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Abstract

Objective: This study aimed to determine whether increased raising of the back of the tongue is evident in children with repaired
cleft palate with or without cleft lip (CP+/-CL). We hypothesized that children with CP+/-CL would show increased raising of the
tongue dorsum, a compensatory pattern.

Method: Secondary data analysis of mid-sagittal ultrasound tongue imaging data from 31 children with CP+/-CL and 29 typically
developing children were used. We annotated the consonants /[, t, s, k/ at the point of maximum constriction in an /aCa/ envi-
ronment. Children with CP+/-CL said the tokens |0 times, typically developing children said them once. We automatically fitted
splines to the tongue contour and extracted the Dorsum Excursion Index (DEI) for each consonant This metric measures the
relative use of the tongue dorsum, with more posterior consonants having higher values. ¥We compared DEI values across groups
and consonants using a linear mixed effects model. DEl was predicted by the interaction of consonant (baseline: /[/) and speaker
type (baseline: TD), including by-speaker random slopes for consonant and random intercepts for speaker.

Results: Overall DEl was not higher in children with CP+/-CL compared to typically developing children. Between groups the only
significant difference was the position of /k/ relative to /[/, where the difference between these two consonants was smaller in the
children with CP+/-CL.

Conclusions: There was no support for the hypothesis that increased raising of the tongue dorsum is a common characteristic in
children with repaired CP+/-CL. However, individual children may present with this pattern.
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maintaining a high tongue body position, even when anterior
consonants are produced at the correct place of articulation,
could also arise from an attempt to compensate for velophar-
yngeal dysfunction. Trost’® terms this “lingual assistance”.
This high tongue body posture may persist after successful
surgery to improve velopharyngeal closure due to early mis-
learning.” This can lead to difficulties with intelligibility and
potentially a tongue position that is different from speakers
without CP+/-CL.

Introduction

Speech differences are common in children with cleft palate
+/- lip (CP+/-CL) and can persist after surgery.' Even when
velopharyngeal function is adequate, lingual articulation may
be affected due to the shape of the maxillary arch; compensa-
tory strategies (such as blocking a fistula, or compensating for
velopharyngeal dysfunction); and related articulatory mislearn-
ings.? As part of these errors, speakers with CP+/-CL may
show increased raising of the back or body of the tongue® com-
pared to speakers without CP+/-L.

This pattern of maintaining a high tongue body position and
articulating more with the back of the tongue can lead to
backing errors, for example producing anterior consonants
such as /t,d,n/ at a more posterior place of articulation.
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Alternatively, speakers may produce double articulations
where both the tip and the body of the tongue articulate simul-
taneously.® Tt is also suggested that the phenomenon of
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The standard method for identifying most compensatory
articulations, including backing errors, in CP+/-CL is with per-
ceptual evaluation.' Using this method, the Speech and
Language Therapist (SLT) listens to the speaker and uses
symbols from the Intemational Phonetic Alphabet, and the
extended version for disordered speech, to transcribe and
then categorise errors. In many cases the errors may be
straightforward substitutions with phonemes of the target lan-
guage, however, in the case of CP+/-CL, the errors are often
sounds which do not occur in the target language. For
example, backing to a pharyngeal place of articulation is
common, as are glottal articulations and these speech sounds are
not phonemes of English, making them more difficult to detect
and transcribe in English-speaking children.® Nevertheless,
narrow phonetic transcription can be reliably used to identify
backing errors,’ even if there is some disagreement on the partic-
ular symbol used. However, in the case of an abnormally high or
retracted tongue position during anterior consonants, this is less
likely to be transcribed as an incorrect consonant production but
could be perceived as a problem with oral resonance or voice
quality.® While abnormal resonance can be detected perceptually,
attributing any difficulties in this area to tongue posture is difficult
without instrumental analysis. Likewise, acoustic analysis can be
used to identify errors such as pharyngeal fricatives’ but there is
no easy way to use it to identify increased raising of the tongue
body. This can be achieved with articulatory instrumentation
such as x-ray imaging® Michi and colleagues® demonstrated
that the tongue back was raised towards the velar region of the
hard palate and the anterior soft palate in children with CP
+/-CL who also presented with increased contact or retracted
tongue-palate contact patterns measured with electropalatography
(EPG). However, EPG only allows visualization of tongue palate
contact from the alveolar to velar region. It does not allow visual-
ization of articulations where the tongue does not make full contact
with the hard palate, such as open vowels, or post-velar articula-
tions, such as pharyngeals which are common in CP+/-CL. Nor
does it allow visualization of a raised tongue dorsum, unless this
results in tongue palate contact. Gibbon, Smeaton-Ewins and
Crampin® demonstrated that children with CP4+/-CL are more
likely than typically developing children to produce vowels, partic-
ularly high vowels, with abnormal amounts of tongue palate
contact. Therefore, increased tongue palate contact may be a key
indicator of overuse of the tongue dorsum and has been reported
extensively in the literature.*

However, there are limitations with using EPG, and indeed
x-ray which uses ionizing radiation, to identify increased
raising of the tongue dorsum. Firstly, EPG requires a custom-
made dental plate for each user. Secondly, this dental plate may
fit for only a limited length of time in children who are under-
going orthodontic treatments or changing dentition.’ Both of
these criteria may have led to selection bias in previous
studies of articulation in CP+/-CL, that is children were
included in studies where they were candidates for EPG
therapy, in other words children with more severe or intractable
speech problems.’® Ultrasound tongue imaging (UTT), however,
requires no individualized hardware, making it easier to apply

to larger groups of speakers with CP+/-CL. UTI can be used to
image the tongue in either a mid-sagittal or coronal view.
Moreover, unlike EPG, it allows visualization of tongue
shape and movement, with articulations such as pharyngeals
clearly visible. The mid-sagittal view is most used for both
research/assessment'® and biofeedback.!' In this view most
of the tongue is visible, including the root. However, the
tongue tip and part of the root are in shadow from the mandible
and hyoid bone respectively. Ultrasound videos of articulations
can be viewed at seeingspeech.ac.uk.'? UTI has suffered from
slow adoption into the CP+/-CL clinic for a few reasons.
Firstly, analyzing ultrasound is difficult and time consuming. '°
In order to analyze images, the surface of the tongue must be
tracked, and then co-ordinates exported and analyzed. Until
recently this has been a time-consuming process, with annota-
tors drawing lines on the images by hand. This problem is now
largely solved with automatic tracking available,'* in some
cases, including estimation of the tip of the tongue’s position.'*
A small number of studies have used UTI for measuring artic-
ulation in speakers with CP+/-CL.

Bressmann and colleagues'> investigated compensatory
articulations during productions of /k/ in five speakers with
CP+/-CL. By visually inspecting the ultrasound images, they
identified compensatory articulations including pharyngeal
stops and mid-palatal stops. A larger study of 35 children
with CP+/-CL took a similar visual inspection approach.
Cleland et al'® used UTI as an additional modality to
support the phonetic transcription of speech from individuals
with CP+/-CL. They showed that using UTI increases the reli-
ability of phonetic transcription and allows the SLT to identify
compensatory or disordered articulations such as increased
contact; retraction; fronting; complete closure; uvular or pharyn-
geal articulations; double articulations; increased variability;
abnormal timing; and retroflexion. However, neither of these
studies attempted to quantify lingual articulations, which may
be important for comparisons to typically developing speakers.
A further small study of two children with submucous CP
+/-CL used articulatory t-tests to compare perceptually neutral-
ized phones and found some evidence of covert contrast.'’
However, this study focuses on within-speaker comparisons,
rather than comparisons to typical speakers. In fact, instrumental
articulatory studies of speech from people with CP+/~CL have
been characterized by not only a lack of normative data, but
also by a lack of comparisons between speakers with overt
speech disorders and those with no obvious speech difficulties.*
In the case of EPG, this has been because the cost of EPG may
lead clinicians, and to a lesser extent researchers, to prioritise
EPG for speakers where it can also be used as a biofeedback
therapy. These issues are overcome with UTI which can be
used with multiple speakers with no additional costs.

For UTI to be useful for measuring raising of the back of the
tongue, metrics are required which allow comparison between
speakers and between speech materials. Zharkova'® suggests a
range of metrics for quantifying tongue shape and movement
in speakers with CP+/-CL, although this particular study,
and a follow-up,'® do not test these with speakers with CP
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+/-CL. Of these the “Dorsum Excursion Index” is most rele-
vant for measuring raising of the tongue dorsum.

The Dorsum Excursion Index

The Dorsum Excursion Index (DEI) is a scalar metric and
therefore not sensitive to differences in rotation, translation,
or tongue size,'” making it a useful measure for comparing
children of different sizes and ages. The measure is designed
to directly assess the extent of tongue dorsum, or back,
involvement during articulations.'® For the purposes of the
measure, Zharkova (2013:485) defines the location of the
tongue dorsum as “opposite the midpoint of the straight line
traced between two ends of the midsagittal tongue curve”
(see figure 1).

To calculate the DEI, first, the surface of the tongue at the
point of interest- either mid-consonant or vowel or the frame
of maximum excursion- is traced with a “spline” and then a
straight line (n) is drawn between each end of the curve and
the midpoint found. A perpendicular line (d) is drawn from
this midpoint to the spline and a ratio (d/n) calculated.
Figure one illustrates calculation of DEI for a A/ articulation
(green), a /k/ articulation (blue) and a [q] articulation (red) pro-
duced by a typical adult speaker where DEI is the ratio of d/n.
Since DEI is a ratio measure which can be calculated irrespec-
tive of translation or rotation, it is important to note that it is a
measure of tongue shape, not place. That is, more bunched
shapes have higher DEI values and flatter shapes have lower

DEI values, but retraction or place of articulation cannot be
assumed.

A follow-up paper'® to Zharkova'® validates the DEI scores
with six typical adult speakers. In these speakers, DEI for /k/ is
greater than other consonants, particularly within the context of
an /a/ vowel, although the measure did not so readily differen-
tiate other consonants from each other. A higher DEI value
would correspond to sounds that are produced both high and
with the back of the tongue, while sounds produced in other
positions within the oral cavity (front, or in particular back
and low) would yield lower DEI values. Given that the DEI
was designed specifically to measure increased raising of the
tongue dorsum in speakers with CP+/-CL,'® but has not yet
been tested with this population, the current study uses this
metric to compare speakers with CP+/-CL to typically devel-
oping speakers.

Ethics

Ethical approval for this study was granted by the first author’s
university and by the NHS West of Scotland Research Ethics
Committee. All participants and their carers gave signed
consent.

Aims and Hypotheses

This study aims to determine whether increased raising of the
tongue dorsum is evident in children with repaired CP+/-CL,
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Figure |. Example tongue splines for calculation of dorsum excursion index. Blue =/k/, Green = /t/, red = [q], with the tongue tip to the right.
A line, n, is drawn between the ends of the spline and the midpoint found. A perpendicular line, d, is drawn and the dorsum excursion index is
calculated as d/n. DEI values are green=0.34, blue=0.49 and red=0.54.
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as reported in previous studies.* We aim to compare children
with CP+/-CL to children without CP+/-CL, by measuring
DEI from ultrasound tongue images in a range of lingual high-
pressure consonants. We also aim to report DEI values for typ-
ically developing children to supplement the data currently
available for six typical adult speakers'® and provide norms
for future studies.

The hypotheses are follows:

1. DEI will be significantly higher across all consonants in
children with CP+/-CL, representing increased raising of
the tongue dorsum

2. DEI will be higher in both groups for consonants involving
the tongue dorsum, specifically /k/.

Materials and Methods

This study makes use of two open access data sets from the
Ultrasuite corpus®: the Ultrax Typically Developing and the
Cleft data set. Both comprise high-speed UTI recordings of
speech materials designed to sample consonants of English
for speech assessment purposes. Since we make use of pre-
existing data, there were differences in the speech materials
and recording set up for both groups of speakers which we
describe below.

Speakers with Cleft Palate +/- Cleft Lip

This dataset comprises recordings from 39 children with CP
+/-CL aged three to 12 (M =70, 2;4). These data are also
reported in Cleland et al.'® Data were collected from children
attending routine appointments over a 12-month period at a
specialist cleft speech and language service. Inclusion criteria
were syndromic or non-syndromic CP+/-CL, age 3-15 years,
and English spoken at home and/or in school. The dataset
includes children with all levels of intelligibility, including
children with only mild speech problems. Children with cleft
lip only, severe learning disability, or no speech were excluded
from the dataset. Of the 39 participants, four participants’ data-
sets were excluded due to issues of audio and ultrasound video
synchronisation, three participants’ datasets did not include
sufficient ultrasound video for analysis, one participant’s ultra-
sound was of insufficient quality and one participant’s dataset
was corrupted. This left 31 participants for analysis. Table 1
contains biographical and medical information for the speakers
with CP+/-CL.

Materials. Speech materials comprise (1) counting from one to
10, (2) ten repetitions of all voiceless (or voiced where neces-
sary) obstruents and sonorants in /aCa/, (3) sentences from the
GOS.SP.ASS.’98,%! and (4) five minimal (pair) sets containing
contrasting common substitutions for /s, /, t/, t/ in a variety of
vowel environments (for example, “seat, sheet, cheat, team,
keep”). The full list is available in Cleland, Wrench, Lloyd
and Sugden® (see p27). For this study the ten repetitions of
consonants were included for analysis. We selected /k, t, s, [/

as high-pressure consonants representative of a variety of
places and manner of articulation.

UTI Recording Set-Up. High-speed UTI data were acquired
using a Micro machine controlled via a laptop running the
Articulate Assistant Advanced software™ version 2.17*'
which recorded both audio and UTI. The echo return data
were recorded at ~100 fps over a field of view of either 144°
or 162°. The field of view was selected with the probe posi-
tioned to allow the greatest view of the tongue, including
both the hyoid and mandible shadows. The microconvex US
probe was stabilized with a custom-made lightweight flexible
plastic headset. For 6 children the probe was held in place by
hand, either because the headset was too big, or the children
requested not to use the headset. This may have affected the
quality of the images, however DEI can be computed irrespec-
tive of translation and rotation. Data were collected in a quiet
room at the Glasgow Dental Hospital before or after a
routine appointment.

Typically Developing Speakers: Ultrax Typically
Developing

This dataset comprises 58 speakers (31 female and 27 male),
aged 5-12 years (M=9;7, SD=2;1) from the east of
Scotland. The dataset comprises two subsets of 30 and 28 chil-
dren respectively, in subset one a wide selection of consonants
and vowels were collected, in subset two data were designed to
test whether children could learn non-English articulations and
is therefore not of interest to this study. Speech materials in
subset one were similar to the cleft dataset and were therefore
appropriate for inclusion in this study. All children were mono-
lingual English speakers and had typical receptive vocabulary
as measured by the British Picture Vocabulary Scale?® and
speech skills as measured by the Diagnostic Evaluation of
Articulation and Phonology screen.”* None of the children
made errors in production of the speech materials below.
One child was excluded as he had a receptive vocabulary
score outwith the normal range, leaving 29 participants’ data
for analysis. Note, given the use of secondary data we were
not able to match the groups for age and therefore the TD chil-
dren were slightly older than the children with CL+/-P (#58) =
4.53, p<.001). See table 1 for demographic details.

Materials: Typically Developing Children. Speech materials com-
prised: 1. The Diagnostic Evaluation of Articulation and
Phonology Diagnostic Screen”* 2. Most consonants of
English in a VCV environment with the Scottish English
vowels /i,a,u/ 3. The Scottish English vowels in a CVC envi-
ronment, where the C was a bilabial 4. A range of English clus-
ters in words and 5. A task designed to teach children
non-English speech sounds using ultrasound biofeedback.”
For this study we selected the consonants /k, t, s, [/ in an
/aCa/ environment to compare to the cleft dataset. Note,
there was only one repetition of these, rather than 10.
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Table 1. Demographic data for children with Cleft Lip and Palate and typically developing children.

Dataset Participant No. Sex Age (years; months)  Cleft type Additional medical diagnoses Languages
Cleft 0l M 10,05 BCLP none English
Cleft 03 F 0501 UCLP none English
Cleft 05 M 10,03 UCLP none English
Cleft 06 M 09:08 UCLP none English
Cleft 07 M 09;02 UCLP none English, Spanish
Cleft 08 M 04,07 UCLP none English
Cleft 09 M 09:08 UCLP cluttering/stuttering English
Cleft 10 M 07:,07 UCLP none English
Cleft I M 04,05 CP none English
Cleft 12 F 0501 CP Stickler syndrome English
Cleft K] F 0502 CP none Gaelic, English
Cleft 14 F 05;10 BCLP none English
Cleft 15 F 04,09 UCLP tonsil and adenoidectomy English
Cleft 16 M 09;,07 UCLP none English
Cleft 17 F 04,04 BCLP none English
Cleft 18 F 0511 UCLP none English
Cleft 19 F 03,09 CP Treacher Collins syndrome English
Cleft 20 F 07,05 CP none English
Cleft 21 M 0911 CP none English
Cleft 22 M 10,01 CP none English
Cleft 23 F 12,02 BCLP none English
Cleft 24 M 06,05 CP Stickler syndrome, micrognathia  English
Cleft 25 M 0411 CP none English
Cleft 26 M 04,04 BCLP none English, Turkish
Cleft 27 M 04,00 UCLP none Azerbaijani, Persian, English
Cleft 28 F 08;,09 BCLP none English
Cleft 29 F 07:09 CP Pierre Robin, micrognathia English
Cleft 30 F 07:07 CP none English
Cleft 31 F 05,04 CP none English
Cleft 32 M 05,08 UCLP none English
Cleft 33 M 06;,04 UCLP developmental delay English
Cleft 34 M 0503 CP Pierre Robin English
Cleft 35 M 03;07 UCLP none English
Cleft 36 M 05;10 BCLP none English
Cleft 37 M 07:00 BCLP none English
Cleft 38 F 04,09 CP none English
Cleft 39 M 700 CP none English
Group 2M M=70

IS5F SD=2;4
Ultrax TD 2 M ;10 - none English
Ultrax TD 3 M 1,09 - none English
Ultrax TD 4 F 10,05 - none English
Ultrax TD 6 M %l - none English
Ultrax TD 7 F %10 - none English
Ultrax TD 8 F 9:04 - none English
Ultrax TD 9 M 808 - none English
Ultrax TD 10 F 609 - none English
Ultrax TD 11 F 1,03 - none English
Ultrax TD 12 M 801 - none English
Ultrax TD 13 M 608 - none English
Ultrax TD 14 F 1,07 - none English
Ultrax TD 15 M 12,04 - none English
Ultrax TD 16 M nio- none English
Ultrax TD 17 F 1210 - none English

(continued)
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Table I. (continued)

Dataset Participant No. Sex Age (years; months)  Cleft type Additional medical diagnoses Languages
Ultrax TD 18 M 10,08 - none English
Ultrax TD 19 F 702 - none English
Ultrax TD 20 M 12,06 - none English
Ultrax TD 21 M o - none English
Ultrax TD 22 F 508 - none English
Ultrax TD 23 M 702 - none English
Ultrax TD 24 F 12,02 - none English
Ultrax TD 25 F 8,07 - none English
Ultrax TD 26 M 10,00 - none English
Ultrax TD 27 F nio- none English
Ultrax TD 29 F 703 - none English
Ultrax TD 30 F nio- none English
Ultrax TD 31 F 10,05 - none English
Group M=13 M=9;7

F=15 SD=2;1

Table Note: BCLP: Bilateral cleft lip and palate; UCLP: Unilateral Cleft Lip and Palate; CP: Cleft palate only.

UTI Recording Set Up. The Ultrasound recording set up was
similar to the cleft data set with the exception that the data
were recorded with an Ultrasonix RP machine with a slightly
higher frame rate of 121fps and a 112.5 degree field of view
in the mid-sagittal plane. A metal headset was used to stabilise
the probe. Comparisons between the lightweight plastic
headset used for the cleft dataset and the metal version, show
them to be similar.>’

Ultrasound Data Annotation

For both sets of data splines were fitted at the point of maximal
lingual gesture/excursion of the consonant using AA A software.?®
The frame with the maximal lingual gesture was identified man-
ually by observing frame by frame within the consonant closure
phase for stops and duration for fricatives. A spline was fitted
to indicate the surface of the tongue using semi-automatic edge
detection from the AAA software, which has recently been vali-
dated as a reliable method for tracking ultrasound tongue
images." If small corrections were required, they were retraced
manually using the AAA “snap-to-fit” function.

Phonetic Transcriptions CP+/-L Group

For the children with CP+/-L ten repetitions of a range of conso-
nants in an /aCa/ environment were phonetically transcribed by
two clinicians who were experts in speech sound disorders
using both the audio and ultrasound information. The full conso-
nant set was : / pm.f,w,0.t,n,s,LL[,j,k,n,t[ /. The full method and
results of these phonetic transcriptions is described in detail
Cleland et al.'® In short this involved watching the ultrasound
while transcribing and noting both a phonetic transcription and
a classification of errors identifiable with the ultrasound image
such as undershoot where the tongue approaches an articulatory
target but does not reach it. Errors were classified as either

developmental or non-developmental/cleft speech characteristics.
Developmental/phonological errors and cleft speech characteris-
tics were classified according to the processes listed in McLeod
and Baker” (p152-158 and pS53 respectively) and tabulated
(see table 2). Phonetic transcription results are presented for infor-
mation, but not further analysed.

Calculation of DEI

DEI measures were automatically extracted for each of the con-
sonants from every speaker and exported to a .csv file. AAA
uses the DEI formula specified by Zharkova'® and described
in the introduction. Higher DEI values indicate more dorsum
excursion.

Statistical Analyses

Statistical analyses were carried out using R Studio™ and data
wrangling was performed using the ‘tidyverse’ package.”® A
linear mixed effects model was run to test whether consonants at
different places of articulation, /k, t, s, [/, differ in DEI within TD
children, and between TD children and children with CP
+/-CL.*® The outcome variable was DEI, which was normally dis-
tributed upon visual inspection. The predictors were Diagnosis (TD
was chosen as a baseline), Consonant (/f/ was chosen as a baseline
due to its intermediate postalveolar place of articulation), and the
interaction between the two. The model' also included random
intercepts per speaker, accounting for the possibility that each
speaker might have a systematically different DEI pattern. The
model also included by-participant random slopes per consonant,
to account for the possibility that each consonant might have a sys-
tematically different pattern within each child.

To test the effect of consonant on DEI within children with
CP+/-CL, a linear mixed effects model was run on a subset
containing the data of only children with CP+/-CL. It included
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DEI as an outcome variable and consonant as a predictor (/[/ as
baseline). It included the same random effects as the previous
model: random intercepts per speaker and by-speaker random
slopes per consonant.

Results

Table 2 shows the error analysis for the children with CL
+/-P. The typically developing children made no errors and
are therefore not included in the table. Note both the wide
range of errors and the presence of both developmental
errors and cleft speech characteristics. Table 3 summaries the
mean DEI per group and consonant. For the typically develop-
ing children, DEI values were within one standard deviation of
the means presented by Zharkova'® as normative data, though
note the DEI for /k/ was towards the lower end of this range.
For the children with CP+/-CL, the DEI for /k/ was outwith
the values given by Zharkova'® (0.36 compared to 0.51),
however, all DEI values for this group were within one stan-
dard deviation of the typically developing children’s values.

The effects of group and consonant and their interaction on
DEI are summarized in Table 4.

Table 3. Dorsum Excursion Index central tendency and spread
values.

Group
Typically Developing Mean  Cleft Lip and Palate Mean
Consonant  (SD) (SD)
/ 0.25 (0.08) 0.29 (0.11)
k 0.45 (0.14) 0.36 (0.13)
s 0.22 (0.07) 0.25 (0.10)
t 0.24 (0.05) 0.23 (0.09)

The results suggest that in TD children DEI is significantly
higher for /k/ than for /[/, and DEI is significantly lower for /s/
and /t/ than for /[/. These outcomes are consistent with the pre-
diction that more posterior places of articulation are associated
with higher DEL.

When comparing TD children and children with CP+/-CL,
the only significant difference was between the position of /k/
relative to /f/. The negative coefficient f#=-0.09, suggests that
the difference in DEI between /k/ and /[/ is smaller in children
with CP+/-CL than in TD children. This is also illustrated in
the left hand panel of Figure 2. This result is not consistent
with our hypothesis that children with CP+/-CL would have
higher DEI than TD children due to increased raising of the
tongue dorsum caused by a history of difficulty achieving velo-
pharyngeal closure. In fact, it appears that the children in this
study with CP+/-CL had a tendency for the developmental
pattern of velar fronting. This is further explored below.

There were no significant differences between the two
groups of speakers in the position of /f/ on its own, and of /s/
and A/ relative to /f/. These results also do not provide
support for the expectation of higher DEI in the CP+/-CL
group.

The results of the second model shown in table 4 suggest
that there was an effect of consonant on DEI in the CP+/-CL
group only. /k/ had significantly higher DEI than /[/, and /t/
had significantly lower DEI than /[/. Both results are consistent
with the prediction that the more posterior the place of articu-
lation, the higher the DEI. There was no significant difference
between /[/ and /s/, which is perhaps a result of the higher var-
iability in DEI per consonant within the CP+/-CL group than
in the TD group, which is also illustrated in Figure 2.

To explore further the relatively lower DEI for /k/ in the CP
+/-CL group, the right hand panel of Figure 2 shows DEI per

Table 4. Results of the linear mixed effects model | focusing on the effect of consonant and diagnosis on DEl and model 2 focusing on the

effect of consonant on children with cleft only.

Model |

Predictor Estimate Std. Error df t-value p-value

Intercept (TD, /[/) 0.27 0.01 70.58 21.29 <0.001 ok
consonant (TD, /[/ :/k/) 0.13 0.02 63.87 756 <0.001 ok
consonant (TD, /[ /:/s/) —0.04 0.02 7843 -2.33 0.02 *
consonant (TD, /[ /:/t/) —0.04 0.01 8292 -2.66 0.01 *
diagnosis (/[/, TD:CLP) 0.02 0.02 70.58 1.39 0.17

consonant (/[/:/k/) : diagnosis (TD:CLP) —0.09 0.02 63.87 —3.65 <0.001 ok
consonant (/[/:/s/) : diagnosis (TD:CLP) —-0.01 0.02 7843 -0.24 0.81

consonant (/[/:/t/) : diagnosis (TD:CLP) -0.03 0.02 8292 —1.45 0.15

Model 2

Predictor Estimate Std. Error df t-value p-value

Intercept (/[/) 0.29 0.02 30.04 15.59 <0.001 ok
consonant (/f/ :/kf) 0.07 0.02 29.74 3.17 0.004 ok
consonant (/[ /:/s/) —0.04 0.02 29.83 —1.83 0.08

consonant (/[ /:/t/) —-0.06 0.02 28.37 -2.95 0.006 ok
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consonant for each of the 31 children with CP+/-CL included
in the analyses. While aggregate data and relative differences
in DEI cannot serve as direct evidence for velar fronting, the
figure suggests that many children had a DEI value for /k/
that was comparable to the DEI of other consonants. Table 2
shows that 15 speakers with CP+/-L showed some velar front-
ing (in some this was only fronting of the velar nasal which was
not measured here, although for others there was clear fronting
of /k/ to [t]), however almost all speakers showed retraction
errors. This would suggest that the smaller difference
between /k/ and /[/ in the CP+/-CL group observed in
Figure 2 cannot be entirely accounted for with velar fronting,
but may be a mix of backing, fronting, and increased variability
in the CP+/-CL group. Although the heterogeneity and size of
the sample does not allow us to perform sub group analysis, it
is worth highlighting that children with higher DEI values in
anterior consonants did not necessarily have more retraction
errors. For example, speaker 21 in the CP+/-CL group had
consistently higher DEI values for the anterior consonants,
yet these were all transcribed as correct.

Discussion

This study used ultrasound tongue imaging and the dorsum
excursion index to investigate whether there is evidence of
increased raising of the tongue dorsum in children with
repaired CP+/-CL compared to typically developing peers.
We hypothesized that speakers with CP+/-CL would have a

raised tongue dorsum compared to typical children across a
variety of high-pressure lingual consonants, whether or not
these consonants were in error due to compensation for a
history of difficulties with velopharyngeal closure, also
known as “lingual assistance”.® Lingual assistance has previ-
ously been identified with both EPG* and X-Ray.® This differ-
ence in tongue posture may continue after surgery due to
becoming habituated. Overall, our results did not support this
hypothesis at a group level. Below we explore why this
might be the case, as well as offering a critique of the DEI
measure for distinguishing consonants within and across
groups,'® and for measuring tongue dorsum raising. We con-
clude with a description of the limitations of our study which
suggests that results be interpreted with caution.

Increased Tongue Dorsum Raising in Children
with CP+/-CL Compared to TD Children

We did not see across the board higher DEI values for this
group of children with CP+/-CL. This was surprising given
previous work by Gibbon* that suggests that increased tongue-
palate contact and retracted placement are due to overuse of the
tongue dorsum. While the developmental error of velar front-
ing in some of the children with CL+/-P may have affected
the findings for /k/, it was surprising that the other anterior con-
sonants did not show higher DEI values, especially given pat-
terns of backing in some children. We suggest that the key
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Dorsum Excursion Index per consonant for each child with CP+/-CL.
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reason for not finding higher DEI values at group level is due to
differences in the groups studied. Individual children likely
present with increased DEI values. There were some key dif-
ferences between our study and Gibbon’s. Firstly, Gibbon* is
a summary of EPG studies collected over a long period of
time from cleft palate clinics in the United Kingdom.
Typically, the children attending these clinics were over the
age of seven and had been selected for EPG therapy because
they did not respond to previous treatment.>' This suggests
they had more severe speech disorders than the children in
our study who were recruited at routine appointments and
may or may not have had overt speech disorders.'® In fact,
the children in this study had percentage consonant correct
values ranging from 0% correct to 100% correct.'® Secondly,
EPG measures tongue palate contact, whereas ultrasound mea-
sures tongue-shape in the mid-sagittal view. It is possible that
increased contact is a result of increased lateral bracing, which
cannot be seen in mid-sagittal ultrasound. Studies are required
which use both techniques to determine how comparable they
are. However, both EPG and ultrasound can be used to identify
retraction (for example, using qualitative measures as in'’
and'®), which is a typical feature of cleft palate speech, and
indeed high levels of retraction were found in the dataset
used for this study.'® However, some of the children in the
current study also presented with the developmental process
of velar fronting, which results in the converse: a fronted place-
ment. This emphasizes the importance of future sub-group
analyses. Lastly, both the Gibbon study* and the Michi
study® report data from children that had their surgery and
speech therapy several decades before the children in our
study. In the UK there is evidence that speech outcomes
have improved for children with CP+/-CL*? due to centraliza-
tion of services and improved surgical timing and techniques.
It is therefore plausible that increased tongue dorsum raising
may now be more of an exception than a rule due to improved
speech outcomes in this population.

Using DEI to Distinguish Consonants within Speakers

In line with Zharkova,'® we predicted that consonants with
more posterior places of articulation would have higher DEI
values. Zharkova'® did not include /f/ in her analyses but
found that in an similar /a/ environment, /k/’s DEI was signifi-
cantly different from all other consonants, /t/ was significantly
different from /f/ and /p/, and /s/ was significantly different
from /p/ and /1/.

In TD children DEI followed the expected pattern of /k/>/f/
>/s/ and /[/>/t/. Tt therefore appears that this is a reliable
measure for distinguishing place of articulation in typical
English speakers. Our reported values for typically developing
children are in the range of those reported for six adults in
Zharkova,'? although the value for /k/ was on the lower side.
In children with CP+/-CL a similar pattern of DEI values
was found despite these children presenting with speech
errors. However, /k/ in this group had a relatively lower DEI
value than the TD children suggesting possibly more fronted

position- either to palatal or alveolar place of articulation.
The values we present for typically developing children
serve as potential norms for identifying errors or to measuring
change over time. Given the values are similar to those for
adults, we suggest that these serve as useful norms for speakers
over the age of five. Norms for younger children, who are still
in the process of developing intelligible speech would be
useful.

Limitations and Future Directions

Our study is limited by the use of only one ultrasound metric,
which although designed for use with CP+/-CL, had prior to
this study not been trialed with this population. DEI is a
scaler metric.'” This means it yields a ratio value with no
units. This is useful because it can be computed irrespective
of translation or rotation of the image, both within and
across speakers. However it also means that DEI measures
the degree to which the tongue is in a bunched configuration,
rather than necessarily how far back in the vocal tract the artic-
ulation is made. For typically developing English speaking
children, these concepts are related because velar consonants
(measured here) are produced with the back of the tongue
resulting in a more bunched configuration, i.e., more dorsum
excursion (see above) than alveolar consonants. However,
for speakers with CL+/-P it would also be useful to have a
measure of how far back in the vocal tract an articulation is
made. For example, figure 1 shows a similar tongue shape
for [q] and [k]. The small difference in DEI value is driven
by the fact that the midpoint of line n falls slightly nearer to
the maximum tongue height, not necessarily by the fact that
the tongue shape for [q] is further back in the vocal tract.
Further work is needed comparing DEI with other metrics.
For example, if the probe is stabilized relative to head move-
ment then it would be possible to compare the location of
the highest point of the tongue between different articulations.

Our study is also limited by its use of pre-existing datasets
and therefore the types of speech materials, age range, and
number of repetitions differed between groups. As a result,
the analyses include speakers with a wide age range. The chil-
dren with CP+/-L therefore had some developmental errors,
such as velar fronting, which were not present in the control
group. This likely affected the results for /k/, where the DEI
was lower than expected in the CP+/-L group. For both
groups of children, we used non-lexical data e.g., /aka/.
Although these data were relatively consistent and straightfor-
ward to analyze, it is possible that we may have found more
differences between groups, or more evidence of a raised
tongue body, if we had used materials which are more articu-
latorily complex, especially with regard to the velopharyngeal
mechanism. Likewise, the number of repetitions differed
between groups, with one repetition in the TD group, therefore
limiting the possibility of comparing stability of DEI across
multiple repetitions in groups. Similarly, we chose to only
analyze the maximum point of constriction, rather than multi-
ple time points. However, we would suggest that if tongue
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dorsum raising occurs, then this would be represented at this
articulatory landmark. Similarly, the consonants chosen for
analysis were high-pressure fricatives and plosives, which
again ought to be vulnerable to increased tongue dorsum
raising due to lingual assistance.* A future possible angle
would be to compare DEI in nasal consonants and/or vowels
to high pressure consonants to determine whether there are dif-
ferences in tongue dorsum raising. Moreover, our study is
limited by analysis of a single language. It would be particu-
larly useful to collective normative DEI values for posterior
consonants such as uvulars and pharyngeals which occur in
languages other than English. Lastly, we suggest that use of
a larger dataset of children with CP+/-CL would enable anal-
yses which can determine whether some subgroups of children,
perhaps those with noticeable hypernasality or nasal emission,
show increased DEI values.

Conclusion

This study sought to determine whether children with CP
+/-CL show increased raising of the tongue dorsum compared
to typically developing children. Our preliminary results do not
support the hypothesis that this pattern is ubiquitous in this
population, as measured using the dorsum excursion index.
However, our results must be interpreted with caution
because the speakers in this study had a wide range of
speech sound disorders, ranging from typical/resolved speech
to severely unintelligible speech, as well as a wide age
range. We suggest that some speakers with CP+/-CL may
show this pattern in their speech, but it is likely to be the minor-
ity. We reported values for the Dorsum Excursion Index'® for a
range of consonants in speakers with CP+/-CL and typically
developing children. In general, these were within the range
previously reported for typical adult speakers.'® These values
therefore have the potential to be used as norms. This would
be a particularly useful metric for quantifying intervention out-
comes in children undergoing ultrasound visual biofeedback
therapy for errors involving fronting or backing errors."’ For
determining whether an individual speaker with CP+/-L pre-
sents with increased raising of the tongue dorsum, we
suggest combing the DEI measure with phonetic transcription
to exclude any developmental errors.
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