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Abstract 

Background Childhood apraxia of speech (CAS) is a pediatric motor‑based speech sound disorder that requires a 
specialized approach to intervention. The extant literature on the treatment of CAS commonly recommends intensive 
treatment using a motor‑based approach, with some of the best evidence supporting the use of Dynamic Tempo‑
ral and Tactile Cueing (DTTC). To date, a rigorous and systematic comparison of high and low dose frequency (i.e., 
frequency of therapy sessions) has not been undertaken for DTTC, resulting in a lack of evidence to guide decisions 
about the optimal treatment schedule for this intervention. The current study aims to fill this gap in knowledge by 
comparing treatment outcomes when dose frequency is varied.

Methods A randomized controlled trial will be conducted to examine the efficacy of low versus high dose frequency 
on DTTC treatment outcomes in children with CAS. A target of 60 children, 2;6–7;11 years of age, will be recruited 
to participate in this study. Treatment will be provided in the community setting by speech‑language pathologists 
who have completed specialized training administering DTTC in a research reliable manner. True randomization with 
concealed allocation will be used to assign children to either the low or high dose frequency group. Treatment will 
be administered in 1‑h sessions either 4 times per week over a 6‑week period (high dose) or 2 times per week over a 
12‑week period (low dose). To measure treatment gains, probe data will be collected before treatment, during treat‑
ment, and 1 day, 1 week, 4 weeks, and 12 weeks post‑treatment. Probe data will consist of customized treated words 
and a standard set of untreated words to assess generalization of treatment gains. The primary outcome variable will 
be whole word accuracy, encompassing segmental, phonotactic, and suprasegmental accuracy.

Discussion This will be the first randomized controlled trial to evaluate dose frequency for DTTC treatment in chil‑
dren with CAS.

Trial registration ClinicalTrials.gov identifier NCT05675306, January 6, 2023.
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Background
Childhood apraxia of speech (CAS) is a pediatric motor 
speech disorder that affects the planning and program-
ming of speech movements [1, 2] and is estimated to 
occur in 1 per 1000 children [3]. Children with CAS 
typically have severe speech deficits that result in poor 
speech intelligibility, which will not resolve without 
appropriate targeted intervention (ASHA, [4]). There is a 
general consensus in the field that intense and frequent 
motor-based treatment is required to help remediate 
CAS [5–7]; however, empirical evidence specifying the 
optimal frequency of treatment sessions is lacking. While 
it seems intuitive to predict that more frequent sessions 
would result in greater treatment gains than less frequent 
sessions–even when cumulative dosage is kept constant–
findings from previous research are conflicting [8]. The 
objective of the current work is to therefore examine 
the effect of dose frequency (i.e., frequency of therapy 
sessions) on treatment outcomes in Dynamic Temporal 
and Tactile Cueing (DTTC; [9]), one of the few evidence-
based motor-based treatment approaches for CAS [6, 7].

Dynamic Temporal and Tactile Cueing treatment (DTTC)
DTTC is a dynamic, motor-based treatment approach 
designed for children with severe CAS. This approach 
is based on Integral Stimulation [10–14]. In which the 
clinician instructs the child to “listen to me, watch me, 
and do what I do” and systematically supports the speech 
motor system to facilitate system-wide change in speech 
output [9]. In contrast to more traditional interven-
tion approaches for speech sound disorders, the target 
of DTTC is speech movement gestures practiced in the 
context of real-word/phrase targets to optimize func-
tional communication and be maximally motivating to 
the child. Within DTTC, the speech-language patholo-
gist (SLP) engages the child in structured practice along 
a temporal hierarchy, where targets are first practiced at 
a slow rate and then progress to a regular rate as accu-
racy increases. Practice occurs across four levels: Simul-
taneous Production, Direct Imitation, Delayed Imitation 
and Spontaneous Production. At each level, the clini-
cian dynamically varies the amount and type of support-
ive cueing provided, with the end goal being the child’s 
independent and accurate movement gestures within 
word- or phrase-level productions. Multisensory cueing 
(i.e., visual, tactile, gestural, verbal) is provided to support 
accurate speech production and cues are added/faded 
depending on the individual needs of the child. As the 
child becomes more independent in achieving accurate 
movement gestures, models and cues are faded to facili-
tate the child’s learning, retention, and generalization to 
untreated similar exemplars. Previous efficacy research 
on integral stimulation treatment, including DTTC, has 

generally used single-case experimental design stud-
ies and demonstrated moderate-to-large treatment and 
generalization effects for the majority of participants in 
the small samples studied [8, 10, 12, 13, 15–17]. Larger 
studies that control for or covary individual factors such 
as attention, severity, and resilience are needed to better 
understand what is driving varying responses to treat-
ment for children in this heterogeneous population.

Treatment intensity
Treatment intensity is a critical factor for optimizing 
speech motor learning [18]. There are a number of ways 
in which intensity can be operationalized [19] including 
the number of practice trials or teaching episodes per 
session (i.e., ’dose’; [10, 11]), number of total practice tri-
als/teaching episodes over a period of time (i.e., ‘cumu-
lative intervention intensity’; [20]), and frequency of 
treatment sessions (i.e., ‘dose frequency’; [21–23]). Inves-
tigations of treatment intensity in children with CAS 
reveal improved treatment outcomes when participants 
produce a higher number of trials per session [10] and 
when a greater number of practice trials are produced 
for a smaller stimulus set [11]. For instance, in a produc-
tion frequency study of two children with CAS receiving 
integral stimulation treatment, Edeal and Gildersleeve-
Neumann [10] reported better treatment outcomes for 
targets that were practiced 100 + times during each ses-
sion compared to those practiced 30–40 times.

The extant literature on dose frequency in CAS is 
equivocal. Namasivayam, Pukonen [20] examined the 
impact of session frequency in 37 children with CAS 
within a play-based motor speech protocol therapy 
completed by community clinicians. Children received 
motor-based intervention once (low intensity) or twice 
per week (higher intensity), 60  min per session, for 
10  weeks in community clinics. Findings revealed bet-
ter treatment outcomes for the higher intensity, twice 
per week, condition in which children had received 20 
sessions as compared to 10 sessions in the lower inten-
sity group. Notably, no speech intelligibility gains were 
detected for either group, possibly suggesting that nei-
ther condition was sufficiently intense to promote these 
important gains. Leonhartsberger, Huber [8] also inves-
tigated the effect of session frequency on integral stim-
ulation treatment outcomes in four German-speaking 
children with CAS when cumulative dosage was kept 
constant across conditions. Children were engaged in 
high intensity treatment (two 30-min treatment ses-
sions daily for 2  weeks) followed by a period of low 
intensity intervention (one 60-min session each week for 
10 weeks). Participants received a total of 10 h per treat-
ment phase. Performance was compared between the 
high- and low-intensity conditions and revealed similar 
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outcomes in each condition. Given that treatment order 
was not counter-balanced across children, it is unclear 
whether similar outcomes for both conditions could be 
attributed to a “jump-start” effect of the high-intensity 
condition. Thomas, McCabe [21] investigated outcomes 
of Rapid Syllable Transition (ReST) treatment provided 
two times per week over a 12-week period (n = 4). When 
compared to previous research that tested the efficacy 
of ReST administered 4 times per week over a 3-week 
period [22], analyses revealed similar initial treatment 
gains for both treatment intensities. However, children 
who received the more intense treatment schedule typi-
cally showed a rising profile even after treatment was 
completed whereas those who underwent the less fre-
quent sessions showed no ongoing improvement once 
treatment ended.

Contrasting findings for treatment intensity have also 
been reported for children with non-CAS speech sound 
disorders [24]. High intensity intervention (3x/week 
over 8  weeks) yielded improved gains as compared to 
low intensity intervention (1x/week over 24  weeks) for 
a phonological intervention administered with the same 
cumulative dosage across groups [24]. In contrast to 
Thomas, McCabe [21], similar gains at maintenance were 
reported for both the high- and low- intensity groups. 
Taken together, these findings indicate a range for the 
effect of intensity on treatment outcomes within the CAS 
literature and other populations. Given that intensive 
treatment–specifically high frequency of clinical sessions 
per week–is widely recommended for children with CAS, 
it is critical to investigate how differing levels of inten-
sity impact speech performance to provide evidence for 
clinical decision-making. Large scale, rigorous study of 
dose frequency in children with CAS is essential to deter-
mine whether high or low dose frequency is superior in 
effecting learning and generalization, or if schedule can 
be decided based on family and clinician preference and 
availability [25].

Previous work that examined treatment intensity in 
children with CAS, for various treatments, is limited by 
a variety of factors including small sample size [10, 11, 
21], a lack of randomized control trials (RCTs) with true 
randomization (e.g., [20]), and under-specified protocols 
that make assessment, group assignment, and treatment 
difficult to replicate (cf. [26]). Consequently, it can be dif-
ficult to glean which treatment schedules will promote 
optimal learning and generalization outcomes for chil-
dren with CAS.

Current study
The proposed study aims to address these limitations 
by conducting an RCT to compare the effects of high 
and low dose frequency treatment schedules for a large 

sample of children with CAS undergoing DTTC speech 
treatment. To assess differences in treatment outcomes 
when dose frequency is varied, speech production accu-
racy will be tracked using whole word accuracy. The 
primary outcome measure will be whole word accuracy 
quantified using a multi-factor whole word accuracy 
measure, the Multilevel word Accuracy Composite Scale 
(MACS; [27]), which systematically accounts for seg-
mental and prosodic accuracy, word shape maintenance, 
and smoothness and fluency of movement transitions. 
Secondary outcome measures will include phoneme 
accuracy (Percent Phonemes Correct; [28]), speech 
intelligibility (Intelligibility in Context Scale; [29]), and 
functional communication (Functional Outcomes on 
Communication Under Six; [30]). This RCT is expected 
to yield easily interpretable evidence to better understand 
the effect of dose frequency on treatment outcomes. We 
hypothesize that similar treatment and generalization 
gains will be detected for both the high and low dose fre-
quency groups when cumulative dosage is constant (i.e., 
after 24 sessions have been completed). However, we pre-
dict that the high dose frequency group will demonstrate 
superior outcomes following 6 weeks of treatment when 
the high dose frequency group has completed 24 sessions 
and the low dose frequency group has completed 12 ses-
sions. Based on our previous research [21, 22] and the 
extant literature, we also predict that the high dose fre-
quency group will demonstrate superior maintenance of 
treatment and generalization gains compared to the low 
dose frequency group. Thus, while both conditions are 
predicted to yield positive treatment gains, we hypothe-
size the high dose frequency group to display these gains 
in a shorter timeframe and with greater maintenance and 
generalization as compared to the low dose frequency 
group.

Methods and design
The proposed work is a multisite Phase III parallel-group 
RCT that aims to investigate the outcomes of DTTC 
in children with CAS (ages 2;6 to 7;11) and determine 
whether dose frequency impacts response to treat-
ment. Participants will be randomly assigned to receive 
DTTC treatment at a low dose frequency (2x/week 
over 12  weeks) or high dose frequency (4x/week over 
6  weeks). Group assignment will be performed using 
concealed randomization. All assessments and treatment 
will be provided by community SLPs throughout North 
America. All of the clinicians working on this study will 
undergo a rigorous application process, as well as exten-
sive training including numerous applied activities. They 
will receive ongoing feedback from the investigators, who 
are SLPs with expertise in CAS, throughout the study 
to ensure high adherence to experimental protocols and 
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fidelity to the operationalized assessment and treatment 
approaches.

Ethical approval and consent to participate
This trial was registered on ClinicalTrials.gov, identi-
fier NCT05675306, on January 6, 2023. Ethics approval 
for this study was obtained through the Marquette Uni-
versity Institutional Review Board (Protocol HR-4095). 
Informed consent to participate will be obtained from 
parents or caregivers on behalf of all participants. Assent 
will also be obtained from children who are 6 years of age 
and older.

Targeted enrollment
We plan to enroll 60 children with CAS with poten-
tial to recruit an additional 6 children to account for a 
10% rate attrition if needed. The power analysis for the 
treatment effect comparing the Lower Dose Frequency 
treatment group to the High Dose Frequency treat-
ment group during the immediate-post testing period 
was done using a latent growth curve model [31, 32]. 
Specifically, the power analysis was conducted with 
respect to whole word accuracy, the primary outcome. 
Mplus [33] was used for power analysis with a sam-
ple size of 60 (30 per group). Mplus calculates power 
by simulating data given the design. In the simulation, 
the effect size is defined as change in the primary out-
come between the low dose frequency group and the 
high dose frequency group divided by the square root 
of the model variance (a quantity similar to Cohen’s d). 
At type one error of 5% (two tailed test) and a moderate 
treatment effect of 0.35, the power for estimating the 
treatment is 80%.

Participants
This RCT is a multi-site study with up to 35 different 
community clinic treatment sites in the United States 
and Canada and 5 sites for data processing and analysis 
(Marquette University, Hofstra University, New York 
University, the University of Vermont, and the Uni-
versity of Sydney). Candidates for participation will be 
told about the study by their treating clinician using a 
script created by the research team. Alternatively, par-
ents may respond to a flyer or postings on a website or 
social media account (e.g., Apraxia Kids). If the child’s 
parent/caregiver is interested in the study, they will 
complete the online screener to determine whether the 
child meets the minimum inclusionary criteria. The 
completed screeners will be reviewed by the research 
team. If a child meets screening criteria, the research 
team will contact the caregiver and describe the study 

and informed consent process in greater detail. If at 
that point the family would like to have their child 
participate, the research team will obtain a digital sig-
nature on the Informed Consent document using the 
HelloSign program; parental/caregiver informed con-
sent to participate will be obtained for all participants. 
A digital signature will also be obtained on an assent 
document for children ages 6;0–7;11 (years;months). 
If additional support is needed to recruit our target 
of 60 participants, we will advertise through listservs, 
personal contacts, and flyers posted in public locations 
such as schools, pediatricians’ offices, and libraries. 
Participant enrollment will begin in January 2023.

Inclusionary criteria for child participants include 
(1) CAS diagnosis confirmed by research team as 
described below (e.g., [34–36]), (2) 2;6–7;11  years of 
age at treatment commencement; (3) English as the pri-
mary language; (4) no concomitant developmental dis-
orders (including autism, global developmental delay, 
intellectual disability); (5) no diagnosis of severe or pri-
mary dysarthria as described below; (6) no palatal or 
structural orofacial anomalies as described below, (7) 
no uncorrected vision impairment (8) no hearing loss; 
(9) not receiving speech treatment elsewhere over the 
course of this study, although language, augmentative 
and alternative communication (AAC) treatment, or 
similar non-speech treatment, would be permitted (10) 
Receptive Language Index standard score greater than 
or equal to 70 on the Receptive-Expressive Emergent 
Language Test,  4th edition (REEL-4; [37]) for children 
2;6–2;11  years of age, the Clinical Evaluation of Lan-
guage Fundamentals – Preschool  3rd edition (CELF-P3; 
[38]) for children 3;0–5;11  years of age, or the Clini-
cal Evaluation of Language Fundamentals –  5th edi-
tion (CELF-5; [39]) for children 6;0–7;11  years of age, 
(11) Nonverbal Index standard score greater than or 
equal to 70 on the Developmental Assessment of Young 
Children-2nd edition (DAYC-2; [40]) for children 2;6–
5;11 years of age, the Reynolds Intellectual Assessment 
Scales–  2nd edition, Remote (RIAS; [41]) for children 
6;0–7;11  years old, and (12) evidence of communica-
tive intent, attempts at verbal communication, focused 
attention to the clinician’s face, and demonstrated abil-
ity to imitate during the Dynamic Evaluation of Motor 
Speech Skill (DEMSS; [35]). All eligibility assessments 
will be administered by community speech-language 
pathologists and scored by the research team.

Participants will not be excluded from the proposed 
study on the basis of sex/gender or racial/ethnic group. 
Male and female children will be recruited, although 
we expect that males will enroll in higher numbers than 
females given that CAS occurs in 2–3 males per female [3].
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Assessment procedure
Consented participants will undergo a full diagnostic 
eligibility assessment and, if they qualify, will complete 
additional assessment tasks and be invited to undergo 
the treatment portion of the study. Parents/caregiv-
ers will complete a case history form about their child’s 
developmental, medical, and birth history, including brief 
information regarding their child’s siblings. If a child 
does not meet the inclusionary criteria after the eligibil-
ity assessment (e.g., due to deficits in language skills or 
hearing loss), they will be told that they do not meet cri-
teria for participation in the treatment phase of the study. 
They will receive a $50 stipend for participating in the 
assessment.

The eligibility assessment protocol will include the 
Goldman Fristoe Test of Articulation-3rd edition (GFTA-
3; [42]), a polysyllabic word test (Toddler Test of Polysyl-
lables; [43]), an oral mechanism assessment, story retell 
of “Frog, where are you?” [44], and the DEMSS [35, 45]. If 
the child is unable to complete the story retell task, elici-
tation of a spontaneous speech sample will be attempted 
during play. Language will be assessed using the REEL-4 
[37] for children under 3, the CELF-P3 [38] for children 
3;0–5;11  years, or the CELF-5 [39] for children 6;0–
7;11 years. The Intelligibility in Context Scale (ICS; [29], 
a 7-item parent survey, will be administered to assess 
communicative effectiveness. Resilience will be screened 
using the Child and Youth Resilience Measure (CYRM) 
– Revised ([46], Resilience Research Centre; [47]). Atten-
tion will be screened using the Conners Early Child-
hood Parent Survey [48] or the Conners-3 Parent Survey 
[49], depending on the child’s age. Nonverbal IQ will be 
assessed using the Developmental Assessment of Young 
Children (DAYC-2; [40]) in children 2;0–5;11 years of age 
or the Reynolds Intellectual Assessment Scales (RIAS; 
[41] in children 6;0–7;11 years of age. The Focus on the 
Outcomes of Communication in Children under Six 
(FOCUS-34; [30]) will be used to screen quality of life. 
Eligibility assessments will take place over the course of 
up to 3 1-h sessions, over 1–2 weeks.

Differential diagnosis of CAS
Differential diagnosis of CAS will be confirmed for each 
child by one member of the research team based on 
performance on the DEMSS, a dynamic speech assess-
ment (e.g., [35]) and the presence of auditory-perceptual 
features consistent with CAS (e.g., [9, 34, 36]). Features 
associated with CAS and timing and coordination across 
speech subsystems will be observed on the following 
tasks: (1) dynamic speech assessment (i.e., DEMSS; [35]); 
(2) single word articulation testing (i.e., GFTA-3; [42]); 
(3) connected speech; (4) multisyllabic word productions 
(i.e., TPOT; [43]); (5) motor speech examination. An oral 

structural–functional examination will also be conducted 
to rule out any confounding craniofacial anomalies (e.g., 
submucosal cleft) or overt lower motor neuron dysarthria 
and to detect the presence of oral motor apraxia. The 
Profile of Childhood Apraxia of speech and Dysarthria 
(ProCAD; [34]) be used to identify articulatory and pro-
sodic features that are discriminative of CAS and present 
in two or more speech contexts and to rule out the pres-
ence of features associated with dysarthria (motor execu-
tion issues) only. Performance across assessments will 
also be evaluated to rule out primary diagnosis of other 
speech sound disorders associated with an articulation or 
phonological impairment. Inter-rater reliability for differ-
ential diagnosis will be conducted on 10% of participants.

Group allocation
For participants who meet inclusionary criteria following 
the eligibility assessment, group allocation will be speci-
fied by the study statistician using a computer-generated 
random number list. The group assignments will be put 
into sequentially numbered, opaque, sealed envelopes 
with the specified group number indicated inside the 
envelope. This will help to conceal the randomization 
sequence until group assignments are made. The study 
statistician will generate confidential treatment assign-
ments for participants 1 through 30 and participants will 
receive their group assignment in the order in which they 
are enrolled in the treatment phase. After 30 participants 
are enrolled, we will conduct preliminary group compari-
sons of participant demographics to determine the extent 
that the groups are balanced. If there are statistically sig-
nificant differences between groups on potentially con-
founding demographic variables such as age, language 
ability, or speech severity, we will attempt to rebalance 
the groups for the subsequent 30 participants who are 
enrolled. Speech severity will be established through 
combined analysis of scores from dynamic motor speech 
skill assessment (DEMSS) and single word articulation 
testing (GFTA-3). In cases where a participant withdraws 
prior to the completion of the study, the next participant 
to enroll will be assigned to the same treatment condi-
tion to be the substitute. Participants and clinicians will 
be told which group each participant is assigned to by the 
research team after the informed consent document has 
been signed and eligibility has been determined by the 
eligibility assessments.

Intervention delivery and dosage
DTTC treatment will be administered on an individu-
alized basis by SLPs who were trained in DTTC by the 
research team, as described below. Treatment will take 
place in clinic rooms or at the child’s home in a quiet 
space. Treatment addressing functional communication, 
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language goals, and the like will be allowed over this 
time period. Participants will receive 24 h of treatment, 
provided at no cost to the family. All sessions will be 
audio and video recorded for reliability and scoring pur-
poses. We will report the number of participants ini-
tially recruited and tested, as well as those who did or 
did not meet inclusionary criteria in publications and 
presentations.

DTTC protocol
Participants in both conditions will receive DTTC 
treatment. In DTTC treatment, the target is accurate 
speech movement gestures in production of real words 
or phrases, rather than targeting accurate individual 
speech sounds as is common in traditional approaches 
for speech sound disorders [9]. Words and/or phrases are 
selected on an individual basis to target specific speech 
movement patterns and to be functional and motivating 
for each child (see Stimuli section below).

In DTTC, treatment targets are practiced along a 
temporal-based production hierarchy to provide vary-
ing degrees of support to facilitate speech accuracy [9]. 
Levels of the hierarchy include: (1) Simultaneous Produc-
tion – the child and clinician produce targets at the same 
time, (2) Direct Imitation – the child produces the target 
immediately following the clinician’s model, (3) Delayed 
Imitation – the child produces the target following a 
brief delay after the clinician’s model, (4) Spontaneous 
Production – the child produces the target in response 
to questions or phrases. At lower levels of the hierarchy 
(i.e., Simultaneous Production, Direct Imitation), words 
are initially practiced at a reduced rate of speech to allow 
more time for the planning/programming of speech 
movements; practice gradually moves towards a regu-
lar rate as the child gains accuracy. Furthermore, prior 
to advancing along the temporal hierarchy, treatment 
targets are practiced while varying prosody (i.e., pro-
ducing a target happy/sad/mad/loud/soft/in a question) 
to introduce practice variability and promote greater 
speech motor learning. Based on the individual needs of 
the child, the clinician provides multisensory cues (e.g., 
verbal, visual, tactile, gestural cues) to support produc-
tion accuracy combined with frequent, specific feedback 
related to movement accuracy (i.e., knowledge of perfor-
mance feedback). As the child becomes more accurate, 
clinician support and feedback are faded to only indicate 
accuracy of productions (i.e., knowledge of results feed-
back) and feedback is provided at a lower frequency.

During DTTC treatment sessions, a small set of 
treatment targets are practiced using a modified 
block schedule. A total of five words or phrases (i.e., 
treatment targets) will be practiced within any given 

treatment session with one treatment target produced 
individually at a time in either a small block (i.e., 
15–24 words per block) or a large block (i.e., 25–40 
words per block). The objective of each session is to 
achieve 2–3 blocks for each treatment target. There is 
a minimum of 50 productions per session required for 
each participant although we anticipate that there will 
be between 100–200 productions per session for each 
participant. In each session the clinicians will practice 
5 treatment targets with 2–3 blocks per targeted word/
phrase (total of 10–15 blocks across the session) with 
small blocks containing 15–25 productions and large 
blocks containing 25–40 productions. Clinicians will 
record each time a target was practiced and whether it 
was practiced in a small or large block.

At the beginning of each block, the clinician elic-
its a target in direct imitation and then uses clinical 
decision-making to determine the appropriate level 
of the temporal hierarchy depending on the degree of 
support needed for the targeted word/phrase (most 
support = Simultaneous; least support = Spontaneous). 
Practice may advance from Simultaneous Production 
to Direct Imitation once the child has accurately pro-
duced a treatment target 5–15 times at a regular rate of 
speech and the clinician has introduced varied prosody. 
After achieving 5–15 accurate productions at Direct 
Imitation with varied prosody, a target will be prac-
ticed at the level of Delayed Imitation. Practice will 
advance from Delayed Imitation to Spontaneous Pro-
duction once a child has accurately produced a target 
10–15 times with varied prosody. Once a word/phrase 
has been accurately produced at the level of Spontane-
ous Production 10/10 times across three consecutive 
sessions, that treatment target will be graduated out 
of active practice. The clinician will then refer to the 
Treatment Target bank to determine the next word or 
phrase item to include in treatment.

Dynamic assessment will be used to evaluate whether 
a word or phrase is ready for active treatment (e.g., 
stimulable with clinician support) and an appropriate 
substitute for graduated treatment targets. At the end 
of a treatment session during which a target has been 
graduated out of active practice, the clinician will select 
one word/phrase from the set of 20 potential treatment 
targets and briefly practice this target with the child. 
If the child responds to clinician cueing (e.g., verbal, 
tactile, visual, temporal cues), this word/phrase will be 
added to active treatment. If a child repeatedly attempts 
a word/phrase but productions remain equally inaccu-
rate despite clinician cues, that target will not be intro-
duced to treatment and the process will be repeated 
with a different word/phrase.
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Clinicians
Community clinicians will be recruited to administer the 
assessment and treatment protocols. We anticipate hav-
ing up to 35 different community clinicians across North 
America who practice in community clinics, schools, 
and private practice, primarily in the continental United 
States. Clinicians will undergo a rigorous application and 
training process including completion of 20  h of didac-
tic and applied learning modules focused on assessment, 
treatment, research ethics, and study-specific protocols. 
Following the training and prior to collecting data, cli-
nicians will achieve 90% fidelity in administration of the 
DEMSS and DTTC, achieve 90% accuracy or higher on 
an examination that assesses knowledge of the RCT’s 
experimental protocols and procedures, and achieve 90% 
reliability in making perceptual judgments of segmental 
and prosodic accuracy.

Stimuli
Stimuli will consist of individualized treatment targets 
that will be included in treatment sessions and a generali-
zation corpus containing a common set of words that all 
children will produce. Treatment targets will consist of 20 
words or phrases that may be targeted over the course of 
treatment. They will be selected by evaluating each child’s 
performance across assessment tasks, including their 
phonetic inventory, word shape inventory, lexical stress 
patterns, individual error profile with a specific focus on 
vowel errors, and responses to clinician cueing within 
dynamic assessment tasks (e.g., DEMSS). In addition, 
the child and/or their family will be consulted to ensure 
that potential treatment items are highly functional and 
motivating to the greatest extent possible. Targeted areas 
will include accuracy of movement gestures in a range of 

syllable and word shapes, vowel accuracy, coarticulatory 
contexts including a range of consonant and vowel tran-
sitions, and varied stress patterns.

The generalization corpus will be used to examine 
carryover of treatment gains. This set of words/phrases 
consists of 45 words/phrases that will not be included in 
treatment for any participant. These words/phrases have 
been divided into 15 low complexity targets, 15 medium 
complexity targets, and 15 high complexity targets. Tar-
get complexity was determined according to word struc-
ture, segmental features, and lexical/phrasal stress. Word 
structure of targets follows a hierarchy of increasing 
complexity determined by syllable/word shape (e.g., CV, 
VC, CVC, CVCV, VCVC, CCVC, CVCVC, etc.), sylla-
ble number (e.g., monosyllabic, bisyllabic, multisyllabic 
words and phrases), and presence of adjacent consonants 
(e.g., CCVC; CVC CVC). Segmental complexity accounts 
for age of acquisition (i.e., Early 8, Mid 8, Late 8; [50]), 
consonant features (i.e., place, manner, voicing), and 
vowel characteristics (i.e., vowel height/advancement; 
monophthong, diphthong). Complexity of movement 
transitions considers whether targets contain the same or 
different consonant–vowel sequences (i.e., same conso-
nants/vowels, varied consonants/same vowels, same con-
sonant/varied vowels, varied consonants/varied vowels) 
and the extent of place/manner/voicing changes across 
phoneme sequences. Suprasegmental complexity is based 
on whether lexical and phrasal stress follows either a tro-
chaic or iambic pattern. See Table  1 for details regard-
ing each level of complexity. Children with severe CAS 
will produce the 30 low and medium complexity targets. 
Those with moderate CAS will produce the 30 medium 
and high complexity targets. The child’s complexity level 
will be determined from their initial speech assessments 

Table 1 Target complexity framework

Word Structure Segmental Complexity Movement Sequences Lexical Stress

Low Complexity CV
VC
CVC
Reduplicated CVCV

Consonants
Early consonants
Vowels
Simple vowels, diphtongs

Same consonant/vowel 
sequences

Trochaic

Medium Complex-
ity

CVC
CVCV
VCVC

Consonants
Early, mid, and some late con‑
sonants;
Homorganic consonant clusters
Vowels
Simple vowels, diphthongs

Same and varied combinations 
of consonants (differing by place, 
manner, and/or voicing) and 
vowels

Mostly trochaic, some iambic

High Complexity Multisyllabic words Phrases Consonants
Early, mid, and late consonants
Homorganic & heterorganic 
consonant clusters
Vowels
Simple vowels, diphthongs

Varied combinations of conso‑
nants and vowels

Trochaic & iambic
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using a checklist that clinicians will complete. The 15 
medium complexity non-treatment words will be elicited 
from all participants.

Probe data
Treatment outcomes will be measured using probe data, 
which will be collected before, during, and following the 
intervention phase. The data collection schedule is pre-
sented in Table  2. Probe words consist of 50 items that 
include 20 individualized potential treatment targets and 
a 30-item generalization corpus. At each data collection 
session, one list of probe words will be presented in a 
randomized order with each word produced once. Probe 
data will be elicited in direct imitation (e.g., “Say, “apple") 
with no feedback or cues provided. The procedure for 
probe data collection is identical in baseline, treatment, 
and follow-up phases.

Baseline phase Probe data will be collected five times 
during the baseline phase. Baseline probe data collec-
tion will be spread across three separate sessions over 
the two-to-three-week period prior to the start of treat-
ment. One set of probe data will be collected during the 
first baseline session (P1), three sets will be collected at 
the second baseline session (P2) with a 15-min break 
between administrations, and one set will be gathered 
immediately prior to the first treatment session (P3).

Treatment phase Probe data will be collected four times 
across the treatment phase. One set of probe data will 
be collected in the first 10 min of the  7th,  13th, and  19th 
treatment sessions (P4, P5, P6, respectively). Two sets 
of probe data (with a 15-min break between adminis-
trations) will be collected on the day following the final 
treatment session (P7).

Table 2 Data collection schedule

P Probe session, ICS Intelligibility in Context Scale [29], FOCUS 34 Focus on Communication in Under Six [30], Tx Treatment

Low dose frequency High dose frequency

Study week Treatment Assessment Assessment evaluates Treatment Assessment Assessment evaluates

‑3 to ‑2 P1 (× 1), ICS, FOCUS 34 Baseline accuracy, intelligibil‑
ity and participation

P1 (× 1), ICS, FOCUS 34 Baseline accuracy, intelligibility 
and participation‑1 P2 (× 3) P2 (× 3)

1 Tx1
Tx2

P3 (× 1) Baseline accuracy (pre‑Tx1) Tx1 Tx2
Tx3 Tx4

P3 (× 1)

2 Tx3
Tx4

‑ Tx5 Tx6
Tx7 Tx8

P4 (× 1) Accuracy after 6 Tx sessions 
(pre‑Tx7)

3 Tx5
Tx6

‑ Tx9 Tx10
Tx11 Tx12

‑

4 Tx7
Tx8

P4 (× 1) Accuracy after 6 Tx sessions 
(pre‑Tx7)

Tx13 Tx14
Tx15 Tx16

P5 (× 1) Accuracy after 12 Tx sessions 
(pre‑Tx13)

5 Tx9
Tx10

‑ Tx17 Tx18
Tx19 Tx20

P6 (× 1) Accuracy after 18 Tx sessions 
(pre‑Tx19)

6 Tx11
Tx12

‑ Tx21 Tx22
Tx23 Tx24

P7 (× 2), ICS, FOCUS 34 Accuracy after 24 Tx sessions 
(1‑day post‑Tx24), intelligibility 
and participation

7 Tx13 Tx14 P5 (× 1) Accuracy after 12 Tx sessions 
(pre‑Tx7)

P8 (× 3) 1‑week post‑Tx accuracy

8 Tx15 Tx16 ‑

9 Tx17 Tx18 ‑

10 Tx19 Tx20 P6 (× 1) Accuracy after 18 Tx sessions 
(pre‑Tx19)

P9 (× 2), ICS, FOCUS 34 4‑week post‑Tx accuracy, intel‑
ligibility and participation

11 Tx21 Tx22 ‑

12 Tx23 Tx24 P7 (× 2), ICS, FOCUS 34 Accuracy after 24 Tx sessions 
(1‑day post‑Tx24), intelligibil‑
ity and participation

13 P8 (× 3) 1‑week post‑Tx accuracy

16 P9(× 2), ICS, FOCUS 34 4‑week post‑Tx accuracy, 
intelligibility and participa‑
tion

18 P10 (× 3) 12‑week post‑Tx accuracy

24 P10 (× 3) 12‑week post‑Tx accuracy
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Follow-up phase Probe data will be collected at 1 week, 
4 weeks, and 12 weeks following the last treatment ses-
sion to measure treatment gains, maintenance, and gen-
eralization of gains. Three sets of probe data will be col-
lected at 1-week post (P8), two sets of probe data will 
be collected at 4-weeks post (P9), and three sets will be 
collected at 12-weeks post (P10). There will be a 15-min 
break between administrations of probe data. The follow-
up schedule was selected to facilitate comparison with 
other CAS treatment studies [21, 22, 51].

Additional assessments Parents will complete the 
FOCUS-34 [30] and the ICS [29] one day following the 
last treatment session and four weeks post-treatment. 
The GFTA-3 [42] will be administered at one day post-
treatment and four weeks post-treatment. Each of these 
sessions will take under 90  min, with breaks and game 
reinforcers given, as needed.

Data management and storage
Eligibility and treatment data will be collected by com-
munity clinicians throughout the United States and 
Canada. All assessment and treatment sessions will be 
video recorded using an iPad 9 (64 GB, 10.2″ Display) and 
probe sessions will also be audio recorded. Once record-
ings are made, they will be transferred to SharePoint 
within 24  h to be processed, scored, transcribed, and 
stored by the research team.

Statistical design
Outcome measures
The primary outcome measure is whole word accuracy 
which will be measured using the MACS scoring sys-
tem [27]. The MACS was designed to specifically reflect 
areas of speech production most impacted in children 
with CAS through generating a composite score that 
reflects both segmental and suprasegmental accuracy 
at the whole-word level. The MACS rates production 
accuracy across the following categories: (1) segmental 
accuracy = accuracy of consonants and vowels; (2) word 
structure = maintenance of the targeted word shape; 
(3) prosody = accuracy of lexical stress in 2 + syllable 
words; (4) movement transitions = fluidity and smooth-
ness of speech movements across sounds and syllables. 
Each of these categories is rated using a binary scale 
(0 = incorrect; 1 = correct). These ratings are then aver-
aged to create the MACS composite score. The MACS 
score will be used to quantify production accuracy for 
all treatment targets and the generalization corpus pro-
duced within probe data collection. Whole word accu-
racy using the MACS will be measured across Baseline, 
Treatment, and Post-Treatment phases. Accuracy 

ratings will be compared between treated and untreated 
words to examine generalization effects [52].

Secondary outcome measures will include phoneme 
accuracy (Percent Phonemes Correct; [28]), speech 
intelligibility (ICS; [29]), and functional communica-
tion (FOCUS-34; [30]). Measures of speech intelligibil-
ity and functional communication will be completed by 
caregivers pre- and post-treatment.

Data preparation
Ratings of whole word accuracy and phoneme accu-
racy will be completed by trained research assistants 
based on digital recordings obtained using a Zoom 
H1n 2-channel Handy Recorder (see Recording and 
Equipment below). A guided tutorial will be completed 
for training in the use of MACS ratings to measure 
speech accuracy in children with speech impairment 
[27]. Raters will be expected to achieve at least 90% 
agreement with laboratory ratings completed by two 
of the primary investigators who developed this meas-
ure and have expertise in rating speech produced by 
children with CAS (JC, MG). Probe word produc-
tions will also be transcribed in Phon [53]. Prior to 
transcribing data for the study, research assistants 
will undergo a rigorous training protocol in the tran-
scription of disordered speech and will be required to 
demonstrate ≥ 90% agreement with consensus ratings 
completed by expert raters. Research assistants will 
be blinded to group and time point when transcrib-
ing participant probes through the use of deidentified, 
coded file names that lack any information that can 
be used to glean the child’s group, the session date, or 
other pertinent information. They will have access to 
a recording of a family member of the child with the 
same dialect producing the probe items as an anchor 
if they need help determining an error versus dialec-
tal difference. Within Phon, research assistants will (a) 
transcribe the phonemes, noting any non-allophonic 
variation (e.g., lengthening, nasality, distortions); (b) 
record primary and secondary stress within each item, 
(c) note instances of excess syllable segregation within 
and between words, (d) enter the MACS score for each 
item. Inter- and intra-rater reliability will be calculated 
on a randomly selected 20% of probes. To confirm that 
raters are maintaining reliability with one another, 
inter-rater reliability will be assessed once each rater 
has completed 10 probe sessions. The intraclass cor-
relation coefficient (ICC) will be used to measure reli-
ability between raters. If raters have not maintained 
“good” inter-rater reliability (i.e., ICC values between 
0.75–0.90; [54]), consensus ratings will be performed 
on sessions that did not achieve adequate reliability.
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Statistical analysis plan
A Quasi-Poisson regression model will be used to calcu-
late the effect size for the primary outcome measure of 
whole word accuracy (i.e., the MACS score). This model 
will be used to account for changes in the relationship 
between the mean and variance across various stages of 
treatment. A standard effect size assumes independence 
between the mean and variance. However, past work [55] 
has demonstrated that these values are not independ-
ent of one another across the experimental period (e.g., 
at post-treatment, higher accuracy often occurs in com-
bination with more stable performance as compared to 
baseline where low accuracy occurs in combination with 
more variable productions). The quasi-Poisson model 
accounts for these changes in the relationship between 
the mean and variance to more accurately calculate 
effect sizes. Gains in whole-word accuracy will be calcu-
lated from Baseline to 1 day and 1 week post to capture 
treatment effects and from Baseline to 4 weeks post and 
12  weeks post, respectively, to examine maintenance of 
treatment gains.

Given that multiple data points will be collected over 
time, data will also be analyzed using longitudinal growth 
curve modeling within the framework of Structural 
Equation Modeling [56, 57]. Growth curve modeling was 
chosen for its capacity of modeling within-participant 
change over time, as well as between-participant differ-
ences. It estimates the mean intercept and mean slope for 
the sample. Similar to the basic regression model, these 
effects are assumed fixed for all individuals in the sample. 
It also takes into account within-participant correlation 
among the repeated measurements by incorporating ran-
dom components (i.e., individual variations around the 
mean intercept and around the mean slope).

Growth curve modeling considers change over time as 
an underlying latent process. In analyzing this process, 
a trajectory of change over time is established for each 
individual in a sample, and therefore, characteristics of 
the trajectory (e.g., slope) may vary across individuals 
and are treated as latent variables. These latent variables 
describe parameters of change and may be treated as 
independent, dependent, control, or mediating variables 
and be compared across groups. Specifically, the growth 
curve model will allow us to (a) compare the treatment 
effect between Low Dose Frequency treatment and High 
Dose Frequency treatment groups during the treatment 
stage; (b) compare groups on maintenance effects dur-
ing the post-treatment stage; (c) explain variations in 
change by incorporating various predictors. The growth 
curve model will also allow us to model flexible patterns 
of change in time such as quadratic and piecewise forms. 
Analyses will be conducted using Mplus software 5.0 
[33].

Throughout our modeling process, we will carefully 
consider potential confounders that should be added to 
the model as covariates, such as severity of impairment, 
number of blocks practiced per session, age, and sex of 
the children. In the presence of attrition, an intention to 
treat analysis will be performed and compared with the 
analysis done on the “per protocol” population when-
ever possible. Baseline characteristics of the completed 
and withdrawn participants will be compared to pre-
vent selection bias in the conclusions. In addition, inter-
nal validity (i.e., how well the randomization worked to 
create similar study groups) will be checked by compar-
ing the groups on relevant measures using analyses of 
variance.

Data cleaning and preparation
Data will be securely stored and transferred in SharePoint 
folders. Trained research assistants will enter data into 
spreadsheets using participant identifiers. All data will 
be reviewed for valid values/data entry errors, outliers, 
and the extent and patterns of missing data. Consistency 
and logic checks that constitute standard review/clean-
ing procedures will be applied. The distributions of these 
measures across sessions will be summarized. Descrip-
tive statistics will be used to describe measures at differ-
ent periods in the study. Growth curve models allow us 
to quantify change from pre- to post-treatment and post-
treatment to maintenance by interacting the treatment 
effect with time. Effect sizes for treatment will be com-
pared between Low Dose Frequency treatment and High 
Dose Frequency treatment. The growth curve of each 
individual participant will be fit through random effect 
components, which control intra-participant correlation 
introduced by repeated measures. Covariates will also be 
included to control for any covariate imbalance between 
different treatment groups.

Missing values
Missing data will be documented, as well as reasons as to 
why the data is missing (e.g., experimenter error, missed 
session, poor audio quality) where available. Upon com-
pletion of data collection, we will evaluate whether miss-
ing data is a random occurrence or due to a specific 
reason. If a recurring reason for missing data is deter-
mined, this variable will be coded and included within 
statistical modeling as a co-variate.

Treatment fidelity
Fidelity to the treatment protocol will be assessed in 
20% of treatment sessions for each child according to 
the following schedule: (1) 30  min of each of the first 
3 treatment sessions, (2) an additional 3.3  h of treat-
ment sessions randomly selected from the remainder of 
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the intervention phase. A member of the research team 
will review these sessions using a DTTC fidelity check-
list to determine adherence to the experimental treat-
ment protocol. If clinicians fall below 90% fidelity during 
a treatment session, additional fidelity sessions will be 
scheduled with individualized feedback provided by one 
of the PIs. Once the clinician has achieved 90% fidelity, 
the planned fidelity schedule will be resumed.

Recording and equipment
Each clinical site will record audio and video for all 
assessment and treatment sessions using an iPad  (9th 
generation) with a cardioid directional externally 
mounted microphone (Samson Satellite iOS/USB Broad-
cast Microphone). The iPad will be mounted on a UBee-
size 50″ Extendable Lightweight Aluminum tripod stand 
located between 18 inches and 2 feet from the child. In 
addition, each clinical site will use a Zoom H1n 2-chan-
nel Handy Recorder audio recorder to capture probe data 
collection and to serve as a back-up recording for eligi-
bility assessments. These recordings will be collected at 
a 96  kHz sampling rate with 24-bit encoding and saved 
to a Samsung – PRO 32 GB microSDXC UHS-I Memory 
Card.

Discussion
Potential significance
When the proposed study is complete, we will have 
measured treatment effects and generalization of DTTC 
in 60 children randomly assigned to groups with the 
same cumulative dosage that differ in dose frequency 
(i.e., low dose = treatment 2x/week for 12 weeks vs. high 
dose = treatment 4x/week for 6  weeks). Based on the 
extant literature [8, 22], we posit that both groups will 
demonstrate comparable improvements following the 
full dose (24 h) of treatment, but that between-group dif-
ferences will be detected at other measurement points. 
We predict a group-by-time interaction, wherein the 
high dose group will demonstrate a significant advantage 
after 6 weeks of treatment as they will have completed 24 
treatment hours compared to the low dose group, which 
will have completed 12  h of DTTC at that point. We 
also anticipate a group-by-time interaction for mainte-
nance effects in which the high dose group will evidence 
superior maintenance of treatment and generalization 
gains compared to the low dose frequency group at the 
4-week and 12-week post treatment follow-up sessions. 
If these hypotheses are correct, this study will provide 
evidence that DTTC treatment provided at a higher dose 
frequency yields faster and continued gains even after 
treatment is discontinued. More efficient service delivery 
will help children to progress through treatment in fewer 

years to develop functional speech. This may help reduce 
the risk of social-emotional challenges including anxiety 
and depression (e.g., [58, 59]). It may also result in the 
provision of better early intervention services and reduce 
long-term academic and vocational disparities for people 
with CAS [60, 61]. Alternatively, if treatment effects are 
shown but group differences are not detected, this will 
suggest that treatment schedule can be determined based 
upon available resources and family/clinician preference.

Potential limitations
As noted above, assessments and treatment in the pro-
posed study will be conducted by community speech-
language pathologists. Although engaging community 
clinicians in this study will help to increase the applica-
tion, external validity, and translation of this research, 
it may result in potential limitations as well. To start, 
DTTC is considered a dynamic and individualized treat-
ment that relies on the clinician’s ability to monitor and 
cue the child to promote speech accuracy. The clinical 
experience of our community clinicians will vary which 
could introduce clinician effects. However, the randomi-
zation of participants to groups should help to minimize 
any effects of the clinician or clinical environment. In 
addition, to help address the varied expertise of the clini-
cian partners working in this study, all clinicians will be 
required to undergo 20 h of training focused on assess-
ment and treatment protocols and study procedures. 
Fidelity measures will also ensure that all clinicians, 
regardless of their prior experience, will adhere to the 
study protocols. Additional training and guidance will be 
given if needed. Clinicians will also meet in a group with 
the research team twice per month for ongoing training 
and problem-solving as needed. There is also the possi-
bility that children may be challenged with the intensive 
treatment schedule and 60-min sessions where they are 
engaged in structured practice. As DTTC is focused on 
conscious practice of speech production, children may 
become frustrated and fatigued during sessions. As part 
of the clinical training and group meetings, strategies 
have been presented to support clinicians in their abil-
ity to maintain engagement, build trust and rapport, and 
practice at optimal challenge levels for each individual 
child. Group meetings will also offer clinicians the oppor-
tunity to review clinical cases and approaches for sup-
porting children across the treatment phase.

Clinical research conducted in a lab often has the ben-
efit of employing research assistants to help manage 
audio-visual recording for probes and treatment ses-
sions, which helps to ensure high-quality recordings and 
to minimize data loss. By contrast, the community clini-
cians employed in this study will have to manage clinical 
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care along with recordings and other logistics, which 
may result in occasional data loss if a video recording 
is not started appropriately or if there is a technical dif-
ficulty. To prevent missing data, all probes will also be 
audio recorded with a separate device as backup in case 
the video recording fails. Other safeguards will also be 
in place to ensure that clinicians provide assessments 
and treatment in a standardized way while also manag-
ing the many other requirements of research data collec-
tion. Examples of these safeguards include emails or text 
messages sent to clinicians prior to probe sessions as a 
reminder of tasks that need to be completed, daily ses-
sion checklists indicating all activities to be completed 
during each session, and a study manual that provides 
detailed, operationalized protocols and procedures.

Difficulty with recruitment is also a potential chal-
lenge. While CAS is a relatively rare disorder occurring 
in only 1/1000 children [3], by including over 20 com-
munity clinicians across North America, we should be 
able to recruit the 60 participants required for the pro-
posed study. We anticipate that some families may pre-
fer to come 4 times per week while others may view that 
as too much of a burden and would prefer to come only 
twice a week. Given that this is an RCT, family preference 
will not be a factor in group assignment. To help support 
families who may be concerned about transportation 
and/or childcare of their other children while they are 
bringing a participant to treatment, a stipend of $40 will 
be provided for each session the child attends.

This study will compare two different treatment sched-
ules and, consequently, it is imperative that children 
attend according to the prescribed schedule. While miss-
ing sessions due to illness such as COVID-19 cannot be 
avoided, it is possible to schedule study participation 
around other commitments such as vacations and holi-
days. To avoid preventable absences from treatment and 
follow-up sessions and ensure adherence to the study 
protocol, each clinician will work through the entirety 
of the study schedule with families prior to conducting 
baseline testing. Families will sign off in agreement to 
all dates from baseline through the 12-week follow-up 
before these activities begin.
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