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Abstract

Background: Objective symptom monitoring of patients with Amyotrophic Lateral Sclerosis (ALS) has the potential to provide
an important source of information to evaluate the impact of the disease on aspects of real-world functional capacity and activities
of daily living in the home setting, providing useful objective outcome measures for clinical trials.

Objective: This study aimed to investigate the feasibility of a novel digital platform for remote data collection of multiple
symptoms—physical activity, heart rate variability (HRV), and digital speech characteristics—in 25 patients with ALS in an
observational clinical trial setting to explore the impact of the devices on patients’ everyday life and to record tolerability related
to the devices and study procedures over 48 weeks.

Methods: In this exploratory, noncontrolled, nondrug study, patients attended a clinical site visit every 3 months to perform
activity reference tasks while wearing a sensor, to conduct digital speech tests and for conventional ALS monitoring. In addition,
patients wore the sensor in their daily life for approximately 3 days every month for the duration of the study.

Results: The amount and quality of digital speech data captured at the clinical sites were as intended, and there were no significant
issues. All the home monitoring sensor data available were propagated through the system and were received as expected. However,
the amount and quality of physical activity home monitoring data were lower than anticipated. A total of 3 or more days (or partial
days) of data were recorded for 65% of protocol time points, with no data collected for 24% of time points. At baseline, 24 of 25
patients provided data, reduced to 13 of 18 patients at Week 48. Lower-than-expected quality HRV data were obtained, likely
because of poor contact between the sensor and the skin. In total, 6 of 25 patients had mild or moderate adverse events (AEs) in
the skin and subcutaneous tissue disorders category because of skin irritation caused by the electrode patch. There were no reports
of serious AEs or deaths. Most patients found the sensor comfortable, with no or minimal impact on daily activities.

Conclusions: The platform can measure physical activity in patients with ALS in their home environment; patients used the
equipment successfully, and it was generally well tolerated. The quantity of home monitoring physical activity data was lower
than expected, although it was sufficient to allow investigation of novel physical activity end points. Good-quality in-clinic speech
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data were successfully captured for analysis. Future studies using objective patient monitoring approaches, combined with the
most current technological advances, may be useful to elucidate novel digital biomarkers of disease progression.

(JMIR Mhealth Uhealth 2019;7(12):e13433) doi: 10.2196/13433
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Introduction

Background
Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative
disorder affecting motor neurons, characterized by progressive
weakness, leading to increased disability and eventually death
from neuromuscular respiratory failure, typically within 5 years
[1,2].

There is no known cure for ALS; the existing licensed
disease-modifying medications riluzone (trade names: Rilutek,
Teglutik), and edaravone (trade names: Radicut, Radicava) are
only modestly effective in impacting the disease course or
improving survival [3-5]. Thus, there remains a significant
unmet medical need in ALS for therapies to slow progression
of functional decline and improve survival. Numerous therapies
and experimental agents have been tested in ALS and have
failed, sometimes after positive results were achieved in early
efficacy studies, suggesting a need to improve outcome measures
of disease progression and overall study design [6,7]. Existing
disease progression measures have limitations in terms of
sensitivity, requiring long trials with large sample sizes. The
ALS Functional Rating Score (Revised) (ALSFRS-R) [8] is the
most commonly used instrument to monitor the progression of
disability in patients with ALS; however, it relies on patients’
recollection of their clinical function rather than direct objective
assessment. Testing burden in ALS clinical trials is heavy and
often involves a significant number of in-clinic assessments for
overall clinical function, respiratory function, and muscle
strength, which are mainly conducted at clinical visits. This can
be tiring for patients, particularly as the disease progresses,
leading to patient dropout and, consequently, missing data. As
a result, the ability to draw conclusions from the data is often
impacted. In that regard, objective monitoring of patients has
the potential to (1) enable the development of novel digital
biomarkers to accurately quantify changes in function and
disease progression with greater sensitivity than current clinical
methods, thereby enabling smaller and shorter trials, and (2)
provide additional, important information to assess the impact
of the disease and treatment on clinical function and activities
of daily living in a real-life setting, while reducing the testing
burden.

For these reasons, there has been an increasing interest in
developing new technologies for remote and objective clinical
assessment of ALS, which may be useful outcome measures in
clinical trials [9-11].

Amyotrophic Lateral Sclerosis Digital Biomarker
Candidates
Although the presentation of ALS varies among patients, its
main characteristics are (1) upper and lower motor neuron
symptoms and signs, resulting in skeletal muscle weakness and
spasticity (compromising mobility and activities of daily living),
(2) speech and swallowing difficulties, and (3) respiratory
problems. In addition, other symptoms such as impaired cardiac
autonomic control, weight loss, cramps and fasciculations,
emotional lability, and frontal lobe-type cognitive dysfunction
are not uncommon [10,12-16]. Technology advances over the
last few years have provided an opportunity to objectively
quantify some of these manifestations.

Movement sensors have been previously used to quantify
mobility and activities of daily living in patients with rheumatoid
arthritis (RA), chronic obstructive pulmonary disease (COPD),
or Parkinson disease (PD). Hashimoto et al [17] found that the
mean daily activity level of patients with RA was significantly
lower than that in healthy controls, and the number of sedentary
periods was significantly higher and moderately correlated with
the Health Assessment Questionnaire Disability Index.
Van Buul et al [18] found that patients with more
symptomatic COPD do fewer steps a day and spend less time
in moderate-and-vigorous physical activity than those with less
symptomatic disease. Lipsmeier et al [19] found multiple aspects
of significantly reduced everyday motor behavior in patients
with PD compared with controls. Objective activity data have
not been reported for patients with ALS thus far, although
ongoing studies (such as the AT HOME study [9]) aim to
investigate the use of armbands for evaluating disease
progression through physical activity measures. Patients are
anticipated to be increasingly less mobile as the disease
progresses, which would be reflected in multiple activity
measures, including overall time spent active, average daily
activity levels, or activity fragmentation. In this study, we
hypothesized that these measures could be objectively assessed
with a standard accelerometer, as long as patients wear the
device for a period of time long enough to be representative of
their typical behavior (continuous in-home monitoring).

Portable electrocardiogram (ECG) systems have been used to
evaluate cardiac function and perform analysis of heart rate
variability (HRV) data. An increase in the mean heart rate at
rest, a decrease in standard deviation of interbeat interval (tRR),
as well as in proportion of number of pairs of successive
beat-to-beat intervals that differ more than 50 ms divided by
the total number of beat-to-beat intervals, and an increase in the
low-frequency/high-frequency (LF/HF) component ratio were
found in patients with ALS, indicating a vagal-sympathetic
imbalance [10,20,21].
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Different acoustic recording systems have previously been used
to demonstrate associations between acoustic measures and
speech intelligibility in patients with ALS. Patients were found
to have significantly slower syllabic and speaking rate and lower
speech intelligibility, with speaking rate typically declining
much earlier in the disease stage than speech intelligibility
[11,22,23]. In this study, we evaluate speech characteristics at
the clinical sites to allow for high-fidelity data capture
equipment and a controlled quiet environment that may allow
more accurate quantification of changes in speech formats.

All previously reported efforts to objectively monitor patients
with ALS evaluate individual symptoms only; however, the
heterogeneity of symptom presentation (among patients and
within a patient over time) makes it likely that a combination
of measurements would be needed to accurately quantify
changes in disease progression with high sensitivity for a diverse
cohort of patients. Thus, platforms incorporating multiple
objective symptom assessment technologies present the best
opportunity to investigate multiple digital biomarkers—and
ultimately composite digital biomarkers—that would be useful
measures of disease progression for a broad patient population
and disease stages.

The objective of this clinical study was 3-fold: (1) to investigate
the feasibility of a novel platform for objective data collection
of multiple ALS manifestations (physical activity, HRV, and
speech characteristics) in a clinical study; (2) to explore the
impact of the devices on patients’ everyday life and to record
safety and tolerability related to the devices and study
procedures over 48 weeks; and (3) to explore digital disease
progression markers in ALS, which may be useful outcome
measures in clinical trials. The results for the latter objective
will be reported separately.

Methods

Study Overview
An exploratory, noncontrolled, nondrug study in ALS
(NCT02447952) was sponsored by GlaxoSmithKline (GSK)

and conducted in collaboration with McLaren Applied
Technologies (MAT). A total of 2 clinical sites, both in the
United Kingdom, enrolled patients. The study was initiated on
June 30, 2015 (first patient screened), and completed on June
1, 2017 (last patient, last visit). The study comprised 2 phases,
a variable length Pilot Study Phase (5 patients enrolled) and a
48-week Core Study Phase (25 patients enrolled, including the
5 patients who progressed from Pilot Study Phase to Core Study
Phase), as shown schematically in Figure 1. The 2-phase
approach was utilized to allow for refinement of the equipment
and data transmission processes during the Pilot Study Phase
and enable adaptation of components of the digital platform,
which were performing suboptimally before embarking on the
Core Study Phase. In such an exploratory setting, the 2-part
design helped mitigate taking forward equipment, algorithms,
data capture methods, and data transmission processes that may
require adaptation and lessened the risk that major changes
would be needed during the Core Study Phase. For the duration
of the study, patients attended a clinical site visit every 12 weeks
to perform various assessments and tasks; in addition, they wore
a sensor in their daily life for approximately 3 consecutive days
every month (home monitoring periods), allocating 2 hours per
24-shour period to recharge the sensor. The study did not include
any specific patient retention strategy. The home monitoring
period duration was selected to minimize patient burden while
capturing sufficient data to enable extraction of clinically
relevant data. At all study time points, patients were provided
with a diary as a tool to record details about their experience
with the sensor and their activity type and level while wearing
the sensor.

The study was designed to enable exploration of novel disease
progression markers; for the purposes of the sample size
justification, the correlation between the ALSFRS-R and the
novel end points was considered. With 20 patients, it was
assumed that there would be an 80% chance of detecting a
within-patient correlation of greater than or equal to 0.6
(considered a moderate to strong correlation), if the true
correlation was 0.7. A total of 25 patients were enrolled to allow
20 evaluable patients (anticipating 20% dropout rate).
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Figure 1. Study design overview: All 5 patients from the Pilot Study Phase progressed to the Core Study Phase. ALSFRS-R: ALS Functional Rating
Score (Revised); FVC: forced vital capacity; Wk: week.

Patient Population
The intended study population comprised patients with a
diagnosis of ALS, who were ambulant and had a relatively high
level of clinical function at baseline. The diagnosis was required
to have been made by a neurologist with ALS expertise within
18 months of symptom onset. Eligible participants were 18 to
80 years of age, capable of giving signed (or verbal) informed
consent and were capable of, and willing to follow the study
protocol. Patients were excluded from study participation if
they met any of the following criteria: had neurological (other
than ALS) or nonneurological comorbidities; presented with
clinically significant cognitive impairment; had a regionally
restricted form of ALS or other atypical variant; required

mechanical ventilation; and had an active implantable cardiac
medical device or were at a high risk for needing external
defibrillation or had a history of skin hypersensitivity to
adhesives. There were no prohibited medications, but enrollment
into an investigational drug trial (in addition to participation in
this trial) could be prohibited if, in the opinion of the
investigator, the investigational drug might have impacted the
objectives of this study. Table 1 summarizes the baseline
population characteristics of all patients and the completers’
population. As expected, the most common concomitant
medications were from the nervous system class, with the most
common being riluzole (64%), zopiclone (24%), and citalopram
(20%; Table 2).
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Table 1. Patient demographics and baseline disease characteristics.

Completers population (n=18)Overall population (N=25)Characteristics

Gender, n (%)

16 (89)21 (84)Male

2 (11)4 (16)Female

52.9 (11.3)53.1 (9.93)Age (years), mean (SD)

Race, n (%)

17 (94)23 (92)White

1 (6)2 (8)Asian

Duration of Amyotrophic Lateral Sclerosis, n (%)

16 (89)22 (88)<18 months

2 (11)3 (12)Missing

Phenotype at onset, n (%)

10 (56)15 (60)Upper limbs

5 (28)6 (24)Lower limbs

1 (6)2 (8)Upper and lower limbs

2 (11)2 (8)Bulbar

43.0 (2.71)41.6 (4.98)ALSFRS-Ra total score, mean (SD)

4.262 (1.238)3.927 (1.432)FVCb, mean (SD)

aALSFRS-R: Amyotrophic Lateral Sclerosis Functional Rating Score (Revised).
bFVC: forced vital capacity.

Table 2. Most common (≥2 patients) concomitant medications.

Core Study Phase (N=25), n (%)Anatomical Therapeutic Chemical medication grouping

22 (88)Any medication

20 (80)Nervous system

4 (16)Musculoskeletal system

3 (12)Alimentary tract and metabolism

3 (12)Cardiovascular system

3 (12)Sensory organs

2 (8)Genitourinary system and sex hormones

2 (8)Respiratory system

Technology Description
A monitoring system (Figure 2) was developed to allow
evaluation of key ALS symptoms. It comprised the following
3 main components:

1. The commercially available Mega Faros 180 accelerometer
(3 axes, 50 Hz) and 2-lead ECG sensor (Mega Electronics
Ltd, Finland). The selected heartbeat sensing electrode was
the Mega Fast Fix electrode disposable patch. The
accelerometer and the electrode were attached to the chest
(Figure 2). It was expected that physical activity and tRR
data would be continuously captured by this sensor
(extracted from 1 kHz ECG data, enough for HRV analysis
[24]; full ECG data are not available with the sensor
configuration utilized). This device is in conformity with

the provisions of the Council Directive 93/42/EEC of June
14, 1993, concerning medical devices, and it was compliant
with the standards of measurement from the European
Society of Cardiology and the North American Society of
Pacing and Electrophysiology [25].

2. A “LifeInsight Hub (v.2.0.6.),” developed by MAT,
received data from the sensor via a secure Bluetooth
wireless signal every 2 min. The hub then automatically
uploaded the data in near real time (every 10 min) to secure
cloud servers (Amazon Web Services EC2) via a secure
connection on a third-generation mobile phone network.
The hub allowed secure connection to additional devices,
and it may be utilized to receive and transmit data from
different data capture technologies, depending on future
study needs.
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3. A digital speech capture system comprising a high-fidelity
microphone connected to a computer, with bespoke software
that instructed the patients to say a series of vowels, words,

and paragraphs, which were then recorded and immediately
automatically transferred to a secure server via mobile
connectivity.

Figure 2. Schematic representation of the monitoring platform. AWS: Amazon Web Service; HRV: heart rate variability; PA: physical activity; tRR:
interbeat interval.

Physical Activity
A total of 2 types of activity algorithms (summarized in the
Multimedia Appendix 1) were developed to interpret the raw
data from the accelerometer: “Activity score” algorithms to
evaluate “how much” activity the patients performed and
“Activity classification” algorithms to evaluate “what” activities
the patients performed.

The activity score is used as a measure of physical activity and
is based on the intensity of movement. To develop the activity
classification algorithms, a series of reference tasks were
performed by the patients at each clinic visit in both the Pilot
and Core Study Phases. A group of healthy volunteers outside
the clinical study also performed the same tasks before the Core
Study Phase; this can enhance algorithm accuracy when the
number of patients is small [26]. All the reference tasks served
as a “blueprint” for specific movements measured by the
accelerometer. The data generated from these tasks helped in
developing the algorithms and evaluating their performance
using a leave-one-patient-out validation procedure. The
reference tasks (which included sitting, standing, lying down,
walking, climbing stairs, and transitions such as sit to stand,

stand to sit, stand to lying, lying to stand, and nine-hole peg test
of manual dexterity) were predefined to enable the development
of clinically meaningful digital markers of disease progression
for investigation. This process aligns with the recommendations
from the Clinical Trials Transformation Initiative [27].

Heart Rate Variability
There are a number of widely accepted HRV metrics [17]; 2
such metrics include the Root Mean Square of the Successive
Differences (RMSSD; time domain) and LF/HF ratio (frequency
domain).

It is important to note that measures of HRV are derived from
tRR data and are impacted by the duration of the time series
(number of data points), body orientation, time of day, and
activity being performed. Where possible, these factors have
been considered by using the recommended 5-min duration of
tRR and providing values specific to each activity.

From our analysis (summarized in the Multimedia Appendix
1), the RMSSD metric is less sensitive to the amount of data
points missing. As per our analysis (Multimedia Appendix 1),
around 88% of the data was needed to reliably compute RMSSD
for a 5-min window, whereas almost all the data (99%) were
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needed to reliably compute LF/HF. Therefore, the RMSSD may
be considered a metric that is more robust for patients with
lower data quality. This is a similar finding to other studies that
have found time-based metrics to be less sensitive to missing
data and poor data quality than frequency-based metrics [28].

Speech
The speech data collection was performed during the clinical
site visits for simplicity and to allow for a more sensitive and
structured assessment at this early exploratory stage. Speech
algorithms to extract acoustic, quantitative, and linguistic audio
features were developed based on classical speech processing
techniques (eg, formants and fundamental frequencies) and
used, where possible, open-source components to implement
these techniques.

The patients were asked to perform 4 speech tests that were
identified as clinically relevant. The first 2 tests used the
phonation of the “Ah” sound, one being shortly sustained and
repeated 7 times and the other being a long-sustained sound for
10 seconds [22]. The subsequent test was to pronounce the word
“doily” 3 times [11]. Finally, the patients were asked to read a
short 100-word paragraph (“Bamboo” passage) [29]. This
particular speech data collection protocol comprised tests that
had individually been shown to demonstrate associations
between acoustic measures and speech intelligibility in patients
with ALS but who had not been jointly investigated within the
same patient group.

In contrast to physical activity and HRV, the data and processing
of speech were done offline using a MATLAB script to analyze
the speech data and generate a comma-separated value file with
the desired end points. This process is summarized in the
Multimedia Appendix 1.

Results

Pilot Study Phase: Feasibility of Equipment and Data
Transmission
A total of 5 patients with ALS were recruited for the Pilot Study
Phase and attended 2 clinical visits. Patients also wore the sensor
in their routine home-life setting for approximately 3 days after
each clinical visit.

At the time of reviewing the data from the Pilot Study Phase,
clinic reference task data were available for 4 of the 5 patients
and home monitoring was available for 3 out of 5 patients. The
missing data did not propagate through the system within the
expected timeframe, but data were subsequently fully recovered.
For every patient, the number of days having least 18 hours’
data available varied from 2 to 3. The device recharging routine
(2 hours each day) was successfully adopted by 3 of the 5
patients.

HRV data were available for 4 of the 5 patients and the
percentage of success of good-quality HRV windows of data
varied from 74.8% to 100% for RMSSD analyses and 53.2%
to 100% for LF/HF analyses. This was deemed to be acceptable
and no adaptations for the Core Study Phase were considered
necessary. The amount and quality of the speech data captured
were as planned.

Most (4; 80%) patients were able to attach and remove the
sensor without assistance. A patient reported that the sensor fell
off on a single occasion. Most patients (4; 80%) found the device
comfortable to wear. All patients reported that wearing the
sensor did not have an impact on the ability to perform daily
activities. Overall, the sensor was well tolerated, although 1 of
the 5 patients experienced mild skin irritation.

Satisfactory user acceptance for the new technology, combined
with the successful capture of study data and absence of adverse
events (AEs), enabled the study to continue to the Core Study
Phase with minimal tweaks to the monitoring platform. No
protocol amendments based on the Pilot Phase results were
necessary.

Core Study Phase
A total of 25 patients (including the 5 patients who completed
the Pilot Study Phase) were enrolled in the Core Study Phase.
A total of 18 of the 25 patients completed the study; 4 patients
discontinued from the study because of withdrawal of consent
(3 of whom had become too unwell to continue with the study
because of progression of ALS, the fourth patient did not provide
a specific reason), 2 patients discontinued because of AEs, and
1 patient was discontinued at the investigator’s discretion. The
mean (standard deviation) ALSFRS-R score at baseline was
41.6 (4.98). The mean (standard error) monthly rate of change
for ALSFRS-R total score was 0.9 (0.23) points/month.

Physical Activity and Heart Rate Variability: Impact,
Data Quantity, Quality, and Algorithm Accuracy
At the start of the Core Phase, a majority of patients (16/25,
64% patients) were able to attach and remove the sensor without
assistance; however, the proportion of patients who did not
require assistance gradually decreased over the course of the
study, and by Week 48, only 6 of 15 patients (40.0%) were able
to attach the sensor without some assistance. A majority of
patients found the device comfortable to wear; the majority of
patients who reported that the device was uncomfortable
reported symptoms of skin irritation (skin itching and local skin
reactions likely because of an allergy to the adhesive). A
majority of patients reported that wearing the sensor had no or
minimal impact on the ability to perform daily activities during
the Core Phase; only 1 patient reported a moderate impact on
daily activities at Week 12.

A low number of patients reported a minimal impact of the
sensor on sleep: the reasons given included difficulty in getting
comfortable, local itching, and impact of the flashing light at
night. A patient reported a moderate negative impact on sleep.

Most patients adhered to protocol requirements on sensor wear:
65% of visits with data across the subjects had at least three
days of data. However, only 6 of 25 (24%) patients had data
captured for all 13 home monitoring time points.

Figure 3 illustrates the number of days of raw accelerometer
and tRR data captured for each patient at each time point. There
are examples of good data coverage where the patient has been
able to follow the protocol (eg, patients A, B, and C) and many
examples of deviations from the ideal data coverage. Patients
O, P, T, V, W, X, and Y ended the study early.
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There are significant gaps in the data coverage for patients Q,
R, S, and U, as indicated by the zeros in Figure 3. Others have
smaller gaps in the data coverage. Across all 25 patients, no
data were collected for 24% of time points expected.

There are several instances where more than 3 days, or partial
days, of data were collected (partial days represent those days
where any data were captured). Patient O used the sensor for 8
days during 1 home monitoring period, and there are several
occurrences of 5 or 6 days of wear time across different patients.

At baseline, 23 of 25 (92%) patients provided data for 3 or more
days (or partial days) during the home monitoring; however, at
Week 48, this reduced to 10 of 18 (56%) patients, indicating
that either an increasing number of patients were unable to meet
the protocol requirements as the study progressed or they were
less willing to comply with study procedures. Over the course
of the study, there was deterioration in the ALSFRS-R total
score, indicating worsening of ALS (loss of physical function),

and a decreasing number of patients provided any home
monitoring sensor data (Figure 4).

If a patient wore the sensor for any period during the day which
was significantly lower than the requested 22-hour period, then
the derivation of any activity type end point, even if normalized
to wear time, may be biased because of the heterogeneity of
activity patterns throughout the day. The total wear times over
each 24-hour period showed that patients did not wear the device
for long enough. Average total wear time over the 24-hour
recording period showed mean total wear time was 1106 min
(approximately 18.4 hours) per day at baseline. The mean total
wear times did not decrease significantly throughout the study
to Week 48 (1084 min; 18.1 hours) per day and did not decrease
significantly from the first day of monitoring, “Day 1” (1086
min; 18.1 hours) to the third, “Day 3” (1051 min; 17.5 hours).
Therefore, although fewer patients provided data as the study
progressed, the quality of the daily data provided by
participating patients did not deteriorate significantly.

Figure 3. Home monitoring data coverage: number of days (or partial days) of data captured for each patient and time point. Blank entries indicate
early withdrawals. Patients had either a Pilot Study Phase or Core Study Phase baseline home monitoring period but not both. For clarity, in 5 instances,
data were excluded from the analysis because of predefined data quality deviation rules unrelated to the monitoring platform.
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Figure 4. Percentage of patients providing home monitoring data throughout the study; mean Amyotrophic Lateral Sclerosis Functional Rating Score
(Revised) total score of all patients remaining in the study. The number in brackets next to each time point represents the number of patients in the
study. ALSFRS-R: ALS Functional Rating Score (Revised).

Physical activity algorithms were developed to classify “active,”
“sedentary but not lying,” and “lying,” as these 3 activity classes
were expected to enable describing patients’ level of physical
function. For clarity, “sedentary but not lying” refers to any
activity requiring low levels of intensity (but excluding “lying
down”), such as standing, sitting, or performing low-intensity
movements. The algorithms were tested using the reference
tasks data. Their overall performance is illustrated by the
confusion matrix in Figure 5, where it can be seen that a few
“active” labels are being predicted as “sedentary but not lying”;
nonetheless, the overall performance is considered high, as
accuracy, sensitivity, and specificity are greater than 97% for
all 3 activity classes.

Overall, the amount and quality of the data collected and the
accuracy of the algorithms developed were sufficient to evaluate
changes over time in patients’ activities of daily living. Changes
from baseline at Week 48 in the main physical activity end

points investigated (normalized to wear time) are shown in
Table 3. A reduction in the patients’ ability to perform activities
of daily living over time can be observed across all end points.

Figure 6 provides a high-level summary of the HRV data quality
for each patient across the study. The effect of muscle activation
can be considered small enough, which was supported by the
tRR data. Some patients had poor data quality throughout the
study, whereas others had periods of both good and poor data.
Very few patients had good data quality throughout the study.
The percentage of windows with enough good-quality data to
compute the RMSSD and LF/HF metrics varied across the
patients. Some patients had very poor data quality, with very
few windows having sufficient data to compute the HRV metrics
(eg, patient P and patient W). It is possible that those patients
had a poor contact between the sensor and the skin using the
Fast Fix.

Figure 5. The confusion matrix for the physical activity algorithms. The percentages represent the predictions of “Actual classes.” NL: number of data
labels from reference tasks, collected by 24 Amyotrophic Lateral Sclerosis patients (1 patient did not provide reference task data). Each label contains
1 min of accelerometer data.
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Table 3. Changes in physical activity end points from baseline to Week 48.

Week 48 (n=13), mean (SE)Baseline (n=24), mean (SE)End point

23.58 (8.05)34.42 (6.00)Average daytime active (minutes)

3.59 (1.16)5.36 (0.85)Percentage of daytime active (%)

651.11 (43.36)602.22 (26.89)Average daytime sedentary (minutes)

96.41 (1.16)94.64 (0.85)Percentage of daytime sedentary (%)

1972.51 (612.89)3336.55 (541.83)Total daytime activity score per hour (counts)

1430.35 (464.89)2275.65 (370.22)Total 24-hour activity score per hour (counts)

1647.04 (456.40)2803.91 (575.50)Maximum daytime activity score per hour (counts)

1002.06 (280.53)1618.40 (263.01)Mean maximum daytime activity score per hour (counts)

Daytime number of active periods per hour (minutes)

0.25 (0.10)0.28 (0.06)>1 to ≤2

0.10 (0.04)0.11 (0.03)>2 to ≤5

0.02 (0.01)0.04 (0.02)>5 to ≤15

2.08 (0.13)b2.60 (0.24)aAverage duration of active periods >1 min (minutes)

an=21.
bn=7.

Figure 6. Percentage of windows with sufficient data to compute heart rate variability metrics for each patient. LF/HF: low-frequency/high-frequency;
RMSSD: Root Mean Square of the Successive Differences; tRR: interbeat interval.

Some patients had much better data quality. In particular, nearly
90% of the windows for patient H had sufficient data to compute
RMSSD; however, this patient only wore the sensor for 2 home
monitoring periods (7 days of data in total); therefore, this high
percentage is biased by the limited wear time (Figure 3).

For all data across the whole study, only 33% of 5-min windows
of tRR data were sufficient to compute RMSSD metrics, and
only 19% were sufficient to compute the LF/HF metrics.
Overall, the percentage of RMSSD and LF/HF quality data did
not correlate with the number of days of data; there was only a
slight decrease in LF/HF quality data, with increasing number
of days of data.

A slight decrease in the RMSSD HRV mean and variance data
was observed over time (data not shown), but this finding should
be treated with caution, given the small amount of data available.
Unsurprisingly (because of the limited amount of LF/HF data
available), no discernible trends were observed over time in the
LF/HF data.

Speech: Data Quantity and Quality
The quantity and quality of the digital speech data files captured
during the Core Study Phase of the study was as intended, with
no significant issues related to the methods or equipment. Both
at baseline and at Week 48, all (100%) patients captured the
digital speech data successfully. However, patients J, P, and U
did not perform the speech test at Weeks 12, 24, or 36. All data
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files captured were transferred as anticipated, and no data were
lost. All speech data were successfully analyzed. Change from
baseline values at Week 48 were low for all speech end points
studied, with no obvious pattern of change over time.

Safety Evaluation: Adverse Events and Serious Adverse
Events
Safety evaluation comprised reported AEs and serious AEs
(SAEs) related to the study equipment, devices, or procedures
only. A total of 6 (24.0%) patients reported AEs assessed as
related to the devices (including the sensor and Fast Fix adhesive
patches); there were no reports of SAEs and no deaths, and only
2 (8.0%) patients had AEs that led to withdrawal, both because
of contact dermatitis. Table 4 summarizes AEs in the study.

All the AEs reported in the study were in the skin and
subcutaneous tissue disorders system organ class (SOC) and all
were skin reactions related to the use of the Fast Fix adhesive
patch. The most commonly reported AE was contact dermatitis.

A total of 21 AEs were reported by 6 patients. Events were mild
or moderate in intensity in 5 of 6 (83.3%) patients and all events
were recovered/resolved at the end of study (1 patient had an
AE of contact dermatitis, which was recovered/resolved with
sequelae). A patient had 2 events of pruritic rash of severe
intensity: the first event lasted for 4 days; the second event
lasted for 5 days.

Table 4. Summary of adverse events in the Core Study Phase (N=25).

Patients reporting adverse eventsAdverse events reportedAdverse event

C, F, J, U, W, and Y21Adverse events

Severity of events

Y, F, J, and C14Mild

Y, U, and W5Moderate

U2Severe

—a0Severe adverse events

System organ class

C, F, J, U, W, and Y21Skin and subcutaneous tissue

Disorders

Y, F, U, and W15Dermatitis contact

J and C3Rash

U2Rash pruritic

Y1Skin irritation

W and Y2Adverse events leading to withdrawal

—0Deaths

aNo patient reported an adverse event.

Medical Device Incidents, Near-Miss Incidents, and
Malfunctions
A near-miss incident was reported in the Core Study Phase: it
was discovered that, despite being CE-marked, in some
circumstances, it was possible for the mains chargers’ casing
to come apart, exposing the internal wires and components,
resulting in a risk of an electrical shock. The clinical sites were
informed immediately, and all the chargers were recalled from
all the patients and replaced. A patient reported a replacement
charger made crackling noises and smelled of burning when it
was plugged into the mains. The issue was reported to the
manufacturer, who confirmed there were no other instances of
failure in over 15,000 units sold over a 5-year period before
receiving this report. The patient was issued with a replacement
charger. Before receiving the new charger, the patient had been
able to use a mobile phone charger; therefore, no data were lost.

No incidents or malfunctions were reported with the use of
Mega Faros sensor, Fast Fix electrode, or LifeInsight hub in
this study.

Discussion

Principal Findings
Objective monitoring of disease manifestations in clinical trials
using sensors is a rapidly advancing area, with over 100 actively
recruiting trials using technology-based outcomes across a range
of diseases (as of July 2019), according to clinical trial registers
[30]. Interest is building across multiple conditions, including
other neurodegenerative diseases, such as PD and multiple
sclerosis [31]; RA [26,32], and COPD [33]. This study
successfully developed and explored the feasibility of a novel
integrated platform to objectively monitor multiple ALS
symptoms across several domains (physical activity, HRV, and
speech). This is a key advantage compared with other existing
approaches that monitor symptoms individually [10,34].
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Moreover, the platform is flexible and could be tailored to the
needs of future studies, as components for measuring different
symptoms may be added or removed as required. The system
allowed for real-world and in-clinic data collection, both of
which could be reviewed remotely in near real time.

The dual-phase study design proved to be useful, as the Pilot
Study Phase enabled adaptation of components and algorithms
before embarking on the Core Study Phase, thereby lessening
the risk that major changes would be needed during the Core
Study Phase. From an ethical perspective, this is particularly
important in ALS, as patients have a limited life expectancy
and are making a significant effort donating their time to the
study; therefore, clinical trial sponsors have a duty to maximize
the value of their time and data collected. It is also important
to note that the study participants continued to receive ALS
standard of care (eg, riluzole and multidisciplinary care).

Core Study Phase results demonstrate that the monitoring
platform can measure physical activity and digital speech for
patients with ALS over the course of the 48-week study,
although the specific sensor and analysis methodology used
were not successful for continuously measuring tRR data, and,
hence, HRV.

Importantly, this novel study showed that it was possible to
assess the physical activity of patients with ALS in their daily
life (real-world monitoring): the data propagated through the
system and were received as expected, although in some
instances, the data experienced delay in being transmitted
because of poor network connectivity, which prevented the data
to be available for review in true real time. At baseline, 23 of
25 patients collected at least three days of home monitoring
data; however, this decreased to 10 of 18 patients at Week 48.
The decreasing amount of data collected with study progression
may be partly explained because of loss of physical function
with disease progression; patients had increased reliance on
carers to attach or remove the device and were less able to
follow the study procedures. It might also be possible that
patients were simply willing to provide less data as the “novelty”
effect faded away over time. This highlights that it is important
to achieve a balance between patient burden and the ease of use
vs the amount of the data being collected. If technology is too
intrusive, awkward, or requires frequent interaction with
patients, then it is likely that compliance will be adversely
affected, reducing the amount of valuable and useful data
collected. Wrist-worn devices have shown excellent patient
acceptance in previous studies [35]; however, they are currently
unable to monitor HRV continuously, and from a biomechanical
perspective, the wrist is a less-than-ideal wear location for
accurate activity classification.

HRV data quality appeared to be affected by a poor connection
between the Fast Fix electrode patch and the chest, yielding
insufficient HRV data on which one may draw any robust
clinical conclusions for both the RMSSD and LF/HF analyses.
The lower than anticipated quality of HRV data could have been
prevented if we had identified this as an issue at the end of the
Pilot Study Phase. However, the Pilot Study Phase data showed
a much greater percentage of good-quality HRV windows; this
was likely biased because of the low number of patients and

monitoring periods. A greater number of patients and/or
monitoring periods would have been needed at the Pilot Study
Phase to identify this issue. In future studies, data quality could
be improved by optimizing study design and using newer, less
invasive sensors with a more reliable skin attachment and not
needing to be recharged daily. Owing to the rapid technological
evolution that has occurred in the wearable device market,
wearable devices are now available and are expected to continue
improving reliability of data collection over time, but they were
not available at the time this study was designed. Moreover, the
analysis of HRV data in this study was performed using the
typical 5-min duration of tRRs, but the literature is unclear as
to how long HRV analysis windows should be to offer the best
compromise between the quality/accuracy of the metrics
extracted and the quantity of data resulting from the analysis.
The longer the analysis window, the more reliable the HRV
parameters; the shorter the analysis window, the lower the
amount of data that needs to be excluded from analysis because
of data points missing. Recent studies suggest that 2-min
windows and 3-to-4 min windows would not negatively affect
the quality of RMSSD and LF/HF analyses, respectively [36];
therefore, these might be a better choice to maximize data
availability.

The amount and quality of the speech data captured were as
intended, and there were no significant issues with the methods,
equipment, or the data analysis. However, speech analysis was
performed only during in-clinic visits. Future studies may
employ different technologies, such as mobile phones, to collect
digital speech data at home and more frequently. This approach
is currently being followed in a number of ongoing studies, such
as the AT Home study in ALS [9] or the mPower study in PD
[37]. From a statistical perspective, more frequent data collected
at home would be useful to investigate novel end points,
particularly if within-patient and between-patient end point
variability is high.

Patients were able to use all the study equipment successfully,
with the majority of patients reporting that the sensor was
comfortable to wear and had no or minimal impact on their
ability to perform daily activities, nor did it affect their sleep
quality. The technology was generally well tolerated with AEs
in the skin and subcutaneous tissue disorders SOC reported by
6 of 25 (24.0%) patients, with the events being mild or moderate
in intensity in 5 of 6 (83.3%) patients. This is a typical drawback
of using sensors that are directly affixed to the skin; wearing
armbands or wrist-worn devices often lessens the risk of skin
irritation, but these sensors are less appropriate for continuous
HRV monitoring.

The near-miss incident with the study technology, which
occurred during the study, highlighted the importance of patient
safety considerations that need to be taken into account before
deciding upon which technologies are acceptable to use.
Thorough risk assessments need to be carried out and risk
management measures put in place before study starts, in
addition to the use of CE-marked (or equivalent) equipment.

Conclusions
In conclusion, the novel monitoring platform tested in this
exploratory study was successful in collecting ALS patient data
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remotely, which may be useful in identifying digital markers
of disease progression; the home monitoring of physical activity
was a particular accomplishment that may generate insights into
the real lives of patients with ALS not previously appreciated,
thus providing the clinicians with a valuable new understanding
of their patients’ well-being. The limitations of the study
included a large amount of missing data, partly because of a
number of patients withdrawing from the study early, which
limited the ability to draw robust clinical conclusions; however,
the platform was able to capture objective data to monitor

patients outside of clinical visits, in near real time, and further
improvements are expected with the ever-rapid advancements
in digital sensor technologies. The relationship between the
exploratory biotelemetry end points and the clinical gold
standard ALS measures will be reported separately (manuscript
under preparation). Ultimately, the goal should be to develop
a platform that seamlessly integrates the data from various
sources and standardizes ALS clinically relevant measures,
procedures, and data reporting and validation and, ultimately,
regulatory acceptance of the digital clinical trial end points.
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Abbreviations
AE: adverse event
ALS: Amyotrophic Lateral Sclerosis
ALSFRS-R: ALS Functional Rating Score (Revised)
COPD: chronic obstructive pulmonary disease
ECG: electrocardiogram
GSK: GlaxoSmithKline
HRV: heart rate variability
LF/HF: low-frequency/high-frequency
MAT: McLaren Applied Technologies
PD: Parkinson disease
RA: rheumatoid arthritis
RMSSD: Root Mean Square of the Successive Differences
SAE: serious adverse event
SOC: system organ class
tRR: interbeat interval
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