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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 competiséswimming during
puberty affected lung development. Female swimmers (n=11) and healthy controlsgged0)
11-14 years oldvere assessed before and after one competitive swimming season. Pulmonary
function testing included lung volumes, spirometmjffusion capacity (Rco), and maximal
inspiratory (Phiax) and expiratory (Pfax) pressures. Ventilatory constraints, including -end
expiratory lung volume (EELV), expiratory flow limitation (EFL), and utilization of ventilatory
capacity ¥e/Vecar), wereassessed during an incremental cycling test. Debpiteg ofsimilar
age(p=0.10) maturationatievelopmen{p=0.27) andheight (p=0.38as controls, swimmers had
a larger total lung capacity (p<0.01), forced vital capacity (p<0.01), and peak expitatory
(p=0.03). Although Dco was greater in swimmers (p=0.01), there was no difference when
expressed relative to alveolar volume (p=0.20). BothyP(p=0.06) and P&ax (p<0.001) were
greater in swimmers. Swimmers and controls achieved a similar eslataximal 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,\&fdecapr (p=0.95). Changes
over time were similar between groups (p>0.05). Fabéemale 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 functiolor alter exercise ventilatory mechanics, suggesting that competitive

swimming during puberty did not affect lung development.



LAY SUMMARY

Whether the large lungs of competitive swimmers result from intensive swim training or
genetic endowment has beerdely debatedBecause lung growth is greatest during puberty, this
thesis compared lung function before and afterssviemming seasom 11-14-yearold, 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
occurredrrespective ofraining experience. One swimming season did not further accentuate this
enhanced lungunction, and no associations between changes in lung functiocswamdtraining
volumewere foundMoreover, detailed analysef physiological development of the lurgsd
the respiratory challenges imposed by swimming provided no unequivocal evidence that
swimming can alter lung developmemespite having greater lung function, swimmers had
similar ventilatory responses as contraldile cycling Thus this thesis concluded tha

competitive swimming during puberty did not affect lung development.
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INTRODUCTION

The respiratory system generally thought to bieleally designed taneet the demands of
execise in healthy young adul{d). However unlike the cardiovascular and musculoskeletal
systems, the regpitory systentdoesnot exhibit significant beneficial adaptatiotts endurance
training(2, 3) There are no knowmeasurablbeneficial structural adaptations, and, of the limited
number of functional adaptations, the majority are related to changes in respiratory musculature
(e.g., increased respiratory museledurance or strengtf@). As a result, the respiratory system
can become limiting factor ofperformane in highly trained athlete®-4) and can negatively
adapt to exercise in col) or chlorinated(6) environmentsWhile chronic exercise training
appears to confer no change to the respiratory systeaxcgption may b 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 flowgl1, 14, 18, 281), and increased diffusion capacit{@®, 22, 24,
29, 3135). This enhancedunction has been suggested to be benefi¢@l swimming(14). For
example, increased functional residual capad#gC) may act as a reservoir for gaschange,
thereby attenuating oscillations in arterial blood gases between b¢g4jhadditional benefits
may include greater buoyancy in the water &cikase drag and improved ventilatory capacity
(14). In fact, it has been suggested that having largeslisg prerequisite br becoming a top
swimmer(12). However, it has been widely debated whether this enhanced pulmonary profile is
an adaptation to swim trainin@, 13, 16, 18, 21, 33}jhe result of young athletes se#lecting

into swimming based on favalrle genetic endowmen(it7), or both(9-11, 14, 15, 23, 27)



The argument for adaptive growth is basedfam uniquechallenges thatompetitive
swimmingplaces upon theeveloping respiratory systerkirst, swimmings performed in the

prone or supine positionith the body partially or fulllsubmerged36). Secondswimmers use

an Aobligatory, c o nt r orhthaeisl dependeny aneatic physioldgicak at h i

need and timing of arm stroké36). Third, swim training often involves breath control drills,

including Ahypoxic trainingo, and sprint
intenseand structured swirtraining begins as early as 5 y ¢lid7). Hypothetically the firstthree
stressors may cause changes in ventilatory mechageaterinspiratory pressureg14), and
excessive upper body wofk4) and/or require transient bredtblding maneuver§ll). These
have been suggested to awyihgrowth of the thoracic cavity and musculai{l4) and/or create

an intermittent hypoxic stimulus for lung grow@0). However mechanistievidence is lacking.

SWi m

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

lung growth between 1 monémd 7 years of ag87)and during pubert{B8). Thus, if the growing
respiratory system is sensitive to induced growth, then competitive swimming d@segritical
periods is likely teelicit the greatest effects.

Table1 andlable 2 list 18 crosssectional(20-34,39-41) and 16 longitudinal§ <1 year
(7,14,19, 35,42,43)nd1 0 O 1(8-18,61@1B)) studieshat haveeportedoulmonary function
data inyoung swimmers throughodevelopment. Overallncreasd lung volumes of competitive
swimmershave been observedmpared tredicted valuegl3, 24, 25, 29, 31 pgoulation norms
(8-10, 12, 21) and measuremestin controls(7, 11, 4-18, 20, 22, 2&0, 40, 41) Greater

expiratory flows havéeen mesured in competitive swimmecempared t@ontrols(11, 14, 16,

18, 20, 22, 280, 40)and predicted valudg4, 25, 29, 31)as haveliffusion capacities compared

to controlq11, 22, 29, 34, 3@nd predicted valug4, 29, 3133, 35) Conversely, maximal static



mouth pressures, which have been seldom reported, have often been found to beirsimilar

swimmers relativeo controls(15, 2#29). However, within the published literature thee is

considerable betweestudy variationn the competitive level of the swimmers (e.g., experience

and training volume), study length, aedperimental design and analydidoreover,some have

not observed any differenceslung volumedetween swimmers and a control grg8g, 39, 42,

43). Therefore a more detailedeview of this literature is necessary poovide a comprehensive

understanding of the relationship between competitive swimming and lung pienegib This

includes addressing the following questions:

1.

At what age are swimmers first reported to hiavger lung capacitiesompared to a
normal control group or predicted val@es

Given that lung volume increases-ftidd between 1 month and 7($7), doesswim
training prior to age 7 y have any effect on lung capacities?

When children begin intensive swim training, do they already have greater lung
capacities?

Do longitudinal analyses shogveaterthanexpected growth of lung capacities?

If there is accentuated growth, is it most evident during pulrgn the lungs reach
their peak growth velocitig®GV)?

At what age are swimmers first reported to have a higher diffusion capacity, and doe
swim training increase it further?

What are the maidifferences betweesind weaknesses tifese studiesn competitive

swimming and lung developmént



Tableli Crosssectional studies of competitive swinaitting on lung development.

Swimmin Trainin Diffusion Endowment or Other
Study Sex N Age () . 9 9 Volume Flow Pressure ; . L .
hlStOfy volume capaC|ty swim tralnlng? conclusions
15S . .
M ALeading Swimmers had
glevgg?(;(t)) ig g i%l as British - y FVC y FEV LS - - greater standing and
v F sC Swi mmer s seated height
TLC, FRC
- 6-28 hand 6 ! ’ ~ .
Astrand et al., g Started training FvC > R } . - Yy hei gtleary d
1963(21) F 30S 1216 at 1015y 65 km per predicted by Swim training menarche
week .
body size
58 19.0 University team  >9 h/iweek - - Similar D co during Di.co of champion
6 R exercise swimmers >
Mostyn et al., M&F Canadian Either university swimmers
1963(34) 8S 10.3 National or R R R gy absolute
240 : Olympic swim Dico during exercise Greater co due to
team y eV
Magel and - . .
10 S 17.3+14 . y TLC, - ¥ LBpatrest & exercise
Andersen, M Well-trained - y FEV 2 N -
1969(22) 9C 17.1+13 VvC ¥y cfat max exercise
. TLC, VC, . .
Ness et al., 20S 10.2+£0.7 No_prlo_r FRCnot N.O ¥ LEbat submaximal Mlnlmal dlffe_ren_ces
F swimming - Lo difference ) in lung function in
1974(39) 13C 9.8+0.8 : significantly h exercise
experience | in FEV1 parents
arger
Vaccaro et al Daily,
v M&F 16 S 10-18 - 300013,000 - - Di,co > predicted Either -
1977(32)
yards per day
TLC, FRC,
Eriksson et al., M 185 101 (7.6 Just started R RV, FVC > R ; Endowment more :
1978(23) 11.8) swimming predicted by likely
body size
P . 4x/week TLC, FRC, . .
Vaccaro etal, 128 151+17 098 Y SWi osgh06400m RV FEV1> Dico > predicted Potentially swim ;
1980(24) training . . predicted training
per session predicted
. Daily . N . Dico at rest and
s we 23 0222 Zivmoe STl flodieene OO Sumtaiing  exerci e
e session 10 months in 10 S
Youngest: Scottish
McKay et al., 14.1+0.9  National or FVC 925% FEVL 19 )
M&F 25S ' . - above 25% above - Either -
1983(25) Oldest: Youth swim redicted redicted
186 +1.3 teammembers P P
35 Stat N
] 106 C ate o
gl")"lrggj('g;)‘ 712 Championship - 9 FvC difference ; ; ;
. 62S finalists in FEV1
123C
20.3 (17
Bradley et al 18 S 25) ( US Olvmpic TLC, FRC, PEF, Greaterthan other
radley et al., ymp - RV, FVC > FEV, > Dy co > predicted Either Olympic athletic
1985(31) 18.4 (15 team dicted . ’
20S 23) predicte predicted groups




Table 1i Crosssectional studies of competitive iswtraining on lung development, continued

Swimmin Trainin Diffusion Endowment or Other
Study Sex N Age () . 9 9 Volume Flow Pressure ; . L .
hlStOfy volume capacity swim tralnlng? conclusions
75 ¥ chest wall
15C 7.08.9 14.7 £ 7.7 mo 5 h per week No difference dimensions, surface
y TLC, } in PBuax or ) area
Zinman and VvC Plwax at TLC, gy chest wa
Gaultier, 1986 F 1% 90109  272:150mo JI2SNPer FRC, or RV Both dimensions, surface
27) ar e amax § FRC
N ZPEuax at g chest wa
16S 110133 447+195mo 12Shper y TLC, FRC,Pluax at - dimensions, surface
27C week RV, VvC
FRC, RV area
. 6x/week -
Pherwani et 45 S 6 months to >5 . N y FEV
al, 198940) M&F  4s5¢ years 20005000m  y  FVC FEPso
per session
Collegiate
. 11S Division 1 - No difference
fgggz’;;’t al, g 11R  19.0+06  swimmers (9.4 32?3;000 moLy ;VLCC © 9 FEV  inPlux, - Either
10C +2.8ystart per day PEuax
swim)
. N . gy chest wa
Armour et al., 85 18424 Start: .11'0 i 2y 69.4+221km § TLC, §__FEV -NO difference ¥ LBy, no difference in More likely to be dimensions, no
1993(29) M 8R 2432 Experience: 6.5 per week VC, RV, FVC FERo in Pluax, Kco swim training difference in Emax
8C 22+4.38 +19y ! ! PEF PBvax t
Fimax, or lung recoil
82S 15.1+£3.0
Doherty and M gg 8 igéfzzf Some were 3 ¢ FEV Swimmers were
Dimitriou, = an National O3x/ wee § FVC y b - - Either taller and, in males,
1997(30) 78S 14524 swimmers PEF older
F 720 14.4 2.6
70C 14.0+25
i - No relationship
Lazovic 38S 209+24 Start: 9.4+ 2.6 - y REV . between % predicted
. y 22.0+79 y FVC a and> Genetic endowment ;
Popopvic et M 2710 20.2+3.6 E . . hi K dicted dicted - - likel and startingage,
al., 2016(41) 100 C 21.2+3.9 Xperience: wee predicte predicted, iKely experience, or
' 128+3.0y PEF same '

training volume

Values are expressed as means + SD. M, male; F, female; swim, competitive swimmers; con, controls-tasdatdletes; TLC,
total lung capacity; FRC, functional residual capacity; VC, vital capacity; RV, residlahe; FVC, forced vital capacity; FEY,
forced expiratory volume in one second; B&4-forced expiratory flow at 50% of FVC; PEF, peak expiratory flomm&x, maximal
static expiratory pressure at the moutim#X, maximal static inspiratory pressatehe mouth; R-o, diffusion capacity of the lungs
for carbon monoxide; Ko, transfer factor; ffhax, maximal inspiratory respiratory muscle forceanbx, maximal expatory
respiratory muscle force;c/pulmonary capillary blood volume.




Table2i Longitudinal studies of competitive swim training on lung development.

Endowment

Starting Swimmin Trainin Diffusion Other
Study Length Sex N 9 . 9 9 Volume Flow Pressure . or .
Age () history volume capacity I conclusions
swimming?
Bachman and 125 Swim hac
Horvath, 1966 4 mo M oC 188+ 1.1 Collegiate - FvVvC, Z F - - - - -
@) RV, RV/TLC
Only 4 were Pre: see
Eriksson et al., See Astrand et . . Astrand 1963 . .
1967(8) 4y F 30S 12-16 al., 1963 ;sr:‘Iilneilgtlvely Posts t i 11 - - Swimming -
9 FVC
- 3-4x/week Pre/post: same :
(C;‘l'g)k"“s’ 71 6o F 2 i 910 . 1000 yards per  TLC, FRC, ErEe\’/pOSL same Same Dco  Neither ;
session FVC :
Pre/ post
2(05)y
Engstrometal., 3.6 (%5) . - : TLC, FRC ) ) ) }
1971(9) y F 29S 9-13 gilrzzgnce Swim hac Both
p during 5y
Had stopped Pre: see
Eriksson et al., Startal training L Astrand 1963
1971(10) 7-8 F 30S 12-16 at1013y Eg:_\;r;mg for 5 Post: st - - Both -
y FVC
71S g TLC, -
M . . y Lbvat
40C 'cilflf?eréar?ce ”\;v it exercise only By age 12 the
Andrew et al., o y maxi me in males swimmers were
1972(11) 3y 818 . . height the expiratory flow ~ ~ No Both taller than
greatervolumes ) .
32S difference in average
E were more DLoo/ TLC
73C evident LC
All had stopped
Eriksson et al., . See Astrand et training(see Pre/post _ ) ) )
1978(12) 10y F 80s 1216 al., 1963 Erikssonetal, TLC, VC, FRC Both
1971)
. Axlweek Pre/post: same
Vaccaro and 158 Juststarted (in - 550410900 FvC No difference .
Clarke, 1978 7 mo M&F 9-11 1styear of swim . i - - Neither -
15C o yards per No difference inin FEV1
(43) training) > : orenc
session in ¢ in
vooes ey 08X wee) MEDCT
azr)\son, 1981 3y 13.7 (919) swam O5C( soezs?or? 0 m Post: EVC > - - - Swimming -
F 7S their life predicted
Pre/ post
Varsity 05 days TLC, VC, FRC, Pre/ post Pre:no g Inspir
Clanton et al., 8S 189+1.2 ; RV h
12w F swimmer for week, 2300 . - FEV1, PEF, difference - Both muscle
1987(14) 4C 20.8+1.0 y Swim hady -
collegiate team 9000 m per day VC. FRC FIV1, PIF Pos Pluax § endurance
during 12 w




Table 2i Longitudinal studies of competitive sw training on lung development, continued

: N - e Endowment
Starting Swimming  Training Diffusion Other
Study Length Sex N . Volume Flow Pressure : or .
Age () history volume capacity I conclusions
swimming?
. Pre/ post .
Zinman and 7S 710 See Zinman SeeZinman TLC, VC ¥ PR
Gaultier, 1987 ly F and Gaultier, and Gaultier, Swim hac - No change in Both
(15) 10S 10-12 1986 1986 TLC, VC Plwax OF
during 1y PEuax
. . . Pre/post: Performance and
Miller et al., 5 mo M 22S 1822y Co!leg|ate - Rre{post. similar Dco,  Either lung function
1989(35) swim team similar VC . .
> predicted were independent
M 38S § FVC from y  FiErom
) 57C Group selected stage 2 stage 3 "
?Igt;%mlflgld etal, 5y 812 from State 5x/week - - Swimming Y thc hest
(16) . 57S finalists § FVC fry FMam gir
64 C stage 4 stage 4
g FVC at Swimmers were
BaxterJones and 114 S compared to taller after
Helms, 199617) 3y M&F 339 0 8-16 - 9-13 h per week others, no Endowment adjsjstlrgg forI age
further and puberta
status
Pre: no . .
Pre: no : No difference in
Courteix et al., 1 E 58S 9.3+05 ?’Ogohkiﬁr v;/;eek difference glf(f)erser:c? N ) ) Swimmin Raw; not
1997(18) y 11C  9.4+05 p Post: ¢ S nY 9 significantly
week VC, FRC PEF, FEEs% taller
! FEFs0%, FEFs%
Mickleborough National and 10-12x/week g TLC, F 7Pl 9 LBb no
o 2005{199) 2w M&  10S  182+16 international  40-60 kmper  nodifference  §  FiEFW: gﬁww‘x' s i
etal, swimmers week RV X change kco
9.1+ 3.6 h per N Pre/ Pos N Similar
- PrgPost § Pre/Posty "
. . 1S 12.4+0.8 week PrePost Plviax P ventilatory
This thesis 7 mo F 0C 132+13 3.2+18y 19 + 8 km per TLC, FVC, VC EIIEEIE FEV, (p=0.06), EL,CO, similar  Endowment constraints
.co : )
week PBvax during cycling

Values are expressed as means + SD. M, male; F, female; swim, competitive swimmers; con, controls; TLC, total lungR@pacity; F
functional residual capacity; VC, vital capacity; RV, residual volume; FVC, fartaldcapacity; FEVY o, forced expiratory volume in

one second; PEF, peak expiratory flow; FIV, forced inspiratory volume in one second; PIF, peak inspiratory fiexfEEbw, and
FEFs%, forced expiratory flow at 25%, 50%, and 75% of FVC, respectirEyiax, maximal static expiratory pressure at the mouth;
Plmax, maximal static inspiratory pressure at the moutlktpPdiffusion capacity of the lungs for carbon monoxidepKransfer

factor; Rw, airway resistance; IMT, inspiratory muscle training.



111 Swedi s h Agi ri thesfoundatiopal studies on swimming and lung
development

The foundationatesearch intphysiological adaptations to competitive swimgaturing
development came fromnalyses othreedifferent cohorts of Swedish swimmgummarized
elsevwhere(44)). Theoriginalwas a longitudinal analysis 80 g i r |  s,wiamimed firstto
12-16 y oldby Astrandet al.(21) andagainafter2, 4(8), 7 (10), and 10 y(12). Initially, the girls
hadsignificantly largedung volumes (i.e total lung capacity{LC), forced vital capacitykVC),
and FRC) that were 113% greater than the average value for theight(21). These larger lung
volumes for a given height were maintained throughout the felipweriod, evenpon cessation
of swimming (12). At the first measurement, significant correlations between lung volume
(expressed as the-#eviation in TLC orvital capacity YC) from the average value for height)
and training volume (expressed either as training experience or training volume inanktres
per week) suggested thhe intensity of swintraining influenced functional development of the
respiratory systenl). Thereforedifferent trainingregimenswere compared by separating the
swimmers into two groupsuch that 3op swimmers from one club who trained the most (up to
65,000 m and 28 h per week) were compared to the other 21 swimmers36,000 m and-&0
hours per wek). While the top swimmers initially had a larger FV@tIstatistically similar TLC,
FRC, andresidual volumeRYV), differences between the grougisl not change throughout the
follow-up period(12). This suggested that intense training did nothieirincrease lung volumes
in the top swimmers; however, the question of whether the larger luradsssiimmers at the
initial measurement were due to intense training or genetic endowment was unresolved.

A subsequent longitudinal analysisnducted witli29 913 y old Swedish girl swimmers

confirmed some of these finding8). At the initial measuremenfLC and FRC in relation to



height were alreadyignificantly larger than normalvhereas FVC was not. By the final
measurement 3y (range 15y) later, FVC in relation to height had increased signifigawthile
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
|l east 3 times per week dsaltung@dlumgsdTdC, FRCaahd R/C gni f |
in relation to height) wher eas Mdebversvwhendungo had
volumes were analyzed from 12 to 14 y old, the girls that trained during this period had a
significant increase in FVC in ion to both height and TLC, while TLC grew as expedteoin
these observations, the authoosicluded that lung volumes in swimmers are larger at the start of
training, andfurtherincreases in FVQut not TLCwith continued training point to functional
rather than anatomical growtHowever, @ explanation was provided fahy the swimmers with
more experience klagreater lung volumes.

The third study b¥rikssonet al.assessed 18 boys aged 10.1 y (rangd. .8 y) who had
minimal training experience (less than a few months) but had just been selemetptditively
swim with the top clubs in Swedg3). Despite noyet having startedntensiveswim training
their lung volumeqTLC, FRC, RV, and FVChlready exceeded normal values in relation to
height strongly suggesting that the initially larger lungs of competitive swimmers were due to
genetic endowmenA similar result was founth a study comparing untrained girls trying out for
a competitive swimming tea39). The 11 girls who qualified for theam had an average TLC
of 3.08+0.73 | compared to 2.52+0.39 | in thgirls of similar age, maturityand body size who
did not.Furthermorethe fathers of the girls who qualified had a greater TLC and FRC than the
fathers of those who did natrongly poining to a genetic endowment whereby swimmers with

constitutionally largelungs may select into smming.



1.1.2Lung volumes in young swimmers

Other studies have also reported differences in young swimmer8-yearlongitudinal
analysis of over 70-88 y old competitiveswimmers(compared to 83 controls analyzed cross
sectionally) Andrewet al found geater lung volumes (TLC and Y@hich were apparent even
in the youngest swimmerd1). Zinman and Gaultier crossectionally assessed 3813y old
trainedfemaleswimmers and 59 agand sizematched controls, and foursignificantly greater
lung volumes (TLC, VC, and FR@) all ages of swimmer&7). In a crosssectional analysis of
112 712 y oldtrained swimmergompared to tennis players and rathletes, Bloomfielctt al.
found a significantly greater FV@hat was apparent across all agé26). Lastly, a large,
longitudinal study of 45386 yold young athletegswimmers, gymnasts, tennis players, and
soccer playersf) ound t hat FVC (adjusted for height,
swimmes compared tdhe otherathletes at the initial measuremdm?). Cumulatively, these
results suggest thatvimmers as young as8fy old already have greater lung volumes

However this has not been the case for all studfesmentioned, Engstroet al.did not
find anyinitial differences in TLC or FVC ithe9-13 y old swimmers who had less than 1 year
of training(9). Similarly, Vaccaro and Clarke compared 3Dy old children in their first year
of swim training (3,000,000 yards per training session) with 15 controls, but reported no
differences in FVQ43). Gibbinsand Courteixet al. did not find any differencem TLC, FRC,
FVC, or VC between 8 90 y old female swimmers and 6 contr¢#2) and5 910 y old
prepubertatompetitive swimmers and 11 agsex, and sizematched control€l8), respectively.

Unfortunately swimming hisory was not reported in either of these studies. Zauner and Benson
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measured FVC in extensively trainedl9 y old swimmers and found naitial difference

compared to predicted valug@s3). There is no clear reason for these opposing results

1.1.3Longitudinal assessments of competitive swimming and lung volume development
Longitudinal assessments of lung functiommwing swimmers are also contradicting, as
four different conclusions have been reportérst, here was no difference in lung function before
or after a-7 monthperiod of trainingn 8 910 y(42)and 15 911 y(43)old swimmers compared
to control groupsSeconddespite similar lung capacities initiallgreater lung capacitiesere
measuredn 5 910 y old swimmers compared to 11 matched controls after 1 y of trdi8)P5
8-12 y old trained swimmers compared 102 maturatioomatched controls over 5 y of
assessmentd6), and 15 919 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
furtherover 3 y of training in 114-86 y old swimmers compared to other athl€ted), 3 y of
training in >70 818 y old swimmers compared to rathleteg(11), and 15 y of training in 29
female swimmers agedXB y compared to population nosif®). Finally, trained svimmersaged
7-12 yinitially had larger lings and these further increasdtér 1 y of training as compared to a
control group analyzed crasgctionally(15). Unfortunately, no study has asseshket) function
in competitive swimmerigefore 7 y (his may be related ®bomemeasurements requiring maximal
maneuvers that are not reliable until @8y, 4547)).
Moreover,only 4 of the aforementioned studies have provided analysis during paierty
the conclusions are conflictinfengstromet al. found that VC, but not TLC, grew more than
expected between 12 and 14 y (8 whereas Zinman and Gaultier reported accentuated growth

of both TLC and VC in 142 y old trained swimmer@&5). While Bloomfieldet al. found that
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FVC wasonly statistically significarty largerfrom stage 2 (puberty) onwards in males and stage
4 (puberty) onwards in femal€$6), BaxterJones and Helms reported that FVC was initially
larger and did not increase further during pubgt®). Clearly, morework is needed to determine

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

1.1.4Competitive swimming and diffusion capacityduring growth

Differences in diffusion capacity may highlight structural or functional changes in the gas
exchanging ability of the lungd.ike lung volumes greater diffusion capacities V& been
observed in swnmers.One studysuggested the greater diffusion capacity for carbon monoxide
(DLco) was partly due to an adaptation to swim trainf@8). Yost et al observeda greater
absolute Dco at rest and during submaximal exercise at 170 bpm in12 YWold competitive
swimmers (212 y experience,-32 km per session) compared to 12 matched cor(®@8)sThey
re-tested 10 of the swimmers after 10 months of training and found that exereisénbreased
more than expected by grdwtleading them to suggest ttgatim training increased 2o to a
greater extent than expected by growth. However, resting ihcreased only slightlyand as
expected given their somatic growtland the greater exercise & could be explained by the
swimmers exercising at a greater metabolic ratig/den consumptionf®>) at 170 bpmwas
significantly increased) at the second examination. Moreover, when restgeagnias correlated
with height, the slope between_E» and height wadgdenticd for swimmers and controls,
suggesting that Dxo was equally greater across all heights studieds dduld have been related
to greater lung volumes in the swimmers (FVC 4.12+0.93 vs. 3.61+0.86 [), although differences
in FVC did not reach statisticaignificance.Such a difference wa®und in the longitudinal

analysis by Andrevet al, where thegreaterexerciseD co across all heights i8-18 y oldmale
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swimmes compared to neathletic male controls (no differences were found between the female
cohorts)was no longer apparent when expressed relative to(TLEGreater absolute [2o but
similar relative D co have also been reported in ol@elolescen{22) and young adul§29) elite
swimmers. Thusthe greater diffusion capacity of swimmersagparent across all heights and
ages ands related to their larger lung volumeget no conclusive evidence has shown that

competitive swim training accentuates the development @bduring development.

1.1.5Differences between and weaknesses of previous studies

While there is a myriad diterature on competitive swimming and lung development,
heterageneitiesbetween studies have made it diffictdt systemically analyze and resolve the
guestion of fgeneti c endo wmkEeseinclude diffarenoes mg ad a |
participantage; 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 analysisloreover,as outlined inTable 3, previous studies havieeen
weakenedbg hor t st u dnonths43}), noo differentiadng bys and girlsnot assessing
or matching for maturational stagamall sample sizé<10 subjects in groupho control group
not statistically comparingwimmers with the control group or reference valoesot performing
a comprehensive assessmenuofj function €.g, only FVC andorced expiratory volume in one

second FEV1), but no lung volumgs
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Table31 Weaknesses of selected previous studies on competitive swimming during development

Did not match

Small sample

Short study Did not for size (<10 No No statistical Few measures of
period( O° separate . . - control  comparison to controls lung function (e.g., Other notes
maturational subjects in
months) * sexes group or reference values only FVC, FEVY)
stage group)
Gibbins, 1971(42) X X Swim history not stated,
training stimulus low
Andrewet al, 1972 Con.trols assesseFj cress
X sectionally but swimmers
(€8 Y) i
longitudinally
Nesset al, 1974(39) X
Vaccaro et al., 1977
' X X X
(32)
Vaccaro and Clarke, X X X X Did not state if groups
1978(43) were sexmatched
Vaccaroet al, 1980 X
(24)
Yostet al, 1981(33) X X X
Zauner and Benson,
1981(13) X X X
Bloomfield et al., .
1984(26) X X
Zinman andGaultier, X
1986(27)
. ) Controls assessed cress
Zinman and Gaultier, . .
X X sectionally but swhmers
1987(15) o
longitudinally
Bloomfield et al., X Mixed-longitudinal
1990(16) analysis
BaxterJones and X
Helms, 199§17)
Courteixet al, 1997 Unusually small lung
X .
(18) growth in control group
Doherty and X X

Dimitriou, 1997(30)

*Only for longitudinal studies. **Did not find significant effect of sex, therefore dropped from further statsstalgkis FVC, forced
vital capacity; FEY, forced expiratory volume in one second.
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Vaccaro and Clarke reported similar lung functiollf1911 y old swimmers(training
3,00010,000 yards per sessiond3imes per week) and Hge and sizematched controlbefore
andafter a #7month season of competitive swimmjigading them to suggetsiat study durations
less than 7 monthare too shorto measure significant differenceslung developmen43). The
short time period may also underlie the lack of differences in-therth swim training study by
Gibbins (42). To note, the veryolw training stimulus (1000 yards per sessiod, $essions per
week) may have contributed to the negative finding

Vaccaro and Clarkdid not specify if he groups were matched for séxvariety ofsex
based differences in lung grow@s, 49) whichlead to differential timing and rates of growth of
alveoli and small and large airwaystlween boys and girlsmay havecaused no effect of
competitive swimming on lung development to be observatisnstudy(43) and affected the
results of other§l3, 33)

While Zinman and Gaultier found significantly great2r) and accentuated grow{h5)
of lung volumesn 7-13 y old swimmers compared to siarly-aged controls, it is not clear if they
were matbed for maturational stagéMale swimmers tend to be early maturgs®, 51)
converselyfemale swimmers tend to have &htly intrinsically later (not delayed)nenarchal
age(13.313.4 y(52, 53)compared to the reference 13.(6)) with the best performers having
the latest menarchal agést). Considering thatfirst, females who are late maturers might also
have a polonged pubertal growth spuf®5), secondthe growth velocity of the lungs differs
depending on pubertal stag®6), and third, a mixedlongitudinal study of swimmers and non
athletesshowed diferent amounts of growth in FVC depending on the maturational §1&gje
there is clearneed for maturational matching when comparing swimmers with their healthy

counterpartsThereforedifferences in maturational stage may have contributétettarger lungs
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of the swimmersn the studies by Zinman and Gaulteerdaffected the results afthers(26, 30,
33, 43)

In the longitudinal analysis by Courtesx al, theyfound similar lung volumes initially but
significantly greater volumes after 1 y of intense swiaming in 5 910 prepubescent swimmers
and maturity and agematched contrs (18). However, the control group gream average d cm
in height but only 90 ml in TLC, which appears abnormally small compared to reference values
for their age and somatic growth?7). Therefore, the difference may have been due to the control
g r o u minal ingrease in lung volumes. Moreover, gughorscited 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 depetind @esign (cross
sectional versus longitudinal) of theferencestudy, size of the reference population, and quality
of the statisticaimodelling Moreover, selecting the appropriate predictive equations requires
demographicsimilarities between thestudy sample and reference populatias well as
methodologicalsimilarities between the study and referemoeasuremest Thus, conclusions
from studies lacking a control gro(p3, 24, 32)nust be interpreted with caution.

Longitudinal assessments of swimmers by Andetwl. (11) and Zinman and Gaultier
(15)were compared to control groups who were csesgionally analyzed using regression lines
(with a 95% contlence interval). Although plots of longitudinal changes against these regression
lines provided graphical illustration of changes in lung function, neither study statistically analyzed
i f t he ¢ han glegfunction reachedrstatisticas significce.

Lastly, many studies have used only FVC as an indicator of lung size andf&¥wvay

function(Table3). 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 maxiexmratoryflow-volume
curves (MEFV)), diffusion capacity, and static pressurae necessary to draw thagh
conclusions about the effect of competitive swimming on lung developrsgecifically,
assessing changes in TLC anddo may elucidate irreversible anatomical adaptations, whereas

FVC may only be indicative dtinctional change®).

1.1.6Summary

Thus the following key points can be concluded from the culitamature:

1. While two small studies have observed no differences in TLG1f 9 old(18) or
FVC in 911 y old(43) swimmers, greater lung volumes have been observed in large
cohorts of swimmers as young a8 % (11, 17, 23, 26, 27)This suggests even the
youngest swimmers already have enhanced lung function.

2. Whether thidlifferenceis due to genetic endowment or an adaptation to swim training
at an early age is not clear, as ldagction has not been measured in swimmers prior
toage 7.

3. Reports of lung volumes in swimmers at the beginning of training are conflicting, as
greater lung capacities have been reportedli ¥ (23) but not in 911 y(43)or 913
y (9) old children in their first year of swim training.

4. Longitudinal analyss has provided four different conclusions regarding changes in
lung capacities with swim trainingrst, no differences before or aftét2, 43) second,

no differences before bgreater capacities aftét3, 16, 18)third, greater capacities
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before that did not increasarther(9, 11, 17) and fourth, greater capacities before

that further increased5).

. Studies longitudinally assessing lung volumes inmawers during puberty have found
conflicting results. Some have found FY€ 16)and TLC(15) increasd more than

can be expected due moaturationalgrowth alone while others have not (FV(Q7),

TLC (9)).

. 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 asgg in Dco.

. 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 isneed for a longitudinal study that comprehensively asses lung function (i.e.,

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

compared to healthy contradé similarage, size, and sexual maturityfurther our understanding

of pulmonary adaptations mmpetitive swimmingMoreover,whether competitive swimming

affects ventilatory mechanics during exercise has not been studretiwarrants investigation.

1.2 Ventilatory mechanics during growth

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

men can lead to more constrained ventilatory mechanics during exercise and subseaquently

augmenteabxygen cost of breathin@8), increased likelihood of experiencimgxerciseinduced
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arterial hyoxemia(EIAH) (59), and ultimately, impaired exercigeerformancg4). Moreover,

higher levés of aerobic fithess and therefore an increased ventilatory demand may also lead to the
development oéxpiratory flow limitation EFL) at maximal exercis0). Because childrehave

similar lung structureandhypewentilatory responsdo exercise as do adult women, it is possibl

that theyarepredisposed to the same ventilatory constraints during ex¢édisélowever, vhile

much work has been done in adultslyan handful of reports have studiedntilatory mechanics

in the healthy pediatric populati¢1-65).

Ventilatory mechanig can be assessed quantitatively ugihgthe degree of EFL(2)
breathing strategy (i.e., regulation operational lung volumés and (3) the utilization of
ventilatory capacityVe/Vecar) (66) and qualitatively by superimposing tidal flewelume loops
(FVL) on a graph of the maximum expiratory flomwlume curve (MEFV).Expiratory flow
limitation occurs when expiratory flow does not change despite increases in transpulmonary
pressur€67). In other words, for a given volume no greater expiratory flow can be generated, thus
a shift towards higher operating lung volumes is necessitatécrease flow furtherThis,
however, comes at a cost because operating volumes dictate heagthgi.e., lengthtension
relationship)and the work required to overcome the elastic properties of thgilengpressure
volume relationship)Estimating the ventilatory capacifye/Vecar) provides another useful tool,
as one can determine the ventilatory demand imposétehyiven brathing strategy66).

The prevalence of EFL in prepubescent children is high, ranging368tm(63) to 93%

(61) at maximal exercise, and both boys and girls are equally susceptible. Hawevegson for
this high prevalence is unclear. Noy et al. compared 10 flowimited and 8 norflow-limited
prepubescent children, finding that the two groups had different breathing strategies as exercise

progressedlespite similar resting pulmonary functigs3). In the norflow-limited group, the
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decreasen operatioal lung volume upon startingexercise wa followed by a leftward shift
towardsgreateroperatingung volumesas intensity increaseénabling them to breathetagher
expiratory flows that prevented the onset of EFL. Conversely, thelitoited group initially
decresed and then maintained their engbiratory lung volume (EELV), operating at lower lung
volumes with smaller expiratory flows that made them susceptible to EFL. The leftward shift
meant that the neftow limited group was able to reach higher peak vafaeminute ventilation

(Ve) and V©2 and utilize a greater percenta(ed0%) of their estimated maximum voluntary
ventilation (MVV). The study by Swaiet al. observed the oppositeperatinglung volume
respons€61). They studied 20 prepubescent boys and 20 prepubescerfirgilitsgy a significant
correlation between the increaseeipiratoryreserve volumeERV) relative to FVC (ERYFVC)

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 tiodsigtent witlhealthy

adult populéions (61). Given that no relationships were found between the severity of EFL and
TLC, peakVe, or peakV©,, the authors suggested that prepubescent girls and boys experience
similar rates of EFlbut for different reasonsré&pubescent girlwere limited by their capacity, as

their smaller lung volumes and esqiory flows led to a smaller MEFV that &n 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 ugmatause they had a higher metabolic demand (as
evidenced by a higher peat®zthan girlg (61). The boys (65.5 + 6.1%) and girls (64.4 + 5.7%)
utilized a similarpercentage of estimated MVV at peak exercisdues that may be lower than

the previous studigecause they had a lower fitness level
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A follow-up study dondive years later in 21 (11 lys, 10 girls) of the 40 prepubescent
children provides the only observation of ventilatory mechanics in postpubescent c(6ren
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 maximalexercise. Theauthors suggestetthis was possible becaugeeater growth ofung
volumesand expiratory flowscompared 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(EELMoreover, maturation malyave
lowered thesensitivity to CQduring exercise (the authors noted a decreasetlatory equivalent
for carbon dioxide\(z/V-€0O) at maximal exercise in postpubescence compared to prepubgscence
which relatively decreasetthe ventilatory demand, further decreasing the likelihood of EFL.

Unfortunately, no estimate of ventilatory capacity was provided postpubescence.

1.2.1The effect of training on ventilatory constraints during growth

How training affects ventilatory meahics in children has only been assessed in one cross
sectional studyComparing trained and untrained prepubescent children, larger lungs and therefore
a greater MEFMn the trained group was associated with lgfeward shiftin operational lung
volumesobserved atmaximal exercis€65), similar tothe aforementioned difference from pte
postpuberty However, the prevalence of EFL was similar between the two groups (69 and 73%
in trained and untrained, respectively) and the trained subjects utilized anigpertion of their
MVV . The authorsiugygested 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 MEFVhere was a cost associated with this gneaentilatory
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drive, as the trained subjects operated at a higher EELV which may have negativelydmpact
dyspnea and arterial saturation at maximal exerdime research is needed on this topic,
specifically comparing trained and untrained children witkilar resting pulmonargtructure and

function.

1.2.2The effect of ventilatory constraints on EIAH during growth

Whether these ventilatory constraints ultimately lead ®IAH is unknown. Arterial
desatuation during exercise in adulisthe result of relative alveolar hypoventilation, increased
ventilationperfusion mismatching, and an alvediaicapillary 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, EIAtHeasued noninvasively with pulse oximetry at the ees
repated in approximately 3@ of active childrerat maximal exercise and associated with smaller
lungs (as measured by FVC) and greater ventilatory constraints (as assessed using breathing
reserve)64). Converselytwo other studies of prepubescent gi@i8) and both boys and gir(61)
found thatEIAH did not occurin any subjects during maximal exergiseiggesting thathe
ventilatory constraints experienced were not of sufficient magnitude to cause arterial desaturation.
Moreover, in a followup of the latter study, no postpubescent boys and girls desaturated during
maximal exercis€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 geometr{§9), the larger lungolumes ad expiratory flowsof swimmers may

be advantageous during exercise if it leads to a larger ventilatory capacity that makes them less
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susceptible to ventilaty constraints during exercis€éhey may be able to generate higher flows

at similar lung volumesjecreasing their susceptibility to EFL and allowing them to operate at
lower relative lung volumes that may lower their work of breatlfiW@B). Alternatively, the
increased capacity could facilitate an increased metabolic and ventilatory demand witlain sim
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 lunglumes and diffusion capacityay facilitate improved
arterial oxyg@n saturation, increase ventilatory capaciygd 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 lifesg@d). Years of competitive swim training
during this period may lead to improvements in lung function that can persist into adykBpod
Howeve, increased exposure to chlorine derivatméde swimming may increase the likelihood
of developingreactive airway diseadaterintoa s wi mme r(@A) Theredoreesalying
changs in lung development willive us a greater understanding of the potential benefits and

harms of competitive swimming during youth.

1.4Conclusion
Typically, the lungs do not beneficially adapt to physical activity. However, competitive

swimmers consisntly display exceptional pulmonary function. Whether this is an irguboit
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acquired trait has been widely debated. Prevavasssectional findingsuggest that swimmers

as young as 7 y old already have enhanced function, but swimmers before ttaseagetihoen
examined. Longitudinal analyses of comipet swimmers during growth present contradicting
results anda limited number ofstudies have focusesh 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, whetherishenhanced functiormprovesventilatory capacity and/or
alters ventilatory mechanics during exercise has not been assessdthat thdPGV for FVC

(57, 72)and lung and chest wall dimensiqf@8) occur between 114 y old or Tanner stages42

(16) in girls, a comprehensivandlongitudinal assessment of lung functidaring this period of
rapidgrowthis neededt@pr ovi de further answers to the que:

adaptation, or bbt? 0 .
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1.5Purposes
Thisthesiswas designed to addretde following questions:
1. Does competitive swim training during pubemyfect lung development in healthy,
pubescent girls?
2. Does competitive swim training during puberty affect ventilatorgchanicsduring

exercise in healthy, pubescent girls?

Thus, the primary purpose of this longitudinal study teadetermine if one season of

competitive swimming during puberty affects lung development in female competitive swimmers

as compared to healthy consof similarage, sex, size, and maturifihesecondary purpose was

to characterize their ventilatory mechanics during cycling exercise.

1.6 Hypotheses
This thesishypothesized that:
1. Swimmers will havegreater increases in pulmonary functrorasurements.

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

Specifically,it washypothesized that swimmers would have a greater increds€ias compared

to a healthy control grougMoreover, because ventilatory capacitypramarily determined by
anatomical features (i.e., lung siz@pP), it was furtherhypothesized that the larger lungs of
swimmers wouldbe associated with aimcreasd Vecar and make them less susceptible to
ventilatory constraints (i.e., higher operational lung volumes and decreased prevalence and/or

severity of EFL) during exercise.
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METHODS

2.1Subjects

Twenty-four healthy females (12 SWIM and 12 CON) ageel4ly old wererecruited to
participate in the study. All of the subjects had no history of smokiogarevious exposure to
hypoxia (i.e., altitude) for a period greater than 6 wees&greexisting reactive airway disease
(e.g., asthmajndno previous use of an inlea. The swimming groupSWIM) 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 mest 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 thesummer season. A twelfth subject in the SWIM group was excluded from analysis due
to a noncardiorespiratory illness that interrupted her swim training. Twelve con€Qsl( were
recruited from family and friends of the hospital and university staftlaad)niversity of British
Columbiads recreational activities programs.
team sports, but none of them competed in any sports or activities that requirespepiid
endurance training. Two controlsdlieed to return for the follovup 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 Phygichbgratory
in the Childrends Heart Centre (EPL) at BC

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 ynoMaune (POST). Subjects were
accompanied by a parent or guardian at all visits. All measurements and procedures were approved
by the University of British Columbiads Child
(approval certificate number: HA®977), which conforms to tHigeclaration of Helsinki

After being greeted outside the RC, subjects completed an informed ass&ftyhild)
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 sesspecific illustrations and written descriptions of pubic hair and breast
development (Appendix C) correspondingg Tanner 6 s f (75 Eaclpsuljeethada | st
the option of selfreporting 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 heighe¢a 217seca GmbH & Co. KG., &mburg, Germany), weight
(ScaleTronix, White Plains, NY, USA), and hemoglobin (HPronte7, Masimo Corp., Irvine,
CA, USA). A pulmonary function test (PFT), consisting of spirometry, lung volumes, and
di ffusion capacity ( MasGaeFuSanCap, 8dhDiEge, TALFA t e m,
was completed with the subject sitting and wearing nose. SGipigjects were then taken into the
EPL where maximal static pressure maneuvers (Mouth Pressure Meter, Micro Direct, Inc.,
Lewiston, ME, USA) and a gradedaximal exercise test on a cycle ergomeicalibur 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 (PAQJ6-78) and coaches reportéde training load during the

study period for the SWIM groug\ppendix Q.

2.3Measurements and procedures
2.3.1Spirometry
With the RT, subjects performed FVC maneuvers according to ATS/ERS guid@®@)es
to determine FVC, FEV FEV/FVC, peak expiratory flow (PEF), maximum rreapiratory flow
(FERs75%), and forced expiratory flows (FEF) when 25%, 50%, and 75% of the FVC had been

expired (FEEsw, FEFso%, and FERsy, respectively).

2.3.2Single-breath carbon monoxide diffusion and helium dilution technique

Using the singléreath techniqué&RC, inspiratory capacity (IC), aRV weremeasured
by helium dilutionand D co and alveolar volume (Mj by carbon monoxide (CO) diffusion
according to ATS/ERS gdelines(80, 81) Total lung capacity, RV, and VC were calculated as
follows: TLC = FRC + IC, RV = FRQ ERV, and VC = TLG RV. The transfer coefficient for
carbon monoxide O co/Va), a measurement of diffusion capacity standad to alveolar
volume, wasleterminedy dividing D..co by Va. Because Dco depends othe concentration of

Hb in the blood,measurements were corrected for Hh £Bt) using the equatiod® @

i 38

(81).

2.3.3Maximal static pressures
Maximum inspiratoy pressure (Riax) from RV and maximum expiratory pressure

(PEmax) from TLC weremeasured at the moutising a handheld devieecording to ATS/ERS

28



guidelineq82). 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.

2.3.4Resting baseline

Subjects then sat on the cycle ergometer for five minutes and breathed quietly through a
low-resistance, twawvay nonrebreathing 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 throbigtiontubing and a d&umidification chamber
containingDrierite and into calibrated £and CQ analyzers (#17625 Fast Resise Q Analyzer
and #17630 Silver Edition GA\nalyzer, 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 fivaminute period, subjects were instructed to perform several IC
maneuvers using the instructions, fAat the end

way in until you fil!/ up your lungs, then ret

2.3.5Forced vital capacity and graded drced 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
guidelineqg79), while the gFVC maneuvers were performed with extensive coaching to ensure the
subjects inspired maximally but expired maximal volumes atnsakimal efforts(83). Both

maneuvers were repeated after the maximal exercise test, as gFVC maneuvers minimize thoracic
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gas compression and pastercise maneuvers may reflect exeramiiced bronkodilation,

together leading to better representation of the ME3Y.

2.3.6Graded maximal exercise test

After warmingup 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 wanstructed 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 res&arghgrs.
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 seappdoximately 10 seconds before the end of each stage
(2:50. Following the first IC maneuver, subjects were asked to provide their rating of perceived

exertion (RPE) wusing the validate@®4)Childrenos

2.3.7Data collection and processing

Summary data forspirometry, lung volumes, and diffusion capacitgrev listed on a
standard lab report printed and provided by the Raw ventilatory and metabolic data were
recorded continuouslguring the resting baseline period and exerciseusisig a 1échannel
analogto-digital data acquisition system (PowerLal®F6 model ML 795, ADInstrunms,
Colorado Springs, CO, USA) amstored ona laboratory computer for subsequent analysis

(LabChart v6.1.3, ADInstrument, Colorado Springs,, CSA).
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2.4 Data analysis
2.4.1Predictive 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 ageheight, and sexbased regression equations framarge, longitudinal study
comprising of subjects with similar age and ethni@). As recommended, predictive values for
FRC/TLC, RV/TLC, and VC were derived from those for TLC, FRC, and(86). Predictive
values for diffusion capacity,A/ and D co/V a were determined from agéieight, and sexbased
regression equations from arge, multicentre crossectional study that also comprised of
subjects with similar age and ethnic{8/7). Regression equations based on age, height, weight,
and sex and generated frararge crossectional study were used to calculate reference values
for Plvax and Pluax (45). A sex and weightbased regression equation foaximal oxygen
consumption(V®2max) measured using a similar cycling protocol arti’eyear old children was
used as the reference value W®2vax (88). When the limits of abnormality based upon the
predictive equationds 95% conf i depredietedivatue er v al

was dentified as normal or abnorm@5) (Appendix A)

2.4.2Dysanapsis ratio

The dysanapsis ratio (DR) was calculatedording to the equatiol®’Y ——————,
where Pst(Lgo wasthe static recoil pressure at 50% of Y&9). Because tatic recoil pressures
were not measured directly, Psid.was esimated using a heigtitased regression equation
derived fromelastic recoil measurements in 18@ildren and adolescents aged ® years old

Oi o 31 X X 10Q@WQ o& Y x(90). Because there is no evidence of a difference in lung
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elasticity in swimmerg29), the same regress equation was used for both swimmers and

controls.

2.4.3Maximum expiratory flow -volume curve

Maximum expiratory flowvolume curves were created by superimposing all FVC and
gFVC maneuvers and determining the highest flow for each 10 ml vohomement of the FVC.
Constructed curvewere used to calculate numerical descriptions of the MER& slope ratio
(SR),b-angle p YAand flow ratio (FR). Slope ratio, a quantity describing the emptying of the lungs,
was calculated instantaneously athed® m volume increment by comparing the ratio of the
tangent to the chord slopg}l). To determine the tangent slope, flows and volumes 200 mL above
and below the point of interest were ugé@). While tangent slopes were also calculated with
increments of 50100, and 150 imno differences in SR were found; therefore, 20W/as 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 alltsutpedd be
compared, regardless of FVC si@2). These filtered values were also averaged to provide an
overall SR. Theb Awhich describes the curvature of the MEFV around 50% of the FVC, was
calculated as the angle abam to the right of the MEFV, created from three points: (1) the PEF,
(2) the FEBoyw, and (3) the point of zero flow and volur(@3). Lastly, the FR characterized the
curvature at low lung volumes bpmparing the FEl»%swWi t h an fed (848 Bhe latterF E F
was calculated by multiplying the FEr by 0.5, thus quantifying the flow had it decreased

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

The customized metabolic cart used tidal volume) (&hd beathing frequencyfg)
measured from expiratory flow to calculateiredVe; Ve and the Haldane conversion to calculate
inspired minute ventilationMp); andVe, Vr; and the mixed expiratory fractions of (=0>) and
CO, (FECOy) to determine/©z, carbon dioxide production0,), and the respiratory exchange
ratio (RER) All ventilatory parameters (e.g.,TVVe) were reported in BTPS and metabolic
parameters (i.e\-©2, VE€O,) in STPD. Baseline and exercise data were presented as-8te 20
secand average before the IC maneuver used in the calculation of operational lung volumes (see
below). Maximal exercise data were presented as th@026econd average before the final
successful IC maneuver. Subjects were pooled together according todhpi{§wWIM vs. CON),
time point (PRE vs. POST), and work rate. Because the subject with the shortest test finished
during the fifth stag€and other subjects completed up to 10 stages)led exercise data was
compared at six work rates expressed relatveeak work rate (Wax) (resting baseline (BL.)

30%, 50%, 70%, 90%, and 10086Wmax).

2.4.50perational lung volumes

End-expiratory lung volume was determined by subtracting the IC volume (corrected for
pneumotachograph drift using thel3 breathspeee di ng t he maneuver) fron
while endinspiratory lung volume (EILV) was calculated by summing &d EELV. The
difference between the IC and EILV was the inspiratory reserve volume (BRM)efault, the
first IC maneuver of the stage and the precedin@@®econds 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 assessagl the inspiratory flow), the second IC
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maneuver during the stage and its precedin@@8econd 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 wiperformed two IC maneuvers during their last stage.

2.4.6Tidal flow-volume loops

Average tidal flowvolume loops (FVL) were generated for each stage by averaging the
flows over the 10 involume increments of thetfrom the tidal breaths in the same 20 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 exglddeprovide a qualitative assessment
of ventilatory constraints, the FVL were then superimposed onto the MEFV by aligning the V

with the EELV.

2.4.7Expiratory flow limitation

Expiratory flow limitation EFL was determined by calculating the amountveflap
between théidal FVL and MEFV.For each 10 m incrementoftheV t he FVLOSs expir
was compared with the.ltoremasmptordwhegr MEtFWe sF VY Ll G
exceeded that of the MERNere considered flow limited. The nuettof flow-limited increments
could be expressed as a percentage of the total number of increments (i.e., as a percentage of the

V1), and subjects whoserWas greater than 5% flow limited were deemeexbibit EFL (95).
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2.4.8Ventilatory capacity

Ventilatory capacity, which is the theoretical maximum minute ventilation based on the
subjectbreathing at the maximum expiratory flow across the entire range of the tidal breath, was
calculated for each stage from the MEF\t, ¥ELV, and ratio of inspiratorjo-expiratory time
(96, 97) This was accomplished by dividing ther Vito 2030 m 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 summingesiétingtimes
for each volume segmentsing the ratio of inspiratg-to-expiratory time, the minimum
inspiratory time was calculated and added to the minimum expiratory time, from which the
reciprocal was the theoretical maximdgnfor the given \f and EELV. The maximunfe was
multiplied by the \f to produce thé/ecap, which was then compared with the: to provide a
guantitative assessment of the extent to which each subject was encroaching on their breathing

reservgexpressed age/Vecap).

2.4.9Composite maximum expiratory flow-volume curves and tidal flowrvolume 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 t hdtobecedycedsotiee MEF
same number of volume data points by filterihg% 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 wsed to construct composite FVL, except the% V

expired and subject with the smallestfdr a givenrelative work ratevere used.
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2.4.10Statistical analysis

Two-way mixedfactorial 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 capaa@tmal static pressures,
DR, MEFV quantities (SR Aand FR)andV®,wax. For theseests, group served as the between
subjects independent variable (two levels: SWIM and CON) and time point was thesuitfgcts
independent variable (two levels: PRE and POST). Fwaemixedfactorial ANOVA compared
the exercise response between g¢ieups, time points, and work rates for all metabolic and
ventilatory parameters except RPE. In addition to the independent va(gblgs and time poijit
relative work rate was the second witisinbjects independent variable (six levels: BL, 30%, 50%,
70%, 90%, and 100% of Méx). A generalized estimating equation was used to aS$dBsand
RPE, as data for thesariables wereordinal. Ageneralized estimating equatias also used to
determine if the prevalence of EFL was different between SWIM ard &®RE and POST. A
threeway mixedmodel 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
gualitatively by visually inspecting descriptive tstéics (including kurtosis), histograms, and Q
Q plots and quantitatively using a suitable Shajtitk test for small sampless recommended
by Tabachnick and Fide(l98). 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 subjectivelyemoving data points), and because ANOVA are quite robust to violations of
normality. Homogeneityof variances between the groups (i.e., betwaérects factor) for each

combination of time point and work rate (i.e., witlsnbject factors) was testedius g Leveneo:
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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 (itkg group with the larger variance also had the greater
mean) were found. Mauchlyds Test of Sphericit)
between levels of the withisubject factors for both groups of the betwsabjects factor were
egual. When a significant difference rejected the assumption of sphericity, the Greewsser
adjusted test wasterpreted. Statistically significarf-ratios, as well as those approaching
statistical significance (i.epO0 . 10) , wer e dr maghithde and direcionyuzing d  f
independent and pairgetests for betweenand withinsubject data, respective(Bonferonnt
corrected levels of significance were not ug®d)). Main effects were not interpreted if
statistically significant interactions were found.

Independent-tests were used to compare the time between visits an@etted physical
activity levels. Associations between swimming histang pulmonary function as well as swim
training volume and changes in pul monary func
coefficient.A level of significance op<0.05 wasised for all statistical comparisons, aslitable
ShapireWilk test for small sampleassessdthe assumption ad normal distribution Statistical

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

3.1Descriptive data

Anthropometric data ipresented for both groups Trable4. The two groups had similar
age p=0.10) and heightp&0.38) during both PRE and POST; SWIM tended to be heavier
(p=0.10) with a largebody mass indexBMI) (p=0.10) andbody surfae areaBSA) (p=0.12),
but these differences were not statisticallynificant.Most subjects listed their SMR psbertal
(between Tanner stage 2 anyl 4rd there were no differences between groups027).
Hemoglobin was similar for all group$<0.89) and time pointsp€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 follgpvtime was similar between the two groups (7.3

+ 0.5 and 7.& 0.4 months for SWIM and CON, respectivghy0.16).
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Table4i Anthropometric data

Swierers Cogtrols Interaction Groupp-value Time pointp-value
(n=11) (n=10) p-value
Age (y) PRE 124+0.8 13.2+1.3 053 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+108  46.3+54 0.71 0.10 <0.001
POST 55.8+£9.8 494 +5.6 POST > PRE
BMI (kg-mr?) PRE 19.9+25 185+ 1.7 0.54 0.10 <0.001
POST 20.8+2.3 19.1+1.6 POST > PRE
BSA (nm?) PRE 1.53+£0.19 1.43+£0.11 091 0.12 <0.001
POST 1.59 £0.17 148 £0.11 POST > PRE
Hb (g-dI?) PRE 13.3+15 13.5+0.6 0.64 0.89 0.15
POST 13.8+1.0 13.7+1.3
SMR puble 0.81 0.27 <0.001
| PRE 1 (9%) 1 (10%) POST > PRE
POST 0 (0%) 0 (0%)
1] PRE 1 (9%) 1 (10%)
POST 1 (9%) 1 (10%)
1] PRE 2 (18%) 5 (50%)
POST 1 (9%) 4 (40%)
\Y; PRE 6 (55%) 2 (20%)
POST 6 (55%) 3 (30%)
\Y PRE 1 (9%) 1 (10%)
POST 3 (27%) 2 (20%)
SMR breasts 0.54 0.23 <0.01
| PRE 0 (0%) 1 (10%) POST > PRE
POST 0 (0%) 0 (0%)
] PRE 2 (18%) 1 (10%)
POST 0 (0%) 0 (0%)
1] PRE 1 (9%) 4 (40%)
POST 1 (9%) 4 (40%)
\Y; PRE 8 (73%) 3 (30%)
POST 8 (73%) 5 (50%)
\Y; PRE 0 (0%) 1 (10%)
POST 2 (18%) 1 (10%)

Values are expressed as mean +R8ept” presented as count (relative frequen&hil, body
mass index; BSA, body surface arklb, hemoglobin; POST, followp visit; PRE, initial visit;
SMR, sexual maturity rating.

Selfreported physical activity levels for both groups and swim training history for SWIM

are found inTable5. Both groups selfeported 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 Exerctose Phy
vigorous irtensity physical activity per dagl00) 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 yeaund swimmers trained b times per week, ranging from

2.54.8 km per session and 715.5 h and 180 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 perfor meidc frreaisnyhmgob.r
swi mmer 6s weekly training regimen consisted o
one 3 km speed swimming sessions, but these did not include any breath control drills.

Table57 Activity levels and swim training history

Swimmers (n=11) Controls (n=10) p-value
PAQ" 3.1+04 3.1+£05 0.58
Daily activity (min) 121 +£ 25 110+ 55 0.76
Starting swimming age (y) 9.2+14 -
Swimming experience (y) 3.2+x18 -
Swim distance per week (km) 19+8 -
Swim time per week (h) 9.1+36 -
Non-swim training time per week (h) 1.0+0.6 -
Breath control drills time per week (h) 13+1.1 -

Breath control drill%

Underwater kick 8 (73%) -
Freestyle breathing pattern

(fihypaoxioingo) 3 (27%) -
Snorkel sets 1 (9%) -
Other 1 (9%) -
None 1 (9%) - -

All values are expressed as means + S&Wwimmers n=10" data presented as count (relative
frequency). NS, not statistically significant. PAQ, selported physical activity questionnaire
score.
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3.2 Spirometry

Swimmers had statistically significantly larger values for all spirometric measurements
except FEV/FVC (p=0.49) and FEf« (p=0.08) Table6). This isillustratedin Figurel, where
theaverageMEFV for SWIM at both time poisthas 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 FEVFVC in either SWIM or CON. Comparing the groups to their reference values,
swimmers consistentlexceeded their predicted functionéansranging from 97 to 125%) and
had, on average, an abnormally high FVC. The controls were more similar to their predicted
function,on averageanging from 78 to 102% of their reference values. Assessing the pujmona
function data individually, seven swimmers had g8édicted FVC during at least one visit that
was above the limits of abnormalig&gpendix A). None had a spirometric value below the limits
of abnormality. Conversely, four controls had at least omerabally low spirometric value and
none had a measurement that was abnormally high. While a main effect of group was noted for
almost all spirometric measuremerfexcept FEW/FVC (p=0.49) and FEk% (p=0.08)) no

statistically significant interactions wefound.
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Table61 Spirometry

Swir_nmers Cogtrols Interaction Groupp-value Time pointp-value
(n=11) (n=10) 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 (I) 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

FEVi (% pred)  PRE 117 +11 95+ 13 0.2 <0.001 0.3
POST 119+ 10 94 +12 SWIM > CON

FEV/FVC (%) PRE 85+2 84 +7 0.98 0.49 0.63
POST 85+3 84 +7

PEF (I-sh) PRE 6.48 +0.92 5.70 £ 0.86 0.21 0.03 <0.001
POST 6.97 £ 0.84 6.00 £ 0.7 SWIM > CON POST > PRE

PEF (% pred) PRE 97 +9 86 + 10 0.24 <0.01 0.02
POST 1018 87 +10 SWIM > CON POST > PRE

FERs75% (I-s%) 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

gi’;z)”"% (% PRE 10015 79+ 22 0.64 0.01 0.80
POST 10115 78 £22 SWIM > CON

FEPsw% (I-s1) 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

FEFs% (% pred) PRE 115+ 10 98 + 23 0.66 0.04 0.09
POST 119+ 14 101 + 24 SWIM > CON

FERso% (I-s1) 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

FEFso%(% pred) PRE 118 + 20 91 +25 0.9% <0.01 0.7
POST 117+ 18 90 + 23 SWIM > CON

FEFs% (I-s1) 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

FEFrs0 (% pred) PRE 107 + 17 80 + 24 0.2 <0.01 0.16
POST 116 + 22 81 +23 SWIM > CON

All values are expressed as mean = BY2C, forced vital capacity; FEV forced expiratory
volume in one second; PEF, peak expiratory flow; FEF, forced expif&arySWIM,
swimmers; CON, controls; POST, follewp visit; PRE, initial visit.
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Figureli Composite maximum expiratory fleowolume curve from the pulmonary function test.
From left to right, data points represent total lung capapeak expiratory flow (PEF), forced
expiratory flow when 25% (FEBw), 50% (FEkow), and 75% (FEfs«) of the forced vital capacity
(FVC) has been expired, and residual volume (RV).
3.3Lung volumes

Individually, swimmers had a greater TLC thamtrols for nearly all height$-{gure 2),
meaning that the swimmers as a group had a larger TLC at both PRE and PAD&T7).
However, there was no statistically significant interacbetween group and time point for TLC
(p=0.29). Because RV was the sab@tween groupghe greater TLC in swimmers was due to a

larger VC whilst RV/TLC tended to be smaller in swimmesempared to control§p=0.07).

Similar to the spirometry results, swinens exceeded their predictions for TLC (ranging-100
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123%) whereas controls were around their expected value)@h;Figure3). Two swimmers,

but no controls, had a TLC considered to be abnormally large. There was no correlateenbet
starting age of swimming and TLC ¢6:39, p=0.23) or Hpredicted TLC (r=0.20, p=0.56), or
years of training history andfaredicted TLC (r=0.12, p=072) (Figure4). Moreover, there were

no significant correlations between swiraining per week (km) and absolute (r=0.09, p=0.78) or
relative (r=0.02, p=0.95) change in TL&igure5). In fact there were no trends or significant
correlations between any pulmonary function parameter and starting age ogtrastory (for
%-predicted values) whereby an earlier age of swimming onset or more years of swim training
experience correlated with a greater absolot %predicted value Table §. Similarly, no
significant correlations were found between the absabuteelative change in a pulmonary
function parameter and training per week (expressed eitheours or kilometres)Table 9).
Lastly, when the swimmers and congr@lere combined into one group, no association was found
between daily moderatdgorous physical activity levels and relative change in TLC (r=0.08,
p=0.75)(Figure6).

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). Rust comparisons showed that
swimmers increased FRC from PRE to POST (p<0.01), but there wereferertits between
PRE and POST for controls (p=0.80)bmtweenthe two groups (PRE: p=0.94, POST: p=0.28).
There was no difference in-fredicted FRC betweeswimmers and controlat 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 -psedicted FRC decreased (p=0.04). Conversely,
FRC/TLC tended to decrease from PRE to POST in the contrelsO§) and was larger than the

swimmers at PRE (p=0.001) and POST (p=0.07).
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Figure2i Total lung capacity for individual subjects in relation to their height. Individual data are
presented with an open symhlmmnnected by a saliline, while group averages have a closed
symbolconnected by a hashed line
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Table7i1 Lung volumes

Swir_nmers Cogtrols Interaction Groupp-value Time pointp-value
(n=11) (n=10) p-value
TLC () 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 0.8 <0.001 0.15
POST 112+8 94 +7 SWIM > CON
FRC () 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 9% + 7
RV (I) 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 0.5 0.39 0.46
POST 95+ 16 90 £ 16
VC () 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 + 16 110+ 8 0.02 - -
POST 95+13 103 £ 10*
RV/TLC PRE 0.21 +0.03 0.24 £ 0.05 092 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 areexpressed as mean + SI[p<9.05, **p<0.01 statisticay significant difference
within groupbetween PRE anBOST #p<0.05,"%<0.001 statistically significant difference
within time point between SWIM and CONLC, total lung capacity; FRC, functional résal
capacity; RV, residual volume; VC, vital capacity; SWIM, swimmers; CON, controls; POST,
follow-up visit; PRE, initial visit.
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Figure3 1 Percempredicted 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 = Sf<0.05, significant difference between PRE toSHO*p<0.05,
significant difference within group between PRE and POST.
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Figure5 1 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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Figure6i Relative change in total lung capacity from PRE t&FP@ompared to the average daily
moderatevigorous physical activity in all subjects.
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Table8i Correlations between swimming history and pulmonary function
Starting age (y) Years experience (y

r P-value r P-value
TLC () -0.39 0.23 0.65 0.03
TLC (% pred) 020 056  -0.12 0.72
FRC (1) -0.49 0.13 0.72 0.01
FRC (% pred) -0.18 059  0.22 0.51
RV (1) -0.06 0.87 0.35 0.29
RV (% pred) 045 0.17  -0.40 0.22
VC () -0.42 0.19 0.64 0.03
FRC/TLC -0.28 041 0.32 0.34
RVITLC 0.34 0.31 -0.29 0.39
FVC (I) -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
FEVY/FVC 0.25 0.46 -0.10 0.77
PEF (I-s}) -0.36 0.28 0.68 0.02
PEF (% pred) -0.14 0.67 0.43 0.18
FERs75% (I-sY) -0.26 0.44 0.50 0.11
FEFs75% (% pred) -0.01 0.98 0.17 0.62
FEPs% (I-s) -0.38 0.25 0.66 0.03
FEFzsu% (% pred) -0.09 0.79 0.26 0.43
FEFso% (I-s) -0.31  0.35 0.50 0.12
FEFsou% (% pred) -0.08 0.81 0.16 0.64
FEFs% (I-s) -0.20 0.56 0.44 0.17
FEFs% (% pred) 0.15 0.66 -0.01 0.97
Di.co (ml-mint-mmHg?) 0.04 0.91 0.26 0.43
Di.co (% pred) 0.61 0.04 -0.49 0.13
Di.coc (ml-mirt-mmHg?) 0.15 0.66 0.08 0.81
Dv.coc (% pred) 0.67 0.02 -0.67 0.02
Va (l) -0.39 0.24 0.65 0.03
Va (% pred) 021 054 -0.13 0.71
Di,coc/Va (Mml-mint-mmHg®IY) 0.62 0.04 -0.71 0.01
Dv.coc/Va (% pred) 0.55 0.08 -0.59 0.05
Plvax (cm HO) 0.12 0.71 0.00 1.00
Plmax (% pred) 0.34 0.30 -0.31 0.36
PBuax (cm HO) -0.46  0.15 0.67 0.02
PEBEuwax (% 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; FEMorced expiratory volume in one second; PEF, peak
expiratory flow; FEF, forced expiratory flow;.Ro, diffusion capacity of the lung for carbon
monoxide; D coc, D co corrected for hemoglobin; A7 alveolar volume; Riax, maximal
inspiratory pressure; Risx, maximal expiratory pressure; SWIM, swimmers; CON, controls.
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Table9i Corrdations between weekly training volume and changes in pulmonary function
Training pemweek(h) vs.  Training perweek(h)  Training per week (kin  Training per week (km)

oin variable vV s . iwarigble Vs. pin variable vs.% opvariable
r P-value r P-value R P-value r P-value
TLC (1) 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 (1) -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 () -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 (I) 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 () -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
FEV, (1) -0.12 0.72 -0.25 0.45 -0.22 0.51 -0.26 0.43
FEV, (% pred) 0.04 0.90 0.01 0.97 -0.11 0.74 -0.09 0.78
FEV/FVC -0.15 0.66 -0.14 0.67 -0.33 0.32 -0.33 0.33
PEF (I-s%) -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
FERs75% (I-s™) 0.29 0.38 0.22 0.51 0.00 1.00 -0.02 0.95
FERs75% (% pred) 0.30 0.37 0.30 0.37 0.04 0.91 0.04 0.91
FERsy (I's%) 0.16 0.63 0.10 0.77 0.13 0.71 0.13 0.70
FERsu (% pred) 0.22 0.53 0.19 0.58 0.20 0.56 0.20 0.56
FEFsos (I-s%) 0.42 0.20 0.37 0.26 0.23 0.49 0.23 0.51
FERs00 (% pred) 0.39 0.24 0.42 0.20 0.26 0.44 0.26 0.43
FEFss (I-s™) -0.20 0.56 -0.33 0.33 -0.30 0.37 -0.34 0.31
FEFs0 (% pred) -0.23 0.50 -0.26 0.43 -0.30 0.37 -0.30 0.38
Dy co (Ml-min*-mmHg*) 0.10 0.78 0.10 0.78 0.07 0.83 0.04 0.91
Dico (% pred) 0.25 0.45 0.20 0.56 0.16 0.64 0.12 0.73
Dicoc (Ml-mint-mmHg?) 0.13 0.70 0.22 0.52 0.10 0.78 0.09 0.79
Dy,coC (% pred) 0.30 0.37 0.24 0.48 0.19 0.57 0.16 0.64
Va () 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
Dycoc/Va (ml-mint-mmHg*-1%) 0.19 0.58 0.08 0.81 0.17 0.61 0.10 0.76
Dy coc/Va (% pred) 0.11 0.75 0.04 0.90 0.12 0.72 0.07 0.83
Pluax (cm HO) -0.14 0.69 -0.42 0.20 -0.33 0.32 -0.51 0.11
Pluax (% pred) -0.17 0.62 -0.33 0.32 -0.40 0.23 -0.47 0.15
PBuax (cm H0) 0.13 0.70 0.05 0.89 0.16 0.63 0.09 0.79
PBEuax (% 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; FEEMforced expiratory volume in one second; PEF, peak
expiratory flow; FEF, forced expiratofiow; Dy co, diffusion capacity of the lung for carbon
monoxide; D coc, DL co corrected for hemoglobin; A7 alveolar volume; Riax, maximal
inspiratory pressure; Risx, maximal expiratory pressure; SWIM, swimmers; CON, controls.
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3.4 Diffusion capacity

Swimmers had a statistically significantly greatardac (p=0.01) and ¥ (p<0.01)than
controls Table10). However, when Dcoc was expressed relatit@Va, there were no differences
between the groug=0.20) Group averages for diffusion capacity did not change from PRE to
POST in SWIM or CONasillustrated in panel A oFigure?. Conversely, ¥ increasedFigure
7B) and D coc/Va decreasedFigure7C) from PRE to POST. While the swimmers had high %

predicted values for [xoc and \A, controls were within normal limit$\No statistically significant

interactions were found.

Table107 Diffusion capacity

Swiznmers Cogtrols Interaction Groupp-value Time pointp-
(n=11) (n=10) p-value value
(Dn:l‘f%m_l_mmHgl) PRE  2329+287 20.76+1.93  0.39 0.01 0.09
POST  24.33+216  21.13+3.10 SWIM > CON
Dv.co (% pred) PRE 121+ 11 110+8 0.28 <0.01 0.61
POST 122412 107 +8 SWIM > CON
(Dr;f%cin_llmmHgl) PRE  2343:258 20.73+1.88  0.63 <0.01 0.26
POST  24.09+1.83  21.00+3.18 SWIM > CON
Di.coc (% pred) PRE 122412 110+8 055 <0.01 0.31
POST 121+ 13 107 +9 SWIM > CON
Va (1) PRE  461+071  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 0.06
POST 117 +8 99+8 SWIM > CON
1E.)|L-’10)OC/VA (m-min®-mmHg  pRe 514+060  544%044 065 0.20 <0.001
POST  4.91+0.56  5.16+0.38 PRE > POST
Di.coC/Va (% pred) PRE 101 £ 10 106 + 8 0.68 0.5 <0.01
POST 97£9 101+8 PRE > POST

All values are expressed as mean * BDco, diffusion capacityf the lung for carbon
monoxide; D coc, DL co corrected for hemoglobin; A alveolar volume; SWIM, swimmers;
CON, controls; POST, followap visit; PRE, initial visit.
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3.5Maximal static pressures

Maximal inspiratorymouthpressure tended to be greater in swimmers (p=0.06), and while
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PBEuax was significantly greater in swimmers (p=0.0@bmpared to controlgTable 11). Both

groups increased fdx and Plax from PRE to POSTHigure8), but no statistically significant

interactions were noted.

Table1l1li Maximal static pressures

Swirlwmers CoEtroIs Interaction Groupp-value Time pointp-
(n=11) (n=10) p-value value
Plvax (cm HO) PRE 87 + 26 71+24 0.19 0.06 <0.001
POST 103 £ 22 79 £ 26 POST > PRE
Plvax (% pred) PRE 96 + 26 82+30 0.23 0.13 <0.01
POST 109 £+ 19 87 +30 POST > PRE
PBEvax (cm H0) PRE 112 + 17 85+ 16 0.77 <0.001 <0.01
POST 127 + 17 98 £18 SWIM > CON POST > PRE
PBEvwax (% 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 + Blnax, maximal inspiratory pressure; &, maximal
expiratory pressure; SWIM, swimmefBON, controls; POST, followp visit; PRE, initial visit.
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points.

3.6 Dysanapsis ratio

As shown in Figure9, 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 foung=0.61) and DR tended to decrease from PRE to

POST (p=0.09).
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3.7Maximum expiratory flow -volume curve
No differences betweegroups or time points were found fany characteristic of the

MEFV curve, incluihg FR,b Aand SR (
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Table 12). Wheninstantaneous SR was plotted versus F¥@ure 10), there was a
statistically significant main effect fonstantaneous Sf<0.001) but nofor group (p=0.28) or

time point (p=0.44). There were no significarteractions [Figure10).
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Table121 Maximal expiratory flowvolume curve characteristics

Swimmers (n=11) Controls (n=10) In;i;:ﬁjgm Group pvalue Time pointp-value
FR (%) PRE -3+19 -5+8 0.41 0.71 0.73
POST -5+17 0x10
b £°) 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 + BR, flow ratio;b f-angle; SR, slope ratio.
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Figure 10 i Instantaneous slope ratio. The box represents the range of valu&s5§0fbr
homogenous emptying of the lung.
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3.8 Maximal exercise test
3.8.1Metabolic and ventilatory responses

The metabolic response to exercise is displayed for selected variabligsiiall, and
maximal exercise data is listed Trable 13. Generdly, subjects exercised longer and reached a
higher work rate during the followp 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 sigiwéint threeway interactions between group, time point,
and relative work rateT@ble 14), although M approached statistical significance (p=0.08).
Moreover, no statistically significant twway interactions were foanbetween group and time
point. The only statistically significant twway interactions involving group wekeith relative
work rate forv©, (p=0.02)and RER (p=0.01), withv-€0O, approaching significance (p=0.08).
Focusing on the main effects of competitive swimming, SWIM tended to have a higher work rate
thanCON throughout the exercise t€pt=0.10); however, when work rate was expressed relative
to body mass, there was no diface between groups (p=0.83). Thus, the larger size and therefore
absolute work rate of the swimmers may have lead to the gke@ter (p=0.02), stimulating an
increasedve (p=0.02) which was achieved by a simifar(p=0.99) but greater V(p=0.02).
AlthoughVv-©, was greater in SWIM at each stage (p<0.05), these differences were abolished when
expressed relative to body mass (p=0.26). Therefore, ab8&hsigx was greater in swimmers
initially (p<0.01) and at the followp measurement (p<0.0Q0Dbut there were no differences in
relative V®avax between groups (p=0.32) or time points (p=0.11). Swimmers had a smaller RER

only at 50% Wiax (p=0.04) and 70% Whax (p=0.04). Lastly, the HR response (p=0.39) and RPE
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(p=0.85) were similar between the groups.uRsswvere similar when compared at absolute work

rates.
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Tablel137 Interactions and main effectsyalues for metabolic variables during the exercise test
Groupx  Time x

3-way work rate  work rate Group x time Work rate Group Time
Work rate (W) 0.63 0.13 <0.001 0.31 - 0.10 -
Work rate (Wkg?) 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
V(1) 0.08 0.62 <0.01 0.16 - 0.02 -
SWIM > CON
V1/FVC (%) 0.17 0.39 0.10 0.69 <0.001 0.32 0.69
fs (breaths per minute 0.78 0.46 0.03 0.19 - 0.99 -
Ve (I-min) 0.53 0.11 <0.001 0.37 - 0.02 -
SWIM > CON
V2 (I-mind) 0.84 0.02 <0.01 0.85 - - -
V2 (ml-kgt-min?) 0.89 0.43 0.30 0.98 <0.001 0.26 0.17
VEQO; (I-min?) 0.66 0.08 <0.001 0.50 - 0.02 -
SWIM > CON
RER 0.08 0.01 <0.01 0.61 - - -
Ve/VO, 0.46 0.48 <0.01 0.69 - 0.76 -
Ve/lVED, 0.69 0.65 <0.01 0.87 - 0.95 -
EFL (% Vr) 0.58 0.80 0.09 0.99 <0.001 0.95 0.07
Vecap (I-mint) 0.17 0.15 0.29 0.70 <0.001 0.23 0.25
VelVecap (%) 0.44 0.75 <0.001 0.90 - 0.96 -

HR, heart rate; RPE, rating of perceived exertion;tMal volume; FVC, forced vital capacity;
fg, breathing frequencye, expired minute ventilationy-©,, oxygen consumptionj-€0,

carbon dioxide production; RER, respiratory exchange ratio; EFL, expiratory flow limitation;
Vecap, ventilatory capacity; SWIM, swimmers; CON, controls; POST, foligwwisit; PRE,

initial visit.
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Table1l4i Maximal exercise data

Swimmersg(n=11)

Controls(n=10)

Duration (min) PRE 14.3+3.0 128+2.7
POST 165+1.5 146+27
Work rate (W) PRE 167 £ 29 154 £ 25
POST 191 +16 170 £ 27
Work rate (Wkg?) PRE 3.3105 3.3+04
POST 35+0.6 35+05
HR (bpm PRE 192 £ 10 196+ 7
POST 195+8 198+8
RPE PRE 93+1.8 9.3+1.0
POST 95+1.0 9.4+0.9
Vr(l) PRE 1.59 +0.33 1.44 +0.25
POST 1.77 +0.26 1.55+0.26
V1/FVC (%) PRE 48 +8 525
POST 47 +6 52+5
fs (breaths per minute) PRE 56 + 16 50+8
POST 58 +13 56 +7
Ve (I-mint) PRE 85.5+20.8 72.0+15.6
POST 100.4 £ 17.6 85.3+125
V2 (I-min) PRE 2.20+£0.35 1.85+0.25
POST 242 +0.23 2.07 £0.27
V2 (ml-kgt-min?) PRE 42.9+6.8 40.1+4.2
POST 444 +8.1 42.1+5.2
V-©2amax (% pred) PRE 125+ 18 115+ 12
POST 131 +21 122 + 14
V€O, (I-mint) 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
Ve/VO; PRE 395 39+6
POST 42 +6 42 +5
Ve/VEO: PRE 35+4 34+4
POST 36+4 35+4
EFL (% V7) PRE 19+ 24 13+25
POST 28 +28 28 +21
Vecap (I-mintt) PRE 122.8 +39.2 110.3+32.8
POST 132.9+37.8 105.3+21.2
Ve/Vecap (%) PRE 73+19 69 + 23
POST 80+21 82+13

All values are expressed as mean + BR, heart rate; bpm, beats per minute; RPE, rating of
perceived exertion; ¥ tidal volume; FVC, forced vital capacitg, breathing frequency/e,
expired minutesentilation;V-©,, oxygen consumptionf€0,, carbon dioxide production; RER,
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respiratory exchange ratio; EFL, expiratory flow limitatidtecae, ventilatory capacity; SWIM,
swimmers; CON, controls; POST, follemp visit; PRE, initial visit.
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Figurelli Mean A) heart rate, B) oxygen consumption, C) carbon dioxide production D) breathing frequency, E) tidal volume, and F)
V1/FVC responses during the maximal exercise test. All exercise stages were significantly increased lirmr(BRk€ significant
difference between PRE and POST. Statistical significance was set at the [es@I0&
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