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Abstract
Background A negative impact of premature birth on health in adulthood is well established. However, it is not clear whether 
healthy adults who were born prematurely but have similar physical activity levels compared to adults born at term have a 
reduced maximal aerobic exercise capacity (maximum oxygen consumption [VO2max]).
Objective We aimed to determine the effect of premature birth on aerobic exercise capacity and lung function in otherwise 
healthy, physically active individuals.
Methods A broad literature search was conducted in the PubMed database. Search terms included ‘preterm/premature birth’ 
and ‘aerobic exercise capacity’. Maximal oxygen consumption (mL/kg/min) was the main variable required for inclusion, 
and amongst those investigations forced expiratory volume in 1 s  (FEV1, % predicted) was evaluated as a secondary param-
eter. For the systematic review, 29 eligible articles were identified. Importantly, for the meta-analysis, only studies which 
reported similar activity levels between healthy controls and the preterm group/s were included, resulting in 11 articles for 
the VO2max analysis (total n = 688, n = 333 preterm and n = 355 controls) and six articles for the  FEV1 analysis (total n = 296, 
n = 147 preterm and n = 149 controls). Data were analysed using Review Manager ( Review Manager. RevMan version 5.4 
software. The Cochrane Collaboration; 2020.).
Results The systematic review highlighted the broad biological impact of premature birth. While the current literature tends 
to suggest that there may be a negative impact of premature birth on both VO2max and  FEV1, several studies did not control 
for the potential influence of differing physical activity levels between study groups, thus justifying a focused meta-analysis 
of selected studies. Our meta-analysis strongly suggests that prematurely born humans who are otherwise healthy do have a 
reduced VO2max (mean difference: − 4.40 [95% confidence interval − 6.02, − 2.78] mL/kg/min, p < 0.00001, test for overall 
effect: Z = 5.32) and  FEV1 (mean difference − 9.22 [95% confidence interval − 13.54, − 4.89] % predicted, p < 0.0001, test 
for overall effect: Z = 4.18) independent of physical activity levels.
Conclusions Whilst the current literature contains mixed findings on the effects of premature birth on VO2max and  FEV1, 
our focused meta-analysis suggests that even when physical activity levels are similar, there is a clear reduction in VO2max 
and  FEV1 in adults born prematurely. Therefore, future studies should carefully investigate the underlying determinants of 
the reduced VO2max and  FEV1 in humans born preterm, and develop strategies to improve their maximal aerobic capacity 
and lung function beyond physical activity interventions.
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Key Points 

Although premature birth is known to have negative 
effects in adult life, there is mixed evidence on the 
impact of premature birth on maximal aerobic exercise 
capacity.

This systematic review indicates that the effects reported 
in previous studies may have been influenced by the level 
of physical activity.

Our focused meta-analysis indicates that, when physical 
activity is accounted for, premature birth still has a nega-
tive impact on maximal aerobic exercise capacity.

1 Introduction

Maximal aerobic exercise capacity is an important pre-
dictor of health, as reflected by the associations between 
maximal oxygen consumption (VO2max), an established 
indicator of cardiorespiratory fitness, and life expectancy 
[2, 3]. A number of factors can improve cardiorespiratory 
fitness [4], including regular exercise training. However, 
some studies have proposed that an individual’s maximal 
exercise capacity could be limited as a result of premature 
birth. Conversely, other studies have reported little or no 
impact of premature birth on VO2max, or indeed a positive 
effect [5–7].

While normal gestation period/birth term is noted at 
40 weeks, individuals who are born prematurely are born 
at less than 37 weeks of gestation [8]. Preterm birth is 
sub-categorised further into; extremely preterm (less than 
28  weeks gestation), very preterm (28–32  weeks), and 
moderate-to-late preterm (32–37 weeks) [9]. It is estimated 
that of those individuals born alive, 5–18% are born prema-
turely [9], which equates to roughly “15 million babies each 
year” [9]. The potentially deleterious effects of preterm birth 
on full organ development can impact the cardiovascular, 
pulmonary and respiratory systems [6, 10–17]. Therefore, 
aerobic exercise capacity can be limited by a reduced oxy-
gen delivery because of cardiac dysfunction or an impaired 
oxygen uptake due to lower pulmonary development [12, 
18–25], or both. Accordingly, pulmonary issues culminating 
specifically in lung and breathing difficulties in those born 
preterm have been cited as affecting their maximal aero-
bic exercise capacity. These issues are clinically expressed 
as broncho-pulmonary dysplasia (BPD), and evidence has 
been presented for BPD to cause a reduced maximal oxy-
gen capacity in those born prematurely [26]. Those who are 

diagnosed with BPD are highly likely to receive supplemen-
tal oxygen treatment, and this combined with the potential 
for mechanical ventilation can cause lung function defi-
ciencies categorised as BPD [6, 10, 27–29]. Although gas 
exchange efficiency may not be affected, it is probable that 
the work of breathing—and consequently whole-body oxy-
gen consumption—may be altered [30]. Accordingly, adults 
who were born preterm with BPD are already more likely to 
have a reduced cardiorespiratory fitness [31, 32]. In contrast, 
there are numerous individuals born prematurely who do not 
have BPD, but whether they have a reduced exercise capac-
ity is not clear. Although the majority of previous research 
implies that being born preterm has a negative impact on 
lung function and exercise capacity, there is sufficient alter-
native evidence to suggest that preterm birth may not be a 
clear factor for reduced VO2max. Furthermore, lung function 
and exercise capacity may also be influenced by differing 
physical activity levels between humans born preterm and 
humans born at term, perhaps explaining why the current 
literature reports mixed results.

Improving the current understanding of the role of pre-
term birth on exercise capacity independent of physical 
activity levels will be of benefit to athletes, patients, medi-
cal practitioners and coaches. Therefore, this study aimed to 
carefully scrutinise the current literature (systematic review) 
and determine the effects of preterm birth on  VO2max and 
forced expiratory lung volume in 1 s  (FEV1) independent of 
prevailing physical activity levels (focused meta-analysis).

2  Methods

2.1  Literature Search

The literature search was conducted according to the Pre-
ferred Reporting Items for Systematic review and Meta-
Analyses (PRISMA) 2020 guidelines [33]. NCBI was 
the primary database used for the literature search, with 
ResearchGate, Science Direct/Elsevier, TandF-Online, 
Springer Link and Google Scholar used as additional data-
bases. The relevant literature was identified using different 
combinations of key search terms such as “premature birth”, 
“maximal aerobic exercise capacity” and “endurance run-
ning performance”. The literature search was conducted 
including the time period from January 2000 to August 
2021.

2.2  Article Inclusion and Exclusion Criteria

Articles were eligible if they included both preterm and 
control groups within their studies. For the purpose of this 
systematic review and meta-analysis, and in accordance with 
the literature, we defined preterm individuals as those born 



2629Premature Birth and Aerobic Capacity

at  < 37 weeks gestation and an explicit documentation of 
not having been diagnosed with BPD. The control group was 
defined as those individuals born at ≥ 37 weeks gestation. 
The main parameter of interest was VO2max (mL/kg/min), 
indicative of maximal aerobic exercise capacity. To deter-
mine whether—in the same original investigations—lung 
function was also affected by preterm birth, we included 
 FEV1 (% predicted) as a secondary parameter. Articles 
had to report VO2max, with  FEV1 as a potential secondary 
parameter of interest to co-inform the outcome related to 
VO2max.

The results of the initial literature search revealed key 
themes that the majority of the current evidence could be 
categorised into: cardiovascular effects, pulmonary effects, 
respiratory effects and exercise/physical activity participa-
tion effects. Accordingly, these themes were added to the 
next phase of the literature search. This involved the addi-
tion of the themes into the initial search terms. This pro-
cess was cyclical to ensure that a comprehensive literature 
search was conducted, and that selection bias remained as 
low as possible. The process is summarised in Fig. 1, and, 
following the preliminary screening of articles by one inves-
tigator (T.G.), the checking of the inclusion and exclusion 
criteria and of relevant data by both investigators, and the 
removal of duplicates, authors of two articles were contacted 
and asked for some of the data in different units. However, 
no response was received and hence the data could not be 
included within the review. Both investigators re-affirmed 
the included articles’ eligibility. In the end, 29 articles were 
included in the systematic review (see Table 1 and Fig. 1).

Within the articles included in this review, the majority of 
the preterm participants were in the very preterm category 
(28–32 weeks), with a small number of the selected articles 
investigating moderate-to-late preterm (32–36 weeks) and an 
even smaller proportion of articles investigating individuals 
born extremely preterm (< 28 weeks). The age of assessment 
for the majority of articles ranged from 18 to 40 years. A 
small number of articles investigated children and adoles-
cents aged 3–18 years, and a very small proportion of the 
included articles assessed the participants within a few days/
weeks of birth.

2.3  Meta‑analysis: Selection Criteria Data Analysis

For the meta-analysis, additional inclusion and exclu-
sion criteria were predefined to reduce the number of 
confounding factors and advance our knowledge beyond 
the mere summary of the current literature. Specifi-
cally, the included articles were required to report either 
only VO2max or both VO2max and  FEV1 in the units of 
mL/kg/min and % predicted, respectively. In the original 
articles, VO2max needed to be obtained via a treadmill, 
cycle ergometer or a shuttle run test. The  FEV1 data were 

collected using either a Vmax 22 spirometer or pneumot-
achograph. Articles were only included for the meta-anal-
ysis if they included both male and female participants. 
Importantly, whilst regular exercise was not an inclusion 
criterion, an indication of similar exercise participation 
between the study groups was necessary to avoid the 
confounding influence of different exercise participation. 
Therefore, original studies were required to have con-
ducted a survey using a physical activity questionnaire, 
and studies were only included if (1) there was a quantified 

Fig. 1  Flow diagram showing the literature selection process in 
accordance with the 2020 Preferred Reporting Items for Systematic 
review and Meta-Analyses (PRISMA) guidelines [33]. BPD broncho-
pulmonary dysplasia, VO2max maximal oxygen consumption
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report of physical activity in both study groups and (2) 
there was no significant difference in physical activity 
between the two relevant study groups. Both investigators 
screened the remaining articles for inclusion in the meta-
analysis, matching the data provided with the eligibility 
criteria. As a result, a total of 11 articles were eligible 
that reported VO2max, and of those, a total of six arti-
cles reported  FEV1. For these articles, mean and standard 
deviation for VO2max and for  FEV1, along with the sample 
size of both the preterm and the control group within each 
article were extracted and collated in an Excel spreadsheet 
[34]. Across the 11 articles included in the meta-analysis 
of VO2max, a total of 688 participants were included, with 
a split of 333 born preterm, and 355 in the control group 
born at term. Across the six articles included in the meta-
analysis of  FEV1, a total of 296 participants were included, 
with 147 born preterm and 149 controls born at term.

Data were treated as continuous variables, and for each 
parameter a random-effects analysis was performed in 
Review Manager (RevMan, version 5.4) [1]. The analysis 
included weighting, alongside a heterogeneity score and the 
overall effect. Results are reported as the mean difference 
with 95% confidence intervals (see Figs. 2 and 3).

3  Results

3.1  Systematic Review

Following the review of the 29 articles, and a categorisa-
tion of the outcomes into effects related to maximal aerobic 
capacity (based upon VO2max) and to lung function (based 
upon  FEV1), the main trends were noted (see Table 1). 
There, it can be noted that the majority of previously 

Table 1  Articles included in the systematic review and main outcomes presented in the original studies

FEV1 forced expiratory volume in 1 s, VO2max maximum oxygen consumption
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completed original studies indicated that prematurity may 
have a negative effect on both  VO2max and  FEV1. However, 
several studies also reported no significant impact of preterm 
birth on VO2max, and one article suggested a positive effect. 
Conversely, more consistent evidence appears to exist for 
 FEV1, with 76% (13 out of 17) of the studies that report 
 FEV1 findings concluding that preterm birth was associated 
with a lower  FEV1 compared with healthy controls.

3.2  Meta‑analysis

Data are shown in Figs. 2 and 3. When analysed for those 
studies that reported similar physical activity levels between 
the study groups, our meta-analysis indicated that adults 
born preterm had a significantly lower  VO2max compared 

with those born preterm without BPD and similar activ-
ity levels (mean difference − 4.40 [95% CI − 6.02, − 2.78] 
mL/kg/min, p < 0.00001, test for overall effect: Z = 5.32). 
Similarly,  FEV1 was significantly lower in humans born 
preterm without BPD and similar activity levels (mean 
difference: − 9.22 [95% CI − 13.54, − 4.89] % predicted, 
p < 0.0001, test for overall effect: Z = 4.18).

4  Discussion

In relation to the main objective, this study found that both 
VO2max and  FEV1 are significantly reduced in young adults 
born prematurely. Importantly, these results are based upon 
comparisons between individuals with similar physical 
activity levels. Thus, the present study extends the previous 
knowledge and highlights the need to understand the precise 
origins and mechanisms that lead to the reduced aerobic 
capacity, and potential interventions to counter the negative 
effect, as discussed in more detail below.

4.1  Reduced Maximal Aerobic Exercise Capacity: 
A Problem of  O2 Delivery, Ventilation or Local  O2 
Uptake?

In general, the factors that influence VO2max are numerous, 
as investigations in patients with heart failure have high-
lighted [35, 36]. Given the different time course of organ 
developments during foetal gestation [37], it is possible that 
a reduced VO2max may be caused by (1) an underdeveloped 
heart and reduced cardiac function, resulting in lower  O2 
delivery, (2) underdeveloped lungs and a reduced ventilatory 
capacity, or (3) disruption of normal mitochondrial function, 
thereby affecting the local  O2 uptake to metabolically active 
tissues. In relation to reduced cardiac function, Hirose et al. 
[13] reported a negative effect of prematurity on diastolic 
filling of the left ventricle, likely caused by an immature 
myocardium [14, 38, 39]. Similarly, data from Crispi et al. 
[38] and McKay et al. [40] indicate that the impaired early 
filling was accompanied by a reduced cardiac output, sug-
gesting that the heart of prematurely born humans likely 
provides a reduced blood supply to working muscles during 
exercise, which would impair aerobic exercise capacity [41, 
42]. Whether the reduced stroke volume previously reported 
is simply an effect of the smaller left ventricle because of 
reduced filling [43, 44] (and thus indicating more of a sys-
temic influence of the circulating blood volume instead of 
impaired heart muscle function itself), or whether there is 
an intrinsic impairment in myocardial contraction and/or 
relaxation remains to be determined.

Another potential influence on the output of the heart 
could be blood pressure. Bennet et al. [45] and Crispi et al. 
[38] have suggested that prematurity impairs the adequate 

Fig. 2  Forest plot for maximal oxygen consumption (VO2max). 
Adults born preterm had a significantly lower VO2max than those 
born at term. Importantly, following removal of original studies that 
did not report physical activity levels in the study groups six out of 
11 studies still had a non-significant difference. However, the over-
all effect of all 11 studies reveals that adults born preterm had a sig-
nificantly lower VO2max. Total 95% confidence interval (CI) − 4.40 
(− 6.02, − 2.78), heterogeneity:  Tau2 = 2.36;  Chi2 = 14.99, df = 10 
(p = 0.13); I2 = 33%, test for overall effect: Z = 5.32 (p < 0.00001). IV 
inverse variance

Fig. 3  Forest plot for forced expiratory volume in 1 s  (FEV1). In the 
selected studies, those born preterm had a consistently lower  FEV1. 
Total 95% confidence interval (CI) − 9.22 (− 13.54, − 4.89), hetero-
geneity:  Tau2 = 13.54;  Chi2 = 9.83, df = 5 (p = 0.08); I2 = 49%, test for 
overall effect: Z = 4.18 (p < 0.0001). IV inverse variance
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response to drops in blood pressure. This could be an issue 
during exercise, when the reduction in arterial resistance 
should assist the heart in providing a greater stroke volume, 
and hence the cardiac output. If there was indeed a problem 
with an increase in cardiac output during exercise that was 
disproportionate to the reduction in vascular resistance, an 
involvement of the heart muscle itself, and not (just) periph-
eral circulatory complications, becomes likely. Equally, the 
aforementioned reduction in diastolic function could indi-
cate an intrinsic problem with the heart muscle itself; and 
not only with the left side of the heart but also the right side 
[46]. This could be caused secondary to a reduced systolic 
function, or independently. The interdependence between 
the different organ systems is particularly evident during 
the whole-body effort of exercise. However, there are also 
indications that different organ systems may be involved 
to different extents in humans born preterm. For example, 
some studies have reported a lower aerobic capacity despite 
similar pulmonary function [12]. Haraldsdottir et al. [12] 
and Goss et al. [46] suggested that this may be linked to the 
lower cardiac index at 50% and 100% of maximal work-
load. However, without additional cardiac measurements, 
for example myocardial strain and twist, these data do not 
indicate whether there is a reduction in intrinsic cardiac 
muscle function, or whether the problem lies more in the 
peripheral circulation.

An interesting aspect raised by Horsberg Eriksen et al. 
[14] is the diagnostic potential of exercise tests in adults 
born prematurely. In their study, Horsberg Eriksen et al. 
[14] reported a similar myocardial function at rest but a 
slightly lower function during exercise. These data high-
light two important points. First, they indicate that the heart 
may indeed be affected, but only in a stressed state, such as 
during exercise, when an increased whole-body energetic 
demand must be covered. Second, exercise tests may be able 
to discriminate between individuals at risk that cannot be 
detected just at rest. This fits with the previous suggestion of 
using exercise tests to stress the heart of pregnant women to 
determine the progression of their pregnancy [47]. We now 
speculate that, perhaps, this may even extend to a predic-
tion of premature birth and subsequent health of the baby 
as it develops into adulthood. Considering the well-known 
generation-spanning effect of some maternal biology, this 
hypothesis may not be as bold as it may initially sound.

Perhaps less surprising is our finding of a reduced lung 
function, as represented by  FEV1. However, we purpose-
fully excluded any studies with patients who had been diag-
nosed with BPD. Therefore, there appear to be limitations 
in lung function that may not be strictly linked to structural 
underdevelopments or damage of alveolar tissue caused by 
premature birth. Indeed, Farrell et al. [48] have suggested 
that a lower pulmonary gas exchange efficiency caused by 
higher pulmonary resistance was only present in a minority 

of individuals. Therefore, it could be that the reduced  FEV1 
confirmed in our study may reflect an increased work of 
breathing, which in turn has been associated with altera-
tions in whole-body metabolism [30]. Similarly, Laurie et al. 
[20] proposed that an increased pulmonary resistance can 
increase pulmonary artery pressure as a natural response 
to exercise, which could cause pulmonary hypertension in 
premature individuals. Greater resistance implies a reduced 
volume of oxygen per time may transit through the lungs, 
which is supported by a low  PaO2 and a high A-aDO2 during 
exercise under normoxic conditions at a high intensity, thus 
contributing to the reduced aerobic capacity [42]. As Laurie 
et al. [20] suggested, prematurely arrested lung development 
is a factor that can cause difficulty in responding to blood 
pressure changes [45] and can be accompanied by pulmo-
nary hypertension secondary to reduced lung sizes, closed 
blood vessels and congestion of amniotic fluid that is harder 
to displace [17, 49]. Considering that exercise disproportion-
ately increases pulmonary pressures and, therefore, stress on 
the right ventricle, premature birth may further exacerbate 
this effect during physical effort. Consequently, the circula-
tory issues may not only impact venous return during exer-
cise, but also the transfer of blood to the left ventricle. Hal-
vorsen et al. [11] additionally found an increased sensitivity 
to respiratory conditions, including asthma and bronchial 
hyperresponsiveness that contributed to a reduced  FEV1. As 
these respiratory conditions can cause airway inflammation 
and subsequently a restriction in VO2, they too may contrib-
ute to the lower VO2max and  FEV1 observed in our study.

The reduced aerobic capacity in adults born prematurely 
could theoretically also be linked to a lower  O2 uptake at 
the level of the tissues. Specifically, mitochondrial density 
and function may play a role, in particular during exercise. 
Studies have postulated that impaired alveolar and cerebral 
white matter development in infants born prematurely may 
be linked to mitochondrial dysfunction [50], and that adults 
born preterm may have a (paradoxically) increased mito-
chondrial  O2 consumption [51]. As similarly increased  O2 
consumption has been reported in diabetic patients, these 
data indicate a negative metabolic development that could 
be associated with an increased risk of disease. However, 
an important modifier that has been explored less in relation 
to the points discussed so far is lifestyle, in particular exer-
cise training. Ruf et al. [21] found that those who adopted 
a more sedentary lifestyle involving less moderate vigor-
ous exercise exhibited a decreased VO2, and thus exercise 
capacity. Lovering et al. [32] demonstrated that those born 
preterm exercised at lower peak workloads than their peers, 
typically eliciting a reduced exercise capacity. Similarly, Vri-
jlandt et al. [52] illustrated that lactate threshold and maxi-
mum heart rate appeared lower for those born preterm. Yet 
their VO2max, rate of perceived exertion and breathing rate 
were no different to their peers. This further consolidates 
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the notion that careful differentiation is required between 
the lifestyle of individuals when evaluating the independ-
ent effects of premature birth. For these reasons, this meta-
analysis presents an important step forward as it shows the 
effects independent of one major modifier, i.e. physical 
activity. Consequently, future studies should always deter-
mine the physical activity levels and attempt to understand 
the underlying causes of a reduced aerobic capacity, which 
may impact human health and performance.

5  Limitations

Despite the greatest efforts to generate a precise account 
of the effects of preterm birth on maximal aerobic exercise 
capacity, some limitations were unavoidable. First, it has to 
be acknowledged that there was not sufficient information 
available to determine the potential influence of perinatal 
oxygen administration or different glucocorticoid treatments 
on adult exercise capacity. In the future, prospective stud-
ies examining this influence will be of great value and may 
explain some of the variability in the current data. Second, 
we were not able to determine the role of different extents 
of prematurity, which may also explain some of the vari-
ability observed. Third, any systematic review and meta-
analysis carries the potential to be influenced by publication 
bias. In our investigation, the number of studies below and 
above the mean difference for VO2max was five and six, 
respectively. The visual inspection of the forest plot did not 
show any obvious publication bias. Of course, future studies 
with larger numbers of publications may be needed to fully 
exclude the possibility of publication bias. For  FEV1, there 
were too few studies to confidently evaluate the possibility 
of publication bias. Finally, we do not know whether there 
may be a difference in female and male individuals born pre-
maturely, which is an area of great interest for future studies.

6  Conclusions

Through the means of a systematic review and a focused 
meta-analysis, this study reveals that human adults born 
preterm have a reduced VO2max and  FEV1 independent of 
physical activity levels. Consequently, in adults born pre-
term, exercise interventions may result in a lower benefit 
compared with adults born at term, and additional thera-
peutic interventions or higher exercise intensities/volumes 
may be required.
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