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ABSTRACT

Purpose: This study examines how ultrasound biofeedback and intensive treat-
ment distribution affect speech sound generalization during an evidence-based
treatment, Speech Motor Chaining, for children with persisting speech errors
associated with childhood apraxia of speech (CAS).

Method: In a 2 x 2 factorial randomized controlled trial, children ages 9-
17 years meeting CAS criteria were randomized to receive (a) a distributed treat-
ment (20 sessions twice weekly over 10 weeks) or intensive treatment (20 hr in
5 weeks, with 10 hr in Week 1) and (b) treatment with or without biofeedback.
Due to the COVID pandemic, some participants were randomized to distributed/
intensive telepractice treatment only. The primary outcome was percent target
sounds correct on untreated phrases (i.e., generalization) at the 10-week time
point. More than 50,000 narrow phonetic transcriptions were analyzed.

Results: Forty-eight participants completed treatment. Intensive treatment sig-
nificantly increased generalization at all time points. The effect of biofeedback
was significant at 5 weeks from the start of treatment but not significant at the
primary 10-week time point. However, when comparing each group immediately
after their 20 hr of treatment finished, generalization was significantly greater in
intensive over distributed treatment and greater in ultrasound over no-
ultrasound treatment (with a significant interaction favoring intensive treatment
with ultrasound). Only the advantage of intensive treatment remained significant
5 weeks after groups finished treatment. There was no significant difference
between face-to-face and telepractice modalities.

Conclusions: When the number of treatment hours is fixed, an intensive sched-
ule of Speech Motor Chaining facilitated greater improvement than a distributed
schedule. Ultrasound biofeedback initially accelerated learning, but the benefits
may dissipate as treatment continues or after it ends.

Childhood apraxia of speech (CAS) is a speech
sound disorder (SSD) that impacts speech sound accuracy,
speech movement consistency, transitions between sounds
and syllables, and prosody (American Speech-Language-
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Hearing Association [ASHA], 2007). There is a range of
expression of the characteristics of CAS. The presumed
locus of deficit is in planning and programming speech
movements (ASHA, 2007), although deficits in phonolo-
gical knowledge are common as well (e.g., Lewis et al.,
2018; Nijland, 2009). As there was limited consensus
about the definition or characteristics of CAS before 2007
(ASHA, 2007), studies on CAS treatment options have
been limited, and there are few randomized controlled tri-
als (Murray et al., 2014). Historically, many children with
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CAS remain in speech therapy for several years (Campbell,
1999), and the speech production impairments for individ-
uals with CAS may persist into adolescence or adulthood
for some individuals (Carrigg et al., 2016). For example,
Lewis et al. (2021) report that 78.6% of adolescents with
CAS have residual speech errors as part of their commu-
nication profile. There is a need to explore modifications
to treatment that may accelerate speech learning to reme-
diate unresolved speech errors, particularly for school-age
children who have been in therapy for many years. There-
fore, this study is a randomized controlled trial designed
to explore two variations that may affect speech motor
learning: treatment distribution and visual biofeedback of
the tongue with ultrasound imaging. These variations are
tested within a standardized treatment program, Speech
Motor Chaining.

Motor-Based Treatment for CAS

As CAS is a motor speech impairment, most
evidence-based speech treatments for CAS involve motor-
based interventions intending to improve speech motor
plans (Murray et al., 2014). Many of these interventions
integrate prepractice, practice, and feedback principles
that are thought to facilitate motor learning (i.e., princi-
ples of motor learning [PMLs]; Maas et al., 2008). In this
framework, motor learning, which is evidenced by reten-
tion of motor skills and generalization of motor skills to
untrained contexts, is distinguished from motor acquisition,
which is evidenced by the performance of trained motor
skills during practice. In general, there appears to be a
trade-off such that the principles aiding acquisition are
not necessarily those that most facilitate learning, and vice
versa.

It remains unclear, however, whether speech motor
interventions should be tailored within a PML framework,
which has an empirical footing from decades of nonspeech
motor research (Maas et al., 2008). Nonspeech motor
learning studies often teach a new motor pattern that is
not used outside of training (e.g., a novel finger or arm
movement sequence). Motor speech impairments, how-
ever, likely require updating a speech movement for an
existing erred or unstable motor pattern that the learner
will use in their conversational speech between interven-
tion sessions. It may be, then, that the PMLs that opti-
mize nonspeech motor learning differ from those that opti-
mize speech motor learning. Indeed, studies have not con-
sistently revealed that all nonspeech PMLs are equally
applicable to speech motor learning (Maas et al., 2012;
Maas & Farinella, 2012). For example, Maas et al. (2012)
found that the frequency with which children receive feed-
back on their productions had a variable effect on speech
motor learning, such that some children showed an

advantage with more frequent feedback and others
showed an advantage for less frequent feedback. The
inconsistent empirical findings for PML approaches across
individuals with CAS suggest that these PMLs may need
to be adapted for clinical implementation in speech ther-
apy. Furthermore, these prior studies exploring PMLs in
speech treatment have mostly been small in scale (i.e.,
single-subject experimental designs) and have also framed
research questions as a function of a single PML or static
parameter (e.g., high vs. low feedback frequency). In con-
trast, the current study posits that treatment for pediatric
motor speech disorders may require conditions that can be
viewed as dynamically changing over time to support a
progression in the learning process (Guadagnoli & Lee,
2004). Thus, there may be learning considerations that
require a sequenced approach that initially emphasizes
principles of acquisition and systematically transitions to
include more PMLs. We test this hypothesis by studying
two treatment adaptations that are contrary to the status
quo for speech therapy for CAS but that are supported
by logic, theory, and previous small-scale research with
school-age children with CAS: treatment distribution
(i.e., practice intensity) and feedback type (i.e., use of
ultrasound).

Treatment Distribution

In the context of schema-based motor Ilearning
(Maas et al., 2008), practice distribution refers to how
practice trials are spaced out in time. In this study, how-
ever, we more narrowly define treatment distribution as
the manner in which an equivalent number of freatment
sessions are spaced out in time. Treatment distribution can
be conceptualized along a continuum from massed (i.e.,
intensive treatment, condensed in time) to distributed (i.e.,
spread out in time). While delivering treatment in an
intensive (massed) fashion is theorized to enhance motor
acquisition, motor learning is theorized to be enhanced
when practice is distributed in time (Maas et al., 2008). In
fact, there is general consensus from studies of nonspeech
motor learning (see T. D. Lee & Genovese, 1988, for a
meta-analysis) and cognitive recall (Cepeda et al., 2006)
that intensive/massed practice may be detrimental to
learning and that distributed practice may be beneficial.

However, there may be unique considerations for
applying motor learning principles in the context of
speech, clinical populations, and children. As mentioned
above, speech errors practiced outside of treatment ses-
sions may compete with the successful attempts during
treatment because generalization does not occur immedi-
ately, suggesting that more intense practice may be pre-
ferred over more distributed practice. Furthermore, chil-
dren with CAS particularly may be highly inaccurate and/
or variable in their speech production and may need to
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increase their within-session performance before generali-
zation can occur, further indicating that massed practice
may be needed to boost performance when skill level is
low. A systematic review by Kaipa and Peterson (2016)
supports the need for these unique considerations, high-
lighting that existing evidence supports the use of massed
practice over distributed practice for childhood speech dis-
orders. For example, a randomized group study of pediat-
ric speech therapy has shown that massed practice (three
sessions per week for 8 weeks) may be superior to distrib-
uted practice (one session per week for 24 weeks) for
increasing percent consonants correct in children with
phonological disorders (Allen, 2013). Note, however, that
participants had phonological SSDs rather than CAS.
Another, nonrandomized, study (Thomas et al., 2014) lent
support to massed practice increasing overall accuracy of
probe words rated on three features (i.e., segmental accu-
racy, lexical stress accuracy, fluency/nonsegregation of
words) over a distributed treatment distribution for chil-
dren with CAS. Finally, Maas et al. (2019) conducted a
single-subject experimental design with six children with
CAS wusing an integral stimulation approach in which
treatment targets were treated in massed or distributed
practice. The authors observed that the majority of chil-
dren showed an advantage for improved speech motor
learning with massed rather than distributed practice.
Thus, the minimal research on pediatric speech sound
treatment appears to offer preliminary support for massed
practice over distributed practice in this population, but
these results are contrary to studies of nonspeech learning
and have been generally small in scale. This emphasizes
the need to test specific considerations for treatment distri-
bution for children with CAS. In addition, these prior
studies have not conceptualized treatment as a sequence
designed to progress from intensive (massed) practice to
boost acquisition followed by distributed practice to facili-
tate generalization and retention. Here, this intensive-to-
distributed sequenced approach (i.e., the intensive condi-
tion) will be contrasted against the traditional approach of
providing only distributed practice.

Ultrasound Biofeedback for Motor Learning

In the schema-based motor learning context, feed-
back type refers to the amount of detail provided to the
learner: Knowledge of results (KR) feedback provides
summary feedback about the accuracy of the production
(i.e., “correct!” or “not quite”), while knowledge of perfor-
mance (KP) feedback provides detailed corrective feed-
back about the production attempt (Maas et al., 2008).
While schema theory does not offer a speech-based frame-
work for the content of KP, we believe that effective KP
feedback references movement information used to gener-
ate speech sounds, as posited in multiple models of speech
production (e.g., Directions Into Velocities of Articulators,

Bohland et al., 2010; dual-stream model, Hickok, 2014).
These models specify that feedforward and feedback loops
are recruited during speech development and in online
monitoring of speech output to compare the auditory and
somatosensory information generated after speech sound
production to a speaker’s acoustic and somatosensory
goals for the speech sound(s). The speaker’s feedback loop
allows for motor plans to be updated as errors in produc-
tion are detected. During development, these internal
mechanisms facilitate connections between sensory feed-
back and speech movement targets and refine the underly-
ing speech representations as they become more adultlike.
For speech movements that are habitually in error, such
as in those with CAS, it is often necessary to teach the
child to inhibit an existing erred motor plan—the old
speech movement—and thus to learn a new auditory and
somatosensory representation for the adultlike speech
sound and intervening sound transitions. Drawing a
salient contrast between the desired pattern and the erred
pattern can be accomplished through enhancing sensory
feedback. We hypothesize that adding another sensory
feedback modality—visual biofeedback of real-time ton-
gue movement—could aid the speech learning process for
individuals whose auditory and somatosensory feedback
systems may not have been sufficient to enable learning of
standard speech movements (Preston et al., 2013). Visual
feedback may help teach children to associate the visual
representation with auditory and somatosensory represen-
tations required for accurate feedforward (planning/pro-
gramming) of speech sounds.

Ultrasound biofeedback of the tongue, therefore,
provides a novel form of KP feedback. Biofeedback sup-
plements a clinician’s verbal feedback and the learner’s
own auditory and somatosensory feedback. However, to
avoid overreliance on KP feedback (Hodges & Franks,
2001), a preferred sequence to maximize speech learning
in children with impaired speech motor systems might be
to facilitate speech motor acquisition with visual feedback
of movements and subsequently reduce and remove this
feedback to encourage speech motor learning (Preston
et al.,, 2018; Preston, McAllister, et al., 2019). In this
study, this sequenced approach involving frequent ultra-
sound biofeedback that fades over time will be con-
trasted against the traditional therapeutic approach of
providing treatment without visual feedback of speech
movements.

Case studies and single-subject experimental designs
have revealed that treatment programs that include artic-
ulatory biofeedback such as ultrasound can result in suc-
cessful speech sound learning in children with CAS (Pres-
ton et al., 2013, 2016; Preston, Leece, et al., 2017), as
well as in school-age children and young adults with per-
sisting speech sound errors (Adler-Bock et al., 2007;
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Cleland et al., 2015, 2019; McAllister Byun et al., 2014;
Preston & Leece, 2017). These studies generally have
provided evidence that biofeedback of articulatory move-
ments can facilitate greater improvement than a no-
treatment condition. However, this study addresses limi-
tations of prior work by comparing two similarly struc-
tured treatment programs that differ in exposure to real-
time ultrasound biofeedback. To extend the current level
of evidence from case series and single-subject experimen-
tal designs for CAS (Preston et al., 2013, 2016), there is
a need for a randomized comparison of treatment with
and without biofeedback to advance the quality of
research and employ the proper experimental control
(Robey, 2004). Importantly, based on the current state of
the literature, it is unknown whether the biofeedback is
an operative component in treatment for CAS, and a
randomized comparison can help to address this
limitation.

Speech Motor Chaining

We test the effects of treatment distribution and
ultrasound biofeedback within the framework of a motor-
based treatment, Speech Motor Chaining (Preston, Leece,
& Storto, 2019). Speech Motor Chaining is a treatment
developed to systematically teach new sounds, sequences,
and intersound movements (i.e., transitions) in children
with frequent sound errors and is intended to be appropri-
ate for children with mild-moderate CAS who retain
sound errors in late childhood and adolescence (e.g.,
Lewis et al., 2021). Speech Motor Chaining therefore dif-
fers from other CAS treatments that are intended for
more severely impacted individuals with limited speech
(Strand, 2020) or treatments that target prosodic aspects
of speech using existing sounds (McCabe et al., 2020).
Speech Motor Chaining is adaptive, with an initial empha-
sis on principles of acquisition and subsequent emphasis
on PMLs (as dictated by the child’s performance). Speech
Motor Chaining targets core syllables, composed of
sounds that are of low accuracy for a child, in order to
address errors in the context of movement sequences that
transition into and out of the target sound. The syllable is
emphasized (vs. sounds in isolation) due to evidence that
many aspects of speech planning occur in syllabic units
(Laganaro et al., 2012; Nijland et al., 2003; Rogers &
Storkel, 1998). As performance increases, the emphasis of
Speech Motor Chaining adapts to learning, and the core
syllables are embedded within longer units (monosyllabic
words, multisyllabic words, phrases, and sentences). Sev-
eral PMLs are incorporated throughout practice, such as
increasing prosodic variability and complexity of the
movements surrounding the core syllable and modifying
the type and frequency of feedback (Preston, Leece, &
Storto, 2019).

In addition, although motor learning principles pro-
vide the primary framework for the current study, it is
important to acknowledge that CAS may also be accom-
panied by broader linguistic deficits, including poor pho-
nological awareness (Lewis et al., 2004; McNeill et al.,
2009¢; Nijland, 2009). For example, Lewis et al. (2018)
reported in a large cohort study that adolescents with
CAS have persisting delays in phonological awareness
skills compared to children with other types of SSD. As
such, well-rounded treatment programs for CAS likely
emphasize both speech motor control and other relevant
skills such as phonological awareness to reinforce underly-
ing phonological representations that may contribute to a
child’s clinical presentation (McNeill et al., 2009a, 2009b).
In this study, we assume that phonological awareness
training may improve children’s understanding of where
sounds are within words so they can better generalize the
movements they learn in production practice with Speech
Motor Chaining.

Telepractice

During the COVID-19 pandemic, face-to-face research
was paused for several months, and a subset of partici-
pants transitioned to telepractice. While there is a growing
evidence base supporting the efficacy of speech therapy
delivered via telepractice for articulation and phonological
disorders (S. A. S. Lee, 2018; Peterson et al., 2022; Wales
et al., 2017), there is a paucity of research on telepractice
treatment for CAS. To our knowledge, there is only one
published study that investigated the efficacy of teleprac-
tice for any CAS treatment. Thomas et al. (2016) used a
multiple-baseline across-participants design to examine the
efficacy of Rapid Syllable Transition (ReST) treatment for
five children aged 5-11 years with CAS. The authors
found that children who received ReST via telepractice
demonstrated similar acquisition and generalization out-
comes to children who had received ReST in prior face-
to-face treatment studies. While the results of this study
are promising, there is a need for more research on CAS
treatment delivered via telepractice.

Functional Impacts of CAS

One clear goal for treating CAS is to improve
speech production. Beyond speech production, CAS can
have functional impacts in other areas, such as a child’s
socialization and academic participation (Lewis et al.,
2021; Rusiewicz et al., 2017). To date, there is little infor-
mation on the extent to which children with CAS or their
parents report functional effects of treatment. This infor-
mation could provide insight into any functional changes
as a result of treatment and the time course of such
changes. Therefore, the current study explores parent- and
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child-reported changes that may be associated with the
functional impact of treatment.

Purpose and Hypotheses

The primary goal of this study was to examine the
extent to which evidence-based treatment outcomes could
be influenced by treatment distribution and ultrasound
biofeedback. Children were randomized to two different
treatment distribution conditions (i.e., intensive vs. distrib-
uted) and to two different biofeedback conditions (i.e.,
with and without ultrasound biofeedback). The study also
explored the effects of treatment distribution for face-to-
face and telepractice therapy modalities. Study outcomes
examined speech improvements and any participant-
reported social-emotional impact.

It was hypothesized that an intensive treatment dis-
tribution would result in greater speech motor generaliza-
tion than a more traditional, uniformly distributed treat-
ment schedule (e.g., Namasivayam et al., 2015; Preston,
Leece, et al., 2017). In this study, the 5-week-long inten-
sive treatment distribution began with a massed week of
10 hr of treatment that faded to thrice per week in Weeks
2 and 3 and then fading again to a more traditional treat-
ment distribution, twice per week, for Weeks 4 and 5. This
contrasted with the distributed treatment condition, in
which participants were scheduled twice per week for
10 weeks. It was also hypothesized that the availability of
ultrasound biofeedback of the tongue during treatment
would result in greater speech motor learning than prac-
tice without biofeedback. Furthermore, we examined the
combined effects of these conditions, and it was hypothe-
sized that intensive treatment with biofeedback would
yield the greatest improvement in speech production accu-
racy. In addition, we also examine these outcomes when
holding constant the time since the end of treatment (i.e.,
immediately after treatment has concluded and 5 weeks
later) to examine retention.

Method

The study was approved by the Syracuse University
Institutional Review Board (#17-177). Participants pro-
vided written assent, and their parents/guardians provided
informed written consent. The trial was registered through
ClinicalTrials.gov (NCT03238677). Recruitment began in
September of 2017 and continued through May 2022
when funds were exhausted. Recruitment included contact
with regional speech-language pathologists (SLPs) through
mailings and e-mails to school district personnel and pre-
sentations to local SLP groups. Public announcements on
local social media groups, radio ads, television spots, and

Facebook advertising were also used to raise awareness
within the community. Based on prior studies, a power
analysis suggested that a sample size of 40 participants (10
per group) would be sufficient to identify significant main
effects of biofeedback and of treatment intensity.

Participants

Screening

Eligible participants were American English—speaking
children between 9 and 17 years of age. Eligibility for the
full evaluation was based on a phone screening in which
parents reported a history of CAS or CAS-like speech fea-
tures, normal hearing, and vision that was normal/
corrected to normal. Children with developmental disabil-
ities such as autism, cerebral palsy, or Down syndrome
were not eligible, although children with concomitant learn-
ing disabilities were not excluded. Families had to agree to
have their child randomized to any of the four treatment
conditions described below.

Local participants who met phone screening criteria
were invited for a screening session to fully assess eligibil-
ity at the Syracuse University Speech Production Labora-
tory. In the cases of participants recruited to complete the
study via telepractice (see below), eligibility assessments
were completed via Zoom in a participant’s residence.
Overall, we assessed 96 children. Children were required
to meet the following inclusionary criteria: (a) having
passed a hearing screening bilaterally at 20 dB at 500,
1000, 2000, and 4000 Hz; (b) Peabody Picture Vocabulary
Test-Fourth Edition (Dunn & Dunn, 2007) standard score
> 70; (c) Concepts and Following Directions subtest of
the Clinical Evaluation of Language Fundamentals—Fifth
Edition (CELF-5; Wiig et al., 2013) scaled score > 4; (d)
Goldman-Fristoe Test of Articulation-Third Edition
(GFTA-3; Goldman & Fristoe, 2015) percentile score < 5;
and (e) having demonstrated no frank oral structural
anomalies (e.g., submucous cleft) based on an oral struc-
tural exam. Additional standardized tasks were adminis-
tered for descriptive purposes: the Matrix Reasoning sub-
test of the Wechsler Abbreviated Scale of Intelligence—
Second Edition (Wechsler, 2011), the three subtests of
the Phonological Awareness Composite of the Compre-
hensive Test of Phonological Processing—Second Edition
(i.e., Elision, Phoneme Isolation, and Blending Words;
Wagner et al., 2013), and the Recalling Sentences subtest
of the CELF-5 (Wiig et al., 2013). Descriptive informa-
tion for the groups at pretreatment is reported in Table
1, and individual data are available in the supplemental
dataset on the study’s Open Science Framework (OSF)
page.

All children who qualified were reported to have a
previous history of speech therapy, although none had
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Table 1. Pretreatment means + standard deviations and ranges for 56 children with childhood apraxia of speech randomized to six groups.

Distributed + Distributed Distributed + Intensive + Intensive + Intensive +
No Ultrasound Telepractice Ultrasound No Ultrasound Telepractice Ultrasound
Variable (n=9) (n =10) (n =10) (n=9) (n=9) (n=9)
Age (years) 10.85 £ 1.7 11.05 £ 2.4 12.22 £ 21 10.01 £ 1.1 11.16 £ 2.3 10.31 £ 1.0
(9.41-14.67) (9.03-15.48) (9.17-15.44) (9.15-12.61) (9.44-16.67) (9.01-11.61)
PPVT-4 standard score 104.6 + 12.0 96.8 + 9.8 100.7 + 11.9 97.7 +13.1 101.9 + 10.8 1121 +13.2
(91-126) (83-115) (82—-113) (75-119) (85-119) (95-137)
CELF-5 Concepts and 9.0+1.2 Not 8.6 +3.0 10.6 + 4.2 Not 99+28
Following Directions (7—11) administered via (6—14) (4-16) administered via (7—16)
scaled score telepractice telepractice
CELF-5 Recalling Sentences 86+25 42 +21 6.7 £ 3.0 59 +3.2 3.4 +1.7 11.7£5.0
scaled score 4-11) (1-7) (1-12) (1-11) (1-6) (6-18)
GFTA-3 standard score 439 + 8.8 439 + 8.4 423 +55 449 £ 9.7 432+ 7.6 49.8 + 12.1
(40-66) (40-63) (40-57) (40-63) (40-63) (40-73)
CTOPP-2 PA Composite 81.7 + 13.6 64.3 +12.1 72.8 + 141 78.0 + 13.3 68.7 +7.0 90.0 + 10.0
(67-96) (45-88) (56-98) (60-96) (52-75) (91-98)
WASI-II Matrix Reasoning 459+ 7.8 41.0+95 39.0 £ 9.5 441 + 8.1 472 £9.0 48.3 £ 12.1
T score (83-57) (29-57) (23-55) (28-54) (34-60) (34-67)
Note. Note that GFTA-3 percentiles (< 5) were used for determining eligibility, but because percentiles are range limited, standard scores

are summarized here. PPVT-4 = Peabody Picture Vocabulary Test—Fourth Edition; CELF-5 = Clinical Evaluation of Language Fundamentals—
Fifth Edition; GFTA-3 = Goldman-Fristoe Test of Articulation—Third Edition; CTOPP-2 PA Composite = Comprehensive Test of Phonological
Processing—Second Edition, Phonological Awareness Composite; WASI-Il = Wechsler Abbreviated Scale of Intelligence—Second Edition.

participated in prior studies in our lab. Information about
participant race, sex, and ethnicity was collected on a par-
ent questionnaire. Of the 56 eligible participants random-
ized to treatment, 39 were male and 17 were female.
Using National Institutes of Health categories of race
and ethnicity, participants were identified as follows: non-
Hispanic/non-Latino White (42), Hispanic/Latino White (4),
Hispanic/Latino Black or African American (1), American
Indian or Alaskan Native (1), and mixed/multiple races (6;
self-identified as Black + Italian, Black + White, American
Indian + White, Asian + White). Two families declined to
provide race/ethnicity information.

Procedure for CAS Diagnosis

The diagnosis of CAS was determined based on chil-
dren’s performance on three tasks, which yielded four
total variables. Children were required to meet the CAS
criteria on at least two of the four variables. Analysis of
performance was based on audio recordings rather than
live judgment.

The first CAS eligibility task, the syllable repetition
task (Shriberg et al., 2012), required children to imitate
18 nonwords ranging from two to four syllables contain-
ing /ba/, /ma/, /na/, or /da/. From this task, the outcome
measure was the percentage of nonwords with added
sounds, such as /dabama/ — /danbama/ (i.e., transcoding
score, which counts sound additions but not syllable addi-
tions; see Shriberg & Lohmeier, 2008). Following Shriberg
et al. (2012), if more than 20% of items (i.e., four or more
of the 18 nonwords) contained sound additions, the partic-
ipant met the criteria for CAS on this task.

The second CAS eligibility task, the maximum
performance tasks, followed procedures described by
Thoonen et al. (1999) and formalized by Rvachew et al.
(2005). This task requires children to sustain the sounds
lal, Isl, Ifl, and /z/ and repetitions of /mama/ for as long
as possible, as well as repeat the syllables /pa/, /ta/, and
/ka/ and /pataka/ as quickly as possible. The apraxia score
(i.e., 0 = not apraxic, 1 = undetermined, 2 = likely apraxic)
is based primarily on the accuracy and rate of repeated
/pataka/ productions (i.e., less than four accurate repeti-
tions of /pataka/ or < 3.4 syllables per second in /pataka/
yields a score of “likely apraxic”). If the participant
obtained a “likely apraxic” score based on scoring proce-
dures described by Rvachew et al., the participant met
the CAS criteria on this task. A dysarthria score is also
calculated from the maximum performance tasks, with
seven participants receiving a “likely dysarthric” score
and three receiving an “undetermined” score, but the
dysarthria score was not used to determine eligibility for
the study.

The third CAS eligibility task was a polysyllable pic-
ture naming task consisting of 80 words modeled after
Gozzard et al. (2006). Pictures of polysyllabic words (e.g.,
cheeseburger, escalator) were presented, and the partici-
pants’ responses were recorded as WAV files. There were
two variables derived from this third task: lexical stress
percent correct and number of syllable segregations.
Raters reviewed the set of 80 items twice: first to rate lexi-
cal stress accuracy (i.e., correct number of syllables and
correct stress pattern) and then for the presence or absence
of syllable segregation (i.e., an inappropriate pause or gap
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in the middle of the word). The criterion for CAS on the
lexical stress measure was < 70% accuracy, as children
with typical speech are generally above this threshold
(Gozzard et al., 2006) and children with CAS are typically
below it (McCabe et al.,, 2014; Murray et al., 2015;
Shriberg, Aram, & Kwiatkowski, 1997). The criterion for
CAS on the syllable segregation measure was the presence
of segregated syllables on > 3% of polysyllabic words,
based on data from Murray et al. (2015).

To be eligible for the study, children had to meet
CAS criteria on at least two of the four variables
extracted from these three tasks. Furthermore, to ensure
reliability, the performance on the three tasks was mea-
sured independently by two raters (at least one SLP plus
a speech-language pathology graduate student trained in
the protocol). If there was disagreement regarding
whether the child met CAS eligibility requirements, then
a third rater was required to independently score the
child’s performance on the three tasks to determine eligi-
bility. Therefore, performance on these tasks, rather than
one clinician’s subjective clinical impression, was required
to determine eligibility. We also completed the Mayo-10
feature checklist (Shriberg et al., 2011) for each partici-
pant to facilitate comparison of this study’s population
to previous studies of CAS. While the Mayo-10 data
were not used to determine study eligibility, all partici-
pants who met our eligibility criteria also met CAS cri-
teria on the Mayo-10 checklist (i.e., demonstrated at
least four CAS features across at least two different
tasks). Interested readers can find participant Mayo-10
checklists in the supplemental dataset on the study’s OSF
page.

Diagnostic reliability. Diagnostic reliability was ana-
lyzed for the 88 assessed children who met the receptive
language inclusionary criteria. At the participant level, the
first two raters agreed on whether the participant met the
operationalized CAS criteria for 79 of 88 participants;
therefore, nine participants required a third rater to deter-
mine whether the child met CAS criteria. At the task
level, the first two raters agreed on the binary judgment of
meeting the task criteria for 88% of participants on the
syllable repetition task, 91% of participants on the maxi-
mum performance tasks, 87% of participants on lexical
stress accuracy, and 80% of participants on syllable
segregation.

Study Design

The study’s 2 x 2 factorial design was fully realized
for participants in face-to-face treatment (but see the
COVID-19 Modifications section below regarding the
inability to test ultrasound biofeedback for telepractice
participants). Half of the eligible participants who were

seen face-to-face were randomized to receive production
practice with ultrasound biofeedback, and half were ran-
domized to receive production practice without any bio-
feedback. Furthermore, half of the participants were ran-
domized to an intensive schedule (i.e., 20 hr of treatment
in 5 weeks, beginning with an intensive week with 10 hr
of therapy), whereas the remaining half of participants
were randomized to a distributed schedule (i.e., 20 hr of
treatment at a rate of two visits per week for 10 weeks).
This resulted in four groups: Distributed + Ultrasound,
Intensive + Ultrasound, Distributed + No Ultrasound,
and Intensive + No Ultrasound. Randomization was com-
pleted using concealed envelopes. The randomization
scheme was completed by the first author using random.
org to generate blocks of four such that each treatment
condition was represented once in each sequence of four
envelopes. The assessors and treaters were masked (i.e.,
blinded) to the randomization order, and random assign-
ments were distributed to the clinician and participant
only once a participant was deemed eligible. Participant
enrollment, randomization, and completion are summa-
rized in Figure 1. A total of 96 children were assessed, 56
were eligible and randomized to treatment conditions, and
48 completed treatment.

All clinicians held a master’s degree and were either
certified SLPs or, in the case of a Clinical Fellow working
toward certification, supervised by a licensed clinician. A
total of seven different clinicians conducted treatment.
Face-to-face treatment occurred in the lab or, for two par-
ticipants for whom the travel distance was a burden, in a
quiet room in a public library located between the lab and
the participant’s home. Treatment for telepractice partici-
pants (described below) occurred via secure Zoom connec-
tion. For fidelity monitoring, treatment sessions were
audio-recorded or screen-recorded (in the case of sessions
with ultrasound or with telepractice).

Common Aspects of Treatment in All Conditions

Treatment target selection criteria and the treatment
session structure were common to each condition, as out-
lined below.

Treatment target selection. For each participant, we
identified three target sound-positions. Eligible targets
were consonants of American English, fixed in a syllable
position in order to situate the target within a movement
context rather than in isolation (e.g., /I/ onset, /s/ coda).
Two targets were treated each session, and a third was
introduced to replace an original target if criteria were
met for mastery (see below).

A stimulability task was administered to assist with
target selection. Before treatment, consonant-vowel and
vowel-consonant stimulability was assessed for the sounds
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Figure 1. Consolidated Standards of Reporting Trials table depicting participant enroliment, randomization, and follow-up. CAS = childhood

apraxia of speech.
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that the clinician perceived to be in error during the
speech assessment tasks (e.g., GFTA-3, polysyllable pic-
ture naming). Up to six sound-—positions were initially
assessed (e.g., /l/ onset, /s/ coda). For each sound—position
assessed, the child imitated these sounds in five different
syllables, following the clinician’s verbal model. Each syl-
lable was repeated 3 times (e.g., for /I/ onset, three repeti-
tions each of /1i/, /le/, /lo/, /lu/, and /1a/).

The clinician identified the three least stimulable
sound—positions from those that were assessed on pretreat-
ment stimulability probes. The two sound-positions with
the lowest stimulability were selected by the clinician as
treatment targets, for each participant (if all three of the
least stimulable sound—positions were at 0%, the selected
treatment targets were two sound-positions that were dif-
ferent in manner and place of articulation; otherwise, it
was possible to have two sound-positions targeting the
same phoneme). The third sound-position target was held
in reserve for future treatment in the event that a partici-
pant met the study’s mastery criteria for a treated target
(i.e., > 80% accuracy in sentences in two consecutive

I

sessions) before the 20 sessions were finished. For each
sound—position target, four syllable-level variants were
chosen for practice. For example, for the target sound-
position /l/ onset, four syllable-level variants might include
Nlo/, Nat/, /kIV/, and /plV/; for /s/ coda, four variants might
include /is/, /ais/, 1iks/, and /est/. Within a session, the goal
was to teach movement transitions using a variety of adja-
cent sounds surrounding the target sound—position. If pho-
notactically plausible, the clinician was encouraged to
select both singletons and clusters. When singletons were
chosen, the SLP was instructed to include at least one
potentially facilitative vowel context (e.g., a low-back
vowel adjacent to /1/, a high-front vowel adjacent to /s/)
and to vary the vowels (i.e., include both monophthongs
and diphthongs, avoid vowels that are adjacent in the
quadrilateral).

Furthermore, to monitor changes in stimulability at
each time point, the stimulability probes were also admin-
istered at probe visits. Stimulability was scored indepen-
dently by three listeners who were masked to treatment
condition and to time point using audio recordings. Each
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syllable was rated as correct (1) or incorrect (0) based on
accuracy of the entire syllable (both the consonant and
the adjacent vowel). The outcome measure of the stimul-
ability probe was percent correct for the target sound-
position for the session, averaged over three listeners. The
intraclass correlation coefficient (ICC) for all stimulability
data was .894, 95% CI [.873, .912]. When separated out by
telepractice condition, the ICC for face-to-face data was
932, 95% CI [.915, .947], and the ICC for telepractice was
.827, 95% CI [.773, .870]. This indicates good-to-excellent
reliability in the stimulability data (Koo & Li, 2016).

Treatment session structure. Participants received
individual therapy sessions. Each session began with 10
trials (~5-10 min) of phonological awareness training
followed by four 12-min periods of structured sound prac-
tice (Periods A, B, C, and D) and concluded with 5-
10 min of random practice. The first target (e.g., /I/ onset)
was practiced in Periods A and B, while the second target
(e.g., /s/ coda) was practiced in Periods C and D. The tar-
get practice order alternated in each session (e.g., one ses-
sion treated /l/ onset in Periods A and B and /s/ coda in
Periods C and D; the next session treated /s/ coda in
Periods A and B and /I/ onset in Periods C and D). Timed
components of the session were monitored with a digital
timer. Figure 2 depicts the session structure. Videos dem-
onstrating the components of treatment are available on
the study’s OSF page.

Phonological awareness training. Sessions began with
10 trials of phonological awareness training, modeled after
prior studies (McNeill et al., 2009c; Moriarty & Gillon,
2006). Phonological awareness training centered around

the targets chosen for production practice. Children
manipulated blank colored blocks (LEGO DUPLO) to
demonstrate understanding of sound addition, deletion, or
substitution based on the clinician’s instructions. Children
began with a word containing a sound in error (e.g., for
target /1/ onset, /lif/), and they then engaged in 10 practice
trials (e.g., change /lif/ to /lit/, change /lit/ to /lits/, change
Nits/ to /luts/). No speech was required by the participant,
only manipulation of the blocks. Performance-related
feedback was provided after every trial. The training
included five levels of increasing complexity. Levels 1-4
included one sound change in one-, two-, three-, and four-
syllable items. Level 5 included two sound changes in
two-syllable items (e.g., change /lifmus/ to /limes/). Crite-
rion to step up to the next level at the next session was at
least nine of 10 correct. Criterion to step down a level at
the next session was 0-5 correct. Criterion to stay at the
same level at the next session was 6-8 correct. Phonolo-
gical awareness training was discontinued if the partici-
pant met the step-up criterion (at least nine correct) at
Level 5 in two sessions. A datasheet, available on the
study’s OSF page, was used to guide the phonological
awareness training portion of the session.

Production prepractice. During the prepractice (elici-
tation) phase, clinicians aimed to establish a reference for
correctness of the target sequences, which involved clinical
cueing to facilitate stimulability for production of the four
variants of the target (e.g., for target /l/ onset, /lo/, /lai/,
/kIV/, and /plV/). SLPs were free to use a variety of strat-
egies (e.g., imitation, gestures, verbal cues, analogies,
shaping) to achieve accurate productions of the variants

Figure 2. Overview of treatment sessions. SMC = Speech Motor Chaining.

Ultrasound Use

Session Component

Targets

Both target
sound/positions

(if randomized to Ultrasound condition)

Target 1
Prepractice then Speech
Motor Chaining if
Prepractice Criterion met

E Sessions 1-8: Prepractice & SMC through Level 4
| Sessions 9-16: Prepractice & SMC through Level 2
| Sessions 17-20: None

Target 2
Prepractice then Speech
Motor Chaining if
Prepractice Criterion met

5-10 min Phonological
Awareness
12 min
Production Period A
12 min
Production Period B
12 min
Production Period C
12 min
Production Period D
5-10 min .
Random Practice

Both targets

Sessions 1-8: Prepractice & SMC through Level 4
Sessions 9-16: Prepractice & SMC through Level 2
Sessions 17-20: None
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so long as the strategies were congruent with the treat-
ment condition. As illustrated in Figure 2, Period A
began with elicitation of the first target, and Period C
began with elicitation of the second target. Prepractice
continued until the performance criteria were met of all
four syllable-level variants produced correctly 3 times
each (i.e., 12 total correct productions). Once this crite-
rion was met, practice began with Speech Motor Chain-
ing (described below). Therefore, prepractice could take
all 24 min devoted to a sound-position if the perfor-
mance criterion was not met, or prepractice could be
completed in approximately 1 min if the child was highly
successful. Cueing used during prepractice included direct
imitation, verbal articulatory cues (i.e., clearly discussing
the different parts of the tongue that are required to form
the sound), shaping procedures from facilitative contexts,
and visual reference to articulation. In the ultrasound
condition, visual reference involved biofeedback with the
tongue during Periods A and C. When no ultrasound
was used, visual reference included static electropalatog-
raphy images, anatomical images from the Internet, sag-
ittal magnetic resonance images, or animations from See-
ing Speech (Lawson et al., 2018).

Production practice with Speech Motor Chaining.
Once the prepractice criterion of 12 total correct imitated
productions was achieved for the four syllable variants of
a target, Speech Motor Chaining practice began for the
remainder of the allotted time for that sound-position.
Procedures followed those described by Preston, Leece, and
Storto (2019) and were guided by a datasheet in Microsoft
Excel (available on the study’s OSF page). Each of the four
syllable variants treated in prepractice (e.g., /ais/) was used
as the core movement pattern around which the produc-
tion practice chains were constructed. Chains are designed
to increase in complexity from Level 1 (syllables, e.g., /ais/)
to Level 2 (monosyllabic words, e.g., “nice”), Level 3 (multi-
syllabic words, e.g., “nicely”), Level 4 (phrases, e.g., “talked
nicely”), and Level 5 (child-generated sentence, e.g., make
up a sentence with “nicely”). Practice occurred at each level
in blocks of six consecutive trials, with items elicited via
imitation. If the child achieved at least five of six correct at
the level, they progressed to the next highest level. If they
produced fewer than five correct in a level, they began at
Level 1 (syllables) for the next variant (e.g., /is/). If a partic-
ipant mastered all five levels, the chain was discontinued
the next session and replaced with a new chain; otherwise,
the same chains were practiced from session to session.

Note that Speech Motor Chaining is more than just
practice with stimuli that increase in contextual linguistic
complexity for the target syllable-position. As a partici-
pant advances through the levels, several PMLs are also
manipulated to change the practice emphasis from acquisi-
tion (the focus of the lower levels) to motor learning (the

focus of the higher levels). As guided by the Speech Motor
Chaining datasheet, the clinician’s feedback frequency was
systematically faded (from feedback on five of six trials at
Level 1 to three of six trials at Level 5), while the feedback
type changed from primarily KP at Level 1 to primarily
KR at Level 5 (see Preston, Leece, & Storto, 2019). Prac-
tice variability was manipulated in higher levels by intro-
ducing variable prosody (i.e., loud, slow, fast, question,
exclamation, neutral; see Preston, Leece, et al., 2017).
During half of trials in each block, participants were also
prompted to provide a self-judgment of their accuracy
before any clinician feedback was offered.

Random practice. The final 5 min of each session (or
10 min, if the phonological awareness goal was met) con-
sisted of random practice. First, the clinician selected the
practice items: the highest linguistic level for each chain
that was mastered (at least five correct) from Periods B
and D. If the participant did not get past prepractice, only
syllables were targeted during random practice. On aver-
age, 30 trials were elicited each session in random prac-
tice. Before each trial, the participant rolled dice or spun
a spinner to determine prosodic variation (i.e., loud, slow,
fast, question, exclamation, or neutral) and then imitated
the target utterance using the selected prosodic cue.
Regarding feedback type, delayed KR was provided on
every other trial except for syllable targets, which received
immediate KP, under the assumption that more feedback
was needed if the child did not advance out of prepractice.
The datasheet was used to guide the clinician as to the
practice items and the frequency and type of verbal
feedback.

The response definition for correct productions
throughout all of prepractice, Speech Motor Chaining
practice, and random practice required the target syllable
to be fully correct. All elements of the core syllable (i.e.,
consonant[s] and adjacent vowel) were required to be fully
correct with no sound additions, distortions, omissions, or
substitutions. Transitions between the sounds within the
target syllable were required to be clear (not distorted)
and uninterrupted, but a slow response was not scored as
an error as it is typical for children to slow down when
focusing on their productions.

Experimental Treatment Conditions

Participants were assigned to one of two treatment
distribution conditions (intensive or distributed) and to
one of two biofeedback conditions (no ultrasound or
ultrasound), as outlined below.

Intensive. Children assigned to the intensive treat-
ment condition completed 20 hr of treatment in a 5-week
period. Ten hours of treatment occurred in Week 1 (5 days,
each containing two 60-min sessions). The intensity was
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reduced such that participants attended a 60-min session
three times per week in Weeks 2 and 3 as well as two times
per week in Weeks 4 and 5. This condition was designed to
represent a sequenced approach that transitions from an
emphasis on motor acquisition to motor learning.

Distributed. Children assigned to the distributed
treatment condition completed 20 hr of treatment in a 10-
week period. Two 60-min sessions were scheduled to occur
twice weekly. Clinicians were instructed that it was pre-
ferred to avoid scheduling sessions on back-to-back days
if possible, although this was not required due to logistical
constraints.

Ultrasound. Participants assigned to the ultrasound
condition used real-time ultrasound imaging of the tongue
in a fading fashion, as shown in Figure 2. Ultrasound
visual feedback was included during Periods A and C (the
first 12 min working on a target sound-position each ses-
sion), whereas ultrasound was not available in Periods B
and D to encourage independent practice without visual
feedback. When the ultrasound was used in Periods A and
C, it was available only when the participant was in preprac-
tice and when the participant practiced at Speech Motor
Chaining Levels 1 (syllables) through 4 (phrases). After 8 hr
of treatment, ultrasound was faded such that it was only
available as children practiced Levels 1 and 2 to encourage
independent practice without visual support at more complex
levels. After 16 hr of treatment, ultrasound visual feedback
was faded out completely and was not used during the final
four sessions. Therefore, this condition was also designed to
represent a sequenced approach that transitions from an
emphasis on motor acquisition to motor learning.

When ultrasound biofeedback was used, the clini-
cian was free to choose sagittal or coronal view depending
on the nature of the target sound—position and the type of
errors being treated. For example, lateralized distortions
of sibilants were generally treated in coronal view (Preston
et al., 2014), and errors on tongue tip elevation for alveo-
lars such as /t/ and /l/ could be treated in sagittal view,
but /i/ errors could be treated in either sagittal or coro-
nal view depending on the movements being targeted
(Preston, McAllister Byun, et al., 2017). The clinician
was free to draw tongue shape templates on the screen
for the client to match or would draw targets on the
screen as cues for the child to try to hit (e.g., an arrow
pointing to the elevation of the tongue tip to achieve the
initial movement of /lar/). During biofeedback trials,
children were prompted to watch the screen and self-
monitor their movements. Clinicians were able to refer-
ence the visual display when providing verbal KP feed-
back (e.g., “I didn’t see that groove when you said /is/” or
“Good! Your tongue tip went up when you started line!”).
When the ultrasound was used, either the clinician held

the probe or (more commonly) the participant was
instructed on how to hold the probe beneath the chin.
Ultrasound biofeedback was conducted using either an
Echo Blaster 128 (Telemed Medical Systems) or a MicrUs
(Telemed Medical Systems) ultrasound, with the display
shown in Echo Wave II 4.0.0 software on a Dell computer
with a 24-in. monitor.

No ultrasound. Children in the no-ultrasound condi-
tion completed prepractice and Speech Motor Chaining
components of sessions as described above without the aid
of any real-time visual feedback of the tongue, as is the
case in traditional therapy approaches.

COVID-19 Modifications

Face-to-face data collection was paused in March
2020 due to the COVID-19 pandemic. Two participants
who were in the Intensive + No Ultrasound treatment at
the time transitioned to telepractice for their last two
treatment sessions. Participants were mailed a headset
microphone to ensure consistent audio quality, and the
sessions were conducted via Zoom. For both participants,
the 5-week and 10-week probes were also collected via
Zoom. One additional participant declined to transition to
telepractice and withdrew after Session 14.

Furthermore, in May 2020, new participants were
recruited via social media and were randomized to
receive treatment via telepractice following the same
intensive and distributed schedules described above (here-
after, Intensive + Telepractice and Distributed + Tele-
practice). It was not possible to randomize participants
to receive ultrasound biofeedback by telepractice. Assess-
ment and treatment was delivered via Zoom, with both
the clinician and the participant using an IPD IPH-165
binaural noise-canceling microphone headset. Procedures
for assessment were similar to face-to-face procedures
with the following exceptions: We relied on parent report
of normal hearing rather than using a hearing screening,
oral structural exams were limited to what was visible on
the participant’s web camera, and we were not able to
administer the CELF-5 Concepts and Following Direc-
tions. During treatment, the structure of prepractice,
Speech Motor Chaining practice, and random practice
were the same as face-to-face treatment. The phonolo-
gical awareness training component was adapted to be
administered with PowerPoint. Rather than manipulating
colored blocks, the participants were given remote con-
trol access to the clinician’s screen and dragged colored
squares into empty boxes. If the clinician was not able to
give remote control access, the participant verbally iden-
tified the block that needed to be changed and the type
of change (e.g., “take away the green block,” “change
the purple block™).
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When returning to face-to-face face treatment in
November 2020, the room setup was revised to include a
6-ft distance between the SLP and the participant. A clear
mask was worn by the clinician, and a surgical mask was
worn by the child. However, progress-monitoring probes
were collected without a mask in a soundproof booth, as
was done before the pandemic.

Clinician Training and Treatment Fidelity

Intensive one-on-one training in the treatment proce-
dures was provided by the first author. A treatment man-
ual (available on the study’s OSF page) was provided to
the clinicians, and videos of Speech Motor Chaining and
ultrasound biofeedback from previous studies were used
to demonstrate the procedures. Direct observation and
feedback were provided to the treating clinicians after the
first two sessions, with biweekly check-ins to address ques-
tions that arose. Treatment fidelity was completed by
research assistants who reviewed audio or video of the
entire treatment session for four sessions per participant
(20% of sessions). The research assistants were provided
with an individual training session, a manual to guide
fidelity scoring, a 30-min training video, and a check-in
with the first or third author following training. Feedback
on treatment fidelity from these sessions was provided to
the treating clinician on an ongoing basis so they were
aware of areas where they were relatively stronger or
weaker with respect to adherence to the protocol as a part
of ongoing clinician training.

Specific elements within treatment sessions were
evaluated for fidelity during phonological awareness train-
ing, prepractice, Speech Motor Chaining practice, and
random practice. As shown in Table 2, fidelity was high,
exceeding 87% for all elements measured for all groups.

Fidelity of Scheduling

Treatment scheduling was an important component
of the study design. For those who completed all treat-
ment sessions, the number of days from the first to the
last treatment session was 76 (SD = 14) for Distributed +
No Ultrasound, 74 (SD = 7) for Distributed + Ultra-
sound, 70 (SD = 4) for Distributed + Telepractice, 37
(SD = 4) for Intensive + No Ultrasound, 33 (SD = 3) for
Intensive + Ultrasound, and 32 (SD = 2) for Intensive +
Telepractice.

Fidelity of Ultrasound Biofeedback

Use of ultrasound biofeedback during sessions was a
second important component of the design. The researcher
recorded the minutes spent using ultrasound biofeedback
during face-to-face treatment sessions. These estimates
were summed across each participant. For any given

participant, time spent with ultrasound could theoretically
range from 0 min (in the case of No-Ultrasound Sessions
or Ultrasound Sessions 17-20) to 384 min (24 min in each
session across Sessions 1-16). For participants who com-
pleted treatment, the minutes spent with ultrasound was 0
(SD = 0) for Distributed + No Ultrasound, 351 (SD = 38) for
Distributed + Ultrasound, 0 (SD = 0) for Intensive + No
Ultrasound, and 332 (SD = 26) for Intensive + Ultrasound.

Outcome Measures

Progress-Monitoring Speech Probes

To measure outcomes, speech production probe data
were collected 1 week before treatment, after 5 weeks
(after 20 hr of therapy for the intensive group and 10 hr
of therapy for the distributed group), after 10 weeks (after
both groups had completed 20 hr of therapy), and after
15 weeks (to assess retention after treatment was discon-
tinued). The 10-week probe was the primary outcome
point for this study. Face-to-face probes were collected in
a single-walled soundproof booth with a Sennheiser MKE
2 lapel microphone, and telepractice probes were collected
over Zoom. Probe sessions were assigned a random four-
digit number so that raters who scored and phonetically
transcribed the probe sessions were masked to participant
number, time point, and treatment condition.

Performance on untreated phrase probes was used
to assess the primary outcomes. Participants imitated 20
prerecorded multitarget phrases (10 spoken by a male
adult, 10 spoken by a female adult). Each phrase included
the target sound pattern 2 times per stimulus (e.g., for /l/
onset, “leave the location”), resulting in 40 attempts at
each sound—position.

The untreated phrase probes were scored using the
Phon phonetic transcription and database system (Hedlund
& Rose, 2022). For each session, three separate tran-
scribers (students in speech-language pathology or SLPs)
independently completed narrow phonetic transcriptions.
Written and oral instructions were provided on how to
complete the transcriptions. Diacritics were used to denote
clinical distortions (e.g., lateralized sibilants, derhotacized
/1/), but diacritics were not used to indicate normal allo-
phonic variation. Transcribers met with the first author at
least monthly to review difficult items they had flagged
and to discuss questions about the procedures. Across all
participants, probe sessions, sound-positions, and lis-
teners, more than 50,000 narrow transcriptions of words
were generated for the primary analysis in this project.
Transcribers were allowed to discard an utterance if they
judged it to be of insufficient audio quality to transcribe
(e.g., background noise). Each probe for each sound was
intended to contain 40 targets to be scored, but missing
data (due to discarded trials from poor audio quality,
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Table 2. Treatment session description and fidelity for the treatment groups.

Variable

Distributed +
Ultrasound

Distributed +
No Ultrasound

Distributed +
Telepractice

Intensive +
Ultrasound

Intensive + No
Ultrasound

Intensive +
Telepractice

Average number per session of

230 (195)

248 (201)

238 (146)

438 (167)

336 (226)

212 (211)

Speech Motor Chaining
structured practice trials in
Periods A-D and random
practice

Cumulative intervention intensity 5,050 (3,516)

4,923 (3,806)

4,404 (3,332) | 8,689 (2,070) | 6,560 (4,092) | 4,218 (3,860)

Self-monitoring percent agreement
between the participant and
clinician during Speech Motor
Chaining

70.5 (13.2) 69.7 (15.6)

69.4 (15.6) 82.0 (8.3) 75.5 (8.2) 67.4 (17.4)

Fidelity for percentage of trials per
session during phonological
awareness training in which
performance-related feedback
was provided

98.87 (6.2)

93.46 (16.9)

100 (0) 97.32 (6.3) 99.62 (2.0) 99.68 (1.8)

Fidelity for percentage of sessions 91.82 87.80
in which the clinician provided
a visual referent during

prepractice (rated as yes/no)

100 91.52 92.63 99.68

Fidelity for percentage of trials per
session in which the appropriate
feedback type was provided
(i.e., KP/KR, as specified by the
datasheet for both SMC and
random practice)

98.65 (2.7) 97.95 (5.9)

98.84 (4.0) 97.87 (5.7) 97.80 (7.6) 97.29 (6.2)

Fidelity for percentage of trials per
session in which the clinician
prompted the participant to
self-evaluate as scripted

92.49 (25.8) 99.73 (0.7)

100 (0) 98.13 (7.8) 99.42 (2.0) 100 (0)

Fidelity for percentage of trials per
session in which prosodic cues
were provided as scripted

99.53 (1.8) 99.49 (0.8)

100 (0) 93.30 (19.9) 99.17 (3.3) 100 (0)

Note.

Twenty percent of sessions were rated for fidelity from each participant. Means are shown in each cell, and standard deviations are

in parentheses. Cumulative intervention intensity is the total number of Speech Motor Chaining structured practice plus random practice tri-
als (prepractice trials were not tallied). KP = knowledge of performance; KR = knowledge of results; SMC = Speech Motor Chaining.

error in data collection that resulted in fewer utterances
elicited, or the participant not having said the target word)
resulted in a mean of 39.7 scored targets per transcriber
(median = 40, minimum = 34).

The primary outcome measure for the untreated
phrase probes was percent correct for their target sound-
positions. These narrow transcriptions were queried from
the entire narrowly transcribed database using Phon syntax
and postprocessed in Python to create a dataset that con-
tained information about each individual probe production
of the treated sound, for all participants. This dataset is
available on the study’s OSF page and included unmasked
session information (e.g., participant, data collection time
point), production information (e.g., target orthography),
International Phonetic Alphabet (IPA) target transcriptions,
and IPA actual transcriptions. Target transcriptions and
actual transcriptions were compared for each production,
and any instance where the main IPA symbol and combin-
ing diacritics for the actual transcription was not identical
to the target transcription was scored as “incorrect.” Each

participant received a probe score reflecting the mean per-
cent correct for the target sound-position within that ses-
sion, averaged across three listeners (Shriberg, Austin,
et al., 1997). The dataset containing listener-averaged accu-
racy is also available on the study’s OSF page.

Reliability on untreated phrase probes. Percent cor-
rect was computed for each target sound—position for each
probe session, for each listener. ICC estimates were calcu-
lated to examine interrater reliability using SPSS v27. The
ICC (1, k) based on mean ratings (k = 3) for all untreated
phrase data using one-way random-effects model was
1926, 95% CI [.913, .938]. When separated out by modal-
ity, the ICC for face-to-face data was .942, 95% CI [.928,
953], and the ICC for telepractice was .895, 95% CI
[.862, .921]. This indicates good-to-excellent reliability in
the primary outcome data.

Participant- and Parent-Reported Outcomes
Finally, participants and their parents independently
completed surveys before treatment and right after
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completing 20 hr of treatment to report on the impact of
the child’s speech impairment on social and emotional
functioning. Questions from a social-emotional question-
naire previously used with children with residual speech
errors (Hitchcock et al., 2015) were adapted to inquire
more broadly about the impact of CAS. The modifica-
tions from the original parent survey included two new
questions (“My child is reluctant to read in class,” “My
child is reluctant to ask or answer questions in class”).
Questions from the child-facing survey were modifica-
tions of the parent survey and also included questions
about whether the child felt as though they knew how
to correct their speech errors (“I'm not sure what to do
to make my speech sound clear”). Two additional ques-
tions were included for children at posttreatment to
reflect on the treatment experience: “Coming here helped
make my speech clearer” and “I liked coming to speech
lessons here.” The questions are available on the study’s
OSF page. Ten S5-point Likert scale responses (from
strongly disagree to strongly agree) were rated by the
child participant (e.g., “I have been teased or bullied
because of the way my speech sounds”), and 13 items
were rated separately by the parent (e.g., “My child has
been teased or bullied because of the way his/her speech
sounds”). These were numerically coded and centered
(i.e., from =2 for strongly disagree, 0 for neutral to +2
for strongly agree). A social-emotional impact score was
calculated by averaging responses to the questions sepa-
rately for children and parents. Higher scores for all
items indicated greater socioemotional impact reported
from the child or parent. Differences between pretreat-
ment and posttreatment scores were quantified, sepa-
rately for children and parents, using Wilcoxon signed-
ranks tests.

Finally, as is customary during clinical trials, the
participants and families were queried after 10 and 20 hr
of treatment to examine perception of any side effects of
the treatment. The responses were transcribed verbatim
from audio recordings. After treatment, participants were
also asked open-ended questions about what they liked
and did not like about the treatment as well as what
helped them and did not help them during treatment.

Primary Data Analysis

Linear mixed-effects models were applied to assess
the impact of treatment distribution (intensive vs. distrib-
uted), biofeedback (ultrasound vs. no ultrasound), and
modality (teletherapy vs. face-to-face) on percent target
sounds correct from untreated phrase probes. The depen-
dent variable was the percentage of correct speech sounds
at each time point (Weeks 0, 5, 10, and 15). Fixed
effects included groups as the combination of treatment

distribution, biofeedback and modality, time points, and
their interaction. Participants were included as random
effects. Appropriate correlation structures between obser-
vations from a single subject were selected via visual
examination of fitted residual variance-covariance matrix
and comparing Akaike information criterion (AIC) values.
Time points were modeled as a categorical variable
instead of a continuous variable with smaller AIC values.
The final model reported here includes each participant’s
baseline (pretreatment) accuracy at Week 0 as a covariate,
using heterogeneous first-order autoregressive variance
and correlation structure. No missing values were imputed,
and no multiplicity adjustment was applied. Restricted
maximum likelihood was used to estimate covariance
parameters, and Kenward and Roger’s method was used
for approximating degrees of freedom (Kenward & Roger,
1997). Specific contrasts were constructed to test the dif-
ference between treatment groups in terms of the improve-
ment between baseline and Weeks 5, 10, and 15, respec-
tively. Interaction terms at each time point between treat-
ment distribution and biofeedback were also tested. The
primary analysis was a comparison of change in percent
correct from pretreatment to the 10-week period (after all
participants had completed 20 hr of therapy). Additional
analyses were conducted after 5 weeks, in which the inten-
sive group had completed 20 hr and the distributed group
had completed 10 hr of treatment, and also at 15 weeks to
assess retention following the conclusion of treatment.
Furthermore, we examined the effects of treatment in an
analysis that holds constant number of treatment ses-
sions rather than number of weeks (i.e., short-term gen-
eralization following 20 hr of therapy, plus retention
5 weeks later). All statistical analyses and effect size cal-
culations were performed using SAS (v9.4) statistical
software. All tests of significance were claimed at two-
tailed o = .05.

Results

Impact of Treatment Distribution and
Biofeedback on Untreated Phrases

Primary Analysis: 10-Week Probe of
Untreated Phrases

Figure 3 shows the raw mean accuracy and standard
deviations across groups at each time point. The main
outcome was measured at 10 weeks from the start of
treatment, when both intensive and distributed conditions
had completed the treatment package (20 hr of treatment).
Note that this included a 5-week no-treatment period for
the intensive groups once treatment had finished. Table 3
shows the results of the contrasts between the treatment
conditions on the untreated phrase probes.
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Figure 3. Mean percent target sounds correct in untreated
phrases, by group and by time (1 standard error).
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We first hypothesized that intensive treatment would
yield greater speech motor learning than distributed treat-
ment. At the primary 10-week outcome point, there was a
significant main effect such that the intensive groups
showed larger improvements in percent target sounds cor-
rect on untreated phrases than the distributed groups (p =
.028, 1 = .108). This confirmed our first hypothesis.

We also hypothesized that children who received
ultrasound biofeedback would show greater improvement
in percent target sounds correct on untreated phrases than
children who did not receive ultrasound biofeedback. At
the primary 10-week outcome point, the main effect com-
paring ultrasound versus no-ultrasound conditions was
not statistically significant (p = .132, n? = .052). Thus,
there was insufficient evidence to support our second
hypothesis at the main outcome point.

In addition, there was no significant interaction
between treatment distribution and biofeedback conditions
at the 10-week outcome point (p = .125, n> = .054). There
was also no significant difference between the changes in
percent target sounds correct on untreated phrases for tel-
epractice and face-to-face groups at the 10-week outcome
point (p = .187, n° = .04).

Secondary Analysis: 5-Week Probe of
Untreated Phrases

As shown in Figure 3, the intensive groups show
larger increases from pretreatment to the S5-week time

point than the distributed groups, as would be expected
because the intensive groups received 20 hr of treatment
in that time while the distributed groups received only
10 hr of treatment. When comparing the improvement in
speech sound accuracy at the 5-week point on untreated
phrase probe accuracy, there was a significant main effect
of treatment distribution (p = .0005, n*> = .26) such that
the intensive groups (who had received 20 hr of treatment)
showed greater improvement than the distributed groups
(who had received 10 hr of treatment) in percent target
sounds correct on untreated phrases. There was also a sig-
nificant main effect such that the ultrasound groups out-
performed the no-ultrasound groups at the 5-week probe
(p = .005, n?> = .179). The interaction between intensity
and ultrasound was significant (p = .034, n> = .106), sug-
gesting that, at the 5-week probe, the benefit of ultrasound
biofeedback may be greater when delivered in an intensive
treatment program than in distributed treatment. There
was no significant difference between the changes in per-
cent target sounds correct on untreated phrases for tele-
practice and face-to-face groups at the 5-week outcome
point (p = .317, n* = .025).

Secondary Analysis: 15-Week Probe of
Untreated Phrases

To examine longer-term retention, we also con-
ducted probes at 15 weeks (10 weeks after the intensive
groups had completed treatment and 5 weeks after the dis-
tributed groups had completed treatment). As shown in
Figure 1, this analysis is limited to the participants in each
group for whom we collected 15-week follow-up data.
When comparing the improvements in percent target
sounds correct at the 15-week point on untreated phrases,
there was a significant main effect of intensity such that
the intensive groups showed greater improvement from
baseline than the distributed groups (p = .002, n*> = .200).
There was no main effect of biofeedback (p = .365, n° =
.019) and no significant interaction between treatment dis-
tribution and biofeedback (p = .071, n*> = .074). This sug-
gests that we had evidence to support the effects of inten-
sive treatment over distributed treatment for longer-term
retention, but we did not find evidence to support the
effects of ultrasound over no ultrasound on longer-term
retention.'

'Out of clinical interest, we also conducted and analyzed a model that
was limited to only participants who completed face-to-face treatment
and had /i targets (which are commonly targeted by clinicians in
treatment and have been studied to the greatest extent in prior
research on biofeedback). Identical conclusions were reached for this
subsample regarding the main effects and interactions at each time
point. A summary of that supplemental analysis is available on the
study’s OSF page.
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Table 3. Comparisons of interest at each time point with 95% confidence interval (Cl) from a linear mixed model.

Estimate
Time Contrast (first condition minus | (change score
(weeks) second condition) difference) Lower Cl | Upper CI df t value p value 1?2
5 Distributed — intensive -.190 -.290 -.088 40.1 -3.78 .0005* .26
5 No ultrasound — ultrasound -.162 =271 -.052 40.6 -2.98 .005* 179
5 Interaction of biofeedback and .235 .0181 451 40.5 2.19 .034* .106
practice distribution
5 Telepractice — face-to-face -.063 -.187 .062 39.9 -1.01 317 .025
10 Distributed — intensive -.137 -.259 -.015 42.7 -2.27 .028* .108
10 No ultrasound — ultrasound -.100 -.232 .031 43.6 -1.54 132 .052
10 Interaction of biofeedback and .202 -.059 463 43.0 1.56 125 .054
practice distribution
10 Telepractice — face-to-face -.100 -.249 .050 431 -1.34 187 .040
15 Distributed — intensive -.220 -.355 -.085 431 -3.28 .002* .200
15 No ultrasound — ultrasound -.061 -.197 .074 43.3 -0.91 .365 .019
15 Interaction of biofeedback and 124 -.011 .259 43.1 1.85 .071 .074
practice distribution
Note. Estimate = difference in the proportion of target sounds correct on untreated phrases from pretreatment to the indicated Time

(weeks) between stated conditions. Estimates are from a linear mixed model with heterogeneous first-order autoregressive correlation and

baseline accuracy as a covariate.
*Significant at p < .05.

Secondary Analysis: Treatment Effects and
Retention While Holding Constant Time Since
Completion of Treatment

Whereas the above analyses held constant time since
the start of treatment, we also examine the effects of treat-
ment when holding constant the time since the end of
treatment. We first examine the effects of treatment during
the probe immediately after 20 sessions were completed
(i.e., at the 5-week time point for the intensive group and
at the 10-week time point for the distributed group).
Results, shown in Table 4, indicate greater improvement
in untreated phrase accuracy for children who received 20
sessions in intensive treatment over 20 sessions of distrib-
uted treatment (p = .009, n> = .129) and greater

improvement for untreated phrases for children who
received 20 sessions in the ultrasound condition over 20
sessions of no ultrasound (p = .025, n* = .094). This effect
was qualified by a significant interaction between practice
distribution and biofeedback (p = .022, n*> = .097), sug-
gesting the greatest benefit was for children who receive
20 hr of ultrasound in intensive treatment.

To explore retention, we next examined the effects
of treatment during the probe 5 weeks after 20 sessions
were completed (i.e., at the 10-week time point for the
intensive group and at the 15-week time point for the dis-
tributed group). There remained significantly greater
improvement in untreated phrase accuracy 5 weeks after

Table 4. Comparisons of interest at each point relative to conclusion of therapy.

Estimate
(change score | Lower | Upper
Period Contrast difference) Cl Cl df t value | p value 'r]2
Immediate posttreatment | Distributed (at 10 weeks) vs. -.1562 -.264 —-.041 50.5 -2.74 .009 129
intensive (at 5 weeks)
Immediate posttreatment | No ultrasound vs. ultrasound -.139 -.260 -.018 51.8 -2.32 .025 .094
Immediate posttreatment | Interaction of biofeedback .280 .041 518 51.7 2.35 .022 .097
and practice distribution
5 weeks posttreatment Distributed (at 15 weeks) vs. -.159 -.273 —-.045 51.5 -2.8 .007 132
intensive (at 10 weeks)
5 weeks posttreatment No ultrasound vs. ultrasound -.099 -.223 .025 52.9 -1.6 115 .046
5 weeks posttreatment Interaction of biofeedback .204 -.041 .45 52.5 1.67 101 .05
and practice distribution

Note.

Estimate = difference in the proportion of target sounds correct on untreated phrases between stated conditions (change from pre-

treatment to the indicated time point). Estimates are from a linear mixed model with heterogeneous first-order autoregressive correlation and

baseline accuracy as a covariate.
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treatment in the intensive group than in the distributed
group (p = .007, n> = .132). However, there was no longer
a significant difference between the ultrasound and no-
ultrasound groups (p = .115, 5> = .046) and no interaction
between practice distribution and biofeedback (p = .101,
0> = .05).

Secondary Outcomes: Participant- and
Parent-Reported Outcomes

There were 32 children who completed both pre-
treatment and posttreatment questionnaires. As shown in
Table 5, children’s average and median social-emotional
impact scores did not appear to differ before or after
treatment. A Wilcoxon signed-ranks test was used to
quantify this observation; no significant pretreatment to
posttreatment differences were found (S = -78, p =
.1095). However, a significant change was observed in
impact scores for the 15 parents with pretreatment and
posttreatment data (S = —51.5, p = .0002) with a report
of reduced social-emotional impact following treatment.
In addition, children’s responses to the statement, “I'm
not sure what to do to make my speech sound clear,”
were analyzed to interpret the degree to which the chil-
dren indicated a better understanding of methods to
improve the clarity of their speech production. Results
indicated a significant difference between responses to
this question before and after treatment, with the median
response shifting from “neutral” (0) pretreatment to “dis-
agree” (—1) posttreatment (Wilcoxon signed-ranks S =
—85.5, p = .0010). On the posttreatment questionnaire,
children responded to the statement “Coming here helped
make my speech clearer” with a median score of 2
(strongly agree). In addition, children responded to the
statement “I liked coming to speech lessons here” with
a median score of 1.25 (between agree and strongly
agree).

Open-ended questions were asked to all participants
during selected probe sessions to obtain information about
possible side effects during treatment and aspects of the
treatment that participants did or did not like. The
reported side effects were mild inconveniences such as
missing out on other extracurricular activities while in
treatment sessions. One exception was a report from a
participant in the Distributed + Telepractice treatment
condition who indicated that treatment made their “throat
hurt.” Numerous positive effects were reported, such as “I
got better at speaking,” “It helped my speech,” and “It
helped me to pronounce the words I can’t pronounce.” In
addition, several positive comments were made about the
usefulness of the ultrasound images from participants who
were randomized to that condition. Complete responses
are posted on the study’s OSF page.

Descriptive Performance

Although the primary outcome was related to the
untreated probes, we also explored the within-session per-
formance of the treatment groups. Supplemental descrip-
tion of performance on phonological awareness training,
within-session practice, and changes in stimulability are
provided in supplemental materials on the study’s OSF
page. In addition, the average number of Speech Motor
Chaining structured practice trials in Periods A-D and
random practice each session, as well as average cumula-
tive intervention intensity (Warren et al., 2007), is shown
in Table 2. The large standard deviations in average prac-
tice trials per session are due to the increasing range of
number of trials from Session 1 to Session 20. Variation
between sessions, participants, and groups are due in large
part to the amount of time children spent in prepractice to
establish initial correct productions of the targets (preprac-
tice trials were not tallied due to the dynamic nature of
prepractice). Furthermore, during Speech Motor Chaining

Table 5. Pretreatment and posttreatment scores on Social Emotional Questionnaire and additional survey questions.

Pretreatment score Posttreatment score

Variable Mean Median Mean Median

Child impact score (average of responses to 10 child -0.43 -0.6 -0.42 -0.6
questions)

Parent impact score (average of responses to all 13 0.52 0.58 -0.06 -0.08
parent questions)

Child responses to “I'm not sure what to do to make 0.14 0 -1.00 -1
my speech sound clear”

Child responses to posttreatment question: “Coming N/A N/A 1.35 2
here helped make my speech clearer”

Child responses to posttreatment question: “I liked N/A N/A 0.90 1.25
coming to speech lessons here”

Note. Scores are coded on a 5-point ordinal scale and were numerically centered from -2 for strongly disagree to 0 for neutral and +2 for

strongly agree. N/A = not applicable.
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structured practice, participants were prompted to self-
evaluate their productions on 50% of trials (before the cli-
nician provided feedback). Agreement between the partici-
pant and the clinician on the accuracy of productions is
shown in Table 2.

Discussion

This study addressed the hypotheses that both inten-
sive treatment distribution and ultrasound biofeedback
would affect speech sound learning in school-age children
with CAS. The sample size, although modest, appears to
be the largest treatment study on CAS to date. Compari-
son between the conditions at Week 5 showed that 20
treatment sessions resulted in more improvement in speech
sound accuracy than 10 sessions. More important, how-
ever, when the number of treatment sessions is held con-
stant (as was the case at our primary 10-week outcome
time point), greater speech generalization and retention is
observed when 20 treatment sessions were provided in an
intensive format (starting with a 1-week “boot camp”
followed by a titrated schedule for 4 weeks and then
5 weeks of no treatment) than when the same number of
sessions were provided in a traditional distributed schedule
of 2 times per week for 10 weeks. In addition to evidenc-
ing the advantage of intensive treatment over distributed
treatment at our primary outcome time point, this study
provides evidence that the advantage of intensive treat-
ment remains in the weeks following the conclusion of
treatment for all groups.

In addition, ultrasound biofeedback was found to be
temporarily advantageous to facilitate generalization in
both intensive and distributed formats, but after the end
of treatment, the advantage over non-biofeedback treat-
ment may be reduced. In other words, the amount of gen-
eralized speech motor learning demonstrated immediately
following intensive treatment appears to be greater in chil-
dren who received biofeedback than children who did not
receive biofeedback, but after additional time has passed
after the end of treatment, the level of learning appears
statistically similar whether or not ultrasound was used.
This suggests that biofeedback enables short-term generali-
zation but treatment likely needs to continue or adapt to
maximize the gains brought by biofeedback.

Theoretical Implications

The schema-based PML framework (Maas et al.,
2008), a nonspeech framework that has broadly been used
to guide investigation of several treatments for CAS, pre-
dicts greater generalized motor learning with distributed
treatment than with massed (intensive) treatment and

greater generalized motor learning without biofeedback
than with biofeedback. However, we predicted that the
different considerations may be warranted in the unique
context of motor learning (a) in children (b) with low skill
level (c) on a speech task. The results of this study, which
are generally in line with prior studies on massed versus
distributed treatment in childhood speech disorders (Allen,
2013; Maas et al., 2019; Thomas et al., 2014), show that
an intensive approach that first emphasizes acquisition
through a week of massed treatment before fading to a
distributed treatment schedule yields greater speech motor
learning than uniformly distributed treatment alone for
children with persisting speech errors associated with
CAS. There are several possible reasons for this. First, it
is plausible that the principles derived from research on
nonspeech motor learning do not apply to speech motor
learning in children with CAS and that revised theoretical
frameworks emphasizing different principles for speech
motor learning are needed. Second, motor learning may
be a function of success during an accumulation of prac-
tice attempts (Mattar & Ostry, 2007), and it may be diffi-
cult for children with CAS to achieve sufficient cumulative
successful practice due to use of the erred motor plan
when speaking between treatment sessions. Because it is in
the early stages of practicing a skill that this interference
is thought to be most influential (Luft & Buitrago, 2005),
an intensive program may help to minimize the between-
practice use of the erred motor plan and enable a more
favorable ratio of correct productions (primarily during
treatment sessions) to incorrect productions (during treat-
ment and outside of treatment) during intensive treatment.
In essence, closely spaced sessions may help to limit the
opportunity for between-session interference of the updated
motor plan with the erred motor plan. Traditional treat-
ment schedules such as two sessions per week may be too
distributed in time for efficient updating of the motor plan,
allowing for forgetting or learning decay between sessions
(Murre & Dros, 2015).

With respect to ultrasound biofeedback, at the pri-
mary outcome point (10 weeks) and at the follow-up point
(15 weeks), the slight difference between the treatment
conditions with and without ultrasound biofeedback did
not reach statistical significance. It is possible, then, that
ultrasound biofeedback may not provide much overall
advantage in treatment for children with CAS. However,
the main effect of ultrasound at the 5-week time point
suggests that ultrasound biofeedback may be temporarily
advantageous for children during treatment but that this
advantage may be lost in the weeks after treatment ends.
This evidence suggests that speech motor learning may be
affected by different timescales of measurement—that is,
short-term improvement for children receiving ultrasound
biofeedback (i.e., the 5-week probe) indicates that
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biofeedback provided a boost at the beginning of treat-
ment. However, biofeedback did not adequately guard
against interference or forgetting over a longer timescale
after treatment has ended (as evidenced at the 10-week
and 15-week time points). Although we found no evidence
that detailed feedback of the tongue impedes learning, as
predicted by some nonspeech motor learning literature
(Hodges & Franks, 2001), we found that biofeedback sup-
ported an initial gain that was not fully sustained over
time. There are several possible reasons. One reason might
be that we did not provide enough biofeedback in this
study to foster long-term retention of new motor plans
(i.e., less than half of practice attempts included biofeed-
back during sessions, and the biofeedback was front-
loaded across the sessions and then faded), as research on
ultrasound biofeedback in children with residual speech
errors has indicated that more biofeedback practice trials
may yield greater outcomes than fewer practice trials with
biofeedback (Preston et al., 2018). Alternatively, it is
possible that biofeedback only facilitates a short-term
improvement in articulatory knowledge that is not sus-
tained because children need further practice without bio-
feedback to fully establish the new motor plan to enable
permanent change. This could be framed within a
feedforward/feedback model of speech motor control
(Guenther & Vladusich, 2012) as biofeedback perhaps
facilitating the acquisition of corrected feedback of
auditory/somatosensory target maps but not directly facili-
tating the feedforward selection of the updated motor
plan, which might require repeated practice for habitua-
tion. Another possibility is that the biofeedback provides
a novel element that enhances motivation early on during
treatment and during early probes, but the motivational
effects dissipate as novelty wears off. Finally, it is also
plausible that biofeedback interacts with participant-level
characteristics, as biofeedback may be best suited for indi-
viduals who are less stimulable (McAllister et al., 2022).

Child- and Parent-Reported Outcomes

The lack of change in the children’s socioemotional
impact scores before and after treatment suggests that 5—
10 weeks of treatment may not be enough to significantly
improve a child’s self-perceptions of the social-emotional
impact of their speech difficulties. This finding highlights
that it may take much longer than 5-10 weeks to observe
measurable changes in child-reported socioemotional func-
tioning. Results may point to a potential need for further
treatment or for counseling strategies to address the socio-
emotional impact of CAS. In contrast to the children’s
self-report, the parents’ responses to the questionnaire
indicated a perceived reduction in social-emotional impact
following treatment. This could reflect either an important
effect of treatment that parents observe that children fail

to notice or a placebo effect, as parents were not masked
to the fact that their child was receiving treatment. As
only 15 parents provided both pretreatment and posttreat-
ment responses, inferences about their perception of socio-
emotional impact should be interpreted with caution.

Clinical Implications

There are several clinical implications from this
study. First, the Speech Motor Chaining treatment pro-
gram described here, which has freely available resources
and can be delivered with high fidelity, can be considered
an evidence-based option for the treatment of persisting
speech errors in the context of CAS. There may be a com-
bination of factors, such as explicit KP feedback, many
practice trials, systematic introduction of motor learning
principles, or phonological awareness training, that con-
tribute to the overall effectiveness of the approach.

The primary clinical recommendation stemming
from these findings is that for school-age children with
CAS, treatment may be more effective if it is delivered, at
least temporarily, in a more intensive fashion than in a
distributed fashion. This recommendation aligns with
prior work suggesting the benefits of more closely spaced
practice sessions (Kaipa & Peterson, 2016; Maas et al.,
2019). Although there are clear practical challenges with
scheduling intensive treatment followed by a titrated
schedule, the evidence herein raises the question if such
programs may ultimately be more cost-effective and
reduce caseload sizes if children progress through treat-
ment faster. Studies on overcoming implementation bar-
riers and on cost-effectiveness of such treatment models in
various settings will be important future work.

The clinical implications for the use of ultrasound
biofeedback are less clear, as no statistical difference
between biofeedback and non-biofeedback groups was
observed at our study’s predefined primary time point
(10 weeks). Statistically significant differences, however, in
the main effect of biofeedback were seen at 5 weeks, indi-
cating that the general advantage of biofeedback may be
an initial boost that is not sustained if treatment continues
or is withdrawn. This suggests that if ultrasound is used
initially to teach new articulatory movements, withdraw-
ing treatment too soon may eliminate any initial gains,
even in a treatment protocol where ultrasound was faded
during the last four sessions to purposefully facilitate gen-
eralization. Furthermore, in our analysis that examined
outcomes at the probe point immediately after the comple-
tion of 20 sessions (i.e., after 5 weeks for the intensive
group and after 10 weeks for the distributed group), there
was a significant advantage of ultrasound over no ultra-
sound, as well as a significant interaction suggesting that
the group that had both ultrasound and intensive
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treatment made the greatest progress. Thus, ultrasound
can facilitate generalization. However, because this advan-
tage of ultrasound over no ultrasound is not significant
5 weeks later, additional considerations may be needed to
facilitate retention.

A holistic view of these implications would suggest
that intensive treatment maximizes motor learning com-
pared to more distributed schedules for children and ado-
lescents with persisting errors associated with CAS, and
there may be some possible benefits of including biofeed-
back for short-term gains. Because this study was designed
to compare distributed and intensive schedules following a
fixed number of sessions (20), we cannot extrapolate what
the differences between groups might have looked like if
more intervention was provided (e.g., if the Intensive +
Ultrasound group had more than 5 weeks of treatment).
Further research extending over a longer duration may be
needed to determine if the initial momentum of an inten-
sive schedule with ultrasound biofeedback, visualized in
Figure 3, can be maintained or extended with a more indi-
vidualized and adaptive treatment arc, instead of the rigid
treatment plans required for experimental control during a
randomized controlled trial.

Caveats and Limitations

There are several caveats that warrant attention.
Diagnostically, “expert” judgment is common for clinical
diagnosis in CAS (ASHA, 2007); however, we specifically
avoided using clinical impression because it is unclear how
reliable this procedure is, and it would be impossible for
future work to replicate the inclusionary criteria if it relied
on clinical impression. Therefore, while our diagnostic
procedures are based on methods from prior studies and
showed good interrater reliability (as well as validity with
respect to the Mayo-10 criteria), the approach differs from
common clinical practice. It is also the case that, to limit
variability, children with comorbid conditions such as
autism and hearing loss were excluded. Therefore, the
results are generalizable to the subset of children with
CAS who met our inclusionary criteria.

The interruptions due to the COVID-19 pandemic
resulted in protocol modifications and fewer face-to-
face participants than expected. We therefore had an
imbalance in participants in the ultrasound versus no-
ultrasound conditions, which limits statistical power.
While the no-ultrasound treatment procedures were porta-
ble to telepractice, and there were no significant differ-
ences between the telepractice and face-to-face groups, it
is unknown to what extent issues such as videoconferenc-
ing fatigue during the pandemic, behavior management,
client—clinician rapport, audio transmission issues, and
other factors may differ in children who completed

treatment via telepractice. Furthermore, caution should be
taken in interpreting the lack of difference between face-
to-face and telepractice treatment because participants
were not randomized to face-to-face or telepractice ses-
sions, limiting the conclusions that might be drawn from
such a comparison.

Finally, the treatment program here is one that pri-
marily emphasizes speech sound accuracy, practicing from
syllables through sentences. Although prosodic variation is
included in treatment, the current structure of Speech
Motor Chaining is one that teaches children to accurately
produce speech sounds, and there is not a direct focus on
teaching other features such as lexical stress. Other
approaches, such as ReST training (McCabe et al., 2020,
2023; Thomas et al., 2016), would likely be more appro-
priate to address other elements of speech production.

Conclusions

Children with CAS were found to improve their
speech sound accuracy with 20 sessions of a Speech Motor
Chaining treatment program. There was greater improve-
ment observed among participants who began treatment
with a 1-week intensive “boot camp” than among partici-
pants who steadily received 20 treatment sessions at a rate
of twice per week. This advantage of intensive treatment
was seen when comparing participants after an equivalent
number of sessions, after an equivalent number of weeks,
and in the weeks after both groups had experienced a
period of no treatment. Ultrasound biofeedback initially
enhanced treatment outcomes for participants, but the
advantage of biofeedback was not sustained at the pri-
mary outcome time point. Future research on transla-
tional strategies to implement the current findings in clini-
cal settings, as well as other treatment options, will be
valuable to reduce the impact of CAS on school-age
children.
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