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Abstract
Objective To compare pulmonary function in extremely low birth weight (ELBW) infants with bronchopulmonary dysplasia
(BPD) studied at 34–36 weeks postmenstrual age (PMA) with a reference group of “healthy” infants born at 34–36 weeks.
We hypothesized that ELBW infants have decreased functional residual capacity (FRC) and respiratory compliance (Crs).
Study design Pulmonary function testing was performed at 34–36 weeks PMA in infants with BPD and within 96 h of age
in infants delivered at 34–36 weeks.
Results Twenty BPD patients and 20 healthy infants were studied. FRC (18.9 versus 26.2 mL/kg; adjusted 95% CI 5.0, 10.9;
P < 0.001) and Crs (0.80 versus 1.29-mL/cm H2O/kg; 95% CI 0.31, 0.71; P < 0.001) were decreased in BPD patients.
Respiratory resistance was increased in BPD patients.
Conclusions ELBW infants with BPD have decreased pulmonary function compared to healthy infants delivered at
34–36 weeks. This suggests that infants with BPD have smaller lung volumes.

Introduction

Bronchopulmonary dysplasia (BPD) is a major adverse out-
come of very premature delivery and is a product of the
success of current neonatal intensive care. Lung development
is a vulnerable highly orchestrated process that can be sig-
nificantly affected by multiple factors particularly preterm
delivery. The increased survival of extremely low birth weight
(ELBW) infants has changed the pathology of BPD, from one
of acute lung injury initially described in moderately pre-
mature infants born in the late saccular stage of lung devel-
opment, who had been managed on high ventilator pressures
and high oxygen resulting in inflammation, fibrosis, and
smooth muscle hypertrophy in the airways, to one of dis-
rupted lung development [1, 2]. Contemporary BPD (new

BPD) primarily occurs in ELBW infants (birth weight <
1000 g), often without much lung disease after birth. They are
delivered in the late canalicular to early saccular stages of
lung development at a very early stage of the ongoing rapid
increase in septation of the distal airspaces [1, 3].

The new BPD is a disease of prematurity with impaired
alveolarization. Histologic studies have shown that infants
dying of BPD in the surfactant era have lungs with fewer
and larger alveoli with less fibrosis and inflammation than
in the past. In preterm baboon models a decrease in total
internal surface area has also been shown [4]. Despite
intense research focus, there has been limited success in
primary prevention of BPD possibly because it is primarily
due to impaired alveolarization, a process which is still
poorly understood [5]. There are also some very premature
babies who do not develop BPD so enhanced definitions
of BPD phenotypes are needed to help tailor future
interventions.

There have been several reports of follow-up pulmonary
function tests (PFTs) of postsurfactant BPD survivors show-
ing these children continue to have abnormal baseline spiro-
metry with significant airway obstruction [6, 7]. Interestingly,
there are limited pulmonary function data in ELBW infants
with BPD prior to discharge particularly in terms of com-
parison to a “healthy preterm lung” of comparable post-
menstrual age. This information may help us better define the
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physiologic changes found in contemporary BPD and help
identify different BPD phenotypes. It may also allow us to
gain insights into the normal process of growth and devel-
opment of the lung and monitor the course of lung disease.

We have previously reported altered pulmonary function
in healthy preterm infants born at 33–36 weeks of gestation
and studied at term-corrected age compared to healthy term
infants [8]. As a group, these children progress to have
increased wheezing and asthma. With the above in mind,
the objective of this study was to compare the PFTs in
ELBW infants with contemporary/postsurfactant BPD stu-
died at 34–36 weeks postmenstrual age with a reference
group of “healthy” infants born at 34–36 weeks. We
hypothesized that the ELBW infants with BPD would have
decreased functional residual capacity (FRC) and respira-
tory system compliance (Crs) compared to healthy infants
born at 34–36 weeks.

Methods

Eligibility criteria/study design

This is a prospective cohort study done in the neonatal
intensive care unit (NICU) at Oregon Health & Science Uni-
versity, Portland, Oregon. The study was approved by the
Institutional Review Board of our hospital, and informed
consent was obtained from the parents. The inclusion criteria
for the study group of patients with BPD included: (1) infants
with a birth weight <1000 g; (2) need for oxygen supple-
mentation at 36 weeks of postmenstrual age [1] to maintain a
pulse oximeter oxygen saturation (SpO2) > 90%; (3) studied
with PFTs at 34–36 weeks postmenstrual age. Inclusion cri-
teria for the comparison group (reference group) of healthy
preterm infants were: (1) gestational age of 34–36 weeks at
birth (near the time point of the definition of BPD and when
many healthy preterms are nearing discharge); (2) no clinical
respiratory distress i.e., no need for continuous positive airway
pressure (CPAP) and no need for supplemental oxygen;
(3) studied within 96 h of age. These patients were matched for
race and gender to the study group of patients with BPD. We
excluded patients with a history of oligohydramnios, concern
for pulmonary hypoplasia or major congenital anomalies,
chromosomal abnormalities, and multiple gestation greater
than twins. Gestational age was defined according to the date
of the mother’s last menstrual period (if known and reliable) or
by ultrasound if done before 20 weeks of pregnancy.

Study endpoints

The primary outcome of our study was comparison of FRC
between the two groups. We also compared Crs and
respiratory system resistance (Rrs) in the two groups of

patients as secondary outcomes, and monitored other per-
tinent clinical respiratory parameters.

Measurements

Infant PFTs were measured with a computerized infant
pulmonary function cart (SensorMedics 2600, SensorMe-
dics Inc., Yorba Linda, California). No sedation was used
for testing. FRC was measured with the nitrogen washout
method, and Crs and Rrs with the single-breath occlusion
technique [6, 8–12]. These measurements can be performed
in non-intubated and intubated infants.

For the nitrogen washout method [8–10], calibration was
performed with two known volumes, and a calibration line
was constructed for the system at the specific flow rate. The
calibration curve was then used to correlate the nitrogen
washed out to the infant’s FRC. The system corrected for
dead space present and corrected the FRC to body tempera-
ture, pressure, and water-saturated conditions. Total FRC was
related to body weight. Acceptance criteria as per the
American Thoracic Society and European Respiratory Society
included: (1) infant supine and quietly asleep, (2) test initiated
at end-expiration, (3) no evidence of leak on tracing of the
washout, (4) consistent tracings, and (5) at least three mea-
surements with a coefficient of variation <10% [13].

Crs was measured with the single-breath occlusion
technique [11, 14, 15] while the patient was supine and
quietly asleep. During this test, the airway was briefly
occluded at end inspiration until an airway pressure plateau
was observed, invoking the Hering Breuer reflex. Crs and
respiratory resistance were calculated from the passive flow-
volume curve and total Crs was related to body weight.
Acceptance criteria included: (1) stable end-expiratory
baseline, (2) plateau pressure lasting >100 ms, (3) plateau
pressure varying by <±0.125-cm H2O, (4) acceptable flow-
volume curve by visual inspection, with linear data segment
identified, and (5) at least 10 breaths accepted with a
coefficient of variation <20% [11, 14, 15].

Clinical respiratory parameters including need for surfac-
tant administration, days of mechanical ventilation, days on
oxygen supplementation were also monitored. Surfactant was
given to newborn infants with moderate to severe respiratory
distress syndrome. If needed, surfactant was administered
within the first 24 h of life if the patient required >0.40 FiO2

to maintain adequate SpO2, had a pH <7.25, and/or had
increased work of breathing despite adequate CPAP. In
addition, oxygen supplementation was initiated if the SpO2

was lower than 90% in our BPD patients.

Statistical analyses

From our published data in healthy late preterm infants
(33–36 weeks’ gestation) [8] with an average FRC of
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24.6 mL/kg ± SD of 5.1, for the current study, we estimated
a sample size of ~20 patients in each group to detect a
difference in FRC equivalent to at least one standard
deviation of the measurement with 80% power and a type I
error of 0.05.

Differences in continuous variables, including PFTs
between the two groups, were analyzed by two-tailed,
Student’s t tests. Mann–Whitney U test was used where
appropriate (for data not normally distributed). Categorical
variables were evaluated with Chi-Square tests and Fisher’s
exact test where appropriate. Data are expressed as mean ±
SD, unless otherwise indicated.

We matched 20 healthy infants born at 34–36 weeks for
gender and race to the 20 ELBW infants with BPD in the
study group. This approach increased the homogeneity
between both groups. Mixed linear modeling [16] was used
to compare FRC/kg and total FRC in both groups (primary
outcome). Mixed linear modeling for continuous variables
was also used to compare differences in other PFTs (sec-
ondary outcomes) between the groups. This approach
accounts for the correlation between twins and allows for
adjustment for additional covariates and potential con-
founders [16]. Our model included the important covariates
of study weight, postmenstrual age at study, and twin
gestation. Other potential covariates included in the ana-
lyses were race, gender, and length at study. We used SPSS
for Windows, version 22.0 (SPSS Inc, Chicago, Illinois)
and SAS, version 9.4 (SAS Institute Inc, Cary, North Car-
olina) for analyses.

Results

We concurrently studied 20 ELBW infants with BPD and
20 healthy late preterm infants (born at 34–36 weeks)
matched to the study group for gender and race. Maternal
and infant demographics are shown in Table 1. The BPD
study group included three sets of twins and the comparison
group of healthy infants included one set of twins. BPD
patients had a mean birth weight of 788 g and gestational
age of 25.8 weeks, with 50% female, and 95% Caucasian.
The healthy infants had a birth weight of 2389 g, gestational
age of 34.5 weeks with the same gender and race dis-
tribution as the patients with BPD. Ninety percent of the
ELBW infants with BPD received antenatal steroids versus
45% in the comparison group of healthy late preterm infants
(Table 1).

Clinical characteristics of study groups

BPD patients were studied at a median of 36.0 weeks
postmenstrual age versus 34.9 weeks in the healthy infants.

Four infants with BPD were studied at 37–38 weeks
because of difficulty in completing the PFTs by 36 weeks.
Their average study weights were 2240 versus 2390 g,
respectively. There was a significant difference in mean
body length at the time of study at 42.8 versus 46.3 cm
(Table 1). Our patients with moderate/severe BPD [1] were
on mechanical ventilation for a median of 30.3 days, and 10
of the 20 patients weaned off oxygen while in the NICU
with a median duration of oxygen supplementation of
95.5 days (Table 1). The four BPD infants on mechanical
ventilation at the time of PFTs were studied on a positive
end-expiratory pressure of 5-cm H2O. All patients were
discharged from the NICU, ten patients with BPD were
discharged on low flow nasal cannula oxygen. None of the
patients required a tracheostomy or medications for pul-
monary hypertension.

Table 1 Maternal and infant demographics/clinical characteristics.

BPD No BPD P

(n= 20) (n= 20)

Maternal age (years)a 26.7 ± 7.1 25.7 ± 6.6 NS

Preterm labor (%) 17 (85) 11 (55) <0.05

Hypertension/
preeclampsia (%)

1 (5) 4 (20) NS

Antepartum hemorrhage (%) 4 (20) 0 (0) <0.05

Maternal smoking (%)b 5 (28) 4 (21) NS

Small for gestational age
(%)c

1 (5) 1 (5) NS

ROM (h)d 0 (0–1) 0.9 (0–14) NS

ROM > 24 h (%) 5 (25) 4 (20) NS

Cesarean section (%) 15 (75) 9 (45) NS

Gestational age at birth
(weeks)a

25.8 ± 1.3 34.5 ± 0.6 <0.05

Birth weight (g)a 788 ± 138 2389 ± 318 <0.05

Caucasian (%) 19 (95) 19 (95) NS

Female (%) 10 (50) 10 (50) NS

1-min Apgard 5 (3–6) 8 (6–8) <0.05

5-min Apgard 7 (6–8) 8 (8–9) <0.05

Antenatal steroids (%) 18 (90) 9 (45) <0.05

Surfactant (%) 19 (95) 0 (0) <0.05

Study weight (g)a 2240 ± 512 2390 ± 318 NS

PMA at study (weeks)d 36.0 (35.0–37.4) 34.9 (34.5–35.3) <0.05

Study length (cm)a 42.8 ± 3.0 46.3 ± 1.6 <0.05

Mechanical ventilation
(days)d

30.3 (12.5–42.8) 0

Oxygen supplementation
(days)d

95.5 (78.2–120.5) 0

The BPD group included three sets of twins and the comparison group
of healthy infants included one set of twins (NS).

BPD bronchopulmonary dysplasia, ROM rupture of membranes, PMA
postmenstrual age, NS not significant.
aMean ± SD.
bData available for 18 versus 19 patients.
cBirth weight < 10th percentile.
dMedian (25th–75th percentiles).
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Primary outcome

ELBW infants with BPD in the study group had sig-
nificantly decreased FRC normalized for body weight
(FRC/kg) and total FRC when compared to healthy infants
born at 34–36 weeks (Table 2). These differences remained
significant after accounting for the correlation (non-
independence) between twins, and using mixed linear
modeling to adjust for the confounding variables of study
weight, postmenstrual age at study, and twin gestation. The
mean FRC normalized per kg in the BPD group was 28%
lower than in the comparison group of healthy infants: 18.9
versus 26.2 mL/kg (adjusted 95% CI for difference 5.0,
10.9; P < 0.001). (Table 2). Mixed linear modeling showed
that the variables of race, gender, and length at study were
not statistically significant when added to the model.

Secondary outcomes

Secondary outcomes were compared accounting for the
correlation between twins, and using mixed linear modeling
(continuous variables) to adjust for the potential con-
founders of study weight, postmenstrual age at study, and
twin gestation. Patients with BPD had a significantly
decreased respiratory compliance normalized for body
weight or Crs/kg (0.80 versus 1.29-mL/cm H2O/kg; adjus-
ted P value < 0.001) and total Crs when compared to heal-
thy infants in the comparison group (Table 2). Respiratory
resistance was increased in infants with BPD compared to
healthy infants (adjusted P value < 0.001). Specific com-
pliance, which is Crs normalized for lung volume/FRC
(Crs/FRC), was not significantly different between the
groups. However, our study was not powered for differ-
ences in secondary outcomes.

Discussion

In this study, we demonstrated that ELBW infants with
BPD studied at 34–36 weeks of postmenstrual age have
decreased pulmonary function compared to healthy infants
delivered at 34–36 weeks. Both FRC and Crs were sig-
nificantly decreased in these patients with contemporary
BPD. Our findings suggest that infants with BPD have
smaller lung volumes, and we speculate that this is due to
impaired alveolarization. This provides physiologic evi-
dence that efforts to prevent or mitigate BPD should likely
focus on therapies to improve lung growth.

There are a number of longitudinal pulmonary function
studies [17–19] demonstrating that individuals follow along
a pulmonary function percentile that is established early in
life, therefore emphasizing the importance of quantification
of early life PFTs. There are several factors that can affect Ta
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lung development and influence an individual’s placement
on the PFT curve including in-utero factors such as in-utero
smoke [20, 21] or intrauterine growth restriction [22], but
preterm delivery is the most common cause of altered lung
development [22, 23]. The application of PFTs has been
important in quantifying the physiologic effects of several
successful neonatal interventions such as antenatal steroids
[24] and postnatal surfactant [25]. Early life PFTs are also
important to understand the development of BPD if early
interventions are to be developed for primary intervention.
A longitudinal study [26] demonstrated that Crs was 50% of
predicted during the early phase of BPD and was associated
with abnormal Rrs values. These values normalized over the
first 2 years of life but significant airway dysfunction per-
sisted in many infants [26]. This illustrates the importance
of defining the trajectory of the “healthy” premature lung
for an appropriate comparison or control for infants at risk
for or diagnosed with BPD [5].

We demonstrated in this cohort that ELBW infants with
contemporary BPD have a significantly decreased FRC and
Crs compared to matched healthy preterm infants (mean
gestational age at birth 34.5 weeks), when both groups are
studied at 34–36 weeks postmenstrual age. This supports
the findings of a previous study in 2005 by Hjalmarson and
Sandberg [27] of decreased FRC at term-corrected age in
infants born at <31 weeks of gestation who developed BPD,
compared to healthy preterm infants without signs of
respiratory distress or need for extra oxygen after 2 days of
age (n= 19, mean gestational age 29 weeks) who did not
develop BPD. Our BPD population is more contemporary
with 90% receiving antenatal steroids (compared to about
32% of their population), 95% received surfactant, and all
infants had a birth weight of <1000 g with a mean gesta-
tional age of 25.8 weeks. We also have a more mature
“healthy” preterm reference/control group and performed
PFTs at a slightly lower postmenstrual age. However, both
studies clearly show a decrease in FRC in infants with BPD
regardless of the reference group (our subjects met the
criteria of moderate or severe BPD [1] at the time of PFTs).
We found a significantly decreased Crs in the patients with
BPD. However, the specific compliance (Crs/FRC) was not
significantly different between groups (adjusted P value
0.13). Our study was not powered for the outcomes of Crs
or specific Crs so it is difficult to determine if the elastic
properties of the lungs were significantly decreased in our
population. In infants with BPD, there are fewer and larger
alveoli and less tethering of the airways through the elastic
components in alveolar walls, which can affect elastic recoil
[28, 29]. Our data seem to support that most of the change
in Crs was due to changes in lung volume/FRC however a
larger sample size may have allowed us to demonstrate a
difference in both FRC and specific compliance between the
groups. Other studies have shown a decreased Crs in infants

with BPD [26]. In addition, it is difficult to determine the
most appropriate comparison group since healthy preterm
infants have been shown to have altered lung mechanics at
term [8, 30], even without having clinical lung disease, and
as a group progress to greater wheezing and asthma than
term infants [31].

In this cohort we demonstrated that ELBW infants with
BPD had increased Rrs compared to healthy preterm infants
born at a mean gestational age of 34.5 weeks. The Rrs of
our patients with BPD was 89-cm H2O/L/s, which was very
similar to the Rrs described in infants with BPD in other
studies [27], while the Rrs of our healthy preterm controls
was 52-cm H2O/L/s. The technique we used to measure
passive respiratory mechanics primarily measures the Rrs of
the central aiways, but aligns nicely with the recent study of
Shepherd et al. [6], who measured forced expiratory flows
(FEFs) in 56 former preterm infants with severe BPD at a
median of 52 weeks of postmenstrual age and identified that
51% of these infants had obstructive, 40% had mixed, and 9%
had restrictive infant PFT phenotypes. Studies of former pre-
term infants with BPD have demonstrated increased measures
of airflow obstruction with decreased FEFs in childhood and
adolescence compared to term controls with associated
increased incidence of wheeze and asthma [32–34].

There are several limitations to our study. Our sample
size is small, however neonatal PFTs in the NICU are a
sophisticated measurement, and we met our desired sample
size matched for gender and race to demonstrate a significant
difference of one standard deviation in FRC between the
groups. We did not measure all infants with BPD con-
secutively so bias may have been introduced, but our FRC
measurements in infants with BPD are comparable to those
of previous studies [27]. For a direct comparison to other
studies measuring FEFs as a measure of peripheral airway
obstruction in infants with BPD, performance of the raised
volume rapid thoracic compression technique would have
been required [35], but we were limited by patient size for
this equipment. We have also previously reported in 40 very
low birth weight infants studied at 35 weeks postmenstrual
age that over 50% respond to albuterol [36]. However, we
did not consistently perform pre- and post-bronchodilator
tests in our current cohort of infants with BPD, which may
have helped to further define their phenotype.

In conclusion, ELBW infants with BPD when studied at
34–36 weeks of postmenstrual age have a significantly
decreased FRC/lung volume when compared to healthy
preterm infants delivered at 34–36 weeks of gestation and
studied within the first 96 h of life. Respiratory compliance
was also decreased in patients with BPD. This further
supports the premise that contemporary BPD is a disease of
impaired alveolarization and continued research into inter-
ventions to promote lung growth [37, 38] is needed to
prevent and/or mitigate BPD.
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