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Abstract

Purpose—A speech analysis-resynthesis paradigm was used to investigate segmental and
suprasegmental acoustic variables explaining intelligibility variation for 2 speakers with
Parkinson’s disease (PD).

Method—Sentences were read in conversational and clear styles. Acoustic characteristics from
clear sentences were extracted and applied to conversational sentences, yielding 6 hybridized
versions of sentences in which segment durations, short-term spectrum, energy characteristics, or
fundamental frequency characteristics for clear productions were applied individually or in
combination to conversational productions. Listeners (V= 20) judged intelligibility in
transcription and scaling tasks.

Results—Intelligibility increases above conversation were more robust for transcription, but the
pattern of intelligibility improvement was similar across tasks. For 1 speaker, hybridization
involving only clear energy characteristics yielded an 8.7% improvement in transcription
intelligibility above conversation. For the other speaker, hybridization involving clear spectrum
yielded an 18% intelligibility improvement, whereas hybridization involving both clear spectrum
and duration yielded a 13.4% improvement.

Conclusions—Not all production changes accompanying clear speech explain its improved
intelligibility. Suprasegmental adjustments contributed to intelligibility improvements when
segmental adjustments, as inferred from vowel space area, were not robust. Hybridization can be
used to identify acoustic variables explaining intelligibility variation in mild dysarthria secondary
to PD.
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Intelligibility, defined as the extent to which a speaker’s utterance is understood by a
listener, has long been of interest in dysarthria. As discussed in a variety of sources,
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linguistic variables as well as speaker and listener-related factors are known to impact the
extent to which a listener recovers a speaker’s intended message (Hustad, 2007, 2008; Liss,
2007; Weismer, 2008; Yorkston, Beukelman, Strand, & Hakel, 2010). In the current study,
we focused on the contribution of speaker-related factors to intelligibility, as reflected in
acoustic measures of segmental articulatory behavior, respiratory-phonatory behavior, and
prosody.

For some time, it has been recognized that numerical indices of intelligibility for speakers
with dysarthria, either in the form of percent correct scores or scaled estimates of
intelligibility, can reflect varied production deficits. Thus, two speakers might score 85% on
the Sentence Intelligibility Test (Yorkston, Beukelman, & Tice, 1996), but the reduced
intelligibility for Speaker A is explained by impaired segmental articulation, whereas the
reduced intelligibility for Speaker B is attributable to impaired respiratory-phonatory
behavior and prosody. To advance theoretical understanding of intelligibility, investigators
therefore have moved away from solely quantifying the degree to which intelligibility is
reduced in dysarthria to trying to determine the specific components or factors contributing
to intelligibility. This line of inquiry also is of clinical importance, as maximizing
intelligibility is a common goal of dysarthria treatment. That is, to the extent that the most
efficient treatments would focus on speech production variables causing or explaining
reduced intelligibility, studies investigating the source of intelligibility variation in dysarthria
ultimately may assist in guiding and optimizing management.

A common approach has been to obtain perceptual judgments of intelligibility for one or
more speaker groups as well as speech acoustic measures likely to be sensitive to
impairments in segmental articulation, voice, prosody, and so forth (e.g., H. Kim, Hasegawa-
Johnson, Perlman, 2011; Y. Kim, Kent, & Weismer, 2011; Liu, Tsao, & Kuhl, 2005;
Weismer, Jeng, Laures, Kent, & Kent, 2001). The strength of the association between
acoustic measures and intelligibility is then quantified. Other researchers aimed to induce
variation in speech production characteristics as well as intelligibility by having talkers
voluntarily modify speech style (e.g., Hustad & Lee, 2008; Neel, 2009; Tjaden & Wilding,
2004; Turner, Tjaden, & Weismer, 1995). Regardless of the specific details of the approach,
the data in these studies have been pooled across speakers before quantifying the linkage
between acoustic measures and intelligibility. Speakers in these studies generally span a
range of overall dysarthria severity or speech involvement, thereby complicating
interpretation of acoustic measures as explanatory variables for intelligibility. That is,
relationships between acoustic measures and intelligibility in studies including speakers with
a wide range of dysarthria severity may emerge by virtue of both measures being related to a
third, mediating variable—overall dysarthria severity (see discussion in Weismer et al.,
2001; Yunusova, Weismer, Kent, & Rusche, 2005).

Yunusova et al. (2005) addressed this challenge by studying the relationship between speech
acoustic measures and intelligibility within speakers with dysarthria. Because a given
talker’s overall dysarthria severity can be assumed to be constant during a single
experimental recording session, studies employing a within-speaker design minimize the
possibility that dysarthria severity is mediating the relationship between intelligibility and
speech acoustic measures. Other studies have used an across-speaker design, but have
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somewhat constrained the range of dysarthria severity (e.g., Yunusova et al., 2012).
Regardless of whether an across-or within-speaker design is employed, however, these types
of in vivo speech studies do not allow for strong statements concerning the independent
contribution of acoustic variables to intelligibility.

Studies employing an analysis-resynthesis or digital signal-processing approach also have
been used to investigate the acoustic basis of intelligibility. Analysis-resynthesis allows for
precise control over one or more acoustic parameters, such as fundamental frequency (FO) or
duration, while holding other parameters constant. In this manner, the independent
contribution of particular acoustic variables or combinations of acoustic variables to
intelligibility may be investigated. Such an approach has been widely applied to
neurologically normal speech (e.g., Binns & Culling, 2007; Kain, Amano-Kusumoto, &
Hosom, 2008; Krause & Braida, 2009; Laures & Weismer, 1999; Liu & Zeng, 2006; Miller,
Schlauch, & Watson, 2010; Spitzer, Liss, & Mattys, 2007; Uchanski, Choi, Braida, Reed, &
Durlach, 1996; Watson & Schlauch, 2008). As discussed in the following paragraph, several
dysarthria studies also have used this approach (e.g., Bunton, Kent, Kent, & Duffy, 2001;
Bunton, 2006; Hammen, Yorkston, & Minifie, 1994; Kain et al., 2007).

Bunton et al., (2001) used speech resynthesis to reduce sentence-level FO range by 25%,
50%, or 100% for speakers with dysarthria secondary to Parkinson’s disease (PD) or stroke,
as well as a group of healthy talkers. The impact of a reduced sentence-level FO range on
intelligibility was assessed using transcription and scaling tasks. Consistent with a study by
Laures and Weismer (1999) in which intelligibility for neurologically normal talkers
decreased when sentence-level FO was flattened using speech resynthesis, the overall trend
was for intelligibility to decline as FO range was reduced, with the strongest effect for the PD
group. The authors concluded that sentence-level FO variation is an important contributor to
intelligibility but that the nature of the contribution may vary across dysarthrias or
neurological diagnoses. Relatedly, Kain et al. (2007) used speech analysis-resynthesis to
enhance vowel intelligibility for a speaker with dysarthria secondary to Friedrich’s ataxia.
Vowels in CVC words were analyzed, transformed, and resynthesized to more closely
approximate vowels produced by a neurologically normal talker. Vowel duration as well as
steady-state frequencies of the first (F1), second (F2), and third formants (F3) were the
acoustic features that yielded the optimal dysarthria-to-neurologically normal
transformation.

Finally, it has long been recognized that a clear speech style enhances intelligibility for
neurotypical speakers, and clear speech is recommended as a therapeutic technique for
improving intelligibility in dysarthria (Hustad & Weismer, 2007; Smiljani¢ & Bradlow,
2009). Indeed, the term clear speech benefitis used to refer to the improved intelligibility of
clear speech. Numerous studies, mostly focused on neurotypical speech, also have
documented acoustic adjustments associated with a clear speech style. For example, relative
to typical or conversational speech, clear speech tends to be characterized by enhanced
segmental contrasts, lengthened speech durations, an increase in mean FO, as well as
increased FO variation, and increased intensity envelope modulation (see reviews in Krause
& Braida, 2009; Smiljani¢ & Bradlow, 2009). The mere presence of these types of speech
acoustic changes cannot be taken as evidence that they are causally related to the improved
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intelligibility of clear speech, however. In fact, the acoustic basis of the clear speech benefit
has yet to be established, although this has been identified as a major topic of importance for
speech research (Smiljani¢ & Bradlow, 2009). In the case of dysarthria, such knowledge also
would strengthen the scientific evidence base for therapeutic use of clear speech and may
ultimately help to optimize clear speech training programs. Kain et al. (2008) developed a
speech analysis-resynthesis technique termed Aybridization as a method for determining
whether individual acoustic parameters (i.e., sentence-level FO, sentence-level energy,
segment durations, short-term spectrum) or combinations of these parameters explained the
improved intelligibility of clear speech. To date, however, hybridization has only been
applied to neurotypical speech.

In sum, although a fair amount of research has been devoted to the topic, the acoustic basis
of intelligibility in dysarthria is not firmly established. Despite the fact that clear speech is
used in the treatment of dysarthria, acoustic changes responsible for its improved
intelligibility also remain poorly understood. Thus, the overarching aim of the current study
was to determine acoustic variables explaining sentence-intelligibility variation associated
with a clear speech style for two speakers with PD using the speech analysis-resynthesis
approach developed by Kain et al. (2008). In this manner, we sought not only to advance
scientific understanding of intelligibility in dysarthria but also to address a major goal of
clear speech research.

Speakers and Speech Characteristics

Two men diagnosed with idiopathic PD provided the speech materials. Similar speaker
numbers have been used in previously published studies using speech resynthesis to
investigate the acoustic basis of intelligibility (Kain et al., 2007, 2008; Laures & Weismer,
1999; Spitzer et al., 2007; Watson & Schlauch, 2008). Talkers were native speakers of
American English, had achieved at least a high school diploma, did not use a hearing aid,
reported no other history of neurologic disease, had not received neurosurgical or dysarthria
treatment for PD, and scored at least 26 on the Standardized Mini-Mental State Examination
(Molloy, 1999). PDMO01 was 76 years of age and 12 years postdiagnosis. PDM06 was 66
years of age and 3 years postdiagnosis.

Percent correct intelligibility from the Sentence Intelligibility Test (SIT; Yorkston et al.,
1996), as judged by 10 inexperienced listeners, was used to document overall speech
mechanism involvement. SIT scores were previously reported for a larger group of speakers,
and we refer readers to this earlier study for methodological details concerning the SIT
(Sussman & Tjaden, 2012). SIT scores for PDMO01 and PDMO06 were 87% and 91%,
respectively. In addition to having mildly reduced sentence intelligibility, speakers were
noted to have perceptual characteristics consistent with hypokinetic dysarthria in the form of
reduced segmental precision, as well as a breathy, monotonous voice.
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Experimental Speech Materials and Procedure

Speakers read 25 Harvard sentences (IEEE, 1969) in a sound-treated room. Sentences were
selected from the larger corpus of Harvard psychoacoustic sentences to include multiple
occurrences of various phonemes, including three to five occurrences of four peripheral
vowels (i.e.,/i/,/al,/el,/lul) and four nonperipheral vowels (i.e.,/l/,/el,lul./al) for use in
calculating vowel space areas. Harvard sentences included imperatives and declaratives that
were syntactically and semantically normal. Each sentence ranged in length from seven to
nine words and contained five key words (i.e., Paste can cleanse the most dirty brass). The
acoustic signal was transduced using an AKG C410 head-mounted microphone positioned
10 cm and 45 to 50 degrees from the left oral angle. The signal was preamplified, low-pass
filtered at 9.8 kHz, and digitized to computer hard disk at a sampling rate of 22 kHz using
TF32 (Milenkovic, 2005).

The sentences were first produced in a conversational (i.e., habitual or typical speech)
speech style followed by several other speech styles, including c/ear. For the clear style,
speakers were provided with the instruction “how you might talk to someone in a noisy
environment or with a person who has a hearing loss. Exaggerate the movements of your
mouth. You also may be louder and slower than usual. If your regular speech corresponds to
a clearness of 100, you should aim for a clearness twice as good or a clearness of 200.”
These instructions were modeled after other clear speech studies (Smiljanié¢ & Bradlow,
2009). For each speaker, a unique ordering of the 25 sentences was recorded in each speech
style. For the purposes of the current study, a subset of the same 10 sentences produced in
both the conversational and clear styles was of interest for each speaker. Stimuli numbers
were selected to be consistent with previous studies using resynthesis to investigate the
acoustic basis of sentence intelligibility (Bunton et al., 2001; Laures & Weismer, 1999). To
minimize the influence of stimulus or linguistic familiarity on judgments of intelligibility,
seven of 10 sentences differed for the two speakers. The remaining three sentences were
identical to allow for cross-speaker comparisons for sentences with identical linguistic
content. For each speaker, a 1000 Hz calibration tone also was recorded for the purpose of
obtaining offline measures of vocal intensity from the acoustic signal.

Measures of vowel space area, articulation rate, FO, and vocal intensity were obtained for
speakers with PD, as well as a group of eight healthy males who were part of a previous
acoustic study (Tjaden, Lam, & Wilding, 2013). Acoustic measures further documented the
nature of the speech impairment for the talkers with PD as well as the nature of their
conversational-to-clear speech acoustic adjustments, with attention to segmental and
suprasegmental adjustments hypothesized in other studies to explain the improved
intelligibility of clear speech. Measures were not intended to comprehensively document
conversational-to-clear production adjustments but were selected to be representative of the
kinds of production adjustments hypothesized to underlie the clear speech benefit. That is,
enhanced segmental contrast, as evidenced by an expanded vowel space area, greater FO
range, and greater intensity envelope modulation have been hypothesized to contribute to the
clear speech benefit. Lengthened speech durations also are commonly reported in clear
speech, and the combination of duration and short-term spectral changes appear to be
important to the clear speech benefit (Kain et al., 2008).
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Procedures for obtaining acoustic measures of vowel space area, articulation rate, and SPL
are described in Tjaden et al. (2013). Briefly, using TF32 (Milenkovic, 2005), articulation
rate was determined by segmenting sentences into runs, defined as a stretch of speech
bounded by silent periods between words of at least 200 ms (Turner et al., 1995).
Conventional acoustic criteria were used to identify run onsets and offsets from the
combined waveform and wideband (300-400 Hz) spectrographic displays. Articulatory rate,
in syllables per second, was determined for each run by counting the number of syllables
produced and dividing by run duration. Mean sound pressure level (SPL) of each speech run
as well as SPL SD were obtained from the root-mean-square (RMS) intensity trace of TF32
(Milenkovic, 2005). Mean RMS voltages were exported to Excel and converted to dB SPL
with reference to each talker’s calibration tone.

Linear-predictive-coding-derived formant trajectories were computed for F1 and F2 across
the entire duration of vowels. Vowel onsets and offsets were identified using conventional
acoustic criteria. Formant traces generated by TF32 (Milenkovic, 2005) were hand-corrected
for computer-generated tracking errors. Formant frequency values for F1 and F2 were
extracted at 50% of vowel duration. For each speaker, condition, and vowel, formant
frequency values were averaged across tokens for use in calculating a peripheral and non-
peripheral vowel space area. Vowel space areas were calculated from midpoint F1 and F2
values for vowel tokens occurring in the larger corpus of 25 Harvard sentences because
sentence subsets used for hybridization did not contain sufficient tokens of all vowels for
vowel space area computation.

Finally, sentence-level FO was obtained using Praat (Boersma & Weenink, 2013). Individual
glottal pulses were identified by Praat and any computer-generated errors were manually
corrected (e.g., doubling or halving of pitch period, failure to identify periods of voicing).
For each sentence, FO mean, minimum, and maximum were extracted and averaged across
sentences. FO range was calculated as the difference between the average FO minimum and
average FO maximum. As described in the following section, “pitch pulses” or glottal
closure intervals also were used in the hybridization.

Hybridization Algorithm and Speech Resynthesis

Hybridization, as implemented in the present study, may be conceptualized as waveform
resynthesis of a conversational sentence produced by a speaker while optionally imposing
the energy envelope, FO envelope, segment durations, or short-term spectra from the same
sentence produced in a clear speech style by the same speaker. Thus, in contrast to
resynthesis studies in which an acoustic parameter such as sentence-level FO envelope is
adjusted by a numerical constant for conversational productions, acoustic manipulations in
hybridization represent those voluntarily produced by a speaker. The entire process is
summarized in Figure 1. Readers are referred to Kain et al. (2008) for a comprehensive
description of the hybridization process. First, for each sentence, the clear phonetic sequence
was aligned with the conversational phonetic sequence because the two original waveforms
may not be matched exactly in terms of phonetic content (Step 1). In parallelization, the
hybrid phoneme sequence was operationally set to be the same as the clear phoneme
sequence, and the conversational waveform was modified accordingly by implementing
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phoneme deletions or insertions from the clear waveform using a time-domain cross-fade
technique to avoid discontinuities (Step 2). Next, a speech analysis was carried out on the
parallelized waveforms, consisting of first computing auxiliary marks used for prosodic
modification (Step 3) and then extracting short-term spectra, energy trajectories, FO
trajectories, and segment durations (Step 4). Acoustic characteristics of clear speech were
subsequently combined with complementary acoustic characteristics of conversational
speech to form hybrids (Step 5), which were then used to synthesize six hybrid speech
waveforms (Step 6). As indicated in Figure 1, for example, hybrid duration/spectrum
specifies that that hybrid was composed of segment duration and short-term spectral
characteristics for clear speech, whereas the energy and FO time histories were taken from
the conversational production. It should further be noted that hybridization first required
identification of phonetic segments and individual glottal closure instances (see the previous
section, where procedures for measuring FO are described). Using Praat (Boersma &
Weenink, 2013), segment boundaries were identified from the waveform and wideband
(300-400 Hz) spectrographic displays using conventional acoustic criteria. Pauses were
identified and labeled but were not modified during hybridization.

The six hybrids studied were intonation (I); energy (E); duration (D); prosody, defined as the
combination of intonation, energy, and duration (IED); short-term spectrum (S); and the
combination of duration and short-term spectrum (DS). These hybrids were selected on the
basis of previous clear speech studies, which suggests the importance of these acoustic cues
to the clear speech benefit. Hybrids also allowed for conclusions concerning the importance
of prosodic cues, either individually or in combination, versus segmental cues to
intelligibility. The DS hybrid was included given Kain et al.’s (2008) study, which found that
the combination of spectrum and duration was the primary source of improved intelligibility
for clear speech produced by a neurotypical male. Although additional hybrids are possible,
the number of hybrids was constrained to minimize the influence of stimulus familiarity on
judgments of intelligibility.

Figures 2 and 3 show selected amplitude normalized hybrid stimuli (via root-mean-square
A-weighted [RMSA]; see Kain et al., 2008), as well as the amplitude normalized
conversational and clear productions for PDM01 and PDMO6, respectively. The waveform
display in Figure 2 corresponds to the conversational production. In each panel of Figure 2,
RMS intensity is shown in gray and the FO time history is shown in black. The aspect ratio
of the x-axis for the clear production differs from other panels in this figure to facilitate
comparison of energy and FO traces from the clear production to the hybrids as well as the
conversation production. The various panels in Figures 2 and 3 display extraction of acoustic
features from clear sentences and their application to conversational sentences. Visual
inspection of spectrograms in Figure 3 further attests to the excellent quality of the
resynthesis.

Perceptual Method and Procedure

Listeners—A total of 20 individuals, including nine males and 11 females, with a mean
age of 23 years (SD = 6 years), participated. Participants spoke standard American English
as their first language and reported no history of speech, language, or hearing pathology or
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experience with speech disorders. All listeners passed a bilateral hearing screening at 20 dB
HL at octave frequencies between 500 Hz and 8000 Hz (American National Standards
Institute, 2004) and were paid a modest fee.

Perceptual task—Speakers with PD had mildly reduced sentence intelligibility, as
indexed by the SIT. Thus, to prevent ceiling effects, experimental stimuli were equated for
overall amplitude and mixed with multitalker babble, as is typically done in clear speech
studies (Smiljani¢ & Bradlow, 2009). Sentences first were equated for average RMSA
intensity. To accomplish this, speech waveforms were filtered with an A-weighted filter
(International Electrotechnical Commission, 2002), and levels were calculated by averaging
frame-by-frame (using frame durations on the order of 10 ms) RMS sample values of
nonpausal portions of the speech. Each waveform was then multiplied by an appropriate
gain factor so that the resulting waveforms all had the same average RMSA value. Sentences
were mixed with multitalker babble sampled at 22 kHz and low-pass filtered at 11 kHz
(Bochner, Garrison, Sussman, & Burkard, 2003; Frank & Craig, 1984). Based on pilot
testing, a signal-to-noise ratio of —1 dB was applied to each sentence; this ratio minimized
floor and ceiling effects in both intelligibility tasks. Sentences were presented via Sony
Dynamic Stereo Headphones (MDR-V300) at 75 dB. The dB level of stimuli was calibrated
at the beginning of each listening session for five randomly selected experimental sentences
using an earphone coupler and Quest Electronics 1700 sound level meter.

Listeners were seated in a sound-treated booth in front of a computer. Following previous
studies employing resynthesis to study the acoustic basis of sentence intelligibility, all
listeners judged intelligibility in both scaling and orthographic transcription tasks (Bunton et
al., 2001; Laures & Weismer, 1999). The two tasks were expected to yield related findings,
but transcription intelligibility is thought to largely reflect segmental production
characteristics, whereas scaling tasks may be more sensitive to nonsegmental variables (see
Weismer, 2008; Weismer & Laures, 2002; Yunusova et al., 2005). Sentences were pooled
across speakers, and orders of both tasks and stimuli were randomized and counterbalanced
across listeners. Before beginning each task, listeners judged eight practice sentences
produced by a male speaker with PD who was not part of the present study. In this manner,
the practice task exposed listeners to each of the sentence variants and also familiarized
participants with the computer interface.

Scaled estimates of intelligibility were obtained using a vertically oriented, computerized
150 mm vertical Visual Analog Scale, as used in previous studies (Sussman & Tjaden, 2012;
Tjaden et al., in press). Endpoints were labeled as cannot understand anything and
understand everything. The scale was continuous and contained no tick marks. Following
presentation of each sentence, listeners used a computer mouse to click anywhere along the
scale to indicate their judgment. The task was self-paced and listeners were allowed to hear
each sentence once. Following completion of the entire experiment, computer software
converted responses to numbers ranging from O (cannot understand anything) to 1
(understand everything).

For the transcription task, listeners also heard sentences once and typed their response onto a
computer using custom software. Similar to the scaling task, the transcription task was self-
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paced, and listeners heard each stimulus only once. Each of the five key words was scored as
correct or incorrect. An exact match between the target word and response was required for
a key word to be scored as correct. A key word scoring format has been used in other studies
and acknowledges that information-bearing words make a more important contribution to
utterance meaning than function words such as “a,” which typically have little meaning
(Bradlow, Toretta & Pisoni, 1996; Hustad, 2006; Kain et al., 2008; Miller et al., 2010).

As previously noted, the eight variants of each Harvard sentence included unmodified
conversational (Con) and clear (CIr) productions as well as six hybrids. Thus, for each
speaker, judgments of intelligibility were obtained for 80 sentences (10 Con + 10 Clr + 60
hybrids = 80). Each listener judged all conversational and clear sentences produced by both
speakers. To reduce the number of exposures to a given sentence, we divided hybrid
sentences into two subsets of 60. Hybrid subsets were carefully constructed to include five
occurrences of each of the six hybrids for both speakers. Hybrid subsets were then pooled
with the conversational and clear productions yielding two sentence sets composed of 100
sentences (Set A, Set B). Each listener judged one sentence set in the transcription task and
the other sentence set in the scaling task. In this manner, all clear and conversational
sentences were judged by 20 listeners; each hybrid sentence was judged by 10 listeners. In
addition, listeners were presented with a random selection of 10 sentences twice for the
purpose of determining intrajudge reliability.

Data Analysis

Results

Acoustic measures were characterized descriptively. Intelligibility data for PDMO01 and
PDMO06 were analyzed separately. For each listener, a percent correct score was computed
for each of the eight sentence variants (i.e., Con, Clr, I, E, D, IED, DS, S) by pooling
sentences, tallying the total number of correctly transcribed key words, dividing by the total
number of key words, and multiplying by 100. Similarly, a mean scale value for each of the
eight sentence variants was obtained for each listener by averaging scale values across
sentences. Percent correct scores were arcsine transformed for statistical analysis, but raw
scores are reported in figures and tables. Intelligibility measures for all sentence variants
were characterized using standard descriptive statistics, such as means and standard
deviations. Because acoustic cues contributing to conversational-to-clear improvements in
intelligibility were of interest, statistical analyses consisted of planned comparisons in the
form of paired #tests wherein intelligibility for conversational stimuli was compared with
variants for which intelligibility improved above conversational levels. A significance level
of .05 was used for all hypothesis testing.

Acoustic Measures

Descriptive statistics for acoustic measures are reported in Table 1. Relative to the
conversational style for control males, conversational speech for PDMO06 was characterized
by notable compression of both vowel space areas, a reduction in mean SPL, and reduced
sentence-level FO range. Mean SPL and FO range for PDMO01’s conversational style also
were reduced in comparison with control males, and his articulation rate was slightly
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accelerated. These acoustic differences for the speakers with PD and control males are
consistent with classic perceptual descriptions of “prosodic insufficiency” in the dysarthria
of PD.

Table 1 further indicates that similar to the control males, both PD speakers slowed
articulation rate, increased mean SPL and mean F0, and enhanced sentence-level SPL and
FO modulation for clear sentences. These conversational-to-clear adjustments are consistent
with other studies of PD and studies of neurotypical speech (Dromey, 2000; Goberman &
Elmer, 2004; Smiljani¢ & Bradlow, 2009). PDM06 and control males also expanded vowel
space areas in the clear condition, whereas vowel space areas for PDMO01 were slightly
reduced for clear versus conversational. Although studies of normal speech consistently
report an expanded vowel space area for clear speech (see Smiljani¢ & Bradlow, 2009),
these types of segmental adjustments appear less consistently in the clear speech of PD
speakers (Goberman & Elmer, 2004).

Listener Reliability

Intelligibility

For the scaling task, Pearson product correlation coefficients for the first and second
presentation of sentences ranged from .57 to .99 across the 20 listeners, with a mean of .80
(SD=.13). For transcription, Pearson product correlations relating the percentage of
correctly transcribed words in the first and second presentation of sentences ranged from —.
12 to 1.00 across the 20 listeners, with a mean of .76 (SD = .24). Removal of the outlier with
poor intrajudge reliability yielded correlations for the 19 remaining listeners ranging from .
58 to 1.0, with a mean of .80 (SD = .13). Transcription results were identical regardless of
whether data for the listener with poor reliability were included or excluded. However, to be
conservative, this listener’s transcription data were excluded from the study. Findings for
transcription reported in the remainder of the article are based on responses from 19
listeners.

Interjudge reliability was assessed using the intra-class correlation coefficient (ICC; see also
Y. Kim & Kuo, 2012; Neel, 2009; Van Nuffelen, De Bodt, Wuyts, & Van de Heyning, 2009).
Interjudge reliability was assessed separately for Set A and Set B stimuli, as sentence sets
were composed of different hybrid variants. For the scaling task, the single measure ICC
was .52 and average ICC was .92 for both Set A and Set B sentences. For Set A
transcription, the single measure ICC was .54 and the average ICC was .92. For Set B
transcription, the single measure ICC was .53 and the average ICC was .91. Thus, for both
intelligibility tasks, listeners demonstrated good agreement on a per-item basis and excellent
agreement on average (Cichetti, 1994; Fleiss, 1986). All ICCs were also statistically
significant (o < .001). For both scaling and transcription, interjudge and intrajudge reliability
metrics compare favorably with previously published intelligibility studies of dysarthria
(e.g., Bunton et al., 2001; Y. Kim & Kuo, 2012; Neel, 2009; Van Nuffelen et al., 2009;
Yunusova et al., 2005). Listener reliability also is considered further in the discussion.

Figure 4 reports mean percent correct scores and scale values pooled across sentences and
listeners. Vertical bars indicate = 1 SD. Results for conversational and clear stimuli are
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shown on the extremes of the x-axis, and results for hybrids are reported in the middle of the
x-axes. Mean scale values for conversational and clear stimuli also are reported in Table 2,
as are overall percent correct scores. These overall percent correct scores were obtained by
pooling responses across listeners, tallying the total number of correctly transcribed key
words, dividing by the total number of possible key words, and multiplying by 100.
Difference scores for hybrids in Table 2 further capture the change in intelligibility. Negative
difference scores indicate reduced intelligibility relative to conversation, whereas positive
scores indicate improved intelligibility relative to conversation. Difference scores for
transcription were calculated from overall percent correct scores; difference scores for the
scaling task were calculated using scale values averaged across listeners.

Several observations can be made from Figure 4 and Table 2. First, although increases in
intelligibility above conversation are more robust for transcription, for both speakers, the
overall pattern of results with respect to improvements in intelligibility above conversation is
similar for the two tasks. For example, clear stimuli were consistently judged to be the most
intelligible. In addition, of the six hybrid variants, the E hybrid was associated with the
greatest improvement in intelligibility above conversational levels for PDMO1 in both tasks,
whereas the S hybrid was associated with the greatest improvement in intelligibility in both
tasks for PDMO06, followed by the DS hybrid. For both intelligibility tasks, the magnitude of
the improvements in intelligibility also was greater for PDMO0L1.

Results for paired ftests comparing conversation to each hybrid variant associated with
improved intelligibility were as follows: For PDMO01, there was a significant improvement in
intelligibility for Clr versus Con, transcription #18) = —-6.119, p< .001; scaling #19) =
4.468, p<.001. The E-Con comparison for PDMO01 was also significant for the transcription
task, {18) = —2.149, p=.046, but not the scaling task, {19) -1.783, p=.09.

To supplement the main analysis for PDMOL1 reviewed in the preceding paragraph, in which
sentences were pooled, we report selected individual sentence results for transcription in
Figure 5. Individual sentences are identified with numbers and symbols. Percent correct
scores were obtained by pooling responses across listeners, tallying the number of key words
correctly transcribed, dividing by the total number of key words, and multiplying by 100.
The main conclusion to be drawn from Figure 5 is that the E hybrid was associated with
improved intelligibility relative to Con for eight of 10 sentences for PDMO01. Moreover,
comparison among the six hybrids indicated that the E hybrid was associated with the best
intelligibility for all of PDMO01’s sentence productions.

For PDMO6, intelligibility also improved for Clr versus Con stimuli: transcription {18) =
7.375, p<.001; scaling {19) = -8.383, p < .001; S versus Con: transcription {18) = 12.648,
p<.001; scaling #19) = -7.712, p< .001; and DS versus Con: transcription {18) = -4.213,
p=.001; scaling {19) = -4.402, p< .001. Although Table 2 indicates that the | and E
hybrids for PDMO06 were more intelligible than Con, paired comparisons involving these
hybrids and Con were not significant (o> .05). Selected individual sentence results for
PDMO6 are shown in Figure 6. Percent correct scores were computed in the same manner as
those in Figure 5. Symbol color indicates sentences for which the DS hybrid (white) or S-
only hybrid (black) was associated with the best intelligibility among all hybrids relative to
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the Con style. Figure 6 indicates that the S hybrid was associated with greatest gain in
intelligibility above the Con style for six sentences, whereas the DS hybrid was associated
with the greatest gain in intelligibility above Con style for three sentences. Results were
idiosyncratic for the remaining sentences.

Discussion

Most previous studies using a digital signal—-processing approach to investigate acoustic
variables explaining intelligibility in dysarthria have focused on manipulation of a single
acoustic parameter (e.g., Bunton, 2006; Bunton et al., 2001; Hammen et al., 1994). In
contrast, we investigated the contribution of segmental as well as sentence-level,
suprasegmental variables to intelligibility variation in dysarthria. Acoustic manipulations in
many of these previous studies also involved operationally defined magnitudes of change
(i.e., altering all FO values by a percentage), which may not be representative of acoustic
change in naturally occurring speech. In the current study, however, we examined voluntary,
conversational-to-clear changes to the speech signal. There are several conclusions to be
drawn from this work.

First, despite the fact that clear speech for both speakers was associated with a variety of
acoustic changes, only some conversational-to-clear speech acoustic adjustments contributed
to the clear speech benefit. Consider first the acoustic differences between the conversational
and clear speech styles. As has been widely reported in clear speech studies of neurotypical
talkers as well as Goberman and Elmer’s (2004) clear speech study of PD, clear sentences
were characterized by lengthened segment durations, as inferred from a reduced articulation
rate. Although the magnitude of the rate reduction for the speakers with PD was somewhat
less than for a group of age-matched control males, both PDMO01 and PDMO06 reduced
articulation rate by approximately 20% when using a clear speech style. Both speakers also
enhanced sentence-level FO modulation and increased mean FO when using a clear speech
style. FO range for PDMO1 increased by a factor of approximately 1.6, whereas FO range for
PDMOG6 increased by a factor of 1.5. These findings for FO also are in agreement with
previous clear speech studies (e.g., Bradlow, Krause, & Hayes, 2003; Goberman & Elmer,
2004; Picheny, Durlach, & Braida, 1986). For both PDMO01 and PDMO06, however, neither
the D nor | hybrids were associated with a significant improvement in intelligibility relative
to Con, nor did the IED hybrid improve intelligibility above conversational levels.

Previous investigators of normal speech suggested that lengthening of segment durations
alone is not sufficient to explain the clear speech intelligibility benefit (Krause & Braida,
2002; Picheny, Durlach, & Braida, 1989). Digitally lengthening segment durations in
sentences produced by speakers with dysarthria also does not improve intelligibility above
habitual levels (Hammen et al., 1994). It therefore is not unexpected that the D hybrid did
not enhance intelligibility. However, the finding that the | hybrid also did not improve
intelligibility above conversational levels seems at odds with Bunton’s (2006) study
reporting that an enhanced sentence-level FO range improved vowel intelligibility in PD as
well as studies suggesting a relationship between sentence-level FO modulation and
intelligibility (see reviews in Ramig, 1992; Watson & Schlauch, 2008). One possibility is
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that listeners perceived sentences having an exaggerated FO range to be unnatural, and a
reduction in speech naturalness offset any improvements in intelligibility.

Alternatively, Miller et al. (2010) found that intelligibility for five healthy talkers was
reduced, on average, by approximately 13% when FO contours for conversational sentences
were increased by a factor of 1.75. As Miller et al. (2010) note, their results should not be
interpreted to suggest that exaggerated FO contours have no beneficial perceptual effect, but
that the relationship between an exaggerated FO contour and intelligibility is complex. For
example, although a clear speech style may be accompanied by an overall increase in
sentence-level FO range, FO contrastivity between syllables—which is known to be
important for lexical segmentation—might be reduced in clear speech. Studies are needed to
further investigate the contribution of exaggerated sentence-level FO to intelligibility for a
variety of speaker and listener populations because suprasegmental cues may become
increasingly important for recovering a speaker’s intended message when segmental cues are
not robust or are unreliable (see discussion in Liss, 2007).

Second, results indicated that the source of the clear speech benefit for one speaker was
attributable to adjustments in short-term spectrum, whereas energy characteristics explained
the clear speech benefit for the other speaker. This pattern of results further held for the
majority of individual sentences (see Figures 5 and 6). The implication is that even for
speakers with the same neurological diagnosis or dysarthria, as well as broadly similar
speech involvement as indexed by the SIT (Yorkston et al., 1996), acoustic variables
explaining improved intelligibility for clear speech may differ. Determining talker
characteristics that help to predict acoustic variables explaining intelligibility variation
requires further study. Similar to results for neurologically normal speech reported by Kain
et al. (2008), the current results hint at the primacy of segmental articulatory variables to
clear speech improvements in intelligibility. That is, although both speakers made a number
of suprasegmental adjustments when instructed to use a clear speech style, PDMO06 also
enhanced segmental contrast, as inferred from measures of vowel space area (see Table 1).
PDMO06’s hybrids involving the clear spectrum also were associated with a significant
improvement in intelligibility above conversation. Why a clear speech style was not
associated with increased vowel space areas for PDMO01 is unknown. This might be related
to the fact that PDMO01’s vowel space areas in Table 1 for conversation resembled those for
control males. This could either reflect unimpaired segmental articulation or compensation
for a slightly accelerated rate, reduced SPL, or reduced FO range (for related discussion, see
Goberman & Elmer, 2004). Nonetheless, the finding that energy characteristics explained
the improved intelligibility of clear speech for PDMOL1 is in agreement with research
suggesting that increased intensity envelope modulation contributes to the improved
intelligibility of clear speech (Krause & Braida, 2004, 2009). Thus, suprasegmental
adjustments do contribute to improved intelligibility of clear speech, perhaps especially
when speakers do not enhance segmental contrasts.

The current findings are based on conversational and clear speech styles elicited in a
laboratory setting for two speakers with PD. It would be premature to generalize results to
clinical practice. This line of inquiry may ultimately prove to have clinical implications,
however. Recall that energy characteristics contributed to improved intelligibility for
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PDMO1, whereas spectral adjustments explained the improved intelligibility of clear speech
for PDMO06. Whether a therapeutic technique that focuses on these variables might yield
even greater improvements in intelligibility is unknown. For example, it might be speculated
that a therapeutic technique that focuses on maximizing intensity envelope modulation might
be most efficacious for enhancing intelligibility for PDMO1, whereas a therapeutic technique
that focuses on maximizing segmental or spectral contrast might be most efficacious for
enhancing intelligibility for PDMO06. Future studies could evaluate this suggestion. Results
would have implications for a “one size fits most” approach to dysarthria treatment wherein
the same therapeutic technique is recommended almost exclusively for a particular
neurological diagnosis or dysarthria.

Finally, results suggest the hybridization process developed by Kain et al. (2008) is a
powerful technique for identifying acoustic variables or combinations of variables
explaining improvements in sentence intelligibility for speakers with mild dysarthria
secondary to PD. Whether hybridization is possible using speech signals produced by talkers
with more severe dysarthria for whom segment boundaries are blurred or indistinct and
source characteristics are very poor remains to be determined. It seems likely that
hybridization could be further exploited to identify speech changes explaining the perceptual
consequences of dysarthria therapy techniques other than clear speech such as rate
manipulation, contrastive stress, or an increased vocal intensity. Similar to clear speech, each
of these global therapeutic techniques for dysarthria tends to be associated with
simultaneous adjustments in multiple speech parameters such as duration, energy, FO, and
segmental articulation (Yorkston, Hakel, Beukelman, & Fager, 2007). Changes to the speech
signal responsible for improved perceptual outcomes associated with rate reduction, an
increased vocal intensity, and contrastive stress remain poorly understood, although this
knowledge would improve the scientific evidence base for dysarthria treatment and may
ultimately help to optimize behavioral treatment or training programs for dysarthria (Liss,
2007; Neel., 2009; Yorkston et al., 2007).

Caveats and Conclusions

Several factors should be kept in mind when interpreting the present results. First, although
speaker numbers are consistent with those used in other studies employing resynthesis,
results are limited to two speakers with mild dysarthria secondary to PD and should not be
generalized to other neurological diagnoses or more severe dysarthria. Perceptual judgments
of intelligibility also were obtained in the presence of an adverse perceptual environment, as
is commonly done in studies investigating the acoustic basis of intelligibility in neurotypical
speech, including the original hybridization study of Kain and colleagues (2008). The
importance of investigating speech intelligibility measurement in dysarthria in adverse
listening conditions is noted by Yorkston and colleagues (Yorkston et al., 2007, 2010), and
the multitalker babble used in the present study is arguably a more ecologically valid
perceptual environment than other types of background noise, such as broadband noise or
multitalker babble for which the FO contour has been inverted. How different types of
background noise impact intelligibility of neurologically normal speech has been a topic of
study for some time (e.g., Binns & Culling, 2007; Festen & Plomp, 1990; Plomp & Mimpen,
1979), but intelligibility in background noise is only beginning to be reported in published
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dysarthria studies (Bunton, 2006; Cannito et al., 2012). Preliminary data based on a small
number of speakers further suggests that background noise impacts intelligibility in
dysarthria in a slightly different way than for neurologically normal talkers and may even
differ depending upon the perceptual characteristics or severity of the dysarthria (McAuliffe,
Good, O’Beirne, LaPointe, 2008; McAuliffe, Schaefer, O’Beirne & LaPointe, 2009).

None of the hybrids were more intelligible than clear speech, and some hybrids were
associated with reduced intelligibility relative to conversational speech. Similar results were
reported by Kain et al. (2008). Although the quality of the resynthesis was very high (e.g.,
compare quality of hybrid spectrograms in Figure 3 to clear and conversational productions),
the reduced intelligibility for some hybrids may be a byproduct of signal processing (see
also Krause & Braida, 2009). That is, all hybrids involved acoustic changes that naturally
occur when talkers adopt a clear speech style. However, in the majority of hybrids, acoustic
changes that simultaneously occur in naturally produced clear speech were separated from
one another, and listeners may have sensed that these stimuli were unusual. Last, it might be
speculated that boundary artifacts associated with the digital signal processing somehow
facilitated lexical segmentation and thus intelligibility. If this were the case, however, it is
unclear why more hybrids were not associated with improved intelligibility relative to
conversation, and perhaps especially why hybrids involving spectrum did not enhance
intelligibility for PDMO1.

Finally, intelligibility was assessed using both scaling and transcription tasks. In general, the
pattern of findings with respect to improvements in intelligibility was similar for both tasks,
although paired-comparisons for transcription were more consistently significant. Additional
studies are needed, but the present results may suggest that a scaling task provides a more
conservative estimate of improvements in intelligibility, at least for mild dysarthria presented
in multi-talker babble. Interestingly, listener reliability was similar for both the transcription
and scaling tasks. Thus, regardless of the specific task, listeners vary within themselves as
well as among one another in their judgments of intelligibility for mild dysarthria presented
in background noise. Determining the source of listener variability in judgments of
intelligibility for dysarthria is an ongoing research challenge (see Choe, Liss, Azuma, &
Mathy, 2012; McHenry, 2011).

In sum, not all production changes for clear speech produced by speakers with PD contribute
to its improved intelligibility. The source of the improved intelligibility for one speaker’s
clear speech was attributable to adjustments in short-term spectrum, whereas energy
characteristics explained the improved intelligibility of clear speech produced by another
speaker. Thus, even for speakers with the same neurological diagnosis or dysarthria as well
as broadly similar speech involvement as indexed by the SIT (Yorkston et al., 1996),
acoustic variables explaining intelligibility improvement may differ. Results further suggest
hybridization is a powerful technique for identifying acoustic variables explaining
intelligibility variation in mild dysarthria.
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Figurel.
Block diagram summarizing hybridization process. CNV = conversational; CLR = clear; ins

= insert; del = delete; aux = auxiliary; D = duration; E = energy; | = intonation; S = short-
term spectrum; HYB-DS = hybrid of duration and short-term spectra.
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Selected amplitude normalized hybrid stimuli as well as the amplitude normalized

conversational and clear productions for PDMO1 are shown. The waveform display
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corresponds to the conversational production. In each panel, root-mean-square intensity is
shown in gray, and the FO time history is shown in black. The aspect ratio of the x-axis for
the clear production differs from other panels to facilitate comparison of energy and FO

traces from the clear production to the hybrids as well as the conversation production.
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Figure 3.

Selected amplitude normalized hybrid stimuli, as well as the amplitude normalized
conversational and clear productions for PDMO6 are shown.
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Figure 4.
Mean percentage correct scores and scale values pooled across sentences and listeners are

reported. Vertical bars indicate £1 SD. Results for conversational (CON) and clear stimuli
are shown on the extremes of the x-axis, and results for hybrids—duration (D); the
combination of duration and short-term spectrum (DS); energy (E); intonation (1); prosody,
defined as the combination of intonation, energy, and duration (IED); and short-term
spectrum (S)—are reported in the middle of the x-axes.
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Figureb5.
Transcription results for individual sentences are reported for PDMO1.
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Figure 6.
Transcription results for individual sentences are reported for PDM06. White symbols

indicate sentences for which the duration/spectrum hybrid was associated with the best
intelligibility among the six hybrid variants as well as improved intelligibility above
conversational (7= 3). Black symbols indicate sentences for which the spectrum hybrid was
associated with the best intelligibility among the six hybrids as well as improved
intelligibility relative to conversational (/7= 6).
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