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Abstract

Objective: The use of speech measures is becoming a common practice in the assessment of
bulbar disease progression in amyotrophic lateral sclerosis (ALS). This study aimed to establish
psychometric properties (e.g., reliability, validity, sensitivity, specificity) of speech and pause
timing measures during a standardized passage.

Methods: A large number of passage recordings (ALS N=775; Neurotypical controls N=323)
was analyzed using a semi-automatic method (Speech and Pause Analysis, SPA).

Results: The results revealed acceptable reliability of the speech and pause measures across
repeated recording by the control participants. Strong construct validity was established via
significant group differences between patients and controls and correlation statistics with clinical
measures of overall ALS and bulbar disease severity. Speaking rate, pause events, and mean pause
duration were able to detect ALS participants at the presymptomatic stage of bulbar disease with a
good discrimination ability (AUC 0.81).

Conclusions: Based on the current psychometric evaluation, performing passage recording and
speech and pause timing analysis was deemed useful for detecting early and progressive changes
associated with bulbar ALS.

Keywords
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Introduction

The emergence of bulbar signs is an important milestone in the progression of amyotrophic
lateral sclerosis (ALS), leading to significant functional effects on speech communication,
swallowing, and overall quality of life (1). Monitoring the onset and progression of bulbar
disease is of great importance for predicting the course of ALS and patient survival, as well
as for planning management practices (e.g., feeding tube insertion, assistive communication
devices, etc.). Sensitive measures of bulbar disease are also critically needed to provide
objective outcomes for clinical trials (2,3). The current clinical practices of bulbar disease
monitoring are limited (4), with the ALS Functional Rating Scale — Revised (ALSFRS-R)
(5) being used as the only means of bulbar assessment in nearly 90% of clinics in the USA
(6). However, one of the major limitations of the bulbar subscore of the ALSFRS-R is its
insensitivity to the early stages of bulbar disease (7), when bulbar monitoring is arguably of
the utmost importance. Speaking rate has been recommended as a preferred objective
measure of bulbar decline by speech-language pathologists (SLP). SLPs employ speaking
rate monitoring in order to predict the loss of speech intelligibility and to time introduction
of assistive speech technologies (8,9).

To date, speaking rate has often been measured using the Speech Intelligibility Test (SIT)
(10), a computerized assessment during which a set of 11 sentences spoken aloud is
recorded, timed by locating the sentence onsets and offsets, and speaking rate calculated as
the number of words per minute (WPM) of speech (11,12). Clinicians hesitate to use the SIT
in busy ALS clinics, however, for the amount of work needed to obtain the measures. A
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passage reading task can be used as an excellent alternative to the SIT, as it can provide a
measure of the overall speaking rate as well as the more specific measures of speaking time
(i.e., articulatory rate) and pause duration (13,14). Speaking and pause measures obtained
during this task have been shown to distinguish bulbar disease at different stages, with or
without respiratory deficits (14). In a recent preliminary analysis, a percent pause measure
demonstrated sensitivity to presymptomatic stages of bulbar disease (7). Moreover, the same
measure detected changes after treatment in a Phase |1 clinical trial (15,16). However,
psychometric properties (e.g., reliability, validity) of the speaking and pausing measures, as
well as their sensitivity to the earliest stages of the disease, have not been established in a
large patient cohort. Additionally, their properties have not been directly compared to
measures derived from the SIT (17). Delineation of these properties is an essential step in
ensuring the acceptance of these measures into clinical practice and trial design.

In this study, we assessed the psychometric properties of the speaking and pause measures
obtained in a passage reading task in a large cohort of speakers with ALS and neurologically
healthy controls. Specifically, we assessed (1) test-retest reliability of the measures as well
as the minimally detectable change (MDC), which is the change in scores outside of the
measurement error; (2) construct validity of the measures in speakers with ALS; as well as
(3) sensitivity, specificity, and predictive ability of the measures to early (presymptomatic)
phase of the bulbar disease, defined by the ALSFRS-R bulbar subscore. Based on earlier
works, we hypothesized that speaking and pause measures in a passage would reveal
adequate psychometric properties and ability to detect bulbar signs prior to the onset of
obvious bulbar symptoms.

A data set of 1098 passage recordings was compiled from 3 observational longitudinal
studies of ALS. The total number of participants with ALS and neurotypical controls was
526, but we removed 3 controls who had slurred speech on the recordings (total N=253).
Summary demographic and clinical information is presented in Table 1. 172 patients and 46
controls were recorded more than once. The time interval between recordings varied from 3
to 6 months. Participants with ALS were diagnosed with possible, probable, and definite
ALS, as defined by the El Escorial Criteria (18). The ALSFRS-R was administered to
document overall and bulbar functional disease effects. The Speech Intelligibility Test (SIT)
(10) was collected to estimate bulbar disease severity via measures of speech intelligibility
(i.e., % words transcribed correctly by an unfamiliar listener) and speaking rate (WPM). As
part of their clinical assessment, patients with ALS completed a pulmonary function test
which supplied % Forced Vital Capacity (% FVC).

Protocol/Procedures

All participants read a standardized Bamboo passage designed with the purpose of aiding
automatic pause boundary detection (see Appendix). The passage contains voiced
consonants (like ‘b’,’d’) at word and phrase boundaries in order to enhance automatic pause
identification (13). Participants were familiarized with the passage by reading it silently a
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few times. During recording, they were instructed to read the passage aloud in their natural
reading manner, with normal rate and loudness. “Theatrical’ and rushed readings were
discouraged and rerecorded when occurred.

Digital acoustic recordings were obtained at 44 kHz/ 16-bit resolution. They were analyzed
with Speech Pause Analysis (SPA) software, a semi-automated Matlab pause identification
procedure (13). The minimum speech duration threshold value was set at 25 msec and the
minimum pause threshold was chosen to be 200 msec for controls and 300 msec for patients
(19). As a result, the boundaries associated with each pause, below the signal amplitude
threshold, were identified on the waveform (see Figure 1). A listening test was conducted for
each recording to verify the accuracy of the reading and pause locations by the software.
Misread words were included in the analyses without editing. Word repetitions or insertion
as well as the pause that immediately followed any of these events were deleted from the
waveforms; however, these occurrences were rare (see (14)).

SPA Measures

The SPA software output comprised the time stamps associated with each speech and pause
events and their summary statistics. The primary variables of interest were selected based on
their ability to distinguish patients with ALS from controls in our previous study (14).They

included:

1.

Speaking rate, Passage (words per minute, WPM): a measure of overall rate of
speaking during the passage (total number of words =97), includes all pauses
within the passage.

Total duration (sec): the duration of the recording from the onset of the first
sentence to the offset of the last sentence.

Speech duration (sec): the sum of durations of each phrase (pauses excluded).
% Pause: the percentage of total reading time spent pausing.

Pause events (count): the number of times the participant paused while reading
the passage.

Mean pause (sec): the average duration of all pauses.

Mean phrase (sec): represents the average duration of a phrase. Phrases were
defined as sections of continuous speech between pauses.

Coefficient of variation of phrase durations (CV phrase duration): a normalized
measure of variability of phrase durations.

Coefficient of variation of pause duration (CV pause duration): a normalized
measure of variability in the duration of the pauses.

We expected that the SPA speech-based measures — which evaluated the integrity of speech
articulation, including mean phrase and CV phrase duration — would be sensitive to bulbar
motor impairment. The pausing measures, in contrast, might also reflect respiratory
dysfunction, as well as bulbar impairment. Speaking rate, as a combined measure, would be
affected by both deficits.
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Statistical analysis

We used means and standard deviations, or counts and proportions, to describe variable
distributions, as appropriate. To address question one, we assessed the test-retest reliability
of the SPA measures in individuals from the control group who had at least two visits. For
continuous measures, we used intra-class correlations coefficients (ICC), using a random
effects model (ICC 2,1)(20). For the measure of speech intelligibility, the ICC was not
meaningful because the range of scores was limited. In this case, we estimated total
agreement and examined the Bland-Altman plot to assess limits of agreement (21). We also
used the ICCs to calculate the standard error of measurement (SEM), which is the error
around a single measurement, as follows: SD*sqrt(1-ICC) (22). To estimate the error around
repeated measures, we calculated the minimally detectable change (MDC); this is the
smallest change in score that is outside of error. We calculated the MDC at the 95%
confidence level as follows: MDCgs = 1.96 x /2 x SEM (22).

To address question two, we assessed the construct validity of the SPA measures by
assessing their correlations with the total and bulbar ALSFRS-R scores in the patient group
and we expected moderate correlations between SPA measures and ALSFRS-R scores. We
also correlated these measures with %FVC as they may depend on the integrity of the
respiratory musculature (14). Because many patients had repeated assessments, we used the
rmcorr package in R (23) to account for multiple observations per individual. We also tested
known-groups validity by comparing the mean scores in all SPA measures among controls,
bulbar pre-symptomatic patients and bulbar symptomatic patients. To do so, we classified
ALS patients as having bulbar symptoms based on the ALSFRS-R bulbar subscore, which
has a maximum of 12 points. We considered patients as bulbar presymptomatic when they
had scores of 11 or 12, and anyone below a score of 11 as symptomatic; this was done to
account for error in measurement, as a difference between 11 and 12-point score can be due
to error. We used ANOVA to compare the mean scores across the three groups (controls, pre
and symptomatic patients), and Tukey test to compare specific pairs (i.e. controls vs. pre-
symptomatic). We expected significant differences across groups.

To answer question three, we used the data from the control sample to estimate cut points for
normality for each SPA measures. For each test, we calculated the mean +2SD as a cut point
of normality. Then we then calculated the proportion of SPA measures outside of the cut
points for normality in bulbar symptomatic and presymptomatic patients. The proportion of
patients with an abnormal SPA test and symptomatic bulbar disease conceptually
corresponds to the sensitivity of a given test to detect bulbar impairments, when considering
the ALSFRS-R bulbar score as the gold standard. The bulbar presymptomatic patients with
abnormal SPA tests represents patients with sub-clinical impairments of bulbar function. We
compared the proportion of normal and abnormal tests in bulbar symptomatic and
presymptomatic groups using chi-squared statistics. We also built receiver operating
characteristic curves (ROC) to assess the performance of each SPA measure to differentiate
symptomatic and presymptomatic patients. The area under the curve (AUC) reflects the
performance of each measure, whereby AUC values close to 1 indicate good classification
performance and values closer to 0.5 indicate poor performance (24).
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Finally, we built a logistic regression model to predict symptomatic bulbar disease. For
model building, we first included all SPA measures to assess multicollinearity using
variation inflation factors (VIF), aiming for VIF values below 5 (24). We reduced variables
first considering known correlations (i.e., removing a variable highly correlated with
another), then removing SPA tests with poor performance (i.e., low reliability or poor
differentiation between symptomatic and presymptomatic patients). We also tested potential
non-linear effects with partial residual plots, and we built models using cubic splines for
those variables flagged. We chose the final model using likelihood ratio (LR) tests and
comparing C statistics and optimism after bootstrapping with 100 repetitions. The goal was
to find the best performing model, while minimizing overfitting. We calibrated the final
model using calibration plots.

All analyses were done with R software version 3.5.1 (25). We considered p values <0.05 as
markers of statistical significance. When appropriate, we used Bonferroni correction for
multiple testing.

The final dataset had 1095 assessments, 775 for patients and 320 for controls. 620 patient
assessments had the ALSFRS-R bulbar sub score; 36 assessments had missing SIT
intelligibility data; and 41 had missing SIT speaking rate.

1. Test-retest reliability, SEM, and MDCgsg

Reliability statistics as shown in Table 2 were calculated for the measures obtained from
controls with at least 2 assessments (n=46). The data revealed moderate reliability
(ICCs>0.5) for both measures of speaking rate, total and speech durations, and mean phrase
durations. CV phrase and pause as well as mean pause duration had poor reliability (ICCs:
0.19-0.36).

2. Construct validity: Correlations with ALS measures

Table 3 reports correlations between SIT and SPA measures and clinical measures of
disease, including ALSFRS-R and %FVC. The majority of bulbar measures were correlated
with clinical scores. Moderate correlations (r>0.4) with ALSFRS-R total and bulbar
subscores were observed for speaking rates obtained in the passage, total and speech
duration, % pause and pause events. Neither SIT speaking rate or speech duration in a
passage were correlated with %FVC.

3. Construct validity: Known-groups validity

ANOVA showed significant differences across the three groups (controls, symptomatic, and
pre-symptomatic patients) in all the measures. Tukey’s test showed significant differences
between all pairs of comparisons (i.e. control vs. pre-symptomatic; pre-symptomatic vs.
symptomatic), with the following exceptions: % intelligibility (non-significant between
controls and pre-symptomatic), CV phrase duration (non-significant between symptomatic
and pre-symptomatic patients), and CV pause duration (non-significant between pre-
symptomatic and controls).
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4. Performance of SPA tests to differentiate between bulbar symptomatic and
presymptomatic patients

Of 620 assessment of ALS patients with complete ALSFRS-R data, 271 had an ALSFRS-R
bulbar subscore <11 (symptomatic). Table 5 reports the proportion of abnormal SPA
measures — using the cut-points derived from the control group — in the subgroups of
symptomatic and presymptomatic bulbar patients, and the AUC obtained from ROC curves.

Total duration and speech duration were highly correlated to each other, and also to speaking
rate, resulting in multicollinearity. The final logistic regression model had the following
variables: passage speaking rate, pause events, and mean pause (VIF <2.5). Non-linear
effects were not retained. The final model had AUC: 0.81, LR chi-square 196.97, p<0.0001,
Brier’s = 0.17. Bootstrapping showed low optimism values (indicating minimal overfitting):
0.02 for Dxy, 0.03 for R2, and 0.07 for slope. Model coefficients are shown in Table 6.

Discussion

Reliability

The study reported psychometric properties of speech and pause measures (SPA) (13)
obtained in a passage reading task, as compared to SIT (26) measures, in neurotypical
controls and patients with ALS with varying degrees of bulbar disease. Overall, the results
demonstrated acceptable reliability, strong validity, and significant predicative abilities of
SPA measures based on classification and regression analyses.

The repeated measures collected during speaking tasks from the control participants
demonstrated moderate reliability. This is not surprising as the study was not initially
designed to study reliability, and the recordings were collected with a relatively long interval
between the sessions (average of 138.42 days, SD= 40.48). The recordings were collected
both in laboratory and in multiple clinics, and reliability of measurements may have been
affected by the variations in the research assistants’ styles and instructions. The extent of
background noise in different recordings occasionally interfered with automatic extraction of
SPA measures. Furthermore, the measures across control speakers had a relatively narrow
range (e.g., speech durations ranged between 24-30 seconds); this directly affects the
reliability coefficients that depend on the variance of the sample. The pause measures were
somewhat less reliable than speech (e.g., speech duration, mean phrase) or speech + pause
measures (e.g., speaking rate, total duration). This is not surprising as speakers tend to
naturally vary the duration of their pauses more than their locations, which, in the
neurologically healthy speakers, are determined by linguistic factors (e.g., syntactic
boundaries) (27). A potential way to improve reliability coefficients in the future would be
to record participants twice per session and use the average scores for all SPA measures, (20)
and to have a shorter and standardized time-frame between assessments.

SIT reliability statistics have been reported in the past for participants with ALS and normal
controls, showing much stronger results than the reliability of the SPA measures reported
here for the first time (17). These differences might be in the way reliability statistic was
calculated. Stipancic et al. calculated reliability using a split-half method with only one
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assessment per individual. Here, we used a more conservative approach, relying on data
from two separate (test-retest) recording sessions. Arguably, for a test intended to measure
change over time, test-retest reliability is more important, as we need to know the noise
introduced by normal variations over time (22).

In addition to ICC, we also reported the SEM and MDCgs for SIT and SPA measures. If
SEMs reflect the variation in one measurement (i.e., cross-sectional study) around the true
scores, the MDCgs values are important as they help interpret change over time. For
example, an individual should change by at least 7.45 seconds on the measure of total
passage duration to consider the change to be outside of error, with 95% confidence. Our
SIT intelligibility and speaking rate results compared well to those previously reported (17).
Stipancic et al. reported the MDCgs SIT intelligibility of 3.5%; here we estimated it at
3.13%. The earlier paper reported MDCgs SIT speaking rate to be around 40 WPM for a
group of speakers with high speaking rate (>160 WPM), similar to that reported in the
current study. Stipancic et al. also showed a clear difference in MDCgs with disease
progression, when the scores decreased with decline in speaking rate (17). These statistics
for SPA measures had not been reported prior to the current study.

Construct Validity

All speech and pause measures distinguished the patient group from the control group,
except coefficient of variation of pause duration (13,14). Yet, the majority of SPA measures
had at best moderate correlations with ALSFRS-R total and bulbar scores. This is not
surprising as ALSFRS-R scores — including the bulbar subscore — reflect a combination of
symptoms resulting from dysfunction in different systems (e.g., speech, swallowing,
salivation) and are not sensitive to early stages of bulbar decline, where we have the great
majority of our data (7). Therefore, the variance explained by a single speech or pause
measure is relatively low. However, the correlation statistics may be suitable for determining
the most useful SPA measures. Specifically, mean pause, mean phrase, CV phrase and CV
pause durations had particularly low or no correlation with clinical measures.

Sensitivity, specificity, and ROC AUC for the speech and pause measures

We were interested in determining if speech and pause measures would be able to detect
bulbar changes in otherwise bulbar presymptomatic patients with ALS, using ALSFRS-R as
the gold standard measure (6). The measures that combine both speech and pause estimates
(e.g., speaking rate in the passage, total duration of the passage) performed best with AUCs
of >0.8 — relatively good detection performance for such broad, easy to obtain measures.
These passage-based measures performed comparably to the SIT speaking rates, indicating
their interchangeability. Total speech duration, which in meaning is close to a measure of
articulatory rate, was the next contender (AUC = 0.79). In our previous report (7), % pause
stood out with an AUC >0.8 and measure of speaking rate had an AUC ~0.7, which was not
confirmed in this study. The difference may be the result of a larger sample size and
performance variation in the patient group in the current report.

We expanded our previous work by creating a multivariate predictive model of symptomatic
bulbar disease. This model included speaking rate in the passage, pause events, and mean
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pause duration. The model was well-calibrated and had a reasonably good discrimination
ability (AUC = 0.81). Interestingly, it did not perform much better than the bivariate model
of either passage speaking rate or total duration, and in fact, speaking rate was the main
predictor of bulbar symptomatic status in the model. This is, in part, explained by the
correlation between the different SPA measures.

Limitations and future directions

The key limitation of this work is that we were not able to assess reliability statistics as well
as MDC of the speech and pause measures in the patient group. We only assessed these
estimates in the controls, because the time frame between assessments in patients was long
and we expected deterioration based on the natural history of the disease. From prior work
on the SIT test we know that the estimates should vary with disease severity (17). Therefore,
future work is needed to establish the reliability and MDC in patients with ALS at different
points on the disease progression continuum, so that the SPA measures can be interpreted in
this population. Another limitation of this work is in treating all of the data cross-sectionally.
This choice was made due to the expansive nature of the analysis; the longitudinal
responsiveness of the SPA measures will be reported separately. The differences in the time
intervals between sessions across participants will be considered in this subsequent analysis.
Additionally, it is important to note that cognitive impairments would affect reading and
particularly pause measures (14). An evaluation of SPA across a sample of patients with
ALS and varied cognitive abilities is required to delineate the contribution of cognitive
abnormalities on a reading task.

Conclusions and recommendations

Based on the current psychometric evaluation, performing passage recording and speech and
pause timing analysis was deemed useful for detecting changes associated with bulbar ALS.
Among the SPA measures, speaking rate (i.e., the number of words produced per minute) as
well as total duration and speech duration performed comparably and any of these can be
used for bulbar disease tracking purposes. In comparison to the SIT measures, they are easy
to use and require simply a timer to mark the onset and offset of the recording. It is,
however, recommended that the patient is familiarized with the text of the passage prior to
the recording to avoid false stops and starts, reading related hesitations, or error corrections.
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Bamboo Passage

Bamboo walls are getting to be very popular. They are strong, easy to use, and good-
looking. They provide a good background and can create a look of a Japanese garden.
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Bamboo is a grass, and is one of the most rapidly growing grasses in the world. Many
varieties of bamboo are grown in Asia, although it is also grown in America. Last year we
bought a new home and have been working on the flower garden. In a few more days, we
will be done with the bamboo wall in our garden. We have really enjoyed the project.
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Figure 1.
The acoustic waveform recorded from a control participant with pauses marked in grey.
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Demographic and clinical information of the dataset included in this study. Means of each group are provided
with standard deviations in parentheses.

ALS (n=272) | Controls(n=251)
Females : males 155:117 116:135
Age 58.29 (10.05) 50.89 (13.03)
Total # of Sessions 775 320
Median # of Sessions per subject 2.00 (3.00) 1.00 (1.00)
Onset, spinal : bulbar 228:44 -
Disease duration (months) 28.08 (24.17) -
ASLFRS-R total 35.41 (7.36) -
ALSFRS-R bulbar 10.46 (2.15) -
% FVC 82.85 (22.15) -
% Intelligibility, SIT 94.11 (14.01) 98.55 (1.22)
Speaking rate, SIT (WPM) 156.23 (41.07) | 198.07 (21.80)

ALSFRS-R: Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised (5); %FVC: % Forced vital capacity; SIT: Speech Intelligibility Test;

WPM: Words per minute
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Test-retest reliability and magnitude of measurement error of Speech Intelligibility Test (SIT) and speech and

pause analysis (SPA) measures in a group of neurologically healthy controls.

ICC 95% ClI Mean Difference | SEM | MDCgs
% Intelligibility, SIT” 0.14 | -0.15,0.41 0.08 1.13 3.13
Speaking rate, SIT (WPM) 0.53 0.29,0.71 1.98 14.9 41.30
Speaking rate, Passage (WPM) | 0.56 | 0.33,0.73 473 15.5 42.60
Total duration (sec) 0.58 | 0.35,0.74 0.29 2.69 7.45
Speech duration (sec) 0.61 | 0.39,0.76 0.70 1.93 5.35
% Pause 0.49 0.25, 0.68 1.06 3.39 9.39
Pause events (count) 0.47 | 0.22,0.67 0.58 1.55 4.29
Mean phrase (sec) 0.59 | 0.36,0.75 0.13 0.43 1.19
Mean pause (sec) 0.36 | 0.09,0.59 0.13 0.14 0.30
CV phrase duration 0.19 | -0.01,0.44 0.08 0.14 0.39
CV pause duration 0.30 | 0.02,054 0.03 0.12 0.28

*
ICC paradox, given narrow range of observations. Test-retest agreement is 90% within 2 points

ICC: Intra-class correlation coefficient; Cl: Confidence interval; SEM: Standard error of measurement calculated as follows = SD*sqrt(1-ICC);
MDCgs: Minimal detectable change (95% confidence) as follows = 1.96 X \/i X SEM (22); WPM: Words per minute; CV: Coefficient of

variation
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Correlations between speech and pause measures and the clinical ALS measures of ASLFRS-R total and

bulbar subscores and %FVC.

Table 3.

ALSFRS-R Total

ALSFRS-R Bulbar

%FVC

% Intelligibility, SIT

0.29 (0.12,0.39) *

0.34 (0.25,0.43) "

0.13 (-0.01, 0.26)

Speaking rate, SIT (WPM)

0.39(0.29,0.47) *

0.34 (0.25,0.43) "

0.20 (0.06,0.33)

Speaking rate, Passage (WPM)

0.48 (0.40, 0.55) *

0.40 (0.31, 0.48) *

0.44 (0.33, 0.56) *

Total duration (sec)

-0.43 (-0.51, -0.35) ©

-0.44 (-0.51, —0.35) *

-0.36 (<0.47, —0.24) *

Speech duration (sec)

-0.43 (-0.51, -0.35) ©

-0.37 (<0.46, —0.28) *

-0.25 (-0.37, —0.12)

% Pause

-0.40 (-0.48, —0.31) ©

-0.35 (-0.43, —0.25) *

-0.40 (-0.51, —0.28) *

Pause events (count)

-0.42 (-0.50, —0.33) ©

-0.41 (-0.49, —0.32) *

-0.42 (-0.53, —0.30) *

Mean pause (sec)

-0.23(-0.32, -0.13) ©

-0.22 (-0.32, -0.13) *

-0.13 (-0.26, 0.01)

Mean phrase (sec)

0.32(0.22, 0.40) "

0.21(0.11,0.31) "

0.37(0.25,0.49) *

CV phrase duration

-0.01 (-0.11, 0.10)

0.01 (-0.10,0.11)

-0.01 (<0.15, 0.13)

CV pause duration

-0.02 (-0.12,0.08)

-0.02(~0.13, 0.08)

0.04 (~0.09, 0.18)

*
p<0.0001

95% confidence intervals are presented in parentheses.
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ALSFRS-R: Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised; %FVC: % Forced vital capacity; SIT: Speech Intelligibility Test;
WPM: Words per minute; CV: Coefficient of variation
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Means for each group are presented with standard deviations in parentheses.

Controls AL S Pre-symptomatic | ALS Symptomatic | ANOVA p-value | 2 SD cut-point
% Intelligibility, SIT 98.55 (1.22) 97.54 (3.33) 89.70 (20.58) <0.0001 >96.1
Speaking rate, SIT (WPM) 198.55 (21.80) 176.81 (33.26) 129.66 (38.91) <0.0001 > 154.95
Speaking rate, Passage (WPM) | 184.15 (23.50) 162.47 (28.78) 122.77 (35.11) <0.0001 >137.15
Total duration (sec) 32.13 (4.16) 37.14 (7.78) 52.38 (18.28) <0.0001 <40.45
Speech duration (sec) 26.95 (3.10) 30.22 (5.71) 40.81 (13.60) <0.0001 <33.15
% Pause 15.81 (4.75) 18.09 (5.75) 21.75 (8.05) <0.0001 <2531
Pause events (count) 8.77 (2.14) 11.01 (4.09) 17.04 (9.86) <0.0001 <13.05
Mean pause (sec) 0.58 (0.14) 0.62 (0.15) 0.70 (0.21) <0.0001 <0.86
Mean phrase (sec) 2.89 (0.67) 2.75(0.83) 2.55(0.84) <0.0001 <4.23
CV phrase duration 0.46 (0.15) 0.52 (0.16) 0.53 (0.14) <0.0001 <0.76
CV pause duration 0.33(0.12) 0.36 (0.16) 0.41 (0.19) <0.0001 <0.57

Bonferroni corrected p value=0.005

SD: Standard deviation; SIT: Speech Intelligibility Test; WPM: Words per minute; CV: Coefficient of variation
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Table 5.

The proportion of abnormal measures in symptomatic and pre-symptomatic ALS patients. Number of

participants in each group are provided with the percentage of the total sample in parentheses. AUCs are

provided with 95% confidence intervals in parentheses.

Page 17

Bulbar Symptomatic (n=271) | Bulbar Presymptomatic (n=349) | p-value ROC AUC
% Intelligibility, SIT 120 (45%) 80 (24%) <0.001 | 0.62(0.55, 0.63)
Speaking rate, SIT (WPM) 183 (70%) 86 (26%) <0.001 | 0.82(0.78, 0.85)
Speaking rate, Passage (WPM) 168 (62%) 62 (18%) <0.001 | 0.81(0.77,0.84)
Total duration (sec) 190 (70%) 85 (24%) <0.001 | 0.81(0.77,0.84)
Speech duration (sec) 164 (61%) 67 (19%) <0.001 | 0.79(0.76, 0.83)
% Pause 76 (28%) 40 (12%) <0.001 | 0.64 (0.60, 0.69)
Pause events (count) 155 (57%) 82 (24%) <0.001 | 0.73(0.69, 0.77)
Mean pause (sec) 44 (16%) 24 (71%) <0.001 | 0.63(0.58, 0.67)
Mean phrase (sec) 7 (3%) 20 (6%) 0.06 0.56 (0.52, 0.61)
CV phrase duration 16 (6%) 29 (8%) 0.27 0.53 (0.49, 0.58)
CV pause duration 43 (16%) 24 (7%) 0.0004 | 0.59 (0.54, 0.63)

p-value: for Chi-squared test comparing difference in the proportion of abnormal tests between bulbar symptomatic and presymptomatic patients.

Bonferroni corrected p-value=0.005.

ALSFRS-R: Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised; ROC: Receiver Operating Characteristic curve; AUC: Area under the
curve; SIT: Speech Intelligibility Test; WPM: Words per minute; CV: Coefficient of variation
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Table 6.
Logistic regression model
Variable Estimate SE P value
Intercept 4.665 1.132 | <0.0001
Speaking rate, Passage (WPM) -0.036 0.005 | <0.0001
Pause events 0.008 0.024 0.75
Mean pause (sec) 0.341 0.582 0.56

Likelihood ratio chi square: 196.69, p<0.0001. C: 0.81, R2: 0.37

SE: Standard error; WPM: Words per minute
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