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Abstract

Background: Pulmonary hypertension (PAH) among children and adults has been linked to premature birth, even
after adjustments for known risk factors such as congenital heart disease and chronic lung disease. The aim of this
population-based registry study was to assess the risk of PAH following exposure to premature birth and other
factors in the decades when modern neonatal care was introduced and survival rates increased.

Methods: Data on pulmonary hypertension and perinatal factors were retrieved from population-based
governmental and national quality registers. Cases were adults and children over five years of age with pulmonary
hypertension born from 1973 to 2010 and individually matched to six controls by birth year and delivery hospital.
Conditional multiple logistic regression was performed to assess the risk of pulmonary hypertension following
premature birth and to adjust for known confounding factors for the total study population and for time of birth,
grouped into five-year intervals.

Results: In total, 128 cases and 768 controls were included in the study group. Preterm birth was over three times
more common among cases (21%) than among controls (6%). The overall adjusted risk of pulmonary hypertension
was associated with premature birth, OR =4.48 (95% ClI; 2.10-9.53). Maternal hypertension, several neonatal risk
factors and female gender were independently associated with PAH when potential confounders were taken into
account. For each five-year period, the risk of PAH following premature birth increased several times for children
born in the 2000s and later, OR=17.08 (95% Cl 5.60-52.14).

Conclusions: Preterm birth, along with other factors, significantly contributes to PAH. PAH following premature
birth has increased over the last few decades. Our study indicates that new, yet unknown factors may play a role in
the risk of preterm-born infants developing PAH later in life.
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Background

Preterm birth has previously been linked to pulmonary
arterial hypertension (PAH) in children and adults [1].
PAH is a multifactorial disease and may have several ori-
gins, such as congenital heart disease (CHD); chronic
lung disease (CLD), such as bronchopulmonary dysplasia
(BPD); genetic predepositions; or vascular growth fac-
tors. Surfactant and antenatal corticosteroid treatments
have been in clinical use in Sweden since the early
1990s. This has reduced the incidence of respiratory
morbidity and mortality among children born prema-
turely [2, 3]. However, long-term impairments of lung
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function, airway obstruction, and structural impairments
of gas transfer and pulmonary function remain [4, 5]. In
previous studies, we found that the risk of PAH several
years after birth for children born prematurely has in-
creased over time, even when known risk factors such as
CLD, BPD and CHD are adjusted for [6, 7]. The aim of
this study was to assess the risk of PAH following expos-
ure to preterm birth and other known risk factors over
several decades and to assess the impact of the introduc-
tion of external surfactant and antenatal corticosteroids.

Methods

This population-based national case-control registry
study assessed neonatal risk factors for children and
young adults with pulmonary hypertension compared to
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healthy controls. The study is based on registry data,
and individual informed consent from each participant
is not required due to a waiver from the ethical commit-
tee and national guidelines.

Study population

All children aged five years or older and adults who were
born between 1973 and 2010 and who were registered in
the population-based Swedish Medical Birth Register
were included in this case-control study. Cases were all
diagnosed with PAH; those who were born in 1973-
1996 were retrieved from the Swedish Pulmonary Arter-
ial Hypertension Registry (SPAHR), and those who were
born in 1993-2010 were retrieved from the Swedish
registry of Congenital heart disease (SWEDCON). All
cases retrieved from SPAHR were diagnosed according
to the Dana Point Classification using right heart
catheterization, and the cases retrieved from SWEDCON
were diagnosed using either right heart catheterization
and/or transthoracic Doppler echocardiography. The
registries and retrieval of cases and controls are de-
scribed in previously published studies [6-8].

Six controls without pulmonary hypertension were
matched to each case by year of birth and hospital. Cases
who were not born in Sweden were excluded.

A national registration number is assigned at birth to
every child born in Sweden.

Exposure data

Maternal factors during pregnancy (age, hypertension,
smoking, pregnancy), neonatal data (premature birth,
acute pulmonary disease, BPD, congenital diaphragmatic
hernia, CHD, chronic pulmonary disease, gender, first
born status, chromosomal abnormalities, large for gesta-
tional age, persisting pulmonary hypertension of the
newborn, small for gestational age, APGAR score at one
and five minutes and birth weight) were retrieved from
the Swedish Medical Birth Register using the Inter-
national Classification of Diseases ICD-9 or ICD-10
codes [9]. Preterm birth was defined as birth prior to 37
weeks of gestation.

Linkages between governmental and national quality-
based registries was possible with national registration
numbers, which were used for the retrieval of exposure
information for both cases and controls [10] .

Statistical methods
The association between preterm birth prior to 37 weeks
of gestation and PAH for the whole period (1973-2010)
was calculated by conditional logistic regression and ad-
justed for confounding factors.

To assess the association between preterm birth and
PAH over time, we subgrouped the study population
into five-year intervals based on the year of birth. We
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then calculated the risk of PAH following premature
birth for each group and adjusted for confounding fac-
tors. Exposure to potential confounders is described in
Table 1 and was used in the multivariable regression
model.

Maximum-likelihood estimates of the odds ratio (OR)
and 95% confidence interval (CI) were obtained. SAS
version 9.4 (SAS Institute, Inc.,, Cary, NC, USA) was
used to fit the conditional logistic model to our 1:6
matched case-control data.

The study was approved by the regional ethics com-
mittee of Umed University (D2011-396-31 M).

Results
The total study group
Overall, 128 cases, children and adults with PAH, were
included in the study and individually matched to six
controls each (N =768). The median birth year was
1994, with an interquartile range (IQR) of 26 years.
Preterm birth was over three times more common
among cases (6%) than among controls (21%) for the
total study group (Table 1, Fig. 1). (Table 1, Fig. 1). Ma-
ternal hypertension and several other neonatal charac-
teristics were more common among cases than controls
(Table 1). Acute and chronic pulmonary disease, BPD,
congenital diaphragmic hernia, CHD, and female gender
were more common for cases than controls (Table 1).
Chromosomal abnormalities were present in ten of the
cases (8%) but only one of the controls (Table 1).

Results by birth year intervals

Birth weight was generally lower among cases in all age
groups and even more common among those in the
more recently born groups (Table 2). Apgar scores were
lower among cases than controls born in more recent
years (Table 2).

Risk estimations
Preterm birth was associated with an increased risk of
PAH for the total study group over the whole study
period, OR =4.6 (95% CI =2.2-9.8) (Table 3). Maternal
hypertension, congenital diaphragmatic herniation, con-
genital heart defects, chromosomal abnormalities, PPHN
and female sex were independently associated with PAH
when potential confounders were taken into account
(Table 3).

Being born premature in 1983-87, 2003-07 and
2008-15 was significantly associated with PAH later in
life, although with wide confidence intervals (Fig. 2).

Discussion

Surviving preterm birth was associated with PAH among
children older than five years and adults. This risk did
not alter after adjustment for known risk factors. A
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Variable Status  1973-  1978-  1983-  1988-  1993-  1998-  2003-  2008-  Total (N) %
1977 1982 1987 1992 1997 2002 2007 2010
Total number of cases Case 21 18 16 4 14 12 17 26 128
Total number of controls Control 126 108 96 24 84 72 102 156 768
Maternal age (years) Case 25,0 27,1 28,8 248 29,5 31,9 31,5 323 293
Control 244 275 289 26,3 294 290 308 299 28,7
p-value 0.2306 0.7756 0.9704 04878 0.9463 0.0567 0611 0.0251 0.2905
Maternal hypertension Case 2 4 0 0 3 1 2 3 15 12%
Control 11 8 5 1 1 1 3 0 37 5%
p-value 1 0.0696 1 1 0.0087 0.2669 0.144 1 0.0064
Maternal smoking Case - 1 2 0 2 0 1 2 8 6%
Control - 2 24 5 9 6 1 6 63 8%
p-value - 1 0.5097 1 06324 0.58 1 0.2671 0.7108
Premature birth Case 1 1 0 0 0 2 5 18 27 21%
Control 4 4 5 4 8 5 2 15 47 6%
p-value 02045 0.5467 0.0860 1.0000 0.1902 0.0044 882E-05 <0.0001 <
0.0001
Acute neonatal pulmonary Case 1 1 0 0 2 3 5 15 27 21%
disease Control 4 6 4 1 6 6 3 13 43 6%
p-value 0.5427 1.0000 1.0000 1.0000 03200 0.1146 0.0014 <00001 <
0.0001
Bronchopulmonary dysplasia Case 0 0 0 0 1 1 2 10 14 11%
Control 2 0 0 0 0 0 0 0 2 0%
p-value 1.0000 1.0000 1.0000 1.0000 0.1429 0.1429 0.0194 <00001 <
0.0001
Congenital diaphragmatic Case 0 0 0 1 3 0 0 2 6 1%
hernia Control 0 0 0 0 1 0 0 0 1 0%
p-value 1.0000 1.0000 1.0000 0.1429 0.0087 1.0000 1.0000 0.0197 <
0.0001
Congenital heart disease Case 2 3 3 2 2 2 5 4 23 18%
Control 2 2 0 0 3 1 0 2 10 1%
p-value 0.0979 0.0207 0.0026 0.0159 0.1476 0.0522 339E-05  0.0041 <
0.0001
Chronic pulmonary disease Case 0 0 0 0 1 1 2 11 15 12%
Control 2 0 0 0 0 0 0 1 3 0%
p-value 1.0000 1.0000 1.0000 1.0000 0.1429 0.1429 0.0194 <0.0001 <
0.0001
First-born child Case 9 8 7 4 8 2 5 10 53 41%
Control 56 46 43 9 34 23 53 82 316 41%
p-value 0.6429 0.8001 0.1379 0.2734 0.2494 0.1199 0.7872 05252 1.000
Female sex Case 15 9 11 3 5 10 6 13 72 56%
Control 56 46 43 9 34 23 53 82 346 45%
p-value 0.0324 06132 0.1051 0.2850 1.0000 0.0011 0.2950 0.8349 0.0215
Chromosomal abnormalities Case 1 1 1 1 2 1 3 0 10 8%
Control 0 0 0 0 0 0 0 1 1 0%
p-value 0.1428 0.1428 0.1428 0.1428 0.0191 0.1428 0.0025 1.0000 <

0.0001
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Fig. 1 Gestational age at birth among cases and controls
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Table 2 Birth weight and Apgar scores per five-year interval of the study population born 1973-2010

Birth weight (grams) Apgar 1 min Apgar 5min

Birth year Status Number Mean Missing info No Mean Missing info No Mean Missing info

1973-1977 Case 21 3070.0 0 21 9.0 0 13 9.5 8
Control 126 34774 0 125 9.0 1 107 94 19
Total/p-value 147 0.0037 146 06129 120 06295

1978-1982 Case 18 3491.1 0 18 87 0 17 9.0 1
Control 107 3491.2 1 106 838 2 96 9.0 12
Total/p-value 125 0.9357 124 04550 13 0.5960

1983-1987 Case 16 3269.7 0 16 84 0 15 9.5 1
Control 95 3521.2 1 94 87 2 92 98 4
Total/p-value 111 0.1860 110 06410 107 0.2436

1988-1992 Case 4 3030.0 0 4 838 0 4 75 0
Control 24 3416.0 0 24 9.0 0 24 9.7 0
Total/p-value 28 0.2001 28 03104 28 0.0511

1993-1997 Case 13 2801.2 1 12 82 2 12 85 2
Control 84 34320 0 84 87 0 83 98 1
Total/p-value 97 0.0465 96 02767 95 0.0008

1998-2002 Case 12 26683 0 1 74 1 11 838 1
Control 70 3595.0 2 71 88 1 71 9.8 1
Total/p-value 82 0.0100 82 0.0078 82 0.0002

2003-2007 Case 17 24741 0 17 6.9 0 17 85 0
Control 102 35879 0 100 838 2 100 9.8 2
Total/p-value 119 0.0010 17 0.0004 17 0.0011

2008-2010 Case 25 19234 1 26 56 0 26 75 0
Control 156 34413 0 153 85 3 153 95 3

Total/p-value 181 <0.0001 179 < 0.0001 179 < 0.0001
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Table 3 Risk factors associated with pulmonary hypertension in children born 1973-2010

Variable Cases N=128 Controls N =768 (missing) Odds ratio 95% confidence interval p-value
Premature birth 37 47 448 2.10-9.52 0.0001

Female sex 72 346 1.69 1.06-2.71 0.0277
Small for gestational age 7 13 4.06 1.14-14.49 0.0310

Large for gestational age 6 21 353 1.21-10.31 0.0212

Chronic pulmonary disease 15 3 13.07 221-77.19 0.0046

Persistent pulmonary hypertension at birth 27 10 15.01 5.57-4044 0.0000

Congenital heart defect 23 10 10.12 3.94-25.99 0.0000

Chromosomal abnormalities 10 1 67.71 4.70-974.90 0.0020

Maternal hypertension 15 37 2.70 1.12-6.54 0.0276

history of pulmonary neonatal diseases was also associ-
ated with pulmonary hypertension when growing up.
The risk of developing PAH was increased for several
five-year birth cohorts, although the confidence intervals
were large. Being born prematurely was much more
common among cases belonging to later birth cohorts.
In Sweden, preterm birth occurs in 6% of infants each
year. Children who were born in the 1970s seldom sur-
vived a premature birth at gestational ages at which we
now expect almost 100% survival rates [11]. Neonatal
deaths have decreased from nearly 8% in 1973 to 1.6% in
Sweden today [11]. This study thus covers a period of
great advances in neonatal care. Factors such as ante-
natal corticosteroid treatment for women at risk of pre-
term delivery and surfactant for newborns have been
proven to induce fetal pulmonary maturation and reduce
respiratory morbidity and mortality [2, 3, 12—14]. Surfac-
tant and antenatal corticosteroids have been in clinical
use in Sweden since the early 1990s and 1980s, respect-
ively. In our study, the risk of developing pulmonary
hypertension was greater for a child born in the 2000s
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Fig. 2 Pulmonary hypertension associated with premature birth for
the study population in five-year subgroups

than for one born in the 1970s or 1980s. This difference
can be explained by the greater survival rates due to ad-
vances in neonatal care. The risk of developing PAH for
a child born premature during the 1970s and 1980s who
reached adulthood must be regarded as less likely than
today, mainly because many children did not survive the
neonatal period during these years.

The clinical pattern of BPD has changed during the
surfactant era, affecting smaller and more immature in-
fants. The overall incidence of any form of acute lung
disease in a newborn is approximately 3%, and it in-
creases with decreasing gestational age and birthweight
[15]. Reduced pulmonary function has been associated
with low birthweights and preterm birth, and in a recent
study, an association with prenatal exposures was dis-
cussed [16]. Airflow limitation, along with impaired ex-
ercise capacity and systolic function of the right
ventricle, is present in adolescents and young adults who
survive preterm birth, even in cases of mild lung diseases
[17-21].

Premature birth has been reported by others as com-
mon among children with PAH (14-21.8%) and even
more common when a pulmonary disease is related to
the PAH diagnosis [22, 23]. Premature birth was present
in cases as well as controls. The overall rate of 6% for
premature birth in Sweden has not changed for several
decades [9]. The proportion of premature births among
the controls was in line with what was expected. In our
study, premature birth was more than three times higher
among cases than controls, and in the most recent birth
year cohorts, the difference was even greater. Our study
strengthens the hypothesis that exposure to premature
birth increases the risk of PAH, but the underlying rea-
sons for this effect are still unknown. Several factors, in
addition to exposure to premature birth, may influence
the risk of PAH as growing up. The study group was too
small to assess whether there is an association between
lower gestational age and premature birth.

Angiogenesis has been shown to be necessary for
alveolarization during normal lung development [24].
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The expression of growth factors, as well as the lung re-
sponse to hypoxia, has been linked to lung diseases such
as persistent pulmonary hypertension of the newborn
(PPHN) and bronchopulmonary dysplasia (BPD) [25].
Pulmonary vascular growth during fetal and neonatal life
is dependent on endothelial cells, numerous growth fac-
tors and cytokines, of which vascular endothelial growth
factors are the most important [24, 26-30]. Vascular
growth is driven by endothelial vascular cells, forming
stable connections and cellular rearrangements during
sprouting, anastomosis, lumen formation, and functional
remodeling of the vascular network [31, 32]. However,
animal studies show that once blood flow is established,
the pruning and growth ends [33]. The transition to
extrauterine circulation involves increasing oxygen sat-
uration to nearly normal levels and establishing an 8- to
10-fold increase in pulmonary blood flow [34, 35]. Al-
tered pulmonary artery thickness and stiffness have been
reported in prematurely born children, indicating that
vascular impairment is part of the BPD pathology [36,
37].

We speculate that the discontinuation of normal lung
vascularization in premature birth has an adverse impact
on the vascular development of the infant’s lungs and on
future growth. This may induce stress on the myocar-
dium, causing PAH to occur later in life as the individual
is exposed to other factors that further impair heart
function. Evidence of echocardiographic myocardial
changes has recently been found in preterm children at
one year of age, but further studies of pulmonary vascu-
lar maturation in relation to cardiac function are needed
[38]. Medical treatments that influence pulmonary vas-
cular growth may be the next step in neonatal care
advancement.

Matching cases and controls by year and birth hospital
reduced the risk of selection bias due to differences in
medical care and survival rates. To increase power, we
choose to match six controls to each case.

Cardiovascular malformations, as well as chromosomal
abnormalities, include heterogeneous conditions; they
are more common among preterm infants than term-
born infants and are also known risk factors for PAH
[39, 40]. By adjusting for CHD and chromosomal abnor-
malities, we ruled out this confounding factor in our
study. To test this hypothesis, we performed additional
analyses excluding children with chromosomal abnor-
malities or excluding the variable chromosomal abnor-
malities; these exclusions did not alter the results.

There is always the risk of the misclassification of
diagnosis when using registers. We believe that the po-
tential bias of cases is small in our study as all adult
cases were retrieved from the SPAHR, which includes
patients according to the Dana Point classification [41,
42], and the SWEDCON register, which recently has
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been validated and showed good concordance between
register data and medical records [8].

Conclusions

Preterm birth, along with other factors, significantly contrib-
utes to the development of PAH. Previously, CHD, pulmon-
ary diseases and other factors have been linked to PAH in
children and young adults who were born preterm. By
adjusting for previously known risk factors, our study indi-
cates that new, yet undefined and unknown factors may play
a role in the risk of PAH development in later life among
those born preterm. In this paper, we discuss some hypoth-
eses to be tested in future studies.
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