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Abstract
Rationale Survivors of preterm birth (<37 weeks’ gestation) have low peak oxygen uptake, a global
measure of aerobic fitness and an established predictor of increased morbidity and mortality. However, little
is known about other cardiopulmonary outcome measures in this population. We addressed the hypothesis
that preterm birth is associated with abnormal respiratory, cardiovascular and metabolic responses to
exercise, as assessed by cardiopulmonary exercise testing, via a systematic review and meta-analysis.
Methods Six databases were systematically searched up to 29 November 2024 (PROSPERO:
CRD42022320775). Studies reporting cardiopulmonary outcome measures obtained during a standardised
exercise test were included if they had preterm-born participants and matched term-born controls. The
standardised mean difference (SMD) between pooled preterm-born and term-born cohorts was calculated
using random-effects models for the meta-analysis.
Results Of the 12 143 records identified, 47 cohorts were included in the final meta-analysis. At peak
exercise, the preterm-born cohort (n=2149) demonstrated lower oxygen uptake (SMD −0.39, 95% CI
−0.52 to −0.26), work rate (SMD −0.53, 95% CI −0.70 to −0.35), minute ventilation (SMD −0.43, 95%
CI −0.60 to −0.26), tidal volume (SMD −0.38, 95% CI −0.62 to −0.15), oxygen pulse (SMD −0.47,
95% CI −0.75 to −0.19), heart rate (SMD −0.18, 95% CI −0.28 to −0.07), anaerobic threshold (SMD
−0.29, 95% CI −0.49 to −0.08) and gas exchange efficiency (SMD 0.22, 95% CI 0.04 to 0.41), compared
to the term-born cohort (n=1650).
Conclusions In addition to a reduced peak oxygen uptake, survivors of preterm birth have impairments in
the respiratory, cardiovascular and metabolic domains during cardiopulmonary exercise testing. Given that
reduced aerobic capacity is associated with increased morbidity and mortality, exercise interventions that
target cardiorespiratory fitness should be prioritised across the lifespan in those born preterm.

Introduction
Respiratory system deficits are observed in children and adults born preterm, and are often amplified in
those with a neonatal diagnosis of bronchopulmonary dysplasia (BPD) [1]. BPD is generally determined
by the duration of respiratory support required in the neonatal intensive care unit. Significant advancements
in perinatal care, such as the introduction of exogenous surfactant and antenatal corticosteroids in the early
1990s (i.e. the contemporary or post-surfactant era) have resulted in an altered BPD phenotype [2]. Our
series of systematic reviews evaluating lung function across the lifespan for survivors of preterm birth have
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shown reduced forced expiratory volume in 1 s [3], airway obstruction that may be progressing with
increasing age [4], impaired gas transfer capacity and increased gas trapping in those born preterm when
compared to term-born counterparts [5].

While routinely performed in the clinical setting and vitally important for monitoring the progression of
lung disease, the above-mentioned lung function tests all examine the respiratory system at rest and
consider the lung in isolation. However, survivors of preterm birth also have increased risk of developing
chronic metabolic disorders (e.g. obesity, diabetes and metabolic syndrome) [6] and cardiovascular disease
(e.g. hypertension and heart failure) [7, 8], concurrent with the increased risk of prematurity-associated
lung disease [2], highlighting deficits across multiple links of the oxygen transport chain.

Peak oxygen consumption (peak V̇O2
) is a global measure of aerobic capacity and cardiorespiratory fitness,

and a well-established predictor of all-cause morbidity, mortality and quality of life [9]. Peak V̇O2
is of

clinical interest because this population has increased cause-specific mortality from respiratory, endocrine
and cardiovascular disorders and a 5-fold increased risk of all-cause mortality from birth to age 45 years [10].
Peak V̇O2

can be accurately measured through breath-by-breath analysis during cardiopulmonary exercise
testing (CPET). Previous meta-analyses in 2015 (children and adults) [11] and 2023 (adults only) [12]
reported reduced peak V̇O2

in those born preterm compared with term-born controls (mean difference
−2.20 mL·min−1·kg−1, 95% CI −3.70 to −0.70 mL·min−1·kg−1 and −3.84 mL·min−1·kg−1, 95% CI −5.61
to −2.07 mL·min−1·kg−1, respectively). However, in addition to peak V̇O2

, CPET provides information
about how the respiratory, cardiovascular and metabolic systems respond to increased energy demands
during exercise [6]. Studies reporting additional CPET outcomes are now published in survivors of preterm
birth, with varying results [13–21]. However, small sample sizes and heterogenous study designs have
hampered the interpretation of these outcomes in those born preterm. Given what we understand about the
heterogenous sequelae of preterm birth, CPET outcomes beyond peak V̇O2

could prove useful in
understanding the range of possible physiological impacts of preterm birth. Surprisingly, there is yet to be a
study summarising detailed CPET outcome data beyond that of peak V̇O2

for this population.

To test the hypothesis that survivors of preterm birth have impaired physiological responses to exercise, we
present a comprehensive meta-analysis of CPET outcomes extracted from a systematic review of CPET
studies in preterm participants. The primary aim was to determine if the respiratory, cardiovascular and
metabolic responses to exercise differ in survivors of preterm birth compared to term-born controls.
Secondary aims were to determine if these exercise responses are impacted by BPD, changes in neonatal
practice (i.e. pre- or post-surfactant era, represented by year of birth) or increasing age. Finally, we aimed
to investigate if exercise test modality (cycle ergometer or treadmill) influenced exercise outcomes in those
born preterm compared to term.

Methods
Search strategy and selection criteria
In the first of these back-to-back publications, GIBBONS et al. [5] outline the systematic review search
strategy, selection criteria, data collection, extraction, synthesis, analysis of study quality and selection bias
in detail (PROSPERO: CRD42022320775). Briefly, searches were designed to capture studies investigating
CPET outcomes, in addition to static lung volumes, gas transfer and oscillometry, in preterm-born
populations compared with term-born controls. CPET outcomes were chosen and categorised to reflect the
overall aerobic capacity (peak V̇O2

, V̇O2
to work rate (WR) slope), metabolic (respiratory exchange ratio

(RER)), pulmonary gas exchange efficiency (slopes of minute ventilation (V̇E) versus carbon
dioxide production (V̇CO2

) and oxygen consumption (V̇O2
)), ventilatory (V̇E, breathing frequency (fb), tidal

volume (VT), exercise flow limitation) and cardiovascular (heart rate (HR), oxygen pulse (represented by
V̇O2

/HR)) responses to exercise. Systematic review searches were carried out on 29 April 2022 and updated
on 29 November 2024. During data extraction, two additional outcomes were frequently reported, and were
thus added to the analysis post hoc: peak WR to reflect maximal functional capacity and the V̇O2

at
anaerobic threshold (AT).

Studies were eligible for inclusion in this meta-analysis if 1) they reported CPET outcomes for both
cohorts with a history of preterm birth (with and/or without a history of BPD) and cohorts who were born
at term; 2) CPET was performed using a cycle ergometer or treadmill with direct, metabolic measurement
of end-tidal gas; and 3) they had data that were reported as mean±SD or were appropriate for transformation
to mean±SD using methods previously outlined [4]. Studies were excluded if they performed exercise
testing with indirect estimates of V̇O2

. Where data from the same cohort spanned multiple publications,
only the study with the most complete data set was included. For CPET outcomes expressed in multiple
formats, a single format was extracted for analysis, with preference given to % predicted values, then to
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body weight relative values (e.g. V̇O2
in mL·min−1·kg−1) and lastly to absolute values (e.g. V̇O2

in L·min−1).
AT data were included when studies used the “V-slope” or “ventilatory equivalents” methods to determine
AT [22]. Gas exchange efficiency was defined as the regression slope of V̇E against V̇CO2

(represented
by V̇E/V̇CO2

slope) [23].

Data analysis
Meta-analyses were performed in R (version 4.3.2; www.r-project.org) using the meta [24], metafor [25]
and dmetar packages [26]. Briefly, the standardised mean difference (SMD) between pooled term-born and
preterm-born groups for each study and for each CPET outcome was calculated. The SMD represents the
mean difference between two groups relative to a pooled SD of those groups, and allows comparison across
multiple studies when outcomes are expressed in differing formats (e.g. L·min−1, mL·min−1·kg−1 or
% predicted) [27]. Meta-analyses were conducted to determine the overall SMD for each outcome.
Random-effects models were used owing to expected high levels of heterogeneity, and Hedges’ g
correction was applied to account for studies with small sample sizes. Heterogeneity (I2) was calculated
using the restricted-maximum likelihood method (as recommended for continuous outcome data [28]) with
Knapp–Hartung adjustments to control for uncertainty in between-study heterogeneity. To address the
secondary aims, meta-analyses were repeated with preterm groups sub-categorised by BPD status,
according to the study’s reported definitions of BPD. Additionally, meta-regression analyses were used to
investigate the impact of age and changes in neonatal care over time by plotting the SMD of each CPET
outcome against the mean age and birth year of the cohorts. Meta-regression analysis required at least
10 cohorts per moderator to avoid over-fitting of regression models [29], and significance was determined
by F-tests. Statistical significance was set at p⩽0.05. Subgroup analyses were conducted using Q-tests to
assess the impact of exercise modality (cycle ergometer or treadmill) on the differences between the
preterm and term groups for each outcome. Q-tests assess if differences in subgroups are more likely due
to sampling error or true differences in the effect size between subgroups [27]. Full details of the data
analysis techniques are described in GIBBONS et al. [5].

Risk of bias was assessed using a modified version of the Newcastle-Ottawa Quality Assessment Scale
[30]. Based on this scale, each study was given a rating of low, medium or high risk of bias based on
Agency of Healthcare Research and Quality Standards. Subgroup analysis was performed to compare if
studies rated as low risk of bias differed significantly from those rated as medium or high risk of bias.
Publication bias was assessed visually using funnel plots, and objectively with Egger’s test when the
outcome was reported in 10 or more studies [31].

Results
Study characteristics
The systematic review study selection and exclusions are summarised in figure 1. Detailed characteristics
for all CPET studies included in the systematic review are provided in supplement 1: table E1 and the
backing article’s supplemental material (supplement 2: table E2 of GIBBONS et al. 2025 [5]). From the
systematic review, there were 124 studies identified containing CPET data across 48 unique cohorts, 47 of
which were included in this meta-analysis [13, 17, 18, 21, 32–74]. All extracted and pooled data are
tabulated in supplement 1: table E2. These studies resulted in 2149 preterm-born participants and 1650
term-born controls included in the analyses. Of the preterm group, 564 participants had a neonatal
diagnosis of BPD and 638 were preterm without a diagnosis of BPD. The BPD status of the remaining
947 participants was not reported. CPET was performed on a treadmill in 15 studies, by cycle ergometry
in 31 studies and by both in one study [54]. Median cohort age varied from 7 to 28 years of age, and the
birth year of the cohorts ranged from 1973 to 2014.

Study quality, publication bias and risk of bias
Study quality varied substantially across studies, with the risk of bias rated low for 36 studies, medium for
five studies and high for six studies (supplement 1: table E3). Similarly, between-study heterogeneity (I2)
varied across outcomes, ranging from 29% for the minute ventilation versus CO2

production slope (V̇E/V̇CO2
slope), to 75% for peak RER. Publication bias was evident (via asymmetrical

funnel plots and significant Egger’s test) when comparing the preterm group to the term group for the peak
tidal volume variable. However, once the groups were separated by BPD status, Egger’s test no longer
reached statistical significance (supplement 2), implying that the heterogeneity in the combined preterm
group may result from differences in disease state between the BPD and No BPD groups. Risk of bias
subgroups analysis (supplement 1: table E4) revealed that studies rated to have medium-to-high risk of bias
demonstrated a larger difference (SMD) in HR between the preterm and term groups.
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FIGURE 1 Study selection flowchart. Cardiorespiratory function during exercise (bottom right). TLC: total lung capacity; RV: residual volume;
FRC: functional residual capacity; LCI: lung clearance index; Scond: conductive ventilation heterogeneity; Sacin: acinar ventilation heterogeneity;
DLCO: diffusing capacity of the lung for carbon monoxide; KCO: transfer coefficient for carbon monoxide; VA: alveolar volume; R5/6 Hz: airway
resistance at 5/6 Hz; R5/6−20 Hz: difference between airway resistance at 5/6 Hz and 20 Hz; Fres: resonant frequency; AX: reactance area; V̇O2

: oxygen
consumption; WR: work rate; V̇O2

/WR slope: V̇O2
versus work rate slope; RER: respiratory exchange ratio; AT: aerobic threshold; V̇E/V̇CO2

slope: minute
ventilation versus carbon dioxide production slope; V̇E/V̇O2

slope: minute ventilation versus oxygen consumption slope; V̇E: minute ventilation;
fb: breathing frequency; VT: tidal volume; O2 pulse: oxygen pulse (V̇O2

/HR); HR: heart rate.
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Meta-analysis
A summary of the primary meta-analysis results, including the number of studies reporting each CPET
outcome, is presented in figure 2, with differences between the preterm and term groups expressed as SMD
with 95% confidence intervals (95% CIs). Forest plots for all CPET outcomes in this meta-analysis,
including details on the reported measurement units for each study, are provided in supplement 3. The
analysis of peak V̇O2

from 47 studies further evidenced that those born preterm (n=2149) had impaired
aerobic capacity (peak V̇O2

) compared with term-born (n=1650) controls (SMD −0.39, 95% CI −0.52 to
−0.26, k=47). The WR at peak exercise was also lower in the preterm group (SMD −0.53, 95% CI −0.70
to −0.35, k=31), as was the V̇O2

/WR slope (SMD −0.30, 95% CI −0.54 to −0.06, k=8).

Respiratory: gas exchange
Gas exchange efficiency was impaired in the preterm-born group, as represented by elevated V̇E/V̇CO2

slopes (SMD 0.22, 95% CI 0.04 to 0.41, k=9) compared to the term-born group.

Respiratory: ventilation
Impaired ventilatory indices at peak exercise were identified in those born preterm compared to term-born
counterparts. V̇E at peak exercise was lower in the preterm group (SMD −0.43, 95% CI −0.60 to −0.26,
k=29) with reduced VT at peak exercise compared to the term group (SMD −0.38, 95% CI −0.62 to
−0.15, k=18). Breathing frequency at peak exercise was not different between the preterm and term groups
(SMD 0.01, 95% CI −0.18 to 0.19, k=23).

Cardiovascular
Impaired cardiovascular indices were also observed in the preterm group with both HR and O2 pulse
reduced at peak exercise compared to term-born controls (HR: SMD −0.18, 95% CI −0.28 to −0.07,
k=38; O2 pulse: SMD −0.47, 95% CI −0.75 to −0.19, k=12).
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FIGURE 2 Meta-analyses of cardiopulmonary exercise testing (CPET) outcomes for preterm-born participants
compared with term-born controls. k: number of cohorts; nPT: number of preterm individuals in analysis;
nFT: number of full-term controls in analysis; SMD: standardised mean difference; 95% CI: 95% confidence
interval; V̇O2

: oxygen consumption; V̇O2
/WR slope: V̇O2

versus work rate slope; WR: work rate; V̇E/V̇CO2
slope: minute

ventilation versus CO2 production slope; V̇E: minute ventilation; fb: breathing frequency; VT: tidal volume;
HR: heart rate; O2 pulse: oxygen pulse (V̇O2

/HR); RER: respiratory exchange ratio; AT: anaerobic threshold.
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Metabolic
Metabolic indices showed no difference in the RER at peak exercise between the preterm-born and
term-born groups (SMD −0.02, 95% CI −0.23 to 0.19, k=24). However, the V̇O2

at AT was lower in the
preterm group compared to the term group (SMD −0.29, 95% CI −0.49 to −0.08, k=23).

Preterm birth with and without BPD
Table 1 shows the SMD (95% CI) for each CPET outcome grouped by the presence or absence of a
neonatal diagnosis of BPD. These data suggest that the group with BPD may have greater respiratory
deficits during exercise, relative to term-born controls, than the preterm group without BPD.

Meta-regression
Meta-regression analyses (figure 3) showed that the aerobic capacity of the preterm group diverged further
from the term group with increasing age. Peak V̇O2

, peak WR and V̇O2
at AT all deviated further from the

term group with increasing age, shifting by 0.02 (p=0.04), 0.03 (p=0.03) and 0.03 (p=0.01) SMD units
per year away from the term-born population, respectively. Birth year was associated with a minor
improvement in HR at peak exercise, shifting by 0.01 (p=0.03) SMD units per birth year towards the
term-born population. No further associations between CPET outcomes and birth year or age at CPET were
observed (supplement 1: table E5).

Exercise modality
Subgroup analyses (table 2) revealed that the SMDs between preterm- and term-born groups were similar
for peak V̇O2

on both cycle ergometry and treadmill tests (SMD −0.4, 95% CI −0.56 to −0.24, k=31
versus SMD −0.4, 95% CI −0.65 to −0.14, k=15). However, the preterm group were more likely to have a
lower peak HR (compared with term-born peers) with treadmill tests (SMD −0.25, 95% CI −0.40 to
−0.10, k=13) compared to cycle ergometry tests (SMD −0.12, 95% CI −0.25 to 0.01, k=22). No further
differences with exercise modality were observed.

Discussion
Our findings demonstrate that preterm birth is associated with reduced exercise capacity (peak V̇O2

, V̇O2
at AT

and peak WR), which may diverge further from the term-born population with advancing age. Additionally,
we consolidated the published literature on exercise outcomes beyond peak V̇O2

for the first time in survivors
of preterm birth. In doing so, we report impairment in all physiological domains of exercise capacity assessed
by CPET, including the ventilatory, gas exchange, cardiovascular and metabolic domains.

TABLE 1 Repeated meta-analyses for BPD versus Term and No BPD versus Term groups

BPD versus Term No BPD versus Term

k (nPT/nFT) SMD (95% CI) I2 (%) k (nPT/nFT) SMD (95% CI) I2 (%)

Aerobic capacity
Peak V̇O2

24 (564/794) −0.51 (−0.73 to −0.29) 63 21 (638/682) −0.38 (−0.59 to −0.17) 56
V̇O2

/WR slope 4 (99/203) −0.45 (−1.09 to 0.20) 51 4 (237/203) −0.37 (−1.07 to 0.33) 64
Peak WR 16 (390/638) −0.66 (−0.92 to −0.41) 59 15 (520/559) −0.32 (−0.60 to −0.03) 69

Gas exchange
V̇E/V̇CO2

slope 5 (140/266) 0.23 (−0.19 to 0.66) 46 5 (279/223) 0.22 (0.03 to 0.41) 0
Ventilation
Peak V̇E 18 (430/542) −0.53 (−0.74 to −0.32) 48 14 (428/387) −0.25 (−0.51 to 0.02) 48
Peak fb 11 (272/408) 0.15 (−0.06 to 0.36) 22 10 (396/347) −0.08 (−0.29 to 0.12) 21
Peak VT 13 (398/584) −0.57 (−0.78 to −0.37) 46 10 (415/462) −0.13 (−0.24 to −0.02) 0

Cardiovascular
Peak HR 19 (432/590) −0.37 (−0.55 to −0.19) 31 18 (444/542) −0.18 (−0.35 to 0.00) 29
Peak O2 pulse 8 (203/270) −0.63 (−0.85 to −0.42) 0 7 (315/229) −0.47 (−1.03 to 0.10) 75

Metabolic
Peak RER 13 (326/420) −0.18 (−0.43 to 0.07) 47 13 (459/392) −0.10 (−0.38 to 0.18) 57
V̇O2

at AT 11 (284/372) −0.18 (−0.50 to 0.15) 60 8 (346/296) −0.33 (−0.76 to 0.11) 68

Bold text indicates significant outcomes (p⩽0.05). BPD: bronchopulmonary dysplasia; k: number of cohorts; nPT: number of preterm participants;
nFT: number of full-term control participants; SMD: standardised mean difference; 95% CI: 95% confidence interval; I2: between-study
heterogeneity; V̇O2

: oxygen consumption; V̇O2
/WR slope: V̇O2

versus work rate slope; WR: work rate; V̇E/V̇CO2
slope: minute ventilation versus

CO2 production slope; V̇E: minute ventilation; fb: breathing frequency; VT: tidal volume; HR: heart rate; O2 pulse: oxygen pulse (V̇O2
/HR);

RER: respiratory exchange ratio; AT: anaerobic threshold.
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Reduced peak V̇O2
has been previously reported in systematic reviews of (largely) children born preterm

[11], and adults born preterm with very low birthweight [12]. The former study concluded that the small
reductions observed in peak V̇O2

(in the predominantly paediatric population) were unlikely to be of
clinical significance [11]. However, larger differences were reported in the meta-analysis of adult peak V̇O2

[12]. Our lifespan analysis suggests that age-related worsening may be a factor; however, longitudinal
studies are needed to address this hypothesis, which are scarce. To date, only two small Norwegian cohorts
have investigated changes in exercise capacity over time in a preterm population, one studying changes
from childhood to adolescence [39], and the second from adolescence to adulthood [38]. Both studies
reported a lower peak V̇O2

at the first assessment that persisted at follow-up; however, confidence intervals
were wide, likely due to small sample sizes. Understanding how exercise capacity evolves across the
lifespan may further our understanding of why those born preterm are at an elevated risk of morbidity and
mortality, decades after preterm birth.

This meta-analysis revealed reduced V̇E and VT at peak exercise, indicating an impaired respiratory
response to exercise. This finding may be due to anthropometric differences; preterm-born individuals are
generally shorter and lighter than their term-born counterparts [75] and V̇E and VT data are typically
expressed in absolute units (L·min−1 and L, respectively), despite being size dependent. Alternatively,
reduced VT, in the presence of expiratory flow limitation, may be a compensatory mechanism to reduce
work of breathing [59]. In a small cohort of extremely preterm-born adults (n=35), LOVERING et al. [76]
demonstrated that expiratory flow limitation is encountered even at low-intensity exercise, principally for
those with a neonatal diagnosis of BPD. Others have also shown the increased rates of expiratory flow
limitation during exercise in children born preterm [59, 62]. Unfortunately, meta-analysis of these data was
not possible owing to the small number of studies reporting on expiratory flow limitation (n=3) and
significant heterogeneity in the reporting of these results. Considered together, the reduced V̇E and VT

during exercise reported herein, the increased prevalence of expiratory flow limitation [59, 76] and the high
burden of exertional respiratory symptoms in this population [77] suggest that mechanical constraints to
ventilation during exercise are likely for those born preterm.
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TABLE 2 Bike versus treadmill subgroup-effects meta-analysis for preterm versus term group

Cycle ergometry Treadmill Both Total Qb p-value#

k SMD (95% CI) k SMD (95% CI) k SMD (95% CI) k SMD (95% CI)

Aerobic capacity
Peak V̇O2

31 −0.4 (−0.56 to −0.24) 15 −0.4 (−0.65 to −0.14) 1 0.09 (−0.55 to 0.72) 47 −0.39 (−0.52 to −0.26) 2.13 0.34
Peak WR 21 −0.56 (−0.78 to −0.33) 10 −0.47 (−0.8 to −0.14) NR 31 −0.53 (−0.70 to −0.35) 0.23 0.63

Gas exchange
V̇E/V̇CO2

slope 8 0.21 (0.01 to 0.41) 1 0.44 (−0.13 to 1.01) NR 9 0.22 (0.04 to 0.41) 0.55 0.46
Ventilation
Peak V̇E 20 −0.34 (−0.5 to −0.18) 8 −0.59 (−1.11 to −0.07) 1 −0.88 (−1.55 to −0.21) 29 −0.43 (−0.60 to −0.26) 3.4 0.18
Peak fb 16 0.08 (−0.15 to 0.32) 6 −0.16 (−0.53 to 0.2) 1 −0.3 (−0.95 to 0.34) 23 0.01 (−0.18 to 0.19) 2.61 0.27
Peak VT 14) −0.4 (−0.74 to −0.07) 3 −0.31 (−1.08 to 0.46) 1 −0.8 (−1.47 to −0.14) 18 −0.38 (−0.62 to −0.15) 1.65 0.44

Cardiovascular
Peak HR 24 −0.12 (−0.25 to 0.01) 13 −0.25 (−0.4 to −0.1) 1 −1.01 (−1.69 to −0.33) 38 −0.18 (−0.28 to −0.07) 7.74 0.02
Peak O2 pulse 8 −0.59 (−0.92 to −0.26) 3 −0.17 (−1.57 to 1.23) 1 −0.22 (−0.86 to 0.42) 12 −0.47 (−0.75 to −0.19) 2.14 0.34

Metabolic
Peak RER 18 0.07 (−0.17 to 0.32) 6 −0.31 (−0.73 to 0.11) NR 24 −0.02 (−0.23 to 0.19) 3.65 0.06
V̇O2

at AT 14 −0.35 (−0.62 to −0.08) 8 −0.24 (−0.63 to 0.15) 1 0.36 (−0.28 to 1.01) 23 −0.29 (−0.49 to −0.08) 4.16 0.12

Qb: heterogeneity between subgroups; k: number of cohorts; SMD: standardised mean difference; 95% CI: 95% confidence interval; V̇O2
: oxygen consumption; WR: work rate; V̇E/V̇CO2

slope: minute ventilation versus CO2 production slope; V̇E: minute ventilation; fb: breathing frequency; VT: tidal volume; HR: heart rate; O2 pulse: oxygen pulse (V̇O2
/HR); RER: respiratory exchange

ratio; AT: anaerobic threshold; NR: not reported. #: p-value reflects the significance (set at p⩽0.05) of the differences in SMD between cycle ergometry and treadmill cardiopulmonary exercise
testing outcomes, with bold text indicating significantly different outcomes.
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In addition to ventilatory deficits, altered gas exchange can lead to respiratory limitation and symptoms on
exercise. Efficient gas exchange relies on healthy pulmonary microvasculature and appropriate alveolar
surface area, alterations in both of which have been implicated in the pathophysiology of BPD [4]. Gas
exchange efficiency is represented by the minute ventilation for a given rate of CO2 production (V̇E/V̇CO2

slope). An elevated V̇E/V̇CO2
slope indicates the respiratory system is less efficient at ventilating CO2 out of

the body during exercise. Studies included in this analysis reported the V̇E/V̇CO2
slope. However, the

V̇E/V̇CO2
nadir may also be valuable in helping to understand ventilatory efficiency during exercise in this

population [78]. This meta-analysis showed elevated V̇E/V̇CO2
slopes on exercise in the preterm-born group,

an outcome which has been implicated in a number of other disease pathologies with gas exchange
abnormalities, such as COPD [79], heart failure [80] and pulmonary hypertension [81]. While the elevation
in V̇E/V̇CO2

slope in our analysis is modest, the chronic effects of subclinical impairments in gas exchange
on exercise are not known for this population, and further investigation in this domain is warranted.

Our results suggest that survivors of preterm birth may (relative to term-born controls) have reduced cardiac
output, with reductions in HR and stroke volume at peak exercise. While stroke volume is approximated
from O2 pulse in CPET, there is evidence supporting reduced stroke volume at peak exercise using direct
measures in preterm-born cohorts (e.g. cardiac magnetic resonance imaging [82] or thoracic bioimpedance
[17]). Nonetheless, it remains unknown whether reduced stroke volume is a consequence of smaller cardiac
chamber size or myocardial dysfunction in those born preterm [83], and whether deficits progress over the
life course. However, a recent Swedish registry study identified a 17-fold increased risk of incident heart
failure among children and young adults born extremely preterm [84], and these CPET measures may help
to identify preterm-born individuals at risk of early cardiovascular morbidity.

We showed that preterm-born individuals have a lower AT than term-born controls, with meta-regression
analysis suggesting further decrements in AT with increasing age. Reduced AT indicates a switch to
anaerobic metabolism at lower relative exercise intensities, and can result from impaired oxygen uptake,
mitochondrial oxygen extraction or cardiac output (which may be a result of deconditioning) [22]. Elevated
basal and stress-related mitochondrial oxygen consumption rates [6] and reduced mitochondrial density [85]
have been reported in preterm-born adults and adolescents, which could explain their earlier attainment of
AT during CPET. Similarly, altered body composition in preterm-born individuals, and particularly
unfavourable fat distribution, could imply increased sedentary behaviours that would precipitate physical
deconditioning [86]. Indeed, adolescent and adult survivors of preterm birth participate less in physical
activity [87], which may result from a combination of neurodevelopmental, musculoskeletal and
psychosocial factors [88, 89]. The consequences of reduced AT predispose this population to early-onset
metabolic acidosis during exercise, and therefore a greater likelihood of fatiguing or developing respiratory
symptoms on exercise, which may manifest as avoidance towards physical activity [89].

The interpretation of these data is limited by the fact that survivors of preterm birth are a heterogenous
population with significantly varying geographical and neonatal characteristics [3], especially given the
profound changes in perinatal care over the past three decades. Consequently, while we provide data
separated for those with and without BPD (compared to term-born controls), all analyses have been
conducted across the entire preterm population because we now understand that many individuals without
BPD go on to develop prematurity-associated lung disease [90]. While a strength of this study is using
SMD to pool CPET data expressed in different formats (% predicted, body weight corrected, raw data) to
maximise the number of studies included, we need to interpret the findings with the knowledge that
preterm-born people are sometimes of smaller stature than their age-equivalent peers [91]. In this
meta-analysis, two studies reported outcomes as raw values for V̇O2

[47, 74], which may widen the
difference between the term and preterm groups. Others have argued that a per kg adjustment may not be
an adequate adjustment for body size [92]. Regardless, expressing CPET outcomes such as V̇O2

peak
relative to body weight is the most universally used way to account for body size differences. Adding to
this, differences in exercise testing protocols, technology, methodology and cohort inclusion/exclusion
criteria across different studies have likely contributed to the high heterogeneity seen in our analyses.
Furthermore, we excluded studies without a term-born control group, and for study cohorts with data
published across multiple publications, only the study with the most comprehensive data was included.
While this approach resulted in several studies being excluded, it does provide confidence in the
differences reported between the preterm- and term-born populations.

In summary, this meta-analysis is the first to comprehensively report on deficits in respiratory,
cardiovascular and metabolic measures at peak exercise in survivors of preterm birth. In our systematic
review, no studies were identified that examined exercise capacity in cohorts born preterm after 30 years of
age. This leaves a significant blind spot, inhibiting our understanding of the lifelong consequences of
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preterm birth on exercise capacity. Moving forward, longitudinal studies in this growing population are
needed to help elucidate the mechanisms and trajectories of exercise intolerance. Moreover, participation in
physical activity and exercise across the lifespan should be encouraged to improve the physiological
deficits in this population.
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