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ABSTRACT
Distorted vowel production is a hallmark characteristic of dysarthric speech,
irrespective of the underlying neurological condition or dysarthria diagnosis. A
variety of acoustic metrics have been used to study the nature of vowel production
deficits in dysarthria; however, not all demonstrate sensitivity to the exhibited
deficits. Less attention has been paid to quantifying the vowel production deficits
associated with the specific dysarthrias. Attempts to characterize the relationship
between naturally degraded vowel production in dysarthria with overall
intelligibility have met with mixed results, leading some to question the nature of
this relationship. It has been suggested that aberrant vowel acoustics may be an
index of overall severity of the impairment and not an “integral component” of
the intelligibility deficit. A limitation of previous work detailing perceptual
consequences of disordered vowel acoustics is that overall intelligibility, not
vowel identification accuracy, has been the perceptual measure of interest. A
series of three experiments were conducted to address the problems outlined
herein. The goals of the first experiment were to identify subsets of vowel metrics
that reliably distinguish speakers with dysarthria from non-disordered speakers
and differentiate the dysarthria subtypes. Vowel metrics that capture vowel
centralization and reduced spectral distinctiveness among vowels differentiated
dysarthric from non-disordered speakers. Vowel metrics generally failed to
differentiate speakers according to their dysarthria diagnosis. The second and
third experiments were conducted to evaluate the relationship between degraded

vowel acoustics and the resulting percept. In the second experiment, correlation
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and regression analyses revealed vowel metrics that capture vowel centralization
and distinctiveness and movement of the second formant frequency were most
predictive of vowel identification accuracy and overall intelligibility. The third
experiment was conducted to evaluate the extent to which the nature of the
acoustic degradation predicts the resulting percept. Results suggest distinctive
vowel tokens are better identified and, likewise, better-identified tokens are more
distinctive. Further, an above-chance level agreement between nature of vowel
misclassification and misidentification errors was demonstrated for all vowels,
suggesting degraded vowel acoustics are not merely an index of severity in
dysarthria, but rather are an integral component of the resultant intelligibility

disorder.
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A COMPREHENSIVE REVIEW OF VOWEL PERCEPTION

Introduction

In optimal listening conditions, spoken language is processed with
considerable ease. The contributions of segmental (e.g., acoustic-phonetic),
suprasegmental (e.g., prosodic) and linguistic (e.g., lexical, sublexical and
syntactic) information to segmentation and perception of spoken language have
been a focus of speech perception investigations for the past several decades. The
relative importance of segmental information offered by vowels and consonants to
overall word recognition has been the source of recent debate (e.g., Cole et al.,
1996; Fogerty & Kewley-Port, 2009; Kewley-Port, Burkle & Lee, 2007; Owren &
Cardillo, 2006). Traditionally, information carried by consonants was considered
to be the most crucial segmental component of spoken language processing
(Owens, Talbot & Schubert, 1968). Indeed, this view is supported by the written
language processing literature (Lee, Rayner & Pollatsek, 2001; see Shimron, 1993
for a review), primarily owing to greater number of consonants as compared to
vowels in the English language. However, evidence from recent investigations
challenges this traditional notion with respect to spoken language processing. For
example, Kewley-Port, Burkle and Lee (2007) replaced either the vocalic or
consonantal segments of sentences with noise, rendering each sentence as
containing only consonant or vowel information, respectively. The authors found
a 2:1 advantage to intelligibility for the vowel-only sentences for both healthy

young adults and elderly adults with hearing loss. This finding, also supported by



Cole et al. (1996) and Fogerty and Kewley-Port (2009), suggests the absence of
vowels from a speech signal is more detrimental to recovering the intended
message than the absence of consonants.

These results should not be surprising, though, as the information
contained in vowel segments, particularly in vowel transitions, cue listeners not
only to identification of vowels, but also to neighboring consonants via
coarticulation (Cooper, Delattre, Liberman, Borst & Gerstman, 1952; Liberman,
Cooper, Shankweiler & Studdert-Kennedy, 1967). This observed vowel
superiority effect, however, may be limited to processing of sentential
information, as conflicting results have been found for monosyllabic (Fogerty &
Humes, 2010) and multisyllabic (Owren & Cardillo, 2006) words. However, it is
important to note that while the relative potency of the segmental information
offered by vowels and consonants to speech perception is unclear, accurate
identification of both vowels and consonants is a crucial component of models of
word recognition (Luce & Pisoni, 1998; McClelland & Elman, 1986; Norris,
1994).

Briefly, models of word recognition (e.g., Trace, Shortlist, and
Neighborhood Activation Model) describe this process as occurring in two
phases, activation and competition of lexical candidates. First, a pool of lexical
candidates is activated in response to incoming acoustic-phonetic information.
The activated lexical candidates subsequently compete. The candidate that most
resembles the acoustic-phonetic input “wins” the competition (i.e., is perceived by

the listener). Thus, poor production or misperception of the vowel /1/ in the word
2



ship results in a pool of activated lexical candidates that may or may not include
the intended target, thereby, decreasing the likelihood that the word ship will win
the subsequent lexical competition.

The effects of vowel misperception extend beyond that of word
recognition, as information gleaned from vowels can be used to facilitate speech
segmentation (Cutler & Buttlerfield, 1992; Cutler & Carter, 1987; Liss, Spitzer,
Caviness & Adler, 2000; Mattys, Melhorne, & White, 2005; Spitzer, Liss &
Mattys, 2007). Mattys, Melhorne and White (2005) describe a hierarchical model
that specifies the use of linguistic, segmental and suprasegmental information in
speech segmentation is dependent on the quality of the listening condition. In
optimal listening conditions, listeners rely upon linguistic, specifically lexical,
information to segment the speech stream. Thus, speech segmentation occurs as a
consequence of word recognition. However, in suboptimal listening conditions,
speech segmentation strategies adapt to incorporate segmental and
suprasegmental information to facilitate deciphering of connected speech.
Specifically, stress information contained in strong syllables (e.g., presence of
unreduced vowel, increased duration and amplitude) has the potential to cue word
onsets in English, as the first syllable in most English words is strong (Culter &
Carter, 1987). Thus, distorted/degraded vowel production and/or hindered
perception of information contained in vowels may have deleterious effects on
overall speech perception resulting in decreased intelligibility of the speech

signal.



Despite the observed consequences of vowel misperception to speech
perception, much work is needed to delineate the link between vowel production
and the resulting percept. Dysarthria, a motor speech disorder arising from
neurological impairment, is an ideal context for the study of the interface between
vowel production and perception, as vowel production in dysarthria is commonly
distorted (Darley, Aronson & Brown, 1969a, b, 1975; Duffy, 2005). The ways in
which this production deficit is related to overall intelligibility has been widely
investigated, albeit with dramatically varied results. The relationship between
vowel production and vowel identification in dysarthria, however, has received
less attention. The purpose of this review of the literature is to detail findings
from classic and recent investigations of vowel perception in both non-disordered

and dysarthric populations in order to identify areas that require greater attention.

Models of Vowel Perception

It has been demonstrated that the identification of vowels requires
sufficient spectral and temporal cues such that perceptual distinctions can be
made (Peterson & Barney, 1952; Hillenbrand, Getty, Clark & Wheeler, 1995).
Early investigations of vowel perception revealed the importance of the formant
frequencies, particularly F1 and F2, to perceptual identification (Delattre,
Liberman, Cooper & Gertsman, 1952) and categorization (Peterson & Barney,
1952) of vowel tokens. Briefly, acoustic-articulatory coupling of vowels can be
summarized by inverse relationships between F1 and tongue height and F2 and

tongue advancement (Fant, 1960; Ladefoged, 1975).



Simple Target Model

Perhaps the most “textbook’ model of vowel perception born out of these
classic findings has become known as the simple target model. According to this
model, vowels targets are canonically represented and each can be defined
acoustically by a single point in a two (or three) dimensional plane comprised of
its first two (or three) formant frequencies. While the simplicity of this model is
attractive, it suffers from several limitations that prevent it from being applied to
the perception of vowels produced in context and/or by many talkers.

Many shortcomings of the simple target model of vowel perception were
revealed by the work of Peterson & Barney (1952). In this seminal investigation,
ten vowels produced by men, women and children were classified with 75%
accuracy when the discriminant function analysis was privileged to F1 and F2
information sampled from each vowel’s steady state. Classification accuracy
improved with the addition of fundamental frequency (F0) or F3 information
(85.9% and 83.6%, respectively). Thus, 14-25% of the vowel tokens were
misclassified depending on the spectral information provided to the DFA. Vowel
misclassifications were largely attributed to spectral overlap of neighboring
vowels, introduced by both inter-speaker (e.g., formant frequency differences
depending on size of vocal tract size and shape) and intra-speaker (e.g.,
articulatory undershoot) causes. Despite the spectral overlap of neighboring
vowels, listeners classified the same vowel tokens with approximately 94%
accuracy. If the simple target approach accurately models vowel perception, the

perceptual error rate (roughly 6%) should mirror that of the misclassification rate
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derived by the DFA (14-25%). This hypothesis is not supported by the data. The
Peterson and Barney study has been criticized for not including temporal
measurements and for sampling vowel tokens at a single point in time; thereby,
ignoring dynamic aspects of vowel production as a consequence (Hillenbrand et
al., 1995). The importance of Peterson and Barney’s study should not be
minimized by these limitations, however, as the results of this investigation

contributed greatly to formation of subsequent models of vowel perception.

Elaborated Target Models

Peterson and Barney (1952) were among the first researchers to reveal
differences in formant frequencies of vowel tokens depending on the length and
shape of the speaker’s vocal tract. Despite the vastly different formant frequency
averages revealed for vowel tokens produced by male, female and children
speakers, listeners demonstrated very little difficulty with perceptual
discrimination of the vowel tokens. Speaker normalization, a process whereby the
perceptual system of the listener recalibrates to accommodate individual speakers,
is proposed to account for the ease with which we understand spoken language
produced by multiple speakers with different sized and shaped vocal tracts.
Elaborated target models address this shortcoming of the simple target model by
incorporating speaker normalization in their accounts of vowel perception.
Formant ratios (e.g., comparison of F1 and F2 to FO and/or F3) and

psychophysically motivated transformations (e.g., log, mel, bark, and Koenig) are



common normalization procedures (e.g., Hillenbrand & Gayvert, 1987; Miller,
1989; Monahan & Idsardi, 2010; Syrdal & Gopal, 1986).

In a recent article, Flynn (2011) compares 20 methods of vowel
normalization with respect to their ability to eliminate inter-speaker variation. The
methods were described to be vowel-, formant- and speaker-intrinsic or extrinsic.
Vowel-intrinsic methods use only the information from a single vowel token for
normalization, whereas, information from multiple vowel tokens, and at times
from categorically different vowels, is considered by vowel-extrinsic methods.
Likewise, formant-intrinsic methods use only the information contained in a given
formant for normalization, but extrinsic methods use information from one or
more other formants. Finally, speaker-intrinsic methods limit the normalization
procedure to the information obtained for a given speaker. Speaker-extrinsic
methods use information from a sample of speakers to normalize the vowel data
and are rarely used. Procedures considered vowel-extrinsic and formant- and
speaker-intrinsic (e.g., Bigham, 2008; Gertsman, 1968; Labonov, 1971; Watt &
Fabricus, 2002) eliminated variability arising from inter-speaker differences in
vocal tract lengths and shapes better than many commonly used vowel-, formant-
and speaker-intrinsic methods (e.g., bark, mel, and log). Thus, normalization
“improved” when the acoustic features of a speaker’s entire vowel set are
considered in the transformation of the individual vowel tokens. While elaborated
target models account well for variability in vowel production arising from

differences vocal tract shapes and sizes of the speakers, intra-speaker variability



in vowel production, such as articulatory undershoot in connected speech, is not

addressed by these models.

Dynamic Specification Models

Rarely do vowel tokens produced in context reach their canonical values
(Lindblom, 1963). This phenomenon, known as articulatory undershoot (i.e.,
target undershoot or vowel reduction), largely is attributed to coarticulation. The
effects of coarticulation on a vowel target’s formant frequencies depend on the
consonantal context (Stevens & House, 1963), speaking style (e.g., casual vs.
clear; Lindblom, 1983) and rate of speech (Gay, 1978). Despite such articulatory
undershoot, listeners perceive vowels produced in context with ease (Macchi,
1980). Perceptual “overshoot” on the part of the listener is one mechanism that
has been proposed to cope with articulatory undershoot (Divenyi, 2009; Lindblom
& Studdert-Kennedy, 1967). A number of theoretical accounts of perceptual
overshoot have been proposed. For example, articulatory/gestural theories of
speech perception (e.g., motor theory or direct realism) propose the mere
existence of perceptual overshoot provides evidence that listeners perceive the
intended target gestures associated with vowel production from the reduced
acoustic signal (Fowler, 1994). Alternatively, general auditory theories of speech
perception consider perceptual overshoot a consequence of context effects and
have demonstrated perceptual overshoot even when primed with non-speech
stimuli (Holt, Lotto & Kluender, 2000; Lotto & Holt 2006). Regardless of the

theoretical explanation of perceptual overshoot, it is essential to identify the



acoustic cues associated with reduced vowel production that facilitate perceptual
overshoot. Evidence suggests the information contained in the dynamic aspects of
vowel production is responsible for perceptual overshoot (Strange, 1989b).

The simple target model is criticized for its failure to incorporate the
dynamic and temporal aspects of vowel production to the process of vowel
perception (Strange, 1989a). Dynamic vowel metrics that capture spectral change
over time have been revealed to improve vowel discrimination (Hillenbrand,
Clark & Nearey, 2001; Hillenbrand et al., 1995; Strange, 1989b). Hillenbrand and
his colleagues (1995) replicated Peterson and Barney’s work in an attempt to
address its limitations and demonstrated slightly less accurate classification by
DFA, accuracy ranging from 68-84% depending on the composition of the static
spectral variables included in the classification models (e.g., F1, F2, F3, FO
measured from the vowel’s midpoint). With the inclusion of vowel duration and
spectral measurements taken at three time points (20%, 50% and 80% of vowel
duration), the ability of the DFA to reliably classify the vowels reached as high as
94.8%. Thus, inclusion of acoustic metrics that capture the dynamic nature of
vowel production improved discrimination.

Some monophthongs are inherently more dynamic (e.g., /&/, /*/ and /v/)
than others (e.g., /1/, /¢/ and /u/; Neel, 2008). The acoustic underpinnings of more
or less dynamic vowels may very well serve as acoustic cues to vowel
identification, particularly in connected speech. However, as previously stated, a

primary cause of articulatory undershoot is coarticulation. Acoustic metrics that



capture these effects are logical starting points for investigating the acoustic
underpinnings of perceptual overshoot.

Indeed, evidence of articulatory undershoot often is observed in the
formant transitions into and out of the vowel nucleus (Hillenbrand et al., 2001).
Perceptually, formant transitions have been demonstrated to be just as important,
if not more important than the steady state vowel segments, for vowel
discrimination (Strange, 1989b; Strange, Jenkins & Johnson, 1983; Fox, 1989;
Jenkins, Strange & Trent, 1999). In addition, formant transitions are fairly stable
across speakers (Hillenbrand et al., 2001), indicating this acoustic feature of

vowel production may facilitate speaker normalization as well.

Relationship Between Vowel Production and Perception

With these approaches to relating vowel acoustics to perception serving as
a backdrop, it is important to ask how acoustic degradation of vowels influences
the resulting percept. A variety of vowel metrics, spectral and temporal, static and
dynamic, have been established to study this interface more closely. One context
in which the relationship between vowel production and perception has been
closely examined is in clear (hyper-articulated) versus conversational (citation-
style) speech. Acoustic analyses of clear and conversational vowels revealed a
number of important distinctions including longer vowel durations, larger vowel
spaces, greater vocal intensity of vowels, increased high-low vowel contrastivity
and greater formant movement in hyper-articulated vowels (Ferguson & Kewley-

Port, 2002; Moon & Lindblom, 1994; Picheny, Durlach & Braida, 1986). Clear
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speech has been shown to yield greater intelligibility scores, particularly for non-
native listeners (Bradlow & Bent, 2002) and the hearing-impaired (Payton,
Uchanski, & Braida, 1994; Picheny, Durlach & Braida, 1985; Uchanski, Choi,
Braida & Durlach, 1996). While the exact underpinnings of this clear-speech
intelligibility benefit are unknown, vowel space expansion and increased vowel
duration have been demonstrated to account for some of the intelligibility gains
offered by clear speech (Ferguson & Kewley-Port, 2007).

To better understand the relationship between vowel acoustics and
subsequent identification, Neel (2008) regressed a variety of derived vowel space
measurements against the vowel identification scores from the Hillenbrand
database and found that subsets of these metrics accounted for only 9-12% of the
variance. However, well-identified vowels were found to be distinctive in F1 and
F2, duration and formant movement over time as compared to poorly identified
vowel tokens. Neel concluded that measurements of vowel distinctiveness among
neighboring vowels, rather than vowel space area, might prove more useful in
predicting vowel identification accuracy.

The weak relationship between traditional vowel space area metrics and
vowel identification accuracy measures observed in Neel’s study may be due to
reduced variability in the perceptual data, as overall vowel identification accuracy
was greater than 95% for both male and female speakers. The ceiling effect
observed in these data is likely secondary to the uses of a highly constrained
listening task (e.g., forced-choice, hVd paradigm) and speech stimuli obtained

from neurologically healthy speakers. Of interest would be investigating the
11



relationships between acoustic vowel metrics and vowel accuracy and
intelligibility with acoustic and perceptual datasets with greater variability (e.g.,
with disordered speakers using a less constrained task). Despite the limitations of
this study, it is important to note that Neel’s results, along with those observed in
clear vs. conversational speech studies, appear to provide support to the use of
acoustic vowel metrics in the prediction, and potentially modeling of

intelligibility of degraded and disordered speech (e.g., dysarthria).

Vowel Production in Dysarthria
Distorted vowel production is a hallmark characteristic of dysarthric
speech, irrespective of the underlying neurological condition (Darley, Aronson &
Brown, 1969a, b, 1975; Duffy, 2005). Thus, studying the effects of degraded
vowel production on listeners’ perception in this population is an ecological
choice; in that the outcomes have the potential to not only inform speech

perception theory but also to guide clinical practice.

Kinematic Data

In general, dysarthric vowel production is characterized by articulatory
undershoot resulting in a compressed or reduced working vowel space (Kent &
Kim, 2003). Such acoustic consequences of production deficits caused by motor
speech disorders have been investigated widely. The articulatory underpinnings,
however, have received less attention. Until recently, evidence detailing
articulatory kinematics in dysarthria has been limited to case studies or to a small
pool of subjects (Ackermann, Grone, Hoch & Schonle, 1993; Forrest & Weismer,
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1995; Kent & Netsell, 1975, 1978; Kent, Netsell & Bauer, 1975). However, a
series of studies investigating vowel production in patients with dysarthria
secondary to either amyotrophic lateral sclerosis (ALS) or Parkinson’s disease
(PD) using x-ray microbeam technology have made important contributions to
this growing body of literature. For example, Weismer, Yunusova and Westbury
(2003) found tongue retraction and elevation and increased lip closure in speakers
with ALS produces a lowering of F2 in /u/. Additional findings from x-ray
microbeam studies include reduced excursion of tongue movements and reduced
speed of lower lip and tongue (but not jaw) movements during vowel production
in patients with dysarthria secondary to ALS relative to control speakers
(Yunusova, Weismer, Westbury & Lindstrom, 2008). This finding was not
revealed in dysarthric patients diagnosed with PD (Yunusova et al., 2008).
Interarticulator coordination during vowel production for both patients with ALS
and PD has not been found to differ significantly from control vowel production
(Weismer et al., 2003; and Yunusova et al., 2008). However, Yunusova et al.
(2008) found incoordination of the articulators in a handful of severely involved
patients and noted that such incoordination may be a sign of disease progression.
Evidence delineating the perceptual consequences of abnormal articulator
kinematics in patients with ALS is emerging. Specifically, overall intelligibility
has been found to decrease as a function of reduced speed of articulator
movements during vowel production (Yunusova, Green, Lindstrom, Ball, Pattee,

& Zinman, 2009).
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It has been suggested that the articulatory differences found for dysarthric
speakers relative to neurologically healthy speakers may be secondary to reduced
scaling of movement (Yunusova, et al., 2008). Yunusova, Weismer and
Lindstrom (2011) address this question with a linear discriminant analysis (LDA).
Dysarthric vowels (ALS and PD vowel productions) were classified with a
constellation of time-varying kinematic measures derived from a model that
reliably classified vowel productions of neurologically healthy (i.e., control)
individuals. PD vowel productions were reliably classified with the control-based
model, albeit not with the same degree of accuracy, but the misclassification
errors were in the same direction as the control errors. However, ALS vowel
productions were not classified reliably with the control-based model. An
alternate constellation of articulator movement derived from the ALS data
demonstrated greater success with vowel classification. In sum, these results
suggest any differences in articulator movement between neurologically healthy
speakers and PD patients are likely due to reduced scaling of movement, but
vowel production in patients with ALS is categorically different than that of
neurologically healthy participants. Much of the kinematic work completed to
understand the articulatory underpinnings of distorted vowel production has been
limited to the PD and ALS populations. Of interest would be expansion of this
line of research to include motor speech disorders arising from other neurological

impairments.
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Acoustic Data

As previously mentioned, the acoustic consequences of dysarthria on
vowel production have been widely investigated (e.g., Kim, Weismer, Kent &
Dufty, 2009; Rosen, Goozee & Murdoch, 2008; Turner, Tjaden & Weismer,
1995; Ziegler & von Cramon, 1983a, 1983b, 1986; Watanabe, Arasaki, Nagata &
Shouiki, 1994; Weismer, Jeng, Laures, Kent & Kent, 2001; Weismer, Martin,
Kent & Kent, 1992). Kent, Weismer, Kent, Vorperian and Duffy (1999)
summarize the most commonly reported vowel production abnormalities as
centralization of formant frequencies, reduction of vowel space area (quadrilateral
or triangular), and abnormal formant frequencies for both high and front vowels.
Other acoustic findings detailed are vowel formant pattern instability and reduced
F2 slopes.

Evidence demonstrating the acoustic properties of dysarthric vowel
production are distinguishable from control production is mixed. Relative to
control speakers, movement of the second formant during vowel production,
captured in a variety of contexts (e.g., CV transitions, diphthongs, and
monophthongs), is reduced in some dysarthric speakers (Kim et al., 2009; Rosen
et al., 2008; Weismer et al., 1992, 2001). Weismer and his colleagues (1992,
2001) found shallower F2 trajectories in male speakers with dysarthria secondary
to ALS relative to age/gender-matched controls. Similar results have been
revealed for speakers with dysarthria secondary to PD, stroke (Kim et al., 2009)

and multiple sclerosis (Rosen et al., 2008).
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Measures capturing overall vowel space area (quadrilateral or triangular)
have demonstrated less reliable discriminability. Weismer et al. (2001) found
vowel space area (VSA), as calculated as the area within the irregular
quadrilateral formed by the first and second formants of the corner vowels, /i/,
/&/, /a/, and /u/, was reduced relative to control speakers in male speakers with
ALS. No group differences were revealed for ALS female speakers or for
dysarthric speakers with PD relative to control speakers. Somewhat contradictory
to the findings of Weismer et al., quadrilateral VSA group differences were
revealed for speakers with PD relative to control, but not for speakers with MS
(Tjaden & Wilding, 2004). Also noteworthy, the vowel space areas of patients
with PD and MS did not differ significantly (Tjaden & Wilding, 2004). Sapir,
Spielman, Ramig, Story and Fox (2007) also failed to reveal a significant VSA
(triangular) difference between control and PD speakers. However, between
group differences were revealed for the following metrics, F2 of the vowel /u/ and
the ratio of F2i/F2u.

Tjaden, Rivera, Wilding and Turner (2005) derived the vowel space area
encompassed by the lax vowels /1/, /¢/ and /v/ to investigate the proposal that lax
vowel production may be unaffected by motor speech disorders due to their
reduced articulatory production demands (Turner et al., 1995). This hypothesis
was partially supported by the data, as lax vowel space for speakers with PD
could not be differentiated from that of control. Conversely, lax vowel space was
robust to differences between ALS and control vowel productions. The authors

speculate that the differential effects found for lax vowel spaces of PD and ALS
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patients may be attributed to differences in underlying pathophysiology or to
overall severity differences found for the two groups (ALS more severe than PD).
Similar findings of failure to differentiate between dysarthric (specifically
hypokinetic) vowel spaces from control with traditional measurements of vowel
space area have led to the proposal of alternative methods of capturing
centralization of formant frequencies (Sapir, Ramig, Spielman, & Fox, 2010; and
Skodda, Visser & Schlegel, 2011). Sapir and his colleagues (2010) propose the
formant centralization ratio (FCR) as a vowel space metric that maximizes
sensitivity to vowel centralization while minimizing interspeaker variability in
formant frequencies (i.e., normalizing the vowel space). This ratio, expressed as
(F2y +F2,+F1,+F1,) /(F2; + F1,), is thought to capture centralization
when the numerator increases and the denominator decreases. Ratios greater than
1 are interpreted to indicate vowel centralization. Sapir et al. demonstrated that
the FCR, unlike the triangular VSA metric, reliably distinguished hypokinetic
vowel spaces from those of neurologically healthy speakers. Skodda et al. (2011)
propose the vowel articulation index (VAI), the exact inverse of the FCR, to
discriminate hypokinetic from control vowel spaces. Similar justification is
provided for use of the VAL, as it is an index of vowel centralization that
minimized interspeaker variability. The VAI was compared with triangular vowel
space with respect to its ability to discriminate the vowel spaces of 68 speakers
with hypokinetic dysarthria from those of 32 neurologically healthy speakers.
Triangular VSA demonstrated between group differences for male hypokinetic

and non-disordered speakers only. However, the VAI values were significantly
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reduced for both hypokinetic male and female speakers relative to the non-
disordered speakers. The authors conclude metrics that minimize interspeaker
variability while maximizing vowel centralization may be more sensitive to mild
dysarthria than traditional VSA metrics.

To fully understand how dysarthric and control vowel production are
distinctive, greater attention must be paid not only to the effects of underlying
neurological impairment, but also to those of overall severity of the speech
disorder and other production deficits that hinder accurate perception of the
intended vowel (e.g., hypernasality and articulation rate). One method of
revealing the acoustic differences between control and dysarthric vowel
production is via investigation of the perceptual challenges associated with

distorted vowel production in dysarthria.

Dysarthric Vowel Perception

The effects of dysarthric vowel production on perceptual outcome
measures vary widely depending on the dysarthric population being studied, the
severity of the speakers and the acoustic and perceptual measures used to evaluate
the relationship. As previously mentioned, dynamic metrics that capture formant
movement (specifically F2 movement) during vowel production have contributed
greatly to current theories of vowel perception (Nearey, 1989; Strange, 1989a,
1989b). As summarized, the production deficits characteristic of dysarthria may
have deleterious effects on acoustic metrics that capture dynamic aspects of vowel

production. Thus, the investigation of the effects of disordered formant movement
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on intelligibility is well motivated. Kent et al. (1989) found f2 transitions
correlated significantly with single word intelligibility in dysarthric patients.
Weismer et al. (2001) corroborated and extended this relationship by
demonstrating impressive correlations between f2 slopes of /a1/, /o/, and /ju/ (r =
794, -.967 and .942 respectively) and scaled sentence intelligibility estimates in
patients with dysarthria secondary to ALS and PD. In addition, ALS patients with
overall scaled intelligibility estimates less than 70% had distinctly shallower F2
slopes than those with intelligibility estimates greater than 70% (Weismer,
Martin, Kent & Kent, 1992). However, Kim et al. (2009) revealed a less robust,
albeit significant, predictive relationship between F2 slope (measured in the
words shoot and wax only) and scaled estimates of intelligibility in 40 speakers
with dysarthria secondary to either PD or stroke (n=20). F2 slopes from shoot and
wax accounted for 14.3% and 13.9% of the variance in intelligibility ratings.

The relationship between acoustic metrics approximating vowel space area
(both triangular and quadrilateral) and overall intelligibility is not clear, largely
due to widely variable findings. Turner et al. (1995) found VSA derived from the
vowel quadrilateral accounted for 46% of the variance in scaled intelligibility
ratings in patients with ALS. The same was revealed in an investigation of
speakers with dysarthria secondary to either PD or ALS (Weismer et al., 2001).
However, the authors concluded that the relationship appeared to be carried by the
ALS speakers, as there was no distinguishable difference between PD and control
vowel space areas. In children with dysarthria secondary to cerebral palsy (CP),

vowel space area accounted for 64% of the variance in single word intelligibility
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scores. Similarly, Liu, Tsao and Kuhl (2005) revealed a significant correlation (
= .684) between vowel space area and single word intelligibility scores in
Mandarin speakers with CP. However, Tjaden and Wilding (2004) demonstrated
less impressive predictive power of vowel space area metrics in women with
dysarthria secondary to MS or PD. Approximately, 6-8% of the variance in scaled
intelligibility ratings were accounted for by a subset of acoustic metrics that
included VSA and F2 slope of /ar/. In the male speakers, a different subset of
metrics, which did not include VSA (but did include F2 slope of /a1/ and /ev/),
predicted 12-21% of the variance in intelligibility scores (Tjaden & Wilding,
2004). In speakers diagnosed with PD, VSA accounted for only 12% of the
variance in scaled severity scores (McRae, Tjaden & Schoonings, 2002).

Kim, Hasegawa-Johnson and Perlman (2011) use the varied VSA findings
reported above as the impetus for their investigation of vowel contrast and speech
intelligibility in three control speakers and nine speakers with dysarthria
secondary to CP. In addition to traditional vowel space area (triangular), Kim and
colleagues evaluated the ability of alternate vowel space metrics including lax
vowel space area, mean Euclidean distance between the vowels, F1 and F2
variability, and overlap degree among the vowels (more on these metrics to
follow) to predict intelligibility scores from a single-word transcription task.
Significant regression functions were found for VSA (R’ = .69), mean distance
between the vowels (R’ = .69), variability of F1 (R’ = .74), and overlap degree (R’
=.96). Interestingly, regression functions for F2 variability and lax vowel space

failed to reach significance. Overlap degree was derived by the results of a per
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speaker classification analysis of vowel tokens into their vowel categories. Vowel
misclassification rates were interpreted to reflect the degree of spectral/temporal
overlap amongst the vowels. The authors concluded vowel overlap might be a
more appropriate indicator of intelligibility deficits in dysarthria. However, it is
important to note that the regressions reported included three control speakers,
one of whom had a fairly compressed vowel space relative to the other two
control speakers. When this speaker was removed from the analysis the regression
function for triangular vowel space area increased from .69 to .90.

A limitation of the work detailed thus far in explaining the perceptual
consequences of disordered vowel acoustics, is that overall intelligibility, not
vowel identification accuracy, has been the dependent measure of interest. Fewer
studies have investigated the relationship between vowel acoustics and vowel
perception in dysarthria. Liu and colleagues (2005) also explored the relationship
between VSA and vowel identification accuracy and found a significant
correlation (» = .63). Whitehill, Ciocca, Chan and Samman (2006) found a
significant correlation (r = .32) between VSA and vowel intelligibility in
Cantonese speakers with partial glossectomy. While this relationship has not been
directly addressed in English speakers with dysarthria, Bunton and Weismer
(2001) evaluated the acoustic differences between correctly and misperceived
(tongue-height errors) vowel tokens and found that they could not be reliably
distinguished.

The varied results relating vowel acoustics to intelligibility have led some

to question the nature of this relationship. Weismer et al. (2001) notably
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speculated aberrant acoustic metrics might not be an “integral component” of the
intelligibility deficit. Rather, they may be an index of overall severity of the
impairment, with no direct bearing on intelligibility. Yunusova, Weismer, Kent
and Rusche (2005) attempted to address this possibility by relating within-speaker
variability in acoustic and perceptual metrics derived from each breath group. A
breath group is defined as the segment of connected speech that is measured
between each breath produced by a speaker. Thus, the number of words within
each breath group was not well controlled. The acoustic and perceptual metrics
selected to evaluate this relationship within each breath group are a global
measure of F2 variability (F2 interquartile range) and scaled intelligibility,
respectively. Subjects included 10 dysarthric speakers (equal number of speakers
diagnosed with PD and ALS) and 10 control speakers. Traditional regression
analyses were completed predicting overall intelligibility (sentence and word)
from F2 variability across-speakers and R’ values ranged from .57 to .61.
However, the ability of F2 variability to predict sentence and word intelligibility
within each breath group failed to reach significance in the 6 dysarthric speakers
selected for this analysis. Thus, these results support the hypothesis suggested by
Weismer et al. (2001) that degraded vowel acoustics may not be an integral
component of intelligibility deficits associated with dysarthria. However, the
results should be interpreted with caution due to several limitations of the study,
including a small sample size of speakers evaluated in the within-speakers
analysis, less than optimal reliability of scaled intelligibility estimates, poorly

controlled stimuli, and use of an unprecedented acoustic metric in dysarthric
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studies. In addition, within speaker variability in both acoustic and perceptual
metrics may be fairly restricted, making it difficult to accurately assess this

relationship.

Conclusions

Distorted vowel production in dysarthria is characterized by spectral and
temporal degradation; flattening of spectral change formants; and vowel space
distortions that may differentially affect high versus low, or front versus back
contrasts. A variety of acoustic metrics have been used to study the nature of
vowel production deficits in dysarthria. However, not all metrics demonstrate
sensitivity to the exhibited deficits in dysarthria. Further, far less attention has
been paid to quantifying the vowel production deficits associated with the specific
dysarthrias.

To date, attempts to characterize the relationship between naturally
degraded vowel production in dysarthria with overall intelligibility have met with
mixed results. The effects of dysarthric vowel production on perceptual outcome
measures vary widely depending on the dysarthric population being studied, the
severity of the speakers and the acoustic and perceptual measures used to evaluate
the relationship. The varied results relating vowel acoustics to intelligibility have
led some to question the nature of this relationship. It has been suggested that
aberrant acoustic metrics might not be an “integral component” of the
intelligibility deficit. Rather, degraded vowel acoustics may be an index of overall

severity of the impairment, with no direct bearing on intelligibility. A limitation
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of previous work detailing perceptual consequences of disordered vowel acoustics
is that overall intelligibility, not vowel identification accuracy, has been the
dependent measure of interest. Fewer studies have considered the relationship

between vowel acoustics and vowel perception in dysarthria.
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DEGRADED VOWEL ACOUSTICS AND THE PERCEPTUAL

CONSEQUENCES IN DYSARTHRIA

Introduction

It has been demonstrated that the identification of vowels requires
sufficient spectral and temporal cues such that perceptual distinctions can be
made (Peterson & Barney, 1952; Hillenbrand, Getty, Clark & Wheeler, 1995). In
a seminal study by Peterson and Barney (1952), vowels embedded in an /hVd/
were categorized by a discriminant function analysis (DFA) on the basis of static
spectral measurements taken at each vowel’s steady state. The DFA, when
privileged to f0, F1, F2 and F3 information classified the vowels with roughly
86% accuracy. Hillenbrand and colleagues (1995) replicated the work of Peterson
and Barney, and demonstrated slightly less accurate classification by DFA (84%).
However, the ability of the DFA to reliably classify the vowels reached as high as
94.8% with the inclusion of vowel duration and spectral measurements taken at
three time points (20%, 50% and 80% of vowel duration). Thus, inclusion of
metrics that capture the dynamic nature of vowel production improved
discrimination. The acoustic measurements derived from these works have
become crucial to the development and testing of theories of vowel perception,

and in defining the ways in which vowel acoustics influence speech intelligibility.

Production-Perception Relationship in Vowels
The relative potency of acoustic information conveyed by vowels—as

compared to consonants—in speech perception has been widely demonstrated
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(Cole et al., 1996; Fogerty & Kewley-Port, 2009; Kewley-Port, Burkle & Lee,
2007; see Owren & Cardillo, 2006, for an opposite account). Kewley-Port et al.
(2007) replaced either the vocalic or consonantal segments of sentences with
noise, rendering each sentence as containing only consonant or vowel
information, respectively. The authors analyzed listener transcripts collected from
both healthy young adults and elderly adults with hearing loss and found a 2:1
advantage to intelligibility for the vowel-only sentences for both groups of
listeners. These findings, which replicated the results of Cole et al. (1996) and
were supported by a subsequent study (Fogerty & Kewley-Port, 2009), suggest
the absence of vowels from a speech signal is more detrimental to recovering the
intended message than the absence of consonants.

Because acoustic information critical to accurate speech perception is
contained in vowels, it is important to ask how degradation of vowels influences
the resulting percept. A variety of vowel metrics, spectral and temporal, static and
dynamic, have been established to study this interface more closely. In an
investigation of speech intelligibility of sentences produced by normal speakers in
quiet, Bradlow, Torrenta and Pisoni (1996) found that speakers with a larger
vowel space and more variable f0 range were more intelligible than speakers with
reduced vowel spaces and less variable f0. Another context in which the
relationship between vowel production and perception has been closely examined
is in clear (hyper-articulated) versus conversational (citation-style) speech.
Acoustic analyses of clear and conversational vowels revealed a number of

important distinctions including longer vowel durations, larger vowel spaces,
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greater vocal intensity of vowels, increased high-low vowel contrastivity and
greater formant movement in hyper-articulated vowels (Ferguson & Kewley-Port,
2002; Moon & Lindblom, 1994; Picheny, Durlach & Braida, 1986). Clear speech
has been shown to yield greater intelligibility scores, particularly for non-native
listeners (Bradlow & Bent, 2002) and the hearing-impaired (Payton, Uchanski, &
Braida, 1994; Picheny, Durlach & Braida, 1985; Uchanski, Choi, Braida &
Durlach, 1996). While the exact underpinnings of this clear-speech intelligibility
benefit are unknown, vowel space expansion and increased vowel duration have
been demonstrated to account for some of the intelligibility gains offered by clear
speech (Ferguson & Kewley-Port, 2007).

To better understand the relationship between vowel acoustics and
subsequent identification, Neel (2008) regressed a variety of derived vowel space
measurements against the vowel identification scores from the Hillenbrand
database and found that subsets of these metrics accounted for only 9-12% of the
variance. However, well-identified vowels were found to be distinctive in F1 and
F2, duration and formant movement over time as compared to poorly identified
vowel tokens. Neel concluded that measurements of vowel distinctiveness among
neighboring vowels, rather than VSA, might prove more useful in predicting
vowel identification accuracy.

The weak relationship between traditional vowel space area metrics and
vowel identification accuracy measures observed in Neel’s study may be due to
reduced variability in the perceptual data, as overall vowel identification accuracy

was greater than 95% for both male and female speakers. The ceiling effect
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observed in these data is likely secondary to the uses of a highly constrained
listening task (e.g., forced-choice, hVd paradigm) and speech stimuli obtained
from neurologically healthy speakers. Of interest would be investigating the
relationships between acoustic vowel metrics and vowel accuracy and
intelligibility with acoustic and perceptual datasets with greater variability (e.g.,
with disordered speakers using a less constrained task). Despite the limitations of
this study, it is important to note that Neel’s results, along with those observed in
clear vs. conversational speech studies, support the use of acoustic vowel metrics
in the prediction, and potential modeling of intelligibility of degraded and

disordered speech (e.g., dysarthria).

Vowel Production in Dysarthria

Distorted vowel production is a hallmark characteristic of dysarthric
speech, irrespective of the underlying neurological condition (Darley, Aronson &
Brown, 1969a, b, 1975; Duffy, 2005). Thus, studying the effects of degraded
vowel production on listeners’ perception in this population is an ecological
choice; in that the outcomes have the potential to not only inform speech
perception theory but also to guide clinical practice. Kent, Weismer, Kent,
Vorperian and Duffy (1999) summarize the most commonly reported vowel
production abnormalities as centralization of formant frequencies, reduction of
vowel space area (quadrilateral or triangular), and abnormal formant frequencies
for both high and front vowels. Other acoustic findings detailed are vowel

formant pattern instability and reduced F2 slopes.
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Evidence demonstrating these acoustic properties of dysarthric vowel
production are distinguishable from control production is mixed. Relative to
control speakers, movement of the second formant during vowel production,
captured in a variety of contexts (e.g., CV transitions, diphthongs, and
monophthongs) is reduced in some dysarthric speakers (Kim, Weismer, Kent &
Dufty, 2009; Rosen, Goozee & Murdoch, 2008; Weismer, Jeng, Laures, Kent &
Kent, 2001; Weismer, Martin, Kent & Kent, 1992). Measures capturing overall
vowel space area (quadrilateral or triangular) have demonstrated less reliable
discriminability. Weismer et al. (2001) found vowel space area (VSA), as
calculated as the area within the irregular quadrilateral formed by the first and
second formants of the corner vowels, /i/, /&/, /a/, and /u/, was reduced relative to
control speakers in male speakers with ALS. No group differences were revealed
for ALS female speakers or for dysarthric speakers with PD relative to control
speakers. Somewhat contradictory to the findings of Weismer et al., quadrilateral
VSA group differences were revealed for speakers with PD relative to control, but
not for speakers with MS (Tjaden & Wilding, 2004). Also noteworthy, the vowel
space areas of patients with PD and MS did not differ significantly (Tjaden &
Wilding, 2004). Sapir, Spielman, Ramig, Story and Fox (2007) also failed to
reveal a significant VSA (triangular) difference between control and PD speakers.

Similar findings of failure to differentiate between dysarthric (specifically
hypokinetic) vowel spaces from control with traditional measurements of vowel
space area have led to the proposal of alternative methods of capturing

centralization of formant frequencies (Sapir, Ramig, Spielman, & Fox, 2010; and
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Skodda, Visser & Schlegel, 2011). Sapir and his colleagues (2010) propose the
formant centralization ratio (FCR) as a vowel space metric that maximizes
sensitivity to vowel centralization while minimizing interspeaker variability in
formant frequencies (i.e., normalizing the vowel space). Sapir et al. demonstrated
that the FCR, unlike the triangular VSA metric, reliably distinguished between
vowel productions of control and hypokinetic speakers, and concluded metrics
that minimize interspeaker variability while maximizing vowel centralization
might be more sensitive to mild dysarthria than traditional VSA metrics.

To fully understand how dysarthric and control vowel production are
distinctive, greater attention must be paid to not only the effects of underlying
neurological impairment, but also to those of overall severity of the speech
disorder and other production deficits that hinder accurate perception of the
intended vowel (e.g., hypernasality and articulation rate). One method of
revealing the acoustic differences between control and dysarthric vowel
production is via investigation of the perceptual challenges associated with

distorted vowel production in dysarthria.

Dysarthric Vowel Perception

The effects of dysarthric vowel production on perceptual outcome
measures vary widely depending on the dysarthric population being studied, the
severity of the speakers and the acoustic and perceptual measures used to evaluate
the relationship. Dynamic metrics that capture formant movement (specifically F2

movement) during vowel production have contributed greatly to current theories
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of vowel perception (Nearey, 1989, and Strange, 1989a, 1989b). The production
deficits associated with dysarthria may have deleterious effects on acoustic
metrics that capture dynamic aspects of vowel production. Thus, the investigation
of the effects of disordered formant movement on intelligibility is well motivated.
Indeed, Kent, Weismer, Kent and Rosenbeck (1989) found f2 transitions
correlated significantly with single word intelligibility in dysarthric patients.
Weismer et al. (2001) corroborated and extended this relationship by
demonstrating impressive correlations between F2 slopes of /ar/, /a/, and /ju/ (r =
794, -.967 and .942 respectively) and scaled sentence intelligibility estimates in
patients with dysarthria secondary to ALS and PD. Kim et al. (2009) revealed a
less robust, albeit significant, predictive relationship between F2 slopes and scaled
estimates of intelligibility in speakers with dysarthria secondary to PD and stroke.

The relationship between acoustic metrics approximating vowel space area
(VSA; triangular and quadrilateral) and overall intelligibility is not clear, largely
due to widely variable findings. Such VSA measurements have demonstrated
varying degrees of predictability, accounting for anywhere from 6 to 64% of the
variance (Higgins & Hodge, 2002; McRae, Tjaden & Schoonings, 2002; Tjaden
& Wilding, 2004; Turner, Tjaden & Weismer, 1995; Weismer et al., 2001). The
extent to which VSA measures predicted intelligibility appears to be dependent on
a number factors, including gender of the speaker, nature of the underlying
disease and type of stimuli used in the investigation.

Kim, Hasegawa-Johnson and Perlman (2011) use the varied VSA findings

reported above as the impetus for their investigation of vowel contrast and speech
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intelligibility in three control speakers and nine speakers with dysarthria
secondary to CP. In addition to traditional vowel space area (triangular), Kim and
colleagues evaluated the ability of alternate vowel space metrics including lax
vowel space area, mean Euclidean distance between the vowels, F1 and F2
variability, and overlap degree among the vowels (more on these metrics to
follow) to predict intelligibility scores from a single-word transcription task.
Significant regression functions were found for VSA (R’ = .69), mean distance
between the vowels (R’ = .69), variability of F1 (R’ = .74), and overlap degree (R’
=.96). Overlap degree was derived by the results of a per speaker classification
analysis of vowel tokens into their vowel categories. Vowel misclassification
rates were interpreted to reflect the degree of spectral/temporal overlap amongst
the vowels. The authors concluded vowel overlap might be a more appropriate
indicator of intelligibility deficits in dysarthria.

A limitation of the work detailed thus far in explaining the perceptual
consequences of disordered vowel acoustics, is that overall intelligibility, not
vowel identification accuracy, has been the dependent measure of interest. Fewer
studies have investigated the relationship between vowel acoustics and vowel
perception in dysarthria. In addition to relating VSA to word intelligibility in
Mandarin patients with CP, Liu and colleagues (2005) also explored the
relationship between VSA and vowel identification accuracy and found a
significant correlation (r = .63). Whitehill, Ciocca, Chan and Samman (2006)
found a significant correlation (r = .32) between VSA and vowel intelligibility in

Cantonese speakers with partial glossectomy. While this relationship has not been
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directly addressed in English speakers with dysarthria, Bunton and Weismer
(2001) evaluated the acoustic differences between correctly and misperceived
(tongue-height errors) vowel tokens and found that were not reliably
distinguishable.

The varied results relating vowel acoustics to intelligibility have led some
to question the nature of this relationship. Weismer et al. (2001) notably
speculated aberrant acoustic metrics might not be an “integral component” of the
intelligibility deficit. Rather, they may be an index of overall severity of the
impairment, with no direct bearing on intelligibility. Yunusova, Weismer, Kent &
Rusche (2005) addressed this hypothesis by relating within-speaker variability in
acoustic and perceptual metrics derived from each breath group in control and
dysarthric speakers. The acoustic and perceptual metrics selected to evaluate this
relationship within each breath group are a global measure of F2 variability (F2
interquartile range) and scaled intelligibility, respectively. Regression analysis
revealed that F2 variability predicted overall intelligibility (not contained in a
breath group) across-speakers and R’ values ranged from .57 to .61. However, the
ability of F2 variability to predict sentence and word intelligibility within each
breath group failed to reach significance in the subset of dysarthric speakers
selected for this part of the analysis. The results appear to support the hypothesis
suggested by Weismer et al. (2001), although, they should be interpreted with
caution due to several limitations of the study, including a small sample size of
speakers evaluated in the within-speakers analysis, less than optimal reliability of

scaled intelligibility estimates, poorly controlled stimuli, and use of an
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unprecedented acoustic metric in dysarthric studies. In addition, within speaker
variability in both acoustic and perceptual metrics may be fairly restricted,

making it difficult to accurately assess this relationship.

Summary and Purpose of the Present Investigation

Distorted vowel production in dysarthria is characterized by spectral and
temporal degradation; flattening of spectral change formants; and vowel space
distortions that may differentially affect high versus low, or front versus back
contrasts. A variety of acoustic metrics have been used to study the nature of
vowel production deficits in dysarthria. However, not all metrics demonstrate
sensitivity to the exhibited deficits in dysarthria. Further, far less attention has
been paid to quantifying the vowel production deficits associated with the specific
dysarthrias. Thus, one goal of the present investigation is to identify subsets of
vowel metrics that may be used to 1) reliably distinguish speakers with dysarthria
from non-disordered speakers, and 2) reliably differentiate the dysarthria subtypes
(Experiment 1).

To date, attempts to characterize the relationship between naturally
degraded vowel production in dysarthria with overall intelligibility have met with
mixed results. The effects of dysarthric vowel production on perceptual outcome
measures vary widely depending on the dysarthric population being studied, the
severity of the speakers and the acoustic and perceptual measures used to evaluate
the relationship. The varied results relating vowel acoustics to intelligibility have

led some to question the nature of this relationship. It has been suggested that

43



aberrant acoustic metrics might not be an “integral component” of the
intelligibility deficit. Rather, degraded vowel acoustics may be an index of overall
severity of the impairment, with no direct bearing on intelligibility. A limitation
of previous work detailing perceptual consequences of disordered vowel acoustics
is that overall intelligibility, not vowel identification accuracy, has been the
dependent measure of interest. Fewer studies have considered the relationship
between vowel acoustics and vowel perception in dysarthria. The present
investigation aims to add to this growing body of literature by assessing a
correlative and then predictive relationship between a variety of established and
novel vowel metrics and two perceptual outcome measures, overall intelligibility
and vowel identification accuracy (Experiment 2).

Experiment 2 considers the relationship between degraded vowel acoustics
and vowel perception macroscopically via correlation and regression analyses of
acoustic and perceptual metrics that capture each speaker’s overall severity of
impairment (e.g., vowel space area, vowel identification accuracy). This
relationship is evaluated at a microscopic level in Experiment 3 by relating the
acoustic and perceptual metrics associated with each vowel token in a series of

analyses.

Experiment 1

Study Overview
The goal of the first experiment is to identify vowel metrics that
differentiate 1) disordered from non-disordered speakers, and 2) the dysarthria
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subtypes. Towards this end, means testing (e.g., t-tests and analyses of variance)

and stepwise discriminant function analysis (DFA) were conducted.

Method

Speakers. Speech samples from 57 speakers (29 male), collected as part
of a larger study, were used in the present analysis. Of the 57 speakers, 45 were
diagnosed with one of four types of dysarthria: ataxic dysarthria secondary to
various neurodegenerative diseases (Ataxic; n = 12), hypokinetic dysarthria
secondary to idiopathic Parkinson’s disease (PD; n = 12), hyperkinetic dysarthria
secondary to Huntington’s disease (HD; n=10) or mixed flaccid-spastic dysarthria
secondary to amyotrophic lateral sclerosis (ALS; n=11). The remaining 12
speakers had no history of neurological impairment and served as the control
group. The disordered speakers were selected from the pool of speech samples on
the basis of the presence of the cardinal features associated with their
corresponding dysarthria. Speaker age, gender and severity of impairment are
provided in Table 1.

Stimuli. All speech stimuli, recorded as part of the larger investigation,
were obtained during one session (on a speaker-by-speaker basis). Participants
were fitted with a head-mounted microphone (Plantronics DSP-100), seated in a
sound-attenuating booth, and instructed to read stimuli from visual prompts
presented on the computer screen. Recordings were made using a custom script in
TF32 (Milenkovic, 2004; 16-bit, 44kHz) and were saved directly to disc for

subsequent editing using commercially available software (SoundForge; Sony
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Corporation, Palo Alto, CA) to remove any noise or extraneous articulations
before or after target utterances. The speakers read 80 short phrases aloud in a
“normal, conversational voice.” The phrases all contained 6 syllables and were
composed of 3-5 mono- or disyllabic words, with low semantic transitional
probability. The phrases alternated between strong and weak syllables, where
strong syllables were defined as those carrying lexical stress in citation form. The
acoustic features and listeners’ perceptions of vowels produced within the strong
syllables were the targets of analysis.

Of the 80 phrases, 36 were selected for the present analysis (see Appendix
A). The phrases were divided into two stimulus lists, each produced by half of the
speakers. The productions of 18 phrases per speaker were analyzed. The lists were
balanced for presence of vowels, such that each of the ten vowels (/1/, /1/, /e/, /¢/,
/&/, lu/, v/, /o/, /a/ and /")) was represented equally. In addition, the speaker
composition of each stimulus set was balanced for severity of the speech
impairment (based on clinical judgment; see Table 1). Within each stimulus set, a
vowel was produced a minimum of four times, thus the acoustic and perceptual
analyses were limited to 4 tokens per vowel per speaker (with the exception of
/v/). The vowel /v/ is represented in only three of the 80 experimental phrases.
Because many of the vowel space area acoustic metrics require measurements
from all ten vowels, measurements of /u/ were derived from all three phrases per
speaker, irrespective of their assigned stimulus set.

Acoustic metrics. All speech samples were analyzed using Praat

(Boersma & Weenik, 2006). Vowels were identified and segmented by two
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trained members of the Motor Speech Disorders Lab at Arizona State University
via visual inspection of the waveform and spectrogram according to standard
segmentation criteria (Petersen & Lehiste, 1960; see Liss et al., 2009 for a
detailed description of the vowel segmentation strategies used).

Static formant measurements. The first and second formants were
measured in Hz at each vowel’s onset (20% of vowel duration), midpoint (50% of
vowel duration) and offset (80% of vowel duration). FO measurements were made
at the vowel’s midpoint. In addition, total vowel duration (ms) was measured. To
determine inter- and intra-rater reliability of the formant measurements, 10% of
all vowel tokens were re-measured by same and different judges. Inter- and intra-
rater reliability (Cronbach’s alpha) was demonstrated to be .889 and .886 for F1
and .884 and .819 for F2 measurements, respectively.

Dynamic formant measurements. Measures that capture the dynamic
nature of vowel production were calculated for each vowel token. The dynamic
measures include slope of the second formant from onset to offset and formant
movement (Euclidean distance) in F1 X F2 perceptual space captured in four
ways: 1) from vowel onset to midpoint, 2) from midpoint to offset, 3) from onset
to offset, and 4) sum of movement obtained from onset to midpoint and from
midpoint to offset.

Global and fine-grained vowel space metrics. As described by Neel
(2008), vowel metrics derived from static and dynamic formant measurements
generally are designed to capture either 1) the mean characteristics of the entire

vowel set or 2) the distinctiveness of each speaker’s vowels. Vowel metrics
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representing the mean characteristics of the entire vowel set, also known as global
vowel space metrics, typically include the following: mean FO, F1 and F2, and
mean duration (Bradlow et al., 1996; and Neel, 2008). In the present analysis,
mean fundamental and formant frequency metrics were derived by averaging the
respective midpoint measurements (in Hz) across the ten vowels. Likewise, mean
duration was calculated via averaging duration across the ten vowels. Vowel
metrics that capture vowel distinctiveness, known as fine-grained vowel space
metrics, include the following: vowel space area, mean distance (or dispersion)
among the vowels, range of F0O, F1 and F2, ratio of most dynamic to least
dynamic vowels (dynamic ratio) and ratio of longest to shortest vowels (duration
ratio; see Table 2 for the calculations used to derive each global and fine-grained
metric).

Alternate vowel space area metrics. Recent evidence supports the use of
alternate vowel space area metrics to explore vowel production deficits associated
with dysarthria (Sapir et al., 2010 and Skodda et al., 2011). Specifically, the
formant centralization ratio (FCR), an alternative to traditional vowel space area,
is touted to maximize the effects of vowel centralization while minimizing inter-
speaker effects. Sapir and colleagues (2010) revealed the FCRs derived for
patients with hypokinetic dysarthria and non-disordered speakers were
significantly different. To evaluate the ability of the FCR to capture vowel space
reduction in a diverse sample of speakers with dysarthria, the FCR was calculated
for all speakers and included in the present analysis. Similarly, Skodda et al.

(2011) propose the vowel articulation index (VAI), the exact inverse of the FCR,
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to discriminate hypokinetic from control vowel spaces. Similar justification is
provided for use of the VAL, as it is an index of vowel centralization that
minimized interspeaker variability. The authors speculate metrics that minimize
interspeaker variability while maximizing vowel centralization may be more
sensitive to mild dysarthria than traditional VSA metrics. Considering the VAI is
the inverse of the FCR, only the FCR was derived for each speaker.
Dispersion/distance vowel space metrics. Several established and novel
dispersion and distance metrics were calculated in order to capture the many ways
the vowel space might be warped. For example, depending on the nature of the
vowel production deficit, the vowel space associated with front and/or back
vowels may be differentially compressed. In order to capture front vowel space
compression, the Euclidean distance in F1 x F2 space between /i/ and /&/ and
mean dispersion of the front vowels was derived for each speaker. The Euclidean
distances between high vowels /i/ and /u/ and low vowels /&/ and /a/ were also
calculated as an index of high and low vowel compression. Dispersion metrics
have the potential to capture vowel reduction and degree of spectral overlap
among neighboring vowels. Thus, the following metrics were calculated for each
speaker to be included in the analysis: mean dispersion of the corner vowels to /*/,
mean dispersion of all vowels to the global formant means, and mean dispersion
between neighboring vowel pairs. Liu and colleagues (2011) introduced another
metric proposed to capture the degree of spectral overlap of neighboring vowels
within a speaker. Briefly, this metric is the vowel misclassification rate revealed

by discriminant function analysis conducted for each speaker.
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F2 slope metrics. Finally, reduced F2 slope is reportedly related to
perceptual decrements associated with dysarthria (e.g., Kent et al., 1989, Kim et
al., 2009; Weismer et al., 2001). Accordingly, the absolute values of the F2 slopes
from vowel onset to offset were averaged across the entire vowel set.
Additionally, the absolute values of F2 slopes associated with the most dynamic
vowels were averaged and included in this analysis. (For more information
regarding the global, fine-grained and alternate vowel space metrics described,
see Table 2).

In the present analysis, global, fine-grained, alternate, dispersion/distance
and F2 slope vowel space metrics were derived from the obtained static and
dynamic vowel measurements to assess their abilities to 1) differentiate control

and disordered speakers and 2) discriminate among the dysarthria subtypes.

Results

Dysarthric versus non-disordered. In order to identify metrics sensitive
to vowel production deficits associated with dysarthric speech, a series of t-tests
was conducted comparing the mean scores of 12 non-disordered and 45 dysarthric
speakers. Despite the unequal sample sizes, parametric treatment was appropriate
for all but five variables. For these five variables, Mann-Whitney U tests were
conducted to evaluate the between group differences. (See Tables 3 and 4 for
group means and t-test results, respectively). Briefly, mean vowel duration was
the only global vowel space metrics that demonstrated significant between group

differences. Mean vowel duration in the disordered speaker group was
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significantly longer than that observed in the non-disordered group. Overall, the
fine-grained vowel space metrics demonstrated greater sensitivity to the acoustic
differences associated with disordered and non-disordered speech than global
vowel space metrics. Specifically, significant differences were revealed for vowel
space area, mean dispersion, F1 and F2 range and the ratio of long to short
vowels. Of the 13 alternate measures, only two failed to demonstrate between
group differences (Euclidean distances between high vowels, /i/ and /u/, and low
vowels /ae/ and /a/).

Vowel space metrics that demonstrated significant between group
differences were included in a stepwise discriminant function analysis (DFA) to
determine which were best suited to differentiate disordered from control
speakers. At each step of the DFA, the variable that minimizes Wilks’ lambda is
entered into the DFA, provided its F-statistic is significant (p < .05). This process
continues until none of the remaining variables’ F-statistics reaches significance.
At any point during the stepwise DFA, a variable can be removed from the
classification function should its F statistic no longer be significant (p > .10).
Canonical variables, representing linear combinations of the selected predictors,
were established to create the classification rules for group membership. The
ability of the stepwise DFA to classify speakers into their appropriate groups was
supported by a cross-validation procedure. This method constructs the
classification rule using all of the observations with the exception of one. The
excluded observation is then classified based on the established rule. The

following variables were selected by the stepwise DFA: Euclidean distance
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between front vowels, /i/ and /&/, in F1 X F2 space, Euclidean distance between
back vowels, /u/ and /a/, in F1 X F2 space, spectral overlap degree, mean vowel
duration and average F2 slope. Speakers were classified as dysarthric or non-
disordered with 96.5% accuracy (94.7% accuracy on cross-validation). All non-
disordered speakers were classified accordingly. Two dysarthric speakers were
misclassified.

Dysarthria subtypes. The vowel metrics calculated for the 45 speakers
with dysarthria were subjected to one-way analyses of variance (ANOVAs) to
identify those sensitive to dysarthria-specific effects. Significant between group
differences were revealed for 3 of the vowel metrics, average F2 slope, F2 slope
of the most dynamic vowels, and mean vowel duration (see Table 5 for ANOVA
results and Table 6 for group means of metrics with significant between group
differences). To explore the between group differences in average F2 slope, F2
slope of the most dynamic vowels, and mean vowel duration, multiple
comparison analysis were conducted. Briefly, mean vowel duration was shorter
and average F2 slope and F2 slope of the most dynamic vowels was greater for
speakers diagnosed with hypokinetic dysarthria than those with ataxic or mixed
flaccid-spastic dysarthrias. Additionally, mean vowel duration was shorter and
average F2 slope and F2 slope of the most dynamic vowels was greater for
hyperkinetic speakers than for mixed flaccid-spastic speakers.

The variables that demonstrated significant between group differences
were included in the subsequent stepwise DFA. Mean vowel duration was the sole

variable selected by the DFA and classified the dysarthric speakers by subtype
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with 62.2% accuracy (same upon cross validation). Evaluation of the output (see
Table 7) revealed reliable classification of speakers with PD (roughly 92%

accuracy), yet classification of the other three subtypes ranged from 40-58.3%.

Discussion

Dysarthric versus non-disordered. Overall, fine-grained, alternative,
distance/dispersion and F2 slope metrics demonstrated greater sensitivity to the
acoustic differences associated with dysarthric and non-disordered vowel
production than global vowel space metrics.

Dysarthric speakers exhibited longer vowel duration compared to non-
disordered speakers. This finding is not surprising given the reduction in overall
speaking rate for most speakers with dysarthria. Relatedly, the duration ratio of
long to short vowels (a fine-grain measure) was reduced for dysarthric speakers
relative to non-disordered, indicating a reduced contrast between long and short
vowels. Prolonged vowel duration (together with prosodic differences not
discussed in this paper) associated with dysarthria is likely the cause of the
duration ratio reduction.

As expected, reductions in VSA and mean vowel space dispersion were
revealed for speakers with dysarthria. Similarly, the FCR, an alternative to VSA,
associated with dysarthric vowel production was significantly higher than that of
non-disordered speakers, suggesting the presence of vowel centralization in
dysarthric speakers. This conclusion is further supported by findings that revealed

reductions in mean dispersion between the corner vowels and /*/ and mean

53



dispersion between spectral neighbors and an increase in spectral overlap of
vowels in dysarthric speakers relative to non-disordered.

The ranges of the first and second formants (fine-grained metrics) were
reduced for dysarthric relative to non-disordered speakers, indicating a potential
for reductions in both high-low and front-back vowel contrasts. A closer look at
the formant minima and maxima revealed no differences in F2 minima between
non-disordered and dysarthric speakers. Relatedly, the Euclidean distance
measured in F1 x F2 perceptual space between the high-low corner vowel pairs /i,
&/ and /u, a/ in speakers with dysarthria was significantly shorter than that of non-
disordered speakers. Mean front and back vowel space dispersion (along the high-
low dimension) was significantly less for dysarthric than non-disordered speakers.
Distance reduction was not revealed, however, for front-back corner vowel pairs,
/e, a/ and /i, u/, suggesting the contrast between front-back vowel pairs, but not
high-low vowels, is preserved in dysarthric speakers. Based on these findings, it is
not surprising that two of the three variables entered into the DFA to differentiate
dysarthric from non-disordered speakers were the distance measures between the
high-low corner vowel pairs /i, &/ and /u, a/. These acoustic findings track to
previously reported perceptual data that revealed a frequent occurrence of tongue-
height vowel errors in dysarthria (Bunton & Weismer, 2001).

Dysarthria subtypes. Overall, only mean vowel duration and the F2 slope
metrics demonstrated sensitivity to the acoustic differences associated with the
dysarthria subtypes. Results of the multiple comparison analyses revealed that

speakers with hypokinetic dysarthria are differentiated from those with ataxic or
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mixed flaccid-spastic dysarthrias by mean vowel duration and the F2 slope
metrics. A post-hoc analysis comparing mean vowel duration, mean F2 slope of
all vowels and mean F2 slope of the most dynamic vowels associated with non-
disordered and hypokinetic vowel productions failed to reveal significant
between-group differences. Thus, acoustic metrics that differentiate hypokinetic
from other dysarthric speakers cannot be used to discriminate hypokinetic from

non-disordered speakers.

Experiment 2

Study Overview

Experiment 2 was conducted to evaluate the varied relationships between
the vowel metrics and overall intelligibility (words correct) and vowel
identification accuracy. These relationships were evaluated via correlation and

regression analyses.

Method

Speakers. All disordered speakers described in Experiment 1 were
included.

Stimuli. Same as in Experiment 1.

Acoustic metrics. The vowel metrics derived in Experiment 1 were used.

Perceptual task

Listeners. Listeners were 120 undergraduate and graduate students (115
female) recruited from the Arizona State University population. Listeners’ ages

ranged from 18-54 with a mean age of 24, had no history of language or hearing
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disorders and were native speakers of English per self-report. All listeners
received either partial course credit or monetary remuneration of $5 for their
participation.

Materials. To permit investigation of listeners’ perceptions of each vowel
token per speaker, and to minimize speaker-specific learning effects while
simultaneously maximizing the limited stimuli, six listening blocks per dysarthria
group were created. In each listening block, listeners heard three different phrases
produced by the twelve speakers. The speaker/phrase composition of each
listening block was counterbalanced such that perceptual data for each speaker’s
production of the 18 phrases were collected.

Procedures. Five listeners were randomly assigned to each of the six
listening blocks per speaker group. Thus the perceptual dataset included 120
transcripts of the 36 phrases. All listeners were seated in front of a computer
screen and keyboard and were fitted with Sennheiser HD 25 SP headphones. The
task was completed in a quiet room free of auditory and visual distractions. At the
beginning of the experiment, the signal volume was set to a comfortable listening
level by each listener and remained at the level for the duration of the task. The
participants were instructed that they would hear a series of phrases produced by
men and women with disordered speech. They were informed that while the
phrases were comprised of English words, the words were strung together in a
manner that rendered the phrase meaningless. The listeners were asked to type
what they heard, and were encouraged to guess if unsure. Immediately following

presentation of each phrase, listeners were given the opportunity to transcribe
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what they heard. The phrases were presented in random order and the task was
untimed.

Transcript analysis. The transcripts collected from the 120 listeners were
analyzed and scored by two trained members of the motor speech disorders lab
for 1) words correctly identified and 2) vowel identification accuracy. Vowel
tokens were identified correctly when the transcribed vowel matched the target,
irrespective of word accuracy (e.g., admit transcribed as permit, where the vowel
of the strong syllable /1/ was correctly transcribed). If the transcribed vowel
matched the target, it was coded with a 1. Misidentified tokens were coded as 0’s,
and the erroneously perceived vowel was noted for a subsequent analysis (e.g., if
meet was transcribed as met, vowel identification accuracy was coded as a 0, and
the misidentification was coded as an /¢/). Vowel identification accuracy was
averaged in two ways for subsequent analyses. First, token accuracy was
computed by averaging the binary token identification scores across the 5
listeners. Thus, for each speaker, a total of 36 token accuracy scores (4 tokens per
9 vowels) were calculated. Next, vowel identification accuracy was computed by

averaging the token accuracy scores for all of the vowels per speaker.

Results

Perceptual data. T-tests were conducted to ensure the speakers assigned
to sets 1 and 2 did not differ significantly on the perceptual measurements.
Neither vowel identification accuracy nor intelligibility scores (% words correct)

obtained from the speakers assigned to the two stimuli lists differed significantly.
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Mean vowel identification accuracy for set 1 and 2 speakers were 69% (SD = .20)
and 71% (SD = .17), respectively and intelligibility scores for set 1 and 2 speakers
were 49% (SD = .21) and 50% (SD = .20), respectively. Thus, the perceptual data
obtained for sets 1 and 2 were analyzed together.

Overall intelligibility and vowel accuracy scores obtained from the
listeners of each dysarthric speaker may be found in Table 8. Two one-way
ANOVAs were conducted to evaluate the effect of dysarthria group on
intelligibility scores and vowel identification accuracy. The main effect of
dysarthria group was not significant for intelligibility scores [F(3, 41) =.825,p =
.488] or for vowel identification accuracy [F(3, 41) =2.137, p = .11]. Thus, the
perceptual data obtained for all dysarthric speakers were combined to examine the
acoustic correlates and predictors of intelligibility and vowel identification
accuracy.

Correlation analysis. To evaluate the relationships between the global,
fine-grained, alternate, dispersion/distance and F2 slope vowel metrics and the
perceptual outcome measures (intelligibility and vowel accuracy) Pearson
correlation analysis was conducted. Correlations between the global vowel space
metrics and the perceptual outcome measures revealed only a moderate inverse
relationship between mean vowel duration and vowel identification accuracy (r =
-.318; see Table 9). A number of moderate positive relationships were revealed
between the fine-grained vowel space metrics and the perceptual outcome
measures (see Table 10). Notably, negligible relationships were revealed between

the fine-grained metrics, FO range, the ratio of the most to least dynamic vowels
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and the ratio of the longest to shortest vowels, and both perceptual outcome
measures, intelligibility and vowel accuracy. Finally, a number of moderate
relationships were revealed between the perceptual metrics and the alternate,
dispersion and F2 slope metrics (see Table 11).

Regression analysis. The interdependency of the vowel metrics was
investigated and as expected many moderate to strong correlations between vowel
space metrics exist (see Appendix B). A benefit to using stepwise regression
methods to identify subsets of variables predictive of intelligibility and vowel
accuracy is that effects of multicollinearity generally are circumvented. Due to the
large set of acoustic variables, forward stepwise regression was conducted in
order to construct predictive models of intelligibility and vowel accuracy.

The acoustic data were not normalized for this experiment in order to
preserve the ability of the various vowel space metrics to capture the acoustic
degradations. Due to the known spectral differences in vowels produced by male
and female speakers (Hillenbrand et al., 1995; Peterson & Barney, 1952), separate
stepwise regressions were conducted for the female (n = 22) and male (n = 23)
dysarthric speakers, in addition to the omnibus analyses.

Intelligibility. All vowel metrics were included in the stepwise multiple
regression. The regression entered the following metrics into the predictive model
of intelligibility: mean dispersion of the corner vowels to //, mean F1, spectral
overlap and mean F2 slope (adjusted R’ = .423, p < .001; see Table 12 for
regression details). Deleterious effects of multicollinearity are not present in this

model, as the variance inflation factor (VIF) was less than 2 for all variables
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entered into the model (VIF <5 indicates an issue with multicollinearity). In
summary, greater distance between the corner vowels and /*/, lower mean F1,
reduced spectral overlap, and greater excursion of the F2 slope are associated with
better overall intelligibility.

For female dysarthric speakers, the subset of variables containing mean
slope of the most dynamic vowels, mean dispersion of the corner vowels to /*/,
and spectral overlap was best predictive of intelligibility (adjusted R’ = .749, p <
.001; see Table 12 for regression details). Thus, greater excursion of the F2 slope
in dynamic vowels, greater distance between the corner vowels and /*/ and
reduced spectral overlap were associated with greater intelligibility scores. For the
male dysarthric speakers, only mean dispersion of the corner vowels to /*/ was
selected by the stepwise regression (adjusted R* = .182, p < .05; see Table 12 for
regression details). Increased distance between /*/ and the corner vowels was
associated with increased intelligibility scores.

Vowel accuracy. All vowel metrics were included in this analysis.
Formant centralization ratio, mean F2 slope, and range of F2 were selected by the
stepwise regression to be included in the predictive model of vowel identification
accuracy (adjusted R’ = 473, p < .001; see Table 13 for regression details). Thus,
reduced formant centralization, greater excursion of the F2 slope and restricted F2
range were associated with increased vowel identification accuracy.

For female speakers with dysarthria, a subset of variables that included
slope of the most dynamic vowels, mean dispersion of the corner vowels to /*/,

spectral overlap and mean dispersion of the front vowels was best predictive of
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vowel identification accuracy (adjusted R* = .794, p < .001; see Table 13 for
regression details). Formant centralization ratio, VSA and mean F2 slope were
best predictive of vowel identification scores in male speakers (adjusted R’ =
495, p <.001; see Table 13 for regression details). Interestingly, and not
predicted, vowel space area reduction, reduced formant centralization, and

increased F2 slope were associated with increased vowel identification accuracy.

Discussion

Acoustic metrics capturing reduced working vowel space (e.g., VSA, FCR
and various distance/dispersion metrics) were most predictive of both overall
intelligibility and vowel identification accuracy. In general, vowel space area
decrements, irrespective of the measurement method, are associated with reduced
intelligibility and vowel identification accuracy. The intelligibility findings
revealed in this experiment are in line with the results of previous studies
conducted in dysarthria. Crucially, however, the results of this analysis extend
such previous findings to include vowel identification accuracy as an affected
perceptual outcome measure of degraded vowel acoustics. In fact, the regression
analyses predicting vowel identification accuracy from subsets of acoustic
variables accounted for more variance than models predicting intelligibility.
The degree of variance accounted for by these acoustic metrics is impressive
given the top-down influences provided to listeners by the stimuli (e.g. lexical and
syntactic) and the fact that all vowel metrics were derived from vowel tokens

embedded in connected speech. The results of this experiment provide strong
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evidence relating degraded vowel acoustics to vowel perception; however,
conclusions suggesting degraded vowel acoustics are an integral component of the

intelligibility disorder caused by dysarthria are premature at this point.

Experiment 3

Study Overview

Experiment 3 was conducted to consider the relationship between vowel
acoustics and perception at a microscopic level. Towards this end, the acoustic
and perceptual data collected per token are treated in a variety of ways. First, in
order to test the hypothesis that vowel tokens with distinctive spectral and
temporal acoustics are more accurately perceived, perceptual token accuracy
scores (collected via listeners) of correctly classified and misclassified vowel
tokens (via DFA) were compared. Next, to validate and extend the findings of the
first analysis, tokens identified with 100% accuracy and tokens identified with 0-
60% accuracy were compared with respect to their ability to be classified via
discriminant function analysis. It is expected that well-identified vowel tokens
will be classified with greater accuracy than those vowel tokens that present
perceptual challenges to the listener. Finally, in order to address the concern that
degraded vowel acoustics are merely indices of severity and not integral
components of the intelligibility disorder in dysarthria (Weismer et al., 2001), a
point-by-point analysis comparing misclassified vowel tokens to listeners’

misperceptions was conducted.
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Method

Speakers. All disordered speakers described in Experiment 1 were
included.

Stimuli. Same as in Experiment 1.

Acoustic metrics. The static and dynamic formant and temporal
measurements associated with each vowel token (obtained in Experiment 1) were
the acoustic units of interest in this experiment. Thus for each vowel token, the
following formant and temporal metrics were included in the various analyses:
first and second formant frequency information sampled at 20% (onset), 50%
(midpoint) and 80% (offset) vowel duration, fundamental frequency sampled at
50% duration, total vowel duration, slope of the second formant from onset to
offset and formant movement (Euclidean distance) in F1 X F2 perceptual space
captured in four ways: 1) from vowel onset to midpoint, 2) from midpoint to
offset, 3) from onset to offset, and 4) sum of movement obtained from onset to
midpoint and from midpoint to offset. The formant metrics were normalized using
Labonov’s method, a formant-intrinsic, vowel-extrinsic and speaker-intrinsic

procedure that has been demonstrated to eliminate inter-speaker variation'. The

! Flynn (2011) compares 20 methods of vowel normalization with respect to their
ability to eliminate inter-speaker variation. The methods were described to be
vowel-, formant- and speaker-intrinsic or extrinsic. Vowel-intrinsic methods use
only the information from a single vowel token for normalization, whereas,
information from multiple vowel tokens, and at times from categorically different
vowels, is considered by vowel-extrinsic methods. Likewise, formant-intrinsic
methods use only the information contained in a given formant for normalization,
but extrinsic methods use information from one or more other formants. Finally,
speaker-intrinsic methods limit the normalization procedure to the information
obtained for a given speaker. Speaker-extrinsic methods use information from a
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data were normalized for this experiment in order to improve classification
accuracy of the discriminant function analysis.

Perceptual metrics. The token accuracy scores, calculated from listener
transcripts and described in Experiment 1, were used in this experiment. In
addition to overall scores, correct token identifications and misidentifications for
each speaker were coded and assembled into confusion matrices (see Table 14).

Overall, vowel tokens were perceived with 71% accuracy.

Results

Analysis 1. The static and dynamic formant metrics associated with each
vowel token (as described in Experiment 1) produced by all 45 dysarthric
speakers were used to classify the tokens as one of the ten vowels via stepwise
discriminant function analysis. The following variables were selected by the
stepwise DFA to classify the 1749 tokens in this order: F2 and F1 at midpoint, F2
slope, F1 at onset, vowel duration, F1 at offset, formant movement from onset to
offset, F2 at offset and onset, sum of the formant movement from onset to
midpoint and from midpoint to offset, FO, and formant movement from midpoint
to offset. Classification accuracy of the vowel tokens was 65.1% (63.5% upon

cross-validation; see Table 15 for classification summary).

sample of speakers to normalize the vowel data and are rarely used. Procedures
considered vowel-extrinsic and formant- and speaker-intrinsic (e.g., Bigham,
2008; Gertsman, 1968; Labonov, 1971; and Watt and Fabricus, 2002) eliminated
variability arising from inter-speaker differences in vocal tract lengths and shapes
better than many commonly used vowel-, formant- and speaker-intrinsic methods
(e.g., bark, mel, and log). Thus, normalization “improved” when the acoustic
features of a speaker’s entire vowel set are considered in the transformation of the
individual vowel tokens.
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An independent-samples t-test analysis revealed the perceptual scores
associated with correctly classified tokens (M = .75, SD = .37) were significantly
higher than that of misclassified tokens (M = .63, SD = .33; #(1658) = 6.455, p <
.0001). Thus, correctly classified tokens were perceived with greater accuracy
than misclassified tokens.

Analysis 2. To validate and extend the results from the first analysis,
vowel tokens perceived with 100% accuracy (n = 768) and those with 60% and
less accuracy (n = 638) were subjected to separate stepwise classification
analyses, in which the static and dynamic formant and temporal measurements
were used to classify well-perceived and poorly perceived vowel tokens. The
following 10 variables were selected by the stepwise DFA to classify well-
identified vowel tokens: F2 and F1 at midpoint, F2 slope, vowel duration, F1 at
onset, formant movement from onset to offset, F1 at offset, F2 at onset and offset,
sum of the formant movement from onset to midpoint and from midpoint to
offset. Well-identified vowel tokens were classified with 71.2% accuracy (69%
upon cross validation; see Table 16 for detailed classification results). The
variables selected by the stepwise DFA to classify poorly identified vowel tokens
were F2 and F1 at midpoint, F2 slope, vowel duration, F1 at onset and offset,
formant movement from onset to midpoint, and F2 at offset. Poorly identified
tokens were classified with 55.6% accuracy (51.6% upon cross-validation; see
Table 17 for detailed classification results).

In an effort to identify classification models of well- and poorly identified

vowel tokens with greater parsimony, a second set of DFAs that limited entry of
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variables to the first four variables entered into the original DFAs — F1 and F2 at
midpoint, F2 slope and vowel duration was conducted. The parsimonious models
classified well-identified tokens with 67.6% accuracy (66.1% cross-validated
accuracy) and poorly identified tokens with 49.8% accuracy (48.4% cross-
validated accuracy). The spectral differences associated with well- and poorly
identified tokens are depicted in Figures 1 and 2, respectively.

Analysis 3. In this descriptive analysis, only those tokens misclassified by
the DFA and misidentified by listeners are considered to evaluate the degree to
which degraded vowel acoustics influence the resulting percept. This subset of the
data is evaluated exclusively in an attempt to avoid introduction of lexical
influence (of the target word) vowel perception. Thus, accurate perceptions of
vowel identity despite token misclassifications are excluded from this analysis.
Due to the nature of this analysis, the data are not treated statistically.
Nevertheless, agreement between misclassification and perceptual errors may be
interpreted as evidence suggesting degraded vowel acoustics are a component of
the intelligibility disorder caused by dysarthria and not merely an index of
severity.

A confusion matrix of misclassified to misperceived vowel tokens is found
in Table 18. It is important to note that the classification results of the DFA are
constrained, in that errors are limited to one of nine other vowels. However, the
perceptual data were collected from an unconstrained transcription task, thus
perceptual errors are not limited to the ten vowels studied here. Examples of other

perceptual errors are diphthong or schwar substitutions or vowel omissions. To
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constrain the perceptual data in a similar manner as the acoustic data, other
perceptual errors were excluded from the calculations of percent agreement
between misclassified tokens and misperceptions. Greater than 10% agreement
between misclassified tokens and misperceptions indicates an above chance-level
agreement. Agreement percentages varied from 23 - 48% depending on the

vowel.

Discussion

Vowel tokens embedded in strong syllables of phrases produced by
dysarthric speakers were normalized and classified via DFA with approximately
65% accuracy. Listeners, benefitting from lexical and syntactic top-down
information, identified the vowel tokens with 71% accuracy. Spectrally and
temporally distinctive vowel tokens (i.e., tokens correctly classified via
discriminant function analysis) were identified with significantly greater accuracy
than misclassified tokens. This finding is strengthened by the results of the second
analysis, which revealed that tokens identified with 100% accuracy were
classified via DFA with nearly 20% greater accuracy than those tokens that
presented perceptual challenges to listeners (perceived with 0-60% accuracy).
Finally, an above-chance level agreement between the nature of misclassification
and misperception errors was revealed for all vowels in the third analysis. The
results of the three analyses provide compelling evidence in support of the view
that degraded vowel acoustics are not merely an index of severity in dysarthria,

but rather are an integral component of the resultant intelligibility disorder.
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General Discussion

Compressed or reduced vowel space area has been demonstrated in
dysarthria arising from various neurological conditions, including ALS,
Parkinson’s disease, and cerebral palsy (Liu et al., 2005; Tjaden & Wilding, 2004;
Weismer et al., 2001). However this view has not been universally demonstrated
(e.g., see Sapir et al., 2007; Weismer et al., 2001). In the first experiment,
dysarthric speakers are reliably differentiated from non-disordered speakers by
most vowel space metrics. VSA, the most commonly reported metric capturing
vowel space compression, was considered in a subsequent post-hoc analysis that
evaluated the effect of speaker group (non-disordered, ataxic, mixed flaccid-
spastic, hyperkinetic and hypokinetic dysarthria) on VSA measurements. The
effect of speaker group was significant [F(4, 52) = 6.43, p <.0001] and multiple
comparisons revealed the VSAs associated with each of the dysarthrias were
significantly compressed relative to non-disordered VSA; however no significant
differences were revealed between the dysarthria subtypes. Similarly, most vowel
metrics failed to demonstrate acoustic differences specifically associated with
each dysarthria subtype.

These results support a taxonomical approach to studying the perceptual
challenges associated with the dysarthrias suggested by Weismer and Kim (2010).
This approach is motivated by the substantial overlap of perceptual characteristics
associated with the dysarthria subtypes and the notion that characteristics of a
given dysarthria vary with severity. The overarching goal of this approach is to

identify a core set of deficits (i.e., perceptual similarities) common to most, if not
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all, speakers with dysarthria. Identification of such similarities would permit the
detection of differences that reliably distinguish different types of motor speech
disorders irrespective of etiology. Towards this end, Kim, Kent and Weismer
(2011) used a variety of acoustic metrics, including VSA and F2 slope, to classify
a large cohort of speakers with dysarthria arising from traumatic brain injury,
stroke, multiple systems atrophy and Parkinson’s disease according to 1)
underlying medical etiology, 2) dysarthria diagnosis, and 3) severity of the speech
disorder. The vowel metrics, VSA and F2 slope, demonstrated significant
relationships with scaled severity ratings, and, as such, were included by the
model constructed to classify speakers according to overall severity of their
impairment. In line with the results presented here, the vowel space metrics failed
to demonstrate utility in classifying dysarthric speakers according to their
underlying medical etiology or speech diagnosis. Thus, the notion that vowel
space compression represents a “perceptual similarity” uniting most, if not all,
speakers with dysarthria, as suggested by Weismer and Kim, is supported by the
results reported herein. Further investigation of the specific effects of severity of
impairment on degradation of vowel acoustics is warranted.

A major limitation of previous studies attempting to relate degraded vowel
acoustics to perception in dysarthria is that measures approximating overall
intelligibility (e.g., scaled intelligibility estimates or % words correct), not vowel
identification accuracy, have been the perceptual units of interest. This practice
has prevented causative interpretation of the findings. Specifically, conclusions

implicating degraded vowel acoustics as contributory factors to the intelligibility
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disorder associated with dysarthria are premature due to the inability to rule out
the possibility that degraded vowel acoustics are merely an index of overall
severity of the disorder (Weismer et al., 2001). Thus, the perceptual consequences
of degraded vowel acoustics was studied in the context of vowel identification
accuracy, in addition to overall intelligibility (% words correct), in this
investigation.

As revealed by the correlation and regression analyses, vowel space
metrics that capture vowel centralization tendencies and reduced working vowel
space (e.g., distance/dispersion metrics) demonstrated the strongest relationships
with both vowel identification accuracy and intelligibility. Specifically, reduced
working vowel space was associated with reduced vowel identification accuracy
and intelligibility. In addition, metrics capturing reduced F2 slope excursion
associated with dysarthric vowel production were also moderately related to
overall intelligibility and vowel identification. These findings not only were
demonstrated with established metrics, such as VSA and mean dispersion, but
also were extended to recently introduced and novel metrics. In fact, many novel
and recently introduced metrics demonstrate some of the strongest relationships
with these perceptual outcome measures. One such metric, the formant
centralization ratio (FCR), which is touted to minimize variability arising from
inter-speaker differences while maximizing sensitivity to vowel centralization,
has been demonstrated to differentiate between the vowel spaces produced by
non-disordered and hypokinetic speakers (Sapir et al., 2010), but, to date, has not

been used to predict intelligibility. Results of the present investigation suggest the
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FCR is related to both intelligibility and vowel identification accuracy. Corner
vowel to /*/ dispersion, a novel metric capturing vowel centralization, also is
correlated with both perceptual outcome measures (see Table 11). Non-redundant
information is offered by this dispersion metric, despite being moderately
correlated (» = -.677) with the FCR. The FCR considers only the formant
information of three corner vowels. Construction of the FCR is highly dependent
on the formant information associated with /u/ (represented twice in the
numerator). As is evidenced in Figures 1 and 2, /u/ tokens are fairly disparate,
particularly along the F2 dimension, and /a/ along the F1 dimension. It is possible
that the instability of these tokens may be unduly inflating the FCR. This
possibility warrants further investigation.

Kim et al. (2010) introduced a metric referred to as overlap degree that
when compared to VSA and other vowel metrics accounted for the greatest
amount of variability in intelligibility scores in 9 speakers with CP. As reported
by Kim and her colleagues, overlap degree is simply the misclassification rate of
vowel tokens (/i/, /1/, /¢/, /a/, /v/ and /u/), categorized via DFA for each speaker. In
the larger and more diverse population of dysarthric speakers studied here, this
metric failed to reach the values from the Kim study (R’ =.96), but it was
moderately correlated with intelligibility and vowel accuracy. The discrepancy is
likely due to differences in perceptual task, stimuli, and subsets of vowels studied.
Nevertheless, the results of the present investigation provide compelling evidence
supporting the use of recently introduced and novel vowel metrics that capture

centralization and vowel distinctiveness to study dysarthric vowel perception.
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Based on the results of the present investigation, subsets of vowels metrics
recommended to 1) detect acoustic consequences of dysarthric vowel production,
2) predict overall intelligibility (perhaps an index of severity), and 3) predict
vowel identification accuracy are summarized in Table 19.

The results of Experiment 2 link degraded vowel acoustics to reduced
perceptual outcome measures, including vowel identification accuracy. However,
the direct implications of such degradations on the resulting percept are evaluated
specifically in Experiment 3. Results of the first analysis revealed that tokens that
are more distinctive (i.e., correctly classified via DFA) were better identified. The
second analysis validated and extended these findings as well-identified tokens
(i.e., those token identified with 100% accuracy) were classified with better
accuracy than those tokens that presented perceptual challenges to the listener
(i.e., tokens identified with 0-60% accuracy). Thus, the results of the first two
analyses suggest that distinctive vowel tokens are better identified and, likewise,
better- identified tokens are more distinctive.

Finally, an above-chance level agreement between the nature of the
misclassification and misidentification errors was demonstrated for all vowels.
The level of agreement, however, was stronger for some vowels than for others.
Specifically, misclassification-misidentification agreement was stronger for front
vowels that vary along the tongue-height (F1) dimension. As revealed in
Experiment 1, these vowels possess a tight articulatory working space, raising the

propensity to elicit perceptual errors. Thus it follows that the acoustic features that
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led to misclassification of vowels in such a tight working space similarly guide
perceptual errors.

While the relative potency of the segmental information offered by vowels
to speech perception remains unclear, it is certain that accurate identification of
vowels, and consonants alike, is a crucial component of models of word
recognition (Luce & Pisoni, 1998; McClelland & Elman, 1986; Norris, 1994).
Briefly, models of word recognition (e.g., Trace, Shortlist, and Neighborhood
Activation Model) describe this process as occurring in two phases, activation and
competition of lexical candidates. First, a pool of lexical candidates is activated in
response to incoming acoustic-phonetic information. The activated lexical
candidates subsequently compete. The candidate that most resembles the acoustic-
phonetic input “wins” the competition (i.e., is perceived by the listener). Thus,
poor production or misperception of the vowel /1/ in the word ship results in a
pool of activated lexical candidates that may not include the intended target,
thereby, decreasing the likelihood that the word ship will win the subsequent
lexical competition. The results of the present work are well accounted for by the
conceptual framework provided by word recognition models, as the nature of
acoustic degradations associated with non-distinctive vowel tokens (i.e., vowel
tokens misclassified via DFA) played a role in guiding perception.

The effects of vowel misperception extend beyond that of word
recognition, as information gleaned from vowels can be used to facilitate speech
segmentation (Cutler & Buttlerfield, 1992; Cutler & Carter, 1987; Liss, Spitzer,

Caviness & Adler, 2000, Mattys, Melhorne & White, 2005; Spitzer, Liss &
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Mattys, 2007). Mattys, Melhorne and White (2005) describe a hierarchical model
that specifies the use of linguistic, segmental and suprasegmental information in
speech segmentation is dependent on the quality of the listening condition. In
optimal listening conditions, listeners rely upon linguistic, specifically lexical,
information to segment the speech stream. Thus, speech segmentation occurs as a
consequence of word recognition. However, in suboptimal listening conditions,
speech segmentation strategies adapt to incorporate segmental and
suprasegmental information to facilitate deciphering of connected speech.
Specifically, stress information contained in strong syllables (e.g., presence of
unreduced vowel, increased duration and amplitude) has the potential to cue word
onsets in English, as the first syllable in most English words is strong (Culter &
Carter, 1987). Thus, distorted/degraded vowel production and/or hindered
perception of information contained in vowels may have deleterious effects on
overall speech perception resulting in decreased intelligibility of the speech
signal. Investigation of the effects of degraded vowel acoustics of speech
segmentation strategies was beyond the scope of the present investigation.
However, future studies focusing of this aspect of dysarthric vowel perception are
well motivated by the results presented herein linking vowel production and
perception.

The clinical implications of the present work should not be minimized. By
establishing the link between vowel production errors and the nature of perceptual
errors, therapeutic interventions that aim to improve vowel production on the part

of the speaker or vowel perception on the part of the listener should result in
74



increases to vowel identification accuracy, and ultimately intelligibility. For
example, reduced high-low vowel contrast (i.e. reduced distance or dispersion of
front and/or back vowels) in a speaker with dysarthria will likely produce
perceptual errors along the same dimension. Thus, a goal of speaker-directed
therapy should be to increase spectral distinctiveness of neighboring vowel tokens
along the affected dimension. In cases where speaker-directed therapy is not
feasible, as is the case for many patients diagnosed with progressive
neurodegenerative disorders, caregivers may undergo perceptual training aimed to
retune their perceptual boundaries for specific vowels tokens to accommodate less
distinctive vowel tokens. Benefits to intelligibility following therapy or perceptual

training are predicted by the outcomes of this investigation.

Conclusions

Results of the present set of experiments contribute substantially to the
growing body of literature in the area of dysarthric vowel perception. Not only are
a variety of acoustic vowel space metrics (e.g., global, fine-grained, and
distance/dispersion) considered with regard to their abilities to 1) differentiate
dysarthric from non-disordered vowel production and 2) predict perceptual
outcomes, but their contributions also are evaluated within the context of a broad
cohort of dysarthric speakers. Equipped with fairly equivalent groups of speakers
diagnosed with the various dysarthria subtypes, exploration of dysarthria-specific
effects on vowel production (represented acoustically) was possible. Another

significant contribution of the present study is that vowel identification accuracy,
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in addition to overall intelligibility (% words correct), was included as a
perceptual outcome measure. Finally, results of this experiment directly inform
the justifiably questionable nature of the relationship between degraded vowel

production and the resulting percept in dysarthria.
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Table 1

Dysarthric speaker demographic information per stimulus set

Set  Speakers Sex Age Medical Etiology Severity of Speech
Disorder

1 ALSF2 F 75 ALS Severe
ALSF8 F 63 ALS Moderate
ALSM1 M 56 ALS Moderate
ALSM5 M 50 ALS Mild
ALSM7 M 60 ALS Severe
AF2 F 57 Multiple sclerosis/Ataxia  Severe
AF6 F 57  Friedrich’s ataxia Moderate
AF7 F 48  Cerebellar ataxia Moderate
AMI1 M 73 Cerebellar ataxia Severe
AMS M 84  Cerebellar ataxia Moderate
AM6 M 46  Cerebellar ataxia Moderate
HDF4 F 67 Huntington’s disease Severe
HDF5 F 41  Huntington’s disease Moderate
HDF6 F 57 Huntington’s disease Severe
HDM3 M 80 Huntington’s disease Moderate
HDMIO M 50 Huntington’s disease Severe
HDM12 M 76  Huntington’s disease Moderate
PDF1 F 64  Parkinson disease Mild
PDF7 F 58 Parkinson disease Moderate
PDF9 F 71 Parkinson disease Mild
PDMS M 77 Parkinson disease Moderate
PDM9 M 76  Parkinson disease Moderate
PDM15 M 57 Parkinson disease Moderate

2 ALSF5 F 73 ALS Severe
ALSF7 F 54 ALS Moderate
ALSF9 F 86 ALS Severe
ALSM3 M 41 ALS Mild
ALSM4 M 64 ALS Moderate
ALSME M 46 ALS Moderate
AF1 F 72  Cerebellar ataxia Moderate
AF8 F 65 Cerebellar ataxia Moderate
AF9 F 87 Cerebellar ataxia Severe
AM3 M 79  Cerebellar ataxia Moderate - severe
AM4 M 46  Cerebellar ataxia Moderate
AMS M 63  Cerebellar ataxia Moderate
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Set  Speakers Sex Age Medical Etiology Severity of Speech
Disorder

HDF1 F 62 Huntington’s disease Moderate
HDF3 F 37 Huntington’s disease Moderate
HDF7 F 31 Huntington’s disease Severe
HDMS M 43  Huntington’s disease Severe
HDM11 M 56  Huntington’s disease Moderate
PDF3 F 82  Parkinson disease Mild
PDF5 F 54  Parkinson disease Moderate
PDF6 F 65 Parkinson disease Mild
PDM1 M 69 Parkinson disease Severe
PDMIO M 80 Parkinson disease Moderate
PDMI2 M 66  Parkinson disease Severe

Note. ALS = amyotrophic lateral sclerosis.
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Table 2

Derived vowel metrics

Type

Vowel Metric

Description

Global

Mean FO

Mean FO of the entire vowel set, derived by
averaging the midpoint measurements (in Hz)
across the ten vowels.

Mean F1

Mean F1 of the entire vowel set, derived by
averaging the midpoint measurements (in Hz)
across the ten vowels.

Mean F2

Mean F2 of the entire vowel set, derived by
averaging the midpoint measurements (in Hz)
across the ten vowels.

Mean dur

Mean vowel duration of the entire vowel set,
derived by averaging vowel durations across the
ten vowels.

Fine-grained

FO range

FO range was calculated by subtracting the lowest
f0 (Hz) value across the 10 vowels from the
highest value.

F1 range

F1 range was calculated by subtracting the lowest
F1 (Hz) value across the 10 vowels from the
highest value.

F2 range

F2 range was calculated by subtracting the lowest
F2 (Hz) value across the 10 vowels from the
highest value.

VSA

Vowel space area. Heron’s formula was used to
calculate the area of the irregular quadrilateral
formed by the corner vowels in F1 X F2 space.

Mean disp

This metric captures the overall dispersion (or
distance) of each pair of the ten vowels, as
indexed by the Euclidean distance between each
pair in the F1 X F2 space.

Dyn ratio

Mean EDs from vowel onset to midpoint to offset
in F1 x F2 space for each vowel were averaged.
The average EDs of the most dynamic (&, *, v)
was divided by the average EDs of the least
dynamic (i, €, u) vowels. Larger values are
interpreted to reflect greater distinctiveness in
vowels with dynamic and static trajectories.

Dur ratio

Ratio of longest (a, o, e, &) to shortest vowels (1,
u, €, ). The average value of the longest vowels
was divided by the average value of the shortest
vowels. Larger values are interpreted to reflect
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Type

Vowel Metric

Description

greater distinctiveness in vowel length.

Alternative

FCR

Formant centralization ratio. This ratio, expressed
as (F2, +F2,+F1,+F1,) /(F2; + F1,),1s
thought to capture centralization when the
numerator increases and the denominator
decreases. Ratios greater than 1 are interpreted to
indicate vowel centralization.

Distance/
dispersion

ED /i/ - /=/

Euclidean distance in F1 X F2 space from /i/ to
/&/ (front vowels)

ED /u/ - /a/

Euclidean distance in F1 X F2 space from /u/ to
/a/ (back vowels)

ED /i/ - v/

Euclidean distance in F1 X F2 space from /i/ to
/u/ (high vowels)

ED /=/ - /a/

Euclidean distance in F1 X F2 space from /a/ to /
@ / (low vowels)

Front disp

This metric captures the overall dispersion of
each pair of the front vowels (i, 1, e, €, &®).
Indexed by the average Euclidean distance
between each pair of front vowels in F1 X F2
space.

Back disp

This metric captures the overall dispersion of
each pair of the back vowels (u, v, o, a). Indexed
by the average Euclidean distance between each
pair of backvowels in F1 X F2 space

Corner disp

This metric is expressed by the average Euclidean
distance of each of the corner vowels, /1/, /&/, /a/,
and /u/, to the center vowel /*/.

Global disp

Mean dispersion of all vowels to the global
formant means (ED in F1 X F2 space).

Neighbor disp

Average Euclidean distance of the following
spectral neighbors were used to compute this
dispersion metric: (/i/- /e/, le/- 1/, IV/-/¢/, Ie/-I&/,
/®/-/al, /al-/o/, lo/-/v/, [v/-/u/, and /u/-/i/)

Spectral
overlap

This metric is the vowel misclassification rate
revealed by discriminant function analysis
conducted for each speaker. The following
formant and temporal metrics were used to
classify each vowel per speaker: F1, F2, FO at
midpoint, vowel duration, and formant movement
(ED in F1 X F2 space) from vowel onset to
midpoint to offset.

F2 slope
metrics

Mean F2
slope

The absolute values of the F2 slopes from vowel
onset to offset were averaged across the entire
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Type Vowel Metric  Description

vowel set.
Dynamic F2  The absolute values of F2 slopes associated with
slope the most dynamic vowels (&, *, v) were averaged.

Note. ED = Euclidean distance
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Table 3

Non-disordered and dysarthric group means

Vowel Metric Group n M SD

Global Mean FO ND 12 150.84 33.47
D 45 160.30 36.54

Mean F1 ND 12 532.04 50.25

D 45 528.21 75.35

Mean F2 ND 12 1705.82 125.78

D 45 1630.20 189.84

Mean dur ND 12 87.93 11.66

D 45 150.33 54.03

Fine- VSA ND 12 286213.07 71217.41
grained D 45  174822.17 66928.04
Mean disp ND 12 400.54 69.31

D 45 330.46 64.76

Range FO ND 12 43.35 25.67

D 45 53.45 47.27

Range F1 ND 12 468.79 62.66

D 45 362.53 80.46

Range F2 ND 12 1396.65 225.27

D 45 1145.49 229.20

Dyn ratio ND 12 1.41 0.51

D 45 1.45 0.36

Dur ratio ND 12 1.43 0.09

D 45 1.31 0.17

Alternate  FCR ND 12 1.07 0.05
D 45 1.19 0.12

Dispersion/ ED /i/ - /ae/ ND 12 851.07 118.43
Distance D 45 591.63 179.12
ED /i/ - v/ ND 12 906.64 142.18

D 45 848.76 264.97

ED /u/ - /a/ ND 12 576.08 105.59

D 45 364.43 97.78

ED /&/ - /a/ ND 12 563.50 185.73

D 45 460.26 165.26

Front disp ND 12 503.32 83.38

D 45 345.65 89.34

Back disp ND 12 368.45 75.32

D 45 276.13 71.86

Corner disp ND 12 563.45 120.48
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Vowel Metric Group n M SD

D 45 432.14 93.89
Global disp ND 12 597.56 101.37
D 45 484.11 90.76
Neighbor disp ND 12 350.44 72.38

D 45 279.39 57.61

Spectral overlap ~ ND 12 0.38 0.11

D 45 0.56 0.13
F2 slope Mean F2 slope ND 12 2.08 0.29
metrics D 45 1.55 0.61
Dynamic F2 slope ND 12 3.21 0.70
D 45 2.32 0.99

Note. ND = non-disordered; D = dysarthric.
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Table 4
Independent samples t-test results comparing the acoustic metrics derived from

dysarthric and non-disordered speakers

Vowel Metric t df P
Global Mean FO -.810 55 421
Mean F1 .166 55 .869
Mean F2 1.301 55 199
Mean dur* -7.147 54.110 .000
Fine-grained VSA 5.056 55 .000
Mean disp 3.283 55 .002
Range FO -.710 55 481
Range F1 4.235 55 .000
Range F2 3.384 55 .001
Dyn ratio* -.258 14.008 .800
Dur ratio* 2.299 55 025
3.344 37.368 .002
Alternative FCR -5.098 43.981 .000
Dispersion/ ED /i/ - /ae/ 4.733 55 .000
distance ED /i/ - lu/ 726 55 471
ED /u/ - /a/ 6.555 55 .000
ED /&/ - /a/ 1.874 55 066
Front disp 5.503 55 .000
Back disp 3.916 55 .000
Corner disp 4.051 55 .000
Global disp 3.756 55 .000
Neigh disp 3.594 55 .001
Spectral overlap -4.559 55 .000
F2 Slope metrics  Mean F2 slope 4.271 39.742 .000
Dyn slope 2.927 55 .005

Note. *denotes equality of variance is not assumed.
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Table 5

Results of one-way analysis of variance (ANOVA) testing equality of means for

dysarthria subtypes.
Vowel Metric F(3,41) p
Global Mean FO 1.063 375
Mean F1 2.238 .098
Mean F2 731 539
Mean dur. 16.443 .000*
Fine-grained Range FO 337 798
Range F1 1.018 395
Range F2 1.388 .260
VSA 358 783
Mean disp. 436 728
Dyn. ratio 1.605 203
Dur. ratio 817 492
Alternative FCR 672 574
Dispersion/distance ~ ED /i/ - /&/ 1.706 181
ED N/ - /i/ 778 513
ED /u/ - /a/ 453 716
ED /a/ - /®/ 637 595
Neighbor disp. 1.243 306
Corner disp. 974 414
Front disp. 1.634 .196
Back disp. 614 .610
Global disp. .669 576
Spectral overlap 1.239 308
F2 slope Mean F2 slope 14.327 .000*
Dynamic F2 slope 12.270 .000*

*denotes significant between group differences
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Table 6

Group means of significant variables

95% CI
n M SD LL UL
Mean Ataxic 12 163.64 26.65 146.71 180.58
Duration ALS 11 206.47 57.66 167.73 245.21
HD 10 132.92 39.61 104.58 161.26
PD 12 100.06 16.85 89.36 110.76
Total 45 150.33 54.03 134.10 166.56
Average F2 Ataxic 12 1.32 0.34 1.10 1.54
slope ALS 11 1.01 0.45 0.71 1.31
HD 10 1.70 0.32 1.47 1.93
PD 12 2.16 0.59 1.78 2.54
Total 45 1.55 0.61 1.37 1.74
Dynamic F2  Ataxic 12 1.90 0.80 1.40 2.41
slope ALS 11 1.51 0.81 0.97 2.05
HD 10 2.59 0.32 2.37 2.82
PD 12 3.25 0.87 2.69 3.81
Total 45 2.32 0.99 2.02 2.62

Note. CI = confidence interval; LL = lower limit, UL = upper limit.
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Table 7

Classification summary by dysarthria-subtype

Predicted Group Membership

Group Ataxic ALS HD PD Total

Count Ataxic 5 3 4 0 12
ALS 5 6 0 0 11
HD 0 1 6 3 10
PD 0 0 1 11 12

% Ataxic 41.7 25.0 333 .0 100.0
ALS 45.5 54.5 .0 .0 100.0
HD .0 10.0 60.0 30.0 100.0
PD .0 .0 8.3 91.7 100.0

Note. 62.2% of originally grouped speakers were correctly classified (same upon
cross-validation).
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Table 8

Proportion of words and vowels correct per speaker

Group Speaker Words correct Vowel accuracy

Ataxic AF1 .59 .82
AF2 38 .56
AF6 72 .88
AF7 61 .76
AF8 .68 .93
AF9 19 44
AM1 26 .56
AM3 44 .61
AM4 .64 .84
AMS 49 .76
AMO6 A7 .59
AMS .63 81
M (SD) 51 (.17) 71 (.15)

ALS ALSF2 11 28
ALSF5 20 43
ALSF7 .39 .61
ALSF8 43 .68
ALSF9 30 .53
ALSM1 74 .85
ALSM3 .65 81
ALSM4 71 .87
ALSMS5 .70 .89
ALSM7 .08 24
ALSMS8 .56 .70
M (SD) 44 (.25) .63 (.23)

HD HDF1 57 a7
HDF3 .65 .81
HDF5 .60 .83
HDF6 19 46
HDF7 14 32
HDM10 26 37
HDMI11 .70 .83
HDM12 .67 .88
HDM3 45 .64
HDMS8 A48 .67
M (SD) 47 (.21) .66 (.21)

PD PDF1 74 .83
PDF3 .83 .92
PDF5 .60 .80
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Group Speaker Words correct Vowel accuracy

PDF6 75 91
PDF7 .64 .89
PDF9 .62 .82
PDM1 13 49
PDM10 .53 .83
PDM12 36 .69
PDM15 .63 .83
PDMS 37 12
PDM9 .64 .90

M (SD) .57 (.20) .80 (.12)

94



Table 9
Pearson correlations between perceptual outcome measures and global vowel

space metrics

Mean Mean Mean Mean

FO F1 F2 Dur

Intelligibility -.039 -.161 .084 =225
Vowel Accuracy -.045 -.235 116 -318"

* p<0.05.
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Table 10
Pearson correlations between perceptual outcome measures and fine-grained

vowel space metrics

Disp Range Range Range Dynamic Duration
VSA  Mean FO F1 F2 Ratio Ratio

Intelligibility ~ .401° 317 .059 306 310 106 239
VA 4127 364" 096 275 395 149 260
Note. VA = vowel accuracy.

*p<.05

**p <.001
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Table 11

Pearson correlations between perceptual outcome measures and FCR, dispersion

and F2 slope metrics

Vowel Space Metric Intelligibility VA
Alternate FCR -442” -526”

‘Dispersion/Distance ED /i/ - /ae/ 246 318"
ED N/ - /i/ 234 333
ED N/ - /a/ 323 264
ED /a/ - /ae/ 292 226
Front Disp 237 308"
Back Disp 204 218
Corner Disp 458" 447"
Global Disp 335 392"
Neighbor Disp 218 246
Spectral overlap - 415" 4217

'F2 Slope Mean F2 slope 401" 4617
Dynamic F2 slope 422" 478"

Note. VA = vowel accuracy.

*p <0.05.

** p<0.01.
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Table 12

Results of stepwise regressions in which the acoustic variables predict overall

intelligibility in all, female and male speakers

Regression Variable Entered Beta t p
All Speakers Corner Disp 433 3.381 .002
Mean F1 -.339 -2.757 .009
Spectral overlap -.322 -2.733 .009
Mean F2 slope 249 2.079 .044
Female speakers Dynamic slope 579 5.041 .000
Corner Disp 378 3.320 .004
Spectral overlap -.319 -2.879 010
Male speakers Corner Disp 468 2.425 .024
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Table 13

Results of stepwise regressions in which the acoustic variables predict vowel

accuracy in all, female and male speakers

Regression Variable Entered Beta t p
All Speakers FCR -.791 -4.599 .000
Mean F2 slope 584 4.406 .000
F2 range -.446 -2.319 025
Female speakers Dynamic slope 441 3.915 .001
Corner Disp 329 3.087 .007
Spectral overlap -463 -3.964 .001
Front Disp 331 2.679 016
Male speakers FCR -1.169  -4.034 .001
VSA -.756 -2.608 017
Mean F2 slope 337 2.215 .039
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Table 14

Confusion matrix of correctly identified vowels tokens and perceptual errors

Perceived vowel

1 I e £ x a 0 u
Target i 663 54 29 24 5 3 4 3 10
vowel 123 590 53 62 23 4 8 15 15
(Count) &« 22 39 716 23 9 4 3 9
e 50 5 667 28 8 2 3 38
@ 1 25 19 136 581 15 2 2 17
a 6 1 10 23 653 11 2 52
0 5 10 3 5 10 45 623 27 52
u 20 27 7 24 3 11 43 55 22
A 1 10 2 29 18 41 27 4 657
Target i 74 6 3 3 1 1
vowel I 3 66 6 7 3 1 2 2
(%) e 2 4 80 3 1 1
€ 6 1 75 3 1 4
@ 3 2 15 65 2 2
a 1 1 3 73 1 6
0 1 1 1 1 5 69 3 6
u 2 3 1 3 1 5 62 2
A 1 3 2 5 3 73

Note. Vowel tokens were perceived with 71% accuracy.
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Table 15

Classification summary of all vowel tokens

Predicted Vowel
1 I e € x a 0 u A 0
Count i 158 3 11 3 3 2
I 11 97 16 25 3 5 11 9 2
e 17 14 142 2 4 1
€ 42 1 88 28 1 1 4 14 1
& 11 5 31 113 12 4 1 3
a 1 2 12 124 15 4 17 5
0 1 1 8 126 11 27 6
u 14 22 2 2 27 103 2 6
A 12 11 8 24 28 3 78 14
U 5 4 2 7 6 1 109
% i 88 2 6 2 2 1
I 6 54 9 14 2 3 6 5 1
e 9 8 79 1 2 1
€ 23 1 49 16 1 1 2 8 1
& 6 3 17 63 7 2 1 2
a 1 1 7 69 8 2 9 3
0 1 1 4 70 6 15 3
u 8 12 1 1 15 58 1 3
A 7 6 5 14 16 2 44 8
U 4 3 2 5 5 1 81

Note. 65.1% of originally grouped vowels were correctly classified (63.5% upon

cross-validation).
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Table 16

Classification summary of well-identified vowel tokens

Predicted Vowel
Vowel 1 I e € & a o u A 0
Count 1 89 4
I 53 1 10 1 1 5
e 7 4 96 3
€ 21 1 40 19 1 1 6
& 5 2 12 46 1 4
a 4 62 10 2 8 1
0 1 5 52 2 10
u 7 10 6 47 1 1
A 5 4 7 10 8 1 49 6
0 1 1 1 13
% i 96 4
I 75 1 14 1 1 7
e 6 4 87 3
€ 24 1 45 21 1 1 7
& 7 3 17 66 1 6
a 5 71 12 2 9 1
0 1 7 74 3 14
u 10 14 8 65 1 1
A 6 4 8 11 9 1 54 7
0 6 6 6 81

Note. 71.2% of originally grouped vowels were correctly classified (69% upon

cross-validation).
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Table 17

DFA classification results of poorly perceived tokens

Predicted Vowel
Vowel 1 I e € & a o u A 0
Count i 45 4 6 2 1 1 1
I 10 28 13 10 6 3 9 2 2
e 8 3 32 2 2 1
£ 19 27 11 2 2 1
& 4 1 14 48 10 3 1 3
a 2 1 52 6 2 6
0 1 1 3 48 8 6 6
u 5 12 2 2 13 41 6
A 3 3 2 10 12 3 22 5
0 1 1 1 3 12
% i 75 7 10 3 2 2 2
I 12 34 16 12 7 4 11 2 2
e 17 6 67 4 4 2
€ 31 44 18 3 2
& 5 1 17 57 12 4 1 4
a 3 1 75 9 3 9
0 1 1 4 66 11 8 8
u 6 15 3 3 16 51 7
A 5 5 3 17 20 5 37 8
U 6 6 6 17 67

Note. 55.6% of originally grouped vowels were correctly classified (51.6% upon

cross-validation).
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Table 18

Misclassified to misidentified vowel agreement

Identification Error

I c S X a 0 u O
Class. i 17 9 12 3 1 3 2 6
error I 11 46 9 6 7 7 1 5 17 1
(count) ¢ 4 6 28 13 4 2 1 2
€ 1 15 13 54 10 7 3 6 3
& 1 4 1 5 18 3 1 13 2
a 1 3 1 18 12 3 6
0 1 4 1 5 16 43 9 32
u 5 4 6 3 4 4 14 18 2
A 9 2 7 5 8 4 3 22 4
o 3 5 1 7 2 8 6 3 3012
Class. i 32 17 23 6 2 6 4 11
error I 10 42 8 5 6 6 1 5 15 1
(%) e 7 10 47 22 7 3 2 3
€ 1 13 12 48 9 6 3 5 3
® 2 8 2 10 38 6 2 27 4
a 2 7 2 41 27 7 14
0 1 4 1 5 14 39 8 29
u 8 7 10 5 7 7 23 30 3
A 14 3 11 8 13 6 5 34 6
o 6 10 2 14 4 16 12 6 6 24

Note. Classification error percentages were derived by dividing the counts by the
total excluding other errors
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Table 19

Vowel metrics recommended for the study of dysarthric vowel production and

perception
Analysis Speakers Recommended vowel metrics Results
type
DFA Non- ED /i/-/=/, ED /u/-/a/, spectral 96.5%
disordered vs.  overlap, mean duration, and classification
dysarthric average F2 slope accuracy
Regression  All dysarthric ~ Corner disp, mean F1, spectral ~ Adjusted R° =
(Intell) speakers overlap, average F2 slope A423%*
Female Dynamic F2 slope, corner disp, ~ Adjusted R’ =
and spectral overlap T49**
Male Corner disp Adjusted R’ =
182%*
Regression  All dysarthric ~ FCR, mean F2 slope, and F2 Adjusted R =
(VA) speakers range AT73%*
Female Dynamic F2 slope, corner disp, ~ Adjusted R’ =
spectral overlap, and front disp ~ .794**
Male FCR, VSA, and mean F2 slope ~ Adjusted R’ =
A495%*
*p<.05
**p <.001

105



w

F1

*
my
Ae
XE

Kae

Figure 1. Normalized (Labonov’s method) dysarthric vowel tokens, identified
with 100% accuracy, represented in F1 x F2 perceptual space.
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w0

A 41
L)
Ae
XE
Kae
®a
)

“u

Figure 2. Normalized (Labonov’s method) dysarthric vowel tokens, identified

with 0-60% accuracy, represented in F1 x F2 perceptual space.
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APPENDIX A

STIMULUS SETS
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Set |

Set 1

account for who could knock
balance clamp and bottle
beside a sunken bat
commit such used advice
constant willing walker
embark or take her sheet
listen final station

may the same pursued it
mode campaign for budget
narrow seated member

her owners arm the phone
pooling pill or cattle

push her equal culture
rode the lamp for teasing
or spent sincere aside
technique but sent result
transcend almost betrayed
unseen machines agree

admit the gear beyond
assume to catch control
attend the trend success
butcher in the middle
confused but roared again
cool the jar in private

done with finest handle
had eaten junk and train
indeed a tax ascent

kick a tad above them
mate denotes a judgment
mistake delight for heat
model sad and local
rampant boasting captain
remove and name for stake
rocking modern poster
support with dock and cheer
vital seats with wonder
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APPENDIX B

INTERCORRELATIONS OF DYSARTHRIC ACOUSTIC AND PERCEPTUAL

VOWEL METRICS
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IRB APPROVAL
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" Knowledge Enterprise
Developrgem s

Office of Research Integrity and Assurance

To:

From:

Date:

Committee Action:

Renewal Date:
Review Type:
IRB Protocol #:
Study Title:
Expiration Date:

Julie Liss
COOR

Mark Roosa, Chair 411
Soc Beh IRB

12/10/2010

Renewal

12/10/2010

Expedited F7

0310001421

PERCEPTION OF DYSARTHRIC SPEECH
12/09/2011

The above-referenced protocol was given renewed approval following Expedited Review by the Institutional

Review Board.

It is the Principal Investigator's responsibility to obtain review and continued approval of ongoing research
before the expiration noted above. Please allow sufficient time for reapproval. Research aclivity of any sort
may not continue beyond the expiration date without committee approval. Failure to receive approval for

continuation before the expiration date will result in the automatic suspension of the approval of this protocol on
the expiration date. Information collected following suspension is unapproved research and cannot be reported
or published as research data. If you do not wish continued approval, please notify the Committee of the study

termination.

This approval by the Soc Beh IRB does not replace or supersede any departmentat or oversight committee
review that may be required by institutional policy.

Adverse Reactions: If any untoward incidents or severe reactions should develop as a result of this study, you
are required to notify the Soc Beh IRB immediately. If necessary a member of the IRB will be assigned to look

into the matter. If the problem is serious, approval may be withdrawn pending IRB review.

Amendments: If you wish to change any aspect of this study, such as the procedures, the coﬁsent forms, or the
investigators, please communicate your requested changes to the Soc Beh IRB. The new procedure is not to
be initiated until the IRB approval has been given.
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