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ABSTRACT

Objectives: To determine whether Opto-Electronic Plethysmography (OEP) can distinguish
Exercise-Induced Bronchoconstriction (EIB) breathing patterns by comparing individuals with
and without EIB, and between broncho-constriction and recovery. Breathing pattern was
quantified in terms of regional contribution, breathing timing, and the phase between chest
sub-compartments which indicates the synchronization in movement of the different
sub-compartments.

Methods: Individuals (n=47) reporting no respiratory symptoms and no history of any
respiratory disease or disorder were assumed to have a healthy breathing pattern. Of 38
participants reporting respiratory symptoms during exercise, and/or a previous diagnosis of
asthma or EIB, 10 participants had a positive result to the Eucapnic Voluntary Hyperpnea test,
defined as a fall of at least 10% in FEV, from baseline at two consecutive time points and
were classified into the EIB group. OEP data was obtained from 89 markers and an 11-camera
motion capture system operating at 100Hz as follows: pre- and post-EVH challenge, and
post-inhaler in participants who experienced a bronchoconstriction, and 2) for the healthy
group during tidal breathing.

Results: RCpRCa-Phase (upper versus lower ribcage), RCaS-Phase (lower ribcage versus
shoulders), and RCpS-Phase (upper ribcage versus shoulders) differed between
bronchoconstriction and rest in athletes with EIB and rest in healthy participants (p<0.05), in
all cases indicating greater asynchrony post-bronchoconstriction, and later movement of the
abdominal ribcage (RCa) post-bronchoconstriction. RCpS-Phase was different (p<0.05)
between all conditions (rest, post-bronchoconstriction, and post-inhaler) in EIB.

Conclusions: OEP can characterize and distinguish EIB-associated breathing patterns
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compared to rest and individuals without EIB at rest.

Introduction

Exercise-induced bronchoconstriction (EIB) is a term
which describes the temporary and reversible narrow-
ing of the airways that occurs during or after exercise,
limiting expiration (1). EIB is reversible spontaneously
post-exercise or with the inhalation of P, agonists.
The prevalence of EIB in athletic individuals generally
has been reported to be approximately 20% (2),
though prevalence in elite swimmers is up to 69%
(3,4). There is no gold standard diagnostic test for
EIB, but diagnosis should involve a systematic airway
assessment that includes objective airway assessments
and questionnaires (5). The eucapnic voluntary hyper-
pnea (EVH) test is a sensitive method for diagnosing
EIB in athletes, and is a surrogate for exercise (6,7).

However, athletes may only demonstrate a positive
response to one of the provocation tests (8), therefore,
more than one test may be required for EIB diagnosis
in athletes.

Despite the limitations of EIB diagnosis (9), indi-
rect provocation challenges are recommended as the
most appropriate method to obtain a secure diagnosis
of EIB (6). However, using these methods it is
unknown whether individuals with EIB change their
breathing patterns when they experience bronchoc-
onstriction. Better detailed understanding of breathing
patterns during bronchoconstriction may help to bet-
ter understand optimized treatment and help identify
co-morbidity of other conditions such as breathing
pattern disorders in athletes with and without EIB.

CONTACT John W. Dickinson @ jw.dickinson@kent.ac.uk @ School of Sport and Exercise Sciences, University of Kent, Chipperfield Building, Canterbury,

Kent CT2 7NZ, UK.
© 2024 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/
by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, trans-
formed, or built upon in any way. The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with

their consent.



2 (&) J.W.DICKINSON ET AL.

Optoelectronic plethysmography (OEP) has previ-
ously been used to investigate the effects of
histamine-induced bronchoconstriction (10) and
methacholine induced bronchoconstriction (11) on
breathing pattern in asthmatics. These studies showed
alterations in end expiratory volume during bron-
choprovocation and attributed changes to the ribcage
compartment. Feitosa and colleagues (12) constructed
a receiver operating characteristic curve for OEP-
derived end-expiratory volume of the chest wall for
schoolchildren with exercise induced asthma to show
OEP can accurately be used to identify this condition
in children. Whereas these studies focussed on chest
compartment volume, an important and unique ben-
efit of OEP is the ability to measure thoracoabdominal
asynchrony during movement and exercise. For exam-
ple, the breathing pattern of individuals with mild
asthma but without EIB has been successfully inves-
tigated during mild exercise using OEP (13). Our
research group have- previously demonstrated that
OEP can identify differences in breathing pattern
between a breathing pattern disorder (BPD) group
and a healthy asymptomatic group (14). In particular,
Smyth et al. (14) showed that novel phase angle met-
rics quantifying the synchrony between the shoulder
compartment and the pulmonary and abdominal rib
cage distinguished between these groups during exer-
cise. These studies demonstrated OEP provides
detailed information of breathing pattern mechanics
that cannot be obtained from spirometry. Identifying
changes in breathing patterns specifically when indi-
viduals are experiencing bronchoconstriction may
improve management of athletes with EIB. In partic-
ular, would better understand the expected breathing
patterns during EIB and whether inhaler therapy will
enable athletes with EIB to achieve an efficient breath-
ing pattern.

Therefore, the primary aim of this study was to
investigate how OEP-derived breathing pattern param-
eters including (a) chest compartment contribution to
total breath volume and (b) chest compartment syn-
chrony alter during bronchoconstriction induced by
EVH in physically active adults with EIB. A second
aim was to establish if these breathing parameters
differ between physically active adults with and
without EIB.

Materials and methods
Participants

Eighty-five active participants gave informed written
consent to participate in this study. This study was

approved by the University of Kent’s Research Ethics
Advisory Group (Prop 21_208_19). Participants were
recruited via word of mouth and advertisement to
local sports clubs. Participants were required to have
a consistent training regime with a minimum of 5h
of physical activity per week. Each participant com-
pleted a questionnaire to report previous history of
asthma diagnosis, current respiratory symptoms during
or post-exercise and in different environmental con-
ditions. Participants were asked to report on the fol-
lowing symptoms: coughing, wheezing breathing in
and/or out, chest tightness breathing in and/or out,
dyspnea, and excess mucus production during or
post-exercise. Individuals who reported no respiratory
symptoms and had no history of any respiratory dis-
ease/disorder were assumed to have a healthy breath-
ing pattern. Individuals who reported respiratory
symptoms and/or had a previous/current diagnosis of
asthma/EIB performed an Eucapnic Voluntary
Hyperpnea challenge. Participants who demonstrated
a positive EVH result were considered to have EIB.
Table 1 summarizes the participant characteristics for
these two groups. Individuals were excluded if they
had abnormal lung function at rest (FEV, <70% pre-
dicted value). Individuals were excluded if they
reported chest infection within 4 wk. Participants were
required to be free from musculoskeletal injury for
at least 6 wk. Participants were free from cardiovas-
cular and metabolic disease.

Protocol

Participants currently using asthma medication were
required to withhold use prior to the EVH challenge;
Montelukast’s for 7 days prior, inhaled corticosteroid
and combination inhalers for at least 3 days prior, long
acting f,-agonists for 2days prior, and short acting
B,-agonists for 1-day prior testing (6). Forced exhaled
nitric oxide (FeNO) was measured using nitric oxide
monitor (NIOX VERO, Circassia) following guidelines
from the American Thoracic Society (15).

OEP data was collected pre- and post-EVH chal-

lenge, and post-inhaler in participants who
Table 1. Participant characteristics (mean +SD).
Activity
Level (hrs/
N Age (yrs) Height (m)  Weight (kg) week)
Healthy Group n=47
Male 28 343+121 1.8+69 77.8+11.5 5.6+2.7
Female 19 28.4+9.3 1.7+54 61.3+5.5 5326
EIB Group n=10
Male 8 355+13.7 1.8+£10.9 81.0+£10.6 6.2+2.7
Female 2  30.5+3.5 174106 71.0+184 55+0.71
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Respiratory Questionnaire

|

n=385
No symptoms / history of
asthma diagnosis
n=47

Symptoms and/or history

of asthma diagnosis
n=38

Excluded: Baseline FEV,
< 70% predicted
n=2

EVH Challenge
n=36

| l

Negative Result Positive Result
n=26 n=10
Healthy / non-pathological Excluded EIB
n=47 n=26 n=10

Figure 1. Summary of participant grouping and study protocol.

RCpAbPhase

RcAbPhase

sl

AbSPhase

v

{38 -1/
L4 RAN

B
g -

a3 o/
tF2 RN

RCaSPhase

RCpRCaPhase

Figure 2. lllustration of the compartments related to each phase angle parameter. The blue and red areas show which sections
of the thorax are involved in calculating each phase angle. The phase angle represents the synchrony between the two areas

shown as described above.

experienced a bronchoconstriction post EVH in a
standing position. OEP data was recorded for the
healthy group during tidal breathing. The study pro-
tocol is summarized in Figure 1.

Optoelectronic plethysmography

OEP data was collected using 11 Qualisys cameras
(Oqus 3, Qualisys AB, Goteborg, Sweden) sampling
at 100Hz. Wand and L-frame calibration was com-
pleted prior to data collection and accepted if average
residuals for each camera were below 1.0mm. A
marker set of 89 (37 posterior, 10 lateral, 42 anterior)
reflective markers were placed on the participants
torso in a grid-like pattern (16). The method outlined
by Masseroni et al. (16) was used to compute com-
partment volumes for each frame and this volume-time

history was used to obtain the various breathing pat-
tern measures. Briefly, grid-like pattern allowed for
the torso to be split into three compartments namely,
the abdomen (Ab), abdominal ribcage (RCa), and the
pulmonary ribcage (RCp). A further subdivision rep-
resenting the shoulder compartment was computed
from the top two rings of markers (14) (Figure 2).
In order to compute the volume in each of these
compartments, groups of 3 or 4 markers on the chest
surface are used to form prisms and tetrahedral geo-
metric shapes. The volume of these shapes can be
straightforwardly calculated, and the shapes making
up each compartment subdivision are summed to give
a compartment volume for each frame of data (16).

Breathing pattern was analyzed, via OEP, at rest in
all participants. Breathing pattern was also analyzed
in EIB participants as soon as a fall in FEV, at two
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consecutive time points post EVH was evidenced (see
below) and again 10min after a participant had
inhaled 200 pg salbutamol. All OEP breathing pattern
assessments took place after the spirometry measures
at the various time points.

Eucapnic voluntary hyperpnoea (EVH) test

A spirometer (ML3500 Micro Medical Spirometer,
Cardinal Health, UK) was used to measure baseline
and post-EVH lung function. Forced expiratory vol-
ume in one second (FEV,), forced vital capacity
(FVC), FEV:FVC ratio (FEV,/FVC), peak expiratory
flow (PEF), and forced expiratory flow between 25
and 75% of FVC (FEF,; ,;) were recorded in accor-
dance with the European Respiratory Society crite-
ria (17).

The EVH challenge involved participants inhaling a
dry gas mixture consisting of 74% nitrogen, 21% oxy-
gen, and 5% carbon dioxide for six minutes. Participants
aimed to achieve a target minute ventilation (V) of
85% of their predicted maximal voluntary ventilation
rate (baseline FEV, multiplied by 30) (18). Two max-
imal flow-volume loops were recorded 3, 5, and 10 min
post-EVH challenge with the flow-volume loop with
the highest FEV, being recorded. A positive EVH result
was defined as a fall by at least 10% in FEV, from
baseline at two consecutive time points (6). If partic-
ipants displayed this fall in FEV, they were given
200 pg inhaled P,-agonist and performed flow-volume
loop maneuvers 10 min post bronchodilator. Participants
were instructed to stay in the laboratory until their
FEV, returned to within 10% of their baseline.

Data analysis

OEP data was processed using Qualisys Track Manager
(v2019.2 Build 4610). Custom-built MATLAB (version
R2019a) scripts were used to calculate OEP
derived-breathing parameters for both population
groups. The following time-derived parameters were
calculated: respiratory rate (RR), inspiratory time (tI),
expiratory time (tE), and total breath time (tTot).

Regional contribution parameters calculated con-
sisted of various compartment percentage contribu-
tions to the total breath volume from the pulmonary
ribcage (RCp%), abdominal ribcage (RCa%), and
abdomen (Ab%).

The phase is a measure of the amount of asyn-
chrony in the temporal movement of one torso com-
partment in relation to another during each breath
and can be visually represented using Konno-Mead

loops (19). A value of zero is taken to indicate perfect
synchronization between compartments during the
exhale and inhale, deviations away from zero indicate
asynchrony. This study calculated six measures of
asynchrony between these chest compartments (Figure
2). These were: phase between the ribcage and the
abdomen (RcAb-Phase), between the pulmonary rib-
cage and the combined abdominal ribcage and the
abdomen (RCpAb-Phase), and between the pulmonary
and abdominal ribcage (RCpRCa-Phase). Finally, the
phase between the shoulders and various compart-
ments were calculated including the abdominal ribcage
(RCaSPhase), the bottom of the pulmonary ribcage
(RCpS-Phase), and the abdomen (AbS-Phase).

Statistical analysis

95% upper and lower confidence intervals were cal-
culated for each OEP parameters across each condi-
tion i.e. rest, evoked, and recovery. A repeated
measures ANOVA was used to analyze the differences
between EVH conditions within EIB group. The
healthy group at rest was compared to the EIB group
for each of the EVH conditions using unequal vari-
ance independent samples t-tests. Checks for normal-
ity and sphericity were performed as appropriate and
passed and the significance level was set at 0.05.

Results

From the 36 individuals who reported respiratory
symptoms and/or had a previous diagnosis of asthma
and met the inclusion criteria, 10 participants had a
positive EVH challenge (Figure 1). Baseline FEV,
ranged between 80 and 124% of predicted value across
the EIB group. The participants included in the EIB
group all experienced a reduction of 210% in FEV,
from baseline at two consecutive time points i.e. pos-
itive EVH result. All EIB participants experienced
their second consecutive fall in FEV, >10% baseline
tive minutes after competition of the EVH challenge.
The mean and standard deviation FeNO for the EIB
group was 61+ 37 ppb.

The spirometry data (Table 2) in the EIB group
displayed a significant reduction in FEV,, FVC, and
FEV,/FVC post-bronchoconstriction from resting
baseline values (p<0.05). Post-salbutamol inhaler,
FEV, (p=0.02), FVC, and FEV,/EVC (p<0.01) dis-
played an increase from the post-EVH spirometry
measurements. FEV,/FVC was significantly greater in
the healthy participants when compared to the EIB
group (p<0.01).
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Table 2. Mean*standard deviation spirometry data for the healthy group at rest and the EIB group across the EVH

conditions.
FEV, (litres) Predicted FEV, (%) FVC (litres) Predicted FVC (%) FEV,/FVC (%)

Healthy group

Rest 3.88+0.82 101+14 4.63£1.10 101+14 85+6
EIB group

Rest 4.01+0.71 101£11 536+1.34 1M1x16 76 £11*

Post-Bronchoconstriction 2.90+0.58* 74+£16* 476+1.10 99+10 62 +12*%

Recovery (post bronchodilator) 3.57+0.85 92+12 4.93+1.63 106+13 73£11*

*Represent significant difference between the EIB condition and the healthy group at rest.

Table 3. Exercise-induced bronchoconstriction (EIB) mean +standard deviation (SD) and 95% confidence intervals (Cl) for the
basic respiratory and timing breathing parameters across each EVH challenge time points.

Rest (R) Post-Bronchoconstriction (PB) Recovery (Rc)

95% Cl 95% Cl 95% Cl
Parameter Mean £SD Lower Upper Mean £SD Lower Upper Mean £SD Lower Upper
RR (brpm) 11.40+2.77 9.69 13.12 13.47 £3.05 11.58 15.36 13.45+3.41 11.33 15.56
Vt (litres) 0.91+0.44 0.64 1.19 1.05+0.34 0.84 1.27 0.96+0.29 0.78 1.14
Ve (lit/min) 8.82+2.14 7.49 10.15 13.89+3.82 11.52 16.26 12.23+3.47 10.08 14.38

PB* R*

tl (s) 2.23+0.64 1.83 2.63 1.94+0.34 1.72 2.15 1.96+£0.35 1.74 2.18
tE (s) 2.92+0.79 243 3.40 2.44+0.55 2.09 2.78 2.37+0.49 2.06 2.68
tTot (s) 5.14+£1.33 4.32 5.97 4.45+0.83 3.94 4.97 4.40+0.78 391 4.88
tI/tE 0.75+£0.17 0.64 0.85 0.82+0.13 0.74 0.90 0.84+0.08 0.79 0.89

Mean significant differences (p <0.05) between time points are also displayed with a significant difference from rest, post-bronchoconstriction, and

recovery represented by R* and PB¥, respectively.

Table 4. Exercise-induced bronchoconstriction (EIB) mean +standard deviation (SD) and 95% confidence intervals (Cl) for the
regional contribution breathing parameters across each condition for the phase angle breathing parameters across each

condition.
Rest (R) Post-Bronchoconstriction (PB) Recovery (Rc)
95% Cl 95% Cl 95% Cl
Parameter Mean £SD Lower Upper Mean £ SD Lower Upper Mean £SD Lower Upper
RCpCT (%) 56.96+3.76 54.63 59.29 56.71+3.70 54.42 59.00 56.46+3.77 54.13 58.80
RCaCT (%) 13.04+1.90 11.86 14.22 13.34+1.71 12.27 14.40 13.60+1.51 12.66 14.54
RcCT (%) 70.01+3.59 67.78 72.24 70.03 +3.62 67.79 72.28 70.06+4.10 67.51 72.60
AbCT (%) 29.99+3.59 27.76 32.22 29.97+3.62 27.72 32.21 29.94+4.10 27.40 32.49
RcAb-Phase (deg) —0.03+£0.38 -0.27 0.20 —-0.46£0.67 —-0.87 —-0.04 —0.16+0.63 —-0.55 0.23
RCpAb-Phase (deg) —0.07+0.31 -0.27 0.12 -0.14+£043 -0.41 0.12 —-0.12+£0.43 —0.38 0.14
RCpRCa-Phase (deg) —0.11+0.23 -0.25 0.04 0.42+0.54 0.08 0.76 0.09+0.27 —-0.08 0.26
PB* R*
RCaS-Phase (deg) —0.04£0.24 -0.19 0.1 0.70+0.69 0.28 113 0.19+£0.38 —0.05 0.42
PB* R*
RCpS-Phase(deg) 0.10£0.16 0.00 0.20 0.66+0.54 0.32 0.99 0.29+0.31 0.09 0.48
PB* R¥, Rc* PB*
AbS-Phase (deg) 0.06+£0.49 -0.24 0.36 —0.10£0.50 —0.41 0.21 —0.06+0.61 —0.44 0.32

Mean significant differences (p <0.05) are displayed with a significant difference from rest, post-bronchoconstriction, and recovery represented by R¥,

PB*, and Rc*, respectively.

Tables 3, 4, and 5 display the mean, standard devi-
ation, and upper and lower 95% confidence intervals
for each breathing pattern metric during each condi-
tion of the EVH challenge for individuals with EIB.
These tables also display the significant changes across
the EVH challenge time points within the EIB group.
Vi was increased post-bronchoconstriction compared
to rest (p<0.01) (Table 3). RCpRCa-Phase, RCaS-Phase,
and RCpS-Phase also displayed significant differences
(p<0.01) between rest and post-bronchoconstriction
(Table 4). RCpS-Phase also displayed a significant
difference (p=0.03) between post-bronchoconstriction

and recovery (Table 4). All other parameters were
non-significant across rest, post-bronchoconstriction,
and recovery.

Table 5 displays comparison between healthy indi-
viduals at rest and individuals with EIB at rest,
post-bronchoconstriction, and recovery. RR, tE and
tTot displayed significant differences between the two
groups at rest. All other breathing parameters were
non-significant between the two groups at rest. Vi,
RCpRCa-Phase, RCaS-Phase, and AbS-Phase were sig-
nificantly different between healthy individuals at rest
and individuals with EIB post-bronchoconstriction.
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Table 5. Comparison of the EIB group at rest, evoked, and during recovery to the healthy group at rest. * significant with

p <0.05.
Healthy Group EIB Group
Rest Rest Post-Bronchoconstriction Recovery
Parameter Mean £ SD Mean +SD Sig Mean +SD Sig Mean £SD Sig
RR (brpm) 15.36£3.51 11.40+£2.77 <0.01 * 13.47 £3.05 0.12 13.45+£3.41 0.14
Vt (litres) 0.75+0.33 0.92+0.45 035 1.05+0.34 0.01* 0.96+0.29 0.08
Ve (lit/min) 11.19+4.42 8.82+2.14 0.27 13.89+3.82 0.08 12.23+3.47 0.51
tl (s) 1.86+0.47 2.23+0.64 0.23 1.94+0.34 0.60 1.96+0.36 0.52
tE (s) 2.37+0.66 2.92+0.79 0.05 * 2.44+0.56 0.76 237+0.49 0.99
tTot (s) 4.23+1.08 5.14+1.33 0.04 * 4.46+0.83 0.54 4.40%0.78 0.66
RCpCT (%) 57.88+4.56 56.96+3.77 0.83 56.71+3.70 0.46 56.46+3.77 0.39
RCaCT (%) 13.30+2.42 13.04+1.91 0.94 13.34+1.71 0.96 13.60£1.51 0.72
RcCT (%) 71.17+£3.54 70.01+3.59 0.61 70.04+3.62 0.36 70.06+4.10 0.40
AbCT (%) 28.83+3.54 29.99+3.59 0.61 29.97 £3.62 0.36 29.95+£4.10 0.40
RcAb-Phase (deg) -0.20£0.39 —0.03+0.38 0.53 -0.46+0.67 0.10 -0.16£0.63 0.81
RCpAb-Phase (deg) —0.20+0.42 —0.07+0.31 0.67 —0.14+0.43 0.71 -0.12£0.43 0.60
RCpRCa-Phase (deg) —0.07+0.28 -0.11+£0.23 0.92 0.42+0.54 <0.01 * 0.09+0.27 0.12
RCaS-Phase (deg) 0.02+0.27 —0.04+0.24 0.79 0.70+0.69 <0.01 * 0.19£0.38 0.12
RCpS-Phase (deg) 0.12+£0.19 0.10+0.16 0.96 0.66+0.54 <0.01 * 0.29+0.31 0.04 *
AbS-Phase (deg) —0.06+0.43 0.06+0.49 0.78 —-0.10£0.50 0.79 -0.06+0.61 0.98

When comparing the healthy group at rest to the EIB
group during recovery, RCpS-Phase was significantly
larger for the EIB group. All other breathing param-
eters were non-significant.

Upper torso compartment movement

By using all of the phase angle values and signs, it
is possible to determine the order in which all of the
compartments move in relation to each other during
a breath, providing insight into the overall coordina-
tion of the compartments. For the healthy group at
rest, the abdomen seems to be the leading compart-
ment, followed by the shoulders, the lower ribcage,
and finally the upper ribcage (Figure 3). For the EIB
group at rest, the leading compartment was the lower
ribcage, followed by the shoulders, the abdomen, and
the upper ribcage. However, post-bronchoconstriction
the abdomen leads the breath, followed by the shoul-
ders, upper ribcage, and lower ribcage. During recov-
ery, the coordination did not revert back to the resting
coordination. Although the values of the breathing
pattern parameters reverted back toward the resting
values (see Table 4), this compartment movement
order potentially indicates that full recovery was not
yet complete despite reversibility of FEV, to within
10% of resting baseline value.

Discussion

This study, for the first time, demonstrates alterations
in key OEP-derived breathing pattern parameters
during bronchoconstriction induced by the EVH chal-
lenge in athletes with EIB. The key breathing pattern
metrics that changed significantly pre and post EVH
were the measures of asynchrony, namely RCpRCa-Phase,

RCaS-Phase, and RCpS-Phase. Our findings also iden-
tify significant differences in the OEP-derived Vt,
RCpRCa-Phase, RCaS-Phase, and RCpS-Phase between
physically active adults without EIB at rest and with
EIB during bronchoconstriction. These findings demon-
strate the potential utility of novel phase angle metrics
quantifying the synchrony between the shoulder com-
partment and other chest compartments in EIB.

The phase angles between the upper and lower
ribcage (RCpRCa-Phase), between the shoulders and
the lower ribcage (RCaS-Phase) and between the
shoulders and the upper ribcage (RCpS-Phase) dis-
played a significant increase in value from rest to
bronchoconstriction in the EIB group. RCpS-Phase
also demonstrated a significant reduction in phase
angle during recovery compared to the bronchocon-
striction condition (Table 4). This indicates that
during bronchoconstriction athletes with EIB display
more asynchrony in relation to these phase angles
compared to rest, with the upper ribcage (RCp) mov-
ing prior to the lower ribcage (RCa), and the shoul-
ders moving before both the upper and lower ribcage.

When comparing the athletes with and without EIB
at rest, there were no significant differences in any
of the phase angle parameters (Table 5). Similarly,
Hmeidi and colleagues (20) found no significant dif-
ferences between asthmatics and healthy individuals
when measuring RcAb-Phase with Structured Light
Plethysmography at rest. When comparing the EIB
group during bronchoconstriction to the healthy group
at rest, RCpRCa-Phase, RCaS-Phase, and RCpS-Phase
were significantly greater in the EIB group during
bronchoconstriction indicating greater asynchrony
between these compartments. Individuals with differ-
ent respiratory diseases exhibit distinct breathing
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Figure 3. lllustration of the compartment movement order, from left to right, for the healthy asymptomatic breathing pattern
group during rest, and exercise-induced bronchoconstriction breathing pattern group during rest, post-bronchoconstriction, and

recovery post-exercise.

pattern adjustments to cope with different ventilatory
demands, such as exercise (21). The increase in asyn-
chrony that is associated with bronchoconstriction in
individuals with EIB may be a compensatory mech-
anism in order to cope with the airway obstruction.
OEP has previously been used to assess breathing
pattern changes in asthmatics during bronchoconstric-
tion induced by both histamine (10) and methacholine
(11). However, phase angle parameters were not
included in these studies. Post-inhaler, RCpS-Phase
was significantly greater in the EIB group compared
to the healthy group at rest (Tables 4 and 5).

As RCpS-Phase was also significantly lower
post-inhaler in comparison to during bronchocon-
striction, this indicates that this phase angle began to
revert to its resting value post salbutamol inhaler but
had not recovered completely. The other phase angles
seemed to have reverted back to their resting state
post-inhaler, with RCpS-Phase as the only phase angle

potentially demonstrating a delayed response to the
inhaler. This finding suggests that individuals with
EIB who are using effective inhaler therapy and pre-
venting bronchoconstriction may be capable of achiev-
ing an efficient breathing pattern.

This study demonstrates that although the com-
partment contributions were not significantly different
between the groups (Table 5), the temporal movement
of these compartments differs during bronchoconstric-
tion. The order in which the compartments move
during a breath may provide the basis for distinguish-
ing between the groups. At rest, for the healthy
breathing pattern group the abdomen is the first com-
partment to move with the upper ribcage being the
final compartment (Figure 3). For the EIB group at
rest, the lower ribcage moves first and the upper rib-
cage is the last to move. Therefore, for both groups
at rest, the upper ribcage is the final compartment to
move. In contrast, during bronchoconstriction, the
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compartment order for the EIB group also changes
with the abdomen now initiating the breath and the
lower ribcage is the final compartment to move. This
demonstrates that athletes with EIB display an altered
breathing pattern in response to bronchoconstriction,
with delayed movement of the lower ribcage (Figure 3).

All of the regional contribution parameters in this
study showed no significant changes across the con-
ditions of the EVH challenge (Table 4). Similarly, no
significant compartment contribution differences
were found between those with EIB throughout the
EVH challenge when compared to the individuals
without EIB at rest (Table 5). This is comparable to
previous research where Hmeidi and colleagues
(20,22) found no significant differences between
regional parameters when comparing asthmatic and
healthy children at rest using SLP. Similarly, regional
parameters, such as RcCT, have been shown to dis-
play no significant changes with the use of a bron-
chodilator in asthmatics when compared to a resting
state (20,22). The findings of this study indicate that
OEP-derived regional contribution parameters do not
change post-bronchoprovocation during the EVH
challenge in athletes with EIB, therefore, these
parameters may not be essential for monitoring ath-
letes with EIB.

The recruitment of athletes with EIB is challenging
due to its under, over, and mis-diagnosis (23-25). From
the ten participants in this study, five individuals had
a previous diagnosis of EIB/asthma and were currently
taking asthmatic medication, while five individuals did
not have a previous diagnosis. Additionally, six indi-
viduals with a previous diagnosis of EIB/asthma and
currently taking medication were recruited but demon-
strated a negative EVH test and therefore, were excluded
from this study. This is in line with previous research
which has demonstrated that physician-diagnosed
asthma has a high rate of misdiagnosis, approximately
33% (26). Two of the recruited individuals had a pre-
vious diagnosis but were unable to perform the EVH
challenge as their baseline FEV, was below 70%. The
difficulty in recruiting individuals with EIB is not an
uncommon issue due to the difficulty in diagnosing
EIB (27,28). Previous studies have found that ~15-44%
of athletes recruited who reported exercise-induced
respiratory symptoms demonstrated a negative provo-
cation challenge response, while ~8-24% of elite ath-
letes demonstrated a positive provocation challenge
response without reporting any exercise-induced respi-
ratory symptoms (8,29). Although this study provides
some interesting insight into breathing pattern changes
in athletes with EIB, a larger sample size would be
required to establish distinct cutoff points for these
parameters in order to develop OEP as an alternative

to spirometry and as a potential diagnostic tool for
EIB in athletes. Additionally, this study only included
those with mild to moderate EIB. Individuals with
severe, chronic asthma may present with a similar or
a unique breathing pattern profile at rest, however, in
order to determine this further exploration is required
using OEP.

In relation to the above point, the healthy breathing
group were assumed not to have asthma or EIB based
on their lack of previous history of asthma, absence of
respiratory symptoms and normal lung function mea-
surements. We acknowledge that some of this group
may have presented with a positive EVH challenge had
they undertaken one, as this has been previously shown
(23,25). However, we are confident the healthy group
provides a good representation of resting breathing pat-
tern in people who do not report respiratory symptoms
and do not have evidence of airway obstruction.

In conclusion, OEP breathing pattern response to
the bronchoconstriction via EVH in athletes with EIB
has been presented for the first time in this study,
with alterations in breathing pattern coordination in
line with traditional spirometry. OEP successfully
identified significant differences between rest and
bronchoconstriction with the following parameters:
Vi, RCpRCa-Phase, RCaS-Phase, and RCpS-Phase
indicating greater compartment asynchronisation
during bronchoconstriction leading to altered breath-
ing mechanics. Changes in a novel asynchrony mea-
sure involving a shoulder compartment are presented
for the first time. Additionally, when compared to
athletes without EIB at rest, athletes with EIB demon-
strated significantly larger Vt, RCpRCa-Phase,
RCaS-Phase, and RCpS-Phase during bronchoconstric-
tion. Although this preliminary data provides insight
into the breathing patterns associated with EIB, a
larger, more varied sample size would be required to
establish these OEP-derived parameters, allowing OEP
to distinguish between healthy athletes and athletes
with EIB. Our data also suggest that when athletes
with EIB use appropriate inhaler therapy to reverse
bronchoconstriction their breathing patterns become
synchronized, which suggests that athletes with EIB
receiving appropriate inhaler therapy are capable of
performing healthy breathing patterns.
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