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Abstract

Objective: This study examined longitudinal change in
speechintelligibility, vowel space, and word duration over 18
months among children with cerebral palsy (CP) who varied
in the severity of their speech motor involvement. The study
also examined relationships among variables at each time
point. Method: Twenty-two children with CP participated in
the study (mean age = 50 months at the first time point).
Speech samples were collected at four time points that were
6 months apart. Children were separated into four severity
groups based on intelligibility scores. Results: Change over
time varied by severity. Children with CP who did not have
speech motor involvement and children in the mild group
showed gains inintelligibility, but no changes in vowel space
area or word duration. Children in the moderate group
showed no significant change, and children in the severe
group showed increased vowel space and decreased word
durations. Significant positive correlations between intelligi-
bility and vowel space were noted at each time point for data
pooled across all children. Conclusion: Children showed dif-

ferent patterns of change over time in intelligibility, vow-
el space, and word duration based on their speech motor
abilities. The relationship between intelligibility and vowel
space across severity groups was constant, suggesting a ro-
bust relationship between these variables.

Copyright © 2013 S. Karger AG, Basel

It is well established that children with cerebral palsy
(CP) often have communication problems [1]. Although
data are somewhat limited, studies suggest that dysar-
thria may be the most common communication problem
in those with CP [2, 3]. Dysarthria almost always has a
negative impact on speech intelligibility, which in turn
affects functional communication, social participation,
and quality of life. However, little is known about speech
characteristics of children with CP, and even less is known
about the longitudinal course of speech development in
these children. Thus, the prognosis for speech devel-
opment in children with CP is unclear at the outset.

An understanding of the nature, rate, and potential
limits of advancement in speech development in chil-
dren with CP has important consequences for interven-
tion decisions, and thus is the focus of this research. Con-
siderable efforts have sought to characterize the speech
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of adults with dysarthria secondary to various etiologies.
Studies have examined perceptual as well as acoustic fea-
tures of speech, and methodologies for characterizing
temporal and spectral acoustic parameters have been
well established for the study of adult dysarthria [4]. In
adults with CP, studies indicate that speech deficits seem
to involve all speech subsystems (respiration, phonation,
velopharyngeal function, and articulation) to some ex-
tent. However, of all speech subsystems, articulation ap-
pears to have received the most attention for speakers
with CP. Research has demonstrated that vowel space
tends to be reduced [5], vowel productions are often inac-
curate [6, 7], and abnormalities in the timing and range
of tongue movements tend to occur [8]. In children with
dysarthria secondary to CP, far less is known. Studies
have examined primarily older children, and research
suggests that there may be a strong relationship between
vowel space and intelligibility [9]. However, it is un-
known whether this relationship extends to younger
children with CP. Such a relationship, if present, may
suggest a relatively easy-to-obtain but important quanti-
tative indicator of speech motor control ability in young
children with CP.

Although we have a general sense of the nature of speech
production problems associated with CP, we do not know
how speech changes with growth and development. Ex-
pectations for speech development can be inferred from
the literature on studies of speech production in young
typically developing children. Studies examining spectral
characteristics of vowels in typically developing children
suggest that first and second formant frequency (F1 and
F2, respectively) values and segment durations gradually
decrease until about 18 years of age and that variability also
decreases with age [10, 11]. It is possible that abnormality
in vowel development could be a good index of overall
speech motor control problems because vowels are mas-
tered very early in normal development.

Considerable efforts to understand developmental
changes in gross and fine motor performance in children
with CP have been underway for some time. Results of
such studies suggest that the limit of development is neg-
atively correlated with severity such that children with
more severe gross motor deficits reach maximum skill
levels at earlier ages than children with less severe defi-
cits [12]. Although the progression of speech motor de-
velopment may be different from the progression of gross
motor development, we were interested in examining
whether there might be differential patterns of change in
the progression of speech development based on the na-
ture of the child’s speech-motor disorder. For the reasons
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reviewed above, measures of the acoustic vowel space
and word duration were deemed good measurement
candidates to reveal changes in speech production abil-
ity.

The goal of the present study was to examine changes
over time in speech intelligibility, vowel space, and word
duration in children with CP. The following research
questions were addressed: (1) How do vowel space, word
duration, and intelligibility change in children with CP
within operationally defined profile groups across an
18-month longitudinal period? (2) Are there significant
relationships between vowel space area and speech intel-
ligibility within any of the four time points, when data are
pooled across all children?

Methods

Participants

Children with CP

A total of 22 children (11 male; 11 female) with CP participat-
ed in this study. All children were part of a larger longitudinal
project on communication development in children with CP [3].
For the present study, inclusion criteria required that children: (1)
have a medical diagnosis of CP; (2) have hearing abilities within
normal limits as determined by hearing screening or formal au-
diological evaluation; (3) have completed four data collection ses-
sions as part of the larger project, and (4) be able to produce single-
word utterances in imitation. All children from the larger study
who met these criteria at the time of data analysis were included.
The average chronological age of children was: 50 months (SD =
9.8) at the first time point, 55 months (SD = 9.9) at the second time
point, 61 months (SD = 9.9) at the third time point, and 67 months
(SD =9.9) at the fourth time point.

Because children were extremely heterogeneous, they were
separated into profile groups following the classification model
described by Hustad et al. [3]. This model comprises eight differ-
ent groups which differ primarily based on the presence or ab-
sence of speech motor involvement (SMI) and secondarily based
on language and cognitive involvement. Preliminary validity for
this model has been established for clinical assignment into pro-
file groups which were statistically differentiable based on quan-
titative analyses of speech and language measures. Importantly,
the variables that best discriminated among groups were speech
rate and vowel space. In the present study, we were interested in
examining change over time in speech variables only. Therefore,
we separated children into profile groups as described by Hustad
etal. [3] based only on speech production data, and children who
were unable to speak were excluded from this study.

A certified speech-language pathologist separated children
into two groups: those with SMI, and those who had no clinical
evidence of speech motor involvement (NSMI). SMI was defined
as clinical evidence of motor impairment in any one or more of
the speech subsystems (articulation, phonation, resonation, res-
piration) that could be observed perceptually via visual and/or
auditory modalities during speech or at rest. NSMI was defined
by the absence of such evidence in any of the speech subsystems.
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Table 1. Demographics of children with CP by profile group

Groups

SMI-severe (n = 4)

SMI-moderate (n = 4)

SMI-mild (n = 5) NSMI (n =9)

Mean chronological

age at time 1 (range) 53.2 months (43-65)

Male/female ratio 2/2 2/2
Type of CP
Spastic 2 3
Dyskinetic 1 0
Ataxic 0 1
Mixed 1 0
Unknown 0 0

Mean % intelligibility

across time points (SD) 7.9 (5.4)

45.0 months (34-59)

31.6 (15.2)

50.5 months (40-60) 49.5 months (29-60)
1/4 3/6

—_ o O = W
—_ o O O ™

61.5 (14.0) 73.0 (14.0)

A second certified speech-language pathologist (the second au-
thor), who was blinded to the classifications made by the first
speech-language pathologist, also classified the children based on
videotaped observations of spontaneous speech. Agreement be-
tween the two sets of classifications was 95% (21 of 22 children).

Among the 22 children with CP, 13 children had clinical evi-
dence of SMI. They were further subdivided into severity groups
based on average intelligibility scores across the four time points.
Four children were assigned to the SMI-severe group (word intel-
ligibility <20%), 4 to the SMI-moderate group (word intelligibil-
ity between 21 and 50%), and 5 to the SMI-mild group (word in-
telligibility between 51 and 100%). The remaining 9 children had
CP, but no clinical evidence of SMI; intelligibility scores were
not considered for classification purposes in the NSMI group.
Mean demographic characteristics of children by profile group,
including age, sex, type of CP, and intelligibility score are pre-
sented in table 1.

Listeners

Two listeners were randomly assigned from a consecutive se-
ries of volunteers to hear each child at each time point (4 time
points X 22 children X 2 listeners = 176 listeners). Each listener
heard only 1 child at one time point to prevent a learning effect.
Inclusion criteria required that each listener: (1) pass a pure-tone
hearing screening at 25 dB HL for 250 Hz, 500 Hz, 1 kHz, 4 kHz,
and 6 kHz bilaterally; (2) be between 18 and 45 years of age; (3)
have no more than incidental experience listening to or commu-
nicating with persons having communication disorders; (4) be a
native speaker of American English, and (5) have no identified
language, learning, or cognitive disabilities per self-report. There
was no criterion for sex of listeners.

To control for potential variability among the small number of
listeners for each child, we examined the mean intelligibility dif-
ference between the 2 listeners who heard each child. If the aver-
age difference in word intelligibility scores was more than 10%,
data were obtained from a third listener and the two intelligibil-
ity data points that differed by 10% or less were used. This oc-
curred in 5 instances and in each instance data from a third lis-
tener were within 10% of one of the other 2 listeners.
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Materials and Procedures

Speech samples collected for this study were used to obtain both
acoustic and intelligibility data. Single-word stimuli from the Test
of Children’s Speech (TOCS) [15] were produced by each child us-
ing delayed imitation. Samples were recorded using digital equip-
ment in a sound-attenuating suite. From the corpus of 38 different
TOCS words produced by each child, eight words were selected
based on their phonetic characteristics (to permit reliable measure-
ment of the acoustic variables of interest). Words selected for acous-
tic analysis were: sheet, seat; hoot, boot; top, hot; bad, hat. Four
repetitions of each target word were attempted with each child.
However, at the first and second time points, on average, three an-
alyzable productions of each target word were obtained. Of these,
the production that was judged to be the best was used for intelligi-
bility analyses, while all repetitions were used for acoustic analyses.

Speech samples were played for listeners in a sound-attenuat-
ing suite via an in-house computer program. The peak audio out-
put level was calibrated to approximately 75 dB SPL at the listen-
ers’ location. Listeners heard each word one time and were in-
structed to type an orthographic transcription of each word. To
prevent an order effect the sequence of presentation of stimulus
words was randomized; thus, no 2 listeners heard the stimulus
words in the same order.

Analysis of Data: Speech Acoustics and Intelligibility

Speech Acoustics

Temporal and vowel spectral measures were obtained from
digital speech samples. A wideband spectrographic display in
TF32 [16] and established measurement criteria [13] were used to
obtain the measures that follow. (1) Duration of each of the eight
target words was obtained by measuring the time between the
onset of audible or visible acoustic energy associated with produc-
tion of the first phoneme of the stimulus word and the offset of
acoustic energy associated with production of the last phoneme
of the stimulus word. (2) First and second formant frequencies (F1
and F2, respectively) for each of the eight target words containing
corner vowels were obtained using a 30-ms window at the tempo-
ral midpoint of each of the four corner vowels. Spectrogram anal-
ysis bandwidth was adjusted for each child based on his/her FO.
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Linear predictive coding was used to generate formant tracks
which were hand-corrected based on visual inspection, as neces-
sary. Formant values were used to calculate vowel space following
Johnson et al. [17].

Interjudge reliability was obtained by having a second judge
make all acoustic measures on 10% of the data. To calculate inter-
judge reliability, Pearson product-moment correlation coeffi-
cients and absolute differences were examined for the first and
second set of measures. Correlations ranged from 0.94 to 0.99. The
mean absolute difference for the two sets of measures for each
variable was as follows: word duration = 28 ms; vowel duration =
9 ms; F1 = 27 Hz; F2 = 32 Hz. Values were within an acceptable
range following Kent et al. [13].

Intelligibility

Orthographic transcriptions were scored by counting the
number of transcribed words that matched the target words pho-
nemically. Misspellings and homonyms were accepted as correct,
as long as all phonemes in the spoken version of the transcribed
words matched the target words. Mean intelligibility scores for
each child were obtained by averaging intelligibility data from
each of the 2 listeners per child. Data are reported as the percent-
age of words identified correctly.

Experimental Design and Analysis

Due to the small number of participants in each severity
group, nonparametric statistical tests were utilized. Analyses ad-
dressing longitudinal questions employed the Friedman test to
examine overall differences across time points for each of three
dependent variables (vowel space, word duration, intelligibility)
within each severity group. Differences between time points
within each group were examined descriptively because of the
small number of children within each group. Correlations among
dependent variables across all children were calculated for each
time point and change over time in the relationships among vari-
ables was examined descriptively. Due to the exploratory nature
of this study, tests with p = 0.05 were considered significant.

Results

Descriptive data for children in the four severity
groups for each time point are shown in table 2. Figure 1
shows vowel quadrilateral plots for each time point and
profile group. Descriptive results suggest that patterns of
change over time differed by variable and by severity
group. For children in the SMI-severe group, descriptive
data suggest that vowel space decreased over time, while
word duration and intelligibility increased over time. In-
ferential statistics revealed that the patterns of decreasing
vowel space (TS = 8.10; p = 0.044) and increasing word
duration (TS = 9.30; p = 0.026) were significant for chil-
dren in the SMI-severe group.

For children in the SMI-moderate group, descriptive
data suggest that vowel space, word duration, and intel-
ligibility increased over time. Inferential statistics re-
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Table 2. Mean data for each dependent variable by severity group
and time point

Vowel space Word duration ~ Word intelli-
Hz? ms gibility (all
TOCS words)
SMI-severe group
Time 1 380,032 (103,382)  669.60 (300.37)  4.30 (2.65)
Time 2 353,730 (185,807)  830.05 (393.92)  7.85(6.35)
Time3 116,380 (134,083)  893.35 (481.65)  7.83 (4.96)
Time 4 182,148 (122,481) 1,139.08 (194.10) 11.53 (6.36)

SMI-moderate group

Time 1 353,557 (225,574)  401.78 (85.90)  22.68 (17.61)
Time 2 563,703 (216,289)  571.83 (113.21) 34.18 (20.95)
Time3 443,989 (155,555) 61593 (47.37) 27.18 (7.62)
Time 4 636,799 (267,656)  569.98 (68.61)  42.30 (7.04)
SMI-mild group

Time1 812,518 (95461)  691.24 (83.11)  50.48 (3.86)
Time 2 831,959 (112,446)  664.72 (48.86)  60.96 (4.95)
Time3 832,433 (156,022)  707.38 (201.95) 61.42 (9.18)
Time 4 756,418 (150,260)  618.76 (78.51)  73.06 (7.72)
NSMI group

Time1 908,685 (275,460)  567.84 (65.61)  63.71 (18.03)
Time 2 933,887 (257,258)  596.18 (74.37)  71.46 (13.96)
Time 3 932,380 (311,569)  586.26 (59.10)  77.21 (9.76)
Time4 907,432 (193,302)  598.16 (81.72)  79.69 (8.58)

Standard deviations are given in parentheses.

vealed that there were no significant changes in any of the
variables over time.

For children in the SMI-mild group, descriptive data
suggest that intelligibility increased over time and that
change in the other variables was highly variable over
time. Inferential statistics indicated that the pattern of
increasing intelligibility was the only significant finding
for children in the mild group (TS = 13.56; p = 0.004).

For children in the NSMI group, descriptive data sug-
gest that vowel space and intelligibility increased over
time; however, there was considerable variability in word
duration over time. Inferential statistics indicated that
the pattern of increasing intelligibility was the only sig-
nificant finding for children in the NSMI group (TS =
13.79; p = 0.003).

Correlations among pairs of the dependent variables
with children pooled across severity groups for each time
point revealed moderate-strong correlations at each of
the four time points for intelligibility and vowel space
(r=0.721, time 1; 0.659, time 2; 0.734, time 3; 0.757, time 4;
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Fig. 1. Vowel quadrilaterals at each time point by severity group.

p<0.001, respectively). A scatterplot showing the relation-
ship between vowel space and intelligibility at the first time
point, which is also illustrative of data for the other time
points, is shown in figure 2.

Discussion

Findings from this study suggest that there was con-
siderable variability among the profile groups with re-
gard to performance on the intelligibility, vowel space,
and word duration variables, and there was surprisingly
little systematic change over the 18-month time frame of
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this study. It was notable, however, that there was a strong
and consistent relationship between intelligibility and
vowel space for each of the time points across all chil-
dren. Findings, their relation to extant literature on
speech development and clinical implications are dis-
cussed below.

Longitudinal Change within Profile Groups

Research on intelligibility and acoustics of children’s
speech is somewhat limited and has primarily involved
cross-sectional studies that have varied in the subtleties
of methodology. However, intelligibility is expected to in-
crease as children develop. Generally, studies suggest that
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Fig. 2. Correlation between intelligibility and vowel space for the
first time point across all children.

vowel space area should decrease, with formants shifting
to lower frequency ranges between the ages of 3 and 4
years up through adolescence and adulthood [10, 11, 18].
However, findings from one study [18] suggest that for
children between the ages of 3 and 7 years, vowel space
may fluctuate because of complex interactions between
developmental improvements in speech motor control
combined with anatomical growth during this critical
speech development period. Studies examining changes
in duration measures suggest that generally duration
should decrease between the ages of 5 years and adult-
hood [10].

Children in the NSMI group had a diagnosis of CP,
but did not have clinically observable signs of SMI.
Therefore, it is reasonable to expect that children in the
NSMI group should have performance that is compara-
ble to that of typically developing children on the same
measures. However, this was the case only for intelligibil-
ity, which increased approximately 15% over the
18-month time period. The magnitude of this increase
was grossly consistent with age expectations [19, 20].
However, it is difficult to explain why children in the
NSMI group did not show the expected changes on the
acoustic variables. One explanation may be methodolog-
ical differences across studies, and the lack of normative
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longitudinal data in the literature. Also, in the present
study, children in the NSMI group spanned an age range
of 29 months at each of the longitudinal time points
(youngest child 31 months; oldest child 60 months at the
first time point). It is possible that the heterogeneity in
chronological age among children in this group obfus-
cated the ability to observe change, particularly if change
was tied to narrow age bands. Alternatively, the 18-month
longitudinal window in the present study may not have
been long enough to observe changes in acoustic mea-
sures, regardless of age. Finally, children in the NSMI
group may have had subtle subclinical speech produc-
tion differences that made them different from typically
developing children without CP. A control group of typ-
ically developing children, age- and sex-matched with
children in the NSMI group, is necessary to further ex-
plore this possibility.

Children in the SMI-mild group showed a pattern of
change that was very similar to children in the NSMI
group, with significant improvements of approximately
20% in intelligibility, and no changes in the other speech
variables. However, it should be noted that mean intelli-
gibility scores were consistently lower on average than for
children in the NSMI group. Children in the SMI-mild
group might benefit from speech intervention that aims
to accelerate gains in developmental speech production
skills or supplemental augmentative and alternative com-
munication strategies to enhance intelligibility and to ad-
vance independent communication and social participa-
tion.

Children in the SMI-moderate group showed consid-
erable variability both among individual children and
among time points. Children in this group appeared to
be somewhat static with regard to their speech develop-
ment, showing no real change over time. A longer time
window and/or a larger number of children may reveal
different findings. Nonetheless, results suggest that any
progress made by children with moderate dysarthria sec-
ondary to CP may be very gradual.

Children in the SMI-severe group showed patterns of
change that were different from children in the other
groups and from typically developing expectations. Spe-
cifically, these children showed significantly increased
word durations and decreased vowel space with time.
The pattern of decreasing vowel space with time is gener-
ally consistent with age expectations, however, the small
size of the vowel space, the associated distorted shape of
vowel quadrilaterals (fig. 1), and the very low intelligibil-
ity scores clearly suggest that these children differ from
their peers in other groups in both quantitative and qual-
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itative ways. The increases in word duration over time
observed for children in this group reflect a trend in the
opposite direction of developmental expectations. One
possible explanation may be that developmental phonet-
ic advancement results in increased duration for chil-
dren with severe SMI. Phonetic features of speech were
not evaluated in this study, but perceptual phonetic anal-
yses may be an interesting avenue for further investiga-
tion. Another potential explanation for the increases in
word duration over time may relate to changes in muscle
tone of the articulators. One study examining the gas-
trocnemius-soleus muscle (located in the lower leg) in
children with CP reported increased muscle tone up to
age 4 and then decreased muscle tone up to age 12 [21].
In the gross motor literature, the longitudinal course of
movement function seems to be more favorable for chil-
dren with less severe motor impairments [12]. Therefore,
the pattern of increased word duration may be more ap-
parent for children with severe dysarthria. However,
these are speculations based on previous gross motor lit-
erature in children with CP. Gross motor and speech mo-
tor control are different [22]. Hence, the developmental
course of articulator muscle tone in children with CP
and its relation to acoustic characteristics of speech needs
to be investigated.

Relationship between Vowel Space and Intelligibility

Of particular interest was the strong and consistent re-
lationship between vowel space and speech intelligibility
at each of the time points (fig. 2). This finding was consis-
tent with observations from adults with dysarthria, and
findings of the present study tended to show stronger cor-
relations between vowel space and intelligibility than pre-

vious studies have demonstrated in adults with dysarthria
[23]. Additional research is necessary to examine a wider
array of acoustic variables such as F2 trajectory and velo-
pharyngeal variables to further understand contributors
to intelligibility that may be potential intervention targets.

Limitations and Future Directions

The results of the present study should be interpreted
with caution. Findings are based on a relatively small
number of participants who varied in age. Data reflect a
limited number of speech tokens taken from single-word
productions from each child. Finally, the longitudinal
window of this study was short relative to the prolonged
period in which speech development occurs in children.
These limitations point to future research directions that
employ a larger sample, increased homogeneity with re-
gard to the age of children examined, connected speech
samples, and a longer time span to characterize longitu-
dinal speech development in children with CP.
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