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Abstract

Assessing airway function during exercise provides useful information regarding mechanical properties of the airways and the
extent of ventilatory limitation in COPD. The primary aim of this study was to use impulse oscillometry (IOS) to assess dynamic
changes in airway impedance across a range of exercise intensities in patients with GOLD 1–4, before and after albuterol admin-
istration. A secondary aim was to assess the reproducibility of IOS measures during exercise. Fifteen patients with COPD (8
males/7 females; age = 66 ±8 yr; prebronchodilator FEV1 = 54.3 ± 23.6%Pred) performed incremental cycle ergometry before and
90 min after inhaled albuterol. Pulmonary ventilation and gas exchange were measured continuously, and IOS-derived indices of
airway impedance were measured every 2min immediately preceding inspiratory capacity maneuvers. Test-retest reproducibility
of exercise IOS was assessed as mean difference between replicate tests in five healthy subjects (3 males/2 females). At rest
and during incremental exercise, albuterol significantly increased airway reactance (X5) and decreased airway resistance (R5,
R5–R20), impedance (Z5), and end-expiratory lung volume (60%± 12% vs. 58%± 12% TLC, main effect P = 0.003). At peak exercise,
there were moderate-to-strong associations between IOS variables and IC, and between IOS variables and concavity in the ex-
piratory limb of the spontaneous flow-volume curve. Exercise IOS exhibited moderate reproducibility in healthy subjects which
was strongest with R5 (mean diff. = �0.01 ± 0.05 kPa/L/s; ICC =0.68), R5–R20 (mean diff. = �0.004 ±0.028 kPa/L/s; ICC =0.65),
and Z5 (mean diff. = �0.006 ±0.021 kPa/L/s; ICC =0.69). In patients with COPD, exercise evoked increases in airway resistance
and decreases in reactance that were ameliorated by inhaled bronchodilators. The technique of exercise IOS may aid in the clin-
ical assessment of dynamic airway function during exercise.

NEW & NOTEWORTHY This study provides a novel, mechanistic insight into dynamic airway function during exercise in COPD,
before and after inhaled bronchodilators. The use of impulse oscillometry (IOS) to evaluate airway function is unique among
exercise studies. We show strong correlations among IOS variables, dynamic hyperinflation, and shape-changes in the spontane-
ous expiratory flow-volume curve. This approach may aid in the clinical assessment of airway function during exercise.

bronchodilator; cardiopulmonary exercise test; dynamic airway compression; reactance; resistance

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is charac-
terized by chronic airway inflammation and remodeling
which decreases airway caliber and increases flow resistance,
primarily in the small airways (1). The resulting expiratory
flow limitation (EFL) is exacerbated on exertion by damaged
airways that collapse under modest intrathoracic pressures
(2). Expiratory flow limitation is usually followed by com-
pensatory increases in end-expiratory lung volume (EELV)
(3). Such lung hyperinflation mitigates EFL and preserves
neuromechanical coupling of the respiratory system (4) but

compromises mechanical-ventilatory efficiency, evokes
tidal volume constraint, and increases the work of breath-
ing (4). Dynamic hyperinflation in COPD may also be a
consequence of a shortened respiratory duty cycle which
results in an inability to exhale to relaxation volume, com-
pounded by premature airway closure during expiration
(5). The ability to assess airway function during exercise is,
therefore, a crucial step in understanding the mechanisms
of exercise intolerance that contribute to impaired quality
of life in COPD (6).

There are numerous methods for monitoring dynamic
changes in airway function. For instance, expiratory flow
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limitation has been assessed during exercise using forced
vital capacity (FVC) maneuvers (7, 8), but the technique has
been criticized on the basis that subjects may not be able to
perform maximal efforts during periods of elevated ventila-
tion (9). Moreover, because airway diameter is dependent on
lung volume (10), forced expiratory maneuvers during exer-
cise may lead to the inaccurate assessment of flow resist-
ance. Other studies have measured pulmonary resistance
during exercise by measuring expiratory flow at the mouth
simultaneously with dynamic changes in transpulmonary
pressure (7). However, not only do these measures require
the invasive placement of esophageal and gastric catheters,
but exercise may also disrupt the linear relationship between
transpulmonary pressure and flow (11). Previously, this labo-
ratory reported that the progressive fall in intrabreath flow
during expiration could be quantified by measuring shape
changes in the spontaneous expiratory flow-volume (SEFV)
curve, wherein flow limitation manifested as concavity in
the expiratory limb and concomitant decreases in the rectan-
gular area ratio (RAR) (12–14). In COPD patients, this progres-
sive concavity was ameliorated by bronchodilator therapy
(13), which itself correlated with increased exercise tolerance
(15). Nevertheless, despite conferring useful information on
exercise-induced changes in small airway function, assess-
ing shape changes in the SEFV curve does not provide a
direct measure of airway resistance.

Impulse oscillometry (IOS) uses oscillating pressures from
sound waves, applied at the mouth, to obtain data on the me-
chanical properties of conducting airways. The technique pro-
vides information on respiratory impedance (Zrs), which
comprises respiratory resistance (Rs) and reactance (Xrs). In
addition to being noninvasive and simple to perform, the use
of multiple oscillation frequencies makes it possible to distin-
guish between impedance in the proximal (>20Hz) and distal
(<15Hz) airways (16). In COPD, resting IOS is more sensitive
than spirometry for monitoring airway obstruction and the
effect of bronchodilator therapy (17–19), and predicts low
exercise tolerance in moderately severe patients with COPD
(20). Due to the confounding effects of lung volume on airway
resistance (21), IOS has been used almost exclusively under
resting conditions. However, Seccombe et al. (22) observed
that changes in resistance and reactance in asthmatics follow-
ing an exercise challenge were not unduly influenced by
changes in ventilation. They also showed that IOS-derived
measures of airway resistance associated closely with the
FEV1 criteria for exercise-induced bronchoconstriction (>10%
postexercise decrease) (22). To our knowledge, only Mansfield
et al. (23) have used IOS to assess respiratory impedance in
asthmatics “during” exercise, but their measures were lim-
ited to an oscillation frequency of 9Hz that confers limited
information on the small airways which are the main site
of airflow limitation in COPD (24). The IOS method might,
therefore, provide complementary mechanistic insights
into airway function when EFL develops progressively
during exercise. Moreover, exercise-associated changes in
airway resistance and reactance and their association with
dynamic hyperinflation and exercise limitation in COPD
remain unexplored. Such temporal data on the independ-
ent and combined effects of exercise and bronchodilators
on airway function may inform our understanding of
COPD pathophysiology.

The primary aims of this study were to use impedance
oscillometry to assess dynamic changes in airway function
during incremental exercise in a group of patients with
COPD, and to evaluate the effect of inhaled bronchodilators
on exercise-associated changes in respiratory impedance. In
accordance with previous data (13), we expected bronchodi-
lator medication to relieve EFL and SEFV curve concavity.
We additionally hypothesized that there would be mutual
correlations among airway impedance, dynamic hyperinfla-
tion, and RAR. Given the paucity of data on the use of IOS
during exercise, a secondary aimwas to assess the reproduci-
bility of the technique during incremental cycle ergometry.

METHODS

Participants

Fifteen patients with COPD (8males/7 females; age=66±8
yr; height= 1.69±0.09 m; mass= 79.3± 18.1 kg) with Global
Obstructive Lung Disease (GOLD) (25) spirometry stage 1 (n =
4; 1 male), stage 2 (n = 4; 1 male), stage 3 (n = 5; 2 males), and
stage 4 (n = 1; female), and preserved ratio impaired spirome-
try (PRISm) (n = 1; male) (26) volunteered to participate in
the experimental trials (Table 1). Inclusion criteria for partic-
ipants with COPD were a postbronchodilator forced expira-
tory volume in one second (FEV1)< 80% predicted, age
between 40 and 80yr (inclusive), stable symptoms (no exac-
erbations within 4 wk), and free from other known comor-
bidities. The patient group comprised current (n = 3) and
former (n = 12) smokers with a group mean of 47.0±45.4
pack yr (range= 14–204 pack yr). Five healthy subjects with

Table 1. Resting pulmonary function in patients with
chronic obstructive pulmonary disease (COPD) (pre- vs.
postbronchodilator) and in healthy subjects

COPD

Pre-BD Post-BD P Healthy

TLC, L 6.05 (1.76) 5.95 (1.71) 0.237 6.05 (1.56)
FVC, L 3.28 (1.46) 3.48 (1.45) <0.001 4.30 (1.48)
FVC, %Pred 88.1 (26.8) 93.9 (24.2) 0.002 101.8 (14.2)
FEV1, L 1.50 (0.77) 1.68 (0.79) <0.001 3.14 (1.04)
FEV1, %Pred 54.3 (23.6) 60.8 (23.1) <0.001 96.2 (14.9)
FEV1/FVC, % 46.9 (16.4) 49.8 (16.5) <0.001 73.6 (5.4)
IC, L 2.46 (1.19) 2.59 (1.09) 0.054 2.88 (0.78)
IC, %Pred 95.7 (34.6) 102.6 (33.9) 0.111 112.0 (40.3)
FRC/TLC, % 59.4 (14.7) 56.9 (11.0) 0.068 52.0 (7.9)
sRaw, kPa/s/L 19.6 (16.1) 12.2 (9.3) 0.002 4.68 (1.38)
DLCO, mL/min/mmHg 13.2 (5.4) 13.3 (4.4) 0.314 21.7 (9.0)
AX 2.10 (1.77) 1.31 (1.35) 0.004 1.46 (0.09)
Fres, Hz 22.8 (6.4) 19.0 (5.6) 0.001 9.8 (2.5)
R5, kPa/L/s 0.49 (0.15) 0.40 (0.11) 0.009 0.26 (0.04)
R5–R20, kPa/L/s 0.16 (0.11) 0.12 (0.10) 0.006 0.02 (0.02)
X5, kPa/L/s �0.24 (0.15) �0.19 (0.12) 0.007 �0.08 (0.02)
Z5, kPa/L/s 0.52 (0.20) 0.45 (0.15) 0.006 0.27 (0.05)

Data are means (SD). n = 15. AX, reactance area; BD, bronchodi-
lator; DLCO, diffusing capacity for carbon monoxide; Fres, resonant
frequency; FVC, forced vital capacity; FEV1, forced expiratory vol-
ume in 1 s; IC, inspiratory capacity; R5, resistance at 5Hz; R5–R20,
resistance at 5Hz minus resistance at 20Hz; sRAW, specific airway
resistance; TLC, total lung capacity; X5, reactance at 5Hz; Z5, im-
pedance at 5Hz. Reference values for spirometry were taken from
the NHANES III study (27); reference values for lung volumes were
taken from Wanger et al. (28); reference values for DLCO were taken
from MacIntyre et al. (29).
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normal lung function (3 males/2 females; age = 57 ± 12 yr;
height = 1.71 ± 0.02 m; mass = 75.7 ± 8.4 kg) volunteered to
participate in the reproducibility trials (Table 1). The
study was approved by the Institutional Review Board of
the Lundquist Institute for Biomedical Innovation at
Harbor-UCLA Medical Center and was conducted in ac-
cordance with the Declaration of Helsinki. All subjects
abstained from intense exercise for 48 h, consumption of
alcohol and caffeine for 12 h, and food intake for 3 h
before testing.

Experimental Overview

Participants attended the laboratory on two occasions (sep-
arated by�48 h) to complete the experimental protocol illus-
trated in Fig. 1. At the first visit, participants provided written,
informed consent, completed two respiratory-related ques-
tionnaires, had a resting electrocardiogram (ECG), and per-
formed pre- and postbronchodilator pulmonary function tests
(PFTs). Before visit 2, participants were asked to refrain from
any bronchodilator medication for 2 days. At the second visit,
participants performed prebronchodilator PFTs, followed by a
ramp-incremental cardiopulmonary exercise test (CPET) on a
cycle ergometer during whichwe assessed pulmonary ventila-
tion and gas exchange, IOS-determined metrics of airway im-
pedance (resistance and reactance), and operating lung
volumes. After the CPET, participants received 400mg

albuterol (inhaled through a spacer) and then repeated the
CPET following 90-min rest.

Questionnaires

To evaluate the impact of COPD on health status, partic-
ipants completed the COPD assessment test (CAT) by rat-
ing eight different respiratory-related symptoms (cough,
phlegm, chest tightness, breathlessness, activities, confi-
dence, sleep, and energy) on a severity scale of 0–5 (31).
Tallied scores of 0–10 were interpreted as “low impact,”
11–20 as “medium impact,” 21–30 as “high impact,” and
31–40 as “very high impact” (30, 31). To evaluate health-
related quality of life, participants completed the St.
George’s respiratory questionnaire (SGRQ) (6) comprising
50 items divided into three subscales: symptoms (eight
items), activity (16 items), and impacts (26 items). The
overall score, and those for each subscale, were calculated
using algorithms that adjusted for missing data, and
ranged from “0” (no impairment) to “100” (maximum
impairment) (32).

Resting Pulmonary Function

Spirometry and plethysmography.
Forced vital capacity and FEV1 were assessed using spirome-
try (Vmax Encore, V. 29-7, VIASYS; CA) expressed in absolute
values and as percentages of predicted norms (27). Total

Figure 1. Illustration of the experimental protocol. Tests conducted with COPD patients and healthy subjects were identical except that inhaled broncho-
dilators were omitted from the latter. CAT, COPD assessment test; CPET, cardiopulmonary exercise test; PFT, pulmonary function tests; SGRQ, St.
George’s respiratory questionnaire.
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lung capacity (TLC) (28) and diffusing capacity for carbon
monoxide (DLCO) (29) were determined using an integrated
system which included body plethysmography (AutoBox
6200D, Vmax Encore, V. 29-7). Maximum voluntary ventila-
tion (MVV) was estimated as FEV1 � 40 (33). Pulmonary
function tests were carried out in accordance with recom-
mended standards (28, 29, 34).

Impulse oscillometry.
Airway resistance (Rrs) at 5 Hz (R5) and 20Hz (R20), react-
ance (Xrs) at 5Hz (X5), the integrated area of low-fre-
quency reactance (AX) from 5Hz to resonant frequency
(Fres), and respiratory impedance at 5Hz (Z5) were each
assessed using IOS (Masterscreen IOS Digital, Jaeger;
Leibnizstrasse, Germany). During resting measures, par-
ticipants were seated, had the nose occluded, and were
asked to maintain tidal breathing while external pressure
was applied to their cheeks by the investigator.

Cardiopulmonary Exercise Test

Participants completed two identical ramp incremental
exercise tests on an electromagnetically braked cycle er-
gometer (Excalibur Sport PFM, Lode; Groningen, The
Netherlands). Following seated rest for 3min, exercise
commenced with unloaded cycling (0W) for 3min, after
which the power output was increased in a ramp fashion
by 5W·min�1 (for participants with FEV1 �1.0 L) or
10W·min�1 (for participants with FEV1 >1.0 L). The work
rate increment for healthy subjects ranged from 10–
20W·min�1 depending on the anticipated fitness level. The
test continued to the limit of tolerance (determined as the
point at which the participant exhibited intolerable dysp-
nea or was unable to maintain a crank cadence >50
rev·min�1 despite verbal encouragement) and was designed
to elicit an exercise duration of 8–12min. Minute ventila-
tion (V_ E) and gas exchange (V_ O2, V_ CO2) were measured
breath-by-breath via metabolic cart (Vmax Encore,
VIASYS), transcutaneous partial pressure of CO2 (PtcCO2)
was measured at the earlobe using a heated sensor (TOSCA
500, Radiometer, Avantor; Lancashire, UK), and heart rate
(fC) via 12-lead electrocardiogram (GE Cardiosoft V. 6.73,
VIASYS). The ratio of pulmonary deadspace to tidal volume
(VD/VTtc) was calculated post hoc (35). Every 2min, IOS
metrics and inspiratory capacity (IC) were recorded. Peak
CPET variables were calculated as the 30 s mean before
peak exercise.

Operating lung volumes.
Inspiratory capacity maneuvers were performed during
exercise to determine the magnitude of dynamic hyperin-
flation (4, 36), based on the assumption that TLC remains
unchanged. Inspiratory capacity maneuvers were per-
formed in triplicate at rest, once during unloaded cycling,
and every 2min during the incremental ramp commenc-
ing at the first minute. Maneuvers were performed follow-
ing several spontaneous tidal breaths to establish a stable
end-expiratory lung volume (EELV). End-expiratory lung
volume was calculated by subtracting IC from TLC. End-
inspiratory lung volume (EILV) was calculated as the sum
of EELV and tidal volume (VT). Both EELV and EILV were
expressed as a percentage of TLC.

Exercise impulse oscillometry.
Impulse oscillometry was used to assess changes in airway
resistance and reactance during exercise, and to determine
the effects of inhaled bronchodilators on these variables. To
accomplish this, participants were asked to continue cycling
but switch from breathing through the mouthpiece used
for recording gas exchange to that used for IOS. During
each IOS measurement, external pressure was applied by
the investigator to the participant’s cheeks. Following the
automated IOS assessment (�20 s), participants switched
back to the gas exchange mouthpiece.

Spontaneous expiratory flow-volume loop.
To assess the SEFV loop for concavity a breath-by-breath
geometric analysis was performed on the airflow signal
using custom-written software in IGOR Pro (Wavemetrics;
OR). Briefly, the algorithm isolated the expiratory limb of
the loop and defined the reference rectangle using two
anchoring points: 1) the maximum expiratory flow (V_ max);
and 2) the point at which flow rapidly turned toward
“zero” and transitioned from expiration to inspiration
(V_ EE) (12). The rectangular area ratio (RAR) was defined as
the ratio of the integrated area under the SEFV curve
between the two anchors to the entire area of the rectan-
gle. A RAR <0.5 reflects concavity in the descending limb
of the expiratory curve, whereas value >0.5 reflects con-
vexity (12).

Reproducibility of Exercise IOS

Given that lung function in respiratory disease can be
unstable (37) and confounded by intraindividual day-to-day
perturbations in the lung function response to b-2 agonists
(38), we opted to assess exercise IOS reproducibility in
healthy subjects. Test-retest data were collected from five
individuals during two incremental exercise tests which fol-
lowed the same protocol as that implemented with our
patients (bronchodilators excluded).

Data Processing

For the SEFV analysis, the analog flow signal obtained
from the metabolic cart was digitized at 100Hz with a 16-bit
analog-to-digital converter (National Instruments, USB-6002
DAQ Module; TX) and then stored on a personal computer.
These data were later analyzed using custom-written code
and adapted to IGOR Pro (Wavemetrics), as previously
described (12). The SEFV data were processed to produce 10s
intervals and then aligned with gas exchange and the IOS
measures. Exercise IOS measures were compared between
pre- and postbronchodilator values at rest, during exercise at
0W (unloaded), at 6, 4, and 2min before intolerance (P6, P4,
and P2, respectively), and at peak exercise. Impulse oscillom-
etry data were further analyzed relative to the respective
ventilatory demand, determined as V_ E/MVV.

Statistics

Statistical analyses were performed using IBM SPSS
Statistics v24 (IBM; IL). Exercise IOS measures (AX, Fres, R5,
R5–R20, X5, and Z5) and operating lung volumes (EILV and
EELV) pre- and postbronchodilator were compared at increas-
ing V_ E/MVV, using a two-way repeated-measures ANOVA.
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Bonferroni-adjusted post hoc tests were used in the case of
significant interactions. Effect size was estimated using the
partial eta-squared (g2

p) method and categorized as small
(<0.01), medium (0.01–0.14), and large (>0.14) (39). The inde-
pendent associations between peak exercise IOS and RAR,
and between peak exercise IOS and IC (grouped for pre- and
postbronchodilator) were assessed using Spearman’s rank
correlation. Test-retest reproducibility of IOS measures were
assessed usingmean difference (test 1� test 2), a one-sample t
test for mean difference versus a hypothesized mean of “0,”
95% limits of agreement (95% LoA), and intraclass correlation
coefficient (ICC). Data are presented as means (SD) (unless
stated), and a level was specified a priori as 0.05.

RESULTS

Questionnaires

The group mean CAT score was 15±6 (range 10–29) which
denoted a “medium impact” of COPD on health status. For
the SGRQ, total score was calculated as 41± 14 (range 18–66)
and comprised a symptom score of 49±20 (range 16–74), an
activity score of 60± 19 (range 30–87), and an impact score of
27± 17 (range 2–62).

Pulmonary Function and Exercise Tolerance

Resting pulmonary function is shown in Table 1. Patients
with COPD generally exhibited a moderate-to-severe ob-
structive pattern. Following inhaled albuterol, nearly all
group-mean metrics of spirometry, plethysmography, and
IOS improved significantly, manifesting as increases in
capacities and flows, increases (improvements) in reactance,
and decreases in resistance (P < 0.05). Diffusing capacity
(DLCO) was unaffected by albuterol. Peak physiological
responses to CPET are shown in Table 2. Following inhaled
albuterol, there were no statistically significant increases in
peak power or V_ O2, and no change in the ratio of physiologic
dead space to tidal volume (VD/VTtc). We did, however,
observe a significant reduction in airway resistance (R5 and
R5–R20; P < 0.05) congruent with significant increases in V_ E
and VT. Patients exhibited poor exercise tolerance, with
moderate ventilatory limitation characterized by high end-
exercise V_ E/MVV (83%±20%), which was not significantly
altered by bronchodilator treatment (78%± 16%). None of the
patients desaturated appreciably at end-exercise (SpO2peak =
97.0%±2.6%; range=91%–100%).

Reproducibility of Exercise IOS

We assessed the between-trial reproducibility of exercise
IOS measures in five healthy adults (Table 1). Lung function
in this group was within normal limits (FEV1 = 96%±15% pre-
dicted; FEV1/FVC=73.6%±5.4%). Grouped reproducibility of
IOS measures (rest and exercise) is shown in Table 3. Overall,
the mean difference between test 1 and test 2 was generally
low and was not significantly different from a hypothesized
mean of “0” for any measure (AX, R5, R5–R20, X5, Z5; P > 0.05)
except Fres (P = 0.031). Reproducibility using ICC was moder-
ate for R5 (r=0.682, P = 0.002), R5–R20 (r=0.647, P = 0.004),
and Z5 (r=0.689, P = 0.003). Mean difference (test 1� test 2) at
rest and for each exercise stage is shown in Table 4. Only the
between-test difference in Fres at peak exercise was signifi-
cantly different from “0” (P = 0.035), showing this measure to

Table 2. Peak physiological responses to cardiopulmo-
nary exercise tests in patients with chronic obstructive
pulmonary disease (COPD) (pre- vs. postbronchodilator)
and in healthy subjects [initial cardiopulmonary exercise
test (CPET)]

COPD Healthy

Pre-BD Post-BD P

Wpeak, W 76 (35) 80 (33) 0.793 119 (36)
fCpeak 117 (18) 121 (18) 0.571 132 (25)
V_ O2peak, L/min 1.28 (0.44) 1.32 (0.42) 0.287 1.57 (0.60)
V_ CO2peak, L/min 1.39 (0.57) 1.43 (0.52) 0.284 1.92 (0.74)
V_ Epeak, L/min 46.6 (19.3) 50.2 (17.6) 0.023 57.0 (21.2)
V_ E/V_ O2 36.3 (6.4) 38.1 (6.3) 0.019 35.6 (1.9)
V_ E/V_ CO2 34.5 (5.8) 35.9 (6.5) 0.045 29.3 (1.2)
V_ E/MVV, % 82.7 (19.7) 77.6 (16.2) 0.158 45.5 (6.6)
VT, L 1.36 (0.46) 1.49 (0.52) 0.010 2.08 (0.64)
fR, br/min 30.6 (5.8) 28.8 (6.0) 0.015 28.0 (5.9)
VD/VTtc 0.28 (0.13) 0.29 (0.13) 0.818 0.24 (0.06)
PETCO2

, mmHg 36.7 (5.3) 35.1 (5.0) 0.359 37.4 (1.6)
PtcCO2, mmHg 41.9 (7.8) 40.8 (5.3) 0.693 39.5 (2.5)
RAR 0.52 (0.09) 0.53 (0.09) 0.125 0.62 (0.39)
AX, kPa/L 3.31 (2.44) 2.32 (2.17) 0.014 0.25 (0.25)
Fres, Hz 28.2 (7.4) 24.8 (7.7) 0.011 13.9 (4.2)
R5, kPa/L/s 0.67 (0.18) 0.56 (0.20) 0.011 0.33 (0.05)
R5–R20, kPa/L/s 0.29 (0.17) 0.23 (0.18) 0.048 0.04 (0.03)
X5, kPa/L/s �0.21 (0.27) �0.19 (0.18) 0.673 �0.05 (0.04)
Z5, kPa/L/s 0.69 (0.20) 0.57 (0.18) 0.017 0.34 (0.05)

Data are means (SD). n = 15. AX, reactance area; BD, bronchodi-
lator; fC, cardiac frequency; Fres, resonant frequency; MVV, maxi-
mum voluntary ventilation; PETCO2

, partial pressure of end-tidal
CO2; PtcCO2, partial pressure of CO2 by transcutaneous measure-
ment; RAR, rectangular area ratio; R5, resistance at 5Hz; R5–R20,
resistance at 5Hz minus resistance at 20Hz; V_ O2, oxygen uptake;
V_ CO2, CO2 output; V_ E, minute ventilation; VD/VTtc, ratio of physio-
logic dead space to tidal volume estimated using transcutaneous
PCO2 measurement; W, power; X5, reactance at 5 Hz; Z5, impedance
at 5 Hz.

Table 3. Within-day, between-trial reproducibility of IOS measures in healthy subjects (rest and exercise, all
timepoints)

Mean Difference (SD) OS t Test 95% LoA ICC (P Value)

AX, kPa/L �0.02 (0.16) 0.300 �0.33, 0.30 0.212 (0.271)
Fres, Hz �0.93 (2.63) 0.031 �6.08, 4.22 0.816 (<0.001)
R5, kPa/L/s �0.01 (0.05) 0.257 �0.10, 0.09 0.682 (0.002)
R5–R20, kPa/L/s �0.004 (0.028) 0.235 �0.059, 0.051 0.647 (0.004)
X5, kPa/L/s 0.002 (0.036) 0.378 �0.068, 0.073 0.403 (0.095)
Z5, kPa/L/s �0.006 (0.021) 0.263 �0.035, 0.046 0.689 (0.003)

Data are means (SD). n = 5. AX, reactance area; Fres, resonant frequency; ICC, intraclass correlation coefficient; LoA, limits of agree-
ment; OS t test, one-sample t test; R5, resistance at 5Hz; R5–R20, resistance at 5Hz minus resistance at 20Hz; X5, reactance at 5Hz; Z5, im-
pedance at 5Hz.
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be poorly reproducible at elevated ventilations. However,
there was no pattern of change in either mean difference (test
1� test 2), 95% LoA, or ICC with increasing V_ E/MVV.

Exercise IOS

Average IOS measures at the respective V_ E/MVV during
incremental exercise in patients with COPD, before and after
inhaled bronchodilators, are shown in Fig. 2. Two female
patients with GOLD stage 3 (73yr) and 4 (65yr), respectively,
were unable to exercise beyond unloaded cycling (0W). Both
were excluded from the temporal analysis (i.e., IOS responses
and operating lung volumes during exercise; n = 13) but were
retained for the independent correlational analysis (i.e., IOS
vs. RAR and IOS vs. IC at peak exercise; n = 15).

AX.
There was a statistically significant main effect of bronchodi-
lator on AX [F(1,12) = 25.56, P < 0.001, g2

p = 0.68, Fig. 2A],
showing that AX was lower postbronchodilator (2.14±0.38
vs. 1.44±0.27kPa·L�1). There was no main effect of ventila-
tory demand [F(1.54,18.42) = 3.04, P = 0.083, g2

p = 0.20] and no
condition � ventilation interaction [F(2.48,29.74) = 0.35, P =
0.752, g2

p = 0.03].

Fres.
There was a statistically significant main effect of bronchodi-
lator on Fres [F(1,12) = 24.96, P < 0.001, g2

p = 0.68, Fig. 2B],
showing that Fres was lower postbronchodilator (23.9± 1.9 vs.
20.6± 1.9Hz). There was a main effect of ventilatory demand
[F(2.76,33.08) = 10.29, P < 0.001, g2

p = 0.46], showing that Fres
was higher at peak exercise (P = 0.003), and at P2 (P = 0.029)
when compared to rest. There was no condition � ventilation
interaction [F(2.76,33.16) = 0.296, P = 0.812, g2

p = 0.02].

R5.
There was a statistically significant main effect of bronchodi-
lator on R5 [F(1,12) = 22.04, P = 0.001, g2

p = 0.65, Fig. 2C], show-
ing that R5 was lower postbronchodilator (0.55±0.06 vs.
0.48±0.04kPa·L·s�1). There was a main effect of ventilatory
demand [F(1.99,23.84) = 6.96, P = 0.004, g2

p = 0.37], showing that
R5 was higher at peak exercise (P = 0.010), at P2 (P = 0.005), at
P4 (P = 0.009), and during unloaded exercise (P = 0.008)
when compared with the rest. There was no condition � ven-
tilation interaction [F(2.49,29.93) = 1.28, P = 0.298, g2

p = 0.10].

R5–R20.
There was a statistically significant main effect of bronchodi-
lator on R5–R20 [F(1,12) = 14.26, P = 0.003, g2

p = 0.54, Fig. 2D],

showing that R5–R20 was lower post-bronchodilator (0.21±
0.04 vs. 0.17±0.03kPa·L·s�1). There was amain effect of ven-
tilatory demand [F(1.60,19.19) = 6.34, P = 0.011, g2

p = 0.35],
showing that R5–R20 was higher at peak exercise (P = 0.015),
at P2 (P = 0.013), at P4 (P < 0.001), at P6 (P = 0.003), and dur-
ing unloaded exercise (P = 0.004) when compared with the
rest. There was no condition � ventilation interaction
[F(2.61,31.32) = 0.34, P = 0.766, g2

p = 0.03].

X5.
There was a statistically significantmain effect of bronchodi-
lator on X5 [F(1,12) = 12.03, P = 0.005, g2

p = 0.50, Fig. 2E], show-
ing that X5 was higher postbronchodilator (�0.21±0.02 vs.
�0.17±0.01kPa·L·s�1]. There was no main effect of ventila-
tory demand [F(1.40,16.78) = 0.224, P = 0.722, g2

p = 0.02], and no
condition � ventilation interaction [F(5,60) = 0.54, P = 0.748,
g2

p = 0.04].

Z5.
There was a statistically significantmain effect of bronchodi-
lator on Z5 [F(1,12) = 26.18, P < 0.001, g2

p = 0.69, Fig. 2F],
showing that Z5 was lower postbronchodilator (0.60±0.06
vs. 0.51±0.05kPa·L·s�1). There was a main effect of ventila-
tory demand [F(1.62,19.44) = 5.04, P = 0.022, g2

p = 0.30], show-
ing that Z5 was higher at P2 (P = 0.044), at P4 (P = 0.004), at
P6 (P = 0.037), and during unloaded exercise (P = 0.005)
when compared with the rest. There was no condition� ven-
tilation interaction [F(2.34,28.03) = 0.78, P = 0.489, g2

p = 0.06].

Operating Lung Volumes

Operating lung volumes (EELV and EILV) at rest and dur-
ing exercise in patients with COPD, before and after inhaled
bronchodilators, are shown in Fig. 3.

EELV.
There was a statistically significant main effect of bron-
chodilator on EELV [F(1,12) = 13.24, P = 0.003, g2

p = 0.52],
showing that EELV was lower postbronchodilator (60 ± 12
vs. 58%± 12% TLC]. There was a main effect of ventilatory
demand [F(2.11,25.37) = 17.73, P < 0.001, g2

p = 0.60], showing
that EELV increased above resting values at P4 (P = 0.015),
at P2 (P = 0.010), and at peak exercise (P = 0.001). There
was no condition � ventilation interaction [F(5.0,60.0) =
0.94, P = 0.465, g2

p = 0.07].

EILV.
There was no statistically significant main effect of broncho-
dilator on EILV [F(1,12) = 0.06, P = 0.811, g2

p = 0.01]. There was

Table 4. Mean difference (test 1 � test 2) of impulse oscillometry (IOS) measures by exercise stage in healthy
subjects

Ax (SD), kPa/L Fres (SD), Hz R5 (SD), kPa/L/s R5–R20, (SD) kPa/L/s X5 (SD), kPa/L/s Z5 (SD), kPa/L/s

Rest 0.006 (0.015) 0.466 (0.753) 0.002 (0.034) 0.012 (0.013) 0.002 (0.011) 0.002 (0.034)
Unloaded (0W) 0.086 (0.149) 1.718 (3.514) 0.026 (0.053) 0.018 (0.030) 0.010 (0.029) 0.028 (0.048)
Peak �6min 0.026 (0.206) 0.354 (2.807) 0.030 (0.051) 0.012 (0.031) 0.002 (0.043) 0.030 (0.051)
Peak �4min 0.002 (0.056) 0.302 (2.632) 0.008 (0.030) 0.008 (0.016) 0.000 (0.021) 0.008 (0.033)
Peak �2min 0.038 (0.128) 2.713 (3.009) 0.000 (0.048) 0.000 (0.028) 0.005 (0.013) 0.003 (0.053)
Peak 0.050 (0.311) 2.038 (1.860)� 0.026 (0.048) 0.020 (0.037) 0.006 (0.073) 0.024 (0.048)

Data are means (SD). n = 5. AX, reactance area; Fres, resonant frequency; R5, resistance at 5Hz; R5–R20, resistance at 5Hz minus resist-
ance at 20Hz; X5, reactance at 5Hz; Z5, impedance at 5Hz; �Significantly different vs. 0 (P < 0.05).
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a main effect of ventilatory demand [F(2.12,25.48) = 55.30, P <
0.001, g2

p = 0.82], showing that EILV increased above baseline
during unloaded exercise (P = 0.027), at P6 (P = 0.005), at P4
(P< 0.001), at P2 (P < 0.001), and at peak exercise (P = 0.001).
There was a statistically significant condition � ventilation
interaction [F(2.41,28.880) = 9.69, P < 0.001, g2

p = 0.45], but post
hoc tests revealed interactions at any given V_ E/MVV.

Correlations

Exercise IOS versus expiratory flow-volume
configuration.
Associations between RAR and AX, Fres, R5, X5, R5–R20, and
Z5 at peak exercise (pre- and postbronchodilator) are shown
in Fig. 4. Spearman’s rank correlations show a strong

Figure 2. Impulse oscillometry in patients with chronic obstructive pulmonary disease (COPD) during incremental exercise before and after inhaled albu-
terol; AX (A), Fres (B), R5 (C), R5–R20 (D), X5 (E), and Z5 (F) as a function of V_ E/MVV. l, prebronchodilator; *, postbronchodilator. Data are means ± SE
(illustrating uncertainty in the mean temporal response) (n = 13). †Statistically significant main effect of bronchodilator. �Significantly different versus rest
(P< 0.05).
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negative correlation between RAR and AX (r = �0.733; P <
0.001, Fig. 4A), between RAR and Fres (r = �0.652; P <

0.001, Fig. 4B), between RAR and R5 (r = �0.539, P < 0.001,
Fig. 4C), between RAR and R5–R20 (r = �0.688; P < 0.001,
Fig. 4D), and a strong positive correlation between RAR and
X5 (r=0.559; P = 0.001, Fig. 4E). There was a moderate nega-
tive correlation between RAR and Z5 (r = �0.307, P < 0.001,
Fig. 4F).

Exercise IOS versus inspiratory capacity.
Associations between IC and AX, Fres, R5, X5, R5–R20, and Z5

at peak exercise (pre- and postbronchodilator) are shown in
Fig. 5. Spearman’s rank correlations show a strong negative
correlation between IC and R5 (r = �0.598; P < 0.001, Fig.
5C), between IC and R5–R20 (r = –0.542; P = 0.002, Fig. 5D),
and a moderate negative correlation between IC and AX (r =
�0.424; P = 0.019, Fig. 5A), and between IC and Z5 (r =
�0.35, P = 0.002, Fig. 5F). There was no significant correla-
tion between IC and either Fres (Fig. 5B) or X5 (Fig. 5E).

DISCUSSION

The primary aims of this study were to use impedance
oscillometry to assess dynamic changes in airway function
during incremental exercise in a group of patients with
COPD, and to evaluate the effect of inhaled bronchodilators
on exercise-associated changes in respiratory impedance.
We made several important findings: 1) incremental exercise
statistically increased airway resistance in patients with
COPD; 2) inhaled bronchodilators significantly decreased re-
sistance and increased (improved) reactance at rest and dur-
ing exercise in COPD, but without significantly improving
exercise capacity/tolerance; and 3) IOS variables showed
strong correlations with changes in operating lung volumes
and flow-volume loop configuration. In line with our

secondary aim, we demonstrated moderate test-retest repro-
ducibility of IOS-derived airway resistance and net imped-
ance during exercise in healthy subjects. Collectively, these
data may have important implications for the clinical assess-
ment of airway function in obstructive lung disease.

Respiratory Impedance during Exercise in COPD

We observed that respiratory resistance increased with
increasing ventilatory demand in patients with COPD (Fig.
2). At peak exercise, resistance in the distal airways was sig-
nificantly reduced following inhaled albuterol (R5 = 0.67±
0.18 vs. 0.56±0.20kPa·L�1·s�1; R5–R20 = 0.29±0.17 vs. 0.19±
0.18kPa·L�1·s�1) without a significant reduction in V_ E/MVV
(83%±20% vs. 78%± 16%; P = 0.158). Several studies have
assessed airway resistance during exercise indirectly using
forced expiratory efforts (7, 8), and others have assessed pul-
monary resistance using ratios of expiratory flow and intra-
thoracic pressures (7, 40). Mansfield et al. (23) used a
modified IOS device to assess airway function at an oscilla-
tion frequency of 9Hz, and Eisenberg et al. (41) used body
plethysmography (interrupter technique) to assess airway re-
sistance at a single work rate of �75W. Thus, to our knowl-
edge, ours is the first study to employ multiple frequencies
to assess resistance and reactance in both the distal and
proximal airways across a range of exercise intensities to
intolerance.

The high airway resistance exhibited by patients with
COPD at rest is assumed to be due to airway remodeling, mu-
cus secretions, and/or chronic airway inflammation (2).
During exercise, however, our data show that dynamic
changes in airway resistance in COPD result from a balance
among various interrelated mechanisms, which are medi-
ated by both ventilatory demand and albuterol administra-
tion. For example, at increasing levels of V_ E/MVV, airway
patency would be expected to be retained owing to the pas-
sive component of parenchymal tethering (42) and the posi-
tive effects of exercise-induced bronchodilation (43), thereby
reducing airway resistance. However, at higher ventilatory
demands (presumably when the equilibrium radius of the
airway smooth muscle was surpassed), we observed an
increase in airway resistance (Fig. 2), suggesting that other
factors (e.g., dynamic airway collapse and mucus secretions)
play an increasingly important role. Airway resistance dur-
ing exercisemay be differentially influenced by bronchodila-
tors. Indeed, a postalbuterol fall in EELV (Fig. 3) would be
expected to increase airway resistance due to reduced diam-
eter of the small airways (44). However, we observed a net
decrease in airway resistance following albuterol adminis-
tration, and this is consistent with the notion that albu-
terol-mediated changes in bronchial smooth muscle tone
may be the prevailing mechanism underpinning improve-
ments in airway resistance following inhaled bronchodila-
tors during exercise, particularly in chronic bronchitis.
Our study is the first to empirically demonstrate this using
impulse oscillometry.

It was anticipated that elevated airway resistance during
exercise and subsequent expiratory flow limitation would
result in shape changes to the spontaneous expiratory flow
volume curve and compensatory decreases in IC. Indeed, we
observed a negative association between airway resistance

Figure 3.Operating lung volumes (EELV and EILV) in patients with chronic
obstructive pulmonary disease (COPD) as a function of V_ E/MVV during
incremental exercise before and after inhaled albuterol.ln, pre-broncho-
dilator; *h, postbronchodilator. Data are means ± SE (illustrating uncer-
tainty in the mean temporal response) (n = 13). †Statistically significant main
effect of bronchodilator (EELV only). �Significantly different vs. rest (P <
0.05). EELV, end-expiratory lung volume; EILV, end-expiratory lung vol-
ume; ERV, expiratory reserve volume; IRV, inspiratory reserve volume; VT,
tidal volume; IC, inspiratory capacity.
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and RAR (Fig. 4), and progressive dynamic hyperinflation
with increasing ventilatory demand both before and after
the administration of inhaled bronchodilators (Fig. 3). The
dynamic decreases in IC occurred congruent with changes in
airway impedance. Furthermore, IC at peak exercise was cor-
related with both R5 and R5–R20 (Fig. 5), which supports the
notion that dynamic hyperinflation may have occurred
owing to the intensity-mediated increase in airway resist-
ance. Interestingly, we found that albuterol increased IC by
�2% at rest, but increased IC by up to 4% during low-inten-
sity (unloaded) exercise, suggesting bronchodilators may

exert a more pronounced effect on operating lung volumes
during exercise when airway resistance is greater. We further
demonstrate that mitigating airway resistance (and dynamic
hyperinflation) at rest using an inhaled bronchodilator, exerts
an effect that persists into exercise. Given that dyspnea in
COPD is underpinned by a complex relationship among EFL,
dynamic hyperinflation (45), and increased neural respiratory
drive (46, 47), we would expect diminished respiratory imped-
ance, attenuated dynamic hyperinflation, and an increased
RAR in our group of patients with COPD to confer less respira-
tory distress.

Figure 4. Associations between rectangular area
ratio (RAR) and impulse oscillometry (IOS) varia-
bles at peak exercise in patients with chronic ob-
structive pulmonary disease (COPD) (pre- and
postbronchodilator; 2�n = 15). AX (A), Fres (B), R5

(C), R5–R20 (D), X5 (E), and Z5 (F).l, prebronchodi-
lator;*, postbronchodilator.

IMPULSE OSCILLOMETRY DURING EXERCISE IN COPD

334 J Appl Physiol � doi:10.1152/japplphysiol.00148.2021 � www.jap.org
Downloaded from journals.physiology.org/journal/jappl at Univ of Leeds (086.141.129.041) on July 28, 2021.

http://www.jap.org


At rest, bronchodilator-mediated changes in airway re-
sistance closely relate to improvements in lung mechanics
and dyspnea in COPD (48). Although these positive
changes in airway function may be expected to prolong
exercise time, there is a poor association between lung
function at rest and exercise capacity in COPD. Moreover,
short-term improvements in lung function following bron-
chodilation do not reliably increase exercise capacity (49).
Our data reenforce this notion in that, following the
administration of a b2 agonist, we observed no change in
V_ O2max (1.28 ±0.44 vs.1.32 ± 0.42 L·min�1), Wpeak (76 ± 35 vs.
80 ± 33W), or VD/VTtc (0.28 ± 0.13 vs. 0.29 ±0.13) despite

improvements in both resting and exercise airway imped-
ance and hyperinflation. The effect of bronchodilator ther-
apy on exercise tolerance is inconsistent (50), and is
typically more pronounced in those with more severe spi-
rometric impairments and in those who develop concavity
in the SEFV curve (15). We enrolled a heterogenous group
of patients with COPD (from mild to very severe) with a
range of FEV1 and SGRQ scores, and this may explain why
albuterol failed to improve exercise capacity in this study.
A report by Aliverti et al. (51) also showed no improvement
in constant-load cycling performance following salbuta-
mol administration in patients with COPD, despite

Figure 5. Associations between dynamic hyperin-
flation (IC) and impulse oscillometry (IOS) variables
at peak exercise in patients with chronic obstruc-
tive pulmonary disease (COPD) (pre- and postbron-
chodilator; 2�n = 15). AX (A), Fres (B), R5 (C), R5–
R20 (D), X5 (E), and Z5 (F). l, prebronchodilator; *,
postbronchodilator.
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bronchodilators evoking significant decreases in IC. It should
be noted that our exercise protocol of an incremental ramp dif-
fers from the constant work rate trials used in most studies,
although we also observed amelioration of dynamic hyperin-
flation. Some of the inconsistency among studies may be
explained by differences in the type of drug administered
(short- or long-acting, b2 agonists or anticholinergic), differen-
ces in study design, and differences in disease severity.
Indeed, studies in larger and more homogenous groups of
patients with COPDmay bewarranted.

Technical Considerations for Impedance Oscillometry

To our knowledge, this is the first study to comprehen-
sively assess airway impedance during exercise using IOS.
To be confident of accurately detecting changes in airway
function, we assessed the test-retest reproducibility of exer-
cise IOS in a small sample of healthy subjects. When compar-
ing the overall responses to the protocol (rest and exercise),
mean differences between test 1 and test 2were low, showing
values significantly above “0” for Fres alone (P = 0.031; Table
3). Moreover, ICC data showed moderate correlation coeffi-
cients for R5 (r=0.682, P = 0.002), R5–R20 (r=0.647, P =
0.004), and Z5 (r=0.689, P = 0.003; Table 3). When assessing
reproducibility by exercise stage, only Fres exhibited a sig-
nificant one-sample t test at peak exercise, but there was no
pattern of change in any other IOS measure with increasing
V_ E/MVV. Thus, our preliminary data (n = 5) show acceptable
measurement reproducibility of resistance (R5 and R5–R20)
and net impedance (Z5) at this level of ventilation. This is
supported by our observation of a predictable and consistent
postbronchodilator change in airway function in our patient
group. It should be noted that neither patients with COPD
nor controls in our study reached a high absolute V_ E (50± 18
and 57±21L·min�1, respectively). Given that IOS assess-
ments may be affected by high respiratory pressures and
lung volumes, further studies on the validity of exercise IOS
at higher rates of ventilation (e.g., in younger and/or more
athletic subjects) are warranted. Given the potentially
greater variability of IOS in COPD, further reproducibility
data in these patientsmay also prove insightful.

It is pertinent that measures of R5 and R5–R20 were repro-
ducible. Low oscillation frequencies (e.g., 5Hz) penetrate
deeper into the small airways and lungs, and subtracting R20

from R5 (R5–R20) represents flow resistance primarily in the
distal airways (16) which are themain source of lung resistance
in COPD (24, 52). At present, we do not have a clear explana-
tion for why resistance appears to be more reproducible than
reactance. Oscillatory impedance is dependent on the volume
at which it is measured (53). In a single-compartment model,
the relationship between lung volume and resistance is deter-
mined by changes in airway geometry, whereas the volume-re-
actance relationship is underpinned by tissue compliance and
gas compression (54). Given the different mechanical factors
that govern resistance and reactance, it is reasonable that they
might differ in their assessment reproducibility, although fur-
ther studies to explore this disparity are needed.

Conclusions

This study provides novel data regarding dynamic changes
in airway function during exercise before and after broncho-

dilator administration in patients with COPD. The use of
impulse oscillometry to assess flow resistance and react-
ance allowed for the reporting of a temporal response, and
this is a unique feature of our study. Peak IOS variables
correlate well with measures of dynamic hyperinflation
and indications of expiratory flow limitation in the sponta-
neous expiratory flow-volume loop, and additionally pro-
vide data regarding function of the small airways during
exercise. Finally, we show that respiratory resistance and
impedance as measured using IOS is reproducible in
healthy subjects up to modest levels of ventilation. This
approach may aid in the clinical assessment of airway
function during exercise.

ACKNOWLEDGMENTS

The authors would like to thank the study participants for volun-
teering their time.

GRANTS

N.B.T. is supported by a postdoctoral fellowship from the
Tobacco-Related Disease Research Program (TRDRP; Award
no. T31FT1692). H.B.R. is supported by National Institutes of
Health Grants R01HL151452, P50HD098593, R01DK122767, and
P2CHD086851 and the Tobacco-Related Disease Research
Program (TRDRP; T31IP1666). A.A. is funded by a postdoctoral fel-
lowship from the Tobacco-Related Disease Research Program
(TRDRP; Award no. 28FT-0017).

DISCLOSURES

H.B.R. reports consulting fees from Omniox Inc., and is
involved in contracted clinical research with Boehringer
Ingelheim, GlaxoSmithKline, Novartis, AstraZeneca, Astellas,
United Therapeutics, Genentech, and Regeneron.

AUTHOR CONTRIBUTIONS

R.C., H.B.R., R.C., W.W.S., and J.P. conceived and designed
research; J.P., M.C., F.L., W.Y., C.W., R.C. and A.S. performed
experiments; N.B.T., M.C., F.L., W.Y., C.W., A.S., and J.P. ana-
lyzed data; N.B.T., M.C., F.L., W.Y., C.W., A.A., H.B.R., R.C., W.W.S.,
and J.P. interpreted results of experiments; N.B.T., M.C., F.L. and
J.P. prepared figures; N.B.T., M.C. F.L., and J.P. drafted manuscript;
N.B.T., M.C., F.L., W.Y., C.W., A.A., R.C., H.B.R., R.C., W.W.S., and
J.P. edited and revised manuscript; N.B.T., M.C., F.L., W.Y.,
C.W., A.A., R.C., A.S., H.B.R., R.C., W.W.S., and J.P. approved
final version of manuscript.

REFERENCES

1. Hogg JC, McDonough JE, Suzuki M. Small airway obstruction in
COPD: new insights based on micro-CT imaging and MRI imaging.
Chest 143: 1436–1443, 2013. doi:10.1378/chest.12-1766.

2. Hogg JC, Timens W. The pathology of chronic obstructive pulmo-
nary disease. Annu Rev Pathol 4: 435–459, 2009. doi:10.1146/
annurev.pathol.4.110807.092145.

3. Hogg JC. A brief review of chronic obstructive pulmonary disease.
Canadian Respir J 19: 381–384, 2012. doi:10.1155/2012/496563.

4. O'Donnell DE, Laveneziana P. The clinical importance of dynamic
lung hyperinflation in COPD. COPD 3: 219–232, 2006. doi:10.1080/
15412550600977478.

5. Milic-Emili J, Torchio R, D'Angelo E. Closing volume: a reappraisal
(1967–2007). Eur J Appl Physiol 99: 567–583, 2007.

6. Jones PW. St. George's respiratory questionnaire: MCID. COPD 2:
75–79, 2005. doi:10.1081/copd-200050513.

IMPULSE OSCILLOMETRY DURING EXERCISE IN COPD

336 J Appl Physiol � doi:10.1152/japplphysiol.00148.2021 � www.jap.org
Downloaded from journals.physiology.org/journal/jappl at Univ of Leeds (086.141.129.041) on July 28, 2021.

https://doi.org/10.1378/chest.12-1766
https://doi.org/10.1146/annurev.pathol.4.110807.092145
https://doi.org/10.1146/annurev.pathol.4.110807.092145
https://doi.org/10.1155/2012/496563
https://doi.org/10.1080/15412550600977478
https://doi.org/10.1080/15412550600977478
https://doi.org/10.1081/copd-200050513
http://www.jap.org


7. Beck KC, Hyatt RE, Mpougas P, Scanlon PD. Evaluation of pulmo-
nary resistance and maximal expiratory flow measurements during
exercise in humans. J Appl Physiol (1985) 86: 1388–1395, 1999.
doi:10.1152/jappl.1999.86.4.1388.

8. Pichon A, Roulaud M, Denjean A, de Bisschop C. Airway tone dur-
ing exercise in healthy subjects: effects of salbutamol and ipra-
tropium bromide. Int J Sports Med 26: 321–326, 2005. doi:10.1055/
s-2004-821021.

9. McFadden E, Jr, Gilbert IA. Exercise-induced asthma. N Engl J Med
330: 1362–1367, 1994. doi:10.1056/NEJM199405123301907.

10. Wilson A, Massarella G, Pride N. Elastic properties of airways in
human lungs post mortem. Am Rev Respir Dis 110: 716–729, 1974.
doi:10.1164/arrd.1974.110.6P1.716.

11. Mead J, Gaensler E. Esophageal and pleural pressures in man,
upright and supine. J Appl Physiol 14: 81–83, 1959. doi:10.1152/
jappl.1959.14.1.81.

12. Ma S, Hecht A, Varga J, RambodM,Morford S, Goto S, Casaburi R,
Porszasz J. Breath-by-breath quantification of progressive airflow li-
mitation during exercise in COPD: a new method. Respir Med 104:
389–396, 2010. doi:10.1016/j.rmed.2009.10.014.

13. Porszasz J, Carraro N, Cao R, Gore A, Ma S, Jiang T, Maltais F,
Ferguson GT, O'Donnell DE, Shaikh A, Rossiter HB, Casaburi R.
Effect of tiotropium on spontaneous expiratory flow-volume curves
during exercise in GOLD 1-2 COPD. Respir Physiol Neurobiol 251: 8–
15, 2018. doi:10.1016/j.resp.2018.02.006.

14. Varga J, Casaburi R, Ma S, Hecht A, Hsia D, Somfay A, Porszasz J.
Relation of concavity in the expiratory flow-volume loop to dynamic
hyperinflation during exercise in COPD. Respir Physiol Neurobiol
234: 79–84, 2016. doi:10.1016/j.resp.2016.08.005.

15. Cao M, Lin F, Stringer W, Khosrovi A, Calmelat R, Soriano A,Wang
C-Y, Rossiter H, Siddiqui S, Rennard S, Casaburi R, Porszasz J.
Bronchodilation increases exercise endurance in COPD patients
with sustained concavity in the spontaneous expiratory flow volume
loop. Eur Respiratory Soc 54, Suppl. 63: PA4129, 2019. doi:10.1183/
13993003.congress-2019.PA4129.

16. Brashier B, Salvi S. Measuring lung function using sound waves:
role of the forced oscillation technique and impulse oscillometry sys-
tem. Breathe 11: 57–65, 2015. doi:10.1183/20734735.020514.

17. Borrill ZL, Houghton C,Woodcock A, Vestbo J, Singh D.Measuring
bronchodilation in COPD clinical trials. Br J Clin Pharmacol 59: 379–
384, 2005. doi:10.1111/j.1365-2125.2004.02261.x.

18. Simioli F, Martino M, Vennarucci GS, Morrone L, Molino A,
Mormile M, Stanziola AA, D'Amato M. Effect of dual bronchodila-
tion with indacaterol/glycopirronium on small airways resistance in
patients with stable COPD. Eur Respiratory Soc : OA3523, 2016.
doi:10.1183/13993003.congress-2016.OA3523.

19. Svensson L, Ankerst J, Bjermer L, Tufvesson E. Airway resistance
and reactance in COPD patients and healthy smokers, and effect of
bronchodilators. Eur Respiratory Soc 38, 2011.

20. Yamamoto A, Shirai T, Hirai K, Tanaka Y, Watanabe H, Endo Y,
Shimoda Y, Suzuki T, Noguchi R, Mochizuki E, Sakurai S, Saigusa
M, Akamatsu T, Shishido Y, Akita T, Morita S, Asada K.
Oscillometry as a Predictor of Exercise Tolerance in COPD. COPD
17: 647–648, 2020. doi:10.1080/15412555.2020.1844176.

21. Milne S, Jetmalani K, Chapman DG, Duncan JM, Farah CS, Thamrin
C, King GG. Respiratory system reactance reflects communicating
lung volume in chronic obstructive pulmonary disease. J Appl Physiol
(1985) 126: 1223–1231, 2019. doi:10.1152/japplphysiol.00503.2018.

22. Seccombe L, Peters M, Buddle L, Farah C. Exercise induced bron-
choconstriction identified using the forced oscillation technique.
Front Physiol 10: 1411, 2019. doi:10.3389/fphys.2019.01411.

23. Mansfield L,McDonnell J,MorganW, Souhrada J. Airway response
in asthmatic children during and after exercise. Respiration 38: 135–
143, 1979. doi:10.1159/000194070.

24. van den Berge M, Ten HN, Cohen J, DoumaWR, Postma DS. Small
airway disease in asthma and COPD: clinical implications. Chest 139:
412–423, 2011. doi:10.1378/chest.10-1210.

25. Pauwels R, Buist AS, Calverley PA, Jenkins C, Hurd S; GOLD
Scientific Committee. Global strategy for the diagnosis, manage-
ment, and prevention of chronic obstructive pulmonary disease. Am
J Respir Crit Care Med 163: 1256–1276, 2001. doi:10.1164/ajrccm.
163.5.2101039.

26. Wan ES, Castaldi PJ, Cho MH, Hokanson JE, Regan EA, Make BJ,
Beaty TH, Han MK, Curtis JL, Curran-Everett D, Lynch DA, DeMeo

DL, Crapo JD, Silverman EK. Epidemiology, genetics, and subtyping
of preserved ratio impaired spirometry (PRISm) in COPD gene.
Respir Res 15: 89, 2014. doi:10.1186/s12931-014-0089-y.

27. Hankinson J, Odencrantz J, Fedan K. Spirometric reference values
from a sample of the general U.S. population. Am J Respir Crit Care
Med 159: 179–187, 1999. doi:10.1164/ajrccm.159.1.9712108.

28. Wanger J, Clausen JL, Coates A, Pedersen OF, Brusasco V, Burgos
F, Casaburi R, Crapo R, Enright P, van der Grinten CPM, Gustafsson
P, Hankinson J, Jensen R, Johnson D,MacIntyre N,McKay R,Miller
MR, Navajas D, Pellegrino R, Viegi G. Standardisation of the mea-
surement of lung volumes. Eur Respir J 26: 511–522, 2005.
doi:10.1183/09031936.05.00035005.

29. Macintyre N, Crapo RO, Viegi G, Johnson DC, van der Grinten CPM,
Brusasco V, Burgos F, Casaburi R, Coates A, Enright P, Gustafsson
P,Hankinson J, Jensen R,McKay R,Miller MR,Navajas D, Pedersen
OF, Pellegrino R, Wanger J. Standardisation of the single-breath
determination of carbon monoxide uptake in the lung. Eur Respir J
26: 720–735, 2005. doi:10.1183/09031936.05.00034905.

30. Jones P, Harding G, Berry P, Wiklund I, Chen W, Leidy NK.
Development and first validation of the COPD assessment test. Eur
Respir J 34: 648–654, 2009. doi:10.1183/09031936.00102509.

31. Jones PW. COPD assessment test –rationale, development, valida-
tion and performance. COPD 10: 269–271, 2013. doi:10.3109/
15412555.2013.776920.

32. Jones P, Quirk F, Baveystock C. The St George's respiratory ques-
tionnaire. Respir Med 85: 25–31, 1991. doi:10.1016/S0954-6111(06)
80166-6.

33. Laveneziana P, Albuquerque A, Aliverti A, Babb T, Barreiro E, Dres
M, Dub�e B-P, Fauroux B, Gea J, Guenette JA, Hudson AL, Kabitz
H-J, Laghi F, Langer D, Luo Y-M, Neder JA, O'Donnell D, Polkey
MI, Rabinovich RA, Rossi A, Series F, Similowski T, Spengler C,
Vogiatzis I, Verges S. ERS statement on respiratory muscle testing
at rest and during exercise. Eur Respir J 53: 1801214, 2019.
doi:10.1183/13993003.01214-2018.

34. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates
A, Crapo R, Enright P, Van Der Grinten C, Gustafsson P.
Standardisation of spirometry. Eur Respir J 26: 319–338, 2005.
doi:10.1183/09031936.05.00034805.

35. Cao M, Stringer WW, Corey S, Orogian A, Cao R, Calmelat R, Lin F,
Casaburi R, Rossiter HB, Porszasz J. Transcutaneous PCO2 for exer-
cise gas exchange efficiency in chronic obstructive pulmonary dis-
ease. COPD 18: 16–25, 2021. doi:10.1080/15412555.2020.1858403.

36. O'Donnell DE, Lam M, Webb KA. Measurement of symptoms, lung
hyperinflation, and endurance during exercise in chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 158: 1557–1565,
1998. doi:10.1164/ajrccm.158.5.9804004.

37. Sundar IK, Yao H, Sellix MT, Rahman I. Circadian clock–coupled
lung cellular and molecular functions in chronic airway diseases. Am
J Respir Cell Mol Biol 53: 285–290, 2015. doi:10.1165/rcmb.2014-
0476TR.

38. Calverley P, Burge PS, Spencer S, Anderson JA, Jones PW.
Bronchodilator reversibility testing in chronic obstructive pulmonary
disease. Thorax 58: 659–664, 2003. doi:10.1136/thorax.58.8.659.

39. Lakens D. Calculating and reporting effect sizes to facilitate cumula-
tive science: a practical primer for t-tests and ANOVAs. Front
Psychol 4: 863, 2013. doi:10.3389/fpsyg.2013.00863.

40. Hussain S, Pardy R, Dempsey J.Mechanical impedance as determi-
nant of inspiratory neural drive during exercise in humans. J Appl
Physiol (1985) 59: 365–375, 1985. doi:10.1152/jappl.1985.59.2.365.

41. Eisenberg B, Linss G, Drescher E. The measurement of airway re-
sistance during exercise by body plethysmography before and after
application of asthma-protective drugs (author's transl). Z Erkr
Atmungsorgane 157: 318–322, 1981.

42. Bates JHT. Systems physiology of the airways in health and obstruc-
tive pulmonary disease.Wiley Interdiscip Rev Syst Biol Med 8: 423–
437, 2016. doi:10.1002/wsbm.1347.

43. Warren JB, Jennings SJ, Clark TJH. Effect of adrenergic and vagal
blockade on the normal human airway response to exercise. Clin Sci
(Lond) 66: 79–85, 1984. doi:10.1042/cs0660079.

44. Lutfi MF. The physiological basis and clinical significance of lung
volume measurements. Multidiscip Respir Med 12: 3, 2017. doi:10.
1186/s40248-017-0084-5.

45. Calverley P. Exercise and dyspnoea in COPD. Eur Respir Rev 15:
72–79, 2006. doi:10.1183/09059180.00010004.

IMPULSE OSCILLOMETRY DURING EXERCISE IN COPD

J Appl Physiol � doi:10.1152/japplphysiol.00148.2021 � www.jap.org 337
Downloaded from journals.physiology.org/journal/jappl at Univ of Leeds (086.141.129.041) on July 28, 2021.

https://doi.org/10.1152/jappl.1999.86.4.1388
https://doi.org/10.1055/s-2004-821021
https://doi.org/10.1055/s-2004-821021
https://doi.org/10.1056/NEJM199405123301907
https://doi.org/10.1164/arrd.1974.110.6P1.716
https://doi.org/10.1152/jappl.1959.14.1.81
https://doi.org/10.1152/jappl.1959.14.1.81
https://doi.org/10.1016/j.rmed.2009.10.014
https://doi.org/10.1016/j.resp.2018.02.006
https://doi.org/10.1016/j.resp.2016.08.005
https://doi.org/10.1183/13993003.congress-2019.PA4129
https://doi.org/10.1183/13993003.congress-2019.PA4129
https://doi.org/10.1183/20734735.020514
https://doi.org/10.1111/j.1365-2125.2004.02261.x
https://doi.org/10.1183/13993003.congress-2016.OA3523
https://doi.org/10.1080/15412555.2020.1844176
https://doi.org/10.1152/japplphysiol.00503.2018
https://doi.org/10.3389/fphys.2019.01411
https://doi.org/10.1159/000194070
https://doi.org/10.1378/chest.10-1210
https://doi.org/10.1164/ajrccm.163.5.2101039
https://doi.org/10.1164/ajrccm.163.5.2101039
https://doi.org/10.1186/s12931-014-0089-y
https://doi.org/10.1164/ajrccm.159.1.9712108
https://doi.org/10.1183/09031936.05.00035005
https://doi.org/10.1183/09031936.05.00034905
https://doi.org/10.1183/09031936.00102509
https://doi.org/10.3109/15412555.2013.776920
https://doi.org/10.3109/15412555.2013.776920
https://doi.org/10.1016/S0954-6111(06)80166-6
https://doi.org/10.1016/S0954-6111(06)80166-6
https://doi.org/10.1183/13993003.01214-2018
https://doi.org/10.1183/09031936.05.00034805
https://doi.org/10.1080/15412555.2020.1858403
https://doi.org/10.1164/ajrccm.158.5.9804004
https://doi.org/10.1165/rcmb.2014-0476TR
https://doi.org/10.1165/rcmb.2014-0476TR
https://doi.org/10.1136/thorax.58.8.659
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.1152/jappl.1985.59.2.365
https://doi.org/10.1002/wsbm.1347
https://doi.org/10.1042/cs0660079
https://doi.org/10.1186/s40248-017-0084-5
https://doi.org/10.1186/s40248-017-0084-5
https://doi.org/10.1183/09059180.00010004
http://www.jap.org


46. Jolley CJ, Luo YM, Steier J, Rafferty GF, Polkey MI, Moxham J.
Neural respiratory drive and breathlessness in COPD. Eur Respir J
45: 355–364, 2015. doi:10.1183/09031936.00063014.

47. Mendonca CT, Schaeffer MR, Riley P, Jensen D. Physiological
mechanisms of dyspnea during exercise with external thoracic
restriction: role of increased neural respiratory drive. J Appl
Physiol (1985) 116: 570–581, 2014. doi:10.1152/japplphysiol.00950.
2013.

48. Santus P, Radovanovic D, Henchi S, Di Marco F, Centanni S,
D’Angelo E, Pecchiari M. Assessment of acute bronchodilator
effects from specific airway resistance changes in stable COPD
patients. Respir Physiol Neurobiol 197: 36–45, 2014. doi:10.1016/j.
resp.2014.03.012.

49. Morgan M, Singh S. Assessing the exercise response to a broncho-
dilator in COPD: time to get off your bike? Thorax 62: 281–283,
2007. doi:10.1136/thx.2006.069195.

50. Aguilaniu B. Impact of bronchodilator therapy on exercise tolerance
in COPD. Int J Chron Obstruct Pulmon Dis 5: 57–71, 2010. doi:10.
2147/copd.s7404.

51. Aliverti A, Rodger K, Dellacà RL, Stevenson N, Mauro AL, Pedotti
A, Calverley P. Effect of salbutamol on lung function and chest wall
volumes at rest and during exercise in COPD. Thorax 60: 916–924,
2005. doi:10.1136/thx.2004.037937.

52. Crim C, Celli B, Edwards LD, Wouters E, Coxson HO, Tal-Singer R,
Calverley PM, ECLIPSE investigators. Respiratory system imped-
ance with impulse oscillometry in healthy and COPD subjects:
ECLIPSE baseline results. Respir Med 105: 1069–1078, 2011.

53. Fisher AB,DuBois AB,Hyde RW. Evaluation of the forced oscillation
technique for the determination of resistance to breathing. J Clin
Invest 47: 2045–2057, 1968. doi:10.1172/JCI105890.

54. Peslin R, Fredberg JJ. Oscillation mechanics of the respiratory sys-
tem. Compr Physiol : 145–177, 2011. doi:10.1002/cphy.cp030311.

IMPULSE OSCILLOMETRY DURING EXERCISE IN COPD

338 J Appl Physiol � doi:10.1152/japplphysiol.00148.2021 � www.jap.org
Downloaded from journals.physiology.org/journal/jappl at Univ of Leeds (086.141.129.041) on July 28, 2021.

https://doi.org/10.1183/09031936.00063014
https://doi.org/10.1152/japplphysiol.00950.2013
https://doi.org/10.1152/japplphysiol.00950.2013
https://doi.org/10.1016/j.resp.2014.03.012
https://doi.org/10.1016/j.resp.2014.03.012
https://doi.org/10.1136/thx.2006.069195
https://doi.org/10.2147/copd.s7404
https://doi.org/10.2147/copd.s7404
https://doi.org/10.1136/thx.2004.037937
https://doi.org/10.1172/JCI105890
https://doi.org/10.1002/cphy.cp030311
http://www.jap.org

