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Abstract
Purpose: The main purpose of this study was to create an empirical classification system for
speech severity in patients with dysarthria secondary to amyotrophic lateral sclerosis (ALS) by
exploring the reliability and validity of speech-language pathologists’ (SLPSs) ratings of
dysarthric speech.
Method: Ten SLPs listened to speech samples from 52 speakers with ALS and 20 healthy control
speakers. SLPs were asked to rate the speech severity of the speakers using five response
options: normal, mild, moderate, severe, and profound. Four severity-surrogate measures were
also calculated: SLPs transcribed the speech samples for calculation of speech intelligibility and
rated the effort it took to understand the speakers on a visual analog scale (VAS). In addition,
speaking rate and intelligible speaking rate were calculated for each speaker. Intra- and inter-
rater reliability were calculated for each measure. We explored the validity of clinician-based
severity ratings by comparing them to the severity-surrogate measures. Receiver operating
characteristic (ROC) curves were conducted to create optimal cut-off points for defining
dysarthria severity categories.
Results: Intra- and inter-rater reliability for the clinician-based severity ratings were excellent
and were comparable to reliability for the severity-surrogate measures explored. Clinician
severity ratings were strongly associated with all severity-surrogate measures, suggesting strong
construct validity. We also provided a range of values for each severity-surrogate measure within
each severity category based on the cut-off points obtained from the ROC analyses.
Conclusions: Clinician severity ratings of dysarthic speech are reliable and valid. We discuss the

underlying challenges that arise when selecting a stratification measure and offer
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recommendations for a classification scheme when stratifying patients and research participants
into speech severity categories.
Introduction

A primary goal of motor speech assessment is to grade the severity of speech impairment,
which is typically completed using a variety of methods. Although severity ratings are a
ubiquitous part of clinical practice and a critical design feature of many studies on atypical
speech, current approaches to assessing speech severity are largely untested, and there is no
accepted definition or classification scheme (Stipancic et al., 2018). Dysarthric speech is
routinely described using adjectival labels by both clinicians (i.e., physicians, nurses, speech-
language pathologists (SLPs), and/or other rehabilitation professionals) and researchers (King et
al., 2012). King et al. (2012) found that the two most frequently used informal measures for
quantifying speech intelligibility by SLPs were (1) estimating the percentage of a patient’s
speech that was understood and (2) using adjectival labels such as “normal,” “mild,” “moderate,”
“severe,” or “profound.” Most dysarthria research also relies on similar adjectival categories to
stratify study participants into severity groups (for example, see Connaghan & Patel, 2017;
Hustad, 2006a, 2006b; Koch Fager & Burnfield, 2015; Stipancic et al., 2018). Research is
needed to understand the psychometric qualities of these ratings (Miller, 2013; Streiner et al.,
2015) and the factors that influence the percept of speech severity. This knowledge will have
significant implications for improving clinical and methodological rigor (i.e., validity and

reproducibility) in studies of persons with communication disorders.
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Figure 1. The distribution of severity categories in the literature. Percent intelligibility
ranges for each clinical severity category across studies is presented.
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1: Blaney & Hewlett (2007); 2: Connaghan & Patel (2017); 3: dos Santos Barreto & Ortiz (2016); 4: Doyle et al. (1997);

Intelligibility (%)

5: Hustad (2006; 2007, 2008); 6: Hustad & Gearhart (2004); 7: Kent et al. (1989); 8: Kim et al. (2010);
9: Koch Fager & Burnfield (2015); 10: Patel & Compellone (2009); 11: Stipancic et al. (2018)

NB: Method of intelligibility quantification differed across studies:

1: Single word multiple-choice; 2: Single word multiple-choice; 3: Single word transcription; 4:
Single word multiple-choice; 5: Narrative transcription; 6: Narrative transcription; 7: Sentence
transcription (SIT); 8: Single word multiple-choice; 9: Single word transcription; 10: Sentence
transcription (SIT); 11: Single word multiple-choice; 12: Sentence transcription (SIT)

NB: Some studies did not use the exact adjectival labels used in this figure; we attempted to
match the stratifications to these labels to allow for comparison across studies
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In the dysarthria literature, speech intelligibility, or how understandable a speaker is to a
listener (Duffy, 2013), is often used as a proxy for speech severity (Strand & Yorkston, 1994;
Sussman & Tjaden, 2012). Figure 1 illustrates the variable cut-off points that investigators have
used to define severity levels based on speech intelligibility scores. Not only were
inconsistencies noted in the ranges of intelligibility assigned to each category but also in the
methods used to quantify intelligibility across studies (see NB of Figure 1). Furthermore,
although some studies stratified speakers with dysarthria dichotomously (Hustad & Gearhart,
2004; Paja & Falk, 2012), many others used three, four, or five adjectival categories with
differing criteria for category inclusion (see Blaney & Hewlett, 2007; Dos Santos Barreto &
Ortiz, 2016; Doyle et al., 1997; Hustad, 2006a, 2006b, 2007, 2008; Stipancic et al., 2018). Thus,
for many studies, intelligibility cut-off points for severity group membership appear to have been
chosen somewhat arbitrarily and based on available data.

To improve across-study reproducability and minimize assumptions inherent to clinician-
derived severity categories, some authors have used data-driven stratification approaches such as
quartile or quintile criteria (i.e., Gordon-Brannan & Hodson, 2000), statistical cluster analyses
(i.e., Rong, 2019), and machine classification (i.e., Wang et al., 2018). Other authors have
reported their findings using several different stratification approaches (i.e., Stipancic et al.,
2018). Although these methods may improve the reproducibility of severity groupings, they are
also contingent on the data used for such an analysis (i.e., if two different studies have different
number of participants across the severity continuum, even data-driven approaches will provide
different results). In addition, data-driven approaches disregard the role of the listener in
characterizing speech, which is a key component for understanding speech impairments at an

activity level (World Health Organization, 2002). To our knowledge, only two studies have



Dysarthria severity classification

attempted to examine the convergent validity of speech severity ratings in participants with
impaired speech. Shriberg and Kwiatkowski (1982) investigated severity ratings of speech
involvement in children with speech sound disorders (SSDs). Of the several factors investigated
(including percent consonants correct (PCC), suprasegmental ratings, and speech intelligibility
derived from orthographic transcription), speech intelligibility and PCC contributed the most to
the clinicians’ ratings of speech severity, sharing 55% and 38% common variance with severity
ratings, respectively. In another study, Schiavetti et al. (1983) investigated severity ratings of
speakers who stutter. The authors examined categorical judgments of severity and their non-
linear relationship with scaled judgments of intelligibility. They found that the severity
categories corresponded to different ranges of intelligibility; the “mild” category corresponded to
95-100% intelligibility, or 5% of the total possible range of intelligibility, whereas the
“moderate” category corresponded to 80-95% intelligibility, or 15% of the total possible range of
intelligibility. Although these two articles have provided important insights into the complex
nature of speech severity ratings, their findings may not generalize to the idiosyncrasies and
heterogeneity inherent to dysarthric speech. It should also be noted that authors in the voice
literature have begun to examine how to stratify participants into groupings of voice severity (see
for example Lee et al., 2020).
What measure should be used to stratify speech severity?

Speech severity ratings have previously been found to be at least moderately correlated
with intelligibility (Sussman & Tjaden, 2012; Tjaden et al., 2014; Tjaden & Wilding, 2004;
Weismer et al., 2000), and there is evidence supporting the validity of stratifying speakers by
intelligibility scores. For example, Hustad (2007) found that ratings of listeners’ confidence in

transcribing dysarthric speech (to derive intelligibility) worsened as dysarthria severity
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increased. Evidence, therefore, suggests that intelligibility likely accounts for a large portion of
the information clinicians use to make severity judgments. However, use of intelligibility alone
to define severity categories may be problematic given previous findings that many other
parameters, such as speaking rate, prosody, and naturalness, can have a profound effect on
perceived speech severity (Tjaden et al., 2014), such that intelligibility can be unaffected while
severity is impaired. Indeed, work by Sussman and Tjaden (2012) suggested that although the
measures are related, transcription intelligibility is an imperfect proxy for overall speech
severity.

Given the current literature base, it is unclear how adjectival ratings of severity compare
to well-accepted metrics of speech severity. In addition, we lack information about whether
speech intelligibility or another clinical severity-surrogate measure best aligns with clinician
severity ratings. Although much less prevalent than studies on intelligibility as a proxy for
severity, a number of recent studies used clinical judgment (Kuruvilla et al., 2012), scores on
patient-reported outcomes (Allison et al., 2017; Yunusova et al., 2016), and more objective
measures such as speaking rate (Shellikeri et al., 2016; Stipancic et al., 2018; Yunusova et al.,
2012) to define speech severity categories. Two largely unexplored measures are intelligible
speaking rate and subjective ratings of listener effort. Intelligible speaking rate is a measure of
speech efficiency first described in 1981 (Yorkston & Beukelman, 1981) that has not been
readopted until recently (Hustad et al., 2019; Wang et al., 2018). Since intelligible speaking rate
combines two sensitive and responsive measures of speech severity (i.e., intelligibility and
speaking rate) (Barnett et al., 2019; Green et al., 2013; Rong et al., 2016; Rong, Yunusova,
Wang, et al., 2015), it may serve as a superior proxy for speech severity in developing a

standardized categorization scheme. Furthermore, the more subjective measure of listener effort
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may tap into subconscious parameters that contribute to listeners’ perceptions of severity.
Listener effort also likely reflects a combination of parameters that contribute to perceived
speech severity (Cote-Reschny & Hodge, 2010; Landa et al., 2014; Nagle & Eadie, 2012, 2018;
Whitehill & Wong, 2006; Wilson et al., 2020). Indeed, intelligibility and speaking rate have
previously been found to account for a significant amount of variance in listener effort (Nagle,
2015). Other factors, such as voice quality, have also been found to contribute to measures of
listener effort (Whitehill & Wong, 2006). Thus, similar to intelligible speaking rate, listener
effort has potential to be an informative measure that aligns with the clinician-derived severity
categories; however, reliability on this subjective measure may be reduced relative to the
reliability of more objective measures such as speaking rate.

In the current study, speech samples from patients with dysarthria secondary to
amyotrophic lateral sclerosis (ALS) were investigated. ALS is a progressive motor neuron
disease caused by the degeneration of both upper and lower motor neurons, resulting in the
weakening, fasciculation, and atrophy of all the body’s muscles (Turner et al., 2013). Motor
neuron deterioration affects muscles that are important for speech, leading to flaccid and/or
spastic dysarthria and reduced speech intelligibility. Because this was the first investigation, to
our knowledge, to explore an empirical stratification of dysarthria severity, we chose to constrain
the heterogeneity of speakers by selecting individuals within one disordered population.
Additionally, within this population, we included speakers across the continuum of severity.

The purpose of this study was to investigate the reliability (intra-rater and inter-rater) and
validity (construct) of clinician severity ratings of dysarthric speech. Additionally, we examined
the efficacy of other commonly used clinical measures of speech (i.e., intelligibility, speaking

rate, intelligible speaking rate, and listener effort) for classifying overall speech severity levels
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and thus, performing as severity-surrogates. We chose the four severity-surrogate measures as
they have been widely used to characterize speech in individuals with ALS (Kalra et al., 2020),
have been found to be sensitive to longitudinal changes in speech (Rong et al., 2016), and are
relatively easy to implement across research and clinical settings. Within our experimental
framework, a severity-surrogate measure was considered a valid proxy for overall severity if (1)
it trended with the clinician-derived severity labels (i.e., intelligibility scores uniformly increase
as adjectival severity levels increase) and (2) the adjacent severity groups were statistically
different in regard to the severity-surrogate measure. Following these analyses, we used a data-
driven approach to determine the optimal severity group stratification scheme and recommended
a severity classification for both research and clinical purposes. To this end, our research
questions were as follows:
1) What is the reliability of clinician-based adjectival ratings of speech severity?
2) What is the construct validity of clinician-based adjectival ratings of speech
severity?
3) Which of the four severity-surrogates explored is best suited to represent the
adjectival labels of speech severity provided by the clinicians?
Methods
This study was approved by the Institutional Review Boards at the MGH Institute of
Health Professions, University of Nebraska, University of Toronto, and University of Texas at

Dallas. Written informed consent was obtained from all participants prior to being enrolled in the
study.

Participants

Speakers
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Participants included 52 speakers with ALS and 20 neurologically healthy control
speakers with recordings from the Speech Intelligibility Test (SIT; Yorkston, Beukelman, &
Hakel, 2007) from a larger study of bulbar motor impairment in ALS (Green et al., 2013). The
participants with ALS had been previously diagnosed with ALS by a neurologist following El
Escorial criteria (Brooks et al., 2000). Site of ALS onset (i.e., bulbar vs. spinal) varied among
participants (see Table 1). All participants spoke English as their primary language, had no
history of other neurological disorders, and were required to have adequate hearing, vision, and
literacy skills with which to hear, see, and read stimuli. The speech intelligibility of all speakers
ranged from 0 to 100% (mean = 63.95, SD = 33.60) based on the SIT as transcribed by a trained
research assistant (procedure described below). Demographic information for the speakers is
provided in Table 1.

Table 1: Demographic information of the speakers included in the study.

ALS Participants Control Participants
Total N (number of males) 52 (30 M) 20 (9 M)
Mean age in years (SD) 58.73 (9.37) 63.21 (9.98)
Spinal = 25
. Bulbar =21
Site of onset = N Mixed = 3 N/A
Unknown =3
Mean % intelligibility (SD) 58.85 (32.24) 99.86 (0.61)
[range] [0 —100] [97.27 — 100]
Mean speaking rate in WPM 94.63 (46.11) 176.00 (21.18)
(SD) [range] [19.33-196.43] [137.2 — 216.26]

ALS: Amyotrophic lateral sclerosis; M: male; SD: Standard deviation; WPM: words per minute

Listeners
Ten speech-language pathologists (SLPs) from the Boston area, all of whom indicated
that their caseloads have included patients with dysarthria (etiologies of dysarthria included:

stroke, traumatic brain injury, ALS, primary progressive aphasia, other neurodegenerative

10
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diseases, cerebral palsy, and other pediatric neurodevelopment disorders), were recruited to
participate in this study. The only inclusion criteria for listeners was that they were licensed
SLPs who had some experience with assessing/treating patients with dysarthria. Because
adjectival labels of dysarthria severity are often used by clinicians (King et al., 2012), we were
particularly interested in how trained clinicians assign these labels to speakers with ALS and
how the severity-surrogate measures contribute to clinicians’ perceptions of speech severity. The
selection of only clinicians who have experience with dysarthria has been implemented in
previous studies (Gurevich & Scamihorn, 2017; King et al., 2012) and would, presumably,
constrain some variability in the listener group (i.e., instead of also including some SLPs with no
experience with dysarthria). In addition, because SLPs use these adjectival categories in clinical
practice (King et al., 2012), we were interested in how experienced clinicians would specify
speech severity. All ten SLPs had received a master’s degree in an SLP program, three had
received a PhD, and two were in a PhD program at the time of data collection. Each clinician
completed a demographic questionnaire prior to participating in study procedures. On average,
clinicians had been practicing as SLPs for 6.6 years (range = 2-14, SD = 5.1), had been
practicing with patients with dysarthria for a mean of 6.25 years (range = 0.5-14, SD = 5.2), and
estimated the average percentage of individuals in their monthly caseloads who received services
for dysarthria to be ~25% (range = 1-70%, SD = 21.65%). Demographic information for each

SLP is provided in Table 2.

11



Dysarthria severity classification

Table 2: Demographic information of the listeners included in the study.

Percent List
Number of -
. Number . monthly case | assigned
Listener Current work years with
of years . . . load of for
Number - setting patients with . : .
practicing dvsarthria patients with | listening
y dysarthria task
1 12 Acute care 12 40 List 1
Acute care, rehab, :
2 4 . 4 25 List1
outpatient
3 2 Outpatient 2 70 List 2
4 14 Other (research), 14 1 List 2
acute care
5 3 Acute care 3 10 List3
6 2 Acute care, outpatient 2 10 List 3
7 14 Other (research) 14 N/A* List 4
8 2 Outpatient, acute care 0.5 40 List 4
9 4 Outpatient, rehab 4 10 List5
10 9 Outpatient 7 20 List5

*This listener forgot to answer the question about the percent of monthly case load consisted of patients with
dysarthria; however, the clinician did endorse that they had been working with patients with dysarthria for 14 years.

Procedures

Speech samples

During data collection sessions, the SIT (Yorkston et al., 2007) was administered to

calculate speech intelligibility of the speakers. Each participant was presented with a unique set

of 11 computer-generated sentences to read aloud, which was recorded using a head-mounted

microphone. Using these recordings, a research assistant, who was unfamiliar with participants’

diagnoses and speech/severity, orthographically transcribed the sentences. These data were

collected over 15 years in four different research labs for a large, longitudinal study. As such,

different research assistants transcribed these SIT recordings as they were collected to provide an

overall indication of speech severity. We refer here to a single research assistant completing

these transcriptions because one reseach assistant transcribed each of the collected SITs. Percent

intelligibility was calculated and averaged across the sentences as the total number of words

12
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correctly transcribed, divided by the total number of words produced, multiplied by 100. This
listening protocol has been used in several previous studies (Rong, Yunusova, Wang, et al.,
2015; Stipancic et al., 2018; Yunusova et al., 2010, 2011). The initial transcription performed by
a trained research assistant was completed to provide baseline demographic information about
the speakers to create the following listening task for completion by the SLPs. For this portion of
the study, transcriptions were only completed by one judge; strong reliability of transcription on
the SIT has been previously reported in work from our group (Stipancic et al., 2018). The
transcription by the research assistant was only used to ensure that our dataset contained a
diverse sample of speech severities, which was corroborated by the SLPs’ ratings (see range of
severity ratings in the results section). Throughout the rest of the manuscript, “speech sample”
refers to a set of 11 SIT stimuli from a single speaker.
Listening task preparation

A visual representation of the organization of the listening task can be seen in Table 3.
Using percent intelligibility calculated from the research assistant’s transcriptions of the speech
samples, speakers with ALS were broken into five lists based on quintiles of intelligibility (i.e.,
0-20%; 21-40%; 41-60%; 61-80%; 81-100%). Each list contained four speakers with ALS per
quintile of intelligibility. Overall, there was a total of 20 different ALS speakers per listener (see
Table 3). To ensure that there were 20 speakers in each list, a subset of speech samples were
repeated in the dataset. In addition, to ensure an even distribution of intelligibility across the
speakers with ALS, a subset of speech samples from multiple data collection sessions for the
same speaker were included in the dataset (i.e., as a speaker progressed in the disease, their
intelligibility declined and thus, the same speaker at a different data collection session fell into a

different quintile of intelligibility); however, the same speaker was never repeated within a list
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Table 3. Listening task design. We created five lists for the speech-language pathologists (SLPs)
to judge. Each list included four speakers with amyotrophic lateral sclerosis (ALS) within each
quintile of intelligibility and four healthy control speakers. For the purposes of speaker selection,
intelligibility percentages were used to ensure an even range of intelligibility across all lists that
were heard by the SLPs. Additionally, two randomly-selected speakers with ALS were repeated

in each list for reliability calculations. Therefore, each SLP judged a total of 26 samples.

Samples in Listl | List2 | List3 | List4 | List5 | TotalN
Listening Task
Intelligibility 4 4 4 4 4 20
0-20% speakers | speakers | speakers | speakers | speakers | speakers
Intelligibility 4 4 4 4 4 20
21-40% speakers | speakers | speakers | speakers | speakers | speakers
ALS | Intelligibility 4 4 4 4 4 20
Speakers 41-60% speakers | speakers | speakers | speakers | speakers | speakers
Intelligibility 4 4 4 4 4 20
61-80% speakers | speakers | speakers | speakers | speakers | speakers
Intelligibility 4 4 4 4 4 20
80-100% speakers | speakers | speakers | speakers | speakers | speakers
Control Speakers 4 4 4 4 4 20
speakers | speakers | speakers | speakers | speakers | speakers
Reliability, speakers 2 2 2 2 2 10
with ALS repeated speakers | speakers | speakers | speakers | speakers | speakers
Total number of 26 26 26 26 26 130
samples rated samples | samples | samples | samples | samples | samples
SLP SLP SLP SLP SLP
Comﬁ:g,t:ge?z: SLP Listeners | Listeners | Listeners | Listeners | Listeners Iist:égers
1&2 3&4 5&6 7&8 9&10

Note: Only 52 speakers with ALS participated, but due to multiple longitudinal sessions from individual
participants, we had a total sample of 100 SITs.

(i.e., a listener never heard the same speaker with ALS twice). For speakers in which multiple
longitudinal sessions were included in the data set, there was an average of 61 days between data
collection sessions (range = 21-127 days; SD = 35). One speaker had five sessions included,
three speakers had four sessions included, and three had two sessions included. In addition, four
healthy control speakers were assigned to each listener and 10% of the speakers with ALS (i.e.,
two speakers) were chosen at random and were repeated in order to calculate intra-rater

reliability. Therefore, each list contained a total of 26 speech samples, which each consisted of
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11 sentences. Thus, listeners each heard 286 sentences in total. Each of the ten SLPs listened to
one of these lists, with two listeners per list to allow for calculation of inter-rater reliability. SLPs
were consecutively assigned to lists as they were recruited (i.e., the first two SLPs who were
recruited were assigned to list 1, followed by the next two SLPs who were assigned to list 2,
etc.). Order effects were partially controlled for by presenting the list of speakers in different
orders for each of the two listeners assigned to each list (i.e., the first listener heard them in
random order and the second listener heard the latter half of the speakers first). It should be noted
that several instances of repeated SIT stimuli (~10% of the sentences; the most times a single
sentence was repeated for a single listener was three) were randomly assigned across listeners,
creating the potential for bias if SLPs transcribed stimuli they heard previously; however, there
was a large number of stimuli and speakers and also a random assignment of these variables
across listeners.
Listening task procedure and measures

The listening study was administered electronically via REDCap (Harris et al., 2009), an
online survey platform. Before accessing the REDCap survey, SLP listeners used an online tool
to individually control for appropriate listening volume (Miracle Ear, n.d.). Listeners were
instructed to wear headphones and listen to brief scenarios mixed with background noise, after
which they were given multiple-choice questions to answer pertaining to the scenario presented.
Listeners were instructed to adjust the volume on their computer until they could achieve 100%
accuracy on the questions provided. Listeners were subsequently instructed to refrain from
adjusting the volume for the remainder of the experiment. All speech samples heard by the
listeners were normalized for amplitude. As a brief overview, clinicians first heard all 11 SIT

sentences from a single speaker and were asked to rate overall speech severity. Then they were
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provided with each sentence of the SIT from the same speaker and asked to transcribe each to the
best of their ability. Immediately following this, the clinician was asked to rate their listening
effort for that single speaker. The clinician then listened to the next speaker’s speech sample and
followed the identical procedure. All 26 samples for each clinician were completed in the same
manner. Details on each measure are provided below.

Clinician severity ratings. Following the hearing screening, listeners were instructed to
listen to all 11 SIT sentences from one speaker, after which they were asked to rate the speaker’s
speech severity (“Please indicate the severity of speech for this individual”). Listeners were
given five response options: normal, mild, moderate, severe, and profound. In contrast to
previous work (Sussman & Tjaden, 2014), no instructions were provided regarding which speech
features listeners should focus on (i.e., intelligibility, imprecision, etc.). We made this decision
because we wanted clinicians to use the features they would naturally use to inform their severity
ratings.

Severity-surrogate measures.

Speech intelligibility. To measure speech intelligibility, the listeners were asked to
provide an orthographic transcription of each speaker’s sentences. They were given the
instructions: “Please write, word for word, what you hear. You can listen to each audio file
twice.” The listeners heard each SIT sentence and were given an opportunity to type their
response following each sentence recording. These transcriptions were later translated into
intelligibility percentages for each participant following the SIT protocol (Yorkston et al., 2007),
consistent with procedures used in previous work (Allison et al., 2017; Stipancic et al., 2018)
(sentence intelligibility = number of words correctly transcribed/total number of words produced

*100).
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Speaking rate. Average speaking rate was calculated for each speaker from their
recordings of the SIT. The number of words produced divided by the total duration of each
sentence supplied a rate for each sentence in words per minute (WPM). The rates from all 11
sentences were then averaged to create an overall speaking rate for each speaker (Stipancic et al.,
2018).

Intelligible speaking rate. The number of intelligible words per minute (IWPM) was also
calculated for each participant. Percent intelligibility from the listeners’ transcriptions was
divided by 100 and then multiplied by the speaking rate (WPM) to derive an average intelligible
speaking rate (in IWPM).

Listener effort. To measure listener effort, the listeners were asked about their perceived
effort of listening to each speaker. Answers were recorded using a visual analog scale (VAS),
which consisted of a vertical line, without tick marks, with endpoints labeled “very” and “not at
all” (Picou et al., 2017). Listeners were asked to use the VAS to answer the following question:
“How effortful was it for you to understand? Remember, we are asking how hard you worked,
not how well you did.” The position of the slider on the VAS was automatically translated into a
score from O (at the “not at all” endpoint) to 100 (at the “very” endpoint). This score was later
subtracted from 100 for ease of interpretation and alignment with other measures used in this
study. Therefore, scores closer to 100 indicated the least effort and scores closer to 0 indicated
the most effort.

Statistical Analysis

To prepare the data for statistical analysis, we dummy coded the clinician severity ratings

and averaged across the listeners who heard the same speakers — when severity ratings did not

agree across listeners (for 33 speakers), we rounded up to the more severe rating. All
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discrepancies between SLPs differed by adjacent categories (i.e., one SLP rated a speaker as
mild, but another SLP rated the same speaker as moderate). Thus, each speaker was assigned a
single severity category for the remainder of the analyses. Furthermore, scores on each of the
severity-surrogate measures were averaged across the listeners who rated the same speakers to
derive single scores for intelligibility, speaking rate, intelligible speaking rate, and listener effort
for each speaker. All statistical analyses were completed in R (R Development Core Team,
2013).
Reliability

Separate reliability statistics were calculated for the clinician severity ratings and for each
of the severity-surrogate measures. The statistics used for intra- and inter-rater reliability, which
can be seen in Table 4, included intraclass correlation coefficients (ICCs; psych package in R
(Revelle, 2019)), percent agreement, and weighted kappa. The statistics used for each measure
differed based on type of data (i.e., continuous vs. categorical) and the number of data points
available. For example, intra-rater reliability for clinician severity ratings included only four
speakers’ severity ratings (which resulted in only four scores), while intra-rater reliability
transcription included 11 sentences across two speakers (which resulted in 22 scores).

Intra-rater reliability. Listener responses and measurements from the two repeated
samples were compared to the same two samples heard earlier in the task. Because of the small
number of repeated samples for the clinician severity ratings, percent agreement for the two
repeated samples was calculated for each listener, and an average was calculated across all ten
listeners. A two-way random single measure for consistency/absolute agreement ICC (2,1) was
used to assess intra-rater reliability for intelligibility. For speaking rate and intelligible speaking

rate, 10% of the data (12 speech samples = 132 sentences) was measured by the same analyst
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Table 4. Reliability of measures. The method used for each reliability statistic appears in italics.
All reliability statistics were significant at p < .001.

Clinician . _ .
. T Speaking Intelligible Listener
%eve_rlty Intelligibility Rate Speaking Rate Effort
atings
94 91 1.00 99 97
Intra- (across all (.88-0.92, (1.00 - 1.00, (.98-1.00, (across all
rater listeners) p <.001) p <.001) p <.001) listeners)
% agreement ICC (2,1) ICC (2,1) ICC (2,1) % agreement
01 93
' 94 99 0.98 (.90-.95,
| (across all ,
nter- listeners) (.92-.96, (.94-1.00, (0.95-0.99, p <.001;
rater Weighted p <.001) p <.001) p <.001) across all
KaDDA ICC (2,1) ICC(2,1) ICC (2,1) listeners)
PP ICC (2,1)

ICC: Intraclass correlation coefficient

twice, and ICCs (2,1) were used to assess the relationship between the first and second

measurements. Again, because of the small number of repeated samples for listener effort,
percent agreement for the two repeated samples was calculated for each listener, and an average
was calculated across all ten listeners.

Inter-rater reliability. In order to determine inter-rater reliability, responses and
measurements from the listeners who heard the same list of speech samples (i.e., listener 1 and 2;
see Table 3) were compared. Because clinician severity ratings were categorical data, inter-rater
reliability was calculated using weighted kappa. For intelligibility, reliability was calculated with
an ICC (2,1). For speaking rate and intelligible speaking rate, 10% of the data (12 speech
samples = 132 sentences) were measured by a second analyst, and ICCs (2,1) were used to assess
the relationship between the first and second analysts’ measurements. For listener effort, inter-
rater reliability was also calculated with an ICC (2,1).

Validity
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Convergent validity. Convergent validity is a subtype of construct validity and is
estimated by comparing the output of a new scale to that of a known scale that measures the
same construct (Streiner et al., 2015). We assessed convergent validity of the clinician severity
ratings with correlation coefficients to evaluate the association between the clinician severity
ratings and the severity-surrogate measures (i.e., intelligibility, speaking rate, intelligible
speaking rate, and listener effort). Spearman correlations were calculated between the clinician
severity ratings and the severity-surrogate measures because severity ratings were categorical
data, and Pearson product correlation coefficients were calculated between the severity-surrogate
measures because all severity-surrogate measures were continuous data. One-way analysis of
variance (ANOVA) tests were used to determine whether there were between-group differences
in each of the four severity-surrogate metrics across the five severity categories. Average scores
for intelligibility, speaking rate, intelligible speaking rate, and listener effort were fit as a
function of severity category (normal, mild, moderate, severe, and profound) to evaluate
statistical differences between the categories. Post hoc contrasts (Tukey’s HSD) with Bonferonni
corrections for multiple comparisons were conducted for statistically significant main effects.
Post hoc contrasts were evaluated for significance at p <.05.

Known-groups validity. Construct validity by known-groups was examined with
Cohen’s d effect sizes using the effsize package in R (Torchiano, 2020). We calculated effect
sizes for each severity-surrogate measure between all combinations of the groups to see which
severity-surrogate measures would demonstrate the largest group differences. In particular,
groups adjacent to one another in ranking (i.e., mild and moderate, moderate and severe, etc.)
were of greatest interest because, in theory, they should be the most difficult for clinicians to

distinguish between.
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Classification scheme for dysarthria severity

Receiver operating characteristic (ROC) curves, using the ROCR package in R (Sing et
al., 2005), were used to identify optimal cut-off points for the clinician-rated severity groups for
each severity-surrogate measure. To do this, we made each cut-off point between categories a
binary decision. Four ROC curves were created for each severity-surrogate measure. Thus, we
calculated four optimal cut-off points that maximized sensitivity and specificity for defining the
boundaries between (1) the normal and mild groups, (2) the mild and moderate groups, (3) the
moderate and severe groups, and (4) the severe and profound groups. We also calculated the area
under the curve (AUC) for each cut-off point along with sensitivity, specificity, and accuracy.
We used these cut-off points to provide a range of values for each severity-surrogate measure
within each clinician-rated severity category.

Results

Reliability

Results of the reliability analyses are displayed in Table 4.
Intra-rater reliability

Across all listeners, average percent agreement for the clinician severity ratings was .94.
The ICC (2,1) for transcription reliability was .91 (p < .001), for speaking rate was 1.00 (p <
.001), and for intelligible speaking rate was .99 (p < .001). Across all listeners, average percent
agreement for listener effort was .97. These statistics indicate excellent intra-rater reliability for
all measures.
Inter-rater reliability

The weighted kappa for the clinician severity ratings across all listeners was .91. The

ICCs for transcription reliability ranged from .92 to .96 (p < .001) for all listener pairs, with an
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average ICC of .94. The ICCs for speaking rate and for intelligible speaking rate ranged from .94
to 1.00 (p < .001) with average ICCs of .99 and .98 respectively. Across all listener pairs, the
ICCs for listener effort ranged from .90 to .95 (p < .001) with an average ICC of .93. These
statistics indicate excellent inter-rater reliability for all measures.
Validity
Convergent validity

Results from the correlation analyses are presented in Table 5. All correlations between
the clinician severity ratings and the severity-surrogate measures were significant (p <.001), as
were correlations between all the severity-surrogate measures (p < .001).
Table 5. Correlations of clinician severity ratings with severity-surrogate measures. Spearman
correlations were completed between the clinician severity ratings and the severity-surrogate

measures. Pearson correlations were completed between the severity-surrogate measures. All
correlations were significant at p < .001.

. Intelligible )
- Speaking , Listener
Intelligibility Rate Speaking Effort
Rate
(Spearman correlations) (p <.001) (p <.001) (p <.001) (p <.001)
Intelligibility B .63 .84 .84
(Pearson correlations) (p <.001) (p <.001) (p <.001)
Speaking Rate B B .89 .78
(Pearson correlations) (p <.001) (p <.001)
Intelligible 89
Speaking Rate -- - - )
(Pearson correlations) (p <.001)

Boxplots for each severity-surrogate measure across the clinician severity ratings are
presented in Figure 2. On average, for intelligibility (Figure 2A), the normal group had the
highest intelligibility (N = 23, mean = 97.8%, SD = 2.29), followed by the mild group (N = 12,

mean = 91.2%, SD = 6.65), the moderate group (N = 16, mean = 75.6%, SD = 16.6), the severe
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group (N =21, mean = 55.6%, SD = 18.2), and the profound group (N = 21, mean = 22.4%, SD
= 18.6). There was a significant main effect of clinician severity rating on intelligibility [F(4,88)
=89.19, p <.001]. Post-hoc tests revealed all contrasts were significant at p <.001 except the
normal-mild contrast (p =.70) and the mild-moderate contrast (p = .04), which were not
significant.

For speaking rate (Figure 2B), the normal group had the fastest speaking rate (N = 23,
mean = 173 WPM, SD = 23.1), followed by the mild group (N = 12, mean = 135 WPM, SD =
36.1), the moderate group (N = 16, mean = 92.4 WPM, SD = 39.6), the severe group (N = 21,
mean = 70.91 WPM, SD = 35.2), and the profound group (N = 21, mean = 64.8 WPM, SD =
24.0). There was a significant main effect of clinician severity rating on speaking rate [F(4,88) =
45.74, p < .001]. Post-hoc tests revealed that the mild-moderate contrast was significant at p =
.0047. The normal-mild (p = 0.009), moderate-severe (p = .24), moderate-profound (p = .07),
and severe-profound (p = .97) contrasts were not significant. All other non-adjacent contrasts
were significant at p < .001.

Figure 2. Severity-surrogate measures across clinician-rated severity categories. All non-
adjacent comparisons were significant at p < .05 except the moderate-profound contrast in panel

B which was not significant (p = 0.07). Only significant adjacent comparisons are marked in the
figure with ** p < .05.
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IWPM: Intelligible words per minute; WPM: Words per minute; VAS: Visual analog scale
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For intelligible speaking rate (Figure 2C), the normal group had the fastest intelligible
speaking rate (N = 23, mean = 170 IWPM, SD = 24.2), followed by the mild group (N = 12,
mean = 124 IWPM, SD = 36.2), the moderate group (N = 16, mean = 66.3 IWPM, SD = 29.7),
the severe group (N = 21, mean = 39.6 IWPM, SD = 23.9), and the profound group (N = 21,
mean = 14.0 IWPM, SD = 11.7). There was a significant main effect of clinician severity rating
on intelligible speaking rate [F(4,88) = 135.3, p < .001]. Post-hoc tests revealed all contrasts
were significant at p < .001 except the moderate-severe (p = 0.015) and the severe-profound

contrasts (p = 0.011), which were not significant.
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Lastly, for listener effort (Figure 2D), listeners rated the least amount of effort on the
VAS for the normal group (N = 23, mean = 96.98, SD = 2.81), followed by the mild group (N =
12, mean = 70.7, SD = 17.5), the moderate group (N = 16, mean = 35.9, SD = 17.6), the severe
group (N =21, mean = 20.3, SD = 12.8), and the most effort for the profound group (N = 21,
mean = 4.5, SD = 4.39). There was a significant main effect of clinician severity rating on
listener effort [F(4,88) = 220.4, p < .001]. Post-hoc tests revealed all contrasts were significant at
p <.001.
Known-groups validity

Effect sizes between all groups are displayed in Table 6 with the most difficult-to-
distinguish contrasts (i.e., adjacent severity categories) delineated with an 2. All effect sizes were
large (Cohen, 1988) with the exception of speaking rate between the severe and profound
categories which was considered small. For the normal-mild contrast, listener effort had the
largest effect size (d = 2.54), followed by intelligible speaking rate (d = 1.58) and intelligibility
(d = 1.56). Speaking rate had the smallest effect size for the normal-mild contrast (d = 1.35). For
the mild-moderate contrast, listener effort had the largest effect size (d = 1.98), followed by
intelligible speaking rate (d = 1.77), intelligibility (d = 1.19), and speaking rate (d = 1.12). For
the moderate-severe contrast, intelligibility had the largest effect size (d = 1.12), followed by
listener effort (d = 1.04), intelligible speaking rate (d = 1.01), and speaking rate (d = 0.58). For
the severe-profound contrast, intelligibility had the largest effect size (d = 1.80), followed closely
by listener effort (d = 1.64) and intelligible speaking rate (d = 1.36). Again, speaking rate had the

smallest effect size for this contrast (d = .20).
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Table 6. Cohen’s d effect sizes with 95% confidence intervals in brackets, between each severity
group for each severity-surrogate measure. Cells with a 2 indicate severity categories next to each

other (i.e., most difficult-to-distinguish groups).

Intelligibility Mild Moderate Severe Profound
Normal 21.56 2.10 3.32 5.81
(.74-2.37) (1.28-2.92) (2.38-4.26) (4.42-7.20)
Mild B 21.19 2.34 4.44
(.34-2.04) (1.40-3.28) (3.10-5.78)
Moderate -- -- "1.12 2.91
(.40-1.84) (2.00-3.94)
Severe -- -- -- " 1.80
(1.06-2.54)
Speaking Rate Mild Moderate Severe Profound
Normal a1.35 2.62 3.47 4.61
(.55-2.14) (1.72-3.51) (2.51-4.43) (3.44-5.77)
Mild . 21.12 1.81 2.44
(.28-1.97) (.95-2.68) (1.48-3.40)
a.58 .88
Moderate B ” (-11-127) | (17-158)
Severe -- -- -- "20
(-.42-.83)
Intelligible Speaking Rate Mild Moderate Severe Profound
Normal 21.59 3.89 5.40 8.06
(.76-2.40) (2.78-5.00) (4.09-6.71) (6.22-9.90)
Mild B al1.77 2.93 4.68
(.85-2.70) (1.88-3.97) (3.29-6.06)
Moderate -- -- ©1.01 245
(.29-1.72) (1.56-3.34)
Severe -- -- -- - 1.36
(.67-2.05)
Listener Effort Mild Moderate Severe Profound
Normal a2.54 5.35 8.45 25.36
(1.59-3.49) (3.96-6.75) (6.53-10.37) | (19.87-30.84)
Mild B 2198 3.45 6.02
(1.03-2.94) (2.31-4.58) (4.34-7.71)
Moderate -- -- - 1.04 2.62
(.32-1.76) (1.71-3.54)
Severe -- -- -- ©1.64
(.92-2.37)
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Classification scheme for dysarthria severity

The optimal cut-off points from the ROC curve analyses that maximize sensitivity and
specificity, along with AUCs, and specificity, sensitivity, and accuracy values for each severity-
surrogate measure, are presented in Table 7. AUCs, specificity, sensitivity, and accuracy values
for listener effort were the largest compared to all the other measures with all values being 0.81
or greater, indicating good diagnostic accuracy. Values were lowest for speaking rate, with a few
exceptions (i.e., specificity was lower for intelligibility for the moderate-severe comparison, and
for intelligible speaking rate for the mild-moderate comparison), ranging from 0.48-0.83,
indicating poorer diagnostic accuracy than the other severity-surrogates. Values for intelligibility
ranged from 0.69-0.95 and for intelligible speaking rate from 0.67-0.96, indicating adequate
diagnostic accuracy. Table 8 presents the proposed classification scheme for each clinical
severity measure based on the cut-off points obtained from the ROC analyses.

Discussion

Clinician ratings of dysarthria severity are valid and reliable

The current findings demonstrated that the adjectival labels of “normal,” “mild,”

29 ¢

“moderate,” “severe,” and “profound” to describe dysarthria severity have strong construct
validity. Convergent validity of clinician severity ratings were demonstrated by robust
associations with other widely-used measures of speech motor severity (i.e., speech
intelligibility, speaking rate, intelligible speaking rate, and listener effort). Additionally, all
severity-surrogate measures followed the expected direction across severity groups (i.e., average
intelligibility was the highest for the normal group, followed by the mild, moderate, severe, and

profound groups), providing further evidence of convergent validity. Known-groups validity was

demonstrated by large effect sizes between all severity groups — even those that are most
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Table 7. Optimal cut-off points and diagnostic power values for each severity-surrogate

measure.

INTELLIGIBILITY

Clinician Optimal Cut- oo e
Severity Rating off Point AUC Specificity | Sensitivity | Accuracy
Mild 94.11 .92 15 .96 .88
Moderate 84.18 77 .69 .92 .79
Severe 69.39 .81 .86 .69 .78
Profound 45.02 .90 .95 71 .83
SPEAKING RATE
Clinician Optimal Cut- oo o
Severity Rating off Point AUC Specificity | Sensitivity | Accuracy
Mild 158.29 .81 75 .83 .80
Moderate 117.25 77 75 67 71
Severe 86.97 .70 71 .69 .70
Profound 60.51 A48 52 .57 .54
INTELLIGIBLE SPEAKING RATE
Clinician Optimal Cut- oo o
Severity Rating off Point AUC Specificity | Sensitivity | Accuracy
Mild 135.50 .83 .67 .96 .86
Moderate 93.52 91 .88 .83 .86
Severe 50.56 .76 71 .81 .76
Profound 27.90 .85 .95 67 .81
LISTENER EFFORT
Clinician Optimal Cut- e e
Severity Rating off Point AUC Specificity | Sensitivity | Accuracy
Mild 90.5 1.00 1.00 0.96 97
Moderate 43.50 93 .81 1.00 .89
Severe 24.25 81 81 .81 81
Profound 11.75 93 .95 .86 .90

AUC: Area under the curve
Note: the Normal severity group was not included in these tables — this group did not need a cut-off point as it would
consist of any values higher than the cut-offs for the Mild severity group.
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Table 8. Based on the optimal cut-points identified by the receiver operating characteristic
curves, this table provides recommended speech severity groupings for both clinical and research
purposes for each of the four severity-surrogate measures considered in this study.

Clinician — . Intelligible Listener Effort
Severity Rating Intelligibility Speaking Rate Speaking Rate (VAS)
Normal >94% >158 WPM >136 IWPM >90
Mild 85-94% 118-158 WPM 94-135 IWPM 44-90
Moderate 70-84% 88-117 WPM 52-93 IWPM 25-43
Severe 45-69% 61-87 WPM 28-51 IWPM 12-24
Profound <45% <60 WPM <28 IWPM <12

IWPM: Intelligible words per minute; VAS: Visual analog scale; WPM: Words per minute

difficult-to-distinguish (i.e., normal-mild, mild-moderate, etc.) — on each of the four severity-

surrogate measures.

Our study also found strong intra- and inter-rater reliability for the clinician severity

ratings, which was comparable to reliability for the four severity-surrogate measures. Reliability

for the severity ratings, while similar to reliability of the other metrics reliant on listener

judgment (i.e., transcription intelligibility and listener effort), was slightly lower than reliability

for the metrics involving speaking rate (i.e., speaking rate and intelligible speaking rate). The

reliability statistics reported here are consistent with those reported in previous studies (Bunton

et al., 2001; Hustad, 2006a, 2006b; Keintz et al., 2007; Stipancic et al., 2018; Xue et al., 2020;

Yorkston & Beukelman, 1978, 1981).

Taken together, our results suggest that clinician-based adjectival ratings of dysarthria

severity, as one of the most commonly used measures of speech severity (King et al., 2012), are

a valid and reliable method for indexing known clinical measures of speech severity in persons

with ALS, at least for the five-category approach we implemented. However, our findings also

support the efficacy of other methods, such as cut-off points of intelligibility, speaking rate,

intelligible speaking rate, and listener effort, for providing alternative means of severity

stratification in research or clinical settings and offer insights into contributors to clinician
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severity judgments. The cut-off points provided in this manuscript were derived from severity
ratings made by experienced clinicians and thus, may differ if the raters/listenesr are naive
Isiteners.
A classification scheme for dysarthria severity

The importance of a universal language and standardized method for dysarthria severity
stratification across research studies has long been acknowledged. Establishing an empirical
stratification method and standard cut-off points is critical to the replicability of future studies.
Furthermore, a standardized method will reduce the bias that is inherently introduced when
arbitrarily selecting cut-off points for different measures. A thorough review of previous
literature, however, revealed significant disparities in the classification of dysarthria severity and
an overall lack of consistency across studies (Figure 1). These inconsistencies and the findings
from this study beg the question: What is the best measure to use to stratify research participants
or clinical patients into severity categories? The current work answers this question by
evaluating the severity-surrogate measures to find the one(s) that best aligns with the clinician
severity ratings and, thus, may contribute the most to clinicians’ percept of speech severity.

Although our findings validate the use of adjectival labels for dysarthria severity
stratification, the current study also presents evidence in favor of four other measures:
intelligibility, speaking rate, intelligible speaking rate, and listener effort. Although reliability
was comparable for all of the measures explored, it was slightly lower for the more subjective
measure of intelligibility derived from transcription. However, listener effort, which is also a
highly subjective measure, had surprisingly strong reliability. Based on the high reliability and
strong construct validity, listener effort was objectively superior to the other severity-surrogate

measures analyzed in this study for severity stratification and most closely aligned with the
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clinician severity ratings. We propose that each of the severity-surrogate measures explored
might provide distinct information (discussed in the following sections) about the participants’
speech characteristics and, at least partially contribute to clinicians’ ratings of severity. We,
therefore, provided cut-off points (see Table 8) for each of the severity-surrogate measures that
can be used in research and clinical settings for classifying dysarthria severity in individuals with
neurodegenerative disease similar to ALS. Again, it should be noted that the cut-off points
provided may differ if the listeners employed are naive listeners, rather than the experienced
clinicians used in the current study. The following sections will discuss our findings regarding
each of these four measures and offer recommendations for when and how to employ these
measures for severity stratification.
Intelligibility

Intelligibility was found to be statistically different between some of the clinician-derived
severity groups, demonstrating convergent validity of the clinician severity rating. However,
intelligibility did not yield a statistical difference between the normal and mild or between the
mild and moderate severity groups. This finding was not surprising given previous longitudinal
work that has explored the rate of progression across measures of speech severity in individuals
with ALS and found little effect of mild speech abnormalities on intelligibility (Rong, Yunusova,
& Green, 2015). Indeed, intelligibility is known to lack sensitivity for early detection of
neurodegenerative disease, as other aspects of speech, such as speaking rate (Rong, Yunusova,
Wang et al., 2015), tend to decline earlier in the disease. A potential reason for this lack of
sensitivity may be, in part, because speech abnormalities that occur in the early stages of disease
progression are still within the normal range of variation (Cooke, 2006), resulting in unaffected

intelligibility. Thus, despite the promising construct validity found for intelligibility and its
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frequent use as a proxy for speech severity, intelligibility may lack sensitivity to subtle speech
changes. The strong relationship between clinician severity ratings and intelligibility is consistent
with previous work in dysarthria that found VAS and direct magnitude estimation (DME) ratings
of speech severity to be highly correlated with measures of transcription-derived intelligibility
(Sussman & Tjaden, 2014; Tjaden et al., 2014). Interestingly, the derived cut-off points yielded
similar severity stratifications to those used in previous studies that selected intelligibility cut-
offs for severity groups based on clinical acumen (see Stipancic et al., 2018). This result further
highlights that intelligibility plays a large role in how clinicians judge speech severity. However,
we recommend that researchers avoid using intelligibility to distinguish between normal, mild,
and moderate severity groups. In general, the absence of sensitivity in the early stages of disease
progression suggests that intelligibility may not be the best measure for five-group stratification
(i.e., “normal”, “mild”, “moderate”, “severe”, and “profound”). Intelligibility did, however,
perform very well for discriminating between more severely impaired groups of paticipants, with
the largest effect sizes between moderate and severe groups and severe and profound groups. It
should also be noted that the cut-off points provided here were calculated on intelligibility
derived from orthographic transcription and may, therefore, differ from intelligibility calculated
using other methods such as VAS, DME, or machine-based transcription. We anticipate that our
findings would be similar for VAS ratings of intelligibility, as previous work has found
transcription intelligibility and scaled ratings of intelligibility to be strongly related (Abur et al.,
2019; Stipancic et al., 2016).
Speaking rate

Speaking rate has been widely used to track bulbar disease progression in ALS (Green et

al., 2013; Yorkston et al., 1993). Previous work has demonstrated the linear decline of speaking
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rate with symptom duration in ALS (Ball et al., 2002; Yorkston et al., 1993) and its association
with other aspects of bulbar function, such as voice quality, velopharyngeal functioning, and
tongue movement (Ball et al., 2001). Despite these characteristics and its use as a primary
component of bulbar assessment in ALS, our study showed that, speaking rate only statistically
differentiated between the mild and moderate severity groups and it did not yield statistical
differences between groups at the more mild end of the continuum (i.e., normal and mild) nor at
the most severe end of the continuum (i.e., moderate, severe, and profound). In addition, the
accuracy values from the ROC analyses were generally the smallest for speaking rate as
compared to the other three clinical measures. The lack of statistical differences between groups
is consistent with recent work illustrating plateaus in speaking rate as speech motor performance
deteriorates (Barnett et al., 2019; Rong, Yunusova, & Green, 2015). This plateau in speaking rate
suggests that, over time, speaking rate becomes less responsive to change while other features
(e.g., intelligibility) continue to decline. To explain these findings, researchers have speculated
that the use of a single measure, such as speaking rate, in isolation, may preclude insight into
other factors that impact perceived severity (Stipancic et al., 2021). For example, Stipancic et al.
(2018) found that neither intelligibility nor speaking rate were able to adequately distinguish
between patient groups whose self-report of speech change on the ALS Functional Rating Scale -
Revised (ALSFRS-R; Cedarbaum et al., 1999) would constitute meaningful change. The authors
concluded that these measures may not be capturing a meaningful element of communication,
which likely contribute to self-judgments of severity, such as the amount of effort patients must
exert to produce intelligible speech (Stipancic et al., 2018). Additionally, speaking rate was the
only severity-surrogate measure that was completely free of listener judgment, which is likely

part of the reason it showed a limited association with clinician severity ratings. If speaking rate
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is the only option for severity stratification, we recommend that researchers and clinicians
exercise caution when stratifying groups on either end of the severity continuum. Similar to the
intelligibility findings, speaking rate may not perform well with five-group stratification.
Therefore, researchers and clinicians may need to consider collapsing across groups, particularly
those that exhibit severe speech impairments. Speaking rate may, instead, be more useful for
coarse-grained or binary (i.e., unimpaired vs. impaired) stratifications of severity, consistent with
methods used in prior work (Shellikeri et al., 2016; Stipancic et al., 2018).
Intelligible speaking rate

Intelligible speaking rate provided statistical differences between normal and mild
speakers and mild and moderate speakers, with trends toward statistical differences of the other
adjacent contrasts. Intelligible speaking rate, as measured by IWPM, has traditionally been
considered an indicator of communication efficiency (Kent et al., 1989; Yorkston & Beukelman,
1981), which refers to the ability to quickly transmit a clear message. This measure, though
attractive for combining two readily-used measures of speech impairment (i.e., intelligibility and
speaking rate), has been vastly understudied. In Hustad et al. (2019)’s work, the authors
highlighted the utility of intelligible speaking rate as a measure that “simultaneously provides
information about two areas of deficits that are common in dysarthria and interact with one
another” (Hustad et al., 2019, p. 811). Intelligibile speaking rate performed similarly to
intelligibility in that it was statistically different between two of the adjacent severity categories
and had comparable effect sizes and diagnostic accuracy values between groups. We
acknowledge that intelligible speaking rate may be an onerous metric to acquire given its
reliance on calculating two other measures. However, for researchers who have the ability to

obtain both intelligibility and speaking rate, the combination of these measures appears to
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outperform speaking rate in stratifying between severity categories. In light of these findings, we
advocate for the continued exploration and use of this measure in research and clinical settings.
Listener effort

Based on our analyses, listener effort yielded the strongest validity for severity
stratification of the four severity-surrgoate measures examined in this study. In contrast to the
other three severity-surrogates, listener effort provided clear distinctions between all five severity
categories. Moreover, listener effort had surprisingly excellent reliability, particularly for a
subjective measure. Aside from its strong, linear relationship with adjectival severity ratings,
listener effort performed the best with distinguishing between the severity groups at the mild end
of the continuum (i.e., normal-mild; see Table 6) and performed second best, after intelligibility,
with distinguishing the severity groups at the more severe end of the continuum (i.e., moderate-
severe-profound; see Table 6), indicating its sensitivity to smaller changes in severity that were
not detected by speaking rate, or intelligible speaking rate. Listener effort also yielded the largest
specificity, sensitivity, and accuracy values from the ROC analyses (except for specificity for the
moderate group being higher for intelligibile speaking rate; see Table 7), indicating superior
distinguishability between clinician-rated severity groups. The strong performance of listener
effort in differentiating groups demonstrates the need to consider joint contribution between a
speaker and a listener when measuring severity (Olmstead et al., 2020). Using listener effort as
an outcome measure thereby begins to address the level of participation in the International
Classification of Functioning, Disability, and Health (ICF; World Health Organization, 2002),
which is a critically important domain to consider when stratifying severity groups in treatment

efficacy studies, for example. In addition, the outstanding performance of listener effort in its

35



Dysarthria severity classification

association with clinician severity ratings may indicate that listener effort significantly influences
clinicians’ ratings of speech severity.

Although listener effort has the disadvantage of being subjective and therefore highly
reliant on listener characteristics, our findings demonstrate its utility as a valid, reliable, and
sensitive severity stratification measure, at least for ratings as completed by SLPs who have
experience in serving patients with dysarthria. In contrast to intelligibility, listener effort was
sensitive to early-stage severity differences (i.e., normal versus mild). In contrast to speaking rate
and intelligible speaking rate, listener effort was also sensitive to late-stage severity differences
(i.e., moderate versus severe versus profound) likely because patients in the later stages of
disease progression may not adjust their rate as dramatically if it no longer enhances clarity.
However, as speech function inevitably deteriorates, listeners exert more effort to understand the
speaker’s message. Overall, our findings provide preliminary support for ratings of listener effort
as a useful severity stratification tool. However, despite the relative ease of acquiring ratings of
listener effort (i.e., effort ratings are less time- and labor-consuming than orthographic
transcription), this measure has not yet been investigated as extensively as intelligibility or
speaking rate.

Limitations and future directions

Findings from this work may not generalize to speech impaired populations other than
ALS nor to assessors other than experienced SLPs. However, similar methods could be used for
future work in different patient populations, dysarthria subtypes, and etiologies beyond ALS to
develop a severity tool that can be applied across patients and diagnoses. Similarly, this work
may not generalize to listeners outside of the experienced clinicians used in this study. The cut-

off values calculated in this study should be applied with caution to other listener groups, such as
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a naive listeners, as ratings of speech severity, intelligibility, and listener effort may be judged
differently by SLPs and other types of listeners (i.e., Dagenais et al., 1999). Examining the
assignment of adjectival severity labels by naive listeners may be an interesting area of future
research. In the current study, transcription from a single research assistant was used solely for
ensuring our cohort included a diversity range of severities. The wide-range of severity ratings
scored by the SLPs (as reported in the results) suggested that this approach was effective. The
small number of SLP raters for each individual speech sample (i.e., N = 2) may also be
strengthened in the future by recruiting more listeners. However, the reliability statistics
indicated excellent reliability both within and between listeners and do not support the need for a
larger number of listeners (at least for this group of experienced SLPs). The four severity-
surrogate measures examined were chosen based on previous work demonstrating evidence for
their utility in patients with ALS; however, theoretically, a number of other measures could also
serve to stratify severity groups, such as comprehensibility (Hustad, 2008; Yorkston et al., 1996),
patient-reported outcomes (Baylor et al., 2009), or communication staging models (Allison et al.,
2019; Yorkston & Beukelman, 1999). Future work could employ similar procedures to the ones
used in the current study to explore the validity and reliability of other metrics to stratify
speakers into speech severity categories. Lastly, because our study specifically asked clinicians
to classify the speakers into one of five severity groups, the analyses performed in this study
cannot directly address the problem of how many categories is adequate or optimal for defining
dysarthria severity. Thus, while our findings provide evidence for the validity and reliability of
using five categories, further research should investigate the classification performance of
adjectival ratings and other severity-surrogate metrics while allowing listeners to group speakers

into any number of severity groups they see fit (see Lansford et al., 2014). Furthermore, although
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the severity-surrogate measures individually demonstrated high sensitivity, specificity, and
accuracy for distinguishing between the severity groups, future work could examine multivariate
combinations of the variables examined in the current study (for example, intelligible speaking
rate and listener effort) given the advantages and disadvantages of each (see for example Lee et
al. (2017) who used both speech intelligibility and speaking rate as proxies for severity). We did
not conduct multivariate analyses in the current study given the high sensitivity, specificity, and
accuracy of the current cut-off points, which suggested that adding multiple variables was
unlikely to significantly increase diagnostic power.
Conclusions

This study is the first, to our knowledge, to (1) validate clinician-based adjectival ratings
as a severity stratification measure and (2) provide a systematic and empirical classification
scheme for dysarthria severity by examining how severity-surrogates align with clinician ratings
of severity in a well-curated dataset of speakers with ALS and neurologically healthy controls. In
addition to demonstrating strong support for adjectival ratings as a valid and reliable severity
stratification method, we provided cut-off points for the four severity-surrogate measures (i.e.,
speech intelligibility, speaking rate, intelligible speaking rate, and listener effort) used to test the
validity of adjectival labels. Ultimately, we found that listener effort performed the best for
stratifying the five speech severity groups, and that intelligibility and intelligible speaking rate
may also be useful for stratifying between some severity groups. However, for researchers or
clinicians who have an existing dataset and access to only a subset of the measures analyzed in
this paper, we provided recommendations to guide decision-making when selecting a measure

for severity stratification. The findings from the current work fulfill a critical need for a
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scientifically-validated scale of speech severity in dysarthria for both clinical and research

purposes.
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