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ABSTRACT

Objective: Exercise-induced bronchoconstriction (EIB) is an acute, transient narrowing of the
airway as a result of exercise. Diurnal variation in asthma is well-established, however, few
studies have investigated diurnal variability in EIB; no study has used eucapnic voluntary
hyperpnea (EVH). The aim of this study was to examine circadian variability in EIB
using EVH.

Methods: Fourteen recreationally-active males with mild to moderate asthma and nine
healthy controls were randomized to first complete either an AM (07:00-08:00) or PM
(17:00-18:00) EVH challenge, followed by the alternate test 34h to 7 days later. The EVH
protocol comprised of six-minutes of hyperventilation of a 5% CO, gas at a minimum venti-
lation rate of 21 x FEV; min~". The primary outcome measure was FEV; pre- and post-EVH.
Results: We observed no diurnal effect on EIB in the asthma group. The minimum observed
post-EVH FEV; in the asthma cohort was 3.58+0.95L in AM and 3.62+0.87L in PM tests,
corresponding to a 15.0%15.3% vs. 149+14.7% reduction from baseline, respectively.
The asthma group showed similar baseline FEV, before AM (4.21+£0.79L) and PM
(4.25+0.65L) tests. No difference was observed in minute ventilation between AM
(26.1+3.4 x FEV; min~") and PM (25.6+3.8 x FEV; min~') tests for the asthma cohort.
Controls displayed no significant changes in FEV; or minute ventilation between tests.
Conclusions: When baseline pulmonary function is similar, this study suggests that time-of-
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day has no effect on EIB in mild to moderate asthma.

Introduction

EIB is defined as an acute transient airway narrowing
as a result of exercise and is present in up to 90% of
asthmatics (1). A significant global burden of disease
is attributable to asthma; the World Health
Organization estimates that 4.3% of the world’s adult
population have been diagnosed with asthma (2),
while over 10% of the Irish population are affected,
the fourth highest global prevalence (3). EIB is also
present in individuals without asthma, affecting
between 5 and 20% of the general population (4) and
up to 34% of previously-undiagnosed elite athletes (5).

Symptoms of EIB include shortness of breath, chest
tightness, cough during and after exercise and a
reduction in performance. As a result, EIB represents
a significant barrier to exercise in some individuals
with asthma, who report increased anxiety about and
decreased participation in exercise, especially in
intense exercise bouts (6). Indeed, significantly lower
quality of life scores have been reported in children
who report symptoms of EIB (7). Paradoxically, long-

term aerobic exercise is generally recommended for
individuals with asthma (8) and has been shown to
reduce airway inflammation and bronchial hyper-
responsiveness (9).

Diurnal variation in pulmonary function is a well-
defined physiological phenomenon, with peak-flow
varying throughout the day, being lowest at night
(~04:00), and highest in the afternoon (~16:00) (10).
Although more pronounced in individuals with
asthma, it is also present in those without asthma.
Individuals with diurnally-active asthma are more
likely to experience deteriorations in pulmonary func-
tion at night and early morning (11). While EIB is
known to be influenced by factors such as; environ-
mental conditions, type of exercise and pre-exercise
treatment (12,13); evidence regarding diurnal variation
in EIB is sparse and contradictory. A previous study
reported no difference in EIB at 2-hourly intervals
between 08:00 and 16:00 (14), while a more recent
publication observed more significant bronchocon-
striction at 18:00 compared to 07:00 (15).
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Exercise challenge tests (ECT) and eucapnic volun-
tary hyperpnea (EVH) are commonly used objective
testing methods for EIB. Compared to an ECT, which
involves six minutes of high-intensity exercise, EVH
uses the maximal hyperventilation of a dehumidified
5% CO, gas mixture to provoke bronchoconstriction.
Either test is deemed positive if a reduction in FEV,
of 10% is observed post-test. While exercise testing is
specitic (16), it lacks sensitivity and is more difficult
to standardize (17), resulting in the International
Olympic Committee (IOC) recommending EVH over
laboratory ECTs in the diagnosis of EIB (18).
Disagreement regarding the ‘gold-standard’ test for
EIB remains in the literature however (19). Of note,
previous studies investigating diurnal variation in EIB
have used an ECT in their study designs; to this
author’s knowledge no study has been performed
using EVH.

Diurnal variation in pulmonary function is well
established in asthma, however, the effect of time-of-
day on EIB is less well studied. Recreational and elite
athletes with asthma exercise at different times
throughout the day to accommodate exercise into
busy and demanding lifestyles. Given the potential
benefits of exercise in individuals with asthma, and
the negative effects of even mild bronchoconstriction
on training and performance, there is a need to estab-
lish what, if any, effect diurnal variation has on EIB.
The primary aim of the current study was to examine
the impact of diurnal variation on EIB in a cohort of
recreational male athletes with mild to moderate
asthma using EVH.

Methods
Participants

Participants (n=23) were recruited from local college
sports clubs and from the Asthma Society of Ireland,
following advertisement. All participants were male,
healthy, non-elite athletes aged 18-45years involved
in regular training of 8-12h per week and all were
competing in senior competition across a broad spec-
trum of sports. Asthma was defined by a registered
medical practitioner diagnosis and regular use of a
short-acting inhaled bronchodilator with exercise.
Exclusion criteria were: uncontrolled asthma based on
Global Initiative for Asthma (GINA) guidelines (20),
an asthma exacerbation requiring hospitalization, oral
steroids or treatment with a nebulizer in the past
5years, the use of a long-acting bronchodilator or
montelukast, a history of smoking anytime or any dis-
ease which it was deemed would prevent participation

in an EVH test. In addition, male recreational athletes
aged 18-45years, with no history or symptoms of
asthma and who reported no exclusion criteria were
recruited as controls.

Following an explanation of the study and docu-
mentation of written informed consent, 14 males with
asthma and 9 male controls completed both EVH
tests. The Trinity College Dublin Research Ethics
Committee granted ethical approval for the study in
December 2017.

Protocol

Each participant completed 3 sessions at the Human
Performance Laboratory, Trinity College Dublin; an
induction visit, an AM EVH test and a PM EVH test.

Induction visit

On induction all participants completed a standard
laboratory general medical screening questionnaire, a
targeted asthma questionnaire and received a physical
examination from a medical professional to ensure eli-
gibility. Baseline spirometry data was recorded in a
seated position using a portable spirometer (Micro
Medical, Kent, UK) in accordance with American
Thoracic Society (ATS) guidelines (21). The measured
variable was FEV, (L min~'). Each participant then
performed a 30-s maximal ventilatory effort to famil-
iarize themselves with the EVH apparatus.

Testing visits

Participants were randomized to complete EVH test-
ing in either an AM/PM or PM/AM sequence of vis-
its. Morning visits commenced between 07:00 and
08:00 while evening tests commenced between 17:00
and 18:00. Participants completed the second EVH
test a minimum of 34h and a maximum of 7 days
after the first test. In accordance with ATS guidelines
(13), the asthma cohort withheld short-acting bron-
chodilators for at least 6 h prior, and inhaled cortico-
steroids for 24h prior to testing. All participants
resumed their normal medications on completion of
each test visit. Participants were also required to;
avoid vigorous exercise and caffeine consumption
within 6h of testing and have an adequate night’s
sleep prior to all tests. Pretest spirometry was per-
formed on each visit to assess for diurnal variability
and provide pretest reference data.

EVH protocol
A single-stage EVH protocol was used based on the
method developed by Argyros et al. (22). Participants



were fitted with a uniport facemask (Hans Rudolph,
Kansas, USA), and connected to a medically certified
gas cylinder (BOC, Guildford, UK) containing 21%
0,, 5% CO, and 74% N, via a multi-stage pressure
regulator (Gas Arc, Diss, UK), plastic tubing, 100L
Douglas bag and a two-way breathing valve (Hans
Rudolph, Kansas, USA). Ventilation volume was
measured using a heated (37°C) Fleisch pneumo-
tachograph (Hans Rudolph, Kansas, USA), amplified
with a bio-amplifier (AD Instruments, Oxford, UK)
and displayed with the software program LabChart
(Version 7.2, AD Instruments, Oxford, UK).

Participants were asked to maintain maximum ven-
tilatory effort for a period of 6 min, using a fast, deep
oral breathing technique, emphasizing depth and rate.
A multiple of FEV; min~' was used to predict max-
imal voluntary ventilation (MVV). Participants were
asked to aim for a target minute ventilation of 30 x
FEV; min ' (85% MVV); however, a minimum of 21
x FEV; min~' (60% MVV) was accepted as a valid
test (22). The FEV, data measured during the induc-
tion visit was used to calculate the ventilation target
and all subsequent ventilation data was expressed as a
multiple of this figure. The target ventilation volume
for the second test was the total volume achieved in
test one. Participants were provided with verbal
updates every 30s on the ventilation achieved and
instructions were given to alter their ventilation
accordingly. On completion of the test, spirometry
was performed at 2, 5, 10, 15 and 30 min post-test. A
positive EVH test was defined as a 10% reduction in
FEV, at any measurement post-EVH compared to
pretest FEV;.

Statistical analysis

An alpha-priori test using G¥*POWER 3.1 (Universitat
Kiel, Germany) with an effect size of 0.25, a-error
probability of 0.05 and power of 0.80 revealed a total
required sample size of 12 participants per group.

A 2-way repeated measure ANOVA was performed
to establish diurnal differences in response to EVH
for each trial group. The two independent variables
were time-of-day and time-of-spirometry measure-
ment. The outcome measures analyzed were absolute
FEV, and percentage change in FEV; from baseline.
A 2-way mixed factorial ANOVA, with time-of-day as
a repeated measure, and group as a non-repeated
measure, was performed to assess for differences in
minute ventilation between AM and PM tests and the
asthma and control cohort. Any detected differences
were quantified using post-hoc Tukey tests. Statistical

JOURNAL OF ASTHMA 3

Table 1. Participant’s anthropometric data, baseline pulmon-
ary function and medication usage.

Asthma (n=14) Control (n=9) P value

Age (yrs) 26+5 27+4 0.51
Height (cm) 180.3+£7.5 178.1£5.0 0.39
BMI (kg mfz) 23321 233x14 0.81
FEV, (L) 4.38+0.79 4.6+0.51 0.50
Predicted FEV; (%) 95.4+13.6 104+9.4 0.11
FEV1:FVC 0.80+0.08 0.86+0.06 0.06
Use of a SABA 14 (100%) - -

Use of an ICS 6 (42%) - -

Values represented are mean+SD. P<0.05 indicates statistical signifi-
cance. BMI=body mass index, FEV, = forced expiratory volume in one
second, FVC=forced vital capacity, SABA = short-acting bronchodilator,
ICS =inhaled corticosteroid.

significance was set at P < 0.05. All statistical analyses
were performed SigmaStat 4.0  (Systat,
CA, USA).

using

Results

Participant’s anthropometric data, baseline pulmonary
function and medication requirements are presented
in Table 1. In the asthma cohort, five were classified
as having mild intermittent disease, six mild persistent
and three moderate persistent according to ATS crite-
ria (23). All 23 participants (n =14 asthma, n =9 con-
trol) completed AM and PM EVH tests, at the
required minute ventilation of 21 x FEV, min~%; and
all were able to provide post-EVH challenge spirom-
etry measures without the need for rescue medication.

In the asthma group, no global effect of time-of-
day (AM vs PM) was observed on absolute FEV,
post-EVH (P=0.77), indicating that there was no sig-
nificant diurnal effect on EIB (Figure 1). Similarly, no
significant differences between AM and PM FEV, out-
comes post-EVH challenge were recorded in controls
(P=0.29) (Figure 2).

When FEV; was expressed as a % change from
baseline, again no significant effect of time of day
(AM vs PM) was observed in both asthma (P=0.81)
(Figure 3) and control groups (P=0.54). As expected,
both cohorts demonstrated a statistically significant
effect of
(P<0.001). In asthmatics, post-hoc analysis revealed
significant reductions from baseline in both AM and
PM values at minute 2, 5, 10 and 15 but not at
minute 30 (Figure 1); and, in controls, significant
reductions were observed at minute 2 in both AM
and PM tests and minute 5 in the PM test (Figure
2). The largest reductions in FEV; were observed at
minute 2 for the AM asthma and both control tests;
the asthma PM group had the biggest drop at
minute 5.

time-of-spirometry measurement
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Figure 1. FEV, (L) pre- and post-EVH measured in the asthma
cohort (AS) (n=14) in AM and PM EVH tests. Box denotes
interquartile range; bar denotes median value; and whiskers
denote range. Symbols indicate significant difference from
data measured at Omin, # infers P<0.01 and
$ infers P < 0.001.
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Figure 2. Mean FEV, (L) pre- and post-EVH measured in con-
trols (CON) (n=9) in AM and PM EVH tests. Box denotes inter-
quartile range; bar denotes median value; and whiskers denote
range. Symbols indicate significant difference from data meas-
ured at Omin, * infers P<0.05 # infers P<0.01 and
$ infers P < 0.001.

Nine (~64%) of the asthma cohort displayed clinic-
ally significant EIB (>10% drop in FEV)) in at least one
EVH test; four were positive on both occasions, four
were positive in the evening only and one participant
had a single AM positive test (Figure 4). When negative
EVH responders were excluded, no significant differen-
ces in maximum reduction in FEV, from baseline were
observed between AM and PM (P=0.69). No positive
tests were recorded in controls, with the maximum
reduction in FEV, observed recorded at 7.6%.
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Figure 3. % change in FEV; from baseline over time in the
asthma cohort (n=14) in AM and PM EVH tests. Box denotes
interquartile range; bar denotes median value; and whiskers
denote range. Whiskers represent the maximum and minimum.
Dotted line represents cutoff for a positive EVH test.
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Figure 4. Maximum drop in FEV; (%) from pretest value in
AM and PM EVH tests in the asthma cohort with at least one
positive EVH test (n=9). Dotted line indicates cutoff for a
positive EVH test. Negative EVH responders excluded for clarity
of data presentation.

Comparison of AM/PM baseline FEV; data in the
asthma cohort failed to indicate significant differences
(P=0.67) (Table 2), indicating diurnal variation was
not prominent at baseline. The range in minute venti-
lation between AM and PM EVH tests was -7.5 to
11.5L min~' for the asthma group (Figure 5) and
-10.5 to 17.0L min~' for controls (Figure 5). There
was no significant difference noted in minute ventila-
tion achieved between AM and PM tests for both the
asthma and control groups (P=0.31) (Table 2) indi-
cating the participants received the same stimulus on
both occasions. No differences were observed in
minute ventilation achieved between the asthma and
control groups (P=0.20) (Table 2).



Table 2. Pre- and post-EVH spirometry data and minute venti-

lation recorded in the asthma (n=14) and control
(n=9) cohorts.

AM PM P value
Asthma (n = 14)
Baseline FEV, (L) 4.21+0.79 4.25+0.65 0.68
Minimum FEV; post-EVH (L) 3.58+0.95  3.62+0.87 0.75
Maximum % change in FEV, -15.0+£153 -149+147 0.97
Minute ventilation (x FEV; min~") 26.1+34 25.6+3.8 0.19
Control (n=9)
Baseline FEV, (L) 4.55+0.48 4,60 +0.46 037
Minimum FEV; post-EVH (L) 4.38+£0.47 4.44+0.49 0.22
Maximum % change in FEV, -37+18 -32+21 0.29
Minute ventilation (x FEV; min~") 26.5+4.2 264+3.7 0.93

Values represented are mean=SD. P<0.05 indicates statistical signifi-
cance. FEV; = forced expiratory volume in 1s, EVH = eucapnic voluntary
hyperpnea.

401

xFEV,

Figure 5. Minute Ventilation (x FEV; min™') in AM and PM
EVH tests in the asthma cohort (n = 14). Dotted line indicates
the cutoff for a valid EVH test.

Discussion

The results of the current study suggested that time-
of-day had no significant effect on EIB in individuals
with mild to moderate asthma. No significant differ-
ences in absolute FEV, or % drop in FEV, were
observed in the asthma cohort between morning and
evening; indeed, the outcome measures were consist-
ently similar across all time-points. The expected base-
line diurnal variation in pulmonary function
consistent with asthma was not observed in this
cohort. As anticipated, no diurnal variation was
recorded in controls. Statistically significant findings
were reductions in FEV, from baseline post-EVH in
the both cohorts, however clinically significant reduc-
tions were observed only in the asthma cohort.

To date, no consensus has been formed regarding
diurnal variation in EIB (14,24). In keeping with the
current study, Eggleston and Guerrant (14) reported
no difference in EIB in athletes with asthma complet-
ing five ECTs at two-hourly intervals from 08:00 to
16:00 across a single day. The population used was
comparable to the current cohort in that participants
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had a mild burden of disease, were aged 18-36 years
and displayed no baseline variation in pulmonary
function. While the study design did not account for
EIB refractoriness, the data nevertheless suggests that
in this population diurnal variation in EIB is minimal.

By contrast, Vianna et al. (15) reported that the
magnitude of EIB was greater in ECTs performed at
18:00 compared to 07:00. While the testing schedule
was comparable to the current study, participants had
a moderate burden of disease and recorded a baseline
diurnal variation in pulmonary function. The authors
proposed that differences in airway caliber may influ-
ence the EIB response, with a higher baseline FEV1
producing greater bronchoconstriction.

It appears that circadian variation in baseline pul-
monary function is a necessary factor for diurnal vari-
ation in EIB (15,25); when this is absent no diurnal
differences are observed (14,24). As no baseline circa-
dian variation was present in the current study, our
results are consistent with this theory. The absence of
circadian variability in our cohort is likely a reflection
of a lower disease burden, and considering the above
data, it is possible that recruitment of individuals with
more severe asthma may have vyielded differ-
ent results.

The current study is novel in its use of EVH to
assess for diurnal variability in EIB and differences in
the bronchial challenge method could account for dif-
fering study outcomes. The most comparable method
used to date was the hyperventilation of cold dry air
(HVCDA) used by Sly and Landau (25), who noted
the greatest response to HVCDA at 16:00 and least at
04:00, however, the use of a pediatric cohort and
protocol differences limit comparison to the current
study. This contrasts to direct and indirect bronchial
challenges, which have consistently reported that
bronchial hyperresponsiveness to histamine, metha-
choline and hypertonic saline inhalation was greatest
at 04:00 (26-28). Although EVH replicates the desic-
cation of airways considered to promote EIB during
exercise (19), differences between EVH and ECTs may
account for variation in diurnal variation observed.

A possible explanation for diurnal variation in EIB
is different ventilation rates across the day. Vianna
et al. (15) reported higher minute ventilation in morn-
ing ECTs compared to evening challenges, however,
the author stated ventilation rates were a less likely
explanation of the increased evening EIB as minute
ventilation increased while EIB decreased. The use of
EVH in the current study allowed the stimulus
received by the airway to be tightly controlled so that
no difference was observed between tests. Our data



6 (&) A ROWEETAL.

suggested that when minute ventilation is comparable,
no diurnal effect in EIB is observed. It is possible, that
had participants been instructed to give maximal
effort on both tests, diurnal differences in minute ven-
tilation and EIB would have emerged.

The current study involved an AM test which
started at 07:00 to 08:00, while the PM test com-
menced at 17:00 to 18:00. While this is comparable to
previous studies (14,15), it does not capture the max-
imum reported window of variation from 04:00 to
16:00 (10). The possibility must be considered that if
EVH had been performed at 04:00, or at additional
time-points during the day, it may have resulted in
significant diurnal variation being observed. In any
case, the practical applications of this data would have
been limited as athletes rarely exercise at night.

EVH has primarily been used in elite athletes (29)
and few authors have reported on EVH use in recre-
ationally active individuals previously diagnosed with
asthma. Our data demonstrated that EVH is a viable
test in this population; all participants achieved the tar-
get minute ventilation of 21 x FEV, on both occasions.
The current study observed a positive EVH test in 64%
(n=29) of the asthmatic group on at least one occasion,
in agreement Vianna et al. (15) and a previous study
which used EVH (30). Concerns have been expressed
about the potential of EVH to provoke large drops in
FEV,; (31). Despite recruitment targeting participants
with mild asthma, the maximum observed reduction in
FEV, was 49%, with a severe response (>30% drop)
recorded in four individuals. All participants tolerated
this reduction in pulmonary function well without the
need for administration of salbutamol.

Despite the experimental hypothesis being rejected,
the data is nevertheless of clinical interest to those
health care professionals who manage asthma. This
study reassures individuals with mild asthma that they
are neither at a higher risk of EIB, nor at a competi-
tive disadvantage, based on what time they exercise.
While environmental factors may influence EIB, the
data suggests that time-of-day alone has no effect on
EIB. Additionally, the results also suggest that there is
no optimal time to perform EVH to detect EIB. We
did however note severe bronchoconstriction in 29%
(n=4) of participants with mild asthma. Although
EVH is highly provocative and similar reductions may
not be observed exercising in an outdoor environ-
ment, the data highlights the potential for significant
EIB in mild asthma and emphasizes the necessity of
compliance with prescribed inhalers prior to exercise.

Limitations of the study included the use of
two measurements which did not capture the

maximum reported variation in pulmonary function
and a male-only cohort. The inclusion criteria of a
physician diagnosis of asthma and regular SABA rep-
resents a limitation; ideally an objective measure
would have confirmed a diagnosis, but this was out-
side the scope of the study. The target cohort of the
study were those mild asthmatics whose diagnosis is
made by a family physician and not confirmed by
hospital-based testing: a large proportion of non-elite
athletes who train regularly with asthma. The possibil-
ity that those (n =5) who had two negative EVH tests
did not have asthma exists. However, when these par-
ticipants were excluded, no significant diurnal vari-
ation in EIB was observed in those with an EVH-
diagnosis of asthma (n=29). While our data does sug-
gest the lack of diurnal variation in EIB, unfortu-
nately, due to sample size limitations, particularly in
the control group, we acknowledge the possibility of a
type-2 error based on a study power of 0.8.
Participant recruitment was limited by cost and the
time available for the study and resources were priori-
tized for the asthma group.

Additionally, results may have been influenced by
the seasonal variability of asthma, medications and
individual differences in circadian rhythms. EVH uses
a highly-provocative dehumidified gas and results
observed may not translate to exercise in an ambient
environment. Further studies should focus on an
asthma cohort with significant baseline diurnal vari-
ation, a female population and the larger scale use of
EVH in recreationally-active athletes with asthma.

In conclusion, our study suggests that when base-
line pulmonary function is similar, and the airway
receives a challenge of similar magnitude, time-of-day
has no effect on EIB in mild to moderate asthma.
Given the well-described benefits of exercise, the best
time-of-day for athletes with asthma to exercise is the
time-of-day they are most likely to exercise.
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