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ABSTRACT 

Whether the large lungs of competitive swimmers result from intensive swim training or 

genetic endowment has been widely debated. Given that peak growth velocities for the lungs occur 

during puberty, this longitudinal study aimed to determine if competitive swimming during 

puberty affected lung development. Female swimmers (n=11) and healthy controls (n=10) aged 

11-14 years old were assessed before and after one competitive swimming season. Pulmonary 

function testing included lung volumes, spirometry, diffusion capacity (DL,CO), and maximal 

inspiratory (PIMAX ) and expiratory (PEMAX ) pressures. Ventilatory constraints, including end-

expiratory lung volume (EELV), expiratory flow limitation (EFL), and utilization of ventilatory 

capacity (V→E/V→ECAP), were assessed during an incremental cycling test. Despite being of similar 

age (p=0.10), maturational development (p=0.27), and height (p=0.38) as controls, swimmers had 

a larger total lung capacity (p<0.01), forced vital capacity (p<0.01), and peak expiratory flow 

(p=0.03). Although DL,CO was greater in swimmers (p=0.01), there was no difference when 

expressed relative to alveolar volume (p=0.20). Both PIMAX  (p=0.06) and PEMAX  (p<0.001) were 

greater in swimmers. Swimmers and controls achieved a similar relative maximal oxygen 

consumption (p=0.32) and experienced similar ventilatory constraints as characterized by EELV 

(p=0.18), severity (p=0.95) and prevalence (p=0.71) of EFL, and V→E/V→ECAP (p=0.95). Changes 

over time were similar between groups (p>0.05). Pubertal female swimmers already had larger 

lung capacities, higher flows, and greater indices of respiratory muscle strength, but similar 

ventilatory constraints while cycling. One competitive swimming season did not further accentuate 

this enhanced function or alter exercise ventilatory mechanics, suggesting that competitive 

swimming during puberty did not affect lung development. 
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LAY SUMMARY  

Whether the large lungs of competitive swimmers result from intensive swim training or 

genetic endowment has been widely debated. Because lung growth is greatest during puberty, this 

thesis compared lung function before and after one swimming season in 11-14-year-old, similarly-

sized female swimmers and healthy controls. At the initial measurement, the swimmers already 

had larger lung capacities, higher flows, and greater indices of respiratory muscle strength that 

occurred irrespective of training experience. One swimming season did not further accentuate this 

enhanced lung function, and no associations between changes in lung function and swim training 

volume were found. Moreover, detailed analyses of physiological development of the lungs and 

the respiratory challenges imposed by swimming provided no unequivocal evidence that 

swimming can alter lung development. Despite having greater lung function, swimmers had 

similar ventilatory responses as controls while cycling. Thus, this thesis concluded that 

competitive swimming during puberty did not affect lung development. 
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RC Respiratory Clinic 

RER Respiratory exchange ratio 
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SWIM  Swimmers 
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INTRODUCTION  

The respiratory system is generally thought to be ideally designed to meet the demands of 

exercise in healthy young adults (1). However, unlike the cardiovascular and musculoskeletal 

systems, the respiratory system does not exhibit significant beneficial adaptations to endurance 

training (2, 3). There are no known measurable beneficial structural adaptations, and, of the limited 

number of functional adaptations, the majority are related to changes in respiratory musculature 

(e.g., increased respiratory muscle endurance or strength) (2). As a result, the respiratory system 

can become a limiting factor of performance in highly trained athletes (2-4) and can negatively 

adapt to exercise in cold (5) or chlorinated (6) environments. While chronic exercise training 

appears to confer no change to the respiratory system, an exception may be in young, competitive 

swimmers. 

 

1.1 Competitive swimming and lung development 

The pulmonary function of competitive swimmers is characterized by large lung capacities 

(7-31), greater expiratory flows (11, 14, 18, 29-31), and increased diffusion capacities (19, 22, 24, 

29, 31-35). This enhanced function has been suggested to be beneficial for swimming (14). For 

example, increased functional residual capacity (FRC) may act as a reservoir for gas exchange, 

thereby attenuating oscillations in arterial blood gases between breaths (14). Additional benefits 

may include greater buoyancy in the water to decrease drag and improved ventilatory capacity 

(14). In fact, it has been suggested that having large lungs is a pre-requisite for becoming a top 

swimmer (12). However, it has been widely debated whether this enhanced pulmonary profile is 

an adaptation to swim training (8, 13, 16, 18, 21, 33), the result of young athletes self-selecting 

into swimming based on favourable genetic endowments (17), or both (9-11, 14, 15, 23, 27). 
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The argument for adaptive growth is based on four unique challenges that competitive 

swimming places upon the developing respiratory system. First, swimming is performed in the 

prone or supine position with the body partially or fully submerged (36). Second, swimmers use 

an ñobligatory, controlled frequencyò breathing pattern that is dependent on both physiological 

need and timing of arm strokes (36). Third, swim training often involves breath control drills, 

including ñhypoxic trainingò, and sprint swimming where breathing frequency is reduced. Lastly, 

intense and structured swim training begins as early as 5 y old (17). Hypothetically, the first three 

stressors may cause changes in ventilatory mechanics, greater inspiratory pressures (14), and 

excessive upper body work (14) and/or require transient breath-holding maneuvers (11). These 

have been suggested to augment growth of the thoracic cavity and musculature (14) and/or create 

an intermittent hypoxic stimulus for lung growth (29). However, mechanistic evidence is lacking. 

More importantly, competitive swimmers are exposed to these stressors during periods of maximal 

lung growth between 1 month and 7 years of age (37) and during puberty (38). Thus, if the growing 

respiratory system is sensitive to induced growth, then competitive swimming during these critical 

periods is likely to elicit the greatest effects. 

Table 1 andTable 2 list 18 cross-sectional (20-34, 39-41) and 16 longitudinal (6 <1 year 

(7, 14, 19, 35, 42, 43) and 10 Ó1 year (8-13, 15-18)) studies that have reported pulmonary function 

data in young swimmers throughout development. Overall, increased lung volumes of competitive 

swimmers have been observed compared to predicted values (13, 24, 25, 29, 31), population norms 

(8-10, 12, 21), and measurements in controls (7, 11, 14-18, 20, 22, 26-30, 40, 41). Greater 

expiratory flows have been measured in competitive swimmers compared to controls (11, 14, 16, 

18, 20, 22, 28-30, 40) and predicted values (24, 25, 29, 31), as have diffusion capacities compared 

to controls (11, 22, 29, 34, 39) and predicted values (24, 29, 31-33, 35). Conversely, maximal static 
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mouth pressures, which have been seldom reported, have often been found to be similar in 

swimmers relative to controls (15, 27-29). However, within the published literature there is 

considerable between-study variation in the competitive level of the swimmers (e.g., experience 

and training volume), study length, and experimental design and analysis. Moreover, some have 

not observed any differences in lung volumes between swimmers and a control group (33, 39, 42, 

43). Therefore, a more detailed review of this literature is necessary to provide a comprehensive 

understanding of the relationship between competitive swimming and lung development. This 

includes addressing the following questions: 

1. At what age are swimmers first reported to have larger lung capacities compared to a 

normal control group or predicted values? 

2. Given that lung volume increases 13-fold between 1 month and 7 y (37), does swim 

training prior to age 7 y have any effect on lung capacities? 

3. When children begin intensive swim training, do they already have greater lung 

capacities? 

4. Do longitudinal analyses show greater-than-expected growth of lung capacities? 

5. If there is accentuated growth, is it most evident during puberty when the lungs reach 

their peak growth velocities (PGV)? 

6. At what age are swimmers first reported to have a higher diffusion capacity, and does 

swim training increase it further? 

7. What are the main differences between and weaknesses of these studies on competitive 

swimming and lung development? 
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Table 1 ï Cross-sectional studies of competitive swim training on lung development. 

Study Sex N Age (y) 
Swimming 

history 

Training 

volume 
Volume Flow Pressure 

Diffusion 

capacity 

Endowment or 

swim training? 

Other 

conclusions 

Newman et 

al., 1961 (20) 

M 
15 S 

10 C 16.1 (13-

17) 

ñLeading 

British 

swimmersò 

- ŷ FVC ŷ FEV1 ŷ PEMAX  - - 

Swimmers had 

greater standing and 

seated height F 
15 S 

9 C 

Astrand et al., 

1963 (21) 
F 30 S 12-16 

Started training 

at 10-15 y 

6-28 h and 6-

65 km per 

week 

TLC, FRC, 

FVC > 

predicted by 

body size 

- - - Swim training 
ŷ height due to early 

menarche 

Mostyn et al., 

1963 (34) 
M&F 

5 S 

6 R 
19.0 University team >9 h/week - - - 

Similar DL,CO during 

exercise 

Either 

DL,CO of champion 

swimmers > 

university swimmers 

 

Greater DL,CO due to 

ŷ Vc 

8 S 

24 O 
19.3 

Canadian 

National or 

Olympic swim 

team 

- - - - 
ŷ absolute and relative 

DL,CO during exercise 

Magel and 

Andersen, 

1969 (22) 

M 
10 S 

9 C 

17.3 ± 1.4 

17.1 ± 1.3 
Well-trained - 

ŷ TLC, FRC, 

VC 
ŷ FEV1 - 

ŷ DL,CO at rest & exercise 

ŷ KCO at max exercise 
- - 

Ness et al., 

1974 (39) 
F 

20 S 

13 C 

10.2 ± 0.7 

9.8 ± 0.8 

No prior 

swimming 

experience 

- 

TLC, VC, 

FRC not 

significantly 

larger 

No 

difference 

in FEV1 

- 
ŷ DL,CO at submaximal 

exercise 
- 

Minimal differences 

in lung function in 

parents 

Vaccaro et al., 

1977 (32) 
M&F 16 S 10-18 - 

Daily, 

3000-13,000 

yards per day 

 - - - Dl,,CO > predicted Either - 

Eriksson et al., 

1978 (23) 
M 18 S 

10.1 (7.6-

11.8) 

Just started 

swimming 
- 

TLC, FRC, 

RV, FVC > 

predicted by 

body size 

- - - 
Endowment more 

likely 
- 

Vaccaro et al., 

1980 (24) 
M 12 S 15.1 ± 1.7 

Ó6 y swim 

training 

4x/week 

3600-6400 m 

per session 

TLC, FRC, 

RV > 

predicted 

FEV1 > 

predicted 
- DL,CO > predicted 

Potentially swim 

training 
- 

Yost et al., 

1981 (33) 
M&F 

12 S 

12 C 

13.9 ± 2.2 

14.0 ± 2.4 

2-12 y intense 

swim training 

Daily 

3-12 km per 

session 

No difference 

in FVC 
- - 

ŷ DL,CO at rest & exercise 

and > predicted 
Swim training 

DL,CO at rest and 

exercise, FVC ŷ after 

10 months in 10 S 

McKay et al., 

1983 (25) 
M&F 25 S 

Youngest: 

14.1 ± 0.9 

Oldest: 

18.6 ± 1.3 

Scottish 

National or 

Youth swim 

team members 

- 

FVC 9-25% 

above 

predicted 

FEV1 19-

25% above 

predicted 

- - Either - 

Bloomfield et 

al., 1984 (26) 

M 
53 S 

106 C 
7-12 

State 

Championship 

finalists 

- ŷ FVC 

No 

difference 

in FEV1 

- - - - 

F 
62 S 

123 C 

Bradley et al., 

1985 (31) 

M 18 S 
20.3 (17-
25) US Olympic 

team 
- 

TLC, FRC, 

RV, FVC > 

predicted 

PEF, 

FEV1 > 
predicted 

- DL,CO > predicted Either 

Greater than other 

Olympic athletic 
groups F 20 S 

18.4 (15-

23) 
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Table 1 ï Cross-sectional studies of competitive swim training on lung development, continued 

Study Sex N Age (y) 
Swimming 

history 

Training 

volume 
Volume Flow Pressure 

Diffusion 

capacity 

Endowment or 

swim training? 

Other 

conclusions 

Zinman and 

Gaultier, 1986 

(27) 

F 

7 S 

15 C 
7.0-8.9 14.7 ± 7.7 mo 5 h per week 

ŷ TLC, FRC, 

VC 
- 

No difference 

in PEMAX  or 

PIMAX  at TLC, 

FRC, or RV 

- 

Both 

ŷ chest wall 

dimensions, surface 

area 

15 S 

17 C 
9.0-10.9 27.2 ± 15.0 mo 

5-12.5 h per 

week 

ŷ chest wall 

dimensions, surface 

area; ŷ FImax at FRC 

16 S 

27 C 
11.0-13.3 44.7 ± 19.5 mo 

12.5 h per 

week 

ŷ TLC, FRC, 

RV, VC 
- 

Ź PEMAX  at 

FRC, PIMAX  at 

FRC, RV 

- 

ŷ chest wall 

dimensions, surface 

area 

Pherwani et 

al., 1989 (40) 
M&F 

45 S 

45 C 
 

6 months to >5 

years 

6x/week, 

2000-5000 m 

per session 

ŷ FVC 
ŷ FEV1, 

FEF25% 
- - -  

Cordain et al., 

1990 (28) 
F 

11 S 

11 R 

10 C 

19.0 ± 0.6 

Collegiate 

Division 1 

swimmers (9.4 

± 2.8 y start 

swim) 

3000-7000 m 

per day 

ŷ TLC, FRC, 

RV, FVC 
ŷ FEV1 

No difference 

in PIMAX , 

PEMAX  

- Either - 

Armour et al., 

1993 (29) 
M 

8 S 

8 R 

8 C 

18 ± 2.4 

24 ± 3.2 

22 ± 4.8 

Start: 11.0 ± 2 y 

Experience: 6.5 

± 1.9 y 

69.4 ± 22.1 km 

per week 

ŷ TLC, FRC, 

VC, RV, FVC 

ŷ FEV1, 

FEF50%, 

PEF 

No difference 

in PIMAX , 

PEMAX  

ŷ DL,CO, no difference in 

KCO 

More likely to be 

swim training 

ŷ chest wall 

dimensions, no 

difference in FEmax, 

FImax, or lung recoil 

Doherty and 

Dimitriou, 

1997 (30) 

M 

82 S 

90 O 

66 C 

15.1 ± 3.0 

14.1 ± 2.6 

13.8 ± 2.7 
Some were 

National 

swimmers 

Ó3x/week ŷ FVC 
ŷ FEV1, 

PEF 
- - Either 

Swimmers were 

taller and, in males, 

older 
F 

78 S 

72 O 

70 C 

14.5 ± 2.4 

14.4 ±2.6 

14.0 ± 2.5 

Lazovic-

Popopvic et 

al., 2016 (41) 

M 

38 S 

271 O 

100 C 

20.9 ± 2.4 

20.2 ± 3.6 

21.2 ± 3.9 

Start: 9.4 ± 2.6 

y 

Experience: 

12.8 ± 3.0 y 

22.0 ± 7.9 

h/week 

ŷ FVC and > 

predicted 

ŷ FEV1 

and > 

predicted, 

PEF same 

- - 
Genetic endowment 

likely 

No relationship 

between % predicted 

and starting age, 

experience, or 

training volume 

Values are expressed as means ± SD. M, male; F, female; swim, competitive swimmers; con, controls; land, land-based athletes; TLC, 

total lung capacity; FRC, functional residual capacity; VC, vital capacity; RV, residual volume; FVC, forced vital capacity; FEV1.0, 

forced expiratory volume in one second; FEF50%, forced expiratory flow at 50% of FVC; PEF, peak expiratory flow; PEmax, maximal 

static expiratory pressure at the mouth; PImax, maximal static inspiratory pressure at the mouth; DLCO, diffusion capacity of the lungs 

for carbon monoxide; KCO, transfer factor; FImax, maximal inspiratory respiratory muscle force; FEmax, maximal expiratory 

respiratory muscle force; Vc, pulmonary capillary blood volume.   
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Table 2 ï Longitudinal studies of competitive swim training on lung development. 

Study Length Sex N 
Starting 

Age (y) 

Swimming 

history 

Training 

volume 
Volume Flow Pressure 

Diffusion 

capacity 

Endowment 

or 

swimming? 

Other 

conclusions 

Bachman and 

Horvath, 1966 

(7) 

4 mo M 
12 S 

9 C 
18.8 ± 1.1 Collegiate - 

Swim had ŷ 

FVC, Ź FRC, 

RV, RV/TLC 

- - - - - 

Eriksson et al., 

1967 (8) 
4 y F 30 S 12-16 

See Astrand et 

al., 1963 

Only 4 were 

still actively 

training 

Pre: see 

Astrand 1963 

Post: still had ŷ 

FVC 

- - - Swimming - 

Gibbins, 1971 

(42) 
6 mo F 

8 S 

6 C 
9-10 - 

3-4x/week 

1000 yards per 

session 

Pre/post: same 

TLC, FRC, 

FVC 

Pre/post: same 

FEV1 
- Same DL,CO Neither - 

Engstrom et al., 

1971 (9) 

3.6 (1-5) 

y 
F 29 S 9-13 

2 (0-5) y 

training 

experience 

- 

Pre/post: ŷ 

TLC, FRC 

Swim had ŷ VC 

during 1-5 y 

- - - Both - 

Eriksson et al., 

1971 (10) 
7-8 F 30 S 12-16 

Started training 

at 10-13 y 

Had stopped 

training for 5 

(0-7) y 

Pre: see 

Astrand 1963 

Post: still had ŷ 

FVC 

- - - Both - 

Andrew et al., 

1972 (11) 
3 y 

M 
71 S 

40 C 

8-18 - - 

ŷ TLC, VC, no 

difference in 

FRC; with ŷ 

height the 

greater volumes 

were more 

evident 

ŷ maximal mid-

expiratory flow 
- 

ŷ DL,CO at 

exercise only 

in males 

No 

difference in 

DL,CO/TLC 

Both 

By age 12 the 

swimmers were 

taller than 

average 
F 

32 S 

73 C 

Eriksson et al., 

1978 (12) 
10 y F 30 S 12-16 

See Astrand et 

al., 1963 

All had stopped 

training (see 

Eriksson et al., 

1971) 

Pre/post: ŷ 

TLC, VC, FRC 
- - - Both - 

Vaccaro and 

Clarke, 1978 

(43) 

7 mo M&F 
15 S 

15 C 
9-11 

Just started (in 

1st year of swim 

training) 

4x/week 

3000-10,000 

yards per 

session 

Pre/post: same 

FVC 

No difference 

in ŷ in FVC 

No difference 

in in FEV1 
- - Neither - 

Zauner and 

Benson, 1981 

(13) 

3 y 

M 8 S 

13.7 (9-19) 

Each had 

competitively 

swam Ó50% of 

their life 

Ó6x/week 

Ó5000 m per 

session 

Pre: FVC = 

predicted 

Post: FVC > 

predicted 

- - - Swimming - 

F 7 S 

Clanton et al., 

1987 (14) 
12 w F 

8 S 

4 C 

18.9 ± 1.2 

20.8 ± 1.0 

Varsity 

swimmer for 

collegiate team 

Ó5 days per 

week, 2300-

9000 m per day 

Pre/post: ŷ 

TLC, VC, FRC, 

RV 

Swim had ŷ 

VC, FRC 

during 12 w 

Pre/post: ŷ 

FEV1, PEF, 

FIV1, PIF 

Pre: no 

difference 

Post: ŷ PIMAX  

- Both 

ŷ Inspiratory 

muscle 

endurance 
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Table 2 ï Longitudinal studies of competitive swim training on lung development, continued 

Study Length Sex N 
Starting 

Age (y) 

Swimming 

history 

Training 

volume 
Volume Flow Pressure 

Diffusion 

capacity 

Endowment 

or 

swimming? 

Other 

conclusions 

Zinman and 

Gaultier, 1987 

(15) 

1 y F 

7 S 7-10 
See Zinman 

and Gaultier, 

1986 

See Zinman 

and Gaultier, 

1986 

Pre/post: ŷ 

TLC, VC 

Swim had ŷ 

TLC, VC 

during 1 y   

- 

ŷ PEMAX  

- Both - 

10 S 10-12 

No change in 

PIMAX  or 

PEMAX  

Miller et al., 

1989 (35) 
5 mo M 22 S 18-22 y 

Collegiate 

swim team 
- 

Pre/post: 

similar VC 
- - 

Pre/post: 

similar DL,CO, 

> predicted 

Either 

Performance and 

lung function 

were independent 

Bloomfield et al., 

1990 (16) 
5 y 

M 
38 S 

57 C 
8-12 

Group selected 

from State 

finalists 

5x/week 

ŷ FVC from 

stage 2 

ŷ FEV1 from 

stage 3 
- - Swimming 

ŷ chest depth and 

girth 
F 

57 S 

64 C 

ŷ FVC from 

stage 4 

ŷ FEV1 from 

stage 4 

Baxter-Jones and 

Helms, 1996 (17) 
3 y M&F 

114 S 

339 O 
8-16 - 9-13 h per week 

ŷ FVC at start 

compared to 

others, no 

further ŷ after 

- - - Endowment 

Swimmers were 

taller after 

adjusting for age 

and pubertal 

status 

Courteix et al., 

1997 (18) 
1 y F 

5 S 

11 C 

9.3 ± 0.5 

9.4 ± 0.5 
- 

8-12 h per week 

10-20 km per 

week 

Pre: no 

difference  

Post: ŷ TLC, 

VC, FRC 

Pre: no 

difference  

Post: ŷ FEV1, 

PEF, FEF25%, 

FEF50%, FEF75% 

- - Swimming 

No difference in 

Raw; not-

significantly 

taller 

Mickleborough 

et al., 2008 (19) 
12 w M&F 10 S 18.2 ± 1.6 

National and 

international 

swimmers 

10-12x/week 

40-60 km per 

week 

ŷ TLC, FVC, 

no difference 

RV 

ŷ FEV1, FIV1 
ŷ PIMAX , 

PEMAX  

ŷ DL,CO, no 

change K,CO 
  

This thesis 7 mo F 
11 S 

10 C 

12.4 ± 0.8 

13.2 ± 1.3 
3.2 ± 1.8 y 

9.1 ± 3.6 h per 

week 

19 ± 8 km per 

week 

Pre/Post: ŷ 

TLC, FVC, VC 

Pre/Post: ŷ 

PEF, FEV1, 

FEF 

Pre/Post: ŷ 

PIMAX  

(p=0.06), 

PEMAX  

Pre/Post: ŷ 

DL,CO, similar 

K,CO 

Endowment 

Similar 

ventilatory 

constraints 

during cycling 

Values are expressed as means ± SD. M, male; F, female; swim, competitive swimmers; con, controls; TLC, total lung capacity; FRC, 

functional residual capacity; VC, vital capacity; RV, residual volume; FVC, forced vital capacity; FEV1.0, forced expiratory volume in 

one second; PEF, peak expiratory flow; FIV, forced inspiratory volume in one second; PIF, peak inspiratory flow; FEF25% FEF50%, and 

FEF75%, forced expiratory flow at 25%, 50%, and 75% of FVC, respectively; PEMAX , maximal static expiratory pressure at the mouth; 

PIMAX , maximal static inspiratory pressure at the mouth; DLCO, diffusion capacity of the lungs for carbon monoxide; KCO, transfer 

factor; Raw, airway resistance; IMT, inspiratory muscle training. 
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1.1.1 Swedish ñgirl swimmersò ï the foundational studies on swimming and lung 

development 

The foundational research into physiological adaptations to competitive swimming during 

development came from analyses of three different cohorts of Swedish swimmers (summarized 

elsewhere (44)). The original was a longitudinal analysis of 30 ñgirl swimmersò, examined first at 

12-16 y old by Astrand et al. (21) and again after 2, 4 (8), 7 (10), and 10 y (12). Initially, the girls 

had significantly larger lung volumes (i.e., total lung capacity (TLC), forced vital capacity (FVC), 

and FRC) that were 11-13% greater than the average value for their height (21). These larger lung 

volumes for a given height were maintained throughout the follow-up period, even upon cessation 

of swimming (12). At the first measurement, significant correlations between lung volume 

(expressed as the %-deviation in TLC or vital capacity (VC) from the average value for height) 

and training volume (expressed either as training experience or training volume in metres or hours 

per week) suggested that the intensity of swim training influenced functional development of the 

respiratory system (21). Therefore, different training regimens were compared by separating the 

swimmers into two groups such that 9 top swimmers from one club who trained the most (up to 

65,000 m and 28 h per week) were compared to the other 21 swimmers (6,000-30,000 m and 6-20 

hours per week). While the top swimmers initially had a larger FVC but statistically similar TLC, 

FRC, and residual volume (RV), differences between the groups did not change throughout the 

follow-up period (12). This suggested that intense training did not further increase lung volumes 

in the top swimmers; however, the question of whether the larger lungs of all swimmers at the 

initial measurement were due to intense training or genetic endowment was unresolved. 

A subsequent longitudinal analysis conducted with 29 9-13 y old Swedish girl swimmers 

confirmed some of these findings (9). At the initial measurement, TLC and FRC in relation to 
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height were already significantly larger than normal whereas FVC was not. By the final 

measurement 3.6 y (range 1-5 y) later, FVC in relation to height had increased significantly while 

TLC and FRC remained constant. Interestingly, when the girls were stratified into two groups 

based on training experience before the first measurement, the 18 girls who had been training at 

least 3 times per week for Ó1 year had significantly increased lung volumes (TLC, FRC, and FVC 

in relation to height) whereas those who had trained for Ò1 year did not. Moreover, when lung 

volumes were analyzed from 12 to 14 y old, the girls that trained during this period had a 

significant increase in FVC in relation to both height and TLC, while TLC grew as expected. From 

these observations, the authors concluded that lung volumes in swimmers are larger at the start of 

training, and further increases in FVC but not TLC with continued training point to functional 

rather than anatomical growth. However, no explanation was provided for why the swimmers with 

more experience had greater lung volumes. 

The third study by Eriksson et al. assessed 18 boys aged 10.1 y (range 7.6-11.8 y) who had 

minimal training experience (less than a few months) but had just been selected to competitively 

swim with the top clubs in Sweden (23). Despite not yet having started intensive swim training, 

their lung volumes (TLC, FRC, RV, and FVC) already exceeded normal values in relation to 

height, strongly suggesting that the initially larger lungs of competitive swimmers were due to 

genetic endowment. A similar result was found in a study comparing untrained girls trying out for 

a competitive swimming team (39). The 11 girls who qualified for the team had an average TLC 

of 3.08±0.73 l compared to 2.52±0.39 l in the 9 girls of similar age, maturity, and body size who 

did not. Furthermore, the fathers of the girls who qualified had a greater TLC and FRC than the 

fathers of those who did not, strongly pointing to a genetic endowment whereby swimmers with 

constitutionally larger lungs may select into swimming. 
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1.1.2 Lung volumes in young swimmers 

Other studies have also reported differences in young swimmers. In a 3-year longitudinal 

analysis of over 70 8-18 y old competitive swimmers (compared to 83 controls analyzed cross-

sectionally), Andrew et al. found greater lung volumes (TLC and VC) which were apparent even 

in the youngest swimmers (11). Zinman and Gaultier cross-sectionally assessed 38 7-13 y old 

trained female swimmers and 59 age- and size-matched controls, and found significantly greater 

lung volumes (TLC, VC, and FRC) in all ages of swimmers (27). In a cross-sectional analysis of 

112 7-12 y old trained swimmers compared to tennis players and non-athletes, Bloomfield et al. 

found a significantly greater FVC that was apparent across all ages (26). Lastly, a large, 

longitudinal study of 453 8-16 y old young athletes (swimmers, gymnasts, tennis players, and 

soccer players) found that FVC (adjusted for height, weight, and maturation) was Ó20% larger in 

swimmers compared to the other athletes at the initial measurement (17). Cumulatively, these 

results suggest that swimmers as young as 7-8 y old already have greater lung volumes 

However, this has not been the case for all studies. As mentioned, Engstrom et al. did not 

find any initial differences in TLC or FVC in the 9-13 y old swimmers who had less than 1 year 

of training (9). Similarly, Vaccaro and Clarke compared 15 9-11 y old children in their first year 

of swim training (3,000-10,000 yards per training session) with 15 controls, but reported no 

differences in FVC (43). Gibbins and Courteix et al. did not find any differences in TLC, FRC, 

FVC, or VC between 8 9-10 y old female swimmers and 6 controls (42) and 5 9-10 y old 

prepubertal competitive swimmers and 11 age-, sex-, and size-matched controls (18), respectively. 

Unfortunately, swimming history was not reported in either of these studies. Zauner and Benson 
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measured FVC in extensively trained 9-19 y old swimmers and found no initial difference 

compared to predicted values (13). There is no clear reason for these opposing results. 

 

1.1.3 Longitudinal assessments of competitive swimming and lung volume development 

Longitudinal assessments of lung function in growing swimmers are also contradicting, as 

four different conclusions have been reported. First, there was no difference in lung function before 

or after a 6-7 month period of training in 8 9-10 y (42) and 15 9-11 y (43) old swimmers compared 

to control groups. Second, despite similar lung capacities initially, greater lung capacities were 

measured in 5 9-10 y old swimmers compared to 11 matched controls after 1 y of training (18), 95 

8-12 y old trained swimmers compared to 102 maturation-matched controls over 5 y of 

assessments (16), and 15 9-19 y old very competitive swimmers compared to predicted values 

after 3 y of training (13). Third, swimmers initially had larger lungs and these did not increase 

further over 3 y of training in 114 8-16 y old swimmers compared to other athletes (17), 3 y of 

training in >70 8-18 y old swimmers compared to non-athletes (11), and 1-5 y of training in 29 

female swimmers aged 9-13 y compared to population norms (9). Finally, trained swimmers aged 

7-12 y initially had larger lungs and these further increased after 1 y of training as compared to a 

control group analyzed cross-sectionally (15). Unfortunately, no study has assessed lung function 

in competitive swimmers before 7 y (this may be related to some measurements requiring maximal 

maneuvers that are not reliable until 8 y (37, 45-47)). 

Moreover, only 4 of the aforementioned studies have provided analysis during puberty and 

the conclusions are conflicting. Engstrom et al. found that VC, but not TLC, grew more than 

expected between 12 and 14 y old (9), whereas Zinman and Gaultier reported accentuated growth 

of both TLC and VC in 10-12 y old trained swimmers (15). While Bloomfield et al. found that 
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FVC was only statistically significantly larger from stage 2 (puberty) onwards in males and stage 

4 (puberty) onwards in females (16), Baxter-Jones and Helms reported that FVC was initially 

larger and did not increase further during puberty (17). Clearly, more work is needed to determine 

if competitive swimming affects the development of lung volumes during growth. 

 

1.1.4 Competitive swimming and diffusion capacity during growth  

Differences in diffusion capacity may highlight structural or functional changes in the gas 

exchanging ability of the lungs. Like lung volumes, greater diffusion capacities have been 

observed in swimmers. One study suggested the greater diffusion capacity for carbon monoxide 

(DL,CO) was partly due to an adaptation to swim training (33). Yost et al. observed a greater 

absolute DL,CO at rest and during submaximal exercise at 170 bpm in 12 9-17 y old competitive 

swimmers (2-12 y experience, 3-12 km per session) compared to 12 matched controls (33). They 

re-tested 10 of the swimmers after 10 months of training and found that exercise DL,CO increased 

more than expected by growth, leading them to suggest that swim training increased DL,CO to a 

greater extent than expected by growth. However, resting DL,CO increased only slightly (and as 

expected given their somatic growth), and the greater exercise DL,CO could be explained by the 

swimmers exercising at a greater metabolic rate (oxygen consumption (V→O2) at 170 bpm was 

significantly increased) at the second examination. Moreover, when resting DL,CO was correlated 

with height, the slope between DL,CO and height was identical for swimmers and controls, 

suggesting that DL,CO was equally greater across all heights studied. This could have been related 

to greater lung volumes in the swimmers (FVC 4.12±0.93 vs. 3.61±0.86 l), although differences 

in FVC did not reach statistical significance. Such a difference was found in the longitudinal 

analysis by Andrew et al., where the greater exercise DL,CO across all heights in 8-18 y old male 



13 
 

swimmers compared to non-athletic male controls (no differences were found between the female 

cohorts) was no longer apparent when expressed relative to TLC (11). Greater absolute DL,CO but 

similar relative DL,CO have also been reported in older adolescent (22) and young adult (29) elite 

swimmers. Thus, the greater diffusion capacity of swimmers is apparent across all heights and 

ages and is related to their larger lung volumes, yet no conclusive evidence has shown that 

competitive swim training accentuates the development of DL,CO during development. 

 

1.1.5 Differences between and weaknesses of previous studies 

While there is a myriad of literature on competitive swimming and lung development, 

heterogeneities between studies have made it difficult to systemically analyze and resolve the 

question of ñgenetic endowment, training adaptation, or both?ò. These include differences in 

participant age; swimming history and level of competition; training status; design and length of 

study; lung function measurements; comparisons to controls, predictive values, or population 

norms; and statistical analysis. Moreover, as outlined in Table 3, previous studies have been 

weakened by short study periods (Ò7 months (43)), not differentiating boys and girls, not assessing 

or matching for maturational stage, small sample size (<10 subjects in group), no control group, 

not statistically comparing swimmers with the control group or reference values, or not performing 

a comprehensive assessment of lung function (e.g., only FVC and forced expiratory volume in one 

second (FEV1), but no lung volumes).  
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Table 3 ï Weaknesses of selected previous studies on competitive swimming during development 
 

Short study 

period (Ò7 

months) * 

Did not 

separate 

sexes 

Did not match 

for 

maturational 

stage 

Small sample 

size (<10 

subjects in 

group) 

No 

control 

group 

No statistical 

comparison to controls 

or reference values 

Few measures of 

lung function (e.g., 

only FVC, FEV1) 

Other notes 

Gibbins, 1971 (42) X   X    
Swim history not stated, 

training stimulus low 

Andrew et al., 1972 

(11) 
     X  

Controls assessed cross-

sectionally but swimmers 

longitudinally 

Ness et al., 1974 (39)    X     

Vaccaro et al., 1977 

(32) 
 X   X  X  

Vaccaro and Clarke, 

1978 (43) 
X X X    X 

Did not state if groups 

were sex-matched 

Vaccaro et al., 1980 

(24) 
    X    

Yost et al., 1981 (33)  X X    X  

Zauner and Benson, 

1981 (13) 

 

 X   X  X  

Bloomfield et al., 

1984 (26) 
 **  X    X  

Zinman and Gaultier, 

1986 (27) 
  X      

Zinman and Gaultier, 

1987 (15) 
  X   X  

Controls assessed cross-

sectionally but swimmers 

longitudinally 

Bloomfield et al., 

1990 (16) 
      X 

Mixed-longitudinal 

analysis 

Baxter-Jones and 

Helms, 1996 (17) 
      X  

Courteix et al., 1997 

(18) 
   X    

Unusually small lung 

growth in control group 

Doherty and 

Dimitriou, 1997 (30) 
  X    X  

*Only for longitudinal studies. **Did not find significant effect of sex, therefore dropped from further statistical analysis. FVC, forced 

vital capacity; FEV1, forced expiratory volume in one second.  
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Vaccaro and Clarke reported similar lung function in 15 9-11 y old swimmers (training 

3,000-10,000 yards per session, 3-4 times per week) and 15 age- and size-matched controls before 

and after a 7-month season of competitive swimming, leading them to suggest that study durations 

less than 7 months are too short to measure significant differences in lung development (43). The 

short time period may also underlie the lack of differences in the 6-month swim training study by 

Gibbins (42). To note, the very low training stimulus (1000 yards per session, 3-4 sessions per 

week) may have contributed to the negative finding. 

Vaccaro and Clarke did not specify if the groups were matched for sex. A variety of sex-

based differences in lung growth (48, 49), which lead to differential timing and rates of growth of 

alveoli and small and large airways between boys and girls, may have caused no effect of 

competitive swimming on lung development to be observed in this study (43) and affected the 

results of others (13, 33). 

While Zinman and Gaultier found significantly greater (27) and accentuated growth (15) 

of lung volumes in 7-13 y old swimmers compared to similarly-aged controls, it is not clear if they 

were matched for maturational stage. Male swimmers tend to be early maturers (50, 51); 

conversely, female swimmers tend to have a slightly intrinsically later (not delayed) menarchal 

age (13.3-13.4 y (52, 53) compared to the reference 13.0 y (52)) with the best performers having 

the latest menarchal ages (54). Considering that, first, females who are late maturers might also 

have a prolonged pubertal growth spurt (55), second, the growth velocity of the lungs differs 

depending on pubertal stage (56), and, third, a mixed-longitudinal study of swimmers and non-

athletes showed different amounts of growth in FVC depending on the maturational stage (16), 

there is clear need for maturational matching when comparing swimmers with their healthy 

counterparts. Therefore, differences in maturational stage may have contributed to the larger lungs 
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of the swimmers in the studies by Zinman and Gaultier and affected the results of others (26, 30, 

33, 43). 

In the longitudinal analysis by Courteix et al., they found similar lung volumes initially but 

significantly greater volumes after 1 y of intense swim training in 5 9-10 prepubescent swimmers 

and maturity- and age-matched controls (18). However, the control group grew an average of 5 cm 

in height but only 90 ml in TLC, which appears abnormally small compared to reference values 

for their age and somatic growth (57). Therefore, the difference may have been due to the control 

groupôs minimal increase in lung volumes. Moreover, the authors cited the need for a larger group 

of swimmers.  

While comparisons to predicted values provide an idea of lung function relative to 

population standards, they require predictive equations. These depend on the design (cross-

sectional versus longitudinal) of the reference study, size of the reference population, and quality 

of the statistical modelling. Moreover, selecting the appropriate predictive equations requires 

demographic similarities between the study sample and reference population as well as 

methodological similarities between the study and reference measurements. Thus, conclusions 

from studies lacking a control group (13, 24, 32) must be interpreted with caution. 

Longitudinal assessments of swimmers by Andrew et al. (11) and Zinman and Gaultier 

(15) were compared to control groups who were cross-sectionally analyzed using regression lines 

(with a 95% confidence interval). Although plots of longitudinal changes against these regression 

lines provided graphical illustration of changes in lung function, neither study statistically analyzed 

if the changes in swimmersô lung function reached statistical significance. 

Lastly, many studies have used only FVC as an indicator of lung size and FEV1 of airway 

function (Table 3). More comprehensive analysis of lung volumes (i.e., measuring TLC, FRC, and 
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RV), flows (i.e., measuring expiratory flow rates and analyzing maximum expiratory flow-volume 

curves (MEFV)), diffusion capacity, and static pressures are necessary to draw thorough 

conclusions about the effect of competitive swimming on lung development. Specifically, 

assessing changes in TLC and DL,CO may elucidate irreversible anatomical adaptations, whereas 

FVC may only be indicative of functional changes (9). 

 

1.1.6 Summary 

Thus, the following key points can be concluded from the current literature: 

 

1. While two small studies have observed no differences in TLC in 9-10 y old (18) or 

FVC in 9-11 y old (43) swimmers, greater lung volumes have been observed in large 

cohorts of swimmers as young as 7-8 y (11, 17, 23, 26, 27). This suggests even the 

youngest swimmers already have enhanced lung function.  

2. Whether this difference is due to genetic endowment or an adaptation to swim training 

at an early age is not clear, as lung function has not been measured in swimmers prior 

to age 7 y. 

3. Reports of lung volumes in swimmers at the beginning of training are conflicting, as 

greater lung capacities have been reported in 7-12 y (23) but not in 9-11 y (43) or 9-13 

y (9) old children in their first year of swim training. 

4. Longitudinal analyses has provided four different conclusions regarding changes in 

lung capacities with swim training: first, no differences before or after (42, 43); second, 

no differences before but greater capacities after (13, 16, 18); third, greater capacities 
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before that did not increase further (9, 11, 17); and, fourth, greater capacities before 

that further increased (15). 

5. Studies longitudinally assessing lung volumes in swimmers during puberty have found 

conflicting results. Some have found FVC (9, 16) and TLC (15) increased more than 

can be expected due to maturational growth alone, while others have not (FVC (17), 

TLC (9)). 

6. A greater diffusion capacity has been observed across all ages and heights of swimmers 

(11, 33), which is likely related to their larger lung volumes. There is no conclusive 

evidence that competitive swimming accentuates increases in DL,CO. 

7. Differences between and weaknesses of previous studies underlie the difficulty in 

determining whether differences are due to genetic endowment, a training adaptation, 

or both. 

 

There is need for a longitudinal study that comprehensively assesses lung function (i.e., 

lung volumes, spirometry, diffusion capacities, and pressures) in pubertal competitive swimmers 

compared to healthy controls of similar age, size, and sexual maturity to further our understanding 

of pulmonary adaptations to competitive swimming. Moreover, whether competitive swimming 

affects ventilatory mechanics during exercise has not been studied and warrants investigation. 

 

1.2 Ventilatory mechanics during growth 

Smaller lungs and airways, such as those found in adult women in comparison to adult 

men, can lead to more constrained ventilatory mechanics during exercise and subsequently an 

augmented oxygen cost of breathing (58), increased likelihood of experiencing exercise-induced 
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arterial hypoxemia (EIAH) (59), and, ultimately, impaired exercise performance (4). Moreover, 

higher levels of aerobic fitness and therefore an increased ventilatory demand may also lead to the 

development of expiratory flow limitation (EFL) at maximal exercise (60). Because children have 

similar lung structures and hyperventilatory responses to exercise as do adult women, it is possible 

that they are predisposed to the same ventilatory constraints during exercise (61). However, while 

much work has been done in adults, only a handful of reports have studied ventilatory mechanics 

in the healthy pediatric population (61-65).  

Ventilatory mechanics can be assessed quantitatively using (1) the degree of EFL, (2) 

breathing strategy (i.e., regulation of operational lung volumes), and (3) the utilization of 

ventilatory capacity (V→E/V→ECAP) (66) and qualitatively by superimposing tidal flow-volume loops 

(FVL) on a graph of the maximum expiratory flow-volume curve (MEFV). Expiratory flow 

limitation occurs when expiratory flow does not change despite increases in transpulmonary 

pressure (67). In other words, for a given volume no greater expiratory flow can be generated, thus 

a shift towards higher operating lung volumes is necessitated to increase flow further. This, 

however, comes at a cost because operating volumes dictate muscle length (i.e., length-tension 

relationship) and the work required to overcome the elastic properties of the lung (i.e., pressure-

volume relationship). Estimating the ventilatory capacity (V→E/V→ECAP) provides another useful tool, 

as one can determine the ventilatory demand imposed by the given breathing strategy (66). 

The prevalence of EFL in prepubescent children is high, ranging from 56% (63) to 93% 

(61) at maximal exercise, and both boys and girls are equally susceptible. However, the reason for 

this high prevalence is unclear. Nourry et al. compared 10 flow-limited and 8 non-flow-limited 

prepubescent children, finding that the two groups had different breathing strategies as exercise 

progressed despite similar resting pulmonary function (63). In the non-flow-limited group, the 
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decrease in operational lung volumes upon starting exercise was followed by a leftward shift 

towards greater operating lung volumes as intensity increased, enabling them to breathe at higher 

expiratory flows that prevented the onset of EFL. Conversely, the flow-limited group initially 

decreased and then maintained their end-expiratory lung volume (EELV), operating at lower lung 

volumes with smaller expiratory flows that made them susceptible to EFL. The leftward shift 

meant that the non-flow limited group was able to reach higher peak values for minute ventilation 

(V→E) and V→O2 and utilize a greater percentage (>90%) of their estimated maximum voluntary 

ventilation (MVV). The study by Swain et al. observed the opposite operating lung volume 

response (61). They studied 20 prepubescent boys and 20 prepubescent girls, finding a significant 

correlation between the increase in expiratory reserve volume (ERV) relative to FVC (ERV/FVC) 

from rest (i.e., the amount of dynamic hyperinflation) and the extent of EFL. In other words, they 

observed that EFL was associated higher operating lung volumes, a finding consistent with healthy 

adult populations (61). Given that no relationships were found between the severity of EFL and 

TLC, peak V→E, or peak V→O2, the authors suggested that prepubescent girls and boys experience 

similar rates of EFL but for different reasons. Prepubescent girls were limited by their capacity, as 

their smaller lung volumes and expiratory flows led to a smaller MEFV that then provided the 

main ventilatory constraint to exercise. On the other hand, prepubescent boys were constrained 

due to their increased demand. They had a bigger MEFV because of their larger lung volumes and 

expiratory flows, but it was still encroached upon because they had a higher metabolic demand (as 

evidenced by a higher peak V→O2 than girls) (61). The boys (65.5 ± 6.1%) and girls (64.4 ± 5.7%) 

utilized a similar percentage of estimated MVV at peak exercise, values that may be lower than 

the previous study because they had a lower fitness level.  
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A follow-up study done five years later in 21 (11 boys, 10 girls) of the 40 prepubescent 

children provides the only observation of ventilatory mechanics in postpubescent children (62). 

The prevalence of EFL was 45% and 20% in boys and girls, respectively, much lower than 

prepubescent rates despite both the postpubescent boys and girls operating at higher lung volumes 

at maximal exercise. The authors suggested this was possible because greater growth of lung 

volumes and expiratory flows compared to improvements in exercise capacity increased the 

ventilatory capacity well beyond the metabolic demand. Thus, the postpubescent children could 

operate at higher lung volumes as a strategy to avoid EFL (62). Moreover, maturation may have 

lowered the sensitivity to CO2 during exercise (the authors noted a decreased ventilatory equivalent 

for carbon dioxide (V→E/V→CO2) at maximal exercise in postpubescence compared to prepubescence) 

which relatively decreased the ventilatory demand, further decreasing the likelihood of EFL. 

Unfortunately, no estimate of ventilatory capacity was provided postpubescence.  

 

1.2.1 The effect of training on ventilatory constraints during growth 

How training affects ventilatory mechanics in children has only been assessed in one cross-

sectional study. Comparing trained and untrained prepubescent children, larger lungs and therefore 

a greater MEFV in the trained group was associated with the leftward shift in operational lung 

volumes observed at maximal exercise (65), similar to the aforementioned difference from pre- to 

post-puberty. However, the prevalence of EFL was similar between the two groups (69 and 73% 

in trained and untrained, respectively) and the trained subjects utilized a higher proportion of their 

MVV . The authors suggested that the equal prevalence of EFL was due to trained subjects having 

a substantially greater ventilatory drive occupying more of the larger MEFV, while the untrained 

subjects simply had a smaller MEFV. There was a cost associated with this greater ventilatory 
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drive, as the trained subjects operated at a higher EELV which may have negatively impacted 

dyspnea and arterial saturation at maximal exercise. More research is needed on this topic, 

specifically comparing trained and untrained children with similar resting pulmonary structure and 

function. 

 

1.2.2 The effect of ventilatory constraints on EIAH during growth 

Whether these ventilatory constraints ultimately lead to EIAH is unknown. Arterial 

desaturation during exercise in adults is the result of relative alveolar hypoventilation, increased 

ventilation-perfusion mismatching, and an alveolar-to-capillary diffusion limitation (64). The 

small and more mechanically constrained lungs of adult women can directly or indirectly lead to 

an increased susceptibility to EIAH by preventing an adequate alveolar hyperventilatory response 

(59). In prepubescent children, EIAH measured noninvasively with pulse oximetry at the ear was 

reported in approximately 30% of active children at maximal exercise and associated with smaller 

lungs (as measured by FVC) and greater ventilatory constraints (as assessed using breathing 

reserve) (64). Conversely, two other studies of prepubescent girls (68) and both boys and girls (61) 

found that EIAH did not occur in any subjects during maximal exercise, suggesting that the 

ventilatory constraints experienced were not of sufficient magnitude to cause arterial desaturation. 

Moreover, in a follow-up of the latter study, no postpubescent boys and girls desaturated during 

maximal exercise (62). More work is needed to clarify the prevalence of EIAH and its significance 

during growth. 

Since ventilatory capacity is primarily determined by anatomical features (i.e., lung size, 

airway size and geometry) (69), the larger lung volumes and expiratory flows of swimmers may 

be advantageous during exercise if it leads to a larger ventilatory capacity that makes them less 



23 
 

susceptible to ventilatory constraints during exercise. They may be able to generate higher flows 

at similar lung volumes, decreasing their susceptibility to EFL and allowing them to operate at 

lower relative lung volumes that may lower their work of breathing (WOB). Alternatively, the 

increased capacity could facilitate an increased metabolic and ventilatory demand within similar 

ventilatory constraints. Exploratory work is needed in swimmers to determine if they are afforded 

any benefits from their larger lungs. 

 

1.3 Significance 

As mentioned, increased lung volumes and diffusion capacity may facilitate improved 

arterial oxygen saturation, increase ventilatory capacity, and provide greater buoyancy in the 

water. Cumulatively, these may lead to greater performance in meets and success in swimming. 

There is also benefit for the general population from studying the effect of swim training on lung 

development. Adolescence is a critical period during which physiological changes can 

significantly influence health throughout the lifespan (70). Years of competitive swim training 

during this period may lead to improvements in lung function that can persist into adulthood (12). 

However, increased exposure to chlorine derivatives while swimming may increase the likelihood 

of developing reactive airway disease later into a swimmerôs career (71). Therefore, studying 

changes in lung development will give us a greater understanding of the potential benefits and 

harms of competitive swimming during youth. 

 

1.4 Conclusion 

Typically, the lungs do not beneficially adapt to physical activity. However, competitive 

swimmers consistently display exceptional pulmonary function. Whether this is an inherited or 
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acquired trait has been widely debated. Previous cross-sectional findings suggest that swimmers 

as young as 7 y old already have enhanced function, but swimmers before this age have not been 

examined. Longitudinal analyses of competitive swimmers during growth present contradicting 

results, and a limited number of studies have focused on changes during puberty. Moreover, a 

myriad of differences between and weaknesses of previous studies make it difficult to draw 

definitive conclusions regarding the relationship between competitive swimming and lung 

development. Additionally, whether this enhanced function improves ventilatory capacity and/or 

alters ventilatory mechanics during exercise has not been assessed. Given that the PGV for FVC 

(57, 72) and lung and chest wall dimensions (73) occur between 11-14 y old or Tanner stages 2-4 

(16) in girls, a comprehensive and longitudinal assessment of lung function during this period of 

rapid growth is needed to provide further answers to the question: ñgenetic endowment, training 

adaptation, or both?ò. 
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1.5 Purposes 

This thesis was designed to address the following questions: 

1. Does competitive swim training during puberty affect lung development in healthy, 

pubescent girls? 

2. Does competitive swim training during puberty affect ventilatory mechanics during 

exercise in healthy, pubescent girls? 

 

Thus, the primary purpose of this longitudinal study was to determine if one season of 

competitive swimming during puberty affects lung development in female competitive swimmers 

as compared to healthy controls of similar age, sex, size, and maturity. The secondary purpose was 

to characterize their ventilatory mechanics during cycling exercise.  

 

1.6 Hypotheses 

This thesis hypothesized that: 

1. Swimmers will have greater increases in pulmonary function measurements. 

2. Swimmers will have less ventilatory constraints due to their larger lungs. 

 

Specifically, it was hypothesized that swimmers would have a greater increase in TLC as compared 

to a healthy control group. Moreover, because ventilatory capacity is primarily determined by 

anatomical features (i.e., lung size) (69), it was further hypothesized that the larger lungs of 

swimmers would be associated with an increased V→ECAP and make them less susceptible to 

ventilatory constraints (i.e., higher operational lung volumes and decreased prevalence and/or 

severity of EFL) during exercise. 



26 
 

METHODS 

2.1 Subjects 

Twenty-four healthy females (12 SWIM and 12 CON) aged 11-14 y old were recruited to 

participate in the study. All of the subjects had no history of smoking, no previous exposure to 

hypoxia (i.e., altitude) for a period greater than 6 weeks, no pre-existing reactive airway disease 

(e.g., asthma), and no previous use of an inhaler. The swimming group (SWIM) consisted of 12 

competitive swimmers from 7 Greater Vancouver swim clubs, where each swimmer was required 

to maintain a vigorous training volume as instructed by her coach. Ten swimmers competed in 

regional or provincial meets, including one who competed at the national level. An eleventh 

swimmer trained predominantly for water polo during the study period, but was still included 

because her training involved weekly speed swimming sessions and she competitively swam 

during the summer season. A twelfth subject in the SWIM group was excluded from analysis due 

to a non-cardiorespiratory illness that interrupted her swim training. Twelve controls (CON) were 

recruited from family and friends of the hospital and university staff and the University of British 

Columbiaôs recreational activities programs. They primarily participated in gymnastics, dance, and 

team sports, but none of them competed in any sports or activities that required sport-specific 

endurance training. Two controls declined to return for the follow-up visit. Thus, 11 swimmers 

and 10 controls completed the entire experimental protocol and were included in the analysis. 

 

2.2 Experimental overview 

Testing was performed in the Respiratory Clinic (RC) and Exercise Physiology Laboratory 

in the Childrenôs Heart Centre (EPL) at BC Childrenôs Hospital. Each subject completed two 

identical visits; the first at the beginning of the swim season between September and November 
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(PRE), and the second at the end of the swim season in May or June (POST). Subjects were 

accompanied by a parent or guardian at all visits. All measurements and procedures were approved 

by the University of British Columbiaôs Childrenôs and Womenôs Clinical Research Ethics Board 

(approval certificate number: H15-00977), which conforms to the Declaration of Helsinki. 

After being greeted outside the RC, subjects completed an informed assent (11-13 y old) 

or adolescent assent (14 y old) form and the parent or guardian provided medical history and 

informed consent. Sexual maturity rating (SMR) was assessed at all visits using a validated form 

(74) containing sex-specific illustrations and written descriptions of pubic hair and breast 

development (Appendix C) corresponding to Tannerôs five pubertal stages (75). Each subject had 

the option of self-reporting her SMR or being evaluated by her parent or guardian. Subjects were 

then taken into the RC where a respiratory therapist (RT), experienced in working with pediatric 

patients, measured their height (seca 217, seca GmbH & Co. KG., Hamburg, Germany), weight 

(Scale-Tronix, White Plains, NY, USA), and hemoglobin (Hb) (Pronto-7, Masimo Corp., Irvine, 

CA, USA). A pulmonary function test (PFT), consisting of spirometry, lung volumes, and 

diffusion capacity (MasterScreenÊ PFT system, Jaeger, CareFusion Corp., San Diego, CA, USA), 

was completed with the subject sitting and wearing nose clips. Subjects were then taken into the 

EPL where maximal static pressure maneuvers (Mouth Pressure Meter, Micro Direct, Inc., 

Lewiston, ME, USA) and a graded maximal exercise test on a cycle ergometer (Excalibur Sport, 

Lode BV, Groningen, Netherlands) were performed. Before the exercise test, five minutes of 

seated resting metabolic data were obtained, followed by multiple FVC and graded forced vital 

capacity (gFVC) maneuvers. Forced vital capacity and gFVC maneuvers were also performed after 

the exercise test. After the second visit, subjects filled out a modified version of a validated 
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physical activity questionnaire (PAQ) (76-78) and coaches reported the training load during the 

study period for the SWIM group (Appendix C).  

 

2.3 Measurements and procedures 

2.3.1 Spirometry 

With the RT, subjects performed FVC maneuvers according to ATS/ERS guidelines (79) 

to determine FVC, FEV1, FEV1/FVC, peak expiratory flow (PEF), maximum mid-expiratory flow 

(FEF25-75%), and forced expiratory flows (FEF) when 25%, 50%, and 75% of the FVC had been 

expired (FEF25%, FEF50%, and FEF75%, respectively).  

 

2.3.2 Single-breath carbon monoxide diffusion and helium dilution technique 

Using the single-breath technique, FRC, inspiratory capacity (IC), and ERV were measured 

by helium dilution and DL,CO and alveolar volume (VA) by carbon monoxide (CO) diffusion 

according to ATS/ERS guidelines (80, 81). Total lung capacity, RV, and VC were calculated as 

follows: TLC = FRC + IC, RV = FRC ï ERV, and VC = TLC ï RV. The transfer coefficient for 

carbon monoxide (DL,CO/VA), a measurement of diffusion capacity standardized to alveolar 

volume, was determined by dividing DL,CO by VA. Because DL,CO depends on the concentration of 

Hb in the blood, measurements were corrected for Hb (DL,COc) using the equation: Ὀȟ ὧ

ȟ Ȣ

Ȣ
 (81). 

 

2.3.3 Maximal static pressures 

Maximum inspiratory pressure (PIMAX ) from RV and maximum expiratory pressure 

(PEMAX ) from TLC were measured at the mouth using a handheld device according to ATS/ERS 
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guidelines (82). Maneuvers were performed in the sitting position a minimum of 3 and a maximum 

of 9 times, with at least one minute of rest in between. 

 

2.3.4 Resting baseline 

Subjects then sat on the cycle ergometer for five minutes and breathed quietly through a 

low-resistance, two-way non-rebreathing valve (model 2700B, Hans Rudolph, Kansas City, MO, 

USA). The valve was connected by large bore tubing to independently calibrated 

pneumotachographs (model 3813, Hans Rudolph, Kansas City, MO, USA) to separately measure 

inspiratory and expiratory flow. Expired gas was collected in a mixing chamber from which 

independent sampling lines were drawn through Nafion tubing and a de-humidification chamber 

containing Drierite and into calibrated O2 and CO2 analyzers (#17625 Fast Response O2 Analyzer 

and #17630 Silver Edition CO2 Analyzer, respectively, VacuMed, Ventura, CA, USA). Heart rate 

(HR) was measured using a HR monitor (T34, Polar Electro, Kempele, Finland) worn around the 

chest. At the end of the five-minute period, subjects were instructed to perform several IC 

maneuvers using the instructions, ñat the end of a normal breath out, take a maximal breath all the 

way in until you fill up your lungs, then return to normal breathing.ò 

 

2.3.5 Forced vital capacity and graded forced vital capacity maneuvers 

While still seated on the cycle ergometer, subjects performed multiple FVC and gFVC 

maneuvers to construct the MEFV. The FVC maneuvers were performed according to ATS/ERS 

guidelines (79), while the gFVC maneuvers were performed with extensive coaching to ensure the 

subjects inspired maximally but expired maximal volumes at sub-maximal efforts (83). Both 

maneuvers were repeated after the maximal exercise test, as gFVC maneuvers minimize thoracic 
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gas compression and post-exercise maneuvers may reflect exercise-induced bronchodilation, 

together leading to better representation of the MEFV (83). 

 

2.3.6 Graded maximal exercise test 

After warming-up on the cycle ergometer for three minutes at 20 W, intensity was 

increased stepwise by 20 W every two minutes until exhaustion to ensure a test duration of less 

than 20 minutes. Subjects were instructed to maintain a pedalling frequency of 60 revolutions per 

minute (rpm) throughout the test, which was terminated when the subject could no longer maintain 

50 rpm for at least five seconds despite strong verbal encouragement from the researchers. During 

each stage, subjects were asked to perform two IC maneuvers; the first around one minute and 10 

seconds (1:10) into the stage and the second approximately 10 seconds before the end of each stage 

(1:50). Following the first IC maneuver, subjects were asked to provide their rating of perceived 

exertion (RPE) using the validated Childrenôs OMNI Scale of Perceived Exertion (84). 

 

2.3.7 Data collection and processing 

Summary data for spirometry, lung volumes, and diffusion capacity were listed on a 

standard lab report printed and provided by the RT. Raw ventilatory and metabolic data were 

recorded continuously during the resting baseline period and exercise test using a 16-channel 

analog-to-digital data acquisition system (PowerLab/16SP model ML 795, ADInstruments, 

Colorado Springs, CO, USA) and stored on a laboratory computer for subsequent analysis 

(LabChart v6.1.3, ADInstrument, Colorado Springs, CO, USA). 
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2.4 Data analysis 

2.4.1 Predictive values 

Predictive regression equations used to generate reference values for each subject are listed 

in Appendix D. Spirometric measurements and lung volumes were compared to predicted values 

determined using age-, height-, and sex-based regression equations from a large, longitudinal study 

comprising of subjects with similar age and ethnicity (85). As recommended, predictive values for 

FRC/TLC, RV/TLC, and VC were derived from those for TLC, FRC, and RV (86). Predictive 

values for diffusion capacity, VA, and DL,CO/VA were determined from age-, height-, and sex-based 

regression equations from a large, multi-centre cross-sectional study that also comprised of 

subjects with similar age and ethnicity (87). Regression equations based on age, height, weight, 

and sex and generated from a large cross-sectional study were used to calculate reference values 

for PIMAX  and PEMAX  (45). A sex- and weight-based regression equation for maximal oxygen 

consumption (V→O2MAX) measured using a similar cycling protocol and 6-17 year old children was 

used as the reference value for V→O2MAX (88). When the limits of abnormality based upon the 

predictive equationôs 95% confidence intervals were provided, each subjectôs %-predicted value 

was identified as normal or abnormal (85) (Appendix A). 

 

2.4.2 Dysanapsis ratio 

The dysanapsis ratio (DR) was calculated according to the equation: ὈὙ Ϸ

  
, 

where Pst(L)50 was the static recoil pressure at 50% of VC (89). Because static recoil pressures 

were not measured directly, Pst(L)50 was estimated using a height-based regression equation 

derived from elastic recoil measurements in 130 children and adolescents aged 6-17 years old: 

ὖίὸὒ πȢπχχπὌὩὭὫὬὸ σȢσψχρ (90). Because there is no evidence of a difference in lung 
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elasticity in swimmers (29), the same regression equation was used for both swimmers and 

controls. 

 

2.4.3 Maximum expiratory flow -volume curve 

Maximum expiratory flow-volume curves were created by superimposing all FVC and 

gFVC maneuvers and determining the highest flow for each 10 ml volume increment of the FVC. 

Constructed curves were used to calculate numerical descriptions of the MEFV: the slope ratio 

(SR), ɓ-angle (ɓÁ), and flow ratio (FR). Slope ratio, a quantity describing the emptying of the lungs, 

was calculated instantaneously at each 10 ml volume increment by comparing the ratio of the 

tangent to the chord slopes (91). To determine the tangent slope, flows and volumes 200 mL above 

and below the point of interest were used (92). While tangent slopes were also calculated with 

increments of 50, 100, and 150 ml, no differences in SR were found; therefore, 200 ml was selected 

to minimize small oscillatory noise. The instantaneous SR were filtered down to 31 discrete points 

in 2% increments between 80 and 20% of the expired FVC to ensure all subjects could be 

compared, regardless of FVC size (92). These filtered values were also averaged to provide an 

overall SR. The ɓÁ, which describes the curvature of the MEFV around 50% of the FVC, was 

calculated as the angle above and to the right of the MEFV, created from three points: (1) the PEF, 

(2) the FEF50%, and (3) the point of zero flow and volume (93). Lastly, the FR characterized the 

curvature at low lung volumes by comparing the FEF75% with an ñidealò FEF75% (94). The latter 

was calculated by multiplying the FEF50% by 0.5, thus quantifying the flow had it decreased 

linearly from 50% of the expired FVC. 
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2.4.4 Metabolic data 

The customized metabolic cart used tidal volume (VT) and breathing frequency (fB) 

measured from expiratory flow to calculate expired V→E; V→E and the Haldane conversion to calculate 

inspired minute ventilation (V→I); and V→E, V→I, and the mixed expiratory fractions of O2 (FEO2) and 

CO2 (FECO2) to determine V→O2, carbon dioxide production (V→CO2), and the respiratory exchange 

ratio (RER). All ventilatory parameters (e.g., VT, V→E) were reported in BTPS and metabolic 

parameters (i.e., V→O2, V→CO2) in STPD. Baseline and exercise data were presented as the 20-30 

second average before the IC maneuver used in the calculation of operational lung volumes (see 

below). Maximal exercise data were presented as the 20-30 second average before the final 

successful IC maneuver. Subjects were pooled together according to their group (SWIM vs. CON), 

time point (PRE vs. POST), and work rate. Because the subject with the shortest test finished 

during the fifth stage (and other subjects completed up to 10 stages), pooled exercise data was 

compared at six work rates expressed relative to peak work rate (WMAX ) (resting baseline (BL), 

30%, 50%, 70%, 90%, and 100% of WMAX ).  

 

2.4.5 Operational lung volumes 

End-expiratory lung volume was determined by subtracting the IC volume (corrected for 

pneumotachograph drift using the 5-12 breaths preceding the maneuver) from the subjectôs FVC, 

while end-inspiratory lung volume (EILV) was calculated by summing VT and EELV. The 

difference between the IC and EILV was the inspiratory reserve volume (IRV). By default, the 

first IC maneuver of the stage and the preceding 20-30 seconds were used to determine the 

operational lung volumes and metabolic data, respectively. However, in the case where the first 

IC maneuver was not performed properly (as assessed using the inspiratory flow), the second IC 
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maneuver during the stage and its preceding 20-30 second period were used. The last successful 

IC maneuver in the test was used for maximal exercise data. This meant that both maneuvers were 

analyzed for subjects who performed two IC maneuvers during their last stage. 

 

2.4.6 Tidal flow -volume loops 

Average tidal flow-volume loops (FVL) were generated for each stage by averaging the 

flows over the 10 ml volume increments of the VT from the tidal breaths in the same 20-30 second 

period preceding the IC maneuver as was used for the metabolic data. Thus, FVL were composed 

of a minimum of 5 tidal breaths during resting baseline to a maximum of 30 tidal breaths during 

maximal exercise. Apneic and double breaths were excluded. To provide a qualitative assessment 

of ventilatory constraints, the FVL were then superimposed onto the MEFV by aligning the VT 

with the EELV. 

 

2.4.7 Expiratory flow limitation  

Expiratory flow limitation EFL was determined by calculating the amount of overlap 

between the tidal FVL and MEFV. For each 10 m increment of the VT, the FVLôs expiratory flow 

was compared with the corresponding MEFVôs flow. Increments where the FVLôs expiratory flow 

exceeded that of the MEFV were considered flow limited. The number of flow-limited increments 

could be expressed as a percentage of the total number of increments (i.e., as a percentage of the 

VT), and subjects whose VT was greater than 5% flow limited were deemed to exhibit EFL (95). 
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2.4.8 Ventilatory capacity 

Ventilatory capacity, which is the theoretical maximum minute ventilation based on the 

subject breathing at the maximum expiratory flow across the entire range of the tidal breath, was 

calculated for each stage from the MEFV, VT, EELV, and ratio of inspiratory-to-expiratory time 

(96, 97). This was accomplished by dividing the VT into 20-30 ml volume segments and 

determining the maximum expiratory flow for each. The minimum expiratory time was found by 

dividing the maximum expiratory flow by the volume segment and summing the resulting times 

for each volume segment. Using the ratio of inspiratory-to-expiratory time, the minimum 

inspiratory time was calculated and added to the minimum expiratory time, from which the 

reciprocal was the theoretical maximum fB for the given VT and EELV. The maximum fB was 

multiplied by the VT to produce the V→ECAP, which was then compared with the V→E to provide a 

quantitative assessment of the extent to which each subject was encroaching on their breathing 

reserve (expressed as V→E/V→ECAP). 

 

2.4.9 Composite maximum expiratory flow-volume curves and tidal flow-volume loops 

 Composite MEFV and FVL were created for each group (SWIM and CON) at both time 

points (PRE and POST) to qualitatively characterize the ventilatory constraints during the maximal 

exercise test. To construct the composite MEFV, each subjectôs MEFV had to be reduced to the 

same number of volume data points by filtering the % FVC expired according to the subject with 

the smallest FVC. Then, for each % FVC expired increment, the expiratory flow and absolute FVC 

expired were averaged. A similar process was used to construct composite FVL, except the % VT 

expired and subject with the smallest VT for a given relative work rate were used. 
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2.4.10 Statistical analysis 

Two-way mixed-factorial analysis of variance (ANOVA) tests were used to determine 

statistically significant interactions and main effects between the groups and time points for 

descriptive characteristics, spirometry, lung volumes, diffusion capacity, maximal static pressures, 

DR, MEFV quantities (SR, ɓÁ, and FR), and V→O2MAX. For these tests, group served as the between-

subjects independent variable (two levels: SWIM and CON) and time point was the within-subjects 

independent variable (two levels: PRE and POST). Three-way mixed-factorial ANOVA compared 

the exercise response between the groups, time points, and work rates for all metabolic and 

ventilatory parameters except RPE. In addition to the independent variables (group and time point), 

relative work rate was the second within-subjects independent variable (six levels: BL, 30%, 50%, 

70%, 90%, and 100% of WMAX ). A generalized estimating equation was used to assess SMR and 

RPE, as data for these variables were ordinal. A generalized estimating equation was also used to 

determine if the prevalence of EFL was different between SWIM and CON at PRE and POST. A 

three-way mixed-model ANOVA compared instantaneous SR for the groups and time points 

across the expired FVC. 

Normality for each combination of levels (e.g., SWIMxPRExBL) was assessed 

qualitatively by visually inspecting descriptive statistics (including kurtosis), histograms, and Q-

Q plots and quantitatively using a suitable Shapiro-Wilk test for small samples, as recommended 

by Tabachnick and Fidell (98). Outliers were identified through visual inspection of box and 

whisker plots and were kept in the analysis to maintain sample size, for theoretical reasons (i.e., to 

avoid subjectively removing data points), and because ANOVA are quite robust to violations of 

normality. Homogeneity of variances between the groups (i.e., between-subjects factor) for each 

combination of time point and work rate (i.e., within-subject factors) was tested using Leveneôs 
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Test of Equality of Error Variances. Given similar group sizes, data that moderately departed from 

the assumption of equal variances were still interpreted unless qualitative assessments of positive 

correlations between group and level (i.e., the group with the larger variance also had the greater 

mean) were found. Mauchlyôs Test of Sphericity was used to test if the variances of the differences 

between levels of the within-subject factors for both groups of the between-subjects factor were 

equal. When a significant difference rejected the assumption of sphericity, the Greenhouse-Geisser 

adjusted test was interpreted. Statistically significant F-ratios, as well as those approaching 

statistical significance (i.e., pÒ0.10), were further analyzed for magnitude and direction using 

independent and paired t-tests for between- and within-subject data, respectively (Bonferonni-

corrected levels of significance were not used (99)). Main effects were not interpreted if 

statistically significant interactions were found. 

Independent t-tests were used to compare the time between visits and self-reported physical 

activity levels. Associations between swimming history and pulmonary function as well as swim 

training volume and changes in pulmonary function were quantified using Pearsonôs correlation 

coefficient. A level of significance of p<0.05 was used for all statistical comparisons, and a suitable 

Shapiro-Wilk test for small samples assessed the assumption of a normal distribution. Statistical 

tests were performed using SPSS statistics (Version 20, IBM Corporation, Armonk, NY, USA).  
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RESULTS 

3.1 Descriptive data 

Anthropometric data is presented for both groups in Table 4. The two groups had similar 

age (p=0.10) and height (p=0.38) during both PRE and POST; SWIM tended to be heavier 

(p=0.10) with a larger body mass index (BMI) (p=0.10) and body surface area (BSA) (p=0.12), 

but these differences were not statistically significant. Most subjects listed their SMR as pubertal 

(between Tanner stage 2 and 4), and there were no differences between groups (p=0.27). 

Hemoglobin was similar for all groups (p=0.89) and time points (p=0.15). There were no 

statistically significant interactions between group and time point and no main effect of group for 

any anthropometric variable. The average follow-up time was similar between the two groups (7.3 

± 0.5 and 7.6 ± 0.4 months for SWIM and CON, respectively; p=0.16). 
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Table 4 ï Anthropometric data 

  
Swimmers 

(n=11) 

Controls 

(n=10) 

Interaction 

p-value 
Group p-value Time point p-value 

Age (y) PRE 12.4 ± 0.8 13.2 ± 1.3 0.53 0.10 <0.001 

 POST 13.0 ± 0.8 13.8 ± 1.3   POST > PRE 

Height (cm) PRE 161.3 ± 7.9 158.3 ± 7.4 0.59 0.38 <0.001 

 POST 163.4 ± 6.9 160.7 ± 7.0   POST > PRE 

Weight (kg) PRE 52.4 ± 10.8 46.3 ± 5.4 0.71 0.10 <0.001 

 POST 55.8 ± 9.8 49.4 ± 5.6   POST > PRE 

BMI (kg·m-2) PRE 19.9 ± 2.5 18.5 ± 1.7 0.54 0.10 <0.001 

 POST 20.8 ± 2.3 19.1 ± 1.6   POST > PRE 

BSA (m2) PRE 1.53 ± 0.19 1.43 ± 0.11 0.91 0.12 <0.001 

 POST 1.59 ± 0.17 1.48 ± 0.11   POST > PRE 

Hb (g·dl-1) PRE 13.3 ± 1.5 13.5 ± 0.6 0.64 0.89 0.15 

 POST 13.8 ± 1.0 13.7 ± 1.3    

SMR pubic 

hair# 
   0.81 0.27 <0.001 

 I PRE 1 (9%) 1 (10%)   POST > PRE 

  POST 0 (0%) 0 (0%)    

 II  PRE 1 (9%) 1 (10%)    

  POST 1 (9%) 1 (10%)    

 III  PRE 2 (18%) 5 (50%)    

  POST 1 (9%) 4 (40%)    

 IV PRE 6 (55%) 2 (20%)    

  POST 6 (55%) 3 (30%)    

 V PRE 1 (9%) 1 (10%)    

  POST 3 (27%) 2 (20%)    

SMR breasts#    0.54 0.23 <0.01 

 I PRE 0 (0%) 1 (10%)   POST > PRE 

  POST 0 (0%) 0 (0%)    

 II  PRE 2 (18%) 1 (10%)    

  POST 0 (0%) 0 (0%)    

 III  PRE 1 (9%) 4 (40%)    

  POST 1 (9%) 4 (40%)    

 IV PRE 8 (73%) 3 (30%)    

  POST 8 (73%) 5 (50%)    

 V PRE 0 (0%) 1 (10%)    

  POST 2 (18%) 1 (10%)    

Values are expressed as mean ± SD except # presented as count (relative frequency). BMI, body 

mass index; BSA, body surface area; Hb, hemoglobin; POST, follow-up visit; PRE, initial visit; 

SMR, sexual maturity rating. 

 

Self-reported physical activity levels for both groups and swim training history for SWIM 

are found in Table 5. Both groups self-reported similar levels of physical activity, with 8 out of 10 
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CON subjects and 10 of the SWIM subjects (1 swimmer did not complete the questionnaire) 

meeting the Canadian Society for Exercise Physiologyôs guideline of 60 minutes of moderate-to-

vigorous intensity physical activity per day (100). The swimmers had a diversity of training 

backgrounds, with the age of onset of swim training ranging from 6.0 to 10.1 y old and experience 

ranging from 1.1 to 6.3 y. The 10 year-round swimmers trained 5-7 times per week, ranging from 

2.5-4.8 km per session and 7.5-15.5 h and 10-30 km per week. All of them completed weekly 

breath control drills, with underwater dolphin or breast kick off of the wall being the most common 

drill. Only 3 swimmers performed freestyle breathing pattern drills (ñhypoxic trainingò). The 11th 

swimmerôs weekly training regimen consisted of seven water polo (totalling 12 h in the pool) and 

one 3 km speed swimming sessions, but these did not include any breath control drills. 

Table 5 ï Activity levels and swim training history 

 Swimmers (n=11) Controls (n=10) p-value 

PAQů 3.1 ± 0.4 3.1 ± 0.5 0.58 

Daily activity (min)ů 121 ± 25 110 ± 55 0.76 

Starting swimming age (y) 9.2 ± 1.4 - - 

Swimming experience (y) 3.2 ± 1.8 - - 

Swim distance per week (km) 19 ± 8 - - 

Swim time per week (h) 9.1 ± 3.6 - - 

Non-swim training time per week (h) 1.0 ± 0.6 - - 

Breath control drills time per week (h) 1.3 ± 1.1 - - 

Breath control drills#    

 Underwater kick 8 (73%) - - 

 
Freestyle breathing pattern 

(ñhypoxic trainingò) 
3 (27%) - - 

 Snorkel sets 1 (9%) - - 

 Other 1 (9%) - - 

 None 1 (9%) - - 

All values are expressed as means ± SD. ů swimmers n=10. # data presented as count (relative 

frequency). NS, not statistically significant. PAQ, self-reported physical activity questionnaire 

score. 
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3.2 Spirometry 

Swimmers had statistically significantly larger values for all spirometric measurements 

except FEV1/FVC (p=0.49) and FEF25% (p=0.08) (Table 6). This is illustrated in Figure 1, where 

the average MEFV for SWIM at both time points has a wider FVC and higher peak flow. However, 

the figure also suggests that SWIM and CON produced a similar flow for a given FVC. There was 

no change in FEV1/FVC in either SWIM or CON. Comparing the groups to their reference values, 

swimmers consistently exceeded their predicted function (means ranging from 97 to 125%) and 

had, on average, an abnormally high FVC. The controls were more similar to their predicted 

function, on average ranging from 78 to 102% of their reference values. Assessing the pulmonary 

function data individually, seven swimmers had a %-predicted FVC during at least one visit that 

was above the limits of abnormality (Appendix A). None had a spirometric value below the limits 

of abnormality. Conversely, four controls had at least one abnormally low spirometric value and 

none had a measurement that was abnormally high. While a main effect of group was noted for 

almost all spirometric measurements (except FEV1/FVC (p=0.49) and FEF25% (p=0.08)), no 

statistically significant interactions were found.  
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Table 6 ï Spirometry 

  
Swimmers 

(n=11) 

Controls 

(n=10) 

Interaction 

p-value 
Group p-value Time point p-value 

FVC (l) PRE 3.92 ± 0.71 3.13 ± 0.50 0.27 <0.01 <0.001 

 POST 4.15 ± 0.61 3.28 ± 0.54  SWIM > CON POST > PRE 

FVC (% pred) PRE 123 ± 11 102 ± 11 0.24 <0.001 0.28 

 POST 125 ± 10 101 ± 11  SWIM > CON  

FEV1 (l) PRE 3.34 ± 0.61 2.61 ± 0.43 0.23 <0.01 <0.001 

 POST 3.55 ± 0.57 2.74 ± 0.43  SWIM > CON POST > PRE 

FEV1 (% pred) PRE 117 ± 11 95 ± 13 0.21 <0.001 0.35 

 POST 119 ± 10 94 ± 12  SWIM > CON  

FEV1/FVC (%) PRE 85 ± 2 84 ± 7 0.98 0.49 0.63 

 POST 85 ± 3 84 ± 7    

PEF (l·s-1) PRE 6.48 ± 0.92 5.70 ± 0.86 0.21 0.03 <0.001 

 POST 6.97 ± 0.84 6.00 ± 0.77  SWIM > CON POST > PRE 

PEF (% pred) PRE 97 ± 9 86 ± 10 0.24 <0.01 0.02 

 POST 101 ± 8 87 ± 10  SWIM > CON POST > PRE 

FEF25-75% (l·s-1) PRE 3.56 ± 0.73 2.74 ± 0.81 0.47 0.02 0.04 

 POST 3.76 ± 0.84 2.85 ± 0.83  SWIM > CON POST > PRE 

FEF25-75% (% 

pred) 
PRE 100 ± 15 79 ± 22 0.64 0.01 0.80 

 POST 101 ± 15 78 ± 22  SWIM > CON  

FEF25% (l·s-1) PRE 5.66 ± 0.87 4.82 ± 1.22 0.57 0.08 <0.001 

 POST 6.10 ± 0.99 5.16 ± 1.31   POST > PRE 

FEF25% (% pred) PRE 115 ± 10 98 ± 23 0.65 0.04 0.09 

 POST 119 ± 14 101 ± 24  SWIM > CON  

FEF50% (l·s-1) PRE 4.03 ± 0.85 3.08 ± 0.90 0.74 0.02 0.14 

 POST 4.20 ± 0.95 3.19 ± 0.87  SWIM > CON  

FEF50% (% pred) PRE 118 ± 20 91 ± 25 0.96 <0.01 0.75 

 POST 117 ± 18 90 ± 23  SWIM > CON  

FEF75% (l·s-1) PRE 1.90 ± 0.44 1.39 ± 0.43 0.16 <0.01 <0.01 

 POST 2.19 ± 0.59 1.48 ± 0.42  SWIM > CON POST > PRE 

FEF75% (% pred) PRE 107 ± 17 80 ± 24 0.22 <0.01 0.16 

 POST 116 ± 22 81 ± 23  SWIM > CON  

All values are expressed as mean ± SD. FVC, forced vital capacity; FEV1, forced expiratory 

volume in one second; PEF, peak expiratory flow; FEF, forced expiratory flow; SWIM, 

swimmers; CON, controls; POST, follow-up visit; PRE, initial visit. 
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Figure 1 ï Composite maximum expiratory flow-volume curve from the pulmonary function test. 

From left to right, data points represent total lung capacity, peak expiratory flow (PEF), forced 

expiratory flow when 25% (FEF25%), 50% (FEF50%), and 75% (FEF75%) of the forced vital capacity 

(FVC) has been expired, and residual volume (RV).  

 

3.3 Lung volumes 

Individually, swimmers had a greater TLC than controls for nearly all heights (Figure 2), 

meaning that the swimmers as a group had a larger TLC at both PRE and POST (Table 7). 

However, there was no statistically significant interaction between group and time point for TLC 

(p=0.29). Because RV was the same between groups, the greater TLC in swimmers was due to a 

larger VC whilst RV/TLC tended to be smaller in swimmers compared to controls (p=0.07). 

Similar to the spirometry results, swimmers exceeded their predictions for TLC (ranging 100-
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123%) whereas controls were around their expected values (81-106%; Figure 3). Two swimmers, 

but no controls, had a TLC considered to be abnormally large. There was no correlation between 

starting age of swimming and TLC (r=-0.39, p=0.23) or %-predicted TLC (r=0.20, p=0.56), or 

years of training history and %-predicted TLC (r=-0.12, p=0.72) (Figure 4). Moreover, there were 

no significant correlations between swim training per week (km) and absolute (r=0.09, p=0.78) or 

relative (r=-0.02, p=0.95) change in TLC (Figure 5). In fact, there were no trends or significant 

correlations between any pulmonary function parameter and starting age or training history (for 

%-predicted values) whereby an earlier age of swimming onset or more years of swim training 

experience correlated with a greater absolute or %-predicted value (Table 8). Similarly, no 

significant correlations were found between the absolute or relative change in a pulmonary 

function parameter and training per week (expressed either in hours or kilometres) (Table 9). 

Lastly, when the swimmers and controls were combined into one group, no association was found 

between daily moderate-vigorous physical activity levels and relative change in TLC (r=0.08, 

p=0.75) (Figure 6).  

Statistically significant interactions between group and time point were observed for FRC 

(p=0.04), %-predicted FRC (p=0.01), and FRC/TLC (p=0.03). Post-hoc comparisons showed that 

swimmers increased FRC from PRE to POST (p<0.01), but there were no differences between 

PRE and POST for controls (p=0.80) or between the two groups (PRE: p=0.94, POST: p=0.28). 

There was no difference in %-predicted FRC between swimmers and controls at PRE (p=0.88), 

whereas at POST the swimmers were larger (p=0.05). There was no change from PRE to POST in 

swimmers (p=0.16), while in controls %-predicted FRC decreased (p=0.04). Conversely, 

FRC/TLC tended to decrease from PRE to POST in the controls (p=0.06) and was larger than the 

swimmers at PRE (p=0.001) and POST (p=0.07). 
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Figure 2 ï Total lung capacity for individual subjects in relation to their height. Individual data are 

presented with an open symbol connected by a solid line, while group averages have a closed 

symbol connected by a hashed line. 
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Table 7 ï Lung volumes 

  
Swimmers 

(n=11) 

Controls 

(n=10) 

Interaction 

p-value 
Group p-value Time point p-value 

TLC (l) PRE 4.73 ± 0.73 3.93 ± 0.46 0.29 <0.01 <0.001 

 POST 5.08 ± 0.68 4.19 ± 0.64  SWIM > CON POST > PRE 

TLC (% pred) PRE 110 ± 7 94 ± 7 0.18 <0.001 0.15 

 POST 112 ± 8 94 ± 7  SWIM > CON  

FRC (l) PRE 2.18 ± 0.43 2.19 ± 0.28 0.04 - - 

 POST 2.40 ± 0.39** 2.21 ± 0.40    

FRC (% pred) PRE 102 ± 14 103 ± 4 0.01 - - 

 POST 106 ± 14 96 ± 7*    

RV (l) PRE 0.99 ± 0.16 0.96 ± 0.20 0.97 0.70 0.01 

 POST 1.04 ± 0.19 1.01 ± 0.25   POST > PRE 

RV (% pred) PRE 96 ± 13 91 ± 14 0.85 0.39 0.46 

 POST 95 ± 16 90 ± 16    

VC (l) PRE 3.74 ± 0.65 2.98 ± 0.45 0.24 <0.01 <0.001 

 POST 4.03 ± 0.61 3.18 ± 0.55  SWIM > CON POST > PRE 

VC (% pred) PRE 114 ± 9 94 ± 12 0.17 <0.001 0.02 

 POST 118 ± 11 95 ± 12  SWIM > CON POST > PRE 

FRC/TLC PRE 0.46 ± 0.05### 0.56 ± 0.04 0.03 - - 

 POST 0.47 ± 0.06 0.53 ± 0.05    

FRC/TLC (% pred) PRE 93 ± 10### 110 ± 8 0.02 - - 

 POST 95 ± 13 103 ± 10*    

RV/TLC PRE 0.21 ± 0.03 0.24 ± 0.05 0.92 0.07 0.72 

 POST 0.21 ± 0.03 0.24 ± 0.05    

RV/TLC (% pred) PRE 88 ± 13 99 ± 20 0.83 0.15 0.10 

 POST 85 ± 15 96 ± 21    

All values are expressed as mean ± SD. *p<0.05, **p<0.01 statistically significant difference 

within group between PRE and POST. #p<0.05, ###p<0.001 statistically significant difference 

within time point between SWIM and CON. TLC, total lung capacity; FRC, functional residual 

capacity; RV, residual volume; VC, vital capacity; SWIM, swimmers; CON, controls; POST, 

follow-up visit; PRE, initial visit. 
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Figure 3 ï Percent-predicted total lung capacity (TLC), vital capacity (VC), functional residual 

capacity (FRC), and residual volume (RV) for each group during the PRE and POST visits. Bars 

are presented as mean ± SE. #p<0.05, significant difference between PRE to POST. *p<0.05, 

significant difference within group between PRE and POST. 
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Figure 4 ï Percent-predicted total lung capacity at the initial measurement compared to the number 

of years of swimming experience for each swimmer. 

 



49 
 

 
Figure 5 ï Relative change in total lung capacity from PRE to POST compared to the average 

weekly swim training volume for each swimmer. 
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Figure 6 ï Relative change in total lung capacity from PRE to POST compared to the average daily 

moderate-vigorous physical activity in all subjects. 
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Table 8 ï Correlations between swimming history and pulmonary function 

 Starting age (y) Years experience (y) 

 r P-value r P-value 

TLC (l) -0.39 0.23 0.65 0.03 

TLC (% pred) 0.20 0.56 -0.12 0.72 

FRC (l) -0.49 0.13 0.72 0.01 

FRC (% pred) -0.18 0.59 0.22 0.51 

RV (l) -0.06 0.87 0.35 0.29 

RV (% pred) 0.45 0.17 -0.40 0.22 

VC (l) -0.42 0.19 0.64 0.03 

FRC/TLC -0.28 0.41 0.32 0.34 

RV/TLC 0.34 0.31 -0.29 0.39 

FVC (l) -0.42 0.20 0.64 0.03 

FVC (% pred) -0.08 0.81 0.18 0.59 

FEV1 (l) -0.38 0.25 0.62 0.04 

FEV1 (% pred) -0.03 0.92 0.16 0.64 

FEV1/FVC 0.25 0.46 -0.10 0.77 

PEF (l·s-1) -0.36 0.28 0.68 0.02 

PEF (% pred) -0.14 0.67 0.43 0.18 

FEF25-75% (l·s-1) -0.26 0.44 0.50 0.11 

FEF25-75% (% pred) -0.01 0.98 0.17 0.62 

FEF25% (l·s-1) -0.38 0.25 0.66 0.03 

FEF25% (% pred) -0.09 0.79 0.26 0.43 

FEF50% (l·s-1) -0.31 0.35 0.50 0.12 

FEF50% (% pred) -0.08 0.81 0.16 0.64 

FEF75% (l·s-1) -0.20 0.56 0.44 0.17 

FEF75% (% pred) 0.15 0.66 -0.01 0.97 

DL,CO (ml·min-1·mmHg-1) 0.04 0.91 0.26 0.43 

DL,CO (% pred) 0.61 0.04 -0.49 0.13 

DL,COc (ml·min-1·mmHg-1) 0.15 0.66 0.08 0.81 

DL,COc (% pred) 0.67 0.02 -0.67 0.02 

VA (l) -0.39 0.24 0.65 0.03 

VA (% pred) 0.21 0.54 -0.13 0.71 

DL,COc/VA (ml·min-1 ·mmHg-1·l-1) 0.62 0.04 -0.71 0.01 

DL,COc/VA (% pred) 0.55 0.08 -0.59 0.05 

PIMAX  (cm H2O) 0.12 0.71 0.00 1.00 

PIMAX  (% pred) 0.34 0.30 -0.31 0.36 

PEMAX  (cm H2O) -0.46 0.15 0.67 0.02 

PEMAX  (% pred) -0.43 0.19 0.54 0.09 

TLC, total lung capacity; FRC, functional residual capacity; RV, residual volume; VC, vital 

capacity; FVC, forced vital capacity; FEV1, forced expiratory volume in one second; PEF, peak 

expiratory flow; FEF, forced expiratory flow; DL,CO, diffusion capacity of the lung for carbon 

monoxide; DL,COc, DL,CO corrected for hemoglobin; VA; alveolar volume; PIMAX , maximal 

inspiratory pressure; PEMAX , maximal expiratory pressure; SWIM, swimmers; CON, controls. 
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Table 9 ï Correlations between weekly training volume and changes in pulmonary function 

 
Training per week (h) vs. 

ȹ in variable 

Training per week (h) 

vs. % ȹ in variable 

Training per week (km)  

vs. ȹ in variable 

Training per week (km) 

vs. % ȹ in variable 

 r P-value r P-value R P-value r P-value 

TLC (l) 0.35 0.29 0.14 0.67 0.09 0.78 -0.02 0.95 

TLC (% pred) 0.46 0.15 0.47 0.14 0.17 0.62 0.20 0.56 

FRC (l) -0.30 0.38 -0.21 0.54 0.05 0.87 0.16 0.63 

FRC (% pred) -0.22 0.51 -0.17 0.62 0.14 0.68 0.21 0.54 

RV (l) -0.07 0.84 -0.06 0.86 -0.24 0.47 -0.22 0.51 

RV (% pred) 0.00 1.00 -0.01 0.97 -0.17 0.61 -0.19 0.58 

VC (l) 0.34 0.30 0.16 0.64 0.25 0.46 0.12 0.72 

FRC/TLC -0.35 0.30 -0.29 0.38 0.11 0.76 0.16 0.64 

RV/TLC -0.10 0.76 -0.10 0.76 -0.23 0.50 -0.21 0.53 

FVC (l) -0.01 0.98 -0.06 0.86 0.10 0.78 0.06 0.86 

FVC (% pred) 0.19 0.57 0.19 0.57 0.25 0.45 0.29 0.38 

FEV1 (l) -0.12 0.72 -0.25 0.45 -0.22 0.51 -0.26 0.43 

FEV1 (% pred) 0.04 0.90 0.01 0.97 -0.11 0.74 -0.09 0.78 

FEV1/FVC -0.15 0.66 -0.14 0.67 -0.33 0.32 -0.33 0.33 

PEF (l·s-1) -0.40 0.22 -0.41 0.21 -0.39 0.23 -0.41 0.21 

PEF (% pred) -0.30 0.36 -0.31 0.36 -0.32 0.33 -0.32 0.34 

FEF25-75% (l·s-1) 0.29 0.38 0.22 0.51 0.00 1.00 -0.02 0.95 

FEF25-75% (% pred) 0.30 0.37 0.30 0.37 0.04 0.91 0.04 0.91 

FEF25% (l·s-1) 0.16 0.63 0.10 0.77 0.13 0.71 0.13 0.70 

FEF25% (% pred) 0.22 0.53 0.19 0.58 0.20 0.56 0.20 0.56 

FEF50% (l·s-1) 0.42 0.20 0.37 0.26 0.23 0.49 0.23 0.51 

FEF50% (% pred) 0.39 0.24 0.42 0.20 0.26 0.44 0.26 0.43 

FEF75% (l·s-1) -0.20 0.56 -0.33 0.33 -0.30 0.37 -0.34 0.31 

FEF75% (% pred) -0.23 0.50 -0.26 0.43 -0.30 0.37 -0.30 0.38 

DL,CO (ml·min-1·mmHg-1) 0.10 0.78 0.10 0.78 0.07 0.83 0.04 0.91 

DL,CO (% pred) 0.25 0.45 0.20 0.56 0.16 0.64 0.12 0.73 

DL,COc (ml·min-1·mmHg-1) 0.13 0.70 0.22 0.52 0.10 0.78 0.09 0.79 

DL,COc (% pred) 0.30 0.37 0.24 0.48 0.19 0.57 0.16 0.64 

VA (l) 0.36 0.28 0.16 0.65 0.09 0.78 -0.02 0.96 

VA (% pred) 0.59 0.05 0.60 0.05 0.26 0.45 0.29 0.39 

DL,COc/VA (ml·min-1 ·mmHg-1·l-1) 0.19 0.58 0.08 0.81 0.17 0.61 0.10 0.76 

DL,COc/VA (% pred) 0.11 0.75 0.04 0.90 0.12 0.72 0.07 0.83 

PIMAX  (cm H2O) -0.14 0.69 -0.42 0.20 -0.33 0.32 -0.51 0.11 

PIMAX  (% pred) -0.17 0.62 -0.33 0.32 -0.40 0.23 -0.47 0.15 

PEMAX  (cm H2O) 0.13 0.70 0.05 0.89 0.16 0.63 0.09 0.79 

PEMAX  (% pred) 0.07 0.83 0.04 0.90 0.11 0.75 0.09 0.78 

TLC, total lung capacity; FRC, functional residual capacity; RV, residual volume; VC, vital 

capacity; FVC, forced vital capacity; FEV1, forced expiratory volume in one second; PEF, peak 

expiratory flow; FEF, forced expiratory flow; DL,CO, diffusion capacity of the lung for carbon 

monoxide; DL,COc, DL,CO corrected for hemoglobin; VA; alveolar volume; PIMAX , maximal 

inspiratory pressure; PEMAX , maximal expiratory pressure; SWIM, swimmers; CON, controls.  



53 
 

3.4 Diffusion capacity 

Swimmers had a statistically significantly greater DL,COc (p=0.01) and VA (p<0.01) than 

controls (Table 10). However, when DL,COc was expressed relative to VA, there were no differences 

between the groups (p=0.20). Group averages for diffusion capacity did not change from PRE to 

POST in SWIM or CON, as illustrated in panel A of Figure 7. Conversely, VA increased (Figure 

7B) and DL,COc/VA decreased (Figure 7C) from PRE to POST. While the swimmers had high %-

predicted values for DL,COc and VA, controls were within normal limits. No statistically significant 

interactions were found. 

 

Table 10 ï Diffusion capacity 

  
Swimmers 

(n=11) 

Controls 

(n=10) 

Interaction 

p-value 
Group p-value 

Time point p-

value 

DL,CO 

(ml·min-1·mmHg-1) 
PRE 23.29 ± 2.87 20.76 ± 1.93 0.39 0.01 0.09 

 POST 24.33 ± 2.16 21.13 ± 3.10  SWIM > CON  

DL,CO (% pred) PRE 121 ± 11 110 ± 8 0.28 <0.01 0.61 

 POST 122 ± 12 107 ± 8  SWIM > CON  

DL,COc 

(ml·min-1·mmHg-1) 
PRE 23.43 ± 2.58 20.73 ± 1.88 0.63 <0.01 0.26 

 POST 24.09 ± 1.83 21.00 ± 3.18  SWIM > CON  

DL,COc (% pred) PRE 122 ± 12 110 ± 8 0.55 <0.01 0.31 

 POST 121 ± 13 107 ± 9  SWIM > CON  

VA (l) PRE 4.61 ± 0.71 3.83 ± 0.45 0.28 <0.01 <0.001 

 POST 4.96 ± 0.66 4.08 ± 0.64  SWIM > CON POST > PRE 

VA (% pred) PRE 114 ± 7 98 ± 7 0.17 <0.001 0.05 

 POST 117 ± 8 99 ± 8  SWIM > CON  

DL,COc/VA (ml·min-1 ·mmHg-

1·l-1) 
PRE 5.14 ± 0.60 5.44 ± 0.44 0.65 0.20 <0.001 

 POST 4.91 ± 0.56 5.16 ± 0.38   PRE > POST 

DL,COc/VA (% pred) PRE 101 ± 10 106 ± 8 0.68 0.25 <0.01 

 POST 97 ± 9 101 ± 8   PRE > POST 

All values are expressed as mean ± SD. DL,CO, diffusion capacity of the lung for carbon 

monoxide; DL,COc, DL,CO corrected for hemoglobin; VA; alveolar volume; SWIM, swimmers; 

CON, controls; POST, follow-up visit; PRE, initial visit. 
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Figure 7 ï A) Diffusion capacity, B) alveolar volume, and C) DL,COc/VA for swimmers (ƺ) and 

controls (ȹ) during PRE and POST time points. Individual data are presented with an open symbol, 

while group averages have a closed symbol. 

 

3.5 Maximal static pressures 

Maximal inspiratory mouth pressure tended to be greater in swimmers (p=0.06), and while 

PEMAX  was significantly greater in swimmers (p=0.001) compared to controls (Table 11). Both 

groups increased PIMAX  and PEMAX  from PRE to POST (Figure 8), but no statistically significant 

interactions were noted. 

Table 11 ï Maximal static pressures 

  
Swimmers 

(n=11) 

Controls 

(n=10) 

Interaction 

p-value 
Group p-value 

Time point p-

value 

PIMAX  (cm H2O) PRE 87 ± 26 71 ± 24 0.19 0.06 <0.001 

 POST 103 ± 22 79 ± 26   POST > PRE 

PIMAX  (% pred) PRE 96 ± 26 82 ± 30 0.23 0.13 <0.01 

 POST 109 ± 19 87 ± 30   POST > PRE 

PEMAX  (cm H2O) PRE 112 ± 17 85 ± 16 0.77 <0.001 <0.01 

 POST 127 ± 17 98 ± 18  SWIM > CON POST > PRE 

PEMAX  (% pred) PRE 104 ± 13 77 ± 19 0.83 <0.001 0.02 

 POST 114 ± 13 84 ± 19  SWIM > CON POST > PRE 

All values are expressed as mean ± SD. PIMAX , maximal inspiratory pressure; PEMAX , maximal 

expiratory pressure; SWIM, swimmers; CON, controls; POST, follow-up visit; PRE, initial visit. 
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Figure 8 ï A) Maximal inspiratory pressure B) maximal expiratory pressure for swimmers (ƺ) and 

controls (ȹ) during PRE and POST time points. Individual data are presented with an open symbol, 

while group averages have a closed symbol. 

 

3.6 Dysanapsis ratio 

As shown in Figure 9, the DR was similar between swimmers and controls for PRE (0.12 

± 0.02 vs. 0.12 ± 0.03 for SWIM and CON, respectively) and POST (0.11 ± 0.01 vs. 0.11 ± 0.03) 

(p=0.95). No significant interaction was found (p=0.61) and DR tended to decrease from PRE to 

POST (p=0.09). 
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Figure 9 ï Dysanapsis ratio for swimmers (ƺ) and controls (ȹ) during PRE and POST time points. 

Individual data are presented with an open symbol, while group averages have a closed symbol. 

 

3.7 Maximum expiratory flow -volume curve 

No differences between groups or time points were found for any characteristic of the 

MEFV curve, including FR, ɓÁ, and SR (  
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Table 12). When instantaneous SR was plotted versus FVC (Figure 10), there was a 

statistically significant main effect for instantaneous SR (p<0.001) but not for group (p=0.28) or 

time point (p=0.44). There were no significant interactions (Figure 10). 

 

  



58 
 

Table 12 ï Maximal expiratory flow-volume curve characteristics 

  Swimmers (n=11) Controls (n=10) 
Interaction 

p-value 
Group p-value Time point p-value 

FR (%) PRE -3 ± 19 -5 ± 8 0.41 0.71 0.73 

 POST -5 ± 17 0 ± 10    

ɓÁ (°) PRE 195 ± 9 194 ± 15 0.60 0.64 0.52 

 POST 194 ± 14 191 ± 12    

SR (au) PRE 0.83 ± 0.23 0.89 ± 0.23 0.50 0.28 0.43 

 POST 0.83 ± 0.21 0.96 ± 0.23    

All values are expressed as mean ± SD. FR, flow ratio; ɓÁ, ɓ-angle; SR, slope ratio. 

 

 

 

 
Figure 10 ï Instantaneous slope ratio. The box represents the range of values (0.5-2.5) for 

homogenous emptying of the lung. 
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3.8 Maximal exercise test 

3.8.1 Metabolic and ventilatory responses 

The metabolic response to exercise is displayed for selected variables in Figure 11, and 

maximal exercise data is listed in Table 13. Generally, subjects exercised longer and reached a 

higher work rate during the follow-up visit. The average RER at peak exercise was greater than 

1.1 at both time points for SWIM and CON, suggesting that the tests were maximal. 

There were no statistically significant three-way interactions between group, time point, 

and relative work rate (Table 14), although VT approached statistical significance (p=0.08). 

Moreover, no statistically significant two-way interactions were found between group and time 

point. The only statistically significant two-way interactions involving group were with relative 

work rate for V→O2 (p=0.02) and RER (p=0.01), with V→CO2 approaching significance (p=0.08). 

Focusing on the main effects of competitive swimming, SWIM tended to have a higher work rate 

than CON throughout the exercise test (p=0.10); however, when work rate was expressed relative 

to body mass, there was no difference between groups (p=0.83). Thus, the larger size and therefore 

absolute work rate of the swimmers may have lead to the greater V→CO2 (p=0.02), stimulating an 

increased V→E (p=0.02) which was achieved by a similar fB (p=0.99) but greater VT (p=0.02). 

Al though V→O2 was greater in SWIM at each stage (p<0.05), these differences were abolished when 

expressed relative to body mass (p=0.26). Therefore, absolute V→O2MAX was greater in swimmers 

initially (p<0.01) and at the follow-up measurement (p<0.001), but there were no differences in 

relative V→O2MAX between groups (p=0.32) or time points (p=0.11). Swimmers had a smaller RER 

only at 50% WMAX  (p=0.04) and 70% WMAX  (p=0.04). Lastly, the HR response (p=0.39) and RPE 
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(p=0.85) were similar between the groups. Results were similar when compared at absolute work 

rates. 
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Table 13 ï Interactions and main effects p-values for metabolic variables during the exercise test 
 

3-way 
Group x 

work rate 

Time x 

work rate 
Group x time Work rate Group Time 

Work rate (W) 0.63 0.13 <0.001 0.31 - 0.10 - 

Work rate (W·kg-1) 0.68 0.83 0.08 0.39 <0.001 0.99 <0.01 

       POST > PRE 

HR (bpm) 0.94 0.70 0.56 0.36 <0.001 0.39 0.04 

       POST > PRE 

RPE 0.67 0.52 0.57 0.05 <0.001 0.61 0.97 

VT (l) 0.08 0.62 <0.01 0.16 - 0.02 - 

      SWIM > CON  

VT/FVC (%) 0.17 0.39 0.10 0.69 <0.001 0.32 0.69 

fB (breaths per minute) 0.78 0.46 0.03 0.19 - 0.99 - 

V→E (l·min-1) 0.53 0.11 <0.001 0.37 - 0.02 - 

      SWIM > CON  

V→O2 (l·min-1) 0.84 0.02 <0.01 0.85 - - - 

V→O2 (ml·kg-1·min-1) 0.89 0.43 0.30 0.98 <0.001 0.26 0.17 

V→CO2 (l·min-1) 0.66 0.08 <0.001 0.50 - 0.02 - 

      SWIM > CON  

RER 0.08 0.01 <0.01 0.61 - - - 

V→E/V→O2 0.46 0.48 <0.01 0.69 - 0.76 - 

V→E/V→CO2 0.69 0.65 <0.01 0.87 - 0.95 - 

EFL (% VT) 0.58 0.80 0.09 0.99 <0.001 0.95 0.07 

V→ECAP (l·min-1) 0.17 0.15 0.29 0.70 <0.001 0.23 0.25 

V→E/V→ECAP (%) 0.44 0.75 <0.001 0.90 - 0.96 - 

HR, heart rate; RPE, rating of perceived exertion; VT, tidal volume; FVC, forced vital capacity; 

fB, breathing frequency; V→E, expired minute ventilation; V→O2, oxygen consumption; V→CO2, 

carbon dioxide production; RER, respiratory exchange ratio; EFL, expiratory flow limitation; 

V→ECAP, ventilatory capacity; SWIM, swimmers; CON, controls; POST, follow-up visit; PRE, 

initial visit.  
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Table 14 ï Maximal exercise data 

  Swimmers (n=11) Controls (n=10) 

Duration (min) PRE 14.3 ± 3.0 12.8 ± 2.7 

 POST 16.5 ± 1.5 14.6 ± 2.7 

Work rate (W) PRE 167 ± 29 154 ± 25 

 POST 191 ± 16 170 ± 27 

Work rate (W·kg-1) PRE 3.3 ± 0.5 3.3 ± 0.4 

 POST 3.5 ± 0.6 3.5 ± 0.5 

HR (bpm) PRE 192 ± 10 196 ± 7 

 POST 195 ± 8 198 ± 8 

RPE PRE 9.3 ± 1.8 9.3 ± 1.0 

 POST 9.5 ± 1.0 9.4 ± 0.9 

VT (l) PRE 1.59 ± 0.33 1.44 ± 0.25 

 POST 1.77 ± 0.26 1.55 ± 0.26 

VT/FVC (%) PRE 48 ± 8 52 ± 5 

 POST 47 ± 6 52 ± 5 

fB (breaths per minute) PRE 56 ± 16 50 ± 8 

 POST 58 ± 13 56 ± 7 

V→E (l·min-1) PRE 85.5 ± 20.8 72.0 ± 15.6 

 POST 100.4 ± 17.6 85.3 ± 12.5 

V→O2 (l·min-1) PRE 2.20 ± 0.35 1.85 ± 0.25 

 POST 2.42 ± 0.23 2.07 ± 0.27 

V→O2 (ml·kg-1·min-1) PRE 42.9 ± 6.8 40.1 ± 4.2 

 POST 44.4 ± 8.1 42.1 ± 5.2 

V→O2MAX (% pred) PRE 125 ± 18 115 ± 12 

 POST 131 ± 21 122 ± 14 

V→CO2 (l·min-1) PRE 2.45 ± 0.42 2.13 ± 0.38 

 POST 2.77 ± 0.25 2.43 ± 0.33 

RER PRE 1.11 ± 0.05 1.15 ± 0.09 

 POST 1.15 ± 0.05 1.18 ± 0.06 

V→E/V→O2 PRE 39 ± 5 39 ± 6 

 POST 42 ± 6 42 ± 5 

V→E/V→CO2 PRE 35 ± 4 34 ± 4 

 POST 36 ± 4 35 ± 4 

EFL (% VT) PRE 19 ± 24 13 ± 25 

 POST 28 ± 28 28 ± 21 

V→ECAP (l·min-1) PRE 122.8 ± 39.2 110.3 ± 32.8 

 POST 132.9 ± 37.8 105.3 ± 21.2 

V→E/V→ECAP (%) PRE 73 ± 19 69 ± 23 

 POST 80 ± 21 82 ± 13 

All values are expressed as mean ± SD. HR, heart rate; bpm, beats per minute; RPE, rating of 

perceived exertion; VT, tidal volume; FVC, forced vital capacity; fB, breathing frequency; V→E, 

expired minute ventilation; V→O2, oxygen consumption; V→CO2, carbon dioxide production; RER, 



63 
 

respiratory exchange ratio; EFL, expiratory flow limitation; V→ECAP, ventilatory capacity; SWIM, 

swimmers; CON, controls; POST, follow-up visit; PRE, initial visit.
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Figure 11 ï Mean A) heart rate, B) oxygen consumption, C) carbon dioxide production D) breathing frequency, E) tidal volume, and F) 

VT/FVC responses during the maximal exercise test. All exercise stages were significantly increased from baseline (BL). # significant 

difference between PRE and POST. Statistical significance was set at the level of p<0.05. 

  
















































































































































































































































































































































