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Abstract

Rationale: Studies have shown that digital inhalers, using remote monitoring data, can improve medication adherence and clinical
outcomes, such as prediction of impending asthma exacerbations. There is limited research on the clinical utility of physiologic
inhalation parameters and inhaler medication use data captured by a digital inhaler to identify impending acute exacerbations of
chronic obstructive pulmonary disease (AECOPDs).

Objectives: The objective was to determine variation in digital inhaler-measured physiologic and inhaler use metrics in ambulatory
chronic obstructive pulmonary disease (COPD) patients in advance of an AECOPD.

Methods: This phase 4, open-label, 3-month pilot study was conducted at 2 U.S. centers. Participants used the ProAir Digihaler
for primary rescue medication during the study. Participants were contacted monthly for COPD disease assessments. Inhaler metric
variations leading up to an AECOPD were evaluated.

Results: The ProAir Digihaler measured key inhalation metrics (mean [standard deviation]) including peak inspiratory flow (PIF)
(67.6 [20.3]L/min), inhalation volume (1.40 [0.60]L), and recorded inhaler use from 9649 inhalations among 40 participants.
Statistically significant reductions were observed in inhalation volume (1.4L versus 1.1L), inhalation duration (1875msec versus
1492.1msec), and time to peak (500msec versus 376.3msec) (p<0.02 for all comparisons) during the 14 days preceding an AECOPD.
There were no significant changes observed in PIF (67.2 versus 63.3, p=0.1) and number of inhalations per day (2.7 versus 3.7,

$p=0.2).

Conclusion: Physiologic data captured by a digital inhaler may serve as a valuable remote patient monitoring tool to help support the
identification of early or impending AECOPDs among ambulatory COPD patients and monitor COPD disease variability.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a
disorder characterized by the presence of intermittent
flares or exacerbations.l Thirty-four percent of newly
diagnosed COPD patients will experience at least one acute
exacerbation of COPD (AECOPD) within the first year,
increasing to 52% within the first 4 years of diagnosis.
AECOPD is associated with accelerated loss of lung function,
reduced quality of life, decreases in exercise performance,
and mortality.3# Frequent exacerbators experience more
profound and prolonged deficits in lung function, quality of
life, and physical function.3-6

AECOPDs tend to be cyclic in nature, with increased
risk for a subsequent AECOPD within the first 8 weeks of
the last exacerbation.” The time interval between AECOPDs
tends to shorten, leading to repeated hospitalizations that
culminate in death, with 25% of hospitalized patients dead
in a year and 65% dead within 5 years.”.8 AECOPD events are
symptom-defined by an acute worsening of cough, sputum,
or dyspnea.l Farly intervention can reduce the burden
of AECOPDs by mitigating the impact on health status,?
emergency hospitalization,10 mortality,11 and accelerating
the rate of recovery.?

Early signs of an AECOPD include physiologic changes
such as increased respiratory and heart rates and decreased
lung volumes.12 While heart and respiratory rates are easily
and reliably measured by wearables, home measurement
of lung volumes is more problematic.13 Accuracy of home
spirometry measurements without the benefit of coaching
has been disappointing.14 While some studies have used
digital inhalers in COPD to monitor adherence or support
correct inhaler technique, there has been limited research
on the use of digital inhalers that incorporate dynamic
physiologic and inhaler medication use patterns to identify
impending AECOPDs. 15,16

The ProAir Digihaler is a medium-high resistance
digital inhaler that measures and records inhaler parameters
such as peak inspiratory flow (PIF) rate, inhalation volume,
inhalation duration, and time to peak inhalation as well
as the number of inhalations and other inhaler events
(i.e., air vent block, opening and closing the inhaler with
no inhalation).17.18 The ProAir Digihaler connects to a

companion app to download the data for patients and
clinicians to view. Data from the ProAir Digihaler device has
the potential to help clinicians evaluate short-acting beta2-
agonist (SABA) use as a marker of COPD disease variability
and can be used to identify inspiratory flow metrics that
represent the onset of an AECOPD. A previous study using
ProAir Digihaler without the patient-facing app in COPD
patients demonstrated that inhalation parameters captured
by the Digihaler declined prior to an AECOPD.1? The
study presented here extends prior work by conducting a
real-world pilot study to evaluate variations in the ProAir
Digihaler inhaler metrics and the potential to identify
impending AECOPDs using the digital inhaler data from an
exacerbation-enriched COPD population. This study was
unique in that patients were enrolled remotely and used a
novel version of the companion app that would ask about
patient symptoms in response to triggers of worsening COPD
status based on their inhaler use and inhaler parameter data.

The primary objective of this pilot study was to
determine the variation in ProAir Digihaler metrics (PIF,
inhalation volume, number of inhalation events, inhalation
duration, and time to peak inhalation) among COPD patients
in the ambulatory setting. Secondary objectives included
the correlation of self-reported SABA use with actual
SABA use, inhaler metrics (PIF, inhalation volume, number
of inhalation events) with monthly COPD Assessment
Test (CAT) score domains, and the correlation of inhaler
metrics with a daily self-assessment prompted by the app.
An exploratory objective was to determine the change in
inhaler metrics in patients experiencing an AECOPD during
the study period.

Methods
Study Design

This was a phase 4, open-label, 3-month real-world
observational pilot study conducted at 2 centers in the
United States (University of North Carolina at Chapel
Hill and Wake Forest University in Winston-Salem, North
Carolina) between March 1, 2022, and February 13,
2023. The study cohort consisted of patients followed in
the ambulatory setting with documented COPD (post-
bronchodilator forced expiratory volume in 1 second [FEV1]
to forced vital capacity<0.70 within the last 2 years and
an FEV1<80% predicted) and a history of 2 moderate or
one severe AECOPD in the prior 12 months, who consented
to participate. The complete study inclusion and exclusion
criteria are listed in Supplemental Table E1 in the online
supplement.

This study was designed to be conducted entirely
virtually to minimize any potential interruptions related
to the COVID-19 pandemic. Participants underwent a
virtual screening/enrollment visit, during which informed
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consent was obtained using a verbal script. Once enrolled,
participants were mailed 3 ProAir Digihaler inhalers and
were instructed to contact a central call center for app and
dashboard onboarding. Participants were asked to use the
ProAir Digihaler as their primary mode of SABA therapy
as they would in usual treatment and as indicated in the
product package insert and instructions for use.

Study coordinators contacted participants to ensure
set-up and correct usage within 1 week of drug receipt.
Throughout the study, participants had access to objective
information on their inhaler use through the app, but
study sites did not have access to the dashboard and did
not monitor the participants’ inhaler use in real-time. The
dashboard was used periodically but not in real-time by the
central call center to ensure ongoing data collection from
the participants’ inhalers. The modified Medical Research
Council (mMRC) score was collected during the enrollment
visit. Study coordinators phoned participants once per month
to collect a CAT score and self-reported average albuterol
use over the preceding month. Participants were also
asked about any AECOPD events requiring treatment with
antibiotics and/or steroids or hospitalization in the prior
month. Participants experiencing an AECOPD occurring
within 2 weeks of the end of the study were followed for
14 days after an AECOPD resolution. Total participant
duration was 3 months (+21 days to account for 14 days in
the event of an AECOPD and 7-day window at the end of
the study). The study was approved by the local institutional
review board at each participating site (University of North
Carolina-Chapel Hill and Wake Forest University) and was
registered at clinicaltrials.gov (NCT05241288).

Statistical Analysis

Given the exploratory nature of this pilot study, most
endpoints were analyzed using descriptive statistics with the
results reported in means with standard deviation (SD) or
standard error, counts, and percentages. Patient-reported
SABA use was evaluated independently on a per-month
basis for comparisons with actual monthly use. Correlations
between CAT and inhaler metrics were analyzed, and the
correlation coefficients are reported. Statistical analyses
were completed using SAS v9.4 software. The primary
considerations in choosing the proposed target sample size
were the unit of analysis, patient availability, fiscal costs, time
required to complete the study, the proportion of participants
expected to complete the protocol, and conjectures about
the precision of the estimators of interest. It should be noted
that the unit of analysis was not the individual patient but,
instead, the number of inhalation events. Previous research
using the Proair Digihaler helped to inform the potential
volume of data that could be captured from a small number
of patients to feasibly examine variability in the parameters
in this pilot study. This study did not have prespecified
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power calculations for patient sample size given that this
digital inhaler and novel companion app was first ever used
in this study and all aforementioned considerations.

Results

Study Cohort

Atotal of 55 participants were enrolled (N=25 at UNC, N=30
at Wake Forest). Overall, 49 participants completed week
1, 43 participants completed month 1, and 39 participants
completed month 2 and 3 phone visits. The analytical cohort
for this analysis (n=40 patients, 9649 inhalations) included
all participants who completed the month 1 phone visit and
had at least 30 days of Digihaler data. The full participant
disposition is shown in Figure 1. The demographic and
clinical characteristics of the cohort are summarized in
Table 1. Overall, the cohort was approximately 62 years
old, nearly half female and the majority White race. All
were current smokers, with a mean FEV1 of 46% predicted
experiencing a mean (SD) of 2.8 (2.1) AECOPDs in the
prior year. Comorbidities were common in the cohort, with
the most prevalent comorbidity being anxiety/depression
(50%). The cohort was highly symptomatic, with mean (SD)
CAT scores of 22.3 (6.8), a mean (SD) mMRC of 2.63 (1.2),
and with 66% of the cohort using a rescue inhaler at least
once per day.

Variation in ProAir Digihaler Metrics

Over the 3-month study, data from 9649 inhalations were
captured. Participants had a mean (SD) SABA use of 2.3
(2.63) inhalations per day during the study, with a wide
range of daily use (0-23 inhalations per day). Across all
inhalations, the mean (SD) PIF was 67.6 (20.3)L/min. A
total of 39% of inhalation events had PIF<60L/min, with
1.2% of inhalation events with PIF<30L/min. The mean
(SD) inhalation volume was 1.40 (0.60)L, with the range of
inhalation volume 0.047 to 6.74L (Supplemental Figure E1
in the online supplement).

Correlation of Self-Reported Short-Acting
Beta2-Agonist Use With Actual Short-Acting
Beta2-Agonist Use

At enrollment, 8% of participants reported albuterol rescue
use once a week or less, with 28% reporting use 2—3 times
per week, 33% reporting use 1-2 times per day, and 33%
reporting use 3 or more times per day. Monthly recall of
self-reported SABA use at interim phone visits was well
correlated with actual SABA use captured by the Digihaler
inhaler (Figure 2 and Supplemental Table E2 in the online
supplement). Specifically, participants reporting use once
per week or less had actual use of 0.7 inhalations per week
in month 3. Those reporting use 2—3 times per week actually
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Figure 1. Participant Disposition
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used 3.5 inhalations per week in month 3. Participants
reporting rescue use 1-2 times per day had an actual use of
2.3 inhalations per day in month 3, while those reporting
3 or more inhalations per day had an actual use of 2.4
inhalations per day in month 3. This correlation was robust
regardless of duration of enrollment in the study.

Correlation of Inhaler Metrics With Patient-
Reported Outcomes

Patients had the option within the Digihaler App to respond
to a daily self-assessment asking them to “select the face
that best represents how you’ve been feeling today,” with
responses provided on a Leikert scale in the form of facial
icons (Supplemental Figure E2 in the online supplement).
While most inhaler metrics were statistically significantly
different between groups of responses, the directionality
of changes was not consistent, and the difference in values
are likely not of clinical significance (Supplemental Table
E3 in the online supplement). However, the number of
SABA inhalations per day was highest in the “frowning
face” group, demonstrating correlation between Leikert
scale responses with increased rescue albuterol use. There
was poor correlation between CAT score and the average
of Digihaler metrics captured in the 30 days prior to the
CAT score reporting date, regardless of time in study,
with correlation coefficients ranging from -0.2 to 0.1
(Supplemental Table E4 in the online supplement).

Change in Inhaler Metrics in Patients
Experiencing an Acute Exacerbation of COPD

A total of 15 participants experienced 23 AECOPD events
during the study. Several inhaler metrics captured by the
digital inhaler worsened in the 14-day period prior to the
onset of an AECOPD event (Table 2). There were statistically

significant reductions in mean inhalation volume, mean
inhalation duration, and mean time to peak during the
period encompassing 14 days before the recorded AECOPD
event (p<0.02), along with an increase in mean number
of SABA inhalations per day (p<0.2). Specifically, mean PIF
decreased 5.8%, mean inhalation volume decreased 25.2%,
and the mean number of SABA inhalations increased 37.7%
(Figure 3). The magnitude of change in PIF during the 14
days leading up to a reported AECOPD was minimal (67.2L/
min and 63.3L/min, respectively [p=0.1]). While the PIF
values were relatively stable across the 14 days prior to
an AECOPD (Figure 3A), there was an initial decrease in
inhalation volume from day -14 to -10, followed by a plateau
until day -7, at which a sharper drop in inhalation volume
occurred which was sustained up to the onset of an AECOPD
(Figure 3B). This contrasts with rescue albuterol use, which
demonstrated a gradual, steady increase from day -14 to -5,
followed by a slight decrease and then a sharper uptick in
the 48 hours preceding the AECOPD onset (Figure 3C).

Discussion

In this pilot study of the ProAir Digihaler in a COPD
population, enriched for AECOPDs, we made several key
findings. First, there was a strong correlation between self-
reported and actual albuterol use during the study period.
Second, rescue albuterol use, but no other inhaler metrics,
correlated with self-reported symptom burden on a day-to-
day basis. Third and most notably, the results demonstrate
that there was variation in digital inhaler metrics, specifically
reduction in inhaled volume, inhalation duration, and to
a lesser extent, PIF, in the 14 days preceding an AECOPD
event. These findings demonstrate the value of using digital
inhaler data to monitor SABA use and the potential to use
digital inhaler data to help identify AECOPD events prior to
onset. Lastly, this study demonstrates the ability to conduct
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.Table 1. Demographics and Clinical Characteristics of Study Participants

Summary Demographics (N=40)

Variable N (%) or Mean (SD)
Age, years 62.5(8.0)
Female 19 (48)
Race
White 33 (83)
Black 6 (15)
Other 1(3)
BMI (kg/m?) 30.0 (9.5)
Current Smoking Status 40 (100)
Smoking Pack Years 57.8 (38.5)
Comorbidities
Coronary Artery Disease 10 (25)
Obstructive Sleep Apnea 8 (20)
Diabetes 10 (25)
Anxiety/Depression 20 (50)
Cancer 6 (15)
Post-BD FEV4 % Predicted 46.1 (154)
Post-BD FEV4/FVC 0.5(0.1)
COPD Assessment Test Score 22.3(6.8)
modified Medical Research Council Score 26(1.2)
AECOPDs in Prior Year 28(2.1)
Maintenance Inhaler Use, Days/Week 5.6 (2.6)
Maintenance Inhalers
LAMA Monotherapy 1(2.5)
LABA/LAMA Only 5(12.5)
LABA/ICS Only 3(7.5)
Open Triple Therapy 11(27.5)
Closed Triple Therapy 14 (35)
Rescue Inhaler Use, Days/\Week
3+ Times Per Day 13 (33)
1-2 Times Per Day 13 (33)
2-3 Times Per Week 11(28)
Once a Week or Less 3(8)
Not at All 0(0)
Other Medication for COPD
Chronic Azithromycin 4(10)
Roflumilast 4(10)

SD=standard deviation; BMI=body mass index; Post-BD=postbronchodilator; FEV1=forced expiratory volume in 1 second; FVC=forced vital capacity; COPD=chronic obstructive pulmonary disease; AECOPD=acute
exacerbation of COPD; LAMA=long-acting muscarinic antagonist; LABA=long-acting beta2-agonist; ICS=inhaled corticosteroids

decentralized trials in patients with ambulatory COPD using
digital inhaler technology.

Remote patient monitoring systems have altered the
landscape of disecase assessment and control in chronic
illnesses. The existing literature regarding remote patient
monitoring in COPD includes interventions with nonspecific
assessments (blood pressure, pulse oximetry) or respiratory
assessments via spirometry or oscillometry,20 with data
managed asynchronously or synchronously.21 Other devices
include ear pieces and adhesive sensors that record not
only heart and respiratory rate, but also breathing pattern,
oxygen saturation, cough, temperature, activity, and sleep.14
Electronic monitoring inhalation devices were initially

developed to inform patient adherence, but advances in
technology, including integration of pressure sensors and
Bluetooth technology, have permitted more robustassessments
of respiratory physiology.22 More advanced devices provide
data from symptoms, device use, and location, integrated
with weather, pollen counts, and pollution, and have been
shown to improve asthma outcomes.23 In previous research
in asthma, the ProAir Digihaler has been shown to improve
disease control, reduce SABA use, and increase the number
of SABA-free days.17 This is the first report to describe the
results of real-world remote deployment of a digital inhaler
device and a companion app with symptom collection in
patients with COPD.
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Figure 2. Digihaler Inhaler Recorded Short-Acting Beta2-Agonist Use Compared With Self-Reported

Short-Acting Beta2-Agonist Use
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Table 2. Change in Inhaler Metrics for Patients Experiencing an Acute Exacerbation of COPD Event

Variable Day -14 Mean (SE) Day -1 Mean (SE) Delta (95% Cl) p-value
Inhalation Volume (L) 1.45 (0.09) 1.08 (0.05) 0.36 (0.19, 0.54) <0.0001
Peak Inspiratory Flow (L/min) 67.24 (2.43) 63.33 (1.50) 3.91(-1.42,9.25) 0.15
Inhalation Duration (msec) 1876 (137.3) 1492.1 (81.12) 383.9 (88.76, 679.1) 0.01
Time to Peak (msec) 500 (39.04) 376.27 (22.13) 123.7 (41.40, 206.1) 0.004
‘Number of Inhalations Per Day 2.65(0.47) 3.65 (0.65) -1(-2.61,0.61) 0.22

Delta=Value of day -14 - value of day -1
p-value is reported based on t-test.

COPD-=chronic obstructive pulmonary disease; SE=standard error; Cl=confidence interval

As of June 2024, the software and technical support
for Digihaler App were discontinued in the United States.
Although the ProAir Digihaler is no longer commercially
supported, there are other digital inhaler technologies
that can be used to monitor SABA use. This current pilot
study highlights the utility and importance of objective
digital inhaler SABA data in COPD, especially preceding
an AECOPD. There are few reported data regarding the
changes in rescue medication use and inhalation metrics
preceding an AECOPD.15.16 Characterizing these changes
informs not only the physiological changes preceding an
AECOPD but can also serve to automatically alert a patient
or provider about an impending AECOPD. Early detection
and treatment of AECOPDs have been shown to improve
outcomes in AECOPD:s. In this study, we observed qualitative
and quantitative changes in inhaler metrics and rescue
use patterns in the 14 days prior to an AECOPD onset.
Interestingly, the most substantial physiological changes
were in inhalation volume, inhalation duration, and time
to peak inhalation, while changes in PIF were nominal.
Inhalation volume changes were observed as early as 10
days prior to an AECOPD, and were temporally associated
with increases in ProAir use, suggesting that physiological

changes were perceptible to the participants (as represented
by increased rescue inhaler use). It is notable that the largest
increase in rescue inhaler use occurred approximately 2
days before the AECOPD onset, while a substantial decline in
inhalation volume was observed 7 days prior to the AECOPD
onset. Time to peak inhalation has been shown to impact
drug delivery. The observation of changes in time to peak
prior to an AECOPD onset may indicate that changes in
drug delivery are occurring in the critical window before
AECOPD onset.2% A previous study showed that the inhaler
metrics measured by the ProAir Digihaler can be used to
create a predictive model for AECOPDs.2> The results
from this study suggest that an algorithm incorporating
physiological changes may identify impending AECOPDs
sooner than algorithms relying solely on increased rescue
inhaler use. Future analyses of the data collected in this study
will include identifying algorithmic alerts incorporating
both physiological and inhaler use changes to best predict
AECOPD events.

The data presented here show that the ProAir Digihaler
provides an objective measure of rescue inhaler use and
increases in use herald an impending AECOPD. This may be
beneficial, particularly for poor perceivers of symptoms or
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Figure 3. Mean Peak Inspiratory Flow, Inhalation Volume, and Short-Acting Beta2-Agonist Use
During 2-Week Period Preceding an Acute Exacerbation of COPD Event
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patients who do not keep track of their rescue inhaler use.
Interestingly, in our study, there was a strong correlation
between self-reported albuterol use assessed monthly via
phone visit and actual use captured by the Digihaler. Not
all patients track their inhaler use, and patients who use
inhaler technologies with accompanying apps may become
more aware of their inhaler use simply due to having
access to this data on their smartphones. The inhaler use
data informs the relationship between patient behavior and
patient reporting, providing useful data for providers to
consider when assessing a patient. These results differ from
prior studies showing that self-report is a poor surrogate
for actual use. Our findings may differ from previous
studies because participants in our study were aware that
the Digihaler tracks actual use, which could have led to
more robust reporting by those enrolled in this study. In
our study, participants completed a daily self-assessment
using a Leikert scale response to a question about how they

were feeling. When comparing correlations between Leikert
responses and Digihaler data, rescue albuterol use, but not
inhaler metrics, correlated with self-reported symptom
burden on a day-to-day basis. Integrating these data with
the pre-AECOPD observations, one can infer that frequency
of rescue inhaler use can serve as a useful surrogate for
patient perception of disease variability in the stable state,
but inhalation metrics, such as inhaled volume, may be
more informative in the pre-AECOPD period.

This study has limitations. This was an exploratory pilot
study designed without prespecified power calculations for
reasons previously described. The study was conducted
during the immediate postpandemic era when social
distancing measures and remote monitoring of patients
were still in place, and fewer patients were participating
in clinical trials overall. The requirements for smartphone
ownership and operational skills further restrict the
device's widespread use to a small group of individuals.
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The study had a higher-than-anticipated dropout rate, and
lacked a control group, potentially impacting the findings
of this pilot study. However, the final analytical dataset
still provided more than 9000 inhalation events and >20
AECOPD events for analysis. AECOPD events were captured
via self-report at monthly phone visits. The use of monthly
visits reduced the chance for recall bias, but relying on self-
report of AECOPD events may have decreased the fidelity of
onset dates. The recruited population was all active smokers,
and the impact of smoking on inhalation metrics remains
unclear. While gender was balanced, non-White groups
were underrepresented in the study, therefore, the findings
may not be generalizable to other demographic groups.

In conclusion, we have demonstrated that there is
a decrease in inhalation volume, inhalation duration,
and time to peak, and an increase in rescue inhaler use
preceding AECOPD events by as much as 14 days, which
can potentially be used in the clinical setting to identify
impending AECOPDs. Albuterol objectively measured by
a digital inhaler strongly correlates with patients’ self-
reported SABA use. These findings demonstrate the potential
to use digital inhaler to improve the assessment and care
of COPD patients in the chronic setting and during acute
decompensation.
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