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Abstract

Introduction

Preterm birth is associated with increased risk of respiratory symptoms in childhood, often
treated with asthma medication. We designed a follow-up study to previous research and
investigated whether the association of gestational age with purchasing asthma medication
diminishes in adulthood.

Methods

We conducted a register-based study of a national cohort of all infants born in Denmark in
1980—2009 evaluating longitudinal data on individually prescribed asthma medication (both
inhaled B3-2 receptor agonist and different controller treatment over 2-year periods) available
from 1995-2011. We analyzed the effect of gestational age considering age, birth year, and
perinatal variables using logistic regression with a Generalized Estimating Equations model.
All data were unambiguously linked through the Civil Registration System.

Results

We included 1,819,743 individuals in our study population. We found an inverse dose-
response relationship between gestational age and asthma medication in earlier age-groups
with a gradual decrease in odds ratios with increasing age and loss of statistical significance
in early adulthood (18—31 years). For our oldest generations, there was a significant effect
of gestational age (p-value = 0.04), which became insignificant when adjusting for confound-
ing and mediating factors (p = 0.44). There were significant interactions between gestational
age and age (p<0.0001) and gestational age and birth year, but these were most important
during childhood (0—11 years) and for our youngest generations (born after 1995).
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Conclusion

The strong association between gestational age and purchase of prescription asthma medi-
cation weakens with age into early adulthood, in consistence with the results from our previ-
ous study. The risk for purchasing medication to treat asthma-like symptoms was higher in
more recent birth years, but the effect of gestational age was small beyond 11 years of age.
Gestational age per se did not seem to be significant for the development of asthma-like
symptoms: most of its effect could be explained by other perinatal factors.

Introduction

Individuals born preterm experience increased respiratory symptoms later in life [1], often
reported and treated as asthma, although the underlying pathophysiologic pathways might
prove to be quite different [2]. This is documented by an increased use of prescription asthma
medication—especially during early childhood—compared to their peers born at term [3-5].
In a large cross-sectional register study, we previously demonstrated a clear inverse dose-
response relationship with decreasing gestational age (GA) but the effect seemed to diminish
with age and lose significance in adulthood [5].

Asthma prevalence in the general population, however, is steadily increasing [6], and the
chances of survival for the most ill and most immature infants have increased [7]. Thus, the
weaker association between GA and use of prescription asthma medication in the older
cohorts of our previous study could partly be attributable to the ‘healthy survivor’ effect, i.e.
the older generations of children born preterm may simply be at lower risk of developing asth-
matic symptoms requiring treatment with asthma medication, since the more vulnerable new-
borns were less likely to survive. This confounding by time period is often referred to as a
cohort effect or generations effect [8]. Our previous findings [5] were limited by the risk of
such a cohort effect and the cross-sectional design of that study did not allow a distinction
between an actual decrease of the effect of GA and individuals who were simply born with a
lower risk of asthma in adulthood.

Most follow up studies on respiratory sequelae after prematurity are cross-sectional and
longitudinal trends from early childhood until adulthood are missing [9,10]. However, longi-
tudinal data, repeated measurements on the same individuals and corresponding analyses are
required to reliably reveal the true trends in use of asthma medication throughout childhood,
adolescence and young adulthood and to demonstrate whether the association actually weak-
ens over time. Therefore, we conducted this longitudinal study following birth year cohorts
over time, their individual and repeated use of prescription asthma medication and its associa-
tion with gestational age, under the hypothesis that the association found in early childhood
does not persist into adulthood.

Material and methods
Data sources, access and ethics

We conducted a retrospective longitudinal observational register-based study of a national
cohort of all infants born in Denmark in 1980-2009, created from a database used in a previ-
ous study [5]. The database was formed by linking all social and health entries from the Medi-
cal Birth Registry, the National Patient Register, the Register of Education of the Population
and the Cause of Death Register to individual Central Personal Registration (CPR) numbers,
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which were then anonymized before access was given to the researchers. The Danish registers
are consistently and unambiguously linked on an individual basis as a result of the Civil Regis-
tration System, where a unique CPR number is assigned to each individual at birth and used
for all register entries of social and health services. The data sources for the Danish registers,
their uses and their limitations have previously been thoroughly described [5,11-13]. The data-
base was fully accessible to the researchers in its anonymized form, and the study has been
approved by the Danish Data Protection Agency and Danish Health and Medicines Authority
(Jr.no 2007-41-0806). Danish law does not require individual ethical approval for this kind of
study. The anonymized data are available from Statistics Denmark. Access can be granted to
Danish research environments that are pre-approved by Statistics Denmark or to foreign
researchers with an affiliation to a Danish authorized environment. Whilst we cannot guaran-
tee such an access, we can assist interested institutions in any request in this context. We have
followed the Reporting of studies Conducted using Observational Routinely-collected Data
(RECORD) [14] guidelines and a RECORD statement can be found in S1 Table.

Study population

The study population was based on a cohort including all registered births in Denmark during
the period 01.01.1980-31.12.2009 from the Medical Birth Registry. We excluded individuals
who were stillborn, who had missing data on GA, gender or birth weight, or who had abnor-
mal birth weight values defined as differing more than +/- 5 standard deviations (SD) from ref-
erence mean birth weights [15]. In addition, birth weight was set as missing if inferior to 100 g
or superior to 9000 g and GA was set as missing outside the 23-45 weeks’ range, both under
assumption of misclassification.

Outcome

Data from the Danish National Prescription Registry provided the basis of our outcome assess-
ment. The registry contains data on all purchases of prescription medication from all non-hos-
pital pharmacies available during the period 1995-2011 [16,17]. The outcome, prescription
asthma medication, was defined from Anatomical Therapeutic Chemical (ATC) codes in
agreement with our previous study [5] as either:

« a combination of at least one purchase of inhaled selective 3-2 receptor agonist (R03AC) and
at least two purchases of one of the following other drugs for obstructive airway disease:
inhaled glucocorticoids (RO3BA), inhaled anticholinergics (R03BB), teophyllins (RO3DA),
oral leukotriene-receptor antagonists (R03DC), systemic steroid (H02AB) or

« atleast two purchases of a combination inhaler (RO3AK, RO3AL).

The outcome was evaluated from every even birthday starting from 0 years and in the fol-
lowing 2-year period (0-1, 2-3 years etc.). Only complete 2-year periods within the time frame
1995-2011 were evaluated. The 2-year period was also censored if the follow-up was not com-
plete due to either death before or during the period or due to residence abroad at the start of
the period or emigration during the 2-year period.

Covariates

o GA: The main exposure of interest was gestational age in full weeks and 4 main groups were
considered: term with GA > 37, moderately preterm with GA 32-36, very preterm with GA
28-31 and extremely preterm with GA 23-27 weeks. GA was modelled as an ordinal variable
with 4 levels from term to extremely preterm. Thus, the resulting ORs are for a one unit
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increase in prematurity (e.g. from GA group 32-36 to group 28-31 weeks), with the term
group as the reference. This approach was chosen based on superior goodness-of-fit statistics
compared with a model treating GA as a categorical variable.

« Age groups: Each 2-year observation period was categorized according to the following age
groups: 0-1 (infants), 2-5 (preschoolers), 6-11 (school-aged children), 12-17 (adolescents),
18-23 and 24-31 years (adults) under parametric assumptions.

« Birth year: grouped into 1980-1984, 1985-1989, 1990-1994, 1995-1999, 2000-2004 and
2005-2009 under parametric assumptions.

In addition, we included the following variables with known associations with preterm birth
and asthma in the analysis:

o Birth weight (BW): Small-for-gestational-age (SGA) was defined as a BW < -2 SD from Mar-
sal’s reference value [15].

e Sex.

Firstborn.

Multiple birth.

Delivery method: vaginal birth or cesarean section (emergency and elective).

Maternal educational level: evaluated at time of birth and divided into three groups per the
International Standard Classification of Education 2011 (ISCED) [18]. Group 1 included
ISCED levels 0-2, group 2 levels 3-4 and group 3 levels 5-8. When information on maternal
educational level was missing, data on paternal educational level were used instead.

Maternal asthma and atopy medication: Asthma medication followed the same definition
as the outcome and was evaluated in a 2-year period prior to birth. Since data were only
available from 1995, for births before 1997, a 2-year period beginning in 1995 was used to
supply data as close to birth as possible. Atopy medication was defined as at least one pur-
chase of prescribed (ATC-codes): nasal steroid spray (R01AD), facial steroid cream group I
(D07AA), steroid cream group III (D07AC) during the same 2-year period.

Neonatal respiratory morbidity: assessed from admission data during the first 6 months after
birth. The diagnoses used for acute neonatal respiratory disease were (International Classifi-
cation of Diseases codes): respiratory distress and transitory tachypnea of the neonate (ICD-
8 776.290/ICD-10 P22.1 and P22.8), respiratory distress syndrome (ICD-8 776.190/ICD-10
P22.0) and neonatal emphysema (ICD-8 776.200/ICD-10 P25.0). The diagnoses included for
chronic neonatal respiratory disease were pulmonary fibrosis (ICD-8 517.010) before 1994
and bronchopulmonary dysplasia (BPD) (ICD-10 P27.1) after the 1994 classification system
change.

Maternal smoking during pregnancy: self-reported at prenatal visits. The variable was avail-
able from 1991 (only evaluated in a sub-group analysis).

Statistical analyses

We analyzed our primary outcome using a logistic regression on the binomial asthma medica-
tion outcome. All valid outcome measurements from all individuals were analyzed together,
and intra-person dependence was accounted for by using Generalized Estimating Equations
(GEE) with an autoregressive working correlation matrix. Thereby, the GEE model allows for
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several measurements on the same individual to be analyzed together—which is not normally
possible due to assumptions of independency—while correcting for potential correlation
between measurements on the same individual. The repeated measures allow for an individual
follow-up on a potentially decreasing asthma medication purchase over time. Analyses were
carried out in two different models:

o Model 1: adjusted for GA, age, year of birth and both interactions between GA and age
groups and GA and birth year groups respectively.

o Model 2: as model 1 + variables present at birth (SGA, sex, siblings, multiple birth, delivery
method, maternal educational level, maternal asthma and atopy medication) and variables
from the neonatal period (acute and chronic neonatal respiratory morbidity).

Observations with missing data in the explanatory variables in model 2 were censored in
the analyses.

The model 2 analysis was also done on a subgroup from the later years with data available
on maternal smoking during pregnancy to explore the effect of this potential confounder.

All data management, analyses and graphic illustrations were performed in SAS Statistical
Software (version 9.4, SAS Institute, USA).

Results
Study population

A total of 1,819,743 individuals (86% of all registered births from 1980-2009) were included in
the study population after the exclusion criteria described in Fig 1. The baseline characteristics
are described in Table 1. BPD was linked to extreme prematurity (31.5% for GA 23-27 com-
pared to 4.0% for GA 28-31, 0.04% for GA 32-36 and 0.0% for GA 37+), whereas acute neona-
tal respiratory disease also occurred in milder degrees of prematurity (18.2% in moderately
preterm, 61.6% in very preterm and 77.0% in extremely preterm). Maternal factors such as
asthma medication (5.1-6.2%), atopy medication (14.3-18.6%), and smoking (22.2-28.9%)
showed smaller differences in distribution.

The distribution of missing values in the study population is described in Table 2.

Statistical analyses

The extraction of data on the outcome purchase of prescription asthma medication yielded a
total of 10,521,952 2-year period observations for the included 1,819,743 individuals, of which
299,728 (2.8%) 2-year periods were censored due to emigration or death. Of the non-censored
observations, 448,728 (4.4%) were registered as positive for asthma medication.

The inverse dose-response relationship between GA and the crude rate of purchase of pre-
scription asthma medication was consistent across all age groups, although the gradient
decreased markedly during childhood (Fig 2).

The number of observations varied among the birth cohorts and calendar years since medi-
cation data was only available from 1995 and considering the latest birth cohorts only had a
limited period of observation (Fig 3).

We first explored the effect of GA per se using the GEE model 2 with the GA groups as a cat-
egorical variable to allow for independent estimates of effects. The adjusted analysis supports
the findings from our descriptive analyses, illustrating a higher odds-ratio (OR) for more pre-
term GA-groups until age 12-17 years, a gradual decrease in ORs with age and loss of statisti-
cal significance in early adulthood (Fig 4).
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Unique CPR numbers
year 1980-2009
n=2,114,536

\ 4

Live births
n= 2,108,653

Stillborn
n= 5883

v

Missing values
Both GA and BW (n = 242,599)
GA (n =26,031)
BW (n =6,503)
Gender (h=112)
Total n= 275,245

Live births with GA and
BW
n= 1,833,408

\ 4

Live births with GA and
likely BW-values
n= 1,831,207

BWe-value outliers
n= 2201

\ 4

Dead before follow-up
Dead before 2 years of age (n = 10,194)
Dead before 1997 (n=_1,270)
Total n = 11,464

Final population
n= 1,819,743

Fig 1. Flow-chart with exclusions from national birth cohort to final study population. CPR: Central Personal
Registration, GA: gestational age, BW: birth weight.

https://doi.org/10.1371/journal.pone.0199884.9001
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Table 1. Baseline characteristics of final study population in %.

GA 37+ GA 32-36 GA 28-31 GA 23-27
(n=1,717,214) (n = 89,540) (n=10,631) (n=2,381)
Male sex 51.1 54.4 54.8 52.2
SGA 3.0 10.9 20.3 12.8
Cesarean section 13.9 39.4 65.6 54.0
Multiple birth 2.0 22.7 30.4 28.5
First born 44.8 53.7 58.2 60.5
BPD 0.0 0.04 4.0 31.5
Acute neonatal respiratory disease 1.7 18.2 61.6 77.0
Maternal educational level (ISCED) 0-2 37.6 40.2 40.1 41.3
3-4 36.1 36.8 37.3 35.8
5-8 26.3 23.0 22.7 22.8
Maternal asthma medication 5.1 5.4 6.2 5.6
Maternal atopy medication 18.6 15.9 14.7 14.3
Maternal smoking 222 26.9 28.9 26.7

https://doi.org/10.1371/journal.pone.0199884.t001

Next, GA was modelled as an ordinal variable, i.e. the GA groups as a variable with four
steps. In Table 3, the main effect of age demonstrates that across the board, the risk of respira-
tory symptoms with asthma medication purchase decreases with age. Because the reference
was set as 24-31 years for the age variable and years 1980-1984 for the birth year variable, the
main effect of GA (p = 0.44 in model 2) corresponds to the effect of GA at 24-31-years in indi-
viduals born 1980-1984. In model 1, GA showed a marginally significantly increased risk of
asthma medication purchase for the oldest generations (p-value = 0.04).

The interaction terms GA*age (p-value<0.0001) and GA*birth year (p-value 0.001) were
significant overall. We found a substantial effect of GA in children below 12 years of age and
from birth year 1995 (ORs 1.33, 1.33 and 1.14 for age groups 0, 2-5 and 6-11 respectively and
1.12, 1.11 and 1.10 for birth years 2005-2009, 2000-2004 and 1995-1999 respectively), while it
was marginal for older individuals and earlier birth years (Table 3).

Sub-group analyses

The sub-group-analysis on individuals with available data on maternal smoking during preg-
nancy demonstrated that this potential confounder had only little effect. The data consisted of

Table 2. Distribution of missing values in final study population in crude numbers (%).

First born Multiple birth Cesarean section Maternal educational level Maternal smoking
n (%) n (%) n (%) n (%) n (%)
Total 4906 (0.3) 21 (0.0) 2614 (0.1) 14,029 (0.8) 638,050 (35.1)
By birth year group 1980-1984 0(0.0) 1(0.0) 1845 (0.8) 3098 (1.3) 243,465 (100)
1985-1989 1(0.0) 4(0.0) 433(0.2) 3073 (1.1) 281,384 (100)
1990-1994 0(0.0) 2(0.0) 127 (0.0) 2567 (0.8) 80,499 (24.8)
1995-1999 562 (0.2) 13 (0.0) 91 (0.0) 1882 (0.6) 16,881 (5.1)
2000-2004 609 (0.2) 1(0.0) 109 (0.0) 1044 (0.3) 8466 (2.6)
2005-2009 3734 (1.2) 0(0.0) 9 (0.0) 2365 (0.7) 7355 (2.3)
By gestational age group 37+ 4325 (0.3) 14 (0.0) 2419 (0.1) 13,253 (0.8) 605,081 (35.2)
32-36 478 (0.5) 4(0.0) 156 (0.1) 696 (0.8) 28,697 (32.1)
28-31 87(0.8) 0(0.0) 33(0.3) 68 (0.6) 3558 (33.5)
23-27 16 (0.7) 3(0.1) 6(0.3) 12 (0.5) 714 (30.0)

https://doi.org/10.1371/journal.pone.0199884.t002
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25

20

15

10

Asthma medication (%)

8-9 10-11 12-13 14-15 16-17 18-19 20-21 22-23 24-25 26-27 28-29 30-31
2-year period (age)

GA groups 37+ 32-36 = 28-31 f 23-27

Fig 2. The inverse dose-response relationship between GA groups and asthma medication (in %) decreases and weakens with age. GA: gestational age.

https://doi.org/10.1371/journal.pone.0199884.9g002

5,844,148 observations from 1,181,693 individuals born from 1991-2009 which were analyzed
with the GEE model 2 both with and without the smoking variable (S2 Table). While maternal
smoking showed an adjusted OR of 1.25 (95% confidence interval (CI) 1.24-1.27), inclusion of
the variable did not alter the effect size of the other variables considerably. In agreement with
main analyses, there was no significant effect of GA in the oldest group (18-19 years of age)
and a steady decrease in risk of asthma medication purchase with age was observed. It is
important to note, that this sub-group had almost complete outcome measurements from
birth for all individuals, ie. they do not lack baseline measurements for the oldest generations.

Discussion

In this unique longitudinal large dataset, we confirmed our previous findings from the cross-
sectional evaluation of the association between GA and purchase of prescription asthma medi-
cation [5]: the strong association found between GA and purchase of prescription asthma
medication in childhood weakens with age and largely disappears in adulthood. Importantly,
our current findings imply that the weakening of this association did not seem to be due sim-
ply to a cohort effect: the interaction terms between GA and birth year were statistically signifi-
cant only from 1995 and onwards. In the same manner, the interaction between GA and age
was statistically significant up to 11 years of age only. The birth year variable did however
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Number of observations

300000

200000

100000

6-7 8-9 10-11 12-13 14-15 16-17 18-19 20-21 22-23 24-25 26-27 28-29 30-31
2-year periods (age)

Birth year groups

—O— 2005-2009 —&—— 2000-2004 —FF— 1995-1999 —ie— 1990-1994 —A—— 1985-1989 —— 1980-1984

Fig 3. Distribution of number of observations on 2-year age periods by birth year groups. Illustration of the different follow-up age periods according to birth year

during the follow-up period 1995-2011.

https://doi.org/10.1371/journal.pone.0199884.9003

show a doubling of asthma risk over the time period studied (OR 2.27 in 2005-2009, compared
to 1980-1984), confirming the trend in asthma prevalences throughout the follow-up period
[6].

The estimate for the crude risk in 24-31-year-olds was small: +9% per GA group (OR 1.09,
95% CI 1.01-1.18). The adjusted risk was independent of GA.

Although children born preterm have a documented higher risk of respiratory complaints
[3], the decrease in association with GA during childhood might in part be related to improved
clinical assessment by diagnostic tools such as lung function (spirometry), which are typically
feasible from school age and onwards. Lung function assessment could indicate to the clinician
that the respiratory complaints of individuals born preterm are not necessarily similar to clas-
sical atopic asthma. They would therefore often be unresponsive to such medication. Further-
more, some children born preterm may “outgrow” their respiratory symptoms, for example
due to the catch-up alveolarization phenomenon [19]. In other words, the changes in asthma
medication over time could either be due to increased availability of diagnostic tools and the
ensuing more specific evaluation of treatment responses or to improved airway function with
age—if not objectively then subjectively. It is interesting to note however, that new research
points to a tracking of airway function in individuals born extremely preterm, revealing
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OR for asthma medication

4

0.5

I
1 il =il =]

2-5 6-11 12-17 18-23 24-31
Age groups

GA groups O 37+ < 32-36 O 28-31 > 23-27

Fig 4. ORs for purchase of prescription asthma medication in age groups per GA-group illustrating gradual decrease of the GA-effect to loss of statistical
significance in adulthood. The reference was GA 37+ at age 24-31. Adjusted for birth year, sex, SGA, maternal atopy and asthma medication, maternal educational
level, cesarean section, older sibling, acute and chronic neonatal respiratory disease and interactions GA*age group and GA* birth year. OR: odds-ratio, GA:

gestational age.

https://doi.org/10.1371/journal.pone.0199884.9004

persistent substantial airflow limitation and impaired airway function, both in individuals
with and without BPD [20,21].

The presence of a GA effect in young adults in model 1 (the crude risk), but absence in
model 2 (adjusted for all available potential confounding and modifying variables) suggests
that GA per se is not a significant risk factor for asthma medication purchase in adolescence
and young adulthood. In fact, it seems that the increase in crude risk is explained by factors
associated with the prenatal period or birth (maternal factors including atopic predispositions,
smoking, mode of delivery, sex, birth weight), and by factors of the neonatal period (respira-
tory distress and BPD). Maternal use of atopy medication and asthma medication (OR 1.37
and 5.57 respectively) and neonatal respiratory disease (OR 1.24 for acute disease and 1.44 for
BPD) seemed to be particularly strongly associated with the outcome. Put another way, these
factors may play a more significant role in determining an individual’s risk of later pulmonary
sequelae requiring anti-asthmatic treatment than the fact of being born preterm in itself. Indi-
viduals with these risk factors might still be at increased risk of impaired pulmonary function
in both child- and adulthood.
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Table 3. ORs main analyses.

Model 1 Model 2
OR (95% CI) Type-II1I test (p-value) OR (95% CI) Type-III test (p-value)

GA (per increase in group) 1.09 (1.01-1.18) 0.04 0.97 (0.90-1.05) 0.44
Age in years (reference: 24-31 years) 0 1.33 (1.23-1.45) <0.0001 1.34 (1.24-1.46) <0.0001

2-5 1.02 (0.94-1.10) 1.01 (0.93-1.09)

6-11 1.05 (0.98-1.14) 1.05 (0.97-1.13)

12-17 1.17 (1.09-1.26) 1.18 (1.09-1.26)

18-23 0.95 (0.89-1.02) 0.95 (0.89-1.01)
Birth year (reference: 1980-1984) 1985-1989 0.96 (0.88-1.05) <0.0001 0.96 (0.87-1.05) <0.0001

1990-1994 0.98 (0.89-1.06) 1.02 (0.93-1.11)

1995-1999 1.05 (0.96-1.14) 1.21(1.11-1.31)

2000-2004 | 1.24 (1.14-1.35) 1.51 (1.38-1.64)

2005-2009 1.89 (1.73-2.06) 2.27 (2.08-2.48)
Age * gestational age (reference: 24-31 years) 0 1.33 (1.23-1.43) <0.0001 1.36 (1.26-1.46) <0.0001

2-5 1.33 (1.24-1.43) 1.36 (1.26-1.46)

6-11 1.14 (1.06-1.22) 1.15 (1.07-1.24)

12-17 1.04 (0.97-1.11) 1.04 (0.98-1.11)

18-23 1.03 (0.97-1.09) 1.04 (0.98-1.10)
Birth year * gestational age (reference: 1980-1984) 1985-1989 1.02 (0.94-1.11) 0.02 1.02 (0.94-1.10) 0.001

1990-1994 1.07 (0.99-1.16) 1.03 (0.95-1.11)

1995-1999 1.10 (1.02-1.19) 1.11 (1.03-1.20)

2000-2004 1.11 (1.03-1.20) 1.10 (1.02-1.19)

2005-2009 1.12 (1.04-1.21) 1.12 (1.04-1.21)
Female sex NA 0.72 (0.72-0.73) <0.0001
Small for gestational age NA 1.09 (1.06-1.12) <0.0001
Maternal atopy medication NA 1.37 (1.35-1.38) <0.0001
Maternal asthma medication NA 5.57 (5.48-5.65) <0.0001
Maternal educational level (reference: ISCED 0-2) ISCED 3-4 NA 1.00 (0.99-1.01) <0.0001

ISCED 5-8 0.94 (0.93-0.95)
Cesarean section NA 1.13 (1.12-1.15) <0.0001
First born NA 1.03 (1.02-1.04) <0.0001
Acute neonatal respiratory disease NA 1.24 (1.21-1.28) <0.0001
BPD NA 1.44 (1.28-1.63) <0.0001

Estimates are adjusted for the other variables in the model.

OR: odds-ratio

95% CI: 95% confidence interval

NA: not applicable (not included in model)
*: interaction between separate links.

https://doi.org/10.1371/journal.pone.0199884.t003

The observational nature of the study does not permit an exploration of the causal pathways

and BPD remains a major risk factor for persistent decreased lung function and pulmonary
impairment, presumably throughout life, which emphasizes the need for a continuous follow-
up in order to explore the risk for COPD later in life regardless of BPD type (“old” vs. “new”)

[22-24].

The important strengths of the study are the inclusion of an almost complete nationwide
birth cohort and the access to emigrational data and death both in the country and abroad,
resulting in reliable censoring. The Danish National Prescription Registry provides high-
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quality data on all purchases of prescription medication: purchases are automatically registered
from all out-of-hospital pharmacies and digitally reported to the Danish Health Authority, and
the records form the basis for the Danish medication reimbursement system [25]. Data are
directly linked with the patient’s CPR number. In-hospital pharmacies are not included in the
database but have no sales. Therefore, only medications delivered at discharge would be miss-
ing in the database. Although the data were not originally collected for research purposes, all
these factors provide excellent external validity with low risk of misclassification and loss of
data. The concordance between questionnaire-based data and register data is high and has
been studied specifically for asthma medication in children [26]. The only self-reported vari-
able in the study was maternal smoking during pregnancy. The percentage of missing values
was low and homogeneously distributed except for the smoking variable (available only from
1991 and onward). There are no records of personal smoking history available in the Danish
registers.

The most important weaknesses are that the purchase of asthma and atopy medication was
used as a proxy for asthma-like symptoms and atopic disease respectively. However, purchase
of asthma medication has previously been validated as a good method for identifying asth-
matic school children with a high specificity [27]. Furthermore, the definition of our outcome
aimed at studying the more severe end of the disease spectrum. This strict outcome definition
also deals with the unknown factor of patient compliance under the assumption, that a patient
who has used a prescription more than once or used different drugs is considered more likely
to have actively used the prescribed drug. Though the definition of fixed 2-year periods (start-
ing every even birthday) may have lowered the prevalences further, we believe that it only con-
tributed to increasing the outcome reliability. The beginning of medication registration in
1995 also resulted in a lack of baseline asthma medication data for the oldest generations of the
study (Fig 3), which prevents a complete study of the trend in GA-effect in these individuals.
However, agreement between our main analyses and sub-group analyses with baseline-mea-
surements for almost all children implies that the lack of some baseline measurements in the
main analysis should not affect the results. Similarly, it was not possible to include other poten-
tially confounding factors such as maternal antibiotic use, which introduces the risk of residual
confounding. Finally, as the chance of survival of extremely preterm infants was small [28], the
oldest generations in our study had only few individuals born extremely preterm (0.1% of the
study population) and constituted a smaller part of the study population due to growing birth
numbers. The improvement of survival after preterm birth during the study period might neg-
atively affect the generalizability of the study. This could be indicated by the interaction
between GA and birth year, but since the youngest age groups of the study population have
not yet reached adulthood, we cannot yet conclude on this aspect.

Conclusion

In this longitudinal study, we did not find an association between GA and purchase of asthma
medication in older age groups, consistent with our prior belief that the effect of GA towards
the risk of asthma diminishes with age. It remains to be investigated if this association will
recur in later adulthood and whether it is prematurity per se or rather neonatal respiratory dis-
ease that increases the risk of pulmonary impairment later in life.

Supporting information

S1 Table. RECORD Statement. *Reference: Benchimol EI, Smeeth L, Guttmann A, Harron K,
Mobher D, Petersen I, Serensen HT, von Elm E, Langan SM, the RECORD Working Commit-
tee. The REporting of studies Conducted using Observational Routinely-collected health Data

PLOS ONE | https://doi.org/10.1371/journal.pone.0199884  July 5, 2018 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199884.s001
https://doi.org/10.1371/journal.pone.0199884

@° PLOS | ONE

Young adults born preterm do not have an increased use of asthma medication

(RECORD) Statement. PLoS Medicine 2015; in press. * Checklist is protected under Creative
Commons Attribution (CC BY) license.
(DOCX)

$2 Table. ORs for sub-group analysis on maternal smoking using model 2 with and with-
out inclusion of the variable.
(DOCX)

Author Contributions

Conceptualization: Anne Louise de Barros Damgaard, Theis Lange, Frederik Buchvald, Bo
Moglholm Hansen, Gorm Greisen.

Data curation: Anne Louise de Barros Damgaard, Rasmus Gregersen.
Formal analysis: Rasmus Gregersen, Theis Lange.
Funding acquisition: Anne Louise de Barros Damgaard, Gorm Greisen.

Investigation: Anne Louise de Barros Damgaard, Rasmus Gregersen, Theis Lange, Frederik
Buchvald, Bo Mglholm Hansen, Gorm Greisen.

Methodology: Anne Louise de Barros Damgaard, Rasmus Gregersen, Theis Lange, Gorm
Greisen.

Project administration: Anne Louise de Barros Damgaard, Rasmus Gregersen, Gorm
Greisen.

Resources: Gorm Greisen.

Software: Rasmus Gregersen.

Supervision: Anne Louise de Barros Damgaard, Theis Lange, Gorm Greisen.
Validation: Rasmus Gregersen, Theis Lange.

Visualization: Rasmus Gregersen, Gorm Greisen.

Writing - original draft: Anne Louise de Barros Damgaard.

Writing - review & editing: Anne Louise de Barros Damgaard, Rasmus Gregersen, Theis
Lange, Frederik Buchvald, Bo Mglholm Hansen, Gorm Greisen.

References

1. BeenJV, Lugtenberg MJ, Smets E, van Schayck CP, Kramer BW, Mommers M, et al. Preterm birth and
childhood wheezing disorders: a systematic review and meta-analysis. Lanphear BP, editor. Plos Med.
2014; 11: e1001596. https://doi.org/10.1371/journal.pmed.1001596 PMID: 24492409

2. Baraldi E, Bonetto G, Zacchello F, Filippone M. Low Exhaled Nitric Oxide in School-Age Children with
Bronchopulmonary Dysplasia and Airflow Limitation. Am J Respir Crit Care Med. 2005; 171: 68-72.
https://doi.org/10.1164/rccm.200403-2980C PMID: 15477497

3. VogtH, Lindstrom K, Braback L, Hjern A. Preterm Birth and Inhaled Corticosteroid Use in 6- to 19-Year-
Olds: A Swedish National Cohort Study. PEDIATRICS. 2011; 127: 1052—1059. https://doi.org/10.1542/
peds.2010-3083 PMID: 21555500

4. Boyle EM, Poulsen G, Field DJ, Kurinczuk JJ, Wolke D, Alfirevic Z, et al. Effects of gestational age at
birth on health outcomes at 3 and 5 years of age: population based cohort study. BMJ. 2012; 344:
e€896-e896. https://doi.org/10.1136/bmj.e896 PMID: 22381676

5. Damgaard AL, Hansen BM, Mathiasen R, Buchvald F, Lange T, Greisen G. Prematurity and prescrip-
tion asthma medication from childhood to young adulthood: a Danish national cohort study. Latzin P,
editor. PLoS ONE. 2015; 10: e01172583. https://doi.org/10.1371/journal.pone.0117253 PMID:
25651521

PLOS ONE | https://doi.org/10.1371/journal.pone.0199884  July 5, 2018 13/15


http://creativecommons.org/licenses/by/4.0/
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199884.s002
https://doi.org/10.1371/journal.pmed.1001596
http://www.ncbi.nlm.nih.gov/pubmed/24492409
https://doi.org/10.1164/rccm.200403-298OC
http://www.ncbi.nlm.nih.gov/pubmed/15477497
https://doi.org/10.1542/peds.2010-3083
https://doi.org/10.1542/peds.2010-3083
http://www.ncbi.nlm.nih.gov/pubmed/21555500
https://doi.org/10.1136/bmj.e896
http://www.ncbi.nlm.nih.gov/pubmed/22381676
https://doi.org/10.1371/journal.pone.0117253
http://www.ncbi.nlm.nih.gov/pubmed/25651521
https://doi.org/10.1371/journal.pone.0199884

@° PLOS | ONE

Young adults born preterm do not have an increased use of asthma medication

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

Anandan C, Nurmatov U, van Schayck OCP, Sheikh A. Is the prevalence of asthma declining? System-
atic review of epidemiological studies. Allergy. 2010; 65: 152—167. https://doi.org/10.1111/j.1398-9995.
2009.02244.x PMID: 19912154

Costeloe KL, Hennessy EM, Haider S, Stacey F, Marlow N, Draper ES. Short term outcomes after
extreme preterm birth in England: comparison of two birth cohorts in 1995 and 2006 (the EPICure stud-
ies). BMJ. 2012; 345: e7976—e7976. https://doi.org/10.1136/bmj.e7976 PMID: 23212881

Keyes KM, Utz RL, Robinson W, Li G. What is a cohort effect? Comparison of three statistical methods
for modeling cohort effects in obesity prevalence in the United States, 1971-2006. Social Science &
Medicine. 2010; 70: 1100-1108. https://doi.org/10.1016/j.socscimed.2009.12.018 PMID: 20122771

Been JV, Lugtenberg MJ, Smets E, van Schayck CP, Kramer BW, Mommers M, et al. Preterm birth and
childhood wheezing disorders: a systematic review and meta-analysis. Plos Med. Public Library of Sci-
ence; 2014; 11: e1001596. https://doi.org/10.1371/journal.pmed.1001596 PMID: 24492409

Kotecha SJ, Edwards MO, Watkins WJ, Henderson AJ, Paranjothy S, Dunstan FD, et al. Effect of pre-
term birth on later FEV1: a systematic review and meta-analysis. Thorax. BMJ Publishing Group Ltd
and British Thoracic Society; 2013; 68: thoraxjnl—2012-203079-7686. https://doi.org/10.1136/thoraxjnl-
2012-203079 PMID: 23604458

Schmidt M, Schmidt SAJ, Sandegaard JL, Ehrenstein V, Pedersen L, Sgrensen HT. The Danish
National Patient Registry: a review of content, data quality, and research potential. Clin Epidemiol.
2015; 7: 449-490. https://doi.org/10.2147/CLEP.S91125 PMID: 26604824

Pedersen CB. The Danish Civil Registration System. Scandinavian Journal of Public Health. 2011; 39:
22-25. https://doi.org/10.1177/1403494810387965 PMID: 21775345

Frank L. Epidemiology. When an entire country is a cohort. Science (New York, NY). 2000.: 2398—
2399.

Benchimol El, Smeeth L, Guttmann A, Harron K, Moher D, Petersen |, et al. The REporting of studies
Conducted using Observational Routinely-collected health Data (RECORD) Statement. Plos Med. Pub-
lic Library of Science; 2015; 12: e1001885-22. https://doi.org/10.1371/journal.pmed.1001885 PMID:
26440803

Marsal K, Persson PH, Larsen T, Lilja H, Selbing A, Sultan B. Intrauterine growth curves based on ultra-
sonically estimated foetal weights. Acta Paediatr. 1996; 85: 843—-848. PMID: 8819552

Pottegard A, Schmidt SAJ, Wallach-Kildemoes H, Serensen HT, Hallas J, Schmidt M. Data Resource
Profile: The Danish National Prescription Registry. International Journal of Epidemiology. 2017; 46:
798-798f. https://doi.org/10.1093/ije/dyw213 PMID: 27789670

Johannesdottir SA, Horvath-Puho E, Ehrenstein V, Schmidt Pedersen L, Sgrensen H. Existing data
sources for clinical epidemiology: The Danish National Database of Reimbursed Prescriptions. Clin Epi-
demiol. 2012;: 303. https://doi.org/10.2147/CLEP.S37587 PMID: 23204870

UNESCO Institute for Statistics. International Standard Classification of Education ISCED 2011. In:
UNESCO [Internet]. [cited 27 Dec 2016]. http://uis.unesco.org/sites/default/files/documents/
international-standard-classification-of-education-isced-2011-en.pdf

Narayanan M, Beardsmore CS, Owers-Bradley J, Dogaru CM, Mada M, Ball |, et al. Catch-up alveolari-
zation in ex-preterm children: evidence from (3)He magnetic resonance. Am J Respir Crit Care Med.
2013; 187: 1104—1109. https://doi.org/10.1164/rccm.201210-18500C PMID: 23491406

Fortuna M, Carraro S, Temporin E, Berardi M, Zanconato S, Salvadori S, et al. Mid-childhood lung func-
tion in a cohort of children with “new bronchopulmonary dysplasia". Pediatr Puimonol. 2016; 51: 1057—
1064. https://doi.org/10.1002/ppul.23422 PMID: 27077215

Lo J, Zivanovic S, Lunt A, Alcazar-Paris M, Andradi G, Thomas M, et al. Longitudinal assessment of
lung function in extremely prematurely born children. Pediatr Pulmonol. 2018. https://doi.org/10.1002/
ppul.23933 PMID: 29316378

Martinez FD. Early-Life Origins of Chronic Obstructive Pulmonary Disease. Drazen JM, editor. N Engl J
Med. 2016; 375: 871-878. https://doi.org/10.1056/NEJMra1603287 PMID: 27579637

Priante E, Moschino L, Mardegan V, Manzoni P, Salvadori S, Baraldi E. Respiratory Outcome after Pre-
term Birth: A Long and Difficult Journey. Am J Perinatol. Thieme Medical Publishers; 2016; 33: 1040—
1042. https://doi.org/10.1055/s-0036-1586172 PMID: 27603531

Jobe A. Mechanisms of Lung Injury and Bronchopulmonary Dysplasia. Am J Perinatol. 2016; 33: 1076—
1078. https://doi.org/10.1055/s-0036-1586107 PMID: 27603539

Wallach Kildemoes H, Toft Sorensen H, Hallas J. The Danish National Prescription Registry. Scandina-
vian Journal of Public Health. 2011; 39: 38—41. https://doi.org/10.1177/1403494810394717 PMID:
21775349

PLOS ONE | https://doi.org/10.1371/journal.pone.0199884  July 5, 2018 14/15


https://doi.org/10.1111/j.1398-9995.2009.02244.x
https://doi.org/10.1111/j.1398-9995.2009.02244.x
http://www.ncbi.nlm.nih.gov/pubmed/19912154
https://doi.org/10.1136/bmj.e7976
http://www.ncbi.nlm.nih.gov/pubmed/23212881
https://doi.org/10.1016/j.socscimed.2009.12.018
http://www.ncbi.nlm.nih.gov/pubmed/20122771
https://doi.org/10.1371/journal.pmed.1001596
http://www.ncbi.nlm.nih.gov/pubmed/24492409
https://doi.org/10.1136/thoraxjnl-2012-203079
https://doi.org/10.1136/thoraxjnl-2012-203079
http://www.ncbi.nlm.nih.gov/pubmed/23604458
https://doi.org/10.2147/CLEP.S91125
http://www.ncbi.nlm.nih.gov/pubmed/26604824
https://doi.org/10.1177/1403494810387965
http://www.ncbi.nlm.nih.gov/pubmed/21775345
https://doi.org/10.1371/journal.pmed.1001885
http://www.ncbi.nlm.nih.gov/pubmed/26440803
http://www.ncbi.nlm.nih.gov/pubmed/8819552
https://doi.org/10.1093/ije/dyw213
http://www.ncbi.nlm.nih.gov/pubmed/27789670
https://doi.org/10.2147/CLEP.S37587
http://www.ncbi.nlm.nih.gov/pubmed/23204870
http://uis.unesco.org/sites/default/files/documents/international-standard-classification-of-education-isced-2011-en.pdf
http://uis.unesco.org/sites/default/files/documents/international-standard-classification-of-education-isced-2011-en.pdf
https://doi.org/10.1164/rccm.201210-1850OC
http://www.ncbi.nlm.nih.gov/pubmed/23491406
https://doi.org/10.1002/ppul.23422
http://www.ncbi.nlm.nih.gov/pubmed/27077215
https://doi.org/10.1002/ppul.23933
https://doi.org/10.1002/ppul.23933
http://www.ncbi.nlm.nih.gov/pubmed/29316378
https://doi.org/10.1056/NEJMra1603287
http://www.ncbi.nlm.nih.gov/pubmed/27579637
https://doi.org/10.1055/s-0036-1586172
http://www.ncbi.nlm.nih.gov/pubmed/27603531
https://doi.org/10.1055/s-0036-1586107
http://www.ncbi.nlm.nih.gov/pubmed/27603539
https://doi.org/10.1177/1403494810394717
http://www.ncbi.nlm.nih.gov/pubmed/21775349
https://doi.org/10.1371/journal.pone.0199884

o @
@ : PLOS | ONE Young adults born preterm do not have an increased use of asthma medication

26. Wogelius P, Poulsen S, Sgrensen HT. Validity of parental-reported questionnaire data on Danish chil-
dren’s use of asthma-drugs: a comparison with a population-based prescription database. Eur J Epide-
miol. 2005; 20: 17-22. PMID: 15756900

27. Moth G, Vedsted P, Schigtz P. Identification of asthmatic children using prescription data and diagnosis.
European Journal of Clinical Pharmacology. 2007; 63: 605—611. https://doi.org/10.1007/s00228-007-
0286-4 PMID: 17387463

28. Goldenberg RL, Culhane JF, lams JD, Romero R. Epidemiology and causes of preterm birth. Lancet.
2008; 371: 75-84. https://doi.org/10.1016/S0140-6736(08)60074-4 PMID: 18177778

PLOS ONE | https://doi.org/10.1371/journal.pone.0199884  July 5, 2018 15/15


http://www.ncbi.nlm.nih.gov/pubmed/15756900
https://doi.org/10.1007/s00228-007-0286-4
https://doi.org/10.1007/s00228-007-0286-4
http://www.ncbi.nlm.nih.gov/pubmed/17387463
https://doi.org/10.1016/S0140-6736(08)60074-4
http://www.ncbi.nlm.nih.gov/pubmed/18177778
https://doi.org/10.1371/journal.pone.0199884

