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Abstract

Background Chronic obstructive pulmonary disease
(COPD) is a heterogeneous disease characterised
by airflow obstruction and other morbidities such as
respiratory symptoms, reduced physical activity and
frequent bronchodilator use. Recent advances in personal
digital monitoring devices can permit continuous collection
of these data in COPD patients, but the relationships
among them are not well understood.
►► Additional material is
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Introduction
Chronic obstructive pulmonary disease
(COPD) has multiple subtypes, including
emphysema, bronchitis and the frequent
exacerbator phenotype.1–3 However, disease
progression and mortality are variable and
difficult to predict.4–6 Although clinical variables such as age, smoking history, dyspnoea,

Key messages
►► Digitally collected outcomes over the first week of

observation were similar to behaviour over the full
three weeks of observation suggesting that one
week of phenotyping is sufficient for stable COPD.
►► We identified several distinct individual patterns of
rescue medication use, such as infrequent and frequent users and within frequent users, some use
was the result of patterned behaviour. Unpattern use
was associated with worse COPD outcomes.
►► Advances in personal digital monitoring devices
have allowed recent studies to capture these disease aspects in the real world; however, there are
limited data demonstrating how the information can
be integrated to support real-time evaluation. This
study demonstrates how sensor phenotyping can be
integrated in real-time in COPD.

exacerbation history and body mass index
are somewhat useful to model these subtypes,
assess disease severity and predict disease
progression,7–10 a large amount of unexplained variance remains. For example,
airflow obstruction as measured by forced
expiratory volume in 1 s (FEV1) is classically
used to assess disease severity and predict
prognosis,11 but it does not distinguish
subtypes and is a poor predictor of disease
progression.12
Once diagnosed, management of the
patient with COPD is almost entirely based
on clinical judgement, with healthcare
provider assessments limited to highly subjective patient reports which are of questionable validity.13 Commonly relied on markers
for disease state, such as patient reported
rescue inhaler use, are highly inaccurate,
with studies showing as few as 6% of patients
demonstrating appropriate technique and
adherence with prescribed inhalers.14 More
objective markers, such as a patient’s degree
of functional status, are known to be strongly

Bowler R, et al. BMJ Open Resp Res 2019;6:e000350. doi:10.1136/bmjresp-2018-000350

  
1

BMJ Open Resp Res: first published as 10.1136/bmjresp-2018-000350 on 18 February 2019. Downloaded from http://bmjopenrespres.bmj.com/ on January 7, 2023 by guest. Protected by
copyright.
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predictive of both morbidity and mortality in COPD.
However, the clinical utility of this functional status is
greatly limited due to the difficulty in assessing actual
home activity at an office visit and infrequent or limited
monitoring which occurs in a clinical visit or pulmonary
rehabilitation programme.15 For instance, in a population study such as KORA, participants with higher lung
function had more activity as measured by Actigraph hip
accelerometers, but there were few COPD participants
in this study.16 There are also efforts to integrate sensors
in pulmonary rehabilitation research, such as a recent
pilot study used an Actigraph CT3X+accelerometer to
assess changes in steps after randomisation to pulmonary
rehabilitation or a clinician-facilitated physical activity
intervention.17
Recent technological advances are also now making it
possible to conduct objective, real-time, home assessment
of symptoms, activity and medication use in patients with
COPD.18–20 For instance, 35 patients with COPD who were
followed for 12 weeks using electronic inhaler sensors
had a 14% increase in inhaler usage during moderate-to-severe exacerbations.21 Using and understanding
these real-time, objective, highly granular measures
of health in patients with COPD are required steps in
achieving the Global Initiative for Chronic Obstructive
Lung Disease (GOLD) 2017 mandate that we develop a
‘comprehensive, personalised, patient-tailored approach’
to the management of COPD.22 To date, these types of
precision medicine techniques have only been evaluated
individually in small pilot studies. Little is known about
the utility of performing these types of home digital
assessments concurrently, especially in COPD research
participants. This study examines the feasibility and value
of conducting unassisted, digital assessments of physical
activity, daily respiratory symptoms and rescue inhaler
use, in the homes of participants from the well-characterised COPDGene cohort.

Methods
Study population
This study and the parent study were approved by the
institutional review board at National Jewish Health
(Denver, Colorado, USA). Written informed consent was
obtained from all participants. Details of the COPDGene
study, including recruitment, data collection and longitudinal follow-up are described in online supplementary file 1 and a previous publication.23 COPDGene
(NCT02445183) enrolled 10 300 participants ages 45–80
in 19 clinical centres from December 2007 to April 2011.
A total of 5835 returned for a single 5-year follow-up visit
from 2013 to 2017. Of these, 746 were seen at a single
centre (National Jewish Health). Total 255 of these participants were seen from March-October, 2016 and asked to
participate in this 3 week observational substudy. Total
184 participants agreed and were consented to participate.
2

Procedures
Participants were provided with and instructed on the
use of the following three devices:1 a Samsung smartphone that administered the EXAcerbations of Chronic
pulmonary disease Tool (EXACT);24 they were instructed
to complete EXACT daily; if they did not complete
it, a research coordinator was informed and they were
instructed to complete within 24 hours; at the end of the
second week, the participant completed the clinic visit
version of the PROactive questionnaire;2 18 participants
were fitted with a GT9X or GT3X-BT physical activity
monitor (Actigraph, Pensacola, Florida, USA), to be
worn continuously for the 3-week study period;3 participants using albuterol rescue metered dose inhalers
(MDIs) were offered a Smartinhaler sensor (Adherium,
Auckland, New Zealand) to attach to their medication.
Definitions
COPD was defined by postbronchodilator FEV1 to forced
vital capacity (FVC) ratio of <0.70. There severity class of
airflow limitation1–4 was assessed using GOLD criteria.25
Smoker controls were current or former smokers without
evidence of airflow obstruction (FEV1/FVC ≥0.70)
and FEV1% predicted ≥80%. Participants with FEV1/
FVC ≥0.70) and FEV1%<80% of predicted were categorised as Preserved Ratio Impaired Spirometry (PRISm).
Emphysema was quantified by the per cent of voxels with
Hounsfield Units (HU)<−950 (%LAA) on CT. Moderate
exacerbations were defined as those treated with steroids
and/or antibiotics; severe exacerbations were defined
as those resulting in hospitalisation. The E-RS: Evaluating Respiratory Symptoms in COPD (E-RS:COPD)
measure was calculated from an 11-question subset of
the full 14-question daily EXACT questionnaire. Rescue
inhaler use where more than one actuation was recorded
by the sensor within a 2 min interval was defined as a
single rescue occasion. Rescue inhaler use patterns over
the 3 weeks were qualitatively assessed independently by
three investigators (RPB, NL, MA) who were blinded to
participants’ clinical characteristics. Participants were
retrospectively categorised into four patterns: infrequent
use (<2 rescue events per day), occasional use with rare
bad days of ≥2 rescue events per day, frequent use (≥2
rescue events per day) with no specific use pattern and
frequent regular use (same time of day) either once daily
or two or more times daily (with or without additional
use). Group assignment was by consensus. Emphysema
progression was assessed using changes in adjusted lung
density (g/L) in the previous 5 years. COPD progression
was expressed as the change in FEV1 (mL) per year over
the previous 5 years. Comorbidities were assessed via a
medical history questionnaire assessed at the COPDGene
Study Year 5 clinic visit.
Statistical analysis
SAS (V.9.3), S-PLUS (V.7.0.6) and R (V.3.3.1) were
used for analysis. Figure graphics were made in R V.3.4.
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Demographic characteristics of study participants and
participant groups were analysed using t-tests and χ² tests.
A minimum of 8 hours of wear time for ActiGraph was
required for a day to be included in analysis. Summaries
of ActiGraph variables were calculated using medians
due to the potentially high variance of activity. Summaries of E-RS score and rescue inhaler use were calculated
using means. Correlations were calculated using Spearman’s rank correlation. Weekly median summaries for
the activity monitoring variables were required to have
a minimum of 3 days of valid wear time, identical to the
requirements for the PROactive questionnaire. Overall,
3 week summaries of activity monitoring variables were
required to have a minimum of 7 days of valid wear time.
Weekly mean summaries of E-RS:COPD scores were
required to have a minimum of 4 days to be calculated,
similar to the requirements for calculating EXACT score
at baseline. Similarly, weekly mean summaries of rescue
inhaler use needed a minimum of 4 days to be calculated. Beeswarm plots were used to show distributions
of variables among subgroups. Boxplots show the IQR,
median and whiskers, which represent the minimum of
the upper range and the value at the 75th percentile +
IQR * 1.5 and the maximum of the lower range and the

value at the 25th percentile – IQR * 1.5. Physical Activity
Measures During the Scatter plots were used to display
relationships between different variables with shaded
area representing the 95% CI of the regression line.
Results
Demographics
Of the 184 participants who consented to participate,
three withdrew early (on Day 1, 2 and 3, respectively)
and one who was non-compliant with study assessments
withdrew on Day 7. The analysis population for this study
consists of the 180 participants completing at least 1
week. 179 participants completed the full 3-week study.
All 180 participants used the electronic diary, 179 used
the activity monitor, 58 participants in the cohort used
MDI rescue inhalers and 143 participants completed the
PROactive questionnaire at Day 14.
The baseline characteristics for the study population
are shown in table 1. Respiratory symptoms and rescue
medication use were higher and physical activity was
lower for participants with more severe COPD (figure 1).
In order to determine an optimal time to phenotype
stable participants, we compared each weekly summary

Table 1 Demographics and clinical characteristics of study participants
Nonsmoking
controls
(n=11)

Characteristics

PRISm
(n=15)

Smoking
controls
(n=72)

GOLD 1
(n=9)

GOLD 2
(n=36)

GOLD 3
(n=24)

GOLD 4
(n=13)

P value
<0.001

Age (years)

58 (9)

68 (6)

63 (7)

64 (7)

67 (8)

69 (7)

66 (7)

Male, n (%)

5 (45%)

6 (40%)

33 (46%)

4 (44%)

19 (53%)

12 (50%)

7 (54%)

0.980

Body mass index (kg/m )

25 (4)

30 (6)

28 (6)

24 (4)

30 (6)

30 (8)

27 (5)

0.020

Current smoker, n (%)

0 (0%)

3 (20%)

25 (35%)

3 (33%)

10 (28%)

6 (25%)

1 (8%)

0.427

Smoking pack-year history

n/a

43 (25)

39 (23)

38 (20)

53 (30)

55 (25)

43 (17)

0.020

Chronic cough, n (%)

0 (0%)

1 (7%)

14 (19%)

1 (11%)

20 (56%)

11 (46%)

5 (38%)

<0.001

Chronic phlegm, n (%)

0 (0%)

3 (20%)

15 (21%)

5 (56%)

16 (44%)

10 (42%)

5 (38%)

0.011

History of wheeze, n (%)

1 (9%)

8 (53%)

25 (35%)

5 (56%)

19 (53%)

18 (75%)

11 (85%)

<0.001

FEV1, (% predicted)

105 (11)

72 (6)

99 (12)

91 (8)

63 (9)

41 (6)

24 (5)

<0.001

2

6 min walking distance (m)

581 (69)

413 (132)

483 (94)

459 (134)

380 (110)

322 (148)

278 (120)

<0.001

BODE index

0.3 (0.5)

0.8 (1.3)

0.4 (0.7)

0.7 (0.9)

1.7 (1.5)

3.0 (1.3)

4.8 (1.1)

<0.001

Emphysema LAA% (−950HU)

1.3 (1.3)

1.0 (1.0)

1.6 (1.7)

13.8 (9.8)

8.6 (7.9)

15.8 (13.2)

30 (17.1)

<0.001

Lung density (g/L)

80 (11)

92 (16)

83 (15)

54 (18)

68 (19)

55 (21)

35 (19)

<0.001

Pi10 (mm)

3.5 (0.1)

3.6 (0.1)

3.6 (0.1)

3.6 (0.1)

3.6 (0.1)

3.7 (0.1)

3.7 (0.1)

<0.001

MMRC dyspnoea score ≥2, n (%)

0 (0%)

4 (27%)

13 (18%)

4 (44%)

22 (61%)

16 (67%)

13 (100%)

<0.001

SGRQ total score

2 (4)

21 (20)

13 (14)

24 (16)

35 (19)

40 (20)

51 (18)

<0.001

Prior year exacerbation history

n/a

0.2 (0.6)

0.1 (0.3)

0.6 (1.1)

0.8 (1.3)

0.5 (0.7)

2.0 (1.8)

<0.001
<0.001

Supplemental oxygen use, n (%)

0 (0%)

3 (20%)

4 (6%)

1 (11%)

18 (50%)

17 (71%)

13 (100%)

Cardiovascular disease, n (%)

2 (18%)

3 (20%)

8 (11%)

2 (22%)

9 (25%)

6 (25%)

2 (15%)

0.602

High blood pressure, n (%)

2 (18%)

6 (40%)

29 (40%)

3 (33%)

16 (44%)

12 (50%)

3 (23%)

0.518

Gastro-oesophageal reflux, n (%)

2 (18%)

4 (27%)

15 (21%)

3 (33%)

16 (44%)

9 (38%)

5 (38%)

0.210

Diabetes, n (%)

0 (0%)

0 (0%)

8 (11%)

0 (0%)

4 (11%)

3 (13%)

2 (15%)

0.570

FEV1, forced expiratory volume in 1 s; GOLD, Global Initiative for Chronic Obstructive Lung Disease.
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Figure 1 More severe COPD is associated with worse eDiary symptoms and lower measures of activity. Shown are
individual participants mean (A) eDiary score and (B) PROactive Rasch Difficulty score; median (C) daily steps and (D)
calorie count during the 3-week study period by group. E-RS:COPD, evaluating respiratory symptoms in chronic obstructive
pulmonary disease.

of E-RS:COPD total scores, median daily step counts and
mean daily inhaler use (online supplementary figure 1-3).
The correlation among the 3 weeks ranged from 0.95 to
0.96 for (p<0.001) for steps, 0.91–0.94 for (p<0.001) for
E-RS score and 0.88–0.88 for (p<0.001) for rescue inhaler
use, suggesting that 1 week of daily symptom diary and
actigraphy is sufficient to phenotype a stable COPD
participant.
Relationship between digital measures
Daily respiratory symptoms (E-RS:COPD total score)
were positively associated with more frequent daily rescue
inhaler usage (p<0.001) and steps per day (p<0.001)
among all participants (figure 2) when assessed
day-by-day (over 24 hours). For the entire duration of the
study (3 weeks), mean respiratory symptoms was across
4

all patients with COPD (GOLD I-IV, n=82), median step
counts measured over 3 weeks were moderately correlated with 6 min walk distance (rho=0.60, p<0.001)
and mean respiratory symptoms (E-RS:COPD) over 3
weeks were moderately correlated with CAT (rho=0.72,
p<0.001), SGRQ total score (rho=0.70, p<0.001), mMRC
(rho=0.60, p<0.001), rescue medication use (rho=0.52,
p<0.001) and inversely correlated with SF-36 Physical
Function score (rho=−0.48, p<0.001) (online supplementary table 1). Median step counts were not correlated with
mean respiratory symptoms (E-RS:COPD score) over 3
weeks (rho=−0.05, p=0.646). Also, more difficulty with
performing physical activity (higher PROactive Rasch
Difficulty Score) was associated with more rescue inhaler
use and E-RS:COPD score (rho=−0.82; p<0.001) (online
supplementary figure 4).

Bowler R, et al. BMJ Open Resp Res 2019;6:e000350. doi:10.1136/bmjresp-2018-000350

BMJ Open Resp Res: first published as 10.1136/bmjresp-2018-000350 on 18 February 2019. Downloaded from http://bmjopenrespres.bmj.com/ on January 7, 2023 by guest. Protected by
copyright.

Open access

Figure 2 Worse eDiary scores are associated the more rescue inhaler usage and reduced step counts over both an
individual day and 3-week summary period. Association of daily respiratory symptoms (E-RS:COPD total score) with (A) daily
rescue occasions and (C) daily step counts; association of 3-week mean respiratory symptoms with (B) mean rescue inhaler
occasions and (D) median steps per day. E-RS:COPD, evaluating respiratory symptoms in chronic obstructive pulmonary
disease.

For those patients with COPD requiring supplemental
oxygen (n=49), step counts were moderately correlated
with CT measures of emphysema (rho=−0.47, p<0.001) and
lung density (rho=0.46, p<0.001), along with hours/day of
oxygen use (rho=−0.56, p<0.001), while physical function
(as measured by SF-36; rho=−0.56, p<0.001) was moderately correlated with respiratory symptoms. For patients
with COPD who do not use supplemental oxygen (n=33),
age also had a moderate (negative) correlation with step
counts (rho=−0.58, p<0.001) (online supplementary table
1).
Higher E-RS:COPD scores were associated with more
emphysema progression over the previous 5 years
(−0.31±0.11 g/L per one-unit higher E-RS:COPD score;
p=0.0058; figure 3), but not with progression in airflow
limitation (−0.82±0.67 mL/year per one-unit higher
E-RS:COPD score; p=0.22). Median steps per day were associated with neither progression of emphysema (0.04±0.14
g/L per 1000 steps per day; p=0.80) nor progression of
airflow obstruction (0.69±0.95 mL/year per 1000 steps per
day; p=0.47).

Patterns of rescue inhaler usage
Historically, collection of rescue medication use in clinical
trials has been through patient recall using daily diaries.
The use of passive sensors on the rescue medications
removes recall bias and adds temporal granularity beyond
daily summary. We used the inhaler usage data to create
temporal plots for each participant with study day on the
x-axis, and time of day (00:00 hours to 23:59 hours) on
the y-axis and found that the participants broadly fell into
four use profiles: participants primarily who use rescue on
a regular schedule (a two times per day user example is
shown in figure 4); frequent users with no specific pattern
(individual example in figure 4); infrequent users (individual example in figure 4) and participants with a few ‘bad
days’ (individual example in figure 4). Among the participants with scheduled use, some had one time per day
patterns, others two times per day and one that had a three
times per day ‘meal time’ pattern. Participant with these
use patterns still had occasional rescue use outside of those
consistent use times. Participants with frequent albuterol
usage were more likely to report wheezing or whistling in
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their chest (p=0.03) and had higher SGRQ scores (p=0.03)
(online supplementary table 2).
EXACT events
While this study was not designed to identify healthcare resource utilisation (HCRU) exacerbations, we did
review the data from the EXACT diary to identify participants who had a worsening of their COPD symptoms
during the study. There were nine participants (5%)
who met the criteria of an EXACT-defined event over the
3-week observation period. There was no clear pattern
of EXACT-defined events with step counts and rescue
medication occasions in these nine participants (four
examples of the profiles are found in figure 5 and the
remaining five profiles in online supplementary figure
5). Of note, at least one participant in each group, except
for non-smoker controls, experienced an EXACT-defined
event during the study.

Figure 3 A higher E-RS:COPD score is associated with
more emphysema progression. Emphysema progression
was measured by change in adjusted lung density over
the 5 years prior to the eDairy assessments. E-RS:COPD,
evaluating respiratory symptoms in chronic obstructive
pulmonary disease.

Discussion
Precision medicine has been defined as ‘an emerging
approach for disease treatment and prevention that
takes into account individual variability in genes, environment, and lifestyle’.26 While much recent research in
COPD has focused on the genes (eg, GWAS and Omics
studies) and environment (eg, air pollution), there have

Figure 4 Individual participants demonstrate several different patterns of rescue inhaler use. Typical rescue inhaler use
patterns. (A) Scheduled use (at regular times); (B) frequent use (without clear patterned use); (C) infrequent use; (D) bad days
(a few days with frequent use).
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Figure 5 Changes in eDairy scores are only sometimes associated with changes in rescue inhaler use or step counts.
Shown are four representative events from nine EXACT defined events (red hashed box). Black squares represent EXACT
score with a dashed line representing baseline; blue outlined columns represent frequency of rescue inhaler use for the day;
blue crosses represent step counts in thousands of steps per day. EXACT, EXAcerbations of Chronic pulmonary disease Tool.

been fewer studies investigating day-to-day intraparticipant variability, particularly integrating respiratory
symptoms, activity and medication use (ie, lifestyle). This
study demonstrates that such an integrated approach is
feasible in stable COPD, with the mean daily diary adherence of 91% and mean daily activity monitor adherence
(≥8 hours) of 96% over the duration of this 3-week
study. Step counts were largely consistent on a day-to-day
basis, particularly among patients with COPD. This may
partially be due to step counts being quite low overall
for these patients relative to other age-matched cohorts
such as NHANES27 or possibly due to patients managing
their disease by being less active overall. We also found
that stable patients have short-term activity, symptom and
rescue inhaler patterns which are very reproducible from
week-to-week for most participants. This suggests a stable
COPD phenotype might be ascertained with as little as 1
week of observation.
In relating the diary and sensor measures to clinical
outcomes from the COPDGene study, a link between
current symptoms and prior disease progression was
suggested by higher E-RS scores, which were associated
with more emphysema progression during the initial
5-year observation period of the main COPDGene study,
which could be related factors such as inflammation,
which have previously been associated with emphysema

progression.5 28 For patients using supplemental oxygen,
step counts were moderately correlated with CT measurements of emphysema, which may suggest an association
between activity and disease severity. Also, step counts
were moderately correlated with the clinic visit 6 min
walk distance (rho=0.60), which is expected in that they
both assess physical activity.
The availability of remote lifestyle data was particularly
useful for the daily diary and rescue inhaler usage data.
For instance, deviations from the usual pattern in inhaler
or diary score could herald the onset of an exacerbation
and automated monitoring could lead to early exacerbation identification and treatments. Also, we found that a
participant who uses a rescue inhaler 3–4 times per day
with regular timed usage is typically less symptomatic
and has less severe COPD manifestations than a participant who uses 3–4 times per day with irregular usage. An
interesting observation regarding rescue medication use
is that the perception of clinical trial outcomes such as
‘mean daily rescue use’ or ‘rescue-free days’ may be insufficient measures due to patterned participant behaviour.
This suggests a need to identify habitual users during a
run-in period in intervention studies assessing rescue
inhaler use as an outcome measure. We speculate that
patients who are using their rescue inhalers at approximately the same time each day, potentially with meals
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or associated with waking up or going to bed (as seen
in figure 5) could actually be reclassified as preventative
use. This knowledge could provide an opportunity for
the healthcare provider to have individual conversations
with these patients to better understand their disease
management and ensure appropriate use of their rescue
inhaler. More research is needed to determine whether
these patterns of rescue inhaler use are important when
assessing rescue inhaler use as a clinical trial endpoint.
We also found that while the cohort-level digital measures
correlated as expected (ie, less activity, more symptoms
and more inhaler use in participants with more severe
COPD), individual patient behaviour was variable and
might obscure patterned behaviour (eg, with inhaler use).
With the availability of real-time data, individual patient
behaviours could potentially be altered through education or coaching. For example, a patient with COPD who
is an extremely frequent user of their rescue medication
(figure 5) could be contacted by their healthcare professional to understand whether the patient needs retraining
on proper inhaler use or to discuss adherence with their
maintenance medication or the need to have their maintenance medication changed or augmented.
Among the diary and sensor measures, rescue medication
usage was correlated with E-RS:COPD score at a daily level
across all participants. However, the variation in symptom
scores was mainly due to differences in severity, rather than
an individual’s day-to-day symptom fluctuations. Within the

patients with COPD, mean symptoms score and median
steps per day were not correlated (online supplementary
table 1). The reason for this may be due to the elimination
of important day-to-day variability that is inherent in some
patients with COPD, along with the relative inactivity of
patients with COPD compared with other people their age.
While we have generated visualisations with the large
amounts of data in this study, additional work will be
needed to develop a platform that will facilitate patientlevel summaries for clinical applications. Additionally,
machine learning methods could be used to identify more
complex data patterns that can be mined for additional
insight. As more digital data are gathered in large COPD
cohorts, these approaches may inform a provider whether
to contact a patient for urgent evaluation or intervention,
or conversely, to prompt the patient to contact their healthcare provider.
Our findings also suggest that in a stable group of
patients with COPD, 1 week of data collection suffices for
short-term profiling using these measures, as there was very
high correlation (rho≥0.88) across the individual summaries for each study week (online supplementary figure
1-3). At a cohort level, the outcome measures in this study
generally track with disease severity, as we would expect.
Specifically, more severe COPD, as defined by FEV1, is
associated with fewer steps and calories expended, more
rescue medication usage, worse respiratory symptoms (as
measured by E-RS:COPD score) and more difficulty with

Table 2 Summary of remote data measurements during the 3-week study period
Nonsmoking
controls
(n=11)

PRISm
(n=15)

Smoking
controls
(n=72)

GOLD 1
(n=9)

GOLD 2
(n=36)

GOLD 3
(n=24)

Median [IQR] steps 5038 [3744–
per day*
5721]

3156 [2198–
4036]

5585 [3429–
8784]

2182 [1601–
7144]

2338 [1437–
4608]

1420 [870–
3753]

Median [IQR]
calories per day*

2074 [1615–
2387]

1521 [1147–
2427]

1896 [1509–
2333]

1447 [1020–
1633]

1952 [1364–
2238]

1625 [1232–
1938]

Mean PROactive
Rasch Difficulty
Score

98 (4.1)

85.9 (17.8)

87.3 (12.3)

76.5 (11.7)

70.9 (16.3)

74.6 (13.4)

63 (14.5)

<0.001

Mean E-RS:COPD
Total Score

3.9 (1.6)

8.4 (6.6)

7.2 (4.2)

9.9 (4.1)

11.1 (5.5)

11.8 (6.6)

15.8 (6)

<0.001

EXACT-defined
events

0 (0%)

1 (7%)

1 (1%)

1 (11%)

3 (8%)

2 (8%)

Rescue
medication

n/a

GOLD 4
(n=13)

P value

Physical activity
544 [321–
1249]
1190 [735–
1308]

<0.001
0.006

Daily symptoms

Mean rescue
n/a
inhaler use
(occasions per day)

(n=2)
0.1 (0.1)

(n=9)
0.7 (1.0)

(n=2)
0.2 (0.1)

(n=22)
1.3 (1.7)

(n=15)
2.5 (2.5)

1 (8%)

0.550

(n=8)
1.6 (1.7)

0.150

Higher PROactive Rasch Difficulty score means less difficulty (0-100 scale).
*Steps and calories based on participants with ≥7 days with 8 or more hours of wear time.
E-RS:COPD, evaluating respiratory symptoms in chronic obstructive pulmonary disease; EXACT, EXAcerbations of Chronic pulmonary
disease Tool; GOLD, Global Initiative for Chronic Obstructive Lung Disease; IQR, Inter-quartile range
.
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activities (as measured by PROactive difficulty score).
Of note, the PRISm group (preserved FEV1/FVC ratio,
impaired spirometry (FEV1<80% predicted)) had median
step counts and respiratory symptoms more aligned with
GOLD I/II than with smoking controls (table 2), which
is consistent with a recently published report showing
that PRISm participants have more increased dyspnoea,
reduced 6 min walk distance and thicker airways on CT
scan compared with control smokers with similar smoking
history but normal FEV1% (≥80% predicted).29
Limitations
While there was good representation across the groups
from the COPDGene cohort, the study was conducted at
an individual site (National Jewish Health, Denver, Colorado, USA) and may not be fully representative of the
individual subgroups (controls and patients with COPD).
The study was not designed to detect acute exacerbations
of COPD, therefore the relationship between EXACT-defined events and HCRU exacerbations could not be fully
explored. Also, while we did see a few instances of COPD
worsening (through EXACT-defined events and deterioration of E-RS:COPD scores) and adherence with the
devices and diaries was high, the short-term nature of the
study (3 weeks) limited our ability to look at longitudinal
changes in the digital measures and evaluate longer term
patient adherence to the technology being used.

Conclusion
Integrated, home based digital monitoring is becoming
more popular and likely represents the future of medicine. This study demonstrates that such monitoring is
feasible in patients with COPD and can identify useful
insights into individual patient behaviour. Since large
volumes of data are generated, there is a great need for
the development of automated algorithms to process,
analyse and report data in a way that can be easily interpretable by healthcare providers. In some cases, the data
could be used as part of patient self-management strategies as well. Although larger and longer studies need
to be done, one can envision that digital monitoring
may lead to more patient engagement and education
regarding their disease. Our study suggests integrated
digital home monitoring needs to be expanded to determine whether it is useful for the early identification of an
exacerbation and whether the early identification could
lead to meaningful clinical interventions and improved
outcomes. This more targeted approach could lead to
more engagement than, for example, a generic model
where reimbursement or rewards are given by healthcare
payers for individual use of pedometers with no specific
feedback from a healthcare specialist. For designing
clinical trials, this study provides understanding of how
remote measurements of digital patient correlate with
each other and with traditional clinic visit assessments
and long-term outcomes in the stable patient with COPD.
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