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We tested the hypothesis that elastic binding of the abdomen (AB) would enhance

neuromuscular efficiency of the human diaphragm during exercise. Twelve healthy

non-obese men aged 24.8 ± 1.7 years (mean ± SE) completed a symptom-limited

constant-load cycle endurance exercise test at 85% of their peak incremental

power output with diaphragmatic electromyography (EMGdi) and respiratory pressure

measurements under two randomly assigned conditions: unbound control (CTRL) and

AB sufficient to increase end-expiratory gastric pressure (Pga,ee) by 5–8 cmH2O at rest.

By design, AB increased Pga,ee by 6.6 ± 0.6 cmH2O at rest. Compared to CTRL,

AB significantly increased the transdiaphragmatic pressure swing-to-EMGdi ratio by

85–95% during exercise, reflecting enhanced neuromuscular efficiency of the diaphragm.

By contrast, AB had no effect on spirometric parameters at rest, exercise endurance time

or an effect on cardiac, metabolic, ventilatory, breathing pattern, dynamic operating lung

volume, and perceptual responses during exercise. In conclusion, AB was associated

with isolated and acute improvements in neuromuscular efficiency of the diaphragm

during exercise in healthy men. The implications of our results are that AB may be

an effective means of enhancing neuromuscular efficiency of the diaphragm in clinical

populations with diaphragmatic weakness/dysfunction.

Keywords: breathlessness, exercise, abdominal binding, neuromuscular efficiency, diaphragm

INTRODUCTION

Diaphragm muscle weakness/dysfunction is pervasive in many clinical populations, including
chronic obstructive pulmonary disease (COPD), interstitial lung disease, heart failure,
neuromuscular disease, critical illness and mechanical ventilation, and spinal cord injury (SCI;
Baydur, 1991; Nishimura et al., 1994; Tantucci et al., 1994; Polkey et al., 1996; Baydur et al., 2001;
Meyer et al., 2001; Laghi and Tobin, 2003; Brown et al., 2006; Kabitz et al., 2006, 2007; Petrof et al.,
2010; West et al., 2012b). In these patient populations, diaphragm muscle weakness/dysfunction
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has been linked to increased breathlessness, impaired exercise
tolerance, prolonged and difficult weaning from mechanical
ventilation, and adverse health outcomes, including quality of
life and death (Laghi and Tobin, 2003). It follows that non-
disease specific interventions capable of increasing the pressure
generating capacity of the diaphragmmay have important clinical
and pathophysiological implications. With the exception of
inspiratory muscle training (Budweiser et al., 2006; Geddes et al.,
2008; Moodie et al., 2011; Berlowitz and Tamplin, 2013; Smart
et al., 2013; Martin-Valero et al., 2014) and the Ca2+ sensitizing
agent, Levosimendan (van Hees et al., 2009; Doorduin et al.,
2012), few generalized interventions exist to improve the force
generating capacity of the human diaphragm.

Accumulating evidence from studies in health (Koulouris
et al., 1989; West et al., 2012a) and SCI (Goldman et al.,
1986; Hart et al., 2005; West et al., 2012a) suggest that elastic
binding of the abdomen (AB) significantly increases maximal
voluntary (e.g., sniff) and involuntary (e.g., twitch) pressure
generating capacity of the diaphragm, presumably by reducing
abdominal wall compliance, improving the operating length
of the diaphragm due to its ascent to a more mechanically
advantageous (cephalad) end-expiratory position, increasing
intra-abdominal pressure, increasing the area of diaphragmatic
apposition to the rib cage and/or increasing diaphragm-rib cage
insertional forces (McCool et al., 1986; Koo et al., 2015). A series
of studies by West et al. (2012a, 2014a,b) recently reported that
AB sufficient to increase end-expiratory gastric pressure (Pga,ee)
by an average of ∼8 cmH2O at rest in athletes with cervical SCI
increased transdiaphragmatic twitch pressures by ∼40% relative
to the unbound control condition. In those studies, AB-induced
improvements in diaphragmatic function were associated with
concurrent improvements in static lung volumes and capacities;
cardiac output at rest; the behavior of dynamic operating lung
volumes during exercise; and selected measures of field-based
exercise performance.

To our knowledge, only two studies have examined the impact
of AB on exercise physiological responses in healthy adults
(Vanmeenen et al., 1984; Hussain et al., 1985). Vanmeenen
et al. (1984) examined the effects of decreasing vital capacity
by ∼30% through the application of an inelastic canvas corset
around the abdomen (extending from the xyphoid process to
the hips, thus encompassing the lower five ribs) on exercise
physiological responses in 11 healthy men. In that study, AB
impaired ventilatory and cardiovascular responses to exercise
with attendant reductions in exercise performance, consistent
with the established effects of external thoracic restriction on
exercise physiological responses in healthy men (Harty et al.,
1999; O’Donnell et al., 2000; Miller et al., 2002; Mendonca
et al., 2014). A similar study by Hussain et al. (1985) found
that applying an inelastic corset around the abdomen of five
healthy men as tightly as possible while interfering minimally
with ribcage movements, caused a “mild” restrictive lung deficit;
significantly increased transdiaphragmatic pressure (Pdi) swings
during exercise; and had no effect on exercise tolerance or an
effect on ventilation (V̇E), breathing pattern and diaphragmatic
electromyography (EMGdi) responses to exercise. While the
study by Hussain et al. (1985) suggested that AB has the potential

to enhance neuromuscular efficiency of the human diaphragm
during exercise (i.e., increase ratio of Pdi-to-EMGdi), the authors
did not (1) control for the degree of abdominal compression
applied; (2) account for the possibility that the “mild” restrictive
lung deficit imposed by AB may have offset the potential benefits
of enhanced neuromuscular efficiency of the diaphragm on
exercise tolerance; and/or (3) examine the simultaneous effect of
AB on cardiac, metabolic, dynamic operating lung volume, and
breathlessness responses to exercise.

The purpose of this study was to examine the effect of AB
sufficient to increase Pga,ee by 5–8 cmH2O at rest on cardiac,
metabolic, ventilatory, breathing pattern, dynamic operating
lung volume, EMGdi, respiratory pressure, and breathlessness
responses during high-intensity constant-load cycle endurance
exercise testing in healthy men.

MATERIALS AND METHODS

Study Design
This was a single-center, controlled, randomized, crossover study
wherein eligible men participated in three testing visits over
a period ≤2 weeks. Visit 1 included screening of medical
history, spirometry, and a symptom-limited incremental cycle
exercise test to determine peak power output (PPO). Visits 2
and 3 included spirometry and a symptom-limited constant-
load cycle endurance exercise test at 85% of PPO with added
measurements of EMGdi and respiratory pressures under two
randomly assigned conditions: unbound control (CTRL) and AB.
Although the conditions could not be blinded to the participants
and investigators, the participants were naïve to the expected
outcomes of the study. Visit 1–3 were separated by ≥24 h and
conducted at the same time of day (±1 h) for each participant.
Participants were instructed to avoid alcohol, caffeine, heavy
meals, and strenuous exercise on each test day. The study was
approved by the Institutional Review Board of the Faculty of
Medicine at McGill University (A04-M42-12B) in accordance
with the Declaration of Helsinski. Written informed consent was
obtained from all participants prior to study initiation.

Participants
Participants included 12 non-smoking, non-obese men aged
18–40 years with normal spirometry [forced expiratory
volume in 1 s (FEV1) ≥80% predicted (Tan et al., 2011)
and FEV1-to-forced vital capacity ratio ≥70%] and no
known or suspected cardiovascular, respiratory, metabolic,
musculoskeletal, endocrine, and/or neuromuscular disorder(s).

Abdominal Binding
As described in detail elsewhere (West et al., 2012a), a binder
made primarily of flexible neoprene (493R Universal Back
Support; McDavid Inc., Woodridge, IL, USA) was individually
sized and fitted with participants in the upright position and
with the binder’s upper edge below the costal margin so that
it interfered minimally with rib-cage movement. The desired
degree of abdominal compression—defined as an increase in
Pga,ee of 5–8 cmH2O during steady-state breathing while seated
on a chair at rest prior to exercise—was achieved by tightening
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Velcro fasteners at the front of the binder. An earlier study
by West et al. (2012a) found that this level of abdominal
compression optimized pulmonary function and twitch Pdi
responses at rest in healthy adults and among individuals with
cervical SCI.

Spirometry
Spirometry was performed using automated equipment (Vmax
EncoreTM, CareFusion, Yorba Linda, CA, USA) according to
recommended techniques (Miller et al., 2005).

Cardiopulmonary Exercise Testing
Symptom-limited exercise tests were performed on an
electronically braked cycle ergometer (VIAsprint 150P; Ergoline,
Bitz, Germany) using a cardiopulmonary exercise testing system
(Vmax EncoreTM, CareFusion). Incremental exercise tests
consisted of a steady-state resting period of ≥6 min, followed
by 25 W increases in power output (starting at 25 W) every
2 min: PPO was defined as the highest power output that the
participant was able to sustain for ≥30 s. Constant-load exercise
endurance tests consisted of a steady-state resting period of ≥6
min followed by a step increase in power output to 85% PPO.

Standard cardiopulmonary exercise test parameters were
collected breath-by-breath (Mendonca et al., 2014; Schaeffer
et al., 2014), while heart rate (HR), stroke volume (SV),
and cardiac output (CO) were assessed using an impedance
cardiograph (PhysioFlow R©; NewMeDx, Bristol, PA, USA) that
provides an acceptable and non-invasive evaluation of CO during
symptom-limited cycle exercise testing in both health and disease
(Charloux et al., 2000; Richard et al., 2001). Inspiratory capacity
(IC) maneuvers were performed at rest, within the last 30 s
of every 2 min interval during exercise and at end-exercise
(Mendonca et al., 2014; Schaeffer et al., 2014). Assuming that
total lung capacity does not change during exercise with and
without AB in normal males (Stubbing et al., 1980), changes in IC
and inspiratory reserve volume [IRV = IC – tidal volume (VT)]
reflect changes in dynamic end-expiratory and end-inspiratory
lung volume, respectively.

Breath-by-breath measures of the root mean square of
EMGdi (EMGdi,rms) and of esophageal (Pes), gastric (Pga), and
transdiaphragmatic pressure (Pdi = Pga – Pes) were recorded
from a gastro-esophageal electrode-balloon catheter (Guangzhou
Yinghui Medical Equipment Ltd., Guangzhou, China) and
analyzed using published methods (Mendonca et al., 2014;
Schaeffer et al., 2014). Maximum voluntary EMGdi,rms was
identified as the largest of all EMGdi,rms values obtained from
IC maneuvers performed either at rest or during exercise. Tidal
swings in Pes (Pes,tidal), Pga (Pga,tidal), and Pdi (Pdi,tidal) were
calculated as the difference between peak tidal inspiratory and
peak tidal expiratory Pes, Pga, and Pdi, respectively. The ratio of
Pdi,tidal-to-EMGdi,rms was used as an index of neuromuscular
efficiency of the diaphragm.

Using Borg’s 0–10 category ratio scale, participants rated
the intensity of their breathing overall and the intensity of
their leg discomfort at rest, within the last 30 s of every
2 min interval during exercise and at end-exercise (Borg,
1982). Breathing overall (hereafter referred to as breathlessness)

was defined as “the global awareness of your breathing,”
which is consistent with the American Thoracic Society’s
recommendation that the definition of breathlessness should
be neutral with respect to any particular quality of breathing
(Parshall et al., 2012). Leg discomfort was defined as the
“difficulty associated with pedaling.” Participants were asked to
verbalize their main reason(s) for stopping exercise; quantify
the percentage contribution of breathlessness and leg discomfort
to exercise cessation; and identify qualitative phrases that best
described their breathlessness at end-exercise (O’Donnell et al.,
2000).

Analysis of Exercise End-Points
All physiological parameters were averaged in 30 s intervals at
rest and during exercise. These parameters, averaged over the first
30 s of every 2 min interval during exercise, were linked with
IC and symptom measurements collected during the last 30 s
of the same minute. Three main time points were used for the
evaluation of measured parameters: (1) pre-exercise rest, defined
as the average of the last 60 s of the steady-state period after ≥3
min of breathing on the mouthpiece while seated on the cycle
ergometer before the start of exercise; (2) isotime, defined as the
average of the first 30 s of the 2nd min of the highest equivalent 2
min interval of constant-load cycle exercise completed by a given
participant with and without AB; and (3) peak exercise, defined as
the average of the last 30 s of loaded pedaling. Exercise endurance
time (EET) was the duration of loaded pedaling.

Statistical Analysis
Two-tailed paired t-tests were used to examine the effects of
AB vs. CTRL on spirometric parameters, maximal voluntary
EMGdi,rms, and the percentage contribution of breathlessness
and leg discomfort to exercise cessation. A two-way repeated
measures analysis of variance with Tukey’s HSD post-hoc test
was used to examine the effect of AB vs. CTRL on physiological
and perceptual parameters measured at rest, at standardized
submaximal time points during exercise (including isotime) and
at peak exercise. All analyses were performed using SigmaStat R©,
version 3.5 (Systat R© Software, San Jose, CA, USA) and statistical
significance was set at p < 0.05. Data are presented as means ±
SEM.

RESULTS

Participants, Abdominal Binding, and
Spirometry
Participants were healthy, young (24.8 ± 1.7 years), non-obese
(body mass index= 23.1± 0.6 kg×m−2) and non-smoking men
with normal cardiorespiratory fitness: symptom-limited peak
rate of O2 consumption (V̇O2) of 55.1 ± 2.2 ml×kg×min−1 or
121 ± 6% predicted (Jones et al., 1985); and PPO of 267 ± 18
W or 109 ± 5% predicted (Jones et al., 1985). By design, AB
increased Pga,ee by 6.6 ± 0.6 cmH2O above its baseline value
during the AB visit, but had no effect on spirometric parameters
compared with CTRL (Table 1).
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TABLE 1 | Effect of abdominal binding (AB) on spirometric pulmonary

function test parameters at rest in healthy men.

Parameter Control AB

FVC, L 5.48 ± 0.22 5.35 ± 0.25

FEV1, L (% predicted) 4.41 ± 0.19 (95 ± 3) 4.27 ± 0.21 (92 ± 4)

FEV1/FVC, % 81 ± 2 80 ± 2

PEF, L×s−1 10.4 ± 0.5 9.8 ± 0.6

FEF25−75%, L×s−1 4.22 ± 0.33 4.04 ± 0.34

Values are means ± SEM. FVC, forced vital capacity; FEV1, forced expiratory volume in

1-sec; PEF, peak expiratory flow; FEF25−75%, forced expiratory flow between 25 and 75%

of the FVC maneuver.

Physiological and Perceptual Responses
to Exercise
The order of experimental conditions was balanced such that 7 of
the 12 participants were randomized to exercise with AB at Visit
2. To rule out a potentially confounding order effect on exercise
performance, we compared EET between Visits 2 and Visits 3,
irrespective of experimental condition and found no statistically
significant difference: 9.7 ± 1.0 vs. 9.0 ± 1.2 min, respectively (p
= 0.290).

Compared to CTRL, AB had no effect on EET or an effect
on cardiac, metabolic, perceptual, ventilatory, breathing pattern,
and/or operating lung volume parameters at rest or during
exercise (Table 2, Figures 1, 2).

The relative contributions of breathlessness (AB, 46 ± 8%
vs. CTRL, 40 ± 7%; p = 0.592) and leg discomfort (AB, 54 ±

8% vs. CTRL, 60 ± 7%; p = 0.592) to exercise cessation were
not different under AB vs. CTRL conditions. The distribution
of reasons for stopping exercise were also similar between-tests:
Breathlessness: AB, n = 1 vs. CTRL, n = 1; Leg discomfort:
AB, n = 0 vs. CTRL, n = 1; Combination of breathlessness and
leg discomfort: AB, n = 10 vs. CTRL, n = 9. The majority of
participants self-selected phrases alluding to a heightened sense
of “work/effort of breathing” to describe their breathlessness at
end-exercise under both AB and CTRL conditions; for example,
“My breathing is heavy” (AB, 100% vs. CTRL, 92%) and “My
breathing requires more work” (AB, 92% vs. CTRL, 100%).

Diaphragmatic EMG and Respiratory
Pressures
Maximal voluntary EMGdi,rms was not significantly different
under AB vs. CTRL conditions: 227 ± 19 vs. 234 ± 25 μV,
respectively (p = 0.727). Peak inspiratory Pes values recorded
during serial IC maneuvers did not change significantly from
rest (AB, −34.2 ± 3.4 cmH2O; CTRL, −34.5 ± 2.2 cmH2O)
and throughout exercise (e.g., AB at end-exercise, −34.8 ±

2.9 cmH2O; CTRL at end-exercise, −36.1 ± 2.6 cmH2O) both
within and between conditions. Peak inspiratory Pdi values
recorded during serial IC maneuvers (Pdi,IC) performed at rest
and throughout exercise were significantly increased by 18.5–
22.2 cmH2O (or 43–53%) under AB vs. CTRL conditions; for
example, AB, 70.3 ± 6.0 cmH2O vs. CTRL, 48.5 ± 4.9 cmH2O

at rest (p < 0.001); and AB, 59.2 ± 4.0 cmH2O vs. CTRL, 40.2 ±
2.8 cmH2O at end-exercise (p < 0.001).

Compared with CTRL, AB had no effect on either EMGdi,rms
(Figure 3A) or Pes (Figure 3C) responses during exercise
(Table 2). As expected, peak tidal inspiratory Pga (Pga,inspir)
and peak tidal expiratory Pga (Pga,expir) were consistency
higher at rest and during exercise with vs. without AB (Table 2,
Figure 3E). Compared with CTRL, AB increased Pdi,tidal and
peak tidal inspiratory Pdi (Pdi,inspir) at rest and during
exercise; for example, by +16.5 cmH2O at rest and by +28.2
cmH2O during exercise at isotime with vs. without AB (Table 2,
Figure 3B). Furthermore, AB was associated with a marked
increase in the magnitude of the exercise-induced rise in Pdi,tidal
and Pdi,inspir (Table 2, Figure 3B): the respective increases in
Pdi,tidal and Pdi,inspir from rest to isotime during exercise were
∼315 and 223% greater with vs. without AB. As illustrated in
Figure 3D, Pdi,tidal and Pdi,inspir were much higher at any
given EMGdi,rms during exercise with vs. without AB, indicating
enhanced neuromuscular efficiency of the diaphragm. Indeed,
AB increased the Pdi,tidal:EMGdi,rms ratio by an average of
85–95% at each measurement time during exercise (Table 2,
Figure 3F).

DISCUSSION

The main finding of this study was that AB sufficient to increase
intra-abdominal pressure by an average of 6.6 cmH2O at rest
enhanced neuromuscular efficiency of the diaphragm during
exercise, but had no effect on exercise endurance nor an effect
on cardiac, metabolic, ventilatory, breathing pattern, dynamic
operating lung volume, and perceptual responses to exercise in
healthy young men.

In keeping with the results of earlier AB studies in health
(Hussain et al., 1985) and SCI (Hart et al., 2005;West et al., 2012a,
2014a,b), the increased Pdi,tidal, Pdi,inspir, and Pdi,IC responses
observed at rest and during exercise with vs. without AB were
mechanistically linked to increased intra-abdominal pressures
(i.e., Pga,ee and Pga,expir). The increased intra-abdominal
pressures associated with AB effectively shift the abdominal
contents toward the diaphragm (cephalad), thereby increasing
both insertional and appositional forces of the diaphragm on the
lower rib cage (Wilson and De Troyer, 2013; Koo et al., 2015). By
shifting the diaphragm cephalad, AB also lengthens diaphragm
muscle fibers and optimizes its length-tension relationship
(Koo et al., 2015). As a result, the diaphragm initiates its
inspiratory contraction at a longer length, thus generating
a greater pressure at any given level of muscle activation,
reflecting enhanced diaphragmatic contractility (De Troyer,
1983). Abdominal binding may further enhance pressure-
generating capacity of the diaphragm by improving (reducing)
abdominal compliance, thus impeding diaphragmatic descent
at the costal fibers during inspiration and minimizing muscle
fiber shortening, i.e., maintaining the muscle length on a more
favorable region of the length-tension curve (De Troyer, 1983;
Hart et al., 2005; Koo et al., 2015). Finally, by increasing intra-
abdominal pressures and decreasing abdominal compliance,
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TABLE 2 | Effect of abdominal binding (AB) on physiological and perceptual responses to constant-load cycle endurance exercise testing at 85% of

symptom-limited peak incremental power output (equivalent to 227 ± 17 W) in healthy men.

Parameter REST ISO-TIME PEAK

Control AB Control AB Control AB

Exercise time, min 0 ± 0 0 ± 0 7.5 ± 0.8 7.5 ± 0.8 9.9 ± 1.0 8.9 ± 1.1

Breathlessness, Borg 0–10 units 0.2 ± 0.2 0.3 ± 0.2 6.1 ± 0.6 6.8 ± 0.6 8.1 ± 0.7 8.3 ± 0.7

Leg Discomfort, Borg 0–10 units 0.0 ± 0.0 0.0 ± 0.0 6.9 ± 0.7 7.3 ± 0.6 8.1 ± 0.7 8.3 ± 0.5

V̇O2, ml×kg×min−1 5.6 ± 0.2 5.1 ± 0.5 51.6 ± 2.3 51.5 ± 2.5 53.6 ± 2.1 52.4 ± 2.5

V̇CO2, ml×kg×min−1 4.4 ± 0.2 4.7 ± 1.0 53.3 ± 1.9 53.8 ± 2.2 53.9 ± 1.7 53.9 ± 2.1

CO, L×min−1 5.9 ± 0.3 5.5 ± 0.4 20.3 ± 1.0 20.6 ± 1.0 21.3 ± 1.1 21.3 ± 1.0

HR, beats×min−1 78.4 ± 3.2 76.3 ± 3.2 172.7 ± 3.4 174.1 ± 3.3 182.6 ± 2.3 178.7 ± 2.9

SV, ml 75.6 ± 4.3 70.9 ± 3.8 117.9 ± 6.4 118.5 ± 6.1 116.6 ± 6.5 119.8 ± 6.0

V̇E , L×min−1 12.5 ± 0.9 11.2 ± 0.9 116.4 ± 7.3 120.7 ± 7.7 133.4 ± 8.0 130.6 ± 8.6

VT , L 0.90 ± 0.09 0.74 ± 0.06 2.96 ± 0.17 2.90 ± 0.21 2.72 ± 0.17 2.73 ± 0.19

fR, breaths×min−1 15.2 ± 1.1 15.7 ± 0.8 39.9 ± 2.0 42.8 ± 2.4 50.4 ± 3.6 49.8 ± 4.0

IC, L 3.38 ± 0.17 3.62 ± 0.16 3.84 ± 0.22 3.82 ± 0.20 3.68 ± 0.19 3.81 ± 0.23

IRV, L 2.48 ± 0.19 2.87 ± 0.15 0.89 ± 0.14 0.92 ± 0.18 0.96 ± 0.14 1.08 ± 0.17

EMGdi,rms, μV 22.5 ± 1.9 27.4 ± 3.7 129.2 ± 13.3 120.0 ± 11.8 150.7 ± 28.1 123.2 ± 14.7

EMGdi%max 10.4 ± 1.1 13.1 ± 2.1 56.0 ± 2.8 53.0 ± 2.9 61.9 ± 5.2 53.3 ± 3.4

End-expiratory Pes, cmH2O −7.3 ± 0.7 −5.0 ± 0.7 −5.4 ± 1.1 −4.3 ± 1.2 −6.0 ± 1.1 −5.3 ± 0.9

Pes,tidal, cmH2O 6.1 ± 0.9 4.8 ± 0.6 31.6 ± 2.9 31.2 ± 2.6 35.0 ± 3.0 34.5 ± 2.8

Peak inspiratory Pes, cmH2O −11.7 ± 1.8 −8.4 ± 0.8 −23.6 ± 1.9 −21.5 ± 1.7 −24.3 ± 1.9 −22.0 ± 1.9

Peak expiratory Pes, cmH2O −5.6 ± 0.7 −3.5 ± 0.8 8.1 ± 2.3 9.8 ± 1.5 10.8 ± 2.2 12.5 ± 1.7

End-expiratory Pga, cmH2O 7.7 ± 1.2 12.3 ± 1.2* 14.3 ± 1.4 17.8 ± 0.9 14.4 ± 1.3 19.1 ± 1.1*

Pga,tidal, cmH2O 5.2 ± 0.5 9.0 ± 0.8 17.3 ± 1.7 18.0 ± 1.3 19.2 ± 1.6 17.1 ± 1.1

Peak inspiratory Pga, cmH2O 6.5 ± 1.3 11.7 ± 1.2
†

4.3 ± 1.2 14.0 ± 1.0
†

4.3 ± 1.1 14.8 ± 0.9
†

Peak expiratory Pga, cmH2O 11.7 ± 1.6 20.7 ± 1.5* 21.6 ± 1.9 32.0 ± 1.7
†

23.5 ± 1.9 31.9 ± 1.6*

End-expiratory Pdi, cmH2O 15.1 ± 0.9 17.3 ± 0.9 19.6 ± 1.3 22.0 ± 1.2 20.4 ± 1.2 24.5 ± 1.3

Pdi,tidal, cmH2O 9.6 ± 0.9 12.8 ± 1.0 20.4 ± 1.5 36.9 ± 2.3
†

21.4 ± 1.5 35.8 ± 2.1
†

Peak inspiratory Pdi, cmH2O 22.9 ± 1.2 28.8 ± 1.6 32.0 ± 1.8 50.2 ± 2.6
†

32.4 ± 1.6 49.5 ± 2.5
†

Peak expiratory Pdi, cmH2O 13.4 ± 1.2 16.0 ± 1.1 11.5 ± 1.1 13.4 ± 1.1 11.0 ± 1.2 13.7 ± 1.1

Pdi,tidal:EMGdi,rms, cmH2O×μV−1 0.44 ± 0.04 0.54 ± 0.06 0.17 ± 0.01 0.33 ± 0.03
†

0.17 ± 0.01 0.33 ± 0.03
†

Values are means ± SEM. V̇O2 and V̇CO2, rate of oxygen consumption and carbon dioxide output, respectively; CO, cardiac output; HR, heart rate; SV, stroke volume; V̇E , minute

ventilation, VT , tidal volume; fR, respiratory frequency; IC, inspiratory capacity; IRV, inspiratory reserve volume; EMGdi,rms, root mean square of the crural diaphragm electromyogram;

EMGdi%max, root mean square of the crural diaphragm electromyogram expressed as a percentage of themaximal voluntary roommean square of the crural diaphragm electromyogram;

Pes, Pga and Pdi, esophageal, gastric, and transdiaphragmatic pressure, respectively; Pes,tidal, tidal esophageal pressure swing; Pga,tidal, tidal gastric pressure swing; Pdi,tidal, tidal

transdiaphragmatic pressure swing; Pdi,tidal:EMGdi,rms, tidal transdiaphragmatic swing-to-root mean square of the diaphragmatic electromyogram ratio—an index of neuromuscular

efficiency of the diaphragm. *p < 0.05 and
†
p ≤ 0.01 vs. Control.

AB may increase the inflationary action of the diaphragm on
the lower rib cage by increasing the zone of apposition and
improving the diaphragm’s ability to lift and expand the lower
rib cage (De Troyer, 1983; Koo et al., 2015). The combination
of these mechanically advantageous changes to the shape and
configuration of the diaphragm aremost likely responsible for the
85–95% increase in neuromuscular efficiency of the diaphragm
observed during exercise with vs. without AB.

Although AB increased diaphragmatic contractility/pressure-
generating capacity, it had no demonstrable effect on
EMGdi,rms, Pes, V̇E, breathing pattern, and dynamic operating
lung volume responses to exercise. These findings are similar to
those of earlier AB studies by Hussain et al. (1985) in health and
byWest et al. (2014b) in SCI, and presumably reflect the fact that

AB had no untoward effect on expiratory flow generation during
exercise (as evidenced by relative preservation of the relationship
between exercise-induced increases in peak tidal expiratory
Pes and peak expiratory flow) or an effect on exercise-induced
increases the rate of CO2 production, which is the proximate
source of increased ventilatory requirements during exercise. It
could be argued that the increased intra-abdominal pressures
associated with AB may have hindered descent of the diaphragm
into the abdomen at rest and particularly during exercise when
ventilatory requirements were ∼13-fold higher than at rest. If
this was true, then maximal voluntary EMGdi,rms as well as the
magnitude of exercise-induced increases in EMGdi,rms should
have been consistently higher under AB vs. CTRL conditions.
However, this is not what we observed in our study nor what
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FIGURE 1 | Effect of abdominal binding (AB) vs. control (CTRL) on (A) the rate of oxygen consumption (V̇ O2), (B) cardiac output (C) heart rate, (D) stroke

volume, (E) breathlessness, and (F) leg discomfort responses during constant-load cycle endurance exercise testing at 85% of peak incremental power output in

healthy men. Values are means ± SEM.

Hussain et al. (1985) reported in their AB study of five healthy
men.

In the setting of a relatively preserved EMGdi,rms, V̇E,
breathing pattern and dynamic operating lung volume response
to exercise with vs. without AB, we speculate that the disparate
effect of AB on Pdi and Pes responses to exercise reflected “off-
loading” of the inspiratory action(s) of the rib cage muscles. In
other words, by increasing Pdi,inspir and thus Pdi,tidal responses
to exercise, AB effectively decreased the rib cage muscles’
relative contribution to any given level of negative intrathoracic
pressure development throughout inspiration during exercise.

Additional research with simultaneous measures of accessory
inspiratory muscle EMG activity is needed to confirm this
postulate.

In the absence of changes in EMGdi,rms, V̇E, breathing
pattern, expiratory flow generation, and dynamic operating lung
volume responses to exercise, isolated and acute improvements
in neuromuscular efficiency of the diaphragm during exercise
with vs. without AB had no effect on exercise endurance and/or
exertional breathlessness. These findings support the view that,
in healthy young adults: (1) respiratory mechanical/muscular
factors do not likely contribute to the limits of exercise tolerance;
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FIGURE 2 | Effect of abdominal binding (AB) vs. control (CTRL) on (A) ventilation, (B) inspiratory capacity, (C) tidal volume, (D) inspiratory reserve volume, (E)

respiratory frequency, and (F) peak expiratory flow vs. peak tidal expiratory esophageal pressure (Pes) responses during constant-load cycle endurance exercise

testing at 85% of peak incremental power output in healthy men. Values are means ± SEM.

and (2) progressive neuromuscular uncoupling of the diaphragm
is not likely a proximate source of exertional breathlessness.
Nevertheless, the results of our study provide a physiological
rationale for future examination of AB as a potentially effective
non-pharmacological means of improving exercise tolerance
in pathophysiological disease states where neuromuscular
uncoupling of the diaphragm has beenmechanistically linked to a
heightened perception of exertional breathlessness, most notably
in patients with COPD (Laghi et al., 1998). Interestingly, a case
report by Celli et al. (1985) found that AB sufficient to increase
Pga,ee from 4 to 12 cmH2O was associated with objective and

potentially clinically meaningful improvements in diaphragmatic
function, exercise tolerance, and breathlessness in a symptomatic
patient with severe COPD and a large midline hernia of the
anterior abdominal wall.

The collective results of studies by Vivier et al. (2006),
Aliverti et al. (2009, 2010), and Uva et al. (2015) suggest
that AB, by increasing intra-abdominal pressure and/or the
abdominal circulatory pump action of the diaphragm and
abdominal muscles, has the potential to improve cardiac
function at rest and during exercise by increasing central
venous return from the splanchnic venous circulation. In our
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FIGURE 3 | Effect of abdominal binding (AB) vs. control (CTRL) on (A) root mean square of the crural diaphragm electromyogram (EMGdi,rms), (B)

transdiaphragmatic pressure (Pdi), (C) esophageal pressure (Pes), (D) Pdi vs. EMGdi,rms, (E) gastric pressure (Pga), and (F) tidal Pdi swing-to-EMGdi,rms ratio

responses during constant-load cycle endurance exercise testing at 85% of peak incremental power output in healthy men. Values are means ± SEM. *p < 0.05 vs.

CTRL. Dashed lines denote expiratory Pdi, Pes and Pga.

study, however, AB had no demonstrable effect on impedance
cardiograph-derived estimates of CO and SV at rest and during
exercise, which is in agreement with West et al. (2012a)
who reported no effect of AB on echocardiography-derived
measures of cardiac function at rest (e.g., CO, SV, end-
diastolic volume, end-systolic volume, ejection fraction) in
eight healthy adults. We speculate that AB-induced increases
in intra-abdominal pressure and/or the abdominal circulatory
pump action of the diaphragm and abdominal muscles were

of insufficient magnitude(s) to shift large enough quantities
of blood from the splanchnic to central venous circulation to
enhance cardiac function at rest and during exercise in our
participants.

In summary, the increased intra-abdominal pressures
associated with AB enhanced neuromuscular efficiency of the
diaphragm by 85–95% during high-intensity constant-load
cycle endurance exercise testing in healthy men. Additional
research is recommended to examine potential benefits of
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AB on exertional symptoms in clinical populations where
diaphragmatic weakness/dysfunction has been implicated as a
source of physical activity-related breathlessness and exercise
intolerance.
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We tested the hypothesis that abdominal binding (AB) would reduce breathlessness and

improve exercise tolerance by enhancing neuromuscular efficiency of the diaphragm

during exercise in adults with chronic obstructive pulmonary disease (COPD). In a

randomized, controlled, crossover trial, 20 adults with COPD (mean ± SD FEV1,

60 ± 16% predicted) completed a symptom-limited constant-load cycle endurance

exercise test at 75% of their peak incremental power output with concomitant measures

of the diaphragm electromyogram (EMGdi) and respiratory pressures without (CTRL) vs.

with AB sufficient to increase end-expiratory gastric pressure (Pga,ee) by 6.7 ± 0.3

cmH2O at rest. Compared to CTRL, AB enhanced diaphragmatic neuromuscular

efficiency during exercise (p < 0.05), as evidenced by a 25% increase in the

quotient of EMGdi to tidal transdiaphragmatic pressure swing. By contrast, AB had

no demonstrable effect on exertional breathlessness and exercise tolerance; spirometry

and plethysmography-derived pulmonary function test parameters at rest; and cardiac,

metabolic, breathing pattern, inspiratory reserve volume and EMGdi responses during

exercise (all p > 0.05 vs. CTRL). In conclusion, enhanced neuromuscular efficiency

of the diaphragm during exercise with AB was not associated with relief of exertional

breathlessness and improved exercise tolerance in adults with COPD.

Clinical Trial Registration: ClinicalTrials.gov Identifier: NCT01852006.

Keywords: breathlessness, abdominal binding, diaphragm, neuromuscular efficiency, exercise endurance

INTRODUCTION

In people with chronic obstructive pulmonary disease (COPD), lung hyperinflation shortens
the length of the diaphragm, thereby compromising its length-tension relationship and area
of apposition to the rib cage (Cassart et al., 1997; Laghi and Tobin, 2003). Collectively, these
changes promote diaphragmatic neuromuscular inefficiency by decreasing diaphragm pressure-
generating capacity and provoking high levels of diaphragm electrical activation (EMGdi),
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particularly during exercise when dynamic lung hyperinflation
further shortens and weakens the diaphragm (Sinderby et al.,
2001; Finucane and Singh, 2012). Diaphragmatic neuromuscular
inefficiency has been mechanistically linked to abnormally high
levels of exertional breathlessness and abnormally low levels
of exercise tolerance in COPD (Laghi et al., 1998, 2004). It
follows that any intervention capable of enhancing diaphragmatic
neuromuscular efficiency may decrease exertional breathlessness
and improve exercise tolerance in adults with COPD. Indeed,
Laghi et al. (1998) reported that improvements in diaphragmatic
neuromechanical coupling after lung volume reduction surgery
(LVRS) in patients with severe emphysema correlated with relief
of breathlessness at rest and improved 6-min walking distance.

In 1934, Alexander and Kontz (1934) and Gordon (1934)
reported symptomatic improvement of breathlessness following
application of a belt around the abdomen in adults with
various pulmonary diseases, including bronchitis, emphysema,
and asthma. In keeping with these observations, Celli et al.
(1985) reported that abdominal binding (AB) sufficient to
increase end-expiratory gastric pressure (Pga,ee) by 8 cmH2O
increased maximal voluntary transdiaphragmatic pressure-
generating capacity by 13 cmH2O (93%), decreased the
perception of breathlessness at rest, and increased exercise
tolerance in a symptomatic patient with severe COPD and a large
midline hernia of the anterior abdominal wall. Presumably, this
improvement in diaphragm pressure-generating capacity via AB
reflected the combination of reduced abdominal wall compliance,
increased intra-abdominal pressure, improved operating length
of the diaphragm due to its ascent to a more mechanically
advantageous (cephalad) position, increased area of diaphragm
apposition to the rib cage, and increased diaphragm-rib cage
insertional forces (Koo et al., 2015).

Recently, West et al. (2012) reported improvements in static
lung volumes and capacities following AB in people with cervical
spinal cord injury (SCI) as well as in healthy adults. For example,
AB decreased functional residual capacity by 0.75 l (23%) in
SCI and 0.46 l (14%) in health; increased inspiratory capacity
(IC) by 0.47 l in SCI (20%) and 0.33 l (11%) in health; and
increased inspiratory reserve volume (IRV) by 0.49 l (29%) in
SCI and 0.38 l (16%) in health. A subsequent study by West et al.
(2014) demonstrated that, compared to the unbound condition,
AB shifted tidal breathing to lower and more mechanically
advantageous end-expiratory and end-inspiratory lung volumes
during submaximal exercise in athletes with cervical SCI.

We recently demonstrated that increasing Pga,ee by 6.6 ± 0.6
cmH2O (mean ± SE) at rest via AB markedly improved
diaphragmatic neuromuscular efficiency – quantified as
the quotient of tidal transdiaphragmatic pressure swing
(Pdi,tidal) to the root mean square of the crural diaphragm
electromyogram (EMGdi,rms) – by 85–90% during cycle
endurance exercise testing in healthy young men (Abdallah
et al., 2017). Despite this improvement, AB had no effect on
exertional breathlessness and exercise endurance, likely because
diaphragmatic neuromuscular inefficiency is not the proximate
source of exertional breathlessness and exercise limitation in
healthy young adults (Abdallah et al., 2017). Nevertheless,
the collective results of Alexander and Kontz (1934), Gordon

(1934), Celli et al. (1985), West et al. (2012, 2014) and ourselves
(Abdallah et al., 2017) provide a physiological rationale for the
use of AB as a potentially effective non-pharmacological means
of alleviating exertional breathlessness and improving exercise
tolerance in adults with COPD by improving dynamic operating
lung volumes and/or enhancing diaphragmatic neuromuscular
efficiency.

Therefore, the primary aim of this study was to evaluate the
effect of AB on the inter-relationships between diaphragmatic
neuromuscular efficiency, exertional breathlessness and exercise
endurance in adults with COPD.

MATERIALS AND METHODS

Study Design
This single-center, randomized, controlled, crossover trial was
conducted at the McGill University Health Centre in Montreal,
QC, Canada (Clinicaltrials.gov identifier: NCT01852006). The
study protocol and informed consent form received ethics
approval from the Research Institute of the McGill University
Health Centre (13-075-BMA) in accordance with the Declaration
of Helsinki.

After providing written and informed consent, participants
completed a screening/familiarization visit followed by two
intervention visits randomized to order. All visits were separated
by ≥48-h. Visit 1 included: medical history and clinical
assessment; evaluation of activity-related breathlessness using the
modified Medical Research Council dyspnoea scale (Bestall et al.,
1999), the Baseline Dyspnea Index (Mahler et al., 1984) and
the Oxygen Cost Diagram (McGavin et al., 1978); evaluation
of health status using the COPD Assessment Test (Jones et al.,
2009); evaluation of anxiety and depression using the Hospital
Anxiety and Depression scale (Zigmond and Snaith, 1983);
post-bronchodilator (400 μg salbutamol) spirometry; and a
symptom-limited incremental cardiopulmonary cycle exercise
test (CPET) to determine peak power output (PPO), defined
as the highest power output that the participant was able to
sustain for ≥30-s. During Visits 2 and 3, participants first inhaled
400 μg of salbutamol. The gastro-esophageal electrode-balloon
catheter used to record EMGdi,rms and respiratory pressures
(see below) was then inserted and positioned in accordance
with established techniques (Jensen et al., 2011). During the AB
visit, the abdominal binder was applied and optimally fitted (see
below). Once the AB was optimally fitted, the gastro-esophageal
electrode-balloon catheter was re-positioned to achieve optimal
recordings of EMGdi during resting breathing (i.e., positioned
such that the amplitude of EMGdi during inspiration was greatest
in electrode pairs 1 and 5, and lowest in electrode pair 3) (Jensen
et al., 2011). In this way, the recording electrodes were similarly
positioned at the diaphragm’s electrically active center under both
CTRL and AB conditions. Thereafter, participants completed
spirometry and plethysmography followed by a symptom-
limited constant-load cycle CPET at 75% PPO. Participants
were permitted to use their respiratory medications according
to their regular schedule. Participants were randomized in a 1:1
ratio according to a computer-generated block randomization
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schedule (Block size = 4) prepared by a third-party statistician
not involved in the trial.

Participants
Participants were recruited from the Montreal Chest institute
of the McGill University Health Centre, and included men
and women aged ≥40 y with Global Initiative for Obstructive
Lung Disease (GOLD) stage II or III COPD (Vogelmeier et al.,
2017), cigarette smoking history ≥15 pack-years, and no change
in medication dosage or frequency of administration with no
exacerbation(s) and/or hospitalization(s) in the preceding 6-
weeks. Exclusion criteria were: presence of medical conditions
other than COPD that could contribute to breathlessness and/or
exercise intolerance; use of domiciliary oxygen; exercise-induced
oxyhemoglobin desaturation to <80% on room air; and body
mass index <18.5 or ≥35.0 kg/m2.

Intervention
A commercially available binder (493R Universal Back Support;
McDavid Inc., Woodridge, IL, United States) that has been
described in detail elsewhere (West et al., 2012) was used
to bind the abdomen. The binder was fitted with the upper
edge below the costal margin so that it interfered minimally
with rib-cage movement. The desired degree of abdominal
compression – defined as a 5–8 cmH2O increase in Pga,ee –
was achieved by tightening Velcro fasteners at the front of
the binder with participants breathing normally while seated
at rest. We recently demonstrated that this level of abdominal
compression enhanced diaphragmatic neuromuscular efficiency
during exercise in healthy young men, as evidenced by an 85–
90% increase in the quotient of Pdi,tidal to EMGdi,rms (Abdallah
et al., 2017). Furthermore, West et al. (2012) demonstrated
that this level of abdominal compression was associated with
significantly greater improvements in diaphragm function than
increasing Pga,ee by 1.0–3.5 cmH2O in healthy adults and people
with cervical SCI.

Procedures
Pulmonary Function Testing
Spirometry and plethysmography were performed with
participants seated using automated equipment (Vmax EncoreTM

29C, CareFusion, Yorba Linda, CA, United States; Medisoft Body
Box 5500 R©, Medisoft Belgium, Sorinnes, Belgium) and according
to recommended techniques (Macintyre et al., 2005; Miller et al.,
2005a,b; Wanger et al., 2005). Measurements were referenced
to predicted normal values (Briscoe and Dubois, 1958; Burrows
et al., 1961; Crapo et al., 1981; Hankinson et al., 1999).

Cardiopulmonary Exercise Testing
Exercise tests were conducted on an electronically braked
cycle ergometer (Lode Corival, Lode BV Medical Technology,
Groningen, Netherlands) using a computerized CPET system
(Vmax EncoreTM 29C). Incremental CPETs consisted of a
baseline rest period of ≥6-min, followed by 10 W/min increases
in power output to symptom-limitation. Constant-load CPETs
consisted of a baseline rest period of ≥6-min, followed by 1-min
of unloaded pedaling and then a step increase in power output to

75%PPOmaintained to symptom-limitation. Cardiac, metabolic,
gas exchange, and breathing pattern parameters were collected
breath-by-breath and analyzed as previously described (Abdallah
et al., 2017). Inspiratory capacity maneuvers were performed at
rest, every 2-min during CPET, and at end-exercise (Guenette
et al., 2013). Measurements of PPO, peak oxygen uptake and peak
heart rate were referenced to the predicted normal values of Jones
et al. (1985).

Published methods were used to analyze breath-by-breath
measures of EMGdi,rms and of esophageal (Pes), gastric (Pga)
and transdiaphragmatic pressure (Pdi = Pga-Pes) recorded
from a gastro-esophageal electrode-balloon catheter (Guangzhou
Yinghui Medical Equipment Ltd., Guangzhou, China) (Jensen
et al., 2011; Mendonca et al., 2014; Abdallah et al., 2017).
Maximum voluntary EMGdi,rms was identified as the largest of
all EMGdi,rms values obtained from IC maneuvers performed
either at rest or during exercise. Tidal swings in Pes (Pes,tidal),
Pga (Pga,tidal), and Pdi (Pdi,tidal) were calculated as the
difference between peak tidal inspiratory and peak tidal
expiratory Pes, Pga, and Pdi, respectively. The quotient of
Pdi,tidal to EMGdi,rms was used as an index of diaphragmatic
neuromuscular efficiency (Abdallah et al., 2017).

Using Borg’s modified 0–10 category ratio scale (Borg, 1982),
participants rated the intensity and unpleasantness of their
breathlessness, as well as the intensity of their leg discomfort
at rest, every 2-min during CPET, and at end-exercise. At
end-exercise, participants were asked to identify their locus of
symptom limitation (breathlessness, leg discomfort, combination
of breathlessness, and leg discomfort, other); to quantify the
percentage contribution of their selection to exercise cessation;
and identify qualitative phrases that best described their
breathlessness at end-exercise (O’Donnell et al., 2000).

Outcomes
Primary Outcomes
The primary outcome was the difference in breathlessness
intensity ratings during exercise at isotime under AB vs. CTRL
conditions, where isotime was defined as the highest equivalent 2-
min interval of exercise completed by a given participant during
each of the constant-load CPETs. The co-primary outcome was
the difference in exercise endurance time (EET) under AB vs.
CTRL conditions, where EET was defined as the duration of
loaded pedaling during constant-load CPET.

Secondary Outcomes
Spirometry and plethysmography-derived pulmonary function
test parameters; physiological and perceptual parameters
measured at rest, at standardized submaximal times during
constant-load CPETs, and at peak-exercise (defined as the
average of the last 30-s of loaded pedaling); reasons for stopping
exercise; percentage contribution of breathlessness and leg
discomfort to exercise cessation; and qualitative descriptors of
breathlessness at end-exercise.

Statistical Methods
Using a two-tailed paired subject formula with α = 0.05, β = 0.90
and an expected effect size of 0.80 (Faul et al., 2009), we estimated
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that at least 19 participants were needed to detect a minimal
clinically important difference of ±1 Borg unit in breathlessness
intensity ratings (Ries, 2005) at isotime and of ±101-s in EET
(Puente-Maestu et al., 2009) under AB vs. CTRL conditions.

Participants who completed both AB and CTRL arms of
the trial were included in the analysis. Linear mixed-model
regression with random intercepts was used to analyze differences
in EET as well as in all physiological and perceptual responses
to constant-load CPET under AB and CTRL conditions. Two-
tailed paired t-tests were used to compare the effects of AB vs.
CTRL on: spirometry and plethysmography-derived pulmonary
function test parameters; maximal voluntary EMGdi,rms; and the
percentage contribution of breathlessness and leg discomfort to
exercise cessation. Fisher’s exact test was used to compare the
effect of AB vs. CTRL on the selection frequencies of reasons for
stopping exercise as well as the descriptors of breathlessness at
end-exercise. Data were analyzed using SAS statistical package,
version 9.4 (SAS Institute Inc., Cary, NC, United States) and
SigmaStat, version 3.5 (Systat Software Inc., San Jose, CA,
United States). Statistical significance was set at p < 0.05 and
values are reported as mean ± SEM unless stated otherwise.

RESULTS

Twenty-four participants were randomized into the trial. Four
of these participants dropped out during follow-up for non-
study related reasons (Figure 1). Baseline characteristics of the

20 participants (13 men) who completed the trial are presented
in Table 1. By design, AB increased Pga,ee by 6.7 ± 0.3 cmH2O
above its baseline value during the AB visit.

Primary Outcomes
Compared to CTRL, AB had no effect on breathlessness
intensity ratings at isotime (AB, 3.2 ± 0.4 Borg units vs.
CTRL, 3.0 ± 0.4 Borg units; p = 0.454) or on EET (AB,
6.7 ± 1.1 min vs. CTRL, 6.9 ± 1.1 min; p = 0.853) (Figure 2).
To assess for a possible confounding order effect on our primary
outcomes, breathlessness intensity ratings at isotime and EET
were compared between Visits 2 and 3. There was no statistically
significant effect of visit order on breathlessness intensity ratings
at isotime (Visit 2, 3.2 ± 0.5 Borg units vs. Visit 3, 3.1 ± 0.4 Borg
units; p = 0.873) or on EET (Visit 2, 7.3 ± 1.3 min vs. Visit 3,
6.4 ± 1.0 min; p = 0.079).

Secondary Outcomes
Pulmonary Function
Compared to CTRL, AB had no effect on spirometry and
plethysmography-derived pulmonary function test parameters at
rest (Table 2).

Physiological and Perceptual Responses to Exercise
Except for small and isolated decreases in IC at isotime (AB,
1.96 ± 0.12 l vs. CTRL, 2.07 ± 0.13 l; p = 0.043) and at peak
exercise (AB, 1.86 ± 0.14 l vs. CTRL, 1.98 ± 0.14 l; p = 0.024),
AB had no demonstrable effect on cardiac, metabolic, ventilatory,

FIGURE 1 | Consort diagram of the study population.
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TABLE 1 | Baseline participant characteristics (n = 20).

Parameter Value

Male:Female, n 13:7

Age, years 69.8 ± 8.7

Height, cm 170.1 ± 9.9

Body mass, kg 78.4 ± 15.5

Body mass index, kg·m−2 27.1 ± 1.1

Smoking history, pack-years 56.1 ± 30.1

Post-bronchodilator spirometry

FEV1, L (% predicted) 1.56 ± 0.57 (60 ± 16)

FEV1/FVC, % 46.3 ± 12.3

FEF25−75%, L·s−1 (% predicted) 0.57 ± 0.31 (23 ± 11)

PEF, L·s−1 (% predicted) 4.55 ± 1.98 (59 ± 18)

Breathlessness and health status

mMRC score, 0–4 1.8 ± 0.9

BDI focal score, out of 12 6.0 ± 2.0

Oxygen cost diagram, % full scale 51 ± 12

CAT score, out of 40 17.0 ± 7.8

HADS score, out of 42 9.8 ± 4.9

Values are mean ± SD. FEV1, forced expiratory volume in 1-s; FEV1/FVC, FEV1

to forced vital capacity ratio; FEF25−75%, forced expiratory flow between 25 and

75% of the FVC maneuver; PEF, peak expiratory flow; mMRC, modified Medical

Research Council dyspnoea scale; BDI, Baseline Dyspnoea Index; CAT, COPD

Assessment Test; HADS, Hospital Anxiety and Depression Scale.

breathing pattern and IRV parameters at rest or during exercise
(Figures 3, 4).

Compared to CTRL, AB had no significant effect on maximal
voluntary EMGdi,rms (AB, 162± 10μV vs. CTRL, 160± 10μV;
p = 0.737). Peak inspiratory Pes values recorded during serial
IC maneuvers did not change significantly from rest (AB,
−24.6 ± 2.1 cmH2O vs. CTRL, −24.9 ± 1.5 cmH2O; p = 0.847)
and throughout exercise (e.g., AB,−23.1± 1.4 cmH2O vs. CTRL,
−22.8 ± 1.8 cmH2O at end-exercise; p = 0.816). Peak inspiratory
Pdi values recorded during serial IC maneuvers performed at
rest and throughout exercise were significantly increased by
4.4–8.3 cmH2O (10–22%) under AB vs. CTRL conditions [e.g.,
AB, 50.9 ± 2.2 cmH2O vs. CTRL, 46.4 ± 2.5 cmH2O at rest
(p = 0.014); and AB, 46.5 ± 2.2 cmH2O vs. CTRL, 38.3 ± 2.2
cmH2O at end-exercise (p = 0.001)].

TABLE 2 | Effect of abdominal binding (AB) on spirometry and

plethysmography-derived pulmonary function test parameters in adults with

chronic obstructive pulmonary disease (n = 20).

Parameter Control AB

FEV1, L 1.53 ± 0.56 1.54 ± 0.64

FEV1/FVC, % 45.9 ± 12.7 45.1 ± 13.1

FEF25−75%, L·s−1 0.56 ± 0.29 0.52 ± 0.24

PEF, L·s−1 4.23 ± 1.63 4.16 ± 1.57

TLC, L (% predicted) 7.14 ± 1.39 (117 ± 19) 6.89 ± 1.45

RV, L (% predicted) 3.37 ± 0.88 (150 ± 45) 3.35 ± 0.99

FRC, L (% predicted) 4.61 ± 1.12 (140 ± 32) 4.28 ± 1.12

IC, L (% predicted) 2.55 ± 0.70 (89 ± 15) 2.67 ± 0.75

sRaw, cmH2O·L·s−1

(% predicted)

17.1 ± 11.2 (406 ± 261) 20.6 ± 15.5

Values are mean ± SD. FEV1, forced expiratory volume in 1-s; FEV1/FVC, FEV1

to forced vital capacity ratio; FEF25−75%, forced expiratory flow between 25 and

75% of the FVC maneuver; PEF, peak expiratory flow; TLC, total lung capacity; RV,

residual volume; FRC, functional residual capacity; IC, inspiratory capacity; sRaw,

specific airway resistance.

EMGdi,rms (Figure 5A) and Pes (Figure 5C) responses
during exercise were significantly different under AB vs. CTRL
conditions. Peak tidal inspiratory Pga and peak tidal expiratory
Pga were consistently higher at rest and during exercise with
vs. without AB (Figure 5E). Similarly, peak tidal inspiratory Pdi
and Pdi,tidal were significantly higher at rest and during exercise
under AB vs. CTRL conditions (Figure 5B). Finally, enhanced
neuromuscular efficiency of the diaphragm with vs. without AB
was evidenced by the consistently higher Pdi,tidal at any given
EMGdi,rms during exercise (Figure 5D). Indeed, the quotient
of Pdi,tidal to EMGdi,rms increased by an average of ∼25%
at each measurement time during exercise under AB vs. CTRL
conditions (Figure 5F).

Compared to CTRL, AB had no effect on the locus of
symptom-limitation (Breathlessness: AB, n = 7 vs. CTR, n = 6;
Leg discomfort: AB, n = 6 vs. CTRL, n = 6; and Combination of
breathlessness and leg discomfort: AB, n = 7 vs. CTRL, n = 7).
The relative contributions of breathlessness (AB, 44 ± 7% vs.
CTRL, 47 ± 8%; p = 0.731) and leg discomfort (AB, 48 ± 7% vs.
CTRL, 52± 8%; p = 0.531) to exercise cessation were not different
under AB vs. CTRL conditions. Similarly, the selection frequency

FIGURE 2 | Effects of abdominal binding (AB) vs. control (CTRL) on (A) breathlessness intensity, (B) breathlessness unpleasantness and (C) leg discomfort during

constant-load cycle endurance exercise testing at 75% of peak incremental power output in adults with chronic obstructive pulmonary disease (n = 20). Data points

are mean ± SEM values at rest, at standardized submaximal times during exercise (including isotime of 5.1 ± 1.0 min), and at peak exercise.
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FIGURE 3 | Effects of abdominal binding (AB) vs. control (CTRL) on (A) the rate of oxygen consumption (VO2), (B) the rate of carbon dioxide production (VCO2), (C)
heart rate and (D) oxygen pulse (O2 pulse) during constant-load cycle endurance exercise testing at 75% of peak incremental power output in adults with chronic

obstructive pulmonary disease (n = 20). Data points are mean ± SEM values at rest, at standardized submaximal times during exercise (including isotime of

5.1 ± 1.0 min), and at peak exercise.

of breathlessness descriptors at end-exercise was not significantly
different in AB vs. CTRL (data not shown).

DISCUSSION

The main finding of this randomized controlled trial was that
AB enhanced neuromuscular efficiency of the diaphragm during
exercise but had no effect on exertional breathlessness and
exercise endurance in adults with COPD.

In keeping with the results of earlier studies in health (Hussain
et al., 1985; Abdallah et al., 2017), SCI (West et al., 2012,
2014) and COPD (Alexander and Kontz, 1934; Gordon, 1934;
Celli et al., 1985; Dodd et al., 1985), AB significantly enhanced
pressure-generating capacity of the diaphragm at rest and
throughout exercise. Presumably, by increasing intra-abdominal
pressure, AB functionally “strengthened” the diaphragm and
enhanced its pressure-generating capacity by improving its
length-tension relationship, thus enabling the diaphragm to
initiate its inspiratory contraction at a more favorable length
(Koo et al., 2015). Furthermore, cephalad displacement of the
diaphragm with AB likely increased the area of diaphragmatic
apposition to the rib cage with attendant increases in the
inflationary action of the diaphragm on the lower rib cage

(Koo et al., 2015). AB presumably also minimized caudal shift
of the diaphragm by reducing abdominal wall compliance,
thus decreasing the velocity of diaphragm shortening (Koo
et al., 2015). Collectively, these mechanically advantageous
adaptations are likely responsible for the ∼25% improvement in
diaphragmatic neuromuscular efficiency during exercise with vs.
without AB in adults with COPD.

Despite enhanced diaphragmatic neuromuscular efficiency,
AB had no effect on exertional breathlessness and EET. This is
in contrast to the results of LVRS studies in COPD, wherein
enhanced diaphragmatic neuromuscular efficiency correlated
with relief of exertional breathlessness and increased exercise
capacity (Laghi et al., 1998, 2004; Lahrmann et al., 1999;
Gorman et al., 2005). Enhanced diaphragmatic neuromuscular
efficiency following LVRS is secondary to enhanced respiratory
mechanics, as evidenced by reduced static and dynamic lung
hyperinflation and improved breathing pattern (Laghi et al.,
1998, 2004; Lahrmann et al., 1999; Gorman et al., 2005). By
increasing the area of diaphragmatic apposition to the rib cage
and improving the operating length of the diaphragm due to
its cephalad displacement, these improvements in breathing
mechanics following LVRS effectively decrease the load on the
diaphragm, increase diaphragm pressure-generating capacity,
and reduce the level of diaphragm activation needed to support
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FIGURE 4 | Effects of abdominal binding (AB) vs. control (CTRL) on (A) ventilation, (B) inspiratory capacity, (C) tidal volume, (D) inspiratory reserve volume, (E)
breathing frequency, and (F) peak expiratory flow during constant-load cycle endurance exercise testing at 75% of peak incremental power output in adults with

chronic obstructive pulmonary disease (n = 20). Pes, esophageal pressure. Data points are mean ± SEM values at rest, at standardized submaximal times during

exercise (including isotime of 5.1 ± 1.0 min), and at peak exercise. ∗p < 0.05 vs. CTRL.

a given level of ventilation (Laghi et al., 1998; Lahrmann et al.,
1999; Laghi and Tobin, 2003; Gorman et al., 2005). Therefore,
in contrast to AB, enhanced diaphragmatic neuromuscular
efficiency following LVRS is due to the combination of increased
diaphragm pressure-generating capacity and reduced inspiratory
neural drive. Consequently, in the absence of improvements
in expiratory flow-generating capacity, static and dynamic
breathing mechanics, breathing pattern and EMGdi,rms, isolated
and acute improvements in diaphragmatic neuromuscular
efficiency during exercise with vs. without AB did not translate
into relief of exertional breathlessness and/or improved exercise
tolerance in our participants with COPD.

Our findings substantiate the mechanistic role of
pathophysiological abnormalities in breathing mechanics
and inspiratory neural drive (and deemphasize the mechanistic
role of diaphragmatic neuromechanical inefficiency) to the
etiology of exertional breathlessness and exercise intolerance in
COPD. That is, despite improving pressure-generating capacity
and neuromuscular efficiency of the diaphragm, AB had no effect
on the inter-relationships between exercise-induced changes in
ratings of perceived breathlessness, IRV, breathing pattern and
EMGdi,rms. Our findings are consistent with those of Ciavaglia
et al. (2014) and Faisal et al. (2016) who, respectively, reported
that differences in the activity and recruitment of the diaphragm,
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FIGURE 5 | Effects of abdominal binding (AB) vs. control (CTRL) on (A) the root mean square of the crural diaphragm electromyogram (EMGdi,rms), (B)
transdiaphragmatic pressure (Pdi), (C) esophageal pressure (Pes), (D) tidal Pdi swing (Pdi,tidal) vs. EMGdi,rms, (E) gastric pressure (Pga) and (F) the quotient of

Pdi,tidal to EMGdi,rms (an index of diaphragmatic neuromuscular efficiency) responses during constant-load cycle endurance exercise testing at 75% of peak

incremental power output in adults with chronic obstructive pulmonary disease (n = 20). Dashed lines in panels B,C,E denote peak tidal expiratory Pdi, Pes, and

Pga, respectively. Data points are mean ± SEM values at rest, at standardized submaximal times during exercise (including isotime of 5.1 ± 1.0 min), and at peak

exercise. ∗p < 0.05 vs. CTRL.

accessory inspiratory muscles, and expiratory muscles during
walking vs. cycling in obese adults with COPD and during
symptom-limited incremental cycle CPET in adults with COPD
vs. interstitial lung disease did not influence the relationship
between exercise-induced changes in ratings of perceived
breathlessness and each of the tidal volume-to-IC ratio (the
inverse of IRV), breathing pattern and EMGdi,rms. Collectively,
the results add to a growing body of evidence emphasizing
the importance of increased inspiratory neural drive in the
pathogenesis of exertional breathlessness in COPD (Guenette
et al., 2014; Jolley et al., 2015; Elbehairy et al., 2016; Langer et al.,

2018; O’Donnell et al., 2018), while simultaneously questioning
the role of alterations in the activity of mechanosensitive afferents
(i.e., Golgi tendon organs and muscle spindles) emanating from
the diaphragm as well as from the chest wall and abdominal
muscles in the perception of activity-related breathlessness in
COPD.

Compared to CTRL, AB was associated with modest but
significant decreases in IC at isotime and peak exercise by
∼110 mL, which may have offset the potentially beneficial
effects of enhanced diaphragmatic neuromuscular efficiency on
exertional breathlessness and EET. However, this is unlikely,
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particularly in view of the results of Guenette et al. (2012)
who demonstrated that the perception of breathlessness during
symptom-limited constant-load CPET in adults with COPD
is associated with progressive mechanical constraints on tidal
volume expansion as IRV approaches its minimal value,
independent of the behavior of dynamic IC. In as much as AB
did not affect the behavior of dynamic IRV during exercise,
we contend that the small and isolated decreases in IC during
exercise with vs. without ABwere unlikely to offset the potentially
beneficial effects of enhanced diaphragmatic neuromuscular
efficiency on exertional breathlessness and EET.

Methodological Considerations
We evaluated the effects of AB sufficient to increase intra-
abdominal pressures by 6.7 ± 0.3 cmH2O on the inter-
relationships between diaphragmatic neuromuscular efficiency,
exertional breathlessness and exercise endurance in adults with
COPD. While this level of abdominal compression effectively
enhanced diaphragmatic neuromuscular efficiency in the present
study as well as in our earlier AB study of healthy younger
men (Abdallah et al., 2017), we cannot rule out the possibility
that different degrees of abdominal compression may yield
different results on diaphragmatic neuromuscular efficiency,
exertional breathlessness, and exercise capacity. While the
observed changes in diaphragm pressure-generating capacity
for a given level of diaphragm electrical activation with AB
are consistent with improved length-tension relationship of
the diaphragm due to its ascent to a more mechanically
advantageous position, we cannot rule out the possibility that
cephalad displacement of the diaphragm with AB increased
pressure-generating capacity of the diaphragm by decreasing its
radius of curvature, even without a change in force generation.
Without radiographic evidence of cephalad displacement of the
diaphragm with vs. without AB, we can only speculate on
the determinants of improved diaphragm pressure-generating
capacity and enhanced diaphragmatic neuromuscular efficiency
with AB in our participants with COPD. We cannot comment
on the effects of AB on cardiac function since measurements of
stroke volume and cardiac output were not obtained; however, we
have previously demonstrated that AB sufficient to increase intra-
abdominal pressures by 6.6 ± 0.6 cmH2O had no demonstrable
effect on stroke volume and cardiac output responses during
constant-load CPET in healthy younger men (Abdallah et al.,
2017). As the experimental conditions of this study could not be
blinded to the participants and investigators, we cannot rule out
the possibility that participant and/or investigator bias may have
influenced our results.

CONCLUSION

In the absence of improved static and dynamic lung function,
expiratory flow-generating capacity, ventilation, breathing
pattern, and inspiratory reserve drive, isolated and acute
improvements in diaphragmatic neuromuscular efficiency during
exercise with AB were not associated with relief of exertional
breathlessness and/or improved exercise endurance in adults
with COPD.
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ABSTRACT The objective of the present study was to evaluate the effect of morphine on exertional
breathlessness and exercise endurance in advanced chronic obstructive pulmonary disease (COPD).

In a randomised crossover trial, we compared the acute effect of immediate-release oral morphine versus
placebo on physiological and perceptual responses during constant-load cardiopulmonary cycle exercise
testing (CPET) in 20 adults with advanced COPD and chronic breathlessness syndrome.

Compared with placebo, morphine reduced exertional breathlessness at isotime by 1.2±0.4 Borg units
and increased exercise endurance time by 2.5±0.9 min (both p⩽0.014). During exercise at isotime,
morphine decreased ventilation by 1.3±0.5 L·min−1 and breathing frequency by 2.0±0.9 breaths·min−1

(both p⩽0.041). Compared with placebo, morphine decreased exertional breathlessness at isotime by ⩾1
Borg unit in 11 participants (responders) and by <1 Borg unit in nine participants (non-responders).
Baseline participant characteristics, including pulmonary function and cardiorespiratory fitness, were
similar between responders and non-responders. A higher percentage of responders versus non-responders
stopped incremental CPET due to intolerable breathlessness: 82 versus 33% (p=0.028).

Immediate-release oral morphine improved exertional breathlessness and exercise endurance in some,
but not all, adults with advanced COPD. The locus of symptom-limitation on laboratory-based CPET may
help to identify patients most likely to benefit from morphine.
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Introduction
Breathlessness and exercise intolerance are independently associated with increased morbidity and
mortality in chronic obstructive pulmonary disease (COPD) [1]. Despite optimal treatment of their
underlying disease with bronchodilators, corticosteroids and/or phosphodiesterase inhibitors, 46–91% of
patients with severe-to-very-severe COPD suffer from chronic and disabling breathlessness at rest and on
minimal exertion [2–4]; i.e., chronic breathlessness syndrome [5]. Therefore, symptom-specific therapies
that alleviate refractory breathlessness and improve exercise capacity are needed to enhance health
outcomes in advanced COPD.

A systematic review and meta-analysis by EKSTROM et al. [6] recently concluded that systemic low-dose
opioids are safe and effective for decreasing refractory breathlessness but do not improve exercise capacity
in advanced COPD. Importantly, published studies have provided little insight into the mechanism(s)
mediating opioid-induced relief of breathlessness in COPD, although reductions in ventilation (VʹE) via
reduced central neural respiratory drive and/or a blunted central perception of breathlessness have been
proposed [7–10]. A better understanding of the physiological mechanism(s) of action of systemic opioids
on breathlessness is essential to optimising symptom control in advanced COPD.

Although Canadian, American, European and international clinical practice guidelines support the use of
systemic low-dose opioids for decreasing refractory breathlessness in advanced COPD [11–14], many
physicians do not prescribe opioids for breathlessness [15] due to fear of adverse side-effects (e.g.
respiratory depression), insufficient scientific evidence supporting a benefit of opioids on refractory
breathlessness and an inability to predict which patients will respond to opioids [16, 17].

The primary objective of this randomised crossover trial was to evaluate the acute effect of oral morphine
on exertional breathlessness and exercise endurance in advanced COPD. Our secondary objective was to
elucidate the physiological mechanism(s) of action of oral morphine on exertional breathlessness and
exercise endurance in advanced COPD. We compared detailed physiological and perceptual responses to
cycle endurance exercise testing after single-dose administration of immediate-release oral morphine and
placebo in participants with advanced COPD and chronic breathlessness syndrome. We hypothesised that
oral morphine versus placebo would be associated with clinically meaningful improvements in exertional
breathlessness and exercise endurance, independent of opioid-related side effects, CO2 retention and
concurrent improvements in the physiological response to exercise.

Materials and methods
Participants
Participants included men and women aged ⩾40 years with Global Initiative for Obstructive Lung Disease
stage 3 or 4 COPD [14] and chronic breathlessness syndrome [5], defined as a modified Medical Research
Council dyspnoea score of ⩾3 [18], a baseline dyspnoea index focal score of ⩽6 [19] and/or an oxygen
cost diagram rating of ⩽50% full scale [20] despite optimal treatment with bronchodilators, corticosteroids
and/or phosphodiesterase inhibitors [14]. See the online data supplement for more information on
eligibility criteria.

Study design
This single-centre, randomised, double-blind, placebo-controlled, crossover trial consisted of two
intervention periods separated by a washout period of ⩾48 h (figure 1). Participants were randomised in a
1:1 ratio to receive immediate-release oral morphine sulphate (0.1 mg·kg−1 body mass to a maximum dose
of 10 mg (Statex; Paladin Labs Inc., Montreal, QC, Canada)) or diluted simple syrup (placebo) prepared in
250 mL of orange juice. The study received ethical approval from Health Canada and the Research
Institute of the McGill University Health Centre.

After providing written informed consent, participants completed a screening/familiarisation visit followed
by two randomly assigned treatment visits. Visit 1 included: evaluation of participant-reported
breathlessness [18–20], health status [21] and anxiety/depression [22]; measurement of arterialised
capillary carbon dioxide tension (PacCO2) at rest; post-bronchodilator (400 μg salbutamol) pulmonary
function testing; and a symptom-limited incremental (5-W·min−1) cardiopulmonary cycle exercise test
(CPET) to determine peak power output (PPO). At the start of visits 2 and 3, participants inhaled 400 μg
of salbutamol to standardise the time since last bronchodilator administration. 15 min thereafter,
participants completed the opioid-related symptom distress scale (ORSDS) [23, 24] followed by blood
sampling for measurement of PacCO2 and of plasma concentrations of morphine ([MOR]),
morphine-3-glucuronide ([M3G]) and morphine-6-glucuronide ([M6G]). Participants were then
administered oral morphine or placebo. 30 min thereafter, participants completed the ORSDS and blood
for measurement of PacCO2, [MOR], [M3G] and [M6G] was collected. Participants then completed a
symptom-limited constant-load cycle CPET at 75% PPO.
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Procedures
Spirometry, plethysmography and single-breath diffusion capacity of the lung for carbon monoxide were
performed using automated equipment and recommended techniques [25–28]. Exercise tests were
conducted on an electronically braked cycle ergometer using a computerised CPET system. Cardiac,
metabolic, breathing pattern and gas exchange parameters were collected and analysed as previously
described [29]. Inspiratory capacity manoeuvres were performed at rest, every 2 min during CPET and at
end-exercise [30]. Using Borg’s modified 0–10 category ratio scale [31], participants rated the intensity and
unpleasantness of their breathlessness, as well as the intensity of their leg discomfort at rest, every 2 min
during CPET, and at end-exercise [29, 32]. In a subgroup of seven consenting participants,
breath-by-breath measures of the crural diaphragm electromyogram (EMGdi) were recorded from a
multi-pair oesophageal electrode catheter and analysed using published methods [32, 33]. Participants
verbalised their main reason(s) for stopping exercise, quantified the percentage contribution of
breathlessness and leg discomfort to exercise cessation, and identified qualitative phrases that best described
their breathlessness at end-exercise [34]. Each participant’s blinded treatment preference was assessed at
the end of visit 3. See the online data supplement for more information on experimental procedures.

Outcome variables
The primary outcome was the post-dose difference in breathlessness intensity ratings during exercise at
isotime, defined as the highest equivalent 2-min interval of exercise completed by a given participant
during each of the constant-load CPETs. The co-primary outcome was the post-dose difference in exercise
endurance time (EET), defined as the duration of loaded pedalling during constant-load CPET. See online
data supplement for details on secondary outcome variables.

Excluded (n=105)
• Did not meet inclusion criteria (n=87)
• Refused morphine (n=4)
• Refused research (n=14)

Randomised
(n=23)

Placebo
(n=12)

Morphine
(n=11)

Serious adverse event
(n=1)

Exacerbation (non-study
related reasons; n=1)

Assessed for eligibility
(n=128)

Placebo
(n=9)

Morphine
(n=11)

Analysed
(n=20)

Lost to follow-up (non-study
related reasons; n=1)

Visit 1
(n=23)

Crossover

FIGURE 1 CONSORT diagram of the study population.
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Statistical analyses
Using a two-tailed paired subject formula with α=0.05, β=0.90 and an expected effect size of 0.80 [35], we
estimated that 20 participants were needed to detect a minimal clinically important difference (MCID) of
1 Borg unit in breathlessness intensity during exercise at isotime [36] and of 101 s in EET [37] after taking
morphine versus placebo.

All participants who completed both morphine and placebo arms of the trial were included in the analysis.
Linear mixed-models regression with random intercepts was used to analyse post-dose differences in EET
as well as in all physiological and perceptual responses to constant-load CPET, accounting for period and
sequence effects. A secondary analysis was conducted after examination of the data showed that 11
participants had a morphine-induced decrease in breathlessness intensity at isotime by the MCID of ⩾1
Borg unit (responders) compared with the remaining nine participants who did not (non-responders).
Statistical significance was set at p<0.05. See the online data supplement for additional information on the
statistical analyses performed.

Results
23 out of 128 participants assessed for eligibility were randomised (figure 1). Two of these 23 participants
were lost during follow-up for non-study-related reasons, while one was lost following a serious adverse
event. Baseline characteristics of the 20 participants who completed the trial are presented in tables 1 and 2.

TABLE 1 Baseline participant characteristics

Parameter Value

Male:female n 15:5
Age years 63.6±7.1
Height cm 169.0±8.3
Body mass kg 71.6±14.4
Body mass index kg·m−2 25.3±5.2
PacCO2 mmHg (range)# 37.7±3.4 (32–45)
Smoking history pack-years 59.3±22.8
GOLD stage 3:4 n 12:8
Post-bronchodilator pulmonary function
FEV1 L (% predicted) 0.93±0.21 (35±9)
FEV1/FVC % 36.3±10.3
TLC L (% predicted) 7.79±1.70 (126±17)
RV L (% predicted) 4.70±1.40 (217±57)
FRC L (% predicted) 5.68±1.57 (174±38)
IC L (% predicted) 2.08±0.61(72±17)
DLCO mL·min·mmHg−1 (% predicted)¶ 12.9±6.2 (52±30)
sRaw cmH2O·L·s

−1 (% predicted)# 46.4 ±35.8 (949±821)
Breathlessness and health status
mMRC score 0–4 3.0±0.6
BDI focal score out of 12 3.9±1.9
Oxygen cost diagram % full scale 39±16
CAT score out of 40 21.3±6.4
CAT breathlessness item out of 5 4.1±0.9
CAT activity limitation item out of 5 3.3±1.5

HADS score out of 42 12.2±6.1
COPD medication summary
LABA+LAMA n 4
LABA+LAMA+ICS n 14
LABA+LAMA+PI n 1
LABA+LAMA+ICS+PI n 1

Data are presented as mean±SD, unless otherwise stated. #: n=18. ¶: n=17. PacCO2: partial pressure of
carbon dioxide in arterialised capillary blood; GOLD: Global Initiative for Obstructive Lung Disease; FEV1:
forced expiratory volume in 1 s; FEV1/FVC, forced expiratory volume in 1s to forced vital capacity ratio; TLC:
total lung capacity; RV: residual volume; FRC: functional residual capacity; IC: inspiratory capacity; DLCO:
diffusing capacity of the lung for carbon monoxide; sRaw: specific airway resistance; mMRC: modified
Medical Research Council Dyspnoea Scale; BDI: Baseline Dyspnoea Index; CAT: COPD Assessment Test;
HADS: Hospital Anxiety and Depression Scale; LABA: long-acting β2 agonist; LAMA: long-acting muscarinic
antagonist; ICS: inhaled corticosteroid; PI: phosphodiesterase inhibitor.
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Primary outcomes
There was no statistically significant sequence or period effect of treatment. Compared with placebo,
morphine (mean±SEM dose, 7.2±3.2 mg (range: 4.4–9.2 mg)) decreased breathlessness intensity ratings at
isotime by 1.2±0.4 Borg units (p=0.011) (figure 2a, d and g, table 3) and increased EET by 2.5±0.9 min
(148±52 s) or 41±13% (p=0.014) (figure 2f and i, table 3).

Secondary outcomes
Perceptual responses
Compared with placebo, morphine decreased breathlessness unpleasantness ratings by 1.4±0.4 Borg units
at isotime (p=0.003) (figure 2b, e and h, table 3), but had no effect on intensity ratings of leg discomfort
at rest or during exercise (figure 2c, table 3). Despite differences in EET, breathlessness intensity and
unpleasantness ratings were similar between treatments at end-exercise (figure 2a and b, table 3).

Compared with placebo, morphine had no effect on the locus of symptom limitation (table 3), the
selection frequency of breathlessness descriptors at end-exercise (see figure E1 in the online data
supplement), and the relative contributions of breathlessness (morphine, 61±8% versus placebo, 66±8%,
p=0.260) and leg discomfort (morphine, 19±6% versus placebo, 23±6%, p=0.305) to exercise cessation.

Blood biochemistry
Oral morphine increased plasma [MOR], [M3G] and [M6G] (figure 3a). Morphine-induced changes in
breathlessness intensity ratings at isotime and in EET were unrelated to plasma [MOR], [M3G] and
[M6G] (Pearson r⩽0.43, p⩾0.09 for all). There was no treatment, time or treatment×time interaction effect
for PacCO2 (figure 3b). There was also no evidence of CO2 retention at rest: all pre- and post-dose
measurements of PacCO2 were <50 mmHg (figure 3b).

Physiological responses
With the exception of a small but significant increase in the end-tidal partial pressure of CO2 (PETCO2) by
just 0.9±0.3 mmHg (p=0.002), morphine had no effect on physiological variables at rest (figure 4, table 3).
During exercise at isotime after taking morphine versus placebo, there were small but significant decreases

TABLE 2 Physiological and perceptual responses at the symptom-limited peak of incremental
cycle exercise testing in adults with advanced chronic obstructive pulmonary disease and
chronic breathlessness syndrome

Parameter Value

Cycle exercise time min 6.5±2.7
Power output Watt (% predicted) 37.8±17.7 (27±10)
V′O2 mL·kg·min−1 (% predicted) 12.7±2.6(53±16)
Heart rate beats·min−1 (% predicted) 113±22 (67±13)
Breathlessness intensity Borg units 6.1±2.3
Breathlessness unpleasantness Borg units 6.3±2.1
Leg discomfort Borg units 5.6±3.2
V′E L·min−1 (% estimated MVV) 31.3±7.9 (97±17)
VT L 1.11±0.31
fR breaths·min−1 29.2±6.9
Δ IC from rest L −0.94±0.61
IRV L 0.29±0.20
V′E/V′CO2 37.9±1.5
PETCO2 mmHg 36.4±5.0
SpO2 % 93±3
Δ SpO2 from rest % −2.4±2.8
Reasons for stopping exercise
Breathlessness n 12
Leg discomfort n 1
Breathlessness and leg discomfort n 7

Data are presented as mean±SD, unless otherwise stated. V′O2: rate of oxygen uptake; V′E: minute
ventilation; MVV: maximal voluntary ventilation estimated as forced expiratory volume in 1s×35; VT: tidal
volume, fR: breathing frequency; Δ: exercise-induced change; IC: inspiratory capacity; IRV: inspiratory
reserve volume; V′E/V′CO2: ventilatory equivalent for carbon dioxide; PETCO2: partial pressure of end-tidal
carbon dioxide; SpO2: oxygen saturation by pulse oximetry.
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in V′E (p=0.031) and breathing frequency (ƒR; p=0.041) (figure 4, table 3). At peak exercise, ƒR decreased
after taking morphine versus placebo (p=0.041) (figure 4b, table 3). Compared with placebo, morphine
had no statistically significant effect on EMGdi or the EMGdi:V′E ratio at any measurement time, although
EMGdi was reduced by ∼13% during exercise at isotime after taking morphine versus placebo (p=0.061)
(table 3).

Opioid-related side effects and adverse events
18 out of 20 participants reported no pre- to post-dose change in ORSDS ratings of headache, nausea,
difficulty concentrating, drowsiness, lightheadedness/dizziness, confusion and fatigue after taking either
morphine or placebo. One participant with no pre-dose symptoms reported lightheadedness/dizziness and
difficulty concentrating 30 min after taking morphine, although the severity and bothersomeness of these
symptoms were mild with ratings of <20 mm on a 100-mm visual analogue scale. Another participant
with no pre-dose symptoms reported nausea and drowsiness 30 min after taking morphine and placebo,
respectively. In both cases, the severity and bothersomeness of these symptoms were moderate, with visual
analogue scale ratings of <50 mm. One serious adverse event occurred in a woman with an unreported
intolerance to opioids. This participant experienced severe abdominal pain 20 min after taking morphine,
was admitted to the emergency department, treated with epinephrine, and discharged 4 h after admission.

Participant’s blinded treatment preference
15 out of 20 participants reported a preference for morphine over placebo for exercise: 12 participants
volunteered that their breathing was easier during exercise, while three participants volunteered that
exercise was less demanding. Three out of 20 participants reported a preference for placebo because they
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FIGURE 2 Effect of immediate-release oral morphine versus placebo on exertional breathlessness and exercise endurance in adults with
advanced chronic obstructive pulmonary disease (COPD) and chronic breathlessness syndrome. Mean±SEM a) breathlessness intensity ratings, b)
breathlessness unpleasantness ratings and c) leg discomfort ratings at rest and during constant-load cycle exercise testing at 75% of peak
incremental power output. Individual participant post-dose values and post-dose differences in d and g) breathlessness intensity ratings during
exercise at isotime, e and h) breathlessness unpleasantness ratings during exercise at isotime and f and i) exercise endurance time, where red
symbols with dashed horizontal lines in panels d, e and f) denote mean±SEM. Dashed horizontal lines in panels g and i denote minimally clinically
important difference for breathlessness intensity [36] and exercise endurance time [37]. Δ: post-dose difference (i.e., morphine minus placebo).
*: p<0.05 versus placebo.
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felt more prepared for the study visit (i.e. they received placebo at visit 3), while the remaining two
participants reported no treatment preference.

Secondary analysis
Baseline characteristics were similar between responders and non-responders (see table E1 in the online
data supplement), with the exception of forced expiratory volume in 1 s (FEV1) expressed as a percentage
of predicted which tended to be lower in responders versus non-responders (p=0.050).

Intensity and unpleasantness ratings of breathlessness were higher in responders versus non-responders at
the symptom-limited peak of incremental CPET (intensity: 6.9±0.7 versus 5.1±0.8 Borg units (p=0.077);
unpleasantness: 7.0±0.7 versus 5.5±0.5 Borg units (p=0.119)) and constant-load CPET during the placebo
treatment period (intensity: 6.8±0.8 versus 4.7±0.6 Borg units (p=0.046); unpleasantness: 7.1±0.8 versus
4.9±0.6 Borg units (p=0.050)), even though PPO, EET, peak V′E and peak rate of oxygen uptake (V′O2)
were not significantly different between groups. A greater percentage of participants within the responders
versus the non-responders subgroup identified intolerable breathlessness as their primary reason for
stopping incremental CPET (82% (n=9 out of 11) versus 33% (n=3 out of 9), p=0.028) and constant-load
CPET during the placebo treatment period (73% (n=8 out of 11) versus 33% (n=3 out of 9), p=0.078). The
relative contribution of intolerable breathlessness to the cessation of incremental CPET (76±6 versus
51±11%, p=0.042) and constant-load CPET during the placebo treatment period (76±9 versus 52±13%,
p=0.139) was also higher in responders versus non-responders.

TABLE 3 Effect of immediate-release oral morphine (0.1 mg·kg−1 body mass) versus placebo on physiological and perceptual
responses at rest, at a standardised submaximal time during constant-load cycle exercise testing (isotime), and at the
symptom-limited peak of constant-load cycle exercise testing in adults with advanced COPD and chronic breathlessness
syndrome

Rest Isotime Peak

Placebo Morphine Placebo Morphine Placebo Morphine

Cycle exercise time min 5.3±4.5 5.3±4.5 6.2±4.4 8.6±6.5*

Breathlessness intensity Borg units 0.6±0.9 0.4±0.7 4.2±2.6 3.0±1.6* 5.9±2.4 5.6±2.2
Breathlessness unpleasantness Borg units 0.5±0.8 0.6±1.2 4.5±2.6 3.1±1.7** 6.1±2.5 5.6±2.0
Leg discomfort Borg units 0.5±1.1 0.4±0.7 3.9±3.2 3.7±3.2 4.9±3.6 5.1±3.4
V′O2 mL·kg·min−1 4.5±1.1 4.4±1.1 11.7±2.4 11.3±2.5 12.5±2.3 12.5±2.5
V′CO2 mL·kg·min−1 4.3±1.1 4.1±1.1 11.1±2.6 10.8±2.7 12.0±2.5 12.1±2.5
Heart rate beats·min−1 86±13 87±14 110±21 110±21 112±21 114±21
V′E L·min−1 14.6±2.3 14.0±1.9 28.9±7.4 27.6±7.5* 30.9±7.2 30.6±7.8
VT L 0.89±0.24 0.87±0.25 1.12±0.28 1.16±0.28 1.08±0.29 1.14±0.26
fR breaths·min−1 18.0±6.2 18.0±6.2 26.9±7.2 24.9±7.3* 30.2±7.7 28.1±7.3*

VT/Ti 0.74±0.16 0.72±0.17 1.48±0.32 1.42±0.31 1.60±0.34 1.58±0.32
Ti/Ttot 34.0±5.5 34.3±5.4 32.8±5.0 32.9±4.8 33.1±5.2 32.6±4.6
IC L 2.03±0.51 2.11±0.50 1.43±0.33 1.51±0.31 1.34±0.30 1.38±0.28
Δ IC from rest L -0.61±0.37 -0.60±0.31 -0.70±0.31 -0.73±0.41
IRV L 1.15±0.43 1.25±0.49 0.31±0.21 0.35±0.19 0.26±0.19 0.25±0.20
V′E/V′CO2 49.3±5.6 49.6±6.6 37.7±6.7 36.9±5.6 37.3±6.7 38.2±5.5
PETCO2 mmHg 32.6±2.9 33.5±3.2** 37.5±5.7 37.9±5.2 37.8±6.0 38.2±5.5
SpO2 % 96±2 96±2 93±4 93±4 93±4 93±4

Gastro-oesophageal balloon-electrode catheter-derived parameters (n=7)
EMGdi,rms μV 59.5±37.1 47.1±26.3 134.2±50.3 117.2±50.9 161.2±63.8 149.8±65.8
EMGdi,rms/V′

E
μV·L·min−1 4.3±2.3 3.5±2.0 5.2±2.9 4.8±2.7 5.6±2.9 5.4±3.2

EMGdi,rms%max 28±11 23±9 64±12 59±17 76±15 74±17

Reasons for stopping exercise
Breathlessness n 11 9
Leg discomfort n 2 4
Breathlessness and leg discomfort n 5 2
Other n 2 5

Data are presented as mean±SD, unless otherwise stated. V′O2: rate of oxygen uptake; V′CO2: rate of carbon dioxide production; HR: heart rate;
V′E: minute ventilation; VT: tidal volume; fR: breathing frequency; VT/Ti: mean tidal inspiratory flow, where Ti represents inspiratory time; Ti/Ttot:
inspiratory duty cycle, where Ttot represents total breath duration; IC: inspiratory capacity; Δ: exercise-induced change; IRV: inspiratory reserve
volume; V′E/V′CO2: ventilatory equivalent for carbon dioxide; PETCO2: partial pressure of end-tidal carbon dioxide; SpO2: oxygen saturation by pulse
oximetry; EMGdi,rms: root mean square of the crural diaphragm electromyogram; EMGdi,rms%max: EMGdi,rms expressed as a percentage of
maximum voluntary EMGdi,rms. *: p<0.05 and **: p<0.01 versus placebo.
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Plasma [MOR], [M3G] and [M6G] were not different between responders and non-responders, while
post-dose measures of PacCO2 were similar within- and between-groups (see figure E2 in the online data
supplement). The effect of oral morphine versus placebo on breathlessness and selected ventilatory
responses to constant-load CPET within responders and non-responders is shown in figure 5. After taking
morphine versus placebo within the responder subgroup, EET increased by 3.6±1.3 min (p=0.005), while
breathlessness intensity and unpleasantness ratings during exercise at the highest equivalent isotime of
6.0±1.5 min decreased by 2.3±0.6 Borg units (p<0.001) and 2.3±0.6 Borg units (p=0.001), respectively.
Although the differences were not statistically significant, ƒR decreased by 3.2±1.4 breaths·min−1 and tidal
volume (VT) increased by 0.08±0.04 L at isotime (with no corresponding change in V′E) after taking
morphine versus placebo within responders. By contrast, morphine had no effect on EET or an effect on
ventilatory and breathlessness responses to exercise within non-responders.
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Compared with placebo, morphine had no effect on either the locus of symptom limitation, the selection
frequency of breathlessness descriptors at end-exercise or the percentage contributions of breathlessness
and leg discomfort to exercise cessation within either responders or non-responders (data not shown).

Discussion
The main findings of this randomised crossover trial are as follows: 1) single-dose administration of
immediate-release oral morphine versus placebo improved exertional breathlessness and exercise endurance
among participants with advanced COPD and chronic breathlessness syndrome; 2) morphine-induced
improvements in exertional breathlessness and exercise endurance were accompanied by small but
statistically significant decreases in V′E and fR during exercise at isotime, without significant opioid-related
side effects and/or gas exchange impairment at rest and during exercise; and 3) the locus of
symptom-limitation on laboratory-based CPET may help to identify adults with advanced COPD and
chronic breathlessness syndrome most likely to respond to morphine.

Compared with placebo, morphine decreased breathlessness intensity ratings during exercise at isotime by
1.2 Borg units and increased EET by 2.5 min (148 s) or 41%. The magnitudes of these improvements
exceeded their respective MCIDs [36, 37] and were thus clinically meaningful. Our results are comparable
to those of WOODCOCK et al. [10] and LIGHT et al. [8] who respectively reported on the acute effect of
single-dose oral dyhydrocodeine (1 mg·kg−1 body mass) and oral morphine (0.8 mg·kg−1 body mass) on
exertional breathlessness and exercise tolerance in advanced COPD.

It is noteworthy that improvements in exertional breathlessness and EET after taking morphine versus
placebo occurred following apparent maximal or near maximal bronchodilatation with 400 μg of inhaled
salbutamol. Indeed, morphine-induced improvements in exertional breathlessness and EET could not be
easily explained by improved dynamic respiratory mechanics.

In keeping with the results of WOODCOCK et al. [10] and LIGHT et al. [8], single-dose administration of oral
morphine versus placebo was associated with modest but statistically significant reductions in V′E and fR
during exercise at isotime, which were accompanied by concomitant reductions in neural inspiratory drive
to the crural diaphragm (i.e., EMGdi). These results are consistent with the known effect of systemic
opioids on central and peripheral chemoreflex drives to breathe [7]. Importantly, the observed changes in
V′E, fR and EMGdi occurred in the absence of any untoward effect of morphine on cardiac, metabolic and/
or gas exchange parameters at rest (e.g. PacCO2) and during exercise (e.g. PETCO2, oxygen saturation). In
view of the observed reductions in V′E, fR, EMGdi and the relatively preserved EMGdi:V′E ratio during
exercise at isotime after taking morphine versus placebo, we speculate that morphine-induced
improvements in exertional breathlessness and EET reflected, at least in part, the awareness of reduced
central neural respiratory drive as sensed by reduced central corollary discharge from brainstem respiratory
centres to various cortical and sub-cortical regions implicated in the neurophysiology of breathlessness
[38]. These regions, all of which express high densities of opioid receptors, include the prefrontal, insular
and motor cortices, operculum, anterior and posterior cingulate cortices, amygdala and periaqueductal
grey matter [38–42].

It is unlikely that awareness of reduced central neural respiratory drive was the only mechanism
responsible for relief of exertional breathlessness and improved EET after taking morphine versus placebo,
particularly in view of 1) the small reductions in V′E, fR and EMGdi at isotime relative to the large
improvements in exertional breathlessness and EET and 2) our finding that exertional breathlessness was
reduced and EET increased after taking morphine versus placebo within responders despite no statistically
significant decreases in V′E and fR. It is possible that morphine relieved breathlessness and improved EET
by suppressing activity of the cortico-limbic regions implicated in the perception of breathlessness,
independent of, or in conjunction with, its effect on central neural respiratory drive [9, 38–40, 42].

Although one serious adverse event occurred in a participant with an unreported intolerance to opioids,
no meaningful pre-to-post dose changes in any of the symptoms evaluated using the ORSDS were
observed following the administration of immediate-release oral morphine in our participants with
advanced COPD. These findings are consistent with the results of earlier studies that informally assessed
opioid-related side effects in COPD [8, 10].

Secondary exploratory analysis
With the exception of FEV1 % pred, which tended to be lower in responders versus non-responders,
baseline participant characteristics, resting PacCO2, and plasma [MOR], [M3G] and [M6G] were similar
between-groups (see table E1 in the online data supplement). Compared with non-responders,
the responders subgroup 1) reported higher intensity and unpleasantness ratings of breathlessness at the
symptom-limited peak of CPET and 2) were more likely to identify intolerable breathlessness as the
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FIGURE 5 Effect of immediate-release oral morphine versus placebo on a and b) breathlessness intensity, c
and d) breathlessness unpleasantness, e and f) minute ventilation, g and h) breathing frequency and i and j)
tidal volume responses during constant-load cycle exercise testing at 75% of peak incremental power output
in adults with advanced chronic obstructive pulmonary disease (COPD) and chronic breathlessness syndrome
that did (responders (n=11); panels a,c,e,g and i) and did not (non-responders (n=9); panels b,d,f,h and j)
report a decrease in breathlessness intensity of ⩾1 Borg unit during exercise at isotime after taking oral
morphine versus placebo. Data are presented as mean±SEM. *: p<0.05 versus placebo.
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primary reason for stopping CPET, despite exercising to a similar PPO, EET, peak V′O2 and peak V′E.
Factors contributing to these between-group differences are unclear, particularly in the absence of notable
differences in the physiological response to exercise. Collectively, these results suggest that adults with
advanced COPD and chronic breathlessness syndrome who achieve relatively high ratings of breathlessness
at the symptom-limited peak of exercise and/or who report intolerable breathlessness as their main
exercise-limiting symptom may be the most responsive to immediate-release oral morphine. Although we
were unable to elucidate the mechanism(s) responsible for the contrasting effect of oral morphine versus
placebo on exertional breathlessness and EET in responders versus non-responders, we speculate that any
one or combination of the following factors may be at least partly responsible: relatively greater
morphine-induced suppression of central neural respiratory drive in responders versus non-responders, as
evidenced by the 3.2 breath·min−1 decrease in fR at isotime after taking morphine versus placebo within
responders alone; unmeasured between-group differences in genetic variability (e.g. single nucleotide
polymorphisms in opioid receptors) [43]; and unmeasured between-group differences in conditioned
anticipatory/associative learning responses to breathlessness [42].

Methodological considerations
The generalizability of our results may be restricted to a relatively small and homogenous group of
clinically stable, normocapnic, non-oxygen dependent and opioid-naïve adults with severe-to-very severe
COPD and chronic breathlessness syndrome. The 0.1 mg·kg−1 body mass dose of immediate-release oral
morphine used in this trial may be considered relatively high, particularly in comparison to current
recommendations on the use of opioids for managing refractory breathlessness in advanced COPD [12].
Dose-ranging studies are needed to identify the lowest effective dose of immediate-release oral morphine
required to achieve clinically meaningful improvements in exertional breathlessness and EET in adults
with advanced COPD and chronic breathlessness syndrome. We caution against the extrapolation of our
results concerning the acute effect of single-dose immediate-release oral morphine on exertional symptoms
in advanced COPD to other modes (e.g. inhaled, sublingual), types (e.g. fentanyl) and regimens of opioid
administration (e.g. repeat-dose, sustained-release) in this patient population. Safety aspects of this trial
should be interpreted cautiously as it was not powered to detect differences in safety outcomes. Although
the results of our exploratory analysis may be limited by a small sample size (i.e. susceptible to a type 2
error), we nevertheless identified factors related to the locus of symptom-limitation on laboratory-based
cycle CPET as being potentially helpful in identifying which patients will likely respond to a single-dose of
immediate-release oral morphine, as previously demonstrated by DESCHENES et al. [44] for bronchodilator
therapy. In moving forward, it will be important to prospectively validate our post hoc classification of
responders and non-responders by observing the effects of chronic dosing of morphine on breathlessness
and exercise endurance in adults with advanced COPD and chronic breathlessness syndrome.

Conclusions
Single-dose administration of immediate-release oral morphine (0.1 mg·kg−1 body mass) was associated
with statistically significant and clinically meaningful improvements in exertional breathlessness and
exercise endurance in adults with advanced COPD and chronic breathlessness syndrome. The observed
changes in breathlessness and exercise endurance after taking oral morphine versus placebo could not be
explained by concurrent changes in cardiac, metabolic, gas exchange and/or dynamic operating lung
volume responses to exercise but were associated with reductions in ventilation, breathing frequency and
the diaphragm electromyogram during exercise at isotime. Although additional research is necessary, the
locus of symptom-limitation on laboratory-based CPET has the potential to help healthcare providers
better predict which patients with advanced COPD and chronic breathlessness syndrome are most likely to
achieve clinically meaningful improvements in exertional breathlessness and exercise endurance in
response to morphine.
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Abstract

Rationale: A series of studies conducted approximately 40 years ago
demonstrated an acute bronchodilator effect of smoked cannabis in
healthy adults and adults with asthma. However, the acute effects of
vaporized cannabis on airway function in adults with advanced
chronic obstructive pulmonary disease (COPD) remain unknown.

Objectives: To test the hypothesis that inhaled vaporized cannabis
would alleviate exertional breathlessness and improve exercise
endurance by enhancing static and dynamic airway function in
COPD.

Methods: In a randomized controlled trial of 16 adults
with advanced COPD (forced expiratory volume in 1 second
[FEV1], mean6 SD: 366 11% predicted), we compared the
acute effect of 35 mg of inhaled vaporized cannabis (18.2% D9-
tetrahydrocannabinol, ,0.1% cannabidiol) versus 35 mg of a
placebo control cannabis (CTRL; 0.33% D9-tetrahydrocannabinol,
,0.99% cannabidiol) on physiological and perceptual responses
during cardiopulmonary cycle endurance exercise testing;

spirometry and impulse oscillometry at rest; and cognitive function,
psychoactivity, and mood.

Results: Compared with CTRL, cannabis had no effect on
breathlessness intensity ratings during exercise at isotime (cannabis,
2.76 1.2 Borg units vs. CTRL, 2.66 1.3 Borg units); exercise endurance
time (cannabis, 3.86 1.9 min vs. CTRL, 4.26 1.9 min); cardiac,
metabolic, gas exchange, ventilatory, breathing pattern, and/or
operating lung volume parameters at rest and during exercise;
spirometry and impulse oscillometry–derived pulmonary function
test parameters at rest; and cognitive function, psychoactivity, and
mood.

Conclusions: Single-dose inhalation of vaporized cannabis had no
clinically meaningful positive or negative effect on airway function,
exertional breathlessness, and exercise endurance in adults with
advanced COPD.

Clinical trial registered with www.clinicaltrials.gov (NCT03060993).

Keywords: dyspnea; functional capacity; marijuana; chronic
obstructive pulmonary disease
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In adults with chronic obstructive
pulmonary disease (COPD), pathophysiological
abnormalities in static and dynamic
airway function (e.g., hyperinflation)
are mechanistically linked to breathlessness
and exercise intolerance (1, 2), which
are independently associated with
increased morbidity and mortality (3, 4).
Despite intensive management of their
underlying pulmonary pathophysiology
with inhaled bronchodilators and
antiinflammatory agents, 46–91% of
adults with advanced COPD suffer from
persistent and disabling breathlessness at rest
and on minimal exertion (5–8). Therefore, it
is important to identify adjunct therapies to
help alleviate breathlessness and improve
exercise tolerance in advanced COPD.

Amid widespread changes in the
regulatory landscape of recreational and
medicinal use of cannabis, there has been
growing interest in understanding the

therapeutic potential of its main cannabinoid
constituent, Δ9-tetrahydrocannabinol
(THC) (9), which provides symptomatic
relief of acute and chronic pain across a
range of malignant and nonmalignant
diagnoses (10).

Mechanistically, THC exerts its effects
by binding to cannabinoid type 1 (CB1) and
to a lesser extent type 2 (CB2) receptors,
which are differentially expressed in the
central and peripheral nervous systems as
well as in some peripheral tissues, including
the lungs (11, 12). Grassin-Delyle and
colleagues (13) demonstrated that THC
induced a concentration-dependent
inhibition of cholinergic contraction in
human airway smooth cells via activation of
prejunctional CB1 receptors. In keeping with
these observations, Vachon and colleagues
(14) and Tashkin and colleagues (15–18)
demonstrated an acute bronchodilator effect
of smoked cannabis (z500 mg of 1–2%

THC) in healthy adults and adults with
asthma that was comparable in magnitude
and duration of effect to the b2-adrenergic
receptor agonist isoproterenol. Although no
study has evaluated the bronchodilator and
therapeutic potential of inhaled cannabis
in COPD, a large cross-sectional study
of adults with COPD reported a positive
association between cannabis use and forced
expiratory volume in 1 second (FEV1) and
forced vital capacity (FVC), even after
adjusting for cigarette smoking history (19).
Together, these studies suggest that the
endocannabinoid system may represent a
novel therapeutic target to enhance static
and dynamic airway function, with attendant
improvements in exertional breathlessness
and exercise tolerance in advanced COPD.

The aim of this randomized controlled
trial was to evaluate the acute effect of
inhaled vaporized cannabis versus a placebo
control (CTRL) on exertional breathlessness

Screened for Eligibility

(n=31)

Visit 1

(n=18)

Randomized

(n=18)

Analyzed
(n=16)

Adverse event (n=1)

Voluntary withdrawal (non-
study related reasons; n=1)

Cannabis
(n=8)

Excluded (n=13)

Cannabis

(n=9)

CTRL
(n=10)

CTRL

(n=8)

CROSSOVER

Figure 1. CONSORT diagram of the study population. CONSORT =Consolidated Standards of Reporting Trials; CTRL = placebo control cannabis.
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and exercise endurance in symptomatic
adults with advanced COPD.We hypothesized
that single-dose inhalation of vaporized
cannabis versus CTRL would alleviate
exertional breathlessness and improve
exercise endurance by enhancing static and
dynamic airway function.

Methods

Study Design
This single-center, randomized, double-
blind, crossover trial (ClinicalTrials.gov;
NCT03060993) consisted of two intervention
periods separated by a washout period
of at least 5 days. The study protocol
and informed consent form received
regulatory approval from Health Canada
(Control No. 202091) and ethics approval
from the Research Institute of the McGill
University Health Centre (COPD-THC/
2017-2614). The study took place at the
McConnell Centre for Innovative Medicine
of the McGill University Health Centre,
and participants were recruited from the
Montreal Chest Institute (Montreal, QC,
Canada).

After providing written and
informed consent, participants completed
a screening/familiarization visit followed
by two randomly assigned treatment visits.
Visit 1 included: evaluation of participant-
reported breathlessness (20, 21), health
status (22), and anxiety/depression (23);
post-bronchodilator pulmonary function
testing; and a symptom-limited incremental
cardiopulmonary cycle exercise test (CPET)
to determine peak power output, defined
as the highest power output that the
participant was able to sustain for at least
30 seconds. Before the administration of
cannabis or CTRL at Visits 2 and 3, a
urine sample was collected for toxicology
screening of THC; cognitive function (24),
psychoactivity, and mood (25) were
assessed; and spirometry and impulse
oscillometry (iOS) were performed.
Participants then inhaled vaporized
cannabis or CTRL. Two minutes thereafter,
participants completed tests of cognitive
function (24), psychoactivity, and mood
(25) followed immediately by spirometry,
iOS, and a symptom-limited constant-load
cycle CPET at 75% of peak power output.
Intravenous blood samples for measurement
of plasma concentrations of THC and its
metabolites and of cannabidiol (CBD) were
obtained before and 2, 30, 75, and 180

minutes after inhalation of cannabis and
CTRL. See the online supplement for details
on study design.

Participants
Participants included men and women
(age, >40 yr) with Global Initiative for
Obstructive Lung Disease stage 3 or 4 COPD
(26). See the online supplement for details
on eligibility criteria.

Intervention
Participants received 35 mg of cannabis
(Tilray House Blend-active [THC, 18.2%;
CBD, ,0.1%]; Tilray) or 35 mg of CTRL
(Tilray House Blend-control [THC, 0.33%;
CBD, 0.99%]) administered with a Volcano
Digit vaporizer (Storz& Bickel America, Inc.).

Procedures
Dried plant cannabis and CTRL material
were dispensed into the Volcano Digit filling
chamber by the McGill University Health
Centre’s research pharmacist. The filling
chamber was placed in the vaporizer at a
heating temperature and filling time of
1908C and 30 seconds, respectively.
Approximately 5.5 L of the vaporized
compounds was collected in a balloon fitted
with a mouthpiece and a one-way valve
(Storz & Bickel America, Inc.), allowing the
vapor to remain in the balloon until
inhalation. Participants inhaled the entire
contents of the balloon using the Foltin
puff procedure (27). Briefly, participants
were instructed to “hold the balloon with
one hand and put the mouthpiece in

Table 1. Baseline participant characteristics

Parameter Value*

Male:Female, No. 10:6
Age, yr 65.46 7.7 (66; 47 to 77)
Height, cm 165.66 7.3 (168; 150 to 175)
Body mass, kg 70.96 11.7 (72; 50 to 89)
Body mass index, kg $m22 25.86 11.8 (26.7; 18.6 to 33.5)
Cigarette smoking history, pack-years 636 28 (60; 21 to 127)
Cannabis smoking history, joint-years 346 99 (0; 0 to 392)
Post-bronchodilator pulmonary function
FEV1, L (% predicted) 0.886 0.28 (366 11) (0.98; 0.51 to 1.53)
FEV1/FVC, % 316 7 (31; 20 to 47)
TLC, L (% predicted) 8.106 2.08 (1436 42) (7.86; 5.81 to 13.56)
RV, L (% predicted) 5.046 2.51 (2426 123) (4.41; 2.31 to 11.64)
FRC, L (% predicted) 6.406 2.17 (2106 78) (5.85; 4.24 to 12.32)
IC, L (% predicted) 1.706 0.43 (646 13) (1.79; 0.92 to 2.24)
DLCO, ml $min21 $mm Hg22 (% predicted) 11.96 3.9 (626 4) (11.7; 4.0 to 18.8)
sRaw, cm H2O $ L21 $ s22 (% predicted) 40.46 17.3 (9006 478) (34.9; 20.5 to 78.7)

Impulse oscillometry
R5, kPa $ L

21 $ s 0.516 0.13 (0.49; 0.27 to 0.82)
R20, kPa $ L

21 $ s 0.326 0.07 (0.32; 0.24 to 0.50)
X5, kPa $ L

21 $ s 20.286 0.12 (20.27; 20.55 to 20.76)
Fres, 1 $ s

21 22.836 3.49 (22.43; 17.73 to 28.06)
AX, kPa $ L

21 2.296 1.11 (2.14; 1.1 to 4.8)
Breathlessness and health status
mMRC score, 0–4 2.86 0.5 (3; 2 to 3)
BDI focal score, out of 12 4.16 1.8 (3; 1 to 7)
Oxygen cost diagram, % full scale 446 17 (38; 23 to 81)
CAT score, out of 40 15.76 7.8 (16; 4 to 28)
HADS score, out of 42 12.36 8.1 (13; 0 to 31)

COPD medication summary
LABA1 LAMA, No. 7
LABA1 LAMA1 ICS, No. 9

Definition of abbreviations: AX = area of reactance; BDI = Baseline Dyspnea Index; CAT =Chronic
Obstructive Pulmonary Disease Assessment Test; COPD = chronic obstructive pulmonary disease;
DLCO = diffusing capacity of the lung for carbon monoxide; Fres = resonant frequency; FEV1 = forced
expiratory volume in 1 second; FRC = functional residual capacity; FVC = forced vital capacity; HADS =
Hospital Anxiety and Depression Scale; IC = inspiratory capacity; ICS = inhaled corticosteroid; LABA =
long-acting b2-agonist; LAMA = long-acting muscarinic antagonist; mMRC=modified Medical
Research Council Dyspnoea Scale; R5 and R20 = resistance at 5 and 20 Hz, respectively; RV = residual
volume; sRaw = specific airway resistance; TLC = total lung capacity; X5 = reactance at 5 Hz.
*Values represent means6 SD (median; range). Cannabis smoking history was calculated as number
of joints per day3 number of years smoking.
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your mouth,” “inhale for 5 seconds,” “hold
vapor in your lungs for 10 seconds,” “exhale
and wait for 40 seconds before repeating
puff cycle.” Spirometry and iOS were
performed with automated equipment and
according to recommended techniques (28–
31). Exercise tests were conducted on an
electronically braked cycle ergometer, using
a computerized CPET system: cardiac,
metabolic, gas exchange, breathing
pattern, and operating lung volume
parameters were collected and analyzed
as previously described (32, 33). Using
Borg’s modified 0–10 category ratio scale
(34), participants rated the intensity
and unpleasantness of their breathlessness,
as well as the intensity of their leg
discomfort at rest, every 2 minutes
during CPET, and at end-exercise. Each
participant’s blinded treatment preference
was assessed at the end of Visit 3. See
the online supplement for details on
experimental procedures.

Outcome Variables
The primary outcome was the post-
treatment difference in breathlessness
intensity ratings during exercise at isotime,
defined as the highest equivalent 2-minute
interval of exercise completed by a given
participant during each of the constant-load
CPETs. The coprimary outcome was the
post-treatment difference in exercise
endurance time (EET), defined as the
duration of loaded pedaling during
constant-load CPET. The constant-load
cycle CPET was selected over other
exercise test modalities (e.g., endurance
shuttle walking test), as it is generally
regarded as the most responsive exercise
testing modality in the evaluation of
interventional efficacy in COPD,
particularly as it relates to exertional
breathlessness and EET (35). See the
online supplement for details on secondary
outcome variables.

Sample Size
Using a two-tailed paired-subject formula
with a = 0.05, b = 0.80, and an expected
effect size of 0.80 (36), we estimated that at
least 15 participants were needed to detect
a minimal clinically important difference
(MCID) of 61 Borg unit in breathlessness
intensity during exercise at isotime (37)
and of 6101 seconds in EET (38) after
inhalation of vaporized cannabis versus
CTRL.

Randomization
Participants were randomized at a 1:1
ratio according to a computer-generated
block randomization schedule (block size,
4) prepared by a third-party statistician
not involved in the trial. Participants
and investigators were blinded to the
randomization schedule.

Statistical Methods
Participants who completed both cannabis
and CTRL arms of the trial were included
in the analysis. Linearmixed-models regression
with random intercepts was used to analyze
post-treatment differences in EET as well as in
all physiological and perceptual responses to
constant-load CPET, accounting for period
and sequence effects. Data were analyzed
with the SAS statistical package, version 9.4
(SAS Institute Inc.) and SigmaStat, version 3.5
(Systat Software Inc.). Statistical significance
was set at P, 0.05, and values are reported as
means6 SD unless stated otherwise. See the
online supplement for additional information
on the statistical analyses performed.

Results

Eighteen of 31 participants assessed for
eligibility were randomized (Figure 1). One

of these 18 participants voluntarily withdrew
between Visits 1 and 2, and another
participant was excluded after an adverse
event (see below). Baseline characteristics of
the 16 participants who completed the
trial are presented in Tables 1 and 2.
Twelve of the 16 participants had a
self-reported cannabis smoking history of
less than one joint in their lifetime. The
other four participants had a mean6 SD
self-reported cannabis smoking history
of 346 99 joint-years (range, 1.4–392).
See the online supplement for additional
information on participant characteristics.

Primary Outcomes
Compared with CTRL, cannabis had no
effect on breathlessness intensity ratings at
isotime or on EET (Table 3 and Figure 2).
There was no period or sequence effect on
our primary outcomes. Four participants
had a cannabis-induced decrease in
breathlessness intensity ratings at isotime by the
MCID of at least 1 Borg unit (responders)
compared with the remaining 12 participants
who did not (nonresponders) (Figures 2D
and 2G). Two participants had a cannabis-
induced increase in EET by the MCID of at
least 101 seconds comparedwith the remaining
14 participants who did not (Figures 2F and

Table 2. Physiological and perceptual responses at symptom-limited peak of
incremental cycle exercise testing in adults with advanced chronic obstructive
pulmonary disease

Parameter Value*

_VO2, ml $ kg $min21 (% predicted) 10.96 2.9 (486 13)
HR, beats $min21 (% predicted) 1176 13 (676 13)
Breathlessness intensity, Borg 0–10 units 5.26 2.2
Breathlessness unpleasantness, Borg 0–10 units 5.46 2.6
Leg discomfort, Borg 0–10 units 4.76 1.9
_VE, L $min21 (% estimated MVV) 29.46 10.5 (966 23)
VT, L 1.066 0.29
f, breaths $min21 27.96 7.2
DIC from rest, L 20.676 0.40
IRV, L 0.366 0.20
_VE/ _VCO2 38.16 5.7
PETCO2

, mm Hg 41.86 15.9
SpO2

, % 936 3
DSpO2

from rest, % 22.26 1.4
Reasons for stopping exercise
Breathlessness, No. 6
Leg discomfort, No. 2
Breathlessness and leg discomfort, No. 7
Other, No. 1

Definition of abbreviations: D = exercise-induced change; f = breathing frequency; HR = heart rate;
IC = inspiratory capacity; IRV = inspiratory reserve volume; MVV =maximal voluntary ventilation
(estimated as FEV13 35); PETCO2

= partial pressure of end-tidal carbon dioxide; SpO2
= oxygen

saturation by pulse oximetry; _VE = minute ventilation; _VE/ _VCO2 = ventilatory equivalent for carbon
dioxide; _VO2 = rate of oxygen uptake; VT = tidal volume.
*Values represent means6 SD.
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2I). A significant negative correlation was
observed between cannabis-induced changes in
breathlessness intensity ratings at isotime and
in EET (Figure 3).

Secondary Outcomes

Pulmonary function. Compared with CTRL,
cannabis had no effect on spirometry
and iOS-derived pulmonary function
parameters at rest (Table 4 and Figure E2).

Physiological and perceptual responses
to exercise. Compared with CTRL, cannabis
had no effect on cardiac, metabolic, gas
exchange, ventilatory, breathing pattern,
operating lung volume, breathlessness
unpleasantness, and leg discomfort
responses at rest or during exercise (Figures
2–5 and Table 3). The locus of symptom
limitation (Table 3), the relative
contributions of breathlessness and
leg discomfort to exercise cessation
(Table 3), and the selection frequency of
breathlessness descriptors at end-exercise
(see Figure E1 in the online supplement)
were not different after inhalation of

cannabis versus CTRL. See the online
supplement for details on participants’
blinded treatment preference.

Blood biochemistry. Plasma THC levels
were approximately 17 and 44 times higher
after inhalation of cannabis versus CTRL at
the 2- and 30-minute post-treatment time
periods, respectively. Plasma 11-nor-9-
carboxy-D9-tetrahydrocannabinol (THC-
COOH) levels were approximately 16 times
higher after inhalation of cannabis versus
CTRL at each of the 2-, 30-, 75-, and
180-minute post-treatment time periods
(Table 5). Peak plasma THC, trans-D9-
tetrahydrocannabinol-9-acid A (THCA),
and 11-hydroxy-D9-tetrahydrocannabinol
(11-OH-THC) levels during the cannabis
condition, and of THC and CBD during the
CTRL condition, were achieved 2 minutes
post-treatment. Peak plasma THC-COOH
levels were achieved 30 minutes after
cannabis and CTRL conditions (Table 5 and
Figure 6). Compared with the pretreatment
condition, inhaled cannabis increased
plasma THCA and 11-OH-THC levels at 2,
30, and 75 minutes post-treatment, whereas

inhaled CTRL had no effect (Table 5).
Compared with the pretreatment condition,
inhaled CTRL increased plasma CBD levels
at 2, 30, and 75 minutes post-treatment,
whereas inhaled cannabis had no effect
(Table 5).

Cannabis-related side effects and
adverse events. None of the participants
coughed after inhalation of CTRL. By
contrast, six participants coughed after
inhalation of cannabis, with five of these six
participants reporting clinically significant
worsening of exertional breathlessness at
isotime by at least 1 Borg unit (Figures 2G
and 3).

Measures of cognitive function,
psychoactivity, and mood were not
significantly different after inhalation of
vaporized cannabis versus CTRL (Table 6
and Figures E3 and E4). Compared with
the pretreatment condition, inhalation of
cannabis was associated with modest and
statistically significant decreases in ratings
of anxiety and increases in ratings of
feeling drunk, feeling stoned, feeling high,
experiencing good drug effects, experiencing

Table 3. Effect of inhaled vaporized cannabis versus control on physiological and perceptual responses at rest, at a standardized
submaximal time (isotime) during constant-load cycle exercise testing, and at symptom-limited peak of constant-load cycle exercise
testing in adults with advanced chronic obstructive pulmonary disease*

Rest Isotime Peak

Control Cannabis Control Cannabis Control Cannabis

Cycle exercise time, min — — 2.46 0.8 2.46 0.8 4.26 1.9 3.86 1.9
Breathlessness intensity, Borg 0–10 units 0.46 0.4 0.76 1.1 2.66 1.3 2.76 1.2 5.16 1.8 5.46 2.0
Breathlessness unpleasantness, Borg 0–10 units 0.56 0.8 0.56 1.0 2.66 1.2 2.86 1.8 5.36 2.2 5.16 2.4
Leg discomfort, Borg 0–10 units 0.46 0.6 0.76 1.0 2.46 1.7 2.96 1.9 4.66 2.4 4.46 2.6
_VO2, ml $ kg $min21 4.06 0.6 4.36 0.8 9.86 2.2 9.86 2.5 11.36 2.1 11.06 2.9
_VCO2, ml $ kg $min21 3.76 0.5 4.06 0.8 9.56 3.3 9.86 3.5 11.66 3.0 11.36 3.8
HR, beats $min21 846 12 866 12 1046 12 1076 14 1126 13 1146 18
O2 pulse, ml O2 $ beat

21 3.46 0.5 4.06 2.3 6.76 1.6 7.46 4.5 7.16 1.6 7.76 4.4
_VE, L $min21 13.46 2.7 14.36 3.4 26.16 10.1 26.46 8.9 29.56 9.6 29.66 10.0
VT, L 0.816 0.24 0.776 0.16 1.056 0.26 1.076 0.29 1.116 0.28 1.086 0.30
f, breaths $min21 17.96 6.4 19.66 6.0 25.66 7.4 25.66 7.2 26.86 5.7 27.96 6.7
IC, L 2.086 0.51 2.046 0.60 1.546 0.40 1.486 0.41 1.446 0.44 1.416 0.44
DIC from rest, L — — 20.546 0.34 20.566 0.28 20.656 0.34 20.636 0.38
IRV, L 1.276 0.40 1.276 0.46 0.496 0.29 0.416 0.26 0.326 0.24 0.336 0.23
_VE/ _VCO2 51.76 6.1 51.66 5.7 39.06 5.0 38.96 4.5 36.26 5.3 37.26 5.1
PETCO2

, mm Hg 32.86 3.2 33.16 3.2 37.26 5.0 37.46 4.3 39.06 5.9 38.46 5.3
SpO2

, % 946 5 966 2 936 3 936 3 926 4 936 3
Reasons for stopping exercise
Breathlessness, No. (% contribution) — — — — 8 (626 34) 7 (616 33)
Leg discomfort, No. (% contribution) — — — — 2 (276 28) 3 (136 29)
Breathlessness and leg discomfort, No. — — — — 4 4
Other, No. — — — — 2 2

Definition of abbreviations: D = exercise-induced change; f = breathing frequency; HR = heart rate; IC = inspiratory capacity; IRV = inspiratory reserve
volume; PETCO2

= partial pressure of end-tidal carbon dioxide; SpO2
= oxygen saturation by pulse oximetry; _VE =minute ventilation; _VCO2 = rate of carbon

dioxide production; _VE/ _VCO2 = ventilatory equivalent for carbon dioxide; _VO2 = rate of oxygen uptake; VT = tidal volume.
*Values represent means6 SD.
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bad drug effects, and liking the drug effects.
In contrast, psychoactivity and mood
ratings were not different before versus after
inhalation of CTRL.

A participant experienced vasovagal
syncope during the 2-minute venous
blood-sampling period of the cannabis visit.
After a few hours of rest while under
medical observation, the participant was
permitted to go home. Both the study
physician and data safety committee
determined that this adverse event was
most likely due to the blood-sampling
procedure itself and not inhalation of cannabis.

Discussion

This randomized controlled trial is the first
to demonstrate that single-dose inhalation
of vaporized cannabis versus CTRL had
no effect on exertional breathlessness,
exercise endurance, and airway function in
symptomatic adults with advanced COPD
receiving dual- or triple-inhalation therapy
for management of their underlying
pulmonary pathophysiology.

We administered 35 mg of dried
herbal cannabis containing 18.2% THC, a
dose comparable to that used in earlier

studies by Vachon and colleagues (14)
and Tashkin and colleagues (15–18)
wherein smoked, aerosolized, and orally
administered THC induced bronchodilation
in adults with and without asthma. Despite
using a similar dose, inhaled vaporized
cannabis did not enhance static and dynamic
airway function in our participants with
advanced COPD.

We offer the following explanations
for the lack of effect of inhaled vaporized
cannabis versus CTRL on airway function
and, by extension, exertional breathlessness
and EET in our trial. First, previous
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Figure 2. Effect of inhaled vaporized cannabis versus control (CTRL) on exertional breathlessness and exercise endurance in adults with advanced
chronic obstructive pulmonary disease. (A) Mean6 SEM breathlessness intensity ratings, (B) breathlessness unpleasantness ratings, and (C ) intensity
ratings of leg discomfort at rest and during symptom-limited constant-load cycle exercise testing at 75% of peak incremental power output. (D and G)
Individual participant post-treatment values and post-treatment differences in breathlessness intensity ratings during exercise at isotime, (E and H)
breathlessness unpleasantness ratings during exercise at isotime, and (F and I) exercise endurance time, where red symbols with dashed horizontal
lines in panels D–F denote means6 SEM. Dashed horizontal lines in panels G and I denote minimally clinically important differences for breathlessness
intensity (37) and exercise endurance time (38). Δ = post-treatment difference (cannabis2CTRL). *Participants who coughed after inhalation of vaporized
cannabis.
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studies reporting bronchodilation after
administration of smoked cannabis
used “blended natural marijuana” assayed
at 1% or 2% THC (16–18). It is unclear
if these cannabis preparations were
devoid of other cannabinoids (e.g., CBD,
cannabinol) that may have had a direct
bronchodilator effect and/or facilitated the
bronchodilator effect of THC. However,
this is unlikely as large doses (up to 1,200
mg) of orally administered CBD and
cannabinol, in the absence of THC, did not

induce bronchodilation in healthy men
when compared with placebo (39).
Second, previous studies that have
demonstrated a bronchodilator effect of
smoked cannabis used a uniform smoking
procedure that consisted of “smoking
deeply” over 2–4 seconds followed by a
15-second breathhold (16–18). To
standardize drug delivery we utilized the
Foltin puff procedure, where participants
were instructed to inhale the vaporized
cannabis for 5 seconds and to hold the

vapor in their lungs for 10 seconds. It
is possible that relatively shallower
inhalations and shorter breathholding
times used in our trial might have
diminished the potential positive effects
of inhaled THC on static and dynamic
airway function in our participants.
Third, adults with COPD have abnormal
airway geometry and fewer terminal
bronchioles compared with their healthy
counterparts (40–42). Therefore, limited
delivery of vaporized THC into the
airways and lungs of our participants may
explain our null results. Structural
abnormalities of the tracheobronchial
tree in our participants may also account
for the lower observed peak plasma THC
levels of approximately 14 ng/ml versus
approximately 45 ng/ml reported by
Ware and colleagues (43) in adults with
neuropathic pain after single-dose
inhalation (smoked) of a comparatively
low dose of 25 mg of dried herbal
cannabis containing 9.4% THC.
Our relatively low peak plasma THC
levels may also reflect the vaporization
temperature of 1908C used in this
trial. Pomahacova and colleagues (44)
reported that vaporizing dried herbal
cannabis at 2308C versus 1858C produced
a vapor with a threefold higher yield of
THC. Finally, all of our participants
were receiving inhaled dual or triple
therapy for management of their
COPD, while six participants used their
short-acting inhaled b2-agonist (SABA)
bronchodilator 3.56 1.7 and 4.26 1.3
hours before Visits 2 and 3, respectively.
It is unlikely that the SABA used by six
of our 16 participants significantly altered
the effect of inhaled vaporized cannabis
airway physiology, breathlessness, and
EET, particularly as the duration of
efficacy of the SABA is 3–4 hours.
Indeed, we found no significant effect
of inhaled vaporized cannabis versus
CTRL on spirometry and iOS-derived
pulmonary function parameters at rest in
participants with COPD who used their
SABA versus those who did not (data not
shown).

We observed a negative correlation
between the cannabis-induced change
in exertional breathlessness intensity
ratings at isotime and EET. We identified
four cannabis responders (participants
with cannabis-induced relief of exertional
breathlessness at isotime by the MCID of
>1 Borg unit) and 12 nonresponders.
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Figure 3. Relationship between post-treatment differences in breathlessness intensity ratings during
exercise at isotime and exercise endurance time in adults with advanced chronic obstructive
pulmonary disease. Open circles denote participants who coughed after inhalation of vaporized
cannabis. Δ = post-treatment difference (cannabis2 control).

Table 4. Effect of inhaled vaporized cannabis versus control on spirometry and impulse
oscillometry–derived pulmonary function test parameters at rest in adults with advanced
chronic obstructive pulmonary disease*

Control Cannabis

Pretreatment Post-treatment Pretreatment Post-treatment

Spirometry
FVC, L 2.876 0.91 2.936 0.85 2.946 0.91 2.906 0.90
FEV1, L 0.896 0.26 0.896 0.26 0.896 0.25 0.896 0.24
FEV1/FVC, % 326 8 316 7 326 9 326 6
FEF25–75%, L $ s21 0.266 0.06 0.266 0.07 0.266 0.07 0.266 0.07
PEF, L $ s21 2.816 0.82 2.596 0.87 2.606 0.78 2.626 0.84

Impulse oscillometry
R5, kPa $ L

21 $ s 0.606 0.18 0.596 0.24 0.606 0.14 0.586 0.17
R20, kPa $ L

21 $ s 0.346 0.08 0.346 0.13 0.346 0.05 0.336 0.06
X5, kPa $ L

21 $ s 20.356 0.15 20.346 0.16 20.356 0.15 20.346 0.16
Fres, 1 $ s

21 23.96 4.1 24.06 5.1 22.66 3.7 23.36 4.2
AX, kPa $ L

21 3.046 1.76 3.046 1.99 2.856 1.55 2.886 1.81

Definition of abbreviations: AX = area of reactance; FEF25–75% = forced expiratory flow at 25–75% of the
FVC maneuver; FEV1 = forced expiratory volume in 1 second; Fres = resonant frequency; FVC = forced
vital capacity; PEF = peak expiratory flow; R5 and R20 = resistance at 5 and 20 Hz, respectively;
X5 = reactance at 5 Hz.
*Values represent means6 SD.
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Importantly, five of the nonresponders
coughed after inhalation of vaporized
cannabis and reported clinically
significant worsening of their exertional
breathlessness at isotime after inhalation
of cannabis versus CTRL (Figure 2G).
Tashkin and colleagues (15) similarly
reported that inhalation of 5 and 10 mg of
aerosolized THC provoked a cough in

four of five patients with asthma, two
of whom exhibited THC-induced
bronchospasm. Therefore, the cough
induced by vaporized cannabis in
five of the 12 nonresponders could
have masked a potentially positive
effect of inhaled vaporized cannabis
versus CTRL on airway function,
exertional breathlessness, and EET in our

participants. The mechanisms mediating
the THC-induced cough reflex are not
fully understood. Previous studies have
demonstrated that CB1 receptor agonists
may inhibit or induce bronchospasm; this
dual effect of CB1 receptor activation on
bronchial responsiveness is dependent
on cholinergic tone (45). As all of
our participants were receiving at least
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Figure 4. Effect of inhaled vaporized cannabis versus control (CTRL) on (A) oxygen consumption, (B) oxygen pulse, (C ) the ventilatory equivalent for
carbon dioxide, (D) heart rate, (E ) oxygen saturation, and (F ) the partial pressure of end-tidal carbon dioxide during symptom-limited constant-load
cycle exercise testing at 75% of peak incremental power output in adults with advanced chronic obstructive pulmonary disease. Data are presented
as means6 SEM. PETCO2
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= oxygen saturation by pulse oximetry; _VE/ _VCO2 = ventilatory equivalent for

carbon dioxide; _VO2 = oxygen consumption.
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dual-inhalation therapy for management
of their COPD, we cannot rule out
the possibility that differences in
bronchial smooth muscle tone may
have contributed to the observed
heterogeneity in the cough reflex elicited
by inhalation of vaporized cannabis.
Future studies should evaluate the
effect of inhaled vaporized cannabis
on airway function, exertional
breathlessness, and EET in adults
with COPD receiving anticholinergic
bronchodilator therapy versus those
who are not.

Neuroimaging studies evaluating
the effect of cannabis on pain have
demonstrated altered activity in brain
regions (46) associated with negative
affect and implicated in the perception
of breathlessness (47), particularly its
affective (unpleasantness) dimension.
To this end, cannabis could alter the
central perception of breathlessness and
improve EET by reducing negative affect
and/or increasing feelings of euphoria.

Indeed, earlier studies demonstrating
cannabis-induced bronchodilation often
reported concomitant psychoactive
effects, particularly a feeling of being
“high” within minutes of treatment
administration (15–18). Importantly,
these studies reported a greater degree
of intoxication after administration of
smoked cannabis (i.e., the degree of
“high” was rated z6 on a 7-point
scale) relative to that observed in our
participants after inhalation of vaporized
cannabis (i.e., the degree of “high” was
rated z4.8 on a 100-mm visual analog
scale) (17). The low peak plasma THC
levels achieved in our study likely
account for the relatively modest effects
of inhaled vaporized cannabis on
psychoactivity. Nevertheless, we
observed a modest but significant
within-treatment effect (i.e., pre- to
post-treatment) of inhaled vaporized
cannabis on psychoactivity, including
decreased ratings of anxiety and
increased ratings of feeling high,

drunk, and stoned. It is possible that
the potentially positive effects of this
altered psychoactive state on exertional
breathlessness and EET may have been
confounded by the cough reflex and
its effect on exertional breathlessness
exhibited in some of our participants
after inhalation of vaporized cannabis.
Moreover, a preliminary study of
five adults with mild-to-moderate
COPD by Pickering and colleagues (48)
reported that sublingual administration
of Sativex—a cannabis-based medicinal
extract containing both THC and
CBD—reduced the selection frequency
of respiratory descriptors associated
with air hunger, an inherently
unpleasant form of breathlessness
(49). By contrast, we observed no
effect of inhaled vaporized cannabis
versus CTRL on unpleasantness
ratings of exertional breathlessness
and the selection frequency of
breathlessness descriptors at end-
exercise.
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Earlier studies demonstrating
cannabis-induced bronchodilation in
healthy adults and adults with asthma
often reported a concomitant increase
in heart rate that was sustained for
approximately 60 minutes after inhalation
(15–17). In contrast to these findings,
we did not observe a significant effect
of inhaled vaporized cannabis versus
CTRL on heart rate, presumably due
to the relatively low plasma levels of
THC.

Methodological Considerations
The generalizability of our results is
restricted to a small and relatively
homogeneous group of clinically stable
and symptomatic adults with advanced
COPD. Larger randomized clinical
trials with more participants are
needed to draw definitive conclusions
regarding the effect of inhaled vaporized
cannabis on exertional breathlessness,
EET, and cardiopulmonary
physiological parameters in adults with
COPD.

We caution against the extrapolation
of our results to other doses, modes (e.g.,
smoked, oral), types (e.g., various THC:CBD
ratios), and regimens (e.g., repeat-dose)
of cannabis dispensation in this patient
population.

In our study, inhaled vaporized
cannabis had a modest but significant
within-treatment effect on some
measures of psychoactivity. Future studies
should utilize existing cannabinoid
preparations (e.g., CBD) that do not affect
psychoactivity but act on cannabinoid
receptors to assess changes in airway
function, exertional breathlessness, and
EET in COPD.

The dried herbal cannabis material
used in the CTRL arm of our trial may
not have represented a “true” placebo
as it contained trace amounts of
CBD (,1%) that were detected in the
plasma 2 minutes after vaporization.
Furthermore, 12 of the 16 participants
correctly identified the visit at which they
received cannabis, with four of these
12 participants citing a noticeable
difference in taste/smell of the inhaled
vapor between cannabis and CTRL
visits. Thus, a placebo devoid of THC
and CBD and with the same taste
and smell as the active cannabis
should be identified for use in future
trialsT
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Conclusions
In 2015, the American Thoracic
Society Marijuana Workgroup highlighted a
need for controlled studies to evaluate
the clinical effects of inhaled vaporized
cannabis on lung disease, sleep, and critical
illness (9). In response to this call for
research, our randomized controlled trial is
the first to demonstrate that 35 mg of inhaled
vaporized cannabis containing 18.2% THC

had no clinically meaningful positive or
negative effect on exertional breathlessness,
exercise endurance, and airway function in
symptomatic adults with advanced COPD
receiving dual- or triple-inhalation therapy
for management of their underlying
pulmonary pathophysiology. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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Table 6. Effect of inhaled vaporized cannabis versus control on cognitive function, mood, and psychoactivity in adults with advanced
chronic obstructive pulmonary disease*

Control Cannabis

Pretreatment Post-treatment Pretreatment Post-treatment

Mini-Mental State Examination, out of 30 29.66 0.5 29.76 0.6 29.46 0.9 29.66 0.8
Mood Effects, 100-mm VAS
Sad/Happy 89.56 13.5 87.96 12.4 89.16 13.9 89.96 13.3
Anxious/Relaxed 83.76 22.6 89.46 10.8 80.56 23.3 84.76 25.3
Jittery/Calm 85.26 17.8 91.56 8.1 81.46 22.9 86.96 21.1
Bad/Good 91.26 10.4 89.96 10.6 90.16 10.2 89.96 12.5
Paranoid/Self-assured 94.06 6.5 92.86 8.0 90.46 12.8 91.66 11.4
Fearful/Unafraid 90.96 15.3 93.16 8.1 91.96 11.4 94.16 6.4

Psychoactive Effects, 100-mm VAS
Down 13.26 19.1 11.66 19.3 15.06 19.8 12.46 2.5
Anxious 9.86 12.4 9.16 13.8 17.66 18.0 8.26 1.2†

Hungry 13.26 16.9 16.26 18.9 12.66 16.2 11.46 1.5
Sedated 8.66 17.0 8.56 14.3 8.66 18.1 8.46 8.7
Impaired 5.26 7.9 4.46 4.6 5.56 7.9 8.46 1.2
Drunk 2.56 2.8 3.26 3.7 1.66 1.6 4.56 4.3†

Stoned 2.76 3.1 3.76 3.6 1.66 1.5 6.36 5.6†

High 2.86 3.4 3.86 3.9 1.96 2.1 4.86 4.5†

Good drug effects 2.46 3.2 5.36 7.0 1.86 2.1 17.66 27.8†

Bad drug effects 2.16 3.0 3.26 3.3 1.56 1.8 4.06 4.6†

Do you like the drug effects 2.16 3.1 6.96 12.0 2.16 2.8 15.36 27.7†

Definition of abbreviation: VAS = visual analog scale.
*Values represent mean6 SD.
†P, 0.05 versus pretreatment within condition.
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For both hierarchical cluster analyses performed in this manuscript, the elbow method 
and visual inspection of dendrogram structure were utilized for cluster thresholding and 

separation. The elbow method is a validated clustering technique in which the percentage 



of explained variance is described as a function of the number of clusters. Considering 
the variable set as initially one large cluster, the algorithm then divides the variables into 
increasing numbers of clusters. With each additional cluster, the percentage of explained 
variance is expected to increase. While initially this increase is sharp, after a certain 
number of clusters the gain will become marginal. When this relationship is plotted, as 
the sum of intra-cluster distance against cluster number, the point at which additional 
clusters add only marginally to the explained variance can be seen as a sharp bend or 
elbow in the graph. The number of clusters corresponding to this elbow point is thus the 
number of most statistically distinct clusters in the dendrogram. 
 

The elbow method is, however, fundamentally limited by the stability of the variables 

within a cluster. When situations arise where one or more variable sits at the border of 

two clusters the method can give unreliable results. In the current investigation, the elbow 

method was trialed and assessed for test-retest reliability (a marker of cluster stability), 

across 10 trials. Although there was clear variance across the trials in both the healthy 

and COPD datasets, the overall trend indicated 2 or 3 major clusters within the healthy 

population, and 3 major clusters within the COPD population (Supplementary Fig. 4). 

Whilst additional modeling techniques such as confirmatory factor analysis (CFA) could 

then be employed to validate clusters and sub-clusters, there are insufficient sample sizes 

in these datasets for a valid CFA to be conducted. Therefore, in this work, the elbow 
method was applied and followed by visual inspection of the dendrogram structure. 
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