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Abstract

Background: Chronic lung disorders like chronic obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis
(IPF) are characterized by exacerbations. They are unpleasant for patients and sometimes severe enough to cause hospital admission
and death. Moreover, due to the COVID-19 pandemic, vulnerable populations with these disorders are at high risk, and their
routine care cannot be done properly. Remote monitoring offers alow cost and safe solution for gaining visibility into the health
of peoplein their daily lives, making it useful for vulnerable populations.

Objective: The primary objective isto assess the feasibility and acceptability of remote monitoring using wearables and mobile
phonesin patients with pulmonary diseases. The secondary objectiveisto provide power calculations for future studies centered
around understanding the number of exacerbations according to sample size and duration.

Methods: Twenty participants will be recruited in each of three cohorts (COPD, IPF, and posthospitalization COVID). Data
collection will be done remotely using the RADAR-Base (Remote Assessment of Disease And Relapse) mobile health (mHealth)
platform for different devices, including Garmin wearable devices and smart spirometers, mobile app questionnaires, surveys,
and finger pulse oximeters. Passive data include wearable-derived continuous heart rate, oxygen saturation, respiration rate,
activity, and sleep. Active data include disease-specific patient-reported outcome measures, mental health questionnaires, and
symptom tracking to track disease trgjectory. Analyses will assess the feasibility of lung disorder remote monitoring (including
data quality, data completeness, system usahility, and system acceptability). We will attempt to explore disease trajectory, patient
stratification, and identification of acute clinical events such as exacerbations. A key aspect is understanding the potential of
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real-time data collection. We will simulate an intervention to acquire responses at the time of the event to assess model performance
for exacerbation identification.

Results: The Remote Assessment of Lung Disease and Impact on Physical and Mental Health (RALPMH) study provides a
unique opportunity to assess the use of remote monitoring in the evaluation of lung disorders. The study started in the middle of
June 2021. The data collection apparatus, questionnaires, and wearabl e integrations were setup and tested by the clinical teams
prior to the start of recruitment. While recruitment is ongoing, real-time exacerbation identification models are currently being
constructed. The models will be pretrained daily on data of previous days, but the inference will be runin real time.

Conclusions: The RALPMH study will provide areference infrastructure for remote monitoring of lung diseases. It specifically
involvesinformation regarding the feasibility and acceptability of remote monitoring and the potential of real-time data collection
and analysisin the context of chronic lung disorders. It will help plan and inform decisionsin future studiesin the area of respiratory

health.
Trial Registration:
International Registered Report Identifier (IRRID):

(JMIR Res Protoc 2021;10(10):€28873) doi: 10.2196/28873
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Introduction

Background

Patients with chronic conditions like chronic obstructive
pulmonary disease (COPD) and interstitial lung disease (ILD)
must often manage their diseases from a community setting,
and this presents natural challengesin monitoring patient health
status. Currently, COVID-19 presents additional challenges,
especially for vulnerable patients with pre-existing conditions
and diseases where, due to shielding, their routine care cannot
be performed properly [1]. Remote monitoring of the physiology
and symptoms of patients via wearable devices could provide
convenient and useful advantages over conventional care for
patients managing their health carein real-world settings. These
can include detailed information on their historical health,
current health status, and potential to intervene during acute
events, as well as prognosis of future health and disease
trajectory. Remote monitoring may al so provide an opportunity
during events like the COVID-19 pandemic to safely monitor
disease exacerbation or progression without putting patientsin
situations where risk of exposure to COVID-19 isincreased.

Remote Monitoring

This study aimsto use the open-source RADAR-Base (Remote
Assessment of Disease and Relapse) mobile health (mHealth)
platform to collect and analyze multiple data sets associated
with respiratory disorders. Several cardiopulmonary parameters
are now available in modern consumer wearable devices, and
due to close coupling of the heart and lungs, measurements of
the functions of these organs are expected to provide good
characterization of diseases. Thisstudy will include continuous
data collected from wearable devices (eg, heart rate [HR],
respiratory rate, and oxygen saturation [SpO,]), including pulse
oximeters and spirometers, mobile phones (audio), digital tests,
and smartphone symptom questionnaires.

The RADAR-Base community emerged from the Innovative
Medicines Initiative (IMI) project RADAR-CNS (Remote
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Assessment of Disease and Relapse— Central Nervous System),
whereaconsortium of clinicians, devel opers, researchers, patient
organizations, and European Federation of Pharmaceutical
Industries and Associations (EFPIA) partners joined forces to
explore the potential use of sensor data from wearable devices
like fitness trackers and smartphones in research and health
care. The RADAR-Base platform isascalable and interoperable
mHealth platform that provides capabilities for remote
monitoring passively (eg, sensor data, wearables, and internet
of things [loT]) and actively (eg, questionnaires and digital
tests). The platform developed at King's College London and
the Hyve in the Netherlands is already being used in a number
of large-scale longitudinal mental and physical health—related
disorder projects[2,3]. The complete RADAR-Basetechnology
stack is available under an Apache 2 open-source license and
issupported by an active community of developers, researchers,
and clinicians who focus on continuously improving data
quality, user experience, and validation, and extending the
platform with new features and data sources.

All the data collected and aggregated using the RADAR-Base
platform are standardized using Avro schemas [4] and
harmonized across various data streams.

RADAR-Base a so provides the potential to respond or alert in
near real time based on some state of the data being collected;
thiscould includeidentifying, for example, an exacerbation and
triggering a response, such as an intervention or follow-up
guestionnaire/test or confirmation.

Thispilot will help answer how remote monitoring may be used
for lung disease patients, who in many cases may be shielding
during the COVID-19 pandemic because of being at high risk
and being vulnerable, and offers additional benefits, including
participation without additional risk of travel or interaction with
hospital staff.

ILD
ILD, or lung fibrosis, is one of a spectrum of fibrotic diseases
associated with aging, obesity, diabetes, and pollution, which
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are responsible for approximately 45% (9/20) of premature
deathsin Western Europe. Of over 90,000 patientsin the United
Kingdom with ILD, approximately 30,000 have idiopathic
pulmonary fibrosis (IPF), which is the most severe form. IPF
isadisease of unknown etiology that is more frequent in males
and presents mainly in the sixth and seventh decades of life[5].
There is no cure, and the median survival of 3 to 5 years
following diagnosisisworse than that for many cancers. Asthe
fibrosis progresses, there is impaired pulmonary function,
respiratory failure, and ultimately death. Throughout its course,
IPF has significant effects on physical (dyspnea, dry cough,
weight loss, and fatigue) and social (recreational activities and
relationships) functions, with severe consequences for the
patient’s health-related quality of life (QoL). Clinical courses
are punctuated by episodes of worsening disease that may result
in death. These acute exacerbations of IPF (AE-IPF) are
estimated to occur in 4% to 20% (1-4 in 20) of patients each
year, but the true incidence and impact are not known [6].

Management of AE-IPF involves establishing the diagnosis and
excluding other causes of increasing dyspnea, excluding
infection, and considering the use of steroids, antibiotics, and/or
anticoagul ation, none of which has been shown to be of benefit.
Thetrajectory of patients with | PF is heterogeneous with great
variability in the disease course. Some progress slowly, whereas
others progress more rapidly, and this can cause emotional
distress and anxiety. Patient-reported outcome measures are
used to measure health-related QoL, assess symptoms, and
evaluate disease progression. The management of patientswith
I PFismultifaceted and consists of patient education and support,
regular outpatient surveillance, symptom relief, pulmonary
rehabilitation, annual vaccinations to prevent respiratory
infection, identification and management of AE-IPF,
supplemental oxygen, management of comorbidities, and
ultimately palliative care or, in aminority of patients, referral
for lung transplantation [7].

Two antifibrotic treatments (pirfenidone and nintedanib) are
available for patients who meet the stringent National Institute
for Health and Care Excellence (NICE) criteria. They neither
cure nor reversethefibrosisand havelittle impact on symptoms,
but they have been shown to reduce the rate of lung function
decline, and pirfenidone has been shown to reduce AE-I1PF and
improve progression-free survival [8].

With regard to the impact on health care systems, | PF is a cost-
and resource-intensive disease encompassing hospitalization,
home care, long-term care, and antifibrotic therapy. The full
health burden on the National Health Service (NHS) and UK
economy isunknown, but datafrom the British L ung Foundation
and projected estimates from our patient cohort suggest that
there are approximately 30,000 | PF diagnoses each year. Health
care costsaonefor | PF are estimated at US $15,000 to $78,000
per patient-year [6].

Regarding the need for biomarkers for precision management,
thedisease progression in IPFishighly variablewith individuals
experiencing very different trajectories. Responseto antifibrotic
therapy is aso inconsistent with some patients tolerating the
medication well and others experiencing significant side effects.
Currently, thereisalack of valid endpoints, apart from a change
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in forced vital capacity, which has poor sensitivity and
specificity to accurately assess disease activity or response to
treatment [9]. This makes it difficult to predict individua
prognosis or reliably detect early treatment response or failure,
whichisimportant for devel oping treatment plansand providing
patients with accurate prognostic information, which allows
them to plan for their future. Remote monitoring may allow
clinicians and patients accessto more granular longitudinal data
on disease progression, the rate of AE-1PF, and effectson QoL,
and begin to offer personalized treatment approaches in this
cohort. Remote monitoring may also reduce patients’ attendance
at the hospital for clinical follow-up or when taking part in
clinical trials of novel agents. Remote monitoring may allow
the early identification of AE and a better understanding of the
frequency and impact of these events, and may provide the
potential to develop clinical trials of treatments in these patient
groups.

COPD

COPD is a common long-term condition of the lungs that is
usually caused by cigarette smoking. In addition to daily
symptoms and limitations in activities, patients are prone to
developing chest infections called “exacerbations’ [10,11].
Exacerbations are a significant problem. They are unpleasant
for patients and sometimes severe enough to cause hospital
admission (and therefore NHS pressures) and death. Reducing
the impact of exacerbations is very important [12]. We have
previously shown that earlier treatment of COPD exacerbations
results in faster recovery and reduced chance of hospital
admission. Helping patients to detect exacerbations early is
therefore important. We have aso recently shown that
monitoring HR and oxygen saturation via a finger probe may
assistinthis, especialy overnight when the physiological signal
is cleaner [13]. Integration of these signals with additional
symptom dataand use of innovative data analysis methodol ogy
arelikely toresult inthe greatest chance of supporting the early
detection of exacerbations and assessment of disease
progression. Thisis even more important in the eraof COVID
where many patients with COPD are classified as “clinically
extremely vulnerable,” and thus, remote monitoring provides
the safest way to support management in partnership with their
clinicians.

Posthospitalization COVID-19 Lung Disorders

Recovery from COVID-19 has many unknowns, especially in
the long term [14]. The symptoms of COVID-19 have varied
among those who have tested positive. Some have displayed
no symptoms, while others have devel oped severe pneumonia,
progressing to lung injury, and acute respiratory distress
syndrome, as well as pulmonary fibrosis in the longer term.
Notably, the consequences of COVID-19 include effects on
other organs, including the heart, kidneys, and brain.
Correspondingly, a diverse set of associations have been
observed that together have been called “long COVID,” which
involves prolonged and delayed recovery from the acuteillness,
including fatigue, shortness of breath, and cough, associated
with mental health and neurological disorders, such asfatigue,
trauma, and anxiety/depression [15,16]. For those who were
hospitalized and have since been discharged, it is not yet clear
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what their medical, psychological, and rehabilitation needswill
be to enable them to make as full arecovery as possible.

Given this need to follow-up with COVID-19 patients after
hospitalization, we consider remote monitoring to provide some
key opportunities. First, observation of chronic symptoms will
necessitate home-based monitoring, as the scope of regularly
interfacing with participantsin the clinic may belimited dueto
the likelihood of further periods of lockdown and self-isolation
of this population. Second, there needsto be a greater focus on
understanding how daily lifeis affected by this disease. Remote
monitoring, therefore, provides an ideal opportunity to collect
multiple continuous data streams from participants to report on
physiology, QoL, and environmental and functional aspects.
Building on our existing experience in using wearables to
monitor participants who develop COVID-19 [17], we aim to
extend this to enable detailed observation of patients as they
experience symptoms of long COVID. By using alongitudinal,
high frequency, and largely passive monitoring approach, we
aim to develop an understanding of the disease trajectory and
the fluctuation of symptoms.

Theoretical Framewor k

The Remote Assessment of Lung Disease and Impact on
Physical and Menta Health (RALPMH) study will use a
prospective cohort study framework. This will leverage our
RADAR-Base software platform and existing experience
working on remote monitoring projects, such as RADAR-CNS
[18], and take a similar approach to the major depressive
disorder protocol [19]. In addition to this, we have recently
developed RADAR-Base capabilities to deliver notifications
dependent on real-time processing of participant data streams.
This module of RADAR-Base will be evaluated here by
deploying an exacerbation detection agorithm (using HR, SpO,,
and other measures), and participants will be asked in near real
time to confirm/reject and score the algorithm’s assertion via a
short questionnaire, the Exacerbation Rating Scale (ERS), close
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to or during the period of exacerbation, in order to provide
accurate feedback independent of recall. The ERS scoring will
be used to evaluate the algorithm sensitivity/specificity and to
evaluate options for personalized exacerbation detection.

Previous studies [12,13] on exacerbations in COPD found that
changes in resting heart rate (RHR), pulse oxygen saturation
(SpO,), and peak airflow are highly correlated with symptoms
before, during, and after exacerbation onset, asshown in Figure
1

Another study [20] looked at the identification and subsequent
prediction of exacerbationsin COPD. The authors used features
derived from pulse oximeters to predict exacerbations using
logistic regression. They found that all threevital signs (oxygen
saturation, pulse rate, and respiratory rate) are predictors of
exacerbations, with oxygen saturation being the most predictive.
Another study [21], which looked at the correlation between
RHR and acute exacerbationsin COPD, found that patientswith
ahigher RHR following exacerbation demonstrated an increased
risk of exacerbation.

Thereisevidencein theliterature that pulmonary diseases, like
COPD, lung fibrosis, etc, are closely related to the heart [22].
Pulmonary vascular abnormalities are frequently present in
patients with respiratory disorders. Similar correlations were
found with HR in severe acute respiratory syndrome (SARS),
where patients were found to have a high HR and low blood
pressure [23].

Oneinteresting and relatively novel approach to understanding
the changes in respiratory disorders is through capturing
breathing sounds to measure the breathing rate and detect
features such as wheezing, coughing, sneezing, and snoring,
using audio data. Two excitingworksinthisfield are mLung++
[24] and SonarBeat [25].

The mapping between data types and analytical approaches
under consideration is shown in Table 1.

Figure 1. Time course of symptoms and oximetry variables at exacerbation [11]. PEF: peak airflow.
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Table 1. Dataanaysis methods.

Ranjan et a

Datatype Methods

Labels

Active raw audio MFCC? SVMP, Adaboost
Passive wearabl e sensor

Multimodal sensor

KNNC, least squares regression, Adaboost, HMMY

DeepSense (CNNE+RN Nf), GIRSY, hierarchical HMM

Questionnaires, tasks, spirometry
Questionnaires, tasks, event diary, spirometry

Questionnaires, tasks, spirometry

3\IFCC: mel-frequency cepstral coefficients.
bsvm: support vector machine.

®KNN: K-nearest neighbor.

9HMM: hidden Markov model.

€CNN: convolutional neural network.
RNN: recurrent neural network.

9GIR: global iterative replacement.

Aims

Our godl is to investigate the acceptability and feasibility of
remote monitoring of patients with pulmonary disordersfor the
guantification of symptoms, understanding of the disease
trajectory, and detection and prediction of clinically important
events, such as exacerbations, in the following three disorder
areas. COPD, ILD, posthospitalization COVID.

Objectives

Primary Objective

The primary aim of the study is to evaluate cardiopulmonary
disorders as potential targets for real-time, continuous,
real-world remote monitoring. This study will investigate the
potential benefit, acceptability, and feasibility of multiparametric
remote monitoring of patient symptoms and physiology using
commercialy available wearable sensors for HR, activity, and
SpO,; spirometry; phone sensors; questionnaires; and digital
testsin patients with arange of pulmonary disorders.

The evaluation will be based on patient acceptability, dropout
rates, and interpretation of data; detection of clinically important
events, such as exacerbations and disease progression;
quantification of symptoms (physical and mental health); impact
of the disease on mood and well-being/QoL; and trajectory
tracking of main outcome variables, symptom fluctuations, and
order.

Secondary Objective

The secondary objective of this study is to provide data for
power calculations [26] for a follow-on study. Power
calculationswill be centered around understanding the number
of exacerbations according to sample size and duration. The
power is effectively how good the signal is.

Thiswill help plan future studies where we need to decide the
sample size and duration to obtain accurate and acceptable
exacerbations and the data associated with them.

https://www.researchprotocols.org/2021/10/e28873

Outcomes

Acceptability of the Remote Monitoring System in the
Three Disease Areas

The acceptability of the platform will be determined in terms
of recruitment, retention, data completeness, and the qualitative
experience of participants. The exit survey Technology
Assessment Model Fast Form (TAM-FF) will aso be used to
evaluate the data collection infrastructure with participant
feedback. The study will test both the feasibility and
acceptability of tasksfor participants. On completion of the data
collection period, we will measure the total available dataas a
function of a theoretical maximum and assess data quality
measured by a range of criteria, including missingness and
contiguity.

Assess the Potential of Remote Monitoring in COPD,
I PF, and COVID-19

The potential of remote monitoring will be evaluated in the
context of cardiopulmonary disorders. This will involve
developing methods to quantify disease trajectory as compared
with standard clinical measures (in | PF, these would be changes
in forced vital capacity and death); detecting
exacerbations/symptoms, such as changesin wearable data (eg,
HR, SpO,, and activity), during the reported period of
exacerbation (a real-time algorithm will be included to predict
exacerbations with patients notified with the ERS to confirm
the prediction at or close to the time of the event); detecting
exacerbations prior to or after the reported period of
exacerbation (eg, a signal that may precede participant
awareness of the exacerbation/symptom); detecting subclinical
exacerbations in patients with lung fibrosis, tracking
self-reported symptoms and outcomes (including precursor
presymptomatic signals) and their frequency and order; and
reporting longitudinal mental health symptom measures, as
reported by the Generalized Anxiety Disorder scale (GAD-7)
and Patient Health Questionnaire depression scale (PHQ-8),
associated with the three diseases. Thiswill provide the potential
to assist with future applications around disease
self-management. | n the case of the posthospitalization COVID
cohort, we will assess whether remote monitoring can be used
as a symptom collection tool and as a long-term low-burden
monitoring solution. Fatigue will be assessed by Garmin Body
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Battery values and the Fatigue Severity Scale, while long-term
COVID impairmentswill be measured weekly using the Centers
for Disease Control and Prevention (CDC) COVID-19 long-term
effects (CCLTE) list, World Health Organization (WHO)
symptoms list, and post-COVID functiona status (PCFS), a
COVID-19-specific widely used questionnaire on health-related
impairments (physical functioning scale).

Data for Future Calculations

This study will provide data and information for future power
calculationsfor larger cohort studies, including informative data
types established by analysis of correlates with symptoms or
outcomes of interest. An informative minimal data set can then
be derived from this superset. This will aso provide the unit
cost of data collection for the full and minimal data setsfor the
planning of any future studies.

Remote monitoring provides the opportunity to continuously
monitor patientsintheir daily lives outside of the hospital, with
the potential to automate the detection of disease exacerbations
and monitor the long-term evolution of disease trgjectory. The
acceptability and feasibility of remote monitoring using
measures of heart and lung functions in patients with lung
diseases are necessary first steps in this process, which this
study aimsto evaluate.

Methods

Study Design: Methods of Data Collection
RADAR-Base mHealth Platform

Active Data Collection

The Active Remote Monitoring Technology (aRMT) app
(Android and iOS) will be used to collect data from patients by
issuing questionnaires and tests that require some conscious
action to perform. These will include questionnaires for

https://www.researchprotocols.org/2021/10/e28873
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participant QoL and mental health (GAD-7 and PHQ-8) and
disorder-specific questionnairesfor symptom tracking of COPD
(COPD Assessment Test), ILD (Living with Idiopathic
Pulmonary Fibrosis assessment), and posthospitalization COVID
(PCFS, CCLTE list, and WHO COVID-19 symptoms list).
These are summarized in Table 2. Participants will be issued a
notification (at the appropriate time) that will open the
corresponding questionnaire to be filled on the mobile app.
Further to the scheduled questionnaires, the app will be used to
generate dynamic notifications for questionnaires to validate
the performance of symptom classification and prediction in
near real time. Details of theaRMT mobile app are provided in
Figure 2.

This study will aso include a battery of experimental digital
tests to explore the potential to assess lung breathing function
through the use of audio capture or other interactive means.
Audio data are readily available through the phone’s built-in
microphone (or the addition of an auxiliary Bluetooth
microphone for improved or standardized sound capture).
Participantswill beissued anotification to compl ete the rel evant
task, and selecting this will open the corresponding test on the
mobile phone with instructions on how the test is to be
performed. Active audio tasks, such as pronouncing sustained
vowels and counting from 1 to 20, will provide additional
information on voi ce production dynamicsthat might be affected
by lung disorder symptoms. A lung sound test, which will record
audio during breathing by placing the microphone against the
chest during a sequence of breaths [42,43], might be evaluated
in afurther study based on this protocol.

Furthermore, the audio tasks will be validated in conjunction
with patient tests and protocol devel opment to ensure that they
capture relevant information. Quality assurance mechanisms
will be implemented to ensure that incoming audio signals are
valid (eg, checking if the signal-to-noise ratio is within an
acceptable scope or if the voice is contained within a sample).
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Table 2. Remote monitoring measures.

Remote monitoring parameter Data source Collection ~ Cohort Purpose
frequency
Speech and audio
Speech—ActiveRemoteMoni- Digital test/aRMT phone Weekly All Voice production tasks via the phone. These tasks
toring Technology (aRMT) app will assess change in the phonatory-respiratory
system [3].

Activity, functioning, and fatigue

Activity Wrist wearable device Continuous ~ All Measure exercise levels, and combine and compare
heart rate (HR) for the measurement of proportional
nonresting HR. Impacts on lifestyle, including
physical activity and mobility [27].

Sleep parameters Wrist wearable device Continuous ~ All Evaluation of the duration and quality of sleep[28].
Fatigue severity scale Questionnaire/aRMT phone  Weekly All Subjective experience of fatigue [29].

app
Passive fatigue measure Wrist wearable device Continuous ~ All Heart rate variability (HRV), time to bed, and

Garmin Body Battery level [30,31].
Cardiopulmonary

HR Wrist wearable device Continuous ~ All Continuous measure of baseline HR for (1) resting
HR (sedentary and sleeping), (2) nonresting HR
(under light, medium, and high activity or stair
climbs), and (3) cardiopulmonary performance[32].

HRV Wrist wearable device Continuous  All Continuous measure of the variation in time inter-
vals between consecutive heartbeats. Low resting
HRV isanindication of high levels of physical or
mental stress[33].

Respiratory rate Wrist wearable device Continuous ~ All Respiration rate [34].
Pulse oximeter (SpO,) Wrist wearabledevice(con- Continuous ~ All Blood oxygenation as measured by PhotoPlethys-
tinuous) (nighttime) moGram sensors on the wrist wearable device; this

mesasurement should be continuous at least during
the nighttime [35].

Pulse oximeter (SpO,) Finger pulse oximeter (peri- Daily All Periodic assessment with aclinically approved fin-
odic) ger-worn device will be provided to validate the
daily measure and may be included for dynamic
spot checks.
Breathing Digital test/aRMT phone Weekly All Measure lung function and volume by inspiration
app and expiration using tests delivered through the
aRMT app and audio capture.
Spirometry Spirometer Daily All Lung function measurement.

Questionnaires - Symptoms, mental health, quality of life (QoL) (aRMT)

Post-COVID-19 functional sta=  Questionnaire/aRMT phone  Weekly COVID-19  Establish post COVID-19 functional status[36].

tus (PCFS) scale app

CDC COVID-19 long-term ef-  Questionnaire/aRMT phone Daily COVID-19  Egablishthedegree of long-term COVID-19 effects

fects (CCLTE) (aRMT) app [15].

WHO COVID-19 symptoms  Questionnaire/aRMT phone Daily COVID-19  Establish the degree of persistent COVID-19

(WCS) list (aRMT) app symptoms [37].

COPD assessment test (CAT)  Questionnaire/aRMT phone Cohort: Dai-  All CAT to measure the impact of COPD on aperson’s

app ly life. It isunidimensional, and assesses cough, spu-

tum, dyspnea, and chest tightness. Eight questions
[38,39].

Idiopathic pulmonary fibrosis  Questionnaire/aRMT phone  Weekly Interstitial ILD QoL self-report.

patient-reported outcome mea-  app lung disease

sure (ILD)

Living with idiopathic pul- Questionnaire/aRMT phone Daily ILD ILD QoL self-report.

monary fibrosis app
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Remote monitoring parameter Data source Collection ~ Cohort Purpose
frequency

Visual analog scale (VAS) Questionnaire/aRMT phone  Monthly ILD Score symptoms (cough).

cough app

St. George'sRespiratory Ques-  Questionnaire/aRMT phone  Quarterly All Assess the impact of overall health, daily life, and

tionnaire (SGRQ) app well-being in patients.

Pittsburgh Sleep Quality Index Questionnaire/aRMT phone  Monthly ILD Sleep scoring questionnaire.

(PSQI) app

Exacerbationrating scale (ERS) Questionnaire/aRMT phone Dynamic/on  All A confirmatory rating scale for detected exacerba-

app demand tionsin real time; participantswill be sent notifica-
tions to complete these.

Generalized Anxiety Disorder Questionnaire/aRMT phone Fortnightly Al Establish depressive and anxiety symptoms[40,41].

scale (GAD-7) and Patient app

Health Questionnaire depres-

sion scale (PHQ-8) (aRMT)

Electronic casereport form (eCRF) and surveys

Epworth sleepiness scale eCRF REDCap Baseline All Used to diagnose obstructive sleep apnea (OSA).

STOPBang questionnaire eCRF REDCap Baseline All Used to diagnose OSA.

MRC breathlessness eCRF REDCap Baseline All Dyspnea scale that is used to evaluate the impact
of breathlessness on daily activity.

Demographics eCRF REDCap Baseline All Patient demographics form.

Study information eCRF REDCap Baseline All Study-related information collected at baseline, for
example, phone and deviceregistration, and admin-
istrative information.

Contact information Local SiteFile Baseline All Contact information.

Technology Assessment Mea= eCRF REDCap End of study All Measure the impact of the technology being used

surement Fast Form and evaluate its acceptability, usability, and perfor-
mance.

Experience of participation eCRF REDCap End of study All Exit interview (semistructured).
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Figure 2. The Active Remote Monitoring Technology (aRMT) app used to collect phone-delivered questionnaires. Top: app screens and example
questionnaire. Bottom left: Example notification to complete the questionnaire. Bottom right: Speech task.
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Collecting dat from your wearable biuetoot

Passive/Background Data Collection

Garmin Vivoactive 4 isthe selected wrist-worn wearable device.
Several parameters of interest are reported continuously by the
wearable device, including activity (steps and exercise as
calories consumed), sleep, fatigue, HR, fatigue levels (Garmin
Body Battery), HR variability, respiratory rate (RR), and pulse
oximetry (SpO,) (Table 2).

Additional periodic data collection will be done with finger
pulse oximetry and spirometry (Table 2). Participants will
recelve anatification to carry out pul se oximeter and spirometry
tests at a convenient time on a daily basis, and values will be
recorded on the aBRMT app.

Data Sources

Data sources used in this study include wearable devices, mobile
phone apps, and questionnaires. All the measures collected are
shownin Table 2.

Clinical Data

Participantswill be requested to consent to their medical records
(routine clinical and GP records; via the clinical team) and
anonymized data being made available to the study team
throughout the study. Where possible, specific data sets from
routinely acquired clinical records may be included.

Data Analysis

MultimediaAppendix 1 summarizesthe dataanalysisalgorithms
and models under consideration in this study.
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) Questions 4

Task

Calendar Settings

Anayses are intended to assess the feasihility of the
RADAR-Base platform for lung disorder remote monitoring
(including the quality of data, the cross-section of passive and
active data, data completeness, the usability of the system, and
the acceptability of the system).

Wewill generate descriptive statisticsfor demographics, attrition
rate, and the number of participants using the remote assessment
measurements without loss or damage and providing adequate
quantity and quality of data, and for the duration of the study
period.

Using classification/regression/machine learning approaches,
we will investigate whether any demographics and/or other
numerical information obtained during the baseline and
longitudinal data collection periods of the study might serve as
predictors for subject dropout and the percentage of adequate
data.

We will establish the appropriate setup of data collection and
the parameters of the study, which would be required to conduct
afuture larger longitudinal study.

Feasibility and acceptability of the wearable device will be
assessed by answering the following questions: (1) Are the
sensors on the device (not a gold standard) feasible and
acceptableto conduct remote monitoring of pulmonary diseases?
(2) Is Garmin a feasible device for measuring changes in key
physiological parameters such as HR and SpO,? These will be
evaluated against the gold standard device (pulse oximeter and
Spirometry).
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Thefeasibility of the symptom questionnaire will be evaluated
against the gold standard from spirometry. Technology
Assessment Measurement Fast Form (TAMFF) plus the
experience of participation exit interviews will be used to
determine the overall feasibility and acceptability of the
technology and the protocol used in the study.

If adequate data are collected in the pilot, we aim to explore
methods to establish the feasibility of the data collection
apparatus as a means to study disease trajectory and patient
stratification.

Thiswill involve using datainvolving HR, SpO,, sleep, activity,
respiratory rate, questionnaires, and other collected measures
to model participant stratification and differential disease
trajectory.

Wewill exploretheidentification of acute clinically interesting
events, such as exacerbations and rapid changes in clinical
conditions or physiological data streams.

Wewill usethe pulse-respiration quotient [44] and pul se-activity
guotient as measures of the changes in respiration efficacy and
exacerbation.

We will adopt machine learning approaches to perform both
cross-sectional and individualized classification for the
identification of events, such as exacerbations, using a
guestionnaire or other active data as labels providing context
to passive data streams such as HR, SpO,, respiratory rate, and

others.

Using multimodal data sets, we will characterize the periods of
time around acute events, such as exacerbations, to include the
pre-exacerbation period, period during exacerbation, and
postexacerbation period.

Table 3. Inclusion criteria.

Ranjan et a

Wewill investigate the potential of the data collected to identify
putative subclinical exacerbations or other lower level
fluctuations in participant symptoms.

If adequate numbers of events are generated in the study, an
opportunity to apply anomaly/novelty detection methods will
be possible. In this way, we will use these approaches to learn
the baseline state for the participants and establish significant
deviations from this.

Using the real-time aspect of the data collection, we will use
the real-time ERS to acquire real-time responses to evaluate
and assessthe performance of amodel for exacerbation detection
and refine an individual -level model for exacerbation detection.

Since we do not have enough prior data, we plan to consider
real-time anomaly detection methods and preprocess the data
based on prior knowledge. The models will be pretrained on a
daily schedule (using previous N days of data; N is yet to be
decided but isinitially considered 21 days) and will be ready
for running inferences in real time (using wearable sensor data
asinputs collected in real time) and taking actions based on the
results of the inferences (sending an ERS assessment through
the aBRMT app) to acquire responses at the time of the event to
assess the performance of the model.

Study Setting

The main study setting will be remote and will involve near
real-time home-based monitoring, and data will principally be
collected under this setting. Participantswill also attend baseline
and exit face-to-face visitswith the clinical team, during which
initial baseline and exit data will be obtained and assessments
will be conducted.

Sample and Recruitment

Inclusion Criteria
Theinclusion criteriaare presented in Table 3.

Criteria COPD? ILDP PH-COVID®
Clinical conditions 20 patientswith adiagnosisof 20 patients with adiagnosisof A clinical diagnosisof COVID-19 (within
COPD ILD 4-13 weeks of enrollment) who report

symptomsinterfering with day-to-day ac-
tivity present for more than 28 daysfollow-
ing the onset of COVID-19

Gender Male/Female Mae/Femae Male/Female

Agerange (years) 18+ 18-90 18+

Prior mobile phone use Required Required Required

Willingness to use monitoring devices Required Required Required

and complete study questionnaires

History of exacerbation 2 or more exacerbationsinthe  pyad N/A

last 1 year

8COPD: chronic obstructive pulmonary disease.
BILD: intertitial lung disease.

®PH-COVID: posthospitalization COVID.
dN/A: not applicable.
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Exclusion Criteria

The exclusion criteria for al groups (COPD, ILD, and
posthospitalization COVID) are as follows. non-English
language speaker, lack of physical capability to participate (eg,
heart failure), pregnancy, and lack of capability to consent.

Sampling
Convenient sampling will be employed for this pilot study.

Sample Size

The study will include 20 participants for each of the three
disease areas. Thisisasmall sample feasibility study to assess
the practical use of remote monitoring in three lung disease
areas. The sample size will adequately alow objective
assessment of the system deployed for this type of data
collection in the typical patient population.

Sampling Technique
Sequential participants who fit the inclusion/exclusion criteria
will be identified from the respiratory outpatient clinics at the

University College London Hospital (UCLH) and Royal Free
Hospital (RFH).

Recruitment

Participants who fit the inclusion/exclusion criteria will be
identified from the respiratory outpatient clinics at the UCLH
and RFH.

Sample I dentification

Participant Search and Consent

Recruitment will be done either in person (via a cleanroom) or
remotely (by phone or video call) by clinicians, who will provide
information about the study in an easily accessible form
reviewed by the patient advisory board. As part of the consent
process, participantswill beinformed that the datathey provide
will not be actionable (in other words, it will not trigger a
clinical investigation or intervention). Written informed consent
will be obtained prior to performing any study assessments or
procedures. Participants will be requested to consent to their
medical records being made available to the study team
throughout the study.

Participant Cohorts

ILD/IPF

The ILD/1PF cohort will include 20 participants recruited from
the UCLH ILD service followed for 6 months. We will recruit
patients across the spectrum of progressive to stable disease.
Wewill analyze whether monitoring isableto detect progression
earlier than the current standard (lung function test performed
every 3 months or patient reporting to a clinician) and could
help us identify progression earlier.

COPD

We will recruit 20 patients with COPD from our services in
London and follow them for up to 6 months or until the first
exacerbation, whichever is sooner. We will recruit patientswith
a history of exacerbations to increase the likelihood of
identifying patients who would experience events during the
study. We will analyze whether monitoring is able to detect

https://www.researchprotocols.org/2021/10/e28873

Ranjan et a

exacerbations earlier than the current gold standard (patient
reporting to a clinician) and therefore could be used to help
patients get treatment earlier.

Posthospitalization COVID

For UCLH participants, we will define the population under
study as people with aclinical diagnosis of COVID-19 (within
4-13 weeks of enrollment) and who report troublesome
symptomsinterfering with day-to-day activity present for more
than 28 days following the onset of COVID-19 (n=20). A
baseline assessment will be conducted remotely viaaweb-based
guestionnaire, which will obtain information on demographics,
medical and psychiatric history, health behaviors, and
medications. Participants will be asked about the symptoms,
severity, and conseguences (eg, hospitalization and ventilatory
support) of their acute illness.

Consent

Informed consent will be sought at the end of the screening
processand prior to the baseline clinical team meeting. Patients
will have the study explained to them and will be given a copy
of the participant information sheet (PIS). They will be given
adequate time to consider taking part in the study and to ask
any questions. Patients who are unable to give informed consent
will not be recruited. Dueto the nature of the remote monitoring
study, we will optionally include a remote consent process for
participants who are not able to attend the clinic in person. The
remote consent processwill beimplemented using the REDCap
electronic casereport form (eCRF) e-Consent modul e to deliver
the consent form; however, it is our preference to seek to keep
wet signature/paper-based consent forms. These will be held
both as electronic copies and hard copies.

Upon receipt of consent forms, participants will be booked for
the enrollment training session. Prior to the session, participants
will be provided aRALPMH study pack including study devices
(Garmin, spirometer, and finger pul se oximeter) and equi pment
either by post or during aface-to-face session (viaacleanroom)
if possible. Participantswill receive a45- to 60-minutetraining
session on the use of the wearabl e devices, mobile sensors, and
aRMT smartphone app. This will include a PIS lesflet
summarizing key information and researcher contact detailsfor
future reference. The purposes of the study will be clearly
explained, and participants will be provided with practical
information, such as how to switch devices on and off, how to
charge devices, and how to respond to questionnaires and digital
tests on a notification via the app. Participants will receive a
follow-up call 1 week after the start of data recording for any
additional support as required. If participants do not have a
suitable phone, we may provide one from alimited number of
reserve devices. Precreated accounts for devices (eg, Garmin)
will be registered using a study email address (eg,
RALPMHO022@domain.com) and dummy contact details.
Baseline datawill be collected in thisfirst session viathe study
REDCap eCRF project instruments.

JMIR Res Protoc 2021 | vol. 10 | iss. 10 | 28873 | p. 11
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR RESEARCH PROTOCOLS

Results

Study Flow Chart

The study flowchart is shown in Figure 3. At the start of the
study, participants remotely consent and are provided with the

Ranjan et a

PIS. They are then provided a set of enrollment or baseline
assessments to complete online.

All the scheduled active assessments (self-reports) that need
manual input periodically are shown on theleft, which are piped
through the active data collection app to the RADAR-Base
platform.

Figure 3. Study flow diagram. CAT: COPD assessment test; CCLTE: CDC COVID-19 long-term effects; COPD: chronic obstructive pulmonary
disease; EoP: experience of participation; ERS: Exacerbation Rating Scale; FSS: Fatigue Severity Scale; GAD-7: Generalized Anxiety Disorder scale;
ILD: interstitial lung disease; IPF: idiopathic pulmonary fibrosis; I-1PF: living with idiopathic pulmonary fibrosis; KBILD: The King's Brief Interstitial
Lung Disease; MRC: Medical Research Council; PCFS: post-COVID function status; PHQ-8: Patient Health Questionnaire depression scale; PROM:
patient-reported outcome measure; PSQI: Pittsburgh Sleep Quality Index; RADAR: Remote Assessment of Disease and Relapse; SGRQ: St. George's
Respiratory Questionnaire; TAMF: Technology Acceptance Model Fast Form; VAS: visua analog scale; WCS: World Health Organization COVID-19

symptoms.

Daily assessments

Enroliment and baseline

Weekly assessments

Participant identification

AJ

Consent or e-Consent

assessment

Wearable
Vendor’s Wearable
Mobile Device

Application

Fortnightly assessments

Monthly assessments

3 Monthly assessments

Active data
S collection
app

Context dependent
assessments (or on demand)

Is
exacerbation
state threshold
met?

Notification

The wearable device provided to participants connects to the
wearable vendor’s application, and the data are uploaded to the
vendor’s server, which isthen synchronized to the RADAR-Base
platform. On getting al the data, the RADAR-Base platform
runs real-time data processing, and based on a threshold for
exacerbation, it sends a notification and assessment for
confirmation of the exacerbation in the form of the ERS. On
exit or completion of the study, the participants will be asked
about their experiences with the technology and the study.
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Timeline

The timeline for the study is shown in Figure 4. The planning
and technical support for the study were setup in March 2021.
The recruitment and data collection phase has started in June
2021 and will end in June 2022 (1 year). At various points
during this period, areview of the dataquality and quantity will
be performed. Data processing and analysis has started in July
2021 and is planned to end in October 2022. The publication
writeup and final publication are planned from September 2021
to December 2022.
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Figured4. Study timeline. aRMT: Active Remote Monitoring Technology; eCRF: electronic case report form; RADAR: Remote Assessment of Disease

and Relapse.

Project step

1. Planning Session
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2. Technical Infrastructure setup

2. REDCap, eCRF & aRMT Q...

End Date
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Dec 31 2022

Start Date
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Jan 18 2021 Dec 312022 Mar 15 2021

I Team meet to assess project objectives and operations

I Initial participant search check

_ Data collection infrastructure setup for the study

- Create eCRF Data Dictionary and Active App questionnaires
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2. RADAR-base Project Deplo...
3. Wearable Device Integratio...
5. Testing, Review, & Launch

6. Recruitment Phase

7. Data Collection

8. Periodic Data Review 1 Data review |

8. Periodic Data Review 2 Data review |
8. Periodic Data Review 3
8. Periodic Data Review 4
9. Data Analysis Data analysis

10. Dissemination

10. Project Conclusion

Apr Jul Oct

2021

Progressto Date

The study started recruiting in the middle of June 2021. The
data collection apparatus was setup and tested by clinical teams
in April 24, 2021. All the questionnaires and their schedules
are being served either via the RADAR active application or
REDCap. Device selection (oximeter, spirometer, and wearabl€)
was completed and the process of ordering devices was done
before the start of recruitment. Garmin device (the choice of
wearablein this study) integration has been completed, and the
device has been tested with three dummy Garmin accounts for
data sanity checks. All documentation required for the study
was completed and was approved for funding and sponsorship.
Patient and public involvement (PPI) feedback on the app and
schedule was arranged with a demonstration of the app and
protocol to participants. Relevant changes were incorporated
based on PPI feedback. The ethics application was submitted
and final approval was obtained prior to the start of recruitment.
Eight participants have been recruited in the ILD arm of the
study, and one participant has been recruited in the COPD arm.
Looking at the data dashboard, it is evident that two
exacerbations have already been captured. The real-time
exacerbation detection system has been devel oped, and most
of the parts of the infrastructure have been deployed and tested.
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Publication and presentation of results

End of project

Jan Apr Jul Oct
2022

Thetest data have been processed and are ready to feed into the
agorithm. Currently, algorithm development isin progress, and
we are using analyses from a priori data sets [13] and results
from similar studies to inform the design of our algorithm.

Discussion

Conclusion

The RALPMH study was meticulously planned with
collaboration from clinical teams, technical teams, and data
analysis teams to provide areference infrastructure for the use
of wearable data for monitoring lung diseases. It specifically
involvesinformation regarding the feasibility and acceptability
of remote monitoring and the potential of real-time remote data
collection and analysisin the context of chronic lung disorders.
Moreover, it provides a unique standpoint to look into the
specifics of the novel coronavirus without burdensome
interventions. It will help plan and inform decisions in future
studies that make use of remote monitoring in the area of
respiratory health.

Ethical and Regulatory Considerations

Assessment and Management of Risk
Details on risk assessment are provided in Table 4.
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Table 4. Risk assessment.
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Description of risk (indicate thelevel  Risk priority (low, Risk owner Proposed risk-mitigation measures

of likelihood: low/medium/high) medium, high)

Data protection (eg, fromintrusions)  Low KCLY¥SLAMP  Restrict access control to the data and use data sensitivity tiering.
Encryption of datain transmission and at rest. Deidentifica-
tion/pseudonymization once dataare collected. Linked strong iden-
tifierswill be removed. Maintenance of software updates.

Threats to patient privacy Low KCL/SLAM Data are handled with attention to deidentification and encryption.
Higher risk datawill typically be processed on edge devices with
only aggregated data sent forward.

Patient fatigue with active or passive ~ Medium KCL/UCLS Early engagement of acceptable burden levels to define expected

components of data collection

tolerance levels. Opportunity to adapt the active data collection
components in the course of the study.

3 CL: King's College London.
bSLAM: South London and Maudsley NHS Foundation Trust.
CUCL: University College London.

PP

This project was devel oped following discussions with patients
and their families, who wanted to ensure that their lung disease
could be safely monitored at home. Patientsfrom |PF and COPD
groupsread adraft protocol in full, and their feedback was used
toimprovethefinal submitted protocol. Information for patients
and the public will be posted on the Breathing Matters website
[45], and the final results will be shared with the patients.

Protocol Compliance

A repeating form on REDCap will be used to log any contact
with participants and document any deviationsfrom the protocol.
Notifications to the principal investigator or sponsor will be
reported appropriately.

Significant deviation from the protocol or noncompliance may
result in the removal of the participant from the study upon
review.

Logged telephone contact will be made with participants
throughout the course of follow-up if there is a loss of data
stream from a device. The participant will be contacted by
telephoneto ensure compliance and correct use. These contacts
will be recorded as evidence of feasibility and acceptability
outcomes. In addition to the telephone call provided after the
introductory training session, participantswill receive afurther
call after 1 month to address any further concerns or questions.

Access to the Final Study Data Set

The full data set for analysis will be limited to the immediate
research groups and to members who must additionally hold

Acknowledgments

current contracts with King's College London or University
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A secondary pseudonymized (removing any potential identifiers,
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Limitations
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be enough to get accurate and expected results, but thisistypical
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