
Perception of Coarticulatory
Information in Normal Speech
and Dysarthria

Purpose: This studyaddressed three research questions: (a) Can listeners use anticipatory
vowel information in prevocalic consonants produced by talkers with dysarthria to
identify the upcoming vowel? (b) Are listeners sensitive to interspeaker variation in
anticipatory coarticulation during prevocalic consonants produced by healthy talkers
and/or talkers with dysarthria, as measured by vowel identification accuracy? (c) Is
interspeaker variation in anticipatory coarticulation reflected inmeasures of intelligibility?
Method: Stimuli included 106 CVC words produced by 20 speakers with either
Parkinson’s disease or multiple sclerosis or by 16 healthy controls characterized by an
operationally defined normal, under, or over level of anticipatory vowel coarticulation.
Ten listeners were presented with prevocalic consonants for identification of the vowel.
Ten additional listeners judged single-word intelligibility. An analysis of variance was
used to determine differences in vowel identification accuracy and intelligibility as a
function of speaker group, coarticulation level, and vowel type.
Results: Listeners accurately identified vowels produced by all speaker groups from
the aperiodic portion of prevocalic consonants, but interspeaker variations in strength
of coarticulation did not strongly affect vowel identification accuracy or intelligibility.
Conclusions: Listeners appear to be tuned to similar types of information in the acoustic
speech stream irrespective of the source or speaker, and any perceptual effects of
interspeaker variation in coarticulation are subtle.
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T he perceptual system is faced with the extraordinary task of
making sense of a coarticulated speech stream, and theories of
speech perception and spoken word recognition have addressed

the problem of coarticulation in two primary ways (see reviews in
Goldinger, Pisoni, & Luce, 1996; McQueen & Cutler, 1997). One class of
theories, including the motor theory of perception (Liberman &Mattingly,
1989), acknowledged the difficulties of listeners in extracting individual
speech sounds due to the coarticulated or “encoded” nature of speech.
Liberman and Mattingly suggested that as many segments as possible
were downloaded to the production system in parallel, resulting in an
enmeshed acoustic stream. They believed that listeners resorted to
retrieval of invariant articulatory gestures instead of retrieving the
intended sounds from the acoustic signal. Empirical support for this
class of theories is lacking, however, in part because the search for
invariant aspects of the speech signal has not been successful (but see
Sussman, Fruchter, Hilbert & Sirosh, 1998).

Another class of theories considers coarticulatory cues as potentially
valuable sources of information for perception. TRACE (Elman &
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McClelland, 1986; McClelland & Elman, 1986) and the
distributed cohort theory (e.g., Gaskell &Marslen-Wilson,
1997, 1999) are examples of spoken word recognition
theories. TRACE attempts to represent coarticulation by
allowing phonetic features to overlap in their representa-
tion, even though the features themselves never change.
While most word recognition models still do not incorpo-
rate most of the contextual and temporal detail of speech
signals into their representations (Luce&McClellan, 2005),
allophonic variation is incorporated into other recognition
models (e.g., PARSYN; Luce, Goldinger, Auer, &Vitevitch,
2000).

As suggested in the following paragraphs, two areas
of study show the importance of coarticulation. One set
of studies indicates that listeners are sensitive to co-
articulatory information in the acoustic speech stream.
Other studies show that deviant or inappropriate coar-
ticulatory information is detrimental to accurate percep-
tion. Because the current study focuses on anticipatory
or right-to-left vowel coarticulation within syllables or
words, the following review is largely restricted to stud-
ies investigating perception of anticipatory vowel cues
within words. Coarticulatory cues between syllables or
words may have very different perceptual implications.
For example, reduced anticipatory coarticulation in a
CV syllable can negatively impact perceptual accuracy
for the vowel (e.g., Southwood, Dagenais, Sutphin, &
Garcia, 1997; Yeni-Komshian & Soli, 1981), but reduced
coarticulation between syllables or words is a useful cue
for word boundaries and thus helps to constrain lexical
access (see Mattys, 2004).

The perceptual relevance of anticipatory vowel in-
formation is suggested by a variety of sources, including
studies reporting that listeners can identify vowels in
stop consonant + vowel or fricative + vowel syllables pro-
duced by healthy adult talkers at better than chance
levels, when presentedwith only the aperiodic portion of
the consonant (e.g., Kuehn & Moll, 1972; Nittrouer &
Whalen, 1989; Ostreicher & Sharf, 1976;Winitz, Scheib,
& Reeds, 1972; Yeni-Komshian & Soli, 1981). Listeners
can also identify the vowel in CV syllables produced by
adults with apraxia of speech (AOS) or aphasia at better
than chance levels when presented with the aperiodic
portion of the consonant, at least for those individuals
with AOS or aphasia exhibiting unimpaired coarticula-
tory patterns (Baum, 1998; Katz, 1988). Ostreicher and
Sharf (1976) further suggested that because anticipa-
tory cues enable listeners to perceive the identity of later
occurring segments, these cues are important for max-
imizing the efficiency and speed of speech perception.

Studies reporting that experimentally induced co-
articulatory deviancies pose difficulty for listeners sug-
gest that coarticulatory cues are a rich information source
and thus are important for accurate, efficient speech
perception. For example,Martin and Bunnell (1981, 1982)

cross-spliced the final syllable /zi/ or /zA / in utterances
like /puzi/ and /puzA / and asked listeners to monitor for
the second vowel. Listeners were faster and more accu-
rate at identifying a second vowel such as /i /, when the
first vowel contained appropriate coarticulatory infor-
mation for /i /, or as if the first vowel had originally been
produced before /i /. On the basis of a series of cross-
splicing experiments, Martin and Bunnell (1981, 1982)
concluded that appropriate coarticulatory cues facilitate
perception while inappropriate anticipatory cues are det-
rimental to rapid, accurate perception. Relatedly, other
studies have cross-spliced stimuli from two languages to
create appropriate and inappropriate coarticulatory con-
texts (Beddor, Harnsberger, & Lindemann, 2002;Manuel,
1987). Beddor et al. (2002) showed that listeners respond
to coarticulatory cues in ways consistent with their lin-
guistic experience. The fact that listeners are tuned to the
coarticulatory patterns of their native language further
indicates the perceptual relevance of coarticulatory cues.

The importance of anticipatory vowel cues for per-
ception is also indicated by studies reporting that nat-
urally occurring coarticulatory deviancies pose difficulty
for listeners (Southwood et al., 1987;Waldstein&Baum,
1994; Ziegler & von Cramon, 1986). Southwood et al.
(1987), for example, investigated anticipatory vowel co-
articulation in CVC words produced by a speaker with
AOS and a healthy talker. Speech production measures
indicated delayed or distorted anticipation of the vowel
during production of the word–initial consonant for the
speaker with AOS. A gating paradigmwas employed for
the perceptual study, wherein listeners were presented
with successively lengthened stimuli for identification
of the vowel. At earlier gates, vowel identification was
better for stimuli produced by the healthy talker, sug-
gesting that the healthy talker’s stimuli contained more
coarticulatory information for the vowel. Similar results
were reported by Ziegler and von Cramon (1985, 1986)
for AOS. The perceptually obvious coarticulatory devi-
ancies noted for some talkerswithAOS, therefore,might
help to explain reduced intelligibility in AOS. The ap-
propriate studies have yet to be conducted, however.

Despite an abundance of studies suggesting the
perceptual relevance of coarticulation, much remains to
be learned about how and when intrasyllabic coarticu-
latory information is important for perception. For
example, if coarticulatory information is exploited by
listeners as posited by some theories of perception, lis-
teners should be tuned to these cues in speech signals
for a variety of talkers. Dysarthria provides an inter-
esting case for studying the perceptual relevance of co-
articulation. On the one hand, speech production studies
suggest similar patterns of anticipatory coarticulation
for speakers with dysarthria and healthy controls, at
least in studies of mild-to-moderate dysarthria in which
between-group differences in articulatory scaling are
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controlled (Hertrich & Ackermann, 1999; Tjaden, 2003;
also Weismer, Yunusova, & Westbury, 2003). Thus, it
seems reasonable to speculate that anticipatory vowel
cues in the acoustic signal of dysarthria would be per-
ceptible to listeners in the same manner as for neurolog-
ically normal speech signals.

On the other hand, articulatory imprecision associ-
ated with dysarthria could mask the ability of listeners
to effectively use coarticulatory information for percep-
tion. For example, Katz, Kripke, and Tallal (1991) found
that anticipatory vowel cues in /s / + vowel syllables pro-
duced by 3-year-old children were not perceptible, al-
though speech production measures indicated similar
coarticulatory patterns for children and adults (also Sereno,
Baum,Katz, &Lieberman, 1987). It was speculated that
listeners may have been unable to use anticipatory vowel
cues in fricatives extracted from fricative + vowel syl-
lables produced by young children, owing to imprecise
consonant production. That is, coarticulatory cues for
the vowel were imperceptible due to a poorly produced
consonant. Similar statements have beenmade concern-
ing the influence of poorly articulated vowels on percep-
tion of vowel coarticulatory information from prevocalic
consonants produced by children with hearing impair-
ment (Waldstein & Baum, 1994). Studies of dysarthria
also suggest impaired segmental production of conso-
nants and vowels, at least for some speakers and speech
materials (e.g., Tjaden & Turner, 1997; Tjaden &
Wilding, 2004). Katz et al. (1991) further noted that
young children tend to be less intelligible than older chil-
dren and adults. One implication is that reduced per-
ceptibility of coarticulatory cues might be related to
instances of reduced intelligibility. Indeed, if coarticula-
tory cues are important for accurate, efficient perception,
it stands to reason that there would be consequences if
these cues cannot be detected.

Only one study has attempted to investigate percep-
tion of coarticulatory cues in the acoustic signal of dys-
arthria. Ziegler and von Cramon (1985) were primarily
interested in studying perception of anticipatory coartic-
ulation for speech produced by an individual with AOS,
but listeners also judged stimuli produced by healthy
controls and a speaker with spastic dysarthria second-
ary to a traumatic brain injury. Listeners were able
to identify the vowel in CV syllables produced by the
healthy talkers when presented with only the conso-
nant, but had difficulty identifying the vowel in stimuli
produced by the speaker with dysarthria. Ziegler and
von Cramon (1985) suggested that this result was due to
the fact that vowels produced by the speaker with dys-
arthria were poorly distinguished.

Finally, speech production studies have shown that
the degree of coarticulation for a given utterance can vary
substantially across speakers, even for neurologically
normal talkers (e.g., Lubker & Gay, 1982). Theories in

which listeners exploit coarticulatory cues for percep-
tion offer little in the way of explanation as to whether
this type of coarticulatory variability is important. This
is likely related to the fact that so few studies have in-
vestigatedwhether listeners are sensitive to this type of
“normal” coarticulatory variability. Listeners can toler-
ate a fair amount of variability in the acoustic signal and
still arrive at the same percept (see review of perceptual
normalization effects in McQueen & Cutler, 1997). Thus,
one possibility is that listeners normalize or compensate
for interspeaker variations in coarticulation, as might
be required for rate-induced variations in coarticula-
tion (Katz, 2000). As described next, however, at least
one study suggests that listeners are sensitive to inter-
speaker variation in anticipatory vowel coarticulation.

Yeni-Komshian and Soli (1981) presented listeners
with the /s / in /su/ produced by two healthy speakers.
Listeners were only able to identify the vowel in stimuli
produced by one of the speakers. Acoustic analyses in-
dicated anticipatory lip rounding for /u/ throughout the
entire fricative for the speaker for whom vowels were
accurately identified, as indicated by a dip in the spec-
trum in the vicinity of 5 kHz. For the speaker for whom
vowels were poorly identified from the aperiodic portion
of the consonant, anticipatory lip rounding for /u/, as in-
ferred from a dip in the consonant spectra in the vicinity
of 5 kHz, was only evident immediately before vowel
onset. These results support the idea that listeners are
sensitive to normal amounts of interspeaker variation in
intrasyllabic coarticulation. Whether this type of coarti-
culatory variation is perceptually meaningful, as indexed
by a more functional measure such as intelligibility, re-
quires further study. Yeni-Komshian and Soli (1981) noted
that syllables produced by both speakers were intelligible
when heard in their entirety, but this claim was not sub-
stantiated with formal measures of intelligibility.

In summary, if coarticulatory cues are exploited for
perception as suggested by certain perceptual theories,
listeners should be sensitive to these cues in speech sig-
nals for a variety of talkers. It is unknown whether lis-
teners are sensitive to coarticulatory cues in the acoustic
signal of dysarthria, although dysarthria provides an in-
teresting case for studying the perceptual relevance of
coarticulatory cues. A theory of spoken language per-
ception should also have a full appreciation for all of
the varieties of coarticulation that are perceptually rel-
evant. While it is known that listeners are sensitive to
interspeaker differences in coarticulation when coarti-
culatory patterns are deviant for one of two speakers,
such as in the Southwood et al. (1987) study comparing
listeners’ responses to speech signals for a talker with
AOS and a neurologically normal talker, the extent to
which listeners are sensitive to normal amounts of inter-
speaker variation in coarticulation is not well established.
It also is unknown whether this type of coarticulatory
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variability is perceptually meaningful, as indexed by a
measure such as intelligibility. The current series of ex-
periments sought to further investigate the perceptual
relevance of intrasyllabic anticipatory vowel coarticula-
tion by addressing the following research questions:

1. Can listeners use anticipatory vowel information in
prevocalic consonants produced by talkers with dys-
arthria to identify the upcoming vowel?

2. Are listeners sensitive to interspeaker variation in
anticipatory vowel coarticulation during prevocalic
consonants produced by neurologically normal talk-
ers and/or talkers with dysarthria, as measured by
vowel identification accuracy?

3. Is interspeaker variation in anticipatory vowel co-
articulation during prevocalic consonants reflected
in measures of intelligibility for neurologically nor-
mal speakers and/or talkers with dysarthria?

General Method
Stimulus Characteristics

Speakers. Speakers who produced stimuli selected
for study included 10 individuals with a neurological
diagnosis of multiple sclerosis (MS), 10 individuals with
a neurological diagnosis of Parkinson’s disease (PD),
and 16 controls. All speakers took part in a larger project
that included 17 speakers with MS, 12 speakers with
PD, and29healthy controls (Tjaden, 2003; see also Tjaden
& Wilding, 2005). Findings from these speech produc-
tion studies indicated no difference in the strength of an-
ticipatory vowel coarticulation for CV syllables produced
by speakers with MS, speakers with PD, and age- and
gender-matched healthy controls. As described next,

stimuli produced by a subset of the larger speaker pool
were selected for inclusion in the current study because
acoustic measures of anticipatory vowel coarticulation
for these speakers’ utterances met certain operational
criteria. The greater number of healthy talkers who
produced stimuli included for study, as compared with
speakers with MS or PD, also reflects criteria for stim-
ulus selection.

Table 1 and Table 2 summarize speaker character-
istics for individuals with MS and PD who produced
stimuli included in the current study. Male and female
speakers are denoted by speaker codes including the
letter M or F (e.g., MSM1, PDF6). Dysarthria diagnoses
reflect the consensus judgment of three speech-language
pathologists (SLPs). These diagnoses were based on per-
ceptual evaluation of vowel prolongation, diadochokine-
sis, the Grandfather Passage, and a brief conversational
monologue. The three SLPs also judged overall dysar-
thria severity. Note that individuals with MS or PD who
did not exhibit a perceptible dysarthria were not ex-
cluded, as instrumental measures of speech may reveal
subperceptual characteristics of dysarthria. Intelligibil-
ity estimates in Tables 1 and 2 are reported for the pur-
pose of characterizing the connected speech of individuals
with MS and PD. As discussed in Tjaden (2003), these
measures are magnitude estimates of intelligibility for
the Grandfather Passage that were obtained using a
fixed-modulus paradigm. Values reflect the geometric
mean for 5 listeners. None of these 5 listeners partici-
pated in the vowel identification or intelligibility tasks
reported in the current study. Relatively higher scale
values in Tables 1 and 2 indicate relatively better in-
telligibility. Speech characteristics for individuals with
PD reflect performance when optimally medicated, as au-
dio recording took place 1 hr after participants ingested

Table 1. Speaker characteristics for participants diagnosed with multiple sclerosis.

Subject
code Age

Years
post-diagnosis

Dysarthria
diagnosis

Dysarthria
severity Deviant perceptual characteristics

Scaled
intelligibility

MSF1 60 12 Spastic Moderate Strain-strangled, slow rate, short phrases 29
MSF2 42 8 Spastic–ataxic Mild Low pitch, imprecise consonants, excess and equal stress 238
MSF3 33 5 Spastic Moderate Strain-strangled, slow rate, voice tremor 57
MSF8 25 5 Ataxic– spastic Moderate Excess and equal stress, slow rate, short phrases 112
MSF9 50 9 Ataxic Moderate Slow rate, imprecise consonants, irregular artic breakdown 61
MSM2 45 4 Ataxic Moderate Slow rate, monopitch, irregular artic breakdown 91
MSM4 60 20 No perceptible

dysarthria
248

MSM5 62 5 Ataxic Mild Excess and equal stress, harsh, voice tremor 168
MSM6 47 2 Ataxic Mild Hyponasal, imprecise consonants, voice tremor 97
MSM7 48 21 Ataxic Moderate Hyponasal, monopitch, monoloud 74

Note. Perceptual characteristics reflect judgments of three speech pathologists. Scaled estimates of intelligibility were obtained for the Grandfather
Passage. Values correspond to the geometric mean for 5 listeners. Relatively higher numbers indicate better intelligibility, and relatively lower numbers
indicate poorer intelligibility. MSF = multiple sclerosis female; MSM = multiple sclerosis male.
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anti-Parkinsonianmedications. Speakers withMSwere
recorded at times when individuals reportedly were
well rested. Control speakers producing stimuli selected
for inclusion in the current study included 8 women and
8men ranging in age from 20 to 77 years (M = 55, SD = 9).
(Speaker codes including the letter M or F refer to male
and female speakers, respectively [e.g., CM12].)

All speakers scored at least 25/30 on the Mini-
Mental State Examination (Folstein, Folstein, &McHugh,
1975) and had pure-tone thresholds of 40 dB or better in
at least one ear at 1, 2, and 4 kHz. In addition, none of the
participants reported difficulty hearing speech in a quiet
environment or wore hearing aids. Talkers were mono-
lingual speakers of American English, and were judged
by the first author to speak with a dialect characteristic
of westernNewYork state. Speakers were paid amodest
participation fee.

Speech sample and recording procedures. Speakers
produced CVC target words in the carrier phrase “It’s
a _____ again.”The initial consonant of target words was
/t /, /k /, or /s/, and the vowel was /i / or /u/, yielding six
different words. The final consonant typically was /d/,
yielding three pairs of target words with the same ini-
tial consonant followed by the front vowel /i / or the back
vowel /u/ (i.e., teed–tune, keyed–cooed, seed–sued). The
word tune was selected so that word-final consonants
had similar place and voicing characteristics, and all tar-
getwordswere realwords. Speakers produced three rep-
etitions of each phrase in a different random order in his
or her typical or habitualmanner. Stimuli were recorded
in a sound-treated booth using CSpeechSp (Milenkovic,
1997). The acoustic signal was transduced with an AKG
C410 microphone positioned 9.5 cm and at a 50° angle
from the center of the lips. The signal was preamplified,
low pass filtered at 9.8 kHz, and digitized to a personal

computer at 22 kHz using an analog to digital converter
with 15-bit resolution.

For each participant, a 1 kHz calibration tone was
recorded and saved to a computer disk for use in calcu-
lating intensity from the acoustic signal. The 1 kHz cali-
bration tone was output from a function generator and
played through a loudspeaker. The microphone of the
sound level meter and the AKG C410 microphone used
for recording speech samples were positioned parallel to
each other at a distance of 9.5 cm from the loudspeaker,
which corresponds to themouth-to-microphone distance
used to record speech samples. The 90 dB calibration
tone, as verified by the sound level meter, subsequently
was transduced by the AKG C410 microphone using the
same preamplification and filter specifications used for
recording of speech samples.

Acoustic index of coarticulation. First moment coef-
ficient (M1) ratios were used to infer anticipatory vowel
effects during the prevocalic consonant of the CVC tar-
get words. These types of ratios have been used to infer
anticipatory vowel effects during a prevocalic consonant
in other studies, including those investigating percep-
tion of anticipatory vowel coarticulation (e.g., Katz et al.,
1991; Nittrouer, Studdert-Kennedy, & McGowan, 1989).
UsingCSpeech, firstmoments for fricativeswere obtained
for a 20-ms interval beginning 70 ms prior to vowel onset,
and firstmoments for /t/ and /k/were obtained for a 20-ms
interval beginning at the burst release (see alsoNittrouer,
1995; Sereno et al., 1987). For each speaker in the larger
speaker pool reported in Tjaden (2003), a ratio was cal-
culated for all unique pairs of /i / versus /u/ vowel en-
vironments holding consonant context constant. Ratios
approximating 1.0 indicate minimal differentiation of
front versus back vowels during the prevocalic conso-
nant, as indexed by first moment coefficients (e.g., first

Table 2. Speaker characteristics for participants diagnosed with Parkinson’s disease.

Subject
code Age

Years
post-diagnosis

Dysarthria
diagnosis

Dysarthria
severity Deviant perceptual characteristics

Scaled
intelligibility

PDF1 42 6 Hypokinetic Moderate Monoloud, reduced loudness, variable rate 146
PDF3 50 3 Hypokinetic Moderate/severe Hypernasal, imprecise consonants, short rushes 38
PDF4 72 9 Hypokinetic Moderate Reduced loudness, variable rate, short rushes 115
PDF5 81 3 Hypokinetic Severe Repeated phonemes, low pitch, reduced loudness 27
PDF6 45 13 Hypokinetic Moderate/severe Fast rate, breathy voice, monoloud 95
PDM1 69 12 Hypokinetic Moderate Monopitch, monoloud, reduced stress 168
PDM3 72 4 Hyperkinetic Mild Harsh, forced inspiration/expiration, low pitch 178
PDM4 64 17 Hypokinetic Moderate Monopitch, monoloud, short rushes 78
PDM5 60 8 Hypokinetic Moderate Breathy, short rushes, repeated phonemes 70
PDM6 64 8 Hypokinetic/Hyperkinetic Mild/moderate Breathy, fast rate, voice stoppages 81

Note. Perceptual characteristics reflect judgments of three speech pathologists. Scaled estimates of intelligibility were obtained for the Grandfather
Passage. Values reported correspond to the geometric mean for 5 listeners. Relatively higher numbers indicate better intelligibility, and relatively lower
numbers indicate poorer intelligibility. PDF = Parkinson’s disease female; PDM = Parkinson’s disease male.
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moment for CM12’s Repetition 1 of teed = 6.502 kHz, first
moment for CM12’s Repetition 1 of tune = 6.497 kHz
yields a ratio of 1.001). In contrast, ratios relatively greater
than 1.0 suggest somewhat stronger anticipation of the
upcoming vowel during the prevocalic consonant (e.g., first
moment forMSM6’sRepetition 1 of seed=6.834kHz, first
moment for MSM6’s Repetition 2 of sued = 5.237 yields a
ratio of 1.30).

M1 ratios were inspected to identify pairs of target
words for each consonant context (i.e., seed–sued, teed–
tune, keyed–cooed) produced by amale and female speaker
in each group characterized by an operationally defined
normal, under, or over amount of coarticulation. Normal
coarticulation was operationally defined as a ratio for a
pair of target words approximating the mean ratio for
the larger, appropriate gender-matched control group.
For example, the mean M1 ratio for seed–sued target
word pairings produced by the 16 control women re-
ported in Tjaden (2003) was 1.07. CF4,MSF1, and PDF4
all produced seed–sued target word pairings with M1
ratios approximating 1.07 (i.e., CF4 = 1.07,MSF1 = 1.06,
PDF4 = 1.08). Undercoarticulation was operationally
defined as an M1 ratio approximating 1.00 for a given
stimulus pairing, indicating minimal difference in first
moments for consonants followed by front (/i /) versus
back (/u/) vowels. Overcoarticulation was defined as the
largest possible M1 ratio for a given pair of target words
that was similar for male or female speakers in each
of the three groups. For example, the largest M1 ratio
for the teed–tune target word pairing that could be iden-
tified for male speakers approximated 1.39. CM13 and
MSM5 both produced a teed–tune target word pairing
with an M1 ratio of 1.39, and a teed–tune pairing with a
similar ratio was identified for PDM4 (M1 ratio = 1.42).

For each consonant context, different stimuli produced
by amale speaker and a female speaker from each group
were identified that met the criteria for normal, under-,
or overcoarticulation—with one exception. That is, stim-
uli meeting the operational definition of overcoarticula-
tion for a female speaker with PD could not be identified
for the keyed–cooed target word pairing. Thus, 54 differ-
ent stimuli were identified for male speakers (i.e., 3 con-
sonants × 2 vowels × 3 speaker groups × 3 amounts of
coarticulation = 54), and 52 different stimuli were iden-
tified for female speakers for a grand total of 106 (54 +
52 = 106) experimental stimuli.

A two-way analysis of variance (ANOVA) was used
to verify that M1 ratios differed for the operationally
defined levels of coarticulation (normal, under, and over)
and to identify any differences inM1 ratios among speaker
groups (control, MS, and PD). Gender was used as a co-
variate, and separate ANOVAs were performed for each
consonant context. The fixed main effect of coarticula-
tion level was significant for /s/, F(2, 8) = 91.90, p < .01,
with post hocTukey tests indicating significantly different

ratios for all pairwise comparisons (p < .01). The main
effect of coarticulation level was also significant for /t/
and /k/: /t/, F(2, 8) = 67.95, p < .01; /k/, F(2, 7) = 37.33,
p < .01. Post hoc tests for /t/ and /k/ indicated that ratios
for all pairwise comparisons, except the normal–under
contrast, were significantly different ( p < .01). The group
main effect was not significant for any of the ANOVAs.
Thus, consistentwith our earlier speech production study
indicating no group differences in the strength of antic-
ipatory vowel coarticulation for the larger pool of speak-
ers with PD, MS, and healthy controls (Tjaden, 2003),
stimulus selection yielded M1 ratios suggestive of sim-
ilar amounts of anticipatory vowel coarticulation for all
speaker groups. Stimulus selection also yielded M1 ra-
tios suggestive of different amounts of anticipatory vowel
coarticulation for the operationally defined normal, un-
der, and over categories, although M1 ratios for the nor-
mal and under categories were not statistically different
for /t/ and /k/ contexts. This finding is considered further
in the discussion.

Supplemental acoustic measures. Additional acous-
tic measures obtained for the experimental stimuli in-
cluded the temporal midpoint first moment coefficient
for /s /, root-mean-square (RMS) intensity of the closure
interval for /t / and /k/, vowel F2 midpoint, and duration
of the prevocalic consonant. Supplemental acousticmea-
sures were used as covariates in the data analyses to
evaluate the influence of signal characteristics other than
M1 ratios or strength of anticipatory vowel coarticulation
on perceptual judgments. Measures are discussed next.

Poor production of consonants and/or vowels could
interferewith listeners perceiving anticipatory vowel in-
formation during a prevocalic consonant. Degraded seg-
mental articulation also could impact intelligibility for
the entire target word. The first moment coefficient at
the temporal midpoint of /s / provides an index of the
articulatory integrity that is more or less unaffected by
anticipatory or perseveratory coarticulation.UsingTF32,
the time–frequency analysis software program for 32-bit
Microsoft Windows, the first moment for each /s / was
obtained for a 20-ms interval centered at the temporal
midpoint of the fricative. A similar measure for /t / and
/k/ is unavailable because anticipatory vowel effects for
these consonants are quantified for a temporal interval
beginning at the release burst. Energy during the clo-
sure interval for /t / and /k/ provides a gross indication
of the integrity of stop consonant production, however,
with relatively larger intensitymeasures suggesting rel-
atively poorer consonantprecision (Ackermann&Ziegler,
1991). Thus, the RMS intensity of the stop consonant
closure interval was obtained using TF32. Thismeasure
was converted to dB SPL in Microsoft Excel, with ref-
erence to the calibration tone recorded for each speaker.
Vowel F2 midpoint measures were used to index artic-
ulatory integrity of vowels. The entire vowel was first
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identified from the combined waveform and wideband
(300–400Hz) spectrographic displays of TF32. Vowel on-
set was taken as the first glottal pulse following frication
or the release burst. Vowel offset was taken as the last
glottal pulse prior to the closure interval for word-final
/d / or the last high-intensity glottal pulse prior to the
reduction in intensity for the /n/ in tune. F2 values were
obtained at the midpoint using the combined wideband
spectrographic and linear predictive coding displays of
TF32.

Stimulus duration could also affect perceptual judg-
ments. This was of particular concern in the vowel iden-
tification task in which listeners were presented with
the aperiodic portion of prevocalic consonants for iden-
tification of the upcoming vowel. For /s/, consonant dura-
tionwas taken as the temporal interval between fricative
onset and offset. Frication onset was defined as the be-
ginning of frication following the last glottal pulse for the
word a in the carrier phrase. Frication offset was defined
as the end of frication just prior to the first glottal pulse
for the following vowel. Consonant duration for /t/ and
/k/ was operationally defined as the temporal interval
between the left edge of the release burst and the onset of
the following vowel. This interval corresponds to the
aperiodic portion of /t/ and /k/, and is typically termed
voice onset time (VOT). The term consonant duration is
used in the present study so that the same terminology
can be used to indicate the aperiodic portion of both fric-
atives and stops. Durationmeasureswere obtained using
the combined waveform and wideband spectrographic
displays.

Vowel Identification Task: Research
Questions 1 and 2
Method

Listeners. Two men and 8 women ranging in age
from 18 to 55 years (M = 27, SD = 13) served as listeners.
All listeners were right-handed, were native speakers
of American English, had no training in phonetics or
communication disorders and sciences, and had bilat-
eral pure-tone thresholds of nomore than 20 dB at octave
frequencies between 250 Hz and 8000 Hz. Listeners
were recruited from the student and staff population at
the University at Buffalo and were paid a modest par-
ticipation fee.

Stimuli preparation and procedures. Using the
combined waveform and RMS displays of TF32, the
entire aperiodic portion of the prevocalic consonant of
target words was identified and saved to a computer
disk. This is the segment presented to listeners in other
studies investigatingperceptionof anticipatoryvowel in-
formation (e.g., Baum, 1998; Katz, 1988) and corresponds

to the consonant duration interval discussed in the pre-
ceding section. Zero crossing points on the RMS display
were used when extracting consonants to minimize noise
at stimuli onsets and offsets. Prior to presentation to lis-
teners, stimuli were equated for peak intensity using
Cool-Edit Pro (SyntrilliumCorporation) to control for any
influence of audibility on vowel identification.

Stimuli were presented via headphones to the right
ear at an average peak intensity of 70 dB SPL, as de-
termined using a Quest (Model 155) sound level meter.
Individual listeners completed the task in a double-
walled, sound-treated booth, and stimulus presentation
was controlled via a personal computer that also re-
corded listeners’ responses. Trials consisted of two pre-
sentations of a given stimulus (i.e., /t / in teed produced
by a given speaker) separated by a 1-s pause.Written and
verbal instructions directed listeners to identify the
following vowel as either ee or oo by pressing the ap-
propriately labeled button on a response box after hear-
ing the second presentation of the stimulus. A listener
response prompted the computer to deliver the next trial
after a 1-s pause. Five trials of each stimulus were pre-
sented in random order, blocked by consonant (/s/, /t/,
or /k/) and gender for a total of 530 experimental trials
(106 stimuli × 5 repetitions = 530). Blocking stimulus
presentation by consonant and gender was performed to
take into consideration the fact that first moment ratios
for a given level of coarticulation differed as a function of
consonant context and gender.

Each of the six experimental blocks (3 consonants ×
2 genders) was preceded by 6 practice trials. A practice
session consisting of all 36 practice trials preceded the
beginning of the experiment. Practice stimuli differed
from those used in the experiment. Feedback concerning
overall accuracy of response was provided in the form of
a percent correct score at the end of each practice task
as well as at the end of each experimental block. Two
random orderings of the stimuli were generated, and
5 listeners were randomly assigned to each ordering.
The vowel identification task took approximately 1 hr
per listener.

Following studies investigating perception of coar-
ticulatory information in aphasia (e.g., Baum, 1998), the
initial data analysis examined whether response accu-
racy was above chance level. For each consonant context
and speaker group, listener responses were pooled across
level of coarticulation and gender, and binomial proba-
bilities were computed. Given two response choices, a
chance level of response corresponds to .50 or 50% ac-
curacy. For the main data analysis, an overall percent
correct score was calculated for each of the 106 stimuli
by pooling the 10 listeners’ responses. Overall percent
correct scores were arcsine transformed, and for each
consonant context an ANOVA was used to determine

894 Journal of Speech, Language, and Hearing Research • Vol. 49 • 888–902 • August 2006



differences in percent correct scores as a function of
speaker group (control, MS, and PD) and coarticulation
level (normal, over, and under).

Vowel type (/i /, /u /) was also included as a factor in
the ANOVAs, given the possibility of differences in iden-
tification accuracy for /i / and /u/ (e.g., Baum, 1998; Yeni-
Komshian&Soli, 1981). Group, coarticulation, and vowel
were treated as fixed effects, and gender was included
as a covariate. The three ANOVAs were repeated using
the same fixedmain effects, but covariates included sup-
plemental acoustic measures as well as gender. Similar
findings for the two sets of ANOVAs would suggest that
signal characteristics such as integrity of vowel and con-
sonant production, as well as consonant duration, did
not influence perceptual judgments. The Tukey–Kramer
adjustment for multiple comparisons was used for post
hoc testing. An alpha level of .05 was used for all anal-
yses. This was deemed reasonable for an initial study
investigating perception of coarticulatory information
in dysarthria.

Results
Vowel identification results. Table 3 reports raw per-

cent correct scores. For example, the percent correct
score of 99% for /i / in keyed produced by control speakers
reflects the finding that listeners correctly identified the
vowel in 298 of 300 trials (e.g., 2 genders × 3 levels of
coarticulation × 5 stimulus repetitions × 10 listeners =
300 trials). Asterisks designate stimuli for which vowels
were accurately identified at a level greater than chance

(binomial distributions, p < .01). Table 3 shows that with
the exception of seed produced by speakers with PD for
which the vowel was correctly identified only 46% of
the time, listeners consistently identified vowels with
greater than chance accuracy when presented with only
the aperiodic portion of the prevocalic consonant.

In the first ANOVA for /s /, for which gender was the
only covariate, the Group × Vowel interaction was sig-
nificant, F(2, 17) = 5.43, p = .02. The upper panel of
Figure 1 illustrates this finding by plotting estimated
marginalmeans for thearcsine-transformedpercent cor-
rect scores. Post hoc tests indicated that identification
accuracy for /i / was reduced for the PD group; that is,
MS versus PD, t = –3.521, p = .03; control versus PD,
t = –3.625, p = .02. No other post hoc comparisons in-
vestigating the source of the interaction were significant.
In the second ANOVA for /s/, wherein gender and supple-
mental acoustic measures were included as covariates,
the main effect of group, F(2, 14) = 4.107, p = .04, and

Table 3. Raw percent correct scores for vowel identification.

Vowel
identification

Control
speakers

Speakers
with MS

Speakers
with PD

/s/
/i/ 84* 83* 46
/u/ 65* 69* 69*
Overall 76 77 57

/t/
/i/ 89* 93* 76*
/u/ 88* 94* 89*
Overall 89 94 82

/k/
/i/ 99* 99* 96*
/u/ 97* 98* 99*
Overall 98 99 98

Note. Rows labeled “Overall” indicate percent correct scores pooled across
vowel contexts. Asterisks indicate stimuli for which vowels were correctly
identified with greater than chance accuracy (binomial distribution, p < .01).
Chance level of response corresponds to 50% accuracy.

Figure 1. This figure plots estimated marginal means for the arcsine-
transformed percent correct scores for /s/ obtained in the vowel
identification task. The upper panel reports data for analyses
in which gender was the only covariate. The lower panel reports
analyses in which gender and supplemental acoustic measures were
included as covariates.
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the Group × Vowel interaction, F(4, 14) = 4.56, p = .03,
were significant. The lower panel of Figure 1 illustrates
the interaction. As in the upper panel of Figure 1, post
hoc tests confirmed that identification accuracy for /i /
differed for stimuli produced by the PD and MS groups,
t = –3.58, p = .03. No other post hoc tests investigating
the source of the interaction in the lower panel of Figure 1
were significant. Finally, none of themain effects or inter-
actions were significant in the ANOVAs for /t / or /k/.

Incorrectly identified stimuli were further inspected
to determine if the pattern of vowel identification errors
differed across levels of coarticulation. This analysis was
undertaken as it was speculated that a ceiling effect for
vowel identification accuracymight havemasked trends
of interest. Figure 2 reports the percentage of incorrect
responses as a function of coarticulation level. The num-
ber of tokens used for computing percentages is also
reported. Chi-square tests indicated that the proportion
of incorrectly identified normal, under, and over tokens
differed for /s /, c2(2, N = 555) = 8.832, p = .01, and /k/,
c2(2, N = 33) = 13.273, p = .001, but not /t /. Figure 2
indicates that undercoarticulated stimuli made up the
largest proportion of incorrectly identified tokens for
both /s / and /k/.

Summary of findings for vowel identification task.
Research Question 1 asked whether listeners can use
anticipatory vowel information in prevocalic consonants
produced by speakers with dysarthria to identify the
upcoming vowel. Results suggest that the answer to this
question is yes. That is, response accuracy for stimuli
produced by speakerswithMSandPDwas above chance
level, and the ANOVAs indicated no difference in vowel
identification accuracy for stimuli produced by the differ-
ent speaker groups. The exceptionwas /i/ in seed produced

by speakers with PD, for which vowel identification
accuracy was reduced relative to other speaker groups.
The similar pattern of findings for both ANOVAs further
suggests that this result was not wholly explained by
factors such as consonant duration or a poorly articu-
lated consonant or vowel influencing perceptual judg-
ments. Data in the upper and lower panels of Figure 1
are not identical, however, indicating at least some in-
fluence of supplemental acoustic measures on perceptual
judgments for the /s / consonant context.

Research Question 2 asked whether listeners are
sensitive to interspeaker variation in the strength of an-
ticipatory vowel coarticulation during prevocalic conso-
nantsproducedbyspeakerswithdysarthriaand/orhealthy
controls. Results suggest that the answer to this question
is generally no—albeit a qualified no. That is, on the one
hand, neither the main effect of coarticulation level nor
the Group × Coarticulation Level interaction was signif-
icant in the ANOVAs, indicating similar identification
accuracy for normal, under-, and overcoarticulated stim-
uli produced by all speaker groups. The fact that these
results held for both sets of ANOVAs suggests that fac-
tors such as consonant duration or a poorly produced con-
sonant or vowel did not strongly affect listeners’ ability
to detect interspeaker differences in anticipatory vowel
coarticulation during a prevocalic consonant. On the other
hand, Figure 2 shows that undercoarticulated stimuli
tended to make up the largest proportion of incorrectly
identified tokens.

Intelligibility Task: Research Question 3
Method

Listeners. Listeners included 6 men and 4 women
ranging in age from 19 to 38 years (M = 25, SD = 6) for
a total of 10 participants. Inclusionary criteria, recruit-
ment procedures, and participant remunerationwere iden-
tical to those described for the vowel identification task.

Procedures. The entire carrier phrase (e.g., “It’s a
_____ again”) was presented to listeners for identifica-
tion of the target word. A multiple-choice task modeled
after Yorkston and Beukelman’s (1981) single-word in-
telligibility test was used, wherein listeners selected a
target word from a list of 12 alternatives. The 12 re-
sponse alternatives included the target word, the option
“none of the above,” and 10 response alternatives con-
sisting of a quasirandom selection of CVC words taken
from the larger stimulus pool reported in Tjaden (2003).
This larger stimulus pool includedwords beginningwith
/t, k, s, S/, followed by /i, ae, u, A /, and ending in /d/.

Response alternatives always included at least one
item beginningwith the sameword–initial consonant as
the target word and at least one item containing the

Figure 2. Percentage of incorrectly identified vowels in the vowel
identification task is reported as a function of strength of
coarticulation. The total number of tokens used for computing
percentages is also reported for each consonant context.
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same vowel as the target word. The 106 experimental
utterances and 54 foils were presented to listeners in a
random order. Foil stimuli were taken from the larger
speaker pool reported in Tjaden (2003), and did not in-
clude items produced by speakers in the current study.

Stimuli were presented via headphones to listeners’
right ears at an average peak intensity of 70 dB SPL in a
double-walled, sound-treated booth. Stimulus presenta-
tionwas controlled via personal computer. Listenerswere
provided with a response sheet, and were given written
and verbal instructions. Listeners were instructed that
they would be hearing a series of phrases containing a
target word, and their task was to circle the word they
heard on the response sheet. Listeners were further in-
structed that they would hear the words seed, sued, sad,
sod, she’d, shooed, shad, shod, teed, tune, tad, todd,
keyed, cooed, cad, cod. Trials consisted of two presenta-
tions of a given target phrase separated by a 1-s pause.
Listenerswere givenunlimited time to respond, andwere
instructed to press a button on a response box to prompt
the computer to deliver the next trial. Six practice trials
preceded the experiment, and the entire listening task
lasted approximately 45 min per listener.

Data analysesweremodeled after those for the vowel
identification task. For each of the 106 stimuli, listener
responses were pooled, and an overall percent correct
score was computed. Overall percent correct scores were
arcsine transformed and for each consonant context, an
ANOVA was used to determine differences in percent
correct scores as a function of group and coarticulation
level. Vowel was also included as a fixed main effect in
the ANOVAs. Gender was used as a covariate in the first
set of ANOVAs. Gender and supplemental acoustic mea-
sureswereusedas covariates in the secondset of ANOVAs.
Similar findings for both sets of ANOVAs would indicate
that signal characteristics, such as consonant duration
and articulatory integrity of vowels and consonants, did
not influence perceptual judgments.

Results
Intelligibility results. The Group × Coarticulation

Level interaction,F(4, 17) = 3.411, p = .03, was significant
in the first ANOVA for /s/, for which gender was the only
covariate. This finding is illustrated in the upper panel of
Figure 3. Perhaps the most obvious trend is for in-
telligibility to be reduced for undercoarticulated stim-
uli produced by speakers with PD. Significant post hoc
comparisons evaluating the source of the interaction
included the PD normal–PD under contrast, t = –3.578,
p = .04, and the MS over–PD under contrast, t = –3.578,
p = .04. No other post hoc comparisons were significant.
The vowel main effect was also significant in the first
ANOVA for /s/, with better intelligibility for seed versus
sued, F(2, 17) = 9.794, p = .01. Neither the Group ×

Coarticulation Level interaction nor the vowelmain effect
was significant in the second ANOVA for /s/, wherein gen-
der and supplemental acousticmeasureswere included as
covariates. For comparison purposes, however, the lower
panel of Figure 3 reports average, transformed percent
correct scores—corrected for covariates of gender and sup-
plemental acoustic measures. The pattern of results is
remarkably similar to that shown in the upper panel of
Figure 3. Finally, in the ANOVAs for /t/ and /k/, no main
effects or interactions were significant.

Summary of findings for intelligibility task. Re-
searchQuestion 3 askedwhether interspeaker variation
in anticipatory vowel coarticulation for neurologically nor-
mal speakers and/or speakers with dysarthria is reflected
in measures of intelligibility. The majority of findings
suggest that the answer to this question is no. That is,
intelligibility for stimuli produced by speakers with dys-
arthria and healthy controls did not typically differ as a
function of level of coarticulation.

Undercoarticulated /s / words produced by speakers
with PD were relatively less intelligible, however. As

Figure 3. Estimated marginal means for the intelligibility task are
reported for /s/ words. Measures reported in the upper panel
reflect adjustments for the covariate of gender. Data reported in the
lower panel reflect adjustments for the covariates of gender and
supplemental acoustic measures.
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suggested by the similar results in both panels of
Figure 3, the trend toward reduced intelligibility for
undercoarticulated stimuli produced by the PD group
appears to be related to coarticulatory characteristics of
the stimuli, although articulatory characteristics of the
word–initial consonant or vowel as well as consonant du-
ration influenced perceptual judgments to some extent as
indicated by the finding that the Group × Coarticulation
Level interaction only approached significance (p = .054)
when supplemental acoustic measures were included
as covariates. Relatedly, the finding of statistically bet-
ter intelligibility for seed versus sued in only the first
ANOVA for /s/ words suggests that segmental integrity
of the word–initial consonant or vowel as well as con-
sonant duration contributed to the intelligibility differ-
ence for seed and sued. Finally, the fact that the Group ×
Vowel interaction for /s/ words was not significant indi-
cates that the reduced identification accuracy for /i / in
seed produced by speakers with PD reported in the vowel
identification task was not associated with reduced in-
telligibility for the entire word. Intelligibility for seed—
collapsed across levels of coarticulation and gender—was
97%, 98%, and 100% for the PD, MS, and control groups,
respectively.

Discussion
The present study sought to further investigate the

perceptual relevance of intrasyllabic, anticipatory vowel
coarticulation. The issue of how andwhen coarticulatory
cues are important for perception is important for theo-
ries of speech perception and spokenword recognition in
which listeners exploit coarticulatory information in the
acoustic speech stream. Studies that add to our under-
standing of factors that may impact intelligibility are
also clinically relevant.

For themost part, listeners correctly identified vow-
els in CVC words produced by speakers with PD, speak-
ers with MS, and healthy controls when presented with
only the aperiodic portion of the prevocalic stop or fric-
ative. This finding suggests that listeners are tuned to
similar types of information in the acoustic speech stream,
irrespective of the source or speaker (see discussion in
Weismer & Martin, 1992, regarding the use of similar
perceptual strategies for perceiving the acoustic signal
of dysarthria and neurologically normal speech). Theo-
ries and models developed to account for perception of
neurologically normal speech thereforemight be extended
to dysarthria, although studies including stimuli produced
by individuals with more severe dysarthria would provide
stronger support for this suggestion.

These statements must be tempered by the finding
that vowel identification accuracywas below chance level
for /i / in seed produced by speakers with PD. Studies in-
vestigating perception of vowel coarticulatory information

in prevocalic consonants produced by children with hear-
ing impairment have also reported poorer identification
accuracy for /i/ compared with /u/ (Waldstein & Baum,
1994). These investigators hypothesized that identifi-
cation accuracy for /u/ from a prevocalic consonant was
relatively better because children with hearing impair-
ment learn to produce better /u/ exemplars, which can
be attributed to the highly visible lip rounding. It was
also speculated that speakers with hearing impairment
may have difficulty producing fronted consonants in the
context of front vowels, and consonant imprecision may
therefore interfere with perception of vowel coarticula-
tory information during a prevocalic consonant. Lingual
function, as compared with lip or jaw function, is dis-
proportionately affected in dysarthria. Thus, it might be
speculated that the PD speakers had difficulty producing
good exemplars of /i / in the context /s/ because themidline
tongue groove for /s/ demands such a high degree of lin-
gual precision that the tongue could not adequately adjust
for the upcoming vowel. Although articulatory impreci-
sion for /s/ could also have influenced perceptual judg-
ments, speakers are likely aware of the importance of
word–initial consonants for lexical access and maximize
articulatory precision for these phonetic events.

When vowelmidpoint F2measures and firstmoment
coefficients were included as covariates in data analyses
for the vowel identification task, however, identification
accuracy for /i / in seed from the prevocalic /s / was still
reduced for stimuli produced by speakers with PD rela-
tive to other speaker groups. This result suggests that
vowel or consonant articulatory imprecision did not ex-
plain the reduced identification accuracy.

Thus, the source of the reduced identification ac-
curacy for /i / in seed produced by thePDgroup is unclear.
As noted in the Limitations section, however, vowelmid-
point F2 measures and consonant first moment coeffi-
cients only index segmental articulatory adequacy at
a given point in time during phonetic events. The possi-
bility that the reduced identification accuracy of /i / in
seed produced by the PD group was related to a poorly
produced vowel or consonant, therefore, cannot be en-
tirely ruled out.

Difficulty in perceiving anticipatory vowel informa-
tion during a prevocalic /s / produced by speakers with
PD had little impact on intelligibility, however. Intelli-
gibility of seed produced by speakers with PD was sim-
ilar to intelligibility of seed produced by other speaker
groups, even though listeners could not identify the vowel
in PD stimuli with better than chance accuracy when
presented with only the prevocalic fricative. The impli-
cation is that information that is meaningful in a simple
vowel identification task may not necessarily be indic-
ative of the importance of that information for recover-
ing the speaker’s intended message. This suggestion
obviously requires support from studies including a
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larger speaker and stimulus pool. If additional studies
report similar findings, however, this may suggest that
coarticulatory deviancies noted for populations likeAOS
are not strongly related to intelligibility deficits for these
speakers. Taking this idea a step further, behavioral
therapies aimed at remediating coarticulatory devian-
cies that have been reported in some speakers with AOS
may have little bearing on intelligibility (see Southwood
et al., 1997, for related discussion).

Interspeaker differences in level of coarticulation
were generally not perceptually relevant, as indicated
by the fact that vowel identification accuracy and intel-
ligibility typically did not differ for normal, under-, and
overcoarticulated stimuli. This result might be taken to
suggest that listeners ignore or normalize for inter-
speaker variation in coarticulation, and as such, percep-
tual theories need not be concerned with the type of
interspeaker coarticulatory variation studied in the cur-
rent project. On the other hand, studies have found that
listeners are less accurate identifying vowels from only a
prevocalic fricative for CV stimuli characterized by rela-
tively lower anticipatory vowel coarticulation (Nittrouer
& Whalen, 1989; Yeni-Komshian & Soli, 1981).

Relatedy, it is worth asking how listeners in the cur-
rent study were even able to identify vowels in under-
coarticulated stimuli, given that these stimuli were
characterizedbyM1ratios approximating1.0.Bothpoints
may be related to the manner in which coarticulation
level was quantified in the current study as well as the
consonant interval presented to listeners in the vowel
identification task.

Nittrouer andWhalen (1989) useda gating paradigm
to study perception of anticipatory vowel information,
and Yeni-Komshian and Soli (1981) studied anticipatory
vowel effects across the entire frication interval. Thus,
both of these studies were interested in the time course
of coarticulation. Coarticulatory effects in the present
study were measured at a point at which anticipatory
vowel effects on stop consonants and fricatives have
been observed (e.g., Nittrouer, 1995; Sereno et al., 1987).
As discussed in Waldstein and Baum (1994), a gating
paradigm is not appropriate for stop consonant + vowel
stimuli, and listeners in the current study, therefore,
were presented with the entire aperiodic portion of the
consonant in the vowel identification task. As vowel on-
set is approached in the consonant of a CV syllable, vowel
coarticulatory effects present at earlier points tend to
strengthen (Nittrouer & Whalen, 1989), or if coarticu-
latory effects were absent earlier in the consonant, they
becomeapparent (Southwood et al., 1997;Yeni-Komshian
& Soli, 1981). Listeners were exposed to anticipatory
vowel information throughout the entire consonant in-
terval in the vowel identification task, and this likely
explains the high vowel identification accuracy for under-
coarticulated stimuli.

To address this methodological issue, a second group
of 10 listeners was presented with only the 20-ms portion
of consonants fromwhich first moment coefficients were
obtained. Procedures were identical to those described
for the vowel identification task. In addition to providing
a closer correspondence between the acoustic measures
of coarticulation and the actual speech sample heard by
listeners, it was expected that the shorter stimuli would
make the perceptual task more difficult and thus more
sensitive to listener effects (Nittrouer &Whalen, 1989).
Vowel identification accuracy for all speaker groups was
only above chance for /ki / and /ku/, as indicated by bi-
nomial probabilities (control: /ki / = 86%, /ku/ = 77%;MS:
/ki / = 78%, /ku/ = 86%; PD: /ki / = 75%, /ku/ = 76%). The
arcsine-transformed overall percent correct scores for
/k/ were evaluated using data analysis procedures de-
scribed for the original vowel identification task, with
the exception that consonant duration was not included
as a covariate in the second ANOVA. Similar to the orig-
inal findings, nomain effects or interactions were signif-
icant. Thus, listeners were not less accurate identifying
vowels for stimuli characterized by relatively lower co-
articulation, even when the stimulus interval heard by
listeners corresponded exactly to the interval overwhich
coarticulatory effects were measured—a finding consis-
tent with the conclusion that the type of interspeaker
coarticulatory variability of interest in the current pro-
ject is not perceptually important. The supplemental
analysis of incorrect responses for the vowel identifica-
tion task and the trend toward reduced intelligibility of
undercoarticulated /s / words produced by the PD group
suggest that listeners were at least marginally sensitive
to interspeaker differences in coarticulation, however.
Taken together, the available evidence seems to suggest
that the perceptual effects of interspeaker variations in
coarticulation are subtle and may only be revealed in
some instances.

Finally, the influence of signal characteristics other
than M1 ratios on perceptual judgments deserves ad-
ditional consideration. Two sets of data analyses were
performed to explore the potential effects of consonant
duration aswell as vowel and consonant articulatory ade-
quacy on perceptual judgments. For the most part, the
pattern of findings for the two analyses was similar—
both for the vowel identification task and the intelligi-
bility task—suggesting that supplemental acoustic mea-
sures did not impact perceptual judgments. Comparison
of data in the upper and lower panels of Figure 1, how-
ever, indicates that signal characteristics other thanM1
ratios had some degree of impact on vowel identification
accuracy for /s/ stimuli—even though the overall pattern
of results from the statistical analysis was similar for
both panels in Figure 1 (i.e., significant Group × Vowel
interaction in both panels of Figure 1, which is at-
tributed to reduced identification accuracy for /i/ in seed
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produced by the PD group). Findings from the intelligi-
bility task also indicated subtle effects of supplemental
acoustic measures on perceptual judgments, at least for
/s/ words. Thus, it appears that a variety of cues or in-
formation sources in the acoustic signal have the poten-
tial to influence perception of coarticulatory information
and that these factors need to be considered in studies
investigating the perceptual relevance of coarticulation—
even studies of neurologically normal speech.

Limitations and Caveats
A variety of factors suggest cautious interpretation

of results as well as variables to consider in future stud-
ies investigating perception of coarticulatory informa-
tion. Intelligibility of targetwords did not typically differ
among speaker groups—a finding indicating that speak-
ers with MS and PD had mild dysarthria. It may be the
case that coarticulatory information in the acoustic sig-
nal of persons with more severe dysarthria—even those
with intact coarticulatory patterns—is not perceptible,
which contributes to reductions in intelligibility.

As previously noted, the acoustic measures used to
index articulatory adequacy of fricatives and vowels
were taken at a single point in time or over a brief
temporal interval. These kinds of “slice-in-time” mea-
sures do not capture articulatory characteristics of the
entire phonetic segment, such as the RMS intensity
measure used to index articulatory adequacy for stops
that was calculated over the entire consonant closure
interval. However, RMS intensity of stop consonant clo-
sure intervals is problematic as ameasure of articulatory
adequacy in so far as some neurologically normal speak-
ers are known to spirantize dorsal stops (e.g., Kent &
Moll, 1972; Kuhnert & Hoole, 2004). Future studies may
wish to consider using kinematic indices of segmental
articulatory adequacy.

The fact that M1 ratios for /t / and /k/ contexts were
not statistically different for the normal and underco-
articulated categories may have contributed to the find-
ing that listeners were not sensitive to interspeaker
variation in level of coarticulation. Studies using syn-
thesized speech materials would be one way to ensure
precise differences in level of coarticulation among stim-
uli. As noted by Katz (2000), however, these kinds of
laboratory tasks may indicate what listeners can do but
notwhat listeners actually dowhen perceiving naturally
produced speech. Finally, M1 ratios—the acoustic mea-
sure of coarticulation—were calculated for pairs of stim-
uli, but perceptual tasks required listeners to judge
single stimuli. It might be argued that perceptual tasks
involving paired comparisons would provide a closer
correspondence to the speech production measure used
to quantify coarticulation. Our approach of quantifying
strength of anticipatory vowel coarticulation for pairs of

stimuli, but assessing the perceptual relevance of co-
articulatory information for individual stimuli, follows
from production–perception studies investigating co-
articulation in aphasia (Baum, 1998; Katz, 1988). It could
be argued that listeners might have been able to detect
subtle differences in coarticulation using a discrimina-
tion paradigm, but that such ability might not change
how a listener labels or identifies the target sounds.
Studies comparing findings for a paired-comparison per-
ceptual task and a perceptual task involving judgments
of single stimuli help to determine if a given type of per-
ceptual task is preferred for studying perception of co-
articulatory information.
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