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 Introduction 

 Dysarthria is often characterized by imprecise articu-
lation of segments. Previous studies have noted vowel 
centralization and reduced vowel space as the common 
characteristics of vowels in dysarthric speech  [1–9] . How-
ever, the strength of the relationship between intelligibil-
ity and the vowel space area varied widely across studies, 
ranging from 0 to 71%. For example, vowel space area ac-
counted for about 46% of the variance in intelligibility 
scores for speakers with amyotrophic lateral sclerosis 
(ALS) or Parkinson’s disease (PD)  [3] , and 63–68% for 
Mandarin-speaking adults with cerebral palsy (CP)  [4] . 
On the other hand, the strength was only 6–8% for speak-
ers with PD or multiple sclerosis  [5] , and 0% for speakers 
with ALS  [6] . The relationship between vowel space and 
intelligibility in dysarthric speech has been of interest to 
researchers and clinicians, particularly for the purpose
of evaluating speaking rate modification as a treatment 
technique to enhance vowel contrast and thereby im-
prove a speaker’s overall speech intelligibility  [5–8] .

  In addition to vowel space areas, researchers have ex-
amined the mean distance between vowels to quantify 
the degree of vowel dispersion in the vowel space, but this 
method was mostly used in normal speech studies  [10–
11] . For example, Smiljanic and Bradlow  [10]  measured 
the distance of each of 3 vowels /i, a, u/ from the central 
point in the speaker’s F 1   !  F 2  vowel space and reported 
a greater mean distance in clear speech compared to con-

 Key Words 

 Dysarthria  �  Vowel contrast  �  Speech intelligibility 

 Abstract 

  Background/Aims:  This study examined the spectral char-
acteristics of American English vowels in dysarthria associ-
ated with cerebral palsy (CP), and investigated the relation-
ship between a speaker’s overall speech intelligibility and 
vowel contrast.  Methods:  The data were collected from 12 
American English native speakers (9 speakers with a diagno-
sis of CP and 3 controls). Primary measures were F 1  and F 2  
frequencies of 3 corner vowels /i, a, u/ and 3 noncorner vow-
els /I, 3, */. Six acoustic variables were derived from the for-
mant measures, and were regressed against intelligibility: 
corner vowel space, noncorner vowel space, mean distance 
between vowels, F 1  and F 2  variability, and overlap degree 
among vowels.  Results:  First, the effect of vowel was sig-
nificant for both F 1  and F 2  measures for all speakers, but post 
hoc analysis revealed a reduced distinction at lower intelligi-
bility. Second, regression functions relating intelligibility and 
acoustic variables were significant for overlap degree among 
vowels, F 1  variability, corner vowel space and mean distance 
between vowels. Overlap degree among vowels accounted 
for the greatest amount of variance in intelligibility scores. 
 Conclusion:  A speaker’s overall intelligibility in dysarthric 
speech is better represented by the overlap degree among 
vowels than by the vowel space. 
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versational speech. On the other hand, Neel  [11]  found 
that neither mean distance nor vowel space area predict-
ed more than 12% of the variance in vowel identification 
scores in normal speech. Several studies compared the 
formant values of contrastive vowels in dysarthric speech, 
focusing on the perception of vowel contrast and its 
acoustic correlates. Acoustic differences were reported 
between vowel pairs such as front-back, high-low and 
tense-lax produced by speakers with CP  [12] . However, 
such differences were not necessarily associated with 
higher intelligibility, suggesting that while the speakers 
produced the vowel contrast by acoustic differentiation, 
it varied from normal speech. A different finding was re-
ported for speakers with ALS, PD and cerebrovascular 
accident  [13] : vowels were perceived as different despite a 
larger degree of overlap between high versus low vowels.

  In pursuing research on speech intelligibility and its 
relation to vowel contrast in dysarthria, questions remain 
concerning the following issues. First, the size of acoustic 
vowel space has been a primary measure in previous re-
search on dysarthric vowels. Although vowels in a larger 
vowel space are expected to be more distinct from one 
another, the size of the vowel space alone does not address 
whether, and to what extent, vowel distinctiveness is 
maintained. Second, most research on dysarthric vowel 
space has focused on corner vowel space formed by vow-
els such as /i, a, u, æ/, leaving it unclear whether the extent 
of articulatory imprecision in dysarthric speech is uni-
form across different vowel categories. Tjaden et al.  [14]  
is the only study on noncorner vowel space in dysarthric 
speech. Specifically, they examined the noncorner vowel 
space formed by lax vowels /I, 3, */ at different speaking 
rates for speakers with ALS or PD. When compared to 
control speakers, a large degree of speaker variation was 
found for speakers with dysarthria. However, lax vowel 
space areas were significantly smaller for speakers with 
ALS, but not for speakers with PD. As the authors stated, 
it was not clear whether the different findings for the ALS 
versus PD groups were due to differences in the type or 
severity levels of dysarthria. Aiming to address the rela-
tion between dysarthria severity and vowel production, 
this study examined the relationship between speech in-
telligibility and the spectral characteristics of American 
English vowels in spastic dysarthria associated with CP. 
The following research questions were addressed: (1) are 
vowel contrasts reduced at a lower intelligibility level, (2) 
which acoustic variable of vowels is most strongly corre-
lated with intelligibility, and (3) are corner versus non-
corner vowels differently related to intelligibility?

  Materials and Methods 

 Participants 
 The data were collected from 12 American English native 

speakers composed of 9 speakers with a diagnosis of CP (8 males 
and 1 female) and 3 male control speakers, ranging in age from 18 
to 58 years. In the CP group, 8 speakers reported a diagnosis of 
principally spastic dysarthria, and 1 speaker reported a diagnosis 
of mixed spastic and athetoid dysarthria. Their intelligibility 
scores ranged from 2 to 95%, which were estimated on the basis 
of word transcription tasks conducted by naive listeners: the 
method is described below in detail. The control speakers report-
ed no history of speech or language disability, and their intelligi-
bility scores ranged from 96 to 98%.

  Recording Procedure and Materials 
 The materials analyzed for this study were a subset of the da-

tabase collected under the project for developing automatic 
speech recognition systems for dysarthric speech  [15] . Speech was 
recorded using an 8-microphone array, which was previously de-
veloped for the AVICAR (Audio-Visual Speech in a Car) project 
 [16] . The array was mounted on a laptop computer screen during 
recording. Speech was recorded via an 8-channel Firewire audio 
interface (MOTU 828mkII), with a sampling rate of 48 kHz. The 
speakers sat comfortably in front of the laptop computer and were 
asked to read a word displayed on a PowerPoint slide on the laptop 
monitor. Each speaker produced 3 blocks of 255 real words, total-
ing 765 words. Each block contained 5 word categories: digits (e.g. 
zero, one), computer commands (e.g. enter, delete), international 
radio alphabet letters (e.g. alpha, bravo), 100 common words (e.g. 
a, the) and 100 uncommon words (e.g. naturalization, exploit). 
The 100 common words were the most frequently occurring 
words in the Brown corpus of written English  [17] . The 100 un-
common words were selected from children’s novels digitized by 
Project Gutenberg  [18] , using an algorithm that allowed for re-
cording of all possible sequences of phones in American English. 
Speakers were always given a break between blocks and were al-
lowed additional breaks as needed.

  Intelligibility Rating 
 Each speaker’s speech was rated for intelligibility for the pur-

pose of acquiring an index of dysarthria severity. Five naive listen-
ers were recruited for each speaker, totaling 60 listeners (5 listen-
ers  !  12 speakers). Inclusion criteria for listeners were that they 
should (a) be between 18 and 40 years old, (b) be native speakers 
of American English, (c) have no identified language disability, 
(d) have had no more than incidental experience with persons 
having speech disorders, and (e) have had no training in phonet-
ic transcription. A transcription task was selected for the intelli-
gibility rating because it has been suggested to be more valid, ob-
jective and consistent compared to subjective scaling (e.g. equal-
appearing interval scaling and direct magnitude estimates), 
particularly when a large number of samples are rated  [19, 20] .

  The listeners were informed that they would be listening to 
real words in American English produced by an individual with 
a speech disorder, and were asked to provide orthographic tran-
scriptions of each word. They were also asked to indicate the de-
gree of certainty about their word choice by writing a number 
(0–2) next to each word: ‘0’ for ‘not sure at all’, ‘1’ for ‘somewhat 
sure’ and ‘2’ for ‘completely sure’. They were allowed to listen to 
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words as many times as needed, but were asked not to go back to 
previous words that had already been transcribed. Each listener 
transcribed a list of 225 words: 200 distinct words from the sec-
ond-block recording. For intralistener reliability assessment, 25 
words were arbitrarily selected and repeated twice. The speech 
files were randomly ordered, with the constraint that repeated 
words should not be adjacent to one another. The percentage of 
correct responses was calculated per listener, and averaged across 
the 5 listeners who had transcribed the same speaker’s data. Each 
speaker’s intelligibility was classified into one of 4 nonoverlap-
ping categories, which were operationally defined as very low (0–
25%), low (26–50%), mid (51–75%) and high (76–100%). For all 
listeners, the intralistener reliability score was 91.64% on average 
for the words marked ‘2’ (i.e. words that listeners were completely 
sure of). For words marked ‘1’ or ‘0’, the 2 transcriptions were ei-
ther identical or phonetically similar to each other.

  Acoustic and Statistic Analysis 
 The 3 corner vowels /i, a, u/ and 3 noncorner vowels /I, 3, */ 

were selected from stressed syllables in the categories of digits, 
computer commands, radio alphabet and common words in all 3 
blocks. Nine uncommon words that contained /*/ were added to 
the data set to ensure a minimum of 12 occurrences of each vow-
el per speaker. Vowels that were preceded or followed by /r/, /l/, 
/w/ or /j/ were excluded. A total of 126 vowels were studied per 
speaker: 21 occurrences of /i/, 15 of /a/, 12 of /u/, 39 of /I/, 27 of /3/ 
and 12 of /*/. The temporal midpoint of the steady portion of the 
vowel was manually labeled via visual observation of the wave-
form and wideband spectrogram in Praat  [21] . F 1  and F 2  values 
were extracted in bark units using a custom-written script, where-
in formant values were estimated by the Burg algorithm with a 
25-ms window. This algorithm was constrained by a specified 
ceiling of the formant search range and a specified maximum 
number of formants for each vowel. The maximum number of 
formants was always set to 5. The ceiling of the formant search 
range was typically 5,000 Hz for male control speakers. For speak-
ers with CP, it varied from 4,000 to 5,000 Hz depending on the 
backness of vowels. Tokens were excluded from our analysis if 
their formant values were outside the range of  8 3 standard de-
viations.

  The first analysis examined the vowel contrast for each speak-
er individually, based on nonparametric Kruskal-Wallis tests 
with the dependent measure ‘F 1  and F 2  frequencies’ and the inde-
pendent factor ‘vowel’. Nonparametric tests were used because 
many of the vowel groups being compared were of unequal vari-
ance according to Levene’s test for homogeneity of variance. 
When the Kruskal-Wallis tests identified significant differences 
among vowels, post hoc analyses were performed to determine 
which vowel means differed. Nonparametric Dunnett C tests 
(pairwise multiple comparisons) were selected due to the unequal 
variance and the small sample size of the data.

  Second, a series of regression analyses was conducted to eval-
uate the relationship between a speaker’s overall intelligibility and 
the 6 acoustic variables: (1) corner vowel space, (2) noncorner 
vowel space, (3) mean distance between vowels, (4) F 1  variability, 
(5) F 2  variability, and (6) overlap degree among the 6 vowels. Cor-
ner vowel space, noncorner vowel space and mean distance be-
tween vowels served as indices of the articulatory working space 
of vowels and vowel space dispersion. F 1  and F 2  variability was 
examined to assess the relative acoustic stability in achieving 

vowel targets. The degree of overlap among the 6 vowels was mea-
sured to discover the extent to which a vowel encroaches neigh-
boring vowels.

  Corner vowel space was defined as the euclidean area of a
triangle defined by the F 1  and F 2  values of the /i, a, u/ vowels.
The size was calculated using the equation  �  = 1/2(– x  2  y  1  +  x  3  y  1  + 
 x  1  y  2  –  x  3  y  2  –  x  1  y  3  +  x  2  y  3 ), where  x  1  , x  2  , x  3  = mean F 1  values, and  y  1  , 
y  2  , y  3  = mean F 2  values of each of the corner vowels. Likewise, the 
size of the noncorner vowel space was calculated using mean F 1  
and F 2  values of the /I, 3, */ vowels. Variability in F 1  and F 2  was 
obtained for each speaker by averaging the standard deviations of 
the F 1  and F 2  values, respectively, for the 6 vowels. The mean dis-
tance between vowels was measured for each speaker by calculat-
ing the distance between the 2 neighboring vowels in the F 1   !  F 2  
space (i.e. the distance of each of the following 6 pairs: /i/–/I/, 
/I/–/3/, /3/–/a/, /a/–/*/, /*/–/u/ and /i/–/u/), and by averaging 
these 6 distances. The overlap degree among vowels was estimat-
ed using quadratic discriminant analysis in Matlab TM  (release 
2006a). First, each speaker’s data were divided into 3 sets with the 
constraint that each set should contain the same number of oc-
currences of the same vowel phoneme. Discriminant analyses 
were performed for each speaker using a 3-fold cross-validation 
process: 3 tests were performed, each one with 2 data sets for 
training and the remaining one for testing. Each test provided a 
misclassification error rate (i.e. the percentage of observations 
that were misclassified due to overlap among vowels). The overlap 
degree of vowels for each speaker was indexed by the average error 
rate of the 3 tests. Since our regression analyses involved 6 depen-
dent measures, the  �  level was divided by 6, yielding a per-com-
parison  �  level of 0.0083 (= 0.05/6).

  Results 

  Vowel Contrast within Speaker 
   Table 1  displays the results of the Kruskal-Wallis tests 

on the F 1  measures (bark); control speakers are listed 
first, and speakers with CP are listed in decreasing order 
of intelligibility. Analysis revealed a significant main ef-
fect of vowel on the F 1  measures for all speakers. Subse-
quent post hoc analyses revealed that control speakers 
(C1–C3) and highly intelligible speakers (CP1, CP2) made 
at least 4 levels of height distinction: low (/a/) versus mid 
(/3/) versus high lax (/*, I/) versus high tense (/u, i/). As 
the intelligibility level decreased to the mid and low cat-
egories (CP3, CP4; CP5, CP6), a distinction between mid 
versus high lax, or between high lax versus high tense was 
not maintained (e.g., for CP6, the vowel height of /*/ vs. 
/u/ was not significantly different, nor was it for /I/ vs. /i/). 
Two speakers in the very low category (CP8, CP9) exhib-
ited a further reduction in the height distinction by 
grouping /a, 3, */.

   Table 2  shows the results for the F 2  measures (bark); 
the effect of vowel was significant for all speakers, but 
post hoc analyses showed a reduced distinction of vow-
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els as a speaker’s overall intelligibility decreased. The 
control speakers and CP speakers with higher intelligi-
bility exhibited significantly different F 2  values for the 
/3/ vowel both from the front vowels /i, I/ and the back 
vowels /*, u/. On the other hand, as for CP speakers with 
lower intelligibility, the /3/ vowel was not distinct from 
either the /i/ (speakers CP7 and CP9) or the back vowels 
(speaker CP8).  Figure 1  displays the mean F 1  and F 2  co-
ordinates for each speaker. Corner vowel space and non-
corner vowel space are separately shown. In general, 
speakers with higher intelligibility tended to have a larg-
er vowel space compared to speakers with lower intelli-
gibility.

  Relationship between Speech Intelligibility and 
Acoustic Measures of Vowels 
 Regression functions relating intelligibility and acous-

tic measures of vowels were significant for the following 
measures: corner vowel space [F(1, 10) = 22.052; p = 0.001; 
r 2  = 0.69], mean distance [F(1, 10) = 22.413; p = 0.001;
r 2  = 0.69], F 1  variability [F(1, 10) = 28.959; p = 0.000;
r 2  = 0.74] and overlap degree [F(1, 10) = 222.822; p = 0.000; 
r 2  = 0.96]. In contrast, the regression functions for non-
corner vowel space and F 2  variability were not significant. 
Scatter plots of the 4 significant functions are shown in 
 figure 2 . Corner vowel space did not reach an r 2  value that 
was equivalent to the overlap degree. Inspection of  fig-
ure 2 a suggests that the data point of speaker C3 might 

Table 1.  Mean F1 values (bark) and results of Kruskal-Wallis and post-hoc analyses

Speaker i I a 3 u * Kruskal-Wallis Post hoc

C1 3.58 4.52 6.85 5.4 3.87 4.82 0.000 a > 3 > * > I > u > i
C2 3.56 4.59 7.27 6.17 3.71 4.87 0.000 a > 3 > * > I > u, i
C3 3.69 4.38 6.39 5.65 3.82 4.52 0.000 a > 3 > *, I > u, i
CP1 3.44 4.65 7.23 5.5 3.8 4.72 0.000 a > 3 > *, I > u > i
CP2 3.44 4.36 6.29 5.37 3.81 4.45 0.000 a > 3 > *, I > u > i
CP3 3.61 4.11 5.87 4.97 3.85 4.43 0.000 a > 3 > * > I, u > u, i
CP4 3.49 4.51 6.49 5.73 3.81 5.07 0.000 a > 3, * > *, I > u > i
CP5 4.06 4.8 6.85 5.42 4.52 5.08 0.000 a > 3, * > *, I > I, u > i
CP6 3.08 3.46 5.63 4.09 3.55 3.84 0.000 a > 3, * > *, u, I > I, i
CP7 3.53 3.79 5.51 4.63 3.3 3.8 0.000 a > 3 > *, I, i > i, u
CP8 3.87 4.22 4.98 4.66 3.98 4.34 0.000 a, 3, * > *, I, u, i
CP9 3.79 4.02 4.78 4.5 3.79 3.96 0.000 a, 3, * > *, I, u, i

C = Control. CP = Speakers with CP. 

Table 2.  Mean F2 values (bark) and results of Kruskal-Wallis and post-hoc analyses

Speaker i I a 3 u * Kruskal-Wallis Post hoc

C1 13.33 12.29 9.93 11.29 8.33 9.97 0.000 i > I > 3 > *, a > u
C2 13.38 12.67 10.23 11.58 9.45 10.62 0.000 i > I > 3 > *, a > u
C3 13.77 12.98 9.45 12.08 11.03 10.73 0.000 i > I > 3 > u, * > a
CP1 13.83 12.51 9.53 11.94 9.1 9.99 0.000 i > I > 3 > *, a, u
CP2 12.13 11.66 9.51 11.05 6.82 8.81 0.000 i > I > 3 > a, * > u
CP3 12.87 12.52 10.18 11.94 9.09 9.9 0.000 i > I > 3 > a, *, u
CP4 12.76 12.17 8.93 11.77 9.05 10.31 0.000 i > I > 3 > * > u, a
CP5 13.2 11.74 10.21 11.41 9.55 10.46 0.000 i > I, 3 > *, a > u
CP6 12.26 11.88 9.22 11.74 8.21 9.43 0.000 i, I > 3 > *, a > u
CP7 11.93 12.6 9.44 11.96 9.57 9.48 0.000 I, i > i, 3 > u, *, a
CP8 12.06 12.11 10.86 11.81 11.2 11.4 0.000 i, I > 3, *, u > *, u, a
CP9 11.25 10.96 10.13 10.9 9.57 10.13 0.000 i, I, 3 > a, *, u
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exert a significant influence on the lay of the regression 
line between intelligibility and corner vowel space. When 
the speaker C3 data point was removed, the r 2  value in-
creased to 0.90, confirming that speaker C3 had a rela-
tively small corner vowel space for his intelligibility level. 
It is also notable that C3 exhibited the lowest value in F 1  
variability ( fig. 2 c) and a considerably low overlap degree 
( fig. 2 d). By contrast, CP1 had a high F 1  variability for his 
intelligibility level ( fig. 2 c). When the speaker CP1 data 
point was removed, the r 2  value of F 1  variability increased 
to 0.89. Despite the high F 1  variability, his overlap degree 
was low ( fig. 2 d), owing to the fact that CP1 had the larg-
est corner vowel space ( fig. 2 a), compensating the high 
variability in F 1 .

  Discussion 

 Our first analysis showed significant main effects of 
vowel on both F 1  and F 2  measures for all speakers. This 
finding suggests that speakers with CP, including those 
with severely reduced intelligibility, attempt to produce 
vowels distinctively. The subsequent post hoc compari-
sons, however, revealed a reduced distinction among 
vowels both in the F 1  and F 2  measures as intelligibility 
decreased. Second, regression analyses revealed that 
overlap degree among vowels accounted for the greatest 
amount of variance in intelligibility scores. F 1  variability, 
corner vowel space area, and mean distance among vow-
els were also significantly related to intelligibility. Spe-
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  Fig. 1.  Mean F 1  and F 2  coordinates for each speaker.  y  = Corner vowel space;  o  = noncorner vowel space. 
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cifically, lower intelligibility was associated with (1) in-
creased overlap among vowels, (2) increased F 1  variabil-
ity – i.e. decreased acoustic stability in achieving vowel 
height –, (3) reduced corner vowel space – i.e. reduced ar-
ticulatory working space – and (4) reduced mean distance 
between vowels – i.e. a reduced degree of vowel disper-

sion. These findings suggest that the overlap degree 
among vowels, not the vowel space size, is a better predic-
tor of a speaker’s overall intelligibility and, accordingly, 
of the severity of the speech disorder.

  Our results also suggest that vowel contrasts, indexed 
by the overlap degree, are achieved not only by increased 
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corner vowel space, but also by reduced variability in the 
vowel formants. Some speakers exhibited a trading rela-
tionship between these two modulations. Despite a con-
siderable degree of F 1  variability, one speaker achieved a 
sufficient degree of distinctiveness among contrasting 
vowels through a substantially enlarged corner vowel 
space. On the other hand, one control speaker exhibited 
a rather compressed corner vowel space, even compared 
to moderate CP speakers, but the speaker maintained 
vowel distinctions through the precise articulation of 
each vowel token, as evidenced by the exceptionally small 
variability in F 1  for each vowel phoneme. The trading re-
lationship between vowel space size and F 1  variability 
demonstrates that the role of vowel space size in enhanc-
ing or reducing vowel phoneme distinctiveness can be in-
fluenced by formant variability. In other words, vowel 
space alone is not sufficient in addressing vowel charac-
teristics and their relation to intelligibility. Based on our 
findings, the wide range of strength between vowel space 
areas and intelligibility reported in prior work on dysar-
thria can be attributed to the fact that a possible interac-
tion of vowel space, formant variability and overlap de-
gree was not considered.

  Corner vowel space indicated a strong correlation with 
intelligibility at r 2  = 0.69. This is considerably high com-
pared to the previous findings of a speaking rate effect on 
vowel space and intelligibility  [5–9] . A direct comparison 
with previous studies is impossible due to different meth-
ods and participant groups, but our finding suggests that 
a speaker’s overall intelligibility and, accordingly, dysar-
thria severity is more strongly correlated to vowel space, 
compared to the intelligibility level induced by speaking 
rate modifications; further research is clearly required. 
The small effect of intelligibility on noncorner vowel 
space found in this study is similar to the findings on the 
PD group in the study by Tjaden et al.  [14] . Clear speech 
findings were rather different  [22–24] . For example, ac-
cording to Picheny et al.  [22] , who compared the vowel 
space formed by the lax vowels /I, 3, 8/ in clear versus con-
versational speech produced by normal speakers, the dif-
ference of vowel space area in clear versus conversational 
speech was greater for the noncorner vowel space than for 
the corner vowel space. Taken together, the results indi-
cate that the extent to which intelligibility is related to 
vowel space may vary depending on vowel classes and 
depending on the type of speech (e.g. dysarthric vs. con-
versational normal vs. clear normal).

  This study examined vowel formants in relation to 
overall speech intelligibility rather than vowel perception 
errors, concerning the relationship between vowel pro-

duction and the severity level of dysarthria. It is yet to be 
discovered to what extent the acoustic correlates of vow-
els contribute to the intelligibility of various speech units 
(e.g. vowel phonemes, words, sentences and discourse). 
As Weismer et al.  [3]  and Weismer  [25]  discussed, a posi-
tive relation between vowel acoustics and speech intelli-
gibility as found in this study leads to two contrasting 
hypotheses. The acoustic variables of vowels may be com-
ponential factors in overall intelligibility and thereby 
make a direct contribution to speech intelligibility levels. 
It is also possible that acoustic variables reflect overall 
speech mechanisms rather than a specific component of 
intelligibility. Aiming to test these hypotheses, future 
studies will have to include vowel perception error rates 
as well as overall intelligibility scores. Vowel perception 
data will also enable us to evaluate whether spastic dys-
arthria exhibits vowel error patterns similar to normal 
speech, or whether it manifests different error patterns 
due to the nature of the disorder. Finally, this study mea-
sured F 1  and F 2  values at the midpoint of the vowel steady 
state, capturing the targeting point of vowel production. 
Besides static measures, time-varying formant changes 
have been suggested to contribute to identifying vowels 
 [26, 27] . The role of formant dynamics was shown to be 
greater than the static measure, particularly in distin-
guishing vowels that are close in the vowel space (e.g. 
 head  vs.  had ). Future studies may thus extend to include 
formant measures at several time points and evaluate the 
extent to which dynamic versus static measures of for-
mants are related to intelligibility in dysarthria.

  Conclusions 

 The current study provided evidence for the relation-
ship between intelligibility and the spectral characteris-
tics of vowels produced by speakers with CP. Our results 
demonstrated that a speaker’s overall intelligibility in this 
population was better represented by the overlap degree 
among vowels than by the vowel space. Speech patholo-
gists may benefit from this result in their assessment of a 
speaker’s intelligibility.
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