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ABSTRACT
Purpose: We proposed and tested a causal instantiation of the World Health
Organization’s International Classification of Functioning, Disability and Health
(ICF) framework, linking acoustics, intelligibility, and communicative participation
in the context of dysarthria.
Method: Speech samples and communicative participation scores were collected from individuals with dysarthria (n = 32). Speech was analyzed for two
acoustic metrics (i.e., articulatory precision and speech rate), and an objective
measure of intelligibility was generated from listener transcripts. Mediation analysis was used to evaluate pathways of effect between acoustics, intelligibility,
and communicative participation.
Results: We observed a strong relationship between articulatory precision and
intelligibility and a moderate relationship between intelligibility and communicative participation. Collectively, data supported a significant relationship between
articulatory precision and communicative participation, which was almost entirely mediated through intelligibility. These relationships were not significant
when speech rate was specified as the acoustic variable of interest.
Conclusion: The statistical corroboration of our causal instantiation of the ICF
framework with articulatory acoustics affords important support toward the development of a comprehensive causal framework to understand and, ultimately,
address restricted communicative participation in dysarthria.

The neurological speech disorder of dysarthria manifests in degraded speech acoustics (e.g., H. Kim et al.,
2011; Liss et al., 2009) and, often, impaired intelligibility
(e.g., Dykstra et al., 2007; Weismer et al., 2001). More recently, dysarthria has been (and continues to be) associated with restrictions in communicative participation (e.g.,
Dickson et al., 2008; Walshe & Miller, 2011). This multidimensional experience of dysarthria can be framed within the
World Health Organization’s International Classification
of Functioning, Disability and Health (WHO ICF)

Correspondence to Stephanie A. Borrie: stephanie.borrie@usu.edu.
Disclosure: Visar Berisha is a co-founder of Aural Analytics. The other
authors have declared that no other competing financial or nonfinancial
interests existed at the time of publication.

framework, which specifies co-consideration of body structures or functions (e.g., compromised articulator movement
and associated degraded speech acoustics), activities (e.g.,
impaired intelligibility), and communicative participation
(e.g., restricted engagement in communication interactions), and also takes into account relevant contextual factors (WHO, 2001). The ICF framework posits interdependence and associations between all dimensions of health,
and these assumptions have extended to the clinical management of dysarthria, where maximizing communicative
participation is considered the ultimate, overarching goal.
In the dysarthria literature, there is a (relatively) rich
body of literature examining relationships between speech
acoustics and intelligibility, with the evidence collectively
revealing that some acoustics predict intelligibility more robustly than others (e.g., Fletcher et al., 2017; Kent et al.,
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1989; H. Kim et al., 2011; Liu et al., 2005; Weismer &
Martin, 1992; Weismer et al., 2000; Yorkston & Beukelman,
1981). However, studies linking both acoustics and intelligibility to communicative participation are sparse. To our
knowledge, a single study has examined whether an acoustic
feature tracks with communicative participation. Dykstra
et al. (2015) found no significant correlation between habitual speech intensity and communicative effectiveness in individuals with hypophonia and Parkinson’s disease (PD). Recently, a few studies have reported a positive relationship
between intelligibility and communicative participation in
populations with dysarthria, including PD (Barnish et al.,
2017; Spencer et al., 2020) and amyotrophic lateral sclerosis (Sixt Börjesson et al., 2021). More research is needed to
substantiate these preliminary findings. The lack of studies
examining the potential impact of speech acoustics and intelligibility on communicative participation in dysarthria is
problematic. Clinical management of dysarthria is primarily focused on addressing speech subsystem impairment
(e.g., articulation and phonation) and/or intelligibility deficits
(Collis & Bloch, 2012; Miller & Bloch, 2017; see also Duffy,
2020). As Baylor and Darling-White comment, “clinicians
certainly hope that improvements in these areas will generalize to improvements in life participation” (2020, p. 1337).
Yet, there is minimal evidence that these traditional intervention targets influence communicative participation outcomes.

Toward a Causal Framework of Participation
in Dysarthria

here is the collective consideration of all three dysarthria dimensions into one holistic causal instantiation.
A causal instantiation of the ICF framework as it
relates to the multidimensional experience of dysarthria affords important contributions. First, it is transparent
about the assumptions of which variables are relevant and
important, utilizing those informed by theory and existing
empirical evidence. This allows for subsequent studies to
highlight additional variables that are relevant to the relationships of interest that may afford greater statistical control. Second, the direction of each relationship is made explicit, allowing for the debate of alternate possibilities (if
any). Third, the conceptual instantiation naturally informs
the modeling approach, which inherently leads to statistical estimates that are more likely to represent reality.
Finally, if statistically corroborated, this instantiation
yields high clinical application, key being that it would allow for the use of counterfactual reasoning to evaluate the
downstream impact of current treatment targets (e.g., improving articulation and/or intelligibility) on communicative participation. Given the consequences that restrictions in
communicative participation can have on individual well-being, including social isolation, loss of employment, and challenges in accessing services (e.g., Eadie et al., 2006; Walshe
& Miller, 2011), there is rapidly growing awareness that dysarthria management must facilitate (directly or indirectly)
improvements in the participatory aspects of communication
(e.g., Brady et al., 2011; Yorkston, Baylor, & Britton, 2017).

This Study
To rigorously test associations between acoustics, intelligibility, and communicative participation in persons
with dysarthria, we propose an entry-level causal instantiation of the ICF framework. This instantiation is based
on directed acyclic graphs as used in the causal inference
literature across many other fields (e.g., Pearl, 2009;
Suzuki et al., 2020; Williams et al., 2018) and is also commonly found in the mediation modeling literature (e.g.,
Hayes, 2017; MacKinnon et al., 2012). Our proposed instantiation is illustrated in Figure 1. Here, the solid lines
represent paths of interest: The a-path represents the effect
of acoustics on intelligibility, and the b-path represents the
effect of intelligibility on communicative participation.
Taken together, these represent the indirect path between
acoustics and communicative participation through intelligibility. The c-path represents the direct path between
acoustics and communicative participation (i.e., the effect
independent of intelligibility). Furthermore, as represented
by the dashed line, we control for relevant contextual factors that may confound our three primary variables of interest. As aforementioned, existing literature has established positive relationships between acoustics and intelligibility in speakers with dysarthria and, to a much lesser extent, intelligibility and communicative participation. Novel
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In this study, we test our proposed causal instantiation of the ICF framework within the context of dysarthria. In the initial testing of this instantiation, we address
a fundamental research question: What is the relationship
between habitual acoustics, intelligibility, and communicative participation? To empirically test this, we use two
models examining different acoustic measures: articulatory
precision and speech rate. Articulatory precision was selected because there is ample evidence that acoustic metrics
that capture articulatory behavior have important and robust contributions to the intelligibility of speakers with dysarthria (e.g., Fletcher et al., 2017; Kent et al., 1989; H.
Kim et al., 2011; Y. Kim et al., 2009; Liu et al., 2005;
Weismer & Martin, 1992; Weismer et al., 2001). Thus, we
hypothesized that articulatory precision would predict communicative participation and that this relationship will be
primarily mediated through its relationship with intelligibility. Habitual speech rate, on the other hand, has not been
robustly associated with intelligibility of speakers with dysarthria (Barnish et al., 2017; Yorkston & Beukelman,
1981). Furthermore, related speech rate manipulation literature has yielded inconclusive findings regarding intelligibility outcomes associated with explicit rate changes (e.g.,
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Figure 1. Entry-level causal instantiation of the International Classification of Functioning, Disability and Health framework, linking acoustics,
intelligibility, and communicative participation in the context of dysarthria. The solid lines represent paths of interest. The dashed lines represent paths controlled for within the model.

Kuo et al., 2014; McAuliffe et al., 2017; Weismer et al.,
2000; Yorkston et al., 1990). Thus, we hypothesized that
speech rate would not predict our functional communication
outcomes. Testing a metric like speech rate, which is not expected to conform to model expectations, affords additional
insight into the utility of the proposed causal instantiation,
highlighting the significance of utilizing suitably motivated
acoustic variables in such designs. In both models, we control for contextual factors of age, gender, and cognition,
given prior evidence that these person parameters may (or
may not) influence acoustics, intelligibility, and/or communicative participation (e.g., Barnish et al., 2017; McAuliffe
et al., 2017; Spencer et al., 2020). Although our study was
not designed to explicitly examine paths of effect between
contextual factors and the three primary dimensions of dysarthria, including them as control variables increases the objectivity of the statistical models. The acoustic metric of articulatory precision used here is relatively novel, quantifying
the match between the expected and observed spectral acoustics for phoneme productions (Stegmann et al., 2020). Accordingly, the measure affords a more gestalt (and automated) representation of articulation relative to the traditional (and largely manual) vowel-based measures. Certainly, the automated articulatory precision metric is entirely
novel in terms of its relationship with intelligibility. As such,
a secondary contribution of this study is a validation of the
measure of articulatory precision relative to the listeners’
ability to understand speakers with dysarthria.

and listener phase. The speaker phase involved eliciting
speech stimuli from individuals with dysarthria and analyzing the speech signal for the acoustic measures of articulatory precision and speech rate. The listener phase involved
obtaining orthographic transcripts of the dysarthric speech
stimuli from neurotypical listeners and analyzing the transcripts for an objective measure of intelligibility: percent
words correct (PWC). These phases are discussed in detail
below. This data collection method was approved by Utah
State University (USU) Institutional Review Board.

Speaker Phase
Speaker Participants

Method

Thirty-two speakers (22 males; 10 females) between
the ages of 32 and 89 years (M = 68, SD = 12) participated in the study. All speakers were native speakers of
American English with a diagnosis of dysarthria ranging
from mild to severe. Perceptual classification of severity
and dysarthria subtype designations were made by two experienced speech-language pathologists via consensus
judgments. Table 1 reports the speakers’ demographic and
diagnosis details, including medical etiology. If cognitive
or language disorders prevented individuals from independently reading aloud written text or providing answers regarding communicative participation, the individual was
excluded from the study. Based on that exclusion criterion, one potential participant was excluded from the
study. Speaker participants were recruited from a Utahbased rehabilitation hospital and community-based neurological disease and injury support groups.

Overview

Speaker Procedure

Data for this study were collected as part of a larger
study examining speech of individuals with dysarthria.
There were two phases to the data collection: speaker phase

Speech Stimuli
The speech stimuli used in this study were elicited
using “The Caterpillar” passage, a contextual passage
Borrie et al.: Acoustics, Intelligibility, and Participation
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Table 1. Demographic and diagnosis information of speakers with dysarthria.

Sex
M
F
M
M
M
F
M
F
F
F
M
M
M
M
M
M
M
M
M
M
M
M
F
M
M
M
M
F
F
F
M
F

Age
(years)

Medical
etiology

Dysarthria
severity

Dysarthria
subtype

41
32
70
67
77
70
77
63
61
75
86
59
70
68
64
80
66
74
67
68
71
58
70
72
89
59
71
73
88
57
50
71

Brain tumor
Brain tumor
Multiple sclerosis
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Parkinson’s disease
Stroke
Stroke
Stroke
Stroke
Stroke
Stroke
Stroke
Stroke
Stroke
Traumatic brain injury
Undetermined

Moderate
Moderate
Mild–moderate
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild–moderate
Mild–moderate
Mild–moderate
Mild–moderate
Mild–moderate
Moderate
Moderate
Moderate
Moderate
Severe
Severe
Mild
Mild
Mild–moderate
Moderate
Moderate
Moderate–severe
Moderate–severe
Moderate
Severe
Severe
Mild

Ataxic
Ataxic
Mixed
Hypokinetic
Hypokinetic
Hypokinetic
Hypokinetic
Hypokinetic
Hypokinetic
Hypokinetic
Hypokinetic
Hypokinetic
Hypokinetic
Hypokinetic
Hypokinetic
Hypokinetic
Hypokinetic
Hypokinetic
Hypokinetic
Hypokinetic
Hypokinetic
Mixed
Spastic
Mixed
Mixed
Ataxic
Ataxic
Mixed
Mixed
Mixed
Mixed
Hypokinetic

Note. M = male; F = female.

explicitly designed to inform the assessment of motor
speech disorders (Patel et al., 2013). The passage consists
of 16 sentences of varying length, sampling the entire phonetic repertoire. Contemporary vocabulary and simple
syntax are used to minimize cognitive load. The sentence
stimuli were presented, one at a time, via a computer
monitor, and speakers were instructed to read the sentence
aloud in their everyday speaking voice. Digital recordings
of the sentence productions were made via a lavalier cardioid microphone positioned approximately 10 cm from
the speakers’ mouth with a sampling rate of 48 kHz and
16 bits of quantization. All speaker participants read and
produced the sentence stimuli independently.

Additional Assessments
Speaker participants also completed two standardized assessments to obtain measures of cognition and communicative participation. Assessments were administrated using
standard administration procedures. Cognition was assessed
with the Montreal Cognitive Assessment (Nasreddine
et al., 2005). This brief cognitive screening tool consists of

408

a 30-point test with lower outcome scores indicating greater
cognitive impairment.
Communicative participation was assessed using the
General Short Form of the Communication Participation
Item Bank (CPIB; Baylor et al., 2013). This patientreported outcome instrument has participants score the extent to which their condition interferes with participation
in 10 speaking situations. There are four scoring options:
Not at all = 3, A little = 2, Quite a bit = 1, Very much =
0. As per the administration guidelines of Baylor et al.
(2013), participants had to score the items themselves.
However, if required, participants could have someone
else read the situations and mark scores on the assessment
form. Scores across the 10 items were summed to obtain a
summary score, ranging from 0 to 30. The summary score
was converted to a T-score (M = 50, SD = 10; Baylor
et al., 2013). The range of possible T-scores on the general
short form is 24.20–71.00. The higher the T-score, the less
one perceives that their condition interferes with their ability to participate and engage in everyday speaking
situations.
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Acoustic Measures
Signal Preprocessing
A trained research assistant manually created TextGrids for the 511 sentence productions (16 sentences1
from 32 speaker participants) using Praat (Boersma &
Weenink, 2020). These TextGrids identified start/stop
boundaries of the sentence production and included an orthographic transcript of what the speaker was saying. For
use in the articulatory precision measure, sentences longer
than 14 words were divided at natural breaking points
into shorter speech segments. Although the sentences were
elicited using the Caterpillar passage and thus predetermined targets were specified, the orthographic transcripts
detailed any syllable repetition and word substitutions, ensuring accurate acoustic and perceptual analyses.

Articulatory Precision
Articulatory precision is measured as the match between the expected and observed acoustic features for phoneme productions (Borrie et al., 2020; Lubold et al., 2021;
Stegmann et al., 2020; Tu et al., 2018). The automated precision algorithm assesses how well the spectral acoustics
(represented by mel-frequency cepstral coefficients) of each
observed phoneme correspond to the spectral acoustics of
the expected phoneme as represented in a normative speech
sample. To establish acoustic targets from the normative
speech samples, we trained an acoustic model that learns
acoustic representations of phonemes in context. Specifically, we trained a triphone model that considers the target
phoneme in the context of all preceding and following phonemes. The acoustic features associated with the phoneme
are encoded in the neural network. This model was trained
using a publicly available corpus (approximately 1,000 hr)
of read American English speech (Panayotov et al., 2015).
When a new sample is provided as an input into the neural
network, it produces a likelihood score of the observed
phoneme and the expected phoneme. The ratio between
the two quantities serves as a proxy for articulatory precision. The presumption here is that the more similar the
dysarthric speaker’s phonemes are to the expected phonemes of neurotypical speakers, the more precisely they
were produced. Thus, a score of 0 represents precise
speech, whereas negative scores reflect imprecise articulation, deviating from the expected neurotypical acoustic
model. The articulatory precision scores for each phoneme and each segment were averaged across all segments
produced by a speaker, resulting in one articulatory precision score per participant.

Speech Rate
Speech rate was measured as syllables per second. To
generate this measure, the number of syllables for each sentence was identified from the orthographic transcripts, and
the duration of each sentence was identified using the start/
stop boundaries detailed in the TextGrids. The number of
syllables per sentence was then divided by sentence duration. The speech rate scores for each sentence were averaged across all sentences produced by a speaker, resulting
in one speech rate score per participant.

Listener Phase
Listener Participants
Listener transcripts were taken from a larger data
set involving 192 listeners (46 males; 146 females) between
the ages of 19 and 64 years (M = 24, SD = 8). All listener
participants were native speakers of American English. Inclusion criteria required that listener participants had no
prior experience with individuals with motor speech disorders (see Borrie et al., 2021, for empirical data on the influence of prior experience) and no past or present hearing
impairment, as per self-disclosure. Listener participants
were recruited from the student population at USU.

Listener Procedure
Interested listener participants were given a study
weblink, directing them to a speech perception task hosted
on a university-based web server.2 After completing a short
demographic survey, listeners were informed that they would
be presented with sentences produced by adult speakers with
an acquired speech disorder and that their task was to listen
to each sentence and type out what they thought was being
said. Participants could only listen to each sentence once but
could take as much time as necessary to type their responses.
The task was designed so that each listener heard 16 randomly ordered sentences, each a different sentence of the Caterpillar passage, and each produced by a randomly selected
speaker with dysarthria. This randomization procedure reduced the confounding factors of two important variables:
listener familiarity with a specific speaker with dysarthria
(see Borrie & Lansford, 2021, for a comprehensive review)
and individual variability in understanding dysarthric speech
(e.g., Borrie, Baese-Berk, et al., 2017; Ingvalson et al., 2017).
On average, this task took 10 min for listeners to complete.

Intelligibility Measure
Intelligibility is measured as PWC. Listener transcripts for each of the 511 sentences were scored using

1

Due to a recording malfunction, one sentence was missing from one
of the participants. Thus, for that single speaker, only 15 sentence
productions could be used for data analyses.

2
We have previously reported on the validity of online speech perception studies (Lansford et al., 2016).
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Autoscore, an open-source, computer-based tool for automated scoring of orthographic transcripts (http://autoscore.
usu.edu/; Borrie, Barrett, & Yoho, 2019).3 We applied
the same scoring rules used in previous studies of perception of dysarthric speech. Words were scored as correct if
they matched the intended target exactly or differed only
by tense or plurality. Homophones and obvious spelling
errors were scored as correct using a preprogrammed
default list of common misspellings. A PWC score for
each speaker participant was tabulated by summing
words correct from listener transcripts of all 16 sentences of the passage and dividing by the total number
of words. Thus, each speaker’s intelligibility score reflects a rigorous and robust intelligibility metric contributed by 16 different listeners.

Statistical Analysis
Using the causal instantiation of the ICF framework
as our guide (see Figure 1), mediation analyses (a specific form of path analyses) were used to evaluate relationships between articulatory precision, intelligibility,
and communicative participation. Mediation analysis allows us to estimate effects from one variable (articulatory precision) on an outcome (communicative participation) through an intermediate variable (intelligibility).
The complete mediation model is built of a series of
multiple regression models (Hayes, 2017, 2018) as
expressed below:
X
Participationi ¼ b0 þ b1  Intelligibilityi þ
bj
j¼1

 covariateji þ ∈i ; path b model;

Intelligibilityi ¼ a0 þ a1  Precisioni þ

X

(1)

aj

j¼1

 covariateji þ λi ; path a model;

(2)

where a1 is the estimate for the a-path and b1 is the estimate for the b-path. This provides an estimate of how
articulatory precision predicts changes in communicative participation through its hypothesized effect on intelligibility scores. Both regression models include the
relevant control variables as covariates (i.e., age, gender, and cognition). By controlling for these, we are accounting for the possible confounding produced by these
three variables in the overall model. When combined,
the two regression models form the complete statistical
form of the causal instantiation. This can be expressed
in the “reduced form” of the regression by substituting
3

The accuracy of Autoscore relative to human scorers has been rigorously validated (Borrie et al., 2019).
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the right-hand side of the path a model into the path b
model:
Participation
i ¼ b0 þ b1


P
 a0 þ a1  Precisioni þ
aj  covariateji þ λi :
j¼1
P
þ
bj  covariateji þ ∈i
ð3Þ
j¼1

This reduced form shows that it is ultimately testing
how articulatory precision impacts communicative participation through its effect on intelligibility (the “indirect effect”). As such, this specification (using mediation analyses) is able to estimate the effects of interest.
Notably, as shown in the path b model equation, we
did not include articulatory precision (the path labeled c in
Figure 1) in the path b model. This adjustment was due to statistical limitations caused by the extremely high correlation between articulatory precision and intelligibility. That is, the collinearity made it impossible to estimate the b-path with any
accuracy when including articulatory precision within the
model. Arguably, its exclusion in the path b model is necessary since any interpretation about the effect of intelligibility
on communicative participation, holding articulatory precision constant, is, in essence, not meaningful. As such, estimation of the indirect effect (a x b) as generally defined in mediation analysis was not possible in these data. Instead, we report the individual paths and discuss the total effect of articulatory precision on communicative participation.
In addition, a second mediation analysis was run
with speech rate to compare the findings of the initial mediation analysis. Similar to the mediation analysis with articulatory precision, this analysis has speech rate predicting intelligibility, which then predicts communicative participation. Unlike in the previous mediation analysis, there is no
high collinearity between speech rate and intelligibility. As
such, speech rate was also included in the path b model, and
estimates were made of the indirect effect (a x b) and the direct effect of speech rate on communicative participation.
All analyses were performed in the R statistical environment (R Version 4.0.3; R Development Core Team, 2020).
Data cleaning and visualization relied on the rio, tidyverse,
and ggdist packages (Kay, 2021; Wickham et al., 2019). Statistical analyses relied on the furniture, lme4, lmerTest, and
lavaan packages (Barrett & Brignone, 2017; Bates et al., 2015;
Chan et al., 2021; Kuznetsova et al., 2017; Rosseel, 2012). All
p values reported in conjunction with estimates of effect are
based on Satterthwaite approximation to degrees of freedom.

Results
Descriptive Data
The mediation analyses described below included seven
variables: articulatory precision (M = −1.2, SD = 0.7), speech

Journal of Speech, Language, and Hearing Research • Vol. 65 • 405–418 • February 2022

Downloaded from: https://pubs.asha.org Stephanie Borrie on 02/09/2022, Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions

rate (M = 3.7, SD = 0.9), intelligibility (M = 75.1, SD =
16.4), communicative participation (M = 48.5, SD = 8.1),
cognition (M = 21.1, SD = 5.1), age, and gender. Figure 2
provides details of the distribution of these variables.

Figure 2. Distributions of the continuous variables used in this
study. Each point is an observed value (jittered). “Articulatory precision” was measured as the match between the expected and
observed acoustic features for phoneme productions, “speech
rate” was measured as syllables per second, “intelligibility” was
measured as percent words correct, “communicative participation”
was measured as T-scores on the Communicative Participation
Item Bank, “cognition” was measured as raw scores on the Montreal
Cognitive Assessment score, and “age” was measured in years.

Pearson correlation coefficients (only r > ± .2) between
each variable are reported in Figure 3.

Articulatory Precision
Multiple linear regression models were used to examine
the relationship between articulatory precision, intelligibility,
and communicative participation. Our first model explored
path a, in which intelligibility is the dependent variable and
articulatory precision is the primary predictor. Age, gender,
and cognition were included as control variables. As indicated in Table 2, results show that intelligibility is significantly predicted by articulatory precision (b = 24, p <
.001). This suggests that a 1-unit improvement in articulatory
precision translates to a 24-percentage-point improvement
in intelligibility. Furthermore, as illustrated in Figure 3,
Pearson correlation analysis indicated a large effect size
between the two variables (r = .93, p < .001; see also
Figure 4). Thus, precision is predictive of and highly correlated with intelligibility.
In the next regression model, we examined path b, in
which communicative participation is the dependent variable and intelligibility is the primary predictor. Age, gender, and cognition were again included as control variables.
As indicated in Table 3, findings show that communicative
participation is significantly predicted by intelligibility (b =
.26, p = < .001). This suggests that approximately a 4percentage-point improvement in intelligibility translates
to a 1-unit improvement in communicative participation.
As illustrated in Figure 3, Pearson correlation analysis
shows a moderate effect size between the two variables
(r = .44, p = .01).
Taken together, the path a and path b models describe a mediated relationship between articulatory precision and communicative participation. That is, much of
the effect of articulatory precision on communicative participation appears to go through intelligibility. The high
level of collinearity between articulatory precision and intelligibility leads to issues in estimating the indirect and direct relationships between precision and communicative
participation with any degree of accuracy. Therefore, this
analysis was not conducted. However, given the strong relationship between articulatory precision and intelligibility,
it is likely that the relationship between articulatory precision and communicative participation is mostly or entirely
mediated by intelligibility, and any direct relationship between these two variables, if present, is minimal.
Finally, we also note the total effect of articulatory
precision on communicative participation. This was estimated in a separate regression model, still controlling for
the same covariates, with communicative participation as
the dependent variable and articulatory precision as the
predictor of interest. Results of the model indicated a significant relationship between the two variables (b = 7.2,
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Figure 3. Summary of correlations between each variable included in the analyses. Thicker lines represent stronger correlations between the
variables connected by the line. Values represent the Pearson correlation between the connected variables. Only correlations larger than ±
.2 are illustrated.

p = .007). This suggests that a 1-unit increase in articulatory precision translates to a 7.2-unit improvement in
communicative participation, with much of this effect mediated through improved intelligibility. As illustrated in
Figure 3, Pearson correlation analysis shows a moderate
effect size between articulatory precision and communicative participation (r = .46, p = .01).
When collectively summarizing the results of the
complete mediation analysis, our findings indicate that a
1-unit improvement in an acoustic metric of articulation
(i.e., articulatory precision) results in a 24-percentagepoint improvement in intelligibility (e.g., from 50% to
74% words correct), which results in a 6.2-unit improvement in communicative participation, as measured by
CPIB scores. Notably, the remaining 0.9-unit increase (the
difference between the 7.2-unit full effect and the 6.2-unit
Table 2. Results of the path a regression model.
Variable
Intercept
Articulatory precision
Age
Gender
Cognition

b

SE

z value

p value

99.72
24.00
0.06
1.14
−0.06

10.04
2.01
0.06
2.19
0.30

9.94
11.97
0.96
0.52
−0.21

< .001***
< .001***
.34
.60
.84

Note. SE = standard error.
***p < .001.
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mediated effect) represents any effect that articulatory precision has on communicative participation that is unrelated to intelligibility. Given the high collinearity, it was
not possible to statistically deconstruct this effect in more
depth with any real precision. Importantly though, this
shows that in this sample, 87.5% of the full effect of articulatory precision on communicative participation is mediated through intelligibility.

Speech Rate
A mediation analysis examining the relationships between speech rate, intelligibility, and communicative participation was also conducted. As before, the first model
included intelligibility as the dependent variable and age,
gender, and cognition as control variables. Here, speech
rate was included as the primary predictor. Findings indicated that intelligibility was not significantly predicted by
speech rate (b = −3.0, p = .41). Additionally, as shown in
Figure 3, the raw correlation between speech rate and intelligibility is small and nonsignificant (r = .11, p = .55).
In the second model, communicative participation was the
outcome variable, and speech rate and intelligibility were
the predictors. Again, age, gender, and cognition were included as control variables. The findings showed no significant relationship between communicative participation
and speech rate (b = 2.10, p = .12), and the correlation
between these two variables was small and nonsignificant
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Figure 4. Scatter plot illustrating the strong positive relationship between articulatory precision and intelligibility.

(r = .21, p = .25). Intelligibility was still predictive of communicative participation (b = .27, p = .001). Thus, the relationship between speech rate and communicative participation, either directly or indirectly through intelligibility,
is not significant.

Discussion
The primary goal of this study was to test our proposed causal instantiation of the WHO ICF framework, in
which we specify possible pathways of effect between
acoustics, intelligibility, and communicative participation
in dysarthria (controlling for age, gender, and cognition).
In testing the initial association between acoustics and intelligibility, the results revealed that an automated acoustic
Table 3. Results of the path b regression model.
Variable
Intercept
Intelligibility
Age
Gender
Cognition

b

SE

z value

p value

25.69
0.26
0.17
−0.99
−0.24

12.54
0.07
0.11
2.66
0.30

2.05
3.95
1.56
−0.37
−0.79

.04*
< .001***
.12
.71
.43

Note. SE = standard error.
*p < .05. ***p < .001.

measure of articulatory precision is significantly predictive of
and highly correlated with intelligibility of persons with dysarthria. The relationship between degraded articulation and
intelligibility impairment has been evidenced in prior studies
employing more fine-grained acoustic measures of articulatory behavior such as vowel space area (e.g., Y. Kim et al.,
2009; Weismer et al., 2001), spectral overlap degree among
vowels (H. Kim et al., 2011), and formant centralization ratios (Fletcher et al., 2017). We add to that body of literature,
extending the relationship to a more gestalt and automated
measure of articulation, one that reflects clarity of phoneme
production relative to an acoustic model target constructed
from neurotypical speech.
Testing the complete model revealed that the acoustic
measure of articulatory precision predicted communicative
participation scores of persons with dysarthria, with the
moderate relationship between the variables primarily mediated through intelligibility. Thus, we empirically validate our
instantiation of the ICF framework in dysarthria. The relationship between intelligibility and communicative participation of persons with dysarthria has been previously identified
(Barnish et al., 2017; Sixt Börjesson et al., 2021; Spencer
et al., 2020). We thus confirm that relationship and further
show that imprecise articulation also adversely impacts communicative participation (via its contribution to impaired intelligibility). As noted earlier, reduced communicative participation has been associated with a host of factors that negatively impact well-being (e.g., Eadie et al., 2006; Walshe &
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Miller, 2011). As such, the need for intervention targets that
support communicative participation has been well-recognized
(see Baylor & Darling-White, 2020). Research on such targets
in the context of a comprehensive causal framework will be
necessary; however, the current findings afford some mechanistic support for possible communicative participation benefits
following existing intervention approaches that aim to improve
articulation and/or intelligibility in people with dysarthria.
Of further import is the strength of the predictive
and correlative relationships between the metric of articulatory precision and intelligibility. The current findings
suggest that this automated acoustic measure of articulatory precision may function as a proxy for intelligibility.
Such a proxy benefits researchers and clinicians alike.
There is mounting evidence that listeners vary widely in
their ability to decipher speech, particularly in adverse listening conditions such as degraded speech (e.g., Borrie,
Baese-Berk, et al., 2017; McLaughlin et al., 2018). Specific
to the intelligibility of dysarthric speech, listener parameters such as age, vocabulary knowledge, and working
memory likely play a meaningful role in the individual
variability observed (Bent et al., 2016; Borrie, Lansford, &
Barrett, 2017; Ingvalson et al., 2017; Lansford et al.,
2018; Lee et al., 2014; McAuliffe et al., 2013). Additionally, prior experience, including clinical experience, with
persons with dysarthria can significantly impact intelligibility scores (Borrie et al., 2021; Dagenais et al., 1999). With
many listener parameters influencing intelligibility scores,
the task of establishing speaker intelligibility can be inherently biased. To mitigate these issues, rigorous research and
clinical evaluation of intelligibility of speakers with dysarthria should utilize designs and practices that draw from
many listeners per speaker. However, achieving such rigor
is both time consuming and resource intensive. An automated, objective measure that estimates speaker intelligibility without listener input affords a potential alternative solution. Continued validation of this gestalt metric of articulatory precision relative to intelligibility of dysarthric
speech across a much larger and more heterogeneous cohort of speakers and dysarthria presentations, including
varying prosodic presentations, should ensue.
When speech rate was specified as the acoustic variable of interest, the paths of effect between speech rate, intelligibility, and communicative participation were not significant. We hypothesized that the effect of acoustics on
communicative participation would be primarily mediated
through their effect on intelligibility. Thus, the absence of
an association between speech rate and communicative
participation here was not unexpected, given the current
findings and previous (although notably scant) research
reporting a nonsignificant relationship between habitual
speech rate and intelligibility of dysarthric speech (Barnish
et al., 2017; Yorkston & Beukelman, 1981). These findings
do not negate the potential value that speech rate
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interventions may play in improving functional communication outcomes. A related body of literature has characterized intelligibility outcomes related to speech rate manipulations in speakers with dysarthria (e.g., Kuo et al.,
2014; McAuliffe et al., 2017; Tjaden et al., 2014; Weismer
et al., 2000; Yorkston et al., 1990). While aggregated
group data have generally indicated no significant intelligibility benefits associated with explicit speech rate changes,
under some circumstances, some individual speakers have
been reported to produce more intelligible speech when
prompted to speak at slower-than-habitual rates (e.g.,
Knowles et al., 2021; McAuliffe et al., 2017; Tjaden et al.,
2014; Van Nuffelen et al., 2010). Such intelligibility changes
for these individuals could then, in theory, influence communicative participation outcomes. However, in this study,
we show that habitual speech rate was not significantly related (directly or indirectly) to communicative participation, which was in clear contrast to the articulatory precision results. Collectively, the study findings indicate that
not all habitual acoustics exert the same influence on communicative participation in dysarthria.

Toward a Causal Framework: Limitations and
Future Directions
The statistical corroboration of our instantiation of
the ICF framework with an acoustic metric of articulation
provides support toward the development of a theoretically informed, empirically situated causal framework to
understand restricted communicative participation in dysarthria. We highlight the limitations of this study as critical discussion to move toward this type of comprehensive
causal framework. Here, we targeted two acoustic measures: articulatory precision and speech rate. While measures of articulation have been revealed to contribute most
strongly to intelligibility of dysarthric speech and measures
of speech rate have not, other suitably motivated acoustic
metrics that capture deviant speech features of dysarthria
could be included in the model. Furthermore, the acoustic
and intelligibility measures in this study were extracted
from sentence productions of a reading passage elicited
from speakers in a noninteractive context. However, communicative participation is a measure of performance in a social context which, by definition, includes more than one person and must involve a communicative exchange. Indeed,
prior studies have confirmed that acoustic measures (including speech rate) and intelligibility of individuals with
dysarthria, as measured in read sentences, changes in connected speech, and conversational settings (e.g., Barnish
et al., 2017; Bunton & Keintz, 2008; Huber & Darling,
2011). Furthermore, preliminary findings suggest that intelligibility measures derived from more naturalistic speech tasks
may be more sensitive to predicting the impact on communication participation (Spencer et al., 2020). Following
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interviews with community-dwelling adults with PD, Yorkston, Baylor, and Britton made an important distinction between speech, which is “the product of the production process,” and speaking, which is “part of the active process of
communication and cannot be separated from the social
context” (2017, p. 567). As such, we advance that a causal
framework to understand communicative participation in
dysarthria should utilize measures from the speaking produced by individuals with dysarthria engaged in spoken dialogue. Relatedly, communicative participation scores, as
quantified by the CPIB, are amalgamated from items relating
to different speaking situations. As such, sampling speaking
behaviors from various interactional contexts, including goaloriented and rapport-building dialogue, with both familiar
and unfamiliar communication partners, are warranted.
The need to consider the contribution of additional
contextual factors in participation-focused frameworks has
been recognized (Baylor & Darling-White, 2020). Indeed,
there is a growing body of empirical data to support going
beyond the measurement of acoustics and intelligibility to
appreciate the complex construct of communicative participation fully. Studies examining self-report variables underpinning CPIB scores have revealed that, in addition to
self-rated speech severity, self-rated measures of speech usage, speaking effort, fatigue, swallowing difficulties, cognitive and emotional problems, mental health, perceived
social support, and resilience have been revealed as significant predictors of the variance in communicative participation (Jin et al., 2021; McAuliffe et al., 2017). Certainly, some of these self-report measures (e.g., speech usage and speaking effort) could be related to degraded
acoustics and may function, like intelligibility, as mediators of the effect of acoustics on communicative participation. Indeed, the possible paths of influence with personal (e.g., personality and physical impairments) or environmental (e.g., support systems, attitudes, and policy)
factors seem endless; however, a theoretically grounded
causal framework developed and specified for dysarthria
participation would enable systematic and hypothesisdriven investigations into the contextual factors that
serve as facilitators of or barriers to communicative
participation.
Furthermore, beyond the person with dysarthria, a
most comprehensive causal framework of communicative
participation should consider the speaking behaviors of
the neurotypical communication partners. In an exploratory study utilizing the same automated measure of articulatory precision, Lubold et al. (2021) found that neurotypical communication partners engaged in significantly
more precise speaking behavior when conversing with
adults with dysarthria relative to other neurotypical adults.
However, this hyperarticulated speaking behavior did not
predict an objective measure of conversational success. The
implications of this hyperarticulated speaking style exhibited

by neurotypical communication partners on communicative
participation for the communication partner with dysarthria
have yet to be examined. However, studies examining the
impact of elderspeak in conversations with older adults indicate that the infantilizing communication style is perceived
as patronizing and can precipitate communication breakdowns (Kemper & Harden, 1999; Ryan et al., 1991). Thus,
evidence supports the postulation that overly precise articulation exhibited by communication partners may adversely
impact communicative participation outcomes. Crucially,
the limiting factor in the complexity of a causal framework
will be the size of the corpus. To advance this work and enable the statistical realization of a comprehensive causal
framework communicative participation in dysarthria (which
may or may not be impacted by unique dysarthria presentations), a much larger participant data set than utilized herein
will be required.

Conclusions
In summary, this study has proposed and statistically corroborated a causal instantiation of the WHO ICF
framework to understand and explain the paths of influence between the degraded acoustics, intelligibility impairment, and restricted communicative participation frequently experienced by individuals with dysarthria. We
observed a moderate relationship between articulatory
precision and communicative participation, which was almost entirely mediated through intelligibility. This finding
was perhaps not surprising given the strong relationship
between articulatory precision and intelligibility, suggesting that the automated acoustic metric of articulatory precision might be considered a proxy for intelligibility. The
current findings provide important support and direction
for the development of a comprehensive causal framework
to advance understanding of restricted communicative participation in dysarthria and guide investigations of intervention targets that maximally support successful and satisfying
communicative interactions for persons living with dysarthria, as well as their families, friends, and communities.
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