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Dysarthria in Mandarin-Speaking Children With
Cerebral Palsy: Speech Subsystem Profiles
Li-Mei Chen,a Katherine C. Hustad,b Ray D. Kent,b and Yu Ching Linc,d

Purpose: This study explored the speech characteristics
of Mandarin-speaking children with cerebral palsy (CP)
and typically developing (TD) children to determine (a) how
children in the 2 groups may differ in their speech patterns
and (b) the variables correlated with speech intelligibility
for words and sentences.
Method: Data from 6 children with CP and a clinical diagnosis
of moderate dysarthria were compared with data from 9 TD
children using a multiple speech subsystems approach.
Acoustic and perceptual variables reflecting 3 speech
subsystems (articulatory-phonetic, phonatory, and prosodic),
and speech intelligibility, were measured based on speech
samples obtained from the Test of Children’s Speech

Intelligibility in Mandarin (developed in the lab for the purpose
of this research).
Results: The CP and TD children differed in several
aspects of speech subsystem function. Speech intelligibility
scores in children with CP were influenced by all 3 speech
subsystems, but articulatory-phonetic variables had the
highest correlation with word intelligibility. All 3 subsystems
influenced sentence intelligibility.
Conclusion: Children with CP demonstrated deficits in
speech intelligibility and articulation compared with TD
children. Better speech sound articulation influenced
higher word intelligibility, but did not benefit sentence
intelligibility.

C

(2010) and in a population-based study by Nordberg,
Miniscalco, Lohmander, and Himmelmann (2013). More
recently, dysarthria was reported to affect 90% of children
with CP (Mei, Reilly, Reddihough, Mensah, & Morgan,
2014). Historically, the main focus of research related to
communication problems has been dysarthria. Several studies (Achilles, 1955; Ansel & Kent, 1992; Platt, Andrews,
& Howie, 1980; Platt, Andrews, Young, & Quinn, 1980;
Schölderle, Staiger, Lampe, Strecker, & Ziegler, 2016;
Wolfe, 1950) have investigated the characteristics of dysarthric speech in adults with CP and revealed disorders affecting several aspects of speech production. There have
been fewer studies of speech characteristics in children with
CP; however, recent efforts have been made to describe speech
and communication abilities in this population (Cockerill
et al., 2014; Hustad, Gorton, & Lee, 2010; Novak et al.,
2013; Parkes et al., 2010; Pennington et al., 2013).
Although there is not a widely accepted classification
system for childhood dysarthria (Lowit & Kent, 2017;
van Mourik, Catsman-Berrevoets, Yousef-Bak, & van
Dongen, 1997), one of the major approaches taken in both
assessment and treatment is to consider functional subsystems that underlie speech production (Lowit & Kent,
2017; Netsell, 1984; Netsell & Daniel, 1979). Examples of
subsystems recognized in recent studies of dysarthria in
children and/or adults are the following.

erebral palsy (CP) is a nonprogressive neuromuscular disorder caused by a lesion of the brain that
happens before, during, or shortly after an infant’s
birth. The prevalence of CP is estimated to be between 1.5
and 2.5 per 1,000 live births (Robb, 2010). CP is the most
common cause of motor disability in children (Lepage,
Noreau, Bernard, & Fougeyrollas, 1998) and usually is accompanied by disturbances of sensation, perception, cognition, behavior, and communication (Bax et al., 2005),
which can profoundly affect quality of life (Kennes et al.,
2002; Liptak et al., 2001).
In a sample of children with CP in Europe, 58% were
found to have some type of communication problems (Bax,
Tydeman, & Flodmark, 2006); similar results were reported
in a register study by Parkes, Hill, Platt, and Donnelly
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1.

Articulatory, resonatory, phonatory, and respiratory
(Green et al., 2013; Rong et al., 2016).

2.

Articulation, voice quality, nasality, and prosody
(De Bodt, Hernández-Díaz Huici, & Van De Heyning,
2002).

3.

Articulatory, velopharyngeal, and laryngeal (Lee,
Hustad, & Weismer, 2014).

4.

Respiration, pitch and loudness, voice quality, voice
stability, articulation, resonance, articulation rate,
fluency, and modulation (Schölderle et al., 2016).

The number of subsystems and the names given them
vary across studies, but the common theme is that speech
motor disorders can be understood in terms of a finite number of participating subsystems. These can be evaluated
with different methods, including perceptual judgments, physiological recordings, or acoustic analyses. Netsell (1984)
pointed out that physiological assessments of motor subsystems have the advantage of offering controlled and
systematic observations but that these data are fully interpretable only when their acoustic and perceptual consequences are taken into account. Because the subsystems
are interactive, various combinations of compensation and
interdependency can vary from one individual to another.
Therefore, the results from a subsystem analysis (perceptual, acoustic, or physiologic) are best considered relative to
global performance measures such as speech intelligibility
or quality. In this way, a deficit in intelligibility or a disorder in quality can be linked to the contributions from the
participating motor subsystems.
A subsystem perspective also offers opportunities to
study several important issues. For example, it is important to understand the language-universal versus languagespecific effects of CP on speech production. Cross-language
studies are essential to answering this question, but very
few such studies have been published for most communication disorders (Miller & Lowit, 2014; Wong, Perrachione,
Gunasekera, & Chandrasekaran, 2009). Particularly needed
are data on speakers of tone languages, including Mandarin
Chinese, the most widely spoken tone language. In addition, subsystem-based studies enable the characterization
of how speech features change with maturation and aging
in individuals with CP. Schölderle et al. (2016) reported
that in their sample of adults with CP, symptoms relating
to voice quality, prosody, and respiration were as prominent as symptoms relating to articulation. They noted that
this finding differed from that reported for children with
CP, which raises the question: What is the natural progression of the speech disorder in cerebral palsy? Moreover, it
is important to understand how interventions targeting a particular subsystem lead to improvements in speech intelligibility or quality. Promising results have been reported in
several studies (Kuschmann, Miller, Lowit, & Pennington,
2017; Levy, 2014; Miller et al., 2014; Netsell, 1984; Netsell &
Daniel, 1979; Pennington, Miller, Robson, & Steen, 2010).
The main focus of the present study is to describe
the speech characteristics of children with CP from a tone
language, Mandarin, based on variables reflecting the
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articulatory-phonetic, phonatory, and prosodic subsystems
of speech production. Two research questions were addressed
in this study.
1.

How do children with dysarthria secondary to CP
differ from typically developing (TD) children in
characteristics of articulation, phonation, prosody,
and intelligibility?

2.

Which variables are significantly or highly correlated
with speech intelligibility for children in the CP and
TD groups? What are the differences between the
two groups?

Method
The design of the present study was largely based on
the procedure of Lee et al. (2014). Some adjustments were
made due to the limited number of participants in this
preliminary study, the different phonological structures
in English and Mandarin, and expectations of the discriminating features in Mandarin (i.e., tone).

Participants
Speakers
Six children with CP and nine TD children were recruited to participate in this study as speakers. Inclusion
criteria were native speakers of Mandarin Chinese and normal hearing ability according to the results of otoacoustic
emission testing. Children in the CP group had a medical
diagnosis of CP and moderate dysarthria as determined by
pediatric physiatrists and an experienced speech-language
pathologist. The CP group consisted of six children (four boys
and two girls) with an average age of 7 years and 5 months
(range = 51–105 months, SD = 20). The TD group consisted
of nine TD children (five boys and four girls) with an average age of 5 years and 9 months (range = 62–73 months,
SD = 3.28). The demographics of the children with CP are
shown in Table 1.
Although, ideally, children in the CP and TD groups
would be closer in age, it was difficult to recruit children
who were matched for age between the two groups. Since
children with CP exhibited considerable individual differences and were expected to have delayed development in
speech production (Hustad et al., 2016), younger TD children were considered acceptable as a control group. Originally, there were 10 children in the CP group and 10 children
in the TD group. In order to focus the study on the speech
characteristics of children with dysarthria, four children
with CP who had no apparent dysarthria were excluded.
In addition, one child in the TD group had extremely
low speech intelligibility, which might have been due to an
undiagnosed speech disorder and, therefore, was considered
an outlier and excluded from this study. Prior to initiating
the study, the institutional review board of National Cheng
Kung University Hospital approved the study, and the parents of the participants signed a written informed consent
form.
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Table 1. Demographics of the Mandarin-speaking children with cerebral palsy (CP).
Child

Gender

CP1
CP2
CP3
CP4
CP5
CP6

M
F
M
F
M
M

Age (Year/Month/Day)

Corrected age (Months)

CP diagnosis

GMFCS

7/7/19
4/3/20
7/2/01
8/9/14
6/8/14
8/9/19

91.6
51.7
86.0
105.5
80.5
105.6

Mixed type (spastic & athetoid)
Spastic diplegic
Right spastic hemiplegic
Spastic diplegic, dyslalia
Spastic diplegic
Left spastic triplegic

Level II
Level III
Level II
Level II
Level IV
Level III

Note. M = male; F = female; GMFCS = Gross Motor Function Classification System.

Listeners for Judging Speech Intelligibility
Speech intelligibility judgments were conducted following the procedure of the Test of Children’s Speech
Plus Word and Sentence Intelligibility Software (TOCS+;
Hodge, Daniels, & Gotzke, 2009). Forty-three native
speakers of Mandarin were invited to act as listeners; ages
were between 18 and 25 years and all had normal hearing.
Listeners were not involved in making the recordings, and
they had not received any formal training in phonetic transcription. Each listener judged only the utterances in one
of two repetition tasks (either words or sentences) from a
given child, in order to prevent familiarity with that child’s
voice and articulation traits. Nevertheless, a listener was
allowed to hear the sound file from two to three different
children, since the speech stimuli for each child were automatically chosen by the system and varied with individuals. In addition, to ensure the reliability of results, for
each child, the recordings of the word repetition task were
judged by three different listeners, and the recordings of
the sentence repetition task were judged by another three
different listeners. Consequently, the recordings of each
child’s speech were judged by six listeners. The target sentences or words were played to the listeners no more than
twice. Listeners were able to adjust the loudness of the
speech signal to ensure satisfactory judgment. In addition,
listeners evaluated their intelligibility judgments as very
certain, certain, or uncertain after hearing recordings of
each word or sentence produced by the child speaker.
More than 80% of the judgments were reported by the listeners to be very certain or certain. No time constraints
were imposed on the judging sessions.

Materials and Recording Procedures
The Test of Children’s Speech Intelligibility in Mandarin
(TCSIM; developed in the lab for the purpose of this
research) was adapted from the TOCS+ (Hodge et al.,
2009). Speech samples of children with CP and TD children
were obtained from word and sentence repetition tasks.
Words in Mandarin were monosyllabic and were structured as vowel (V), vowel–nasal ending (VC), consonant–
vowel (CV), and consonant–vowel–nasal ending (CVC). Only
CV and CVC were included in the stimuli. In the word
repetition task, 21 consonants /p, ph, m, f, t, th, n, l, k, kh,
x, tɕ, tɕh, ɕ, tʂ, tʂh, ʂ, ʐ, ts, tsh, s/ were respectively combined
with front vowels and back vowels to form the target

syllables according to the phonotactic rules of Mandarin.
Both front and back vowels included single vowels, diphthongs, triphthongs, and vowels with a nasal ending. Theoretically, there should have been 42 sets of consonant–
vowel combinations in the wordlist. However, since the
combinations of consonants /tɕ, tɕʰ, ɕ/ and back vowels do
not occur in Mandarin, only 39 sets of consonant–vowel
combinations were considered. Furthermore, the target syllables were combined with tones to form meaningful words.
There are four contrastive tones in Mandarin: tone 1
(high level), tone 2 (high rising), tone 3 (low falling–rising),
and tone 4 (high falling). To make it more natural for children to understand and follow, the stimuli were designed
based on the following criteria: (a) frequently used in daily
conversations for young children, (b) could be concretely
illustrated by pictures, and (c) in the form of word combinations. For each stimulus, the target word (syllable) was
located in the initial position and followed by supplementary words (syllables). Thus, there might be 1–4 words
(syllables) in each stimulus (e.g., /ʐo4/ ‘meat’; /me3.li4/
‘beautiful’; /kaʊ1.kən1.ɕɪɛ2/ ‘high heels’; /tʂu4.ɪn1.fu2.xaʊ4/
‘Mandarin phonetic symbols’; the numbers represent tone
categories). All of the syllables in word combinations were
included for phonetic transcription and measurements. Since
speech data were intended for a longitudinal examination,
the words tested were chosen randomly and automatically
by the system to avoid familiarity with the stimuli. Therefore, the stimuli selected for each child were different, and
the total number of syllables in word combinations initiated
with 39 sets of consonant–vowel varied across individuals.
Materials for the sentence repetition task of the
TCSIM were developed based on the arrangement of sentence structures in the TOCS+ (Hodge et al., 2009). To
adapt to the language ability of children at different ages,
the sentences were designed with varied lengths (3–8 syllables) and structures (simple sentences and compound sentences). Moreover, according to children’s mean length
of utterances, the total syllables of the sentence stimuli
were set at 80 syllables for children with CP and 160 syllables for TD children beforehand, regardless of their age.
Due to the fixed number of total syllables, the number and
length of sentences varied with different age levels. The
number and length of sentences were determined by the
examiner according to each child’s age or language ability
when making the recordings. For children from the CP
group, the stimuli displayed to CP2 and CP3 were determined
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based on their age. Since CP1, CP4, and CP5 encountered
difficulties repeating the sentences for their corresponding
age level, the stimuli for these three children were chosen
from an easier level, age 3. However, the stimuli selected
for children from the TD group were determined based on
their age. Only TD3 and TD4 were tested with a higher
level, age 6, according to their language ability.
Recordings were made in a quiet room in the hospital
(for children with CP) or in the school setting (for TD children). Auditory presentation of a word or a sentence was
given simultaneously with a relevant picture using a laptop
at a fixed listening level. Participants were asked to listen to
the word or sentence carefully and repeat what they heard
after a short “beep” sound. Following this warning sound,
each word or sentence was automatically saved as an individual sound file. If the children were unable to follow the
directions, they were asked to repeat the stimulus again. Children’s repetitions were recorded by MOTU Audio Express
(UltraLite-mk3 Hybrid) and Steinberg Cubase 5 connected
to a unidirectional shotgun handheld microphone RØDE
NTG3, which enhanced the sound in the forward direction
and rejected the background noise. Audio samples were
recorded at a sampling rate of 48 kHz and a bit depth of
16 bits. Because some of the children in the CP group were
unable to sit still and keep a constant mic-to-mouth distance while making the recording, an assistant held and
adjusted the microphone at approximately 5 cm from the
child’s mouth. Recording sessions were completed within
an hour with some short breaks.

Data Analysis
Acoustic and perceptual measures, percent intelligibility, and speech rate were determined (see Appendix A).
Speech intelligibility was computed separately for words
and sentences. Acoustic measures, phonetic accuracy rates,
and word intelligibility scores for children in the CP and
TD groups were obtained from word utterances from the
TCSIM. Sentence intelligibility and speech rate measures
were based on speech samples of sentences from the TCSIM.
However, word productions with significant background
noise or poor recording quality were excluded from acoustic
and perceptual analyses. Therefore, the number of usable
syllables of word productions for variable measurements
was different from that for word intelligibility judgments.
As to sentences, because of technical problems, words in
the initial or final position of some sentences were truncated
in some of the TD children. The fragmented sentences
accounted for about 18% of the total sentences. In order to
report representative results, the fragmented sentences were
still included for sentence intelligibility judgment, and only
meaningful portions in the sentences were retained for judgment. Nevertheless, the fragmented sentences were excluded
from the calculation of speech rate since it was difficult to
determine the exact start and end times for the remaining
meaningful portions of the sentences. As can be seen in
Appendix A, this resulted in different numbers of sentences
and total syllables for sentence intelligibility judgment and
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speech rate. On the other hand, children with CP were
allowed to follow the oral prompts of the assistant if they
were unable to catch up with the directions, and thus, all
sentences produced by children with CP were included for
determining sentence intelligibility and speech rate.
CP can affect all subsystems of speech production.
Therefore, it was important to examine multiple speech subsystems to characterize the differences between CP and TD
groups and identify significant contributing factors to perceptual features of speech. The measures used in this study
were selected based on the articulatory-phonetic, phonatory, and prosodic subsystems according to the following
three major criteria: (a) a high likelihood of application to
the speech of children with CP, (b) relevance to the speech
subsystems approach, and (c) suitability to the speech sample. Additional acoustic measures of consonant production
were considered, but it was decided not to attempt a large
set of such measures for this initial analysis, especially because of methodological challenges associated with variable
patterns of consonant production. For example, measures
of fricative spectra presuppose the presence of turbulence
noise, but fricatives are often omitted in the speech of young
children with CP. When fricatives are produced, they may
have time-variant spectral content. One goal of the analyses
reported here is to provide guidance for a more detailed
examination of consonant production in the future.
Articulatory-Phonetic Subsystem
This subsystem is represented by several acoustic
measures of vowel production along with perceptual accuracy of vowels, consonants, and tones. Tonal accuracy is
included in the articulatory-phonetic subsystem as tones
play the same role as consonants and vowels in distinguishing syllable meaning in Mandarin.
Acoustic measures. Vowel formants were estimated
from a broadband spectrogram, fast Fourier transform, and
linear predictive coding with the TF32 software (Milenkovic,
2005). Formant frequencies of the first two formants (F1 and
F2) of the three corner vowels in Mandarin, /i, a, u/, were
used to derive four indices of vowel articulation: vowel space
area (VSA; Higgins & Hodge, 2002; Liu, Tsao, & Kuhl,
2005), ratio between the F2 values of vowels /u/ and /i/
(F2i/F2u ratio; Moura et al., 2008), formant centralization
ratio (FCR; Sapir, Ramig, Spielman, & Fox, 2010), and
vowel articulation index (VAI; Roy, Nissen, Dromey, &
Sapir, 2009). A total of 243 vowel tokens were included in
the calculation. The formulas were expressed as follows:
VSA ¼ ABS ððF1=i=  ðF2=a=  F2=u=Þ þ F1=a=
 ðF2=u=  F2=i=Þ þ F1=u=  ðF2=i=  F2=a=ÞÞ=2Þ
F2u=F2i ratio ¼ F2 of vowel=u==F2 of vowel=i=
FCR ¼ ðF2=u= þ F2=a= þ F1=i= þ F1=u=Þ=ðF2=i= þ F1=a=Þ
VAI ¼ ðF2=i= þ F1=a=Þ=ðF2=u= þ F2=a= þ F1=i= þ F1=u=Þ:
(1)
These four indices were used in combination because
of questions raised about the suitability and sensitivity of
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acoustic measures of vowel articulation (Fougeron &
Audibert, 2011; Roy et al., 2009; Sapir, Połczyńska, &
Tobin, 2009; Sapir et al., 2010).
Given that previous studies have reported a strong
correlation between F2 slope and speech intelligibility (Lee
et al., 2014; Weismer, Jeng, Laures, Kent, & Kent, 2001),
F2 slope was also measured in the present study. The
vowels /aɪ/, /ɪa/, /ɪaʊ/, and /ɪo/ in Mandarin were chosen
because they involved changes in terms of vowel frontness and, thus, resulted in differences in the F2 frequency
during the vowel transition period. For /aɪ/, the F2 transition between the main vowel and the off-glide part is
rising, whereas the F2 transition between the on-glide
part and the main vowel for /ɪa, ɪo/ is falling. The triphthong /ɪaʊ/ was also included, but only the F2 transition
of /ɪa/ was considered. Therefore, the F2 slopes of /ɪa/
and /ɪaʊ/ were combined and calculated as a group. Following Weismer and Berry (2003), the 20 Hz/20 ms rule
was used to determine the onset and offset of the major
transition of F2 changes. In total, there were 398 tokens
measured. The absolute values of slopes for the three
vowels were computed and analyzed separately.
Phonetic accuracy rates. Children’s utterances were
transcribed using the International Phonetic Alphabet, and
the transcriptions were used to calculate the accuracy rates
of vowels, consonants, and tones. For vowels, the accuracy
analysis was done in all vowels, single vowels, diphthongs,
and the most frequently occurring vowels (i.e., /i, ɨ, ə, a, aʊ,
ʊa, u/). For consonants, the accuracy rate was computed
in terms of major consonant categories according to place
and manner of articulation, and the most frequently occurring consonants (i.e., /p, ph, m, t, th, l, x, ts/). For tones,
the accuracy rate of all tones and individual tones was determined. Five major tones were examined in the current
study: high level tone (tone 1), high rising tone (tone 2),
low falling–rising tone (tone 3), high falling tone (tone 4),
and neutral tone. Native Mandarin speakers usually pronounce low falling–rising tone (tone 3) as a low falling
tone. That is, only the falling part is maintained for tone 3.
This phenomenon is described as a type of tone sandhi in
Mandarin (Chen, 2000, p. 21; Zhang & Lai, 2010, p. 162).
Therefore, tone 3 here referred to both low falling–rising
tone and low falling tone.
Phonatory Subsystem
This subsystem includes vowel duration, signal-tonoise ratio (SNR), frequency perturbation (jitter), and
amplitude perturbation (shimmer), which are associated
mostly with the vibratory pattern of the vocal folds (i.e.,
respiratory–laryngeal features). All measures were estimated
automatically by the Praat software program (Boersma &
Weenink, 2016).
The beginning and the end of all vowels (i.e., single
vowels, diphthongs, triphthongs, and vowels with nasal
endings) were identified and annotated using Praat by referring to the first and final uprising zero-crossing in the
waveform with reference to the spectrographic display. A
total of 478 single vowels were included for measurements

of vowel duration (range for CP = 97–706 ms; range for
TD = 163–1029 ms). SNR, jitter, and shimmer were estimated using all vowels, including 478 single vowels (monophthongs), 235 diphthongs, 32 triphthongs, and 277 vowels
with nasal endings (duration range for CP = 68–644 ms; duration range for TD = 83–1029 ms).
Prosodic Subsystem
The variables measured for this subsystem are speech
rate, fundamental frequency (F0), and pitch slope.
Using sentence productions, speech rate was calculated by dividing the number of all syllables by the total duration of the utterance in seconds. Moreover, to avoid the
bias of more intelligible syllables in TD children, speech
rate based on intelligible syllables was also calculated. The
speech rate of intelligible syllables for each child was the
mean value of the three listeners. F0 and pitch slope were
measured by referring to the same intervals as used for estimating SNR, jitter, and shimmer. Tonal contrast is an important feature in Mandarin that serves to differentiate
meaning at the syllable level and is expected to have a close
connection with speech intelligibility. Thus, the mean F0
of all tones and individual tones was considered. For pitch
slope, only the slopes of tone 2 (high rising) and tone 4
(high falling) were of interest, because these two types
of tones have more distinctive contours than the others.
The formula for slope was: (maximum F0 − minimum F0)/
interval between maximum F0 and minimum F0. Measurements included a total of 344 tokens (98 for tone 2 and
246 for tone 4).
Speech Intelligibility
Speech samples were played to listeners through
Superlux HD-681 headphones using TCSIM software. Listeners were instructed to try their best to identify the children’s words or sentences and type what they heard into the
computer. Speech intelligibility scores were computed by
dividing the number of correctly identified syllables by the
number of total syllables and multiplying by 100. Three listeners judged the utterances of each child, and a mean intelligibility score was calculated for each child.
Reliability
Interjudge reliability was determined by having a
second judge retranscribe 10% of the speech data for phonetic transcription, vowel formant frequency, and vowel
duration. For phonetic transcription, the agreement rate
between the two transcribers was obtained by dividing the
consistent tokens by all retranscribed tokens and multiplying by 100. Interjudge reliability for frequently occurring
vowels, frequently occurring consonants, and tones were
97.62%, 88.89%, and 88.3%, respectively, which suggests
that the two transcribers had a high level of agreement.
Pearson correlations of interjudge reliability for vowel formant frequency were: r = .74 for F1 and r = .92 for F2
( p < .01). For vowel duration, single vowels (r = .92)
and all vowels (r = .94) were also significantly correlated
( p < .01). These indicated a good interjudge reliability.
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Statistical Analysis
Independent-samples t tests were used to compare
the differences between children with CP and TD children. Because this study was exploratory and the sample
size was very small, it was not possible to use multiple
regression analyses to identify predictors of speech intelligibility. As a general rule of thumb, there should be at
least 10 participants for every independent variable in
a multiple regression analysis (Harris, 1985; Wampold
& Freund, 1987). Instead, two-tailed Pearson product–
moment correlation analyses were used to explore the
relationship between speech intelligibility and each variable for children from both the CP and TD groups. Furthermore, the Pearson correlation analyses were performed
on all pairwise combinations of variables to examine
intercorrelations.

Results
Comparisons of Speech Variables for Children
With CP and TD Children
Speech Intelligibility
Speech intelligibility of the CP and TD groups was
compared using an independent-samples t test (see Table 2).
Results showed that children with CP had significantly lower
speech intelligibility than TD children: sentence, t(4.22) =
−2.83, p = .04, d = 1.77; word, t(13) = −3.03, p = .01,
d = 1.44. The mean sentence intelligibility was consistently
higher than word intelligibility in both groups. Moreover,
the standard deviation for sentence and word intelligibility of children in the CP group (SD = 10.92 and 21.28,

respectively) was higher than that in the TD group (SD =
2.39 and 6.70, respectively), indicating larger variations in
children with CP.
Measures from articulatory-phonetic, phonatory,
and prosodic subsystems in the CP and TD groups were
analyzed by an independent-samples t test (see Tables 3–5).
In addition to the statistical results, observations from
descriptive data are also reported because it was difficult to
detect significant group differences based on the small sample size (n = 6 for children with CP and n = 9 for TD children) in this preliminary study.
Articulatory-Phonetic Subsystem
Measures for the articulatory-phonetic subsystem
included VSA, F2i/F2u ratio, FCR, VAI, F2 slope, and
accuracy rates of all vowels, single vowels, diphthongs,
frequently occurring vowels, categorized consonants, frequently occurring consonants, all tones, and individual
tones. Statistical results are shown in Table 3. TD children
had significantly larger VSA, F2i/F2u ratio, and VAI as
compared to children with CP, and children with CP had
significantly higher FCR than TD children, indicating
vowel centralization in children with CP. Effect sizes for
the significant group effects, estimated by Cohen’s d, ranged
from 1.37 for the FCR to 1.72 for the F2i/F2u ratio. In
addition, the triangular VSA seemed to be more compressed
in the F2 dimension in children with CP compared to children in the TD group (see Figure 1). When comparing the
mean frequency values of /i/, /a/, and /u/ for the two groups,
children with CP demonstrated significantly lower mean
F2 frequency of /i/ and a narrower range of F2 values of

Table 2. Number of word productions and sentences for speech intelligibility judgments and intelligibility scores of
Mandarin-speaking children with cerebral palsy (CP) and typically developing (TD) children.

Child
CP1
CP2
CP3
CP4
CP5
CP6
M (SD)
TD1
TD2
TD3
TD4
TD5
TD6
TD7
TD8
TD9
M (SD)
t
p
d

Syllables of word
productions

Word intelligibility
score (%)

Number of sentences
(total syllables)

Sentence intelligibility
score (%)

79
79
82
81
79
81

79.75
66.67
78.46
69.55
75.95
23.46
65.64 (21.28)
82.84
96.03
94.51
88.48
85.51
95.53
75.29
87.65
89.33
88.35 (6.70)
−3.03*
.01
1.44

23 (80)
20 (80)
14 (80)
23 (80)
23 (80)
—

90.42
68.33
95.42
86.67
76.67
—
83.50 (10.92)
100.00
98.75
93.33
98.33
94.38
98.54
96.04
100.00
98.33
97.52 (2.39)
−2.83*
.04
1.77

68
84
79
55
69
82
58
81
75

36 (160)
32 (160)
32 (160)
32 (160)
36 (160)
36 (160)
36 (160)
36 (160)
36 (160)

Note. Em dashes indicate no data, as CP6 was unable to perform the sentence repetition task.
*p < .05.
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Table 3. Comparison of means for articulatory-phonetic subsystem measures of Mandarin-speaking children with
cerebral palsy (CP) and typically developing (TD) children.
CP
Variable
Vowels
VSA (Hz2)
F2i/F2u ratio (Hz)
FCR (Hz)
VAI (Hz)
F2 slope /aɪ/
F2 slope /ɪa/
F2 slope /ɪo/
Accuracy of all vowels (%)
Accuracy of single vowels (%)
Accuracy of diphthongs (%)
Accuracy of frequently occurring vowels (%)
/i/
/u/
/a/
/ə/
/ɨ/
/aʊ/
/ʊa/
Accuracy of categorized consonants (%)
Stop
Nasal
Fricative
Affricate
Lateral
Labial
Alveolar
Velar
Accuracy of frequently occurring consonants (%)
/p/
/ph/
/m/
/t/
/th/
/l/
/x/
/ts/
Accuracy of all tones (%)
Accuracy of individual tones (%)
Tone 1
Tone 2
Tone 3
Tone 4
Neutral tone

TD

M (SD)

M (SD)

t

p

d
1.62
1.72
1.37
1.46

350803 (122264)
1.80 (0.27)
1.18 (0.15)
0.86 (0.10)
4.18 (3.96)
4.86 (1.60)
5.93 (2.16)
68.97 (12.51)
84.48 (7.37)
79.27 (11.36)

536624 (106463)
2.29 (0.30)
1.02 (0.07)
0.98 (0.06)
3.31 (1.35)
5.66 (1.61)
5.73 (4.11)
81.70 (6.33)
93.11 (5.70)
81.91 (11.50)

−3.13*
−3.23*
2.45*
−3.04*
0.61
−0.94
0.11
−2.62*
−2.56*
−0.44

.01
.01
.05
.01
.55
.37
.92
.02
.02
.67

94.44 (8.61)
100.00 (0.00)
88.89 (27.22)
90.00 (8.94)
86.90 (11.14)
74.40 (37.69)
86.11 (22.15)

100.00 (0.00)
100.00 (0.00)
98.41 (4.76)
98.41 (4.76)
100.00 (0.00)
93.78 (9.74)
93.75 (17.68)

−1.58

.18

−0.85
−2.39*
−2.88*
−1.50
−0.72

.43
.03
.04
.16
.49

75.13 (13.39)
73.17 (17.62)
48.68 (29.87)
53.03 (22.64)
63.89 (28.92)
77.24 (21.37)
54.46 (19.29)
74.88 (25.60)

88.83 (8.49)
94.14 (11.15)
74.01 (19.17)
75.94 (15.52)
88.89 (18.16)
84.06 (12.81)
78.94 (12.82)
92.34 (11.54)

−2.44*
−2.84*
−2.01
−2.34*
−2.07
−0.78
−2.97*
−1.57

.03
.01
.07
.04
.06
.45
.01
.17

83.61 (18.57)
80.56 (22.15)
80.56 (26.18)
75.00 (20.41)
60.00 (35.78)
63.89 (28.92)
81.11 (32.77)
63.33 (36.70)
90.87 (6.71)

83.33 (20.41)
78.70 (23.24)
94.07 (12.22)
96.30 (11.11)
97.22 (8.33)
88.89 (18.16)
97.78 (6.67)
79.90 (15.34)
96.39 (3.47)

0.03
0.15
−1.36
−2.34
−2.50
−2.07
−1.23
−1.16
−2.11

.98
.88
.20
.05
.05
.06
.27
.27
.06

95.38 (5.82)
79.70 (15.42)
90.26 (14.44)
91.87 (8.65)
94.82 (8.51)

100.00 (0.00)
95.04 (7.15)
91.91 (13.60)
98.83 (2.32)
88.52 (15.91)

−1.94
−2.28
−0.23
−1.92
0.88

.11
.06
.83
.11
.39

1.28
1.31

1.17
—

1.22
1.42
1.18
1.49

Note. Em dash indicates the value cannot be generated, as the standard deviation for calculating Cohen’s d
should not be zero. VSA = vowel space area; FCR = formant centralization ratio; VAI = vowel articulation index.
*p < .05.

the front–back contrast (/i/-/u/) than TD children; however,
there was no significant difference with regard to the range
of F1 values of the high–low contrast (/i/-/a/). Hence, it
was plausible that the limited tongue movements of children with CP were associated primarily with the anterior–
posterior dimension.
Among all acoustic measures in the articulatoryphonetic subsystem, only F2 slope was not significantly
different between the two groups. Descriptive data for the
mean F2 slope of /ɪa/, which accounted for the largest proportion (46.73%) of all tokens used for F2 slope measurement,

suggested that children with CP showed shallower F2 slope
as compared to TD children. This was in accordance
with the previous finding of shallower F2 slopes of dysarthric speakers as compared with normal speakers (Lee et al.,
2014, child speakers; Weismer, Yunusova, & Bunton, 2012,
adult speakers). However, when comparing the F2 slopes
of /aɪ/ and /ɪo/, which respectively accounted for 30.9% and
22.36% of all tokens for measurement, children with CP
demonstrated steeper F2 slopes than TD children. This
might reflect a bias due to the small sample size and the
lesser frequency of occurrence in these two vowels.
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Table 4. Comparison of means for the phonatory subsystem measures of Mandarin-speaking
children with cerebral palsy (CP) and typically developing (TD) children.
CP
Variable
Vowel duration (ms)
SNR (dB)
Jitter (%)
Shimmer (%)

TD

M (SD)

M (SD)

315.26 (41.74)
11.69 (5.74)
1.97 (0.76)
11.94 (5.08)

368.07 (52.44)
13.00 (3.61)
1.17 (0.33)
9.26 (3.21)

t

p

d

−2.06
−0.55
2.44*
1.26

.06
.60
.05
.23

1.37

Note. SNR = signal-to-noise ratio.
*p < .05.

study. Descriptive data suggest that TD children exhibited
a lower shimmer and a higher SNR compared to children
with CP. These findings suggested that group contrasts in
terms of voice quality existed and that jitter was likely to be
more sensitive in differentiating a pathologic voice from a
typical voice.
No significant group differences were observed in
vowel duration. However, descriptive data suggest that children with CP exhibited lower mean values of vowel duration than TD children, which differed from the previous
findings of Jeng, Weismer, and Kent (2006), Lee et al. (2014),
and Patel (2003). Although the children recruited for this
study had moderate CP, no obvious prolongations or pauses
were detected between words. One explanation might be
related to the poor respiratory support of children with CP.
In order to repeat the word stimulus in a limited breath
group, children with CP tended to go through the whole
word rapidly and thus shorten the duration of vowels. Conversely, without the constraint of shallow breathing, TD
children were capable of synchronizing the speaking rate of
stimulus items when conducting the repetition task, which
therefore led to longer vowel duration.

In perceptual measures, the following were significantly higher in TD children: the accuracy rates of all
vowels, single vowels, frequently occurring vowels /ə/ and
/ɨ/, categorized consonants, stops, nasals, affricates, and
alveolars. Effect sizes for the significant group effects ranged
from 1.17 (the accuracy of /ə/) to 1.49 (the accuracy of alveolars). These findings matched general expectations in accounting for reduced intelligibility in children with CP.
However, no significant differences were seen with respect
to the accuracy rates of diphthongs, other frequently occurring vowels (i.e., /i, u, a, aʊ, ʊa/), other categorized consonants (i.e., fricatives, laterals, labials, velars), frequently
occurring consonants (i.e., /p, ph, m, t, th, l, x, ts/), all tones,
and individual tones.
Phonatory Subsystem
Measures in the phonatory subsystem contained vowel
duration, SNR, jitter, and shimmer (see Table 4). As expected,
jitter was significantly lower in TD children, t(6.28) = 2.44,
p < .05, d = 1.37. A lower jitter value indicated a more regular pattern in the length of pitch period of the voice signal
and was therefore seen as a reference to better voice quality.
A lower shimmer value indicated smaller variation in
amplitude, whereas a higher SNR indicated higher signal
power than the noise power. However, no significant group
differences were detected in these two measures. This might
be due to the small number of participants in the current

Prosodic Subsystem
Table 5 shows the group means and standard deviations for the prosodic subsystem. Measures comprised
speech rate (based on all syllables and intelligible syllables),

Table 5. Comparison of means for the prosodic subsystem measures of Mandarin-speaking
children with cerebral palsy (CP) and typically developing (TD) children.
CP
Variable
Speech rate (all syllables/sec)
Speech rate (intelligible syllables/sec)
F0 of all tones (Hz)
F0 of tone 1
F0 of tone 2
F0 of tone 3
F0 of tone 4
Pitch slope (Hz/ms)
Slope of tone 2
Slope of tone 4
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M (SD)

TD
M (SD)

t

p

2.53 (0.53)
2.05 (0.27)
264.23 (44.63)
278.24 (55.06)
260.18 (46.34)
243.52 (42.70)
277.10 (44.52)

2.14 (0.12)
2.12 (0.12)
253.93 (32.27)
269.82 (45.36)
238.54 (29.51)
224.92 (24.39)
272.66 (39.95)

1.65
−0.53
0.52
0.32
1.11
0.97
0.20

.17
.62
.61
.75
.29
.37
.84

0.24 (0.09)
0.36 (0.13)

0.20 (0.07)
0.38 (0.11)

0.95
−0.18

.36
.86
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Figure 1. Triangular vowel space area (VSA, Hz2) with corner vowels, /i, a, u/, for Mandarin-speaking children with cerebral palsy (CP, left)
and typically developing children (TD, right).

F0 of all tones, F0 of individual tones, and slopes of tone 2
and tone 4. Comparison of the two groups with independentsamples t tests failed to detect significant differences between the CP and TD groups. Nevertheless, descriptive
findings comparing the mean values of the two groups
suggest that children in the CP group had a lower mean
speech rate in intelligible syllables. Moreover, consistent
with the finding of a shorter vowel duration in the current
study, children with CP exhibited a faster speech rate than
TD children when it was calculated based on all syllables.
This result was contrary to the findings of previous studies
(Le Dorze, Ouellet, & Ryalls, 1994; Weismer, Laures, Jeng,
Kent, & Kent, 2000). It was assumed that this phenomenon
was associated with the poor respiratory support and the
limited breath control of children with CP in this study.
Appendix B shows the sentence length and the speech
rate of children with CP and TD children. In the CP group,
only CP3 was tested with long-sentence stimuli (i.e., the
sentence contained over five syllables), but the speech rate
of all syllables in CP3 ranked third place. There was no
increase in speech rate with longer sentences, which was
contrary to general expectations.
In addition, descriptive data of mean F0 showed that
children with CP had higher F0 (all tones and individual
tones) than TD children. This was in agreement with previous results of adults with CP and dysarthria (Jeng et al.,
2006; Patel, 2003). The group and tone differences of F0
were assessed with a mixed-model analysis of variance.
Mauchly’s test indicated that the assumption of sphericity
had been violated, χ2(5) = 11.50, p = .04, and therefore,
degrees of freedom were corrected using Greenhouse–
Geisser estimates of sphericity (ε = .65). Results showed a
significant main effect of tone, tone: F(1.95, 25.31) = 22.30,
p < .001; group: F(1, 13) = 0.43, p = .52. The Group ×
Tone interaction was not significant, F(1.95, 25.31) = 0.94,
p = .40. The result indicated that children from the CP

group possessed similar ability as TD children to differentiate the four tones, which was probably related to
their moderate severity of CP. To investigate the relationship among the four tones, Bonferroni’s post hoc tests
showed significant differences among all pairwise tone comparisons ( p < .05; see Appendix C), except for tone 1 and
tone 4, with the highest mean F0 in tone 1 (M = 274.03 Hz)
or tone 4 (M = 274.88 Hz), followed by tone 2 (M =
249.36 Hz), and tone 3 (M = 234.22 Hz). The relative relationships among the four tones observed in the current
study paralleled the pattern of adult speakers with CP reported by Jeng et al. (2006), in which tone 1 (high level)
had the highest mean F0, followed by tone 4 (high falling), tone 2 (high rising), and tone 3 (low falling–rising).
Comparing the mean slopes of tone 2 and tone 4,
the results indicated that children with CP demonstrated a
steeper slope of tone 2 and a shallower slope of tone 4 than
TD children. Consistent with the overall level of F0 contour developed by Chao (1948), both the CP and TD groups
in the current study showed a steeper slope of tone 4 (high
falling) as compared to the slope of tone 2 (high rising).
Generally, the slopes of tone 2 and tone 4 in TD children
are expected to be steeper than those in children with CP.
In this study, the slope of tone 2 in children with CP was
slightly steeper than that in TD children, which might be
related to the faster speech rate in children with CP mentioned above. However, Xu (1998) indicated that F0 slope
did not vary as a function of speech rate in normal speakers.
This needs to be further examined in the future. Moreover,
the unbalanced distribution of children in CP and TD
groups and the limited data of syllables with tone 2 are
also possible causes.
In order to discern prosodic adequacy, mean standard deviation and range of standard deviation in F0 (all
tones and individual tones) and pitch slope (tone 2 and
tone 4) in both groups were calculated and compared using
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an independent-samples t test (see Appendix D). The results indicated that there were no significant group differences in the variability of F0 (all tones and individual
tones), slope of tone 2, and slope of tone 4 ( p > .05). Descriptive data suggested that the CP group showed higher
variability in all tones and individual tones than the TD
group. This finding differed from Hardy (1983), Irwin
(1955), Murry (1983), and Rosenbek and La Pointe (1978),
but was consistent with the report for severe dysarthric
speakers reported by Schlenck, Bettrich, and Willmes
(1993). A plausible explanation for this finding was that
moderate and severe dysarthric speakers might attempt to
use exaggerated prosodic contrasts to increase their speech
intelligibility.
Appendix E summarizes the measures that showed
significant differences between children with CP and TD
children. In general, the variables in the articulatoryphonetic subsystem were more sensitive for distinguishing children with CP from TD children. To determine
which factors might affect the perception of speech, correlations between individual variables and speech intelligibility scores were examined.

Correlates of Speech Intelligibility
in the CP and TD Groups
Correlation coefficients of each variable for sentence
and word intelligibility in children with CP and TD children (see Table 6) were determined. Since it was difficult
to detect a significant correlation between speech intelligibility and other variables due to the small sample size and
the large individual differences, correlations higher than
r = .07 were reported. In addition, correlation coefficients
of pairwise correlations among variables in the two groups
are shown in Appendix F and Appendix G.
Correlations in the CP Group
Articulatory-phonetic subsystem. The accuracy rates
of /i/ and stop consonants were significantly correlated
with sentence intelligibility, and the accuracy rates of nasals, fricatives, labials, /m/, /x/, and tone 3 were significantly correlated with word intelligibility (see Table 6). In
addition, sentence intelligibility was highly correlated with
accuracy of nasals, /x/, and tone 3, whereas word intelligibility was highly correlated with FCR, VAI, F2 slope of
/ɪo/, and the accuracy rates of all vowels, stops, velars, /p/,
and all tones. VSA, FCR, and VAI were highly correlated
with one another and served a similar function. However,
sentence and word intelligibility had no correlation with
VSA, which did not conform to the findings of previous studies (Liu et al., 2005; Turner, Tjaden, & Weismer, 1995;
Weismer et al., 2001). This difference might be due to the
expression of FCR and VAI as ratios, which could reduce
speaker-related variability (Adank, Smits, & van Hout,
2004) and thus weaken large individual differences among
children with CP. Moreover, although there was no significant difference in the accuracy of all tones between the
two groups, this measure was significantly correlated with
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the word intelligibility of children with CP. Since Mandarin
is a tonal language, this was a reasonable finding and
suggests that children in the CP and TD groups might possess a similar ability to use tone accurately. However, tonal
accuracy seemed to play a more important role in speech
intelligibility for children with CP. Furthermore, among the
major lexical tones, the accuracy rate of tone 3 (low falling)
was significantly correlated with word intelligibility and
highly correlated with sentence intelligibility of children
with CP. Further research is required to determine the
connection between the accuracy of tone 3 and speech
intelligibility.
In the articulatory-phonetic subsystem, the focus was
on the properties of vowel productions, supplemented by
the perceptual information on consonant and tonal accuracy. Studies that focus on the contribution of the acoustic
properties of consonants to the speech intelligibility in
children with CP are necessary. For example, voice onset
time of aspirated and unaspirated stops might be a suitable measure for further investigations, since the accuracy
rates of stop consonants were observed to have high or significant correlations with sentence and word intelligibility
in children with CP.
Phonatory subsystem. SNR was significantly and
negatively correlated with sentence intelligibility. This finding was different from the expectation that there should
be a positive correlation between SNR and speech intelligibility. Further studies with more participants are needed
to obtain a more reliable conclusion. In addition, contrary
to expectations, statistical results indicated that, in the CP
group, sentence intelligibility had a high positive correlation with shimmer and jitter. It was possible that phonatory
variables would be more highly correlated with judgments
of voice quality, which were not obtained in this study. A
strong correlation between vowel duration and speech intelligibility in adult speakers with CP has been demonstrated
(Ansel & Kent, 1992; Rong, Loucks, Kim, & HasegawaJohnson, 2012). However, in the present study, vowel duration
had no correlation with sentence and word intelligibility, which is consistent with the finding of Lee et al. (2014).
Future studies are needed to clarify the influence of vowel
duration on the speech intelligibility of children with CP.
Prosodic subsystem. Sentence intelligibility was highly
and negatively correlated with speech rate (all syllables),
F0 of tone 2, and F0 of tone 3. In addition, word intelligibility was highly and negatively correlated with slope of
tone 2 (high rising). The negative correlation between speech
rate (all syllables) and sentence intelligibility suggested that
a faster speech rate might reduce the intelligibility of the
sentence. As to pitch slopes, the negative correlation between slope of tone 2 and word intelligibility was very
likely to be biased by the large variation in slope of tone 2
of each child in the CP group and the few tokens of syllables with tone 2, which was less than half of the tokens of
syllables with tone 4 (high falling). Unlike slope of tone 2,
slope of tone 4 was positively correlated with word intelligibility, though not significant, and this was consistent with
the expectations.
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Table 6. Correlation of speech variables and speech intelligibility for Mandarin-speaking children with cerebral palsy (CP)
(n = 6) and typically developing (TD) children (n = 9).
CP
Variable
Articulatory-phonetic subsystem
VSA
F2i/F2u ratio
FCR
VAI
F2 slope /aɪ/
F2 slope /ɪa/
F2 slope /ɪo/
Accuracy of all vowels
Accuracy of single vowels
Accuracy of diphthongs
Accuracy of frequently occurring vowels
/i/
/u/
/a/
/ə/
/ɨ/
/aʊ/
/ʊa/
Accuracy of categorized consonants
Stop
Nasal
Fricative
Affricate
Lateral
Labial
Alveolar
Velar
Accuracy of frequently occurring consonants
/p/
/ph/
/m/
/t/
/th/
/l/
/x/
/ts/
Accuracy of all tones
Accuracy of individual tones
Tone 1
Tone 2
Tone 3
Tone 4
Neutral tone
Phonatory subsystem
Vowel duration
SNR
Jitter
Shimmer
Prosodic subsystem
Speech rate (all syllables)
Speech rate (intelligible syllables)
F0 of all tones
F0 of tone 1
F0 of tone 2
F0 of tone 3
F0 of tone 4

TD

Sentence
intelligibility

Word
intelligibility

Sentence
intelligibility

Word
intelligibility

0.06
0.13
−0.64
0.68
−0.18
0.06
0.44
0.60
0.45
0.62

0.37
0.45
−0.79a
0.76a
0.02
−0.68
0.79a
0.71a
0.37
0.27

0.23
−0.21
−0.12
0.15
0.28
0.47
0.36
0.22
−0.22
0.61

−0.22
−0.07
0.18
−0.19
0.16
0.10
0.32
0.34
−0.04
0.39

0.92*
—
−0.35
0.43
0.09
0.19
0.35

−0.21
—
−0.33
0.69
0.29
−0.20
0.38

—
—
0.66
−0.39
—
−0.40
0.22

—
—
−0.35
0.31
—
−0.22
0.74*

0.93*
0.81a
0.58
0.33
0.50
0.55
0.56
0.68

0.76a
0.98**
0.81*
0.43
0.21
0.84*
0.58
0.80a

0.58
−0.28
−0.48
−0.23
0.10
0.45
−0.44
0.39

0.38
−0.06
0.45
−0.04
−0.53
0.41
0.15
−0.02

0.60
0.35
0.35
0.43
−0.16
0.50
0.78a
−0.31
−0.29

0.79a
0.39
0.87*
0.35
−0.04
0.21
0.96**
−0.08
0.80a

0.17
0.65
−0.20
−0.39
0.66
0.10
−0.39
0.14
0.30

0.23
0.40
−0.23
0.04
−0.35
−0.53
0.04
0.63
0.07

−0.42
0.12
0.79a
−0.61
−0.41

0.31
0.46
0.99**
0.63
−0.41

—
0.51
0.07
−0.22
0.46

—
0.35
−0.38
−0.35
0.49

0.23
−0.92*
0.71a
0.86a

−0.06
0.17
−0.56
−0.47

−0.33
−0.42
0.49
0.44

0.02
−0.32
−0.02
0.40

−0.83a
−0.23
−0.63
−0.68
−0.84a
−0.81a
−0.52

−0.41
0.20
−0.28
−0.22
−0.38
−0.57
−0.32

0.44
0.57
−0.15
−0.18
−0.17
−0.22
−0.06

−0.05
−0.03
−0.50
−0.24
−0.42
−0.66
−0.59
(table continues)
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Table 6. (Continued).
CP
Variable
Pitch slope
Slope of tone 2
Slope of tone 4

TD

Sentence
intelligibility

Word
intelligibility

Sentence
intelligibility

Word
intelligibility

−0.33
0.19

−0.79a
0.68

0.22
0.18

0.14
−0.28

Note. Em dashes indicate the correlation cannot be calculated, as the accuracy rates in this item reached 100% for
all participants. VSA = vowel space area; FCR = formant centralization ratio; VAI = vowel articulation index; SNR =
signal-to-noise ratio.
a

High correlation between speech intelligibility and individual variable (r > .07).
*p < .05. **p < .01.

Ohata, Tsuboyama, Haruta, Ichihashi, and Nakamura
(2009) reported that higher F0 might reflect the severity of
overall speech motor impairment in speakers with CP; therefore, F0 was expected to have an influence on the speech
intelligibility of children with CP. In the present study,
the strong correlation between sentence intelligibility and
F0 was revealed in the high rising tone and the low falling
tone in children with CP. The current finding suggested
these two tones had greater influence than other tones on
sentence intelligibility and sentence intelligibility decreased
with the increased mean F0 of these two tones. This finding might be associated with the higher mean F0 and the
shorter vowel duration in children with CP. It was plausible
that the child might not have enough time to shift from the
high mean F0 to a low pitch for the low falling tone within
a shorter vowel duration (Xu, 1997) and thus affect the intelligibility of speech. Nevertheless, due to the small sample size, this connection should be regarded with caution.
Studies with more participants are required to determine
the relationship between F0 and speech intelligibility of
child speakers with CP. In addition, the relationship between vowel duration and mean F0 of the low falling tone
should be taken into consideration in future studies.
To examine the rationale for the classification of the
speech subsystem in the present study, a correlation analysis of all pairwise combinations of selected variables was
performed (see Appendix F). Significant correlations were
frequently found among variables in the same speech
subsystem, and only a few instances of correlations were
found across different subsystems, indicating that the
classification used in the current study was reasonable.
Correlates in the TD Group
In the TD group, no significant correlations were
revealed between speech intelligibility and individual variables (see Table 6); only the accuracy rate of /ʊa/ was significantly correlated with word intelligibility. As shown in
Appendix G, significant correlations were detected among
variables in the same speech subsystem. Moreover, mean F2
slope of /aɪ, ɪa, ɪo/ was observed to have a significant correlation with speech rate (intelligible syllables), and F0 of all
tones was significantly correlated with SNR and shimmer.
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A summary of the findings is listed in Appendix H.
For children with CP, the three speech subsystems seemed
to be equally important for sentence intelligibility, whereas
measures of the articulatory-phonetic subsystem (e.g., FCR,
VAI, F2 slope of /ɪo/, accuracy of all vowels, and accuracy
of all tones) seemed to have more influence on word intelligibility. A similar pattern was not observed in TD children,
and the significant measures were more evenly distributed
among the three speech subsystems. It would seem reasonable that all aspects of speech production potentially contributed to better speech intelligibility in TD children. The
current results suggest that, for children with CP, better
performance in articulatory-phonetic features resulted in
noticeably higher intelligibility in word productions. Nevertheless, for intelligibility on a larger scope (i.e., sentence),
the importance of articulatory-phonetic features was weakened, and listeners seemed to rely more on phonatory as
well as prosodic features and context clues in judging
speech intelligibility.

Discussion
The primary points of discussion are the comparison
with previous research, the value and implications of the
subsystem approach, and the general prospects for crosslanguage research on speech disorders in children with CP.

Comparison of the Current Findings
With Those of Lee et al.
Children with CP in the present study were similar to
those of Lee et al. (2014) with regard to age. However, the
sample size of the current study was smaller than that of
Lee et al. (2014). As to the TD control group, unlike Lee
et al. (2014), the current study included younger TD children at 62 to 73 months with the anticipation that the
competence of speech articulation of CP children should
be comparable to that of younger TD children.
With respect to stimuli, both the current study and
that by Lee et al. (2014) conducted acoustic analysis and
intelligibility judgment based on the speech data from
word repetitions. In addition to words, speech data from
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sentences were also used in the present study for speech
rate calculation and intelligibility judgment. When conducting intelligibility judgments, listeners in Lee et al. (2014)
could hear the sound file of only one child, whereas one
listener in the current study was allowed to hear the
sound file of more than one child. Because the word and
sentence stimuli tested in the present study were randomly
chosen by the system automatically and were different for
each individual child, listeners could not become familiarized with the speech stimuli.
As to measure selection, all measures in Lee et al.
(2014), except for A1-P1, were analyzed in the current study.
Additional acoustic and perceptual measures, including
F2i/F2u ratio, FCR, VAI, jitter, shimmer, speech rate,
pitch slope, and phonetic accuracy rates of vowels, consonants, and tones were included in the present study to
compare with the previous findings and to examine if
language-specific characteristics existed. Because A1-P1
was reported to account for a minimal variance in speech
intelligibility in Lee et al. (2014), A1-P1 was not included in
this study.
Based on different study expectations, the measures
in the two studies were classified into different speech subsystems. In Lee et al. (2014), three speech subsystems (i.e.,
articulatory, velopharyngeal, and laryngeal) corresponded
to the three different portions and functions of the supralaryngeal cavity. Vowel space, F2 slope, and vowel duration were in the articulatory subsystem, A1-P1 was in the
velopharyngeal subsystem, whereas SNR and mean F0 were
in the laryngeal subsystem. On the other hand, in the current study, articulatory-phonetic, phonatory, and prosodic
subsystems were considered. The articulatory-phonetic subsystem incorporated acoustic (i.e., VSA, F2i/F2u ratio, FCR,
VAI, and F2 slope) and perceptual (i.e., phonetic accuracy
rates of vowels, consonants, and tones) measures associated
with articulation and represented the same function as the
articulatory subsystem in Lee et al. (2014). The phonatory
subsystem covered respiratory control (i.e., vowel duration)
as well as voice quality (i.e., SNR, jitter, and shimmer) and
was generally relevant to the laryngeal subsystem in Lee
et al. (2014). Since vowel duration involves one’s ability to
regulate breathing while producing speech, it was classified
into the phonatory subsystem instead of the articulatoryphonetic subsystem in the current study. Tones in Mandarin
were expected to show significant group contrasts and to
be correlated with speech intelligibility. Therefore, the
measures such as mean F0, pitch slope, and speech rate
were classified into the prosodic subsystem in the present study.
Significantly smaller VSAs in Mandarin speakers
with CP were observed in the present study and in Liu et al.
(2005). The significance of VSA in differentiating the CP
and TD groups observed from Mandarin-based studies provides strong support to the finding of Lee et al. (2014), even
though the VSA in Mandarin is inherently smaller (with
three corner vowels) than that in English.
Significant group contrasts were found in vowel duration (CP > TD) in English-speaking children. However,

in Mandarin speakers, the relationship of vowel duration between participants in the CP and TD groups exhibited contrary patterns in Jeng et al. (2006) and in the current study.
That is, the participants with CP in Jeng et al. (2006) had
longer vowel duration than healthy participants, whereas
the participants with CP in the present study had shorter
vowel duration than healthy participants. Possible reasons
might be associated with the small sample size in the present
study, which led to reduced statistical power and made it
difficult to detect significant group differences. In addition,
the different speech stimuli in Lee et al. (2014) and in the
present study might give rise to the diverse relationships
of vowel duration between children with CP and TD children. The speech stimuli of Lee et al. (2014) were all single
words, whereas those of the present study were in the form
of word combinations, which sound more natural than
single words for children. Word combinations were more
challenging than single words for children with CP to repeat in a limited breath group and therefore generated a
shorter vowel duration.
In the present study and in Lee et al. (2014), no significant differences between the CP and TD groups were
presented in SNR, and no significant relationship was
found between SNR and word intelligibility. Further examination was conducted based on Mandarin data with
regard to the relationship of SNR and sentence intelligibility. A significant and negative correlation between SNR
and sentence intelligibility was detected, but this finding
might be biased by the small sample size and the large
individual differences.
The universal pattern in terms of a higher mean F0
in individuals with CP as compared to their TD counterparts was observed in Mandarin (the present study; Jeng
et al., 2006) and English (Lee et al., 2014) speakers.
Consistent with the finding of Lee et al. (2014), the
articulatory-phonetic subsystem of the current study was
found to be sensitive in detecting differences between children with CP and TD children, even though the measures
analyzed in the current study and in Lee et al. (2014)
were not exactly the same. In English data, significant group
contrasts were all presented in measures in the articulatory
subsystem (i.e., VSA, vowel duration, and F2 slope). On
the other hand, in Mandarin data, significant group contrasts
were observed in VSA, F2i/F2u ratio, FCR, VAI, jitter,
and several perceptual measures (i.e., accuracy of all vowels,
single vowels, /ə/, /ɨ/, stops, nasals, affricates, alveolars,
tone 3). All measures mentioned above, except for jitter,
were from the articulatory-phonetic subsystem.
For both Mandarin and English data, most variables
that exhibited significant group contrasts did not necessarily have significant correlation with speech intelligibility.
For example, VSA was effective in distinguishing the CP
and TD groups for English speakers (Lee et al., 2014) and
Mandarin speakers (the present study; Liu et al., 2005),
but only the speakers with CP in Liu et al. (2005) demonstrated significant and positive correlation between VSA
and speech intelligibility. However, exceptions were observed in a few measures associated with the articulatory
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subsystem in Lee et al. (2014) and in the current study.
Among all segmental measures in the current study, only
the accuracy rates of stops and nasals demonstrated significant group differences and had a positive and significant
correlation with sentence and word intelligibility, respectively.
This was different from the finding of Lee et al. (2014) that
F2 slope was the only measure in the articulatory subsystem
that exhibited significant group contrasts and accounted for
the largest variance in speech intelligibility. In the current
study, the F2 slope of /ɪo/ was detected to be positively and
significantly correlated with word intelligibility. Nevertheless, the relationship between the F2 slope of /ɪo/ and word
intelligibility was hard to determine and requires further examination, because the sample size of this study was small
and the number of vowel productions between the CP and
TD groups was unbalanced. In addition to F2 slope, mean
F0 accounted for 8.3% of the variance in intelligibility of
English data, but no significant correlation between mean
F0 and speech intelligibility was found in Mandarin. Possible reasons might be related to the different materials used
for data measurement and the small sample size.
Major findings from Mandarin- and English-based
studies can be summarized as follows. First, both Mandarin
and English speakers showed a significant difference in
VSA between the CP and TD groups. Prior studies based
on Mandarin data have indicated a significant correlation
between VSA and word intelligibility, but this was not supported by the current result as well as Lee et al.’s (2014)
finding and requires further investigation. Second, previous
studies of both Mandarin and English have reported that
speakers with CP had longer vowel durations compared to
normal speakers; however, this pattern was not observed in
the present study. Further studies are needed to clarify the
relationship of vowel duration between speakers from the
CP and TD groups. Third, individuals with CP from both
Mandarin and English environments tended to have higher
mean F0 than their TD counterparts.

Comparison of the Current Findings With
Those in Other English-Based Studies
As compared with English, there are several differences in segmental and suprasegmental characteristics in
Mandarin that may lead to different speech findings in
children with dysarthria. First, in Mandarin, there are only
three corner vowels (i.e., /i, a, u/), compared to the four
corner vowels (i.e., /i, æ, u, ɑ/) in English, thus resulting in
a smaller VSA. However, the prominence of vowel space
also appears to hold true for Mandarin based on the significant differences between children with CP and TD children in the present study.
Secondly, regarding the F2 frequency, in the diphthong /aɪ/, the main vowel /a/ in Mandarin is a central vowel.
However, the main vowel /ɑ/ in English is a back vowel. This
may result in a shallower F2 slope in Mandarin during the
transition period of diphthong and make it difficult to detect
significant group contrasts or weaken the correlational link
between F2 slope and speech intelligibility. This expectation
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is supported by the current results that the mean F2 slope
of /aɪ, ɪa/ showed no statistically significant group differences
or correlations with speech intelligibility.
Thirdly, unlike English, affricates are prominent in
frequency of occurrence in Mandarin. Since affricates and
fricatives require precise articulation that ensures the
generation of turbulence noise and are demanding in production (Chen & Stevens, 2001), it is expected that, as
compared to TD children, significantly lower accuracy rates
in affricates and fricatives would be found in children with
CP and thus influence speech intelligibility. In the present
study, both fricatives and affricates were found to have the
lowest accuracy rates in both CP and TD groups, but only
affricates produced by children with CP exhibited a significantly lower accuracy rate than TD children. It could be
inferred that children from the TD and CP groups encountered difficulties when producing fricatives and affricates
at this stage, but the pronunciation of affricates was even
more difficult for children with CP. Particular difficulties
for fricatives and affricates have been noted in English
(Ansel & Kent, 1992), Cantonese (Whitehill & Ciocca,
2000a, 2000b), and Mandarin (Liu, Tseng, & Tsao, 2000).
Click languages and languages with many fricatives, affricates, or consonant clusters are expected to be challenging
to speakers with CP. However, all consonants are potentially
affected, especially when the oral motor system is severely
involved.
Finally, with respect to the suprasegmental characteristics in Mandarin, tones play a crucial role in distinguishing syllable meaning. Therefore, the accuracy rates
of tones and the slopes of the two distinctive tones (i.e.,
tone 2 and tone 4) are expected to be significantly different between children with CP and TD children and have a
positive correlation with speech intelligibility. Contrary to
expectations, none of the accuracy rates of all tones and individual tones showed significant differences between children with CP and TD children. This was likely associated
with the moderate level of severity of CP and the generally high tone accuracy for children in the CP group. Moreover, in the present study, the slope of tone 2 was found to
be negatively correlated with word intelligibility, which was
contrary to our expectations. Further investigation with a
larger sample size and more speech data is required to clarify the relationship between the slope of tone 2 and word
intelligibility.

Effects of CP on Speech Production
Across Languages
Modest progress has been made toward the goal of
identifying language-general and language-specific effects
on speech production in CP. Obstacles to progress include:
(a) very few reports have been published on CP in different languages, (b) studies vary widely in the methods used
to study and characterize speech disorders, and (c) the population of children with CP is highly heterogeneous with
respect to speech disorders, making it difficult to discern
specific effects of native language. The heterogeneity just
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mentioned is related in large part to variations in type and
severity of the neurologic disorder along with characteristics such as age. Especially for severe involvement, it is likely
that all subsystems are impaired (Nordberg, Miniscalco,
& Lohmander, 2014; Puyuelo & Rondal, 2005; Schölderle
et al., 2016). Given these caveats, the following tentative
conclusions are offered on the issue of language-related
differences in the speech disorders associated with CP.
Vowel articulation often is impaired and has been
shown to be highly correlated with intelligibility measures (Higgins & Hodge, 2002; Hustad et al., 2010; Kim,
Hasegawa-Johnson, & Perlman, 2011; Liu et al., 2005).
Among the features most consistently found to be affected
are production of the extreme or point vowels (and therefore the VSA), which reflect the speaker’s ability to move
the tongue body to its articulatory extrema (i.e., range
of motion). Limitations on vowel production in CP have
been noted in English (Fox & Boliek, 2012; Hustad et al.,
2010), Mandarin (Liu et al., 2000), Kannada (Narasimhan,
Nikitha, & Nikita, 2016), and Korean (Sim & Park, 1998).
It appears that production of the extreme vowels is very
likely a language-general feature for moderate-to-severe
oral articulatory involvement. Because languages differ in
their number of vowels and diphthongs, depending on the
language in question, various adjustments in tongue body
and lip configuration are required to produce the full set of
vowels. Vowel-rich languages are expected to pose a greater
risk of vowel overlap and, therefore, perceptual confusions
(Kim et al., 2011). Diphthongs, which also vary in number
across languages, place additional requirements on articulation because of their dynamic nature.
Voice disorders occur frequently and take several different forms, including breathiness, strain-strangle, harshness, fatigue, limited range of fundamental frequency, and
atypical mean fundamental frequency (Davis, 1987; Falk,
Chan, & Shein, 2012; Park, Park, & Kim, 2004; Schölderle
et al., 2016; Workinger & Kent, 1991). Voice disorders
may be language general and potentially could interfere
with tone production in languages such as Cantonese and
Mandarin. The relationship between voice disorders and
tone production needs further study.
Prosody is often affected, with the nature of the disturbance depending on the language. Specific effects have
been described for intonation and stress patterns in English
(Kuschmann et al., 2017; Patel, 2003, 2004; Patel, Hustad,
Connaghan, & Furr, 2012), tone production in Cantonese
(Ciocca, Whitehill, & Ng, 2002; Ciocca, Whitehill, & Yin,
2004), tone production in Mandarin (Jeng et al., 2006), prosody in German (Schölderle et al., 2016), and prosody in
Spanish (Puyuelo & Rondal, 2005). It is clear from these
studies that prosody is a vulnerable feature of the speech
disorder in CP, and cross-language comparisons may illuminate language variations in these disturbances.

Implications of Subsystem Approach
The multiple speech subsystems approach provides
a comprehensive and systematic framework to (a) describe

the characteristics of individuals with speech disorders
from different language backgrounds, (b) observe the progression history of speech disorders with natural maturation and aging, and (c) identify general directions and
strategies for the improvement of clinical assessment and
treatment. Because the natural progression of the speech
disorder is best addressed in a longitudinal design, this preliminary study cannot speak directly to this issue. However,
the methods and measures defined in the present study are
informative for future studies investigating the effects of
maturation and aging on the speech characteristics of individuals with CP. Providing directions or suggestions to improve clinical interventions is an important motivation
behind the present study, but it is not the main focus of this
report. Rather, the current study design is more relevant to
discovering the effects of CP on Mandarin speech productions.

Limitations and Future Study
This study was an investigation of speech production in a small group of children with CP. The design of
a larger sample size with a range of dysarthria severity
should be useful to clarify whether the findings are related
primarily to a particular severity of dysarthria or can be
generally applied to various levels of severity. It also would
be informative to conduct longitudinal studies to determine how speech production changes in children with CP
as the result of treatment and/or maturation. A few points
regarding recording procedures and measure selection can
be taken into consideration for further examination. First,
when making recordings, oral prompts from the examiner
should be reduced to minimize external sources of variability in the speech data. Second, audibility of speech signals is crucial to intelligibility judgments and should be
verified. For example, it may be advisable for future studies to measure the sound level pressure of the speech signals in order to draw more valid conclusions about which
variables or subsystems are strongly correlated to speech
intelligibility. Third, to ensure a consistent mic-to-mouth
distance, a lavalier microphone taped to the child’s forehead (Clair-Auger, Gan, Norton, & Boliek, 2015) might
be a better choice for collecting speech data. Fourth, future
studies could provide information of transcription errors
among different listeners (judges) to guide acoustic analysis. For example, vowel confusions could be more informative than vowel space measures on speech perception, and
consonant confusions with respect to place, manner, or
voicing contrasts could serve as a useful reference for further decisions on acoustic analysis. Finally, the reports
would be more comprehensive if measures associated with
respiration and resonance are included. Compromised respiratory function and speech breathing have been noted
and can have profound effects on the production of multisyllabic sequences (Hardy, 1967; Solomon & Charron, 1998)
and the characteristics of babbling (Levin, 1999). Aerodynamic analysis of voice is an index that can assess the
functions of the respiratory system and serves as an important indicator for the differentiation of a pathological voice
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from a normal one. Due to methodological constraints associated with setting up and calibrating equipment, aerodynamic analysis of voice is not addressed in this study, but
should be considered for future research. Another issue
deserving of careful study is resonance. Severe disorders of
velopharyngeal function can greatly reduce the phonetic contrasts among consonants and cause reduction of intelligibility.
Measures that reflect velopharyngeal function are therefore
of high interest. An obstacle to this line of research is that
the acoustic correlates of nasalization vary with several
factors, including anatomical differences across individuals,
the area of velar coupling, vowel identity, and phonetic
context. Lee et al. (2014) have measured A1-P1 to quantify
the degree of nasalization of oral vowels in child speakers,
but it was reported to account for a minimal variance in
intelligibility scores. It is uncertain that any single acoustic
measure is a satisfactory index across speakers and phonetic
contexts. Because it can be difficult to identify correlates of
nasalization across different vowels, the vowel /i/ often is
preferred for analysis (Kataoka, Michi, Okabe, Miura, &
Yoshida, 1996; Lee, Ciocca, & Whitehill, 2003) for the reasons that: (a) for a given velopharyngeal area, the effect of
acoustical coupling is greater for high than for low vowels,
and (b) the nasal pole near 1 kHz in /i/ usually is prominent
because it is distant from F1 and F2. Much of the work to
date pertains to adult speakers with normal speech. Acoustic measures of nasalization are important, but further work
is needed to refine measures suitable for diverse speaker
populations.

Conclusion
Neuromotor disorders often affect several aspects
of speech production. The present study investigated the
speech characteristics of Mandarin-speaking children with
moderate dysarthria secondary to CP with a multiple
speech subsystems approach, which involved articulation,
phonation, and prosody, and examined the relationship
of individual subsystems to intelligibility. As compared
to phonatory and prosodic subsystems, the articulatoryphonetic subsystem is more sensitive in representing the
impaired speech motor control in children with CP and is
more effective in accounting for the variation of word intelligibility. However, for sentence intelligibility, all three
speech subsystems are involved in children speaking Mandarin. The current results regarding the predominant involvement of the articulatory subsystem in speech production
parallel findings of previous studies on child as well as adult
speakers. This similarity provides a theoretical basis for improving speech intelligibility in children with dysarthria due
to CP cross-linguistically and suggests that the assessment
and treatment with respect to articulation used for Western
languages can be generally applied to other languages such
as Mandarin. However, these clinical assessment and
treatment techniques should be used with caution when
speakers are from different language backgrounds. For
example, the frequent occurrence of affricates, the significantly lower accuracy rate of affricates in children with CP
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relative to TD children, and the significant correlation of
tones with speech intelligibility observed from Mandarin
should be taken into consideration.

Acknowledgment
This investigation was supported by funds from the Taiwan
Ministry of Science and Technology (MOST 104-2410-H-006-061),
awarded to the first author. The contribution of the second author
was supported by grant R01DC009411 from the National Institute
on Deafness and Other Communication Disorders, National Institutes of Health, and the Waisman Center core grant (U54 HD090256)
from the National Institute of Child Health and Human Development, National Institutes of Health. A special thank you is extended
to the families of the children in this study for their support of this
project.

References
Achilles, R. (1955). Communication anomalies of individuals with
cerebral palsy: I. Analysis of communication processes in
151 cases of cerebral palsy. Cerebral Palsy Review, 16, 15–24.
Adank, P., Smits, R., & van Hout, R. (2004). A comparison of
vowel normalization procedures for language variation research. The Journal of the Acoustical Society of America, 116,
3099–3107.
Ansel, B. M., & Kent, R. D. (1992). Acoustic-phonetic contrasts
and intelligibility in the dysarthria associated with mixed
cerebral palsy. Journal of Speech and Hearing Research, 35,
296–308.
Bax, M., Goldstein, M., Rosenbaum, P., Leviton, A., Paneth, N.,
Dan, B., . . . Damiano, D. (2005). Proposed definition and
classification of cerebral palsy, April 2005. Developmental
Medicine & Child Neurology, 47(8), 571–576.
Bax, M., Tydeman, C., & Flodmark, O. (2006). Clinical and MRI
correlates of cerebral palsy: The European Cerebral Palsy
Study. Journal of the American Medical Association, 296(13),
1602–1608.
Boersma, P., & Weenink, D. (2016). Praat: doing phonetics by
computer (Version 6.0.15) [Computer program]. Amsterdam,
the Netherlands: University of Amsterdam. Retrieved from
http://www.praat.org/
Chao, Y. R. (1948). Mandarin Primer. Cambridge, MA: Harvard
University Press.
Chen, H., & Stevens, K. N. (2001). An acoustical study of the fricative /s/ in the speech of individuals with dysarthria. Journal
of Speech, Language, and Hearing Research, 44(6), 1300–1314.
Chen, M. Y. (2000). Tone sandhi: Patterns across Chinese dialects.
Cambridge, England: Cambridge University Press.
Ciocca, V., Whitehill, T. L., & Ng, S. S. (2002). Contour tone
production by Cantonese speakers with cerebral palsy. Journal
of Medical Speech-Language Pathology, 10(4), 243–248.
Ciocca, V., Whitehill, T. L., & Yin, M. K. (2004). The impact of
cerebral palsy on the intelligibility of pitch-based linguistic
contrasts. Journal of Physiological Anthropology and Applied
Human Science, 23(6), 283–287.
Clair-Auger, J. M., Gan, L. S., Norton, J. A., & Boliek, C. A.
(2015). Simultaneous measurement of breathing kinematics
and surface electromyography of chest wall muscles during
maximum performance and speech tasks in children: Methodological considerations. Folia Phoniatrica et Logopaedica,
67, 202–211.

Journal of Speech, Language, and Hearing Research • Vol. 61 • 525–548 • March 2018

Downloaded From: https://jslhr.pubs.asha.org/ by Health Sci Learning Ctr, Jennifer Soriano on 08/16/2018
Terms of Use: https://pubs.asha.org/ss/rights_and_permissions.aspx

Cockerill, H., Elbourne, D., Allen, E., Scrutton, D., Will, E.,
McNee, A., . . . Baird, G. (2014). Speech, communication and
use of augmentative communication in young people with
cerebral palsy: The SH&PE population study. Child: Care,
Health and Development, 40, 149–157.
Davis, L. F. (1987). Respiration and phonation in cerebral palsy:
A developmental model. Seminars in Speech and Language, 8,
101–106.
De Bodt, M. S., Hernández-Díaz Huici, M. E., & Van De Heyning,
P. H. (2002). Intelligibility as a linear combination of dimension
in dysarthric speech. Journal of Communication Disorders, 35,
283–292.
Falk, T. H., Chan, W. Y., & Shein, F. (2012). Characterization of
atypical vocal source excitation, temporal dynamics and prosody for objective measurement of dysarthric word intelligibility. Speech Communication, 54(5), 622–631.
Fougeron, C., & Audibert, N. (2011). Testing various metrics
for the description of vowel distortion in dysarthria. In
W.-S. Lee & E. Zee (Eds.), Proceedings of the International
Congress of Phonetic Sciences (ICPHs ’11) (pp. 687–690).
Hong Kong.
Fox, C. M., & Boliek, C. A. (2012). Intensive voice treatment
(LSVT LOUD) for children with spastic cerebral palsy and
dysarthria. Journal of Speech, Language, and Hearing Research, 55(3), 930–945.
Green, J. R., Yunusova, Y., Kuruvilla, M. S., Wang, J., Pattee,
G. L., Synhorst, L., . . . Berry, J. D. (2013). Bulbar and speech
motor assessment in ALS: Challenges and future directions.
Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration, 14, 494–500.
Hardy, J. C. (1967). Suggestions for physiological research in
dysarthria. Cortex, 3(1), 128–156.
Hardy, J. C. (1983). Cerebral palsy. Englewood Cliffs, NJ:
Prentice-Hall.
Harris, R. J. (1985). A primer of multivariate statistics. New York,
NY: Academic Press.
Higgins, C. M., & Hodge, M. M. (2002). Vowel area and intelligibility in children with and without dysarthria. Journal of
Medical Speech-Language Pathology, 10, 271–277.
Hodge, M., Daniels, J., & Gotzke, C. L. (2009). TOCS+ Intelligibility Measures (Version 5.3) [Computer software]. Edmonton,
Canada: University of Alberta.
Hustad, K. C., Allison, K., Sakash, A., McFadd, E., Broman, A. T.,
& Rathouz, P. J. (2016). Longitudinal development of communication in children with cerebral palsy between 24 and
53 months: Predicting speech outcomes. Developmental Neurorehabilitation, 1–8.
Hustad, K. C., Gorton, K., & Lee, J. (2010). Classification of
speech and language profiles in 4-year-old children with cerebral palsy: A prospective preliminary study. Journal of Speech,
Language, and Hearing Research, 53, 1496–1513.
Irwin, J. (1955). Phonetic equipment of spastic and athetoid children. Journal of Speech and Hearing Disorders, 20, 54–67.
Jeng, J., Weismer, G., & Kent, R. D. (2006). Production and perception of Mandarin tone in adults with cerebral palsy. Clinical Linguistics & Phonetics, 20, 67–87.
Kataoka, R., Michi, K. I., Okabe, K., Miura, T., & Yoshida, H.
(1996). Spectral properties and quantitative evaluation of
hypernasality in vowels. The Cleft Palate–Craniofacial Journal, 33, 43–50.
Kennes, J., Rosenbaum, P., Hanna, S. E., Walter, S., Russell, D.,
Raina, P., & Galuppi, B. (2002). Health status of school-aged
children with cerebral palsy: Information from a populationbased sample. Developmental Medicine & Child Neurology, 44,
240–247.

Kim, H., Hasegawa-Johnson, M., & Perlman, A. (2011). Vowel
contrast and speech intelligibility in dysarthria. Folia Phoniatrica et Logopaedica, 63(4), 187–194.
Kuschmann, A., Miller, N., Lowit, A., & Pennington, L. (2017).
Intonation patterns in older children with cerebral palsy before
and after speech intervention. International Journal of SpeechLanguage Pathology, 19(4), 370–380.
Le Dorze, G., Ouellet, L., & Ryalls, J. (1994). Intonation and
speech rate in dysarthric speech. Journal of Communication
Disorders, 27(1), 1–18.
Lee, A. S. Y., Ciocca, V., & Whitehill, T. L. (2003). Acoustic correlates
of hypernasality. Clinical Linguistics & Phonetics, 17, 259–264.
Lee, J., Hustad, K. C., & Weismer, G. (2014). Predicting speech
intelligibility with a multiple speech subsystems approach in
children with cerebral palsy. Journal of Speech, Language, and
Hearing Research, 57(5), 1666–1678.
Lepage, C., Noreau, L., Bernard, P., & Fougeyrollas, P. (1998).
Profile of handicap situations in children with cerebral palsy.
Scandinavian Journal of Rehabilitation Medicine, 30, 263–272.
Levin, K. (1999). Babbling in infants with cerebral palsy. Clinical
Linguistics & Phonetics, 13(4), 249–267.
Levy, E. (2014). Implementing two treatment approaches to childhood dysarthria. International Journal of Speech-Language
Pathology, 16, 344–354.
Liptak, G. S., O’Donell, M., Conaway, M., Chumlea, W. C.,
Worley, G., Henderson, R. C., . . . Stevenson, R. D. (2001).
Health status of children with moderate to severe cerebral palsy.
Developmental Medicine & Child Neurology, 43, 364–370.
Liu, H.-M., Tsao, F.-M., & Kuhl, P. K. (2005). The effect of
reduced vowel working space on speech intelligibility in
Mandarin-speaking young adults with cerebral palsy. The
Journal of the Acoustical Society of America, 117(6), 3879–3889.
Liu, H.-M., Tseng, C.-H., & Tsao, F.-M. (2000). Perceptual and
acoustic analysis of speech intelligibility in Mandarin-speaking
young adults with cerebral palsy. Clinical Linguistics & Phonetics, 14(6), 447–464.
Lowit, A., & Kent, R. D. (2017). Management of dysarthria. In
I. Papathanasiou & P. Coppens (Eds.), Aphasia and related
neurogenic communication disorders (pp. 527–555). Burlington,
MA: Jones & Bartlett Learning.
Mei, C., Reilly, S., Reddihough, D., Mensah, F., & Morgan, A.
(2014). Motor speech impairment, activity, and participation
in children with cerebral palsy. International Journal of SpeechLanguage Pathology, 16(4), 427–435.
Milenkovic, P. (2005). TF32 Time-Frequency Analysis Software
Program [Computer software]. University of Wisconsin—
Madison. Retrieved from http://userpages.chorus.net/cspeech/
Miller, N., & Lowit, A. (2014). Motor speech disorders: A crosslanguage perspective. Bristol, England: Multilingual Matters.
Miller, N., Pennington, L., Robson, S., Roelant, E., Steen, N., &
Lombardo, E. (2014). Changes in voice quality after speechlanguage therapy intervention in older children with cerebral
palsy. Folia Phoniatrica et Logopaedica, 65, 200–207.
Moura, C., Cunha, L., Vilarinho, H., Cunha, M., Freitas, D.,
Palha, M., . . . Pais-Clemente, M. (2008). Voice parameters in
children with Down syndrome. Journal of Voice, 22, 34–42.
Murry, T. (1983). The production of stress in three types of
dysarthric speech. In W. Berry (Ed.), Clinical dysarthria
(pp. 69–84). Austin, TX: Pro-Ed.
Narasimhan, S. V., Nikitha, M., & Nikita, F. (2016). Articulatory
working space area in children with cerebral palsy. International
Journal of Health Sciences & Research, 6(2), 335–341.
Netsell, R. (1984). Physiological studies of dysarthria and their
relevance to treatment. Seminars in Speech and Language, 5,
279–291.

Chen et al.: Children With CP: Intelligibility of Mandarin

Downloaded From: https://jslhr.pubs.asha.org/ by Health Sci Learning Ctr, Jennifer Soriano on 08/16/2018
Terms of Use: https://pubs.asha.org/ss/rights_and_permissions.aspx

541

Netsell, R., & Daniel, B. (1979). Dysarthria in adults: Physiologic
approach to rehabilitation. Archives of Physical Medicine and
Rehabilitation, 60, 502–508.
Nordberg, A., Miniscalco, C., & Lohmander, A. (2014). Consonant production and overall speech characteristics in schoolaged children with cerebral palsy and speech impairment.
International Journal of Speech-Language Pathology, 16(4),
386–395.
Nordberg, A., Miniscalco, C., Lohmander, A., & Himmelmann, K.
(2013). Speech problems affect more than one in two children
with cerebral palsy: Swedish population-based study. Acta
Paediatrica, 102(2), 161–166.
Novak, I., Mcintyre, S., Morgan, C., Campbell, L., Dark, L.,
Morton, N., . . . Goldsmith, S. (2013). A systematic review of
interventions for children with cerebral palsy: State of the evidence. Developmental Medicine & Child Neurology, 55, 885–910.
Ohata, K., Tsuboyama, T., Haruta, T., Ichihashi, N., & Nakamura,
T. (2009). Longitudinal change in muscle and fat thickness in
children and adolescents with cerebral palsy. Developmental
Medicine & Child Neurology, 51, 943–948.
Park, J. E., Park, E. S., & Kim, H. H. (2004). A study of acoustic
characteristics of vowels in preschool cerebral palsy children
with spastic diplegia. Communication Sciences & Disorders,
9(2), 116–128.
Parkes, J., Hill, N. A. N., Platt, M. J., & Donnelly, C. (2010).
Oromotor dysfunction and communication impairments in
children with cerebral palsy: A register study. Developmental
Medicine & Child Neurology, 52, 1113–1119.
Patel, R. (2003). Acoustic characteristics of the question–statement
contrast in severe dysarthria due to cerebral palsy. Journal of
Speech, Language, and Hearing Research, 46, 1401–1415.
Patel, R. (2004). The acoustics of contrastive prosody in adults
with cerebral palsy. Journal of Medical Speech-Language
Pathology, 12(4), 189–193.
Patel, R., Hustad, K. C., Connaghan, K. P., & Furr, W. (2012).
Relationship between prosody and intelligibility in children
with dysarthria. Journal of Medical Speech-Language Pathology, 20(4), 17.
Pennington, L., Miller, N., Robson, S., & Steen, N. (2010). Intensive speech and language therapy for older children with cerebral palsy: A systems approach. Developmental Medicine &
Child Neurology, 52, 337–344.
Pennington, L., Virella, D., Mjøen, T., da Graça Andrada, M.,
Murray, J., Colver, A., . . . de la Cruz, J. (2013). Development
of The Viking Speech Scale to classify the speech of children
with cerebral palsy. Research in Developmental Disabilities,
34, 3202–3210.
Platt, L. J., Andrews, G., & Howie, P. M. (1980). Dysarthria
of adult cerebral palsy: II. Phonetic analysis of articulation
errors. Journal of Speech and Hearing Disorders, 23, 41–55.
Platt, L. J., Andrews, G., Young, M., & Quinn, P. T. (1980).
Dysarthria of adult cerebral palsy: I. Intelligibility and articulatory impairment. Journal of Speech and Hearing Disorders,
23, 28–40.
Puyuelo, M., & Rondal, J. A. (2005). Speech rehabilitation in 10
Spanish-speaking children with severe cerebral palsy: A 4-year
longitudinal study. Pediatric Rehabilitation, 8(2), 113–116.
Robb, M. P. (2010). Intro: A guide to communication sciences and
disorders. San Diego, CA: Plural.
Rong, P., Loucks, T., Kim, H., & Hasegawa-Johnson, M. (2012).
Relationship between kinematics, F2 slope and speech intelligibility in dysarthria due to cerebral palsy. Clinical Linguistics
& Phonetics, 26(9), 806–822.
Rong, P., Yunusova, Y., Wang, J., Zinman, L., Pattee, G. L.,
Berry, J. D., . . . Green, J. R. (2016). Predicting speech

542

intelligibility decline in amyotrophic lateral sclerosis based
on the deterioration of individual speech subsystems. PLoS
One, 11(5), e0154971.
Rosenbek, J., & La Pointe, L. (1978). The dysarthrias: Description,
diagnosis, and treatment. In D. Johns (Ed.), Clinical management
of neurogenic communicative disorders (pp. 251–310). Boston, MA:
Little-Brown.
Roy, N., Nissen, S. L., Dromey, C., & Sapir, S. (2009). Articulatory changes in muscle tension dysphonia: Evidence for vowel
space expansion following manual circumlaryngeal therapy.
Journal of Communication Disorders, 42(2), 124–135.
Sapir, S., Połczyńska, M., & Tobin, Y. (2009). Why does the vowel
space area as an acoustic metric fail to differentiate dysarthric
from normal vowel articulation and what can be done about it?
Poznań Studies in Contemporary Linguistics, 45, 301–311.
Sapir, S., Ramig, L., Spielman, J., & Fox, C. (2010). Formant
centralization ratio: A proposal for a new acoustic measure of
dysarthric speech. Journal of Speech, Language, and Hearing
Research, 53(1), 114–125.
Schlenck, K. J., Bettrich, R., & Willmes, K. (1993). Aspects of disturbed prosody in dysarthria. Clinical Linguistics & Phonetics,
7, 119–128.
Schölderle, T., Staiger, A., Lampe, R., Strecker, K., & Ziegler, W.
(2016). Dysarthria in adults with cerebral palsy: Clinical presentation and impacts on communication. Journal of Speech,
Language, and Hearing Research, 59, 216–229.
Sim, H. S., & Park, J. E. (1998). A study on the vowel production ability of cerebral-palsied children. Communication Sciences & Disorders, 3(1), 68–84.
Solomon, N. P., & Charron, S. (1998). Speech breathing in ablebodied children and children with cerebral palsy: A review
of the literature and implications for clinical intervention.
American Journal of Speech-Language Pathology, 7(2), 61–78.
Turner, G. S., Tjaden, K., & Weismer, G. (1995). The influence of
speaking rate on vowel space and speech intelligibility for individuals with amyotrophic lateral sclerosis. Journal of Speech
and Hearing Research, 38, 1001–1013.
van Mourik, M., Catsman-Berrevoets, C. E., Yousef-Bak, E., &
van Dongen, H. R. (1997). Acquired childhood dysarthria:
Review of its clinical presentation. Pediatric Neurology, 17,
299–307.
Wampold, B. E., & Freund, R. D. (1987). Use of multiple regression in counseling psychology research: A flexible data-analytic
strategy. Journal of Counseling Psychology, 34, 372–382.
Weismer, G., & Berry, J. (2003). Effects of speaking rate on second formant trajectories of selected vocalic nuclei. The Journal
of the Acoustical Society of America, 113, 3362–3378.
Weismer, G., Jeng, J.-Y., Laures, J. S., Kent, R. D., & Kent, J. F.
(2001). Acoustic and intelligibility characteristics of sentence
production in neurogenic speech disorders. Folia Phoniatrica
et Logopaedica, 53, 1–18.
Weismer, G., Laures, J. S., Jeng, J.-Y., Kent, R. D., & Kent, J. F.
(2000). Effect of speaking rate manipulations on acoustic and
perceptual aspects of the dysarthria in amyotrophic lateral
sclerosis. Folia Phoniatrica et Logopaedica, 52, 201–219.
Weismer, G., Yunusova, Y., & Bunton, K. (2012). Measures to evaluate the effects of DBS on speech production. Journal of Neurolinguistics, 25(2), 74–94.
Whitehill, T. L., & Ciocca, V. (2000a). Perceptual-phonetic predictors of single-word intelligibility: A study of Cantonese dysarthria. Journal of Speech, Language, and Hearing Research,
43(6), 1451–1465.
Whitehill, T. L., & Ciocca, V. (2000b). Speech errors in Cantonese
speaking adults with cerebral palsy. Clinical Linguistics & Phonetics, 14(2), 111–130.

Journal of Speech, Language, and Hearing Research • Vol. 61 • 525–548 • March 2018

Downloaded From: https://jslhr.pubs.asha.org/ by Health Sci Learning Ctr, Jennifer Soriano on 08/16/2018
Terms of Use: https://pubs.asha.org/ss/rights_and_permissions.aspx

Wolfe, W. G. (1950). A comprehensive evaluation of fifty cases of
cerebral palsy. Journal of Speech and Hearing Disorders, 15(3),
234–251.
Wong, P. C., Perrachione, T. K., Gunasekera, G., & Chandrasekaran,
B. (2009). Communication disorders in speakers of tone languages: Etiological bases and clinical considerations. Seminars
in Speech and Language, 30, 162–173.
Workinger, M. S., & Kent, R. D. (1991). Perceptual analysis of
the dysarthrias in children with athetoid and spastic cerebral

palsy. In C. A. Moore, K. M. Yorkston, & D. R. Beukelman
(Eds.), Dysarthria and apraxia of speech: Perspectives on management (pp. 109–126). Baltimore, MD: Brookes.
Xu, Y. (1997). Contextual tonal variations in Mandarin. Journal
of Phonetics, 25, 61–83.
Xu, Y. (1998). Consistency of tone-syllable alignment across different
syllable structures and speaking rates. Phonetica, 55(4), 179–203.
Zhang, J., & Lai, Y. (2010). Testing the role of phonetic knowledge in Mandarin tone sandhi. Phonology, 27, 153–201.

Appendix A
Number of Syllables and Sentences Used in Acoustic and Perceptual Measures, Percent Intelligibility, and Speech Rate for
Mandarin-Speaking Children With Cerebral Palsy (CP) and Typically Developing (TD) Children.
Variable measurements

Speech intelligibility judgments

Speech rate

Child

Usable syllables in
39 word combinations

Usable syllables in
39 word combinations

Number of sentences
(total syllables)

Sentences
(total syllables)

CP1
CP2
CP3
CP4
CP5
CP6
TD1
TD2
TD3
TD4
TD5
TD6
TD7
TD8
TD9

76
79
69
77
79
72
66
73
76
44
61
57
58
62
73

79
79
82
81
79
81
68
84
79
55
69
82
58
81
75

23 (80)
20 (80)
14 (80)
23 (80)
23 (80)
—
36 (160)
32 (160)
32 (160)
32 (160)
36 (160)
36 (160)
36 (160)
36 (160)
36 (160)

23 (80)
20 (80)
14 (80)
23 (80)
23 (80)
—
34 (153)
29 (147)
30 (147)
25 (128)
13 (61)
33 (147)
27 (123)
36 (160)
32 (141)

Note. Column 2 indicates the number of usable syllables in 39 word combinations for variable measurements (all the acoustic measures
and phonetic accuracy rates), excluding syllables with unacceptable recording quality or high background noise. Column 3 indicates
the number of usable syllables in 39 word combinations for intelligibility judgment. Column 4 indicates the number and total syllables (in
parentheses) of sentences for intelligibility judgments. Column 5 indicates the number and total syllables (in parentheses) of sentences for
speech rate calculation; fragmented sentences were excluded for TD children. Em dashes indicate no data, as CP6 was unable to perform the
sentence repetition task.
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Appendix B
Number of Sentences and Total Syllables for Speech Rate Calculation (Based on All Syllables and Intelligible Syllables) for
Mandarin-Speaking Children With Cerebral Palsy (CP) and Typically Developing (TD) Children.
Sentence length
(in syllables)a

Child

Age
(years)

Age level of
sentence stimuli

3

4

5

6

7

8

CP1
CP2
CP3
CP4
CP5
CP6
TD1
TD2
TD3
TD4
TD5
TD6
TD7
TD8
TD9

7
4
7
8
6
8
5
6
5
5
5
5
5
5
5

3
4
7
3
3
—
5
6
6
6
5
5
5
5
5

12
7
2
12
12
—
7
4
5
3
3
7
5
8
8

11
6
2
11
11
—
10
6
6
6
2
10
8
11
10

0
7
2
0
0
—
10
8
10
6
4
10
8
10
7

0
0
3
0
0
—
7
6
5
5
4
6
6
7
7

0
0
2
0
0
—
0
5
4
5
0
0
0
0
0

0
0
3
0
0
—
0
0
0
0
0
0
0
0
0

Number of sentences
(total syllables)

Speech rate
(all syllables)

Speech rate
(intelligible syllables)

23 (80)
20 (80)
14 (80)
23 (80)
23 (80)
—
34 (153)
29 (147)
30 (147)
25 (128)
13 (61)
33 (147)
27 (123)
36 (160)
32 (141)

2.07
3.21
2.43
2.01
2.95
—
2.05
2.31
2.00
2.08
1.99
2.04
2.23
2.16
2.28

1.87
2.18
2.30
1.66
2.23
—
2.05
2.31
1.93
2.07
1.98
2.04
2.18
2.16
2.24

Note. Em dashes indicate no data, as CP6 was unable to perform the sentence repetition task during this recording session.
a

Number of sentences.

Appendix C
Bonferroni’s Post Hoc Tests Among All Pairwise Tone Comparisons.
Variable
Tone 1
Tone 2
Tone 3
Tone 4

Tone 1

Tone 2

Tone 3

Tone 4

—

.01*
—

.00*
.01*
—

1.00
.00*
.00*
—

*p < .05.

Appendix D
Mean Standard Deviation for F0 (All Tones and Individual Tones), Slope of Tone 2, and Slope of Tone 4 for Mandarin-Speaking
Children With Cerebral Palsy (CP) and Typically Developing (TD) Children.
CP
Variable
F0 of all tones (Hz)
F0 of tone 1
F0 of tone 2
F0 of tone 3
F0 of tone 4
Pitch slope
Slope of tone 2 (Hz)
Slope of tone 4 (Hz)

TD

M (SD)

Range

M (SD)

68.72 (23.73)
57.52 (26.36)
60.08 (30.08)
66.41 (33.44)
63.25 (24.54)

75.44–599.08
75.62–599.08
75.66–578.11
76.21–598.35
75.44–572.18

55.69 (12.85)
46.17 (27.02)
38.18 (11.96)
53.14 (14.97)
54.11 (17.06)

0.10 (0.05)
0.15 (0.05)

0.05–0.57
0.03–1.01

0.10 (0.04)
0.12 (0.03)

Note. M = mean of standard deviation; SD = standard deviation of mean standard deviation.
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Range

t

p

75.37–599.48
75.37–546.70
76.20–405.78
76.05–598.17
75.44–599.48

1.39
0.80
1.99
0.91
0.86

.19
.44
.07
.40
.41

0.02–0.62
0.05–0.80

0.02
1.43

.99
.19

Appendix E
Summary of Significant Differences Between Mandarin-Speaking Children
With Cerebral Palsy (CP) and Typically Developing (TD) Children.
• Speech intelligibility
Significant variables
Sentence (TD > CP)
Word (TD > CP)
• Articulatory-phonetic subsystem
Significant variables
VSA (TD > CP)
F2i/F2u ratio (TD > CP)
FCR (CP > TD)
VAI (TD > CP)
Accuracy of all vowels (TD > CP)
Accuracy of single vowels (TD > CP)
Accuracy of /ə/ (TD > CP)
Accuracy of /ɨ/ (TD > CP)
Accuracy of stops (TD > CP)
Accuracy of nasals (TD > CP)
Accuracy of affricates (TD > CP)
Accuracy of alveolars (TD > CP)
Nonsignificant variables
F2 slope /aɪ, ɪo/ (CP > TD)
F2 slope /ɪa/ (TD > CP)
Accuracy of diphthongs (TD > CP)
Accuracy of frequently occurring vowels (i.e., /i, u, a, aʊ, ʊa/) (TD > CP)
Accuracy of consonants (i.e., fricatives, laterals, labials, velars) (TD > CP)
Accuracy of frequently occurring consonants (i.e., /m, t, th, l, x, ts/) (TD > CP)
Accuracy of frequently occurring consonants (i.e., /p, ph/) (CP > TD)
Accuracy of all tones (TD > CP)
Accuracy of individual tones (i.e., tone 1, 2, 3, 4) (TD > CP)
• Phonatory subsystem
Significant variable
Jitter (CP > TD)
Nonsignificant variables
Vowel duration (TD > CP)
SNR (TD > CP)
Shimmer (CP > TD)
• Prosodic subsystem
Nonsignificant variables
Speech rate (all syllables) (CP > TD)
Speech rate (intelligible syllables) (TD > CP)
F0 of all tones (CP > TD)
F0 of tone 1 (CP > TD)
F0 of tone 2 (CP > TD)
F0 of tone 3 (CP > TD)
F0 of tone 4 (CP > TD)
Slope of tone 2 (CP > TD)
Slope of tone 4 (TD > CP)
Note. VSA = vowel space area; FCR = formant centralization ratio; VAI = vowel
articulation index; SNR = signal-to-noise ratio.
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Appendix F
Correlation Coefficient Matrix of the Significant Speech Variables for Mandarin-Speaking Children With Cerebral Palsy (CP)
(n = 6).
Variable

1

2

3

4

5

6

7

8

9

10

11

12

13

Articulatory-phonetic subsystem
1. VSA
— .97** −.77a
.78a −.68 .09 −.21 .50 .59 .37 .08 −.37 −.24
2. F2i/F2u ratio
— −.86*
.86* −.71a .18 −.20 .63 .60 .31 −.01 −.33 −.17
3. FCR
— −1.00** .51 −.56 −.14 −.70 −.70 −.21 .16 .33 .13
4. VAI
—
−.56 .57 .16 .73a .67 .24 −.22 −.28 −.07
5. Mean F2 slope of /aɪ, ɪa, ɪo/
—
.07 .28 −.75a .06 −.35 .60 −.36 −.53
6. Accuracy of all vowels
— .87* .52 .64 .46 −.14 −.40 −.01
7. Accuracy of single vowels
—
.23 .39 .57 −.10 −.29 .08
8. Accuracy of diphthongs
—
.27 .49 −.60 .10 .49
9. Accuracy of all tones
— .38 .49 −.89* −.66
Phonatory subsystem
10. Vowel duration
— −.06 −.30 .15
11. SNR
— −.81* −.94**
12. Jitter
—
.86*
13. Shimmer
—
Prosodic subsystem
14. Speech rate (all syllables)
15. Speech rate (intelligible
syllables)
16. F0 of all tones
17. Slope of tone 2
18. Slope of tone 4

14
−.06
−.21
.63
−.64
.58
−.17
.06
−.60
.70

15

16

17

18

−.06
−.25
.34
−.33
.48
.42
.64
−.36
.82a

.12
−.04
.34
−.35
.27
−.12
.13
−.36
.30

.14
.08
.37
−.34
−.44
−.49
−.33
.15
−.34

.69
.66
−.73a
.71a
−.24
.12
−.17
.08
.52

.21
.59 .54 .46 −.18
.96* .57 .71a −.05 .13
−.97** −.81a −.60 .19 −.30
−.89* −.53 −.50 .32 −.44
—

.73a
—

.92*
.82a

.28 −.23
.02 −.15

—

.49 −.23
— −.54
—

Note. VSA = vowel space area; FCR = formant centralization ratio; VAI = vowel articulation index; SNR = signal-to-noise ratio.
a

High correlation between two different variables (r > .07).

*p < .05. **p < .01.
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Appendix G
Correlation Coefficient Matrix of Significant Speech Variables for Mandarin-Speaking Typically Developing (TD) Children
(n = 9).
Variable

1

2

3

4

5

6

7

8

9

10

11

12

Articulatory-phonetic subsystem
1. VSA
— .53 −.78*
.78* .35 .26 .01 .52 .41 .08 −.18 .35
2. F2i/F2u ratio
— −.86**
.84** .38 .57 .04 .40 .64 .14 .06 .06
3. FCR
— −1.00** −.39 −.64 .01 −.64 −.56 −.24 .13 −.28
4. VAI
—
.41 .65 .01 .65 .55 .22 −.15 .30
5. Mean F2 slope of /aɪ, ɪa, ɪo/
—
.39 .00 .53 .31 −.55 −.23 .29
6. Accuracy of all vowels
— .36 .78* .49 .35 −.17 .01
7. Accuracy of single vowels
— −.09 −.12 .13 .12 −.32
8. Accuracy of diphthongs
—
.57 .22 −.30 .24
9. Accuracy of all tones
— −.08 −.25 .31
Phonatory subsystem
10. Vowel duration
—
.44 −.54
11. SNR
— −.91**
12. Jitter
—
13. Shimmer
Prosodic subsystem
14. Speech rate (all syllables)
15. Speech rate (intelligible
syllables)
16. F0 of all tones
17. Slope of tone 2
18. Slope of tone 4

13

.23
−.04
−.04
.06
.39
.11
−.02
.29
.35

14

15

.10
−.34
.17
−.12
.61
−.17
.16
.00
−.47

.14
−.24
.07
−.02
.73*
−.03
.14
.15
−.29

−.61 −.52 −.56
−.92** −.05 −.11
.81** .11 .18
—
.16 .23
—

.98**
—

16

.11
.07
−.18
.19
−.14
.08
.23
−.04
−.36

17

18

.64 .36
.27 .12
−.52 −.43
.54 .45
.35 .16
.61 .34
.61 .14
.55 .37
.12 −.31

.57
.17 .50
.79* −.32 .37
−.66
.19 −.28
−.86** .34 −.52
.17
.12

.28
.31

.37
.36

—

.09
—

.83**
.43
—

Note. VSA = vowel space area; FCR = formant centralization ratio; VAI = vowel articulation index; SNR = signal-to-noise ratio.
*p < .05. **p < .01.
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Appendix H
Summary of Variables Correlated With Speech Intelligibility for Mandarin-Speaking Children With Cerebral Palsy (CP) and
Typically Developing (TD) Children.
CP

TD

• Sentence intelligibility
Significantly correlated variables
Accuracy of /i/
Accuracy of stops
SNR
Highly correlated variables
Accuracy of nasals
Accuracy of /x/
Accuracy of tone 3
Jitter
Shimmer
Speech rate (all syllables)
F0 of tone 2
F0 of tone 3
• Word intelligibility
Significantly correlated variables
Accuracy of nasals
Accuracy of fricatives
Accuracy of labials
Accuracy of /m/
Accuracy of /x/
Accuracy of tone 3
Highly correlated variables
FCR
VAI
F2 slope /ɪo/
Accuracy of all vowels
Accuracy of stops
Accuracy of velars
Accuracy of /p/
Accuracy of all tones
Slope of tone 2
• Significant correlations among variables
F2i/F2u ratio: VSA
F2i/F2u ratio: FCR
F2i/F2u ratio: VAI
FCR: VAI
Accuracy of all vowels: Accuracy of single vowels
Accuracy of all tones: Jitter
SNR: Jitter
SNR: Shimmer
Jitter: Shimmer
Speech rate (all syllables): SNR
Speech rate (all syllables): Jitter
Speech rate (all syllables): Shimmer
Speech rate (all syllables): F0 of all tones
• High correlations among variables
F2i/F2u ratio: F2 slope
FCR: VSA
FCR: Slope of tone 4
VAI: VSA
VAI: Accuracy of diphthongs
VAI: Slope of tone 4
F2 slope: Accuracy of diphthongs
SNR: F0 of all tones
Speech rate (intelligible syllables): Accuracy of all tones
Speech rate (intelligible syllables): Jitter
Speech rate (intelligible syllables): Speech rate (all syllables)
Speech rate (intelligible syllables): F0 of all tones

• Sentence intelligibility
No significantly correlated variables
• Word intelligibility
Significantly correlated variables
Accuracy of /ʊa/
• Significant correlations among variables
VSA: FCR
VSA: VAI
F2i/F2u ratio: FCR
F2i/F2u ratio: VAI
FCR: VAI
Mean F2 slope of /aɪ, ɪa, ɪo/: Speech rate (intelligible syllables)
Accuracy of all vowels: Accuracy of diphthongs
SNR: Jitter
SNR: Shimmer
Jitter: Shimmer
Speech rate (intelligible syllables): Speech rate (all syllables)
F0 of all tones: SNR
F0 of all tones: Shimmer
F0 of all tones: Slope of tone 4

Note. SNR = signal-to-noise ratio; VSA = vowel space area; FCR = formant centralization ratio; VAI = vowel articulation index.
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