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Key messages

What is the key question?
 ► What is the airway capacity for survivors born 
<28 weeks or <1000 g since the introduction of 
exogenous surfactant into neonatal intensive 
care from the early 1990s?

What is the bottom line?
 ► The current study confirms that survivors 
born either <28 weeks or <1000 g in the 
surfactant era, particularly those who had 
bronchopulmonary dysplasia in the newborn 
period, are not attaining the normal peak of 
expiratory airflow by the time they are 25 years 
of age.

Why read on?
 ► As many more infants born <28 weeks or 
<1000 g birth weight are surviving into 
adulthood since the 1990s, many will present 
with symptoms of airflow obstruction 
later in life, particularly those who had 
bronchopulmonary dysplasia in the newborn 
period.

AbsTrACT
background it is unknown if adults born <28 weeks or 
<1000 g since surfactant has been available are reaching 
their full airway growth potential.
Objective to compare expiratory airflow at 25 years 
and from 8 to 25 years of participants born <28 weeks 
or <1000 g with controls, and within the preterm group 
to compare those who had bronchopulmonary dysplasia 
with those who did not.
Methods all survivors born <28 weeks or <1000 g in 
1991–1992 in Victoria, australia, were eligible. controls 
were born contemporaneously, weighing >2499 g. at 
8, 18 and 25 years, expiratory airflows were measured 
and the results converted to z-scores. Outcomes 
were compared between groups at age 25 years, and 
trajectories (change in z-scores per year) from childhood 
were contrasted between groups.
results expiratory airflows were measured at 25 years 
on 164 of 297 (55%) preterm survivors and 130 of 260 
(50%) controls. Preterm participants had substantially 
reduced airflow compared with controls at age 25 years 
(eg, zFeV1; mean difference −0.97, 95% ci −1.23 to 
–0.71; p<0.001). Preterm participants had lower airflow 
trajectories than controls between 8 and 18 years, but 
not between 18 and 25 years. Within the preterm group, 
those who had bronchopulmonary dysplasia had worse 
airflows and trajectories than those who did not.
Conclusions Young adults born <28 weeks or <1000 g 
in the surfactant era, particularly those who had 
bronchopulmonary dysplasia, have substantially reduced 
airway function compared with controls. Some are 
destined to develop cOPD in later adult life.

Airway growth, and hence expiratory airflow, peaks 
in the early 20s, followed by a brief plateau, and 
then steadily declines with age, which is asymptom-
atic in most people.1 However, some adults develop 
COPD, which is one of the leading causes of death 
in high-income countries.2 Adults born very preterm 
(VP; <32 weeks’ gestational age) or very low birth 
weight (VLBW; <1500 g) in the era before surfac-
tant was available have more airway obstruction 
than do adults born at term (>36 weeks) or of 
normal birth weight (>2499 g).3 Not only are the 
mean scores for expiratory airflow in adults born 
VP/VLBW reduced by up to 1 SD compared with 
controls, but four to five times as many have expira-
tory flows <5th centile.3 Moreover, among preterm 
survivors, expiratory flows are even lower in those 

who had bronchopulmonary dysplasia (BPD) than 
those who did not.3

There are some reports of reduced expira-
tory airflow in late adolescence of survivors born 
preterm in the era when surfactant became avail-
able clinically,4 5 but the airway capacity of adult 
survivors of prematurity in the surfactant era is yet 
to be reported. Worryingly, we have shown that the 
rate of change in expiratory airflow through child-
hood into late adolescence from the surfactant era 
is lower in children born extremely preterm (EP; 
<28 weeks’ gestational age) or extremely low birth 
weight (ELBW; birth weight <1000 g) compared 
with controls.4 However, the rate of change in expi-
ratory airflow into adulthood of survivors born EP/
ELBW, including those who had BPD, in the surfac-
tant era is unknown.

The first aim of this study was to compare expi-
ratory airflow in early adulthood of participants 
born either EP or ELBW with controls of normal 
birth weight. The second aim was to determine if 
the trajectory of change in expiratory airflow from 
mid-childhood to early adulthood differed between 
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Figure 1 Participant flow from birth to 25 years. EP/ELBW, extremely 
preterm/extremely low birth weight. *not applicable

the two groups. The third aim was to compare adult outcomes 
and trajectories from childhood between those who had BPD 
and those who did not within the EP/ELBW group only. It was 
hypothesised that expiratory airflow at 25 years and the trajec-
tories of expiratory airflow from mid-childhood would be worse 
in survivors born EP/ELBW than in controls, and that among 
survivors born EP/ELBW those who had BPD in the newborn 
period would be even worse than those who did not have BPD.

MeThOds
This cohort study is reported according to the Strengthening 
the Reporting of Observational Studies in Epidemiology state-
ment.6 The state of Victoria comprises approximately a quarter 
of Australia’s population. It has four tertiary neonatal inten-
sive care nurseries (NICUs), all located in the capital city of 
Melbourne. All four NICUs have collaborated along with the 
state-wide newborn transport service and the state government’s 
data collection agencies to obtain long-term outcome data of all 
liveborn infants who were either EP or ELBW in discrete eras 
from the late 1970s. One such cohort was born in the 2-year 
period 1991–1992; exogenous surfactant became available 
clinically in Victoria from March 1991. Controls were infants 
of normal birth weight recruited in the newborn period and 
matched for the mother’s country of birth (primarily English-
speaking or not) and health insurance status (as a proxy for social 
class), and the sex of the infant and the expected date of birth of 
a surviving infant born EP/ELBW. Perinatal data were collected 
prospectively during the newborn period; BPD was defined as 
oxygen dependency at 36 weeks’ postmenstrual age.

The EP/ELBW and control cohorts born in 1991–1992 have 
been assessed at 2, 5, 8 and 18 years of age; age has always 
been corrected for prematurity to avoid a small bias in cognitive 
test scores, particularly at earlier ages.7 To be consistent we have 
used corrected age for all assessments, including lung function, 
although it makes little difference to expiratory airflow conver-
sions to z-scores to do so.8 At the 8-year and 18-year assess-
ments, expiratory flows were measured and the results have 
been reported previously.4 9 At 8 years of age children were also 
assessed neurologically and psychologically.10 Major neurosen-
sory disability comprised any of moderate or severe cerebral 
palsy, blindness, deafness or an IQ <−2 SD in those assessed 
at 8 years.

The cohorts were reassessed again at 25 years of age—the full 
protocol has been published.11 One part of the protocol related 
to forced expiratory airflow, which was measured using spirom-
etry according to the American Thoracic Society and the Euro-
pean Respiratory Society guidelines12 by technicians who were 
blinded to group status of the individuals. The following values 
were obtained: FEV1, FVC, FEV1:FVC, and the airflow between 
25% and 75% of the vital capacity (FEF25%−75%). Inhaled salbu-
tamol was administered and the FEV1 measurement repeated—
participants who improved by more than 12% from the baseline 
were noted. Results, including the same measures from 8 and 18 
years, were converted to z-scores, % predicted and percentiles 
for age, height, sex and ethnicity.13 The proportions with values 
for airflow <5th percentile were computed.

dATA AnAlysis
Data were analysed using Stata V.15.1.14 Data at 25 years were 
compared between EP/ELBW and control groups, and within the 
EP/ELBW groups between those with and without BPD, using 
linear and logistic regression models fitted using generalised esti-
mating equations reported with robust (sandwich) estimation of 

SEs to account for lack of independence within multiple births 
from the same family. If models did not converge, data were 
analysed using standard linear or logistic regression with error 
terms adjusted for clustering of multiple births.

Generalised linear mixed models were used to compare the 
trajectories of lung function variables over time applied to the 
outcomes at 8, 18 and 25 years of age between groups. Three 
trajectories (rates of change in z-score per year) were compared: 
overall from 8 to 25 years, and separately from 8 to 18 years 
and from 18 to 25 years. For each dependent variable, models 
included a fixed effect for group, age and the interaction between 
group and age, and a random effect for individual to allow for 
the repeated measures within individuals. Similar models were 
used for the trajectories within the EP/ELBW groups for those 
with and without BPD in the newborn period. Results are 
reported as the differences in the slopes between the respective 
groups, along with their 95% CIs and p values.

In subgroup analyses we compared spirometry between 
control and EP groups only, and between control and ELBW 
groups only, to determine if criteria for selection of the preterm 
cohort influenced any major conclusions.

resulTs
The flow of participants from birth, to hospital discharge, then 
to 8, 18 and 25 years is shown in figure 1. Ultimately there were 
297 consecutive infants originally recruited in the newborn 
period during the calendar years 1991 and 1992 who were born 
EP/ELBW, and 260 controls who survived to 25 years of age, of 
whom 164 (55%) and 130 (50%), respectively, had expiratory 
airflows measured at age 25 years. Among both the EP/ELBW 
and control groups, there were no substantial differences in peri-
natal variables between those who did and those who did not 
have expiratory airflow data at 25 years (online supplementary 
table 1). Among those with expiratory airflow data at 25 years, 
there were expected differences between the EP/ELBW and 
control groups in gestational age and birth weight, and several 
perinatal variables, such as treatment with antenatal and post-
natal corticosteroids and surfactant, and rates of BPD (table 1). 
Notably, there were more multiple births in the EP/ELBW group 
and they were shorter than the controls at each age of respiratory 
function testing. At 8 years of age more survivors born EP/ELBW 
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Table 1 Demographic data contrasted between EP/ELBW and control groups and between BPD and no BPD groups within the EP/ELBW cohort

Variable

eP/elbW Control Comparison eP/elbW-bPd
eP/elbW-no 
bPd Comparison

n=297 n=260 eP/elbW vs control n=121 n=176 bPd vs no bPd

Antenatal corticosteroids 73% (216) 1% (3) NA 74% (94) 72% (126) 1.11† (0.69, 1.76), 0.67

Birth weight (g) 888 (161) 3386 (438) NA 840 (175) 921 (142) −81* (−118, −44), <0.001

Gestational age (completed weeks) 26.7 (1.9) 39.2 (1.4) NA 26.0 (1.7) 27.2 (2.0) −1.2* (−1.6, −0.8), <0.001

Birth weight z-score −0.73 (1.19) −0.02 (0.88) −0.73* (−0.91, −0.55), 
<0.001

−0.63 (1.10) −0.80 (1.25) 0.17* (−0.10, 0.44), 0.22

Small for gestational age (<−2 SD) 15% (46) 0.4% (1) 48.1† (6.73, 361), <0.001 11% (13) 19% (33) 0.52† (0.27, 1.03), 0.06

Male 46% (137) 48% (126) 0.90† (0.64, 1.26), 0.54 55% (66) 40% (71) 1.75† (1.10, 2.77), 0.017

Multiple birth 30% (90) 3% (8) 13.7† (6.53, 28.9), <0.001 31% (38) 30% (52) 1.44† (0.84, 2.47), 0.18

Exogenous surfactant 40% (119) 0 NA 56% (68) 29% (51) 3.06† (1.88, 4.99), <0.001

Postnatal corticosteroids 33% (97) 0 NA 56% (68) 16% (29) 6.54† (3.70, 11.5), <0.001

Bronchopulmonary dysplasia‡ 41% (121) 0 NA NA NA

Duration of assisted ventilation (days), 
median (25th–75th centiles)

26 (11–41) 0 (0–0) NA 36 (25.5–50) 17 (4–30) <0.001

At 8 years

Major neurosensory disability§ 16% (45/274) 3% (6/221) 7.04† (2.94, 16.9), <0.001 24% (27/111) 11% (18/163) 2.56† (1.35, 4.98), 0.004

Expiratory airflow data (n) 239 208 89 150

Asthma 30% (71) 21% (43/202) 1.56† (1.01, 2.42), 0.044 35% (31) 27% (40) 1.47† (0.83, 2.59), 0.18

Corrected age at assessment (years) 8.67 (0.34) 8.89 (0.41) −0.21* (−0.28, −0.14), 
<0.001

8.58 (0.33) 8.72 (0.34) −0.08* (−0.14, −0.02), 0.011

Male 46% (109) 47% (97) 0.94† (0.64, 1.37), 0.74 56% (50) 40% (60) 1.94† (1.16, 3.26), 0.012

Height (cm) 129.5 (6.7) 134.0 (5.7) −4.5* (−5.6, −3.3), <0.001 129.2 (6.8) 129.7 (6.7) −0.9* (−2.6, 0.7), 0.28

At 18 years

Expiratory airflow data (n) 208 154 77 132

Asthma 21% (40/188) 19% (27/142) 1.15† (0.57, 1.97), 0.61 24% (17/72) 20% (23/116) 1.25† (0.61, 2.54), 0.54

Corrected age (years) 17.94 (0.79) 18.07 (0.86) −0.11* (−0.29, 0.07), 0.22 17.82 (0.75) 18.00 (0.81) −0.13* (−0.29, 0.03), 0.10

Male 45% (94) 42% (64) 1.11† (0.73, 1.70), 0.52 57% (44) 38% (50) 2.14† (1.24, 3.71), 0.006

Height (cm) 165.5 (9.8) 170.8 (9.0) −5.7* (−7.7, −3.7), <0.001 167.8 (10.4) 164.2 (9.2) 2.9* (0.6, 5.3), 0.016

At 25 years

Expiratory air airflow data (n) 164 130 65 99

Asthma 21% (35) 14% (18) 1.69† (0.91, 3.14), 0.10 15% (10) 25% (25) 0.54† (0.24, 1.21), 0.13

Corrected age at assessment (years) 25.10 (0.75) 25.27 (0.88) −0.18* (−0.37, 0.01), 0.065 24.98 (0.75) 25.18 (0.75) −0.13* (−0.29, 0.03), 0.10

Male 46% (75) 44% (57) 1.04† (0.65, 1.67), 0.86 54% (35) 40% (40) 1.69† (0.93, 3.06), 0.09

Height (cm) 166.1 (9.5) 172.0 (9.1) −6.2* (−8.4, −4.1), <0.001 168.1 (9.9) 164.8 (9.1) 3.4* (0.8, 5.9), 0.009

Ethnicity

Caucasian 91% (150) 92% (119) χ2
3df = 3.8, p=0.29¶ 89% (58) 93% (92) χ2

3df = 4.4, p=0.22¶

Black 2% (4) 0% (0) 3% (2) 2% (2)

South-East Asian 3% (5) 5% (6) 6% (4) 1% (1)

Other 3% (5) 4% (5) 2% (1) 4% (4)

Tobacco smoking 18% (30) 15% (19) 1.31† (0.70, 2.45), 0.40 25% (16) 14% (14) 1.98† (0.89, 4.41), 0.09

Data are mean (SD) or % (n), unless otherwise stated. Comparisons from regression models fitted using generalised estimating equations to allow for multiple births, unless 
stated otherwise.
*Mean difference (95% CI) and p value.
†OR (95% CI) and p value.
‡Oxygen dependency at 36 weeks.
§Any of moderate or severe cerebral palsy, blindness, deafness or an IQ <−2 SD in those assessed at 8 years; .
¶Across all groups.
BPD, bronchopulmonary dysplasia; EP/ELBW, extremely preterm/extremely low birth weight; NA, not applicable as study design means the groups are expected to differ for these 
variables.
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Table 2 Expiratory airflows at 25 years of age contrasted between EP/ELBW and control groups and between BPD and no BPD groups within the 
EP/ELBW cohort

Flow variable
eP/elbW
n=164

Control
n=130 Mean difference (95% Ci), P value*

bPd
n=65

no bPd
n=99 Mean difference (95% Ci), P value*

FEV1

  z-Score −0.96 (1.22) 0.03 (1.01) −0.97 (−1.23 to −0.71), <0.001 −1.36 (1.18) −0.70 (1.17) −0.66 (−0.99 to −0.33), <0.001

  % Predicted 88.4 (14.6) 100.3 (11.9) −11.6 (−14.7 to −8.5), <0.001 83.6 (14.3) 91.6 (14.0) −8.0 (−12.0 to −4.0), <0.001

  Percentile 27.6 (26.3) 49.8 (27.6) −21.7 (−28.0 to −15.2), <0.001 18.9 (20.1) 33.3 (28.4) −14.6 (−21.5 to −7.7), <0.001

FVC

  z-Score −0.08 (1.04) 0.24 (0.93) −0.33 (−0.56 to −0.10), 0.005 −0.24 (1.21) 0.02 (0.91) −0.26 (−0.59 to 0.06), 0.11

  % Predicted 99.1 (12.5) 103.0 (11.4) −4.0 (−6.7 to −1.2), 0.005 97.3 (14.5) 100.3 (10.9) −3.0 (−6.9 to 0.8), 0.12

  Percentile 48.1 (28.3) 56.4 (26.5) −8.4 (−14.8 to −2.1), 0.009 43.3 (30.8) 51.2 (26.2) −7.3 (−15.6 to 1.0), 0.08

FEV1:FVC

  z-Score −1.27 (1.19) −0.31 (1.02) −0.96 (−1.23 to −0.69), <0.001† −1.61 (1.19) −1.05 (1.14) −0.55 (−0.92 to −0.19), 0.003†

  % Predicted 88.8 (10.8) 97.1 (8.3) −8.3 (−10.6 to −5.9), <0.001† 85.8 (11.0) 90.8 (10.2) −5.0 (−8.3 to −1.7), 0.003†

  Percentile 20.5 (24.3) 41.1 (27.3) −20.0 (−26.1 to −14.0), <0.001 14.9 (22.8) 24.2 (24.7) −9.3 (−16.8 to −1.7), 0.016†

  Ratio 0.762 (0.096) 0.829 (0.073) −0.067 (−0.088 to −0.047), <0.001 0.735 (0.095) 0.780 (0.092) −0.045 (−0.075 to −0.016), 0.003

FEF25%−75%

  z-Score −1.47 (1.25) −0.27 (1.02) −1.20 (−1.47 to −0.93), <0.001† −1.88 (1.23) −1.21 (1.20) −0.67 (−1.05 to −0.28), 0.001†

  % Predicted 70.1 (24.6) 94.8 (22.8) −24.0 (−19.5 to −18.5), <0.001 62.5 (23.3) 75.0 (24.2) −12.5 (−20.0 to −5.0), 0.001†

  Percentile 18.1 (22.7) 42.2 (27.7) −23.7 (−29.7 to −17.7), <0.001 12.1 (18.7) 22.0 (24.3) −14.1 (−23.2 to −5.1), 0.002

Data are mean (SD), unless otherwise specified.
*From separate regression models for each outcome fitted using generalised estimating equations to allow for multiple births.
†Model would not converge; hence, results from standard regression models with error terms adjusted for multiple births.
BPD, bronchopulmonary dysplasia; EP/ELBW, extremely preterm/extremely low birth weight; FEF25%−75%, airflow between 25% and 75% of the vital capacity.

Table 3 Proportions with expiratory airflows at 25 years of age <5th centile contrasted between EP/ELBW and control groups and between BPD 
and no BPD groups within the EP/ELBW cohort

Flow variable
eP/elbW
n=164

Control
n=130 Or (95% Ci), P value*

bPd
n=65

no bPd
n=99 Or (95% Ci), P value*

FEV1 26 (42) 2 (3) 13.8 (4.14 to 46.1), <0.001 34 (22) 20 (20) 2.24 (1.07 to 4.63), 0.03

FVC 7 (11) 2 (3) 3.08 (0.84 to 11.4), 0.09 9 (6) 5 (5) 1.92 (0.56 to 6.53), 0.30

FEV1:FVC 38 (63) 10 (13) 5.26 (2.71 to 10.2), <0.001 49 (32) 31 (31) 1.94 (1.10 to 3.44), 0.022

FEF25%−75% 46 (76) 8 (11) 9.06 (4.52 to 18.1), <0.001 58 (38) 38 (38) 2.37 (1.27 to 4.41), 0.006

Data are % (n), unless otherwise specified.
*From regression models using generalised estimating equations to allow for multiple births.
BPD, bronchopulmonary dysplasia; EP/ELBW, extremely preterm/extremely low birth weight; FEF25%−75%, airflow between 25% and 75% of the vital capacity.

had major neurosensory disability compared with controls, and 
more had asthma. At 25 years, sex, ethnicity, tobacco smoking 
and the mean age at testing were similar in both groups (table 1). 
Among the EP/ELBW group, those who had BPD in the newborn 
period (table 1) were less mature and lighter at birth, more were 
male, more were treated with surfactant and postnatal cortico-
steroids, more had major neurosensory disability at 8 years, and 
they were taller at 18 and 25 years compared with those who 
did not have BPD.

EP/ELBW participants had substantially reduced airflow at 
25 years of age compared with controls, whether expressed 
as z-scores, % predicted, percentiles or the FEV1:FVC ratio 
(table 2). Few participants improved their FEV1 by more than 
12% after salbutamol (EP/ELBW 11% (18/159); controls 6% 
(7/124); OR 2.13, 95% CI 0.86 to 5.29; p=0.10). The propor-
tion with an FEV1:FVC ratio <0.70 postbronchodilator was 
substantially higher in the EP/ELBW group (14%, 23/159) than 
in the controls (1%, 1/124) (OR 18.8, 95% CI 2.49 to 143; 
p=0.004).

Lung function results were almost identical in the EP-only and 
the ELBW-only groups, so the difference between these groups 
and controls were almost identical and no conclusions were 
altered (online supplementary table 2).

Among the EP/ELBW group, those who had BPD had 
lower airflow at 25 years than did those who did not have 
BPD (table 2). Among the EP/ELBW group, few participants 
improved their FEV1 by more than 12% after salbutamol 
regardless of whether they had BPD or not (BPD 14% (9/63); 
no BPD 9% (9/96); OR 1.61, 95% CI 0.60 to 4.31; p=0.34). 
The proportion with an FEV1:FVC ratio <0.70 postbroncho-
dilator was substantially higher in the BPD group (25%, 16/63) 
than in the no BPD group (7%, 7/96) (OR 4.27, 95% CI 1.66 
to 11.0; p=0.003).

Substantially more EP/ELBW participants had airflow values 
<5th centile than did controls (table 3). Within the EP/ELBW 
group, those who had BPD were approximately twice as likely 
to have airflow values <5th centile than those who did not have 
BPD (table 3).
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Figure 2 Mean values (95% CIs) for expiratory airflow z-scores 
at each age comparing EP/ELBW (black) and control groups (grey). 
Trajectories of z-scores linking the means for each expiratory airflow 
variable between 8 and 18 years, then between 18 and 25 years, are 
shown as solid lines, and between 8 and 25 years as dashed lines. EP/
ELBW, extremely preterm/extremely low birth weight; FEF25%–75%, airflow 
between 25% and 75% of the vital capacity.

Table 4 Differences in trajectories of expiratory airflow z-scores between 8 and 25 years, 8 and 18 years, and 18 and 25 years of age contrasted 
between EP/ELBW and control groups and between BPD and no BPD groups within the EP/ELBW cohorts

Flow variable

8–25 years 8–18 years 18–25 years

Mean difference* (95% Ci), P value Mean difference* (95% Ci), P value Mean difference* (95% Ci), P value

EP/ELBW vs controls     

  zFEV1 0.001 (−0.009 to 0.012), 0.84 0.004 (−0.015 to 0.023), 0.66 0.004 (−0.017 to 0.026), 0.71

  zFVC 0.018 (0.007 to 0.030), 0.002 0.028 (0.008 to 0.049), 0.007 0.004 (−0.017 to 0.024), 0.73

  zFEV1:FVC −0.021 (−0.036 to −0.005), 0.008 −0.030 (−0.059 to −0.001), 0.042 0.009 (−0.015 to 0.032), 0.47

  zFEF25%−75% −0.013 (−0.024 to −0.002), 0.019 −0.025 (−0.046 to −0.005), 0.015 0.015 (−0.005 to 0.036), 0.14

BPD vs no BPD within the EP/ELBW cohort     

  zFEV1 −0.010 (−0.022 to 0.003), 0.14 −0.015 (−0.038 to 0.008), 0.20 0.007 (−0.019 to 0.032), 0.61

  zFVC 0.018 (0.004 to 0.032), 0.011 0.031 (0.005 to 0.056), 0.018 0.006 (−0.018 to 0.030), 0.60

  zFEV1:FVC −0.032 (−0.051 to −0.014), 0.001 −0.057 (−0.092 to −0.021), 0.002 0.012 (−0.015 to 0.040), 0.37

  zFEF25%−75% −0.022 (−0.036 to −0.008), 0.001 −0.043 (−0.068 to −0.018), 0.001 0.016 (−0.008 to 0.040), 0.20

*Mean differences in trajectories (rates of change in z-scores per year of age) over the respective time periods between the groups being compared (from mixed models 
regression).
BPD, bronchopulmonary dysplasia; EP/ELBW, extremely preterm/extremely low birth weight; FEF25%−75%, airflow between 25% and 75% of the vital capacity.

Of the 297 participants born EP/ELBW, expiratory flows were 
measured in 239 (80%) at 8 years and in 209 (70%) at 18 years; 
266 (90%) had expiratory flows measured at least once at 8, 18 
or 25 years of age and were included in the longitudinal analysis. 
Of the 260 controls, expiratory airflows were measured in 208 
(80%) at 8 years and in 154 (59%) at 18 years; 221 (85%) had 
expiratory flows measured at least once at 8, 18 or 25 years of 
age.

The means and their 95% CIs for z-scores for expiratory 
airflows at each age for EP/ELBW and control groups are shown 
in figure 2, along with lines joining the means illustrating the 
trajectories in z-scores for each airflow variable over time each 
group. The expected mean z-score for any variable at any age is 
0, and if there was no change in expiratory airflow relative to 

age, height, sex or ethnicity over time, then a horizontal line for 
the trajectories would result.

For the controls, the mean values were all close to 0 at all ages, 
particularly for zFEV1 (figure 2). Because there was an increase 
in zFVC over time with little change in zFEV1, zFEV1:FVC fell 
over time. zFEF25%−75% was just below but parallel to 0 over time. 
The mean values for the EP/ELBW group were lower than those 
for the controls for all variables at all ages. The patterns of trajec-
tories for the EP/ELBW group followed those of the controls, 
but the gap between the EP/ELBW group and the controls 
seemed to diminish for zFVC and to widen for zFEV1:FVC and 
zFEF25%−75%, but only between 8 and 18 years.

From the mixed models regression analyses, EP/ELBW partic-
ipants had higher rates of change for zFVC, but lower rates of 
change in z-scores per year than controls between 8 and 25 years 
for zFEV1:FVC and zFEF25%−75% (table 4). Most of the differ-
ences in trajectories occurred between 8 and 18 years, with little 
change between the two groups from age 18 to 25 years.

Within the EP/ELBW group, those who had BPD had lower 
mean values than those who did not have BPD for all variables 
at all ages (figure 3). The patterns of the trajectories for the BPD 
and no BPD groups followed each other, but between 8 and 18 
years the differences between the groups seemed to widen for 
zFEV1, zFEV1:FVC and zFEF25%−75%. However, from the mixed 
models regression analyses, those who had BPD had lower rates 
of change in z-scores per year than those who did not have 
BPD between 8 and 18 years, and between 8 and 25 years for 
zFEV1:FVC and zFEF25%−75% only, and higher rates of change for 
zFVC (table 4).

disCussiOn
The major finding of the current study is that survivors born 
EP/ELBW in the surfactant era had substantially reduced expi-
ratory flows at 25 years of age compared with normal birth-
weight controls. Most of the airway obstruction was fixed, with 
few participants in either group having substantial responses 
to bronchodilation. Particularly worrisome is that many more 
survivors born EP/ELBW than controls had values for expiratory 
airflow that were <5th centile. Survivors born EP/ELBW had a 
slower rate of change in expiratory airflow z-scores over time 
for some, but not all variables between 8 and 25 years of age 
compared with controls. The difference in trajectories between 
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Figure 3 Mean values (95% CIs) for expiratory airflow z-scores at 
each age among EP/ELBW survivors comparing those who had BPD 
(black) with those who did not have BPD (grey). Trajectories of z-scores 
linking the means for each expiratory airflow variable between 8 and 
18 years, then between 18 and 25 years, are shown as solid lines, 
and between 8 and 25 years as dashed lines. EP/ELBW, extremely 
preterm/extremely low birth weight; FEF25%–75%, airflow between 25% 
and 75% of the vital capacity.

the groups primarily occurred between 8 and 18 years, with little 
evidence of a difference in the trajectories between 18 and 25 
years. Within the EP/ELBW group, those who had BPD in the 
newborn period had even poorer airflow at 25 years of age and 
poorer growth of airflow (lower trajectories) between 8 and 25 
years for some variables than those who did not have BPD. All 
the main findings were consistent with what we expected to find.

The differences in airflows at 25 years of age between survi-
vors born EP/ELBW and controls are larger than the differences 
between 935 survivors born VP/VLBW and 722 controls from 
mostly the presurfactant era who were aged 16 years or more 
reported in a recent individual participant data meta-analysis 
(IPDMA).3 In the IPDMA, the mean reductions in the expira-
tory airflow variables between preterm and control groups were 
as follows: zFEV1 −0.78, zFVC −0.25, zFEV1:FVC −0.74 and 
zFEF25%−75% −0.88, compared with the current study: zFEV1 
−0.97, zFVC −0.33, zFEV1:FVC −0.96 and zFEF25%−75% 
−1.20. In the IPDMA just over 50% were born EP or ELBW; the 
remainder were more mature and heavier at birth. The current 
study cohort contributed data to the IPDMA when they were 18 
years of age; of the other 10 cohorts in the IPDMA, there were 
only 34 participants who had been treated with surfactant and 
there was no comparison between those exposed and those not 
exposed to surfactant.

The reductions in airflow in our cohort born EP/ELBW at 25 
years of age have persisted from earlier in childhood.4 9 We had 
previously reported that there was evidence for deterioration 
in airflows in the small airways, reflected in the zFEF25%−75%, 
between 8 and 18 years in this cohort.4 Importantly, in the 
current study there was no evidence for further deterioration 
between 18 and 25 years in survivors born EP/ELBW relative to 
controls, or within the EP/ELBW group, between those with or 
without BPD. In the IPDMA, there were 117 VP/VLBW partic-
ipants and 53 controls born in the presurfactant era who had 
airflow measured on two occasions around the same ages, 18 

years and 25 years, as in the current study.3 In the IPDMA, zFVC 
increased between 18 and 25 years in both groups, but less so in 
the VP/VLBW group, whereas zFEV1:FVC decreased between 
the two ages, more in the controls; there was no evidence for 
differences in the changes between 18 and 25 years in zFEV1 
or zFEF25%−75% between the groups,3 consistent with the lack of 
differences in the changes between 18 and 25 years in zFEV1 or 
zFEF25%−75% between the groups in the current study.

A major strength of the current study is the geographical 
cohort encompassing all survivors born EP/ELBW in the state of 
Victoria over 2 years in the early 1990s who have been followed 
to 25 years of age. The longitudinal data on expiratory flows 
at ages 8, 18 and 25 years in survivors born EP/ELBW in the 
surfactant era are unique. A control group recruited from birth 
with longitudinal expiratory airflow data at the same ages is also 
a strength, as they provide a contemporaneous group with which 
to compare results, rather than relying solely on reference ranges 
derived from different regions at different times.

A limitation is that not all survivors had expiratory flows 
measured at 25 years. However, given the stringent requirements 
for valid respiratory function tests, it is impossible to obtain expi-
ratory airflow data from 100% of any population, and particu-
larly not 100% of a population which has substantially higher 
rates of neurological impairments than controls (table 1), which 
preclude sufficient cooperation with the testing requirements. 
Follow-up rates inevitably declined with time from birth as more 
participants moved to other areas, states or countries, and they 
were unable to travel back to the centre for respiratory function 
testing. We had much higher proportions of both cohorts with 
expiratory airflow data at 8 years of age (80%), but this dwin-
dled by 25 years of age. The follow-up rates into late adoles-
cence/early adulthood in the studies reporting outcomes from 
complete cohorts included in the IPDMA were less than 50% 
apart from one region in Norway.3 We chose not to impute data 
at age 25 for those not assessed but instead used mixed models 
to allow us to include all the data available from any ages to 
calculate the trajectories of interest in the longitudinal analyses.

Another limitation is that the use of exogenous surfactant 
was restricted to an early surfactant, Exosurf, which contains no 
surfactant proteins and is rarely used today. Furthermore, when 
first released in 1991, infants had to have established lung disease 
and be in more than 50% oxygen to qualify for treatment, before 
that restriction was eased during 1992. Despite the restrictions 
on its use, 40% of the EP/ELBW cohort were treated with exog-
enous surfactant. The expiratory flows for adults treated with 
different surfactants that may be more effective than Exosurf 
and for those treated earlier in their clinical course may differ 
when they are eventually assessed at the same age as in our study. 
Not all infants born EP/ELBW need exogenous surfactant after 
birth—in the state of Victoria in 2016–2017, only 72% of EP/
ELBW survivors were treated with surfactant (Cheong JLY et al, 
manuscript in preparation, 2019).

Asthma rates were higher in the EP/ELBW group than controls 
only at 8 years, and not later. The apparent disconnect between 
measured flow rates and symptomatic asthma in adulthood might 
be because few individuals were responsive to bronchodilation.

Combining EP and ELBW groups did not affect any conclu-
sions; results were almost identical if the controls were compared 
with the EP and ELBW groups separately.

At the clinical level, the current study of expiratory flows 
to age 25 years, beyond the expected peak of expiratory flows 
in the early 20s, confirms that survivors born EP/ELBW in the 
surfactant era, particularly those who had BPD in the newborn 
period, are not achieving their full airway growth potential. 
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Our results are consistent with those obtained from preterm 
participants in early adulthood in the presurfactant era,3 and 
are applicable to survivors born EP/ELBW in the early surfac-
tant era. On a positive note, there was little evidence that the 
rate of change in expiratory flows was different between groups 
from 18 and 25 years of age, in contrast with a greater decline 
in variables reflecting small airway airflow (FEF25%−75%) between 
8 and 18 years in the EP/ELBW group compared with controls, 
and within the EP/ELBW group between those with and without 
BPD. However, even with a normal rate of future decline with 
age, survivors born EP/EBW, particularly those who had BPD, 
are very likely to be predisposed to higher rates of COPD, or 
other forms of airway compromise, in later adulthood.3 This has 
important clinical implications in the identification, treatment 
and management of obstructive respiratory disease in survivors 
born EP/ELBW.

Areas for future research include the need for other cohorts 
of survivors born EP/ELBW from the surfactant era and treated 
with other surfactants and sooner after birth to report results into 
adulthood to confirm or refute our findings. However, we have 
reported that survivors born EP in more recent eras who were 
treated with other surfactants and earlier in the clinical course 
had more oxygen dependency, more BPD and worse expiratory 
flows at 8 years than those born in 1991–1992,3 so more recent 
cohorts may not achieve any better expiratory airflows than 
those reported in the current study. Clearly, our cohorts born 
in 1991–1992 must be reassessed later in adulthood to deter-
mine the true long-term trajectory for expiratory airflow for the 
earliest survivors born EP/ELBW in the surfactant era.
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