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Abstract
Bronchopulmonary dysplasia (BPD) is one of the most important sequelae of premature birth. There is concern that in
some patients, lung injuries early in life may have lifelong consequences. In this retrospective observational cohort
study, lung function evolution in children with BPD was investigated from childhood to young adulthood. Data from
355 pulmonary function tests (PFT) in 24 patients were analyzed, with a median age at first PFT of 7.6 years and at last
PFT 18.2 years. FEV, and FEV|/FVC were below the 5th percentile in respectively 18 and 13/24 patients. Comparing
first and last measurement, there was significant worsening in FEV, from a mean of 71.3% pred (SD 18.3) to 66.7%
pred (SD 21.7) (p <0.05) and in FEV/FVC from 85.4% pred (SD 15.2) to 79.8% pred (SD 17.3) (p =0.01). Evaluation
of the individual lung function changes with linear regression showed deterioration in FEV;, FVC, and FEV/FVC in
respectively 17, 13, and 17/24 patients. Total group analysis showed significant deterioration in FEV; (—0.7%/year, p =
0.002) and FEV{/FVC (- 0.5%/year, p=0.01). None of the 11 patients born up to 1990 improved in FEV; vs 7 of the 13
patients born after 1990 (p =0.006).

Conclusion: This points out to further deterioration of the lung function during childhood in this selected group of children
with BPD.

What is Known:
* Data on longitudinal changes in lung function in children with BPD are scarce.

What is New:

* In children with BPD at the severe end of the disease spectrum, lung function does not improve over time. On the contrary, in two-thirds of the subjects
studied FEV; and FEV,/FVC worsen over time.

* Lung function evolution towards adulthood was somewhat more favorable in children born after 1990 compared with those born earlier, probably
reflecting improvements in neonatal care in subjects with new type BPD.
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Abbreviations
BD Bronchodilator

BPD  Bronchopulmonary dysplasia
FEV, Forced expiratory volume in 1 s
FVC  Forced vital capacity

LLN  Lower limit of normal

PFT  Pulmonary function test

PP Percent of predicted

Introduction

Bronchopulmonary dysplasia (BPD) is one of the most impor-
tant sequelae of premature birth. [1] BPD is defined as oxygen
dependency beyond 28 days of life and disease severity is
graded by assessing ventilatory support and the fraction of
inspired oxygen needed near term. [2, 3]

During the first years of life, a trend towards clinical im-
provement is usually seen, [1, 4] but in infants with a partic-
ularly severe neonatal course, symptoms may persist into ad-
olescence and adulthood. [5] The relationship between clinical
symptoms and pulmonary function tests (PFT) is however not
clear-cut: patients with marked airway obstruction detected by
spirometry may report few if any respiratory symptoms. [1, 4]

Over the decades, much has changed: the cohort of prema-
ture infants, the neonatal treatment strategies, and the resulting
lung damage. This led to the description of old (mainly airway
obstruction) and new type BPD (arrest in lung growth). [3, 4]

In recent years, evidence accumulates that alveoli con-
tinue to be formed throughout childhood and even in
adulthood. [6-8] Although this points towards the possi-
bility of lung repair in the lung periphery, it does not
necessarily imply improvement in more central airways,
assessed by routine spirometry.

Many cross-sectional studies have assessed PFT in pa-
tients with BPD. However, only a few studies have
assessed PFT longitudinally and none have done so using
the Global Lung Initiative (GLI) reference values [9] that
offer seamless transition from childhood to adulthood.
Differences in PFT evolution between old and new type
BPD have also not been reported. We therefore set up this
retrospective cohort evaluation.

Materials and methods

The database of the respiratory center at the University
Hospital of Leuven and the Rehabilitation Center
Pulderbos was searched in the period January 2001 to
October 2011 using the terms “bronchopulmonary dyspla-
sia” or “BPD” (n=116). We only included patients who
were at least 12 years of age at the last pulmonary function
test (PFT), who had performed at least 4 lung function tests
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over a time period of at least 5 years and who met the BPD
consensus definition criteria (n =24). [3] A STROBE flow
diagram of the study population is included in Fig. 1. We
defined the cohort born from 1991 on, when surfactant
treatment was initiated at our hospital, as new type BPD;
the earlier cohort being considered old type BPD. BPD was
defined as mild or moderate/severe. [3]

All patient charts were reviewed in detail until December
2016. Recurrent wheezing, use of inhaled corticosteroids, and
diagnosis of hyperreactive airway disease or asthma men-
tioned in the chart were considered evidence of “asthma-like
symptoms.” Surgical interventions and additional diagnoses
were also retrieved.

The study was approved by the ethical committee of UZ
LEUVEN (Study number S61294).

Lung function measurements

All lung function tests had been performed on a Jaeger spi-
rometer following ATS guidelines. [10, 11] Lung function
tests were reviewed and results were expressed as percent
predicted (pp or % pred) according to the GLI equations. [9]
Data expressed as z-scores are reported the online supplement.
Data from 355 pulmonary function tests performed in 24 pa-
tients were included in the analysis. For longitudinal analysis,
we present the lung function data obtained post bronchodilator
(BD, 4 puffs of 100 mcg salbutamol) from 314/355 tests,
because these results best reflect true lung size and airway
diameter. For all parameters, the fifth percentile was consid-
ered the lower limit of normal (LLN). To assess the reversibil-
ity of airflow obstruction, a positive bronchodilator response
was defined as an increase in FEV, of > 12% from baseline.

Statistical analysis

Normality of data distribution was assessed with
Kolmogorov-Smirnov and Shapiro-Wilk test. The lung func-
tion data at first and last measurement were compared using a
paired ¢ test. The old and new BPD birth cohorts were com-
pared using an unpaired # test, Mann-Whitney, or Fisher exact
test as appropriate.

Linear regression analysis was applied to investigate how
lung function parameters changed over time in each individ-
ual. Since the degree of tracking of lung function parameters
in healthy individuals is not known, we arbitrarily defined a
positive or negative slope as improvement or deterioration.

A mixed linear regression model was used to calculate
the mean intercept at age 6 and the slope for each lung
function parameter. Mixed effects model analysis was
used to assess the effect of birth cohort, birth weight,
gestational age, duration of ventilation and oxygen sup-
plementation, and grading of BPD on intercept and slope
for FEV,, FVC, and FEV,/FVC.
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Fig. 1 STROBE flow diagram of
the study population. PFT
pulmonary function test. BPD
bronchopulmonary dysplasia

Database search at the respiratory center of the
University Hospital of Leuven and the Rehabilitation
Center Pulderbos between January 2001 and October
2011 using the terms “BPD” or “bronchopulmonale

dysplasie”
n=116

¢ 4died <6 years
* 66 never performed PFT

e 19 performed less than 4 PFT
and/or
Interval between first and
last PFT <5 years
and/or
Age <12 years at last PFT

3 criteria for BPD not met

—| .

Study population
n=24

A p value less than 0.05 was considered statistically
significant.

Results
Subjects

Twenty-four children (13 females, 11 males) were included in
the analysis: 11 in the early BPD cohort (old type) and 13 in
the late BPD cohort (new type). Patient characteristics and
number and timing of the PFT during childhood are reported
in Table 1. There were no differences in patient characteristics
between the early and late cohort (Table S1).

Twenty-one of 24 patients reported asthma-like symptoms
during childhood. At the time of last encounter, 16/24 patients
were using daily inhaled corticosteroids. In this group, 9 pa-
tients reported good respiratory control over the last winter
without any significant problems, 5 reported a stable situation
but still had several respiratory infections with exacerbation in
the last winter, 1 patient had an acute respiratory exacerbation
during the last consultation with need for systemic steroids
and antibiotics, and 1 patient had severe dyspnea and was
classified as NYHAIIL The remaining 8 patients did not take
any inhaled corticosteroids at last encounter. In this group, 1
patient had stopped this therapy 3 months earlier and 1 patient
was treated with azithromycin prophylaxis during the winter

months. All 8 patients reported good respiratory control in the
last winter but 4/8 still needed salbutamol during intensive
physical activity. There was no significant difference in the
use of inhaled corticosteroids or ongoing respiratory symp-
toms between both birth cohorts (Fisher exact, respectively
p=1 and p=0.66). Hence, in total, 7/24 subjects reported
ongoing respiratory symptoms.

Table 1 Patient characteristics in the neonatal period and at time of first
and last lung function test; number of and age at time of pulmonary
function measurements. N =24 but N=22 for number of days on
supplemental oxygen and N=21 for days on assisted ventilation

Median (IQR) or n

Gestational age (weeks) 29.0 (26.9;31.3)

Birth weight (grams) 1227 (900;1647)
Supplemental oxygen (days) 66 (51;287)
Assisted ventilation (days) 31 (19;38)
Grading of BPD
Mild 5
Moderate/severe 19
Number of lung function measurements per patient 13 (9;20)
Age at first measurement (years) 7.6 (6.3:8.4)

18.2 (15.5;26.3)
11.7 (7.6;15.9)

Age at last measurement (years)
Interval between first and last measurement (years)
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Eight of 24 patients had some degree of psychomotor im-
pairment and 10/24 patients had undergone surgery (patent
ductus arteriosus clipping 3, ventricle septum closure 1,
coarctectomy 1, thoracoscopic bullectomy 1, diaphragm pli-
cation 1, laparotomy for necrotizing enterocolitis 2, repair of
inguinal hernia 4, correction of scoliosis 2, correction of
pectus excavatum 1, multilevel orthopedic procedure 1).

Lung function

Median age at first lung function was 7.6 years (IQR 6.3;8.4)
and at last lung function 18.2 years (IQR 15.5;26.3). A posi-
tive bronchodilator response was present in 10/24 patients at
first PFT and in 6/24 patients at last PFT. At first PFT, mean
ppFEV, was 71.3%, mean ppFVC 83.3%, and ppFEV,/FVC
85.4% (Table 2). FEV,, FVC, and FEV,/FVC were below the
LLN in respectively 18, 11, and 13/24 patients, indicating
airflow obstruction in the majority of subjects. At last PFT,
FEV,, FVC, and FEV/FVC were below the LLN in respec-
tively 16, 11, and 14/24 patients. Between the first lung func-
tion and the last lung function, mean ppFEV, and ppFEV,/
FVC had worsened (respectively p < 0.05 and p <0.01), sug-
gesting worsening airway obstruction.

Using regression analyses, deterioration (negative slope)
for ppFEV, ppFVC, and ppFEV/FVC was found in respec-
tively 17, 13, and 17/24 patients (Fig. 2). Mean intercept at age
6 and slopes for lung function parameters calculated using the
mixed linear model are reported in Table 2 and confirm a
significant deterioration in ppFEV; and ppFEV/FVC post-
BD over time, amounting to a mean decline of 0.7%/year for
ppFEV, (p=0.002) and 0.5%/year for ppFEV,/FVC (p =
0.01). Analysis using z-scores rather than percent of predicted
value led to similar findings (Figure S1 and table S2).

There were no significant differences in lung function evo-
lution between the early and late birth cohort (Table 3).
However, all subjects with old type BPD deteriorated in
FEV, in contrast with only 6/13 of new type BPD (p =
0.006). Old type BPD subjects were slightly older at time of

Table 2

first PTF. However, the mean change in lung function did not
differ for any parameter studied.

Using mixed effects model analysis, several parameters
came out as significantly influencing the extrapolated PFT
values at age 6 years as well as the slope of decline
(Table 4). Compared with patients with mild BPD, those with
moderate/severe BPD had a 22.9% lower ppFVC at age
6 years (p =0.01) but their ppFVC declined less and their
ppFEV/FVC declined more. Birth weight had a statistically
significant effect on slope of decline of ppFVC but the effect
size was small; no effect from gestational age was seen.
Increasing duration of ventilation and to a lesser extent dura-
tion of oxygen supplementation worsened the mean ppFEV
and ppFVC at age 6 years but not the slope of decline.

Correlation between lung function and respiratory
symptoms

Lung function at start and at last encounter was not signifi-
cantly related with the report of ongoing respiratory symptoms
during last winter season (Mann-Whitney U test, respectively
p=0.053 and p =0.061). Nevertheless, there might be a cor-
relation between lung function and clinical symptoms since
the 4 patients with worst lung function at start were 4 of the 7
patients who reported ongoing respiratory symptoms. All 4
belonged to the early birth cohort.

Discussion

In children with moderate to severe BPD, improvement in FEV},
FVC, and FEV/FVC was not seen during childhood. On the
contrary, in the majority of children, lung function was already
abnormal at early school age and further deteriorated throughout
adolescence. This in contrast with healthy people in whom lung
size increases to a maximum during early adulthood, remains
stable for some years, and then declines until senescence. [4]
“Respiratory healthy elderly” however still have PFT values

Mean lung function parameters at first and last measurement. Mean lung function at age 6 years and slope in lung function evolution as derived

from mixed linear models. Post bronchodilator values are used; these are expressed as % predicted using the Global Lung Initiative reference values [9]

Descriptive Mixed linear model

First lung function Last lung function Difference Intercept at age 6 years  Slope

Mean (SD) Mean (SD) Mean (SD) p value Mean (95%CI) Mean (95%CI) p value
Age (years) 7.79 (1.98) 19.90 (5.68) 12.10 (4.64)  <0.001
FEV % pred 71.34 (18.27) 66.66 (21.71) —4.68(13.24) <0.05 73.45(67.01;79.89) -0.70 (-1.14,-0.27)  0.002
FVC % pred 83.26 (17.29) 81.67 (16.34) —-1.59(1497) 0.54 84.37 (78.49;90.25) —0.46 (—0.96,0.04) 0.07

FEV/FVC % pred  85.38 (15.15) 79.80 (17.32)

—5.58(12.30) 0.01

86.58 (81.78:91.38) 045 (-0.78-0.12)  0.01

significant p values (<.05) are depicted in bold
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Fig. 2 Linear regression lines for FEV, FVC, and FEV/FVC in each subject (post bronchodilator values expressed as % predicted using the Global

Lung Initiative reference values [9])

above the threshold to cause symptoms of airway disability. [12]
In patients with abnormal lung function, like survivors of BPD,
there is therefore concern that the susceptibility to symptoms of
airflow limitation in later life will be increased, since the adult
respiratory health is shaped early in life. [2, 13, 14]

Smyth et al. [15] were among the first to report airway
obstruction, airway hyperreactivity, and hyperinflation in
long-term survivors of BPD. Filippone et al. [16] studied lung
function in children with BPD at 2 time points: age 2 years and
early school age. He reported an abnormal FEV, in 15/18 chil-
dren with BPD at a mean age of 8.8 years. Mean FEV,%
predicted was 76% and correlated (» = 0.68) with maximal flow
at functional residual capacity (Vpacrre) at 2 years of age.
Many cross-sectional evaluations comparing lung function of
survivors with BPD and controls confirmed this finding. [4]

Some authors have suggested improvement of lung func-
tion over time in subjects with BPD. [17, 18] Our longitudinal
data however contradict this and therefore raise concern.

Differences in initial disease severity, in definition of BPD,
shorter follow-up period, and use of different lung function
reference values can explain these contradictory findings. Few
studies indeed evaluated spirometry longitudinally in children
with BPD, from childhood through to young adulthood.
Koumbourlis et al. [18] performed a prospective, longi-
tudinal evaluation of pulmonary function in 17 subjects
born preterm with radiographic evidence of chronic lung
disease at 4 weeks of age. Many subjects had a short dura-
tion of ventilation and oxygen supplementation, indicating
milder BPD, which could explain the normal lung function
in 8/17 patients. Blayney et al. [17] showed improvement
in FEV; in 32 children with BPD, but based on only two
measurements between the age of 7 and 10 years. Doyle
et al. [19] reported a cohort of 147 survivors with birth
weight <1500 g of whom 33 (22%) had developed BPD.
For 29/33 patients with lung function data at age 8 and
18 years, mean FEV, did not change between the age of

Table 3 Comparison of early and

late birth cohorts Birth cohort
Early (1984-1990)  Late (1991-1996)  p value for the difference

Values at first visit
Age (years) Mean (SD)  9.26 (1.84) 6.55(1.02) <0.001°
Height z-score Mean (SD)  —0.04 (1.03) -0.79 (1.25) 0.12¢
ppFEV, (%) Mean (SD)  67.51 (24.86) 74.58 (9.99) 0.39°
ppFVC (%) Mean (SD)  80.98 (18.68)) 85.18 (16.54) 0.57"
ppFEV/FVC (%) Mean (SD)  81.38 (17.56) 88.76 (12.49) 0.26"

Change between first and last visit
Age (years) Mean (SD)  13.75 (5.18) 10.71 (3.79) 0.12°
Height z-score Mean (SD)  —0.13 (0.89) 0.37 (0.66) 0.14¢
ppFEV| (%) Mean (SD)  —9.30 (9.60) —0.77 (14.93) 0.1
ppFVC (%) Mean (SD)  —6.24 (10.96) 2.35(17.12) 0.15°
ppFEV /FVC (%) Mean (SD) —7.15(15.13) -4.25(9.74) 0.59"

N with improving individual slopes
Slope ppFEV, N 0/11 7/13 0.006"
Slope ppFVC N 3/11 8/13 0.12°
Slope ppFEV|/FVC N 1/11 6/13 0.078"

* Mann-Whitney U test, * Fisher exact test

significant p values (<.05) are depicted in bold
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Our study certainly has strengths: the large number of
PFT per subject and the long follow-up time allowed for
reliable individual longitudinal assessment; we used GLI
reference values (pp as well as z-scores), [9] most appro-
priate to assess lung function changes over time since
they offer a seamless transition from childhood to adult-
hood. Like Merkus et al. [23], we chose to present
postbronchodilator lung function data because these best
reflect true lung size and airway diameter since enhanced
bronchomotor tone and/or inflammation can be ruled out.

Our study has limitations. We studied a selected group
of children at the more severe end of the BPD spectrum
and this introduces bias. Indeed, more symptomatic pa-
tients are more likely to continue to attend the respiratory
clinic or rehabilitation center, and thus have lung function
data available over a prolonged time period. We thereby
may overestimate the proportion of children with BPD
and worsening of lung function over time. The numbers
in the subgroup of early and late BPD are small; hence,
we cannot make firm statements on the trend towards
improved outcome in the late vs early birth cohort. We
arbitrarily defined a change in % predicted above 0%
predicted/year as improvement or deterioration, since the
actual closeness of lung function tracking over the years
is unknown. However, changing to another cut-off (e.g.,
1% predicted/year) would not significantly modify the
conclusion, since a mean drop in FEV, of 4.7% predicted
was seen towards early adulthood. Also, poor spirometry
technique is unlikely to explain the results, since this
would be more likely at a young age rather than during
adolescence or early adulthood.

The findings in the current study should not be taken
lightly. Few evidence-based treatments are available for
children with BPD. Systematic follow-up of lung function
in all BPD survivors (able to perform lung function)
seems necessary to obtain a better understanding of lung
growth in survivors with BPD. Wheeze, diagnosis of hy-
perreactive airway disease, and asthma were a prominent
feature in our cohort and have been reported by others. [4]
At present, many patients with BPD receive bronchodila-
tors and inhaled corticosteroids throughout infancy and
childhood [4] with especially the latter having at least
the potential of hampering rather than improving lung
growth. Therefore, randomized controlled trials are need-
ed to evaluate the effect of such therapies on long-term
lung growth. Ideally future lung assessment in survivors
of BPD should combine measurements of lung function
with measurements of gas mixing efficiency as well as
estimates of alveolar count and dimension.

In conclusion, we provide evidence that in children with
BPD at the severe end of disease spectrum, lung function does
not improve over time. On the contrary, FEV, and FVC wors-
en over time in two-thirds of the subjects studied.
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