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Abstract 

 This study investigated the efficacy of ultrasound biofeedback as an intervention 

tool for treating speech sound disorders in young children with hearing loss. Two young 

female children with bilateral cochlear implants participated. They demonstrated 

persistent errors including velar fronting, stopping, and gliding. Using a single-subject 

multiple baseline across behaviors design, this study aimed to remediate persisting errors 

by utilizing ultrasound biofeedback as a real-time visual of lingual movement to assist in 

the correct production of the phonemes /k/, /g/, /t/, /l/, and /s/ within words. Findings 

suggest that ultrasound biofeedback may be effective in eliciting accurate production of 

velar and alveolar consonants in young children with hearing loss.  
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Chapter I 

Introduction 

Visual feedback has been used frequently in speech intervention for children with 

speech sound disorders. Speech-language pathologists often provide visual feedback 

during treatment to help clients visualize articulatory gestures and movements for various 

speech sounds. While traditional visual feedback approaches incorporate visual cues 

using mirrors, figures, or diagrams, alternative methods of visual feedback are gaining 

more attention in current research. These alternative methods include the use of acoustic 

analysis, electropalatogaphs, and ultrasound technology.  

Although several speech-language pathologists and researchers have begun to 

investigate the effect of ultrasound technology within speech intervention, the current 

research remains limited in populations investigated, error sounds targeted, and 

participant age ranges. Special populations including children with childhood apraxia of 

speech (Preston, Brick, & Landi, 2013), cleft palate (Roxburgh, Scobbie, & Cleland, 

2015), and hearing loss (Bacsfalvi, 2010) have been investigated, but minimally. Studies 

targeting a variety of lingual errors have also been minimal. A large majority of current 

studies (Adler-Bock et al., 2007; Byun et al., 2014; Preston et al., 2016; Preston et al., 

2013; Bacsfalvi, 2010) focus on remediation of residual /r/ errors in children with 

persistent speech sound disorders.  Furthermore, ultrasound study participants, such as 

those included in the above studies with one participant exception in Roxburgh et al. 

(2015), primarily fall in the elementary to adolescent age range. Collectively, the current 

literature investigating the effectiveness of ultrasound biofeedback in speech intervention 

is limited by these aspects.  
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The purpose of the present study was to evaluate the efficacy of ultrasound 

biofeedback as a tool for speech intervention in young children with hearing loss. It was 

hypothesized that the use of ultrasound biofeedback during intervention would result in 

increased accuracy of articulatory productions in young children with cochlear implants. 

The following chapter will review the current literature regarding the definition of 

hearing impairment, its prevalence, amplification, and speech characteristics specific to 

children with cochlear implants. Traditional methods of visual feedback and alternative 

methods of visual feedback, specifically ultrasound biofeedback, will also be discussed. 

Chapter three will describe the methods of this study including participants, experimental 

design, probes, and intervention procedures.  Results will be detailed in chapter four. 

Finally, chapter five will include a discussion of findings in comparison to current 

literature and limitations of the current study.  
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Chapter II 

 Literature Review 

2.1 Defining hearing impairment 

Hearing impairment refers to a reduced ability in sound reception that is 

congenital or acquired. Hearing impairment can be typed as conductive, sensorineural, or 

mixed. In conductive hearing loss, sounds are not efficiently conducted from the outer ear 

to the middle ear. Sensorineural hearing loss involves damage to the inner ear. 

Conductive and sensorineural hearing loss can occur in conjunction resulting in mixed 

hearing loss (Cole & Flexer, 2011).   

Degree of hearing loss can range from minimal to profound in children. Normal 

hearing ranges from 0 to 15 dB HL. Minimal hearing loss is from 16 to 25 dB HL. Mild 

hearing loss ranges from 26 to 40 dB HL.  Up to 40% of speech sounds, including /v, p, 

k, f, s, θ, ð/, can go unheard by a child with mild hearing loss.   Moderate hearing loss 

ranges from 41 to 55 dB HL. The remaining speech sounds are located between 40 and 

55 dB HL, and can be completely missed by a child with moderate hearing loss near 50 

dB HL.  Hearing loss ranging from 56 to 70 dB HL is classified as moderately severe, 

and severe hearing loss ranges from 71 to 90 dB HL. A child with severe hearing loss can 

only access all speech sounds with the appropriate amplification, most likely in the form 

of cochlear implants. Without amplification, spoken language will not develop normally 

for the child with severe hearing loss. The final degree of hearing loss in children is 

profound at 91 dB HL or greater (Cole & Flexer, 2011). 

2.2 Prevalence of hearing impairment 

As of 2012, the World Health Organization estimates that approximately 360 
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million people in the world are living with disabling hearing loss (i.e., greater than 40 dB 

HL in adults and 30 dB HL in children). Of these individuals, 32 million are children. In 

the United States, 28.6 million people had an auditory disorder in 2000. More 

specifically, 1.2% of the children with disabilities (70,767) received services related to 

hearing in public schools in the U.S. during the 2000-2001 school year (Castrogiovanni, 

2004). It was estimated that 1 to 6 per 1000 infants are born with congenital hearing loss 

in the U.S. (Cunnningham & Cox, 2003; Kemper & Downs, 2000).  

2.3 Types of amplification: Hearing aids and cochlear implants 

To improve sound detection in individuals with hearing loss, two types of 

amplification devices (i.e., hearing aids and cochlear implants) are utilized. Hearing aids 

amplify sound delivered to the ear canal. They have been used to treat hearing loss by 

aiding in sound detection and localization.  Sounds enter through the hearing aid’s 

microphone, are amplified by a processor, and are then directed into the tone hook 

through an ear mold in traditional behind-the-ear (BTE) styles. In addition to BTE styles, 

there are several different types of hearing aids. They include in-the-canal (ITC), 

completely-in-the-canal (CIC), in-the-ear (ITE), and bone-anchored hearing aids (BAHA) 

(Dobie & Van Hemel, 2004).Another type of device that can improve sound detection in 

individuals with profound hearing loss is the cochlear implant. Children implanted pre-

lingually are likely develop speech and language that is commensurate to their peers. 

Cochlear implants can be received as early as 6 months of age. Cochlear implants are 

devices surgically placed into the cochlea to provide electrical stimulation of the auditory 

nerve. The process of hearing with a cochlear implant begins with sound signals being 

captured by an externally placed microphone. These sound signals are transformed to 
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stimuli by a speech processor and are sent to the electrodes placed within the cochlea. As 

these electrodes are activated, they stimulate the sensory of nerves to the cochlea and, 

thereby, the auditory nerve, sending signals to the cortex. The brain then processes these 

signals as sounds. Cochlear implants with multiple electrodes or channels stimulate a 

variety of areas in the cochlea to aid in the perception of various tones. The sounds 

produced through a cochlear implant do not sound like natural speech, but individuals 

with implants can be trained to interpret these sounds (Wilson & Dorman, 2008). 

2.4 Speech characteristics of children with pre-lingual hearing loss 

A variety of speech production errors may be present in a child with hearing loss. 

Most commonly, these include suprasegmental errors, errors of co-articulation, vowel 

production, and consonant production. Sounds are often articulated in individual, isolated 

units. Vowel production is often neutralized to the central schwa and restricted in tongue 

movement. Substitutions, diphthongizations, prolongations, and nasalization are also 

common. Consonants are produced more accurately when they are visible on the face. 

Sounds including turbulent noise (i.e., fricatives, affricates, sibilants) are difficult to 

produce in addition to glides and the lateral phoneme. Errors often include voicing 

confusions, substitutions, omissions, distortions, and consonant cluster errors (Tye-

Murray, 2009). 

2.5 Specific speech characteristics of children who use cochlear implants 

Several studies have indicated that cochlear implants can result in positive 

outcomes in speech intelligibility and production accuracy for children with hearing 

impairment. Tobey, Geers, Brenner, Altuna, and Gabbert (2003) sought to investigate the 

factors that influence overall speech intelligibility and accuracy of production in children 
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with cochlear implants. One hundred eighty-one children between the ages of 8 and 9 

years participated in this study. The mean age of implantation among the participants was 

3 years and 5 months (3:5). 

Speech intelligibility for monosyllabic words used in 36 sentences was evaluated 

by normal hearing judges (3 judges per sentence) based upon percent correct versus 

incorrect for targets. Four speech-language pathologists transcribed production for the 

sentences. Overall speech intelligibility for the group averaged 63.5%. It was found that 

accuracy of production was higher for consonants than vowels. Stops (91.6%) were used 

more frequently than fricatives (78.4%). The number of electrodes and dynamic ranges of 

the cochlear implant were significant factors influencing speech production accuracy. 

Children who were implanted with higher numbers of active electrodes and wide 

dynamic ranges showed more accurate speech production than children with fewer active 

electrodes and narrower dynamic ranges.  

 Ertmer and Goffman (2011) examined speech production accuracy and variability 

of segments and words in children with 2 years of cochlear implant experience as 

compared to children with normal hearing. Six children who were implanted by age three 

participated in the cochlear implant group. They used their implant full-time, 

communicated orally, and had previous intervention. Another group of six age and 

gender matched, normal hearing peers constituted the comparison group. 

The First Words Speech Test (FWST) was used for word imitation for the 

purposes of this study. 60 words were divided into four sets; set one included stops, 

nasals, and glides, set two included stops, set three included fricatives, liquids, and glides, 

set four included fricatives and affricates. All stimulus words could be represented by 
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small toys or objects to help engage the participant and elicit naming/imitation. 

Participants imitated the words three times given a model for each production. Speech 

samples were recorded. Data collection for the cochlear implant group began within one 

week, two years post-implantation. Segment and word accuracy were assessed based on 

broad transcription. Variability was assigned using a rating system with 1.0 meaning no 

variation across all three production attempts. 

Data revealed that production for the normal hearing group was more accurate 

than for the cochlear implant group in sets three and four (i.e., fricatives, liquids, glides 

and affricates). However, production on sets one and two (i.e., stops, nasals, glides) were 

comparable between groups as the task pertained to initial consonant accuracy. It was 

also found that the normal hearing group was more accurate at producing whole words 

than the cochlear implant group. Lower consonant, vowel, and whole word variability 

was noted in the normal hearing group in comparison to the cochlear implant group.  

Tye-Murray, Spencer, and Woodworth (1995) investigated speech intelligibility 

in 28 children who were pre-linguistically deaf and users of the Nucleus cochlear 

implant. Participants were implanted from 31 to 170 months of age, and were divided 

into three groups according to age at implantation: group one (2-4 years), group two (5-8 

years), and group three (9-15 years). All participants had at least 24 months of cochlear 

implant experience with 36 months being the average. The majority of participants 

attended mainstream classes and utilized a form of sign language. 

A battery of tests was given to assess speech production for each group including 

a short-long sentence test, a story retell task, a standardized speech intelligibility 

evaluation, an audio-visual feature test, a fundamental speech skills test, and a parent 
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questionnaire. An additional audiological test battery was performed. The scores for 

speech tests given were collated and an average was found for each of the three age 

groups.  

Results for the story retell task showed that all groups produced 53% of phonemes 

correctly and 22% of words correctly. The authors noted that intelligibility scores (mean 

of 2.5 on scale of 1 to 10, with 10 being completely intelligible) were low across all 

groups, likely due to poor word production. The study also indicated that consonants 

produced more anteriorly in the vocal tract were more likely to be produced correctly 

(i.e., labial sounds were more accurate than coronal sounds). The audio-visual feature test 

results showed more accurate productions of stops (45%) and nasals (38%) in comparison 

to fricatives, which were least accurate at 22%. Voicing errors were also noted to 

comprise 70% of errors within this particular test.  

Composite scores were created for word and phoneme production, speech skills, 

and functional speech to examine the effects of age of implantation on speech production. 

It was found that younger subjects, aged 2 to 4, demonstrated faster rates of improvement 

following implantation based on phoneme production and word production composite 

scores.  

Warner-Czyz and Davis (2008) investigated a group of children with normal 

hearing and a group of cochlear implant users, who were implanted before the age of 2, in 

first-word stage. The goal of the study was to investigate differences in segmental 

accuracy and error patterns within both groups over time based on auditory perception. 

The cochlear implant group included four children with profound hearing loss who 

utilized oral communication and received aural habilitation services each week.  The 
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normal hearing group data came from a previous study (Davis, MacNeilage, & Matyear, 

2003) and participants were matched for word-onset age and gender for comparison to 

the cochlear implant group. Data collection began after word-onset. One-hour recordings 

were taken monthly for six months.  Child productions during each session were 

transcribed using broad transcription. Values were obtained based on magnitude of error 

including correct, partially correct, incorrect, and omission. 

The results of the study indicated common patterns of acquisition for phonetic 

inventories. Vowel accuracy findings showed similar results for both groups, but 

consonant production accuracy between the groups was found to be significantly 

different. The normal hearing group’s overall accuracy for consonants was three times 

that of the cochlear implant group in early sessions.  Both groups demonstrated improved 

accuracy over time; however, the cochlear implant group demonstrated improvement by a 

factor of 1.3 as opposed to the greater improvement seen in the normal hearing group at a 

factor of 3.2. Some limiting factors for the cochlear implant group’s accuracy may have 

included production being affected by degraded auditory signal via the implant, varying 

consonant intensities and frequencies (i.e., nasals versus non-fricatives), and other factors 

noted by the authors.  

Warner- Czyz, Davis, and Morrison (2005) examined the connection between 

phonetic inventory and lexical characteristics in a child with a unilateral cochlear implant 

to determine if syllable patterns and words utilized the sounds produced by a child most 

frequently and accurately.  A 12-month female with bilateral profound sensorineural 

hearing loss was longitudinally evaluated. Although the child received auditory-verbal 

therapy twice a week, she presented with an overall delay of language expression and 
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comprehension. At 24 months, the child received a cochlear implant in her right ear. Data 

collection occurred over 14 months for one-hour sessions and was video recorded. 

Speech-like utterances were transcribed by one observer using broad phonetic 

transcription. Consonant places examined included labials, coronals, and dorsals, and 

manners examined included oral stops, nasals, affricates/fricatives, glides, and liquids. 

CV syllable shapes were examined based on accuracy and vowel-consonant matching. 

Lexical diversity and accuracy were also computed using a type-token-ratio.  

Results indicated that the participant’s phonetic inventory consisted mostly of 

labials and some coronals. Nasal consonants frequently occurred in early sessions, but 

production manners progressed over time to include oral stops and glides. Stops 

constituted 60% of productions across word positions. Lexical characteristics included 

words with high numbers of labials and coronals in addition to stops. The participant 

demonstrated the highest target accuracy when words included labials. Overall, the 

results of the study indicated that more frequently produced segments were generally the 

most accurate.  

Serry and Blamey (1999) investigated the rate of speech sound acquisition in a 

group of cochlear implant users and described overall progress over a period of 4 years 

post-implantation. The researchers addressed four main questions including the accuracy 

of phoneme production, patterns of acquisition, rate of acquisition, and the relationship 

between speech perception and production four years post-implantation. 

Nine children who were pre-lingually deafened participated in this study. These 

children had profound hearing loss and were implanted by age five or younger. Speech 

samples were collected during play, ranging between six months prior to implantation 
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and forty-eight months following implantation. Two speech-language pathologists 

narrowly transcribed the data collected. Speech sound acquisition was identified using 

two criteria: target (2 intelligible phonemes used accurately in 50% of attempts) and 

targetless (intelligible phonemes used inaccurately [e.g., substitution]). Speech perception 

was also assessed 4 years post-implantation, using the Phonetically Balanced 

Kindergarten Words test. 

The results of the study revealed that consonants developed steadily in 5 of the 9 

children who produced 22 targetless phonemes and 13 target phonemes over the course 

of the study. Data indicated that glides and nasals were acquired earliest at 3 months post-

implantation, followed by stops and liquids (median of 15 and 21 months), and finally 

fricatives and affricates (median 36 and 42 months) for the targetless criteria. Target 

criteria consonant production followed a similar trajectory with the development of glides 

earliest followed by nasals, liquids, stops, and, finally, fricatives and affricates. A clear 

preference for earlier, more visible consonants over consonants with less visible places of 

articulation was noted.  It was also found that the rate of phoneme acquisition is slower 

for children with cochlear implants than what research reports for children with normal 

hearing. A significant relationship between the accuracy of sounds perceived and the 

accuracy of the same sounds in production was also found.  

2.6 Visual feedback for speech intervention 

Treatment of speech sound disorders typically involves a form of visual feedback 

given to clients to help them understand and monitor their articulatory gestures. 

Traditional methods of visual feedback include the use of mirrors allowing clients to see 

their articulators, as well as figures and diagrams. Recently, various types of 
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instrumentation have been used to provide visual feedback for articulation during speech 

intervention. The use of acoustic analysis systems has allowed clients to view the 

differences in acoustic features among varying articulatory gestures. For example, 

spectrums and spectrograms display different ranges of energy concentration for various 

fricative sounds to help clients identify frication in the sounds they produce. A 

spectrogram recognition study conducted by Ertmer (2004) found that spectrograms can 

be a reliable and salient source of visual cueing in remediating speech sound production 

in typically developing children and children with hearing loss. 

Another type of instrumentation device, electropalatographs (EPG), provides 

clients with a form of visual feedback. In EPG, an artificial plate is custom-made for the 

client and fitted to the hard palate. The plate monitors contact between the tongue and 

hard palate. Although these devices are considered useful in speech intervention, only a 

few research studies have been conducted regarding their use in treatment. Gibbon and 

Paterson (2006), surveyed several speech-language pathologists in Scotland about the 

effectiveness of EPG therapy. A majority of surveyed participants indicated that their 

clients, collectively, had improved articulation following EPG therapy.  23 of the 56 

clients discussed had moderate success, with some or all sounds targeted in therapy 

showing improvement across varying speech contexts. 

2.7 Ultrasound as instrumentation 

Within the past decade, the efficacy of ultrasound biofeedback as a tool for use 

during speech intervention has been investigated. Ultrasound images provide immediate 

feedback to clients regarding their tongue position and movement during speech 

production. Via a transducer, ultrasounds emit high-frequency sound waves that travel to 



Texas Tech University Health Sciences Center, Tahira Gibson, May 2017 

13 

tissues of the body. Once the sound waves make contact with these tissues, they are 

reflected back to the probe. The reflection detected by the probe is then displayed on a 

screen that allows users to visualize internal structures of the body.  

Current research has indicated that ultrasound biofeedback may be an effective 

tool for increasing accurate speech production, especially as it pertains to intervention for 

treatment resistant sound errors. Adler-Bock et. al (2007) studied the effects of /r/ 

remediation using ultrasound biofeedback in two adolescents, aged 12 (Participant B) and 

14 (Participant A), who spoke Canadian English. The participants had no form of hearing 

loss and had received speech-language therapy services from the age of three.  In terms of 

/r/ remediation, both participants had been receiving traditional forms of treatment for at 

least one year with minimal success.  

Participants received 60 minutes of individual treatment per session for a total of 

13 sessions using ultrasound technology.  The study utilized midsagittal and coronal 

views from the ultrasound for visual feedback.  The participants and the study speech-

language pathologist viewed images in real-time during the sessions. The study addressed 

sound awareness initially and progressively included more difficult production tasks.  

Participants were given at-home activities to practice production without ultrasound 

visual feedback.  

The participants’ /r/ productions were measured acoustically and perceptually in 

both pre- and post-treatment sessions. When the second and third formant frequencies of 

/r/ between pre- and post-sessions were compared, Participant V.F.  showed a significant 

decrease in F3 value whereas Participant M.L. did not show any difference between pre- 

and post-treatment formant values.  When three listeners listened to the participants’ 
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production at the post-treatment session, the percentage of correct /r/ production in post-

treatment was perceived as significantly higher than in pre-treatment by all three 

listeners.  Examination of /r/ production one year after the study revealed that, during 

conversation, Participant V.F. was able to use accurate production of /r/ consistently and 

could produce /r/ across all speech contexts with focused attention. Participant M.L.  

rarely used /r/ during the conversational task independently, but could use /r/ in phrases 

with the strategy focused attention demonstrating an overall improvement in comparison 

to production abilities prior to study. These results indicated that ultrasound technology 

appears to have potential benefits for remediation of /r/ in individuals with residual /r/ 

difficulties. 

Another study conducted by Byun, Hitchcock, and Swartz (2014) investigated the 

use of ultrasound biofeedback in the treatment of /r/. A single-subject design with 

multiple baselines across behaviors was utilized for the purposes of this study. Although 

the authors addressed two studies, the focus of this paper will be on study two,  a 

modification of study one, in which participants could produce their preferred /r/, 

bunched or retroflexed. Four participants aged 7:8- 15:8 received eight weeks of 

treatment using ultrasound biofeedback to cue lingual shapes for /r/ within syllables.   

There were 17 treatment sessions total including two instructional sessions for 45 

minutes and 14 practice sessions for 30 minutes each in addition to a varying number (3-

5) of pre-treatment baseline sessions. It should be noted that the participants had 

previously received treatment for speech sound errors ranging from one to eight years 

prior to the study.  Treatment stimuli included 40 rhotic syllables. Data were analyzed 

using perceptual ratings supplemented with a combination of visual inspection, 
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calculation of effect sizes, and contextual probes. Results indicated meaningful treatment 

effect sizes in vocalic variants in 3 of the 4 participants and in all 4 participants’ 

consonantal variants of /r/ production.  

Preston, Mccabe, Rivera-Campos, Whittle, Landry, and Maas (2014) examined 

the efficacy of ultrasound biofeedback for motor based learning and whether or not the 

addition of variable prosodic cueing would produce a greater effect size in regards to 

production accuracy of residual speech sound errors including /r/, /s/, and /tʃ/. A single-

subject multiple baseline across behaviors design was utilized for the study. There were 8 

participants, aged 10-20. Participants were assessed utilizing the Goldman-Fristoe Test of 

Articulation-2 and were only included if they scored below a standard score of 75. 

Accuracy below 20% on at least 2 baseline probes was also required for inclusion in the 

study. All participants had normal nonverbal cognition as defined by a score above 80 on 

the Perceptual Reasoning Index. Language skills were required to be within normal limits 

as indicated by a score of above 80 on the Peabody Picture Vocabulary Test-4 and scaled 

scores above 7 on the recalling sentences and formulated sentences subtests of the 

Clinical Evaluation of Language Fundamentals-4.  The Expressive Vocabulary Test-2 

and the Comprehensive Test of Phonological Processing-2 were also utilized to 

determine language abilities. Sustained productions of consonant and vowels and rapid 

production of syllables and syllable strings were examined to evaluate motor skills in 

addition to word imitation tasks, stress production tasks, and collection of a 

conversational speech sample. No participant demonstrated motor speech difficulties or 

behaviors definitive of childhood apraxia of speech.  Individuals with developmental 

disabilities were also excluded from the study.  
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Three to four baseline probes were utilized to assess accuracy of late developing 

sounds in a variety of contexts. Two sound contexts with less than 20% accuracy were 

then selected as targets for treatment. Each context had two target variants with differing 

vowels in CV or VC contexts.  Treatment utilizing ultrasound biofeedback randomly 

targeted one context in one of two conditions, prosodic cueing or no prosodic cueing, and 

the second target context in the opposing condition. Prosodic cueing consisted of 

introduction of a new prosodic cue card (i.e., ?, !, or .) every three trials. Feedback was 

not provided regarding prosodic production accuracy, but rather for segmental accuracy 

only. Counterbalance of the condition was utilized with 4 of the participants starting with 

the prosodic cueing condition and 4 of the participants starting with no prosodic cueing. 

One target context was treated during the first seven sessions, followed by 3-5 probe 

collections. Then, the second phase of treatment for the second target context in the 

opposing condition was initiated.  Finally, three to five post-treatment probes were 

collected. Untreated sounds that were not similar to target contexts were monitored for 

the purposes of control. Treatment sessions were 1 hour long. The sessions consisted of 

probe data collection for 6-8 minutes and four 13 minute periods with alternating use of 

ultrasound biofeedback. During the periods without ultrasound biofeedback drill and drill 

play within reinforcing activities were utilized. Treatment was structured to include 

elicitation of accurate production followed by structured practiced and feedback. 

Complexity levels systematically targeted included syllables, monosyllables, 

multisyllabic words, phrases, and phrases with a cloze structure. It should be noted that 

feedback was systematically reduced utilizing a feedback schedule within each 

complexity level. Dosage of treatment was monitored to provide an average of 210 
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attempts per session not including attempts made during elicitation. Generalization of 

skills was assessed using untreated words in isolation and at the sentence level. 

Production accuracy was assessed with blinding based on the transcriptions of two 

graduate students trained in phonetics and speech sound disorders.  

The results of the study indicated treatment effects, that is a significant 

improvement over baseline, in at least one target sound context for most participants.  In 

terms of participants who began with the prosodic cueing condition (n=4), /tʃ-, -r, s-, -r/ 

contexts demonstrated at least 60% accuracy in both conditions by the 2 months post-

treatment. There was an exception to this, however, with one participant remaining at 0% 

accuracy for the target context /-r/ no prosodic cueing second phase. Participants who 

began with the no prosodic cueing condition (n=4), demonstrated accuracy levels at 

100% for target contexts /-r, r-, s-/. However, 2 participants in first phase of treatment 

failed to maintain gains in the target contexts of /s-, r-/ with accuracy levels falling to less 

than 20% 2 months post- treatment. Additionally, 2 participants from the prosodic cueing 

second phase demonstrated minimal progress and accuracy levels below 20% for target 

context /-r/. It was noted that an improvement in accuracy given prosodic cueing was not 

supported by the data.  

Preston, Leece, and Maas (2016) conducted a larger study with 12 children, aged 

10:0 to 16:0, to evaluate the effects of ultrasound biofeedback for residual /r/ errors. 

Inclusion criteria included a score below the 5th percentile on the Goldman-Fristoe Test 

of Articulation-2 and less than 25% accuracy on word probes. Oral language measures 

included the recalling sentences and formulated sentences subtests of the Clinical 

Evaluation of Language Fundamentals-4 and the Expressive Vocabulary Test-2. A 
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measure of nonverbal IQ, based on scores from the Matrix Reasoning subtest of the 

Wechsler Abbreviated Scales of Intelligence 2, was also collected. Phonological 

processing was assessed using the elision and the phoneme blending and phoneme 

isolation subtests of the Comprehensive Test of Phonological Processing-2. Repetition 

tasks were used to assess phonological working memory, and the Speech Assessment and 

Interactive Learning System was used to evaluate the participants’ recognition of 

production errors. Motor function was evaluated using sustained productions and rapid 

productions to rule out the presence of apraxia and dysarthria in the participants.  

This study utilized an ABACA/ACABA single case design with multiple 

baselines across behaviors and participants. There were two phases of treatment including 

principles of motor leaning with and without ultrasound. Participants were paired, and 

then randomly assigned to opposing phases. A counterbalanced form of treatment was 

used in which some participants received principles of motor learning with ultrasound 

treatment first while others received principles of motor learning without ultrasound 

treatment first. Each participant had two different syllable positions (i.e., onset singleton, 

onset cluster, nucleus, and coda) targeted in treatment with one syllable positon targeted 

per phase.  

Baseline data were collected 3-5 times twice per week prior to treatment. 3-5 

generalization probes were collected after phase one and again after phase 2. Each 

treatment phase consisted of 7 sessions. Generalization probes were also collected 

immediately post- treatment and again 2 months post-treatment. Each of the 4 syllable 

positions was assessed during probe data collection with 25 to 50 words per syllable 

position. Accuracy on the word list task was evaluated by at least three listeners who 
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were blinded to treatment. A 15 sentence imitation task was also utilized and accuracy 

was evaluated by two listeners.  

Treatment occurred two times per week for 60 minutes per session. Each session 

consisted of elicitation utilizing imitation, shaping, phonetic placement, and ultrasound 

visual feedback depending upon the phase. The criterion to advance to structured practice 

was 6 accurate productions of each target syllable. Structured practice included chaining 

to increase complexity systematically. While complexity was systematically increased 

verbal feedback was also systematically decreased.  Sessions were divided into four 13 

minute time periods. Ultrasound use was only provided for two of the 4 periods in the 

principles of motor learning with ultrasound phase while no ultrasound biofeedback was 

provided in the opposing condition.  

Results of this study indicated that most participants’ production accuracy 

increased for generalization probes in both conditions but to varying extents. The six 

participants who received principles of motor learning and ultrasound treatment in the 

first phase improved production by a mean of 31% and by a mean of 36% during the 

second phase.  The other six participants improved by a mean of 30% in the first phase 

and 28% in the second phase. Based on a benchmark of 15% to qualify a response to 

treatment, only 2 of the 12 participants failed to show a response to treatment. 4 

participants showed a greater than 15% advantage for treatment with ultrasound, 3 

participants showed a greater than 15% advantage for treatment without ultrasound, and 5 

did not demonstrate an advantage for either treatment. Significant improvement from pre- 

to post-intervention was also noted on the sentence imitation task across all participants. 

In their study, Cleland, Scobbie, Heyde, Roxburgh, and Wrench (2016) utilized 
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ultrasound technology to identify covert contrasts in the production of /t/ and /k/ in 

children with persistent velar fronting.  Covert contrasts are subtle differences in 

production of speech sounds that impact perception and indicate a speech sound disorder 

related to articulatory gesture. Traditionally, covert contrasts have been identified using 

acoustic measures such as voice onset time.  Instrumental measures for identifying covert 

contrasts including electropalatography and ultrasound biofeedback are also emerging in 

current literature. The authors of this study sought to determine if covert contrasts were 

present in the speech of children with persistent velar fronting and compare tongue 

shapes utilizing ultrasound biofeedback. 

The authors conducted two experimental studies including a group study and a 

single subject exploratory case study. The group study will be the focus for the purposes 

of this paper. It should be noted that two different studies utilizing the same participants 

were included within the group study- the Ultrax project and the Ultraphonix project. The 

discussion of this study will include the information collected from both projects. The 

group study included seven participants, aged 6:0 to 10:11, with persistent velar fronting 

in all positions. Standardized scores for each child were collected using the British 

Picture Vocabulary Scale. Accuracy of velar consonant production was examined 

utilizing at least two baseline probes with each child. Baseline 1 utilized the articulation 

and phonology subtests from the Diagnostic Evaluation of Articulation and Phonology. 

Participants also completed a wordlist production task to provide more information about 

production of velar sounds in a variety of contexts within 64 words. Inclusion criteria for 

the study required less than 20% accuracy for production of velars on the baseline probes, 

of which, at least two were completed.  
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The study utilized several measures including ultrasound recordings, auditory 

analysis in the form of broad phonetic transcription, and statistical analysis to determine 

if tongue shapes were significantly different. The results of the study showed that there 

was no evidence for covert contrasts when comparing /t/ and /k/ mid-sagittal tongue 

shapes at the stop burst within minimal pairs.  In the presence of overwhelming research 

indicating covert contrasts existing in individuals with speech sound disorders, the 

authors indicate that their findings were likely due to the nature of the disorder within the 

participants, which was noted as a simple case of phonological delay, and the limitation 

of judgement of production to only one acoustic feature- the stop burst portion of the 

sound.  

The four children from the Ultrax project, aged 6:0-8:0, with persistent velar 

fronting went on to receive treatment using ultrasound biofeedback in another study done 

by Cleland, Scobbie, Isles, and Alexander (2015a). The purpose of this study was to 

compare productions of /k/ and /t/ across time given intervention using ultrasound 

technology.  In terms of intervention, three participants (01M, 06M, 07F) received 1 

block of treatment for 12 sessions and the fourth participant (05M) receive 2 blocks of 

treatment for 12 sessions. Data were collected prior to therapy, mid-therapy, post-

therapy, and 6 weeks post-therapy to compare productions of /t/ and /k/ utilizing 

wordlists. Statistical analysis was conducted to measure significant differences in tongue 

height.  At the start of intervention each participant had negligible differences in tongue 

height when producing /k/ and /t/. At mid-therapy Participants 07F and 06M showed 

increasing differentiation. Participants 01M and 05M showed overshooting with 

abnormally large differences in tongue height. Post-intervention participants 07F, 01M, 
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and 05M showed tongue height differences commensurate with typically developing 

children. 6 weeks post-intervention all participants, with exception of 05M whose data 

were not available, demonstrated tongue heights commensurate with typically developing 

children. The results of this study indicate that the use of ultrasound biofeedback can be 

an effective intervention tool to remediate persistent velar fronting in children.  

An additional study conducted by Cleland, Scobbie, and Wrench (2015b) 

indicated that ultrasound technology is an effective tool in the remediation persistent 

speech sound disorders in children with a variety of lingual errors. Eight participants 

were included in the experimental case series, aged 6:0-10:1. Each participant’s abilities 

were assessed using four measures: receptive vocabulary was evaluated using the British 

Picture Vocabulary- Scales 3, receptive and expressive language were evaluated using the 

Clinical Evaluation of Language Fundamental-4UK, non-verbal abilities were measured 

using Raven’s progressive matricies,  and oromotor function was assessed using  the 

Robbins and Klee assessment of oropharyngeal motor development in young children. 

Two baseline probes were conducted at week 1 and week 6 utilizing the 

articulation and phonology subtests of the Diagnostic Evaluation of Articulation and 

Phonology and word lists. There was no contact between probes to establish stability of 

errors and analyze error patterns. Segment production accuracy on the wordlist was 

required to be less than 30% for inclusion in the study.  

The study included 12 weeks of intervention. Targets for intervention were 

selected based on the process with the highest number of errors excluding non-lingual 

errors and gliding.  These were the primary therapy targets. If accuracy on the primary 

target reached 80% during intervention other errors were then targeted. However, data 
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reported in the study only describe the primary target in order to present consistent 

maintenance data. Data collections for probes occurred at mid-therapy, post-therapy, and 

6 weeks post-therapy. Accuracy was measured using narrow phonetic transcription. Inter-

rater reliability was conducted by two students with phonetics training. Statistical 

analysis of production at midpoint and bursts was also utilized in addition to splines. 

Splines were averaged across each session providing an overall view of changes in the 

participants’ articulatory gestures. Each participant received 12 individual sessions for 1 

hour. Ultrasound biofeedback was provided for approximately 30 minutes during the first 

part of the session. Table top activities were utilized for the final 30 minutes of the 

session. Homework was provided to each child and was completed, based on parent 

report, 1-2 times per week.   

The results of this study were categorized according to participants with velar 

fronting, post-alveolar fronting, idiosyncratic backing, and idiosyncratic /r/. Three of the 

four participants displaying velar fronting errors surpassed the target accuracy level 

reaching 100% accuracy in the time following the mid-therapy data collection. The fourth 

participant required two blocks of treatment utilizing ultrasound visual feedback given 

lack of progress during first block likely due to his young age (6:5) and diagnosed 

attention problems as reported by the authors. Progress was noted during the second 

block of treatment one year later with participant reaching 100% accuracy at the 6 weeks 

post-intervention data collection. The participant displaying post-alveolar fronting (/s/ 

substituted for /ʃ/) achieved 100% production accuracy by the mid-therapy data 

collection. The participant displaying idiosyncratic backing (i.e., alveolar stops produced 

as velar stops, palatal stops, or the palatal lateral affricates) reached 100% production 
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accuracy for /t/ and /d/ by the post-treatment data collection. The final participant, who 

displayed idiosyncratic production of /r/ (i.e., /r/ substituted for palatal affricates) in the 

absence of any other errors reached production accuracy of 100% for the post-therapy 

data collection. All of the participants displayed maintenance of skills 6 weeks post-

treatment at an accuracy level at or above accuracy at the end of treatment, with the 

exception of the participant who demonstrated idiosyncratic backing.  

An experimental pilot conducted by Heng, Mccabe, Clarke, and Preston (2016) 

described the effects of ultrasound in the remediation of persistent speech sound errors in 

preschool children with typical development aside from velar fronting. The study 

included two children from Sydney, Australia aged 4:0 (Participant 1) and 4:11 

(Participant 3). The study utilized a single-study multiple baseline across subjects design. 

Each participant was randomly assigned to complete 3 or 4 baseline measures over two 

weeks. Participants received 6 treatment sessions in a total of 3 weeks. Three follow-up 

sessions were conducted weekly until 3 weeks post-treatment. Data collection occurred at 

baseline, prior to session 2, prior to session 4, and prior to session 6 or at follow-up.  

Probes consisted of 30 words including treated and untreated exemplars for /k/, 

/g/, and control phoneme /ŋ/ which differs by manner of articulation. A connected speech 

sample was also utilized to measure production accuracy. Targets included 15 words per 

velar phoneme across all word positions and within clusters. 10 of these targets were 

randomly selected for treatment while the remaining 5 words were used to assess 

generalization. Target words were elicited using picture cards selected at random.  

There were two phases for treatment: pre-practice and practice. During pre-

practice, ultrasound biofeedback was used on every production trial in addition to 
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modeling, acoustic highlighting, and verbal feedback. After 3 correct productions during 

the pre-practice phase, the participant progressed to the practice phase. The practice 

phase required production without ultrasound biofeedback with three minute breaks for 

motivating activities after every 25 trials. Treatment systematically progressed from 

production of both targets in syllables to single words to connected speech within the 

practice phase. A criterion of 80% accuracy was required to advance to the next level of 

complexity. The study’s cueing hierarchy included semantic cueing, followed by binary 

choice, and finally delayed imitation.  Participant 3 required ultrasound biofeedback on 

every trial and did not reach the practice phase of the study.  

Participant 1’s production accuracy for /g/ peaked at 33% at 3 weeks follow up 

and her production accuracy for /k/ peaked at 20% at 3 weeks follow up. The control /ŋ/ 

remained below 10% with no rising trend. Participant 3’s accuracy remained at 0% 

during the pre-practice phase across both targets and the control. This was likely due to 

Participant 3’s limited motivation and participation in therapy. The author reported that 

the low levels of accuracy presented in the data could be due to complexity of the 

production task given the age of the participant and the limited number of treatment 

sessions.  

Some special populations are indicated to have positive results given remediation 

of speech sound disorders using ultrasound biofeedback. One such study, Preston et. al 

(2013), addressed the use of ultrasound biofeedback in the treatment of childhood apraxia 

of speech (CAS). Children with CAS often have reduced speech intelligibility with 

persisting and inconsistent speech sound errors due to underlying impairments in 

planning for motor movements. Current CAS treatments include integral stimulation, 
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phonological awareness, and prompts for restructuring oral muscular phonetic targets 

technique. However, children with CAS may still exhibit persisting speech errors given 

these treatments. The authors of this study investigated ultrasound biofeedback as an 

alternative means to treatment for CAS in order to increase understanding of target 

tongue movements for sounds and potentially strengthen the connection between motor 

planning and motor movement within sound sequences. 

The study included six male participants with CAS, aged between 9:10 and 15:10, 

who had been receiving speech-language services since age two or three. The participants 

were reported to have made minimal progress towards accurate production of certain 

speech sounds. Errors demonstrated by participants included misarticulation of rhotic 

sequences, distortions/substitution of vowels and consonants (i.e., alveolars and 

affricates), and omissions within consonant clusters. The participants were treated twice 

weekly for 60 minutes per session for a total of 18 sessions utilizing ultrasound 

biofeedback. After two months, a follow-up assessment was conducted using the GFTA-

2, a sentence imitation task, and re-administration of probe lists. 

The study incorporated a multiple baseline across behaviors design replicated 

across each participant.  There were eight target sound sequences (total of 64 words) 

probed per child during each session, with two of these probes being treated per session.  

80% accuracy on one treatment probe for two consecutive probes allowed for the probe 

to be replaced with a new treatment probe. The number of targets treated varied across 

participants based on rate of progress. Productions were scored by listener judgment of 

two individuals. Results from the study indicated that in across participants, 23 of the 31 

sound sequences reached mastery level (80% accuracy for two consecutive sessions) in 
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an average of five sessions. Each participant reached criterion accuracy for at least two 

targeted sequences. It was noted that participant progress was mostly maintained at the 

two month follow-up. 

A study conducted by Roxburgh et. al (2015) examined the use of ultrasound in 

the treatment of speech sound disorders in two male children with repaired submucous 

cleft palates.  The authors sought to identify if ultrasound biofeedback agrees with 

phonetic transcription when determining accuracy of production and if the study 

participants’ speech would improve given treatment using ultrasound biofeedback and 

articulatory animations displaying overall tongue gesture.   

The study utilized a single-subject multiple-baseline design. Participant 1, age 

9:2, demonstrated backing of the alveolar phoneme /n/ to the velar phoneme /ŋ/. 

Participant 1 presented with micrognathia, hemifacial microsomia, microtia, and a mild 

unilateral conductive hearing loss. Participant 2, age 6:3, demonstrated backing of /k/ and 

/t/ to the glottal stop and fronting of /g/ to /d/ or /n/. Participant 2 exhibited micrognathia 

as well as microcephaly. Participants were treated for production of /n/ and /k, g, t/ 

respectively.  

 Accuracy of production was assessed with several data collections including two 

baseline collections, a mid-therapy collection at 11 weeks and 16 weeks, and 2 post-

treatment collections immediately after treatment and three months post-treatment. The 

phonology subtest of the Diagnostic Evaluation of Articulation and Phonology and 

wordlists were used to measure progress at each data collection. Data from the wordlist 

were phonetically transcribed. Each child received 7 weeks of treatment using 

articulatory animations alone followed by a therapeutic break for 5 weeks. Mid-therapy 
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data collections were obtained at the start and end of the therapeutic break. Following the 

therapeutic break, 7 weeks of treatment utilizing ultrasound biofeedback alone were 

conducted.   

The results of the study indicated progress in both participants utilizing 

articulatory animations and ultrasound technology. Participant 1’s accuracy for target 

sounds was below 10% at both baselines. Following treatment using articulatory 

animations, his accuracy increased to 20%. This progress was maintained during the 

therapeutic break. A very minimal regression of skills was noted when treatment, with 

ultrasound biofeedback concluded. He remained slightly below 20% accuracy three 

months post-treatment.  Participant 2’s accuracy was slightly below 20% accuracy at both 

baselines. Dramatic improvement was seen by the end of treatment with articulatory 

production accuracy reaching slightly above 70% accuracy. During the therapeutic break 

skills improved by 7-8%, and continued to increase to approximately 90% by the end of 

treatment utilizing ultrasound biofeedback. Participant 2 displayed a maintenance of 

skills at this level during the 3 months post-treatment data collection. The authors noted 

that reasons for more improvement within articulatory animations may have included its 

order in treatment, its increased context for passive articulators (i.e., hard palate, velum) 

as opposed to more difficult to interpret ultrasound images. Both participants stated, 

though, that they preferred ultrasound technology. More research is needed on the effects 

of ultrasound biofeedback in children with cleft palate.  

Research involving another special population included individuals with cochlear 

implants. Bacsfalvi (2010) investigated the use of ultrasound biofeedback to establish the 

components (i.e., lingual components including tongue retraction, tongue tip 
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curling/bunching, and grooving) for /r/ production in three adolescents aged 15-18 who 

had recently received cochlear implants. Participants had severe-profound hearing loss 

bilaterally. Participants had unilateral cochlear implants and a hearing aid for the other 

ear and had previously received traditional treatment, but were interested in remediating 

persistent error productions. Participant 1 also had a diagnosis of CHARGE syndrome.  

This study utilized a non-concurrent multiple baseline across participants. 

Treatment occurred in 3 phases including baseline, intervention, and follow-up. Lingual 

gestures were trained in isolation advancing to multi-component gestures, such as 

producing /r/ in isolation and at the word level. Participants were required to achieve 70% 

accuracy on gesture productions for three consecutive sessions. Treatment included 45 

minute weekly sessions for a total of 13 sessions.  Probes were administered every two to 

three weeks to assess generalization of /r/ at the word level. Participants 1 and 2 reached 

and maintained 100% accuracy of tongue root retraction, tongue tip curl, and grooving. 

Participant 3 received intervention for tongue grooving only as she was able to produce 

all other components given visual feedback during baseline measurements. She was able 

to reach and maintain 100% accuracy for this lingual component. The results of the study 

suggested that ultrasound technology would be useful for /r/ remediation in individuals 

with hearing loss. 

Although several research studies have been conducted to investigate the 

effectiveness of ultrasound technology in individuals with speech sound disorders, these 

studies are limited in that they primarily targeted the /r/ phoneme, included limited 

disordered populations, and participants were primarily adolescents.  

The current study is interested in addressing ultrasound treatment in young 
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children with hearing loss because research for this particular group is limited. Osberger, 

and Mcgarr (1982), reported after reviewing studies done by Carr (1953), Nober (1967), 

Huntington, Harris, and Sholes (1968) that in individuals with hearing impairment, 

“errors are less frequent for consonant phonemes produced in the front of the mouth (the 

labial and labiodental consonants) as compared to phonemes with a place of articulation 

at the middle or back of the mouth.” The authors further explained that this pattern of 

production is “attributed to the greater visibility of phonemes produced in the front of the 

mouth” where place of articulation can be easily seen.  Alveolar and velar sounds have 

middle and back place of articulation respectively. Ultrasound biofeedback could be 

beneficial in training these sounds, and other lingual sounds, by providing individuals 

with the ability to see place of production at any tongue position. 

The purpose of this study was to investigate the effectiveness of ultrasound 

biofeedback as a tool in speech intervention for increasing accurate velar and alveolar 

productions in children with cochlear implants. The present study adopted a single 

subject multiple baseline design across two participants. The present study will expand 

current knowledge related to ultrasound biofeedback in intervention for a variety of 

sound errors. 
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Chapter III 

Methods 

3.1 Participants 

This study included two monolingual, English-speaking female children with 

hearing loss. These children were referred from local speech-language pathologists in 

response to flyers as their speech characteristics met the criteria of the current study.  At 

the time of the pre-test, Child A was 4:7 and Child B was 6:0. They both had a medical 

diagnosis of bilateral sensorineural hearing loss. Additionally, they both received a 

treatment diagnosis of speech and language developmental delay due to hearing loss at 

the Texas Tech University Health Sciences Center Speech-Hearing Clinic. Both children 

were equipped with bilateral cochlear implants. Besides hearing, neither child 

demonstrated physical, mental, or emotional disabilities or gross structural or functional 

abnormalities following an evaluation of the oral mechanism. These children received 

speech intervention at their local schools, but biofeedback via ultrasound technology was 

not employed. While conducting data collection for the current study, target sounds were 

not treated with any other speech services.  

Child A case description  

Child A was diagnosed with a profound bilateral sensorineural hearing loss at age 

2:0. She received bilateral cochlear implants at age 2:9.  It should be noted, based on 

parent report, that Child A had a history of inconsistent use of her cochlear implants 

following implantation. Consistent use of implants is critical for the development of 

speech and language in a child with hearing loss.  Child A demonstrated a developmental 

delay as a result of hearing impairment. Child A’s speech characteristics were assessed 
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using the Goldman Fristoe Test of Articulation-2 (GFTA-2) Sounds-In-Words Subtest. A 

description of Child A’s abilities based on the GFTA-2 pre-test is as follows. Child A 

received a raw score of 37 which converted into a standard score of 71. The confidence 

interval at 95% was 65 to 77. She scored in the 7th percentile and received a test-age 

equivalent of 2-3.  

Child A demonstrated monosyllabic (i.e., CV, CVC, CCV), bisyllabic (i.e., 

CVCV, CVVC, CVCVC, CVCCV, CVCCVC, CCVCVC), and multisyllabic (i.e., 

CVCVCVC, CVCCVCC) shapes. Of her 53 total productions, Child A produced 58% 

monosyllable, 36% bisyllable, and 6% multisyllable word forms.   However, she mainly 

produced CV, CVC, and CVCV syllables shapes for more complex shapes.  

Percentage of Consonants Correct (PCC) was calculated by dividing the number 

of consonants correct by the total number of consonants and multiplying by 100 (Austin 

et al, 1997). Child A’s PCC was 46%, indicating a severe impairment based on Austin et 

al’s (1997) description of expected performance for conversational PCC.  

Table 1 details Child A’s vowel inventory. Child A produced all vowels except 

for /ɝ/. The vowel /ʊ/ does not appear in her inventory as it is not assessed using the 

GFTA-2.  According to Shriberg (1993), a child is expected to correctly produce all 

monothong vowels, except for rhotics, by age 4. These sounds include /i, ɪ, e, ɛ, æ, ə, ɚ, 

u, ʊ, o, ɔ, ɑ/. Thus, Child A shows vowel development appropriate for her age. 
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Table 1 Child A’s Vowel Inventory 

  

Table 2 shows Child A’s consonant inventory. Her phonetic inventory consisted 

of a variety of sounds appropriate for her age.  Child A’s phonemic consonant inventory 

included consistently accurate use of target sounds /p, b, t, d, s, z, ʃ, tʃ, m, n, r/. However, 

target phoneme /k/ was substituted with /t/ or /d/ in the initial position and frequently 

omitted in the final position in the contexts assessed. Consonant clusters including /k/ in 

the initial position were rarely produced accurately. Target phoneme /g/ was also 

substituted with /d/ in the initial position, omitted in final, and was not used in any 

consonant clusters accurately. 

Table 2 Child A's Consonant Inventory 

 

Phonological processes are a normal occurrence during the development of 

 Front Central Back 

High /i/ 

/ɪ/ 

 /u/ 

Mid /e/ 

/ɛ/ 

/ə/ /ɚ/ 

/ʌ/ 

/o/ 

/ɔ/ 

Low /æ/  /ɑ/ 

 Bilablial Labial-
dental  

Inter-
dental 

Alveolar Palatal Velar Glottal 

Stop p b   t d  k g  

Fricative  f θ ð s z ʃ  h 

Affricate     tʃ dʒ   

Nasal m   n  ŋ  

Liquid    l  r   

Glide w    j   
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speech and language. Processes that persist after a certain age, however, may be 

indicative of a delay or disorder. Child A demonstrated several processes that typically 

disappear by age 3:0 including final consonant deletion (36%), fronting (6%), affrication 

(2%), and reduplication (2%). She also demonstrated several processes that typically 

persist after 3:0 including cluster reduction/substitution (23%), gliding (4%), stopping 

(11%), deaffrication (2%), and alveolarization (2%) Child A did not demonstrate any 

non-developmental processes.  

Child B case description 

Child B was diagnosed with severe progressive senorineural hearing loss 

bilaterally. Child B utilized bilateral hearings aids from age 3:0 until she was implanted 

in her left ear at age 5:0 and in her right ear at age 5:5. Child B demonstrated 

developmental delay as a result of hearing impairment. Her speech characteristics were 

also assessed using the GFTA-2. A description of Child B’s abilities based on the GFTA-

2 Sounds-In-Words Subtest is as follows. Child B received a raw score of 24 which 

converted into a standard score of 74. The confidence interval at 95% was 66 to 82. She 

scored in the 3rd percentile and received a test-age equivalent of 3-3. 

Child B demonstrated use of monosyllabic (i.e., CV, CVC), bisyllabic (i.e., 

CVCV) and multisyllabic (i.e., CVCVC) syllable shapes. Of her 53 total productions, 

Child A produced 51% monosyllable, 45% bisyllable, and 3% multisyllable word forms.  

She produced CV, CVC, and CVCV syllable shapes for more complex shapes.  

Child B’s PCC was 21%, indicating a severe impairment based on Austin et al.’s (1997) 

description of expected performance for conversational PCC. 

 Table 3 details Child B’s vowel inventory. She produced all vowels with 
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exception of /ʊ/ which is not tested by the GFTA-2. Table 4 shows Child B’s consonant 

inventory.  Her consonant inventory included consistently accurate use of target sounds 

/p, b, d, k, f, θ, ð, tʃ, dʒ m, ŋ, r, w/. However, phoneme /t/ was substituted for /d/ in the 

initial position. It was also observed that /t/ was produced as /k/ in contexts where it 

followed back vowels. Phoneme /l/ was substituted for /j/ in the initial position and was 

not used in any consonant clusters accurately. Phoneme /s/ was substituted for /t/ in the 

initial position and was rarely used accurately in consonant clusters. Phonemes /t, l, s/ 

were used correctly in the final position in the majority of contexts assessed. 

Table 3 Child B's Vowel Inventory 

 
Table 4 Child B's Consonant Inventory 

 

Child B demonstrated several processes that typically disappear by age 3:0 including 

final consonant deletion (9%), prevocalic voicing (2%), and final consonant devoicing 

 Front Central Back 

High /i/ 

/ɪ/ 

 /u/ 

Mid /e/ 

/ɛ/ 

/ə/ /ɚ/ 

/ʌ/ /ɝ/ 

/o/ 

/ɔ/ 

Low /æ/  /ɑ/ 

 Bilablial Labial-
dental  

Inter-
dental 

Alveolar Palatal Velar Glottal 

Stop p b   t d  k g  

Fricative  f θ ð s z ʃ  h 

Affricate     tʃ dʒ   

Nasal m   n  ŋ  

Liquid    l  r   

Glide w    j   
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(2%). She also demonstrated several processes that typically persist past age 3:0 

including cluster reduction/substitution (19%), gliding (8%), stopping (13%), epenthesis 

(2%), depalatalization (2%), alveolarization (1%), and deaffrication (4%). She did not 

demonstrate any non-developmental processes.  

3.2 Experimental design 

This study utilized a single-subject, multiple-baseline-across-behaviors design 

replicated across two participants. A single-subject design was chosen because it is 

known as one experimental design that demonstrates the effectiveness of specific 

treatment. A single subject design is an appropriate design for obtaining viability of 

treatment before a larger scale of randomized control trials are implemented (Byiers, 

Reichle, & Symons, 2012).   

3.3 Target sounds and probes 

 Based on case descriptions and pre-test measures, /k/ and /g/ in a word initial and 

final positions and /t/, /l/, /s/ in a word initial position were selected for targets for Child 

A and Child B, respectively.  To evaluate treatment effects, probes were used in baseline, 

treatment, and in maintenance sessions (see Table 5). 
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Table 5 Experimental Probes 
Child A 

 
Word Final /k/ 

 
Word Initial /g/ 

 

 
Word Final /g/ 

 

 
Word Initial /k/ 

 
Lake 

Lick 

Sick 

Bike 

Neck 

Goose 

Good 

Gate 

Goat 

Girl 

Pig 

Bug 

Egg 

Bags 

Dog 

Cat 

Key 

Comb 

Car 

Cup 

 

 
3.4 Intervention 

 Participants were scheduled to receive treatment using ultrasound biofeedback 2 

times per week for 30 minutes for 9 or 10 weeks. Each therapy session included 

approximately 10-15 minutes of ultrasound usage to provide visual feedback using either 

the GE logic e with 8c curvilinear probe or the Interson PI 7.5 mhz ultrasound transducer 

connected to a Dell Precision laptop computer with a 17- in. Screen. Participants were 

familiarized with ultrasound equipment during early treatment sessions using methods 

such as clinician demonstration with equipment and a visual overlay of the oral cavity. 

Drill of articulator placement using the overlay was conducted at the start of each session 

 
 

Word Initial /t/ 

Child B 
 

Word Initial /l/ 
 

 
 

Word Initial /s/ 

Touch 

Tongue 

Tall 

Toad 

Toe 

Leg 

Lick 

Lace 

Lake 

Lamb 

Sad 

Seat 

Saw 

Sick 

Sun 
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to ensure client understanding of visual feedback provided by ultrasound. Participants 

also viewed recorded ultrasound videos of their lingual movements during treatment.   

These methods were used throughout the treatment program to ensure understanding of 

technology as it pertains to speech sound production. Target sounds in isolation, CV, and 

VCV syllables were targeted during ultrasound usage. 

Tabletop activities, including games and drill activities using stimulus words, 

were implemented during the next 10-15 minutes of the session. Finally, the last 5 

minutes of each session were dedicated to collecting data on participant-specific probe 

words in order to evaluate progress. Therapy sessions were video-recorded using a Sony 

HDR-XR150 camcorder. 

3.5 Transcription reliability 

Participants’ probe productions were recorded on a digital recorder for subsequent 

phonetic transcription using IPA. All of their productions were transcribed by the primary 

investigator. An undergraduate speech-language pathology student re-transcribed a 

randomly selected sample of words totaling 10% of each participant’s data set. The two 

transcriptions were compared to obtain inter-rater reliability, which was calculated by 

dividing the number of consistent transcriptions by the total number of consonants 

included in the random sample. The inter-rater reliability rating was 85% and 83.5% for 

Child A and B respectively on baseline, treatment, and follow-up data collectively.  
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Chapter IV 

 Results 

4.1 Child A results 

Child A’s performance accuracy for each probe collection can be found in Figure 

1. Three baseline probes (sessions 1 through 3) collected for experimental targets word 

final /k/, word initial /g/, word  initial /k/, and word final /g/ resulted in 0% accuracy. 

After establishment of the baseline, the experimental condition for final /k/ was initiated 

in session 4 and was discontinued when production accuracy of 100% was achieved 

during session 10. The same production accuracy continued at this level through session 

22, with exception of session 25, where a regression of accuracy to 75% occurred. 

Production accuracy of untreated initial /g/ was 0% for sessions 4 through 7 and 

remained below 20% for sessions 8 through 10. The experimental condition for initial /g/ 

was initiated in session 11 and was continued until the criterion of 70% accuracy was 

reached in session 21.  A regression of accuracy to 50% occurred during session 22. 

Production accuracy of untreated initial /k/was 0% for sessions 4 through 7. An 

increase in accuracy to 40% occurred across sessions 7 through 10, while accuracy for 

sessions 11 through 19 remained below 29%. A dramatic improvement was seen from 

session 19 to 20, when production accuracy increased from 0 to 38%. The experimental 

condition for initial /k/ was initiated in session 22, but it should be noted that Child A 

surpassed the criterion of 70% accuracy in session 21. The experimental condition for 

initial /k/ was discontinued after session 22, as the study reached its conclusion.   

Final /g/ was not treated during this study. Instead, it operated as a control to 

isolate the effects of treatment to the use of ultrasound technology to improve speech 
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sound production. It should be noted that correct production of final /g/ remained below 

20% for sessions 4 through 22.  This is an indication that the increase of production 

accuracy during intervention was mainly attributed to treatment effects.  

4.2 Child B results 

Child B’s performance accuracy for each probe collection can be found in Figure 

2. Three baseline probes (sessions 1-3) showed 0% accuracy for treatment targets word 

initial /t/, word initial /l/, and word initial /s/. Following establishment of the baseline, the 

experimental condition for initial /t/ was initiated in session 4. Production accuracy 

rapidly reached the criterion of 70% accuracy in session 6. The experimental condition 

was discontinued after session 7 when Child B’s accuracy reached the predetermined 

criterion.  Accuracy for initial /t/ remained above 80%, with the exception of regression 

to 66% accuracy in sessions 9 and 19.  

Production accuracy of untreated initial /l/ was 10% for session 4 and regressed to 

0% accuracy for sessions 5 through 6. The experimental condition for initial /l/ was 

initiated during session 8. Production accuracy reached criterion accuracy in session 14. 

Treatment was discontinued after session 14. Accuracy remained above 83%, with the 

exception of regression of accuracy to 67% in session 16.  

Production accuracy of initial /s/ remained below 20% for sessions 4 through 14. 

The experimental condition was initiated in session 15 and the criterion accuracy was 

reached in session 17. Accuracy continued to increase during sessions 18 to 19, reaching 

and remaining at 100% until the experimental condition was discontinued in session 20.   

4.3 Maintenance 

Maintenance of skills was assessed for both participants 2 weeks post-treatment 
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and, again, 2 months post-treatment using probes from the experimental treatment (see 

Figures 1 and 2). Child A produced final /k/ with 100% accuracy, initial /g/ with 64% 

accuracy, initial /k/ with 56% accuracy, and final /g/ with 20% accuracy 2 weeks post-

treatment during session 22. For maintenance assessment 2 months post- treatment 

utilizing treatment probes during session 23, she produced final /k/ with 80% accuracy, 

initial /g/ with 80% accuracy, initial /k/ with 60% accuracy, and final /g/ with 0% 

accuracy.  

Child B produced initial /t/ with 100% accuracy, initial /l/ with 100% accuracy, 

and initial /s/ with 67% accuracy 2 weeks post-treatment during session 21. For 

maintenance assessment 2 months post-treatment utilizing probes used in experiment 

during session 22, she produced initial /t/ with 80% accuracy, initial /l/ with 100% 

accuracy, and initial /s/ with 90% accuracy. 
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Figure 1: Child A’s Results 
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Figure 2: Child B’s Results 
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Chapter V 

 Discussion 

The purpose of this experiment was to examine the efficacy of utilizing 

ultrasound technology in the treatment of speech sound disorders in young children with 

hearing loss. Ultrasound technology was utilized as a visual aid to improve and 

monitoring of phonetic placement and motor movements for target sounds. Use of 

ultrasound technology for 10-15 minutes for a 30-minute session two times per week was 

associated with improved production of target phonemes in the target positions.  A total 

of 19 treatment trials were conducted for Child A and a total of 17 were conducted for 

Child B, resulting in attainment of criterion accuracy level in all targets for each child. 

The participants were trained to produce target phonemes accurately in isolation, words, 

and phrases during treatment. Experimental data were collected for production in words.  

5.1 Comparison to current literature as it relates to population 

 The current study evaluated the efficacy of ultrasound biofeedback for speech 

sound disorder intervention in children diagnosed with hearing loss, more specifically, to 

children with severe-profound sensorineural hearing loss and bilateral cochlear implants. 

The current body of research primarily focuses on elementary aged children and 

adolescents who have no remarkable developmental considerations apart from speech 

sound disorders (e.g., residual /r/ errors). Investigations of special populations such as 

childhood apraxia of speech (CAS) (Preston et al., 2013), cleft palate (Roxburgh et al., 

2014), and hearing loss (Bacsfalvi, 2010) are minimal. 

 The current study suggested that ultrasound produced improvements in speech 

sound errors in children with hearing loss that were previously resistant to treatment with 
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traditional therapy. Our findings were consistent with other studies that investigated 

special populations such as childhood apraxia of speech. Preston et al. (2013) reported 

improvements in targeted sound sequences in six participants with CAS. The authors 

indicated that linking motor plans with explicit visual feedback can facilitate improved 

speech production in children with CAS. 

 The current study’s findings were also similar, in part, to the findings of 

Roxburgh et al. (2014) in their investigation of ultrasound biofeedback for intervention in 

individuals with cleft palate. Mixed results were indicated in that Participant 1 exhibited 

little improvement for target productions whereas Participant 2 showed greater 

improvements with production accuracy reaching approximately 90%. These results 

might be accounted for by abnormalities in head anatomy and, therefore, resulting 

impacts on clarity of ultrasound images (i.e., inability to view tongue tip given mandible 

shadow resulting from micrognathia).  

 To our knowledge, only one study addressed ultrasound use in individuals with 

severe-profound hearing loss as did the current study. Bacsfalvi (2010) used ultrasound to 

train three types of lingual gestures (i.e., base of tongue retraction, retroflex or bunched 

tongue tip, and tongue grooving). Although the author argued that ultrasound technology 

was effective for improving the accuracy with oral motor gestures, these results should be 

interpreted with caution as current research indicates that ability to produce oral motor 

gestures does not improve production ability within speech (Lof, 2008). Thus, Bacsfalvi’s 

findings are limited in their application regarding the efficacy of ultrasound as a tool for 

intervention.   

 The findings of the current study provide additional information to the current 
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literature regarding the efficacy of ultrasound use in intervention for special populations, 

specifically children with severe-profound bilateral hearing loss and bilateral cochlear 

implants. However, given the limited research regarding special populations further 

research is warranted to draw conclusions about the efficacy of ultrasound biofeedback 

for intervention of speech sound disorders in children with hearing loss.  

5.2. Comparison to current literature as it relates to age of participants 

 Predominant studies in current literature investigated ultrasound use in 

adolescents (Adler-Bock et al., 2007; Bacsfalvi, 2010; Preston et al., 2016). These studies 

suggested that ultrasound biofeedback is likely to be effective for improving speech 

sound production within older children and adolescents. However, the current literature 

regarding the efficacy of ultrasound biofeedback minimally investigates its use young 

children although evidence of use of ultrasound with young children is emerging. 

 The current study applied ultrasound technology to two young children aged 4:7 

and 6:0 and found that ultrasound was feasible for children of a younger age. The 

findings of the current study were consistent with Cleland et al. (2015) in that slightly 

older children, aged 6:0 to 8:0, demonstrated production of velar sounds commensurate 

with their typically developing peers following intervention with ultrasound biofeedback. 

 Of the two children who participated in the current study, Child A, aged 4:7, 

demonstrated some degree of inattention and distractibility. Such issues related to attitude 

were observed in Heng et al. (2016). In their study, one participant was aged 4:0 and the 

other was aged 4:11. The study found that ultrasound biofeedback was not very effective 

for remediating velar fronting in these young children as the authors did not observe 

production accuracy at the predetermined criteria after six sessions. The authors noted 
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that the possible reasons for these results were multifactorial involving task complexity, 

limited number of treatment sessions, age of participants and lack of participation by the 

participant aged 4:0.  

 Although concerns related to attitude affected Child A’s rate of progress, she was 

still able to reach criterion accuracy levels for each target sound. It should be noted that 

Child A was very motivated to utilize the ultrasound equipment, specifically as it relates 

to manipulation of the hand-held probe. Child B, age 6:0, did not demonstrate 

distractibility during the study. She consistently maintained attention to the intervention 

task. Based on findings of the present study and previous literature, it is possible that 

ultrasound intervention may not be inappropriate for children near 4:0. However, children 

approaching 5:0 and older are likely to be better candidates for the use of ultrasound 

technology.  

5.3 Comparison to current literature as it relates to error type    

 Studies discussed in the current literature primarily investigated residual /r/ 

(Adler-Bock et al., 2007; Byun et al., 2014; Preston et al., 2016; Preston et al., 2013; 

Bacsfalvi, 2010). Evidence for the efficacy of ultrasound in targeting /r/ was consistently 

positive in these studies. Recently, studies investigating additional lingual errors have 

been emerging (Cleland et al., 2015a; Cleland et al., 2015b; Heng et al., 2016; Preston et 

al., 2014; Roxburgh et al., 2015). 

 The current study provided additional information for the use of ultrasound in 

remediation of a variety of lingual sounds. It also addressed positional aspects of the 

target sounds by investigating /k/ and /g/ in both word final and initial positions. The 

findings of the current study were consistent with Cleland et al. (2015a) in that they 
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found that ultrasound was effective in remediating persistent velar fronting over time. 

Similarly, Heng e al. (2016) reported improvements in velar consonants to the criterion 

accuracy in one of the two participants included. Additional studies conducted by Cleland 

et al. (2015b) and Roxburgh et al. (2015) also yielded improvements in velar production. 

Collectively, these findings suggest that persistent velar consonant errors can be 

improved by utilizing ultrasound technology within intervention for speech sound 

disorders. 

 In addition to velar consonants, the current study also targeted alveolar 

consonants /t/, /l/, and /s/ and found that ultrasound biofeedback improved production 

accuracy for these sounds. To our knowledge only one study (Preston et al., 2015) 

examined /s/ in varying contexts. The results of this study were similar to findings of the 

current study. No studies in the current literature examine /t/ and /l/, making this study 

the first of its kind to examine these sounds and demonstrate positive improvements in 

production accuracy. However, this study only examined these alveolar consonants in 

one child. Further studies in multiple children are needed to draw additional conclusions 

about the effectiveness of ultrasound biofeedback for a variety of lingual sounds.  

5.4 Limitations and future directions related to the current study 

 This study was limited by several factors including factors related to the 

participants and the study’s design/methodology. Both participants in this study were 

very motivated to use ultrasound technology and were consistently encouraged to use 

target sounds accurately at home by caregivers.  Additionally, participants continued 

receiving speech therapy services using non-experimental targets within the school 

setting. These factors could have demonstrated effects on experimental treatment results, 
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negatively impacting our ability to conclude that ultrasound biofeedback was likely the 

primary reason for improvement. Participant attitudes also played a role in the outcome 

of this study. Child A demonstrated distractibility and inattention during intervention 

sessions, unlike Child B, that may have negatively impacted her rate of progress.  

Solutions to this could have been extending the duration of the study, reducing the 

intensity (i.e., duration) of treatment sessions, and increasing the frequency of treatment. 

In terms of design and methodology, the experimental probes utilized complex 

speech production tasks for children developing speech. In some instances, experimental 

probes lent themselves to errors of assimilation (e.g., initial /g/ targets for child A) based 

on child error patterns. It should be noted, however, that experimental stimuli for initial 

/g/ included simpler targets such as go and gum during production training employing 

ultrasound.  In other instances, complexity of experimental probes was increased due to 

utilization of the marked phoneme (i.e., initial /k/, initial /t/, initial /s/) as a target sound. 

Although each child achieved criterion accuracy, the complexity of the experimental 

probes may have affected their rate of progress and maintenance of skills.  

Another limitation of this study was its use of control variables.  A control 

variable existed for Child A, however, no control variable was utilized for Child B. This 

negatively impacts our ability to draw conclusions about the effectiveness of treatment in 

Child B. One remediation to this would have been controlling for changes in the 

unmarked phonemes in order to assess production skills given acquisition of marked 

phonemes in both children. This study did not reflect any gender differences as both 

participants were female. The factors associated with development of speech sounds and 

cessation of phonological processes are known to be affected by gender variations 
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(McCormack & Knighton, 1996).  

Finally, production of targets was only examined in monosyllabic words for the 

current study. Additional treatment sessions may have allowed for probing the effects of 

ultrasound biofeedback in the production of phrases and simple sentences. Further study 

is warranted in complex speech utterances. The results of this experiment may be 

extended to other children with characteristics similar to this study’s participants, 

providing potential implications for clinical intervention in speech sound disorders in 

young children with hearing loss.  However, to assess generalization of treatment to 

larger populations with hearing loss, additional large randomized, controlled studies are 

needed. 
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