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ABSTRACT

Objective: Airway Closing Index (ACI), the ratio of % change in FVC to % change in FEV,
with bronchoprovocation, may represent changes in airflow due to airway closure, as
opposed to airway narrowing. The objective of this study was to evaluate ACI during exer-
cise bronchoprovocation (EB) in children.

Methods: Children, 6 to 18years of age, who underwent EB using a stationary bicycle erg-
ometer over a 6-year period were reviewed. Pulmonary function, including ACI, in patients
with a positive exercise challenge, defined as >10% decrease in FEV,; following exercise,
were compared to patients with a negative challenge.

Results: A total of 1030 children with a median age of 13 (IQR 11-15) underwent EB, of
which 376 (37%) had a positive exercise challenge. There was wide variability in ACI, with a
median of 0.75 (0.28-1.21). Median ACI in those with a positive test was 0.68 (IQR 0.41-0.93)
compared to 0.84 (IQR 0.09-1.06) for those with a negative test, p=0.017. Median ACI was
higher in older children (p <0.001) and females (p < 0.0001). Median percent change in FEV,
following bronchodilator for children in the highest quintile for ACl was 4.5 (IQR 1.3-8.1)
compared to 5.5 (IQR 2-9.2) for children in the lowest quintile, p =0.04.

Conclusions: There is wide variability in the ACl in children undergoing EB. ACI was lower in
children with a positive challenge, the significance is unknown. Children with higher ACI may
have increased airway closure with bronchoprovocation, and less response to bronchodilators.
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Introduction

Asthma is a predominantly clinical diagnosis, with
standard guidelines recommending confirmation of
the diagnosis with spirometry (pulmonary function
tests) in all patients than can adequately perform this
test (1,2). Exercise-induced symptoms occur in many
patients with asthma, but is also described in up to
20% of the population with little or no evidence for
asthma (2,3). Higher prevalence has been described
in athletes, including 30% of ice rink athletes (4) and
11%-29% of competitive swimmers (5). Exercise bron-
choprovocation is commonly performed as part of the
evaluation of children with either exercise limitation
or symptoms with exercise in which EIB is in the dif-
ferential diagnosis. The diagnosis of EIB can be estab-
lished following an exercise bronchoprovocation test
with the diagnostic criteria usually being a>10%
decrease in the forced expired volume in one second
(FEV,) from baseline following a standardized exercise
protocol (3).

The physiology of these changes in FEV, are not
well understood. Changes in FEV; reflects both airway
narrowing and airway closure (6). Airway narrowing
is due to a combination of baseline narrowing prior
to a challenge, and bronchoconstriction resulting from
the exercise challenge. Airway closure refers to the
loss of open airways contributing to the FEV;, as air-
ways progressively become obstructed. Veen et al. (7)
studied the closing volume, which is the proportion of
lung volume closed off from the mouth at the end of
complete exhalation, compared to the TLC/VC (total
lung capacity/vital capacity) in 13 stable severe asth-
matics and 15 unstable asthmatics. They found similar
changes in FEV,, TLC and VC, but higher closing
volumes in the unstable asthmatics compared to stable
severe asthmatics, suggesting there may be a signifi-
cant component of airway closure in asthma.

Airway Closing Index (ACI), defined as the ratio of
% change in FVC to % change in FEV;, has been
studied during methacholine challenge testing in adult
patients. ACI may reflect, at least in part, the degree
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of airway closure as a response to bronchoprovoca-
tion. Chapman et al. (8) reported airway closure to be
associated with airway hyper-responsiveness, independ-
ent of airway narrowing, using the FVC and ACIL They
reported that obese patients had a higher ACI com-
pared to non-obese asthmatics (8), and significant
changes in ACI in obese adults, pre- and post-bariatric
surgery (9). Recently Kaminski et al. (10,11) reported
in a large cohort of adult patients undergoing metha-
choline bronchoprovocation that older age and obesity
were associated with higher ACIs.

There are no reported studies evaluating ACI in
children undergoing bronchoprovocation, either
with methacholine or with exercise. The primary
objective of the study was to calculate ACI in chil-
dren who have undergone exercise challenge testing,
and to correlate it with other measures on spirom-
etry, including response to bronchodilator. The sec-
ondary objective was to assess differences in ACI
based on sex and body mass index. The hypothesis
was that a significant proportion of school-age chil-
dren will have airway closure following exercise
bronchoprovocation.

Materials and methods

This is a single center, retrospective review of data
obtained from children ages 6 to 18 years who under-
went exercise bronchoprovocation over a 6 year period
2011-2017. The Institutional Review Board approved
the conduct of the study. A standardized exercise
protocol using stationary bicycle ergometry was
employed in all subjects as described in the ATS clin-
ical practice guidelines on exercise-induced broncho-
constriction (3). Bronchodilators were withheld prior
to testing as per ATS guidelines.’All patients were
rapidly exercised by cycling at a load sufficient to
achieve up to 80% of their targeted maximal heart
rate. The same level of exercise was then sustained
(constant load) until the patient complained of fatigue
or respiratory symptoms. All patients underwent
the same protocol, irrespective of age. Pre- and post-
exercise pulmonary function testing were obtained as
per ATS guidelines (3). Post-exercise spirometry were
recorded at 5-, 10-, 15- and 30-min post-exercise. The
lowest FEV, value recorded within 30 min after exer-
cise was expressed as a percent of the pre-exercise
value. A decrease in FEV; of >10% with exercise was
considered evidence of exercise-induced broncho-
spasm (positive test). 2.5mg of albuterol was adminis-
tered via handheld small volume nebulizer and all
tests repeated. ACI was calculated as the ratio of %

change in FVC to % change in FEV,. ACI in patients
with >10% decrease in FEV; were compared to ACI
in patients with <10% decrease in FEV,, using Mann-
Whitney test. BMI percentiles were calculated for age
as per CDC guidelines (12). Patients with BMI > than
the 95th percentile (%) were considered obese, and
those between 15th and 85th percentile were consid-
ered normal weight (12). Obese children were com-
pared to children with BMI in the normal range for
ACI, percent change in FEV;, and percent change in
other pulmonary function tests. ACI values were
stratified by quintiles. Patients at the highest quintile
were compared to those in the bottom quintile for
response to bronchodilator. Patients were stratified by
age groups as 6-9years, 10-12years, 13-15years and
16-18years and lung function compared using
Kruskal-Wallis tests. Proportions were compared
using chi-square tests or non-parametric equivalent.
Two-sided p values of <0.05 was considered statistic-
ally significant. Data analyses were performed using
Stata v15.1 (Statacorp, TX).

Results

A total of 1030 children, 6 to 18years of age, under-
went exercise bronchoprovocation over the 6-year
period. Median age was 13 (IQR 11-15), 42% were
male. Median % decrease in FEV; with exercise was
6.3% (IQR 1.4-13.4). 376 (37%) had a positive exer-
cise challenge. Table 1 compares pulmonary function
in children with and without a positive bronchoprovo-
cation test. There was no difference in age between
those with a positive or negative test. 66% of children
with a positive challenge were female, compared to
54% of children with a negative challenge, p < 0.0001.
Children with a positive test had lower baseline FVC
% predicted, FEV,% predicted, and FEV,/FVC. There
was wide variability in ACI, with median of 0.75 (IQR
0.28-1.21). Median ACI in those with a positive test
was 0.68 (IQR 0.41-0.93) compared to 0.84 (IQR
0.09-1.06) for those with a negative test, p=0.017.
Median BMI % for age was 67 (IQR 44-86) for those
with a positive test compared to 72 (IQR 47-89) for
those with a negative test, p=0.50. 136 (13%) were
obese. There were no differences in median ACI in
obese children (0.73; IQR 0.36-1.07) compared to
children with normal weight (0.79; IQR 0.26-1.26),
p=0.509. Table 2 summarizes differences in pulmon-
ary function based on sex. Females were slightly older,
had a lower median BMI, lower FVC and higher
FEV,/FVC at baseline. 41% of females had >10%
FEV, with exercise, compared to 30% of males,
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Table 1. Comparison of children with and without positive exercise bronchoprovocation challenge.

Parameter Negative exercise challenge Positive exercise challenge p value®
N (%) 654 (63%) 376 (37%)

Age (y)? 3 (11 to 15) 3 (11 to 15) 0.992
Sex (female) 350 (54%) 247 (66%) <0.0001
BMI (%ile)? 2 (47 to 89) 7 (44 to 86) 0.050
FVC (% pred)® 103 (94 to 114) 100 (90 to 109) <0.0001
FEV; (% pred)? 3 (85 to 103) 0 (81 to 99) 0.0003
FEV,/FVC® (absolute ratio) 5 (.80 to .89) 6 (.81 to .91) 0.0022
% decrease in FVC? 3 11 (0.35 to 6.4) 1 (6.4 to 16.6) <0.0001
% decrease in FEV,? 3 (—0.74 to 5.6) 15 8 (12.8 to 21.4) <0.0001
ACP® 4 (0.09 to 1.06) 8 (0.41 to 0.93) 0.0173
% increase in FEV, with albuterol after exercise? 698 (3.1 to 11.4) 21 54 (14.1 to 30.2) <0.0001
2Median (IQR).

PUnpaired t-test, Mann-Whitney or chi-square test.

Table 2. Comparison of male and female children.

Parameter Female Male p value®
N (%) 597 (58%) 433 (42%)

Age (y)? 4 (12 to15) 2 (10 to 14) <0.0001
BMI (%ile)? 7 (44 to 87) 3 (50 to91) 0.007
FVC (%pred)? 102 (92 to 111) 103 (94 to 115) 0.009
FEV, (%pred)” 1 (84 to 100) 2 (83 to 105) 0.103
FEV,/FVC (absolute)® 0. 87 (0.83 to 0.91) 0. 83 (0.79 to 87) <0.0001
>10% decrease in FEV,, n (%) 247 (41%) 30 (30%) 0.0002
% decrease in FVC with exercise® 4 (2.51t0 11.8) 9 (0.6 to 8.3) <0.0001
% decrease in FEV; with exercise® 5 (2.0 to 14.5) 4 (0.5 to 11.4) <0.0001
ACP? 081 (0.37 to 1.3) 063 (0.15 to1.1) <0.0001
%FEV, increase, post-bronchodilator® 11.1 (5.5 t019.1) 10.0 (4.5 to 17.8) 0.121
“Median (IQR).

bUnpaired t-test, Mann-Whitney or chi-square test.

Table 3. Comparison of children in the highest ACI quintile and lowest ACI quintile.

Parameter Lowest quintile Highest quintile p value®
N 206 206

Age (y)? 3 (11 to 15) 4 (12 to 15) 0.870
BMI (%ile)? 6 (40 to 54) 6 (42 to 53) 0.910
FVC (% pred)® 102 (94 to 112) 106 (95 to 117) 0.046
FEV; (% pred)? 3 (83 to 102) 4 (86 to 104) 0.136
FEV,/FVC (absolute)® 0. 85 (0.80 to 0.89) 0. 85 (0.80 to 0.89) 0.730
% decrease in FVC with exercise® 0.95 (—0.52 to 2.82) 9 (0.6 to 8.3) <0.0001
% decrease in FEV; with exercise? —0.37 (—1.75 to 4.1) 7 (1.1 to 5.7) <0.0001
ACP? 70 5 (—1.8 to —0.03) 2. 12 (1.7 to 3.2) <0.0001
%FEV, increase, post-bronchodilator® 5(21t09.2) 5 (1.3 to 8.1) 0.049

*Median (IQR).
PMean + SD.
‘Unpaired t-test, Mann-Whitney or chi-square test.

p <0.0001. Females had greater % decreases in both
FVC and FEV,; with exercise. Median ACI in females
was 0.81 (IQR 0.37-1.3), compared to 0.63 (IQR
0.15-1.1) for males, p <0.0001. There was less %
increase in FEV, after an inhaled bronchodilator fol-
lowing exercise in patients in the highest quintile for
ACI (4.5; 1.3-8.1) as compared to those in the lowest
quintile (5.5; 2-9.2), p=0.04 (see Table 3). 14.1% of
patients with an ACI in the highest quintile failed to
return to their baseline FEV; compared to 7.3% of
patients with an ACI in the lowest quintile, p =0.025.
Table 4 describes lung function stratified by age
groups. Older patients had better lung function at
baseline. However, the median change in FEV,

following exercise was not different between age
groups. The ACI was higher in older children.

Discussion

In this study, ACI in children during exercise bron-
choprovocation had a wider range and higher median
value (median ACI of 0.75) than adults following
methacholine challenge in adults with asthma
(0.6-0.67) and healthy adults (0.54) (8-10). Kaminski
et al. (10,11), in a subset of children 6-18 years of age,
reported median ACI values of 0.62 with methacho-
line testing. Subjects in that study with a higher PC20,
i.e., less airway responsiveness, had a lower closing
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Table 4. Changes in lung function with exercise, stratified by age.?

Age 6-12 Age 10-12 Age 13-15 Age 16-18 p value?
N 140 292 409 189
Male (%) 95 (68) 146 (50) 123 (30) 69 (37) <0.001
BMI %ile 43 (37 to 56) 7 (39 to 64) 0 (43 to 65) 51 (45 to 59) 0.23°
FVC (%pred) 98 (91 to 108) 7 (89 to 104) 105 (95 to 116) 108 (98 to 118) <0.001
FVC post-exercise (%opred) 94 (85 to 105) 2 (82 to 100) 8 (67 to 108) 99 (90 to 111) <0.001
FVC % change with Exercise —4.1 (—8.7 to 0.6) —47 (—10.4 to —0.8) —61 (=123 to —2.3) —7 (=133 to —3.1) <0.001
FEV1 pre (%pred) 88 (91 to 95) 7 (79 to 95) 4 (86 to 104) 98 (90 to 108) <0.001
FEV1 post-exercise (%opred) 80 (73 to 90) 0 (70 to 90) 7 (77 to 98) 91 (80 to 101) <0.001
FEV1 % change with Exercise 69 (15 to0 0.9) 2 (152 to 1.0) 769 (—15.6 to —1.5) —6.7 (—16 to —1.8) 0.91
FEV1/FVC pre .83 (0.80 to 0.88) 0. 84 (0.80 to 0.89) 0.86 (0.82 to 0.90) 0.86 (0.82 to 0.91) <0.001
FEV1/FVC post-exercise 0 80 (0.75 to 0.86) 0.83 (0.77 to 0.88) 0.86 (0.80 to 0.92) 0.86 (0.81 to 0.91) <0.001
ACl 043 (0.09 to 0.85) 0.69 (0.27 to 1.06) 0.83 (0.32 to 1.41) 0.89 (0.33 to 1.53) <0.001
>10% change in FEV1, n (%) 1 (36) 120 (41) 160 (39) 70 (37) 0.67°
% change in FEV1 post-BD 45 (0.5 to 8.4) 3.8 (—0.4 to 7.6) 3(—-0.7to 7) 37 (—=2.1t07.1) 0.19

2All values reported as medians (IQR), unless specified otherwise; median values compared using Kruskall-Wallis test.

PChi-square test.

index, which is consistent with our study. It is possible
that some children who present with symptoms of EIB
may develop significant airway closure with exercise,
which may not be reflected in a change in FEV,. The
physiology behind an elevated ACI in children com-
pared to previous measurements in adults is not under-
stood. This finding suggests that children develop
relatively more airway closure during bronchoprovoca-
tion, though it is certainly possible that the responses
to exercise are quite different than methacholine.
Perhaps differences in respiratory system compliance
between children and adults may contribute to this dif-
ference. Adult chest wall compliance has been demon-
strated to decrease with age, though lung compliance
does not (13). This is hypothesized to be multifactorial
including osteoporosis, kyphosis of aging, along with
decreasing FEV; (14). There has been reported
increased airway hyper-reactivity with methacholine
challenge in both young and old age as compared to
middle-aged individuals, with less beta-adrenergic
responsiveness following a challenge (14-16). Mansell
et al. (17) suggested that differences in bronchodilator
responses or airway closure in children as compared to
adults may be partly due to differences in airway elastic
recoil. Perhaps this may partially explain the increased
ACI noted in this study.

ACI was not higher in obese children in this
cohort, which differs from the higher ACI values
reported in obese adults undergoing methacholine
challenge testing (9,10). Though not completely
understood, there are a number of mechanisms postu-
lated for elevated ACI in obese adults including low
lung volumes, increased peripheral bronchomotor
tone, decreased distal airway compliance, inflaimma-
tion in serum and adipose tissue, airway and pulmon-
ary vascular remodeling (10), Perhaps, some of these
changes require several years and therefore may not
be as impactful in children.

Females had overall lower baseline function, a
more dramatic response to exercise, and an elevated
ACI.  Similarly increased ACI values have been
reported in adult females following methacholine chal-
lenge (10). It has long been known that sex plays a
differential role in lung development, particularly
through puberty. In early development, female lungs
have earlier surfactant production, and have more
rapid large airway growth (though fewer respiratory
bronchioles) compared to their male counterparts
(18). Airways in females, throughout their maturation
in youth have lower airway resistance, as reported in
measurements of specific airway resistances (sRaw) in
263 healthy patients, ages newborn to 54years old
(19). Young males may have larger airways with a lag
in their growth pattern, or dysanaptic growth, as com-
pared to females (20), and are thought to have larger
conducting airways post-puberty (21). These patterns
are thought to be due in part to hormonal differences,
with both androgen and estrogen being key modula-
tors of growth in both inhibitory and stimulatory
effects (22). EIB has been demonstrated to be higher
in females than males (23). In a study of 15,000 chil-
dren, 7.4% of children had a positive 6-min free run-
ning test (24). Girls were more likely to have a
positive test than boys (8.5% versus 6.4%, p < 0.001).
Additionally, attempting to use symptoms as predic-
tors for EIB as demonstrated by decreased peak flow
measures yielded poor positive predictive value and
sensitivity. Other studies have demonstrated higher
rates of airway hyperactivity in females with exer-
cise (23,25).

Children with the highest ACI values seemed to
have poorer response to an inhaled bronchodilator
after exercise, both in % change in FEV; as well as
return to baseline FEV;. This may have implications
for treatment in patients with exercise-induced
bronchospasm. Kaminski et al. (10,11) suggested that



airway closure may have important implications for
asthma treatment as it may impact aerosol drug deliv-
ery to poorly ventilated areas of the lung as a result of
such closure.

When stratified by age groups, older children had
better lung function at baseline in our cohort.
Following exercise, though the median change in
FEV; was not different based on age, the ACI values
were higher in older children. This was likely driven
by the higher FVC values at baseline and following
exercise. The implications of this phenomenon are
unclear, but underscores the high variability in ACI in
children, as also emphasizes the need to look beyond
a>10% change in FEV; to explain symptoms of EIB
in children.

There are limitations to the study due to the retro-
spective nature. Detailed clinical data including diag-
noses, symptoms at presentation and prior treatments
were not available for correlation. Though all patients
were referred to the pulmonary function laboratory
for evaluation of EIB, other concomitant diagnoses
are not known. Detailed cardiopulmonary parameters
including duration of exercise, ventilation, workload
(in watts), oxygen consumption and related measures
were not available. Late EIB (occurring 30 min or later
after exercise), was not assessed.

Conclusions

There was wide variability in Closing Index (ACI) in
children undergoing exercise bronchoprovocation,
suggesting some children may develop airway closure
and not just airway narrowing in response to exercise.
Those with symptoms with exercise may have more
airway closure which may not be reflected in their
FEV, responses. Children may have higher ACI com-
pared to adults. Older children and females have
higher ACIs as compared to male. Obesity does not
seem to impact ACI in children. Children with higher
ACI values may have decreased response to broncho-
dilators after exercise induced bronchospasm.

Declaration of interest

The authors report no conflicts of interest. The authors
alone are responsible for the content and writing of
this article.

References

1. National Asthma Education and Prevention Program.
Expert Panel Report 3 (EPR-3): Guidelines for the
Diagnosis and Management of Asthma-Summary

10.

11.

JOURNAL OF ASTHMA 5

Report 2007. J Allergy Clin Immunol. 2007;120(5
Suppl):S94-S138.

Miller MR, Hankinson J, Brusasco V, Burgos F,
Casaburi R, Coates A, Crapo R, Enright P, van der
Grinten CP, Gustafsson P, et al. Standardisation of
spirometry. Eur Respir J. 2005;26(2):319-338. doi:10.
1183/09031936.05.00034805.

Parsons JP, Hallstrand TS, Mastronarde JG, Kaminsky
DA, Rundell KW, Hull JH, Storms WW, Weiler JM,
Cheek FM, Wilson KC, et al. An official American
Thoracic Society clinical practice guideline: exercise-
induced bronchoconstriction. Am ] Respir Crit Care
Med. 2013;187(9):1016-1027. doi:10.1164/rccm.201303-
0437ST.

Weiler JM, Bonini S, Coifman R, Craig T, Delgado L,
Capao-Filipe M, Passali D, Randolph C, Storms W; Ad
Hoc Committee of Sports Medicine Committee of
American Academy of Allergy, Asthma & Immunology.
American Academy of Allergy, Asthma & Immunology
Work Group report: exercise-induced asthma. ] Allergy
Clin Immunol. 2007;119(6):1349-1358. doi:10.1016/j.jaci.
2007.02.041.

Beta2 adrenoceptor agonists and the Olympic Games
in Beijing. Available from: https://stillmed.olympic.
org/media/Document%20Library/OlympicOrg/Games/
Summer-Games/Games-Beijing-2008-Olympic-Games/
Anti-doping-and-Medical-Rules/Beta2-adrenoceptor-
agonists-Guidelines-Beijing-2008.pdf. Accessed on
April 28, 2017.

Sorkness RL, Bleecker ER, Busse WW, Calhoun WJ,
Castro M, Chung KF, Curran-Everett D, Erzurum SC,
Gaston BM, Israel E, Jarjour NN, et al. National
Heart, Lung, and Blood Institute Severe Asthma
Research Program. Lung function in adults with stable
but severe asthma: air trapping and incomplete rever-
sal of obstruction with bronchodilation. J Appl
Physiol. 2008;104(2):394-403. doi:10.1152/japplphy-
$101.00329.2007.

In ’t Veen JC, Beekman AJ, Bel EH, Sterk PJ.
Recurrent exacerbations in severe asthma are associ-
ated with enhanced airway closure during stable epi-
sodes. Am ] Respir Crit Care Med. 2000;161(6):
1902-1906. doi:10.1164/ajrccm.161.6.9906075.
Chapman DG, Berend N, King GG, Salome CM.
Increased airway closure is a determinant of airway
hyperresponsiveness. Eur Respir J. 2008;32(6):
1563-1569. doi:10.1183/09031936.00114007.

Chapman DG, Irvin CG, Kaminsky DA, Forgione
PM, Bates JH, Dixon AE. Influence of distinct asthma
phenotypes on lung function following weight loss in
the obese. Respirology. 2014;19(8):1170-1177. doi:10.
1111/resp.12368.

Kaminsky DA, Chapman DG, Holbrook JT,
Henderson RJ, Sugar EA, Mastronarde ], Teague WG,
Busk M, Sumino K, Dixon AE, Wise RA, et al. Older
age and obesity are associated with increased airway
closure in response to methacholine in patients with
asthma. Respirology. 2019;24(7):638-645. doi:10.1111/
resp.13496.

Farah CS. Airways wide shut: A physiological pheno-
type of asthma? Respirology. 2019;24(7):616-617. doi:
10.1111/resp.13533.


https://doi.org/10.1183/09031936.05.00034805
https://doi.org/10.1183/09031936.05.00034805
https://doi.org/10.1164/rccm.201303-0437ST
https://doi.org/10.1164/rccm.201303-0437ST
https://doi.org/10.1016/j.jaci.2007.02.041
https://doi.org/10.1016/j.jaci.2007.02.041
https://stillmed.olympic.org/media/Document%20Library/OlympicOrg/Games/Summer-Games/Games-Beijing-2008-Olympic-Games/Anti-doping-and-Medical-Rules/Beta2-adrenoceptor-agonists-Guidelines-Beijing-2008.pdf
https://stillmed.olympic.org/media/Document%20Library/OlympicOrg/Games/Summer-Games/Games-Beijing-2008-Olympic-Games/Anti-doping-and-Medical-Rules/Beta2-adrenoceptor-agonists-Guidelines-Beijing-2008.pdf
https://stillmed.olympic.org/media/Document%20Library/OlympicOrg/Games/Summer-Games/Games-Beijing-2008-Olympic-Games/Anti-doping-and-Medical-Rules/Beta2-adrenoceptor-agonists-Guidelines-Beijing-2008.pdf
https://stillmed.olympic.org/media/Document%20Library/OlympicOrg/Games/Summer-Games/Games-Beijing-2008-Olympic-Games/Anti-doping-and-Medical-Rules/Beta2-adrenoceptor-agonists-Guidelines-Beijing-2008.pdf
https://stillmed.olympic.org/media/Document%20Library/OlympicOrg/Games/Summer-Games/Games-Beijing-2008-Olympic-Games/Anti-doping-and-Medical-Rules/Beta2-adrenoceptor-agonists-Guidelines-Beijing-2008.pdf
https://doi.org/10.1152/japplphysiol.00329.2007
https://doi.org/10.1152/japplphysiol.00329.2007
https://doi.org/10.1164/ajrccm.161.6.9906075
https://doi.org/10.1183/09031936.00114007
https://doi.org/10.1111/resp.12368
https://doi.org/10.1111/resp.12368
https://doi.org/10.1111/resp.13496
https://doi.org/10.1111/resp.13496
https://doi.org/10.1111/resp.13533

6 D. KRICH ET AL.

12.

13.

14.

15.

16.

17.

18.

19.

Centers for Disease Control. Children’s BMI Tool for
Schools. Available from: https://www.cdc.gov/healthy-
weight/assessing/bmi/childrens_bmi/tool_for_schools.
html. Accessed May 8, 2020.

Mittman C, Edelman NH, Norris AH, Shock NW.
Relationship between chest wall and pulmonary com-
pliance and age. ] Appl Physiol. 1965;20(6):1211-1216.
doi:10.1152/jappl.1965.20.6.1211.

Sharma G, Goodwin J. Effect of aging on respiratory
system physiology and immunology. Clin Interv Aging.
2006;1(3):253-260. doi:10.2147/ciia.2006.1.3.253.

Hopp R]J, Bewtra A, Nair NM, Townley RG. The effect of
age on methacholine response. J Allergy Clin Immunol.
1985;76(4):609-613. doi:10.1016/0091-6749(85)90783-3.
Connolly M]J, Crowley JJ, Charan NB, Nielson CP,
Vestal RE. Impaired bronchodilator response to albu-
terol in healthy elderly men and women. Chest. 1995;
108(2):401-406. doi:10.1378/chest.108.2.401.

Mansell A, Bryan C, Levison H. Airway closure in
children. J Appl Physiol. 1972;33(6):711-714. doi:10.
1152/jappl.1972.33.6.711.

Carey MA, Card JW, Voltz JW, Arbes SJ Jr, Germolec
DR, Korach KS, Zeldin DC. It’s all about sex: gender,
lung development and lung disease Trends
Endocrinol Metab. 2007;18(8):308-313. doi:10.1016/j.
tem.2007.08.003.

Doershuk CF, Fisher BJ, Matthews LW. Specific air-
way resistance from the perinatal period into adult-
hood. Alterations in childhood pulmonary disease.
Am Rev Respir Dis. 1974;109(4):452-457. doi:10.1164/
arrd.1974.109.4.452.

20.

21.

22.

23.

24.

25.

Hoffstein V. Relationship between lung volume, max-
imal expiratory flow, forced expiratory volume in one
second, and tracheal area in normal men and women.
Am Rev Respir Dis. 1986;134(5):956-961. doi:10.1164/
arrd.1986.134.5.956.

Martin TR, Castile RG, Fredberg JJ, Wohl ME, Mead
J. Airway size is related to sex but not lung size in
normal adults. ] Appl Physiol (1985). 1987;63(5):
2042-2047. doi:10.1152/jappl.1987.63.5.2042.

Carey MA, Card JW, Voltz JW, Germolec DR, Korach
KS, Zeldin DC. The impact of sex and sex hormones
on lung physiology and disease: lessons from animal
studies. Am ] Physiol Lung Cell Mol Physiol. 2007;
293(2):L272-1L278. doi:10.1152/ajplung.00174.2007.
Johansson H, Norlander K, Janson C, Malinovschi A,
Nordang L, Emtner M. The relationship between
exercise induced bronchial obstruction and health
related quality of life in female and male adolescents
from a general population. BMC Pulm Med. 2016;
16(1):63. doi:10.1186/s12890-016-0226-0.

De Baets F, Bodart E, Dramaix-Wilmet M, Van Daele
S, de Bilderling G, Masset S, Vermeire P, Michel O.
Exercise-induced respiratory symptoms are poor pre-
dictors of bronchoconstriction. Pediatr Pulmonol.
2005;39(4):301-305. doi:10.1002/ppul.20185.

Langdeau JB, Day A, Turcotte H, Boulet LP. Gender
differences in the prevalence of airway hyperrespon-
siveness and asthma in athletes. Respir Med. 2009;
103(3):401-406. doi:10.1016/j.rmed.2008.09.023.


https://www.cdc.gov/healthyweight/assessing/bmi/childrens_bmi/tool_for_schools.html
https://www.cdc.gov/healthyweight/assessing/bmi/childrens_bmi/tool_for_schools.html
https://www.cdc.gov/healthyweight/assessing/bmi/childrens_bmi/tool_for_schools.html
https://doi.org/10.1152/jappl.1965.20.6.1211
https://doi.org/10.2147/ciia.2006.1.3.253
https://doi.org/10.1016/0091-6749(85)90783-3
https://doi.org/10.1378/chest.108.2.401
https://doi.org/10.1152/jappl.1972.33.6.711
https://doi.org/10.1152/jappl.1972.33.6.711
https://doi.org/10.1016/j.tem.2007.08.003
https://doi.org/10.1016/j.tem.2007.08.003
https://doi.org/10.1164/arrd.1974.109.4.452
https://doi.org/10.1164/arrd.1974.109.4.452
https://doi.org/10.1164/arrd.1986.134.5.956
https://doi.org/10.1164/arrd.1986.134.5.956
https://doi.org/10.1152/jappl.1987.63.5.2042
https://doi.org/10.1152/ajplung.00174.2007
https://doi.org/10.1186/s12890-016-0226-0
https://doi.org/10.1002/ppul.20185
https://doi.org/10.1016/j.rmed.2008.09.023

	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	Declaration of interest
	References


