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Purpose: The strength of the relationship between vowel
centralization measures and perceptual ratings of dysarthria
severity has varied considerably across reports. This article
evaluates methods of acoustic-perceptual analysis to
determine whether procedural changes can strengthen
the association between these measures.
Method: Sixty-one speakers (17 healthy individuals and
44 speakers with dysarthria) read a standard passage. To
obtain acoustic data, 2 points of formant extraction (midpoint
and articulatory point) and 2 frequency measures (Hz and
Bark) were trialed. Both vowel space area and an adapted
formant centralization ratio were calculated using first and
second formants of speakers’ corner vowels. Twenty-eight
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listeners rated speech samples using different prompts: one
with a focus on intelligibility, the other on speech precision.
Results: Perceptually, listener ratings of speech precision
provided the best index of acoustic change. Acoustically, the
combined use of an articulatory-based formant extraction
point, Bark frequency units, and the formant centralization
ratio was most effective in explaining perceptual ratings. This
combination of procedures resulted in an increase of 17% to
27% explained variance between measures.
Conclusions: The procedures researchers use to assess
articulatory impairment can significantly alter the strength
of relationship between acoustic and perceptual measures.
Procedures that maximize this relationship are recommended.
Acoustic analysis of vowel sounds offers an objec-
tive assessment tool for measuring speech produc-
tion in people with dysarthria. However, there

are significant limitations in using acoustic metrics to infer
information about listeners’ perceptions of the disorder.
Although studies have consistently reported an association
between acoustic vowel centralization and perceptual mea-
sures, the strength of these relationships is highly variable
(Lansford & Liss, 2014a). Linking measurements of the
speech signal to perceptual outcomes is an important
component of validating acoustic metrics for clinical use.
Understanding causes of variation in the relationship between
acoustic and perceptual data is a first step toward establish-
ing stronger links between these variables.

Centralization of vowel formants has been associated
with reduced intelligibility in both healthy speakers and
those with motor speech disorders (e.g., Ferguson & Kewley-
Port, 2007; Liu, Tsao, & Kuhl, 2005; Neel, 2008; Tjaden &
Wilding, 2004). In the motor speech literature, the most com-
mon way of measuring vowel centralization is through the
calculation of vowel space area (VSA)—using the first and
second formants of a dialect’s corner vowels. Static vowel
formant values can be extracted across a range of word
tokens, enabling measurements to be taken from a variety
of speech stimuli. Unfortunately, VSA measurements have
high interspeaker variability and have traditionally demon-
strated variable success in distinguishing healthy and dis-
ordered speech (Sapir, Ramig, Spielman, & Fox, 2010).
Indeed, VSA has been reported to account for both between
6% to 8% (Tjaden & Wilding, 2004) and 69% (H. Kim,
Hasegawa-Johnson, & Perlman, 2011) of the variance in
perceptual ratings of dysarthric speech (for a more detailed
review, see Lansford & Liss, 2014a).

As Lansford and Liss (2014a) speculate, much of this
inconsistency may be due to differences in the perceptual
characteristics of participants’ dysarthria from one study
to another (e.g., there have been large differences in the
Disclosure: The authors have declared that no competing interests existed at the time
of publication.
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severity of dysarthria exhibited by participants across studies).
However, we hypothesize that this is not the only cause.
Across studies, there are considerable differences in research
methods used, and the contribution of these methods to
results has thus far been overlooked. This article will compare
procedures used to measure both vowel centralization and
listeners’ perceptions of dysarthric speech. The aim of the
study is twofold. First, we will determine whether, and to
what degree, changes in procedures affect the relationship
between vowel centralization measurements and perceptual
ratings. Second, to make recommendations for future studies,
we will determine which set of procedures produces the
strongest relationship between the acoustic and perceptual
measurements. To accomplish this, we will evaluate the
following techniques known to vary across studies: (a) the
time point at which formant extraction occurs, (b) the method
by which vowel centralization is calculated, and (c) the cues
provided to listeners in their perceptual measurement of
speech disorder.

Time Point of Formant Extraction
In the motor speech literature, formant measurements

are almost universally taken from vowels’ temporal mid-
points. The rationale being that this provides a consistent
measurement point that is as temporally removed from
adjacent consonants as possible. However, it is well recognized
that neighboring consonants can affect formant values
across the entire vowel segment (Hillenbrand, Clark, &
Nearey, 2001), and for this reason, the temporal midpoint
may not necessarily provide the best representation of a
vowel’s steady-state formant frequency. In addition, Weismer
and Berry (2003) demonstrated that the shape of formant
movements can vary from speaker to speaker. This suggests
that speakers might reach a vowel’s steady-state target—or
an approximation of this position—at different stages of
the vowel’s duration. If this is the case, the use of midpoint
vowel measurements may obscure differences in formant
movement between speakers.

To address this issue, more flexible measurement
point criteria have been suggested (Fletcher, McAuliffe,
Lansford, & Liss, 2015). Flexible criteria would enable us
to extract an approximation of the vowel’s steady-state tar-
get, irrespective of the time point that it is reached, for ex-
ample, extracting formant values when they reach a particular
stage of production, such as their maximum or minimum
value. However, this approach has not been explored in the
study of speech production in dysarthria. Thus, although we
suspect that a flexible formant measurement point may be
more successful in indexing speakers’ articulatory impair-
ment, there are currently no data to support this hypothesis.

Methods Used to Calculate Indices
of Vowel Centralization

Acoustic metrics should index speech motor impair-
ment while limiting the degree of interspeaker variation
that is unrelated to speech disorder. However, regardless of
342 Journal of Speech, Language, and Hearing Research • Vol. 60 • 3
the time point from which they are extracted, static vowel
formants will always be affected by inherent differences in
the size of speakers’ vocal tracts. This variation obscures
differences in vowel production that are due to changes in
articulatory movement.

A number of methods aim to normalize anatomical
and physiological differences between speakers’ vowel
formants. The intent is to minimize differences in formant
measures that arise from the variables of age and sex
(Clopper, 2009). However, in the study of motor speech
disorders, many of these techniques can introduce problems.
For example, normalizing the distances between speakers’
vowels has the potential to remove information about the
degree of articulatory movement made (i.e., as the speaker
moves from the production of one vowel to another). In
fact, some of the VSA differences observed between healthy
male and female speakers may simply reflect sociolinguistic
differences in articulatory movement—with women seeking
to expand the acoustic distance between their vowels (Cox,
2006; Diehl, Lindblom, Hoemeke, & Fahey, 1996).

One method of vowel normalization—which reduces
variance caused by the size of the vocal tract—is to transform
the frequency scale used to measure formants (Clopper,
2009). Transformations of frequency measurements are
classed as vowel-intrinsic methods of normalization and
use only acoustic information contained within a single vowel
to alter its formants. The aim of these methods, broadly
speaking, is to model human vowel perception—not to
eliminate physiological differences between speakers. Mea-
suring formants in the Bark frequency scale has been shown
to reduce the absolute difference between healthy male and
female VSAs (as demonstrated by differences in two analyses
of Hillenbrand, Getty, Clark, & Wheeler’s, 1995, data set;
see Neel, 2008; Sapir et al., 2010). However, it is unclear
whether this also reduces interspeaker differences in articu-
latory impairment. H. Kim et al. (2011) found a strong
relationship (i.e., R2 = .69) between measurements of VSA
in Bark and intelligibility scores for speakers with cerebral
palsy. Although the study did not directly compare different
units of measurement, the relationship between triangular
VSA and intelligibility measurements was the strongest
of all studies of dysarthric speech reviewed by Lansford
and Liss (2014a), suggesting that there may be advantages
to using Bark frequency units.

Measuring in Bark frequency units is not the only
means by which normalization may be achieved. In a recent
article, Sapir et al. (2010) suggested that using a ratio of
each person’s formant values would normalize interspeaker
variance in the magnitude of formant values while preserving
information about vowel centralization. They advocated
use of the Formant Centralization Ratio (FCR), which weighs
formants that are likely to increase as a result of vowel
centralization against formants that are expected to lower
(Sapir et al., 2010). This was supported by Lansford and
Liss (2014a), who found that FCR produced a stronger
correlation between vowel centralization and listeners’ per-
ceptions of dysarthric speech than traditional measures
of VSA. Using the same formants, the FCR measure was
41–354 • February 2017



able to account for 15% more of the variance in speakers’
intelligibility than a triangular VSA. Although these results
were promising, data on this new measurement tool are
lacking. It is not yet clear how the FCR compares with
other vowel-intrinsic methods of vocal tract normalization
(e.g., VSA measured in Bark) or, perhaps more importantly,
whether the FCR is able to consistently index listeners’
perception of dysarthria severity.

Perceptual Measurement of Speech Disorder
Acoustic metrics of vowel production are commonly

indexed against some form of speech intelligibility measure-
ment, for example, listener transcriptions of words and
phrases (H. Kim et al., 2011; Lansford & Liss, 2014a; Liu
et al., 2005) or scaled ratings of intelligibility (e.g., Turner,
Tjaden, & Weismer, 1995; Weismer, Jeng, Laures, Kent,
& Kent, 2001). Measuring dysarthria perceptually allows
researchers to make inferences about the effects of the dis-
order on everyday communication. Yet, although ortho-
graphic transcription provides information regarding the
proportion of words a listener has understood, its ability
to detect and account for mild articulatory impairment can
be limited (Sussman & Tjaden, 2012). That is, a listener
may exhibit a perceptible dysarthria but achieve similar
scores to healthy speakers on transcription intelligibility tests.
Rating scales offer a useful alternative—allowing listeners
to indicate that they detect speech impairment, even if they
can still understand the words spoken. A number of studies
have reported a relationship between scaled ratings of intel-
ligibility and the degree of vowel centralization evidenced
by individuals with dysarthria (Y. Kim, Kent, & Weismer,
2011; McRae, Tjaden, & Schoonings, 2002; Tjaden &
Wilding, 2004; Turner et al., 1995; Weismer et al., 2001).
However, the strength of these relationships remains highly
variable, with VSA accounting for anywhere between 6%
and 46% of the variance in listener ratings. In addition to the
different procedures used to measure vowel centralization,
the instructions provided to listeners as they complete a
rating task might contribute to this variation.

When rating scales are used to measure speech impair-
ment in dysarthria, listeners are usually asked to rate intelli-
gibility or “how easy” the speaker is to understand (Y. Kim
et al., 2011; Tjaden & Wilding, 2004; Turner et al., 1995;
Weismer et al., 2001). However, it is possible that this
approach to intelligibility rating might—to some degree—be
prone to the same issues as transcription-based intelligibility
scores. That is, even when listeners detect mild articula-
tory impairment, they may still rate a speaker as very easy
to understand. To combat this issue, generalized ratings
of speech severity have been proposed, with the idea that
these may index speech impairment not adequately captured
through measures of word or sentence intelligibility (Sussman
& Tjaden, 2012). Indeed, Sussman and Tjaden (2012) found
that scaled estimates of speech severity were able to distin-
guish speakers with mild dysarthria more successfully than
transcription-based intelligibility scores. Although the study
suggested that the instructions we give listeners are important
in measuring dysarthria, it did not directly compare different
listener prompts (i.e., prompts to rate “intelligibility” vs.
prompts to rate “speech severity”). Hence, it is not clear
whether the instruction to rate “speech severity”—as opposed
to “intelligibility”—made any difference to the sensitivity
of their rating scale.

There are limited data to evaluate how listener instruc-
tions affect the measurement of dysarthric speech. Weismer
et al. (2001) compared ratings of “intelligibility” with “speech
severity” and found little difference in the amount that each
rating predicted acoustic changes in VSA. However, in rating
speech intelligibility, listeners in the Weismer et al. (2001)
study were told to focus on articulatory precision. It is pos-
sible that by focusing on articulatory precision, listeners
produced ratings that were more sensitive to mild dysarthria.
In contrast, instructions to rate speech severity asked the
listener to focus on all aspects of possible speech disorders
including parameters of nasality, prosody, vocal quality,
and respiration. Although these parameters are likely to be
affected by the presence of dysarthria, they do not directly
influence vowel centralization. For this reason, to best index
changes in acoustic vowel production, it may be beneficial
to have listeners rate a speaker’s speech precision irrespective
of other speech subsystem impairment.

In summary, there are a number of methodological
factors that might affect the relationship between vowel
centralization and listeners’ perceptions of dysarthric speech.
However, it is unclear to what degree these factors are capa-
ble of changing this relationship and therefore contributing
to the variable results reported in previous studies. The
current study will evaluate a variety of methods of acoustic
and perceptual analysis to determine what effect measurement
differences have on the relationship between vowel centraliza-
tion and listeners’ perceptions of dysarthric speech. In doing
so, this study aims to determine which measures produce
the strongest relationship between these variables and there-
fore provide the clearest acoustic index of dysarthria severity.
Specifically, this investigation will compare the use of different
(a) formant extraction time points (midpoint and a flexible
measurement point), (b) methods of vocal tract normaliza-
tion (Hertz and Bark), and (c) listener rating cues (speech
intelligibility and speech precision). The results address sev-
eral questions: (a) Do methodological changes produce sig-
nificantly different vowel dispersion values and perceptual
rating outcomes? (b) Are the resultant measurements able
to distinguish individuals with dysarthria from healthy older
speakers? (c) Do these methodological changes strengthen the
relationship between the acoustic and perceptual measures?
Method
Speakers

Sixty-one speakers of New Zealand English (NZE;
42 men and 19 women), aged between 43 and 89 years,
participated in this study. Of these speakers, 44 were diag-
nosed with dysarthria. The dysarthria varied in severity, with
speakers classed as exhibiting mild (n = 16), mild-moderate
Fletcher et al.: Assessing Vowel Centralization 343



(n = 9), moderate (n = 8), moderate-severe (n = 4), and severe
(n = 7) dysarthria. Perceptual classification of severity was
rated by three experienced speech-language pathologists via a
consensus rating procedure, on the basis of speakers’ record-
ings of the Grandfather Passage (see Appendix A). Biographi-
cal details are supplied in Table 1. The remaining 17 speakers,
who reported no history of neurological impairment or
speech and language disorders, acted as healthy controls. The
group diagnosed with dysarthria had a mean age of 65 years,
whereas the control group had a mean age of 66 years.
Speech Stimuli
Each speaker attended a single recording session.

Recordings took place in a quiet room, with an investigator
Table 1. Demographic information for speakers with dysarthria.

Participant number Sex Age

1 F 48
2 M 60
3 M 55
4 F 67 P
5 F 68
6 F 70
7 M 75
8 F 79
9 M 56
10 F 45
11 M 53 Und
12 M 55 Und
13 M 58
14 M 76
15 M 67
16 M 77
17 M 67
18 M 79
19 M 71
20 M 71
21 F 83
22 M 68
23 F 73
24 M 89
25 M 58
26 M 81
27 M 73
28 M 79
29 M 77
30 M 69
31 M 69
32 M 65
33 M 68
34 M 47
35 M 64
36 F 69
37 F 60
38 M 55
39 F 53
40 F 47
41 M 43
42 M 60
43 M 72
44 F 46

Note. F = female; M = male.

344 Journal of Speech, Language, and Hearing Research • Vol. 60 • 3
present. Participants were asked to read the Grandfather
Passage in their normal speaking voice after familiarizing
themselves with the passage. Two participants with dys-
arthria required assistance reading the passage. In these
instances, the first author read full sentences from the pas-
sage, with the speaker repeating the sentences immediately
afterward. For 58 participants, digital audio recordings
were made via an Audix HT2 headset condenser micro-
phone, positioned approximately 5 cm from the mouth. Dig-
ital audio recordings of these speakers were made at
48 kHz with 16 bits of quantization. The remaining three
participants were female control speakers who were recorded
as part of an earlier study. These participants were recorded
using a Zoom H4n recorder placed on the table in front of
them (at an approximate distance of 30 cm). Their audio
Medical etiology Severity of disorder

Traumatic brain injury Mild-moderate
Traumatic brain injury Moderate
Traumatic brain injury Mild-moderate

rogressive supranuclear palsy Mild
Freidreich’s ataxia Mild
Parkinson’s disease Mild-moderate
Parkinson’s disease Moderate
Parkinson’s disease Mild
Cerebellar ataxia Mild
Wilson’s disease Mild

etermined neurological disease Moderate
etermined neurological disease Moderate

Brainstem stroke Moderate
Parkinson’s disease Mild
Parkinson’s disease Mild-moderate
Parkinson’s disease Mild
Parkinson’s disease Mild
Parkinson’s disease Moderate
Parkinson’s disease Moderate
Parkinson’s disease Mild-moderate
Parkinson’s disease Mild
Parkinson’s disease Mild
Parkinson’s disease Mild-moderate
Parkinson’s disease Mild
Parkinson’s disease Mild
Parkinson’s disease Moderate-severe
Parkinson’s disease Mild
Parkinson’s disease Mild
Parkinson’s disease Moderate-severe
Parkinson’s disease Moderate
Parkinson’s disease Mild
Parkinson’s disease Mild-moderate
Parkinson’s disease Mild
Traumatic brain injury Severe
Spinocerebellar ataxia Severe

Cerebral palsy Severe
Multiple sclerosis Moderate-severe

Huntington’s disease Severe
Multiple sclerosis Mild-moderate

Huntington’s disease Moderate-severe
Hydrocephalus Severe
Cerebral palsy Severe

Stroke Severe
Brain tumor Mild-moderate
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recordings were made at 22.05 kHz with 16 bits of quanti-
zation. As part of the formant extraction procedure, all
sound files were later resampled to a lower frequency as per
the Burg linear predictive coding algorithm described in the
next section.

Extraction of Acoustic Data
Segmentation of the Data Set

The recordings were transcribed, automatically
segmented to the phoneme level, and labeled in Praat
(Boersma & Weenink, 2012) using the Hidden Markov
Model Toolkit (Young et al., 2002). Phoneme segments were
labeled in Praat on the basis of the origins of NZE miner
orthographic-phonemic dictionary (Fromont & Hay, 2008),
constructed from the Celex lexical database (Baayen,
Piepenbrock, & Gulikers, 1996) and additional hand-labeled
entries. The accuracy of all phoneme boundaries was checked
by a team of four trained analyzers who visually examined
the waveform and wide-band spectrogram and listened for
auditory cues. The primary indicators for the onset and
offset of vowels were changes to formant structures, voic-
ing, and waveform amplitude. Vowel onset boundaries were
identified at the start of the pitch period, coinciding with the
onset of regular formant structure. Vowel offset bound-
aries were distinguished by changes in formant structure at
the end of the pitch period, where there was a correspond-
ing drop in waveform amplitude. The amplitude, shape,
and lack of frication of successive pitch periods were also
used to determine boundaries. Because the Hidden Markov
Model Toolkit segmentation was completed at the pho-
neme level, if the person checking phoneme boundaries
was uncertain in discriminating boundaries for consecutive
phonemes, the boundary derived from automatic segmenta-
tion was kept in place.

Extraction of Formant Values
Three tokens of the NZE START [ɐː], FLEECE [iː],

and THOUGHT [oː] vowels were selected from the pas-
sage for the calculation of acoustic metrics. These tokens
tend to elicit the most extreme front [iː], open [ɐː], and
back [oː] vowel positions in NZE. The [ɐː] vowel was
extracted from two occurrences of the word grandfather1 and
one occurrence of the word answers.2 The [iː] vowel was
extracted from two occurrences of the word each and one
occurrence of the word three. The [oː] vowel was extracted
from one occurrence of the words organ, short, and more.
Because of reading errors, speakers occasionally missed
one of the selected tokens. In this instance, the remaining
two tokens were used. In instances of dysfluency, where
speakers repeated certain word tokens, the average formant
value across word repetitions was used. The formant tracks
1The primary stress in grandfather usually occurs on the first syllable;
however, there was always adequate stress on the second syllable to
produce a distinctive [ɐː] token.
2In NZE, answers always contains a START vowel rather than a
TRAP vowel.
of the first five formant frequencies were obtained via
Praat using the Burg linear predictive coding algorithm,
with a Gaussian window length of 25 ms, a time step of
6.25 ms between the centers of consecutive windows, a
maximum formant value of 5.5 kHz for women and 5 kHz
for men, and a preemphasis from 50 Hz (Boersma &
Weenink, 2012). Formant 1 (F1) and Formant 2 (F2)
measurements were extracted from two measurement points
in each vowel. Criteria for the formant measurement points
are outlined below. Each set of vowel formants was mea-
sured in Hz and also transformed into the Bark frequency
scale (Traunmüller, 1990).

Midpoint Formant Values
Midpoint values were automatically extracted using

a custom Praat script. All formant tracks were also visually
checked. If the midpoint values selected by the script did
not accurately represent the formant that was being mea-
sured (i.e., the formant track was not centered on the cor-
rect formant band), the measurement point was adjusted
by hand.

Articulatory Point Formant Values
The articulatory point criteria were designed with the

aim of extracting values at the time at which there was the
least movement in the formant tracks—for the best approx-
imation of the vowels’ steady-state target. For the front [iː]
vowel, this point was set at peak F2 frequency; for the open
[ɐː], formants were extracted when F1 was at its maximum;
and for back [oː] vowel, when the lowest value of F2 was
reached. Articulatory point formant values were all auto-
matically extracted using a custom Praat script. All vowel
measurement points were then visually checked. As described
above, if the values selected by the script did not accurately
represent the formant that was being measured, the measure-
ment point was adjusted by hand. An example of how the
midpoint and articulatory extraction points might differ is
shown visually in Figure 1.

Description of the Acoustic Metrics
Vowel centralization was calculated with two metrics

—VSA and FCR. The measures used are described below.

VSA
VSA was calculated using F1 and F2 of the [ɐː],

[iː], and [oː] vowels. Given the NZE dialect, a measure of
triangular VSA (using the THOUGHT vowel as opposed
to GOOSE) provides a more accurate representation of
vowel dispersion than quadrilateral VSA (Maclagan, 2009).
F1 and F2 values for the three [ɐː], [iː], and [oː] word tokens
were averaged for each speaker. Triangular VSA was con-
structed by plotting these values as coordinates in an F1/F2
plane and calculating the resulting triangular area using the
formula Hz2 = 0.5 × ABS[F1[iː] × (F2[ɐː] − F2[oː]) + F1
[oː] × (F2[iː] − F2[ɐː]) + F1[ɐː] × (F2[oː] − F2[iː])], where
ABS = absolute value, F1[iː] = first formant frequency of
the [iː] vowel, and so on.
Fletcher et al.: Assessing Vowel Centralization 345



Figure 1. Example of the two extraction points within a speaker’s [oː] vowel.
Formant Centralization Ratio
Given the dispersion of vowels in NZE, the FCR metric

was adapted from Sapir et al. (2010).3 It was calculated
with the same average F1 and F2 values for each speaker
as detailed above, again using the THOUGHT vowel
as opposed to GOOSE. Therefore, FCR was realized as
(F2[oː] + F2[ɐː] + F1[iː] + F1 [ɐː]) ÷ (F2[iː] + F1[oː]).

The procedures described resulted in eight different
formant centralization measurements for each speaker,
outlined in Table 2.
Table 2. Combinations of acoustic metrics.

Formant
measurement Unit of

Vowel
centralization
Reliability of Acoustic Measures
To determine inter- and intrarater reliability of the

measures, 10% of text grids were manually reexamined for
reliability. Phoneme boundaries were manually rechecked, and
scripts to obtain vowel formant values were readministered.
The newly generated vowel formants values were visually
checked in the same manner as the original values. In the case
of midpoint formant values, the reanalysis found F1 intrarater
reliability scores averaged within 12 Hz of original values,
and F2 scores were within 22 Hz. The average interrater
difference was 26 Hz for F1 values and 46 Hz for F2. The
reanalysis of the articulatory points found F1 intrarater
reliability scores within 16 Hz of original values and F2
scores within 23 Hz. Average interrater differences were
35 Hz for F1 values and 29 Hz for F2.
point measurement metric

Temporal midpoint Hz VSA
Temporal midpoint Hz FCR
Temporal midpoint Bark VSA
Temporal midpoint Bark FCR
Perceptual Task
To gather perceptual ratings, two different prompts

were used, with two listener groups.
3The formula provided by Sapir et al. (2010) is given as (F2/u/ + F2/ɑ/ +
F1/i/ + F1/u/) / (F2/i/ + F1/ɑ/). In NZE, the vowel in THOUGHT
is produced much further back than the vowel in GOOSE. For this
reason, its inclusion better represents the overall vowel dispersion of
our speakers.

346 Journal of Speech, Language, and Hearing Research • Vol. 60 • 3
Listeners
Listeners consisted of two randomly assigned groups

of 14 adults (aged 18 to 47 years). The listeners were native
speakers of NZE, who were unfamiliar with dysarthric
speech. All listeners passed a pure-tone hearing screening
at 20 dB hearing level for 500, 1,000, 2,000, and 4,000 Hz
in both ears.

Listening Stimuli
Because of the large amount of speech data collected

in this study, only a small portion of the reading passage
was used to gather perceptual ratings. The phrase “he slowly
takes a short walk in the open air each day” was selected
for this purpose. Across the speaker group, this phrase was
free from reading errors. For all recordings, the average
intensity of the phrase was scaled to 70 dB SPL to provide
a similar perceived loudness.

Procedure
The two listener groups each completed one listening

task. All listeners completed the rating task in one session.
The two listening tasks were programmed in E-prime,
Articulatory target Hz VSA
Articulatory target Hz FCR
Articulatory target Bark VSA
Articulatory target Bark FCR

Note. VSA = vowel space area; FCR = formant centralization
ratio.
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and speech stimuli were played through Panasonic RP-HT
161 stereo headphones. In Group 1, listeners were asked
to rate how easy the speaker was to understand, whereas
in Group 2, listeners were asked to rate the speakers’ speech
precision. Exact participant instructions are provided in
Appendix B.

Although the two listener groups were given different
task prompts, all other rating procedures were identical.
Before beginning the experiment, listeners completed a
short practice task to become familiar with the rating pro-
cedure and provide the opportunity to adjust the volume
of the computer to a comfortable level. In the practice task,
listeners were exposed to three recordings. These included
a speaker with severe dysarthria, a speaker with mild-
moderate dysarthria, and one healthy older speaker. These
speakers were not included in the main experiment.

The main experiment consisted of 61 phrases—one
from each speaker listed in Table 1. The phrases were
randomly presented twice, giving a total of 122 trials for
every listener. In every trial, the listeners were presented
with a prompt to either rate “the speaker’s speech precision”
or “how easy is the speaker to understand?” Listeners
pressed a button to hear the recording play and clicked
on a visual analog scale (VAS) to place a copy of the button
onto the scale. For listeners in Group 1, the scale ranged
from “easy” at one end to “difficult” at the other. For the
second group, the scale ranged from “precise” to “impre-
cise.” Listeners were able to adjust their rating as often as
they wished before selecting to move to the next trial.

The raw output of these judgments was an integer
between 0 and 100 for each stimulus phrase. For each lis-
tener, we calculated the average and standard deviation
of all the ratings provided. This information was used to
compute a z score for every speaker that was rated by the
listener. For example, a numeric rating given by Listener
A would be converted in the following manner:

rating of speaker by Listener A−average rating given by Listener A

standard deviation of Listener A’s ratings

This z score procedure ensured that listeners who
tended to give speakers higher ratings (while placing bigger
spaces between different speaker ratings on the VAS) would
not have undue influence on the overall rating averages.
After applying this z score procedure, the scores of all lis-
teners were averaged to determine two final ratings for
that speaker—one of speech intelligibility and another for
speech precision.

Reliability of the Perceptual Task
To assess inter- and intrarater reliability, Pearson’s

product–moment correlations (across ratings of the same
speech samples) were calculated on the basis of listeners’ raw
ratings (i.e., scores between 0 and 100). For intelligibility
ratings, the average intrarater correlation between the first
and second presentation of the phrases ranged from .70 to
.95, with a mean of .88. For ratings of speech precision,
the intrarater correlations were between .86 and .96, with
a mean of .90. To assess interrater reliability, intraclass
correlations (ICCs) were calculated (as described in Sheard,
Adams, & Davis, 1991). The obtained ICC (2,1) coefficients
were .677 for intelligibility ratings and .835 for speech pre-
cision ratings.

Results
The results of this study are discussed in three parts

and address (a) whether measurements of vowel dispersion
and perceptual ratings were affected by methodological
changes, (b) whether these measurements were able to
distinguish individuals with dysarthria from healthy older
speakers, and (c) whether methodological changes strength-
ened the relationship between the acoustic and perceptual
measures.

Effect of Methodological Changes on Vowel
Dispersion and Perceptual Ratings
Variation in Method of Formant Extraction

The use of midpoint and flexible extraction methods
resulted in statistically significant differences in the size of
speakers’ VSAs. In speakers with dysarthria, VSA calculated
using F1 and F2 from the average midpoint was significantly
smaller (M = 147,315 Hz2, SD = 74,337 Hz2) than VSA
calculated using F1 and F2 extracted using our articulatory
point measure (M = 207,575 Hz2, SD = 86,283 Hz2, t[43] =
11.2, p < .001). This was also the case for control speakers,
with the midpoint formants producing significantly smaller
VSA values (M = 217,220 Hz2, SD = 81,373 Hz2) than
those extracted from the articulatory point (M = 293,539 Hz2,
SD = 106,344 Hz2, t[16] = 7.7, p < .001). However, despite
these differences, the two measures were highly correlated,
r(59) = .93, p < .001. The same general pattern was true of
the FCR measures, with smaller mean FCR values generated
from the articulatory point formant values (see Table 3).
Again, the correlation between the two FCR measures
(taken in Hz) was high, r(59) = .94, p < .001.

Variation in Unit of Measurement and Vowel
Centralization Metric

Table 3 provides mean FCR and VSA values of male
and female speakers calculated using Hertz and Bark and
across the two measurement points. The results indicate
that, as expected, formant vales for men and women are
more similar when measured in Bark. These data suggest
that differences caused by the size of the vocal tract are
indeed reduced when the Bark scale is used. Table 3 also
demonstrates that the mean difference between men and
women is reduced when vowel centralization is measured
using the FCR as opposed to VSA. Together, the combined
use of the Bark scale and the FCR eliminated any significant
differences in vowel centralization measurements between
male and female speaker groups—both when midpoint,
t(59) = 1.05, p > .05, and articulatory point formant values
were used, t(59) = 0.57, p > .05.
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Table 3. Measurement differences between men and women.

VSA, Hz2 VSA, Bark2 FCR, Hz FCR, Bark

Articulatory target measurement
Male 195,295 (80,218) 8.493 (3.25) 1.048 (0.12) 1.265 (0.11)
Female 311,635 (91,527) 11.192 (2.89) 0.987 (0.08) 1.249 (0.07)

Temporal midpoint measurement
Male 137,331 (65,552) 5.974 (2.60) 1.132 (0.12) 1.348 (0.11)
Female 231,932 (78,255) 8.394 (2.60) 1.061 (0.10) 1.319 (0.08)

Note. VSA = vowel space area; FCR = formant centralization ratio.
Variation in Instructions Provided to Listeners
The relationship between the two perceptual

measurements—intelligibility and speech precision—is
shown in Figure 2. Overall, listeners’ perceptions, as mea-
sured by the two different rating instructions, were highly
correlated, r(59) = .98, p < .001. Although closely related,
the data points in Figure 2 appeared to have a curvilinear
relationship. This observation was confirmed by comparing
a simple linear regression against a second-degree polynomial
model of the two variables. A comparison of the models
revealed that the curvilinear, polynomial model accounted
for significantly more variance in the data, F(1, 58) = 21.03,
p < .001. The existence of a curvilinear relationship indicates
that there were differences in the way the two sets of instruc-
tions provided to listeners indexed mild, moderate, and severe
dysarthria. For example, speakers with a mild dysarthria
tended to exhibit higher z scores (i.e., scores that were
further away from the mean) for speech precision than for
intelligibility. This was not the case for speakers with low
ratings. This suggested that ratings of intelligibility and
speech precision were distributed differently, with ratings
Figure 2. Relationship between listeners’ ratings of intelligibility and
speech precision. M = male; F = female.
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of speech precision producing a larger range of scores for
speakers above the mean (i.e., those with less impairment).
Differences Between Speakers With
and Without Dysarthria Across Acoustic
and Perceptual Measures

Table 4 highlights differences in the perceptual and
acoustic measurements between speakers with dysarthria
and healthy controls. The perceptual measurements were
combined for male and female speakers after determining
that there were no significant differences between the sexes
for ratings of intelligibility, t(59) = 0.85, p > .05, or speech
precision, t(59) = 0.95, p > .05. Perceptual ratings of speech
precision produced a greater mean difference between
speakers with and without dysarthria than ratings of intelli-
gibility (after both measures had been z scored).

The acoustic measures were compared separately
in groups of male and female speakers. All measurements
produced statistically significant differences between the
speakers with and without dysarthria (at p < .05). However,
it was apparent that some measures were able to separate
the two groups more clearly than others (i.e., there was less
overlap in the distribution of measurements across the two
groups, as indicated by higher t values). First, formants
taken with a flexible extraction point consistently produced
higher t values in comparisons between the speakers with
and without dysarthria. Measuring formant values in Bark
units also produced consistently higher t values. In contrast,
the FCR did not perform consistently better than measures
of VSA in distinguishing speakers with dysarthria—as mea-
sures of VSA in Bark2 produced particularly high t values
in these group comparisons.
Changes to the Strength of the Relationship
Between Acoustic and Perceptual Measures
With Variation in Methodology

A series of Pearson correlation analyses were per-
formed to evaluate whether the relationship between the
vowel centralization and perceptual ratings of dysarthria
varied with methodological changes. The results are sum-
marized in Table 5. The data were analyzed separately by
sex because this factor accounted for significant variation
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Table 4. Differences in perceptual ratings and vowel dispersion metrics in participants with and without dysarthria.

Measurement
Average in speakers

with dysarthria
Average in control

speakers t p

Rating of speech precision –0.382 (0.805) 0.987 (0.198) 6.895 <.001
Rating of intelligibility –0.339 (0.834) 0.877 (0.110) 5.960 <.001
Male speakers
VSA in Bark2 using a flexible formant extraction point 7.635 (3.034) 10.912 (2.635) 3.178 .003
FCR using formants measured in Bark from a flexible

extraction point
1.293 (0.113) 1.186 (0.066) 2.967 .005

VSA in Bark2 using formants from the temporal
midpoint

5.341 (2.479) 7.755 (2.156) 2.864 .007

FCR using formants measured in Hz from a flexible
extraction point

1.077 (0.124) 0.968 (0.070) 2.746 .009

FCR using formants measured in Bark from the
temporal midpoint

1.372 (0.111) 1.280 (0.064) 2.594 .01

VSA in Hz2 using a flexible formant extraction point 178,294 (77,630) 243,206 (69,879) 2.441 .02
FCR using formants measured in Hz from the temporal

midpoint
1.157 (0.128) 1.061 (0.078) 2.325 .03

VSA in Hz2 using formants from the vowels’ temporal
midpoint

124,062 (64460) 174,724 (55396) 2.317 .03

Female speakers
FCR using formants measured in Bark from a flexible

extraction point
1.279 (0.060) 1.185 (0.028) 3.615 .002

VSA in Bark2 using a flexible formant extraction point 9.958 (2.088) 13.866 (2.641) 3.496 .003
VSA in Bark2 using formants from the temporal

midpoint
7.287 (2.187) 10.794 (1.682) 3.464 .003

FCR using formants measured in Hz from a flexible
extraction point

1.018 (0.071) 0.920 (0.031) 3.224 .005

FCR using formants measured in Bark from the
temporal midpoint

1.351 (0.080) 1.248 (0.029) 3.024 .008

VSA in Hz2 using a flexible formant extraction point 277,397 (64,148) 385,816 (103,108) 2.829 .01
VSA in Hz2 using formants from the vowels’ temporal

midpoint
202,764 (68454) 295,128 (61,605) 2.814 .01

FCR using formants measured in Hz from the temporal
midpoint

1.097 (0.104) 0.984 (0.029) 2.571 .02

Note. Standard deviations across groups are shown in parentheses. All t values were derived from two-sample, independent t tests. Equal
variance between groups was assumed after applying Levene’s test. Absolute p values are reported, with no corrections made for multiple
comparisons. VSA = vowel space area; FCR = formant centralization ratio.
in speakers’ acoustic measurements after controlling for
perceptual ratings. This was not the case for other bio-
graphical factors, such as dysarthria etiology.4 Table 5
shows that in both male and female speakers, there were
common methodological approaches that improved the
association between perceptual and acoustic measurements.

In combination, changes to the formant extraction
point, unit of measurement, metric of vowel centralization,
and listener instructions resulted in 17% more variance
being accounted for in men (i.e., an increase from 17%
4In assessing this, we ran a series of stepwise multiple regressions to
model each metric of vowel centralization. Model fitting proceeded
in a forward stepwise iterative manner, seeking to produce a model
containing only significant effects. Speakers’ sex and their rating of
speech precision produced the best models of their VSA values (regardless
of which units and formant extraction point were used). In contrast,
speech precision ratings were the only significant predictor of FCR
values. Information about speakers’ intelligibility, presence/absence of
dysarthria, and dysarthria etiology provided no additional statistically
significant information about their VSA or FCR measures (i.e., p > .05
for all additional variables added to the models).
to 34% when all four changes were made) and 27% more
variance accounted for in women (an increase from 49% to
76%). Overall, the strongest relationship between acoustic
and perceptual measures—in both male and female speakers—
was achieved by using a flexible formant extraction point,
Bark units, and the FCR metric, in combination with listener
ratings of speech precision. Figure 3 plots the strongest and
weakest relationships found between the acoustic and per-
ceptual measures in male and female speakers.
Discussion
One of the main aims of this study was to determine

which combination of procedures would result in the stron-
gest relationship between measurements of vowel centrali-
zation and listeners’ perceptions of dysarthria. Previous
literature has reported considerable variability in the corre-
lations between these measurements, and it is unclear to
what degree different procedures might be contributing to
this inconsistency. It was hypothesized that there were sev-
eral methodological changes that might affect the relation-
ship between our acoustic and perceptual measurements.
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Table 5. Relationships between acoustic vowel metrics and perceptual measures.

Vowel space metric

Speech precision rating Intelligibility rating

Correlation
coefficient

Explained
variance (%)

Correlation
coefficient

Explained
variance (%)

Women
FCR using formants measured in Bark from a flexible

extraction point
–.873 76 –.839 70

FCR using formants measured in Bark from the temporal
midpoint

–.854 73 –.810 66

FCR using formants measured in Hz from a flexible
extraction point

–.852 73 –.836 70

VSA in Bark2 using formants from the temporal midpoint .832 69 .774 60
VSA in Bark2 using a flexible formant extraction point .808 65 .750 56
FCR using formants measured in Hz from the temporal

midpoint
–.798 64 –.764 58

VSA in Hz2 using formants from the vowels’ temporal
midpoint

.751 56 .710 50

VSA in Hz2 using a flexible formant extraction point .739 55 .698 49
Men
FCR using formants measured in Bark from a flexible

extraction point
–.584 34 –.565 32

FCR using formants measured in Hz from a flexible
extraction point

–.581 34 –.568 32

VSA in Bark2 using a flexible formant extraction point .576 33 .556 31
FCR using formants measured in Bark from the temporal

midpoint
–.550 30 –.523 27

FCR using formants measured in Hz from the temporal
midpoint

–.548 30 –.531 28

VSA in Hz2 using a flexible formant measurement point .516 27 .500 25
VSA in Bark2 using formants from the temporal midpoint .505 26 .475 23
VSA in Hz2 using formants from the temporal midpoint .435 19 .407 17

Note. All correlations have p values less than .01. VSA = vowel space area; FCR = formant centralization ratio.
Method of Formant Extraction
Two different formant extraction points were explored:

a static temporal midpoint and a flexible articulatory point.
It was hypothesized that the articulatory point might better
index speakers’ articulatory impairment by capturing a
larger degree of vocal tract movement between vowels.
Consistent with previous work, VSA values were consid-
erably larger when formants were extracted from the articu-
latory point (Fletcher et al., 2015). Overall, these results
provide further support for the hypothesis that extracting
F1 and F2 values at a flexible articulatory point produces
more acoustically distinct formant values.

In extracting formants from the articulatory point,
we aimed to determine whether this method would strengthen
the relationship between vowel centralization metrics and
perceptual ratings. The results indicated that formant mea-
surements taken from the articulatory point tended to explain
more of the variation in speakers’ perceptions of dysarthria.
The articulatory point formants were used in four vowel cen-
tralization metrics—applied to both male and female data.
On average, they resulted in an increase of 6% in the variance
accounted for by perceptual ratings in the male data but only
3% in the female data.

The reason for the decreased performance in the female
data appears to be due to a single speaker. Figure 3 demon-
strated that the relationship between the articulatory point
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VSA and listeners’ perceptions of dysarthria was skewed by
one high VSA value in the female subset. This outlier meant
women’s midpoint VSAs were more closely related to per-
ceptual measures than the corresponding articulatory point
VSAs. When the FCR was applied, the outlier was no
longer apparent. These data suggest that articulatory point
values are generally able to capture more information about
speakers’ perceived severity—but they may also be more
sensitive to changes in vocal tract size. Hence, to achieve a
strong relationship with perceptual ratings of dysarthria,
it may be advisable to use articulatory point criteria in con-
junction with the FCR procedure recommended by Sapir
et al. (2010), to help normalize differences in vocal tract size.
Unit of Measurement and Vowel
Centralization Metric

Outside of the motor speech disorder literature, it is
common to convert formant data to Bark units before calcu-
lating VSA, in order to provide an appropriate auditory
scaling of frequency (Ferguson & Kewley-Port, 2007; Neel,
2008). It was hypothesized that measuring vowel centraliza-
tion using Bark units would increase the relationship between
acoustic and perceptual measures by reducing the effect
that differences in the size of the vocal tract had on speakers’
VSAs. There is evidence that the use of Bark units did reduce
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Figure 3. A comparison of the strongest and weakest relationships between acoustic vowel metrics and perceptual measures, plotted by sex.
Shaded areas indicate 95% confidence interval of regression estimates.
these anatomical differences. In the current study, transfor-
mation of F1 and F2 to Bark units resulted in a reduction
in the difference in VSA between male and female speakers
(i.e., the measurements became less than one standard devi-
ation apart). As expected, this also occurred when FCR
was used in place of VSA. However, it was only when Bark
units were applied to the FCR that the differences between
the sexes became insignificant. This finding indicates that
Bark units have the potential to reduce interspeaker varia-
tions over and above what the FCR alone is able to accom-
plish and that the use of the FCR does not necessarily
render Bark units redundant.

Within our data set, the combined use of Bark units
and the FCR provided a scale of values that could be
interpreted together, regardless of a person’s sex. The abil-
ity to plot and interpret these data as one group enhances
sample size and increases the power to detect a relationship
between our acoustic and perceptual measures. It is inter-
esting that, in isolation, the application of the FCR was
not able to completely eliminate group differences between
men and women—in contrast to findings reported by Sapir
et al. (2010) and Lansford and Liss (2014a). Differences
may have persisted because of sociophonetic differences
between the sexes (Cox, 2006; Diehl et al., 1996) or, sim-
ply, because complex differences in vocal tract size could
not be easily normalized in this population.

Although it was evident that the use of FCRs and
Bark units reduced variance in the acoustic measurements,
the question remained: Do these techniques also eliminate
important information regarding articulatory movement?
The results presented in Table 5 suggest that this is not the
case. In comparison with triangular VSA, the use of an
adapted FCR consistently improved the acoustic-perceptual
relationship among speakers (accounting for an average of
6% more variance in men and 11% in women). This result
was consistent with findings from previous studies that
have compared FCR to triangular VSA (Lansford & Liss,
2014a; Sapir et al., 2010) and demonstrates the utility of
using formant ratios as a measurement tool in other dialects.
As hypothesized, the use of the Bark unit of frequency
tended to increase the relationship between VSA measures
and perceptual ratings (with a 6% increase in variance
accounted for in men and 10% in women). When the FCR
was used, there was a much smaller effect of using Bark
units (an average of 5% increase in the female data, with
no increase observed in the male data).
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It is worth noting that both the original FCR and
our adapted formula use measurements of only three cor-
ner vowels. In dialects with more corner vowels, the inclu-
sion of additional formants in this ratio may benefit the
measurement’s validity. For example, Lansford and Liss
(2014a) found that the FCR was able to account for approx-
imately 15% more variance in intelligibility measurements
than triangular VSA (when using the same three vowels).
However, this difference reduced to just 3% when the
quadrilateral vowel space was used—indicating that a set
of four vowels may more adequately index the vowel dis-
persion of these U.S. speakers. In the case of NZE, the
triangular shape of the dialect’s vowel dispersion lends
itself well to the three-vowel FCR and, for this reason,
may have boosted the success of the measurement tool
(Maclagan, 2009).

Overall, when making these interspeaker compari-
sons, it appears that formant ratios have the capacity to
map more strongly to our perceptual impressions than
vowel space measurements. However, in dialects with a
more quadrilateral dispersion of vowels, the effect of Bark
units on quadrilateral VSA (and the inclusion of more
vowels in formant ratios) warrants further examination.

Perceptual Correlates
Findings of the current study suggest that small

changes to listener prompts may affect the way perceptual
ratings of dysarthria are distributed. Although it is appar-
ent that the two measurements used in this study were
highly correlated, the distribution of ratings meant that
there was less variation among the “above average” scores
of intelligibility. This was consistent with our hypothesis
that ratings of intelligibility may not be as sensitive to mild
speech disorder as ratings of speech precision. Indeed,
ratings of speech precision tended to better separate the
speakers with dysarthria from healthy controls. Across all
metrics of vowel centralization, ratings of speech precision
explained the most acoustic variance between speakers.
Although the improvement was subtle, it is suggested that
ratings of speech precision may capture changes in vowel
centralization more successfully than ratings of intelligibility.

There are many ways to perceptually scale dysarthria
severity that were not investigated in this study. For exam-
ple, several previous studies have focused on comparisons
of equal interval scales and direct magnitude estimates
of speech disorder (e.g., Eadie & Doyle, 2002; Schiavetti,
Metz, & Sitler, 1981; Zraick & Liss, 2000). These studies
have suggested that listeners will not necessarily divide
speech stimuli into intervals with an equal magnitude of
change between them (i.e., the magnitude of change between
a rating of 1 and 2 may be different from the change between
5 and 6).

The current investigation used VAS to rate dysar-
thria. Unlike equal interval scales, VAS do not force lis-
teners to partition speech samples into categories—and
may have allowed the listeners to better index differences
in the magnitude of speakers’ intelligibility and speech
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precision. In the current study, VAS enabled listeners to
record their judgments quickly, with high reliability. The
resultant ratings were able to account for up to 76% of the
variance in vowel centralization measures—providing good
evidence of their utility in measuring the speech signal. It
is possible that direct magnitude estimates may also have
produced results sensitive to acoustic change. Comparisons
of direct magnitude estimates and VAS ratings should be
explored in future work, particularly when large numbers
of speech stimuli are being assessed. These comparisons
should focus on the ability of the scales to index objective
changes in the speech signal—rather than simply compar-
ing the distributions of listener scores.

Limitations and Conclusions
In recommending changes in measurement proce-

dures, careful consideration must be given to the generaliz-
ability of this study’s results. Despite substituting the NZE
[oː] vowel in place of the /u/ phoneme (which has been
traditionally used in the dysarthria literature), the average
midpoint VSA and FCR values in this study did not signif-
icantly differ from results presented in other large-scale
studies of U.S. speakers with dysarthria (Lansford & Liss,
2014b; Sapir et al., 2010). For example, to compare the
values obtained from the adapted FCR measure to values
collected using the formula presented in Sapir et al. (2010),
the average FCRs (generated from midpoint vowel formants)
were examined. In the current study, speakers with dysar-
thria had an average FCR of 1.14 (SD = 0.12), whereas
healthy speakers had an average FCR of 1.03 (SD = 0.07).
These results lie directly between those reported by Lansford
and Liss (2014b) and Sapir et al. (2010)—both of whom
recruited speakers from a similar geographic region of the
United States and used the original FCR formula. The
adapted FCR produced averages for NZE speakers (both
with and without dysarthria) that were within one standard
deviation of the values reported in these studies. Evidently,
there are considerable variations reported in VSA and FCR
values as well as differences in midpoint vowel formant values
of the /a/, /i/ and /u/ phonemes, among healthy speakers of
U.S. English (Lansford & Liss, 2014b; Sapir et al., 2010;
Turner et al., 1995). For this reason, it is difficult to deter-
mine how differences in the raw VSA and FCR values were
influenced by the NZE dialect.

The current investigation found large differences in
the acoustic perceptual relationships demonstrated by male
and female speakers. Considerably stronger correlations
were produced among female speakers, indicating that
changes in their acoustic measurements were more closely
related to listeners’ perceptions of dysarthria. Given the
smaller number of female participants, random sample
variation may have played a role in producing this result.
However, this study is not the first to find a stronger link
between perceptual and acoustic vowel measures among
female speakers (see Lansford & Liss, 2014a). It is possible
that current methods of indexing vowel centralization might
influence differences between the sexes. Both metrics
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amplify F1/F2 changes differently depending on the magni-
tude of speakers’ formants, and this may account for some
of the differences in the acoustic-perceptual relationship
across the sexes. Examining the same set of speakers over
time may help elucidate how the relationship between
vowel centralization metrics and perceptual measurements
is affected by differences in the magnitude of baseline for-
mant values.

In summary, this investigation found that changes in
the methods used to assess vowel centralization and speech
severity resulted in differences in the way these measure-
ments indexed speech disorder, with some techniques more
clearly distinguishing people with dysarthria from healthy
controls. In addition, these changes resulted in variable
strengths of relationship between acoustic and perceptual
measures of dysarthria. Taken together, the techniques sug-
gested in this study were able to double the amount of vari-
ance accounted for in the acoustic-perceptual relationship
among male speakers. In women, the amount of variance
accounted for increased from 49% to 76%. This demon-
strates that the procedures chosen when taking these mea-
surements have an important influence on a study’s results.
The ability to achieve stronger acoustic-perceptual relation-
ships in individuals with dysarthria is vital in order to vali-
date our acoustic measurements for clinical use. In future
vowel space studies, it is recommended that researchers
consider more flexible formant extraction points and dif-
ferent normalization procedures. Furthermore, it should
be noted that perceptual measurements of dysarthria are
not an inflexible standard, and the procedures we use to
rate dysarthria should be carefully considered when any
acoustic metrics are being assessed. Perceptual rating tasks
that allow listeners to indicate that speech sounds impaired
—even if the signal is intelligible—appear to be advanta-
geous when indexing changes in mild speech disorder.
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Appendix A

The Grandfather Passage
You wish to know all about my grandfather. Well, he is nearly 93 years old, yet he still thinks as swiftly as ever. He
dresses himself in an old, black frock coat, usually with several buttons missing. A long beard clings to his chin, giving those
who observe him a pronounced feeling of the utmost respect. Twice each day he plays skillfully and with zest upon a small
organ. Except in the winter when the snow or ice prevents, he slowly takes a short walk in the open air each day. We have
often urged him to walk more and smoke less but he always answers, “Banana oil!” Grandfather likes to be modern in his
language.

Note. Syllables in bold indicate where the New Zealand point vowels were extracted from the reading passage.
Appendix B

Listener Rating Instructions
For the articulatory precision ratings, the following instructions were given: “In this experiment, you will rate people’s speech
precision. Precise speech sounds crisp, with clear and accurate enunciation. Some of the people you will hear have speech
disorders which affect the precision of their speech. Your job is to judge each person’s speech precision.”

For the ratings of ease of understanding, the following instructions were given: “In this experiment, you will rate how
easy it is to understand different speakers. Some of the people you will hear have speech disorders which affect how easy
they are to understand. You will make your rating by placing a mark on a scale.”
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