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A Perceptual Learning Approach
for Dysarthria Remediation:

An Updated Review

Stephanie A. Borriea and Kaitlin L. Lansfordb
Purpose: Early studies of perceptual learning of dysarthric
speech, those summarized in Borrie, McAuliffe, and Liss (2012),
y i e l d e d preliminary evidence that listeners could learn to
better understand the speech of a person with dysarthria,
revealing a potentially promising avenue for future intelligibility
interventions. Since then, a programmatic body of research
grounded in models of perceptual processing has unfolded.
The current review provides an updated account of the state
of the evidence in this area and offers direction for moving
this work toward clinical implementation.
Method: The studies that have investigated perceptual
learning of dysarthric speech (N = 24) are summarized
and synthesized first according to the proposed learning
source and then by highlighting the parameters that
appear to mediate learning, culminating with additional
learning outcomes.
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Results: The recent literature has established strong
empirical evidence of intelligibility improvements following
familiarization with dysarthric speech and a theoretical
account of the mechanisms that facilitate improved processing
of the neurologically degraded acoustic signal.
Conclusions: There are no existing intelligibility interventions
for individuals with dysarthria who cannot behaviorally
modify their speech. However, there is now robust
support for the development of an approach that shifts
the weight of behavioral change from speaker to listener,
exploiting perceptual learning to ease the intelligibility
burden of dysarthria. To move this work from bench to
bedside, recommendations for translational studies
that establish best practices and candidacy for listener-
targeted dysarthria remediation, perceptual training, are
provided.
There exist few effective treatments that ease the in-
telligibility burden of dysarthria, and all of these
require cognitive and physical effort on the part

of the speaker to achieve and maintain gains (Herd et al.,
2012; Mitchell et al., 2017). Therefore, individuals with
intelligibility deficits who cannot behaviorally modify their
speech are not viable candidates for current intelligibility
interventions. This constitutes a significant health disparity
that disproportionately affects those with developmental,
cognitive, or significant neuromuscular impairment. While
prevalence data are not fully known, dysarthria is frequent
in a number of common neurological disorders that are
accompanied by such co-occurring impairments (e.g.,
Parkinson’s disease [PD], amyotrophic lateral sclerosis
[ALS]), stroke, cerebral palsy, and multiple sclerosis).
The dearth of intervention options is not an inconsequen-
tial problem. The intelligibility impairments that character-
ize dysarthria have been described as “the most clinically
and socially important aspects of dysarthria” (Ansel & Kent,
1992), tracking with reduced participation in situations
that involve communicating with others (Barnish et al., 2017;
Sixt Börjesson et al., 2020; Spencer et al., 2020). As such, in-
terventions that target intelligibility are critical for not only
improved communication outcomes but also quality of life.

The definition of intelligibility, “the accuracy with
which a message is conveyed by a speaker and recovered
by a listener” (Yorkston et al., 1988), highlights contribu-
tions from both speaker (i.e., production) and listener (i.e.,
perception). With speaker–listener contributions in mind, it
was proposed that the intelligibility impairments exhibited
by individuals with dysarthria may benefit from interven-
tions that focus on the listener (Liss, 2007; McAuliffe et al.,
2010). While listener-targeted treatment of the intelligibility
impairments in dysarthria was, at the time, conceptually
novel, the notion of training a listener to better understand
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the neurologically degraded acoustic signal is firmly grounded
in theoretical models of perceptual learning of speech (e.g.,
Clayards et al., 2008; Feldman et al., 2009; Kleinschmidt &
Jaeger, 2015) and a large body of literature evidencing the
malleability of the listeners’ speech perception system (e.g.,
Bradlow & Bent, 2008; Clarke & Garrett, 2004; Davis et al.,
2005; Eisner & McQueen, 2005; see also Bieber & Gordon-
Salant, 2021, and Samuel & Kraljic, 2009, for reviews).

In early 2012, a review article titled “Perceptual Learn-
ing of Dysarthric Speech: A Review of Experimental Studies”
was published (Borrie, McAuliffe, & Liss, 2012). In addition
to reviewing perceptual learning of noncanonical speech more
generally, the article reviewed the small body of literature
that had examined perceptual learning of dysarthric speech
(n = 8), established the rationale for further investigation
in this area, and offered direction for advancing this line
of scientific inquiry in a systematic way. In response to this,
a programmatic body of work has unfolded over the last de-
cade (n = 16), calling for an updated review of experimental
studies of perceptual learning of dysarthric speech. The pur-
pose of this current review is threefold. First, we explain
perceptual learning and the theoretical models that support
listener adaptation to a degraded speech signal. We then
summarize and synthesize the literature investigating percep-
tual learning of dysarthric speech according to key themes
that have emerged regarding how listeners adapt to the neu-
rologically degraded acoustic signal. Equipped with founda-
tional evidence and a theoretical framework to support a
perceptual learning approach for dysarthria remediation,
we conclude by providing direction for the next steps in
this area of inquiry: arguing for translational studies that
move this work from bench to bedside, establishing best
practice and candidacy for perceptual training programs
that ease the intelligibility burden of dysarthria.

Perceptual Learning
Successful speech perception requires listeners to

accurately parse the continuous, incoming signal into word-
sized frames and map them onto discrete meanings. In famil-
iar listening situations, this process occurs with no apparent
effort. However, when listeners encounter a speaker with a
novel way of talking, the speech perception system must
rapidly and flexibly adapt to map the noncanonical acous-
tic cues onto linguistic categories stored in memory. This
experience-induced adaptation is known as perceptual
learning. According to theoretical models of perceptual
learning, experience with the novel speech signal allows
the listener to acquire knowledge of how linguistic units
(e.g., words, syllables, phonetic categories) are realized by
different distributions of acoustic cues (e.g., Clayards et al.,
2008; Feldman et al., 2009; Kleinschmidt & Jaeger, 2015).
Fundamental to acquiring this knowledge is acoustic regu-
larity in the speech signal, arising from segmental and su-
prasegmental information. The statistical predictability of
these regularities then drives listeners’ acquisition of category-
specific cue distributions. Thus, perceptual learning can be
conceptualized as a form of statistical inference: Listeners
Bo
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build linguistic generative models for novel speakers based
on knowledge about the distribution of acoustic cues associ-
ated with each linguistic category (Kleinschmidt & Jaeger,
2015). These generative models can then be leveraged to
more successfully decipher the speaker’s productions in fu-
ture encounters (e.g., Eisner & McQueen, 2005; Kraljic &
Samuel, 2007). The phenomenon of perceptual learning of
speech has been extensively studied in experimental para-
digms in which listeners are given a structured familiariza-
tion experience with laboratory-modified speech, including
synthetic (e.g., Francis et al., 2007; Greenspan et al., 1988),
noise-vocoded (e.g., Davis & Johnsrude, 2007; Loebach et al.,
2008), and time-compressed (e.g., Dupoux & Green, 1997;
Golomb et al., 2007) signals or naturally occurring speech
variants such as accented speech (e.g., Clarke & Garrett,
2004; Sidaras et al., 2009) and, importantly, dysarthric
speech (e.g., Borrie, McAuliffe, Liss, Kirk, et al., 2012;
Lansford et al., 2016; but see also Table 1).

Perceptual Learning of Dysarthric Speech
Since the first study in 1983, 24 studies have investi-

gated perceptual learning of dysarthric speech. These studies
are reported in chronological order in Table 1. The early
works, the eight studies summarized in the initial review
article by Borrie, McAuliffe, and Liss (2012), were largely
descriptive, and their findings were somewhat equivocal,
although substantial methodological differences and an ab-
sence of rigorous control confounded meaningful compari-
sons across those studies. Since then, a programmatic body
of research grounded in models of perceptual processing
has investigated learning and learning mechanisms for lis-
teners familiarized with neurologically degraded speech.
This work has collectively enabled us to reach the follow-
ing overarching conclusion: Familiarization with dysarth-
ric speech facilitates improvements in a listener’s ability to
understand the neurologically degraded acoustic signal. To
date, the line of investigation following the 2012 review
article has chiefly targeted theory; however, robust intel-
ligibility (percent words correct) improvements across the
studies, sometimes up to 20%, have been observed (Borrie
et al., 2017a, 2017b; Borrie, McAuliffe, Liss, Kirk, et al.,
2012; Lansford et al., 2018). Intelligibility improvements
of 5%–12% are considered a guideline for clinically signif-
icant change in dysarthria management (Stipancic et al.,
2016, 2018; Van Nuffelen et al., 2010). Thus, the intelligi-
bility improvements observed following listener familiari-
zation are not only statistically significant but also likely
clinically meaningful in terms of improved communication
outcomes. Table 1 highlights that the large majority of
studies investigating perceptual learning of dysarthric speech
have evidenced significant intelligibility improvements.
In the following section, we summarize and synthesize the
body of research presented in Table 1 first according to
the proposed source of learning and then by highlighting
the theoretically grounded parameters that appear to mediate
learning of neurologically degraded speech, culminating with
a discussion of additional perceptual learning outcomes.
rrie & Lansford: Perceptual Learning of Dysarthric Speech 3061
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Table 1. Summary of previously published studies on perceptual learning of dysarthric speech (N = 24).

Study Speakers Listeners Setting
Familiarization
conditions

Familiarization
stimuli

Testing
stimuli Primary findings

Yorkston &
Beukelman
(1983)

Nine speakers with
dysarthria: three
mild, three moderate,
and three severe

Nine experienced
listeners: SLPs
and SLP students;
(age and hearing
status not provided)

Lab Passive or
explicit

Sentences Sentences No intelligibility improvement for listeners
familiarized with dysarthric speecha

Tjaden & Liss
(1995a)

One speaker with
moderate–severe
spastic–ataxic
dysarthria

30 naive listeners,
college students
(age not provided),
normal hearing

Lab Explicit Phrases Phrases Intelligibility improvement for listeners
familiarized with dysarthric speecha

Tjaden & Liss
(1995b)

One speaker with
moderate–severe
spastic–ataxic
dysarthria

30 naive listeners,
college students
(age not provided),
normal hearing

Lab Explicit Word list or
passage

Phrases Intelligibility improvement for listeners
familiarized with dysarthric speecha

Equivalent intelligibility improvement for word
list vs. passage familiarization stimuli.

Garcia &
Cannito
(1996)

One speaker with
severe flaccid
dysarthria

96 naive listeners,
aged 18–30 years,
normal hearing

Lab Passive Conversational
speech
sample

Phrases No intelligibility improvement for listeners
familiarized with dysarthric speecha

Spitzer et al.
(2000)

Six speakers with
moderate–severe
hypokinetic dysarthria
or six speakers with
moderate–severe
ataxic dysarthria

34 naive listeners,
aged 18–50 years,
normal hearing

Lab Explicit SA phrases SA phrases Intelligibility improvement for listeners
familiarized with dysarthric speecha

Improved segmental processing for listeners
familiarized with ataxic but not hypokinetic
speech.

Liss et al.
(2002)

Six speakers with
moderate–severe
hypokinetic dysarthria
or six speakers with
moderate–severe
ataxic dysarthria

120 naive listeners,
aged 18–50 years,
normal hearing

Lab Explicit SA phrases SA phrases Intelligibility improvement for listeners
familiarized with dysarthric speecha

Intelligibility improvement generalized
to untrained speakers. No changes in
suprasegmental processing for listeners
familiarized with dysarthric speech.

Hustad &
Cahill
(2003)

One of five speakers
with mild or severe
dysarthria: three
spastic, one
hyperkinetic, and
one spastic–
hyperkinetic

100 naive listeners,
aged 18–30 years,
normal hearing

Lab Passive Phrases Phrases Intelligibility improvement for listeners
familiarized with dysarthric speechb

Time course of intelligibility improvement
faster for mild vs. severe dysarthrias.

D’Innocenzo
et al.
(2006)

One speaker with
moderate spastic–
flaccid dysarthria

120 naive listeners,
aged 18–60 years,
normal hearing

Lab Explicit Word list or
passage

Sentences Intelligibility improvement for listeners
familiarized with dysarthric speecha

Equivalent intelligibility improvement for word
list vs. passage familiarization stimuli.

Borrie,
McAuliffe,
Liss, Kirk,
et al. (2012)

Three speakers with
moderate hypokinetic
dysarthria or three
control speakers

60 naive listeners,
aged 19–40 years,
normal hearing

Lab Passive or
explicit

Passage SA phrases Intelligibility improvement for listeners
familiarized with dysarthric speechc

Superior intelligibility improvement, in
magnitude and maintenance (1 week),
for explicit vs. passive familiarization.
Improved segmental and suprasegmental
processing for listeners familiarized with
dysarthric speech.

(table continues)
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Table 1. (Continued).

Study Speakers Listeners Setting
Familiarization
conditions

Familiarization
stimuli

Testing
stimuli Primary findings

Borrie,
McAuliffe,
Liss,
O’Beirne, &
Anderson
(2012)1

Three speakers with
moderate hypokinetic
dysarthria

40 naive listeners,
aged 19–40 years,
normal hearing

Lab Passive or
explicit

SA phrases SA phrases Intelligibility improvement for listeners
familiarized with dysarthric speechc

Superior intelligibility improvement for
explicit vs. passive familiarization and
for passage vs. SA phrase stimuli.
Improved suprasegmental processing
for listeners familiarized with dysarthric
speech.

Borrie et al.
(2013)

Three speakers with
moderate hypokinetic
dysarthria

60 naive listeners,
aged 19–40 years,
normal hearing

Lab Speaker
(indexical)
or word
(linguistic)
identification
task

Passage and
SA phrases

SA phrases Intelligibility improvement for listeners
familiarized with dysarthric speecha

Equivalent intelligibility improvement for
listeners trained on indexical or linguistic
properties of the signal. Improved
suprasegmental processing for listeners
familiarized with dysarthric speech.

Kim &
Nanney
(2014)

One of four speakers
with moderate spastic
dysarthria

120 naive listeners,
aged 18–40 years,
normal hearing

Lab Passive or
explicit

Single words Single
words

Intelligibility improvement for listeners
familiarized with dysarthric speecha,b

Superior intelligibility improvement, in
magnitude and maintenance (1 month),
for explicit vs. passive familiarization.

Kim (2015) One of four speakers
with moderate
dysarthria: three
spastic and one
athetoid

120 naive listeners,
aged 18–40 years,
normal hearing

Lab Passive or
explicit

Single words Consonant
productions

Consonant identification improvement for
listeners familiarized with dysarthric
speecha,b

Superior consonant improvement, in magnitude
and time course, for explicit vs. passive
familiarization.

Borrie &
Schäfer
(2015)

One speaker with
moderate spastic
dysarthria

100 naive listeners,
aged 19–37 years,
normal hearing

Lab Passive,
explicit,
imitation,
or explicit +
imitation

Phrases SA phrases Intelligibility improvement for listeners
familiarized with dysarthric speechb,c

Equivalent intelligibility improvement for
explicit vs. imitation familiarization.
Superior intelligibility improvement for
explicit + imitation familiarization.

Lansford
et al.
(2016)

Three speakers with
moderate hypokinetic
dysarthria or three
control speakers

91 naive listeners,
aged 19–55 years,
normal hearing

Lab and
remote

Explicit Passage SA phrases Intelligibility improvement for listeners
familiarized with dysarthric speechc

Equivalent intelligibility improvement for
lab vs. remote setting.

Borrie &
Schäfer
(2017)

One speaker with
moderate ataxic
dysarthria or one
control speaker

60 naive listeners,
aged 19–33 years,
normal hearing

Lab Explicit or
imitation

Phrases SA phrases Intelligibility improvement for listeners
familiarized with dysarthric speecha,b

Equivalent intelligibility improvement for
explicit vs. imitation familiarization.
Superior maintenance of intelligibility
improvement for imitation familiarization.

(table continues)
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Table 1. (Continued).

Study Speakers Listeners Setting
Familiarization
conditions

Familiarization
stimuli

Testing
stimuli Primary findings

Borrie et al.
(2017b)

One speaker with
moderate ataxic
dysarthria

50 naive listeners,
aged 18–29 years,
normal hearing

Lab Explicit Passage SA phrases Intelligibility improvement for listeners
familiarized with dysarthric speechb

Rhythm perception scores predicted
magnitude of intelligibility improvement.

Borrie et al.
(2017a)

Test speaker: one
speaker with
moderate ataxic
dysarthria

Familiarization speakers:
one of seven speakers
with dysarthria of
systematically varied
presentations or one
control speaker

160 naive listeners,
aged 19–45 years,
normal hearing

Remote Explicit Passage SA phrases Intelligibility improvement for listeners
familiarized with dysarthric speechb,c,

Intelligibility improvement generalized
to untrained speaker. Magnitude
of improvement tracked with level
of perceptual similarity between
familiarization speaker and test speaker
and was reduced when familiarization
speakers had lower intelligibility.

Borrie et al.
(2018)

One speaker with
moderate hypokinetic
dysarthria or one
speaker with moderate
hyperkinetic dysarthria

98 naive listeners,
aged 22–62 years,
normal hearing

Remote Explicit Passage SA phrases Intelligibility improvement for listeners
familiarized with hypokinetic but not
hyperkinetic speechb

Rhythm perception scores predicted magnitude
of intelligibility improvement.

Lansford
et al.
(2018)2

One speaker with
moderate ataxic
dysarthria

19 naive listeners,
aged 60–95 years,
with or without HL

Lab Explicit Passage SA phrases Intelligibility improvement for listeners
familiarized with dysarthric speechb

Baseline intelligibility scores of older
listeners with HL were lower than scores
of younger and older listeners without
HL, but there was no difference in
magnitude of intelligibility improvement
between listener groups.

Lansford
et al.
(2019)3

One of two additional
speakers with
moderate or severe
hyperkinetic
dysarthria

40 naive listeners,
aged 18–62 years,
normal hearing

Remote Explicit Passage SA phrases No or negligible intelligibility improvement
for listeners familiarized with dysarthric
speechb

Lansford
et al.
(2020)

One speaker with
moderate hyperkinetic
dysarthria

89 naive listeners,
aged 18–59 years,
normal hearing

Lab and
remote

Explicit,
imitation, or
explicit +
imitation

Passage SA phrases No intelligibility improvement for listeners
familiarized with dysarthric speechb

Neither familiarization manipulation (more/
different) facilitated intelligibility improvement.

(table continues)
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Table 1. (Continued).

Study Speakers Listeners Setting
Familiarization
conditions

Familiarization
stimuli

Testing
stimuli Primary findings

Hirsch et al.
(2021)4

Test speaker: one
speaker with
moderate ataxic
dysarthria

Familiarization speakers:
one of two speakers
with dysarthria

40 naive listeners,
aged 19–66 years,
normal hearing

Remote Explicit Passage SA phrases Intelligibility improvement for listeners
familiarized with dysarthric speechb,c

Intelligibility improvement generalized to
untrained speakers of different sexes.
Magnitude of improvement tracked with
level of perceptual similarity between
familiarization speaker and test speaker.

Borrie et al.
(2021)4

One speaker with
moderate ataxic
dysarthria

47 experienced
listeners: SLPs,
aged 26–62 years,
normal hearing

Remote Explicit Passage SA phrases Intelligibility improvement for listeners
familiarized with dysarthric speechb,c

Baseline intelligibility scores of SLPs with
more dysarthria experience were higher
than those of SLPs with less dysarthria
experience, but there was no difference
in magnitude of intelligibility improvement
between listener groups.

Note. Passive = dysarthric signal; explicit = dysarthric signal and orthographic transcripts; imitation = imitate dysarthric signal. “Passage” is used to denote stimuli that authors
termed passage or paragraph. SLP(s) = speech-language pathologist(s); SA = semantically anomalous; HL = hearing loss. Numerical superscripts indicate studies that included
historical data to address research questions: 1Borrie, McAuliffe, Liss, Kirk, et al. (2012); 2Borrie et al. (2017b); 3Borrie et al. (2018); 4Borrie et al. (2017a). Bolded text highlights whether or not
intelligibility improvement was observed. Intelligibility is measured as percent words correct. Alphabetical superscripts are used to denote improvement established relative to anonfamiliarized
listener group, blistener’s own baseline intelligibility scores, or clistener group familiarized with neurotypical speech. The reader is directed to the original articles for additional study details,
including the data on the magnitude of intelligibility improvement.
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Learning Source
Studies have documented changes in perceptual pro-

cessing following familiarization with dysarthric speech
that point to the source of the intelligibility improvements.
As above, theoretical models posit that perceptual learning
of speech, and the critical cue-to-category mapping pro-
cess, is fostered by acoustic regularities in segmental and
suprasegmental information. Collectively, the literature has
revealed that the intelligibility improvements following
familiarization with dysarthric speech are accompanied by
improved processing of both types of information. At the
segmental level, studies have reported improvements in per-
cent syllable resemblance, a metric of segmental goodness
reflecting whether syllables perceived in error resemble their
intended target (Borrie, McAuliffe, Liss, Kirk, et al., 2012;
Borrie, McAuliffe, Liss, O’Beirne, & Anderson, 2012; Borrie
et al., 2013), substitution errors (Spitzer et al., 2000), and con-
sonant identification (Kim, 2015). To document changes
to processing at the suprasegmental level, Liss et al. (2002)
developed a lexical boundary error (LBE) paradigm that
quantifies and qualifies listener reliance on syllabic stress
cues to segment connected speech. While the study by Liss
and colleagues, wherein listeners were familiarized with
speakers with either ataxic or hypokinetic dysarthria, did
not observe differences in the LBE patterns of familiarized
versus nonfamiliarized listeners, it was speculated that the
familiarization protocol, just 18 short phrases, may have
been too brief to facilitate detectable changes to the pro-
cesses involved in lexical segmentation. To follow up,
Borrie, McAuliffe, Liss, Kirk, et al. (2012) employed a
more extensive familiarization procedure, three readings
of the Rainbow Passage (Fairbanks, 1960) elicited from
speakers with hypokinetic dysarthria, and found that, in
addition to intelligibility improvements, listeners were better
able to utilize the syllabic stress cues to segment connected
speech. This finding of improved processing of syllabic
stress for listeners familiarized with dysarthric speech, estab-
lished relative to a control group familiarized with the same
speech stimuli elicited from neurotypical speakers, was
replicated in subsequent studies (Borrie, McAuliffe, Liss,
O’Beirne, & Anderson, 2012; Borrie et al., 2013). Thus,
there is evidence that both the segmental and supraseg-
mental cues that characterize dysarthric speech contain learn-
able and useful regularities requisite for improved processing
of the neurologically degraded speech signal.
Task Parameters
Explicit Familiarization

Hypothesis-driven manipulations of the familiariza-
tion task have revealed that perceptual learning of dysarth-
ric speech is superior, in both magnitude of immediate
intelligibility improvement and maintenance of improve-
ments, when the stimuli produced by a speaker with dysar-
thria, the acoustic signal, are paired with lexical feedback
in the form of orthographic transcripts of the intended
targets. Lexical feedback is thought to promote mapping
3066 Journal of Speech, Language, and Hearing Research • Vol. 64 •
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of the ambiguous acoustic realizations onto meaningful
internal representations of speech by revealing the dis-
crepancies between the input predicted by the lexical in-
formation and the degraded speech experienced (Guediche
et al., 2014). In the seminal study of this task manipula-
tion, Borrie, McAuliffe, Liss, Kirk, et al. (2012) observed
that listeners familiarized with just the speech of speakers
with hypokinetic dysarthria (passive familiarization) achieved
intelligibility scores approximately 13% greater than lis-
teners familiarized with control speech. However, listeners
familiarized with the same dysarthric stimuli and lexical
feedback (explicit familiarization) achieved intelligibility
scores approximately 20% greater than those in the con-
trol condition. Furthermore, follow-up testing 1 week after
the familiarization experience revealed that intelligibility
scores for listeners who received passive familiarization
had returned to levels comparable to the control. In con-
trast, intelligibility scores of listeners who received explicit
familiarization remained significantly greater than those
of the control. This suggests that lexical information dis-
ambiguates the neurologically degraded acoustics, fos-
tering cue-to-category mapping of dysarthric speech. This
finding that explicit familiarization, relative to passive fa-
miliarization, facilitates superior learning was replicated by
others (Borrie, McAuliffe, Liss, O’Beirne, & Anderson, 2012;
Borrie & Schäfer, 2015; Kim, 2015; Kim & Nanney, 2014).
Together, this collection of studies established what we
have come to know as the standard familiarization expe-
rience for perceptual learning of dysarthric speech: present-
ing listeners with dysarthric speech stimuli accompanied
by lexical feedback regarding the intended targets. Ex-
plicit familiarization has subsequently been utilized in the
large majority of studies in this area of inquiry (Borrie
et al., 2017a, 2017b, 2018, 2021; Borrie & Schäfer, 2015,
2017; Hirsch et al., 2021; Lansford et al., 2016, 2018, 2019,
2020).

Vocal Imitation
Theoretically rooted in the Directions Into Velocities

of Articulators (DIVA) model (Guenther et al., 1998), a com-
putational model of speech acquisition and production,
there is preliminary evidence that perceptual learning of
dysarthric speech might be further optimized with somato-
sensory feedback established via a vocal imitation task.
While the DIVA model itself does not explicitly account
for improved perceptual processing of a teaching signal,
the model specifies that both auditory and somatosensory
information are required to guide learning of consistent
mappings between a speech sound map and its correspond-
ing reference frames (Golfinopoulos et al., 2010). Thus, im-
itation of the dysarthric speech signal, conceptualized as a
teaching signal, may indirectly facilitate perceptual learn-
ing of the target sound by linking the acoustic target with
the somatosensory information required to produce that
sound, enabling accurate imitation and recognition of the
target sound (see Borrie & Schäfer, 2015, for more details
of how DIVA predictions might apply to perceptual learn-
ing of dysarthric speech). In the first study to examine the
3060–3073 • August 2021
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role of somatosensory feedback in perceptual learning of
dysarthric speech, Borrie and Schäfer (2015) observed
that a familiarization experience that instructed listeners
to imitate the dysarthric stimuli (imitation familiariza-
tion) resulted in comparable intelligibility improvements
as the standard explicit familiarization experience involv-
ing dysarthric stimuli and lexical feedback. Although, the
largest improvements were realized when the dysarthric
stimuli were accompanied by both lexical and somatosen-
sory feedback. Furthermore, the study identified a positive
relationship between intelligibility improvement and imita-
tion accuracy (measured acoustically), corroborating a
mechanistic role for somatosensory feedback in perceptual
learning of spastic dysarthria. The comparable intelligibil-
ity benefit of lexical or somatosensory feedback immediately
following familiarization was replicated in a follow-up study
with ataxic dysarthria, which further revealed that listeners
who received imitation familiarization more successfully
maintained improvements 1 week and 1 month following
the familiarization experience (Borrie & Schäfer, 2017). This
would suggest that ties to existing mental representations of
speech are strengthened by way of a somatosensory motor
trace. While not yet studied, it seems highly plausible that
superior learning maintenance, like superior immediate ben-
efits, would be achieved by a familiarization experience that
includes both lexical and somatosensory feedback.
Listener Parameters
Rhythm Perception

In recent years, studies have begun to acknowledge
and investigate individual differences in perceiving dysarth-
ric speech. It is now well established that substantial variabil-
ity exists, suggesting that some listeners are better equipped
to navigate the complex task of deciphering the degraded
speech signal (Bent et al., 2016; Borrie, Baese-Berk, et al.,
2017; Ingvalson et al., 2017; McAuliffe et al., 2013). In
recognition of this individual variability and the import
of rhythm cues in perceiving spoken language under chal-
lenging conditions (see Mattys et al., 2005), Borrie et al.
(2017b) investigated the relationship between rhythm percep-
tion abilities and perceptual learning of dysarthric speech.
The study found that individuals with expertise in rhythm
perception, operationalized as a superior ability to perceive
rhythm cues in the musical domain (and strongly corre-
lated with musician status), had a significant advantage
in learning to understand a speaker with ataxic dysarthria,
reflected in a greater magnitude of intelligibility improvement
following explicit familiarization. This finding—that rhythm
perception abilities tracked with perceptual learning of dys-
arthric speech—was replicated in a subsequent study in-
volving stimuli produced by a speaker with hypokinetic
dysarthria (Borrie et al., 2018). As noted earlier, improved
understanding of dysarthric speech is supported by improved
processing of acoustic regularity in segmental and supra-
segmental cues (e.g., Borrie, McAuliffe, Liss, Kirk, et al.,
2012). Thus, the findings from Borrie et al. (2017b, 2018)
suggest that listeners with expertise in rhythm perception
Bo
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can better exploit the familiarization experience, identify-
ing underlying acoustic cue distributions in the neurologi-
cally degraded speech signal.

Age and Hearing Status
In an effort to build well-controlled models of how

the communication partner, the listener, adapts to dysarth-
ric speech, the large majority of studies carried out thus
far have recruited younger adults with normal hearing
(e.g., Borrie, McAuliffe, Liss, Kirk, et al., 2012; Kim,
2015; Liss et al., 2002). However, etiologies of dysarthria
(e.g., PD, ALS, stroke) typically onset later in life. Recog-
nizing that the older adult population, namely, the aging
spouses, friends, and caregivers of people with dysarthria,
would particularly benefit from improved perceptual pro-
cessing and that the prevalence of hearing loss increases
substantially with age (e.g., Nash et al., 2011), Lansford
et al. (2018) examined perceptual learning of dysarthric
speech in a group of older adults, with and without hear-
ing impairment. The study found that listener age and
hearing status influenced baseline intelligibility levels of a
speaker with ataxic dysarthria (i.e., pretest intelligibility
scores of older listeners were lower than those of younger
listeners with normal hearing) but, importantly, did not
affect the magnitude of intelligibility improvement follow-
ing explicit familiarization. That is, intelligibility benefits
achieved by older listeners, regardless of hearing status,
were comparable to the 20% intelligibility improvement
achieved by younger adults with normal hearing who com-
pleted the same familiarization paradigm (Borrie et al.,
2017a).

Listener Experience
In the first descriptive report of perceptual learning of

dysarthric speech, Yorkston and Beukelman (1983) recruited
nine listeners, five speech-language pathologists (SLPs) and
four student clinicians, and assigned them to control, pas-
sive, or explicit familiarization. No difference in intelligi-
bility scores among the three groups was observed—the
assumption that these listeners, through their previous un-
structured interactions, had already completely adapted to
dysarthric speech. Since that first study, naive listeners, in-
dividuals with no or minimal previous experience with neu-
rological speech disorders, have been used to investigate
and advance models of perceptual learning of dysarthric
speech (e.g., Borrie, McAuliffe, Liss, Kirk, et al., 2012;
D’Innocenzo et al., 2006; Hustad & Cahill, 2003; Kim,
2015; Lansford et al., 2019; Liss et al., 2002; Spitzer et al.,
2000; Tjaden & Liss, 1995a). However, motivated by theo-
retical models of listener adaptation that challenge the
previously held assumption that SLPs have already fully
adapted to dysarthric speech, Borrie et al. (2021) experimen-
tally investigated the role of clinical experience in perceptual
learning of dysarthric speech in a cohort of 47 SLPs. The
study found that experience with dysarthria, not simply being
an SLP, influenced baseline intelligibility levels of a speaker
with ataxic dysarthria (i.e., pretest intelligibility scores of cli-
nicians with greater than 40% dysarthria on their caseload
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were higher than those of clinicians with less dysarthria on
caseloads). Importantly, however, the study also found that
SLPs, regardless of their level of dysarthria experience,
benefited from familiarization with a novel speaker with
dysarthria, achieving an average of 19% intelligibility im-
provement from pretest to posttest. These findings suggest
that clinicians who regularly work with individuals with dys-
arthria acquire knowledge of dysarthric cue distributions
more generally and can generalize this group-specific
knowledge when encountering new speakers with dysarthria.
However, despite any previous dysarthria experience, the
opportunity to acquire knowledge of speaker-specific cue
distributions is crucial for optimal adaptation to a particu-
lar speaker, consistent with ideal adaptor theories of learn-
ing (Kleinschmidt & Jaeger, 2015).
Speaker Parameters
Signal Predictability

Recall that signal predictability is the presumed driver
of the perceptual learning phenomenon, such that nonca-
nonical speech patterns that are rich in predictable acoustic
information should be highly learnable. Empirical support
for this theoretical account is emerging. Indeed, statistically
and clinically significant intelligibility improvements have
been consistently documented for listeners familiarized with
hypokinetic (Borrie, McAuliffe, Liss, Kirk, et al., 2012;
Borrie, McAuliffe, Liss, O’Beirne, & Anderson, 2012; Borrie
et al., 2013, 2018; Lansford et al., 2016; Liss et al., 2002;
Spitzer et al., 2000), ataxic (Borrie et al., 2017a, 2017b,
2021; Borrie & Schäfer, 2017; Hirsch et al., 2021; Lansford
et al., 2018; Liss et al., 2002; Spitzer et al., 2000), spastic
(Borrie & Schäfer, 2015; Hustad & Cahill, 2003; Kim, 2015;
Kim & Nanney, 2014), and mixed (D’Innocenzo et al., 2006;
Tjaden & Liss, 1995a, 1995b) dysarthrias. Recently, how-
ever, the seemingly robust benefit following perceptual
training was not observed for listeners familiarized with hyper-
kinetic dysarthria (Borrie et al., 2018; Lansford et al., 2019,
2020). Unexpectedly encountered in a study that included a
speaker with hyperkinetic dysarthria (Borrie et al., 2018),
the authors replicated this finding of an absence of learning
with two additional speakers with hyperkinetic dysarthria
(Lansford et al., 2019). To further validate the finding, the
authors followed up by providing listeners with a more ro-
bust familiarization experience (i.e., additional familiariza-
tion or a vocal imitation task) and still failed to find evidence
of learning (Lansford et al., 2020). In contrast to the other
dysarthria subtypes, which are characterized by relatively con-
sistent segmental and suprasegmental degradations (e.g., slow
rate, equal and even stress, reduced stress, monotone, mono-
loudness, harsh or breathy vocal quality, imprecise articula-
tion, and reduced vowels), hyperkinetic dysarthria is produced
upon a platform of involuntary and excessive movement
patterns, causing speech production to break down in un-
predictable ways. Phonemes produced adequately in one
context may be distorted or omitted in the next word, speech
may be inappropriately interrupted by silences, voicing may
break or cease intermittently, and rate and rhythm may vary
3068 Journal of Speech, Language, and Hearing Research • Vol. 64 •
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irregularly. Thus, these studies add to the mounting evidence
that acoustic regularity, or statistically predictable degrada-
tion, drives perceptual learning of dysarthric speech. Clini-
cally, these findings suggest that speakers with hyperkinetic
dysarthria, or more accurately, speakers who present with
unpredictable speech degradation, may not be suitable candi-
dates for intelligibility interventions that hinge on improved
signal processing.
Additional Perceptual Learning Outcomes
Learning Generalization

A primary goal of listener-targeted intervention would
be to offset the intelligibility burden from the patient to their
key communication partners, that is, spouse, caregiver, fam-
ily, and friends. In such cases, where the listener needs only
to understand one specific individual with dysarthria, per-
ceptual learning needs only be speaker specific (also termed
talker specific). To date, the large majority of studies in per-
ceptual learning of dysarthric speech have targeted speaker-
specific adaptation, whereby listeners are familiarized and
tested on the same speaker or the same small group of
speakers with relatively homogeneous patterns of degrada-
tion (e.g., Borrie, McAuliffe, Liss, Kirk, et al., 2012; Kim,
2015; Lansford et al., 2018; Spitzer et al., 2000; Tjaden &
Liss, 1995a). However, another goal of listener-targeted
remediation of dysarthria would be to train health care
professionals, those who regularly interact with people
with neurological speech disorders (e.g., physicians, nurses,
physical therapists), to better understand speakers with
dysarthria more generally. In these cases, learning would
be most beneficial if it were speaker independent, meaning
that training on one speaker(s) with dysarthria would gener-
alize to improved understanding of a novel speaker(s) with
dysarthria. In theory, the speech perception system is
sensitive to distributional structure that unifies groups
of speakers and can draw upon previously established
generative models to support improved understanding
of novel speakers with similar-sounding speech (Kleinschmidt
& Jaeger, 2015). Preliminary evidence for learning gener-
alization across the dysarthrias was first reported by Liss
et al. (2002), whereby listeners were familiarized with
speakers with either hypokinetic or ataxic dysarthria. Lis-
teners were then tested on phrases produced by the same
speakers encountered during familiarization and then
a small subset of phrases produced by the untrained
speaker group. The posttest intelligibility data revealed
that listeners improved in understanding all speakers with
dysarthria; however, intelligibility performance was superior
for the speakers encountered during familiarization. To fol-
low up, Borrie et al. (2017a) carried out a large-scale study
involving 160 listeners and eight different familiarization
conditions, each representing a different speaker with dys-
arthria or a control speaker with neurotypical speech.
Following familiarization, all listeners were tested on the
same speaker with ataxic dysarthria. The results showed that
listeners familiarized with a speaker with dysarthria, regard-
less of speech characteristics, were better at understanding
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the novel test speaker with dysarthria relative to the con-
trol condition. However, the magnitude of intelligibility
benefit was predicted by the level of perceptual similarity
between the test speaker and the familiarization speaker.
The role of perceptual similarity in generalized adaptation
to dysarthric speech was confirmed in a follow-up study by
Hirsch et al. (2021), who further evidenced that learning
generalized across speaker sex. Taken together, the results
of these studies suggest that listeners are sensitive to shared
structure across speakers with dysarthria (i.e., slow speak-
ing rate, imprecise consonants, reduced vowel space; see
Weismer & Kim, 2010) and can leverage these dysarthria-
general cues when a new speaker with dysarthria is encoun-
tered. However, the findings also point to the utility of the
speaker-specific experience; that is, the generative model
established during the dysarthria familiarization experience
will be most advantageous when applied to the same
speaker. These theoretical assumptions and their appli-
cation to dysarthria are further supported by the most
recent study in this body of work: Borrie et al. (2021) found
that while clinicians who regularly interact with patients with
neurological speech disorders are better at understanding
a novel speaker with dysarthria on initial encounter, they
still derived a substantial perceptual benefit from a structured
speaker-specific familiarization experience.
Ecological Validity
Finally, the literature has also confirmed that percep-

tual learning to improve listener understanding of dysarthria
is ecologically valid. Early studies of perceptual learning of
dysarthric speech were carried out in highly controlled labo-
ratory environments, largely relying on convenience samples
of college students (e.g., Borrie et al., 2013; Hustad & Cahill,
2003; Liss et al., 2002). However, Lansford et al. (2016)
crowdsourced a perceptual learning study on Amazon Me-
chanical Turk (MTurk),1 collecting data from 50 partici-
pants across the United States. These participants completed
the perceptual learning protocol on their own devices via a
web-based data collection program. While participants were
instructed to use headphones, compliance was not monitored.
The same experiment was also carried out on a dedicated
computer in a research laboratory, a quiet room set up to
minimize auditory and visual distractions, with participants
recruited from the undergraduate student population. Par-
ticipants who completed the study in the lab were fitted with
sound-attenuating headphones, and the experimenter remained
present throughout the experiment. Despite large differences
in the experimental environments, the study found no differ-
ence between the learning achieved by MTurk participants
versus that achieved by lab participants. That is, the intelli-
gibility scores of listeners familiarized with dysarthric speech
were significantly greater than those of listeners familiarized
1Amazon MTurk is an online labor market where requesters (e.g.,
researchers) can post jobs (e.g., experiments) and workers (e.g.,
participants) can self-select to complete them for monetary reimbursement.
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with control speech, yet the magnitude of benefit was not
affected by the environment. That comparable perceptual
gains could be elicited in more real-life settings, such as at
home, in front of a personal computer or an iPad without
supervision, provided important ecological validation for
perceptual learning paradigms, particularly relevant given
the rise of telepractice and computer-based home interven-
tions in speech-language pathology. Furthermore, the study
opened up a new avenue for data collection, remote online
experiments,which allowed for efficient sampling of much
more heterogeneous participants and was thus the data col-
lection strategy for a number of subsequent studies (Borrie
et al., 2017a, 2018, 2021; Hirsch et al., 2021; Lansford et al.,
2019, 2020).

Next Steps: Listener-Targeted
Perceptual Training

To date, the body of work investigating perceptual
learning of dysarthric speech shows that listeners can be
trained to better understand dysarthric speech, acquiring
distributional knowledge about how the (initially) ambigu-
ous acoustic realizations are mapped onto linguistic repre-
sentations of speech. Thus, as called for in the initial review
by Borrie, McAuliffe, and Liss (2012), rigorous evidence and
a theoretical account supporting the extension of dysarthria
management to listener-targeted remediation have now been
established. While seemingly novel, training communication
partners to better understand the speech of a person with
dysarthria falls well within the World Health Organiza-
tion’s International Classification of Functioning, Disability
and Health framework (World Health Organization, 2001),
which advocates for clinical management that enables indi-
viduals with communication disorders to participate in
meaningful life situations. Clinical utility of a perceptual
learning approach has certainly been evidenced through
statistically significant intelligibility improvements obtained
both within and outside the laboratory; generalization of
learning across dysarthrias; and demonstrations of the task,
listener, and speaker parameters that mediate learning of
the neurologically degraded speech signal. However, to
move this work toward clinical implementation, transla-
tional studies establishing best practice and candidacy
for listener-targeted perceptual training programs should
ensue.

Optimal Perceptual Training Protocol
Like the development of any clinical intervention

program, establishing the optimal perceptual training pro-
tocol will be essential. We see three key aspects of the exist-
ing familiarization paradigm that should receive initial
attention—feedback, material, and dosage. As previously
discussed, there are indications for using both lexical and
somatosensory feedback during familiarization (Borrie &
Schäfer, 2015, 2017). However, more studies in this area,
guided by general learning principles, are needed, partic-
ularly regarding how type and amount of feedback could
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be used to optimize performance gains. In terms of mate-
rials (i.e., familiarization stimuli), early studies reported
no difference in the magnitude of intelligibility improve-
ment when word list versus passage/paragraph-level pro-
ductions were used to familiarize listeners with the degraded
speech signal (D’Innocenzo et al., 2006; Tjaden & Liss,
1995b). However, findings from Borrie, McAuliffe, Liss,
Kirk, et al. (2012) and Borrie, McAuliffe, Liss, O’Beirne,
and Anderson (2012) revealed a substantial perceptual
benefit for utilizing linguistically rich passage-level stimuli
relative to semantically anomalous stimuli. One could also
imagine that meaningful and functional materials relevant
to the particular communication dyad may be advanta-
geous. Thus, establishing the optimal familiarization para-
digm also requires systematic attention to the potential
differential value of familiarization materials. Additionally,
while rigorous evidence and a theoretical account of per-
ceptual learning of dysarthric speech have been documented
using relatively brief familiarization experiences, it will be
imperative to determine optimum dosage and frequency of
perceptual training. Indeed, it may be the case that there
is an upper limit of gain associated with this brief familiari-
zation experience but that gains could be optimized with a
more extensive perceptual training protocol.

A key outcome of any intervention approach is en-
suring maintenance of learning over time. Accordingly, ef-
forts to establish an optimal perceptual training protocol
will need to consider both the magnitude of immediate im-
provement and the longevity of improvements. To date,
maintenance of intelligibility benefits has been reported up
to 1 month following an initial familiarization experience
(Borrie & Schäfer, 2017; Kim & Nanney, 2014), suggesting
that relatively long-lasting changes to the speech percep-
tual system can be realized for listeners familiarized with
dysarthric speech. However, further examination of main-
tenance will be required as investigations target manipula-
tions of the familiarization paradigm with the goal of
optimizing performance outcomes.

Listener and Speaker Candidacy
In terms of candidacy for perceptual training, we can

leverage previous studies that examined listener and speaker
parameters that mediate learning outcomes. Although ear-
lier studies examined how select listener parameters, includ-
ing rhythm perception, age and hearing status, and prior
experience, influence intelligibility following familiarization
with dysarthria speech, these parameters have not been sys-
tematically examined within a large and diverse cohort of
listeners across a heterogeneous corpus of speakers. Further-
more, cognitive factors (e.g., working memory, inhibitory
control) revealed to interact with listener age and hearing
status to support dysarthric speech perception (Ingvalson
et al., 2017) have not been examined relative to the famil-
iarization experience. Thus, to establish listener candidacy,
studies should be conducted with a wide range of listeners,
including spouses and caregivers of individuals with dysar-
thria, accounting for listener parameters that have already
3070 Journal of Speech, Language, and Hearing Research • Vol. 64 •
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been shown to mediate intelligibility improvements and other
unexamined parameters that likely implicate learning.

Regarding speaker candidacy, as outlined, recent find-
ings suggest that a perceptual training approach may not be
a viable option for individuals whose speech is primarily
characterized by unpredictable speech degradations. While
findings of negligible learning following familiarization were
limited to speakers with hyperkinetic dysarthria (Borrie et al.,
2018; Lansford et al., 2019, 2020), reduced signal predict-
ability may be present in other forms of progressive neuro-
logical disease that result in motor instability, which may
worsen as the disease progresses (e.g., cerebellar degenera-
tion, PD). Candidacy decisions then may best be guided
by the level of predictability available in the speech signal
and not dysarthria subtype. Toward this end, measure-
ment procedures that accurately quantify predictability in
the speech signal will be essential for rigorous examination
of this construct across speakers with dysarthria.

Additionally, it seems highly likely that intelligibility
impairment or overall severity of dysarthria will inform de-
cisions regarding speaker candidacy. This parameter has
not been systematically addressed in the dysarthria litera-
ture to date. However, Borrie et al. (2017a) found reduced
intelligibility improvement following familiarization with
dysarthrias with lower levels of intelligibility, and an early
study by Garcia and Cannito (1996) reported no intelligi-
bility improvement following passive familiarization with a
speaker with severe (flaccid) dysarthria. Indeed, studies with
foreign-accented speech have observed that a more intelligi-
ble speech signal aids perceptual learning (e.g., Bradlow &
Bent, 2008; Guediche et al., 2016). Ostensibly, severely de-
graded acoustic cues would challenge cue-to-category map-
pings. This hypothesis, particularly as it relates to candidacy
decisions, must be thoroughly investigated with dysarthria.

Parameter Interactions and Clinical Realization
Importantly, understanding how task, listener, and

speaker parameters may interact to optimize perceptual
benefit is a critical piece of the puzzle. For example, one
could imagine that intelligibility gains for dysarthria char-
acterized by lower levels of signal predictability may be
possible for listeners with expertise in rhythm perception,
that severe dysarthria may require greater familiarization
dosage, and that naive listeners may benefit from addi-
tional feedback during the familiarization experience. These
examples of possible parameter interactions are, of course,
not exhaustive but illustrate how particular combinations
could inform both candidacy decisions and the subsequent
intervention protocol. Figure 1 highlights how, with the ad-
ditional studies outlined above, an online, customizable tool
to deliver listener-targeted perceptual training for dysarthria
remediation could eventually be realized. We envision both
speakers and listeners access a web-enabled tool: The
speaker would complete several speech production tasks.
The uploaded stimuli would then be analyzed for speaker
parameters (e.g., signal predictability, severity) and sub-
sequently serve as training material. The listener would
3060–3073 • August 2021
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Figure 1. Envisioned tool for listener-targeted perceptual training for dysarthria remediation.
complete demographic details and tasks designed to esti-
mate listener parameters (e.g., prior experience, rhythm
perception). The obtained speaker and listener parame-
ters would be modeled jointly to determine candidacy and
generate an optimized familiarization experience. While this
clinical scenario is, at present, hypothetical, it could be re-
alized with translational studies that systematically investi-
gate clinical implantation of listener-targeted perceptual
training programs.

Primarily, the goal of a perceptual learning rehabili-
tation approach, listener-targeted perceptual training, would
be to increase intelligibility through improved signal pro-
cessing for the trained communication partner. As acknowl-
edged by Borrie, McAuliffe, and Liss (2012), dysarthria
interventions that facilitate improvements in universal ver-
bal interactions are the ultimate goal; however, any approach
that improves communication outcomes affords significant
clinical application. A listener-targeted perceptual training
approach to ease the intelligibility burden of dysarthria might
be particularly applicable for speakers who cannot behav-
iorally modify their speech or when co-occurring deficits
limit the utility of augmentative or alternative communica-
tion. However, a perceptual training approach could also
be used alongside existing interventions to maximize commu-
nication outcomes with particular communication partners.
Conclusions
Early studies of perceptual learning of dysarthria

speech, those summarized in the 2012 review, yielded pre-
liminary evidence to suggest that listeners could learn to
better understand a novel speaker with dysarthria, reveal-
ing a potentially promising avenue for future intelligibility
interventions. Since then, a programmatic body of work
grounded in models of perceptual processing has unfolded,
establishing strong empirical evidence of intelligibility im-
provements following familiarization with dysarthric speech
and a theoretical account of the mechanisms that facilitate
improved processing of the neurologically degraded speech
signal. Thus, there is now robust support for a perceptual
learning approach for dysarthria remediation. To move
toward clinical implementation, translational studies are
Bo
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needed to establish best practices for listener-targeted per-
ceptual training programs.
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