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Background: The increasing interest in remote patient monitoring technologies
in patients with chronic obstructive pulmonary disease (COPD) requires a phased
and stepwise investigative approach, which includes high-risk clinical subgroups
who stand to benefit most from such innovations.

Methods: Patients aged > 40with spirometry-confirmed COPD presenting with a
current acute exacerbation (ECOPD) were recruited from a tertiary centre Day
Hospital in this prespecified feasibility study. Heart rate, respiratory rate, oxygen
saturation, skin temperature, and daily activity and overnight sleep quality
parameters were collected remotely by a wearable biometric wristband and
ring for 21 consecutive days. “Total ambulatory wear time” and “percent of
useable data” for eligible vital sign parameters were calculated. Correlation
and agreement between cardiorespiratory vital sign data were performed
using Spearman’s correlation rho and the Bland-Altman test, respectively. User
experience was measured with end-of-study System Usability Scale (SUS)
questionnaires.

Results: Nine participants (mean age 66.8 ± 8.4 years, 22% female, mean FEV1

1.4L (34.1% predicted), with “severe” (56%) or “very severe” (44%) COPD)
experiencing a current ECOPD were included. Wear time was 94% (wristband)
and 88.2% (ring) of the total ambulatory study period. Wristband-obtained data
(every 1 min, artefact-free) revealed 99.2% and 98.6% of all heart rate and
temperature data, respectively, was useable, whereas only 17.6% of all
respiratory rate data was useable. Ring-obtained data (every 5 min, “average”
and “good” quality) revealed 84.5% of all heart rate data was useable. Cross-
sectional analyses with nurse-obtained vital signs revealed correlation
coefficients of 0.56 (p = 0.11) and 0.81 (p = 0.0086) for wristband-obtained
and ring-obtained heart rate, respectively, and only 0.15 (p = 0.74) for wristband-
obtained respiratory rate, without evidence of systematic/proportional bias.
Longitudinal heart rate and respiratory rate inter-device analyses
demonstrated correlations of 0.86 (p < 0.001) and 0.65 (p < 0.001),
respectively. Finally, end-of-study SUS scores were 86.4/100 (wristband) and
89.2/100 (ring).
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Conclusion: Older adults with severe/very severe COPD experiencing a current
ECOPD were capable of autonomous physiological data collection/upload/
transmission from their home environment over several weeks using
sophisticated wearable biometric technology, with favourable user experiences.
Cross-sectional and longitudinal comparative results call into question the
paradigm of single sets of infrequent/interval vital sign checks as the current
“gold-standard” in frontline clinical practice.
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1 Introduction

Chronic obstructive pulmonary disease (COPD) is a highly
prevalent and progressive lung disease. The natural history of
COPD is characterized by persistent airflow obstruction,
breathlessness and exercise intolerance in the chronic phase, as
well as by discrete, episodic events, exacerbations of COPD
(ECOPDs) in acute phases marked by an increase in airway
inflammation and sudden severe shortness of breath (Celli et al.,
2021; GOLD, 2024). COPD is now the third leading global cause of
death (Safiri et al., 2022; GOLD, 2024). Notably, the worldwide
prevalence of COPD is only expected to increase, and is projected to
approach 600million cases (a relative growth of 23%) by 2050 (Boers
et al., 2023). Despite advances in chronic disease management,
including therapies to decrease the future risk of ECOPDs, these
exacerbation events continue to account for one of the single highest
rates of hospital admissions and re-hospitalization in adults among
all major chronic illnesses (Ford, 2015; Amegadzie et al., 2023), and
the severity and frequency of ECOPDs are a clear prognostic factor
for mortality (Soler-Cataluña et al., 2005). There is an urgent need
for health system models around the world to adapt and restructure
in order to accommodate the substantial ongoing challenges in the
delivery of chronic and acute COPD care.

The conventional operational diagnostic and classification
criteria for ECOPDs, in which these acute events were classified
retrospectively largely based on how they were ultimately treated
(Rodriguez-Roisin, 2000; Celli et al., 2021), have been associated
with important limitations in advancing exacerbation research and
innovations to clinical care. Furthermore, many ECOPDs go
unreported altogether in part by limitations in patient self-
recognition (Seemungal et al., 1998; Wedzicha and Seemungal,
2007) as the individual-level perception of exacerbation
symptoms is remarkably heterogeneous between patients (Laue
et al., 2017; Scioscia et al., 2017). The new diagnostic and
classification criteria put forth by the Rome Proposal, which has
subsequently been incorporated into the 2023 and 2024 editions of
theGlobal Strategy for the Diagnosis, Management and Prevention of
COPD (GOLD) Reports, now classify exacerbations by more
“objective” cardiorespiratory physiological parameter criteria
including changes in respiratory rate, heart rate, and oxygen
saturation. This new ECOPD classification framework is very
timely given that simultaneous advances in technology have
made the once ambitious prospect of near-continuous accurate
remote patient physiologic monitoring now more feasible than
ever before. Furthermore, the important shortcomings in

ensuring appropriate COPD care during the COVID-19
pandemic era, which included both public health interventions
(social distancing, lockdowns) as well as healthcare service
closures (respiratory clinics, pulmonary rehabilitation programs
and pulmonary function testing labs) have further demonstrated
the immediate clinical relevance of remote patient monitoring
platform development (Dechman et al., 2020; Stanojevic et al., 2022).

Sophisticated wearable biometric devices (“wearables”) can be
worn for prolonged periods and are capable of accurately measuring
physiological parameters (Aliverti, 2017). With well over a decade of
improvements and innovations in wearable technologies, in terms of
both hardware and software, remote patient monitoring through the
use of wearable devices has become increasingly attractive as a
chronic disease management tool in COPD (GOLD, 2024) given
that near-continuous accurate ambulatory monitoring would allow
for the early detection of abnormal objective parameters in
deteriorating patients (Soon et al., 2020). In patients with COPD,
studies which predated modern wearables demonstrated that subtle
increases in respiratory rate, detected from monitors installed onto
domiciliary oxygen supply systems in home oxygen recipients or
from non-invasive ventilation machine downloads, were present
and detectable up to 5 days before an ECOPD hospitalization,
offering an opportunity for early intervention (Yañez et al., 2012;
Borel et al., 2015). Subsequent studies have found that the
monitoring of additional physiological parameters such as oxygen
saturation and heart rate along with respiratory rate, as presented in
the Rome Proposal, may be cumulatively applied towards the early
subclinical detection of ECOPDs (Al Rajeh and Hurst, 2016). Recent
qualitative and quantitative feasibility studies in the COPD patient
population have demonstrated that, in concert with the
development of this technology, patients themselves who are
living with COPD are willing and keen to wear wearables such as
smartwatches and vests capable of passively monitoring vital signs
and activity (Rubio et al., 2017; Wu et al., 2018; Liaqat et al., 2019;
Hawthorne et al., 2022).

Prior to the actual incorporation of novel wearables-based
remote patient monitoring platforms into the conventional
COPD health delivery model, however, more evidence is needed
to support the capacity for effective, autonomous, sustained remote
operation of platform components in high-risk COPD patient
subpopulations. Potential technology illiteracy and discomfort
with technology use (both software and hardware) is prevalent
and may be even more common in older patients with COPD
(Jiang et al., 2023), those with advanced chronic disease, and those
with frequent exacerbations. Paradoxically, these same patients, who
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stand most likely to benefit from such innovations in management,
are at risk of being excluded altogether in studies which investigate
technological innovations to care (Western et al., 2021; Navathe
et al., 2022; Coutu et al., 2023). The primary objective of this study
was to determine the capacity of patients with severe COPD who are
experiencing a current exacerbation to operate wearable technology
and to autonomously collect and transmit physiological data as
outpatients over several consecutive weeks. The secondary objectives
of this study were to compare the cardiorespiratory vital sign data
collected from the wearable devices with the prevailing gold
standard of a single set of vital signs obtained by a clinical nurse,
as well as with one another, and finally to explore the COPD patient
user experience with wearables-based remote patient monitoring
technology. We hypothesized that patients with severe COPD
experiencing an acute exacerbation would demonstrate a high
ambulatory device total wear time, and that a high proportion of
“useable” physiological data would be obtained through this
wearables-based remote monitoring system. We also
hypothesized close correlation and agreement in the
cardiorespiratory parameters and favourable patient usability scores.

2 Materials and methods

2.1 Study design and population

This single-center prospective pre-specified non-interventional
pilot and feasibility study, embedded within clinicaltrials.gov study
NCT05776654 and approved by the Research Ethical Board (2023-
8851), was conducted at the McGill University Health Centre
(MUHC). Males and females aged >40 who were former or
current smokers with COPD confirmed by spirometry (FEV1/
FVC <0.7) and presenting with and receiving treatment for a
current exacerbation were eligible for recruitment. Participants
were excluded if they received four or more days of consecutive
corticosteroid and/or antibiotic therapy at the time of initial
presentation. Additional exclusion criteria included an inability to
provide informed consent, no pre-existing diagnosis of COPD, and
the presence of cardiac arrhythmia and/or presence of pacemaker/
defibrillator. While in the larger prospective study patients are
eligible for recruitment from the from the Montreal Chest
Institute (MCI) Day Hospital, outpatient clinics, and inpatient
respiratory ward as well as from the MUHC Emergency
Department, with no predefined cutoff in airflow obstruction
severity as determined by FEV1 (GOLD 1–4), in the present pilot
and feasibility study only patients with GOLD 3 (“severe”) and
GOLD 4 (“very severe”) COPD were included, and were only
recruited from the MCI Day Hospital where each patient
underwent triage vital signs on the day of their ECOPD
presentation by a respiratory clinical nurse.

Eligible participants were approached for in-person
recruitment by a study team member. Demographics, clinical
history, and comorbidities were obtained from information
provided by participants and were confirmed in the medical
records. Spirometry data and participant vitals, including heart
rate, respiratory rate, body temperature, and oxygen saturation
taken by the Day Hospital nurse were collected from the
medical chart.

2.2 Study protocol and equipment

Each participant was provided with a biometric wristband
(EmbracePlus, Empatica Inc.), a biometric ring (Oura Gen III,
Oura Health Oy) fitted based on patient finger size, and a study
tablet. All device fitting, provision of study equipment and
accessories (chargers), and training regarding the proper wear,
charging, and upload/transmission of wearable device data via
the tablet interface was completed at the bedside at one single in-
person study visit, which occurred along with recruitment on the
same day as the initial patient ECOPD presentation to the Day
Hospital. Participants were instructed to wear the wristband and the
ring at all times, except when showering or charging the devices, for
a total of 21 consecutive days. While a printed instruction sheet
covering the training session was provided to each participant, and
while participants were notified that they could reach a study team
member during the ambulatory follow-up period on an as-needed
basis in case of troubleshooting issues, they were otherwise tasked
with independent, autonomous operation of the wearable devices
throughout the 21-day study period from their home environment.

Respiratory rate, heart rate, oxygen saturation and body
temperature were recorded in the chart by the Day Hospital
nurse as part of standard vital signs measurement on the day of
recruitment. The collection of these parameters, and additional
parameters, by the combination of the wristband and the ring,
commenced following the in-person recruitment and training study
visit on study Day 1 in the Day Hospital. Data collection continued
following the participant’s return home that same day, for a total of
21 consecutive days and nights from the participant’s own home
environment. Data was captured by device wear in the home
environment and was then wirelessly transmitted in a remote
manner to the study team for offline analysis.

Both devices contain photoplethysmography (PPG) sensors,
temperature sensors, and 3-dimensional accelerometers and
gyroscopes. Each device is also capable of sensing and reporting
when it is, and is not, being worn. The vital sign parameters that are
obtained from the wristband include respiratory rate, heart rate (and
variability), and skin temperature. Activity level including step
count, acceleration, activity count/intensity, sleep detection and
body position, and electrodermal activity are also collected as
wristband physiological parameters. Raw data for each of these
parameters are averaged and made available in 1-min increments
throughout the day and night from the wristband, and
measurements commence right from the time of initial wear.

The vital sign parameters that are obtained from the ring in a
near-continuous fashion (5-min increments) throughout the day
and night are limited to heart rate (and variability) alone, whereas
respiratory rate (and variation) and oxygen saturation are averaged
each night and are made available as one single nightly average from
the ring. Likewise, nightly sleep quality metrics (including time
spent asleep/awake, sleep efficiency, sleep latency, sleep stages, and
duration of REM, deep, and light sleep) and daily activity metrics
(including step count, movement, total and “active” calorie
consumption, and metabolic equivalents) are made available as
single nightly and single daily averaged values, respectively.
While heart rate measurements from the ring commence right
from the time of initial wear, nightly averaged data from the ring
is not available on the very first night of wear (due to a mandatory
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device-specific run-in period) and therefore these parameters were
only available from the second night onwards during the
study period.

An end-of-study System Usability Scale (SUS) questionnaire,
composed of 10 questions answered on a Likert scale and used in
previous studies as a practical, reliable, and versatile tool to assess the
user experience with technology (Lewis et al., 2009; Liang et al., 2018;
Keogh et al., 2020), was administered on the last day of the study to
determine the COPD participant experience and usability with each
device. A separate questionnaire was administered for the wristband
and for the ring.

2.3 Study outcomes and statistical analysis

The co-primary outcomes for this multi-week feasibility
study, “total ambulatory wear time” and “percent of useable
data”, served as the descriptive markers for the capacity of
study participants to successfully collect and transmit
outpatient physiological data remotely in an autonomous
manner. “Total ambulatory wear time” was calculated by first
summing the total daily and nightly time that the wearable was
sensed and reported as being worn for each participant, and by
then dividing this value by the total number of study days/nights
for each participant over the observation period. The “percent of
useable data” analyses were limited to vital sign parameters with
data available in non-daily/non-nightly averaged increments
(i.e., if the vital sign parameter data was available every
1–5 min rather than as one single daily or nightly average)
given that parameters made available as single daily or nightly
averages provide little information on the actual underlying
quantity of acceptable-quality sampling of physiological data
over such long observation periods.

During the data recording process artefactual data is handled
and reported in distinct ways by each device. Regarding data quality
monitoring by the wristband, the 1-min average for a given
parameter is either provided, meaning that the value is deemed
by the device to be reliable, or is simply not provided as an
intentional missing value with an accompanying reason (ex.
“worn during motion”, “device not worn correctly”, “worn with
low signal quality”) depending on whether the threshold for poor
quality for a given parameter was reached or not. Regarding data
quality monitoring by the ring, conversely, the 5-min heart rate
value is always provided regardless of the level of quality deemed by
the ring, however each reported value is accompanied by a
descriptive marker for the quality of that incremental
measurement (“good”, “average”, “bad”). “Percent of useable
data” for each eligible parameter on each device was therefore
calculated by filtering and summing the total number of 1-min
increments (wristband) for which data of reliable quality was
reported, and filtering and summing the total number of 5-min
increments (ring) for which data was of “average” or “good” quality,
and by then dividing those values by the total eligible number of time
increments during which the wearable device was sensed as being
worn for each participant over the entire ambulatory study period.

The secondary outcomes were the Day 1 correlation and
agreement between cardiorespiratory vital signs obtained by the
Day Hospital nurse with those obtained by the wearable devices on

the study recruitment day (cross-sectional analyses); the correlation
between cardiorespiratory vital signs between the wristband and
ring over the entire study period (longitudinal analyses); and the
end-of-study SUS scores (device-specific user experience). Because
the earliest respiratory rate and oxygen saturation data available
from the ring was from the night of study Day 2, cross-sectional
comparison with Day 1 nurse-obtained vital signs was not possible.
Likewise, non-overlap of certain vital sign parameters (oxygen
saturation and temperature) precluded these longitudinal inter-
device comparisons.

Baseline characteristic and demographic data were presented as
means and standard deviations (SD) for continuous variables and as
absolute frequencies (n) and percentages for categorical variables,
unless otherwise indicated. The co-primary outcomes were reported
as percentages. Correlation and agreement analyses were performed
using Spearman’s correlation rho and the Bland-Altman test,
respectively. While the strength of correlation was determined
following standard interpretation guidelines (i.e., 0.1 < r ≤ 0.3 =
weak, 0.3 < r ≤ 0.5 = moderate, and r > 0.5 = strong) (Cohen, 1988;
Eden et al., 2022), the detection of the presence of systematic
differences between measurements (i.e., fixed bias) or of possible
outliers was determined by constructing Bland-Altman plots (Karun
and Puranik, 2021). A p-value of <0.05 was considered to be
indicative of reaching statistical significance. SUS scores were
scored out of 100 and were reported descriptively. All statistical
analyses were performed in R Statistical Software, version 4.3 (R
project, 2023).

3 Results

3.1 Participant characteristics

A total of nine patients who met all eligibility criteria were
included in the present feasibility study. Baseline demographics and
lung function are presented in Table 1. Baseline vital signs obtained
by the Day Hospital nurse and from the biometric wristband (Day 1)
and ring (Day 1 and Day 2 overnight) are presented in Table 2. Two
(22%) participants were female and seven (78%) were male. All
participants had either “severe” or “very severe” COPD and were
older adults (mean age 66.8 ± 8.4 years).

3.2 Co-primary outcomes

The co-primary outcomes, total ambulatory wear time for
each device and the percentage of useable data for each eligible
device-obtained vital sign, are presented in Table 3. Out of the 21-
day observation period in the nine study participants, the
wristband was worn for 94% of the total ambulatory study
time, while the ring was worn for 88.2% of the total
ambulatory study time.

The vital sign parameters from the wristband that were eligible
for percent of useable data analysis were heart rate, respiratory rate,
and skin temperature, since all were retrievable in 1-min increments
continuously (day and night) over the entire 21-day study period. A
high percentage of useable data for wristband-obtained heart rate
and skin temperature, which were 99.2% and 98.6% of all data,
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respectively, was observed. Conversely, only 17.6% of all wristband-
obtained respiratory rate data was useable. The only vital sign from
the ring that was eligible for percent of useable data analysis was
heart rate since it was the only parameter available in 5-min
increments, near-continuously (day and night), over the 21-day
study period. A high percentage of useable data, 84.5%, was observed
for ring-obtained heart rate.

3.3 Secondary outcomes

The cross-sectional correlation plots and Bland-Altman plots of
the measures of agreement between heart rate as measured by the
Day Hospital nurse and heart rate as measured by the wristband and
by the ring on study Day 1 are presented in Figure 1 and Figure 2,
respectively. Spearman’s correlation coefficient r for the association

TABLE 1 Baseline participant demographics and lung function.

Characteristic Value

Demographics

Participants 9

Age, mean (SD): Years 66.8 (8.4)

Female Sex, No. (%) 2 (22%)

Male Sex, No. (%) 7 (78%)

Lung Function

FEV1, mean: Liters (% Predicted) 1.4 (34.1%)

FVC, mean: Liters (% Predicted) 2.7 (67.8%)

Ratio 0.4

GOLD 1, No. (%) 0 (0%)

GOLD 2, No. (%) 0 (0%)

GOLD 3, No. (%) 5 (56%)

GOLD 4, No. (%) 4 (44%)

Abbreviations: FEV1, forced expiratory volume in the first second of expiration; FVC, forced vital capacity; GOLD, global initiative for chronic obstructive lung disease; SD, standard deviation;

No., number; %, percent.

TABLE 2 Baseline vital signs: Obtained by day hospital nurse, by wristband, and by ring.

Vital sign information Value

Day hospital nurse (baseline)

Heart Rate, bpm (SD) 88.4 (13.1)

Respiratory Rate, breaths/minute (SD) 23.1 (4.7)

Oxygen Saturation, SpO2% (SD) 95.1 (2.6)

Skin Temperature, Celsius (SD) 36.6 (0.3)

Wristband (Baseline)

Heart Rate, bpm (SD) 89.4 (10.4)

Respiratory Rate, breaths/minute (SD) 21.4 (2.5)

Skin Temperature, Celsius (SD) 32.8 (0.9)

Ring (Baseline)

Heart Rate, bpm (SD) 91 (7.5)

Ring (Study Day 2 Overnight)

Overnight Respiratory Rate, breaths/minute (SD) 19.2 (1.4)

Overnight Oxygen Saturation, SpO2% (SD) 96.4 (1.2)

Abbreviations: bpm, beats per minute; SpO2, peripheral oxygen saturation; %, percent; SD, standard deviation.
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between wristband-obtained and Day Hospital nurse-obtained heart
rate was 0.56 (p = 0.11). Spearman’s correlation coefficient r for the
association between ring-obtained and Day Hospital nurse-obtained
heart rate was 0.81 (p = 0.0086). Wristband-obtained and ring-
obtained heart rate demonstrated excellent cross-sectional
agreement overall (mean difference of −0.98 ± 10.7 and −2.56 ±
8.73 bpm, respectively; Figure 1B, Figure 2B), with no statistically

significant difference observed (p = 0.79 and p = 0.40, respectively)
when compared with nurse-obtained heart rate.

The cross-sectional correlation plot and Bland-Altman plot of
the measures of agreement between respiratory rate as measured by
the Day Hospital nurse and respiratory rate as measured by the
wristband alone on study Day 1 are presented in Figure 3. Overall,
when compared with the cross-sectional heart rate results, the

TABLE 3 Total ambulatory wear time, percent of useable data obtained, and system usability scale (SUS) scores for the wearable biometric wristband and
ring.

Device wear, device data quality, and end-of-study SUS Value

Total ambulatory wear time

Wristband (% of total ambulatory study time) 94

Ring (% of total ambulatory study time) 88.2

Percent of Useable Data: Wristband

Heart Rate (% of data collected) 99.2

Respiratory Rate (% of data collected) 17.6

Skin Temperature (% of data collected) 98.6

Percent of Useable Data: Ring

Heart Rate (% of data collected) 84.5

System Usability Scale (SUS) Score

Wristband SUS, /100 86.4

Ring SUS, /100 89.2

Abbreviations: SUS, system usability scale; %, percent.

FIGURE 1
(A) Spearman correlation of wristband-obtained heart rate in relation to Day Hospital nurse-obtained heart rate; (B) Bland-Altman plot of the
difference between the two heart rate measurement methods (y-axis) in relation to the average of the two heart rate measurement methods (x-axis).
Heart rate is presented in beats per minute. Abbreviations: RN, nurse; R, Spearman correlation coefficient; Meandiff, mean of difference; SDdiff, standard
deviation of difference; UL, upper limit; LL, lower limit.
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FIGURE 2
(A) Spearman correlation of ring-obtained heart rate in relation to Day Hospital nurse-obtained heart rate; (B) Bland-Altman plot of the difference
between the two heart rate measurement methods (y-axis) in relation to the average of the two heart rate measurement methods (x-axis). Heart rate is
presented in beats per minute. Abbreviations: RN, nurse; R, Spearman correlation coefficient; Meandiff, mean of difference; SDdiff, standard deviation of
difference; UL, upper limit; LL, lower limit.

FIGURE 3
(A) Spearman correlation of wristband-obtained respiratory rate in relation to Day Hospital nurse-obtained respiratory rate; (B) Bland-Altman plot of
the difference between the two respiratory rate measurement methods (y-axis) in relation to the average of the two respiratory rate measurement
methods (x-axis). Respiratory rate is presented in breaths per minute. Abbreviations: RN, nurse; R, Spearman correlation coefficient; Meandiff, mean of
difference; SDdiff, standard deviation of difference; UL, upper limit; LL, lower limit.
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correlation for respiratory rate was weak (r = 0.15, p = 0.74) with
modest cross-sectional agreement overall (mean difference
of −3.05 ± 4.04 breaths/min; Figure 3B) and a difference
observed when compared with nurse-obtained respiratory rate
which did not reach statistical significance (p = 0.09).

The longitudinal correlation plots between wristband-derived
and ring-derived heart rate and respiratory rate are presented in
Figure 4 and Figure 5, respectively. Strong, statistically significant
inter-device correlations were observed for heart rate (r = 0.86,

p < 0.001) and for respiratory rate correlation (r = 0.65,
p < 0.001).

Lastly, end-of-study usability scores were excellent for both
devices (Table 2). SUS scores for the wristband and ring were
86.4/100 and 89.2/100, respectively.

4 Discussion

The focus of this prospective, predefined feasibility study was to
determine the ability of patients with severe COPD to successfully
collect and transmit outpatient physiological data obtained from two
wearable biometric devices, while experiencing a current acute
exacerbation, in a remote and autonomous manner from their
home environment, for 21 consecutive days. Total ambulatory
wear time was observed to be very high for both the wristband
and the ring, indicative of excellent wearables adherence. The
percentage of useable vital sign data was high for wearable
device-obtained heart rate (wristband and ring) and for skin
temperature (wristband), however, was notably low for
wristband-obtained respiratory rate. In secondary analyses on
cardiorespiratory parameters, while device-obtained heart rate
correlation was generally strong with nurse-obtained heart rate
and was even stronger in magnitude with inter-device
(wristband-ring) comparisons, cross-sectional respiratory rate
correlation was notably weak with nurse-obtained respiratory
rate, however, was strong in magnitude in inter-device
comparisons. Lastly, user experience scores were excellent for
both the wristband and the ring as rated by the COPD
participants in this study.

4.1 Feasibility of wearable technology use in
the study population

Total ambulatory wear time, a co-primary outcome in the
present study, was excellent for the two biometric wearable
devices over a multi-week (21 consecutive days) follow-up
period. This is novel and notable for a number of reasons.
Firstly, COPD is a complex disease and generally manifests in
older adults, and study participants in the present study were
indeed older adults. Limited knowledge, experience, and comfort
level with technology has been associated with older age as well as
with lower educational level and lower socioeconomic status
(Cimperman et al., 2013; Western et al., 2021; Jiang et al., 2023).
These factors, all of which have been consistently reported in the
COPD patient population (Townend et al., 2017; Williams et al.,
2024), can represent important barriers to participation and
inclusion in e-health, telehealth, and technology-based
innovations to care. Despite these important challenges,
participants in the present study demonstrated excellent
autonomy and a clear capacity to independently operate wearable
technology and to record and upload physiologic data in a remote
manner after only 1 single training session which occurred at the
time of initial recruitment. Secondly, the time labeled in the present
study as “non-wear” time actually encompassed necessary activities
such as device re-charging in order for the equipment to remain
functional over the multi-week study protocol, and therefore the

FIGURE 4
Spearman correlation of ring-obtained heart rate in relation to
wristband-obtained heart rate. Heart rate is presented in beats per
minute. Abbreviations: R, Spearman correlation coefficient.

FIGURE 5
Spearman correlation of ring-obtained respiratory rate in relation
to wristband-obtained respiratory rate. Respiratory rate is presented in
breaths per minute. Abbreviations: R, Spearman correlation
coefficient.
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total device wear time reported herein is actually likely an
underrepresentation of feasibility and adherence in these COPD
participants. Thirdly, a mandatory inclusion criterion of the present
study was that all participants were experiencing an acute
exacerbation at the time of recruitment. Thus, not only did all
included participants have “severe” or “very severe” COPD, but
moreover these participants also demonstrated the capacity to
interact with and successfully operate these technologies while
being in an acutely unwell condition. These study features
strongly support the feasibility for subsequent remote patient
monitoring healthcare interventions in patients with COPD given
that included participants were older adults, had more severe forms
of COPD, were in an acutely unwell condition, and were still able to
collect and transmit data for several weeks at a time.

4.2 Heart rate: Percent of useable data and
correlations

The percentage of useable data, a co-primary outcome in the
present study, was observed to be very high for heart rate for both of
the two biometric wearable devices. Regarding cross-sectional and
longitudinal correlations (secondary outcomes), a stronger correlation
was observed from the ring than from the wristband with the nurse-
obtained heart rate in cross-sectional analyses. This outcome was
unexpected considering the fact that the wristband collected heart rate
data every 1 min while the ring collected heart rate only every 5 min,
and furthermore given the wristband’s research-oriented design
compared to the ring’s commercial consumer-facing focus. The
anatomic location of wear, while potentially less cumbersome on
the wrist than on the finger (as evidenced by the modestly better total
wear time of the wristband compared with the ring) may be one
relevant contributor overall monitoring quality; the fact that rings
were fitted precisely to each individual participant based on measured
ring size may also be contributory. Notably, however, the strongest
heart rate correlation was observed between the wristband-derived
and ring-derived (i.e., inter-device) measurements. This latter finding
calls into questionwhether the current clinical comparator, a single set
of clinical vital signs, should actually even serve as the reference “gold-
standard” and moreover points to the possibility that current
standard-of-care methods (single, infrequent vital signs checks) can
stand to be improved. Remote longitudinal patient chronic disease
management with the use of a wearables-based near-continuous
sampling method appears to not only be possible but moreover
may emerge as a preferred approach as these technologies
continue to evolve and become increasingly incorporated into
traditional models of healthcare delivery.

4.3 Respiratory rate: Percent of useable data
and correlations

The percentage of useable data was observed to be low for
respiratory rate as obtained from the wearable wristband in the
present study. Furthermore, cross-sectional correlation between
wristband-obtained respiratory rate and the current healthcare
gold standard of respiratory rate obtained from one conventional
set of clinical vital signs was found to be poor. Respiratory rate, often

referred to as “the forgotten vital sign” (Parkes, 2011; Loughlin et al.,
2018), is a highly clinically relevant and important vital sign which
can indicate pathophysiological conditions such as respiratory or
metabolic acidosis, hypoxia, and hypercapnia (Flenady et al., 2017).
Respiratory rate has been shown to be an early indicator of clinical
deterioration, and derangements in this vital sign appears to be
particularly important in the early detection and timely diagnosis of
new ECOPDs (Yañez et al., 2012; Borel et al., 2015). In real-world
frontline clinical practice, however, respiratory rate has been shown
to be nearly universally under-measured and/or sub-optimally
measured given that busy healthcare workers must balance their
very limited time on a variety of critical patient-related tasks for a
large number of patients (Flenady et al., 2017; Palmer et al., 2023). A
study which investigated vital sign monitoring practices in
441 patient interactions across two inpatient wards, notably one
of which was a respiratory ward, demonstrated that while oxygen
saturation and body temperature were taken 95% and 87% of the
time, respectively, across the 229 instances where vital signs were
performed, respiratory rate was only measured 22% of the time
(Cardona-Morrell et al., 2016). Secondly, even though infrequent
sets of point-of-care vital signs (typically spaced 8 h apart as an
inpatient, and typically spaced three or more months apart as an
outpatient) taken in unnatural/stressful environments for the
patient such as in an ambulatory clinic, Day Hospital or
Emergency Department, remains the current clinical standard of
care, clinical practice guidelines increasingly highlight the clear
importance of near-continuous ambulatory monitoring in less
stressful/artificial settings to achieve a more accurate diagnosis.
For example, the latest Hypertension Canada Comprehensible
Guidelines favour blood pressure monitoring using a validated
device worn by the patient for a 24-h ambulatory period, where
the measurements are taken at 20- to 30-min intervals, rather than a
single set taken in the clinic, as the preferred out-of-office method
for the diagnosis of hypertension (Rabi et al., 2020). Notably, in the
present study a pattern of highly repeated and predictable
respiratory rate estimations were observed across the nine study
participants during chart review (recorded either as exactly
“20 breaths/minute” or as exactly “24 breaths/minute” in 78% of
all participants) compared with the unique values observed to be
obtained from the wearable wristband (ranging from 15 breaths/min
to 29 breaths/min across the nine study participants). Furthermore,
while wristband-obtained respiratory rate demonstrated poor
correlation with the clinical set of vital signs, strong correlation
was observed between wristband-obtained and ring-obtained (inter-
device) respiratory rate akin to what was observed with heart rate. It
is therefore possible that increasingly sophisticated wearable
biometric devices may become the preferred method to monitor
respiratory rate and other important vital signs remotely in the
patient’s unperturbed condition (i.e., in their “natural” home
environment) in a manner that is more accurate and that eases
the limited time constraints of busy healthcare workers. Further
innovations in hardware and software to definitively overcome large
numbers of observations lost to artefact and non-high quality, as was
observed with the low percentage of useable respiratory rate data
from the wristband in the present study (roughly 1/6 of all minute-
by-minute recordings over the 21-day observation period) would
enhance and facilitate eventual adoption into real-world
clinical practice.
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4.4 COPD user experience with wearable
technologies

The individual user experience with wearable biometric
technology, a secondary outcome in the present study, was
reported to be excellent for both the wristband and the ring. A
series of qualitative and quantitative studies (Wu et al., 2018; Wu
et al., 2019;Wu et al., 2021) have demonstrated that the COPDpatient
population is keen to engage with and participate in ambulatory
monitoring interventions and that they view these advancements as
generally positive. The concept of near-continuousmonitoring, and of
alerts whichmay inform the patient or the treating team, was reported
to be reassuring. Recent work has also demonstrated the encouraging
feasibility of wearables-based remote patient monitoring in the COPD
patient population and the user experience with these technologies,
even around the time of exacerbations. Hawthorne et al. observed that
patients with COPD were able to use a biometric wearable vest
following hospitalization for an ECOPD, however notably study
participants reported feelings of restriction and breathlessness from
the chosen study vest (Hawthorne et al., 2022). Evenmore discomfort
and sensations of being physically constrained was reported with
other wearable shirts and straps tested in a nested patient and public
involvement exercise within and preceding that same study.
Furthermore, overnight vital sign measurement was not possible,
nor was any measurement of oxygen saturation, with that study vest.
This outlines the importance of the selection of a device or
combination of devices that prioritizes not only collecting the
physiologic parameter(s) of highest clinical relevance with
acceptably high quality, but moreover of also selecting device(s)
based on patient comfort and with a positive, favourable user
experience as was observed in the present study.

4.5 Study limitations

There are a number of important limitations that need to be
considered when interpreting the results of the present study. Firstly,
while the combination of wearable devices did cumulatively allow
for the ambulatory detection of the three vital signs as included in
the new ECOPD classification criteria (respiratory rate, heart rate,
and oxygen saturation), non-redundancy/non-overlap of the
parameters measured between wristband and ring (i.e., the
wristband did not measure oxygen saturation) and the time delay
in the first useable ring nightly measurements (i.e., study Day 2)
precluded inter-device longitudinal comparisons as well as
comparison with baseline clinical vital signs of oxygen saturation
in the present study. Secondly, although the two wearable devices
selected were capable of cumulatively measuring a broad range of
parameters in a complementary manner (when non-overlapping)
and provided concordant data (when overlapping), the distinct and
highly heterogeneous methods of each device regarding the
frequency of sampling, the length of time over which data is
averaged and made available in a parameter-specific way, the
handling of artefacts and data quality issue thresholds, and so on,
significantly limit the ability of clinical researchers in general to
optimize and individualize the functionality of wearables-based
clinical remote patient monitoring platforms in a manner that is
best suited to the adult COPD patient population. Indeed, as has

been described very effectively in this literature, rather than devices
which are deliberately designed and produced for patients with
COPD, active research in this field is limited by having to make use
of what is commercially available and largely targeted towards
average healthy adult consumers in order to then tailor platforms
as best as possible toward the COPD target population (Hawthorne
et al., 2022). Thirdly, since the focus of the present study was on
feasibility rather than on patient engagement and self-management,
the results of the biometric data obtained by the wearable devices
were intentionally not shared with study participants, though this
feature is possible to unlock with the devices and interfaces used.
Future studies in which remote monitoring platforms are developed
and refined should include feedback functionality for the participant
which, combined with self-management education (which is a
standard of excellent chronic disease management in COPD)
(Bourbeau et al., 2004; Bourbeau and Palen, 2009; GOLD, 2024),
would greatly enhance the clinical utility of these platforms. Indeed,
semi-structured interviews with patients with COPD have indicated
a strong preference towards being able to receive direct feedback
from wearables-based platforms, such that they can feel empowered
to better engage in and manage their own chronic condition in
partnership with their treating team (Wu et al., 2019). Finally, this
was a small feasibility study which was not informed by any sample
size calculations regarding primary or secondary outcome analyses,
which leaves open the possibility of an underpowering of any and/or
all of the inferential statistical tests performed. However, this
intentional lack of an a priori sample size estimation in the
present prespecified study is well-supported by best practices in
the design, conduct and purpose of pilot and feasibility studies
(Lancaster, 2015; Eldridge et al., 2016).

4.6 Summary

In conclusion, the current landscape of remote patient
monitoring has been defined by rapid evolution and incredible
innovations in technology as well as by sizeable and persisting
challenges to clinical implementation and real-world application
(Subramanian et al., 2004; Gottlieb et al., 2014; Iranpak et al., 2021;
Coutu et al., 2023). The present study provides important
foundational evidence for the autonomous operation of non-
invasive, comfortable wearable devices including excellent
adherence to device wear and effective ambulatory data collection
in a near-continuous manner and remote transmission, for several
weeks at a time, by older patients with severe forms of COPD
experiencing a current exacerbation. This autonomy and capacity
was notably observed in the context of a very favourable reported
user experience by COPD participants. The feasibility demonstrated
in this complex COPD patient subpopulation is encouraging, and
supports a broad applicability of the study findings to the highest-
risk patients in real-world clinical practice. Important future areas of
research include developing a better understanding of the detailed
pathophysiology of exacerbations of COPD in the unperturbed
“natural” outpatient environment, developing functional remote
patient monitoring platforms which are capable of the early
detection of new exacerbations in a prospective manner, and
testing these platforms against the current standard of care in
order to demonstrate the tangible clinical benefits of remote
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patient monitoring solutions and their timely incorporation into the
healthcare system.

4.7 Take-home points

➢ COPD is a highly prevalent chronic disease and exacerbations
of COPD are a leading cause of adult hospitalization,
representing an important opportunity for the investigation
and development of wearable technology-based remote
patient monitoring solutions.

➢ Included participants, older adults with “severe” and “very
severe” COPD experiencing a current exacerbation,
demonstrated excellent autonomous device wear and data
collection/transmission over several weeks from the home
environment and reported a highly favourable user
experience with wearable technologies.

➢ Closer correlations were observed in inter-device comparisons
than in device versus “gold standard” comparisons,
supporting a paradigm shift in chronic disease management
away from infrequent in-person vital sign checks and towards
near-continuous remote home monitoring strategies.
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