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ABSTRACT 
 
Background. The vowel space area (VSA) has been used as an acoustic metric of dysarthric vo-
wel articulation, but with varying degrees of success. Here we test the hypothesis that the failure 
of the VSA to differentiate dysarthric from normal vowel articulation has to do in part with statis-
tical “noise” that is introduced by insensitivity of Euclidean distances that define the VSA to vo-
wel centralisation. 

Methods. Differences in vowel production between 5 dysarthric young men post traumatic 
brain injury (TBI) and 5 young men who served as healthy controls (HC) were tested with four 
acoustic metrics: the triangular VSA, constructed with the first (F1) and second (F2) formants of 
the vowels /i/, /u/, /a/, and the Euclidean distances (EDs) between the vowels /i/ and /u (EDiu), /i/ 
and /a/ (EDia), and /a/ and /u/ (EDau) that define the VSA. The formant frequencies of these me-
trics were logarithmically scaled to reduce irrelevant interspeaker variability. 

Results. The VSA failed to differentiate between the TBI and HC groups, as did the the 
EDia, and EDau.  In contrast, the EDiu effectively differentiated between groups, both statistical-
ly (unpaired t-test, p=0.0174) and in terms effect size (1.88, large). The significant difference was 
in the expected direction, indicating vowel centralisation and articulatory undershoot in the TBI 
speakers. 

Conclusion. The VSA is likely to perform poorly as an acoustic metric of dysarthric speech 
because of “noise” introduced by Euclidian distances (EDs) metrics that are not sensitive to the 
articulatory abnormality (in this study, the EDia and EDau). Thus, rather than using the VSA, it 



302 S. Sapir, M. Połczyńska and Y. Tobin  
 

 

might be more beneficial to use only those EDs that are likely to be sensitive to vowel centralisa-
tion, as might be the case with the EDiu. 
 
KEYWORDS: Traumatic Brain Injury; speech acoustics; formant centralization; vowel space area. 

 

 
1. Introduction 

 
Acoustic analysis has been used as a means to measure, in an objective, noninvasive, 
quantitative, and precise manner, phonatory and articulatory functions characteristic of 
normal and abnormal speech. One acoustic measure, vowel space area (VSA), has been 
used extensively to study and measure vowel articulation impairment in dysarthric 
speakers. The VSA is usually calculated by the Euclidean distances (EDs) between the 
first (F1) and second (F2) formant coordinates of the corner vowels /i/, /u/, and /a/ (tri-
angular VSA), or the corner vowels /i/, /u/, /a/, and /æ/ (quadrilateral VSA) in the F1–
F2 plane (e.g., Blomgren et al. 1998; Liu et al. 2005). For example, in the case of a tri-
angular VSA constructed with the vowels /i/, /u/, and /a/, the VSA is expressed mathe-
matically as follows (adopted from Blomgren et al. 1998): 

 
(1) VSA = sqrt(S*(S−EDiu)(S−EDia)(S−EDau)) 
 
where 
 
(2) S=(EDiu+EDia+EDau)/2 
(3) EDiu = sqrt((F1i−F1u)2+(F2i−F2u)2) 
(4) EDia = sqrt((F1i−F1a)2+(F2i−F2a)2) 
(5) EDau = sqrt((F1a−F1u)2+(F2a−F2u)2) 

 
Sqrt is square root, F1i is the frequency of the first formant of the vowel /i/, F2u is the 
frequency of the second formant of the vowel /u/, and so on. Note that the expressions 
(3), (4), and (5) above are the mathematical formulas for the Euclidean distances be-
tween the vowels /i/ and /u/ (EDiu), /i/ and /a/ (EDia), and /a/ and /u/ (EDau), respec-
tively. Note also that expressions (1) and (2) are based on expressions (3), (4) and (5), 
as is expression (1). Thus, the triangular VSA with the vowels /i/, /u/, and /a/ is defined 
by the Euclidean distances (EDs): EDiu, EDia, and EDau. 

In dysarthric speech, the movements of the articulators may be reduced in force and 
range, resulting in “undershoot” of vowel articulation. Such undershoot is related to 
muscle paresis or paralysis, abnormal muscle tone, or other neuropathological mechan-
isms. This undershoot leads to vowel formant centralisation, i.e., formants that normally 
have high center frequency tend to have lower frequency, and formants that normally 
have low center frequency tend to have higher frequency. As the result of this centralisa-
tion, the Euclidean distances are expected to be shortened and the VSA to be compressed 
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(Sapir et al. 2003; Sapir et al. 2007). Conversely, with decentralisation of formants, as of-
ten occurs with  effective treatment, clear speech, and hyperarticulation, the Euclidean 
distances (EDs) are expected to increase and the VSA to expand (Ferguson and Kewley-
Port 2007; Smiljanić and Bradlow 2005). Indeed several studies have shown formant 
centralisation and/or compression of the VSA in dysarthric speakers relative to normal 
speakers (e.g. Liu et al. 2005; Sapir et al. 2003; Weismer et al. 2001). Decentralisation of 
vowel formants and decompression of the VSA have also been reported (e.g. Sapir et al. 
2003, 2007). In some studies, a positive correlation was found between VSA and intelli-
gibility of dysarthric speech (e.g. Higgins and Hodge 2002; Liu et al. 2005). 

However, other studies have failed to find statistically significant differences be-
tween dysarthric and normal speakers on vowel-formant and/or VSA measures, al-
though there was typically an overall trend toward vowel centralisation or VSA com-
pression in the dysarthric speakers (e.g. Ansel and Kent 1992; Bunton and Weismer 
2001; Sapir et al. 2007). 

Why the VSA fails to consistently differentiate normal from abnormal vowel articu-
lation is not clear. One possible explanation is that the VSA is highly sensitive to inters-
peaker variability associated with anatomical differences in size and shape of the vocal 
tract (Nearey 1989; Perkell and Nelson 1985; Pisoni 1981). Several studies have shown 
that such inter-speaker variability can be considerably reduced through speaker norma-
lisation procedures (e.g. Nearey 1989; Strange 1989). One such normalisation proce-
dure is the transformation of formant frequencies into a logarithmic scale. The explana-
tions for this normalisation procedure are beyond the scope of this study and can be 
found elsewhere (Strange 1989). In the present study we used logarithmic scaling of 
formant frequencies to minimise irrelevant interspeaker variability. 

Another explanation, which is the scope of the present study, is the asymmetric ef-
fects of impaired vowel articulation on vowel formants frequencies in general, and on 
the Euclidean distances (EDs) that define the VSA in particular. For example, Sapir et 
al. (2007) found that of the many vowel formant combinations studied (F1i, F2a, 
F2i/F1i, F1a/F1i, etc.), including the VSA, only two acoustic metrics – F2u and F2i/F2u 
– effectively differentiated, statistically and in terms of effect size measures, between 
dysarthric speakers with idiopathic Parkinson’s disease (PD) and healthy controls. 
Weismer et al. (2001) noted that some dysarthric speakers had vowel formants that were 
similar to those of healthy controls, whereas other formants clearly showed vowel cen-
tralisation; in still other dysarthric speakers within the same dysarthria category, the op-
posite happened. Yunusova et al. (2008) reported kinematic data indicating that some 
dysarthric speakers with amyotrophic lateral sclerosis (ALS) had reduced range of arti-
culatory movements (consistent with vowel centralisation), whereas other dysarthric 
speakers with ALS were found to have articulation movements that were larger in range 
than those of healthy speakers. Thus, given the high sensitivity of the VSA to inters-
peaker variability, including the variability associated vowel formant asymmetry, it is 
reasonable to expect that the VSA will fail at times to differentiate between dysarthric 
and healthy controls due to the statistical noise induced by such variability. 
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On the other hand, it is possible that across dysarthric speakers, some aspects of the 
VSA might show more consistent sensitivity to vowel centralisation. Specifically, sev-
eral studies have shown that the most likely formant to be affected by dysarthric speech 
articulation is F2, and that the most likely vowel to be affected by the dysarthria is /u/ 
(F2u) or a combination of this vowel with the vowel /i/. For example, Sapir et al. (2007) 
and Moura et al. (2008) have independently noted that the most sensitive acoustic me-
tric of articulatory vowel undershoot in the patients they studied was the F2i/F2u ratio. 
The F2i and F2u differ markedly from each other, with the F2i typically having high 
center frequency (about 2400 Hz) and F2u typically having relatively low frequency 
(about 1000 Hz). These differences have to do with the configuration of the vocal tract, 
which is related to the movements or positions of the articulators. Limitations of these 
articulatory movements, as often is the case with dysarthria, are likely to have a strong 
effect on F2i and F2u, such that the center frequency of the F2i will be markedly lower 
than normal and the frequency of the center frequency F2u will be markedly higher than 
normal. Thus, with dysarthric articulatory undershoot, the F2i/F2u is likely to be mar-
kedly reduced. One would also expect that the Euclidean distance (ED) between the 
vowels /i/ and /u/ (i.e., EDiu) will be markedly affected by the dysarthria for the same 
reasons that the F2i/F2u is markedly affected. 

The purpose of the present study was to test the hypothesis that the VSA may fail to 
differentiate between dysarthric and normal speech because of asymmetric sensitivities 
of the EDiu, EDia, and EDau to vowel impairment or centralisation. We also hypothes-
ize the EDiu will be more sensitive than the EDia and EDau to vowel centralisation for 
the reasons mentioned above. To test  these hypotheses we elected to compare vowels 
produced by dysarthric individuals with post traumatic brain injury (TBI) with vowels 
produced by healthy speakers with normal speech (healthy controls, or HC). The acous-
tic data (formant frequencies measurements) of these vowels were originally obtained 
by one of the authors for her PhD dissertation studies (Połczyńska-Fiszer 2006). 

 
 

2. Methods 
 

2.1. Subjects 
 

Speech data from 5 young men with mild or moderate dysarthria post TBI (mean age 
26.4+5.2), and 5 healthy young men with normal speech (mean age 29.2+4.8) were ana-
lysed. The biomedical and speech/language information of the 5 patients are summa-
rised in Table 1. The subjects were all from Poland and the speech samples were all in 
Polish, the native language of the participants. The TBI speakers’ dysarthric speech was 
similar to that characteristic of post-traumatic dysarthria: single vowels are intelligible 
even in patients whose spontaneous speech is completely incomprehensible; poorer 
control of the vocal folds; no glottal stops preceding vowels in word-initial position (a 
common feature in Polish); shorter phrases are articulated with a greater precision than  
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longer ones; difficulties with maximum aperture and a complete closure of the articula-
tors; speech rate is generally slower; distorted rhythm; problems with phonation (hoarse 
voice and breathiness); flat intonation; and hypernasality (McHenry 2000; Połczyńska-
Fiszer and Pufal 2006; Wang et al. 2005). 

 
 

2.2. Speech tasks 
 

For the acoustic study, the subjects were instructed to repeat a series of the 6 Polish vo-
wels, three times in each series, and of these 6 vowels, the first (F1) and second (F2) 
formants of the vowels /i/, /u/, and /a/ were each measured and averaged. This average 
was then used to measure the Euclidian distances (EDs) and VSA in the present study. 
In addition, the subjects were recorded during conversation and while reading a para-
graph. These speech tasks were used to perceptually evaluate and rank the dysarthria in 
the patients, and to ensure normal voice and speech in the controls. 

 
 

2.3. Acoustic recording and analysis 
 

Recordings were made in a quiet room in a hospital, with a Philips SBC MD110 micro-
phone, situated 30 cm in front of the speaker, and connected directly with the computer. 
The F1 and F2 of the vowels /i/, /u/, and /a/ were measured using the PRAAT software 
(Boersma and Weenik 2005). The measurements were made both by inspecting the for-
mants visually and by the automatic identification of the formants with the PRAAT 
software. The measurements were made by the second author. The localisation of the 
formants as chosen by the second author was confirmed independently by two other 
phoneticians. 

 
 

2.4. Consent 
 

All participants completed an IRB consent form, agreeing to take part in the study. They 
were cognitively competent to sign such a consent form. 

 
 

2.5. Statistical analyses 
 

Unpaired t-test (alpha set at 0.05) and pooled variance effect size (ES) were used for 
each of the acoustic indices (VSA, EDiu, EDia, EDau) to assess differences between the 
TBI and HC groups. Large effect size (>0.80, Cohen 1988) was used as a criterion for a 
clinically significant difference between the TBI and HC groups. 
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3. Results 
 
Table 2 shows the F1 and F2 data of the vowels /i/, /u/, and /a/, as well as the means of 
these (standard deviation, or SD, in parentheses), of the individuals in the TBI and HC 
groups. Table 3 shows the VSA, EDiu, EDia, and EDau data for the individuals in the 
two groups, as well as the means and standard deviations, and the results of the t-test 
and effect size measurements of the differences between the two groups. Figure 1 shows 
the means and standard deviations (error bars) of the four acoustic metrics in the two 
groups. The asterisk in Figure 1 indicates a significant difference between the two 
groups. As can be seen in Figure 1 and Table 3, the VSA, EDia, and EDau do not differ 
significantly between the groups. In contrast, the EDiu is significantly different between 
the groups, with a large effect size. Note that the mean EDiu is smaller in the TBI group 
relative to the HC group, consistent with vowel centralisation and articulatory under-
shoot. The means of the VSA and EDia also have lower values in the TBI group relative 
to the HC, and the mean of the EDau is higher in the TBI group. 

 
Table 2. The raw formant frequency data for each of the participants 

(C=controls, P=patients), and the means and standard deviations of these data. 
 

 F1i 
(Hz) 

F2i 
(Hz) 

F1u 
(Hz) 

F2u 
(Hz) 

F1a 
(Hz) 

F2a 
(Hz) 

C1 361 2067 440 860 816 1329 

C2 345 2202 494 843 743 1290 

C3 279 2550 445 790 925 1406 

C4 309 2281 488 809 892 1340 

C5 243 1796 479 853 814 1205 

mean= 307 2179 469 831 838 1314 

SD= 48 277 25 30 72 74 

P1 337 2121 234 954 746 1349 

P2 324 2064 391 815 820 1337 

P3 319 2240 446 1189 976 1765 

P4 292 2020 358 961 833 1339 

P5 203 1781 430 1090 441 1497 

mean= 295 2045 372 1002 763 1457 

SD= 54 169 84 143 198 185 
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Table 3. The EDiu, EDia, EDau, and VSA data for each of the participants, the mean, and stan-
dard deviation (SD) of these data, and the results of t-test and effect size (ES) measurements. 
EDiu = Euclidian distance between the vowels /i/ and /u/. EDia = Euclidian distance between the 
vowels /i/ and /a/. EDau = Euclidian distance between the vowels /a/ and /u/ in the F1–F2 plane. 
VSA = vowel space area constructed with the F1 and F2 coordinates of the vowels /i/, /u/ and /a/ 
in the vowel space. The formant frequencies of the metrics EDiu, EDia, EDau, and VSA were lo-
garithmically scaled (with natural log, or Ln) before these metrics were calculated. TBI = Trau-
matic brain injury; HC = healthy controls. 

 

 
EDiu 

(LnHz) 
EDia 

(LnHz) 
EDau 

(LnHz) 
VSA 

(LnHz2) 

C1 0.90 0.93 0.76 0.31 

C2 1.03 0.94 0.59 0.27 

C3 1.26 1.34 0.93 0.56 

C4 1.13 1.19 0.79 0.43 

C5 1.01 1.27 0.63 0.31 

mean= 1.07 1.13 0.74 0.38 

SD= 0.14 0.19 0.14 0.12 

P1 0.88 0.91 1.21 0.40 

P2 0.95 1.03 0.89 0.39 

P3 0.72 1.14 0.88 0.31 

P4 0.77 1.13 0.91 0.35 

P5 0.90 0.80 0.32 0.13 

mean= 0.84 1.00 0.84 0.32 

SD= 0.10 0.15 0.32 0.11 

ES= 1.88 0.77 −0.41 0.55 

t-test 
t8=2.9893 
p=0.0174 

t8=1.2008 
p=0.2642 

t8=0.6402 
p=0.5400 

t8=0.8242 
p=0.4337 

 
 
 

4. Discussion 
 

In this study the VSA, EDiu, and EDia in the TBI group had lower means compared to 
the HC group, consistent with vowel centralisation in the TBI group. However, the dif-
ference between the groups was significant only for the EDiu. The EDau was higher in 
the TBI group relative to the HC group, which is incongruent with vowel centralisation. 
However, this between group difference was not significant. Thus, in this study, only 
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the EDiu was sensitive enough to differentiate between the dysarthric and the normal 
vowels. 

We hypothesized that the VSA may not differentiate between the TBI and HC 
groups because of possible statistical “noise” introduced by Euclidean distances (EDs) 
that are insensitive to the impairment in vowel articulation. In the present study, the 
EDau and EDia did not differentiate between the groups and thus most likely contri-
buted to this “noise”. It is possible that with a larger sample of participants in each of 
the groups, the results would have been different. For example, the mean EDia was 
smaller in the TBI relative to that in the HC group, but this difference was not statisti-
cally significant. It is possible that this difference between groups would be significant 
with a larger sample. Consequently, the VSA too may show a significant difference be-
tween the two groups. 

It might be argued that the significant difference between the groups with EDiu is a 
spurious effect. Although this is a possibility, we believe the finding is a true reflection 
of the difference between the groups, and that the EDiu is simply a very sensitive metric 

Figure 1. The means (SDs as error bars) of the metrics EDiu, EDia, EDau, and VSA in the TBI 
and HC groups.  The asterisk indicates a significant difference (p<0.05) between the two groups.
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to dysarthric vowel articulation, as we argued in the introduction. Obviously, more re-
search is needed to confirm the present findings. 

The vulnerability of the VSA to statistical noise created by some of the Euclidean 
distances (EDs) that define it raises questions as to the utility of this metric for the diffe-
rentiation between dysarthric and normal speech. The fact that the VSA has failed in 
other studies to detect dysarthric vowel articulation (see review in the introduction) 
might be related simply to irrelevant interspeaker variability, but it might also be related 
to the asymmetry in the sensitivity of the vowel formants to the articulatory impairment. 
Thus, it seems that a more appropriate metric to differentiate dysarthric from normal 
vowel articulation would be the EDiu rather than the VSA. On the other hand, it is im-
portant not only to differentiate between dysarthric and normal speech, but also to cha-
racterise the nature of the vowel abnormality, and for this purpose, the profile of the dif-
ferent Euclidean distances and the VSA itself, as shown in Figure 1, might be more in-
sightful. 
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