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1  |  INTRODUC TION

There has been a long- standing interest in the lung physiology of 
swimmers with the earliest studies dating as early as the 1960s.1 
Intense swimming workouts have been shown to increase cardio- 
respiratory capacity in athletes. In particular, it has a positive impact 

on lung, blood and heart volumes, as well as maximal oxygen up-
take and aerobic capacity.1- 4 However, aquatic sports, competitive 
swimming in particular, may impact respiratory health in causing an 
increase in airway responsiveness and in prevalence of exercise- 
induced asthma over the years.5,6 These changes have been associ-
ated with airway remodelling as shown in bronchial biopsies studies, 
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Abstract
Aim: To summarise lung function characteristics of athletic swimmers and discuss 
mechanisms explaining these changes while putting forward the lack of a clear under-
standing of the precise physiological factors implicated.
Methods: Literature search until 07.2021 on Medline and EMBASE using keywords 
swimming, athletes, respiratory physiology, lung development, lung function tests. 
Relevant articles in French and English were reviewed.
Results: We found insufficient data to perform a meta- analysis. However, there is 
evidence that swimmers have better expiratory flows and increased baseline lung vol-
umes than non- athletes or non- swimmers. Although these features can result from 
changes in lung development following intense training over the years, the contribu-
tion of a genetic predisposition and positive selection cannot be totally excluded.
Conclusion: Disentangling the participation of constitutional factors and years of hard 
training to explain the larger lung volumes of athletic swimmers is in favour of an 
adaptative response of the lungs to early swim training through modification of the 
pathway of lung development. There seems to be an optimal window of opportunity 
before the end of growth for these adaptational changes to occur. Precise mecha-
nisms, and contribution of adaptative change on lung physiology, remain to be further 
studied.
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possibly associated with airways epithelial damage.7 This phenom-
enon may be enhanced by the regular exposure to chlorine and its 
derivatives.5,6 Nevertheless, there is still a debate about the causes 
of such differences between swimmers and other athletes mainly 
because airway structural changes observed in swimmers should 
theoretically lead to reduced expiratory flows, whereas swimmers 
usually have higher values of lung function parameters such as ex-
piratory flows and lung volumes, compared to athletes performing in 
other disciplines.8- 11

Indeed, it remains uncertain whether the ability to perform in 
swimming and the associated lung function characteristics of swim-
mers come from a genetic predisposition, are the result of intense 
training or a combination of both. In most athletes, many years of 
training take place during a growth period, when the lungs are also 
developing rapidly. Training during that particular time may be of 
great importance in determining future lung structure and function, 
including performance of the oxygen transport system. New insights 
on pulmonary development show that continued alveolarisation and 
microvascular maturation of the capillary bed take place until early 
adulthood.12,13 As such, specific consequences of exercising in a 
water environment and possible adaptative mechanisms to intense 
swim training might have an influence on the development of air-
ways and alveolar spaces, leading to enhanced lung growth.

The present review discusses how swimming- induced changes 
on lung growth and development during childhood and adolescence 
leads to enhanced lung function, as the majority of swimmer athletes 
begin their intense training during this period of life.

2  |  METHODS

Literature search was conducted until 07.2021 on Medline and 
EMBASE using the keywords swimming, athletes, respiratory physi-
ology, lung development, lung function tests. Relevant articles in 
French and English were reviewed. Most retrieved articles were 
small sample sizes studies, and we found insufficient data to perform 
a meta- analysis on this topic.

2.1  |  Lung function in athletic swimmers

It has been repeatedly reported that male and female competitive 
swimmers have greater lung volumes,1- 4,9,14- 18 expiratory flows2,3,9,19 
and diffusing capacities2,17,20 compared with other categories of 
athletes or untrained individuals. Furthermore, it has been shown 
that the level of training correlates with lung function indices, being 
even more pronounced among elite swimmers than sub- elite ath-
letes. For example, when looking at 150 swimmer athletes, Doherty 
et al.19 reported that male national swimmers had a higher forced 
expiratory volume in one second (FEV1), a marker of airway calibre, 
compared to non- nationals, showing a relationship with the num-
ber of years of training and age at which it began. Yet, while some 
consider increased lung volumes in elite swimmers as the result of 

an adaptative response to intense swim training, others consider 
that it is rather the manifestation of an innate advantage. It is even 
speculated that large lungs strongly contribute to becoming an elite 
swimmer.

2.2  |  The role of anthropometry on lung 
function of athletic swimmers

Lung volumes depend on multiple anthropometric parameters, in-
cluding height. Swimmers tend to be tall and lean: taller boy and 
girl swimmers after the age of 12 years have been compared to 
non- athletic peers,2 as well as taller adult swimmers compared to 
footballers and sedentary counterparts,9 or land- based athletes.19 
Overall, however, the average height of swimmers does not signifi-
cantly differ from age- matched population values21 or non- athletic 
children.3,15,19,22 Favourable anthropometry does not seem there-
fore to be the explanation for increased lung volumes in swimmers.

2.3  |  The role of genetic predisposition on lung 
function of athletic swimmers

Arguments for genetically determined superior lung functions are 
few. In a longitudinal study looking at swimmers 8– 18 years engaged 
in strenuous year- round training programmes, vital capacity (VC) 
values in most of the swimmers were above those of non- athletic 
children. The fact that this difference was present even in the 
youngest who had just initiated training pointed to an hereditary 
characteristic, even if the authors could not exclude the effect of 
a high level of physical activity in those children prior to beginning 
swimming.2 Likewise, in a group of 11 to 14- year- old girls, pulmo-
nary function values were higher at the onset of a training season in 
competitive swimmers compared to physically active but not com-
petitive controls.4 Finally, among a group of adult sportsmen, swim-
mers had larger lung volumes than footballers or sedentary controls, 
which were not influenced by anthropometric nor training factors.9 
Therefore, the contribution of a genetic predisposition and positive 

Key Notes

1. Swimmer athletes have greater airway hyperrespon-
siveness and lung function values than other athletes or 
sedentaries; longitudinal studies explaining these pre-
cise mechanisms are few.

2. Anthropometry and greater muscle strength do not ac-
count for increased lung function values.

3. Years of hard training beginning at an early age and ge-
netic predisposition may contribute; more likely, there 
is an adaptative response of lung development and 
growth to early intense swim training.
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selection cannot definitely be excluded and should still be consid-
ered as plausible to explain the greater lung function indices in some 
swimmers.

2.4  |  The influence of training on lung function of 
athletic swimmers

Recent reviews in nonelite or noncompetitive swimmers or in chil-
dren and adolescents with asthma have shown no effect of rec-
reational swimming on lung function measures except on peak 
expiratory flow,23 or only a small increase in lung function param-
eters.24 However, in athletic swimmers, arguments for an effect of 
training on lung physiology are many, even if there are few longitu-
dinal data available describing the effect of a swimming career or 
other high endurance careers on lung physiology from its initiation 
through its cessation. What is known about the impact of intensive 
swim training on pulmonary function tests (PFTs) comes mostly from 
studies in children and young adolescents and displays conflicting 
results. For instance, Vaccaro et al.22 showed that boys and girls 9 
to 11 years of age undertaking their first year of competitive train-
ing (four times weekly) had comparable increases in forced vital ca-
pacity (FVC), FEV1 and maximal voluntary ventilation (MVV) after 
7 months compared to controls, whereas their maximal oxygen up-
take (VO2 max) increased significantly more. In that study, training 
did not lead to an increase in selected lung function parameters, but 
it could be argued that the training period was too short to have 
allowed a significant effect of swim training on PFTs. Indeed, when 
looking at longer training periods (up to 5 years) in young female 
swimmers aged 9– 13 years, mean lung volumes such as total lung 
capacity (TLC) and functional residual capacity (FRC) were greater 
than predicted values in the girls who had been training for a year 
or more, with a greater increase over time in VC in relation to height 
compared to TLC and FRC.14 Thus, regular swim training could pro-
mote functional over anatomical lung growth, most likely attribut-
able to the changes in breathing pattern and increase in muscular 
strength induced by swimming. This may also explain why adoles-
cent male swimmers 13– 16 years old with at least 6 years of train-
ing had TLC, FVC and FEV1 values 10– 16% above predicted values 
after 6 years of competitive swimming, though comparative values 
prior to training were not available.15 Similarly, young swimmers fol-
lowed longitudinally for 3 years demonstrated higher VC and TLC 
values in relation to height compared to non- athletic peers, as well 
as increased MVV and FEV1, highlighting the importance of physical 
training during growth.2 Finally, a small group of 5 prepubertal girls 
belonging to a youth swimming team were compared to controls 
before and after one year of intensive endurance training. Lung vol-
umes, FEV1 and airway resistance (Raw) did not initially differ. A year 
later, they were significantly greater in the group of ongoing swim-
mers. In particular, FEV1 and mid- expiratory flows (MEM50) values 
had increased by 18% and 15%, respectively, and higher MEF50/TLC 
was seen along with a shift to the right of the flow- volume curves.3 
These arguments provide favourable evidences that swim training 

may cause enlargement not only of static but also of dynamic lung 
volumes.

2.5  |  Pathophysiology of lung function changes in 
athletic swimmers

The mechanisms explaining the increased lung dimensions as a result 
of prolonged training in swimmers are not completely elucidated. 
Several hypotheses have been proposed and are outlined in the pre-
sent section.

In regard to increased static lung volumes, one hypothesis sug-
gests that increased ventilatory muscle strength helps the lungs to 
inflate and deflate more efficiently, as some lung volumes depend 
on muscle power. Swimming induces conditioning of the accessory 
muscles of the neck and chest wall, resulting in stronger respira-
tory musculature which may help expand the chest wall to achieve 
large lung volumes. In healthy adults25 and quadriplegic patients,26 
specific inspiratory strength training at TLC was shown to increase 
the strength and endurance of ventilatory muscles, including lung 
volumes and maximal static pressures. In varsity female swimmers 
undergoing a 10- week conditioning programme, a positive correla-
tion was described between changes in FRC and maximal inspira-
tory pressure (PImax). However, those changes were not different in 
swimmers having additional muscle conditioning compared to those 
following their regular training programmes.27 Although this hypoth-
esis seemed interesting, measurements of maximal inspiratory and 
expiratory pressures (PImax and PEmax) in swimmers go against an 
increased muscle strength hypothesis. Indeed, comparison of PImax 
and PEmax in swimmers, runners and controls did not identify any 
difference in favour of swimmers, but rather a higher PEmax in run-
ners.28 Likewise, in a longitudinal study looking at 7– 12 years old 
girls involved in intensive swim training, lung volumes were larger in 
swimmers but maximal static pressures were surprisingly less in the 
athletes in comparison to controls.29 A one- year follow- up later con-
firmed that swimmers still had normal maximal pressures.16 Lastly, 
a study comparing competitive swimmers to long distance runners 
and non- athletic controls found no difference in PImax and PEmax 
among groups despite the observation that all lung volumes were 
greater in swimmers.11 Again, these data go against the assumption 
that increased lung volumes in swimmers are due to an increased 
ability to inflate and deflate the lungs in relation to changes in inspi-
ratory/expiratory pressures.

There is, however, a risk that pressures at the mouth may under-
estimate the strength of the respiratory muscles because the pres-
sures in swimmers are applied over a larger lung surface area. Hence, 
forces obtained by the product of Pmax and surface area were also 
compared. In 9– 10 years old, only inspiratory force (FImax) was sig-
nificantly higher compared to controls,29 whereas in older swimmers 
and runners, forces were not different between the groups.11 Even 
if there might be a possible training effect on inspiratory muscle 
force, the lack of increased inspiratory flows in swimmers weakens 
the significance of this finding.28 With the available evidence, the 
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hypothesis that supranormal lung volumes in swimmers are directly 
related to increased respiratory muscle strength and pressures can-
not be confirmed.

Other hypotheses propose that swim training induces an adapta-
tional expansion of the lungs and chest surface area different than land- 
based training programmes due to the specific constraints imposed by 
swim training upon the pulmonary system. Cordain summarised these 
unique aquatic stressors in five points: (a) negative pressure breath-
ing and prolonged expiration into the water, (b) restricted breathing 
pattern and altered alveolar gas tensions, (c) repeated expansion of 
the lungs to TLC, (d) prone body position, (e) early childhood intensive 
training programmes.17 As such, some peculiarities of intense swim-
ming may be viewed as a conditioning stimulus for lung growth.

The fact that the body of swimmers is immersed below the neck 
during exercise while their lungs remain at atmospheric pressure 
was hypothesised to be a contributor to lung physiology changes. 
Swimmers are submitted to a low but constant transthoracic pres-
sure of about 10 cm H2O leading to increased airway resistance. This 
constitutes an additional load, albeit modest, upon the inspiratory 
muscles. Heightened inspiratory muscle training may also result 
from repeated rapid forceful inspiration to TLC during swimming, 
explaining the positive correlation found between VC and PImax.17 
However, as discussed previously, studies up to now have not been 
able to put forward constant superior respiratory muscle strength 
in swimmers. It may just be that swimmers are more resistant to in-
spiratory muscle fatigue, as reported in cyclists and rowers. Indeed, 
prevention or delayed exercise- induced diaphragmatic fatigue is one 
of the potential mechanisms explaining the ergogenic effect of respi-
ratory muscle training.30

Next, important hypotheses rely on the fact that the breathing 
pattern of a competitive swimmer is more dictated by biomechani-
cal constraints than physiological needs. Inspiration becomes a rapid 
forced manoeuvre, and expiration, also occurring in the water, is 
limited and controlled. Consequently, minute ventilation is reduced, 
and swimmers’ lungs must accommodate large pCO2 and pO2 gra-
dients. This translates into increased pulmonary diffusion capacity 
disproportional to changes in growth compared to controls.2,15,17,20 
Increase in DLCO is also facilitated by the horizontal position unique 
to swimming as lung perfusion becomes more uniform when the 
body is prone rather than standing.

Moreover, stroke- induced obligatory controlled frequency 
breathing may also cause a reduction in oxygen saturation and inter-
mittent hypoxia.17 Hypoxia is recognised as a strong growth factor 
for the lungs through the upregulation of hypoxia- inducible factors 
(HIF) acting as important transcriptional activators for the expres-
sion of other molecules such as vascular endothelial growth factor 
(VEGF).31 For example, in high- altitude residents chronically submit-
ted to a low PaO2, larger lungs and increased DLCO are reported, 
consistent with high- altitude- enhanced lung growth. Likewise, 
breath hold divers who repeatedly undergo oxygen deprivation 
during apnoea have higher lung functions compared to non- breath- 
old divers.32 This environment specific adaptation has also been 
well documented in animals, including models mimicking preterm 

birth.33,34 In swimmers, even if the exact pathway is not yet defined, 
stroke- induced recurrent hypoxia could possibly induce a positive 
adaptation of pulmonary growth responsible for the greater lung ca-
pacities observed. Finally, we may wonder whether the particular 
breathing pattern induced by swimming resulting in repetitive ex-
pansion of the lungs at TLC, followed by breath- holding to increase 
the stroke duration without the need to take another breath, could 
lead over time to increased lung volumes and flows as an adaptative 
hyperinflation- induced structural change.

Lastly, and perhaps most importantly, the swim career of a com-
petitive swimmer begins early in life, during a period of intense growth 
when the responses to growth stimuli are greater. Postnatal develop-
ment of the human lungs can be divided in 2 or 3 phases. The first 
one is a period of classical alveolarisation occurring from term birth to 
about 18– 24 months of age. During that stage, the number of alveoli 
multiplies greatly but they remain fairly immature. In parallel, there 
is a stage of microvascular maturation, characterised by restructura-
tion of the double capillary network in a more functional single layer 
capillary system. Then, the stage of late alveolarisation, or continued 
alveolar formation, happens until young adult age during which addi-
tional alveoli are added by peripheral septation.12,35 These different 
stages tend to overlap, and lung development progressively blends 
into normal growth that mostly follows growth in body dimensions, 
influenced also by the development of the thorax.

The lungs of young swimmers are exposed at an early age to 
intense exercise with increased mechanical strain, known in some 
circumstances to directly accelerate lung growth. Lung growth gene 
expression is activated by mechanical strain during artificial venti-
lation, or distortion and stretch after pneumonectomy, as evidence 
by subsequent increased lung mass, collagen, elastin and number of 
alveolar cell walls.31,33 Similar mechanical stress may occur following 
repetitive inspiration to TLC during swim training, ensuing enhanced 
expression of growth factors such as vascular, epithelial or hepato-
cyte growth factors (VEGF, EGF and HGF). In this regard, Armour 
et al.11 previously suggested that swimmers may develop greater 
lung volumes than other athletes or non- athletes by developing 
physically wider chests, containing an increased number of alveoli, 
rather than an increase in alveolar distensibility or size. Wider chest 
and higher bi- acromial breadth for age has also been measured by 
others.36

These are only speculative mechanisms by which competitive 
swimming could be a conditioning stimulus for lung growth, and 
more research is required on swimmers. Overall, the high capabilities 
of the healthy lung to adapt, and the greater responses of younger 
subjects to growth stimuli, are strong indicators of a positive effect 
of early swim training to explain the greater respiratory capacities of 
swimmer athletes.

3  |  CONCLUSION

The advantages of enhanced lung volumes for swimming are well es-
tablished: improved buoyancy and streamlined body position in the 
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water, increased gas exchange surface area and reduced respiratory 
oxygen cost. Disentangling the participation of constitutional factors 
and years of hard training to explain the larger lung volumes of swim-
mer athletes seems in favour of an adaptative response of the lungs 
to early swim training, particularly as recreational swimming dose not 
have the same impact on lung function parameters. Intense swimming 
leads to a modification of the pathway of lung development, and there 
even seems to be an optimal window of opportunity before the end of 
growth for these adaptational changes to occur at best. Nevertheless, 
genetic factors and inherited pulmonary traits should not be excluded 
definitively and may certainly be relevant in some swimmers.

To improve our understanding of the precise physiological fac-
tors participating in the making of an elite swimmer, in addition to 
intense prolonged physical training, longitudinal studies from the 
initiation of training in childhood to the end of a swimmer's career 
should be undertaken. The interrelation between the rate of growth 
of lung volumes and chest wall, changes in maximal static pressures 
and lung recruitment during swimming should be considered cau-
tiously. Functional imaging and activation of molecular pathways 
underlying lung growth, including hormonal influences, could also 
bring us further insights to the development of functional dimen-
sions of hard swim training.

Still, it should not be forgotten that aquatic sports, competitive 
swimming in chlorinated pools in particular, may also have a nega-
tive impact on respiratory health in promoting the development of 
airway hyperresponsiveness and exercise- induced asthma. Precise 
mechanisms, and perhaps contribution of adaptative change on lung 
physiology, remain to be further studied.
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