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Abstract

Introduction Lung function development from childhood to young adulthood is important for lung health
later in life. We investigated the association between asthma control and lung function from 8 to 24 years
of age.

Methods A total of 668 participants from the population-based BAMSE cohort study, with persistent or
incidental asthma and between 8 and 24 years of age, were included. Asthma was defined as controlled or
uncontrolled at each examination based on the Global Initiative for Asthma (GINA) criteria. Dynamic
spirometry was performed at 8, 16 and 24 years of age. Associations between uncontrolled asthma and pre-
bronchodilation forced expiratory volume in 1 s (FEV,), forced vital capacity (FVC) and FEV/FVC ratio
were evaluated with a generalised estimating equation model, as overall associations and at each
examination. Unadjusted and adjusted (for sex, current asthma, allergic sensitisation, body mass index,
smoking, smoke exposure, inhaled corticosteroid use) analyses were done; and were thereafter stratified by
sex, elevated blood eosinophils (0.3x10° cells-pL™"), elevated Fyno (=25 ppb), allergic sensitisation and
ever/never smoking.

Results Uncontrolled asthma was associated with a lower overall FEV/FVC z-score from 8 to 24 years of
age (adjusted regression coefficient —0.11; 95% CI (—0.20 to —0.02; p=0.016). After stratification, this
association was primarily seen among females (adjusted regression coefficient —0.170; 95% CI (—0.298 to
—0.044; p=0.009) and participants with elevated Frno (regression coefficient —0.207; 95% CI —0.342 to
—0.073; p=0.002), in contrast to males and participants with normal Fgno.

Conclusion Uncontrolled asthma is associated with airflow obstruction from childhood to young
adulthood. This highlights the importance of active management of asthma during growth.

Introduction

Low lung function and airflow obstruction in adolescence are risk factors for respiratory conditions such as
fixed airflow obstruction and chronic obstructive lung disease later in life, as well as for early death [1-3].
The peak attained lung function reached around the age of 25-30 [4] is important for the risk of
developing a symptomatic lung function impairment at an older age. Lung function development tends to
follow an almost predetermined trajectory depending on both pre- and early postnatal factors [2]. However,
even if the ability to reach a higher trajectory seems to be limited, environmental factors can have a
detrimental influence on the growth gain in lung function during childhood and adolescence [5-8]. The
period from childhood to adulthood, i.e. transition, is in many ways a challenging time, even more so for
individuals with a chronic disease. The referral from child to adult medicine is a potential risk for
treatment gaps and to “get lost” in between children and adult healthcare [9, 10].
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Asthma is a known risk factor for airflow obstruction and a lower maximal lung function plateau [6, 11].
Asthma is an inflammatory disease, and the inflammatory activity is believed to be the main factor leading
to the adverse effects of asthma: impaired lung growth, asthma symptoms and exacerbations. Presence of
eosinophil inflammation has been linked to impaired lung function development [12, 13] as well as fixed
airflow obstruction [14]. Further, the presence of asthma exacerbations has been found to be associated
with a worse lung function development [15, 16], with the underlying hypothesis that inflammatory bursts
are leading to airway damage. Indeed, corticosteroid treatment has been linked to better outcomes in some
studies [17, 18], possibly due to the decreased risk of asthma attacks [16] or attenuated inflammation.
However, many asthma patients in younger age have mild asthma [19] and how less severe events are
associated with lung function development is therefore important.

There are known gender differences in prevalence and incidence of asthma during childhood and
adolescence. Males have been shown to have a rather stable prevalence during childhood and adolescence.
In comparison, females have a lower prevalence during childhood and marked increase during
adolescence, and the phenotype seems to be more heterogenous in females compared to males [20, 21].

The aim of this study was to investigate uncontrolled asthma compared to controlled asthma and the
association with lung function measured with dynamic spirometry at age 8, 16 and 24 years. Stratification
for sex was done due to the gender differences in asthma morbidity from childhood to early adulthood,
and for elevated inflammatory markers and allergy for a better understanding of underlying pathology. The
hypothesis was that uncontrolled asthma is associated with impaired lung function and airflow obstruction
from childhood to early adulthood.

Methods

Study population

The included population comes from the BAMSE (Children, Allergy, Milieu, Stockholm, Epidemiology)
cohort, a population-based birth cohort from Stockholm, Sweden, initiated in 1994, with the aim of
studying the origins and characteristics of asthma and allergic diseases. The initial cohort consisted of
4089 individuals [22]. The group has been followed for 24 years and examined with questionnaires (age 0,
1, 2 and 12) covering exposures and allergic and asthmatic symptoms, and questionnaires and clinical
examinations at approximately 4, 8, 16 and 24 years [23].

For this investigation, the period from 8 to 24 years of age was included, covering the three examinations
at 8, 16 and 24 years of age. Participants were included if they had completed at least one spirometry and
fulfilled the criteria for asthma at one or more examinations (figure 1). Asthma was defined as present at a
given examination if the participant fulfilled at least two of the following three criteria:
physician-diagnosed asthma (ever), wheeze or raspy breathing in the previous 12 months and/or treatment
for asthma during the previous 12 months [24].

Questionnaire data

Questionnaires were completed by parents at 8 and 16 years, and by participants at 16 and 24 years. Symptoms
were assessed at each examination through a questionnaire covering the previous year and built on a modified
GINA asthma control score [25]. In short, one point was given each for wheezy or raspy breathing: nightly
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FIGURE 1 Flow chart of included individuals.
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(monthly); daytime (monthly); limiting daily activities (last year); need of short-acting bronchodilator (SABA)
rescue treatment (>2 times/week) and asthma exacerbations (last year). Controlled asthma was defined as an
asthma control score at 0 points, and uncontrolled >0 points (Supplementary Table 1).

Environmental smoke exposure was considered present when one parent reported smoking (at 8 and
16 years) or at 24 years when the participant reported exposure to indoor smoking at least once a week. A
participant was regarded to be a smoker if reporting smoking daily or occasionally (16 and 24 years); all
participants were considered nonsmokers at 8 years.

Inhaled corticosteroid (ICS) use was self-reported and categorised into never users, intermittent users using
ICS for shorter periods and persistent users continuously using ICS.

Body mass index (BMI) was based on information on height and weight measured at the clinical examinations
and calculated and categorised into under/normal weight (BMI <25), overweight (BMI 25-30) and obese
(BMI >30). At 8 and 16 years, the International Obesity Task Force (IOTF) cut-offs [26] were used.

Spirometry

At 8 years a Sensormedics 2200 Pulmonary Function Analyzer (Sensormedics, Anaheim, CA, USA), at
16 years a Jaeger MasterScreen-IOS system (Carefusion Technologies, San Diego, CA, USA) and at
24 years a Vyaire Vyntus system (Vyaire Medical, IL, USA) was used to measure dynamic
pre-bronchodilatory spirometry [3]. Lung function was converted to z-score according to the Global Lung
Initiative (GLI) reference values [27].

Laboratory measures

Allergic sensitisation was measured with Phadiatop mix (Thermo Fischer Scientific, Uppsala, Sweden),
measuring IgE against mould, birch, cat, dog, horse, timothy, mugwort or house dust mite and considered
positive with a value >0.35 kU-L™* [23].

Frno was measured with an Eco Medics instrument system (Eco Medics AG, Diirnten, Switzerland) at the
16-year examination and with NIOX VERO (Circassia, Oxford, UK) at the 24-year examination, at a
velocity of 50 mL-s™? according to the ATS/ERS guidelines [28]. Fgno was considered elevated for values
>25 ppb [29].

Blood eosinophils were measured with a Sysmex XE (Sysmex, Kobe, Japan) at 16 years and a XN 9000 at
24 years at a precision of 0.1x10° cells-L.™". A value >0.3x10° cells-L ™" was considered elevated [12].

Statistics and study design

Population- and disease-associated characteristics were assessed for each examination separately.
Thereafter, the controlled versus uncontrolled asthma, exacerbations, prevalence of ICS use (among current
asthmatics) and smoking prevalence, BMI and lung function (in the whole group) were compared between
the sexes. Categorical variables were analysed with chi-squared tests and continuous variables with t-tests.

The longitudinal associations were assessed with a generalised estimating equation (GEE), with both
asthma control and lung function measured at the three examinations (8, 16 and 24 years). The overall
associations taking all three timepoints into account, as well as the age-specific (cross-sectional)
associations between asthma control and lung function at each timepoint, were assessed. Thereafter, the
associations were examined in the same model adjusted for sex [20], BMI group [30], allergic sensitisation [31],
ICS use [18], current asthma [6], participant’s own smoking [11] and environmental smoke exposure [6],
measured at each examination, as potential confounders based on previous literature.

Both the unadjusted and adjusted GEE models were stratified for sex. The unadjusted GEE models were
stratified for elevated blood eosinophils (at 16 and/or 24 years), elevated Fgno (at 16 and/or 24 years),
allergic sensitisation (at 8, 16 and/or 24 years) and ever/never smoker, and the overall associations assessed.

As a sensitivity analysis to evaluate the effect of asthma symptom control and lung function not mediated
through asthma exacerbations, the GEE model (unadjusted) was performed, excluding data from

participants with a reported asthma attack at the given follow-up.

A p-value <0.05 was considered statistically significant.
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The statistical analyses were performed with STATA Statistical Software: Release 16 (College Station, TX,
USA).

Ethical permission

The BAMSE study is approved by the Ethical Review Board at Karolinska Institute Dnr: 02-420; Dnr:
2010/1474-31/3; Dnr: 2016/1380-31/2. All caregivers (8, 16 years) and participants (16, 24 years) provided
an informed consent.

Results

Study population

The included population, with at least one completed spirometry and fulfilling the criteria for asthma at
one or more examinations at 8, 16 or 24 years, consisted of 668 individuals (figure 1). In the study group,
541 individuals completed the questionnaire at all three visits (for details on distribution see
Supplementary Figure 1). In the group, 53% were females. A large part of the included group did not
persistently fulfil the criteria for asthma; 27% had asthma at all examinations in which they participated.
The study group is presented in detail in table 1.

Uncontrolled asthma was present in 32% of the participants at 8 and 16 years of age, and 38% at 24 years
of age (table 2).

To assess differences in asthma morbidity, risk factors and medication between the sexes, the group with
current asthma at the given follow-up was analysed for differences between females and males with respect
to uncontrolled asthma, asthma exacerbations, ICS use and lung function. The prevalence of uncontrolled
asthma shifted from being higher among males at 8 years to being higher among females at 24 years, and

TABLE 1 Population characteristics at the three examinations

Age at examination

8 years 16 years 24 years
Number of participants at
Questionnaire 628 616 596
Physical examination 549 551 496
Spirometry 425 471 431
Females, n (%) 326 (52) 329 (53) 327 (55)
Fulfilling criteria for asthma, n (%) 290 (46) 399 (66) 382 (64)
Fulfilling criteria for asthma males, n (%) 172 (57) 180 (64) 153 (57)
Fulfilling criteria for asthma females, n (%) 118 (36) 219 (67) 229 (70)
Environmental tobacco smoke exposure, n (%) 104 (16) 81 (14) 73 (14)
Own smoking, n (%) = 71 (12) 131 (22)
Self-reported ICS use year before examination
No, n (%) 420 (67) 397 (65) 425 (72)
When needed, n (%) 129 (21) 127 (21) 105 (18)
Continuously, n (%) 78 (12) 91 (15) 64 (11)
Elevated blood eosinophils >0.3x10° cells:L™%, n (%) - 144 (28) 94 (20)
Elevated blood eosinophils 16 and/or 24 years, n (%) - 195 (32)
Elevated Feno, =25 ppb, n (%) - 162 (30) 111 (26)
Elevated Fgyo at 16 and/or 24 years, n (%) - 219 (35)
Allergic sensitisation”, n (%) 266 (50) 349 (65) 316 (64)
Height, cm, mean (sp) 132 (6.2) Male: 179 (7.4) Male: 182 (8.3)
Female: 167 (6.6)  Female: 168 (6.5)

Weight, kg, mean (sp) 30.5 (5.5) Male: 70.4 (11.4) Male: 79.4 (14.5)

Female: 62.9 (11.2) Female: 67.0 (13.2)
BMI categories (IOTF at 8 and 16)

Under/normal weight, n (%) 413 (75) 427 (78) 359 (72)
Overweight, n (%) 108 (20) 102 (19) 96 (19)
Obese, n (%) 27 (5) 20 (4) 41 (8)
Mean age in years (sp) 8.45 (0.48) 16.70 (0.39) 22.61 (0.54)

BMI: body mass index; Feyo: fraction of exhaled NO; IgE: immunoglobulin E; IOTF: International Obesity Task
Force. * allergic sensitisation defined as IgE >0.35 ku-L~2 against mould, birch, cat, dog, horse, timothy,
mugwort and/or house dust mite.
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TABLE 2 Asthma control and lung function at the three examinations

Examination
8 years n=618 16 years n=590 24 years n=596

Uncontrolled asthma (all), n (%) 195 (32) 188 (32) 227 (38)
Uncontrolled asthma (participants with current asthma), n (%) 174 (61) 176 (46) 217 (57)
Nightly symptoms (all), n (%) 71 (11) 60 (10) 38 (6)
Daytime symptoms (all), n (%) 26 (4) 48 (8) 83 (14)
Breathing difficulties affecting daily activities (all), n (%) 129 (21) 82 (14) 145 (24)
Asthma exacerbation (all), n (%) 84 (13) 67 (11) 64 (11)
Need for rescue treatment with SABA >2/week (all), n (%) 35 (6) 68 (11) 60 (10)
Spirometry n=425 n=471 n=431

z-score FEV; mean (sp) 0.32 (0.90) —0.26 (0.96) —0.38 (0.89)

z-score FVC mean (sb) 0.64 (0.90) 0.12 (0.95) —0.018 (0.88)

z-score FEV;/FVC mean (sp) —0.53 (0.96) —0.60 (1.02) —0.57 (0.96)

FEV, <80% predicted, n (%) 6 (1) 30 (6) 33 (7)

FEV;: forced expiratory volume in 1 's; FVC: forced vital capacity; SABA: short-acting bronchodilator.

there was a borderline significance for more exacerbations among females (18% versus 12%, p=0.083) at
the 24 years follow-up. Lung function at 24 years of age was significantly better for FEV,;, FVC and
FEV{/FVC measured as z-score among the females than among the males (Table 2a-d of the
Supplementary information). There was no difference in BMI or smoking prevalence between the sexes.

Associations between asthma control and lung function
In the overall analysis, uncontrolled asthma was associated with a lower FEV,/FVC z-score in both the
unadjusted and the adjusted analysis (figure 2).

In the unadjusted age-specific analyses at each examination, uncontrolled asthma was associated with lower
FEV; at 16 years and with lower FEV/FVC at 16 and 24 years, but these associations were not significant
after adjustments (figure 3a—c).

In the sex-stratified analyses, the significant overall association between uncontrolled asthma and a lower
FEV,/FVC was found among females, but not males (figure 2); however this did not represent a
significant interaction (Pinteraction=0-10). In the age-specific analyses, the association between uncontrolled
asthma and lower FEV/FVC was found among the females at 24 years in the adjusted analyses (figure
3a—c, unadjusted results presented in Table 3 of the Supplementary information).

m Unadjusted
0.3 o Adjusted?
0.2 Q Female adjusted
4 Male adjusted

212:....{ ...... a8 tog - o b

z-score
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-0.3 . . .
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FIGURE 2 Overall estimates (regression coefficient and 95% Cl):
differences in lung function z-score for uncontrolled asthma in
comparison to controlled asthma from 8 to 24years of age.
#. adjusted for sex, BMI group, allergic sensitisation, ICS use,
current asthma, participant’s own smoking and environmental
smoke exposure. BMI: body mass index; ICS: inhaled corticosteroid.

https://doi.org/10.1183/23120541.00179-2021 5


http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00179-2021.figures-only#fig-data-supplementary-materials
http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00179-2021.figures-only#fig-data-supplementary-materials
http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00179-2021.figures-only#fig-data-supplementary-materials
http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00179-2021.figures-only#fig-data-supplementary-materials

ERJ OPEN RESEARCH

ORIGINAL RESEARCH ARTICLE | |. MOGENSEN ET AL.

m Unadjusted @ Female adjusted”

a) 041 b) 04+ O Adjusted® 3 Male adjusted®
0.2 4 0.2
o % g
S 0.0 f e T L S 0.0 dde o e e
w w
N } N
-0.2 -0.2
_0-4 T T T _0~4 T T T
8 years 16 years 24 years 8 years 16 years 24 years
Age at examination Age at examination
¢ 0.2-
0.0 e L % .....
. ! f
8 -0.2
Q
N
-0.4 -
-0.6 T

T
8 years 16 years

Age at examination

T
24 years

FIGURE 3 Estimates (regression coefficient and 95% Cl): for the association between uncontrolled asthma and lung function z-score compared to
controlled asthma at 8, 16 and 24 years of age. a) FEVy; b) FVC; ) FEV;/FVC. *: adjusted for sex, BMI group, allergic sensitisation, ICS use, current
asthma, participant’s own smoking and environmental smoke exposure. BMI: body mass index; FEV;: forced expiratory volume in 1 s; FVC: forced
vital capacity; ICS: inhaled corticosteroid.

Analyses stratified by clinical biomarkers and smoking

In the stratified analysis for elevated blood eosinophils, no clear differences were found in the association
between uncontrolled asthma and lung function impairment between the group with elevated and
nonelevated blood eosinophils (Pineraction™>0.5) (figure 4a).

In the group with elevated Fgno there was a significant association between uncontrolled asthma and lower
FEV; and FEV/FVC in the overall analysis, which is in contrast to the group with nonelevated Fgno
(FEV1 pinteraction:0-028, FEVl/FVC pimeraction:O-OGO) (figure 4b)

The group with allergic sensitisation had a pattern with more pronounced association between uncontrolled
asthma and lower FEV, although not a significant interaction (piperaction=0-088) (figure 4c).

The association between uncontrolled asthma and lung function in ever smokers versus never smokers did
not show any major differences in the estimates (Pinteraction>0-2), although the association between
uncontrolled asthma and lower FEV/FVC was significant in the never smoking group only (figure 4d).

Sensitivity analysis

The sensitivity analyses for uncontrolled asthma excluding the individuals reporting an asthma attack the
previous year yielded a significant association between uncontrolled asthma and a lower FEV/FVC ratio
compared to the group with controlled asthma (z-score —0.082; 95% CI —0.158 to —0.007; p=0.032)
(Table 4 of the Supplementary information).

Discussion

In this investigation, using longitudinal data from a prospective birth cohort, the aim was to evaluate the
associations between uncontrolled asthma and lung function measured with dynamic spirometry from 8 to
24 years of age. Our main findings partly confirm our hypothesis, and we found a significant association
between uncontrolled asthma and a lower FEV/FVC ratio (z-score) from 8 to 24 years in comparison to
the group with controlled asthma. However, this was after stratification for sex primarily found among the
females. Further, among the participants with elevated Fgno an association between uncontrolled asthma
and lower FEV; and FEV{/FVC was present, in contrast to participants with normal Fgyo.
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FIGURE 4 a) Association between uncontrolled asthma and lung function measured as z-score (regression
coefficient and 95% Cl), compared to controlled asthma, stratified for elevated blood eosinophils (B-Eos)
>0.3x10° cells'L™%. b) Association between uncontrolled asthma and lung function measured as z-score
(regression coefficient and 95% Cl), compared to controlled asthma, stratified for elevated fraction of exhaled
nitric oxide (Feno) =25 ppb. ¢) Association between uncontrolled asthma and lung function measured as
z-score (regression coefficient and 95% Cl), compared to controlled asthma, stratified for allergic sensitisation
(positive Phadiatop) at any examination. d) Association between uncontrolled asthma and lung function
measured as z-score (regression coefficient and 95% Cl), compared to controlled asthma, stratified for never or
ever smoking.

Asthma exacerbations have previously been found to be associated with impaired lung function
development and airflow obstruction [16, 32]. Although uncontrolled asthma has been found to be a risk
factor for lower maximally attained lung function [11], and bronchial hyper-responsiveness has been found
to be associated with reduced lung function [17, 33], no studies to our knowledge have directly addressed
the association between asthma control and lung function from childhood to early adulthood and the
impact of sex.

An unexpected finding was the pronounced sex difference in the association between uncontrolled asthma
and airflow obstruction, found primarily among females. The female-to-male ratio in current asthma in the
group increased over the investigated time period, in line with the literature [20]. However, this was
adjusted for in the main analysis. The males also had a generally poorer lung function (measured as
z-score) than the females at 24 years of age, possibly indicating other factors to be more important for lung
function among asthmatic males than females. We found a nonsignificant trend for more prevalent
uncontrolled asthma and more exacerbations in females than in males with increasing age, while the
self-reported use of ICS was similar between the groups. This could possibly indicate an undertreatment,
or inefficient treatment, among the participating females. In a study by Dukstra et al. [34], ICS was (in
adults) found to reduce the decline of FEV; in males with asthma while this was not found in women,
despite a similar rate of decline before the onset of ICS treatment. Similarly, Convery et al. [35] found a
poorer steroid response in airway responsiveness among women than men. The previously described risk
during adolescence, of “getting lost” between caregivers in the transition from paediatric to adult
healthcare could further lead to a delay in diagnosing new-onset asthma, more prevalent among females
during adolescence. This may also result in lack of initiation or poor adherence to maintenance therapy
with potentially severe side-effects such as asthma attacks and uncontrolled asthma. The finding that an
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elevated Fpno was a risk factor for an enhanced association between asthma control and airflow
obstruction could support this hypothesis, taking into consideration Frno as a marker for steroid-sensitive
asthma [36]. Sex hormones [37] could be another factor at play affecting females and males differently,
although in females, uncontrolled asthma seems to affect lung function more than in males.

Elevated Fgno was found to affect the association between uncontrolled asthma and lower lung function,
making it more pronounced. In contrast, the association between uncontrolled asthma and lung function
was not affected by elevated blood eosinophil levels despite higher blood eosinophils previously having
been linked to impaired lung function development in adolescence and early adulthood [11].

Blood eosinophils and Fgno are both markers for type-2 inflammation. Fgno is increased by type-2
inflammation in the airway epithelium [38], while the eosinophil level in the blood implicates a systemic
component of the inflammation. A possible interpretation of our results is that poor asthma control with
elevated Frno is a sign of local asthmatic airway inflammation, leading to airway injuries and development
of airflow obstruction. The blood eosinophil level, on the other hand, is in itself associated with airflow
obstruction, also shown in nonasthmatic populations [13, 39], and the effect is possibly less dependent on
asthma control.

In this study a well characterised group of young adults followed from school age was investigated with
spirometry and information on allergic sensitisation and biomarkers for inflammation. The group
population was large, and the data were collected in a structured manner by experienced personnel.
However, there are some limitations to take into consideration when interpreting the results. Only
participants with asthma at any of the investigated time points were included, and the included group is not
representative of the BAMSE cohort as a whole, or of the general population. This was done to avoid the
confounding from asthma in a population-based sample, but still cover also “asthma susceptible”
participants with previous or incidental asthma during adolescence and early adulthood. To compensate for
the shifting presence of asthma, the main analysis and the gender-stratified analyses were adjusted for
current asthma.

Pre-bronchodilatory spirometry measurements were used, and uncontrolled asthma at the examination
could give falsely low values. This is a limitation that could overestimate the association with lower lung
function.

Conclusion

Uncontrolled asthma is associated with lower FEV{/FVC during childhood and early adulthood and is
affected by Fgno levels and sex. An intensified treatment of children and adolescents with symptomatic
asthma and especially with elevated Fryo could have important implications for future lung health. Our
results further suggest females with uncontrolled asthma to be at a higher risk for lung function
impairment and airflow obstruction than females with controlled asthma, in contrast to males where this
association was not found, despite a generally worse lung function than the females at 24 years.

The sex difference in the association between asthma control and lung function, despite similar background
characteristics found in our study, implicates a need for further research.
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