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Abstract

Background: Rhythmic disturbances are a hallmark of motor
speech disorders, in which the motor control deficits inter-
fere with the outward flow of speech and by extension
speech understanding. As the functions of rhythm are lan-
guage-specific, breakdowns in rhythm should have lan-
guage-specific consequences for communication. Objective:
The goals of this paper are to (i) provide a review of the cog-
nitive-linguistic role of rhythm in speech perception in a
general sense and crosslinguistically; (ii) present new results
of lexical segmentation challenges posed by different types
of dysarthria in American English, and (iii) offer a framework
for crosslinguistic considerations for speech rhythm distur-
bances in the diagnosis and treatment of communication
disorders associated with motor speech disorders. Summa-
ry: This review presents theoretical and empirical reasons for
considering speech rhythm as a critical component of com-
munication deficits in motor speech disorders, and address-
es the need for crosslinguistic research to explore language-
universal versus language-specific aspects of motor speech

disorders. Copyright © 2013 S. Karger AG, Basel

Constrained by the phonetic structures of the languages of the
world, speech rhythm is the production, for a listener, of a regular
recurrence of waxing and waning prominence profiles across syllable
chains over time, and with the communicative function of making
speech understanding in various speaking styles more effective. [1,
p. 41].

Rhythmic disturbances are a hallmark of motor speech
disorders, in which the motor control deficits interfere
with the outward flow of speech. In fact, these disturbanc-
es are so perceptually salient that the vast majority of the
classic perceptual symptoms of Darley et al. [2] refer to
the various aspects of rhythmic breakdown in motor
speech disorders: reduced stress, monopitch, monoloud-
ness, slow rate, short phrases, increase of rate in segments,
increase of rate overall, variable rate, prolonged intervals,
inappropriate silences, short rushes of speech, excess and
equal stress, prolonged phonemes, repeated phonemes,
irregular articulatory breakdown, and distorted vowels.
The gold standard for differential diagnosis of motor
speech disorders involves identifying constellations of
these perceptual symptoms, as they are the behavior-
al consequences of the underlying neurological disease
(2, 3].

This etiology-based view carries with it an important
assumption of universality: just as people around the
world with Parkinson’s disease are identifiable by their
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Table 1. List of languages and dialects applying English-centric
rhythm descriptors in dysarthrias

Australian English (n = 3)
British English (n = 7)
Belgian (n=1)

Bengali (n=1)

Canadian French (n=1)
Cantonese (n = 3)

Dutch (n =2)

Farsi (n =2)

French (n = 3)

German (n =5)

Greek (n=1)
Hebrew (n=1)
Hindi (n=1)

Italian (n=1)

Japanese (n = 4)

Mandarin (n = 3)

New Zealand English (n = 1)
Portuguese (Portugal) (n =1)
Portuguese (Brazil) (n = 1)
South African English (n = 1)
Spanish (n =5)

Swedish (n =1)

Thai (n =2)

n = Number of articles in each language identified in a search
of the literature. The list of articles can be found in online supple-
mentary ‘Appendix A’.

shuffles, stoops and tremors, so too should their rushed,
mumbled speech be iconic to the trained speech-language
pathologist. That is, the perceptual symptoms of rhyth-
mic breakdown should be identifiable, irrespective of the
language being spoken, because the symptoms are the
manifestation of the underlying movement disorder. One
can gain an appreciation of the common acceptance of
this etiology-based view by examining the frequency and
range with which the Mayo Classification System is refer-
enced globally. Table 1 contains the results of a literature
search in PubMed, Medline, and Google Scholar, from
1969 to present for all non-American English articles on
dysarthria that reference the Mayo system in participant
speech characterization [search items: ref. 2-4 or ref. 5,
diagnosis, classification]. Although this search was by no
means exhaustive, it yielded 51 peer-reviewed publica-
tions, spanning 23 languages and dialects, thereby sup-
porting the notion of a global acceptance (for the list of
articles, see online supplementary ‘Appendix A’, www.
karger.com/doi/10.1159/000350030).
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Despite their widespread application, there is good
reason to question the suitability of English-centric de-
scriptors, particularly rhythm descriptors, for character-
izing the communication disorder caused by motor speech
disorders crosslinguistically. Speech rhythm serves im-
portant linguistic functions to facilitate speech process-
ing, and these linguistic functions are language-specific.
Thus breakdowns in rhythm due to motor speech disor-
ders should have language-specific consequences for com-
munication. In an earlier paper on speech rhythm in the
dysarthrias we made the following observation [6, p.
1346]:

We have suggested and cited evidence that this reduction in
temporal contrast is a source of intelligibility decrement for En-
glish listeners who rely on this cue for lexical segmentation [e.g.,
Liss et al., 2000]. But would this be the case to the same extent for
listeners less inclined to rely on this cue because of its lack of rel-
evance in their own language, such as Spanish or French? It is con-
ceivable that the rhythm abnormalities in dysarthria - and perhaps
other aspects of speech deficit as well - cause fundamentally dif-
ferent challenges for listeners across languages.

The implications of this are not lost on those who
study and treat motor speech disorders in non-English
languages. Indeed, Ma et al. [7] and Whitehill [8] have
published a number of papers that explicitly address
language-specific and language-universal effects of var-
ious dysarthrias in English versus the tone languages of
Mandarin and Cantonese. The dysarthria associated
with Parkinson’s disease has been investigated in a
range of languages, wherein it has been reported that
the symptom of reduced fundamental frequency varia-
tion in speech (‘monopitch’) has a language-universal
effect on speech prosody, and a language-specific effect
for those languages in which fundamental frequency
serves a phonological function [7, 9-11]. Chakraborty
et al. [12, p. 268], who conducted a perceptual analysis
of dysarthria in the language of Bengali, acknowledged,
‘... since speech sounds (phonetics) and patterns of
stress and intonation in speech (prosody) appear to vary
in the context of individual languages, findings from
studies on dysarthric speech in other languages cannot
be applied to Bengali speech’. It is a problem in search
of an answer.

We take the opportunity in this paper to: (i) review the
cognitive-linguistic role of rhythm in speech perception
in a general sense and crosslinguistically; (ii) present nov-
el results of lexical segmentation and degraded rhythm
studies in American English dysarthrias, and (iii) offer a
framework for crosslinguistic considerations for speech
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rhythm disturbances in the diagnosis and treatment of
communication disorders associated with motor speech
disorders.

The Cognitive-Linguistic Role of Rhythm in Speech
Perception

‘Speech is inherently tied to time’ [13, p. 392]. Com-
mon to languages is the propensity for the speech stream
to be unpacked as a wave of acoustic-perceptual promi-
nences and troughs. As Kohler [1] explained in his his-
torical account of the study of rhythm in speech and lan-
guage, the field developed out of perceptual experiences
thatlanguages have qualitatively different rhythms. These
perceptual impressions (e.g., Spanish as ‘machine gun’,
and English as ‘Morse code’) were operationalized as the
hypothetical language rhythm classes of syllable-timed
and stress-timed, respectively [14]. According to Kohler
[1], the field eventually moved away from its perceptual
foundations and toward a quantitative segment-duration
focus. The goal of this work was to establish and then
populate these hypothetical rhythm classes from the sort-
ing of crosslinguistic durational metrics, without consid-
eration of rhythm perception. Despite intense effort, the
approach of rhythm-as-timing has not yielded a rhythm-
based language classification scheme. Some of the reasons
for this failure are methodological, in that the duration-
based rhythm metrics are susceptible to extralanguage in-
fluences!, which complicate or preclude their interpreta-
tion [see, for example, ref. 17-19]. Yet other reasons for
the failure of this classification scheme can be linked to
underlying assumptions about the perception of speech
rhythm. For example, the approach requires that rhythm
classes are perceived categorically. White et al. [20] re-
cently presented evidence that this is not the case. Their
English-speaking listeners attended to a variety of tempo-

! This is the result of several factors. First, speech segmentation for these

analyses is based on phonological operational definitions - vocalic and inter-
vocalic segmentation at the phoneme level — which carry assumptions about
the role of these units in rhythm perception [1, 15]. These assumptions re-
main to be demonstrated as valid within and between languages, and there
is already strong evidence that crosslinguistic validity is questionable [16].
Second, temporal patterns are closely tied to the composition of the speech
material such that it is not warranted to make direct comparisons across
studies using different stimuli [17]. Third, results vary depending on the
particular type of rhythm metrics employed [e.g., 16], as some are speaking
rate-normalized, some are raw values, some are ratio metrics, and some are
more susceptible to speech material and individual speaker variation than
others [17].

Assessment of Rhythm

ral cues in graded ways - including speaking rate, vowel
and consonant durations, and utterance-final lengthen-
ing - to discriminate among languages and dialects. Yet,
perhaps the most critical source of failure is the assump-
tion that rhythm perception lies exclusively in the tempo-
ral domain [e.g., 21-23].

This ignores the potential contribution of complemen-
tary spectral regularities in the speech signal [see ref. 1]. As
described by Arvaniti [18, p. 351]:

Traditional descriptions of speech rhythm have relied on the
notion of isochrony, that s, the idea that rhythm rests on regulating
the duration of particular units in speech, syllables in syllable timed
languages, stress feet in stress-timed languages, and moras in mora-
timed languages. Thus in this view, rhythm is based exclusively in
durational patterns or timing (indeed the terms rhythm and timing
have often been used as synonyms in this literature [...]).

The call for a conceptual shift back to rhythm percep-
tion and to its communicative function is growing louder
[see ref. 1, 19, 24-27]. Such a focus is necessary for the
development of a crosslinguistic model of the role of
speech rhythm disturbance in communication disorders.
Specifically, this shift will permit exploration of how
communicative function of speech rhythm in a given
language predicts the impact of degradation of those
rhythm cues.

We begin by adopting Kohler’s [1] broad definition
that the perception of speech rhythm is subserved by re-
curring spectral-temporal patterns of change in funda-
mental frequency, spectral amplitude, syllable duration,
and spectral dynamics. Further, the usefulness of these
cues - in isolation or bundled - depends on a variety of
factors, including the rhythmic structure and phonology
of the language and dialect being spoken; the native lan-
guage and dialect of the listener, and the details of the
communicative interaction [25, 28]. The key concept in
this definition is that the universal communicative func-
tion of rhythm is to reduce the computational load of
speech processing. Specifically, rhythmic patterns allow
the listener to track, segment, anticipate, and focus atten-
tion on high yield aspects of the speech signal [1, 29, 30]
and to facilitate recognition and prediction of syntactic
and semantic relationships among words and phrases in
continuous speech [31, 32]. Thus, our working definition
of speech rhythm for the purposes of this review is as fol-
lows:

« recurring spectral-temporal patterns

« which occur locally (syllable, word) and are distrib-
uted (clause, sentence, discourse) in an interdepen-
dent hierarchical framework from sounds to mean-
ing,
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« which are perceptible and communicatively meaning-
ful to listeners,

« and which universally function to reduce the compu-
tational load of speech processing?.

Importantly, we also conceptualize rhythm as a super-
ordinate of other related linguistic constructs such as
prosody, prominence, stress, strength, markedness, etc.
This view is consistent with a rapidly growing body of
neurophysiological evidence for the existence of endog-
enous, dynamic neural oscillators that drive rhythmic ex-
pectancy and anticipatory responses in speech perception
and production [e.g., 32, 34-41]. Our innate sensitivity to
rhythmicity permits an information-processing frame-
work that can integrate across modalities (auditory, vi-
sual, somatosensory), time scales (speech sounds, words,
phrases, discourse, facial expression, body language, ges-
tures, etc.), and intercommunicator details (e.g., turn-
taking, emotional state, conversational entrainment,
etc.). While an in-depth treatment of the neurophysiolog-
ical literature is beyond the scope of this review, the theo-
retical implications emerging from this work are critical
for conceptualizing the communicative functions of
speech rhythm crosslinguistically, and particularly for
conceptualizing communication disorders as they mani-
fest on the continuum from diminished speech intelligi-
bility to disrupted conversational interactions [40, 42,
43].

Whereas the basic functions of speech rhythm in
speech perception seem to be universal features of human
spoken communication, their application is surely lan-
guage-specific as noted in Kohler’s [1] definition. Cum-
ming [25, p. 22] cautions,

... it should not be assumed that native speakers of all languag-
es perceive rhythm identically; investigating rhythm perception
from a crosslinguistic perspective is essential if a universal view of
the phenomenon is desired which is not biased by the weighting of
cues in any particular language.

This observation has strong support in findings that
the rhythmic structure of a listener’s native language bi-
ases the ways in which he/she uses rhythm cues for vari-
ous speech perception tasks [e.g., 44-48]. For example,
Huang and Johnson [49] reported that American English

2 Langus et al. [31], using an artificial language and Italian listeners, con-

vincingly showed the hierarchical structure of prosodic cues in speech seg-
mentation at multiple levels. This work, as well as previous work by Cummins
[33], demonstrate how tracking speech rhythm reduces the computational
load of speech processing.
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and Mandarin Chinese speakers used acoustic cues for
intonation in Mandarin differently. Whereas Mandarin
speakers responded to tone contour with sensitivity for
phonologically relevant contrasts, English speakers re-
sponded to pitch level. Interestingly, this difference in cue
use persisted even when the phonological information
was eliminated from the speech stimuli. This is not sur-
prising: language-specific rhythm properties are among
the most robust cues exploited by infants in speech and
language development, and as such, enjoy a lifetime of
reinforced use and refinement [e.g., 50-52].

Rhythm and Lexical Boundary Identification

As an example of language-universal and language-
specific uses of speech rhythm, we turn our attention to
the cognitive-perceptual process of lexical segmentation
of connected speech. Regardless of a language’s rhythmic
structure, the first task of a language learner is to parse
the acoustic stream into the words that comprise it. Ac-
curate parsing is essential for the subsequent develop-
ment of vocabulary and grammar. Much research has
shown that statistical probabilities drive decision-mak-
ing whether the language learner is an infant being ex-
posed to a native language [e.g., 53] or an adult learning
an artificial language [e.g., 54]. Two sources of probabil-
ity data appear to be flexibly used depending on their
relative informativeness: speech rhythm (as defined
herein) and phonotactic probabilities. The important
feature of this learning is that the cue preference is influ-
enced by the rhythmic and phonotactic structure of the
language being heard [e.g., 47, 48]. McQueen and Cutler
[55, p. 508] made the observation that ... rhythm allows
a single, universally valid description of otherwise very
different segmentation procedures used across languag-
es’. Table 2 contains an example of rhythmic cue use for
lexical segmentation in several languages, for the pur-
poses of illustration.

In English, rhythmic cues for lexical segmentation are
found in the increased durations of segments associated
with the edges and heads of syntactic domains: word-final
lengthening [e.g., 56], phrase-final lengthening [e.g., 57],
stressed syllable lengthening [e.g., 58], accentual length-
ening (i.e. the increased duration of segments in words
that carry phrasal stress/pitch accent) [e.g., 59]. Syllabic
rhythm cues also are found in the spectral domain, with
strong syllables distinguished from weak syllables by
vowel formant structure and peaks in fundamental fre-
quency and amplitude contours [60, 61].
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Table 2. Cues of rhythm used for segmenting word and syllable boundaries

Language Timing class Cues for segmentation
English stress duration
loudness
FO variation
vowel quality
Dutch stress suprasegmental cues to stress
vowel quality (less salient distinction than in English) [87]
pitch movement cues [47]
Finnish stress vowel harmony [88]
durational contrast of stressed vowel
German stress final-syllable lengthening (regardless of stress) [1]
Swedish stress word accent fall (FO, duration, loudness) [89]
sentence accent rise
French syllable durational contrast of consonants [90]
Spanish syllable fine-tuned discrimination to final lengthening [20]
stress placement
Cantonese syllable different silent pause intervals [91]
Mandarin mixed [syllable and mora (tone)] lexical tone, determined by F0 height and FO contour

tone duration, relative to sentence position

Brazilian Portuguese mixed (mora and syllable) [92]

reduced vowels in unstressed position

simplified consonant clusters
rate-dependent changes in durational contrasts

Japanese mora (tone)

subsyllabic segmentation [92]

FO = Fundamental frequency.

Because the probabilities of the English language favor
stressed syllables as word onsets, listeners rely on the per-
ceptual prominence of strong syllables relative to weak
syllables for lexical segmentation. Rhythmic cues of im-
port appear to be those that signal syllabic stress in En-
glish, including variation in fundamental frequency, syl-
lable/vowel duration, and vowel quality or strength [e.g.,
62, 63]. This has been described by Cutler and Norris [64]
as the metrical segmentation strategy (MSS). Supporting
evidence for this is in the lexical boundary error (LBE)
patterns that favor insertion of lexical boundaries prior to
strong syllables [65, 66].

Mattys et al. [67] proposed a hierarchical model of cues
to lexical segmentation that has been an important frame-
work for conceptualizing intelligibility deficits in the dys-
arthrias. In this model, listeners call on various knowl-
edge sources to guide lexical segmentation depending on
the quality and quantity of acoustic and contextual infor-
mation available, defaulting to the most efficient and eco-
nomical solutions. In highly contextualized, good-quality
speech, lexical segmentation occurs as word recognition.

Assessment of Rhythm

That s, the listener perceives the speech stream as a string
of words and no explicit segmentation is required. As the
speech signal and complementary cues become impover-
ished, listeners must resort progressively to more active
lexical segmentation by using remaining acoustic cues.
When distortion precludes reliable phoneme identifica-
tion in connected speech, listeners shift their attention to
rhythmic cues to make weighted predictions about word
onsets and offsets [see ref. 65, 67-69]. Segmental ambi-
guities are then resolved within these word-sized frames.
Thus, the role of rhythm in speech segmentation is elevat-
ed under adverse listening conditions [see ref. 70, for a
valuable overview of speech recognition in adverse condi-
tions].

The reliance on perceptual prominence cues in the
face of phonemic uncertainty works well when these cues
are intact, as these cues tend to be robust and discernible
even in noise [28]. But when the rhythm cues themselves
are reduced or abnormal, this cognitive-perceptual strat-
egy is challenged. The relationship between the type of
prosodic degradation (i.e. which traditional cues to seg-
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mentation are diminished) and the resulting perceptual
errors is extremely useful for explaining why the intelligi-
bility deficit occurs.

Lexical Segmentation and Degraded Rhythm in
American English Dysarthrias

We have established thus far that speech rhythm, as
defined herein, serves important language-specific com-
municative functions. We also have established that
speech rhythm cues are especially important for the
communicative function of lexical segmentation when
the speech signal is degraded. The next step is to ask
whether we can explain (and eventually predict) how the
nature of the rhythm degradation relates to a particular
pattern of perceptual consequences. This explicitly re-
quires us to consider how listeners use speech rhythm
cues as clues to word boundaries, and, as has been our
theme throughout, the cues and clues are language-spe-
cific. In this section of our review, we present data that
demonstrate how degradation of the speech rhythm cues
in American English interferes with the process of lexical
segmentation. The goal of our work has been to develop
a predictive model that accounts for the relationships
among speech deficit patterns® and their perceptual con-
sequences. This has involved relatively large-scale proj-
ects, which have generated a corpus of speech samples
and listener transcriptions of experimental phrases de-
signed for conducting lexical segmentation analysis. A
number of published studies have established the viabil-
ity of the LBE paradigm in dysarthric speech [68, 69, 71,
72].

In the conception of this line of research, we identified
four dysarthria subtypes whose speech disturbance pat-
terns had relatively little overlap, in accordance with the
gold standard classification system [4]. We recruited
speakers with neurological disease who exhibited charac-
teristic perceptual features in their speech. People with
hypokinetic dysarthria secondary to Parkinson’s disease
presented with rushed and mumbled articulation, a hy-
pophonic voice, and little pitch variation. Those with hy-
perkinetic dysarthria secondary to Huntington’s disease
displayed unpredictable bursts of speech, along with un-

3 Although speakers with dysarthria were selected because their speech

characteristics corresponded with those of the Mayo Classification System
diagnosis, we are now evaluating a much broader range of dysarthria pre-
sentations, irrespective of etiology, to develop this predictive model.
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usual articulation and nonspeech vocalizations. People
with ataxic dysarthria secondary to cerebellar disease pre-
sented with an intoxicated speech quality, irregular in its
breakdown and timing; and finally, those with a mixed
flaccid-spastic dysarthria secondary to amyotrophic lat-
eral sclerosis spoke very slowly, prolonging syllables to-
ward isochrony, but maintaining pitch variation. We rea-
soned that, despite the inherent messiness of naturally
degraded speech, the import of “prosodic cues’ (as we re-
ferred to them then, now subsumed under the more glob-
al term ‘rhythm’) to lexical segmentation of dysarthric
speech should be revealed in the resulting LBE patterns.
This is, by and large, what we found [68, 69, 72]. Specific
findings and observations from our previously published
reports are summarized in table 3.

New Data

This brings us to the new data resulting from our most
comprehensive analysis of lexical segmentation of dysar-
thric speech, in which the four dysarthria subtypes were
directly compared (see ‘Appendix’ for full methodological
details). We examined LBE patterns elicited from 44 speak-
ers with dysarthria. These speakers were selected on the
basis of cardinal perceptual characteristics associated with
hypokinetic, hyperkinetic, ataxic and mixed flaccid-spastic
dysarthria subtypes [4], as summarized above, and all
speakers presented with at least moderate severity. The data
for this experiment consisted of transcriptions of phrases
spoken by individuals with dysarthria, transcribed by 60
healthy young listeners. The 80 six-syllable phrases were
specifically designed to permit LBE analysis and interpreta-
tion, such that they were of low semantic predictability and
followed either iambic or trochaic stress patterning [65].

The null hypothesis for this analysis was as follows: If
the form of the speech degradation is inconsequential to
the task of lexical segmentation, we would expect the pat-
terns of LBEs to be similar across transcriptions of dysar-
thria subtypes. The listener transcripts were coded inde-
pendently by two trained judges to assess the nature of
lexical segmentation errors. Importantly for this report,
the judges first identified errors in lexical segmentation,
and then designated the type of error (either insertion, I,
or deletion, D) and the location of the error (either before
a strong, S, or a weak, W, syllable). For example, hearing
T can’t’ for the target ‘attend’ is an erroneous lexical
boundary insertion before the strong syllable ‘tend’ (IS),
and hearing ‘sewer’ for the target ‘sue her’ is an erroneous
lexical boundary deletion before a weak syllable, ‘her’

Liss/Utianski/Lansford



Table 3. Summary of published findings related to lexical segmentation of dysarthric speech from the Motor Speech Disorders Labora-
tory at Arizona State University

Speaker population Analysis type(s) Findings Publication
Hypokinetic LBE analysis All listeners used syllabic strength for lexical segmentation decisions Liss et al. [68]
Acoustic measures of  Strategy was less effective for severely impaired speech and reduced strength
syllable strength cues
Hypokinetic LBE analysis Replicated hypokinetic findings from our 1998 study [68] Liss et al. [72]
Ataxic Acoustic measures Ataxic dysarthria did not elicit predicted LBE patterns
of syllable strength Concluded prosodic disturbance in ataxic dysarthria renders metrical
segmentation difficult
Hypokinetic LBE analysis Replicated previous hypokinetic and ataxic findings from Liss et al. [68, 72] Liss et al. [72]
Ataxic Brief familiarization benefited all listeners
Greater dysarthria-specific than dysarthria-general benefits, but overall no
change in LBE patterns
Concluded that ‘learning’ associated with familiarization may be at the
segmental level
Hypokinetic Word substitution In a reanalysis of Liss et al.’s [72] data, word substitutions were segmentally Spitzer et al. [93]
Ataxic analysis closer to the targets in transcriptions of ataxic as compared with hypokinetic
dysarthric speech
This offers evidence that familiarization may be learning at the segmental level
Resynthesized speech LBE analysis Healthy control speech resynthesized to approximate dysarthria-like prosodic Spitzer et al. [63]
patterns
Conditions of flattened F0 and of reduced second formant toward a schwa in
full vowels resulted in the greatest impediment to implementing a metrical
segmentation strategy
Findings did not align completely with expectations for duration-cue
reductions and ataxic speech predictions
Healthy control Temporally based DFAs distinguished rhythm metrics for healthy control speech from those of Liss et al. [6]
Hypokinetic rhythm metrics dysarthric speech
Ataxic DFA Rhythm metrics reliably classified dysarthrias into their categories with good
Hyperkinetic accuracy
Mixed spastic-flaccid
Healthy control EMS EMS, an automated spectral analysis of the low-rate amplitude modulations of Liss et al. [15]
Hypokinetic DFA the envelope for the entire speech signal and within select frequency bands,
Ataxic performed as well as the hand-measured vocalic and intervocalic interval
Hyperkinetic durations employed in Liss et al. [6]
Mixed spastic-flaccid
Mixed spastic-flaccid LBE analysis Data show evidence for cue use differences among better and poorer listeners Choe et al. [71]

DFA = Discriminant function analysis; EMS = envelope modulation spectrum.

(DW). This permitted the LBE pattern analysis relative to
the outcomes hypothesized by the MSS hypothesis, which
predicts that listeners tend to erroneously insert lexical
boundaries before strong (IS) rather than weak syllables
(IW) and erroneously delete boundaries before weak
(DW) than before strong syllables (DS). This prediction
was evaluated for four dysarthria subtypes in which the
rhythmic structure differed and therefore was expected to
yield different LBE patterns.

Assessment of Rhythm

Before turning to the LBE pattern results, it is first nec-
essary to assess the comparability of the LBE pools in
terms of equivalent magnitude of speech severity across
the four groups of speakers with dysarthria. Attaining
comparable pools allows us to consider LBE pattern dif-
ferences relative to the dysarthria subtypes, rather than to
overall severity, for example. Table 4 shows the percent of
words correctly transcribed for the four speaker groups,
along with the total number of LBEs for each group. Vi-
sual inspection of these data reveals that three of the
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Table 4. Mean percent of words correct, total number of LBEs, and distribution of LBEs (including percent of total occurrence of LBEs)

per dysarthria group
Dysarthria Mean percent of Total LBEs IS W DS DW
words correct (SE) n
Hyperkinetic 36 (0.011) 957 432 (45%) 253 (26%) 120 (13%) 152 (16%)
Ataxic 44 (0.015) 788 384 (49%) 134 (17%) 93 (12%) 177 (22%)
Mixed 49 (0.01) 721 433 (60%) 127 (17.5%) 62 (8.5%) 99 (14%)
Hypokinetic 46 (0.014) 744 339 (45.5%) 170 (23%) 75 (10%) 160 (9.5%)
SE = Standard error. Predicted errors shown in italics.
Table 5. Results of multiple comparison
analyses Dysarthria Comparison Percent of words correct Number of LBEs
group mean difference mean difference
Hyperkinetic ataxic -0.076040* 11.2667
mixed -0.124573* 15.7333*
hypokinetic -0.098040* 14.2000*
Ataxic hyperkinetic 0.076040* -11.2667
mixed -0.048533 4.4667
hypokinetic ~0.022000 2.9333
Mixed hyperkinetic 0.124573* -15.7333*
ataxic 0.048533 -4.4667
hypokinetic 0.026533 -1.5333
Hypokinetic hyperkinetic 0.098040* -14.2000*
ataxic 0.022000 -2.9333
mixed -0.026533 1.5333
*p < 0.0125.

groups were of highly similar intelligibility and this was
confirmed by statistical analysis. As shown in table 5,
while results of the analyses of variances evaluating the
effects of dysarthria group on the percent of words correct
[F(3, 56) = 17.969; p < 0.001, n* = 0.490] and the number
of LBEs [F(3, 56) = 4.880; p < 0.01, n? = 0.207] were sig-
nificant, pairwise comparisons showed that hyperkinetic
speech was of significantly lower intelligibility than that
of the ataxic, hypokinetic, and mixed groups, which did
not differ from each other in any pairwise comparison.
The larger number of errors for the hyperkinetic group
also was accompanied by a greater total number of LBEs*.

4 This is not always the case, as LBEs are only one type of error. Other er-

rors include word substitutions that do not violate a lexical boundary (such
as ‘flashing’ for ‘smashing’), or errors of word omission or nonresponses.
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Based on these results, we can safely compare and inter-
pret LBE patterns among these latter three groups, and we
must consider the possibility of severity effects when in-
terpreting the LBE patterns for the hyperkinetic group
relative to the others.

Figure 1 offers a visual representation of the LBE data
across the four dysarthria groups. Each bar is the ratio of
predicted to nonpredicted error types (IS/IW; DW/DS),
based on the MSS hypothesis. The front row of bars cor-
responds with predicted insertion errors (IS/IW) and the
back row shows predicted deletion errors (DW/DS). A
ratio of ‘1" indicates equal proportions of predicted and
nonpredicted errors, and higher values indicate a stron-
ger adherence to the MSS predicted error patterns. It
should be pointed out here that the corpus of phrases was
designed to contain slightly more opportunities for non-
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predicted than predicted errors. This means, then, thata
ratio above 1.0 can be interpreted with a fair degree of
confidence of conformity with the MSS hypothesis.

The first question is whether or not listeners used
available cues to treat strong syllables as word onsets
within each group. The answer is yes: x> tests of indepen-
dence, conducted within each dysarthria group (d.f. = 1),
demonstrated dependence between LBE type (insertion
or deletion) and location (before strong and before weak).
The results of the x* tests of independence (reported in
table 6) were all significant at p < 0.001. The LBE patterns
elicited from each of the dysarthrias conformed with the
MSS hypothesis, such that predicted LBEs outnumbered
nonpredicted errors, albeit to different extents (see table 4
for proportions and distributions of LBE types, for each
dysarthria group). Specifically, for each speaker group,
the percent of total LBEs designated as deletions before
weak syllables (DW) exceeded that of deletions before
strong syllables (DS), and proportion of insertions before
strong syllables (IS) exceeded that of insertions before
weak syllables (IW). Thus, listeners attended to the avail-
able rhythmic cues to syllable stress to guide lexical seg-
mentation, and tended to assign strong syllables as word
onsets.

This finding is expected, as these native American
English listeners should use the strategies specific to the
English language in their attempts to understand degrad-
ed speech. However, the second and more important
question is whether or not the various forms of degrada-
tion posed different challenges to these strategies. Figure

Assessment of Rhythm

Table 6. On the diagonal, ¥ tests of independence (d.f. = 1), and
on the off-diagonal, x* goodness of fit tests (d.f. = 3) for LBE types
for each of the four dysarthria subtypes

Hyperkinetic =~ Ataxic =~ Mixed  Hypokinetic
Hyperkinetic =~ 28.64 123.05 207.64 93.44
Ataxic 117.01 82.89 19.72
Mixed 87.53 75.27
Hypokinetic 78.37

All results were significant at p < 0.001.

1 and the associated x* goodness of fit analyses reported
in table 6 confirm this to be the case. We compared the
LBE distributions between groups to test the null hypoth-
esis that they were drawn from the same sample. Signifi-
cant findings were interpreted as indicating that the dis-
tributions differed between the dysarthria groups. Results
indicated that none of the four dysarthria distribution
patterns was drawn from the same distribution, as all re-
sults were significant at p < 0.001. That is, the patterns of
LBEs, even though all adhering to the MSS hypothesis (as
confirmed by the results of the x* test of independence),
were significantly different from one another. So, even
within languages, rhythmic differences elicit patterns that
conform to the MSS, but in different degrees; thus, it is a
logical expectation that languages with different rhyth-
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Table 7. Correspondence of LBE (perceptual) and rhythm metric (acoustic-durational) findings for each of the four dysarthria subtypes

Dysarthria ~ LBE patterns in current report Corresponding rhythm metric findings [6]
Hypokinetic  Highest proportion of deletion Rapid speaking rate distinguished hypokinetic speech from all other
errors dysarthric groups
Reduced, but relatively intact, Despite reduced intelligibility, temporal relationships among vocalic and
predicted-to-nonpredicted ratios consonantal segments — in particular, VarcoVC - showed relative preservation
of normal rhythm, as evidenced by the similarity of these scores to those of the
control group
Ataxic Relatively preserved Metrics of variability (VarcoC, rPVI-VC and nPVI-V) measures accurately
predicted-to-nonpredicted ratios classified 85% of the ataxic speakers; however, classification errors were
primarily with controls as their values were similar
Mixed Highest proportion of insertion They presented with the slowest speaking rate with greatly prolonged vowels
errors and lowest deletion errors (%V), and the lack of temporal distinction between vowels produced in
stressed versus unstressed syllables (nPVI-V, VarcoV)
Highest proportion of insertions Despite lack of temporal distinction between strong and weak vowels,
before strong syllables intonation contours were relatively preserved [variation in FO0, not reported in
ref. 6]
Hyperkinetic Lowest adherence to metrical Metrics sensitive to the high variability in the consonantal intervals (VarcoC

segmentation strategy, with reduced
predicted-to-nonpredicted ratios

and VarcoVC) were important for distinguishing hyperkinetic speech from
the other dysarthrias; other variables that also captured this variability

included AC, rPVI-C, rPVI-VC, nPVI-C

mic structures will produce some language-specific re-
sults that must be included in a theory of the communica-
tion deficit in dysarthria.

To address how the pools differed, let us turn first to
our three comparable groups with equivalent intelligibil-
ity and total numbers of LBEs. The hypokinetic pool had
reduced predicted-to-nonpredicted ratios, with the high-
est proportion number of lexical boundary deletion er-
rors of the three groups. The mixed pool had the highest
proportion of insertion errors, and the highest IS/IW ra-
tios. The ataxic pool was intermediate in error distribu-
tion®. Because dysarthria severity as assessed by overall
speech intelligibility cannot account for the differences,
welook to the distinctive ways in which the speech rhythm
is disturbed in the groups, based on perceptual assess-
ment and acoustic measures conducted on these phrases
in our previous work.

> It should be noted that these findings for ataxic dysarthria LBE patterns

are quite different from those reported in Liss et al. [68]. Those results were
based on a different group of speakers with ataxic dysarthria who presented
with largely equal and even stress. The present group, by perceptual and
acoustic metrics, did not exhibit this characteristic, rather they produced
slow speech with irregular articulatory breakdown. This discrepancy high-
lights the need to move toward acoustic-perceptual characterization rather
than diagnostic classification for studies of communication.
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Table 7 contains a comparison of the current LBE find-
ings with our previous rhythm metric findings [6] as an
entry point for interpretation. Hypokinetic speech was
distinctive in its elicitation of the highest proportion of
lexical boundary deletion errors for any group. This ten-
dency for listeners to ‘compress’ adjacent syllables may be
linked to the rapid speaking rate, monotonicity, and im-
precise articulation, all which converge to blur word
boundaries. Yet, listeners both erroneously deleted and
inserted lexical boundaries most often in the predicted
locations. This is explained by the rhythm metrics that
showed relatively preserved temporal relationships
among vocalic and intervocalic intervals. Thus, despite
being reduced, listeners were able to use the available con-
trast cues to guide lexical segmentation.

The mixed flaccid-spastic dysarthria was at the other
end of the acoustic spectrum, with very slow speech that
was syllabified such that all vowels were drawn out,
lacking temporal distinctiveness. This LBE pool was
distinctive in the large proportion of LBE insertions.
Just as a propensity to erroneously delete lexical bound-
aries in rushed speech, the slowed and syllabified speech
promoted erroneous insertions. However, the insertion
errors were predominantly before strong syllables, indi-
cating that listeners had access to syllabic strength
information. We speculate that intonation contours
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Fig. 2. Schematic of generic framework for
a language processing approach.
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served as one important cue for this, as the mixed group
had relatively preserved fundamental frequency varia-
tion.

The most distinctive aspect of the ataxic LBE pool was
the relative normalcy of the error proportions and adher-
ence to the MSS. Indeed, this pool had the strongest x° test
of independence results, underscoring the dependence of
error type and location in this distribution. In other
words, there were equal amounts of deletions and inser-
tions before both strong and weak syllables (see table 6).
Rhythm metrics conducted on these phrases showed vo-
calic and intervocalic temporal contrasts with values
overlapping those of healthy control speakers. Even
though intelligibility was reduced to the same degree as
hypokinetic and mixed, rhythmic contrast was largely
preserved.

Whereas the hyperkinetic pool cannot be compared
directly to those of the other three dysarthrias because
the phrases were less intelligible, we can address the LBE
findings relative to the perceptual-acoustic character-
ization of the phrases. The hyperkinetic phrases can be
characterized perceptually as emerging as unpredictable
fits and starts, with occasional loud bursts, random fluc-
tuations in pitch, all of which culminate in a severe dis-
turbance in speech rhythm. Rhythm metrics useful for
distinguishing these phrases from those of the other
dysarthrias were all related to high temporal variability.
Insofar as a function of rhythm is to facilitate tracking
and anticipation of word boundaries, random rhythmic
disturbance should have deleterious effects on lexical

Assessment of Rhythm

segmentation. This likely explains why, other than se-
verity, the LBE pattern for hyperkinetic speech yielded
the lowest x* value of independence, suggesting that the
variables’ location and type have weaker independent
effects on the distribution than was seen for the other
groups.

The post hoc attribution of rhythm metrics as explana-
tions for the LBE perceptual outcomes runs the risk of
sounding like a just-so story. However, it is important to
keep in mind that three of these pools were of equivalent
intelligibility with equivalent LBE pool sizes. The only
source of explanation for the significant differences in
proportions of LBE types across these groups is at the in-
terface of the rhythmic characteristics of the speech signal
and listener’s use of those characteristics. Understanding
that this interface is a tractable source of the intelligibility
deficit - something that can be modeled and predicted -
provides insight to the communication disorder and
plausible interventions®. Moreover, for the purposes of
this review, the results emphasize the importance of con-
sidering the language-specific linguistic functions of
rhythm in studies of intelligibility.

®  While a discussion of individual differences in listening strategies is

beyond the scope of this review, the topic is of great relevance. The hier-
archical segmentation strategy model [67] predicts that listeners will not
resort to prosodic cues until the segmental information is sufficiently de-
graded. This level of degradation will be listener-specific. The interface of
rhythmic characteristics and listener strategies is likely to reveal interac-
tions between that interface and the goodness of the speaker’s segmental
representations.
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Crosslinguistic Utilization of English-Centric
Descriptions of Dysarthria

In this final section of the review, we return to the use
of English-centric descriptors in dysarthrias across lan-
guages with an illustration of ‘equal and even stress’.
Ataxic dysarthria has been well characterized acousti-
cally, perceptually, and kinematically in a number of
languages, including English, German, and Swedish
[e.g., 73-76]. These are examples of so-called ‘stress-
timed’ languages because of the presence of high dura-
tional contrast between stressed and unstressed syllables
(table 2). The disruption in timing associated with atax-
ic dysarthria results in the relative prolongation of nor-
mally unstressed syllables, thereby reducing the expect-
ed stress-based durational contrasts [3, 75]. The percep-
tual consequence of this contrast reduction has been
called ‘scanning’, in which the stream of syllables un-
folds with relatively equal and even stress, no longer of-
fering the syllabic cues characteristic of high-contrast
languages.

Would one expect the percept of ‘scanning’ in low-
contrast languages whose natural rhythmic structure
might already be considered syllabified? Speech rhythm
in Japanese is structured around the mora (vocalic or
consonant-vocalic pairs), sequences of which are pro-
duced with relatively equal durations of constituent vo-
calic units. Interestingly, the term ‘scanning’ is regularly
used by neurologists to describe the perceptual rhythmic
features of ataxic dysarthria in Japanese speakers [e.g.,
77-79]. Ikui et al. [80] embarked on a study of the acous-
tic timing characteristics of ataxic dysarthria in an effort
to identify correlates to the perception of scanning in Jap-
anese. They measured mora durations in connected
speech and found, as expected, that healthy control speak-
ers produced highly regular mora durations characteris-
tic of the low-stress contrast language. Speakers with
ataxic dysarthria, on the other hand, produced highly
variable mora durations. They also found a tendency in
ataxia to reduce duration of moras with adjacent (double)
vowels, which are normally produced with the duration
of two moras. The net effect of ataxic dysarthria in Japa-
nese s to interject durational contrasts where none should
exist. This presents an interesting language-specific co-
nundrum: the disorder of timing regulation in ataxia
serves to decrease durational contrasts in English and in-
crease durational contrasts in Japanese. As posited by Ikui
etal. [80, p. 92]: “At this point, a question ... is whether it
is plausible to continue to use the term “scanning” for ex-
pressing the abnormal pattern of ataxic speech in Japa-
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nese, if the original notion of “scanning” exclusively re-
ferred to abnormal “syllabification”.’

The quandary implied by the question is one of need-
ing to retrofit the English-centric vocabulary to accom-
modate a language-specific phenomenon. A more fruitful
alternative, however, may be to tip the quandary on its
head. If we return to the insight offered by Cutler [81], a
universal account of language processing is one that is
built from the crosslinguistic details and phenomena be-
tween acoustics and perception. This view obviates the
need for the language-universal/language-specific dis-
tinction because the vantage point is language processing
rather than acoustic/perceptual features: despite the sim-
ilarity in the disruption of the acoustics, it is the way in
which the necessary perceptual features are disturbed that
will dictate the communication impairment.

Figure 2 depicts a generic framework for conceptual-
izing communication disorders within a language pro-
cessing approach. The acoustic signatures of the speech
signal are ascertained; they are considered relative to the
linguistic functions of speech rhythm for a given lan-
guage, and this converges on predictions regarding the
severity and nature of the communication disorder.
While segmental goodness - that is, the quality of pho-
neme articulation - is not explicitly shown in this model,
segmental degradation is an implicit component of the
acoustic signature.

A critical aspect of this simple model is a language-
universal approach to characterizing the acoustic signa-
ture. That is, the metrics should capture spectrotemporal
prominences and troughs, and their contributors at the
source and filter levels of speech production, irrespective
of the language and motor speech disorder analyzed. This
is important not only to facilitate crosslinguistic investi-
gations, but for the study of the dysarthrias as movement
disorders. The language-specific considerations are then
framed relative to these metrics to predict the communi-
cation disorder outcome.

We are presently developing a package of automated
acoustic metrics that will form the basis for crosslinguistic
analysis of connected dysarthric speech. This package will
include an automated version of the vocalic-intervocalic
rhythm metrics [7, 82]; analysis of the modulation of the
amplitude envelope in frequency bands across the signal
(envelope modulation spectrum) [15], and analysis of the
long-term average spectrum. It also will include metrics
developed for the telecommunications industry, which
have not been applied previously to disordered speech.
The ITU P.563 [83] standard is designed to measure the
quality of speech, specifically assessing parameters relat-
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ed to the shape of atypical vocal tracts and the unnatural-
ness of the vocal quality. This is accomplished through
statistical analyses of the cepstral and linear prediction
coefficients, which model the source and filter responsi-
ble for production of a given speech signal. The result of
this multipronged acoustic analysis is a high level charac-
terization of the speech signal that will have two impor-
tant applications. First, analyses across languages and
dysarthrias would reveal commonalities in manifestation
of speech motor impairments that may have diagnostic or
localizing value, without reference to the communication
disorders they produce. This retains intention of the
‘movement disorder’ perspective of the Mayo Classifica-
tion System, but without invoking (or relying upon) lan-
guage-specific perceptual descriptors [see ref. 84, for a
discussion of taxonomical phenomena in motor speech
disorders as an alternative to perceptual classification].
Second, the acoustic characterization forms the basis for
consideration relative to the language-specific cue use, as
shown in figure 2.

Thus, the second step in this model is to delineate the
language-specific linguistic functions of the spectrotem-
poral prominences and troughs. Many of these details
already are available in the literature, and table 2 offers a
starting point for communication disorder outcome pre-
dictions with regard to lexical segmentation. Returning
to our Japanese example, we can ask what are linguistic
functions of rhythm cues and how are they used by native
communicators. Otake et al. [85] demonstrated that Jap-
anese listeners use the rhythm unit of moras - rather
than the syllables in which they often coexist — to drive
lexical segmentation. Lexical segmentation, then, would
be compromised in Japanese to the extent that pitch and
duration cues to mora identity (or psychological realiza-
tion) are degraded or distorted. Therapeutic (or auto-
mated) improvements of these cues would be justified as
an intervention target to improve lexical segmentation
and speech intelligibility [see ref. 86 for a cognitive-per-
ceptual framework for intervention in hypokinetic dys-
arthria].

Conclusion

Although the Darley et al. [4] classification of dysar-
thria types is used by clinicians and scientists around the
world, there are compelling reasons to assume the dysar-
thria types and their effect on communication impair-
ment are not consistent across different languages. This
review presents a theoretical framework for how well-at-
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tested rhythmic differences across languages are likely to
affect the nature and possibly degree of the communica-
tion impairment in motor speech disorders. Data collect-
ed at Arizona State University, USA, and published over
the last 15 years, demonstrate that even within a single
language — American English — the nature of LBEs made
by listeners varies depending on the details of speech
rhythm disorders associated with neurological disease.
LBEs are shown to be different among persons classified
with hypokinetic, ataxic, and mixed dysarthria, all of who
are native speakers of English. These LBEs and their effect
on speech intelligibility are attributed to the unique
speech rhythm disturbances among the three dysarthria
types. If this effect can be demonstrated in speakers of the
same language, continued investigation on the effect of
dysarthria on lexical boundary detection in particular,
and speech intelligibility in general, is absolutely essential
for languages with rhythmic structures different from
English. Such research can only enhance the theory of
dysarthria by moving away from an English-centric view
of the disorder to a more universal understanding of the
effects of dysarthria on communication. The theoretical
and data-based considerations presented in this paper
also show why it is critical to appreciate the tight link be-
tween speech production characteristics on the one hand,
and language perception strategies on the other hand, for
a full understanding of how motor speech disorders affect
communication.

Appendix

Methodological Details of the Study

Participants

Speakers: In the large-scale study of which this experiment was
a part, 344 potential participants with neurological disease were
screened for inclusion. Of these, 269 were not eligible because they
did not present with a dysarthria of at least moderate severity, or
the severity of their illnesses prevented them from being able to
participate. The remaining 75 provided speech samples, and 44 of
these (6 men and 6 women from each dysarthria group, with the
exception of the hypokinetic group, in which 2 women and 6 men
were used) were selected for inclusion in the study, based on the
quality and character of their speech deficits exhibited for the ex-
perimental phrases. A group of 5 neurologically healthy partici-
pants also provided speech samples for this investigation. Because
they did not present with intelligibility deficits, their samples were
used only for a point of comparison for acoustic measures.

Listeners: Participants were 60 undergraduate and graduate
students enrolled in classes at Arizona State University. All were
native English speakers between the ages of 18 and 47 (mean
age = 26, SD = 7.1) who self-reported normal hearing and no dis-
ease or conditions known to affect speech or language processing.
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The group was predominantly female (n = 52) with 8 males. Lis-
teners were compensated for their participation.

Speech Material

Eighty-six-syllable phrases were developed to elicit and evalu-
ate lexical segmentation errors. These phrases were similar in
structure to those of Liss et al. [68] and were comprised of 3-5
words, with alternating syllabic strength [after ref. 65]. Strong syl-
lables (S) were those that would be produced in citation form with
a full (unreduced) vowel, and receive primary lexical stress. Weak
syllables (W) were those that would be produced with a reduced
vowel (schwa or schwar) and without lexical stress [94]. Half of the
phrases were of a trochaic stress pattern (SW), and the other half
iambic (WS).

All phrases contained either mono- or disyllabic American
English words characterized as having low interword predictabil-
ity (except for articles), such that contextual cues were not of use
for word identification. Individual words were selected to be in the
moderate word frequency range, as defined by Kucera and Francis
[95]. However, a small set of monosyllabic words that served as
weak syllables (mostly articles and pronouns) were of high word
frequency and they appeared no more than 5 times each across the
phrases. In addition, each phrase contained 0-2 target syllables
that were designed to, cumulatively, assess a variety of phonemic
contrasts [based on ref. 96]. The data from the segmental analysis
will be presented in a separate paper.

Speech Sample Collection, Editing, and Acoustic Measures

Participants were fitted with a head-mount microphone (Plan-
tronics DSP-100), seated in a sound-attenuating booth, and they
read stimuli from visual prompts on a computer screen. Record-
ings were made using a custom script in TF32 [97] (16-bit, 44 kHz)
and were saved directly to disk for subsequent editing using com-
mercially available software (SoundForge, Sony, 2004). Several sets
of speech material were collected during the session, including the
80 phrases, which serve as the basis for this report. Participants
were encouraged to speak in their normal, conversational voice.

Following the collection of all phrases for a speaker group, 8-12
phrases from each participant were selected to create the 80-phrase
experimental set. Phrases were selected based on the presence of
distinguishing features consistent with the dysarthria subtype (ta-
ble 1). In all cases, two certified speech-language pathologists iden-
tified a subset of suitable phrases for each speaker independently.
Common selections were considered options for inclusion in the
experimental set. Ultimately, 4 listening sequences were construct-
ed, one for each dysarthria group, each consisting of all the 80
phrases.

Standard acoustic measures of total duration, vowel duration,
first and second formant frequencies of strong vowels, and stan-
dard deviation of fundamental frequency across each utterance
were made using TF32. The phrases were also segmented via Pratt
script into vocalic and intervocalic units, which formed the basis
of a speech rhythm analysis [see ref. 6].

Study Protocol and Data Collection

Transcription data were collected using Alvin, a stimulus-pre-
sentation software package designed for speech perception exper-
iments [98]. Phrases were randomly presented in an open tran-
scription task with no feedback or replay capabilities.

16 Folia Phoniatr Logop 2013;65:3-19
DOI: 10.1159/000350030

All listeners performed the task wearing sound-attenuating
Sennheiser HD 25 SP headphones in a quiet room in listening car-
rels, which minimized visual distractions. At the beginning of the
experiment, the signal volume was set to a comfortable listening
level by each listener, and remained at that level for the duration
of the task. After instructions to write down exactly what they
heard, listeners were presented with 3 practice phrases, produced
by a healthy control speaker. These practice phrases did not con-
tain any of the same words found in the 80 experimental phrases.
Performance confirmed understanding of the task for all listeners.

Following the practice phrases, listeners heard each experi-
mental phrase and immediately transcribed what they had heard.
The listeners were told they would hear phrases produced by peo-
ple with diseases that affected the clarity of their speech, but that
all the words in the phrases were real English words. They were
encouraged to guess on a word if they were not entirely sure about
what they heard, or to use an X or dash for parts of the phrase that
were not understood.

Transcript Coding and Reliability

Lexical Segmentation. The transcripts were coded indepen-
dently by two trained judges for the number of words correctly
transcribed as well as the presence, type (insertion or deletion), and
location (before strong or before weak syllables) of LBEs. In addi-
tion, transcription errors that did not violate lexical boundaries
were tallied (word substitutions) as well as instances in which no
attempt was made at transcription of a phrase (no response). It
should be noted that word substitutions and LBEs are mutually
exclusive. Word substitution errors occur when the transcription
is correctly parsed (thus no LBE) but the response is not the target
word. For example, a listener’s response of ‘advice’ for the target
‘convince’ is a word substitution, whereas the response ‘the fence’
is an insertion of boundary before a strong syllable. Coding dis-
crepancies were addressed with revision or exclusion from the
analysis. Criteria for scoring words correct were identical to those
in Liss et al. [68], and included tolerance of word-final morphemic
alterations, which did not affect the number of syllables (i.e., ‘boats’
for ‘boat’, but not judges’ for judge’), as well as substitutions of
function words ‘@’ and ‘the’. Examples of listener transcripts and
coding of LBEs are shown in table 2.

Data Analysis

The dependent variables, tallied for each listener and group,
were: (1) the number of words correctly transcribed out of the to-
tal number of words possible (intelligibility score), (2) total num-
ber of word transcription errors that did not violate lexical bound-
aries (word substitutions), and (3) the number, type (insertion vs.
deletion), and location (before strong vs. before weak syllables) of
LBEs. Accordingly, LBEs fell in four categories: insertion of a word
boundary before a strong syllable (IS), insertion of a word bound-
ary before a weak syllable (IW), deletion of a word boundary before
a strong syllable (DS), deletion of a word boundary before a weak
syllable (DW). For the purpose of comparing patterns across the
dysarthria types, an MSS ratio, defined as the number of MSS-
consistent LBEs, namely, insertions of word boundaries before
strong syllables and deletions of word boundaries before weak syl-
lables, divided by the total number of LBEs (IS + DW/total LBEs).
An MSS ratio greater than 0.50 was taken as evidence of stress-
based segmentation, because the opportunities to commit nonpre-
dicted errors were greater than predicted errors.
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Individual one-way analyses of variances were conducted
across dysarthria groups to compare the equality of means of the
following dependent variables: percent intelligibility, and number
of LBEs. Pairwise comparisons with a Bonferroni correction were

also conducted.
x? tests of independence were conducted within groups to test
the null hypothesis that the variables of LBE type (insertion or de-

letion) and location (before strong and before weak) were inde-

arthria groups.

pendent. Significant findings were interpreted as meaning that the

variables were dependent, in support of the MSS hypothesis.

—
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