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Abstract 
The capacity for smartphones to remotely capture speech data 
affords significant clinical and research opportunities for 
degenerative neurologic diseases such as amyotrophic lateral 
sclerosis (ALS). Longitudinal data may inform ALS disease 
prognosis, facilitate timely intervention, and document 
response to treatment [1]. A recent study established the 
feasibility of the Beiwe smartphone-based digital phenotyping 
to track the clinical progression of ALS across multiple 
domains [2]. The current investigation extends this work to 
address the utility of Beiwe to identify and track speech 
decline in ALS. Twelve participants with ALS used the Beiwe 
app weekly to record reading passages and self-report 
(ALSFRS-R) ratings of bulbar (speech) function. Speaking 
rate and pause variables were automatically extracted from 
recordings offline [3]. Speech function measures at baseline 
were significantly different for participants with and without 
bulbar symptoms. In addition, the rate of decline of all 
measured speech functions was greater for participants with 
bulbar symptoms. The successful use of Beiwe for speech 
function analysis suggests that smartphone-based capture of 
speech has potential for diagnostic screening and disease 
progress monitoring in ALS. Further large sample 
investigation across a comprehensive set of speech variables is 
warranted.  
Index Terms: Amyotrophic lateral sclerosis, Beiwe mobile 
app, speech acoustics, ALSFRS-R  

1. Introduction 
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative 
disease characterized by loss of muscle strength and function. 
A particularly devastating aspect of the disease is the 
involvement of the bulbar (speech, swallowing) systems.  

__________________ 
*these authors share senior authorship  

Though a minority of patients present with bulbar symptoms 
upon diagnosis  (approximately 30%), most patients will 
develop bulbar symptoms throughout the course of the 
disease. Not only do bulbar symptoms significantly reduce 
quality of life, but their onset signifies reduced survival (see 
[1] for a review).  

The early identification of the onset of bulbar symptoms is 
critical to providing optimal care in ALS. Additionally, the 
discovery and tracking of biomarkers, such as those found in 
the speech signal, to monitor disease progression is crucial to 
appropriate treatment planning and for establishing response 
to treatment. Subjective measures, such as clinician-ratings 
and patient-report, are the traditionally accepted approaches to 
identifying speech impairment and tracking speech decline. 
However, there is a clear need for objective measures, as was 
observed in a study finding that instrumental speech measures 
detected the onset of bulbar symptoms in ALS before speech-
language pathologists or the patients themselves [4].   

Recently, a number of instrumental measures that leverage 
the speech signal have been identified as ideal candidates for 
identifying the onset of bulbar symptoms and tracking decline 
in ALS. Speech features such as speaking rate, percent pause 
time, and articulator movement velocity have all been shown 
to demonstrate decline before perceptible changes in 
intelligibility (see [4]). In particular, speaking rate and pause 
analyses have proven to be robust indicators of bulbar decline 
in ALS. For instance, percentage pause time has been shown 
to differentiate between ALS speakers with and without 
intelligibility deficits. In the same study, speaking rate was 
found to not only differentiate between ALS speakers with and 
without intelligibility deficits, but also between ALS speakers 
without intelligibility deficits and healthy controls [1,5].  

With the ubiquity of smartphones and the development of 
mobile technology, the acquisition of speech signals for 
clinical and research opportunities is convenient for patients, 
and can be implemented remotely, frequently, and in a 
minimally invasive manner. These qualities are particularly 
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well-suited for patients with ALS, who may experience 
barriers to accessing health care and research opportunities 
[6]. We have previously defined digital phenotyping as the 
“moment-by-moment quantification of the individual-level 
human phenotype in situ using data from personal digital 
devices, in particular smartphones.” [7,8] As part of our 
efforts in this area, we have developed the Beiwe research 
platform for smartphone-based digital phenotyping. The 
platform front-end consists of native smartphone applications 
for Android and iOS devices, and the back-end is based on 
Amazon Web Services (AWS) cloud computing infrastructure, 
making it scalable and globally deployable. The Beiwe front-
end app can capture both passive (e.g., phone sensors and 
logs) and active (e.g., surveys / EMA and voice recordings). 
To facilicate reproducibility of research and enable re-analyses 
of collected data, the Beiwe front-end applications collect raw 
(vs. pre-processed) sensor data and all data collection settings 
are captured in JSON-formatted configuration files. Data are 
secured through encryption while stored on the phone 
awaiting transit, during transit, and while stored on the server. 
The Beiwe platform is available as open source software 
(https://github.com/onnela-lab). 

The feasibility of Beiwe to track ALS disease progression 
across multiple domains was established in a previous 
investigation [2]. Participants completed the Revised ALS 
Functional Rating Scale (ALSFRS-R), a valid and reliable 
self-report measure of functioning for daily living for 
individuals with ALS [9]. The ALSFRS-R spans multiple 
domains and includes questions about bulbar function (speech, 
swallowing, salivation), gross and fine motor skills (e.g., 
handwriting, cutting food, walking) and other activities of 
daily living (dressing and hygiene). ALSFRS-R scores 
acquired using Beiwe were compared with those acquired 
through clinic-based administration. In-clinic and Beiwe 
scores showed a high level of agreement at baseline. In 
addition, frequent recordings of reading passages were 
analyzed for their pause content, a measure that tracks bulbar 
decline [1,5]. A statistically nonsignificant increase in mean 
pause time over the study period was observed. This finding 
may be explained by the pooling of participants with and 
without bulbar symptoms. While patients with bulbar 
symptoms show relatively rapid speech decline, patients 
without bulbar symptoms may experience long periods of 
stable speech function. It is anticipated that stratifying 
participants based on the presence of bulbar symptoms would 
reveal differing rates of change.   

While the feasibility of Beiwe to track ALS disease 
progression remotely across domains has been demonstrated 
[2], the current preliminary study evaluates its utility to 
identify the group differences between participants with and 
without bulbar symptoms and to track speech decline. We 
explored its feasibility for frequent collection of speech 
recordings and self-ratings. Expanding upon previous study of 
Beiwe for ALS disease monitoring, we further described 
differences in variables based on the presence or absence of 
bulbar symptoms 

2. Methods 
2.1. Participants 
Data were collected from 12 participants (age range = 44-63 
years, Mean=54.3, SD = 6.2 years; 6F, 6M) meeting the El 
Escorial Criteria for diagnosis of ALS as part of a larger study 
of smartphone-based digital phenotyping of ALS progression 

[2]. All participants were able to provide informed consent 
and were judged as likely to comply with the procedures by 
study staff. Only individuals who owned a smartphone 
running the iOS or Android operating system and reported at 
least moderate phone use were included in the study. Study 
enrollment was conducted on a rolling basis, with the length of 
enrollment varying from 3 to 51 weeks across participants. A 
total of 181 sessions were analyzed.  

 
2.2. Procedures  
Details about data collection procedures have been reported 
elsewhere [2]. Briefly, following consenting procedures, the 
Beiwe app was installed on each participant’s smartphone and 
study staff provided training on the app and procedures for 
filling out surveys and making speech recordings. For the 
speech (passage reading) recording task, participants were 
instructed to “recite the following passage in your usual 
voice”. 
 
2.2.1. Materials & Data Acquisition 
Each week, Beiwe sent a phone notification to participants to 
complete the ALSFRS-R questionnaire and passage reading 
task on the phone. Participants then used the phone to record 
themselves reading the Bamboo passage, which was displayed 
on the screen. The Bamboo passage is a short passage 
developed for the 5th grade reading level. The passage was 
designed to aid in the automatic detection of pause boundaries 

[3,5]. For instance, voiced consonants were placed at word 
boundaries to better highlight pause-speech boundaries than 
unvoiced consonants [5]. Speech samples were recorded at 
44.1kHz sampling rate with no compression.  

The ALFSRS-R is a rating scale designed to measure 
physical function in carrying out activities of daily living by 
individuals with ALS [9]. While the ALSFRS-R provides an 
overall score based on 12 questions to assess function across 
multiple domains, the current investigation focuses only on the 
speech and bulbar total function (speech, swallowing, saliva) 
questions. For the speech score, participants are asked to rate 
their speech from 4 (normal speech processes) to 0 (loss of 
useful speech). The bulbar total score of the ALSFRS-R is 
calculated from responses to the speech, swallowing, and 
salivation questions, for a total possible score of 12.   
 
2.2.2. Data Processing 
Speech recording files were pre-processed offline using 
Audacity 2.2.2. to reduce noise and to remove word insertions, 
word repetitions, filled pauses (e.g., un, uh) and extraneous 
non-speech sounds, (e.g., throat clearing, laughter). Pauses 
prior to the onset of passage reading and following the end of 
passage reading were further removed. Speech Pause Analysis 
(SPA) software, a semi-automated MATLAB speech pause 
segmentation procedure [3], was implemented to extract the 
target speech and pause variables. The minimum pause 
threshold was set to 300 ms and minimum speech threshold 
set to 25 ms [5]. 

SPA analysis calculates a variety of variables, we 
analyzed the following three; speaking rate, articulation rate, 
and percentage of pause time. See Table 1 for operational 
definitions.  
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2.2.3 Stratification of Participants 
Participants were grouped into those presenting with (Bulbar) 
and without (No-Bulbar) bulbar symptoms at the onset of the 
study. Participants with speaking rate at or below 150 words 
per minute (WPM) for at least the first two sessions were 
categorized as Bulbar (n=5), while those with speaking rates 
above 150 WMP were categorized as No-Bulbar (n=7) [4].  

 
Table 1. List of speech and pause variables

 
Variable Operational Definition 

Speech rate 
(WPM) 

 

# words / total duration of reading task 

Articulation 
rate (Syll/Sec) 

# syllables / duration of speaking time of 
reading task 

Percentage 
pause time (%) 

(total pause duration/total duration of 
reading task) * 100 

 
 

 
 

Figure 1. Boxplots of Non Bulbar and Bulbar groups 
speech function (ALSFRS-R Question 1, ALSFRS-R bulbar 

total score, speech rate, percentage pause time, articulation 
rate) at baseline. 

 
2.2. Analysis 
We conducted two types of analysis. First, we examined group  
(Bulbar vs No Bulbar) differences in speech function at a 
single time-point, baseline. The ability to identify group 
differences lays the foundation for diagnostic screening for the 
early detection of the onset of bulbar symptoms. A Mann-
Whitney-Wilcoxon Test was conducted for the group 
comparison of the ALSFRSQ1 (ALSFRS-R speech question 
score). Separate Welch two-sample t-tests were conducted for 
the remaining dependent variables, including speech rate, 
percentage pause time, articulation rate, and ALSFRSBT 
(ALSFRS-R bulbar total score). Next, we fitted separate linear 
mixed-effects models with fixed effects for week, bulbar 
group and an interaction between week and bulbar group 

(week*group), and a random intercept for each participant. 
The interaction effect from these models was used to evaluate 
whether participants with bulbar symptoms changed at a 
different rate than those without bulbar symptoms at baseline. 

3. Results 
3.1. Group Differences at Baseline 
The boxplots in Figure 1 describe the No Bulbar (blue) and 
Bulbar (grey) data for each dependent variable. Significant 
differences were observed between groups for ALSFRSQ1 
(ALSFRS-R speech question) (W = 33.5, p = 0.006) and 
ALSFRSBT (ALSFRS-R bulbar total score) (t(4.11) = 2.84, p 
= 0.05). Baseline speaking rate was significantly different 
between the groups, as anticipated given stratification based 
upon this variable (t(9.90) = 5.35, p = 0.001). Articulation rate 
(t(5.57) = 5.21, p = 0.002) also differed between the groups. 
The variable percentage pause time was not different between 
the groups at baseline (t(10.00) = 0.61, p = .56).   
 
3.2. Changes in Speech Measures over Time 
Figures 2-4 illustrate each participant’s speech function across 
time for the acoustic variables. Because only two data points 
were collected beyond 38 weeks, data up to 40 weeks are 
presented. Participants in the No Bulbar group are depicted 
with a black square and in the Bulbar group are shown with 
grey circle markers. Descriptively, for speaking and 
articulation rate, participants in the Bulbar group demonstrated 
declining speech function, where the participants in the No 
Bulbar group demonstrated relative stability. 

 
Figure 2. Speech rate of No Bulbar (black squares) and 

Bulbar (grey circles) participants across time. 
 

 
Figure 3. Articulation rate of No Bulbar (black squares) and 

Bulbar (grey circles) participants across time. 
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Figure 4. Percentage pause time of No Bulbar (black squares) 

and Bulbar (grey circles) participants across time. 
 

Results from the linear mixed-effects analyses (LME) 
revealed that only the ALSFRS-R bulbar total score and 
articulation rate significantly changed across time when data 
were pooled across participants. However, the week*group 
interaction (difference in across time between groups) 
indicated that the Bulbar group demonstrated significantly 
faster rates of decline compared to the No Bulbar group for 
ALSFRS-R Question 1, ALSFRS-R bulbar total score, 
speaking rate, and articulation rate (p<0.001). The increase in 
percentage pause time across time was also statistically 
significantly for the Bulbar group compared to the No Bulbar 
group (p<0.0001). For the Group analysis, No Bulbar was the 
reference group, and the group effect reflected the comparison 
of the model with and without the Bulbar group. This analysis 
suggested that the group differences observed at baseline were 
maintained across the study period. Table 3 summarizes the 
results of the mixed-effect models, including the coefficients 
and level of statistical significance for the intercept, week 
(change across time), group, and week*group interaction.  

 
Table 3. Summary of LME Findings (Coefficients and p-

values). Group refers to comparison of No Bulbar and Bulbar. 
Dependent variables include ALSFRS-R speech score, 

(FRSQ1), ALSFRS-R bulbar total score (FRSBT), speech rate 
(Sp Rate), percentage pause time (% Pause), and articulation 

rate (Art Rate). 
 

LME 
Model 

Intercept Week Group Week* 
Group 

FRSQ1 
 

3.98** -0.01NS -1.52** -0.03** 

FRSBT 
 

11.89** -0.02* -3.28* -0.04** 

Sp Rate 
 

181.71** 0.11NS -70.69**   -1.02* 

% Pause 
 

22.90** -0.03NS -3.07 NS  0.29** 

Art Rate 5.17** 0.01* -1.95** -0.03**
 
** p<0.001 *p<0.01 ^p<0.05 nsp>0.05 

4. Discussion 
The preliminary findings suggest the feasibility of using the 
Beiwe platform to identify differences between participants 
with and without bulbar symptoms and to track speech decline 
in ALS. Participants with ALS were able to comply with the 
research protocol, with 181 sessions successfully completed. 
Speech recordings were of sufficiently high quality for the 
implementation of the SPA acoustic analysis.  

We found significant group (No Bulbar vs. Bulbar) 
differences on speech function measured at baseline, 
highlighting the potential for development of a Beiwe 
diagnostic screening tool to identify the onset of bulbar 
symptoms. This early diagnosis is critical to patients with 
ALS, as speech decline can be rapid from onset and successful 
planning to address impaired and/or loss of speech can affect 
communication outcomes. Moreover, the LME Group findings 
indicated that these differences were maintained across the 
course of the study 

Our data further showed that participants with bulbar 
symptoms demonstrated more rapid decline of all speech 
function measures over time, even though some measures 
(ALSFRS-R speech question, speaking rate, percentage pause 
time) did not significantly decline across time for the overall 
data set. This result supports previous findings of patients 
experiencing more rapid decline following the onset of bulbar 
symptoms [1]. In addition, percentage pause time showed a 
significant week*group interaction, despite not showing group 
differences at baseline or throughout the study.  

As this pilot investigation comprised a small number of 
participants, the findings should be interpreted with caution. 
Despite this limitation, we were able to demonstrate the 
feasibility of employing Beiwe to collect speech recordings 
and self-report data, as well as identify group differences 
across speech measures at baseline and over time. Future 
investigation with a larger sample will include a 
comprehensive set of acoustic speech variables, as well as 
acoustic analysis of cough recordings to inform bulbar 
function. We further aim to incorporate the capability of 
Beiwe to capture passive measures (e.g., GPS, phone/text 
logs) to develop a comprehensive picture of the 
communicative participation changes experienced by 
individuals with ALS. 

5. Conclusions 
The Beiwe platform provides a viable approach for the 
identification of bulbar symptoms and to track speech decline 
in ALS. Its convenience for frequent data collection at any 
time of day and myriad locations can potentially transform 
health care delivery and research. The ease and non-
invasiveness of recording the speech signal for use as a 
biomarker will potentially reduce barriers, such as limitations 
to travel to services, and thereby promote adherence to clinical 
and research protocols and increased access to services. 
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