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Purpose: This preliminary case series investigated the effects
of biofeedback intervention for residual rhotic errors delivered
within a modified challenge point framework. In the challenge
point framework, practice difficulty is adaptively adjusted with
the goal of enhancing generalization learning. This study more
specifically evaluated the feasibility of a computer-mediated
implementation of challenge point treatment for rhotic errors
using a custom open-source software, the Challenge Point
Program.
Method: Participants were five native English speakers,
ages 7;3–15;5 (years;months), who had established but
not generalized correct rhotic production in previous
treatment; overall treatment duration was flexible. Treatment
incorporated either electropalatographic or visual-acoustic
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biofeedback and was structured by challenge point
principles implemented using the Challenge Point Program
software.
Results: Participants were highly variable in the magnitude
of generalization gains attained. However, the median
overall effect size was 4.24, suggesting that participants’
response in treatment tended to exceed the minimum
value considered clinically significant.
Conclusion: These findings provide preliminary evidence
that computer-mediated implementation of the challenge
point framework can be effective in producing generalization
in some participants.
Supplemental Material: https://doi.org/10.23641/asha.
13244501
The term residual speech errors (RSE) is used to re-
fer to a subtype of speech sound disorder in which
atypical speech patterns, typically distortions of

late-developing sounds such as /ɹ/, /s/, or /l/, persist beyond
8–9 years of age. Although the impact of RSEs on over-
all intelligibility may be relatively minor, they can influence
peer judgments (Crowe Hall, 1991) and negatively impact
participation in academic and social–emotional contexts
(Hitchcock et al., 2015). These errors are considered par-
ticularly challenging to remediate and often persist despite
years of intervention, leading the clinical community to call
on the research community to identify more effective treat-
ment methods (Ruscello, 1995).

Much recent research on RSEs has investigated out-
comes when real-time visual biofeedback is incorporated
as a tool to understand and treat speech errors in children
with RSE. Over the past decade, a number of Phase I clinical
case studies have made the case that RSEs may be success-
fully eliminated when intervention is enhanced with some
form of visual biofeedback (e.g., Adler-Bock et al., 2007;
Shuster et al., 1992, 1995). More recently, higher quality
evidence for the efficacy of biofeedback for residual errors
has been derived from Phase II, single-subject experimen-
tal studies (e.g., Hitchcock et al., 2017; McAllister Byun &
Campbell, 2016; McAllister Byun & Hitchcock, 2012; Preston
et al., 2019).

Visual biofeedback can be delivered with various tech-
nologies, including ultrasound, in which an ultrasound probe
held beneath the chin generates an image of the client’s ton-
gue during speech (e.g., McAllister Byun et al., 2014, Preston
et al., 2013, 2019); electropalatography, which uses a pseudo-
palate to register and display areas of contact between the cli-
ent’s tongue and palate (e.g., Fletcher et al., 1991; Hitchcock
et al., 2017); and electromagnetic articulography, where
tracers affixed to the tongue are tracked in a magnetic field
and displayed in three-dimensional space, potentially in con-
nection with an animated tongue avatar that moves in real
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SIG 19 Speech Science
time with the client’s tongue (e.g., Katz et al., 1999). A final
type of biofeedback involves a real-time visual display
of the acoustic signal of speech, such as a real-time Linear
Predictive Coding spectrum or spectrogram (e.g., Shuster
et al., 1992; McAllister Byun, 2017; McAllister Byun &
Hitchcock, 2012). Despite the diverse technologies involved,
biofeedback intervention approaches are unified in that
they all provide an external visual display as a new source
of insight into the speech process. Using instrumentation
to visualize articulatory or acoustic aspects of speech produc-
tion in real time is intended to help the speaker exert more
conscious control over a process that is typically largely
unconscious (Gibbon & Paterson, 2006; Maas et al., 2008).
Lastly, biofeedback intervention enables comparison of
a speaker’s production with a visual target, which can en-
courage self-monitoring.

Participants in the present case series were drawn from
two larger studies of biofeedback treatment efficacy con-
ducted by the first and second authors (Hitchcock et al.,
2017; McAllister Byun, 2017). All participants exhibited
rhotic misarticulation, one of the most common speech
errors in American English. Participants were heteroge-
neous in other regards as discussed below. Although the
remainder of this article will focus on the specific context
of treatment for rhotic misarticulation, the challenge point
principles under discussion here could also be applied equally
to other speech sounds.

The North American English rhotic is one of the latest
emerging sounds in typical development (Smit et al., 1990),
and it occurs among the set of misarticulated sounds for
an overwhelming majority of children with speech sound
disorder. This difficulty acquiring rhotics is thought to be
at least in part attributable to their articulatory complexity:
while most sounds are produced with a single major con-
striction or narrowing of the vocal tract, /ɹ/ requires two
near-simultaneous lingual constrictions, one near the palate
and one in the pharyngeal space. When children misarticulate
English rhotics, they tend to replace them with an articulato-
rily simpler sound, such as /w/ or /ǝ/. The English rhotic
can appear as a consonant in syllable onset position in
words like red and free; we term this subtype consonantal
/ɹ/. It can also appear as the nucleus of a syllable, in which
case it is transcribed /ɝ/ (as in sir) or /ɚ/ (as in water). Fi-
nally, it can occur in postvocalic position in words like
care and fear. We will transcribe this postvocalic rhotic as
the offglide of a rhotic diphthong (e.g., /kɛɚ/, /fɪɚ/), and we
group it with syllabic rhotics in the category clinically termed
vocalic /ɚ/.

Generalization in Biofeedback Treatment
Although previous studies have reported that biofeed-

back can succeed in eliciting perceptually correct rhotics
from children who have not responded to other forms of
intervention, such studies often report limited spontaneous
generalization of these skills to a context in which biofeedback
is not available (Fletcher et al., 1991; Gibbon & Paterson,
2006; McAllister Byun & Hitchcock, 2012; McAllister Byun
Mc
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et al., 2014). Gibbon and Paterson (2006) conducted a survey
in which speech-language therapists were asked to describe
the outcomes achieved by 60 children who had received
electropalatographic (EPG) biofeedback intervention for
speech impairment during the period from 1993 to 2003.
Their survey results indicated that 87% of participants had
made progress in their speech accuracy over the course of
biofeedback treatment; however, the same proportion of
participants were characterized as demonstrating at least
some degree of difficulty in generalizing their newly ac-
quired articulatory skills into the context of spontaneous
speech.

The tendency for limited spontaneous carryover of
gains acquired through biofeedback intervention finds a plau-
sible explanation in the framework of principles of motor skill
learning (e.g., Ballard et al., 2007). This framework makes a
distinction between short-term enhancement of performance
and longer term learning, also called retention or transfer, and
it identifies certain conditions of practice as more facilitative
of one type of learning than the other. Biofeedback is a
detailed form of qualitative or knowledge of performance
feedback. This type of feedback is known to help learners
achieve a novel sensorimotor target, but once the target is
well specified, continuing knowledge of performance feed-
back may lose its efficacy or even become detrimental
(Hodges & Franks, 2002; Maas et al., 2008). Ongoing
reliance on external feedback may inhibit generalization
to naturalistic contexts in which this feedback is not avail-
able (Newell et al., 1990; Rvachew & Brosseau-Lapré,
2016). It has been suggested that detailed external feed-
back, including biofeedback, may be most effective when
provided in early stages of training and withdrawn as the
user increases his/her awareness of the target (Ballard et al.,
2007; Fletcher et al., 1991; Newell et al., 1990). This study
investigated the effects of biofeedback intervention when
biofeedback was faded within the larger context of an adap-
tive challenge point framework (e.g., Rvachew & Brosseau-
Lapré, 2016).

The Challenge Point Framework
The challenge point concept originates from motor

learning research by Guadagnoli and Lee (2004) and was more
recently applied to speech-motor learning by Rvachew and
Brosseau-Lapré; it is also conceptually similar to Vygotsky’s
(1978) notion of the “zone of proximal development” in
cognitive learning. Guadagnoli and Lee (2004) proposed
the term to refer to the point within the range of functional
task difficulty at which a learner will receive the optimal
amount of feedback information to promote learning. If task
difficulty is very low, the learner will demonstrate a high
level of accuracy during practice, and he/she will not re-
ceive any error feedback. This is not considered optimal in
a model of motor learning that treats errors as an opportunity
to adjust parameter settings and thus improve future perfor-
mance. On the other hand, if task difficulty is very high,
the learner may not have resources available to encode
feedback information for use in future motor performance.
Allister et al.: Computer-Assisted Challenge Point Treatment 215
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Thus, Guadagnoli and Lee (2004) suggested that retention
will be optimized when functional task difficulty is neither
too high nor too low.

Adapting the challenge point concept to the specific
context of speech-motor learning, Rvachew and Brosseau-
Lapré (2016) identified a wide range of factors that con-
tribute to the functional difficulty of a speech production
task. Relevant parameters include the skill level of the
learner, the complexity of the target, the schedule of prac-
tice, the amount of support or scaffolding offered by the
clinician, and the nature of feedback provided. Hitchcock
and McAllister Byun (2015) noted that some studies of bio-
feedback intervention for speech errors have held func-
tional task difficulty fixed at a low level, for example, by
making biofeedback available during all treatment trials.
From a challenge point perspective, more generalization
might have been expected in these studies if the practice
context were gradually made less supportive, providing
ongoing opportunities for speakers to learn from error
feedback.
Applying the Challenge Point Framework
in Biofeedback Intervention

Hitchcock and McAllister Byun (2015) conducted a
case study of an 11-year-old girl with residual rhotic errors
who showed strong within-session performance during a
structured course of biofeedback treatment but did not
generalize these gains. She was enrolled in a follow-up
course of treatment representing a semistructured imple-
mentation of the challenge point framework. Successful
generalization of correct rhotic production to the conver-
sational level was observed and maintained at 1-month
posttreatment. Of course, inferences about the general
efficacy of challenge point treatment cannot be drawn
without replication of these results.

Hitchcock and McAllister Byun (2015) noted one
limitation of treatment in the challenge point framework:
It involves making real-time adjustments in task difficulty
in response to changes in participant performance, which
can be challenging for anyone other than an experienced
clinician. Their case study used a semistructured imple-
mentation of the challenge point framework, with a flow-
chart depicting a hierarchy of parameters to manipulate
to adjust task complexity. The treating clinician used an
Excel spreadsheet to enter scores for each item and calcu-
late percent correct over each block of 10 trials. The clinician
then applied predetermined criteria to advance, maintain,
or move back a level in this complexity hierarchy. The suc-
cessful outcome of the case study suggested that learners
may still benefit when challenge point principles are applied
in this more constrained fashion. However, even the semi-
structured implementation was found to require a high
level of attention and effort from a skilled practitioner.
Thus, the third author developed a computer program
to automatically calculate accuracy and make adaptive
adjustments in task difficulty.
216 Perspectives of the ASHA Special Interest Groups • Vol. 6 • 214–
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The Challenge Point Program
The Challenge Point Program (CPP) is a PC-based

software that encodes a structured version of the challenge
point hierarchy. It is a free and open-source project (avail-
able at http://blog.umd.edu/cpp/download/) that was created
with the goal of making it easier for clinicians with a wide
range of experience levels to incorporate challenge point
principles into their intervention for speech sound disorders.
To facilitate adaptive adjustment of difficulty over the
course of speech intervention, the CPP presents targets
for production, tallies accuracy, and makes adjustments
to increase or decrease task difficulty. While the parame-
ters of the program can be customized by defining a new
“study type” (see Figure 1), this article will highlight the
settings used in the current study, which also correspond
with the default settings of the program.

In a basic therapy exchange, the CPP presents an or-
thographic representation of a target utterance for the cli-
ent to produce. The treating clinician scores the production
via keypress as either correct (1) or incorrect (0), and this
accuracy score is registered by the program. After every
10 trials, the program tallies the score and determines whether
any adjustments in difficulty are indicated. If the participant’s
accuracy in the most recent block of 10 trials fell between
50% and 80%, it is judged that the task represents roughly
the correct level of difficulty for their current ability, and
no adjustments are made. If accuracy was 80% or higher,
the program increases the difficulty of one parameter to
make practice more challenging. If accuracy was 50% or
lower, the program decreases the difficulty of one parame-
ter. The functional task difficulty is determined by three
parameters, which are adjusted on a rotating schedule: the
frequency with which biofeedback is made available, the
mode of elicitation, and the complexity of the syllables or
words presented. Detailed information about these param-
eters and their levels are provided in the description of
study methods that follows.

The CPP additionally makes it possible to save a
profile for each participant (see Figure 1). Profiles can
be used to review participant progress over time, including
within-session performance and performance on probe
measures administered before or after treatment. In addi-
tion, when a user selects a saved profile, the CPP automati-
cally returns to the point in the hierarchy reflecting the
level attained by that participant at the end of the previous
session.
Research Objectives
This study aimed to replicate the case study from

Hitchcock and McAllister Byun (2015) with a larger num-
ber of participants. Specifically, this study aimed to docu-
ment learning outcomes when five participants with RSE,
having begun to establish correct production of their rhotic
targets in a previous course of biofeedback treatment, com-
pleted a follow-up course of intervention structured accord-
ing to challenge point principles. In addition, the CPP was
229 • February 2021
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Figure 1. Challenge Point Program window with user profile and previous session settings.
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used instead of the semistructured implementation of chal-
lenge point treatment from the original case study.
1Although this study focuses on the treatment of residual speech errors,
the two youngest participants (ages 7;2 and 7;6) fell below the age range
customarily associated with RSE and might thus be regarded simply
as children with developmental rhotic errors. Because we do not draw
comparisons across subjects in this study, this heterogeneity is considered
unproblematic.
Method
Study Design

Procedures for this study were approved by the institu-
tional review boards at New York University and Montclair
State University. This study utilized a structured case series
design. Participants began in a baseline phase that was ran-
domly assigned to have a duration of three, four, or five ses-
sions. In each baseline session, participants were recorded
producing a 50-item word probe, a five-item sentence probe,
and a 30-item stimulability probe. In the treatment phase of
the study, a 25-item subset of the word probe was adminis-
tered at the beginning of every session, along with all five
sentences. To assess maintenance of any gains made in ther-
apy, the full 50-word probe, sentence probe, and stimulability
probe were re-administered in three sessions after the end of
all treatment. No feedback was provided during probe admin-
istration. A complete list of the words and sentences used
is provided in Online Supplement A.

The duration of the study was flexible. Participants
signed a consent form agreeing to complete up to 20 sessions;
sessions were scheduled to occur once per week. However,
participants could be discharged sooner if they reached the
highest level of the challenge point hierarchy; this was the
case for one participant. After 20 sessions, participants who
had not yet reached ceiling-level performance were given the
Mc
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option to extend their participation. Two participants elected
to extend their participation until they completed all levels
of the challenge point hierarchy, with one reaching this goal
in 38 sessions and the other in 51 sessions. Two additional
participants, who had made limited progress in their 20 treat-
ment sessions, opted to discontinue intervention.

Participants
The study was completed by five native speakers of

American English ranging in age from 7;3 to 15;5 (years;
months; Mage = 11;0).1 Three of the five participants were
male. Participants were enrolled in this study as a follow-up
to their participation in one of two larger studies of biofeed-
back treatment for rhotic misarticulation conducted by the
first and second authors. Three participants had previously
completed 20 sessions of traditional and visual-acoustic bio-
feedback intervention over 10 weeks (McAllister Byun, 2017),
and two had received 16 sessions of EPG biofeedback over
8–10 weeks (Hitchcock et al., 2017). All participants who
had demonstrated some positive response to treatment over
the course of the initial study were invited to continue in this
follow-up intervention program; the participants evaluated
Allister et al.: Computer-Assisted Challenge Point Treatment 217
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here are those who elected to pursue this option. A sixth
participant enrolled in follow-up therapy but did not com-
plete the study due to scheduling conflicts.

For enrollment in the original studies, participants were
required to score within 1 SD of their age mean on the “Audi-
tory Comprehension” subtest of the Test of Auditory Pro-
cessing Skills–Third Edition. They were also required to
pass a pure-tone hearing test (1000, 2000, and 4000 Hz at
20 dB HL) and to exhibit no gross structural or functional
abnormality in an oral mechanism screening evaluation.
To exclude individuals with more global speech deficits,
participants were required to demonstrate no more than
two sounds in error other than rhotics.

As noted above, all participants who enrolled in this
follow-up study had shown some improvement in the abil-
ity to produce perceptually accurate rhotics in the treatment
setting. However, they exhibited varying degrees of difficulty
in generalizing correct production to a context in which bio-
feedback was not available. Table 1 reports the effect size
that was calculated for each individual in connection with
their participation in one of two previous biofeedback inter-
vention studies. All measurements reflect the standardized
effect size d2 (Beeson & Robey, 2006), which is discussed in
more detail in the Analyses section.
2This was for the purpose of experimental uniformity, with the
expectation that participants with a higher level of baseline accuracy
would quickly ascend to a level appropriate to their ability.
Treatment Protocol
Structure of Sessions

In this case series, treatment took place in two differ-
ent locations and involved two different biofeedback tech-
nologies: visual-acoustic biofeedback (provided using the
Sona-Match Module of the Kay-Pentax Computerized Speech
Lab) and EPG biofeedback (provided using a Complete-
Speech Palatometer V1.0). The goal of this article is not to
compare the efficacies of these technologies; rather, it aims
to investigate the feasibility of the CPP as a means to pro-
mote generalization of gains made in biofeedback interven-
tion of either type. Further detail on the nature of visual and
verbal cues provided during visual-acoustic biofeedback in-
tervention can be found in McAllister Byun (2017), while the
nature of the EPG biofeedback treatment was detailed in
Hitchcock et al. (2017).

Although the technology used to provide biofeedback
differed across the EPG and visual-acoustic arms of this
study, all other parameters were held constant. Treatment
was provided in weekly 45-min individual sessions eliciting
60 trials of utterances containing rhotic targets. Each ses-
sion began with a 5-min period of free-play during which
participants could try various manipulations in an effort to
match the visual biofeedback target. The free-play period
was also used to familiarize participants with any new words
or prosodic patterns that were likely to be encountered within
a session. The remainder of the session was spent completing
the 60 trials in blocks of five. Before each block of five, the
clinician provided a verbal cue (e.g. “Try to make your
wave match the line” for visual-acoustic biofeedback; “Try
to make the blue dots turn green” for EPG biofeedback). In
some levels, the clinician also provided a model of the target
218 Perspectives of the ASHA Special Interest Groups • Vol. 6 • 214–
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utterance. The client then produced the target, which the
clinician scored by pressing 1 (correct), 0 (incorrect), or 5
(intermediate/distorted) on the keyboard. After five trials,
the CPP would display a screen reading “Pausing for feed-
back,” and the clinician would provide verbal summary
feedback indicating which of the five trials she perceived
to be most accurate. The program would then advance to
the next block.
CPP Within-Session Parameters
As described above, if a participant’s accuracy over

two blocks (10 trials) was 80% or better, the CPP would
adjust one parameter to increase difficulty in the next block.
If accuracy again reached or exceeded 80%, another manipu-
lation was added to further increase difficulty. If accuracy
fell at or below 50%, these manipulations were withdrawn
in reverse order of application to reduce difficulty. Written
prompts were displayed to cue the clinician to make any
necessary changes. All participants started at the most basic
level of the CPP hierarchy, independent of baseline accu-
racy.2 At the beginning of all subsequent sessions, the par-
ticipant’s starting point in the challenge point hierarchy
was based on performance in the previous session. Within-
session adjustments in difficulty affected three categories on
a rotating basis. Table 2 lays out all possible combinations
of within-session parameter settings and assigns a number
(1 through 12) to each. Bold text is used to highlight the in-
dividual parameter that was changed in each transition be-
tween levels.

The first category of parameter pertained to the fre-
quency with which visual biofeedback was made available,
with levels of 100%, 50%, and 0%. At the 50% biofeedback
level, feedback was provided according to a one-block-on,
one-block-off schedule. Feedback reduction was achieved
by minimizing or covering the biofeedback display.

The second category pertained to mode of elicitation.
The four levels of this category were imitation of the clini-
cian’s model, independent reading, imitation of the clinician’s
model of modified prosody (interrogative and exclamatory
intonation contours), and independent reading with modi-
fied prosody (Preston et al., 2017). Prosodic manipulations
were randomly selected by the program and were specified
by adding punctuation (?, !, or .). Prosodic manipulations
were initially applied at the block level, for example, all five
words in a block produced with question intonation.

The third category affected the word shape and linguis-
tic context in which rhotic targets were elicited, with seven
levels: one-syllable words, one-syllable words with a compet-
ing speech sound (/l/ or /w/), two-syllable words, two-syllable
words with a competing speech sound, words in a carrier
phrase, words in sentences, and words in sentences with
multiple rhotic words. At the carrier phrase and sentence
levels, words were randomly selected from any of the first
229 • February 2021

2026, Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 



Table 1. Participant background data, including standardized effect size (d2) measured in connection with an immediately preceding period of
biofeedback treatment.

Biofeedback type Pseudonym Gender
Age at

enrollment Speech treatment history
Effect size (d2) in previous
biofeedback treatment

Visual-acoustic Ian M 15;5 11 years (private); 10 sessions visual-acoustic
biofeedback and 10 sessions traditional
treatment (McAllister Byun, 2017)

1.5 (McAllister Byun, 2017)

Visual-acoustic Garrett M 14;1 2.5 years (school); 10 sessions visual-acoustic
biofeedback and 10 sessions traditional
treatment (McAllister Byun, 2017)

9.87 (McAllister Byun, 2017)

Visual-acoustic Clara F 10;10 2.5 years (school and private); 10 sessions
visual-acoustic biofeedback and 10 sessions
traditional treatment (McAllister Byun, 2017)

2.13 (McAllister Byun, 2017)

EPG Ethan M 7;6 2 years; 16 sessions EPG biofeedback
(Hitchcock et al., 2017)

could not be computed due to
zero variance; estimated
to be 0.0 (Hitchcock et al.,
2017)

EPG Jenna F 7;3 6 months; 16 sessions EPG biofeedback
(Hitchcock et al., 2017)

−0.05 (Hitchcock et al., 2017)

Note. M = male; F = female; EPG = electropalatographic.

SIG 19 Speech Science
four levels and displayed in a single carrier phrase (“Say
WORD again”) or in one of a set of five sentence frames. At
the highest level of complexity, the same five sentence frames
were minimally modified to contain a second rhotic sound in
addition to the target word. The complete list of words used
in treatment, which does not overlap with the words used in
probe measures, is provided in Online Supplement B.

CPP Across-Session Parameters
Two additional parameters were adjusted based on

the participant’s cumulative accuracy across all 60 trials in
the most recent treatment session. Like the within-session
parameters, these across-session parameters were adjusted
when cumulative accuracy was at or above 80% or at or
below 50%. The first across-session parameter was order
of target elicitation. The lowest level of complexity was a
fully blocked order in which each target word was elicited in
Table 2. Within-session levels in the Challenge Point Program software.

Level
Biofeedback
frequency Mode of elicitation

1 100% Imitate clinician’s model
2 50% Imitate clinician’s model
3 50% Read independently
4 50% Read independently
5 0% Read independently
6 0% Imitation with prosodic manipulation
7 0% Imitation with prosodic manipulation
8 0% Independent reading with prosodic man
9 0% Independent reading with prosodic manipu
10 0% Independent reading with prosodic manipu
11 0% Independent reading with prosodic manipu

12 0% Independent reading with prosodic manipu

Note. Parameters (represented in columns) change on a rotating basis b
bold.

Mc
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a block of five consecutive trials. At the next level, random-
blocked, each block of five trials targeted a single rhotic vari-
ant (see following paragraph), but different words could be
used to elicit the same variant within a block (e.g., barn, hard,
star). The highest level of complexity was a fully random
order, in which different words and rhotic variants could
co-occur within a single block of five.

The other parameter that was manipulated on an
across-session basis was the rhotic variant(s) targeted in
practice. Rhotic targets were elicited in different subsets of
phonetic contexts that were individually selected for each
participant. Within the major “vocalic” and “consonantal”
categories, targets were subcategorized by the front or back
place of the neighboring vowel. Syllabic rhotics, which have
a central place of articulation, were included in both vo-
calic categories. To promote rapid progress, treatment be-
gan by targeting what was judged to be the most facilitative
Stimulus complexity

1 syllable simple (e.g., rope)
1 syllable simple
1 syllable simple
1 syllable with competing /l/ or /w/ (e.g., role)
1 syllable with competing /l/ or /w/
1 syllable with competing /l/ or /w/
2 syllables simple (e.g., rotate)

ipulation 2 syllables simple
lation 2 syllables with competing /l/ or /w/ (e.g., rolling)
lation Words in carrier phrases (e.g., “Say ‘rope’ again”)
lation Words in sentences (e.g., “I put ‘rope’ at the top

of my list”)
lation Sentences with multiple /r/ targets (e.g., “When

he said ‘rope’ she got really mad at him”)

etween levels; the parameter that was changed in a given level is in

Allister et al.: Computer-Assisted Challenge Point Treatment 219
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context for a given speaker, based on performance in the
baseline period. The same target variant was maintained as
the participant moved through the levels of the CPP hierar-
chy. Once a participant reached the top of the hierarchy of
within-session parameters (Level 12) for a given variant, the
decision whether or not to advance to a new variant was
based on the treating clinician’s ratings of accuracy in the
generalization probe measures administered at the start of
each session. If the participant’s accuracy in the most recent
word-level probe was at least 80% for the current target, a
new variant was selected, again favoring the most facilita-
tive variant based on previous probe measures. Otherwise,
practice on the current target would continue until the par-
ticipant maintained (or returned to) Level 12 while also
demonstrating at least 80% accuracy for that target in the
word-level probe.

Criterion for Discharge
Because gains can generalize from one phonetic con-

text to another, a criterion was established whereby partici-
pants could be discharged without completing the treatment
hierarchy for all categories. Whenever a participant reached
the top level of the CPP hierarchy for a particular rhotic
variant, the clinician reviewed that participant’s performance
on generalization probes (both word and sentence) adminis-
tered at the start of the last two sessions. If the participant
showed at least 90% accuracy at the word level and at least
80% accuracy at the sentence level across both of the two
preceding sessions, the participant was judged to have met
the criterion for discharge, and the study proceeded to the
maintenance probe period.

Measurement
To examine participants’ progress over the course

of treatment, we used the binary accuracy ratings (correct/
incorrect) assigned by the treating clinician in an online
fashion over the course of treatment. We recognize that the
treating clinician, as an unblinded listener, is not able to
provide ratings free from bias. Despite this limitation, we
report these ratings because they formed the basis for each
participant’s movement through the CPP hierarchy. We
did use blinded listeners to measure probes elicited before
and after treatment, as described below. We also acknowl-
edge that this study included clinicians at two sites, intro-
ducing the potential for discrepancies in the criteria used to
classify within-session productions as correct or incorrect.
However, both clinicians (one at each site) had a similar du-
ration of experience in providing biofeedback treatment and
were employed in their respective research labs for approxi-
mately 1 year prior to the current study, ensuring familiarity
with study protocols and scoring conventions. The clinicians
were individually trained by the first and second authors, with
training activities including joint ratings of sample sound files.

Words elicited in baseline and maintenance probe
sessions were extracted, pooled, and presented in random
order for rating by naïve listeners who were blinded to
treatment condition and speaker identity. Listeners saw
220 Perspectives of the ASHA Special Interest Groups • Vol. 6 • 214–
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the orthographic target for each word and were instructed
to assign a binary “correct” or “incorrect” rating to the rho-
tic sound in each word. These raters were recruited through
Amazon Mechanical Turk (AMT), an online crowdsourcing
platform that is widely used to solicit large pools of partici-
pants for experimental tasks in fields such as behavioral
psychology and linguistics. Results obtained online in this
crowdsourced fashion are known to be more variable than
lab-based data, but with a sufficiently large number of raters,
crowdsourced ratings have been found to converge with re-
sponses obtained from trained experts (Ipeirotis et al., 2014).
McAllister Byun et al. (2015) investigated the validity of
crowdsourced listeners’ ratings in the specific context of
children’s rhotic sounds. They found that binary ratings
aggregated over 205 naïve listeners recruited through AMT
were strongly correlated with both expert listener ratings
and an acoustic measure of rhoticity.

In this study, binary ratings of accuracy were col-
lected following the protocol laid out in McAllister Byun
et al. (2015). The Institutional Review Board at New York
University approved this use of AMT to obtain speech rat-
ings, and participants and their parents gave permission
for recordings to be shared anonymously with outside lis-
teners for rating purposes. For each speech token, ratings
were collected from at least nine unique AMT listeners.
Raters were required to have U.S.-based Internet protocol
(IP) addresses and, per self-report, to be native speakers of
English with no history of speech or hearing impairment.
A total of 513 unique attempts to complete the task were
logged, of which 63 were excluded for chance-level perfor-
mance on attentional catch trials. Successful completions
of the task originated from 189 unique IP addresses (where
the number of unique IP addresses represents a close but
not perfect proxy for the number of unique raters). Demo-
graphically, the raters who successfully completed the task
ranged in self-reported age from 20 to 68 years; 43 of the
50 U.S. states were represented in their self-report of state
of residence. To assess interrater reliability, the proportion
of raters who agreed with the modal rating (i.e., the most
frequently selected rating) was calculated for each token.
Across the full set of included responses, this value was cal-
culated to be 84.3%. A one-proportion z test indicated that
this value significantly exceeded the level of agreement ex-
pected by chance (50%), χ2 = 13687, p < .0001. For further
analysis, responses were aggregated using p̂correct, defined
as the proportion of listeners who classified each token as
a “correct r sound” in the binary forced-choice task.

Analyses
To evaluate each participant’s within-session perfor-

mance, we rely primarily on visual inspection of plots repre-
senting the treating clinician’s ratings of accuracy for each
set of 10 trials, as well as the current level of difficulty in
the CPP hierarchy. In addition, effect sizes were calculated
for each individual by comparing the mean value of p̂correct
across all baseline probes versus the mean across all mainte-
nance probes. Effect sizes were standardized using Busk and
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SIG 19 Speech Science
Serlin’s d2 statistic (Beeson & Robey, 2006), which pools
standard deviations across baseline and maintenance pe-
riods in order to minimize the number of cases in which
effect size cannot be calculated due to zero variance at base-
line. Following Maas and Farinella (2012), this study adopted
1.0 as the minimum value of d2 that would be regarded as
clinically meaningful (i.e., the difference between pre- and
posttreatment means must exceed the pooled standard devi-
ation). However, d2 estimates can be inflated when variance
is low (Howard et al., 2015). Therefore, unstandardized
effect sizes were also considered to determine whether an
individual’s pattern of performance was consistent with a
meaningful effect of treatment.

Results
Effect Size

Effect sizes representing change in p̂correct are reported
for all participants in Table 3. The first column represents
the number of treatment sessions completed by each partici-
pant. The second column shows participants’ mean p̂correct in
the baseline period and the corresponding standard devia-
tion, and the third column shows the equivalent mean and
standard deviation across the three maintenance sessions.
The final columns report the standardized effect size, d2.
Table 3 reflects a wide range of variability in overall re-
sponse to treatment across individuals, with a minimum
of −1.3 (Ian) and a maximum of 22.49 (Clara). The median
effect size across all participants was 4.24, suggesting that
participants’ overall response to the course of treatment
tended to be positive and to exceed the minimum threshold
to be considered clinically significant. Individual patterns of
response will be examined in detail below.

Visual Inspection and Comparison to Effect Size
The plots in Figures 2–6 depict participants’ accuracy

and progress through levels of the CPP hierarchy over the
course of treatment. Each figure is made up of facets that
represent individual sessions of treatment. Within each facet,
the x-axis represents blocks of 10 trials (six blocks per ses-
sion). The y-axis represents the percent of trials that were
scored as correct in a given block of 10. Each point is plot-
ted with a numeral that corresponds with the CPP level (be-
tween 1 and 12, as seen in Table 2) that was represented in
that block of practice. For instance, if a block is represented
with the numeral “3,” this indicates that child was indepen-
dently reading one-syllable words with biofeedback available
Table 3. Measures of accuracy (p̂correct) and effect size for all

Subject No. of sessions Baseline M (S

Jenna 14 46.23 (3.55
Ethan 20 10.90 (0.88
Clara 50 28.54 (3.85
Garrett 36 59.65 (6.53
Ian 20 9.56 (3.26

Mc
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in 50% of trials. Finally, the color of the numeral and the
type of the associated line indicate which rhotic variant was
targeted in the block in question.

Jenna, age 7;3, made the most rapid progress out of
all participants in this study, illustrated in Figure 2. Her first
target variant was consonantal /ɹ/ in a front vowel context.
By the end of the second session of practice, she reached
Level 5, at which biofeedback is reduced to 0%. Her within-
session accuracy fell considerably on the introduction of
sentence-length stimuli (Level 11) in Session 4, causing her
to drop back to lower levels. By the end of the fifth session,
though, she reached Level 12, which involves producing
sentence-level utterances with multiple rhotic words. Fol-
lowing the criteria described above, Jenna’s accuracy on
word-level probes administered at the start of each session
was examined, and because her accuracy on the current vari-
ant exceeded 80%, a new target, vocalic /ɚ/ in a front vowel
context, was introduced in Session 6. Jenna was mostly ac-
curate in producing this target at the word level, although
there was a brief but dramatic decrease in accuracy when
a competing speech sound was introduced (Level 4). She
reached 0% biofeedback frequency (Level 5) in the seventh
session, and over the next four sessions, she made variable
progress through levels involving imitation and reading of
stimuli with prosodic manipulation. In the 12th session, she
reached sentence-length stimuli (Level 11) and moved on to
sentences containing multiple rhotic sounds. For the final two
sessions, Jenna practiced at the top level of the CPP hierarchy
(Level 12). After the 14th session, Jenna was judged to ex-
ceed 80% accuracy in producing the current target sound in
the within-treatment word probe, which would qualify her
to move on to another target. However, she also showed
spontaneous generalization of treatment gains to un-
treated targets. Based on the treating clinician’s ratings,
she exhibited over 90% total accuracy on the word probe
and over 80% accuracy on the sentence probe measure
in two consecutive sessions by Session 14, thus meeting
criteria to be discharged from treatment. Her cumula-
tive within-session accuracy was calculated to be 76.6%,
which was the highest of all participants in this study (see
Table 3).

Blinded listeners’ ratings of Jenna’s accuracy on probe
measures are also consistent with rapid progress. The overall
effect size, pooled across vocalic and consonantal variants,
was large (d2 = 8.4). The effect size for vocalic targets was
particularly strong (d2 = 11.7), corroborating the clinician’s
ratings showing a steady rise in perceptually rated accuracy
over the duration of the study. However, for consonantal /ɹ/,
participants.

D) Maintenance M (SD) d2

) 77.27 (3.88) 8.36
) 19.44 (2.99) 4.24
) 94.49 (1.53) 22.49
) 66.84 (2.16) 1.37
) 5.97 (1.26) −1.30
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Figure 2. Plot of within-session accuracy for participant Jenna. Facets represent treatment sessions; x-axis represents blocks of 10 trials;
y-axis represents accuracy in that block based on treating clinician’s ratings; plotted numeral represents current Challenge Point Program level
(1 through 12); color and line type represent rhotic variant targeted.

SIG 19 Speech Science
there was divergence in the clinician’s record of progress in
practice and blinded listeners’ ratings of generalization gains.
The blinded listeners perceived Jenna’s productions of conso-
nantal /ɹ/ as quite accurate at baseline (mean p̂correct of 78.1%,
SD of 9.0). In the maintenance period, accuracy was still
fairly high but fell below the baseline level (mean p̂ correct

of 60.3%, SD of 10.0). This suggests that Jenna’s generali-
zation learning was less robust than it seemed based on her
performance during treatment and on within-session probes.
We return to this issue in the Discussion section.

Ethan, age 7;6, made gains that were both slower to
emerge and smaller in magnitude than those exhibited by
Jenna; his within-treatment progress is illustrated in Figure 3.
His initial target was consonantal /ɹ/ in a back vowel context.
His accuracy was low for the first two sessions but rose in the
third session, leading him to achieve Level 2 (practice with
reduced feedback frequency) at the start of the fourth session.
Ethan struggled notably when a competing speech sound
(Level 4) was introduced in Session 4, and poor overall
performance in Session 5 brought him back down to Level 1.
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He regained ground in Sessions 6–7, reaching Level 5
(biofeedback frequency reduced to 0%) in Session 8. However,
withdrawal of biofeedback was associated with an immediate
drop in accuracy, resulting in a return to Level 4 and the
reintroduction of biofeedback, which was not consistently
withdrawn until Session 10. In Sessions 10–13, Ethan worked
through Levels 6–8, involving reduced feedback and pro-
sodic manipulations. When he reached Level 9 (two-syllable
words with competing speech sounds) in Session 12, he again
showed a dramatic drop in accuracy, and he continued to
struggle to produce /ɹ/ in the context of a competing speech
sound through Session 17. Ethan reached the highest level
of the CPP hierarchy for the selected target by the end of
Session 18. However, he did not meet the criterion of 80%
accuracy in word probes administered at the start of each
session and therefore did not move on to a new rhotic vari-
ant. Ethan and his family elected not to continue his participa-
tion after the standard 20 sessions. His cumulative within-
session accuracy was calculated to be 65.9% (see Table 3),
the lowest of all participants in this study.
229 • February 2021
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Figure 3. Plot of within-session accuracy for participant Ethan. Facets represent treatment sessions; x-axis represents blocks of 10 trials;
y-axis represents accuracy in that block based on treating clinician’s ratings; plotted numeral represents current Challenge Point Program
level (1 through 12); color and line type represent rhotic variant targeted.

SIG 19 Speech Science
Blinded listeners’ ratings of generalization probe mea-
sures show that Ethan’s accuracy in the maintenance interval
exceeded his baseline accuracy for both vocalic and conso-
nantal rhotic variants. Although standardized effect sizes
were suggestive of moderate gains for both vocalic (d2 = 4.1)
and consonantal (d2 = 2.7) targets, the raw magnitude of
change in p̂ correct from baseline to maintenance was less
than 10 percentage points. Thus, Ethan represents a case
where standardized effect sizes are inflated by low variabil-
ity; despite his gains within the treatment setting, his gener-
alization learning was modest in magnitude.

Clara, age 10;10, was the most successful among the
three participants who received CPP treatment incorporating
visual-acoustic biofeedback; her within-session progress can
be seen in Figure 4. She made rapid progress on her initial
target, vocalic /ɚ/ in a back vowel context, and reached the
top of the CPP hierarchy for that target by the end of the
third session. A new target, vocalic /ɚ/ in a front vowel con-
text, was introduced in the fourth session, and she progressed
to 0% frequency of biofeedback (Level 5) by the end of that
session and then reached sentence-level stimuli (Level 10) by
Mc
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the end of the subsequent session. Her main difficulty was in
stabilizing correct production in sentences containing multiple
rhotic targets; practice at and around this level, with various
fluctuations in accuracy, continued from the seventh session
until the target was finally completed in the 16th session.
A new untreated target, consonantal /ɹ/ in a front vowel
context, was introduced in the 17th session. She reached
phrase-level stimuli (Level 9) for this target by the 20th ses-
sion. Clara then opted to extend her participation in order
to complete all levels of the CPP hierarchy for this target.
As with previous targets, Clara spent most of her time in
practice at Level 12, sentences containing multiple rhotic
targets. Although she maintained a high level of perfor-
mance in practice, her accuracy in within-treatment word
probes hovered below the 80% accuracy criterion until it
was finally achieved in the 40th session. At this point, Clara
again opted to continue her participation in order to com-
plete the CPP hierarchy for all targets. Her gains for her
final target, consonantal /ɹ/ in a back vowel context, were
more rapid. She reached the top of the CPP hierarchy in the
44th session and met criteria for discharge in her 51st session.
Allister et al.: Computer-Assisted Challenge Point Treatment 223
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Figure 4. Plot of within-session accuracy for participant Clara. Facets represent treatment sessions; x-axis represents blocks of 10 trials;
y-axis represents accuracy in that block based on treating clinician’s ratings; plotted numeral represents current Challenge Point Program
level (1 through 12); color and line type represent rhotic variant targeted.

SIG 19 Speech Science
Her cumulative within-session accuracy was calculated to be
74.1% (see Table 3). Blinded listeners’ ratings indicated that
she sustained ceiling-level accuracy for both consonantal
and vocalic /r/ at the word level in maintenance probes,
yielding a final pooled effect size of 22.5. The effect size
of her gains was greater for consonantal /ɹ/ (d2 = 43.2), which
started with a lower baseline accuracy, than for vocalic /ɚ/
(d2 = 18.1).

Garrett, aged 14;1, had shown the greatest gains in
the preceding biofeedback treatment study (McAllister Byun,
2017). He was judged by blinded listeners to produce rhotic
targets with roughly 60% accuracy in the baseline phase.
Vocalic /ɚ/ in a front vowel context was selected as the
most facilitative variant and was thus targeted first in treat-
ment. Figure 5 shows that Garrett moved steadily through
successive levels of complexity in the CPP hierarchy. Bio-
feedback frequency was reduced to 0% (Level 5) by the
second session of treatment. Sessions 3 through 5 featured
practice at Levels 6–8, involving imitation and independent
reading of words with prosodic manipulation. In Sessions 6
through 8, he moved through phrase and sentence levels,
224 Perspectives of the ASHA Special Interest Groups • Vol. 6 • 214–
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and Sessions 9–10 involved practice in sentences with multi-
ple rhotic words (Level 12). In the 11th session, Garrett’s
accuracy for this target also exceeded 80% in word probes
administered at the start of treatment, and so a new target,
consonantal /ɹ/ in a front vowel context, was selected. Prog-
ress for this target was similarly rapid, and another new
target, consonantal /ɹ/ in a back vowel context, was intro-
duced in the 16th session. Garrett opted to continue his
participation past 20 sessions in order to complete the CPP
hierarchy for all targets. His final target, vocalic /ɚ/ in a
back vowel context, was introduced in the 20th session.
He again ascended rapidly through the lower levels of the
CPP hierarchy, but in this case, he was slow to stabilize
accurate performance at the highest level. Moreover, the
treating clinician’s ratings indicated that he did not achieve
the 80% accuracy criterion in word probes until his
36th session, at which point treatment was discontinued.
Garrett’s cumulative within-session accuracy was 76.3%
(see Table 3).

The extended duration of time required for Garrett
to achieve 80% accuracy in word-level probes as rated by
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Figure 5. Plot of within-session accuracy for participant Garrett. Facets represent treatment sessions; x-axis represents blocks of 10 trials;
y-axis represents accuracy in that block based on treating clinician’s ratings; plotted numeral represents current Challenge Point Program
level (1 through 12); color and line type represent rhotic variant targeted.

SIG 19 Speech Science
the treating clinician, even though he was practicing in
sentences with multiple rhotic targets with a high level of
accuracy, points to a disconnect between his performance
within versus outside the treatment setting. Blinded lis-
teners’ ratings provided confirmation of this dissociation:
Although his rhotic production accuracy in word-level
generalization probes was higher during the maintenance
phase than at baseline, the magnitude of this change was
small for vocalic targets (d2 = 1.8) and null for consonantal
targets (d2 = 0.1).

Ian, aged 15;5, was also noteworthy for the large dis-
crepancy observed between his accuracy within the treat-
ment setting and his accuracy on generalization probes. Both
consonantal and vocalic rhotic variants were produced with
a similarly low level of accuracy at baseline; consonantal
/ɹ/, which had not been explicitly targeted in his previous
biofeedback treatment, was selected for treatment with
the CPP. Within the treatment setting (see Figure 6), Ian
made immediate progress, achieving a reduction to 0%
biofeedback in the second session and an increase in stim-
ulus complexity to the sentence level in the fourth session.
Mc
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However, he struggled to sustain accurate production at
the sentence level, particularly for sentences with multiple
rhotic targets (Level 12). He initially achieved this level in
Session 5 and maintained it in Sessions 6 and 7 before drop-
ping down to lower levels due to low accuracy in Session 8.
This variable performance continued for Sessions 9 through
14. He regained the top of the hierarchy in Session 14 and
maintained a high level of accuracy throughout Sessions 15
and 16. However, despite this high level of performance
within the practice setting, the treating clinician’s ratings
indicated that accurate production still was not carrying
over to word probes administered at the start of treatment.
Accordingly, no new target was introduced. In the final
three practice sessions, Ian showed signs of frustration,
dropping below Level 10 (words in carrier phrases) for the
first time since Session 9. He opted not to continue partici-
pation in this study beyond the standard 20 sessions. His
cumulative within-session accuracy was calculated to be
69.8% (see Table 3).

Blinded listeners’ ratings of word probes elicited before
and after Ian’s treatment corroborate the treating clinician’s
Allister et al.: Computer-Assisted Challenge Point Treatment 225
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Figure 6. Plot of within-session accuracy for participant Ian. Facets represent treatment sessions; x-axis represents blocks of 10 trials; y-axis
represents accuracy in that block based on treating clinician’s ratings; plotted numeral represents current Challenge Point Program level (1
through 12); color and line type represent rhotic variant targeted.
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impression of a lack of generalization. In fact, he showed
small decreases in accuracy from pre- to posttreatment. This
regression was more pronounced for vocalic targets, which
had shown some progress as the targets of treatment in
the previous biofeedback study but were not targeted as part
of Ian’s CPP treatment. Overall, despite his consistently
high performance within the treatment setting, Ian’s final
effect size of −1.3 reflected a small but meaningful net loss
of accuracy over his 20 weeks of treatment.
Discussion
As a preliminary case series, this research does not

allow for strong conclusions about the efficacy of challenge
point-based practice in producing generalization. In partic-
ular, given the absence of a control group or condition, we
can make no claim about the relative efficacy of generaliza-
tion practice with and without a challenge point structure.
However, we argue that this research can furnish several
valuable observations in spite of its preliminary nature.
226 Perspectives of the ASHA Special Interest Groups • Vol. 6 • 214–
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Differing Individual Profiles
of Generalization Learning

All participants in the study were observed to ad-
vance to higher levels of complexity in the challenge point
framework, indicating that they were perceived by the
treating clinician to produce more accurate rhotics dur-
ing practice sessions. However, in keeping with previous
biofeedback research (e.g., McAllister Byun & Hitchcock,
2012; McAllister Byun et al., 2014; Preston, Brick, &
Landi, 2013; Preston, Leece, & Maas, 2016), individuals
were highly variable in the rate at which they improved in
treatment, and even more variable in the extent of gains
they exhibited on generalization probes administered with
no feedback. Two participants showed large effect sizes
on generalization measures, two showed a small to moder-
ate degree of response, and one showed a negative overall
effect size.

Starting with the two strong responders, Clara and
Jenna, we argue that these cases show that it is possible for
children with RSE to make significant generalization gains
229 • February 2021
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when engaging in biofeedback practice following a computer-
based implementation of challenge point principles. How-
ever, we lack information about how these participants
would have responded to intervention structured in a differ-
ent way; it is possible that they would have shown a similar
magnitude of response even if treatment did not follow
challenge point principles. Controlled comparisons along
these lines represent an important next step.

It is also potentially informative to contrast these two
cases, since they differed strikingly in the duration of treat-
ment. Both Jenna and Clara met discharge criteria by dem-
onstrating a high level of accuracy across all rhotic variants,
but Jenna reached this point after only 14 sessions, versus a
total of 51 sessions for Clara. In Clara’s case, blinded listeners’
ratings of untreated probe words corroborated the treating
clinician’s judgment in showing a large magnitude of improve-
ment for both vocalic and consonantal rhotic variants. For
Jenna, blinded listeners’ ratings of maintenance probes
showed robust gains for vocalic variants, but for consonan-
tal /ɹ/, which began with a high level of accuracy, there was a
decrease in accuracy to slightly below baseline levels.3 While
no conclusive interpretation can be attached to these findings,
they raise the possibility that the higher cumulative dose of
practice completed by Clara was more conducive to long-
term generalization than the lower dose delivered to Jenna
(Hitchcock et al., 2019). Thus, the criteria for discontinuing
intervention might need to be made more stringent in future
implementations of challenge point practice. However, con-
trolled comparisons are needed before strong conclusions
can be drawn.

Data from other participants in the case series pro-
vide a strong indication that the cumulative dose of practice
cannot be the only factor influencing generalization learn-
ing. Participants Ian and, to a lesser extent, Garrett, dem-
onstrate that it is possible to produce perceptually accurate
rhotics in the treatment setting over an extended duration
of practice and yet still fail to show gains on generalization
probes administered with no feedback. Ian provides a par-
ticularly striking example. Because he showed increased ac-
curacy within the treatment setting, he advanced to higher
levels of the CPP hierarchy, and from the second session
on, he completed most of his practice at a level of complex-
ity that involved no biofeedback. Despite sustaining a high
level of accuracy in this no-biofeedback practice, he showed
no improvement on generalization probes administered at
the start of each treatment session. That is, even after a ses-
sion of producing rhotics with a high level of accuracy
without biofeedback, he would return to baseline accuracy
on the word probe administered at the start of the next
session.

One possible interpretation for this pattern of behavior
would posit that Ian started each session unable to access
a motor plan to produce a perceptually accurate rhotic
3In a 1-month follow-up probe, Jenna’s accuracy for consonantal /ɹ/
as rated by blinded listeners increased to 81.8%, suggesting that the
decrease in accuracy during the maintenance phase may have been a
temporary fluctuation.

Mc
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without additional support. He then reestablished an accu-
rate motor plan over the course of within-session practice,
possibly during the period of free-play with biofeedback
that was made available at the start of each session (even
after he had advanced to no-biofeedback levels of the chal-
lenge point hierarchy). Upon leaving the practice setting,
though, he would return to reinforcing his habitual, inac-
curate motor plan, and by the start of the next session, he
would have to repeat the process of establishment all over
again. This supports the idea that not only the dose but
also the scheduling of practice may play a critical role in
generalization learning. It has been proposed that increas-
ing the intensity of practice sessions, for example, condens-
ing a larger number of trials and sessions into a shorter
duration of time, with fewer opportunities to reestablish
the old motor pattern between correct trials, might be facili-
tative of generalization learning (Preston, Leece, & Maas,
2016). Controlled studies comparing an equal dose of inter-
vention delivered on an intensive schedule, in contrast with
the distributed schedule of this study, will be essential to
test this hypothesis (Hitchcock et al., 2019).

It is possible that individual characteristics of study
participants contributed to their differential response to
treatment. For example, both of the strong responders in
this study were female, and the moderate to minimal re-
sponders were male. However, with such a small sample
size, it is impossible to know if gender does serve as a sig-
nificant predictor of response to treatment. Age is another
factor that needs to be investigated in larger correlational
studies predicting response to treatment. Finally, it is known
that auditory-perceptual sensitivity plays an important role
in determining the accuracy with which a speaker pro-
duces speech sound contrasts (see discussion in Rvachew
& Brosseau-Lapré, 2016). Perceptual acuity may be par-
ticularly relevant in biofeedback treatment, since an indi-
vidual who has difficulty making an auditory distinction
between correct and incorrect rhotics will also be less able
to monitor the accuracy of their own productions when
biofeedback is unavailable. This generates the prediction
that individuals with strong auditory perception will, on
average, show greater retention and generalization of gains
from the treatment setting than comparable individuals with
poorer perception. Although an appropriately fine-grained
perceptual measure for rhotics was not available at the time
this study was carried out, such a measure has since been
developed for use in ongoing research (McAllister Byun &
Tiede, 2017).

Advantages of Computer-Based Treatment
These preliminary findings do not provide evidence

that practice using the CPP software is more effective in in-
ducing generalization than practice following a more tradi-
tional approach. Nevertheless, we see value in disseminating
these early results, in part because we believe that certain
properties of the CPP software can be clinically beneficial
independent of the question of any advantage over tradi-
tionally structured practice. First, clinicians may wish to
Allister et al.: Computer-Assisted Challenge Point Treatment 227
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use the free software because it facilitates the process of
tracking an individual’s progress in treatment over time.
Each participant’s progress is saved in a separate profile.
The program automatically tallies the scores entered by
the clinician and reports the percent correct in each suc-
cessive probe measure, broken down by rhotic variant. The
clinician’s scores of accuracy within each session are not
displayed, but they are logged, and it is relatively straight-
forward to extract these data and generate a plot tracking
a client’s accuracy over time and across different rhotic
variants.

A second advantage is that the frequently changing,
goal-driven structure of practice using CPP may increase
motivation for young clients. The fact that the task alters
slightly from block to block, as well as the fact that prac-
tice targets a level of difficulty that is neither too hard nor
too easy, may help learners remain engaged. Moreover,
because the client is aware that advancing to the next
step in the hierarchy is contingent on accuracy in the cur-
rent level, they may show enhanced motivation to “beat
the level.” The power of these milestones is best illustrated
by Garrett and Clara, who both continued their treatment
well beyond the minimum scheduled duration of 20 ses-
sions (36 sessions for Garrett and 51 for Clara). Both indi-
cated that they extended their participation because they
wanted to reach the top of the within-treatment hierarchy
for all targets. Participants and their families informally re-
ported that they enjoyed the sense of achievement associ-
ated with reaching a higher level.
Conclusions
This case series investigated the effects of biofeed-

back intervention for residual rhotic errors delivered within
a challenge point framework, where practice difficulty is
adaptively adjusted with the goal of enhancing generali-
zation learning. The study more specifically examined the
effects of computer-mediated challenge point treatment
using a custom software, the CPP. Five children who had
previously established but not generalized correct rhotic
production received individual treatment that incorporated
either EPG or visual-acoustic biofeedback and was struc-
tured by challenge point principles implemented in the CPP.
The total duration of treatment was flexible. Participants
were highly variable in the magnitude of generalization
gains attained, although the median overall effect size of
4.24 suggested that participants tended to have a positive
response of clinically significant magnitude. These mixed
results suggest that challenge point treatment can be effec-
tive in producing generalization in some participants,
but controlled comparison of treatment with and with-
out challenge point principles will be necessary before
strong conclusions can be drawn. The free and open-source
CPP software may offer benefits in other areas, such as cli-
ent motivation and systematic record-keeping, which rec-
ommend it independent of its theoretical grounding in the
challenge point framework.
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