probes at pretreatment, posttraditional, and posttreatment time

points for participants in both clusters (two-cluster solution).
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presentation (i.e., exhibiting high versus low stimulability
at baseline), it is important to keep in mind that scores at
all three time points were taken into consideration by the
clustering algorithm.

It is of interest to qualitatively compare these two
clusters with regard to their relative magnitude of progress
in each type of treatment. The low-stimulability cluster
showed minimal change in the brief initial phase of tradi-
tional treatment, making the majority of their gains in the
longer phase of ultrasound biofeedback treatment that
followed. By contrast, the high-stimulability cluster made
roughly comparable gains in the traditional and biofeed-
back phases, even though the traditional phase of treat-
ment was much shorter. Because the group median for the
high-stimulability cluster reached a typical level of accu-
racy by posttreatment, it is possible that these partici-
pants’ magnitude of improvement in the biofeedback
treatment condition was limited by a ceiling effect; we
return to this point in the Discussion section.

Age and Sensory Characteristics of the Selected
Clusters (Two-Cluster Solution)

Figure 3 allows qualitative comparison of age and
sensory characteristics across clusters. The low-stimulability
cluster had a slightly lower median age than the high-
stimulability cluster. With respect to auditory-perceptual
acuity, the low-stimulability cluster had a slightly higher

median boundary width than the high-stimulability cluster,
indicating less acute perception. Likewise, for the stereo-
gnosis task, the low-stimulability cluster showed a slightly
higher median letter size, indicating lower somatosensory
acuity. As previously noted, eight out of the 33 participants
were missing data for the stereognosis task, which was still
being developed at the start of the study. While these miss-
ing data limit statistical power, the comparison is still con-
sidered valid because the data are missing completely at
random (i.e., the probability of exclusion was the same for
all individuals), with the consequence that any comparison
of means or likelihood-based models will yield unbiased
parameter estimates (Ibrahim & Molenberghs, 2009). More-
over, participants with missing data were evenly distributed
across the two clusters, with four in each cluster.

A single multivariate logistic regression was used to
test the significance of differences between the two clusters
with respect to the characteristics shown in Figure 3. This
analysis indicated that the clusters did not differ signifi-
cantly with respect to age, auditory-perceptual acuity, or
somatosensory acuity. Because previous literature sug-
gested an interaction between sex and auditory-perceptual
acuity in predicting treatment response (Cialdella et al.,
2021), we examined an alternative model with this inter-
action included; however, that model also yielded no sig-
nificant predictors. Complete results of both regressions
are available in Supplemental Material S3. While it is
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Figure 3. Boxplots comparing clusters (two-cluster solution) with respect to age, auditory boundary width in the identification task, and

mean letter size in the stereognosis task.
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certain that the power of our model to detect significant
effects was limited by the large number of predictors rel-
ative to the small number of datapoints, visual inspec-
tion of the boxplots in Figure 3 corroborates the statisti-
cal findings in showing no dramatic differences between
clusters with respect to any of the characteristics
measured.

Exploratory Examination of Three-Cluster Solution

As previously indicated, the three-cluster solution
must be interpreted with caution because the third cluster
contained only three participants; however, we briefly dis-
cuss it here as an exploratory direction to inform future
research. Figure 4 provides boxplots of acoustically mea-
sured accuracy for all time points in the three-cluster solu-
tion. At the pretreatment time point, the participants in
the third cluster show accuracy similar to the participants
in the high-stimulability cluster. However, they contrast
with both the low- and high-stimulability clusters in their
response to traditional treatment: Instead of making small
to moderate gains, these three participants exhibited a
maladaptive response, showing a substantially lower level
of accuracy at the posttraditional time point relative to
the pretreatment time point. During ultrasound treatment,
all participants in the third cluster changed course and

made dramatic gains, ending with a slightly negative nor-
malized F3-F2 distance (indicating that their /1 sounds
were somewhat hyperarticulated relative to typically devel-
oping peers). In the two-cluster solution, the three partici-
pants making up the third cluster are merged into the
low-stimulability cluster, as shown in Figure 1; no other
cluster affiliations change between the two solutions.
Because of the small size of the third cluster, we will avoid
statistical comparisons between groups in the three-cluster
solution. We do note qualitatively that the participants in
the third cluster had a younger median age (9;3 [years;
months]) than participants in either of the other two clus-
ters (10;0 and 104, respectively). However, the children
making up this cluster were in fact heterogeneous with
respect to age (9;0, 9;3, and 13;11). The third cluster also
had the highest median stereognosis score (mean letter size
of 6.0 vs. 5.81 for Cluster 1 and 5.43 for Cluster 2).

Word Probes

Although the primary focus of this study was on
acoustically measured accuracy of stimulability probes,
perceptual ratings of word probes administered at the pre-
and posttreatment time points were also obtained for com-
parability with previous treatment studies. Across
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Figure 4. Boxplots showing acoustically measured accuracy in stimulability probes at pretreatment, posttraditional, and posttreatment time

points for participants in all clusters (exploratory three-cluster solution).
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participants, the median perceptually rated accuracy (i.e.,
percentage of “correct” ratings out of total ratings) was
12.5% at the pretreatment time point, whereas after the
end of all treatment, the median accuracy increased to
59.6%. The average raw effect size (change in perceptually
rated accuracy from pre- to posttreatment on the generali-
zation probe) was 38.0 percentage points. However,
inspection of individual-level data (see Figure 5, left panel)
revealed considerable variation, including individuals who
began with much higher accuracy than the median across
participants,* and participants whose accuracy remained
low at posttreatment. The two participants with very high
perceptually rated accuracy at baseline still made at least
some progress over the course of treatment. Three other
individuals began with low accuracy and made little or no
change over the course of treatment, appearing as low
outliers in the posttreatment plot. One additional

“Two participants show baseline accuracy of 50% or greater, which
seems to conflict with our requirement that participants show < 30%
accuracy on the baseline word probe. However, inclusion was based
on perceptual ratings by a study SLP, whereas these plots reflect rat-
ings by naive listeners on AMT. Although ratings aggregated across
samples of AMT listeners do, on average, converge with trained lis-
tener consensus ratings (McAllister Byun et al., 2015), differences in
rating behavior between trained and untrained listeners have also
been documented, particularly for tokens with a distorted or interme-
diate quality (e.g., Klein et al., 2012).

participant showed a baseline accuracy of roughly 25%
and made very little change from pre- to posttreatment.
Based on these generalization probe measures, it appears
that four of the 33 participants were nonresponders to
treatment, whereas the remaining 29 participants made
at least some gains over the course of the study.

Associations Between Clusters and Word Probes
We also asked whether the two clusters discussed
previously, which were determined based on acoustic mea-
sures of stimulability probes, differed with respect to gen-
eralization learning as measured by the change in percep-
tually rated accuracy of words produced at pre- and post-
treatment. Figure 5 shows plots of perceptually rated
word probe data (shown individually in the left panel and
pooled across participants in the right panel) with parti-
tioning by cluster. The patterns shown in Figure 5 are
generally compatible with the results from acoustically
measured stimulability data. The participants in the low-
stimulability cluster started and ended with lower median
accuracy than those in the high-stimulability cluster.
While some participants in the low-stimulability cluster
made large to very large gains, all four nonresponders
were part of this group. Participants in the high-
stimulability cluster started with higher accuracy and gen-
erally did make progress. No participant reached ceiling-
level performance, although it is possible that progress in
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Figure 5. Individual and pooled measures of perceptually rated accuracy (mean percent of “correct” responses by blinded listeners) in word

probes before and after treatment, partitioned by cluster.
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treatment could slow down as the room for growth dimin-
ishes at higher levels of accuracy. A multivariate ¢ test
indicated that the two clusters differed significantly in
their distribution of scores at pre- and posttreatment
(Hotelling’s 7%(2, 30) = 13.9, p = .004). However, they
did not differ significantly in the magnitude of change
from pre- to posttreatment (univariate #[29.4] = —0.78,
p = .44); generalization learning over the course of all
treatment was comparable across groups.

Discussion

This study examined patterns of treatment response
in 33 children with RSSD affecting /i/ who received
10 weeks of intervention incorporating both traditional
and ultrasound biofeedback treatment methods. On aver-
age, participants responded positively to the course of
treatment; the average raw effect size (change in perceptu-
ally rated accuracy in word probes from pre- to posttreat-
ment) was 38 percentage points, and only four partici-
pants were judged to exhibit no meaningful response to
treatment. The primary goal of this study was to investi-
gate factors that might moderate response to traditional
and ultrasound biofeedback treatments. Based on previous
research, notably Volin (1998), we were particularly

interested in the idea that different trajectories of response
to treatment would show an association with differences
in baseline stimulability. A stimulability probe was admin-
istered prior to any treatment, after a brief initial phase of
traditional treatment, and again at the end of the study,
following a longer phase of ultrasound biofeedback treat-
ment. Acoustically measured accuracy on these probes
was submitted first to PCA and then to a model-based
clustering analysis.

Two major clusters were identified. The first cluster
was described as the “low-stimulability” cluster and was
characterized by very low acoustically measured accu-
racy at baseline and minimal response to traditional
treatment. Most participants in this cluster did make
progress over the longer period of ultrasound biofeed-
back treatment, although their median acoustically mea-
sured accuracy at posttreatment still differed from expec-
tations for typically developing children. The second
“high-stimulability” cluster was characterized by higher
baseline accuracy and a larger magnitude of response to
the brief initial phase of traditional treatment. Further
progress was observed during ultrasound biofeedback
treatment, and median acoustically measured accuracy
on stimulability probes at posttreatment was consistent
with expectations for typically developing children. The clus-
ters were not found to differ significantly with respect to
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age, auditory-perceptual acuity, or somatosensory acuity
(with the caveat that missing data for the stereognosis
measure used resulted in a low-powered comparison).
They also did not differ with respect to the overall magni-
tude of change in perceptually rated accuracy on word
probes administered before and after all treatment as a
measure of generalization learning. A third cluster with
only three participants was examined on an exploratory
basis. Participants in this cluster showed a maladaptive
response to traditional treatment but improved in response
to ultrasound biofeedback treatment. However, additional
data collection will be needed before this pattern of
response can be regarded as robust.

Overall, we interpret the results of this study as
compatible with predictions based on Volin’s (1998) study
of response to biofeedback in a nonspeech task. Volin sug-
gested that learners who already possessed an “effective
internal representation of the task” (p. 89) did not benefit
from biofeedback, in contrast with learners with lower sti-
mulability. This is consistent with general principles of
motor learning suggesting that detailed qualitative feed-
back is most effective for learners who are still working to
explore the parameters of a movement task (Newell et al.,
1990). In this study, while the high- and low-stimulability
groups were not found to differ with respect to sensory
acuity, they did differ in their ability to approximate the
acoustic target for /1/. At baseline, individuals in the high-
stimulability group possessed a motor plan that yielded a
partial approximation of the acoustics of /i/; they then
tended to show some ability to refine this motor plan in a
subsequent period of traditional treatment. Individuals in
the low-stimulability group produced /i/ sounds that were
acoustically much further from the norm for their age,
suggesting that they were still exploring the articulatory
parameters needed to achieve successful production of /i/.
Consistent with expectations from previous literature, it
was this group of learners who showed a stronger
response to biofeedback than traditional treatment.

Our results do diverge from those of Volin (1998) in
some respects: The previous study documented a large
decrement in performance among high-stimulability indi-
viduals in the biofeedback condition and suggested that
biofeedback may be contraindicated for high-stimulability
learners. No comparable negative effect of biofeedback
treatment was observed among high-stimulability learners
in this study.> Rather, the asymmetry in relative response
to traditional versus biofeedback types of treatment in this

SThere is one exception to this generalization: One participant in the
high-stimulability group had a mean normalized F3-F2 distance of
2.8 at pretreatment, showed a decrease (i.e., improvement) to 1.2 at
the posttraditional time point, and then increased to 3.2 at the post-
treatment time point, suggesting a maladaptive response to the ultra-
sound phase of treatment.

study was driven primarily by the fact that high-
stimulability participants tended to respond to both treat-
ments to a similar degree, whereas low-stimulability par-
ticipants tended to make the majority of their gains in the
ultrasound biofeedback condition. This difference may
reflect the fact that participants were required to produce
/1l with low accuracy at baseline to be included in this
study, whereas Volin (1998) did not have any inclusionary
criteria relevant to the experimental measure of interest.

This study additionally tested whether the clusters
representing different profiles of treatment response also
differed with respect to other factors, with the goal of
identifying characteristics that could be used to predict
treatment response or make a recommendation for one
type of treatment or another. However, none of the mea-
sures we investigated (age, auditory-perceptual acuity, and
somatosensory acuity) differed significantly across clusters.
This was an unexpected finding since previous research
using the same identification task administered here has
found that auditory-perceptual acuity at baseline is predic-
tive of the magnitude of response to treatment (Benway
et al., 2021; Preston, Hitchcock, & Leece, 2020). It is
important to note that this study did not directly investi-
gate the relationship between auditory-perceptual acuity
and overall treatment effect size®: We compared the two
clusters, and as indicated previously, they did not differ
significantly in overall magnitude of change in accuracy
over the course of treatment. Still, we hypothesized that
different profiles of response might be associated with dif-
ferences in auditory-perceptual acuity, yet that hypothesis
was not supported. The inclusion of an interaction with
participant sex, as suggested by Cialdella et al. (2021), did
not change this outcome. Likewise, there were no differ-
ences in somatosensory acuity between the clusters identi-
fied in this study. It is possible that these null results may
reflect limitations of the sensory measures we used, as well
as the small sample size. We discuss these and other limi-
tations subsequently.

Caveats and Limitations

We interpreted our findings as suggestive of a differ-
ence in relative response to traditional and ultrasound bio-
feedback treatment methods in children with high versus
low stimulability at baseline. However, the two treatments
were delivered in a fixed order, and traditional treatment
was provided only in a brief intensive phase, whereas
ultrasound biofeedback was provided over a longer dura-
tion. As a consequence, there is a possible alternative
interpretation whereby the high- and low-stimulability
groups differed simply in the amount of time needed to

®This correlation was investigated post hoc and was not significant,
Pearson r(31) = —.20, p = .25.
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respond to treatment. The participants in the high-
stimulability group responded almost immediately, whereas
the participants in the low-stimulability group made prog-
ress only at a later date when the effects of treatment had
had more time to accumulate. If traditional treatment had
been provided over a longer duration, some of these partic-
ipants might have shown a more favorable response.

The idea that children with lower baseline stimul-
ability simply make progress at a slower pace is not
entirely consistent with the observation that the partici-
pants in the low-stimulability group showed a larger
magnitude of progress than their high-stimulability coun-
terparts in the same duration of ultrasound treatment.
On the other hand, the magnitude of change during
ultrasound treatment may have been limited by ceiling
effects on the stimulability probe for the high-
stimulability participants. That is, the participants in the
high-stimulability group did tend to respond to bio-
feedback treatment, and some participants might, in prin-
ciple, have continued to make progress in this condition
if they had not already reached the target pronunciation.
However, this does not alter our finding that the high-
and low-stimulability groups differed in their patterns
of relative response because the groups also differed
robustly in their magnitude of response to traditional
treatment, and that difference cannot be explained by a
ceiling effect.

In short, because of the possibility of both order
effects and ceiling effects, we cannot rule out the possibil-
ity that the two clusters identified here differ primarily in
how fast they respond to treatment of any type, rather than
a difference in the relative benefit they derive from two dif-
ferent types of treatment. However, we think that this is
the less likely interpretation for several reasons. First, our
proposed interpretation is consistent with the theoretically
motivated account of the relationship between stimulability
and response to biofeedback put forward by Volin (1998).
Second, some participants exhibited a response to tradi-
tional treatment that was not just neutral but actively nega-
tive, followed by a strong positive response during ultra-
sound treatment. For these participants, at least, there
appears to be a qualitative difference between the two treat-
ment conditions. Finally, many of the participants in this
study, including those in the low-stimulability group, had
received multiple years of traditional treatment without suc-
cess prior to their involvement in this study. This suggests
that simply providing a longer duration of traditional treat-
ment, as opposed to a change in the type of intervention,
would be unlikely to produce the large gains observed in
Phase II of this study. For a robust investigation of the
relationship between stimulability and response to different
types of treatment, future studies should consider using a
counterbalanced order of treatment delivery or a between-
subjects design in which individuals are randomized to

receive traditional or biofeedback treatment, potentially
with stratification by baseline stimulability.

The lack of significant differences between clusters
with respect to sensory acuity may reflect limitations of
the measures used here. Many previous studies showing
relationships between speech production and auditory-
perceptual acuity have used tasks involving discrimination
rather than identification of speech sounds (e.g., Perkell
et al., 2004; Villacorta et al., 2007). Thus, it is possible
that differences between the two clusters would emerge if
we used a discrimination task to examine auditory-
perceptual acuity. However, previous research using the
exact auditory identification task adopted here has in fact
shown associations with patterns of treatment response
(e.g., Benway et al., 2021; Preston, Hitchcock, & Leece,
2020), which limits the plausibility of this explanation.
More robust concerns can be raised regarding the task
used here to assess oral somatosensory acuity. First, the
stereognosis task functions primarily as an assessment of
tactile acuity of the tongue tip. It might thus be expected
to predict precision in production of apical consonants
such as /t/ or /s/. However, /i/ is produced with limited
overall tongue—palate contact and lacks apical contact,
with the result that this specific measure of somatosensory
acuity is poorly matched to the speech production task of
interest. Letter recognition tasks have also been criticized
on the grounds that some letters are easier to recognize
than others and that differences in cognitive ability or lit-
eracy experience could confound the measurement of oral
somatosensory acuity (Appiani et al., 2020; J. Lee et al.,
2022). The latter factor is of particular concern in the
SSD context since children with SSD are at elevated risk
for reading difficulties (Tambyraja et al., 2020). Finally,
successful performance of the task also requires mental
rotation of letters (which are presented with the top of
the letter facing the back of the participant’s oral cavity),
with the consequence that results may show a confound-
ing effect of visuospatial ability. In future research, we
will collect additional somatosensory measures that may
be more appropriate for our population and speech
sounds of interest; see discussion in Gritsyk et al. (2021).
Finally, as acknowledged throughout this article, our
power to assess associations with oral somatosensory
acuity was low due to the fact that the stereognosis mea-
sure was not obtained from eight of the 33 participants.

An additional limitation of this study pertains to the
small size of the sample (n = 33) available as input to the
clustering analysis. As previously discussed, the model-
based clustering solution with the absolute lowest BIC
score actually featured three rather than two clusters, but
the small size of the third cluster prevented us from treat-
ing this solution as robust. Visual inspection of the third
cluster found that the three participants included in this
cluster did show a distinct and interesting pattern of
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response; that is, they showed a distinct decrement in
accuracy after the brief initial phase of traditional treat-
ment, followed by a very strong response to ultrasound
biofeedback treatment. This pattern of response raises the
possibility that there may be some participants for whom
traditional treatment methods are contraindicated. How-
ever, additional data collection on a larger scale will be
needed to attach a strong interpretation to this finding
and to identify any other factors (e.g., differences in sen-
sory acuity) that could be used to identify individuals as
likely to exhibit this pattern of response. We also note
that the small size of our sample appears to have limited
our ability to discern other subgroups representing distinct
profiles of response. For instance, there were four partici-
pants who did not respond to either type of intervention
over the duration of the study. These individuals were
grouped with the low-stimulability cluster in the present
analysis, but with a larger sample, nonresponders might
emerge as their own cluster. It would be valuable to con-
duct a large enough study to isolate this cluster, which
would then allow us to ask whether other factors such as
sensory acuity can be used to predict response or nonre-
sponse to treatment.

A final limitation of this study pertains to the
interpretation of our findings regarding the overall mag-
nitude of treatment response. As previously noted, the
mean change in perceptually rated accuracy of untreated
words over the course of treatment was large (38 per-
centage points), and the rate of nonresponse (4/33 partic-
ipants, or 12.1%) was low relative to previous single-case
studies of ultrasound biofeedback, which have com-
monly reported 25%-33% of participants to be nonre-
sponders (e.g., Preston et al., 2019). However, our mea-
sure of effect size must be interpreted with some caution
because we have only one observation at each time
point. Our previous single-case experimental studies
have probed accuracy at multiple time points both
before and after treatment and calculated standardized
effect sizes that take both magnitude of change and
session-to-session variability into consideration. The
present measure may thus overestimate participants’
progress because some of the gains observed might not
be stable over time. In addition, longer term generaliza-
tion measures, as well as measures of accuracy at higher
levels of linguistic complexity (e.g., sentences or con-
nected speech), will be necessary to have confidence in
the generalizability of these results to real-world clinical
contexts.

Clinical Implications and Conclusions

This study yielded several null findings; in particu-
lar, the two groups identified by model-based clustering

did not differ with respect to our measures of auditory-
perceptual acuity or somatosensory acuity. However, the
study did return one clear result: Individuals with low sti-
mulability at baseline tended to show limited response in
an initial phase of traditional treatment, whereas individ-
uals with high stimulability at baseline tended to make
progress in this initial phase, in spite of its brief duration.
This finding translates to a straightforward recommenda-
tion for clinical practitioners to assess baseline stimulabil-
ity and take it into consideration when choosing a treat-
ment approach for clients with RSSD. For individuals
with high stimulability, it is reasonable for treatment to
begin with traditional methods, but individuals with lower
stimulability should be preferentially allocated to biofeed-
back treatment when it is available. In this study, all par-
ticipants in the high-stimulability group had a normalized
mean F3-F2 distance of 8.6 or less, whereas all but four
participants in the low-stimulability group fell above that
cutoff. Since acoustic measurements are not always
obtained in customary clinical practice, we initially sought
to report these cutoffs in terms of the treating clinician’s
perceptually rated accuracy as well. However, we discov-
ered that although study participants varied widely in
acoustically measured accuracy, the overwhelming major-
ity were judged by the treating clinician to produce 0%
fully correct productions on the stimulability probe at
baseline. This may be a case where acoustic measurements
could be of true clinical utility, differentiating more versus
less stimulable participants when binary ratings of percep-
tual accuracy are limited by a floor effect. Alternatively,
the use of a continuous rather than a binary rating scale
(e.g., Meyer & Munson, 2021) could allow more and less
stimulable participants to be differentiated on the basis of
perceptual judgment.

Of course, it is an unfortunate fact that relatively
few clinicians have access to ultrasound technology for
use in biofeedback intervention. Clinicians who lack
access to ultrasound may wish to try a different form of
biofeedback that is more readily available. Visual-acoustic
biofeedback, which provides a real-time display of the
acoustic signal of speech that can be compared to a model
representing a desired pronunciation, can be accessed
through free or low-cost mobile apps such as the Speech
Therapist’s App for /i/ Treatment, or staRt (McAllister
Byun et al., 2017; Peterson et al., 2022). However, it is
not guaranteed that the present findings regarding the
relationship between stimulability and relative response to
traditional versus ultrasound biofeedback treatment will
also hold for visual-acoustic biofeedback. Future studies
should investigate this question directly, as well as syste-
matically compare the efficacy of different types of bio-
feedback. (For an initial step in this direction, see Benway
et al., 2021.) Readers are referred to the ASHA Practice
Portal for SSD (American Speech-Language-Hearing
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Association, n.d.) for further information about a range of
intervention approaches, including biofeedback.

Overall, the present research endorsed a generaliza-
tion that accords with a common clinical intuition, namely,
that specialized treatment approaches like biofeedback may
have greater utility for learners with low baseline stimul-
ability relative to those with higher accuracy at baseline.
Despite the unsurprising nature of the findings, we believe
that it is useful to show concordance between empirical
research and clinical intuition in this way. The present find-
ings are also generally in agreement with previous research
on biofeedback learning in a nonspeech context (Volin,
1998) although unlike that study, we did not find evidence
of a detrimental effect of biofeedback training in high-
stimulability learners. Although the design of the study pre-
vents us from drawing strong conclusions, this study also
supported the efficacy of treatment incorporating ultra-
sound biofeedback, with an average gain of 38 percentage
points for participants with RSSD in this study. There is
ample justification for further research investigating the effi-
cacy of biofeedback intervention for RSSD, including
between-subjects comparisons that will support conclusions
regarding the relative efficacy of biofeedback versus tradi-
tional treatment approaches.
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