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ABS'l'RAC'l' -----

have been studied on the sarnq nhll.~ren, over threo years, 

vrhi.le en.o;ar;ed in swirn training. Restlnrr, lune; volumes and 

expiratory flm'! r,'ltr~s a;: 1-Tn11 8,S carclio-respiratory 

funct i ons in exerci se were mnn .r:;u:rerl nnd comparis on made 

w:i.th 83 normal chilclren. In n.d(J·lf~i.onf Ill- youn,o; adules 

were studied before and after seasonal nthletic trainin~. 

E3wim. traininr; rlurin,r-ç ,r-çrowth WetS founri to sir,;n:i.ficanl~ly 

1ncrea,'.3e vltal ca.pacie,Y- and exp:i.ratoT'y flO1'T rates. 

I<~xerclse diffusin.n; capactty liras greater thnn contY'nl8 ln 

l,oy, but not !:>;irl p Si'limmers while exercise card:i.ac OUtp1lt 

1'Jas c nYlS:l st p.nt 1y 1 m'1er -Ln s\lJimmers. i'J 0 .o;roup di fference ln 

srr'oJce volume T,rJas founrl hut s'(tvimmors had a 101'iCr hoart rate 

for o;iven exercise loacl. Seasonal trainins in youno; adults 

l'laS found to lm'ler cx:ercise careUac output in relation to 

oxy.~en nOl1:mmpti on, a consequence of a l'orincecl heart rate 

S in r:r: 'èf--'-'oke volume t'ras uncha117:ecl by t ratninrr,. :~xerciso 

diffusino; cr:vp8.ci.ty was nnaffectcd by seasonal sw:i.m trainin,rr; 

al thou.rr;h the mean values for SllJ':i.Il1rnerSl:.r3.8 c:r,reater than prccli cted. 
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A. INTRODUCTION:AND PlffiPOSE 

During the past 50 years there have been many' studie8 

made on the cardio-respiratory adaptations to exercise and 

on the effects of tralning on these adaptations (326, 16). 

According1Y, it is not surprising that physio1ogists have 

defined c1ear1y sorne of the functiona1 differences which 

account for the superior physica.1 performance of the trained 

ath1ete. 'fhese studies have shown that there are distinct 

dimensiona1 dif'ferences, in adu1ts, between the trained 

ath1ete and untrained non-ath1ete with respect to sorne cardio

respiratory f'unctlons g 

However, from the review of the literature (below), the 

following facts become apparent: 

1) Little is knoWD on the effects of ath1etic training 

during rsrow-th on these functiol1.s. In particu1ar, exercise 

cllffusing capaci ty stuclies have not been made on youne; grow:lng 

athletes (efS.swimmers), nor on normal children. Lil{el'lise, 

exercise cardiac output measurements in normal children are 

few whi1e the effects of chronic~ strenuous ath1etic training 

durlng childhood on this function have not been documented. 

2) 'Che consequences of ath1etic training p8r se on these 

flillctions, in adults, are controversial. For the post part, 

the differences in snch functions have been ascertained by 

compa:eison between groups of trained and untrained subjects o 

Such comparison cloes not specifica11y clefine the effects of 
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training as dlstinguished from endowment -- a factor which 

may be a most essentlal component in the development of fine 

athletes. Group comparison permits valid conclusions to be 

• 
drawn when sorne maximal functions are examined (eg.Vo2 Max) and 

where group differences are distinct. However, at submaximal 

exercise levels, where regulation of function ls involved and 

where interindividual variation of a measurement 18 wide (eg. 

cardlac output), the only approach whi.ch can reliably indicate 

the effects of training on such measurement8 i8 to make repeat 

determinations on the same subject, before and after a training 

program. AccordJ.nr;ly, the present study was designed to 

investigate the followin~: 

1) a comparison of ~roup differences in cardio-respi.ratory 

functions hetl'Jeen athletically tralned and untra:i.ned children 

and by re-studying the child athletes at intervals of one year, 

to determine the effeots of training on normal growth of these 

cardio-respiratory variables. If differences could be demon-

strated between the trained and untrained chi Id, tt was hoped 

the effects of further training during the growth period on 

these physiological functions could he determined and 2) the 

effects of training, specifically, on young adult athletes and 

non-athletes, each studied at several exercise loads BEFORŒ and 

again AFTER a prescribed period of physical training, each suh-

ject thus serving as his own control. 
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B. F'UNCTIONS 'ra B~ STUDI~D 

The principal features being investigated. in this study, 

and a brief statement of the 10glc for their inclusion as 

they relate to work performance, are as follows: 

1) Respiratory System.~ Lung Volumes and Flow Rates 

The important and obvious role of the system for 

external respiration is ta establish appropriate pressure 

gradients within the lungs so that gas exchange between the 

ltmg al veoli and blood can occur. As the demands for a 

faster exchange are increased, such as in exerc.ise, the 

volume of air ventllated per unit t:i.me rlses as a consequence 

of hoth an lncreased frequency of breathing and increased 

tldal volume, and by increasing flo1'1 rate during hoth the 

inspiratory and expiratory phases of respiration. If 

respiration is a factor ~'lhich imposes a limitation on work 

performance p it mi8ht be deduced that the person with the 

larger lungs and faster maximal flow rates would have the 

advantage at higher exercise intensities and perhaps these 

changes might be effected hy regular, strenuous training during 

growth. 

2) Pulmonary Capillary Diffusion 

The effectiveness of the respiratory system in its role 

in gas exchange is dependant not only on the maintenance of the 

pressure gradients, as indicated above, but is also contin~ent 

on the physical process of diffusion which is the mechanism for 

p;as transfer at the lungs. 'rhis topic is dealt with in sorne 
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detail below and it is adequate here in the introduction to 

point out its dependance on the two systems it subtends •• 

the respiratory and circulatory systems, as weIl as the 

characteristics of the media prevailing between the alveoli 

and red blood cells. In health at rest, and during exercise 

at sea level, this proces8 is thought adequate, in terms of 

the adjacent systems, and does not impose a limitation on 

work performance. In certain lung diseases,and exercise where 

the ambient oxygen pressure is low or where restriction is 

placed on the breathing pattern because of the nature of the 

exercise (egoswimming), the level of maximal diffusion rate 

may be a prime factor in limiting exercise tolerance. In a 

si tuatlon such as sl'vimming, where the efficiency of worh: 

performance may be so dependant on control of the breathing 

pattern, a higher diffusion rate could be advantageous sinee 

this would enable a higher oxygen transfer, despite the lower 

mean alveolar oxygen pressure prevailing, and thus permit 

greater arterialization of venous blood coursine; the lune; 

capillaries. 

3) Circulatory System .. 

'rhe ultimate delivery of essentials to, and removal of 

wastes from, the exercising muscle cella is one of the prime 

rolea of this system. It ia superfluous to state that perform

ance of worl{ is then high1y dependant on adequate deli very 

rate (cardiac output) of arterlalized blood to the working 

cella. It is not surprising that, perhaps because of the 
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direct relation of this system to the muscle cells, many 

investigators (82,236,262,297) have considered cardiac 

output to be the major determining factor in limitation of 

work performance. 
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C. PROJ.I~CT OUrLINES: 

'rhe present stud,y-, designed to investip;ate the consequence 

of ath18tic traininr:; on sorne of the pertinent aspects of the 

circulatory and respiratory systems as they relate to sub

maxlmal exercise performance, consists of three main projects. 

Each is presented separately ln the succeeding sections under 

the following headings: 

Pro,; ect: Con troIs 

rrhe purpose of this sectlon of the study was to define 

pulmonary and cardiac functions :i.n children not engaged in 

athletic training; they thus serve as a basis of comparison 

with children engaged in a swim training program. 

Project: Swimmers 

This :i.s a longitud:i.nal study involvinp; repeat measurements 

on the same child who was acti vely engaged in competitive S1"lim 

training. This permits comparison both 1"lith Controls (above) 

as weIl as observations of intraindividual differences occurring 

with growth and as affected by their training program. Swimmers 

have been chosen for this study for two reasons: 

a} their training program ls intense, and perhaps the most 

extensive of any group of athletes in that they participate in 

year round training. 

b) the particular differences of this group, as indicated by 

the li terature review, may mal{e the:i.r dev t310pment unique, 

especial1y since so many champions in this sport are in the 

young age gro11 T). 
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Pro,j ect: 'rraininp; 

This study permit::: before and after training enrnparison ln 

an individua,l. Young adults of college age, tncluding athletes 

as weIl 8 . .'": non-athletes, have been ine1.llded. 'T1hf~ pro,lect i8 

divided into two sub-projects in the presentation hclow, 

according to the primary function being invost1.~ated. 

1. Ef"fects of training on Cardiac Function 

2. Effcets of training on Diffusing Capacity. 

Each pro,ip-ct is complete in itself in that it includes 

topies sueh as exr~Timental outline, subjects, results as weIl 

ar:~ cH:-;eusslon speciflcally pertinent to the projeeto An 

attompt has been made in the concluding discussion to ince

~ratn the findin~s of these projects. This 'divided' handling 

of" the material facilitated the writing and hopefully the 

reading, of this thesiso 
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IN'J1HODUC rrOHY REMARKS 

Changes in anthropometric measurements with age in the 

growing child have been clearly defined {66,JJ6}. As a con

sequence, normality of growth in terms of physical development 

may readily be determined. 

By contrast, there are severaI areas in which the normal 

growth pattern ls less weIl documented. 'rhis is particularily 

true of those functions Nhich are more difficult to assess. 

Thus, in terms of cardio-respiratory measurements, such functions 

as static lun,s volumes, ventilation, oXy~8n uptake and heart 

rate bein~ easier to measure have heen weIl studied in relation 

to growth or aGe both at rest and in exercise. On the other 

hand, surpris lngly few sturE es have been made c1.escri blng the 

dynamic 1ung functions in children at rest (fVl~11~\H?lï'I~V) while 

there is a virtual pauclty of studies ta determine cardiac out

put and diffusing capacity in normal children during exercise 

and with training. 

The following is a summary of the more pertinent literature 

on lung functions at rest and cardio-respiratory adaptions 

to exerclse in children of varying ag8S. For convenience,the 

functions haye been divided in an attempt to facilitate both 

the writing as weIl as the readers comprehension of this review. 

Hhere it was felt contributory to a better understanding of the 

background, either in terms of appreciation of the problems 

that prevailed amon~ aarlier investigators or of the disparity 

of existing data, sorne attention is given to methods development. 



In addition, where no data on children exists, studies on 

adults have been included to enable comparison of the present 

data on children with that of adults. A briei' summary follows 

each section. 
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rrHE LUNGS AND GROW'rH: 

Attempts to define the pattern and mechanisms of lung 

growth have followed two principal paths •• indirect and direct. 

'Phe total lune; volume and i ts sub-divisions gi ve an 

indication of the size of the overell respiratory system and 

potential area available for the processes of gas transfer in 

the lung. Such measurements have made clear the pattern of 

growth in terms of Ilmg size and these have been combined 

with measurements of total lung diffusing capacity in an attempt 

to deduce indirectly the rate of addition and size of avleoli. 

Morphologists have employed the direct technique of 

measurinr; the lung volumes in vitro and by use of x-sectional 

tissue slices have employed a statistical approach to determine 

the number of alveoli, their size and number of generations as 

a function of age in man and animal. 

The essential process of gas diffusion across the lung 

depends on the surface area available for such interchange. 

Thus, the significance of the pattern of lung growt'h (i. e. 

by addition of l'lew alveoli or by simple expansion of existing 

alveoli) to lung function i8 apparent and can be clearly demon

strated mathematically. Renee, if growth of the lung is by 

expansion only, the area/volume ratio will be reduced, whereas 

growth by the addition of new alveoli will increase the effective 

surface area. 

'rhe literature in these related aspects dates back to 1731, 
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in the case of lung morphology, and 1846 saw the introduction 

of measurement of the sub-divislons of lung volumes. It will 

be appreciated. that, as a consequence, the literature on these 

topics is extensive. 
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Ao" MORPHOLOGY 

Since the advent of the spirommeter in 18L~6 (195) many 

studies have been made hy physiologists to define the processes 

of pulmonary ventilation. As a consequence sorne of the changes 

with age, in disease, on exercise, as weIl as sex differences 

are weIl documented. By contrast, the changes at structural 

level in the growing period have not been as clearly quantitated. 

Wei bel in his recent monograph "Morphology of the Human 

Lung" (355) attributes the first attempt to quantitate a.t 

alveolar level the structure and magni tucle of the lung to Hev. 

Stephen Hales. Hales, in 1731, concluded that the vast inner 

layer of the lungs (about 27 M2 ), with alveolar diameters of 

1/100 inch, mi~ht make it possible for particles in the air to 

enter the blood throu,'!,h the lung rather than by inj estion of 

animal foods as l'lad been previously beleived. His thoughtwas 

based on the idea that the hlood in the lungs is 

••• "by an admirable contriVance there spread into 
a large expanse commensurate ta a very large 
surface of air, from·which it i8 parted by 
very thin partitions; so very thin, as thereby 
probably to admit the blood and air particles 
wi thin reach of each others attraction". 

Since Hales' original observations,l1umerous estimates of 

the alveolar number, surface area and diameter have been made. 

E.'ngel in "'the Childs Lung" (126) revieNS the tapie of 

lung development. He refers ta the 'Old' concept of Koelliker, 

who held the view that the whole lung was intact at birth and 

future growth was by expansion only, and the 'New' concept of 

Groman that new elements or acini were produced after birth. 
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Engel divides post-natal' lung growth into two periods: 

a} 0-4· years •• during which time new acini and saccular out

growth proceeds:· along wi th linear expansion of existing 

structures, and b) subsequent years .•• in which growth is by 

enlargement; hi8 view then in effect combines both the IOld' 

and 'New' conceptsv 

Palmer in 1936 (282) compared foetal and adult lungs of 

humans and noted an increase from 17 to 2L~ in the generations 

of branching.airways in this periode More recently (1960), 

l~ery and Mithal (125) reported a nine-fold increase in the 

number of terminal re8piratory units ln the first 10'years of 

life, with a two-fold increase in the ratio number of alveoli/ 

number of respiratory unlts bet1'lGSn 5 and 12 years. rrhis 

f:i.ndlng "t'TaS essentially substantiated by Dunhil1 (120) in 1962. 

He. observed a ten-fold increase in alveoli from birth to adult

hood, with most of the increase occurring in the first 8 years. 

In general agreement with Palmer, he found the mean number of 

generations of airt'J'BYs rose from 21 to 23 (the full adult 

complement) in the period three months to 8 years. Dunhill also 

points out the direct linear relationship of surface area of the 

lungs and body size during the growth periodo With reference to 

alveolar dimensions, recent measurements of the adult lung by 

Dunhill and \..reibel give meanvalues of 250-JOO microns. It i8 

of interest to note Hales observed a mean alveolar diameter in 

adults of 254 microns, 231 years before Dunhill. It seems that 

accuracy has been litt le improved by sophisticatton of instrumen~ 

tation! 
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Kra.hl (219) in "The Handbook of Physiology" reviews 

the anatomy of the mammallan lung" He appropriately con

clud.es his chapter by citlng a. group of questlons posed by 

the 'rhird Aspen Conference on Research ln Emphysema. One 

such question still not adequately resolved is "Hm'J' does the 

lung grow postnatally?". 
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B. LUNG ST NrICS 

1. Subdivision@_QLLung_ Volume: 

Probably the greatest single contribution in the area of 

lune; volumes study lofas made by the invent or of the spirometer. 

In 18J-I-6, Mr.J .. Hutchinson (195) a surgeon, described and demon

strated his invention to the members of the Royal Medical and 

Chirurgical Society in London, England. In his treatise, he 

presented his fin(Hngs on vital capacity (V"C.) measurements 

made on 2070 adul t s of varying age, size, sex and groups l.'lhich 

included firemen, pupillsts, paupers, wrestlers, a glant, a 

dwarf and even gentlemen o 

The first vital capacity measurements to be made on 

children are attributed to Wintrich in 18549 according to 

Puschel (289). Despite this early attempt to define the growth 

of the lungs in chi1dren, as indicated by vital capacity, it 

l'laS not until the 1920 f s that extensive use was made of this 

measurement (124,362,329). Since then however, vital capacity 

measurements in children, and more particularily in adults, 

have been almost innumerable. 

It had long been recognized by worl{ers in physiology that 

there was a certain volume of air whlch remained in the lungs 

lIindependant of will" (Hutchinson's words), that baing the 

residual volume (RV), and in order to determine the total lung 

capacity (i.e. VC + RV) of an tndividual this volume must be 

known. Davy in 1799 (104) made the first reported measurements 
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by the dilution technique usine; hydrogen. While the same 

basic technique is still in use, there has since that time 

been numerous variations in method. The most significant of 

these were ma.de by VanSlyke and Binger in 1923 (348) and 

Ronald V.Christie in 1932 (86). 'rhese modifications related 

t 0 tt'lO primary problems in the measurement of resldual volume: 

a) circumvention of forced breathing and b) accurate rapid test 

gas analysis. As a consequence, UV ls deduced presently from 

the functional residual capacity (FRC) thus making the measure

ment applicable to patients; the second problem has been 

alleviated by the advent of electronic gas analizers. 

rrhe earli.est report encountered in l'lhich the complete 

elaboration of lung volumes in children was described l'laS that 

by Robinson in 1938 (298). His study on 30 boys aged 6 ta 15 

years ~'las follm'led in 1952 by Morse et al (26LI-), a study l'lhich 

included 94 boys ranging in age 10 ta 17 years. Both these 

original studies have been cri ticized on b'i'o counts: 

1) measurements Nere made with the children supine, which 

yields lower volumes (360) and 

2) the gas analizeti:' employed was not reliable for the 

test gas used (294). 

Since 1954" there have been many reports of normal values 

for lung volumes in children (45.54,107,128,147,166,171,239,270). 

1t 8eems not feasible to elaborate in detail on each individually. 

Not aIl are directly comparable since the numbers and ages 

studied, as weIl as method use, almost invariably differ. 
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For the purpose of this resume, only the more salient common 

features, points of difference in findings and conclusions are 

presented. Results of sorne of these previous studies will be 

included along with those of the present study. 

2. Method and Repeatability 

'rhe subdlvls10ns on 11mg volumes as used hereln follows the 

standard1zed nomenclature (132) and are defined ln the glossary 

of terms. Details of the procedure employed in the present 

study are given elsewhere (Fart III). The general common 

features of method of most lnvestigators are here summarized 

in brief. 'Phe procedure consists of t't'lO phases; a) vital 

capacity and 1ts components are determined by hav1ng the seated 

subject breath qu1etly from- an oxygen fillerl spirometer. At 

end expiratory Iun!!, volume, the subject inspires maximally and 

follows this t'.rith a maximal expiration. b) Functional residual 

capacity is measured by havin~ the seated subject breath qu1etly 

from a closed circuit containing some tracer gas, (usually helium) 

Bir and oxygene fi'rom dilution of this gas, the resting end -cidal 

l une; vol ume ([l'RG) can be det ermined . 

By combining these direct measurements, the other sub-

di visions can be calculated. 'Phe most extensive recent studies 
.. 

of lung volumes in children include those of Demuth (107), Lyons 

and 'ranner (239), Bernstein (45), Helliesen (171) and lmgstrom 

(128). 8ach of the se investigators has employed the helium 

dilution, closed circuit technique for PRG measurement~3ubjects 

seated. AlI were made during quiet breathing except in one 

study (107) in which the subjects hyperventilated. 'Phere is 
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good general agreement among these ~\Torkers that such measure-

ments, requiring close subject cooperation, are more difficult 

to determine accurately in the child than in adults, reasons 

being that the young child is less capable of following 

instructions and is more easily distracted. Thu~double 

determinations are recommended by most workers. \vorkers are 

also in agreement that of the various subdivisions, the most 

repeatable is vital capacity. The source of error in this 

regard Iles in the accurate deterrnination of lts components, 

l'ather than the overall measurement; of these components, the 

most variable is the expiratory reserve volume (E:riV). Since 

the 8RV is also used to determ:i.ne HV, which in turn is employed 

to calculate TLC, the compounding of e1'1'ors resu1ts in decreased 

accuracy of the dari ved subdivisions. l"ew authors ind:i.cate 

repeatability of these measurements. In her careful study, 

E'ngstrom (128) found agreement of duplicate rneasurements in 

children to be 2.9% for VC,EUV of 8.0% and RV of 8.5%0 

An indicati on of the repeatability on ii'RC duplicates in the 

same child is ShOlill in the summary table (below)" 'Phis indicates 

an overall S.D. of about 



FRC REPEATABILITY 

RŒl" • SUBJECrrS SD+ fa 
....li9.!. Sex Age ---

1'1 f:i' 

239 196 2LI-2 6-lL" < 10.0 

107 lLI-7 LI--18 6.55 

128 50 1)'3 6-1lj, LI-. 1 

171 52 33 5-17 .; 5. 0-).-

h5 6-15 
.. ;E-":f-

35 35 « 5.0 

* - mean difference of 75cc 

-)H~ _ l10t > 10;s, usua11y<5~ 

~)G019 
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3. Relationship to Ap;e. Body Size and Sex: 

The dependance of lung volumes on body size was clearly 

shown by Hutchinson in his original 'class:ical' study in 18J-l-6. 

He ind:icated at that t:ime that the 

•. " quantity of air exhaled from the lungs 
ls affected by four circumstances - height, 
weie;ht, age and dlsease •• "(195) 

and he presented tables and plaster models to illustrate the 

close relationship of vital capacity to height. Investigators 

since that time have employed many independant variables of 

physical dimensions,both single and multiple, to pred:ict the 

subd:ivisions of lun2: volumes. 

Early reports found a hir';hest correlation of Ilmr; volumes 

in adults was N:i.th radioloc;ical measurements (19/)-,200). 'rhe 

close dependance of t~hese volumes to hetr.;ht Co the cube power 
3 

(lIt ) was first point ed out by Kelly (206). 'Phi s exponent lal 

relatlonship, or its logarithmetic equivalent, has since been 

extensi vely employed t 0 relate luncs vol11mes t 0 grmvth in the 

child (96,107,128,171). Needham (270) reports sitting height 

and body surface area (BSA) to be the best single predictors 

while Bernstein U1-5) , Cherniaclc (83) and [;'erris (13L~) found 

the use of multiple regressions usine; height, Neight and a.r~e 

t 0 be best. 'rhe simpler linear relat i on t 0 standing height has 

been used by others (239,240,347), in which the subjects did 

not exceed 14 years of age. Of the various lung volumes,TLC 

and VC gi ve the highest correlation with height, 't'lhile ERV 

and EV showed poorest correlation (239). 
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'rhe sex differences in lung volumes for a 151 ven height in 

adults has been reported by maryinvestigators (152,270) but 

the age at which these differences become apparent is uncertain. 

One study report s maximum volumes reached at 25 t 0 35 years UrL,,). 

Engstrom et al (128) observed the tendancy for values to be 

somewhat lower in female children than in boys~: however, the y 

found no statistical difference between the sexes in their series. 

Likewise, Bjure (5 L/-), who studied VC only on more subjects, 

found no significant difference when comparing groups of boys 

and girls; he did observe a sex difference (P <.001) in the older 

chilclren, a difference "t'Jhich became apparent at heights grentor 

thcm 160 cms. Helliesen et al (171) found no consistent sex 

rUfference, although Coo1c pt al (96),whose study in(~ln(led the 

data of Helliesen, ns 1'11311 as more and older sub:1ects, found 

VC and 'rLC slin'htly greater in the males hllt no diffprence was 

seen in RV and eIlC. Needham (270), in agreeemeni~ T'Tlth !3jure (5~") 

found little sex difference up to ~;,[':e 12 to 13; thereafter, the 

boys l/fere f ound t 0 have the larrc;or volumes. '.chey aIs 0 showed the 

female child to raach aàult values at an earlier age than the boys, 

in agreement "ri th the earlier findings of stewart (329) and Kelly 

(206). Demuth (107) found a consistent sex difference in respect 

to VC in their longitudinal study; they made no such analysis with 

respect to the other lune; volumes. 
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h. Training 

Information on this subject has been obtained in the t1'ITO 

'tIJays discussed above (i.e. by group comparison and longitudinal 

studies) • 

In 1924, Gordon et al (153) measured the VC of a group of 

Marathon runners. Comparison with average values for normals 

revealed no difference nor was there any correlation between 

the magnitude of VC and the order of finish of the runners. 

'rheir observations have been confirmed by numerous other reports 
1(.)0 

for runners and other athletes (16,274-), although the findings 

of others (21 ll-, 33}cl-) VIere contrary. 13y contrast p report s on 

swimmers are unanimous; not only are these athletes'cphysically 

larfl;er than non-athletes, as indicated by height (266,273) 

(a difference l'1hich is apparent even at the age of 7 years (20 )~, 

but VC (273) and aIl other subdivisions of TLC except RV are 

significantly greater (20). 

Bock et al (57) indicated in 1928 that training increased the 

vital capacity. Schwartz(313) found that training in adolescents 

and young college students increased the growth rate in this 

respect, and this finding was supported by others (203,299). 

However, such change i<laS not f ound t 0 occur wi th training in 

older subjects (299). 

5. Summary 

1. 'Che static lune; volumes increase wi th body growth. Of 

the various body measurements, correlation is closest with 

he:i.ght, to ~"Vhich these volumes are exponentially related. 
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2. Distinct sex differences, though readily apparent in 

adults, have not been consistently observed in younr.; children. 

Most studies report no sir.;niflcant difference in any sub

division, althoue;h VC and 'rLC are sllghtly c;reater ln boys. 

'Phe one lonp;itudinal study reported VC slgnificantly ,'!,reater 

in boys. 

3. Sex differences become more apparent after the onset 

of puberty. 'l'he age at which adult values are attained has 

not been extensively studied. 

LI,. ']'ralned and untrained. do not differ in respect to [l'HC 

and HV, nor i8 l'LC [!;reater in athletes of comparable size, 

except in swimmers where 'rLC has been fOllnd greater as a con

sequence of a larger VC. 

5. Earlier studies indicate training accelerates the growth 

rate of 'rLC but this occurs only in the sub,jects of college 

age or younger. 
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c. LUNG DYNAMI CS 

1. Flow Rates Methods 

Flow rates are measures of the dynamic functional abi1ity 

of respiratton and have the units v01ume/time. 'rhe ear1iest 

such measurement was made by Hermannsen (173) in 1933 and 

consisted of measuring the maximum ventilation during hyper

ventilatton effected voluntarily, by exercise or by inspiring 

CO2 " 'rhis volume he termed the Maximum Voluntary Ventilation 

(Atemr;renzwert). 'l~his ability to develop and sustain high 

flows is dependant on numerous factors as cited by Cornroe et al 

in "rehe Lung" (95) which include: the available muscle f oree, 

lune; and rib cage compliance, airway resistance. In addition 

to such intrinsic properties of the subject, these rneasurements 

are also hiehly dependan~ on the characteristics of the test 

equipment', such as valve and tubinp; resistance (369), inertia 

of spirometer bell (26) and water oscillations (l1-6). As cited 

by f~ates (33) and others (2LjJI-) this maximum voluntary ventilation 

as an indicator of pulmonary performance has several limitations. 

As Et Gonsequence, many varieties of methods, designed to indicate 

ventilatory capacity, have evolved (95). Many such tests 

presently emp10yed .make use of the single, rather than multiple, 

forced expiration or inspiration. '[Iwo such variations include 

the Porced Expiratory Volume (Pl:!:V) and Maximal Mid-f!;xpiratory 

Flow Rate (MMFR). 

A1though the concept of a single force maximal inspiration 
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or expiration as a means of asseflsing pulmonary function had 

been introduced earlier (Barach in 1938 (28 )), i t was not until 

1953 that Kennedy (207) developed the ŒFR 40. Recognizing 

the drawbacks of the test, he argued then that it should be 

possible to evaluate this from a single forced spirogram. 

Because of the extensive and persistent use made of the MVV at 

that time, and to permlt comparison between results of different 

~'lorkers, he compared the two tests (Jv1VV and EFR40 ) and found a 
+ 

correlation coefficient of .927, SE - 5'%. rrhe high correlation, 

in addition to the numerous advantages of l'lis new test, led to 

adoption of the IE[i'H,. (later termed FL~VLIO (11-1,5) ) as the mo~:,e 
1,/10 r 

favored flow rate test. 

'rhe MMFH l'las introduced by Leuallen and ft'ov'Tler (230) tn 1955. 

'rhey appreciated the usefulness of the sin~le. maximal spirogram 

tracing but they also realized that investigators were not in 

agreement as to the method for using such tests. In general, 

most of the disagreement related to the mechanical limitations of 

the testlng equipment (spirometers generally). They compared 

results derived simultaneously from a fast response pneumotachoc;raph 

and wet spirometer,and showed the spirometer to be accurate over 

the range 1/4 - 3/4 of vital capacity. ~hls value, expressed as 

flow rate (l/sec) they defined as the MMFR. Subsequent studies 

on lLW adults led them to conclude that this might be a more 

sensitive indicator of expiratory obstruction than the FEV. 

2. Studies on Children 

f:!:arly flow rate measurements of fION rates on children were 
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confined to the determin8.t;ion of maximal breath:lng capacity (MBC). 

(13ld 
Fen~s in 1951, appreclating the lack of suitable standard~ of 

normality for fIoN rates in children, performed the flrst such 

st udies on 161 boys, ageçl 5 t 0 18 years. 'T'hey obs erved that 

the increase in MBC with age accelerated at age 12 to 14, the 

period in which there' are pronounced developments of chest size 

and muscle mass. Bec8.use of the variability of growth with 

respect to ap;e, they recommended that multiple variables be 

ernployed as a means of predicting normality. Turner anel 

MacLean (347) in 1951 found a linbar relation of MVV to height, 

(age ran:-z;e stud:led 5-J/Lj, to Ih years) though this linearity was 

not as c1early rnarked as thut for VC. No apparent sex difference 

VIas seen in their lünlted .stucly. 

Ke~necly (208) ln 8, study done in 19l1'9, reportecl in 195'1 

on results obtained on 175 normal boys 8 to IL!- years. rphey 

analized the single maximal expiration (EFR) and inspiration (IFR) 

as weIl as ~IVV. Because the EFR vTas less affected by the tNO 

different spirom.3ters used in the study, (one for subjects undcl' 

10.5 years, another for olcler children) and preswllably TI'JaS less 

sensitive to instrurnent characteristics, they selected it as the 

preferred measurement. stem height correlated with EFR slightly 

better than loJi th het.~ht, both of Ivhich were considerably superior 

as predictors than weight, age and chest measurements. This ls 

in contras't to the relationship observed in adults by Brody (65) 

l'Tho found flmv rat0s to correla.te best 't'Tith age and weight. In 

recent studies numarous Ruthors (54,8Jf129,ll~4f168,171) empl.oyj.ng 
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either the single forced spirog:ram or multiple breath techniques, 

report the h1ghest correlation of flm'1 rates l'1ith height in 

children. A sex di fference \'1as found only in the post-puberty 

age groups (5L~,270,332) althoup;h one study (lh}·~) observed that 

FEV, when expressed as % of VC, was greater in boys thoughout 

the age range 5 to 14 years. 

Lyons (240) measured the maximal expiratory flow rate 

(MEFR) (the time required to expire a given volume of the 

maximal inspiration) in a large number of sUbJects (6 to 14 

years). Cor-relation was h1.c;hest with vital capacity, followed 

by age, which are the two independant variables presentecl in 

their regressi on equat i on & lVIurry and Coole (?()7) made measure

ments of peak expiratory fIoN (PI.jlR). B0.~ults ~"J'ere similar to 

the earlier study of Na1rn et al (269). '['hey showed ,peak fION 

rates to be read11y predictable in chi1o.ren hy height with no 

advantage being gained by using an exponential description. 

The only reports encounterecl in \'Jhich the Mr1FR was measured 

in children was that of Cherniack (225). Like others, they 

found the correlation highest with height and the inclusion of 

age did not improve the predicted v8.1ue by more than 10}& .. 

3. Traininp; 

Comparison of trained and untrained groups indicate that there 

are no consistent group differences in respect to FJ:!.:V or f18C, 

except in those studies in which swimmers l'lere the trained 

subjects (20,273). However, the recent report of Grimby and 

Saltin (159) found this value higher than predicted in 32 older 



adults (42 to 68 years) who had been continuously active in 

'orienteering' for 20 or more years. Freedman (141) studied 

various cardio-respiratory functions in three college track 

athletes before and after a season of training. rrhey found 

the only consequence of training was an increased MBC. 

4. Summar,y 

1. Grm'lth trends in flow rates are similar to those noted 

above for lung volumes although the sex difference may be 

apparent at an earlier age. 

2. rrhe reports on flow rates in general indicate no group 

difference in trained or tmtrained, except i'J"here swimmers were 

compared. One study (159) reports higher values in aIder, 

continuously active athletes and a season of trainin~ had the 

same effect on three tracJ{ athletes (141) .. 
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DIFFUSING CAPACITY 

A. Introduction 

OUO~~9 

Tbe term 'Diffusing Ca.pacity' l'li11 be used to describe 

the rate of transfer of gas from a1veoli to pulmonary capillary 

blood consequent on an established pressure gradient across the 

alveolar-capillary membrane~ Jt has been described in terms of 

the normal respiratory gas (oxygen) or carbon monoxide (CO), the 

gas of choice used by many investigators because of its' greater 

ease of measurement as weIl a.s interpretation of results (33). 

'Phe transfer of respiratory gases across various membranes or 

medta o • (here confined to events at the ll.ffig although the same 

prtnc:lples must apply at the level of the skeletal muscle cell 

as weIl .. ) ls effected by the physical process of diffusion 

which. as pointecl out by [l'orster in his review of the subject 

(137), i8 essentially similar to the processes implied in Fick's 

Lm'! of Diffusion. 1,-Jhereas Fick's Law is concerned t'!ith describ

ine; movement of molecules of a substance in one medium hotvever, 

the gas exchange et the lung becomes more complex ta describe 

since it involves movement of gas molecules through various media. 

Recause of this, the diffusing capacity is affected by a series 

of factors which influence the rate of uptake of agas; these 

include: rate of intrapulmonary mixing, area and state of the 

flffictional alveolar-capillary interface, blood plasma, red cell 

membrane and the amount of, and rate of combination with, hemo

globin in the red blood celle 
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Attempts have been made to assess the relative effects 

of these variouscomponents of DL cited above, 'rhus, Houghton 

and F'orster (306) and others (36, 250) have shown thase fact ors 

to be related to DL in the following manner: 

where 

l 
D 

L 

Vc 

+ l 
evc 

is the reciprocal of dlffusing capaclty, beine; 
analogous to the resistance to diffusion. 

is the volume of a p;as which l'fill combine with the 
red blood cells in i ml. of blood/min./mm Hg.pressure 
gradient between plasma and colIs. 

is the volume (ccs) of pulmonary caplllary blood 

includes aIl the above mentioned factors other than 
e and. Vc. 

From this it bacomes evident that the measured diffusing 

capacity will be altered by manoeuvres or conditions which 

change any of the above factors. Thus, variations in method 

used (eG.single breath or steady-state methods •• see below), state 

of the subject (rest or exercise, supine or sitting), in addition 

to such factors as lune; growth,changes in membrane thickness, 

ventilation - perfusion irregularlties, <'Legree of exercise, 

disease, and perhaps state of athletic training as weIl as other 

conditions, can brinp; about changes in DL" Because of this 

mUltiplicity of factors which affect diffusing capacity, the 

discussion of the literature i8 perforce confined to that 

concernod with normal healthy subjects and the consequence of 

growth, exercise and athletic training. 
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8. Methods.~development and Rroblems 

Despite the relatively brief' period since its' inception as 

a. test for evaluating a physiological function (225), studies 

of DL have been numerous, particularily in the last 20 years, 

and Et complete review of the multi and varied methods employed 

by different investigators would require scope weIl beyond the 

confines of this thesis. A careful and detailed summary of the 

development, significance and mathematical justification of the 

measurement is contained in the review by Forster (137). In 

addition, Bates and Christie in their recent book (33) devote 

conslderable attention to the various methods useel :in pulmonary 

functlon laborator:ies. They point out tao that the values 

obtained can be different because of the method employed p makin3 

this an :important point to conslder when comparine; results of 

different investigators. 

A maj or prcblem which confronted early workers was that of 

easily and accurately determining the gas concentrations. The 

advent of fast response analyzers,such as the Infra-red meter, 

has been a major advancement in this ree;ard and its'rapid 

response time has made lt possible to almost instantaneously 

analyze the fractional concentratlon of CO under varying con

d.itions (eg.steady-state or end-tidal sampling). 

'rhe principle methods presently employed May be classified 

into two types, each of which may include different variations: 

1) Single Breath •. the method originally developed by 

Krogh (221) in whlch the uptalce of agas i8 computed from analysis 
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of the collected expirate of a single held breath. The method 

has subsequently been modified by other workers. (138,277). 

Because of the breath-holding required in the meth6d, it is 

considered by sorne (31,41) less weIl sulteel for D measurements 
L 

in eX8rcise althour;h lt has heen so useel by several investigators 

(147,198,274,277). 

2) Steady ,State .• in l\1"h1ch the subject breathes normally 

at rest or durin[Ç exercise. After havinfj reached a metabolic 

equilibrium, or steady state, the subJect is introduced to the 

test gas whlch he br8[ühes until the nüxed exp:i.recl concentrati on 

of the ~as is constant. 0 ls calculated from analysis of 
L 

inspired and mixed expirecl !jas concentrati ons (erç. CO) and the 

VOlU1ll8 l'espired, accoun!:; beine; tal<on for the anatomical dead 

space of the subject (see Method below). Again, several 

variations of this method are used, and for the most part these 

differences relate to the problem of deterrnjning the best 

estimate of the dead space for use in the calculatinn of mean 

alveolar pressure (~ftc ). 
Ü 0 

Comparison of resules us1ng the tl\1"O methods have br".p.n made 

(139) and it has beeYl ::hown that higher valllns in a given 

1ndividual are achieved with the single breath mBthod, with the 

following l"el'l.tion~~bjr (·1~8('rved: 

DLca (steady state) = .85 DL CO (breath hol~) 

A steady state rebreathing methocl, described by Lewis (233) 

yields intermediate values t 0 t.he above methon r;. l3ecause this 
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latter method involves rebreathing a mixture of helium and 

CO in air, it can often be accom}xtrüed by hyperventilation 

and hence is probably not the method best suited for exercise 

studies. 

From the above ~t may be concluded that agreement among 

investigators as to the preferred method has been far from 

unanimous. In part, this lack of' agreement is relatecl to the 

varied vie't'TS among workers in this field on h"Oi"1 best t 0 circum-

vent problems related to the measurement. The "}nost perplexlng 

and persistent problem in the measurement relates to the best 

means of accurately determinin:,; the mean al veolar part laI pressnr 

(p ) or ruean alveolar·fractlonal concentration (F' 0) whl.ch 
A A CO 

has a critj.cal effect on t~he calcu1atecl valuo for D '. An 
L 

estimate of the mean alve01ar concentration of a e;as can be J1l.8.cl8 

by analysis of the mixed expired gas if the anatomical dead 

space (V ) is accurately knm·m. Hm'wver, sinee the first such 
D 

deternünation (V ) Nél.S made by LoeNry (2J8) this problem more 
D 

than any other has stimulated controversy among respiratory 

workers, chief among whteh NEtS the famons A.Krogh - J.S.H-9.1clane 

confrontation of 1912-1911~. (118, 22J,16]). Origln.:üly, cal-

culatio~ of dead space involved in one'form or another the use 

of the famous Bohr Equation. 

v -" V ( I? - F ) 
0 CO

2 
1" A CO? 2: CO 2 

F 
A 

or tho eqnation \'rrttten for 0 as the test gas. HOI'Tever, for 
2 
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its' solutioY,l a value for rnean alveolar concentration of the gas 

ls required and this question has recelved critical appraisal 

by sorne of the more prominent lnvest18ators in recent years 

(135,138,290,29)"'). 'rhe Nltroc;en l'lashout method offi'owler (140) 

prmrlded a l'lay around these dlfflcultles and lt has been found 

t 0 C;i ve accurate measurement of the anatomlcal dead space 'l-'7hlch 

in healthy subjects is sirnilar to the physlological dead space. 

1t has more recently been shOlm (32) that the error in D as a 
L 

consequence on lncorrect estimate of V in the computation of 
D 

FA ls minimal especially in exerclse l'lhen the V Iv ratio is 
D 'f 

small (366) and D 18 virtually insensitive to sizeable chanp;es L -

ln I;h1s ratto. 

ii'rom the 8.bove pit l'las concluded that an assumed value for 

V may b0 nsed tn the calculation of D o L CO 
tn exerclse; the mean 

alveolar concentration can be c1erived from the analysts of mlxed 

expiren samples accordin~ to the expression: 

fi' = (V x F ) - (V X }7 ) 
A CO Ir ]!: CO D l CO 

V - V 
rI: ·0 

l'lhere i" .• inspired CO concentration 
l CO 

[r' .• mixed expired CO concentrat i tm 
1:;; CO 

Fi' o .mean alveolar CO concentrati on 
A CO 

An additional point of concern among investifjators has 

related to the si[5nificance of back pressure due to carboxy-

hemoglobin (CO lib) increase during the performance of the test. 
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"Al though Pace (281) found this effect nee;liglble in his earl ier 

study. Linderholm (235) later investigated this topic and 

showed back pressure effect to be considerable at l'est, thou~h 

less at exercise, \'1hen the time of exposure to CO was long and 

when repeat ""measurements on the same subject were to be macle. 

He conclucled that failure to correct for sllch back pressure could 

weIl have led investigators to wrongly conelucle that a plateau 

for D had been attained at moclest exercise loads (32,135). 
L CO 

This" v-rork of Linderholm l'Jas confirmed by Holmgren in 1965 (17$, 

179) who shovTed that in youne adults the absolute value for 

diffusing oapac:i.ty l'Tould be rej.sed by 3.8 units l'Them the eorreet"" 

ion for CO Hb was appliecl. 

§ummary 

1) 1'1hile asreement 18 not unanimous on the method of ohoioe 

for determini~g D in exercise, there is~ood evidence to favour 
L 

the use of the steady state methocl on the grounds that it may be 

more physiological, since no alteration in the normal respiratory 

pattern ls requtred, and sinee it avolds the possible errorst'lhioh 

may be inherent \Ilhen spot sél.mplinc:; is employed. 

2) rrhe problem of accurately determinins the mean alveolar 

concentrat:i. on of the test gas during the measurement of D remains 
L 

a major concern to investigators. Hm'Tever, it has been shovm 

that the use of an assumed dead space value in the calculation 

of exercise D introduces no greater error than direct measure-
L 

ment of dead space using the Bohr equatton, because during 

exercise the ratio V Iv ls small. 
D T 
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3) 'rhe effect of build up of back pressure due to CO Hb 

has been shown to be slgniflcant ln adult subjects, especially 

when repeat determlnations usine; lonc:; exposure are bein!]; macle. 

C. DL and Growth •• at l'est 

f.he chano;es in D , as measured under restinp; conditions, 
L 

"\'1h1ch OCClU'fB as one c;rows in stature have not been extensi vely 

studled. 'l'he youngest age group studied include those by 

St8hlman (32/.1.) usinrr, the fi'illey sceady stace m0thod (deacl space 

deterrnined 'by the r~ohr oquat:.ion from arterial CO
2 

concentration). 

He m08.sured the 1) CO ac l'est in. 31 infants, age 9 to 9-96 hours, 
L 

and reportod values on the order of 1.65 ml/m:i.n/mm ILn:, thls 

value varyin~ c11roctly with wei~ht. It is of lnterest to noce 

thnt 8ates (33), combinjn~ this with data of othors, spcculates on 

Wh:3.t th1s va1u(~ li\fould be ln an 8rll.11t :i.f tt wero based on the ratio 

!)~"11C .Llhese 8.nthors calculat'~ thal: the D of a :nan with F'F?C 
L L 

of 3L VJould be '70, a value l\fhich corresponcls to that found in 

rnan dl1rül."; maximal wor1c. [~y inference, this SU~r,;r3sts that the 

1 rc!st :i. ne; 1 lnf::l.l1.t has El cardlaG out put of Yloar maxlmal value. 

'J1h:i.s speculR.tion 1s cited here only to point out that the 

conditiot1s prevailin['; durln~r, the t.est uncler seemln::;ly slmilar 

COYld.ition[~ (l'est) may in faGt be qu:ite different and this, as 

much as t.he methocl used, may have accounted for lack in ar>;reement 

amol1,(); earlier ~'Torkers. Indeed, it has been .shOl'm recently '~hat 

the initial restin~ value on an lndividual is hi~her than the 

second cleterminatlon (Sl,.) and that apprel1"":11.sion can alter the 

D (i39). It is int erest t 0 note aIs 0 th8.t under exercl se 
L 

·l:· the unit~ h:['~after will be implied. 
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conditions these variables, esp8ciallJT those affected by 

pS.ychological factors, are thought to be reduced considerably 

in significance. 

'Phe first measurements of D in children were made by 
L 

Krogh (225) who studied 6 subjec'ts, J of each sex age 10 to 18, 

and reported values from 16.7 in the youngest to 23.0 in the 

one 18 year-old girl. When expressed in terms of body surface 

area (BSA) she found no difference between the child. and adulte 

Strang (333) employed a modification of the steady state 

technique described by Bates (32) to make duplicate determin-

ati ons on 133 child.ren st l'est, 79 of whom ~'fere norma1s, ranr;inc; 

in age from 5 to IL" years. 'Phe linear rep;ression us:i.ne; height 

as the s:i.ngle inclependant variable gave a pODl-civo:co:z,"'relatlon 

(1' ::: • 65L~) and the mean of these values 1<IaS significant1y greater 

than those found in children with bronchiectasis or asthma, 

althour;h the latter values 1ay within the confidence limits 

(coef. of variation 19.3$) of the normais. J3ucci et al (70) 

used the single breath technique to study 59 sub.iects o , 7 ta 

40 years of age, 43 of whom were lmder 19, and found that the 

children followed the regression line for adults at l'est. For 

a total lung capacity of 4 Ls,the predicted D CO would be 20.8; . L 

Krogh (225) 45 years earlier uSing a simi1ar method, found a 

mean of 19.5 in children whose mean '.eLC would be expected t 0 be 

about the same value. l3ucci observed no sex variation t<Ihen 

difference in BSA "l'Jas talcen :i.nco accolmt and they concluded that 

D CO and pulmonary capillary blood volume (Vc) both increase 
L 

alonr; normal growth lines. They found a high correlation betNeen 
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D co and 'rLC. In another study (69) they shO'C-v-ed DLGO to be 
L 

greater than predicted in children havinp; conditions in which 

there lI1-as an elevated Vc (septal defects,patent ductus arterio-

sus etc.) which was recluced to normal upon correction of the 

condition. 

Th0 most extensive study of DL on children was made by 

Demuth (107) at the University of Michigan. They made duplicate 

measurements on successive years on a large number of boys and 

girls 4 to 18 years using the rebreathing method of Lewis (233). 

Thelr experimental des ign enabled them t 0 follol'J the growth 

pattern in the same individual, thereby eliminating the effect 

on interlndi vidual comparisons on the results. 'rhey found no 

slgnificant di fference in the re,n;ressi ons of the ti'lO series 

( year land year 2) 0 Like nucct and others (lL"7) they report 

that D CO grows alon~ ~rowth 11nes, increasing in a very similar 
L 

manner to that of l11.ng volumes; that is to say, both lung volumes 

and 0 ShOl'led similar relationship to height as l'lell as to age, 
L 

weight and surface area. With respect to these physical measure-

ments, D correlated best with height while the highest correlat
L 

ion with a single independant variable among the lung volumes lITaS 

'rLC. These authors showed also that the ratio D /TLC did not 
L 

vary with physical dimensions of the subjects, nor did this 

ratio show any sex difference; however, l'lhen comparinp; the 

rec;ressions for each sex, the intercept for the boys Nas signif-

icantly greater than for girls although the slope of the rel!,ress-

ions Nere not different. From their results, they concluded that 



00039 
the eonste.ney of the ratio DL/ELC during growth supports the 

hypothesis that the lung grows over the age range 5 to 18 years 

by the addition of new air spaees rather than by simple expansion 

of pre-existing ones. lme;lert 's reeent study would support 

this view (127). 

Summary 

l) AlI investigators agree that growth of re'S1~ing D parallels 
L 

that of physieal growth. 

2) lVhen a single independant variable is seleeted, the eorrelati 

with physical measurements is best for height; with subdivisions 

of lunp:: volume, correlation ls best with 'rLC. 

3) No clear sex difference has been observed, especiallywhen 

difference in BSA are considered. 

It l'las been suggested on the basis of the above that lung 

growth up to the age of 18 years occurs by the addition of new 

alveoli since the D /,rLC ratio remains constant. 
L 

D. Dr, in fExercise 

1. General: 

Christian [:3ohr in 1909 (58) first sh011ed that diffusion in 

the Jung was c;reater in exercise than at rest i11 the same 

îndividual. Similar results on the effects of exercise 011 

diffusing capacity were reported by Krogh in 191h (225), Bwje in 

1934 (59) and the innumerable studies made since 1945 make agree-

ment unanimous in this regard. Considering the vast number of 

studies of DL in exercise in the pest 20 years, it might be 

expected that this function in children during exercise 1'Jould 
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have baon oxtonsively studied. H01,r01Te+" only tl'ITO reports ~1J0re 

encounterec1 in whlch chlldren were 1]-1r' ~nJl),jects of the study. 

In 1965, Giammona and Daly ( l'V!) moasurec1 D on 20 children 
L 

8.2 + 2 years of ac;o. rphc t r. "~-' ..... } , '"'~-C'rcl se was done on a tread-

mill at a level of vJOrlc adcq~l,T'~,·, !: 0 i.ncrease the oxygen con

sumpti on by only 90:J~ n'v")"':T<""> the resting level and this p;ave an 

averar;e increaso in l} CO of 3.7 units. This increase, due ta 
T, 

r;reater Vc and 01~1 .• ~'!r'S significant and the authors concluded 

from t 1"!.0:;n rletermlnations macle at a single exercise load that 

tl·1~ increase in D :i.n cl1ilclren was compara.ble ta that for. .'),,1n1I;s. 
L 

Johnson et al in 1965 (19n) incluclecl in thoir stllrly of maximal 

diffuslng capacity 5 children (8 ta 15 y88~~) and rernark in 

thc·):lr summary that D GO lncreasecl lino.'l.rily 1'Jith oxyr;en uptal<:Q. 
L 

i\] 0 values for 0 CO ~'lTere ,'1;1 ven; 110wover from the fi[';ures r;i ven 
L 

for VC and. Om, D l'JaS calculated and values for rest and maximal 
L 

exorcise only 1ITero ohtalned. Hest values varierl from 19.n ta 
o 

37.7 and at VO YTIax.from 28. LI_ ta 11-2.21, (VO rane;e 1.L1,6 to 2.0G). 
2 2 

lt 1 s di ffi cult t 0 drD.lv any concluslons from such feN data j 

'101vev8r, lt ls apparent that the:i.r restln~ values are hirçh in 

rolation ta data of bbhers wh:i.le thA oxerciS8 values seem ta be 

comparable ta that for adults at eompnrable oxy~en uptakes. 

Th8se 8.llthors employed the breAth-holcUnrr, method (197), a 

i~echnlque wh:i.eh nmy IJe cl:iff:icult to apply ta YOU11 0; cJ:üldren and 

especially 80 durin~ maximal exerciso (33). 

A .. lthoU'3h thel'e i.s no (1.onbt that D CO rises in exercise, 
L 

conslclerable clisa~reement prevails on several other po:i.ncs as 
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regard.s exercise D , which include: 
L 

1) the relatlonshlp or magnltude of increase with increasing 

severity of 'tlJ"ork 

2) the level of exercise at whlch D levels off or plateaus 
.L 

despite increments in load and VO 
2 

3) the mechanlsms responsible for increasing D during 
L 

exercise. 

4) the effects of age and sex 

5) the significance of D as a factor limiting performance 
L 

6) the effects of athlet1c training 

rphese points are considered in detail below. 

2. HelatiQl1 to exercise 

13i.ie in 193/.,- (59) and Lilienthal in 19L~6 (23h) VIere among 

the earliest to make successlve determlnations of' D at increasinc; 
L 

workloads in the same subjects. Using the single breath tech-

nique of Krorr,h, Bdje found D in exercise to reach values 
't' L 

approximately tvrice that at rest, al though there vIaS Nide 

indi viclual variati on both at rest and in exercise. IChe h:i[Shest 

value for D was 61 (D CO of L~8.7). Lilienthal et al employed 
L O~ L 

the low 0 metl10d and f01:md a linear relationship between D 
2 L 0 

over the full range studied. Filley et al (135) found the 2 

steady state D CO to increase in exercise but 'in a glven subject 
L 

o CO remained approximately constant at various levels of exer
L 

cise'. Although there was again l'Tide interindividual variation, 
. 

(23.2 - 55.0), in general the level:ing off occurred at a VO 
2 
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of approximately 2 Ls (about 4 times resting VO level), 

2 
D CO being about twice the resting value. Two publications 

L 
appearing shortly after supported the findings of Filley (32, 

296) • 1~he table following shows a summary of early results 

by different investigators: 

Ref. Author .1\.pproximate Mean Increase in ·l'· 

N'o. D
II Over Restinr.; Vaiue J Method /0 

225 Krogh 36 SB 

277 ogilvie Lr6 SB 

59 13,.et:i e 100 SB 

23Lj- Lilienthal et al 300 Low 

IJ5 L"illey et al 110 S("1 ,0 

32 Bates et al Bo ss 

'Phe above summary illustrates clearly the great variability in 

results, much of tlJ'hlch mic;ht be attributed ta the methocl usec1. 

L" or example, the SB methocl yields high values at rest by corn-

parison T'li th the SS while the tt.vo methods .:;i ve similar values 

l'Ji th increasing exercise. 'Phe 1011}' 0 method. causes hypoxla 
2 

0 
2 

and thus hyperventilatton, for 1'lhich a correction must be applied., 

More recent studies on adults have helped clarify the re-

lationship of D to varyinr; exercise. Studies by Donevan in 
L 

1959 (117) on 20 subjects aGes 2LI- to Lr9 years, lVith~O ranging 
2 . 

from 1.09 - 3.59 showed a linear relation of D with va , a 
L 2 

findinfj similar to that of Linderholm (236) in humans, and 

Brashear et al (62) in dogs. D CO increased by approximately 
L 

10 units/litre 02. llJe'NlTlan et al (?7Lj-) in many repeat deterrnin-

ations on 011e sUbJect at v0
2 

.3-3.5 L found the relation of IrCO 

* SG- sin~le breath, SS - steady-state. 
~H" kCO - !(rogh 's constant which taire lnto account al'1eolar volumA 

(vf\.)'prevaLLtnr>; duriw!, the test iookCO := Dr,CO (01)[; - 1~-7) 

VA 
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t 0 V02 to be rectilinear thraughout. Lfuen expressed as D CO 

L (D CO == 6 kCO), D increased by 7 units/Ittre 02., a ratla L L 
similar to that found by Ogilvie (277). 'rhis same relation-
ship has been observed in females (338). 

In a recent study on 20 weIl trainecl YoUl18 subjects, 
a 

Holmgren and Astrand (182) found a hyperbolic relation between 
• 

D CO and VO , the slope of the line describing this relationship L 2 • reducins; at a heart rate of~120/min. or VO of LI-O~:t of maximal. 
2 Summary 

1) There is no doubt that D increases in exercise in 
L 

adults and chi1dren. 

2) 'rhe magni blr1C of the increase and the slo1"'"\ rlcscri bine; . 
thr; relationship D /Litre VO 80ems high1y dependant on 

L 2 
the method emp10yed j~ ~easurement. 

3) In rnor0 ~ocent ~tu~jes, the re1atLonship of 0 to VO 
L 2 has been f')11l1cl 1i.near up ta VO == 3.6L p the ratio being 2 . 

6-10 unit':.; Ir, VG , although ochers (182) found a hyperbolic 
? 

't''":J.ationship. 

1.)_) No reports of studies on childre'~1'tt IT8Tyil1g ~'Torkloads ~'Tere 

encolmtered~ thus the effects of é;ro't'rth on exercise D and the 
L relation D /TLC have n nt;heen ellMfrated Q 

L 
3.Plateauinp; 

Plateauini~ of D i.e:; i.Yl(licated 't'Then an increase in VO 
L 2 fails to cause a furthnr rise in D • 

L 
Earlier reports (32,135,296) su~~e8ted that D rose 

L 
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precipitously on exercise to a maximum value at 1-2 L VO 
2 

which was approximately twlce that of the resting D value. 
L 

It l'laS subsequently shown by Linderholm (235) that bui1d up 

of Co lib in prolonged (135) or repeat (32) exposure, unless 

talcen 1nt 0 account in the calcu1ating of D , would lead t 0 

L 
a false plateauing of D CO. 

L 
Riley (296) and Cohn (93) measured bl1e D 0 in 3 and 21 

L 2 
male adults respective1y. 'Phey found a plateau was reached at 

VO of 1-2 ls. Shepard et al, in the same laboratory (316) 
2 

found similar result sand shm'Jed this levelln.~ off t 0 occur 
• 

lvhen the caràiac output (Qc) reachecl 15 litres/nün. 

13y contrast, recene stud:i.es usin,c:r, the steady stace Co 

method, (117,2lS6) and the sin n;le breath method (277) showeeJ 

no plateau ln D CO at VO up to 31/2 L 02. More recently, 
L 2 "to 

Johnson (197) employecl the single hreath technique~simultaneously 

measureoS. D CO and Qc ln Il subjects, 5 of whom ~'Jere 15 years or 
L 

under. f\ hi[~h correlation (.92) between the se t1'1o functions 

l'Jas found, the relatiol1ship of 1'1hlch ls expressed •• 

D CO = 12.0 + 2.2 Qc ! 6.0 (i.e. 2 SE) 
L 

They conclucled that maximal D CO is reached when Qc ls maximal, 
L 

both of lfThtch are lower in chilclren than in adults. A subsequent 

study by Johnson et al (19B) confirmed these flndinr;s and showed 

vo to plateau concurrently wj.th D CO. 
? L 

Bolm~ren in 1965 (IBO) presented data wh:i.ch showecl that at 

heart rate (H.H.)~ I20/min., there l'las only a 811ght aclditional 
. 

increase in D CO ~vith increasecl VO. Since the further rise in 
l', 2 
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o at heart rates over 120 was sa slight, he felt justified, 
L 

considerin5 the reproducability of the method (178), to accept 

values at heart rate~120 "as a measure related to maximal D CO 
o L 

of the subjectIf. He and Astrand (1t32) in a reeent Qnd extensive 

stucly of 20 "hcalthy, l1'ell trained. young" SNedes, measured the 

functional capacities of the various elements of the oXY8:en 

transport system. Usinr:; the above cr1terion, for maximal D CO, 
L 

these authors lndicate that their findinp;s support the concept 

of a maximal D CO l1'hich is reached. prlor ta maximal VO or (.,lc. 
L 2 

SUlllmar.;y: 

1) il plateauln,n; of D (J , under hypoxic conditions, occurs 
L 2 

at El. VO .9 - 1.2 Ls in YOlln[';,and carlier in older, 
2 

adults subjects. 

?) 'l'here Ls cU sar:;reement as t 0 whether El. maximum value for 

D CO is ever reached, sorne workers claimlng this value 
L 

continues to 1"ise (Il?) t:111 maximum cardiac output is 

reached (197), others (180) sug~esting that there is a 

rapld increase on commencin~ effort, but that after heart 

rate has reached about 120 (and by 1nference, stroke 

volume has reached its maximal level), there is only 

minimal further increase in 0 CO. 

4. Nebhanisms for Increase 
(137) 

L 

Forster has sug:(~ested that the D can be conslclered in terms 
L 

of three componenl~s which offer "resistance" to gas transfer 

in the lung, and are related as follows: 
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1 (terms defined above) 
oS Vc 

It is convenient to analyse hmv these "resistances" might be 

reduced to enab1e D to increase on exerclse. 
L 

.e represents effective1y the concentration of hemor;lobin 

as a receptor for CO (or 02) in an individual and can be 

considered constant during exercise although it is appreciated 

that it is possible that sorne slight change in hematocrit, and 

hence e-, can occur when exercise ls pro[3;ressively incréased 

(19) or of long duration (2!.j,) 0 Hmvever, these chanc;es, althou~h 

in the right direction, cannol~ be of sufficient magnltude, 

especially in exercise of relatively short duration, to account 

for the rise in D . 
L 

The other two factors (D and Vc) were considered by 
m 

Barcroft (1938) to be of greater importance and he wrote 

" • • the t'tvo most obvious means •. (for the tncrease in 0 
on effort) are distention of the lun~,which makes L 
the cells thinner and the opening up of vascular 
areas, either by increasing the calibre of the vessels 
already open or opening up those hitherto shut ll (29). 

It is hONever important to bear in mind that these two mechan-

isms are interdependant in the sense that changes in one aspect 

almost tnvariably effects changes in the other. Also, it must 

be fUlly appreciated that events occurring on the 'lung' side 

(i.e ventl1ation) must be appropriately matched by events on 

the circulatory side lf either lung distention or capillary 

blood volume chane-;-es are to be effective in increasinf'S D 
L 

in exercise o 
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Increase' in ventilation is one of the bost 1cnown 

adaptations occurring' in exercise. 'J.1his has two effects 

relative to diffusion: 

1) the mean al veolar c,oncentrat i on of the gas concerned. 

(CO or 0 ) is raised,hence a greater driving pressure ls 
2 " 

established, especially since in the case of 0 the returning 
2 

mlxed venous concentration is also 101'mred. 

2) the ventilated area of the Ilme; is greater, 'Nhich, in 

accordance l'lith Fick's LaN of diffusion, enhances the cliffus-

ability of agas. 

It has been difficult to partition clearly the effects of 

El. particular factor from others, in respect to their relative 

contribution to the incre8.secl D , because of the interdopenclancei 
L 

thus, thf~ relatt ve effccts of hyperventilati on pel' sc on D are 
L 

not certaln althou.s;1l this has boen a concern of nvnlerOUS 

investigations. Ross (JO'-~) in 1958 made a careful study on 

the rolationship bet\'Jeen D 9 Qc m'id minute ventilation under V8.ry·~ 
L 

ine; condi t ions. UsinS the Filley SS rnothod, th8y found an in-

creaso in all 8ubj Gets ~'li th exercise Nhereas ~Then Qc alone '\ITas 

increased by means of dru(!;s, no chan?;e in V or D 't\Tere observed. 
L 

On the other hand, volunteTY incre8.se in V, which only increases 

Qc slightly (246) ,increased D ,to a value near that eaused by 
.1. 

exercise requiring the sarne V. These authors coneluded that D 
• L 

_does not increase unlesE? V d00S, a relat i on8hi p supported by the 

findings of Turjno (J46). Additional support for the8e findings 

i8 e;iven by flj8.ci\Tamara (21~2) who also found hyperve~ltilation 
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increased D at rest although this va.lue was lower than for a 

L 
corresponding V during exercise (2L~J), in agreement wi th an 

earlier finding of Bates (JO) who measured the fractional 

uptake of CO. In contrast, durine; a fixed exercise, voluntarily 

raising the V by 25 L had no effect on D (J6,266). Others have 

observed that the D 
L 

L 
increase with hyperventi1ation occurs on1y 

if the V is raised; that is, the increase is a function of 
'r 

a1veo1ar volume and not minute alveo1ar vent:l.lat:l.on, whether the 

steady state (211) or breath-ho1d (4) method ls employed. 

The effects of changes in Vc on DL has been a topic of 

sorne considerable interest in recent years. 'Po assess these 

effects, direct changes ion Vc in a resting indi vidüal have been 

effected by different means. ln 10 seated subjects, the venous 

pressure was raised by 5 - 10 mmEg by means of albumin infusion 

and positive pressure on the 101'1er body by aG-suit (JOLI-);it lITaS 

expected these changes Nould have resulted in enhanced venous 

return, thereby elevating both Qc and Vc. No change in D CO 
L 

l'las found . .Lelvis (2J1) measured 0 n.nd its components, Vc and 
Ir 

nm while applying posi t ive pressure t 0 the 1mITer body; only a 

slight decrease in Dm was observed, 'l'ri th no conslatant change in 

D or Vc. In 8 recent study, Guyatt (162) found immersion in 
L 

water increased Vc by Ll'7':S, D rose by 16.2%. On the oth8r hand, 
L 

(187) ne~ative pressure to the lower body caused a marked drop 

in th~ ~ean D CO (16 to 28), a direct consequence of the decreased 
L 

Vc. Likewise, i.nversion of the body caused an increase in kCO 

(275); the supine D at rest l'JaS 20~0 greater than the value l'J'hile 
L 
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sea.ted (35) and risine; from the supine position decreased 
D a.nd Vc (101,232,271). Increasing environmental temperature L 
had the same effect (142). These results are compatible with 
the recent findings that both ventilation (260) and perfusion 
(68,202) distribution in the lun.o; A.re r;ravity dependant. Thus 
not only is Vc greater in the supine than sitting posture but 
the dlstribution of ventilation and perfusion is more uniform 
throughout tho Inne; (67). As a consequence~ in resting subjects 
the dirAnt relationship of Vc to D is not doubted. 

L 
Exercise can be re~arded in many respects as an anti-

gravitational force. Renee, the circulatory changes occuring 
in the Iunl?; at the onset of exercise are somel'\That similar to 
those occnrring wh8n ono goes from sittinc; to supine. These 
changes occurrlnl7: ln the lune; during exercise are dlscussed in 
sorne detail by various authors. In respect of pulmonary 
capillary blood volume, Roughton (305) in 1945 ingeniously 
calculatecl this value and sho1'1ed an increase from rest to hard 
exercise by 63;'S (60 cc to 95 cc) and from this modest increase 
he conclud.ecl thAre l'las no extensive openine.: of additional 
capillaries in heavy exercise 0 'rhe corresponding mean transit 
time of blood through the lune; capillaries he calculated to be 
reduced from 073 sec. (at l'est) t 0 a minimum of .3'-1- sec 0 in 1'1ork. 
( A recent report found a decrease in Vc in strenuous exerc1se 
(291)). Dollery and. Co-1'1orkers (115,358) sho1'1ed that exercise 
was associated 1'11th increased perfusion, and hence an increased 
Vc, to the upper lobes of the lung resulting in a rise in 
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D 15 rphis findlng l'laS supported by Bryan (67) who showed 
L C o. 

flow to the upper regions of the lungs much greater in exercise 

than at rest. Johns on et al (19'1) f ound a close correlatlon 

of DL and Vc l'1ith Qc in exercise adequate to e;i ve a three-folel 

rise over resting Qc. 'rransit time varieel in these conditions 

from~79 sec. (rest) to .5 sec. In another paper, Johnson (198) 

reports that the 0 increase in exercise requiring maximal VO 
L 2 

i s due mainly t 0 a two-f old rise in Vc, Dm increased by only 20,',!&. 

'rhis relationship is similar to that in animaIs where Vc NUS found 

to increase linearily with vo (62). 
(14) , 2 

Uates et al pOlne:. ou!; the inseparabtlity of Vc from rnean 

transit time, both of which have direct bearing on D. In a 
L 

detailed study of normals and patients durinr; exerclse, they 

ascribe the rise in D to be due malnly to VC; in addition, 
L 

indi vidual variati on was found t 0 be lare~ely attri butable t 0 

differences in this volume. Support for these findings is given 

by Mostyn (266) who founel a higher Vc, and correspondingly 

higher D,in trained champion m'1immers. 
L 

In summary, it is generally agreed that of the two main 

factors which affect D (i.e. Dm and Vc) an increase in Vc is 
L 

the primary mechanism whereby D is increased in exercise in 
L 

normal heal thy sub jects. 'I~his increase in Vc in exerci se is a 

consequence of increaseel cardiac output and the opening of 

adelitiona).,or further expansion of already opened, pulmonary 

capil1aries; this, alonr.; wi th increased tidal volume, markedly 

increases the effective area for ~as transfer and also makes 
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ventilation and perfusion better matched throughout the lungs, 

thus resulting in an 1ncreased D in exerc1se. 
L 

5. Diffus1nq; Capacity Limiting VIork Perforamnce 

Durin,':.~ l'forle, the abi11ty to take up large quantit1es of 

oXYe;en is essential to enable one to perform sustained work 

at a hiGh rate. 'Chus, a close relati onship between work per-

formance and maximal aerobic cape,ci ty has been found by many 

1nvestifjators (15,78, 88,191, 36L~). '11h18 high aerobic capacity 

is dependant on the inter-relationship, and suitable matching, 

of the various dimensional capacities of the 0 transport 
2 

system (182). The link of the various systems involved in 

exerclse (i.e. respiratory, circulatory and muscular systems) 

is (liffus:i.on l'1h1ch in turn must also be suitably matched to 

the systems to t'lhich it is related. 

It is clear that in the case of the pulmonary diffusing 

capacity, thls function is directly affected by both respiratory 

and circulatory systems. It is equally true however that D 
L 

can affect the efficiencies of the systems it subtends, a fact 

which is especial1y apparent in disease (236). As a potential 

factor causin~ limitation of work performance, workers are in 

~ood a~reement that in healthy subjects 0 is not a factor at 
L 

sea level (3LI" 185,236) although this can be a 'TlJeak link ln the 

chain' durin~ exercise at altitude as lndicated by West (357,359) 

and. others (2n8). It l'las also been sur;gested that in competitive 

swimmers, because of the restrictions this activity places on 



respiratlon (l.e. lmmerson) a hlgh D l'Jould be advantageous 
L 

ln enhanclng their performance and, lt ls argued, would be 

essentlal for maintalnlng the high work rates necessary ln 

champion swim performance. (266) 

6. 'rraininR; 

In the few studies on the effects of athletic training on 

exercise D , most have compared the trained athlete with the 
L 

untrained non-athlete. Earlier reports (J2,135) showed that 

by comparison with other non-athletic types the single athlete 

in each study had a higher D in exercise than others although 
L 

this difference was not present at l'est. Group comparison was 

made by f:3annister et al (27) who found that the chan~es in ]) 
L 

with lncreasing exercise were comparable in athletes and non-

athlet es but the values in the athlet es were hlgher throu,o;hout 

the work rane.;e stuclied. Nevvman (272, 27LI') in a simllarily 

designed study involving group comparlson supported these 

findin~s. In a study relating resting D CO with exercise 
L 

pulse l'ate, Heinonen et al (170) found a significant negative 

correlation between these parameters and postulated that D 
L 

ihcreéses with improved fitness. In support of this postulate, 

[\]'ewman (274) made many repeat measurements of D on one non-athleti 
L 

subject followed over a 16 week perlod of training. These 
o 

authors reported that kCO increased in relation ta VO p V and 
2 A 

pulse rate, since the latter variables decreased for a given 

work load. In this regard, the non-athlete moved, by virtue 

of training, from the non-athlete to athlete regression line 



00053 

describing the rela:tionship of kCa and va In a recent 
2 

study of resting D , Rosenberg (303) found similar results 
L 

with training in water poloists though not in rugger or soccer 

players. 

By contrast, Mostyn (266), comparing differenT~ groups of 

athletes and non-athletes, l'laS unable to show any group diff-

erences in respect of D except in three Olympic swimmers; they 
L 

had D values significantly higher for a given va than al1 
L 2 

others including other tralned lntercollegiate sNimmers in the 

group. In our preliminary study, (3) in a group of 21 college 

athletes and 26 non-athletes studied at one exercise load before 

anrl again after training) a ,.sir>:;nificant decrease was found l'lith 

the moderate training in the group comprised of the four older 

subjeets Nhile no ehan,n;e lIms seen ln the athletes and younr:er 

non--athlet le (J;I'OUp; no f~~roup clif ference Nas found. These find-

ings were in agreement wi th Co~tes and f1leade (91) l'lho founel no 

chan[';8 :Ln 11 volunteer service men studied cluring exercise before 

and after 12 weeks of basic training. 

Lack of a~reement thus persists as regards the effects of 

athletic tralniY1Fs on D. A high correlation has be,~n shown 
L 

between maximal D and maximal aerobic capacity (182), presumably 
L 

a function of the athletes' larger cardio-respiratory dimensions 

(20). However, a recent presentation by Reddan (291) in which 

trainin,s decreased the D CO, is markedly divergent from these 
L 

above findings in that they show the decreaso ls a consequenne 

of reduced Vc and total bloon volume, bath of which have been 

Tp.ported higher than normal in S('lf)1P' trained athlet es (266,212), 
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Summ@..!:l 

1) The effects of training on exercl.'3e D have not been 
L extpllsive1y studied. 

2) Reports in which eroup comparir' nl1 N-aS made are incon-

sistent n ,')ome observed higher va1v08 in at'11('f-p~ (27,170, 27Lj·) , 

others found no difference (266) eiC0"':rt in champion swimmers. 

J) Simi1ar controversy prcv:::til ~ ~\rhel1 pre and post-training 
comparison ~'las made (91. 20 )/.). 

).~) No longitudinal studies on exercise D in chi1(1:1"011 
L 

undergoing ref2;ular athletic trainine; have been reported. 
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Ci\.HDIO-HI~SPIRA'rORY FUNC'rION IN EXIERCISE 

!'I.. Introduction 

The 1920' s, ~vhich saw the advent of the Harvard [i'atip;ue 

Laboratory in Bost on, is regarded as one of the most 

sisnificant periods in terms of the aNakening of an lnterest 

amonr:; physiologists on this continent in the area of exercise 

stu.dy. At that. time, 1t l'laS stated by Bock et al, investi-

8ators at that 1aboratory,that: 

" .. the superiority of the ath1ete lies in his ability 
to meet the demands for oxygen, enablin~ him to 
maintain an internaI environment varying within 
narr01'T Ilmi t s only from the rest inr; stat e" (57) • 

o 
In 1952, ln his review, Astrand (16) concludes: 

" •• th0 tn(U v:i.cluals r capaei ty for oxygen intake should 
be c1ecislve in cletermin~ his ab:i.lity to sustain 
heavy prolol1 r);ed eX'2rc:i.se". 

In performance of aerobic work, as during prolonged exercise 

when the oxy.o;en uptake 1Jalances the oxyr3:en demands, the resp-

iratory and circulatory systems, or "the oxygen conduction 

line" (lF3l), play a (laminant role. 'rhese systems have been 

clet:trly displayed in analor; forl11 by Holmgren (181) and the 

dimensions of the various components carefully considered in 
a 

the detalled study by Holmgren and Astrand (182). As indicated 

above, i t is the principal pu.rpose of this thesis t 0 study the 

trainine; effects on the "0 transport" system durinr; sub-maximal 
2 

exerc:Lse. I\. brief snmmary of the adaptations to exercise, as 

weIl as the effects of varions factors such as a~e, Bex, 

posture, temperature etc., are included alon,~:; l'Ji th the follol'Tlng 

summary of the literatllre on the effects of training. 
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Probably the most concise review of events tnvolved in 

the process of exercise is given in the weIl known Fick equation . 
which states that the minute oxygen upta~te (V ) is the product 

• 0 
of the minute cardiac output (Q ) and the arte?to-venous oxygen 

c 

difference (or 0 extraction). 'rhis is thus written: 
2 

x (A-V) 
c o 

2 

Difference 

Each part of this equation is considered separately in the 

followine summary. 

8. Oxysen Consumption and Ventilation: 1. General 

Physi ologi st s have clearly shovm that "t'lorIr perf ormance 

requires energy, that there is a llnear relatlonshlp between 

the rate of energy productlon and work rate, and that thls 

relatlonship holds ln lnterindividua1 comparlson, provlded 

efflciency ls not dlfferent. In thls respect a human ls like 

any other mechanica1 work-performing device. 

'rhe body has 2 available mechanlsms for supplying this 

necessary enerp;y .• l) aeroblc - Nhich requires the utilization 

of 0 durlnc; the l\f"ork peri od. and 2) anaerobi c - a mechanl sm 
2 

which ls assoclated wlth the accumulation of lactic acld 

(lactate) ln clrculating blood. Ultimately, removal of lactate 

requires 0 utllization and the amount of accumulated lactate 
2 

can thus be expressed as an "0 debt ll , a term first introduced 
2 

by A.V.Hill (176). During work performance of maximal intenslty 

for short durations (eg. 100 M sprint) almost all energy results 

from the anaerobic processes (252), but in more extended work 

periods lt must be the aerobic system that is the major con.,. 

tributor since there is a maximal tolerable level of lactate 
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beyond ~Thich performance ceases, and fatigue occurs. 

2. Adaptation toExercise 

On commencement of exercise of light to moderate severity 

the rate of 0 consumption rises rapidly tomach a constant 
2 

level •• or "steady state" in about 1 to 3 minutes (52,79,114, 

116,192, 3LH, 3'-f.LI,). Attainment of this state is related exponent

ially with tlme (252) and May (201, 35Lj,) or may not (22) require 

longer at higher work intensities (201,354) or in those with 

heart disease (133). During moderate exercise, the lactate 

rise i&·negli~ible (217) and aIl the needed energy is provided 

by the aerobic means solely (217,252); there 18 thus a linear 

relatlon of VO -Go w·orl\. rate ('341). 'Phis relationship ls not 
2 

affected by body position (245,292), aee (39,117) altitude (287) 

and sex (13,39), although there is not unanimity on this latter 

point (90, 174). For a given work load V May be decreased 
O2 

slightlY with increasecl environmental temperature (5). As the 

11J0rk rate is raisecl, a point is reached in man, but not in dogs 

apparently (77,286)) where oxygen uptake does not rise, or May 

even clecrease (259) despite higher work loads. This is defined 
o 

as the maximal V (V 0 ) or maximal aerobic capacity (259, 
02 2 max 

365). The enerr:;y needed for this extra vlorl{ after the aerobic 

limit is reached is provided totally by anaerobic means (176). 
o 

'l'he level of exercise at which V is reached is variable, 
°2 max. 

depending on.the type of exercise (148,276) and muscle mass 

employed (21,23?88,102.3J-H). lt is also dependant on body size 

(223) and age, increasing in children to about age 19 (16,218), 
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or 16 years in female (218), and decreasing in adults (10,109, 

111,JJl), possibly after a~e 24 years (298). This maximal 

value ls lower also in altitude (112,11J,288), in the supine 

position (2J), but is greater with 'physical fitness' (159,203, 

258) and athletic ability (15,78,191,272). Decreasing plasma 

volume (103) or dehydration (71,97) 100'TerS this peak value 

while the addition of an 0 rich inspirator,y gas mixture (253, 
2 

255) or raised environmental temperatue (5) may increase this 

value. Females cannot reach as high V levels as males, nor 
o 

can children of comparable size reach a~ult levels (1'3). 'Phe 

relation of work done to energy produced to do this tvorlc ls 
--3~ 

defined as efficiency. This has been shown to be 22.4 in 

females, 23.4 in males (13) and this is not affected by age 

(265,298) or other individual differences, provided the test 

exercise does not require special skill (16,lJl,J4J). 

'rhe increase in 0 demands t'Ti th the onset of exercise 
2 

ls associated with an almost instantaneous rise ln minute . 
ventilation (V ) as a consequence both of a greater tidal 

volume (V ) and increased respiratory rate (f), each of which 'r 
is related to V in a linear fashion (122,156). Ventilation is 

related to work rate ln a linear manner (18,57,247) in moderate 
exercise and under such exercise conditions is hence linearily 
related to V Like oxygen consumption, it is precisely 02 
adjusted to the metabolic requirements of the organisme 

Because of this linear relation, the ventilatory equivalent 

·l~ 0 • t'TorIe done (calori.es) x 100 
total caloriesused 
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(V/V ) remains constant throu~h moderate work levels up to 

° about270/~ of V 
°2 

V is more markeél 

(l74,2L"7) after which the increase in 
max. 

than is the rise in ° consumption. This 2 
increase in venci18tory equivalent is associated with a sharp . rise in the 0 eost of breathing ( i.e. ml ° /1 V ) (73,248,26) 2 2 
unt.jl a point ls reached at w'hieh it ls probable that aIl 

furt.her Increase in oxygen uptake ts used by the resplratory 

mnscles; thU8 no additlons,l ° is made aV8l1able for li!oJ:'king 2 
mur:('.le~3 (Al.J.,2?9) as a rennlt of the added ventil.qtlon. 

rrhe tonte of ventilation control mechanisms ln oi!8ptlng 

to exerelsc has bcen the subtiect of many reports (7,105,106, 

190,356); of partieular interest is the instantancous rise 

(7,22/1-) ~\]"ith exerelse commencement. In those cQl.'lélltioned to 

n;u~rclse commcneement by count-dm'm, this lncrease pr<;aceeds the 

onset of exerclsc (3LI-5) in moderate 8iœrcise of short duration, 
"staady state" is quicl{'ly attaincd (79) although with prolonged 

exercise there ln rt eontinuous increasG (122,185). Holmgren 

found that unrl8r thcne conditions (185) and as workload was 

gradually il1cl:,,~ase(l, arterial pH and pc0
2 

fell,p02 was unchanged) 
1'Thile body temperature increased. The exact relationshtp of 

these factors to ventilation control is still not certain (16). 

3. studies on Children 

Robinson in 1938, in a detailed report compared treadmill 

exercise performance in groups of male subjects of age 5.7 t.Q 

ql years. No difference in efficiency at moderate work was fonnd 
after maturity (i. e. about age 15) 9 though younger boys l'Jere 
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less efficient. The respiratory quotient under these exercise 

conditions rose with age. Maximal oxygen consumption, expressed a 

cc/mm/Kg., showed a wide scatter and was not different in boys 

to ap;e 20. In absolute values, the ranr::;e 1'18:'1 from O.9F3 in the 

youngest boys to 3.61~ln boys of 17. LI- years. 

Morse et al (265) also used a moderate and exhaustive 

treadmill exercise on boys 10 to 17 years to malee comparisons 

during the gro\'Tth periode Under these conditions, as in 

Robinson 1 s study,the workload ls a function of body zie. 

Nonetheless, for comparable moderate levels of exercise, 

respiratory frequency and m:lnuce ventilation decreased Nith age 

from 14 to 17 years and the oxygen requirement and respiratory 

quotient increased from ages 10 to 13 years. i'~axtmal V was 
o 

1 st l" l th 13 r Id l b t . ~. tl in 2·the owe 1.. e yea. -o. )oys U - lncreaSeCt. NT- 1 age 

older subjects. '1'his l'las accompanled by a progressive rise 

in blood lactate levels with age. 
o 
.fi..strand (13) in 1952 reported an extensive study of the 

physical working capacity as related to ac;e and sex •• Over 200 

persons •. Lr co 33 years .. Nere studied. Comparisons of maximal . 
values in respect to work, V0

2
, heart rate and lactate levels 

were made. Maximal aerobic capacity and maxtmal work rate 

ShOl'Jed a linear relation Co age in each sex co age 13 years? 

and sex differencES l'Jere slight, thou,n;h consistently less ln 

females. Sex differences became more marked at age 14 to 16 

and adult values Nere reached at age 20. Peak values for V
02 

ral1[Sed throw::;h 0.01 (LI_ to 6 years), 2.0 /·r (10 to Il years), and 



00061 
3.53 (Il-/- to 15 years) for males; corresponding values for 

females were .sa, 1.7 and 2.58 l/min. Males had higher maximal 

values for ventilation, due to greater f and V ~1"hile the 
Ir ventilatory equivalent Nas consistently greater in females. 

The results of the limited study of maximal V on five 
°2 chlldren [3 to 15 years by Johnson (19E3) are similar to those of 

o • Astrand although when expressed as Vo /ke body weight no sex 
2 0 

difference was seen by Johnson whereas Astrand indicates this 

value t1"as 10:6 lower in females at ages above 12 years. 

Hork capacity measurements in children ha~ebeen ~~~ 
by numerous workers (1,2,lL~,LI,2,11'7,9[3,99,150,151). Methods 

employed in these studies often vary and determlnations of 

oxygen consumption tAJ"ere not a1Nays made. F'urthermore, arr,e, rather 
than body size 11"aS general1y the commail factor, and t1118 could 

account for mar1ted variations in cl1ildren t1"ho may differ in rate 
of devel opment. 'PhU8, 13en.c.>;tsson (L~2) fotmd wide interindi vid ual 
variation in work performance in children, especial1y in the 

YOlmc.;er ar:r,e ranr;es. [î'rom the sub-maximal bicycle exercise tests, 
he found the relation of V

02 
and V to be similar in children of 

different ages and this relatlonship was similar to that fOlmd 

in adults. Mean mechanlcal efficiencywas 20.6± .5.%. 

In 1915 Llndhard (237) compared athletes with non-athletes 

and reported the "stoff'tvechsel" (metaholism) thoWsh higher in 

the athlete at l'est, is lower during exercise in the trained 

person, a finding supported hy early reports by Eriggs (63,64) 
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and others (25,146). These earlier studies are further 

supported by numerous more recent reports Nhere greater 

efficiency was observed in athletes (27,90,203,216) and.with 

train:i.ng (91,2'7'-"). By contrast, a number of workers f ound no 

difference in this respect (123,141,165,198,268) while Hermansen 

and Andersen (17 l ,.) found a greater 0 requirement in N orwegian 
2 

ath1etes during submaximal exercise,a difference they attribute 

to the higher basal metabolic rate of these trained persons. 

The difference in findings seeminGly is related to the 

acqu:i.s:i.tlon of sletll (lJ)j·) and accordin.o; t 0 Steinhaus. 

o 

Il •• the improvernent s in mecha.l1:i. cal eff:i. ciency whi ch 
cornes with practlce are really a measure of the 
affects of training on the central nervous system 
and not a rneasure of :i.mprovecl metahol1sm ln the 
sense of more economical lnl~racellular activityll. 
( 326) . 

J\strand malces a s:i.milar conclusion :i.n his reviellJ (16). No 

marked chanr~e in efficiency ls seen (131) tUlless the test and 

trainine; exercises are similar, as was the case in several.of 

the above studies reportine improvement (90,216,274). Perhaps, 

as Karpovich suggests (203),differences among findings in respect 

to efficiency and training mir:;ht he resolved if the elevation in 

post-exercise 0 consumption was lncluded in the total 0 cost 
2 2 

of work. 

Of far ro;reater sirr,n:lficance than any' sli,{~ht changes in 0 
2 

requirement at sullmaximal exercise are those 1lJhic11 are evident 

at maximal exercise. irhere j.s no doullt that the trained person 

has the higher maximal aerobic capacity (20,71,78,186,274) and 
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'that in the indi vicIual prolol1~ed strenuous training has a 

similar effect on V 

°2 max. 
Because of the relationshlp of maximal V to body size . 

°2 (72,3L~1) lnterlndiviclual comparisons in this regard are better 
made by expressing the measu:r.ement as mlO /mi:n/J{~ body l'Joight. 

2 
Illien this ls done, values for norma.l young males, inclucling 
the Bantu and Bushman (36l~»)are of the order of 50 (78,81,26?, 
298) whereas those for trained older children (14,220) and 
trained adults (78,174) average about 6e to 70. This difference 
becomes even' more apparent in elite Olympie athletes (15) whcJ:'o 
reported values reach as high as 82 rnl/nün/krs in a cha!'1pton 
cross-country slüer; sll[jhtly Im'ler vaInes are reportecl for 
distance l'lmnerS (299). ~emale.s athletes,Nith values of 611-.5 
(88) and 68 (16) are likewise higher than normals. Olcler 
trained. subjects (159) also have, hi 0 her vB.lues l'Then compared 
with normals of comparable age. 

Ventilation drops l'Tith training (6],146, 29i) and this 
has the consequence of reducing the ventilatory equivalent 
(21,9l,11~9,251,]40). This in turn is responsible for El. lONer 
cost of breathing, at any given exorcise level, ln the trained 
subject (258). By contrest, the reverse i8 true in detraining 
(27l~) or for a period of bed rest (3[1'2). 'fhe decrease in 
ventilation ls a consequence prlncipally of a reduced resp-
lratory rate (63,146). 1here is no doubt the trained a.thlete 
ls capable of achieving higher levels of ventilation during 
maximal "exercise (2]). 
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Q\n additiOl1al distinguishing feature reflectine; super-

iority of thp tra:1.ned athlete ls the faster rpturn to normal 

of both V nnd V for any given submaxim~l exercise load, a 
°2 

change c10'lrly shown by earller worlcers (199,319) as \'J'ell as 

morr ~ecent studies (91,130,257). This implies that the ° 
? 

rtebt, fl t 0 pir. cJiscussed in sorne dotai1 by many l'lorkers (7LI-,110, 

251}, 10] ), ls Im'Ter in the trained for a given work level alt 1101wn 

this Nas not found by sorne (123,lLH). 

5. §.~T11mp.~iL 

1) 'ehe adaptations ta exerclse in respect to V nnd V 8_re 
rJ') 

slmilar in adults and children. 

2) Maxim~l. rnrobic capacity lncreases linearily with age 

unt 4.1 1'11l"lerty, at wrüch age the increase bec ornes more notable, 

~~r~cially in boys. 

3) Maximal V ls lower in chj]dren than in adults, though 
o 

when re1ated to ~ody weicht this difference disappears • . 
11_) 'L'raj_nin,a; alters the relr.:d::ion of V to l'lOrIe intensity 

o 
little, if at aIl, except whc:re the acqtrisition of skill ~üth 

training relates te the test exercise. Maximal values are 

greater in the trained,and recovery time is shorter • . 
5) V decreases Nith trainin~, for a r;iven exercise loael, 

and this results in a 101'Ter ventilatory equivalent. 
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C.Cardiac Output 

Our knowled~e of Qc,particu1arly during exercise, has 

developed as appropriate methods have been deve10ped for its 

measurements under specified conditions. 'l.'he methods employec1 

and a brief historical back[!;round are presented by Assmussen 

and I,J(elsen ln their 1956 review un. 'ehere are three 

" principal techniques •• the prlncip1e of Pick, the 80rnstein 

technique usinG foreign gas (60) and the dye dilution method 

elevoloped by ,stewart (330). 
{) 

Althou~h Fick first proposed his direct technique for 

Qc measurement in In70 (which he pers ona11.'1 never d:i.d apply) , 

Jt was not l.mtil 139n that the method "t'ras actually flrst 

employed nt l'vhich time 'Zuntz and Har:,emann (3(,H) macle mearn1.re-

ments of exerctse carcl:i.ac output on a horse.L'hey sh01lJed an 

almost l: l relati onship between V and Qc and founel only a 
°2 

sli~ht change in 0 extraction. The first record of lts use 
2 

in humans if) 1929 1IJhen Jï'orssmann "vol nnt eered" t 0 he h ls O1'm 

subject (136). 'L'he record shows that he survived the ordea1 

1,lJhich then· Illas considered a dan()~erous procedure. Nlneteen 

years later th1s technique was first used in exercisin~ humans 

(295). 

'rhe lntervening years, between 1890 and 1929, saw the 

deve10pment of the other techniques. In particular, the forei~n 

,cr;as methoel, because it d:i.d not require the use of naeelles, rçained 

in popularity, and i t \'Tas applied :i.l1 vari oUs f orms rmeler eX8::-ci se 
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conditions by Krosh and Lindhard (222), Christensen (87), 

80ck (56,57) and Gro11man (161) uSing different gases. 

The method is based on the Bornstein Princip1e whereby 

a p]~ma soluble but other\üse lnert foreign gas ls taken up 

by blood aB tt passes throu.n;h the pulmonary cappl1ary bed. 

B,y moasurj.nn; the volume of the gas taIren up, and by knm,Yinl!, 
~E-

the partition coefficient (À) of the gas in blood, the 

pulmonary capi1lary b100d flow can be accurately determined, 

provided such measurements are performed at a time of constRnt 

alveo1ar levels of the test ~as. '!:arly investigat ors Nho uS8(1 

this method for measurin~ cardiac output Nere confronted with 

the major problem of test ~~s analysis. Chemical methods for 

analysts were sl m'J" , tedi nus nnd rather prone t 0 error. /\s Pl 

consequence, the methn~ rRnjrlly fell into disuse in fnvnr of 

the then mnre accnrate dye cUlution method and, morA recently 

the Diroc~t Fi e1\" technique. 'rhe 19ter develnpment of fast 

rpspol1s e ,7,'18 8Y181ysers enabled circnmvont i. on of these early 

problem::-:. Gas analysis bec::une not nr1.ly aCCllrate bllt ear:y and 

equ·i.libration o.l1~ i-Vj,:, ti!7l8 of Ol1sot (If n~circu19tion,points 

Nhich carlior hn" ":iven rise to doul;ts as to the val1dity of 

the method. 

Th ~ dyr:: ~1 i 11J.ti on meth od :';ainecl prominence in the 19 JO' s, 

espoci'"lllv fnl.loNine; the m-;thod imprcwement of Hamilton (lOt) 

in 1.01°. More recent1: r , the di.reet Pick became more applied 

.:~ 0 0 ml. r; of dr~T lÜ trnlW oxide l'J"hich Nill èU s s 01 ve in one ml. 
ofhloorl,'.rhen equilih1:'ated at 760 mmUg.at J7°C. 
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in research on humans at rest (226) and exercise (l08~175, 

325). These results, as weIl as comparative studies of the 
dye and indirect methods on the same subjects (6) have con-
firmed the reliability of each technique as a means for 
aceurate cardiac output determination. 

Cardiac Output in ~xercise 

The circulatory system, its'adaptation to and control in 
exercise has heen reviewed earlier in detail by several authors 
(8,309,310,350) an~more recently in the extensive and excellent 
rev:i.ews by L3evegard and Shepherd (52) and others (80) in 1967. 

1.11elation ta Oxyr;en Consumption 

'l'he ori.r~inal findin['; of Zunt?: and Har:ernann that there ls 
a direct relationship between Qc and V in the Morse has been 

°2 found to be true in man (10,11,161,23'7,293). In adult males, . 
Qc (226) rj.ses from El. resting value of about 6.6 L/min 

(3.7 1/min/l1n to 8.2 at 1L 0 consumption in submax:i.mal exer-
2. 

cise (19). '11hus the rise in Qc peI' litre rise in Vo?, is 6.01 

and this relat10nship prevails until cardiac output reaches 
about 16 ls/min. (1-1'9) • 'l'his lineari ty and i ts constancry are 
hmlJever doubted by sorne ~lJorlcers (193,339). "Steady state" in 
such moderate exercise is reached in about 1 minute (48,116) • . As the intensity of the exercise (or Vo ) ls increased the 

2 
rise in Qc peI' litre rise in V decreases to l~,. 35 (19). 

°2 
At maximal l'lork levels cardiac output reaches values of 

20 to 25 L/min. (19, En, 352) \1 a Value which 18 maintained even 
under prolongecl severe exercise (92,122,311) and in hout (361), 
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thou8h not at altitude (287). Once maximal cardiac output ls 

reached, V ls further increased wlth greater work laads (280) 
°2 

because of lncreased 0 extraction. For this reason, the cardlac 
2 

output has been regarded by many investigators as belng the major 

limiting' factor of 't"lorl{ performance (82,236,261,297). 

2. l!~ffects of Posture and Sex 

For a given level of V , Qc is greater in the supine 
02 

than sitting or ,standing positions (49,154,245,292,327,352). 

At rest, Beverr,ard (48) reports a difference of 2.2L and this 

clifference was mnlntained even during exercise requirin[1; a V 
o 

of 2.5 1. '1.lhe lower value in the uprip;ht posicion is attrlbutecl 

to a clecrease in central blood volume due ta a hyclrostatic shift 

increasinr; the lilood volume in the Im,ver extremi ties (352), and 

CO a recluced heart volume (187). 

ln females, the adaptationg of cardiac output to exercise . . 
is similar although the increase in Qc/l V is greater in the 

. °2 
females (19) (rise in Qc pel' litre rise in Vo is 6.81) and 

2 
maximal values attainable (VL5 L/min) are Imver. 

3. Studies on Children 

lieport s on l'est in['; supine cardiac out put indi cat e the 

cardiac index in children is comparable ta adults (196). 

However, there are few reports of exercise cardiac output 

measurements in normal children. Cayler (75) studied 8 

pat :lent s (mean ac;e 10 years) "wi th no demonstrable or only 

minor heart lesi ons Il in mild supine leg exercise. 'rhe mean 

increase of Vo over rest was .21LI' ls and the corresponding 
2 
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rise in Qc in the children was • 8J.~6 liters/lOO ml °
2

" rrhis 

is higher than the a.d.ul t value of Donald (116), though com
o 

parable to that reported by Astrand (19), in adults. Johnson 

(198) made slmultaneous determinations of D and Qc at rest 
L 

and maximal exercise on five children (L~ females)age f3 to 15 

years. Cardiac output was determined by the indirect Fick, 

foreign gas method during breath-holding. Values measured. at 

maximal V 
°2 

were Il.1 l in the 8 year old while the range for 

other subjects N'as 10.3 - 12.9 litres/min. Maxima.l oxy.'?;en 

consumption ran,rr,ed from 1.46 to 2.06 l/min. 'Phis l'rnuld indicate 

that the maxlmal cardiac output of these children l'las about . . 
half thRt of aduJt females (19) nnd that the ratio Qc/V 

(\') 
/ 

at maxim8l r,:xercJ r:(-~ lI1icsht be p::rRal~8L' ln chilrlren thnn tn ac1ults. 

l)1h0.r0; hD.ve boon numerous studles reportod in wh'i ch the 

effects of training on Qc have been deduced from comparlson of 

trained athletes 1'J1 th non-athletes. 'J1his experlmenl:al approach 

of ~roup comparlson asswnes that any differencAs observed may 

ho ascribed solely to athletlc trainin~. In ~eneral, thjs 
avo:1.d 

method of study has been used toArepeat measurements before 

and after training on any one individual and so mtnimize 

subject discomfort, espect::tlly when intravascular intrusion 

is requirecl. Hi.~h i'1teri.nrli.vidual variation in Qc perhaps 

aCColmts for di ver,0:r;nt findings amonr; workers. 

Hestinn; studies ln the trainor'! ~ub.1~.Q.t 

In an older review p Steinhaus made a comprehensive 
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summary of the "Chronic Effects of Exercisé (.32h) • He suggested 

that 
"., • the trained indi vidual G. (8.t rest) •• may be said 

to have a relatively uneconomical circulatory 
ad;]ustment •• " 

His statement volas based on the early 't'lork of Lindhard (2.37) who . 
found the resting minute output ((~c) higher in athletes and 

since V was not dlfferent ln the groups, ° extraction was 
02 2 

lONer. This finrlin~ of Lindhard ls supported by the recent 

studies of Frick (143), on IL" soldiers studied before and after 

tl'lO months basic traininr;, and that of Wanp, (35.3) in which 

comparison of athletes and non-athletes l'laS made. A high 

card:i.ac lndex was found in the trained subject 0 In contrast . 
llTl th these reports ls the study by lYlusshoff (268) in which Qc 

was measured,usln{!, the direct Picl\: technique, at l'est and in 

exercise in the recumbent position. 'llhey reported a lovver 

resting cardiac output (in agreement with Heinecker(169)in the 

nine highly trained male athletes by comparison with the thirteen 

normal men and four Nomen. Since no difference l'laS seen in 

meta boli c rat e, the r;reater rest ing ° extract.1. on enabled the - 2 

lower restin.r:; minute output. The comparative study of runners 

and normals by Hanson (165) and their "before and after" train

in:?: study of runners (.3LW) support these findin?;s, although the 

differences found by Hanson were not significant. Bevegard was 

unable to find any difference between the small group of eight 

't'lell trained subjeets i:md non-athletes (50), 1101' 'tATaS any effeet 

of training s~en in restinr; eardiae output as measured by 

ballistoeardiogram (262)0 
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Exercise studi.es in the_trained sub.iect 

Similar conflict of findings on the effects of trainlnr; 

are found in the literature when exercise studies are compared. 

Early stndies of group comparison by Lindhard (237) and Collet . 
(94-) found cardinc output in relation to Vo Imver in the 

2 
trained persan. Assmussen (8) compared results of four different 

Ivorl{ers in his revie~'J" and attri buted the hie;her Qc in two of the 

Groups to be due to their greater level of training. Bock in 

1928 (57) made a similar conclusion from his very limited study 

of four men. 'rhe marathon runner in the p;roup (DelVlar) had a . . 
higher ratio QC/V

02 
than two of the other non-athletes. However, 

he did not differ from the fourth subject (D.B.Dill). 

lVIore recent e:;wrclse studle~) have been no more unanlmous 

:i.n a.,?Teement than the above report s . '1.1hus Pri ck (14-3), F'reedman 

(lLa) and others (50,92,155,312) report no difference, either 

in the trained and untrained states (141,143,155) nor between 

groups (50,92,312). Likewise Musshoff (268) f01.md no difference 

in his male groups nor did the males differ from the four females 

in the study. However, the athletes were able to·reach higher 

levels of work and V
02 

and thus attained higher exercise cardiac 

output levels. Maximal work levels were not attempted however. 

Similar results were found when before and after training com-

parisons VJere made in seven "males (155). Hanson and 'Pabald.n (165, 

3LI-Q) found no sLsnificant differences beti'Jeen ,':jroups; however, 

tlrhen the same subject l'las compared hefore and after traininn;, 

si~nificant decreases in Qc l'lere frnmd at the exercise levels 
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which corresponded to those regularily employed in their 

training pror;ram. No differences vlere found at the lowest 

and hi[Çhest test 1 oads • Varnauskas (JLI'9) sh01'J'ed a cons i stent 

decrease with training in coronary patients. 

Grimby (158) found the relationship of cardiac output 

to oXY!jen consumption to be similar % lho;;tjj in older weIl 

trained 'orienteers and normals of the same age though this 

relati onship Nas sli[Çhtly hip;her than that of younger, hie;hl.Y 

trained persons (19,50,165). IVIaximal values averaged 26.8 l/min 

:1.n these older men, values which are similar (19) or sven (jreater 

(50) than those founel in tra1ned youn~er men. 

5. Summary 

1) Heports on adults of exercise cardiac output lndlcate 

lts close relat10nsh1p to 0 consumption :i.n submaximal exercise. 
2 

Variations in this relationship are effected by posture and sex. . . 
Qc/V belnc; higher tn the supine and in females in submaximal 

0 0 
(-exerclse. 

2) Pew studies of maximal qc are reported. These indicate . . 
a clecreased ratio Qc/V at hio;her loads which has led :i.nvesti-

• 02 -

~ators to conclude Qc may he a major factor in limit:i.ng work 

performance. 

J) From the few encountered reports on exercise cardiac . . 
output in children, the relationsh:i.p (-)..c/V02 at mllcl exercise 18 

similar, possibly [:;l:i.!!,htly hj.gher, in ;Vounrr, children ('75) and 

this may 
. 

he 80 at maximal V .(19B)~ 
°2 . 

L~) 'j'he train in?: effect 8 are unce1'tain. Higher, l Civer and 
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similar values for Qc for a ~iven V have been reported, 
°2 

for rest as weIl as exercise. 

Mechanisms for increasing Qc 

1. Heart l1ate 

Probably the best l{nown adaptation to exerclse ls tho 
chan~e occurring in heart rate as work is commenced. Its 
linear rise wlth increasing work intenslty Is· not doubted and 
th1s relationship is hlr;hly repeatable ln the same person and 
correlates closely wlth cardiac output (19) and oxy~en uptake 
(11,22,4.3,99) as weIl as total hemo~lobln (21.3). Because of 
th:i. El, heart rat c ha~) lJeen of ton Ils ed as f-'ln :i.nclox t 0 worlc t oler-
ance a11c1 fi tnes s (1, 2,151, 205, 2;::9, 321, 32G, .3.3'7,351) ftnd l)een 
employed in nomo~rams 

exorcise level.s (;::1). 

t 0 pre(l:i.ct maxlmal V(l from sl1bmaxi.mal 
2 

Por a ~iven Vo ' or oxercise load, heart rate ls greater ·2 
in females (1.3,;::56) 8~cl in the younger than older chl1d (1.3. 

265,29,(3). It· ls hirr,her tao, at altltucle for a rüven task 
(288) thou~h maximal values are less (76,112,288). 8ecause 
the relatlonship t 0 l'TOr)e ls marl-ceclly affected by environmental 
temperature (4.3,100,229,.361) as weIl as numerous other factors 
(2.3,71,85,.315,320,.356) caution on its use alone as an indctator of 
either fitness or t'Jorlc capacity is essential (.363). Maximal 
values attalnable are .<:r,reatest i11 the younR; chilcl (13) and this 
value decreases with a~e (10,12,.318). 

Until recent1y, the contribution of stroke volume in 
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effecting cardiac output has been a topic of considerable 

controversy (8,1.1'9,81,268,309). rrhis controversy is a reflection 

of the exercise cardiac output disagreement,since the adapt-

ation of heart rate to exercise has been clearly defined. 

lJecause of the many recent studies of card :lac output, diff~ 

erences in opinion are heine; resolved and evidence for this 

can be fou.nd in the clear and cone:ise summary of Uevegard and 

,shepherd (52). 

At rest, stroke volume is 10wer by about 40Z in the erect 

than supinc position (19,L1'9,50,15B,2J·~5,353) because of blood 

volume (U8tr1b1..1.t1on ((3). In the supine posture, the rlse 

dur1n~ increasln~ work is approxi@ately 10~ over restln~ value; 

wlth the start of uprl~ht exerclse a marked rlse (by 4o~) 

occurs t 0 reach values ~lose t 0, but still less than in slmine 

exercl se and thereafter T'ri th lncrea8ing work the chan'"':''') ln SV 

ls slmilar to that in sl1plne cxercise. Near maximal values are 

reached at V 0-f l l/mln (61,361) or J·I'O.'S (,-r :11aximal aeroblc 0') 
(., 

capaclty ~19). Stro1\:e volume has ben'1 fOlmd to decrease ln 

severe, nrolon~n~ 0Y0rclso (122,311) and at near maximal work 

levels o-r ,nJ'ort duration it has been reported to rise signif-

iC~J,.';+·-1 y un,352) or fall (1J.~1,183). rrabal~i." indicates however 

that interindividual difforcnc0~ -~a si~nificant and that a 

common pattern of responsr:! ~_'1 '-"Y'[ded exorcise is often not 

found (339). 

3tro1-::0 'Tnll1me in exercise i.s a function of heart volume 

(182,26~) and 110nce it is lower for a ~iven V in females (2~R), 
°2 
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8.1 thouc;h this lias not apparent in adul t s unt il the ll,th èlecade 

(39). Similarily, it bears a hi,o;h correlation to blood volume 

(50,213). aIder adults have lower values at rest (154,331) 

while in exercise the effoets -of aging on SV are not elefini te 

( 39, 15'·~, 331) . 

J. 'Prainin,'Ç 

'rhe lower restinrç heart rate in the trained athlete has 

lon.rç been clearly documented (189,205,312) and the training 

effect becomes apparent after short perioels of strenllous regular 

exercj.se (]J"3,ll'·(),18J!',237,321,J68). 'l'hls difference is even 

more apparent ln exorci::-lo Nhon lOl'Jor Val1JeS are founel at any 

rd.von oxercÏf3e inten.sity ln both t;.ra:i.nec} aclnlts (22(3) and 

chllc1l'en (192,2213); maxi.mal values are not affocted by tralntn!:,;. 

'L'h8se cliffercncos et l'ect and submax:lrnal ox:orc:i.so have been 

attributod ta increased va~al tone in tho athletes (20l~) as 

citecl by ,Steinhaus (32()). Hecovory ls faster in the tralned 

(25'7,2nJ) for élny .0:;i ven suhmaxlmal 10ad althou.n:h I:;h1s rate 
. - ".-

ls not difforent after rnaxlmal exercise (216). 

rChe athlete ls chE!.ractertzed by a o;reater stroke Volume at 

l'est (1(),109) and in exercise (20,5'7,109,310,312). No chan[';e 

l'ras found ln a season of athletic trainin.:~ in tI'TO studies (l l l-1, 

3'1-0) thou~;l1 F,'ric~,- (JJ1'3) reports a r:i.se 1'Jith train:i.n(!;. St~roJre 

volume j.s thou";ht to he Et more lmportant mechanism for :i.ncreas:ln?; 

cardiac output in l;he athlete than non-athlete (1513) and it has 

been sll~i3este(1 that it is the reserve of stroke volume whlch 

characteri::-!:es athletes From non-athletes (10C)). 
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L". Summary 

1) The linear relationship of heart rate to exercise, 

even of maximal intensity, has been weIl established, For 

corresponcling V02 ' values are p.;reater in the younl!, child and 

in female than male adults. Maximal values decrease \<Tith 

ar~e • 

2) Stroke volume ls related to body size,thus it is larr;er 

in male than .femalè adults, and by inference, i3 presumab:~y 

Greater in the larger child, though this has not been studied. 

J) 'Phe trainod have Im'Jer heart rates at rest and in 

oxercise and soasonal training likewise roduce~ heart rate for 

a given V 

°2 4) Stroke volume is larGer in the trained athlcte than in 

non-athlotes. 'Che chanr.;es wi th seasonal tratninc; are not 

certain; one study (lLI'3) reports arise while others (ILI'l, JJ·PO) 

found no change lüth tratning. 
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D. Arterio-Venous Oxy~en Difference 

As shown by the l"icIe equation, the increase ln oxygen uptaIee 

can he effected. by elther an lncrease in l>lood. flollT or by greater 

removal of 0 from the systemic capillary network. In practice, 
2 

the demands for a hi~her level of metabolism are met by both 

mechanisms and on this point agreement among workers (80,350) is 

unanimous. Less unanimlty exists vrhen consüleration is given to 

the relat ive 8lt,;nificanco of these two mechanisms. Since those 

ar.'?:ument 8 are direct_ reflecti ons of those discussed in sorne 

detail ahove (i.e. the relation of Qc to VO further consideration 
2 

hero i8 not warranted. 

Hhether the relattonslllp of A-V dtfference to VO? ls 1inenr 
°2 

(~l,1/~1,15G,2~R) or hyperbolic (116,293) seom3 relatively un-

:i.mport8,nt ln th e pre.sent cont ext. Of r~reat:; importance, however, 

ls the limlt to ~vhich snch extraction can occur in exerc18e. 

'[lheoretlcal maximal values in normals ls about 20 ml/IDa ml of 

blood, which vaIne rel"lresents the 0 content of fully saturated 
2 

normal arteri.al bIoon. lIo1'lever, sinee the metabollc activity 

of many tissues is ION, as cited by Wade and Bishop (350), 

complete extraction from systemic blood cannot occur, although 

this may be possible in hlood supplyin~ exercising muscle. 

'Phere i8 ~ood and increasln~ evidence that in exercise re~ional 

recUstribution of lJloon. away from non-essential tissues (82, 

l?l, 307,350), even from non-exerci sin'?; muscle (51) t 0 l·JOrkin.'T, 

muscle, OCC11rs and because of thts hfC?:;h flollT t 0 such muscle (2IL~) 

values for 0 extraction of about 17 (268) or higher (19) are l'lot 
2 
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uncommon. In addition, exercise has been shown to (263) 

effect an increase in hematoctit making the 0 carrying 
2 

capaclty of blood aven !3;reater chan 20 and thus makinr; hlgher 

extraction ln vigorous exercise quite feaslble. 

Assmussen and Nlelsen(8) dlscuss the topie of ~-VO 
"2 

differenee of blood in working muscle and conclude: 

"'Phe steadily increasin.'!, muscular A-Va dlfference 
in the untrained subjects must be loo~ed upon as 
a sign of a relative inefficiency of the circulation 
in heavy exercise". 

'rhelr conclusion is drallJYl from the findinrçs of a hi.t:;her exercise 

cardinc output for a given exercise level in the trained. 

Alternatively, earlier (94,237) and more recent studies (340) 

Nould lead one t 0 the opposite conclus10n wh11e the report 13 of 

still others(141~143.268) would indicate no difference between 

the trained and untrained. 

'Che excellent recent study by Grimby (158) leaves littlé 

doubt that the ability to extract 0 in maximal exercise 
2 

imposes a limitation on vJO 1'" Il: performance in the older man and 

training seems not to have altered"this ability. Rowever, the 

findinF';s of Holm.'Sren (18L)" 188) in studies of 'Vas ore.n;ulat ory 

asthenia' where 0 extract i on was lmduly low, surr,gest that 
2 

training does improve the ability of muscles to extract 0 
2 

in exercise. 

Conclud1np; liemarll:s:_ 

111. this revie"1 of the literature, consideration has "been 

given to heart and lung functions in exercise and to the con-

sequences of athletic training. This is beeause the cardio-
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vaseular and respiratory systems are the primary systems 

aetively involved in 'delivery' of 0 to the muscle tissues. 
2 

However, it i8 essential to bear in mind that these are by no 

means the only important systems involved in exercise adapt-

ation an.d affeeted by traininlI,. fi'or example, no attention 

has been F)iven to the l1Iunloading" or "reeeiving" processes 

at the muscle which perhaps are as signiflcant in exerclse 

as is delivery of oxy~en to them. 

'I:he chanr;es in hlooel Nith exereise and wtth tra:i.nin,n; have 

not been discussecl, nor has any attent:i.on been g:i.ven to such 

aspect:-J ns heart volume, temperature and mnscle aJ.terations. 

8ach bears d:i.rectJ.y on the total process of exercise adaptation 

and many are affected by trainins. As exemples, the tralned 

:i.ndividual has a larger (268) heart volume, greater total 

he'QJl{)~J.obin (212) i.mproved heat tolerance (2JJ, JJLp) c;reater muscle 

mass (J26) and muscle capillarity (285). 

A complete review of these topics, pertinent though they 

be, tvould be ulTivieldy. However, where these tapies bear 

cUrect 11r on the pr1mary obj ect ives of this thesi s, they will 

be :i.ncJ.uded in the brief discussions follow1ng each section 

(belmv) or in the .ro;eneral integrated discussion at the conclusion. 
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A. LUNG VOLUMES: 

AlI lung volumes measurements were made wlth the child 

seated, at rest in a straight back chair sUitably adjusted to 

enable the subject to breath comfortably from the testing 

apparatus. 

Instrumentation: 

The circuit used for measuring the subdivisions of lung 
(37) 

volume, described in detail~consisted of a 9 L spirometer* 

fitted with flex:1.ble tubing of l inch internaI diameter and 

connected to a mouth piece by a 3-t·my manual valve \'lhich enabled 

rapid switching of the subject from breathing room air to 

breathing from the oircuit. Attached to the spirometer was an 

adjustable speed, electrically driven kymograph with ink 

rec ording on the lllymograph drum 0 

Greater accuracy on the FRC determination is achieved if 

the volume of the circuit gas ls kept small in relation to the 

F'RC volume ,to be measured, especially t'J'hen studying children. 

Tm-lard this end, the dead space of the clrcui t l'Ia.S reduced by 

placing a CO 2 absorption cannister externally on the expired 

line and sealing off the central core completely. Proximal to 

the CO
2 

cannister was a blm'Ter. circulating gas et approximately 

60 l/minute. Distal to the cannister a 5/16" rubber tube 

sampled. CO2 - free gas to the helium catharometer. rrhis gas 

t'las returned to the ma.in stream at a point proximal to the CO 2 

absorbera 02 was added to the circuit during the FRe measurement; 

*Warren E.Colllns (BostonvMass). 
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lt was controlled by rueans of a fine.control valve on the 02 

s:upply tank and was set to match as nearly as possible the 02 

consumptlonof the subject as indicated on the tracing. In this 

l'1ay J the volume of gas in the ciroui t was kept virtually constant 

during the test. 
* 

The catharometer, whlch consisted basically of Et whea.tstone 

bridge, makes use of the thermal conductivlty property of helium. 

One arm of the bridge is enclosed ln air while the gas mixture 

containing ~elium is pessed through the other side of the bridge 

and altercd the current drat'm by this portion of the bridge. 

This cha.nge is Et linear funûtlon of gas concentration and was 

recorded on an indicator sCEtle attac·hed to the catharometer, 

calibrated to l'sad from O-15~ helium. 

The kymogl'aph sp€:ed vias cali b:~ated and found accurate st 

25 seconds/cm. 'rhe splrometer wes calibrated by means of air 

displacement Nith water and the bell factor found to be 46.1 

mm/Il tre. '1111e dec.d spaee of the CiTcui t, wi th 8pirometer bell 

do~m and pen indic9.tor reading zero, was calculatecl using a 

dilution technique. An accurately measured volume of ° was 
·2 

added to the circuit which contained room air. Analysis of the 

resulting gas mixt.ure for 02 by thû Scholandertechnique. 

enabled calculation of the dead space. This procedure was 

repeated using helium as the indicator gas to ~h8Ck the results. 

1~ Cambridge 
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operational Procedure: 

Prior to subject testing, the spirometer was checked for 

leaks and the bell balanced by use of counter weights such that, 

wlth the pump on, and respiratory lines open to room air, 1t 

remained stationary over the full range. The water level in 

the spirometer was also checked. 

The tests were performed in the following sequence and 

manner. 

Test 1. Vital Capacity (Fig. Il) 

About 4-6 litres 02 were added to the circuit and the subject 

t'lith nose clip in place, connected by means of the mouthpiece to 

the circul t 0 The subject t'ms allm'md to breathe quietly until he 

had assumed his normal respiratory pattern (see tracing). Three 

vi tal capaci ty manoeuvres; t'lere then performed, wi th adequate 

time being allowed between each for return to normal respiratory 

pattern. 

Test 2. F'unctlonal Residual Capacity 

The spirometer was prepared for the test by flushing t'li th 

air, and then the requisite amount of helium 't'\Tas added to give an 

indicator reading (Initial Helium Concèntration) in the range of 

1205 - 1300%. The initial temperature of this gas mlxture was 

noted. The subject was then reconnected to the mouthpiece and 

turned into the circuit at the end of a normal quiet expiration 

(FRC level)~ At the same time, addition of 02 to the circuit was 

commenced. 'rhe fall in helium concentration was observed and t'1hen 

this reading stabilized the subject was disconnected and ° supply 
2 
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to the circuit stopped simultaneously. The final helium 

concentration and temperature were then recorded. 

Calculations: 

VC was calculated from the height of the tracing and the 

bell factor as fo!lows: 

VC(BTPS) = mm.deflection ls. 
46.1 

x correctioh factor 
for temperature 
and pressure. 

'The middle value of the 3 vc measurements was analyzed. 

FRC was calculated from the helium dilution as follm'ITs: 

where 

V 

F 
He 

FRC 

02 Difference 

= 

Switch Difference 

V 

~~. 

(F l - F 2) -t ° Difference (F 2) 
He He 2 He " .. 

F 2 
He 

Switch Difference - V Apparatus 
D 

Ini tial volume of c1rcui t, "VJhich includes 
the volume l'li th the bell fIat p t ogether l'li th 
the volumes of helium, 02 and air added before 
the subject ls switched in. 

land 2 are the fractional concentrations of 
helium in the circuit before, and et the end 
of equilibration by the subject respectively. 

Volume by which the final volume of the circuit 
differs from V, and is the consequence of a 
discrepancy between the O? addition rate and 
the rate of 02 consumptioTI by the subject (see 
B Fig.I

l 
) 

Volume above or below the resting end tidal 
level at l'lhich the subject is swltched in the 
circuit (see Fig.I ) 

l 
Subsequently p RV was calculated as FRC-ERV, and ,:eLC as RV + VC" 
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B. LUNG FLO\'l RAT ES 

Instrumentation:. 

The spirometer used to make these measurements ( 37 ) 

was built to incorporate features desirable but not available 

in many commercially made spirometers, namely a light weight 

bell and wide bore tubing. Dimensions of the water column 

were 12" x 16", having an inter-pipe of 2" dlameter. The 

plastic bell measured 8" in diameter and lJ~1I in depth, wtth a 

weig~t of only 9 oz. as compared with 15 oz. for commercially 

produced metal bells. The tubing from subject to spirometer 

was reinforced ldth wire and had an internaI diameter of 1~1I. 

The spirometer bell l'Iras connected to a varlable speed lcymograph 

which enabled ink write out of the spirometer tracing. 

Operational Procedure: 

With the spirometer~ running at the appropriate speed, the 

standing subject breathed in to TLC, and held this lung volume 

while the mouth piece of the tubing was positioned. The subject 

then expired at maximal rate and depth into the spirometer. 

Three such measurements were made, and the lar.gest ~-,:l analyzed. 

Calculations: 

A smaple tracing is shown in Fig.I
2

" The FEV was calculated 

by measuring the height of the tracing reached in the first .75 

seconds of expirations. This was converted to volume using the 

bell factor. Multiplying this value by 40 gave the volume 

FEV x 40. (litres/min.) 
.75 seconds 
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The MMFR was calculated by measuring the total volume of 

the expirate and dividing this volume into quarters (see Fig.I ) 
2 

The points on the tracing corresponding to 1/4 and 3/4 of the 

total expirate (ie.the middle half of thls volume) were joined 

and this line extended to intercept the Y axis. (volume axis). 

The slope of this line indicates the ratio of volume (Y axis) 

to tlme (X axis) during the middle half of a forced expiration, 

hence Maximal Mid-Expiratory Flow Rate and 1s expressed as 

litres/second. 

By use of the plastie masle, which was designed from the 

calibrations of the spirometer and kymograph, both of these 

values could be determined by superimposing the mask of the 

tracing. Both the FEV and MMFR 1iITere then converted to express 

volume at BTPS. 
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C. OXYGEN UPTAKE 

The vo~ume of 02 taken up ls the dlfference of the amount 

breathed ln and the quantlty expired. . . 
To measure oxygen uptake (VO ) measurements are needed 

2 

of total minute volume of air breathed, either lnspired or 

expired, and concentrations in the mixed expired gas of CO2 

(F 
E CO 

2 

and. ° 
2 

(F ) • Because the expired volume ls altered 
E 02 

in accordance with the respiratory quotient, it is necessary to 

make a correction for this small difference between inspiratory 

and expiratory volume in the calculations. 

Instrumentation: 

The apparatus used in measuring va is described diagramatic-
2 

ally by Fig (13) which also includes the circuitry used in 

measuring diffusing capacity (described below). 

The mouth piece \'Jas connected to a high flow Hans Hudolph 

2-way valve to which was attached an insplratory and expiratory 

line. These lines li'Jere 1-1/16" flexible wire-supported p non-

collapsible tubing 9 The expiratory line led to the atmosphere. 

Arranged ln series lÜ th i t was a small plexiglass mixing box 

containing an electrically operated fan which served to ensure 

mixing of the expired gas. Distal to the mixing box was a small 

tube through which side sampling of the expirate could be effected. 
1~ 

A dry bellows gas meter, with potentiometer IIlounted on the 

indicator needle, was attached to the inspiratory line and enabled 

i~ Parkinson-COI'Jan 'rype C 
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measurement of the volume of air inspired. 
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By meaus of a vaccum pump, a continuous sample of mixed 

expired gas was drawn from the mix box, through a CaC12 filled 

** *** tu' tube l'lh1ch dried the gas, to the ° and CO analyzers. 
2 2 

Respiratory frequency was monitored by a pressure-activated 

switch placed across the two-way valve. 

A permanent record for volume, concentrations and frequency 
-IHI-** 

was made by means of an industriel, constant speed recorder 

to which sach of the measuring devices lilas attached. This record 

eliminated the need for making rapld readings of the various 

meters. The recorder contained l~ channels, each ~'lTith lts own 

characteristic number, operat1ng on a 2.7 sec.cycle. 'rhus, a 

record of each observation \'JaS made every 10.8 sec. 

Calculations: 

The minute oxygen uptake (V ) t'las calculated from data 

°2 recorded on the ltlheelco tracing, a sample of which is shmill 

by Fig. IL,_ 0 Volume and concentrations were determined as indicated, 

the appropriate factors in each case being Incorporated into the 

deSign of the apparatus. 

Calculations were as follows: 

= 

°2 
l/min. 

Collins p55J 

. 
V F 

l l 02 

Beckman paramagnetic FJ 

. 
V F 

E E 02 

Cambridge differential catharometer 
ltlheelco 
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where 

V inspired minute volume expressed in litres at 
l Standard temperature and pressure dry (STPD) 

V 
E expired minute volume (STPD) calculated form 

the relationship. • 
V = V x 79.1 

E l 100 -(F + F ) 
E 02 E CO2 

and 

F fractional inspired oxygen concentration (20.9%) 
l ° 2 

F fractional expired CO concentration 
E: CO 2 

2 
F fractional expired 02 concentration 

E 
°2 

Respiratory frequency \'Jas counted directly from the tracing. 
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D.DIFFUSING CAPACITY 

The total dlffusing capaclf.;y of' the lungs for carbon 

monoxide (D CO) was measured during exercise (steady-state) 
L 

using a gas mixture of rCŒm air containing about .125% CO. 

D CO has the units mICa/minute/mm Hg. 1.e. the diffusion 
L 

rate with respect to the driving pressure. 

Instrumentation: 

The apparat us was slmilar to that described initially by 
(117) (266) 

Donevo.n et al and Mostyn et al, with only minor modification. 

This circuit "t'las integrated wlth the va circuit described 
2 

above but had a separate dry gas meter, connected by demand 

valves to the test gas storage tank. In this way, the dry gas 

meter could be thoroughly rinsed with test gas and closed to the 

atmosphere before the test. This enabled the exposure time of 

the subj ect to the test gas to be l{ept to a minimum. an essential 

feature if the build up of significant back pressure of' CO during 

the test is to be avoided. 

Fractlonal concentration of CO was measured by an infra-red 

analyzer. By means of' a sampling control m'li tch box, solenoid 

operated valves enabled sampling from the inspired line (F ) 
l CO 

from the mouth piece, and from the mixed expired box (F ). 
(8; CO 

Manually operated valves allowed the subject to breath from the 

storage tank thr·ough the demand valves p as was the case during 

a:diffusing capacity test, or room air for determination of 

oxygen consumption. 

-l~Infra-red Development Corporation 
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In practice, since the exerclse diffusing capaclty ls 
• 

related to the level of exerclse (and hence to VO ) the D CO 
2 L 

measurement was made after a sui table t'1arm-up perlod to enable 

attalnment of steady-state (about 4 mins.of exerclse) and the 

VO was measured during the followlng minute. 
2 

Calculations: 

As t'or VO , the measuring devices for the test were connected 
2 

to the Wheelco recorder and the data derlved from this permanent 

record (Fig .• II~ ) was used to calcuiate D CO by the method suggested L .. 

by Donevan Cl]~'n but usl:ng a predicted dead space based on the data 

of Hart (166) which can be .used in children 

D CO ml/min/mmHp; == V 
L CO -----P 

ACO 

where 
0 

V = V (F - F + F ) 
CO ICO ECO EfCO 

and 
P == (V x F ) - (V x F ) 

ACO T ECO DICO v ~--~~=-
x Pb - W 

D 
where 

V - volume of test gas inspired in litres/min.STPJ 

YT ~ I/BTPo/. respiratory rate/min. 

V - anatomical dead space in litres p BTPS as 
D predicted. 

F p I~ F - fractional concentrations 
ICa ECO and E'CO of CO in inspired air, in 

mixed expired air and in end tidal air on 
air breathing before the DLCO measurement 
The latter ls a correction for the slight 
sensitivity of the meter to watervapor and 
to CO • 

2 
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E. CAHDIAC OUTPUT 

Measurement of the cardiac output c1urlnr:: exerclse l'Tas 

made utilizlng the Indirect Fick forel~n ~as technique. 

In 1062, Beck1ake et al (40) described in detall one foreign 

gas rnethod. In their study, they compared exercise Qc values 

measured almost simultaneously using the for0i~n gas and dye 

dilution techniques and found a close relationnhip in results 

of the two methods. In addition, they showed th0 repeatability 

of the forelgn gas method to be comparable to thnt of the direct 

Fick technique o The method ls impracticql for measurements made 

at rest, and ln pat lents wi th condit l ons causin,'3 poor mlxing in 

the lUDgs (eo"::;o emphysema) since equ:U.ibration tlme ~\Tould be too 

lonr; and thus recirculation mi,n;ht occur before the measurements 

could be made. However, it reaches lts' greatest accuracy in 

moderate to heavy exercj se \llhen the equilibration tirne is 

shortened. Its' greater accuray during heavy workloads is in 

cont rast l'li th s ome other methods whi ch may become less accurat e 

in heavy exercise (dye method) because of fast recirculation). 

The method has the obvious advantage of requiring no needles 

and has thus neither the di.."lcomfort 110r occasional hazard 

associated l'J'ith direct Ficl\: measurement whi ch invol ves cardiac 

catheterization. Furthermore, the test exercise can be performed 

in the upright position, a factor it can be argued, which ma1\:es 

the technique more physiological. 
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PrinciEles of the Method: 

There have been various inert foreign gases used in the 

past, examples of which are acetylene (C H ))ethyl iodide (C H I) 
2 2 2 5 

and, as in the present study, nitrous oxide. Furthermore, 

single breath anrl equJ.libration rnothods have been used analagous 

to the two (t:?;eneral methods useel for this measurement of diffusing 

capaci ty. 'T'he present study l'laS based on a steady-state method. 

'Che test gas mixture was introduced t 0 the exercising subj ect and 

after a short perioc1 of equllibration mixed explred gas was collect 

ed for El. known time periode Durinr; this period (t secs) the con-

centrat:i.on ofl-J
2

0 :1.n the rospirate sampled at the mouth was 

monitorocl cont inuously. 'Phe mixed expired samplo was subsequently . 
analyzed for N ° (F ). Phe volume resp:1.red (V) durin~ the 

2 iD N 2() 

timo per10cÎ\:,Eh".s also determ1ned; hencc, the total volume of N ° 
2 

which has been tal{en up from the lunc;s could be determined. By 

assuming the mean of the enrl-tidal concentratlon (i.e.alveolar) 

to he reprosentative of the arterialized lun~ capillary blood, 

the hlood fION through the lungs durinG the timed interval can 

be calculated us1ng the Fick principle (sec below). 

The application of the foreign gas method for measurinq; 
't"rrG& 

pulmonary capillary blood flow, depends on ~ important essentials: 

1) A complete, rapid equilihration of the lunc;s with the 

test ,n;as. 

2) Constant alveolar levels of the test gas. 

* 7 r~ p 0 20~ 0 .:J/o -~2 ' ~ /0 , 

2 
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3) The need to make measurements before significant 

recirculation occurs. 

As regards the degree of equilibration, this can be readily 

determined by monitoring the wesh out of nitrogen (F ) from 
E N2 

the lungs which is the reciprocal of the wash in of the carrier 

gas in the test gas mixture (this was He in the present study). 
-lI-

By virtue of the fast response of the N20 meter, the level of 

the end-tidal concentration can be observed directly and hence 

the constancy of alveolar gas concentration (F ) ascertained. 

A N ° 
A rising F , and simultaneous lot'Jering of F 2 8 thus would 

A N 20 E N2 
indicate incomplete equilibration while a rising F alone 

A N
2

0 
would indicate recirculation of blood containing sorne test gas. 

The use of a soluble inert gas such as N 0 off ers the 
2 

advantage of a prolonged effective recirculation time, by 

comparison with the dye technique. This perlod ls greater for 

two reasons: 

1) the blood first exposed the test gas in the lung (and 

thefore first to recirculate) has the lowest concentration of the 

gas, since equilibration initially ls not complete. 

2) N
2

0 is highly soluble, partlcularily in exercising muscle. 

Thus, much of the dissolved N ° diffuses out of the blood during 
2 

transi t through the muscle capillaries. rrhis is in contrast wi th 

tracers or dyes, in which case the initial concentration is maximal 

and the tracers, attached to plasma protein,remain in the blood 

stream. 

~~ o. 21j, sec.to 90% of full rleflection 
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In the present technique, 1t was assumed that rec1rculation 

of test gas did not become significant in 35 seconds, a conclusion 

based on the findings of Becklake et al (40:) that computed cardiac 

output dld not fall significantly from la to 35 seconds at moderate 

work loads, and therefore by implication, recircula.tion was 

insignificant up to 35 seconds. 

Instrumentation: (FLo;o l ) 
5 

rrhe circui tory used in the present series of studies was 

essentially similar to that originally descr1bed in detail by 

Becklake et al (4a). 

The test gas was transferred from a storage tanl{ to a 

neoprene bag contained Id thin an air tight plexiglass box. The 

changes in volume l'fi th the respiratory cycle were moni tored by 

means of a spirometer in the first year of study, and a dry gas 

meter thereafter, connected to the box. Thus, as the subject 

inspired from the bag the volume of gas removed from the bag 

created a sruall negative pressure in the box containing the bag. 

As a consequence, air entered the box from either the spirometer 

or gas meter~ to restore the original volume of gas in the bag-box 

system. By means of a low"-torque potentiometer attached to the 

spirometer wheel (or dial needle of the gas meter) these volumes 

were directly written by the Sanborn polygraph recorder. 

The inspired line, comprised of 1-1/16" I.D. copper tubing, 

led t'rom the neoprene bag to the Im'l-resistance box valve which 

in turn was attached to the fast response breath-through N20 meter. 

,1- Infra-Red Development Corporation 
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Circuit diagram of Nitrous Oxide apparatus used in measuring cardiac output o 
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In series \'li th this line was an Engstrom humidifier which 

enabled humidification of the test gas as it entered the 

inspired line. 'rhis lins and humidifier were maintained at a 

constant temperature of 37°C. by means of water circulating in 

the jacket heater which surrounded the inspiratory line and box 

valve. 

The expiratory line from the box valve consisting of l 1/16" 

I.D. wire supported flexible tubing was fitted with a solenoid 

operated valve which permitted a rapid change from expiring to 

the atmosphere through a mixing box to expiring into a second 

neoprene bag (expiratory bag) p also contained l'li thin the plexi-

glass box. Thus, the expirate could be passed through the mix box 

from \'lhich continuous sampling of 02 and CO
2 

concentrations could 

be made, permitting the determina.tion of oxygen c.onsumption Just 

prior to the cardiac output measurement. Alternately, during a 

Qc measurement a sample of the expired gas could be collected and 

passed through the N 0 analyzer at the conclusion of the test. 
2 

0): .. 

Attached to the mouthpiece t'las a ni trogen analyzer and 

pressure transducer o A vact!!um pump effected continuous sampling 

from the mouthpiece through a. needlevale to the N2 analyzer. In 

this manner, the wash out of N2 from the lungs was monitored and 

recorded. rrhe pressure transducer responded to changes in 

dlrectional flow at the mouthpiece. This record was used to 

accurately determine the onset of each inspiration and expiration 

and this, together wi th the time base of the Sanborn recorder p 

•• Haters-Conley Model 46 
~H:' Sanborn 
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enabled accurate determlnatlon of the duratlon of the test in 

seconds. 

Heart rate was monitored elther by means of an ear counter 

(284), operati:ng on the pri:nclple of varying light transmission 

wit}l pulsatile flow, or by electrocardiogram using two chest 

leads. In a few cases, hand count of either the carotld or 

radial pulse had to be made. 

These varlous parameters were thus dlrectly recorded on 

6 channel Sanborn recorder, a sample tracing of which ls shown 

by Fig (1 ) • 
7 

Calibra~i.on and Preliminary Circuit Studies: 

'.rhe ni trous oxide analyzer t'las cali brated using known ~b N 20 

mixtures in dry Helium gas 9 concentrations rane;ing from 0-10,%. 

The analyzer of the meter was then calibrated against the Sanborn 

recorder. These two curves were then comblned to give the curve 

shot'm in Fig. (1 ) 'Nhich des cri bes the relati onship of N20 con
f) 

centration to Sanborn reading. rrhe intercept on the X axis from 

this resultant curve was calculated over the straight portion of 

the curve, \'lhich l'laS the range of concentrations encountered during 

the measurement of cardiac output. This enabled the direct use 

of the Sanborn reading, in mm deflection and thus eliminated the 

necessity of reading fractional concentrations values from the 

original calibration curve. 

Further cal1.brations l'mre made using air, rather than helium 

as the carrier gas. The resulting curve fell directly on the 
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above curve; this permitted the use of room air in subsequent 

calibration curve checks and in zeroing the analyzer during 

daily meter balancing. 

From preliminary investigations, it was found that the 

meter was sensitive to moisture and CO in the gas mixture. 
2 

Since the expired breaths differ from the inspired during a test 

in these two respects •• saturation and CO
2 

content, these factors 

tended to make the expired gas read higher on the meter than the 

inspired gas o for a given N 0 concentration. The effect was 
2 

minimlzed by heating the inspired gas to body temperature and 

by saturating the inspired gas as completely as possible. The 

effect of CO 2 l'Jas taken into account by subl)traot~;ng tho moto!' 

response on air breathing just prior to the commencement of the 

measurement from the mixed expired reading. This also corrected 

for any residual N 0 in the body as a consequence of an earl1er 
2 

test. 

It l'laS also observed in preliminary observations tha.t the 

meter l'laS slightly sensitive to direction and rate of flm'l of 

gas through the analyzer. This effect was eliminated by passing 

the collected expirate through the analyzer in the sarne direction 

and f'lovl rate as the inspired gas. Thus both the inspired and 

expired gas would be affected to the same degree and this artefact 

of the meter overcome. 

As indicated above (instrumentation and Fig oI5 ) volume was 

recorded by either a dry gas meter or spirometer. 'rhe spirometer, 
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comprisine; a light tlTeight plastic bell to minimize inertia 

effects, lITaS calibrated in the usual manner by addinrr, known 

volumes of e;as co the spirometer bell and reading deflection 

(in mm) on the Sanborn record. In this way, the sensitivity 

of the recorder amplifier was set so that 10 mm def1ection on 

the ,sanborn corresponded to 1 litre change of 'volume in the 

spirometer. ~rhis volume-deflection relationship Vias found to 

be linear over the operating ranp.;e and perlodic checks showed 

this to be constant. No difference in this relationship was 

noted T/Jhen volume was removed from the spiromcter. 'l'he dry 

e.:as met;er l'Tas calt1Jrated a,sainst the 'ris sot splrometer and 

Sanborn recorder at varyin~ steady fION rates as weIl as 

lntermittent flows such as encountered durln~ the respiratory 

cycle. Under these varyinp; conàitions, the volume response 

vlaS similar. 

Calculations :. 

Pii?;. (1
7

) show"S a sample tracing of a record from which 

cardiac output l'laS calculated. The parameter recorded on the 

various channels of the tracing was as follows: 

Channel 1: Beart Hate. 'ehe paper speed was preset and rate 
in~ general counted over a 15 second peri od during the test. It 

is expressed as beats/minute. 

Channel 2: Pressure. In conjunctiol1. with the time base of 

the recorder, this enabled exact determinatlol1. of tlme of the 

measurement and permitted calculations to be made for sln.c:;le 
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FigoI7 Sample tracing fromthe Sanborn Recorder from which 
Pulmonary Capillary Blood Flow \'1as calculated o 
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breath or several consecutlve breaths, the latter method bein[j 
used for the most part throue;hout thls study. 

Channel 3: N
2 

Concentratlono 'l1his Is seen to drop rapidly 
durln~ the hyperventilatlon manoeuvre when the test [jas was first 
presente~ to the subject (1t will be recalled thet the test 
contalned hellum rather than nitro~en as the ear~ier ~as) and 
after 3-/~- breaths remains constant. 'rhis indicates the rapidlty 
and completeness of equilibration by the subject with the test 
[jas. Measurement of cardiac output was made durlne; regular 
breathin~ followin~ attalnment of this 'steady-state'. 

Channel LI_:. Volume. 'J.'he recor~ of tidal volume usinr.; the 
splrometer is ShONYl. on the tracinr>;. Hhen the spirometer ~'Jas 

useel, the explrate ~'Jas returned to bac;-box systems, so that the 
volume chan3'es vrere recorded throughout the respiratory cycle. 
In the experiment s in which volume Nas measured usine>; the dry 
gas meter, a measurement of only the inspired volume was made o 

Channel 5: Practional concentration of N O. As .shovm by 2 
the sample tracing,these consist of: 

i) F'ractional Insp:lrecl Concentration (fi' 
l N?O ii) fi'racti'onal i'Ilxeel J1:xpired Concentration '(1" ). 'r.his 18 

I~ N 0 comprised of a mixture of the expired e;as sample collected durin,c:; 
the selected time (t), duration of 1'l11ich is indicateel by the time 
scale on the bott; om of the tracing. '.l'he expired sample contains 
both gas from the ~ead spacG of the respiratory system of the 
subject and machine as weIl as gas from the alveol1. Consequently, 
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this value must always be higher than F' , a point which 
A N 0 

served as an addi t i onal check on the accep·gabili ty of the 

measurement. 

ii1) Fractional Aii1!eolar Concentration: (F' ). 'rhe 
A N 0 

correct value for this ~ would be the concentr~tion inte-

grated with respect to time throughout the respiratory cycle. 

Unfortunately, this value during inspiration cannot be measured 

practicably. However, it is assumed that this value would not 

rise greatly above that observed Just after dead space wash out 

during an expirat i on p unrl similarly- that i t t'lould not fall much 

below the end-expiratory level recorded Just before a new breath 

started. 'rhe assumption that the mean of the end-tidal level is 

a close approximation of alveolar concentration is probably 

not unreasonable. 

iV) Initial Meter Reading (F ). The end-tidal 
AIN 0 

concentration of N 0 on air breathing immediately prior to the 
2 

start of the experiment. 

From these readings the cardiac output t'Jas calculated 

according to the Fick Principle utilizing the equation 

I. Qc 
l/min. 

(A - V ) \ 
N 0 Difference x /\ 

2 

Providing the measurement is made before 35 seconds, the venous 

concentration i8 negligible-; in which case the equation may be 

rewritten. 



II. Qc liters = V ( F 
l N,.,O 

G 

- F ) 
E N 0 

2 
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( FA N 0 - F - 1) x .Àx Pb - w 
A'N 0 760 

2 2 

where. 
V =01 

l 
x 60 

t 
x BTPS correction factor)and V 

l 
is the swn 

of the tidal volumes inspired during time 

t secs.), the perlod of collection of the 

expired gas. 

À = 0.L~7'-l,o the partition coefficent of N 0 between air 
2 0 

and "L'lhole bloocl (21n· t 278) at 760 mmHg, 37 c. 

l = intercept as calculated from the calibration curve 

showing the relationship .% N 0 and Sanborn deflection 
2 

(mm) 

Pb-w - barometric pressure in mmHg, less water vapour 
o 

pressure at 37 c. 

rfhe above data may also be used in single, rather than 

multiple, breath calculation in which case the formula was 

modified as follows: 

III. 

where 

Qc llters = (V - n(V + V ). x (F - F - F ) x 60 
l N 0 A N 0 A'N 0 t l d dm 

À x (F 
A N 0 

2 

- F 
A'N 0 

2 

n - number of breaths in time t 

2 2 2 

) x Pb - w 
760 

v - anatomical dead space as predicted from the magnitude 
d 
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of the tidal volume by Assmussen and N~elsen ( 9 ) 

V IODee, the dead spaee volume of the mouthpieee, 
dm 

meter and box valve. 

For most subjeets in the present study, ealeulations were 

made using Equation II and the mixed expired reading. In sorne 

cases where through technical error the mixed expired reading 

was unacceptable, such as with incomplete rinsing of the expired 

bag prior to the test, Equation III was used. In these few cases, 

aIl results for an individual were calculated using the same 

formula for each exercise test. 
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PROJï:!:c'r CONTROLS: 

The purpose of this study was to define cardio-respiratory 

functions in exerclse in normal children and thus permit com

parison with children engaged in müm trainings 

Subjects: 

The subjects who served as normals (Controls) for this 

study were for the most part drawn from the Parl{s and Playgrounds 

of the City of Montreal. Contact \'Jas made directly 't'Ti th the Park 

lYlonitor in different regions of the city? \'/ho in turn advised 

the children of the general nature and purpose of the tests. 

'11hose children t'J'ho expressed an interest in being a subject ~'Jere 

given a 'letter to parents' which described briefly the tests. 

Attached to the letter t'las a parental consent forme li'rom the 

signed aild returned forms, subjects were selected in accordance 

with the distribution of age and sex desired. Because of 

difficulty in obtaining adequate subjects in the older age groups 

(15-17 years) the remalnder of the subj ect s t'.]6re dratm. from 

volunteer workers at the hospital and children of hospital staff 

members. 

TableQ[ summarizes the age and physical characteristics of 

this group. Eighty seven (87) children were studied; l'esults 

on four (4) of these l'lere rejected D one on the basis of a systolic 

murmur p the others because of technical reasons. Of the 83 

included in the studY9 40 were boys, 43 girls. Forty-two (42) 



TlillLE (C 1) PHYSICAL CF..P ... RACTERISrICS - CONTROLS 

SEX 

Boys 

Girls 

AGE GROUPING 
YE..4.RS 

10-11.9 
S.D.± 

&r 12-13.9 
SoD.-

ct- 14-15.9 
S.D.-

+ 16-17.9 
S.D. 

8-9.9 

.J .. ,* 10-11.9 
SoD.-

~-. 12-13.9 
S.D.-

+ 14-15.9 
SoD.-

-l" 16-17.9 
S.D.-

NUHBER 

14 

13 

9 

4 

1 

12 

13 

10 

7 

MEAH AGE l'l KA.N HEIGHT 
(years) (centimeters) 

Il.21 14-].07 
0.47 5.91 

13.46 150.85 
0.53 9.74 

15.16 165.22 
0.53 8.75 

16.75 173.86 
0.50 4.13 

9.6 140.00 

Il.17 148.00 
0.49 5.38 

13.04 150.54 
0.52 3.71 

15.10 156.00 
0.52 5.23 

16.64 161.00 
0.38 6.11 

~lEAN WEI GHT 
(Kilograms) 

35.61 
6.04 

43.00 
8.88 

58.22 
Il.22 

63.00 
3.63 

34.5 

39.29 
5.38 

45.04 
10.67 

49.35 
7.42 

55.07 C 8.56 C 
~ 
~ 
~ 
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of the group were French Canadian. No attempt was made to 

randomize the selection of subjects, nor was any considerati~n 

given to the socio-economic level of the familles of the subjects. 

In terrns of geographical representation, these children can be 

consldered to represent three general areas of the city, these 

being a West and Central reglon which probably are representative 

of families in the middle-income braclret, and a Northern region 

comprised mainly of a lower incorne group. 

'resting Procedure: 

AIl subjects l'mre studied during the month of JUly,1965. 

'.rhe t esting was done either in the morning (9: 30 - 12: 30) or 

afternoon (1:30 - 4:30)0 'rhey 11ere brought to the Royal Victoria 

Hospi tal in groups of :3 - LI- by authorized transport and upon 

arri v'al height (wi th shoes removed) and 11eight (while wearing 

light summer vreight clothing) measurement s l'lere made. A brief 

medical history t'las talcen. In addition to the information 

supplied by the parents (see Appendix #1), a medical examiner 

listened to heart and chest sounds, counted the sitting pulse 

and established that in so far as such a cursory examination 

could reveal, the subjects were in good hea1th. 

'rhe following series of tests were then made: 

J'est 1: Dynamic Lung Function Tests (Flm'ls) 00. 

These included measurement of Forced Expiratory Volume (F.E.V.J 

and Maximal Mid-Expiratory Flm'l Rate ( M.MoF.R.) ~ ['est procedure 

was described above. 
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'rhese tests were performed in the routine Pulmonary 

Function Laboratory at the hospital. It was felt that each 

child was motivated to do his best; means of motivation were: 

1) encouragement by the experienced technician, 2) presence of 

other children of the group and 3) by the subject observing 

the tracing as it was being made. 

'rest 2. Lung Volumes: 

Tests to mea.sure the subdivisions of lung volumes were 

performed on the closed-circuit Helima dilution apparatus 

described in datail else~lare (Part III). Since close 

attention and cooperation on the part of the subject are 

essential in these tests, thay were performed in a separate 

laborat ory V'Ji th only the child and technician present p thus 

mini.mizing interference and distraction of the subject .. 

Single determinations of the FRC measurement were made, 

except for the occasional spot repeat test .. 

'rest-1: Total Lung Diffusing Capacity and Oxygen Uptake : 

The performance of this test consistad of 2 phases, done 

in succession during continuous exercise of about 6 minutes 

duration. Phase i ... Diffusing Capacity for Carbon Monoxideoo(D CO) 
L 

A suitable mild exercise load v.ras selected on the bicycle 

ergometer using as criteria for load selection the child's age 

and size. The majority of subjects performed the test at a load 

cf 150 KgM/min 0 (see Table C5). 

-;.. E1ema-Schonander p st ockho1m. 
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'rhe 8ul1.1ect was seated in the normal cycling posi tion 

with th~ seat height appropriately adjusted to match the leg 

lenc;th of the child. The mouthpiece of the circuit was inserted 

and the exercise commenced. After 3 minutes of exercise, the 

time normally required to reach steady-state (57,192,201), the 

sub.1ect vIaS swltched from breathin,r:; room air to breathing test 

gas (room air plas approximately .125t CO). After sampling gas 

from the inspired line to determine the inspired CO concentration 

(ft' 1), the samplin,,,; J.ine from the circuit to the CO metel' wes 
[ CO 

connect(~d to the expirecl 11ne at a point jusi~ distal ta a mtxinr; 

l'h1s cyw .. blecl eletcrmlnation of the mlxecl explred concentl'al~lon 

of CO (F' ). Oncc~ this concentration became steady, as incl:i.cated 
Ij~ cn 

by the; vertlcal l:i.rwartty of the CC! recordJng (F':i.e;.I,,), the 811.1)ject 

l'ras I:hen Sl'T:i.t checl t 0 breathinp; room a:Lc. '['111:::; port i on of th e test 

required approximateJ.y 4-1/2 minutes from onset of exercise • 

Phar~e 
. 

ii .• Measurernent of Oxy~en Uptake (V ) 
02 

l'lhi,f;@ the suhject exerc:i .. sed continuonsly, the mean rnixed 

expirecl coneentrat i ons of CO 2 ane1 ° ( fi' and F' ) Ivere 
2 7 CO ~ 02 1 . .1 2 . 1.....J 

determined hy continuons sarnpling from the explred Ilne (as above). 

\<Ihen these values hecame [~teady, exerci se ~'!as ceased. '['he total 

duration of the exerclse Nas' not mor8 than b minutes. 

'Il
l/JO a<i.o i t i ona1 measul'ernent s of VO 2 ~\Tere made on each sub.i ect 

at loarJS Nhlch, in most cases, 1vere 100 [(fjl\l hir?;her than the 

previous Norklo;:vl. At least 10 mlYlUt8.'3 of l'est t'Tas al101'reo 

hetween each test exercise. 



v0115 

From the data obtained above, which also Included continuous 

records of inspired v'olume and respiratory frequency, total lune; 

Dlffusing Capacity at one level of exercise, and oxygen con-

sumption at 3 workloads were determined. . 
Test 4: Exercise PUlmonary Capillary Blood Flow (Qc) 

Three test loads, similar to those employed above, were 

completed by each subject. 'rhe subject was connected by mouth-

piece to the breathe-through N 0 meter and exercised for 3 minutes 
2 

to reach steady-state. Durlng this period, room air was being 

breathed. After the warm up exercise, the subject was switched 

to breatl-o test gas and hyperventilated for 3-4 breaths, as 

instructed prior to commencement of the test. After this hyper-

ventilation, vJhich enabled rapld equilibration of lung gas vüth 

the test gas, the subject resumed his regular respiratory pattern. 

'rhe cardiac output measuremen:t 'VIas then made over the follmüng 

10-20 second period after which the exercise was stopped'd During 

this test then, measurements were made of heart rate, inspired 

and alveolar N 0 concent1rations CF and F respecti vely) , 
2 l N 0 A N 0 

N concentration (which gave indicati~n of comp16teness of 
2 

equilibration), volume inspired (V ) and pressure swings (t'Vith 
l 

respiration) at the mouth (used to determine exactly the onset of 

an inspiration and thus to enable accurate determination of time). 

'rhe mixed expired sample, collected during the 10-20 second period 

of Qc measurement, was then passed through the N 0 meter for 
2 

analysis (F ). 
E N 0 

2 
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• 
Following a procedure similar to that for VO (i.e. after 

2 
a.bout 10 minutes rest), two additional measurements of Qc were 

made at the' higher loads. 

To expedite the testing procedure, the prescribed Test 

Schedule ( ~pp.2) was followed as far as was possible. This 

ensured that each subject had time torecover from a previous 

exercise before having lung volumes measured or commencing the 

next exercise. 

Data Processinp;: 

One of the major conce1'ns in a study involving the collect

ion of data oiirnany ind.i viduals p such as in the present project, 

1s the efficient handling of the data such that computations are 

correct and human e1'rors mlnimized. In this study, permanent 

records for aIl tests tlJ'ere made.. This l'lot only helped reduce-

the chance of'technician error, caused by hurried reading and 

l'ITiting of values during the test, but also enabled a subsequent 

recheck of data on any individual subject.. The permanent record-

ing also offered the advantage that extraction of the pertinent 

values from the tracings could be done at a more leisurely and 

careful pace. From these tracings, the values were read and 

recorded. on 'raw data' sheet (App. J) • 

Because of the nature of the tracing, calculations for aIl 

lung volumes and flm'l rates Ivere crone manually. (See F'ig. I 2) 
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Calculations for oxygen consumption, diffusing capacity and 
il-

cardiac output were done on a digital computer, using Fortran IV 

language. 'A print-out of aIl raw data, as weIl as Individual 

results, permitted an additional check on 'rogue' values to be 

made, after which aIl 'final results were transcribed on mdgnetic 

tape. Use of the magnetic tape was made necessary because of the 

large volume of data col1ected. This provided ready assessabl1ity 

of aIl the data for statistical analysis. In additIon, this 

automation. of data handling allowed a far more extensIve data 

anlaysis than would have otherwise been possible. 

The statistical and regression anal;y-sis was .. d.one by 

computer uslng both Fortran IV and. IBH 7041~ MAP programs. 

Tables of mean values, including range and standard deviations, 

w'ere printed for each par~meter with subjects divided in varlous 

ways whlch included age, helght, sex, group and exercise loado 

It' tests and signiflcance levels ( F and p) for age, height, 

weight 1 sex and group clifferel.1ces for/e~ch function were also 

calculated. Various regression analysis were attempted for each 

parameter uslng single and multiple Independant variables. In 

addition to linear regression equations, other equations were 

derived using logarithmetic as l'rell as other transformations in 

order to determine the best relationship to accurately describe 

the data. 

, 

-lI- IBN 11701~1~, NcGill Computor Centre. 
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Resul.i§!: 

'Vlhen a comparlson of groups is t 0 be made, as in this 

study where swimmers are being compared not only to themselves 

on a 10nF;itudinal basis but also with normal children, lt is 

essential to establish the 'normality' of our control normals. 

This ls necessary to ensure that the subjects serving as normals 

have values which are within the range of pUblished data and 

that values of fUl1.ctional measuremen-œ have not been significantly 

biased by subject selection. 

lAoPhy~tcal Characteristics: 

The age, height and weight features, divided by age, of 

our normals are presented in 'rable Cl. Mean values for height 

are plotted as a function of age in F'ig.Cl A & B for boys and 

girls respecti vely • For comparative pUi!foses, the percentile 

lines (90,50 & 10f6) of stuart and Meredith (336) (a study on 

Boston children) are shown (dashed lines) as weIl as mean 

values for SwedBh children ( 66). 'rhe boys of the present 

series are seen to fall on, or,in the age range 13-15 years} 

slightly below,the 50 percentile line (336 ), while the girls 

shmv the same, but more marked, trend. In each case, both 

our younger and older children lie on or above this line. No 

statistics were done to compare the present data lvith these two 

studies. 

Although our subjects tend to be shorter at age 13-15 years, 
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this 8mallness of stature ls not evldent when weight is 

consldered. F'le;.C2 ShOW8 thls relatlonship to age and ln 

contrast w"Ï th that expected, since weight is a. functi on of 

heLz;ht, our data for r.:lrls falls Ylrtually on the 50 percentile 

line whlle our older boys are heavier than those of comparable 

ap;e in the Boston and Swedish groups. 

ft'irr,.C] shows the comparison of sexes on the basls of 

height (Pig.C]A) and weieht (ft'i~.C]B). Such a plot enables the 

determination of the f.jrowth pattern of boys ln relation to girls. 

'rhese mean values are again compared with the 50 percentile lines 

to Stuart and Meredith (]66). 

In terms of helght, the girls of the present series are 

taller (1' .OL/'7) thanhoys untl1 age 1] years where the 1:ines 

are seen ta cross, after l'1hich ac;e the boys are taller. In 

,();oneral, thls 8h01'1S the same results as that of Stuart whose 

lines cross at the age of 13.5 years. 

As w~ll~ be expeoted, the crossing of the sex line relatlng 

wei3ht to age oc ours at about the same ac;e (1].3 years) while 

th ose of Stuart cross at age lL~. 5 years. 

l i.J,. Lun.n; Vol urnes. 

Since publlshed data indicates that hel~ht ls the best 

sin,:,;le independant variable agalnst l'1hich t a compare lung volumes, 

the present data were analyzerl ln respect t 0 helght. Fig. CL/, 

shows the plots of linear regressions (Table 83) for TLC, VC, 

PRC and RV for boys (solld lines) and girls (dashed lines) as 

a function of height. j'/iean values for the subjects divioed by 
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height, are presented in Table C2; the standard deviation 

is shown below the mean values. 
sel( 

Resu1ts show no ~ significant"difference, for correspond-

ing height, in any of these functions over the age range studied 

(Table Cï,). The regression line8 of each sex for FRC and RV 

cross, the girls having higher values at the taller heights. 

VC in boys was greater over the whole height range resulting 

in a larger TLC. '.Phe comparison of the coefficients of the 

regressions (betas-b) indicated no statistical difference in 

the slopes of the 1ines for any of the subdivisions of 1ung 

volume. Likel'lise, a statistical comparison of the mean values, 

using the Student's t-test, showed no signlficant sex difference 

at the 5)& level; hm'J8ver, vital capaci ty, which was consistently 

greater in boys, Nas found sir;nificant at the 6:~ level (p .006). 

Hhen the sexes V.Jere di vided int 0 groups by height, using intervals 

of 10 cms., PRC and RV in females; at height when numbers were 

adequate for such comparison, were greater and this difference 

was consistent, occasionally significant (P .05). 

'Ehe comparison of our data l'li th others has been made both 

with the sexes separated and combined. This approach has enabled 

a t'lider comparison l'lith findings of other investigators. 

Figures CS and c6 show,respectively,boys and girls compared 

with previously published results. In each figure, the present 

series (solid line) are plotted using the linear l'egression, 

(('Eable C3) as above~ for which the general equation of the line is 



TABLE (C 2) r1EP.J.'\! LUNG VOLUT':ES llJ~D FLm'J RATES - CO~TROLS 

Ar. !:;"' +'J 0 • RTl" ,.Tm v..C. E;.R.V. F,.R.C. R.V. T.L.C. r1MFR FEV 
ü .... ".L • 

YRS. (cm~. ) (Kss) (ls) (ls) (ls) (ls) (ls) (l/sec) (l/min. ) Bby~ 
. 11.00 6 136.4 32.17 2.18 0.67 1.33 0.66 2.84 1.88 60.83 S.D4:t 1.27 2.75 1.97 0.31 0.18 0.10 0.16 0.20 0.58 8.93 
+110 36 11 144.8 35.96 2.37 0.84 1.61 0.78 3.14 2.19 64.54 S.D.- 0.67 2.56 4.29 0.36 0.26 0.29 0.27 0.42 0,69 8.65 

12 . .30 10 152.2 45.55 2.74 0.86 1.80 0.94 3.68 2.34 68.70 s. D.:t 1.25 2.25 7.56 0.48 0.28 0.48 0.24 0.65 0.22 8.83 
j_14.00 3 1,63.2 57.17 3.41 1.04 1.87 0.83 4.24, 3.68 97.50 S.D.':' 1.00 5.49 15.43 0.40 0.08 0.23 0.31 0.46 0.25 12.97 

..1- 15.00 9 171.60 61.11 4.23 1.53 2.90 1.37 5.60 4.56 128.57 S.D.:" 1.00 1.39 5.27 0.48 0.19 0.23 0.26 0.58 0.94 29.88 
17.00 1 180.00 68.00 5.41 2.01 3.67 1.66 7.07 5.23 168.70 

Girls 
1 . 11 3' 13 144.92 31.19 ,2.33 0.70 1.50 0.80 3.13 2.75 68.60 

-1.,- • .1. 

S. D.": 1.44 3.22 4.19 0.28 0.19 0.22 0.15 0.37 0.550 12.63 
.t.·13 . 29 24 153.71 47.77 2.69 0.94 2.03 1.10 ~ 70 2.70 75.68 _1 • l ' S.D.~ 1.90. 2.93 8.78 0.37 0'.,24 0.42 0.30 0.48 0.65 . 12.74 

15.50" 6 164.50 56.75 3.45 1.23 2.-58 .' .1.35 4.80 3.84 103.00 S. D.t 0" 84 3.54 8.50 0 .. 39 0.21 0.44 0.29 0.53 0.96 13.34 C 
C· 
~~ 
N 
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TABLE (C 3) LUNG VOLU11ES .A_ND FLO\-! RATES REGRESSIONS - CONTROLS 

SEX 

Bo;ys 

Girls 

Dependa....'1t 
Variable 

( y) 

Constant 

3 
Et (Ht) 

FRC -4.93 
-.317 

VC -6.95 
-.292 

TLC -8.97 
-.328 

RV -2.02 
-.035 

ERV -2.91 
-.282 

t'iMFR -9.17 
-1.118 

FEV . -245.13 
_ _ _ _ _ _ _ -~5.! 62 _ 

FRC -6.45 
-.826 

VC -5.98 
-.183 

TLC -9.08 
-.493 

RV -3.09 
-.314 

ERV -3.36 
-.512 

I>IMFR -5.85 
-.092 

FEV - 195.60_13048 

Coef. of 
Indep. Var. (b) 

(X) 3 
Ht (H"4- ) __ __ v 

aQ450 

.0648 

.0842 

.0194 

.0255 

.0786 

2.1452 

.0051 

$0568 

.0839 

.0271 

.0280 

.0572 

1.790 

.619 

.889 

1.158 

.268 

.351 

1.084 

.?9.: 7l- _ 

.777 

~803 

1.183 

.380 

.397 

.830 

25.43 

Corr'n 
(r) 

S.D. S.E. 
of of 

(b) (y) 

.865 .0042 .348 

.877 .0551 .334 

.899 .0051 .419 

.910 .0660.399 

.901 .0065 .538 

.913 .0837 .507 

.709 .0031 .257 

.723 .0416 .252 

.820 .0029.238 

.830 .0385 .233 

.826 .0087 .717 

.839 .1142 .692 

.835 .229318.860 
.:822 __ 2.:9§8_ ~?27 _ 
.757 .0074 .334 
.759 .1040.333 
.809 .0064.290 
.813 .0897 .287 
.845 .0083 .374 
.847 .1160 .372 
.597 .0057 .256 
.595 ,,0801.257 
.707 .0044 .197 
.712 .0610 .196 
.518 .0147 .664 
.535 .2048 .656 
.750 .2462 11. 09 
.758 3.414 lL94 c o 

P 
l'V 
c.o 



y .- a + bX 

~J0130 

where Y - dependant variable (volume) 

X - Independant variable (height) 

a - constant 

b coefficient of X 
(l.e. slope of the line) 

The linear regressions derived from the extensive data 

of Lyons and Tanner (239) are'shown by the dashed lines. 
1 

Methods employed ln their study and in the present one were 

" essentlally the same. It ls seen (Fig~5-6) that where com-
--- J 

parlsons can be made (TLC,FRC and ERV), our regressions have 

the greater slope and thus' our subjects had larger volumes at 

the taller heights. The greatest difference between the data 

is in respect to !<'RC vIhich Is more marked in the girls (Fig~o6) 

It is noted that the lines cross at a height of 145-150 cms 

which represents the helght range that includes the greatest

number of subjects in the two studies (E'ig"C21) .. 

A comparison with the extensive data of Demuth et al (107) 

shows our results virtually identical for VC and PRC for boys 
C 

(Fig.5) at heights greater than 145 cms. In analizing their 

data, log transformations were done and their regressions follmv
b 

the general equation y = ax 0 This gives a cmrvilinear descript-

ion of the data and could account for the slight divergence ln 
.. ' 

results for FRC in boys et the extremes of the height range. 
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FRC values for girls show our results are identical with 

Demuth (and Lyons and rranner) at heie;ht Il-J.O cms., but at 

height 165 cms., our subjects had FRC values .65L greater 
, 

than both Demuth et al and Lyons study. 

Needham et al(270) tested 150 males and famales, ages 11-19 

years (Fig.C21) and they present multiple re8ression equations 

for predlction of the various subdivisions of lune; volume. 

Unf ortunat ely, thi s (Joes not enable us t 0 plot our dat.a us ln['; 

their formulae; however, a comparison of their mean values 

(cross circles) indicates that our results tend to be slightly 

higher, particularly as height increases. 

Results of Cherniack (8J) for VC on 521 Winnipee children are 

sholm (dotted line) to be in close aereement with the present 

series. Although his values, as weIl as those of Djure (54) 

for Swedish children, lie slight1y above our predicted values. 

In F'iC;. C7 the sexes are combined and resul ts are compared 

Nith data of Helliesen et al (171) and l!.'ne;strom et al (128). 

Close agreement is seen with Helliesen for aIl subdivisions 

and with 8ngstrom for VC and cf.1:LC. Hm'J"8ver, our values for 

FRC, !~RV and RV Nere hi.<:"her than those found in the Swedish 

study (128). 

lC.Dynamic Lune; [i'unction Results (1'able C2 and Fig.C8) 

l"ig.C8 compares the linear regression equations of jVIMF'H 

and l"!~V on height in boys and girls. 'Phe girls have higher 

flow rates at the shorter heights but lower values than boys 
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as heie;ht increases beyontt;/ 152 cms. 'Pl'lis same sex relattonship 

is shown for FEV (Fig.8B) ~lith the lines crossing at 1)-1-5 cms. 

No significant cJifference in slopes of the re,gressions was 

found (p< .3), nor was there any overall statlstical difference 

hetween sexes when means Nere compared. 

Pew data are available in the literature for compari.son 

of r1HPR. Cherniack (83) found values which differed maVKedly 

from those of the taller boys of the present series but other

wise values for the two studies are virtually identical. (Fig.C9~ 

PiS.CIO shows our data with sexes combined, comparerl 

with the unpublishecl data of !:3eanc1ry (38). T'lere, our results 

are described both by a Ij.near regression and lo~arithmetically 

such as employed by f3eRuclry. As C8.n be seen (Table CLI-) the lo,S; 

transformation has not improved the correlation of our data with 

height, nor has it affected the relationship of the present 

series l'Ti th the data of fjeaudry. 'Phe t-t'l0 set s of data show a 

wide clifference in flO1'l rate (Il/min.) at shorter heights, 

although a~reement is good at taller hei~hts (.25 l/min difference). 

Hts stucly includes data on 270 children, many of vIhom were in 

the younc;er ap;e C:roups. 

["ir,;. CIl shows the present data in relation to others who 

have measurecl fi'ŒV (168) and F~V (54). To permit 
.75 sec 1.0 sec 

comparison their values were exprespcd as l/min.by multiplying 

by 40 and 30 respectively. Close agreement is found with 
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Bjure' s results (5II- ) over the whole range studi.ed, but only 

with Heese' s data on taller children h68). At shorter heights, 

Heese's values considerably exceeded the present values)and 

those of Bjure (54). Furthermor~, Heesels data were expressed 

at ambient pressure and temperature (ATP) and conversion to 

BTPS would exaggerate the differences. 
C 

In Fig.12, data from both sexes are combined, and FEV ls 

plotted as an exponential function of height. Our results are 

.compared l'li th those of Strang (11,2) and Beaudry (38 ). Although 

resul ts of both these i'forkers show' a parallel increase wi th age, 

Strangls values are lower at aIl ages than Beaudry's. Our values 

at heights greater than 150 cms.lie between these two,groups. 

Individual Results: 

Fig.CIJ - C20 show individual results'for VC, FRC, MMFR 

and FEV for each sex and in relation to the calculated regression, 

line on height. 

-
Discussion 

It has already been mentioned that certain authors in 

descri bing grm'fth of lung volwnes in children have treated the 

sexes separately (5l~,83,107 ), others have choosen to combine 

the sexes (J8,128,171). There is general agreement that 1) 

the sex differences up to the age of puberty are not significant 

and 2) that sex differences in the adult are significant. The 

age, or stage of development at which these sex differences 

become apparent is not certain but must lie between puberty and 
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the twenties (i.e. the lower age span in most adult studies). 

Since we could not be sure at "t<lhat age the sex differences 

first become apparent (and therefore at what age data on the 

two sexes should be analyzed separately) it seemed advlsable to 

analyze aIl the data separately for each sex. Indeed, little 

justification can be found for combined analysis. 

An additloYl,gl point of difference in opinion exists as 

regards the best means of rlescribinp; the data. Sorne authors 

use the simpler linear regresslon, otheus emplo;\T logarithmetic 

an cl other tr,9.nSfOT'rnation.s in 'th.p rep;resslon eqtta"tion.s. rpo assess 

the merits of these treatments, a comparison of dlfferent 

re[':ression equations for VC anrl .. F'He has been vwade. Table CIl· 

ShOlITS the varlons correlnt·j 011 coefficients ln which he:in:ht has 

been uscd as the stngle lndepenrlant varlable. It is notcd that 
3 

the use of (height ) ~ives the highest ~nrrelation and presumahlv 

host describes the data, for VC in both boys and ~irls, and for 

PRe in boys. Rowover, lt is nlso noteworthy thnt height j.s only 

sli~htly superior (as inrltcated hy the correla~lon c00fficient) to 
l 

the simpler regression hased on hel~ht whlch in turn ~ives a 

hil':h'3r correlat10n than the ~onsiderably 1ess convenient log-

arithmetrtc expression. From this it was concluded that there 
3 

i.s little 8.Qvantage to be gained by usi.ng heir;ht and height 

alone h'3.s thus been userl to c1escribe the present data. 

'rhe comp8.rir;on of the physi.crtl characteristics of the 

children in the present study jndicate our subjects were slightly 
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shorter, but of comparable weight, to pUbllshed data on normal 

children. This suggests our children were "short and fa.t"; 

however, no measurements of obesity were made. The greatest 

difference was seen in the girls aged 13-15 years, suggesting 

they may have been late mGturing. There is little doubt that 

differences in subject selection is an important consideration 

when different studies are being compared; this is pa.rticularily 
, ... ...,. --

true \'lhen compari son of regression lines is being made, in l'lhich 

case the calculated regressions can be influenced by difference 

in numbers of a particular age in the study. Purthermore, the 

variations in grovrth rate \vith respect to age, malce age a poorer 

basis for group comparison than height in chi1dren. 

The number of chi1dren inc1uded ln our Control group is 

sma.11 by comparison with sorne other studies (Fig~2iJ..). Nonetheless, 

there is good genera1 a.greement "t11th previous1y published data 

on 1ung volumes and flow rates. Closest agreement was invariably 

seen in the 11eight range which includes the greatest numbers 

studied; perhaps differences in th1s respect accounts for our 

agreement being poorest at the shortest heightso 

As might be expected, VC because of its ease of measurement, , 
show'S the most consistent agreement vJ'.ith values reported by 

others. On the other hand, the PRC values of the present series 

were higher than those of other investigators, except for the 

data of Hel1iesen whose values "t'lare ident ical (171) $ Differences 

from other data becomes more apparent at taller heights. It is 
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weIl recognized that such measurements are more difficult, 

and the coefficient of variation wider, in children than 

adults (239). One would therefore have expected greatest 

disparity with published data to be evident in younger, rather 
C 

than older children, the opposite of that shown above (Fig.5-7) .. 

Only single determinations of FRC were made in the present study, 

a point l'lhich is in contrast to most other groups. Engstrom (1:28) 

found a significantly lower value for FRC in the second ob

servation than in the first, and this difference 't'las attributable 

ta variation on E:RV since HV was not different" vJe have made 

duplicatqS in only a small number of childl"'en and ·found no con·· 

sistent difference~ E:ngstrom cites that l'Jh11e the difference 

l'JaS sic;nifi cant p the error introduced by employing single 

determinations i8 small (2-3%) and weIl within the error of the 

technique itself. 

The difference between sexes in respect ta VC is in agree-

ment l'Ji th that found by Demuth (107)" Although the difference 

't'Jas not significant 9 1 t was consistent for any g1 ven height" 

By contrast, no consistent sex difference wes observed ln FEV 

and MMFR. Cherniak ( 8J) found values for MMFR h1gher in males 

but does not state if the difference t'las significant. Demuth 

(107) found values (for both sexes) Iower than both ourselves 

and Cherniak and the difference in technique probably eccotmts 

for the difference. 
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Finally, the purpose for incluslons of Controls in this 

study was to permit comparlson wlth other chlldren (swlmmers). 

It ls concluded that the present chl1dren agree favorably wlth 

published data, both in respect to physlcal characterlstlcs and 

static and dynamic lmlg measurements, and are adequate for 

subsequent comparlson wlth other chlldren in the present study. 



D co Results - Controls: 
-L 

001152 

Re81üts of D CO for the L~O boys [Incl J}3 r-;lrls ln this 
Ir 

st udy are shol'm ln 'rable c6. From the tal'l. n, l t 1'TÏ.ll be 

noted that not aIl subjects did 1dentical load;:;; however, 

the ma.iorlty ln each sex was tested at load 150 KgrJf/mi.n. 

(31 boys, 33 girls, see Table C9). The mean oxygen con-

sumptlon for each sex, includlng aIl test loads, was .788 l/mln. 

for the boys and .724,1 for the glrls. Whlh:l D CO ls 
L 

dependant on va , from the mean values at load 150 ICgM/min., 
2 

at 't'lh1 ch 80:~ of the D measurement s were made, i t i8 apparent 
L 

that; no conslstent difference in V0
2 

for ap;e (or size) l'las 

ohserved. .'31nce there was no sl'jnificant correlation betw08n 

D and VO 
L 2 

ln these data (the ran~e of VO bein~ presumablY 
2 

too srnall for chis correlation to be demonstrated), a 

rerr,ression was calculated using height only as the independant 

variable. 

'rable CS 11sts the regression equation8t~hl'S calculated 

for D CO for boys and girls separately and combined. Also 
L 

included in this table are the regressions on height for D CO 
L 

per litre mid-lune; capacity (D CO/MCO) and per Il tre va 
• L 2 

(D colvo). lt will he noted that the inclusion of mid capacity 
L 2 

(FRe + 1/2 V ) and oxygen consumption in the regressions as 
rjl 

additional measured variables has lncreased rather than de-

creased the standard error (SE) of the predlcted D CO value. 
L 



TABLE (C 4) CORRELATION COEFFICIENTS FOR LUNG VOLUMES ~~D FLOW ru~TES 

CONTROLS 

.Regressi on TJsed _ Dependant Variable (~) Dependant Independant 
SEX Variable Variable FRe VC TLC RV ERV M!wWR ~ FEV. 

1 

( Y) Ht(cms.) ,--
Beys .865 .900 .902 .710 .820 .826 .835 

log .861 .895 . .20~ ~671 .804 .812 .848 
log .857 .893 .894 .701 .814' .817 .825 

log log .857 .891 .901 ~664 .803 .806 .840 
()3 .877 .910 . 913 ~ . .830 .. ~ .852 

Girls · 757 .809 .845 .597 .. 7,07 .518 .750 
log .. 775 .804 .843 .625 .. 680 . .477· .718 

log .755 . 806 .• 842 .597 .702 . .509 '.745' . 
log log .775. .802 .84) .626- .678 .470 .. 716 

()3 .759 .813 .847 .595 ""12 ~ ~ .758 

C'" 'Highest correlation value underlined. ~:~ - indicates no transformations. C;~ . 
c,.., 



00154 

rfABLE (C 5) SUMMARY OF WORKLOADS USED 
IN D CO MEASUREM~S 

L, 

CONr.rROLS 

Load KgM/Min. Males Females 

100 6 7 

150 31 33 

200 1 2 

250 1 l 

350 l 

'rOTALS Ll-O 43 



TABLE (C 6) DIFFUSING CAPACITY RESUL'rS - CONTROLS 

SEX AGE NO. LOAD OXYG EN CON S UIrIPT ION DIFFUSING CAPACITY 
Ir. 1(9.:'j·T II·lin. NN. 

..\,. 

S.D.= RANGE MN. + S.Do_ RAlIJGE 

Boys 10-12 6 100 0.645 .104 .55-.82 18.6 2.2 15.3-21.3 
10-12 7 150 0.752 .049 .69-.85 21.1 3.3 16.2-25.1 
10-12 1 200 0.89 18.2 
12-14 12 150 .785 .084 .62-87 22.8 4.1 18.2-31.0 
12-14 1 350 1.420 33.1 
14-16 9 150 0.834 .093 .73-.95 30.4 4.8 22.0-36.2 
16-18 3 150 0.678 .131 054-.80 27.8 2.0 26.5-30.1 
16-18 1 250 1.110 36.3 

Girls 8-10 1 100 0.780 17.4 
10-12 6 100 0.592 .121 .39-77 17.0 1.97 13.5-19 .. 4 
10-12 6 150 0.761 .070 .39-.78 19.5 3.6 14.7-24.5 
12-14 Il 150 0.754 .140 .59-1.06 21.0 2~1 17.9-24.2 
12-14 2 200 .881 .058 .84-.92 17.6 2.4 15.9-19.3 
14-16 10 150 0.678 .072 .58-.79 24.9 ~.1 18.8-31.8 
16-18 6 .53-.89 26.0 5.5 21.3-38.8 

e 150 0.727 0129 
C 
~ 16-18 1 200 0.909 29.2 en 
tIT 
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TAf3Lg (C 7) 'rABLE OF 'p' VALUES SHOWING SEX 

COMPARISON - CONTROLS 

VARIABLE BEX fi 

MALE FEMALE 

AGE + o .504· 

HEIGHT + 0.640 

WEIGHrr + 0.997 

FRC ... 0.825 

vc + Oo06L" 

'rLC ~, .. Oe293 

HV '"'.~ 00269 

ERV .1- 00151 . 
M~1FR + 0.901 

FEV + 0.234 

D co/vo + 0.723 
L ,2 

D CO/MC + 0.112 
L 

D CO/Kg ..... 0.009-li ' 

L 
V'O /LOAD + 0.041-l:-

2 

+ = higl1.er values 

-l:- = significant 



T_wLE (C 8) REGRESSION FOR DIFFUSING CAPACITY O.N HEIGHT - CONTROLS 

Dependa...Yl t Coef.(b) of Standard Sta...Yldard 
Variable Indepednant Error of Error of 

( y) Variable (b) (Y) 
SEX Constant. (X) 

r~ D CO -34.54 0.384 0.041 3.36 
L 

F -47.97 0.457 0.082 3.70 

11 & F -39.18 0.407 0.039 3.69 

I1 D CO/VO -19.23 0.331 0.080 6.55 
L 2 

F -56.29 0.572 0.162 7.29 

1'1 & F -27.97 0.387 0.074- 6.94 

111 D CO/IIJC -16.74 0.042 0.021 1.70 
L 

F (refused) 
-6 

M D CO 5.11 5.22 x 10 ~'~~ 0.555 3.36 
L -6 

F -1.11 6.41 x 10 ~~ 0.157 3.71 ,-
~o 

f.j & F 2.72 5.59 x 10 ~~ 0.531 3.65 

Independant Variable •• (X) - Height in cms. 
3 

... r Height in cms • 

Correlation 
Coefficient 

(r) 

0.840 

0.660 

0.755 

0.558 

0.483 

0.503 

-0.313 

0.837 

0.654 

0.760 

o o 
p~ 

en 
~ 



(TABLE (C 9) 'I1ABLE OF D CO ST A'rISTICS _. 
L 

SEX COMPARISON - CONTROLS 

AGE 10AD NOS. P 

!l'I/F 

10-12 150 7/6 o. LI-JJ6 

12-1L). 1.50 12/11 0.2204 
il-

Ih-16 150 9/10 0.0276 

lL~-18 150 J/6 0.5.509 

----
Jl/JJ 0.08JJ 
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3 
Likewise, in our data on D CO, the use of Height as the 

L 
independant variable (rather than the linear value of Height) 

l'lad no effect on reducing the SE of the dependant variable. 

The above data for D CO are shown in graphie form in 
L 

Fig. (C22). It is noted that the regression line for boys 

lies above that for girls for any given height. However, 

the two lines fall within one standard error for either line 

(SE for boys only shown). There was no signifieant difference 

in the slopes of the two lines although the intercept for the 

regression equation for girls was significantly less (P z. .001) 

than for the boys. The results were tested for sex differences 

using the Student's t-test and eomparing girls and boys of 

equJ.valent age and/or height (a.g. boys of 10 years tested 

against girls of 10 years) at a given workload (Table C9). 

rhe only significant difference was in the age range 14-16 

years (P=0.0276); it was noted however that boys as a group 

had the higher diffusing capacities, a difference significant 

at the 8~ level (P=0.083J), but not at the usually aecepted 

statistieally significant level of 5%. The correlation for 

D on height is higher for boys (r=.840) than for girls (r=.660), 
L 

though both are significant (Table C8). 
3 

In Fig.(C23), Dl l'las been plotted using Height as the 

independant variable to permit a comparison with the re8ting 

data of Demuth (107) who l'las choosen to express the relation 
C\~ 

of D to Height~an exponential function. 'rhe linear regression 
L 
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for strang's (333) data is also shown. Of interest here i3 

that each study shows the similar effect of growth on 

diffusing capacity. The difference in resting values in the 

studies of Demuth and strang can doubtless be attributed to 

the different methods employed. The exercise values of the 

present study bear the same relationship to height as do the 

resting data of Demuth through the height range studied, 

though they are of course higher because of recognized increase 

in D CO on exercise. 
L 

The relation of D to lung volumes is 
L 

shown in Pigures C25 - c26. 

of the two regressions for D 
L 

The plot, showing the relationship 

and V~p on height (Fig:24) shows 
g 

the lines for boys and girls cross and lie close to each other 

throughout the height ranp;e of the data. Also included on this 

figure is this relationship found by Demuth (107) in resting 

subjects and by Holmgren (182) in exercise of greater intensity 

than ours. 'l'he linear relation of these two variables appears 

remarkably constant whether in l'est or in light to heavy exercise. 

Fig.(C25) shows the scatter of individual points for D 
L 

in rela ti on t 0 'rLC, and w'i th respect t 0 the regressi on of 

" Dernuth (107) for resting D 0 In Fig:26, D is expressed in 
L L 

relation to lung volume (D!rLC) against height, sexes separate. 
L 

In this respect, beyond height 150 cms., the sexes are similar 

and this relation D /'rLC does not alter in the taller subjects. 
L 

At shorter hei~hts however, this ratio is greater in boys. 
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o 

FIG. C
25 

- Individtml results of exercise DL Controls in relation 

to TLC and compared to resting data of others. 
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Discussion: 

From the various ar.alysis attempted, i t is concluded that for 

this data, ho1ght alono is as good a predictor for oxercise D CO 
L 

as any combination of multiple variables tried and is superior 
3 

to any othEttsingle variable, aven Height , for predictIng D CO. 
L 

'Phis ls in contrast wlth lung volumes wh1ch, It has been 

Sh01'111. (107,206,26/.,.), are best descrlbed by taklng account of the 

3-dimensional aspect of the lungs. Because of the high correlation 

of lung volumes to body size, the relationship of D CO to lun8: 
L 

voll1mes could be expected to be similar to that for body size, 

hence no attempts ~vere marle to 1nclu(le lun(S volumes in the 

regression analysis. 

'rhe or:i.p;:i.nal f:1Jnd:1:1ags of Bohr (58) and lVIarie [(ro~~h (225) 

that in an individual the exorcise D was higher than that at 
L 

rei3t has never been doubted. rrhis has been attributed in par·l 

to ayt increaseô al veolar vent ilation which accompanj.es exercise, 

but more particularily to an increase in pulmonary capillary 
(Ç];) 

blood volume (198.305) becau.se of increase perfusion to the 

upper lobes of the llmgs (115,358). It l'laS theref ore t 0 be 

expected that for a given oxygen uptake, the child with the 

larc;er lungs, and presumably larger Vc, would have a hie;her 

exercise diffusing capacity. Indeed, the present study on 

83 normal children indicates that there is a direct linear 
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relationship (.Flg.C22) and a close correlation (Table C8) 

of .exe'l1.cl,se. D to helgnt. 
L 

Comparison with published data is shot\1Yl in Fig.2) which 

includes the resting studies of strang (3jJ) and of Demuth et 

a1(107), for comparison l'lith the present exercise data. In 

general. the l'est and exercise studies each show a similar 

relation of Dl to helght, although the regression of strang 

indicated less dependancy of DIon height that that found by 

Demuth et .al and ourselves. Three factors undoubteclly con-

tribute to these clifferences: firstly, Strang has combined the 

sexes; secondly, his stuely doos not incluele any subject8 over 

age 14 years and thirdly, ~e has comployed lineal' l'egression 

whereas data of Demuth and oul'selves is clescrlbed in Flg.C2) 

by a curvllinear function. 'l'he lower resting values of Strang 

compared to the data of Demuth and associates is doubtless 

attributable to the steady-state method which, as cited ahove, 

ylelds lower values at l'est than the rebreathing method employed 

by Demuth et al. 

Morphometric measurements have suggested that the number 

of alveoli in the lune; does not increase aftel' the age of 10. 

It was thought that the analysis of D (a function of surface 
L 

al'ea) ih relation to VC or TLC (a function of lung size) in the 

growing chllcl might throw sorne light on thls postulate. rrhus, 

it can be shmffi mathematically that if expansion alone accounted 

for the increasing volume of the lung with growth, and if changes 
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in D are a function of increase in surface area alone, the 
L 

ratio of D to TLC would decrease with growth to the almost 
L 

constant ratio found. in the ac1ult. Demuth's data showed. 

however, that the ratio was constant in the growing lungs as 

weIl, and he argued from this that the lung must gr01'l by the 

additlon of ne~T alveoli (even up to age 18 years). Our results 

on [:';lr1s, and on boys of height 150 cms., are in agreement 

(see the constant relation of D IrLC in Fig.C26). Rowever, 
L 

this relation c10es not hold for our boys at the shorter hei~hts. 

:ln whom tr18 findings are certainly conslstent with the vlew that 

their lunc;s (:ln the shorter boys) may contain more smaller 

alveoli/unit Iun,,?; volume, and have as a consequence a greater 

effective surface area than the lungs of girls of equivalènt 

heL'?;ht. In the above speculation, no mention has been made of 

v c, ~'1hi ch, i t must be recalled, i s much more signifitcant as a 

factor for increas1ng Dl than is Dm. 'Phu.s an increase in pulmonary 

capillary blood volume rnight affect a decrease in surface are~ 

(and Dm) caused by pror;ressive expansion of exlsting alveoli 

and so maintain the constant D 'PLC ratio vlith [irowth; indeed 
L 

this seems the more likely explanation. 

'Phe consistant sex difference in Dl found in our exercise 

study is of the same ma~nitude as that found in adults (JJ) 

and children (107) at rest. 'Phis difference has heen attributed 

to"dif~erence in lung volume, th t I-h t· 1) j'.I.ILC d so J a ~ e ra,lOS an 
L 

D jvc show no sex difference. Our exercise results are in 
L 
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agreement with the above authors except in the shorter boys 

as discribed above. 

Extrapolation of our finrlings on children to adult data 

ls shown in tï1 ic.C22 t'lere polnts for adult subjects measured by 

a slmilar method and at the same oxy,<:r,en consumpti on are shol'm. 

(55,117,338) [~xtensive comparlsons cannot be macle since our 

measurements 1'1ere confined to thls group to only one exercise . 
level (VO ::::: .751/min); furthermore, our data does not permit 

2 '+ 
extenslon of the ree;resslon line beyond heir;ht 173 _ 4eL.3 cms" 

and thus al10w direct comparison of Dl with male adults of the 

hei~hts indicated. Howe~er, this figure suggests that the boys 

at these heights might have a hlgher Dl for comparable VO than 
2 

adults (a::r,e 25 years). One 1;'Tonclers if the a[';ing process in 

respect to 0 , as frnlnd by Donevan (117) ls alreacly becoming 
L 

apparent ln lnn.:}.es even at the a,cse of 25 years. On the other l'land, 

the sino;~e-; point for tIle adult female (338) lies sllr?;htly above 

that of the child. 
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J 0 ~ARDIO-RE:SPIRATORY FTJNCrr IQT!8.. - Results 

A summary table (CIO) d.escribes the test exercise loads 

employed as weIl as numbers by age group studied at each level. 

As indicated, there were 176 determinations of exercise cardiac 

output included in the final results and from these results 

various regression equations were der:1.ved, as shm'ffi in Table 

(CIl). 

Recalling that there were 83 individ.uals in the Control 

group, and that each subject was tested at 3 exercise levels, 

it follows that 73 measurements of ~c were excluded. Criteria 

for exclus10n of a measurement l'fere as follmvs: 

1) [i'ailure to equilibrate 't·dth the test gas, as indicated 

by a fal1ing F and rising F during the test periode 
A NAN 0 

Both of these contritions could be fretermined directly from 

the tracingg 

2) An ft' 
E 

F value. 
A N,O 

spac6 gas (and 

which was equal to or slightIy belmv the 
N20 

§ince the expired sample contained the dead 

therefore having a simi1ar concentration to the 

test gas), the expired value should a1ways have been of higher 

concentration than the alveo1ar gas. Incomplete expired bag 

rinsing, or Ieaks at the mouthpiece during the test are among 

the more feasible explanations for such conditions. 

3) Miscellaneous technical errors accounted for rejection 

of sorne results. For example l if the oxygen consumption 



TABLE (CI0) CARDIO-RESPlRATORY TEST HORKLOADS BY AGE SHOVlING NUMBERS -

C ONT R OLS AND S ~>JI l·TH ERS 

LOAD~'<- 100 150 200 250 300 350 400 450 550 
Sex Ar;;e Grou"jJ C S C S C S C S C S C S C S C S C S 
B:c;,ys 8-10 1 1 1 

10-12 4 1 8 2 0 1 4 1 2 1 1 / 

12-14 8 2 3 6 3 2 4 2 

14-16 6 4 1 5 3 1 1 1 4 4 1 
16-18 3 4 3 4 1 3 3 1 
18-20 1 1- _____ -1 ---- --C S 

TOTAL 78 45 4 1 25 14 12 2 11 2 8 11 9 3 1 0 4 11 4 l 

Girls 8-10 1 2 l 1 l 

10-12 4 4 0 2 9 5 4 4 l / 

12-14 10 5 2 7 2 2 3 6 2 3 
14-16 6 4 5 4 4 5 1 J 4 

16-18 5 2 2 5 2 3 4 2 
18-20 2 1 1 2 C-L} "5 30 17 12 b 18 '2 11 15 15 310 7 11 00 0 C S 

f.-=-'l TOTAL 98 59 
~ 
~ TOl'ALS 176 104 8 6 55 31 24 8 29 4 19 26 24 6 2 0 11 22 4 1 C-Controls 

S-Swimmers 

-Jr Kgm/I'ün. 



TABLE (C Il) CARDIO-RESPIRATORY RSSRESSION EQUA:rIONS - CONTRQLS 

Sex y Regression Equation 

III 

F 

Ii} 

F 

If, 

F 

N 

F 

Qc = 1.64 + 5.82 (V02) + 0.313 (Age) 
= 1.63 + 6.83 (V02) 
=-3.91 + 5.96 (V02) + (0.041(Ht). 
= 3.21 + 0.386 (V02 x Age) 
= 2.54 + 0.038 (V0 2 x Rt.) 

~c = 3.66 + 4.99 (~02) 
= 2.33 + 4.75 (V02) + 0.114 (Age) 

HR =198.8 +24.1 

=261.5 +23.1 

HR =145. 4 +45. 5 
=278.9 +48.7 

("VO ) -6.03 
. 2 

(V0 2) -0.921 

(\r02) -2.755 
(\r02) -1.138 

(Age) 

(Ht. ) 

(Age) 
(Ht 0 ) 

sv =-76.0 +31.1 (~02) +0.681 (Ht.) 
SV = 33.9 +15.4 (vo 2) +0.489 (Ht.) 

\r02 = 0.460 + 0.0021 (Load) 
= 0.620 + 000022 (Load) -0.0146 (Age) 

VO = 0.410 + 0.0023 (~oad) 
? 
- = 0.649 -0.0222 (Age) 

IV; (A-V) 0=10.10 
2 

+ 0.0025 (Load) 
+ 2.02 (\T0

2
) 

F 
o 

1\1 V 

= 6.50 

=10.70 

+ 5.28 (V0 2 ) 

+17.19 CV0
2

) 

F = 5.69 +22.99 (V02) 
y - Denendant Variables 

S.E. of Coef.(b) 

0.721 0.091 
0.703 
0.741 0.015 
0.036 
0.0036 

0.684 

6.76 0.853 

6.77 0.133 

7.21 0.826 
6 0 88 0.231 

5.79 0.116 
5.20 0.189 

0.0001 
.. 0076 

0.0001 

0.0001 0.0057 
0,95 

0.85 

1.43 

1.48 

-r.. 

~:. S.E. and (r) fo11or:J same order as shovm in regression equation. 
Independrult Variables - Age in years, Ht.in oms., Load in cms., 

~ê-

dorre1ation Ceef (r) S.E.of y 

.744 .528 

.778 

.767 

.599 

.497 

.260 

.050 -.525 

-.521 

.454 -.137 
-.233 

Q635 .659 
.360 .334 

.889 

.864 

~ 238 

.538 

.791 

.828 

.438 

.261 

.. 
L d · ~ ~T/' VO oa· ln ~~.g~'1 mln., 

2 

1.55 
1.66 
1.59 
1.56 

1.59 

1.71 
1.70 

15.0 

15.1 

18.4 
17.5 

12.4 
12.4 

0.122 
0.120 
0.125 

0.119 
2.24 

2.12 

3.52 C 
e· 

3.91 J=.\ 
t:tJ 
N 

in litres. 
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determination was not acceptable, the cardiac output measurement 

for the test load was similarily discarded. 

'I~he rec;resslons for Qc and the other values derived from 

th1s measurement (stroke volu.me, arterio-venous 0 differBnce) 
2 

were thus calculated from the 176 determinatlons. For V02 

there Nere 209 complete tests, for heart rate regressions 212, 

etc. l:lecause of the variablli ty of numbers emplo,yeel, age, and 

test loads for 8ach parameter, a summary table of mean values is 

not practical and results are presentecl by regression equations 

only. 

H.e,n;ress:i. on equat ions, as gl ven in '11.8ble Cll p l'lere deri verl 

from the 20 C) observat l ons. '1 111e88 are plot t Gd ln l-'lg. C 2'1 t 0 

show the rclationship between sexes in the Control group. 

Oxyr;en consumption (lltres/min) 1s shown as a funct10n 

of Norlc load (Kn;!VI/m1n). J'he 11nes for each sex are virtually 

coincident and as l'lonlel be expected,no difference in the 1'8-

gression euqations l'las formel. In 88.ch sex the correlation 

coefficient of VO vJ:Lth J.oad was high (males .889, females • 86LI-) • 
2 

Statist1cal comparlson between sexes, the group divlded by age, 

show'ed no signlficant sex d:i.fference at any Norkload., even i'lhen 

account l'JaS taken of the slin;ht difference in bOfl;t surface area 

(i~.'3A). .Slmilari.ly, \'J'hen age p;roups rvithin a sex Nere compared, 

this revoaled. no overall difference in 0 requ:i.remenl~s for a 
2 

r;iven exerclse load for children of rUfferent aGes. This is 
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Control boys and girls). 
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evident in Pig.C28 (8 and C) where the multiple regressions 

for VO on load and ar;e are shown ln relation to ~J'Orl{load. 
? 

'rhe di fference ~vith alje was small in each sex, thou~h slirr,htly 

more marked in the females. 'rhe addition of age ln the pre-

diction equation had only a small effect on redu.cine; the 

standard error of the predicted value ('rable CIl). 'flhe positive 

correlation of VO ~vith af:;e is then more an indi.(~El.tion of the 
2 

relationship of age to load, since the older subjects did more 

of the higher loads. It is of interest to note that at Joad 

150 l(p;fvf/min., in both sexes when the 10-12 year a.?:;e group v-.Tas 

compared ~\r:i.th the J.1-I,-16 i3roup (numbers Nere 12 and 7 for . 
males, Il and 9 for females respectively), VO l'TaS si[,;nificantly 

2 
~reater (r 0.0361) in the aIder boys, but lONer (p 0.0364) in 

the older glrls. Otherwise, in no case l'laS there any di fference 

ln this respect. 
2 

Comparison of va /M showed the younger boys consistently 
2 

1'J'ith hif,;her values, often si0;nificEl.ntly so. rChis indicates the 

close relationship of V0i1.to work rather than any real dependence 

of VO during exercise on body size. Support is seen for this 
2 

in F':i.Q;. C28A. Here, mean values for adults (39) are shm'Jn in re-
o 

lation to our Control children with sexes combined.(VO ~ 0.432 + 
2(adult) 

.0022 Load). The simi1arlty ls readily apparent. Also lncluded are 

results of other studies macle on children (L1'2, 99). It ls 

noted the slopes of aIl 11nes are slmllar. Dlfferences in the 
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v'alues for VO are attributable to ergometer calibration 
2 

variations. 

Ventilation (litres/min.) is plotted on the ordinate 

in Fig.C27B in relation to oxygen consumption. The two lines. 

showing the sex relationship cross at VO = .85 ls, which 
2 

corresponds to the workload at which the greater nurnber of 

determinations were made. The coefficient of regressions was 

found significantly greater in females (P<. .01) indicating a 

higher ventilatory equivalent (V/VO ) at the higher workloads 
2 

in females. Conversely, the boys often, though not always, 

had the higher ventilation for the lower loads and this diff

erence was signlficant at worlcload 150 KgM/min. (P O.02J.~L~) 

where results on 30 males and 38 females are compared. 'rhe 

mean values for the combined sexes in Bengtsson' s (L~2 

study are shmm ta be in close agreement while those for adults 

( 39 ) are lower. 

pardlac Output and Related Parameters: 

l'able CIl includes regression equations for males and 

fems.les for cardiac output, and heart rate, the two measured 

values, as weIl as stroke volume and arterio-venous oxygen 

difference which were calculated. 

Cardiac Output: 

As sho~m by the above table, several regression equations 

for this function were derived. This analysis included the use 
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of single and multiple variables, with and without transformations. 

For comparison purposes, some of these are shown for males only. 

In the males the best fit of the data was with the mu.ltiple 

linear regression employing va and age although this was only 
2 

slightly superior to the regression using the product of these 

two predictors. rrhe correlation of both age and va wi th Qc 
2 

was signlficant (r =.528 and • 7L~4 respectl vely) in the males 

though age was not significantly correlated to Qc in the females. 

Height correlated less l'lell than age in males while ln females 

the level of significance (ft' level) t'ras too low to 't'farrant 

inclusion of height ln the regression equation. 

F'ig. C29 shows the plot of Qc as a function of age in re-

lation to Vo. 'rhree ages (10,13 and 16 years) are shown and 
2 

illustrates the greater effect of age on Qc in males than in 

females. Values for a 25 year old adul t (39 ) are shown 

(dashed line). Good agreement i8 seen in the predicted values 

for the 16 year old child and the adult males, especially at the 

higher levels of oxygen uptake, while in the girls the agreeement 

is best at the lower exercise levels. The slope of the regression 

line for adults was significantly less in males (P<.05) which 

agadn ls in contrast with the females where no slope difference 

't'J'ith the childrens' rer;ression l'laS found. Statistical analysis 

of Qc indicates that for a gi ven workload Qc l'laS consistently 

greater in the older boys though no such trend was observed in 

the girls. At no work level, where adequate numbers were available 
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to permit comparison, was this age difference in boys significant. 

Fig.C)O shows the sex comparison in Controls at ages ID, 

1) and 16 years. Because of the direct positive correlation of 

Qc with age in boys, and not in the girls, the comparison of 

sexes shows younger girls (age 10) to have higher cardiac output 

for a given VO ; this difference is reversed,in the 16 year old 
2 

child (i.e. boys greater). Predicted values for the 1) year old 

boys and girls are almost identical. Sex comparison by age group, 

using the 't' test, showed the same trend. Qc was higher in the 

younger females (up to age 14) at the lm'Jer worlcloads (up to )00 

KgM/min.). However? older boys had conslstently higher values 

at aIl worklevels and at the hlgher exercise loads this same 

trend was present in the younp;er boys as weIl. Rarely 1'Jere 

these differences significant at the 5% level. 

The relationship of heart rate to VO p in respect to age, 
2 

is presented in [ï'ig.C)l and in respect to height in Fig.C)2. 

The sex differences in exercise cardiac output as related to 

VO (see above) i s shown to be siml1ar in heart rate. 'Ehe 
2 

correlation with age was significant in boys but not in the 

girls. 

Height correlated higher thàn age with pulse rate in 

girls although neither showed a significant relation (Table CIl). 

The adult female predicted values lie below the line describing 

the BR-VO relationship for the 16 year old (F'ig.C)l) while the 
2 

line for male adults crosses that of the 16 year old boy and 
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has the steeper slope (i.e. adult has a greater increase in 
• 

HH for given change in va). When adults are compared with 
2 

children on the basis of height (Fig.C32) a similar relation 

as seen in age persists in males but the lines for the 170cm 

girl and 25 year old woman are coincident. 

Stroke volume is shown in Fig.e33. As seen ·.in Table CIl 

stroke volume correlated significantly with both va and 
2 

height in males ( r=.635 and .659): these correlations in 

females were poorer (r= .360 and .334). Age was not tried in 

the regression analysis for stroke volume. It was indicated 

(above) that Qc was greater in the older (or taller) male 

subj ect \'1hile heart rate was lower in relation to va. rEhis 
2 

indicates that SV increase \'1i th growth has more than off set 

the reduction in rate as a factor effecting cardiac output. 

The 170cm boy, in Tespect to SV, is similar to the adult male 

except at the lowest levels of va. 'Ehe change in sv wi th 
2 

height is less in girls than in boys. rrhe relationship of 

SV to va is similar in girls and adults: hOl'1ever, even at 
2 

height 170 cms., these values are greater in the adult, for 

a given va . 
2 

Fig.C34 shows the sex comparison of heart rate and stroke 

volume, illustrated here at one height only (155 cms.). This 

height corresponds closely to an age 13 year old child, the 

age at which the Qc-va relationship was similar in boys and 
2 

girls (Fig.C30). This figure indicates the higher heart rate, 
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lower stroke volume of girls as compared with boys which 

becomes apparent at the higher exercise loads. Almost with-

out exception, the heart rate in any age group and \lJork level 

was higher in females, though never was this d1fference signlf

icant at 5%. Comparing ages within a sex however, for any work 

load the younger child had the [!.reater heart ra.te and in most 

age group comparlsons at different workloads this was fOlmd 

signif'r.nnt. Similar statistical analysis for SV showed the 

older child had higher values for any workload, and except ln 

the youngest age group the males had larger values than the 

females. 

Arterio-Venous a Difference: 
2 

There being no sex difference in respect of VO , any sex 
2 

difference observed in Qc is therefore reflected in this cal-

culated valtie. Thus, it ls seen in Fig.CJ5 that the (A-V) 

°2 
difference •• or a extraction .. is lower in females at lower 

2 

workloads and greater at higher intensities of exercise. This 

lndicates the regressiol1 coefficiB11t on va is greater in 
2 

females and the difference in sI opes is highly significant 

(p( 0.02) 0 As eJCpected, this same observation is evident when 

statistical comparison of sexes for any age ls made. No con-

sistent trend was found when ages within a sex were compared and 

for this reasoYl age is not included in the regression equation. 

It is noted that there was a significant positive correlation of 
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VO on (A-V).o 2 in females ( r= .538) which is in contrast 

2 
with the males (r= .238). 

Adult values (39) 
(Fig.C35) 

are shown and differences are, the 
. 

reciprocal of those seen above in Qc (i.e)adult, females 

are markedly lower than the children~ agreement in males is 

good except at low levels of VO • 
2 

Discussion: 

Ventilatory Functions: rrhe close similarity of VO in 
2 

child and adult clearly indicates the constancy of efficiency 

in exercising man, and in respect to ventilation as weIl as VO 
2 

the adaptatlons to exercise in child and adult are slmilar, 

although minute ventilation is slightly greater in children 

(Fig.C27B). The age effect of VO in children was slight; 
2 

and, in vie"L'J' of the directi onal trend (i. e 0 less ln older), 

indicates the negligible effect of body surface area on the 

o requirement in exercise. 
2 

Cardiac Functions: 

In generaI, the adaptations to exercise in respect to Qc 

are similar in adults and children, ~'J'ith heart rate playing a 

greater role in this regard in the younger rather than older 

child. Or conversely, as the heart grows, and strolce volume 

becomes greater, the heart rate is reduced. 'fhese are expected 

findings. Also expected, and observed, was the sex difference 
. 

in respect to heart rate (higher ib females for a given VO ) 
2 
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(see [i'ig.C3LI-), which agrees with the results of others (13,256). 

'rhe~e are ho't<Tever a feN findlngs which rnight not have been 

anticj.pated. H01'18Ver, conclusion should only be drawn in the 

l:i.ght of the following precautions. 'rhe unexpected findtngs may 

in part be attributed to the distribution of a[J~es stndied. in the 

children, in particular l-rlth respect to older children of l'1hich 

comparatively few are includecl. Also, we have perhaps not been 

fully justified in 'forcing' linear equations'Jon the data; none-

theless, since the primary purpose of th:i:s control study was to 

permit comparison with swimmers of comparable age, this manoeuveJ!(2 

seemed justified. 

'rhs most sUl'prising aspect (If these results :ls the differcl1t 

relation of the male and fema l '; 8hild to adults regarding cnrrHac 

output (ri'1~.C2()). 'L'he results for males ar n :].Cj might be expected,; 

thus as Rig.C29 indicates, the l~ vsar-old boy shows the respon~~ 

of Qc to "<Torl~ very similnT to th'l.t nf tl'1c mém, inclicatin,".; that at 

ar~e 16 years he ha,s tt\~most reaC',"lr,r'l )11at.llrity ln this respect. 'rhe 

heart l'ate 07i~;ur(;.r: ("'~1-J2), strolce volume (f.l'ig.C33) and 0 ex-
2 

tract·'.é.·'è (Fit~.CJ5) all support this conclusion. In cO:l!~r";,t. i.8 

the difference in qc bet'V'reen Control girls and ~'Jnn'I?n (Pig 0 C29n) 

whereby, from the slope of th8 l i.1""';~, 8.S vmll as the slight ac;e 

difference in childrolî, no ''1n.t nring effect on Qc i8 seen in the 

girls. The author i::: i~rljnod to regard this more as 'artifact t 

than fact. 'L'he fr;r'T (ll,él er girls in the study (i. e. 10 age 15 + 

years) rnay all()\·r tho younc;er children t 0 bias the regressi on 
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line and. determlne its slope. In addition, it is quite 

possible that these older girls are late maturers; this is 

suggested by their nhortness (Fig.Cl) and a180 by the faet 

that they 1rVere participants in a playgrouncls summer program, 

1I1h1eh in n;eneral does not appeal to yOl.Ul,~~ post-puberty r-;lrls. 

It i8 p.erhaps not fair, in a study eomparin~ eh11d and adult, 

to m1x pre-and post-puherty girls, particul.arily sinee the . 
ehild-bearin n; ac:::e neem1n~ly elevates Qc :i.n relation to V0

2
(J9). 

'l'he heart rate rosp0l1S0 to VO he)\',rever (loe~1 sllrr,r,;est the 170 cm. 
2 

e;trl i r~ n.dul t: ( Li' J'O' ("'1 J ? ) _ 1 ", (II ~_J _ • '" tholl o;h thD f:~trol\.8 volumo for I:h:is hel::çht 

ls heloH I~hat of Noman. 

'j'he s:i.m:i.lar:i. ty of sexes :i.n chilclren np t 0 aO;(,~ IJ years ln 

respect ta Qc. is apparonL, at v.,rh:i.c.h af';e tho Qe-VO re1atton :i.s 
2 

stm:i.lnr (F':i.,'~.CJO). FIm·.J8ver, as shovm ln [i'i,n;.CJ)!', a elear sex 

differenc.e is already apparent not only in respect to heart 

rate (lcwrer :i.n boys) as sho1'Jn. hy others (lJ) but :i.n stroke volume 

which 18 lar~er ln boys. 

l"lnally, it 18 of :i.nterest to fine'! that the younl"'; ehi1d for 

a givon V0
2 

has a lower Qc, 

differenco (sineo there l'las 

and c.orrespon~in~ly hi3her A-V 0 
• 2 

no differenee in the VO-i'wr1c relation) 
2 

than adults. ASSmllSSGn might regard this as a deereased effieieney 

of the 02 dellvery system ln the Y01Ul~ ehild as su~~ested in his 

raview (H). [f this Nere so, it Nould not seen eomp8tWlle with 

somG other physi.ologicéü funettons Nhlclî deLerio:J:'ate l'7ith afje (3J). 

A more feasible explanation to the author 18 as follows;for a given ~ 
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the young child is operating at a higher fraction of his 

maximal ability, and correspondingly greater A-V o. In 
2 

relation to adults, the child must have a lower maximal cardiac 

output (as J~hnson's study (198) suggests), has a lower max

imal VO (13) while his maximal arterial.O content i8 not 
2 2 

different. Hence, for a given VO he must perform at closer 
2 

to his maximal levels in respect to this function. Presumably, 

if these functions were expressed as ~ of maximal, there would 

be no difference. 
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PROJECT SWIMMERS: 

The children comprising this group were selected from 

three different swim clubs in the City of Montreal. Each 

l'laS engaged in regular, strenuous year-round training. No 

effort was made to randomize their selection. Since the 

project was planned to permit study on a longitudinal basis, 

with testing at yearly intervals, more of the younger age 

group were chosen initially, in the hopes that these children 

would continue swim training and thus be available for follow-· 

up studieso 

At the onset, the coach of each team was approached and 

advised of the nature and purpose of the study. 'rhis was 

follm'J"ed by distribution of letters of information and consent 

forms to parents. No member of a m'lim club who inclicated a 

desire to participate in the program 't'las l'efused. Because 

of this plan, the group referred to herein as swimmers l'laS not 

comprised only of the best sl'J"immers of each club although most 

of the best swimmers of each swim team did participate. 

Initially, 70 children were studied in Year l, (38 boys 

and 32 girls). Fort y-six (46) of the original group returned 

in Year II. Because of the number of withdrawals, 16 young 

swimmers were added to the group, making a total of 62 studied 

in Year II. fo'orty-seven of this number returned in Year III, 

24 of l"Jhom were in the original 70 children at the start of the 

study. The high 'mortality' rate was due primarily to 
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out-of-town moves while several discontinued competitive swim 

training. 

Table SI summarizes their physical characteristics and 

includes any swimmer who was studied ln the 3 year perlod; 

each wes counted as a 'new' subject at each annual return 

visite Thus, in Table 81, the 71 boys and 73 girls are 

comprised of 79 different individuals. The table below 

indicates the nwnber of individuals, and years studled; 

Years Studled Boys Girls 

l 12 Il 

2 ll~ 18 

3 12 _l.~ 

38 41 

Seven of the 86 individuals tested were excluded for technical 

reasons o 



~ABLE (S 1) PHYSICAL CHARACTERISTICS - SvlIMf1ERS 

~~ 

SEX AGE GRüUPING NUJli3ER I1 E1LTIJ AG E f1Efu.'J HEIGHT r1E.A.l\f VlEIGHT 
(years) (years) (cms. ) (ksmso) 

Boys 8-9.9 4 9.07 131.83 27.96 
e54 2.79 1.89 

10-11.9 16 10.98 141.26 35.22 
.51 5.20 5.06 

12-13.9 20 12.92 151.74 45.26 
.50 6.08 5.37 

14-15.9 16 15.09 168.96 58.66 
.50 8.07 9.54 

16-17.9 1~ 
./ 17.17 175.28 72.22 

.48 4.53 6.86 
18-19.9 2 18.50 175.5 76.55 

4.53 .29 
G-irls 8-9.9 7 9.00 129.81, 28.10 

.52 Il.13 5.97 
10-11.9 21 Il.19 143.70 37.44 

.47 6.90 5.57 
12-13.9 26 12.83 155.57 45.40 

.47 6.75 5.92 
14-15.9 13 15.00 161.92 55.32 

.51 4.43 6.89 
16-17.9 5 16.80 163.17 59.20 

.48 4.13 4.17 
18-19.9 1 18.50 172.80 65.40 

~. 
Ci 
~; 

"'~~ .• Repeats on an individual counted as a neN subject. ~ 
CIl 
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Testing Procedure: 

For testing, the swimmers were divided into two groups 

according t 0 the month of the year in l'1hich they visi ted the 

Laboratory. The June group conslsted of members from the two 

smaller swim clubs and testing was done during the last ten 

days of this month. Testing for the December group was planned 

to coincide with the mid-term school holidays and, except for 

Year II of the study, testing was done at this time. In Year II, 

because of out-of-town swim meets, testing wes made during the 

follm'ling month. 

In each of the 3 years p lung volumes and t'lovI rate measure .. · 

ments were made. In Year 1, determinatlon of exercise D CO and 
L 

va at one level of exercise (3 mph,)% slope on the treaclmill) 
2 

"t'lere performed. In Year II p two determinations 1f18re made at 

different exercise loads on the bicycle ergometer, one of t·~hich 

required a similar oxygen uptake to that in the test exercise for 

Year le The testing in Yea1" III consisted of similar measurements . 
(D CO and VO ) at exercise levels similar to Year II plus an 

L 2 
additional exercise load of higher intensity. In addition, 

exercise cardiac output measurements were made at each of these 

exercise loads in Year III. 

The procedure followed during the testing ~las similar to 

that described above for the Control group, except that 't'J'hen 

repeat D CO measurements were made (Years II & III) the re
L 

breathing procedure as described by Henderson and Apthorp (172)0 
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was followed after each test to permit COHb correction. 

Results: 

In presenting results of the longitodinal study of the 

mdmrners, comparisons are made wi th the Control group. Both 

groups were studied in 'che sarne laborsLtories under similar 

conditions. Because of the duration of the study, it was not 

possible to have the same technical assistants throughout. 

However, each technician had been tralned in the same depart

ment andfollowed siml1ar testing procedures; furthermore, the 

techniques used, and for the most part the equipment ernployecl, 

was the same for the duration of the study. It l'JUS hoped that 

these precautions minimized the effects on results due to 

technical variation. 

Data processing 't~as carried out in a manner similar to 

that for Controls. Por purpose of group comparisons, multiple 

statistical anlysis 't'lere performed; in addition a comparison 

i\TaS also made using regression analysis 0 



PHY8ICAL CHARACTERI8TIC8: 

The physlcal characterlstlcs of the swlmmers are presented' 

in Table 81, and these are graphlcally dlsplayed ln Figures SI 

~nd 82. Mean values for height and welght are shawn in relatlon 

t a age. rr'able 85 summarizes the stat lst ical flndlngs, showing 

the group differences wlth sexes separate and combined. 

In respect ta age, there wes no overall dlfference (p 0.5325) 

although male swlmmers and Control females were sllghtly aIder 

thon those of the same sex of the opposlte group. The swlmmers 
. '. 

l'lere taller at any g:i.'ven a'.Ç8 {1ft cr 12 years, a sir;nificant 

difference prevailing in girls between ages 12-16 years. They 

also weighed more in relation to age than did the ContraIs (Fig.S2) 

although the differences are less marked than for height and in 

no age group were the differences statistically significant at 

the 5~!b level. This meant that the Controls tended ta be slightly 

heavier for a given height than the swimmers. In general, however, 

overall results of their physical characteristics showed few 

marked differences from the Controls. 

'rable s4- summarizes the sex differences among swlmmers. 

The males were significantly aIder than the females (P 0.0217) 

which also resulted in significant dlfferences in both weight 

(P 0.0038), and height (p 0.0274). The growth pattern of the 

sexes was similar to that for the ContraIs (ContraIs shawn in 



TABL3:: (S 2) liIEAN VALUES FOR LUl\"!G VOLUHES /\.:ND FLm·T RAT ES 

S' .. !IEI1ERS - l'iIALE 

AGE NO. HT. HT. VC ERV FRC RV 
(yr8. ) ( cm8. ) (Kgm8.) (18) (18) (18) (18) 

8.00 1 128.5 26.00 1.86 0.26 1.19 0.93 

9.57 7 134 0 09 29.17 2.21 0.71 1.44 0.73 
SD+ .98 2.88 2.00 .23 006 031 .30 

Il.50 20 144.35 42.39 3.01 0.88 1.63 0.76 
SD~l- 1.36 3.20 9.40 .84- .32 .65 .41 

SD.//" 
12.50 12 153.40 45.00 3.20 0.92 1.62 0.69 

• 80 2.94 4.67 .40 .16 .33 .29 

SD:!: 
14.00 9 164.92 55.87 4.25 1.25 2.54 1.23 
1.50 2.47 6.90 .78 .25 .63 .38 

'"'D+ 
16.00 20 175.02 69.63 5.18 1.81 3.30 1.49 

ù - 1.21 2.54 6.72 .81 .31 .41 .30 

SD! 
16.00 2 183.00 56.10 5.94 1.85 3.63 1.89 
1.41 4.24 28.14 .06 .67 .20 .33 

TLC 
(18) 

2.79 

2.94 
.47 

3.76 
1.15 

3.89 
.52 

5.52 
1.15 

6.68 
.90 

7.33 
139 

l'If.1FR FEi! 
(l/sec.) l/min.) 

1.56 

1.85 
.39 

2.72 
.79 

2.74 
.63 

3.98 
.62 

4.86 
1.10 

5.07 
189 

45.00 

57.86 
9.84 

85.26 
24.54 

87.40 
Il.65 

116.13 
22.65 

152.89 
26.64 

176.50 
10.61 

c 
o 
~~ 
~ 
e..o 



TABLE ( S 3) 11EAN V.ALUES FOR LffilJG VOLUI<1ES il.ND FLOW RATES 

SHII"IHERS - FEliLA.LE 

AGE NO HT. \olT. VC ..2:3.V FRC EV,.' TLC 
(yrs) (cms.) (~gms ) (ls) (ls) (18) (ls) (ls) 

-+ 8.50 2 115.55 21,,15 1036 0 .. 41 0094 0099 2.36 
SD- .71 .07 1.63 .09 .06 .60 .69 

8.00 l 129.5 24.50 1.83 0.56 1.01 0.45 2~80 

-t .. 9.91 Il 135.95 32.69 1.92 0.63 l Li,? 
- 0 '-' 0.77 2.69 

SD- 1.14 3.25 4.38 .21 .09 .24 .25 .31 

+ Il.20 15 146.01 37.85 2.53 0.79 1.55 0.76 3.29 
SD- 1.01 2.36 3.61 .23 .19 .27 .26 .36 

0IIII1,. 12.36 22 154.53 45.24 3,,01 1.03 1,,98 1.07 4.08 
SD- 1.47 3.00 4.88 .60 .16 .30 .64 .58 

+ 14.11 19 163.78 55.44 3.82 1.26 2.35 1.16 4.92 
SD- 1.45 2.85 6.12 .51 .28 .43 .34 .59 

+ 16.33 ~ 172.27 64.13 4.83 1.27 2.45 1.18 6.01 ~ 

SD- 1.53 0.68 1.10 .16 .10 .36 .26 .34 

f1NFR 
(l/sec) 

1.86 
.65 

1.69 

2.27 
.57 

3.16 
.78 

3.46 
a 65 

4.14 
.91 

3.75 
.69 

FEil 
(l/min.) 

45.50 
10.61 

54.00 

58.87 
Il.01 

80.96 
12.26 

97.34 
16.49 

117.38 
18.35 

131.00 
3.61 

c 
o 
è',j 
o 
o 
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TABLE (S 4) TABLE OF 'P' VALUES SHm~ING 

SEX COMPARISON.- SWIMMERS 

VARIAVLE l'rlALE FEMALE ~ 

AGE + .0217-11-

HE:IGH'f + o. 027J-~* 

~mIGHT + 0.0038* 

FRC + 0.0108* 

VC + O.OOQl oir 

TLC + O.OOOSo)i-

RV + 0.4787 

ERV .. {". 0.0035-11-

f1MFH "i~ 0.5887 

l*'EV {~ o .0167-:: 

D co/va + 0.0029-11-

L 2 
D co 3/3 + 0.0174~" 

L 150 ... O. 00 21~r 
300 .. }- o 0 0008-l~ 

DCa/MC 3/3 ~ .. o Q o 257-)!-
L 150 + 0.7402 

300 ,.,~ 0.8392 

D CO/Kg 3/3 + 0.0733 
L 150 + 0.3860 

300 "r 003461 

va /LOAD 3/3 ... 0.0821 
2 150 ... 000957 

300 + 009807 

~ hi~her values 
.:~ ·signif·lc~l.nt level 
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TABLE (S 5) TABLE 0Ii' 'p' VALUES SHOWING 

GROUP COMPARISON 

GROUP 
VARIABLE CONTROL SWIMMERS BOYS GIRLS COl\iBINED 

AGE ... 0.3097 
+ 0.0585 0.5325 

HEIGHT + 0.2360 0.4588 
+ 0.6376 

WEIGHT + 0.0631 0.2876 
... 004524 

FRC + 0 01078 0.2675 
~} 0.6199 

VC .. ; .. 0.0007·;} 0.0315-1(- 0 .. 0001~(-

rpLC + o • 00 3L~~I' 0.2051 0.0015·)r 

RV ~t~ o. 345l~ 0,,9141 

"l~ 0.3900 

ERV + 0.0623 0.2515 0.0276-11-

NMFR + 0 .. 0454~t. 0 .. 0100~(- 0 .. 0017~!-

FEV ""-~,,, o .003yl- OoOO07-;r O. 0001 ~;. 

IID CO + 0 0 0 332~~ 0 0 1705 L t~ 0 .. 6267 

D co/vo -}-. 0.6708 
L 2 + 0.1212 0.3781 

D CO/MC + 0.0020-11- 0.2697 0.0031-lr 
L 

D C01Kg + 0.1653 0.1987 0.0680 
.L 
Vo (150 Kg) ~" 0.7812 0 0 9326 

2 + 0 .. '14-18 

'1- av F.t'l ghe:v ': val ues 
-3~ _ Significant 
Il - D CO at loads 150 KgN/Min.only 

L 
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TABLE (S 6) SEX COMPARISON IN RELATION rrO HEIGHT - SWIMMERS 

NUNBERS 1 P , Value 
HEIGHT ( cms. ) !1ALES/FEMALES VC TLC 

130-140 7/11 0.0227* 0.2358 

140-150 20/14 0.0308-u- 0.1074 

150-160 12/21 0.2827 0.3569 (-) 

160-170 9/19 o .ll~55 o .15L~9 

170-180 19/3 0.2332 0.1405 

'l'O'I'AL 70/'71 o. 0001-1~ 000005';(0 

(-) fema1es 1arger 

~~ statistica11y significant 



!70'-

160 

150 

140 

HEIGHT 
cm 

cf 

r 
1 
g 

1-

/ 
/ 

r • 
o l' / / 

1 / 
/ / 

~ 

~' / ./ 
• / 

/ 

/ 
/ 

* 1 .------
/ 

JIJ 

1 
/ 

/ / 

1

. 01 / 0 0 CONTROL 
130!~ 1 e- - --& SWIMMERS 

l, r! 0 
1 

10 14 18 AGE yr 10 14 18 

FIGo 5, Re;t.etions of' height and age in md.rnmers as cc:npared i7i:!ih Controle 
- (îZil'ld.icate difference in r:leeIlS P < ,,05) Q 

~ 
o 
l'J o 
~ 



WEIGHT I(g 

cf 
70"-

60~ / 

50'" 

401- /1 

301- / 

10 14 

/ 
1 

/ 

o 
/ 

/0 

/ 

18 

o 
ï' 

!-

I- I 
0 

AGE yr 

FIGe 82 '" RaLation of' ,{'leight to age in &"Timmers e.nd Controls 0 

1 f • / 
/ 

/ 

! 

10 

/ , 
ep/''/ 

/ 
/ 

/ 

// 

/0 

/ 
./ 

o 0 CONTROL 
e- -G SWIMMERS 

14 18 

C;, 
C 
t'~ o 
~ 



{JOZ06 

LUNG VOLUMES: 

Sinee lung volumes are direetly related to height, analysls 

was made between groups divlded aeeording to height rather than 

age. 

Table S2 and S3 show mean values with SD, for the subdivisions 

of lung volumes and flow rates for boys oo1d girls swimmers respeet-

ively. Mean values for physieal dimensions and age are also 

ineluded. It will be noted that these values differ from those 

shown in Table SI, only because the group was divided aecording 

t 0 helght in 10 cm. uni t s. whereas in 'rable SI they \'18re di vlded 

by age in increments of 2 years. 

Fig.S3 shows the plot of linear regressions (Table S7) 

describing the relationship of llIDg volumes and height for each 

sex and Table s8 summarizes the correlation coefficients for the 

different regression analysis performed. No consistent sex 

differenee w'as seen in respect to RV although at shorter heights 

girls had slightly greater values. In each of the other sub-

divisions, males had significantly larger volumes as a group 

(see Table s4). In part, this overall sex difference in the 

swimmers can be ettributed to the larger number of taller males 

in the group. However, when sex comparison is made for any 

particular height, male swimmers had larger VC and this difference 

wes significant in the younger children too (heights 130-150 cms) . 

(see Table s6). Except at height 150-160 cms. p where the number 

of females was greater (21/12), males had larger total lung 

volumes but at no height was this difference significant (iue. at 

5(/) ;0 • 



T~lü3LE (S 7) LUNG VOLUlYIE AIIJD FL01;J RA..:rE R2X}RESSIONS - SHD1f'lERS 

SEX Dependant Constant Coef.of Corrrn SD of SE of 
Variable Indep.Var. (b) (r) Coef. (b) ( Y) 

( y) 3 (X) ~ 
-' 

HL --.lHt) Et (Et) 

30Ys FRC -5.68 .0505 .843 .0039 .503 
.486 .685 .855 .0503 .484 

VC -7.64 .0728 .863 .0052 .665 
.093 .977 .866 .0685 .659 

TLC -10.23 .0960 0863 .0068 .875 
.:308 1.295 .871 .0886 .852 

RV -2.53 .0227 .712 .0027 .350 
.201 .313 .732 .0353 .339 

SRV -3.14 .0276 .830 .0023 .290 
.287 .372 .836 .0297 .285 

MMFR -7.35 .0689 .792 .0066 .833 
.242 .929 .797 .0873 .825 

FEV -239.85 2.2143 .836 .1778 22.55 
-11.066 29,,868 .842 2.3424 22.18 

Girls FRC -3.16 .0334 .774 .0033 .324 
.122 .494 .776 .0487 .323 

vc -6.46 .0621 .851 .0046 .484 
.434 .955 .866 .0665 .462 

TLC -7.17 .0723 .864 .0051 .538 
.086 1.128 .882 .0727 .504 

RV -0.91 .0125 .341 .0041 .433 
.280 .196 .356 .0621 .431 

ERV -2.02 00197 .784 .0019 .196 
.095 .298 .787 .0282 .195 

l1î1FR -4.68 .0528 .677 .0071 .735 
.506 .791 .671 ~1077 .740 

FEV -221.78 2.085 .852 .1148 19.11 
- 6.758 27.812 .859 2.0393 14.01 

Q 
0 
è-,j 
0 
~ 



TABLE (S 8) eO~~Eh~TION eOEFFIe~~TS FOR Lu~G"VOLUMES &~D FLOW RATES 

SI.HI'1f.1 ERS 

Regression Used 
Dependant Indepeadènt 

BEX Variable - Variable FRe 
( y) Ht(cms.) 

Boys .843 

log .827 

log .833 

log log .820 
..., 

( ) .J ___ 855 

Girls .774 

log ..&Q2 

log .768 

log log .80J 
()3 .776 

Higher correlati0n value underlined 
- in~icates no transformation. 

ve 

1 

.863 

.878 

o8]5L_ 

.879 

.866 

.851 

.849 

.839 

.844 

.866 

Dependant Variable (Y) 

TLe RV ERV MI1FR 

.863 .712 08]0 .792 

.872 .641 0826 .800 

.857 .670 .842 .787 

.869 0631 .826' a780 

.871 .732 .836 .797 

.864 .J41 ~784 .677 

.89"1 .438 .821 .• 708 

.849 .331 .778 .657 

.881 .424 .820 " .711 

.882 .386 ~787 .671 

FEV 

.0836 

.837 

.830" 

.837 

.842 

.852 

.866 

" .843 

.. 864 

.859 

(;,; 
o 
~~ 
Ct 
~ 
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S.E. 

---~ -J 

TLC 

5 

vc~ 

4-

RV 

HEIGHT cro 
~-----~!~------------~!-._.------------~---------~--~! 

150 160 rro 140 

FIGo s., = Bex c<':\Ulpal'ison in SuÏllllllers of subdivision of lung volume in 
:; relation to height (Bars indicate SoEo of l'egression Ij.nes of 

males!} 3limlicates sex difference in menn values - P < 005)" 
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Comparison wi th Controls is shown in Fig 0 8l~ (males) and 
F'ig.85 (females) were linear regresslons, using height ·as the 
~ndependant variable, are plotted,and in Table 85, it can be 
seen that swimmers have significantly larger values for VC, rELC 
and ERV. In respect to FRC and RV, there was no difference 
between groups nor was' there a significant intergroup sex 
difference, although in the females these values (FRC & RV) 
were larger in the girl Controls than in the girl swlmmers. 
This was opposite to that for the boys' e,eable 85) where it ls 
seen that ~he si'limmers had higher values for aIl subdivisions 
of lune; volumes. While the difference in the females was not 
significant at-the 5% level. in each case (FRC and RV) the slope 
of the regression lines (Fig.85) were different ( P< 0.01). 

On Figures 81.~ and 85, regressi ons for 20 year olel adults 
(152.) are plottedo It is noted that in no case has the line 
for the children -- swimmers or Controls-- reached that for 
adults. VC in swimmers of 170 cms. cornes closest to adult values; 
thE! greatest difference between adults and cl11.1dren i8 in respect 
to FRC. 

FLŒ-l RA'r 8;S: 

Mean values for fION rates in swimmers are included in the 
lung volume tables indicated above. Linear regressions are 
plotted describing sex differences in swlmmers (Figo86) and 
group differences in Fig.S? (males) and Fig.S8 (females). 

In Fig.86, it is seen that values for FEV in boy and girl 
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swimmers are similar. HM.FR was hlgher in the girls at shorter 

heights. As ShOlffi in Table s4, the overall values for males 

were higher in each case, attributable to more taller boys in 

the group. 

In addi tion
J 

swimm,ers of both sexes are shown (Table S5, 

Figures 87 & 8) to have significantly larger values tha.n Controls 

for both MMFR and FEV. Furthermore, this difference was found 

at any given height, and in most cases (i$e. at most height 

rub-~roups) was significant. 

As t'las the case for lung volumes, nei ther group of male 

children, even at height 170 cms., had values for flow l~tes 

comparable to adults of a similar height (Pig.S7). The Control 

girls howover, have reached adult values for FEV, and nearly so 

for IvINFR, at height 170 cms., 1ilhi1e the values for female s'\<Jimmers 

ls greater than for adults at this height. 

Individuel Growth •• 0 Volumes 8.nd }i'Iow Ra.tes 
_.. . -------------------- ~ .. 

The comparison of linear regressions, as ln the presentation 

of reRults above, was considered appropriate for group comparisons 

(i. e. s\vimmers and controls) as the groups invol ved were similar 

in age and physical dimensions. This method,because it Iinearizes 

the collected data, cannot show clearly the individual growth 

patterns ",,1hi6h may differ from year t 0 year and may be altered by 

strenuous athletic training during the growing periode 

To illustrate growth of lung volumes and flot'T rates )results 

on lnài vidual s'Vlimmers are compared wi th control r'egressi ons in 

Fig.S9-1lJ.. Each point representing the first measurement on 
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any chl1d ls connected to subsequent measurements ln the same 

subj ect, VC, FRC and 'FEV values are shown. Vital Capaci ty, wi th 

few except~ons,1s h1gher in swlmmers (In Flg.S9-S10 most points 

lie above the regression 11ne f'orControls). In the taller boys 

there ls an increase ln slope in the indivldual lines relating 

VC to height, suggest1ng a transition from chlld to adulthood. 

In other words, although the growth rate, as 1ndicated by height 

change, has slowed, VC continues to increase perhaps as a con-

sequence of increasing developmen~ of the shoulder girdle musculatu 

It was noted that in the shorter (younge:c) girls (Fig.S10) 

, their initial values lay close to the regression line for Controls t 

but training during the growth period has increased the rate of 

gro\ATth of VC (i. e. the indi vidual lines have steeper slope than 

Controls ). It was also noted with interest that many individual 

values of the m'J'immers lie è.bove the predicted adult values, a 

point \'Jhich is not evident from the linear plots above (Figures 

s4 and S5). 

In Figures SIl & 812, the F'RC-Height relationship in the 

swimmers at annual intervals are plotted for comparison \Arith the 

regression of PRC on height in the control group. A wide scatter 

noted"iri the boy swimmers ~s not seen in the data for the girls. 

An increase in slope at the taller heights, as noted above in VC, 

is again shO'i'm here p while in the shortest girls there ~lBS no 

change in FRe with increasing height. 

Individual points for FEV (Figures SI) & S14) in general lie 

above the Control regression line, even at the shortest heights, 
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and this group dlfference, whlch ls especially weIl shown in 

the iamles, (Fig.S14) becomes more apparent wlth growth, and 

presuma,bly with swim training. 



DISCUSSION: 

-" 1 

" It has been reported (" 20,273) that the degree of physical 

development" is greater in leading swimmers than controls not 

engaged in special physical training programs. These observations 

were deduced by comparing the small groups (30 in each study) with 

controls or established norms of comparable age. The present study 

compares swimmers (79 individuals), studied on l, 2 or 3 occaslons 

at yearly intervals during the growthand training period, with 

83 'controls'. With such small numbers, caution must prevail 

.when attemptfng to drm'T conclusions. However, it is eviclent there 

is no clear indication that the physical dimensions, in relation 

to age)\'lere dit'ferent in the s~üimners. Nor was thera evldence of 

Et change in groi'lth pattern in the chilclren in swim training who 

were studied annually for 3 years. Although it is true that our 

swimmers, for a gi ven age i'rere on the lIlhole taller, and slightly 

heavier, than our controls, by comparison with more extensjve 

"data ("66 '336) our controls were 1 short and fat 1 and our group:: 

differences in physical characteristics can probably be attributed 

to sample selection. Our swimmers are comparable in height and 

weight to the mean values of others for normal children (66,336). 

In contrast i'Tith the other studies ( 20, 273), our sl'limmers group 

did not inc"lude only champlon swimmers and this may account for 

our different observations. 

Sl'limming has long been recognized by lay, physical education 

and medical people as being Bmong the best activities for exercisin8 
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slmultaneously, vlrtually aIl muscle groups of the body. 

Likewlse, lt has been long establlshed that repeated heavy 

exerclse will result in hypertrophy of muscles. It ls thus not 

surpr1s1ng to find that these sub-dlvislons of lung volume which 

relate to voluntary effort (i.e. le and ERV) and therefore depend 

on the muscle power aval1able, are greater in the trained chi Id 

swlmmer. Indeed, 1t ls apparent that the only d1fference in 

lung volumes between groups was in respect to VC, and as a con-

sequence of thls, rrLC \'las greater. In thls regard,however, 1t 

was of interest that this difference was detectable in even the 

youngest boy swimmers who had in t'act been engaged in swim train-

ing for, in most cases, less than one year. 

The present study does not enable one to separate d1stinctly 

the relative importance of genetic and training factors in the 

development of a.n athlete. There is sorne evidence hQt'lever that 

training;m.odifies growth pattern of lung volumes, at least with 

respect to VC. This is indicated in the girls particularily 

(FigoSlO) where there is a distinct increase in the slope on the 

VC-Height relationship in s\'J"lmmers 0 

There are two distinct advantages accruing to a swimmer, 

from stronger 'essential' and accesssory respiratory muscles: 

a} a greater volume of air can be contained in the lungs and 

b) faster flow rates can be developed. Eecause of the limitation 

imposed on the breathing pattern by the l'Tater in svlimming, a 

larger inspiration should mean a higher fractional alveolar 0 
2 

concentrationftnit time, thereby permitting better arterialization 
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of the pulmonary capillary blood during the time the swlmmers 

respiration is restricted. In addition, a swimmers efficiency 

as a performer is highly dependant on skill anù if his stroke 

pattern had to be varied to accommodate inspiration, valuable 

tlme would be lost du~ing the course of the competition. Because 

of this, higher flow ra~es, particularly inspiratory fIoN rates, 

can permit a larger tldal volume to be inspired during the 

"recovery" phase of the arm cycle. This larger tidal volume 

might also be expec.ted to afford an additional advantage to the 

swimmer in that he l'foulcl be more buoyant, thereby reducing the 

'drag' of the water on hls body. 

To permit maximum 1.nspiratory time during the "recovery" 

phase, the process of expl~ation must be effected with the head 

immersed. This necessitates development of higher intra-pulmonary 

pressures during explrat:l."ol1 which must inevitably result in hyper-

trophy of the expiratory muscles as weIl. 

These findings (a larger VC and higher fIoN rates in s1.'limmers) 

are in agreement t'li th Ne\'lmanet al (273) and Astrand et al (20 ) 

and supports the concept of increased cUmensions of this aspect 

of the 0 transport system in trained pers ons as found by 
2 

Holmgren (182). 
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Diff1lsinrz; C~jty Besnl ts -S'IJ:lmmers 

. Regressions describing tho exercise D ln relation to 
L 

height and oxygen uptake are presented in Table S9. Because 

of the number of repeat measurements made, ,and the use of 

severai different exerciise loads (Table CIO) it Is not 

prac~ical to attempt to include El. table of absolute values. 

Fig.SIS describes tho relation between sexes in respect 

to va and height. The relation of Dl to va is seen to be 
2 2 

similar in poth sexes, ln tLal; the' slopes of the regressi on 

linos are not-dlfferent. The difference in constants in the 

regression equations is evidE;l1t slnce for any level of exercise 

"'J'haro compar1sons of sexes \~cre llie.de (see ~eable S/~·) the obser'ITed 

values were stat1stically higl18T in males than females, whether . 
comparingD CO or U CO/VO This sex difference disappeared whon 

L L 2 
account 'VIaS taken for body si ze (e 0 g. D CO/Kg in ~eable SIl') or \'1hen 

L 
Dl was related to lung volume (D CO/MC). 

L 
Comparlsol1 wlth Controls ls 8hOlvn in F'ig. 816. Such comparison 

is made foronly one level of oxygen consumption (i.e •• 75-I/min) 

\'J'hich corresponds t 0 the mean value of va for the control group. 
2 

No significant differences in slopes of the regressions was found 

in males or females (p < .20) 0 When group comparlson was made by 

height or age, at load 150 KgM/min., the observed values for Dl 

were greater in boy s\ümmers (P< 0.0332) while no such difference 

was found betVleen the girls of the tv-JO groups . . 
In F'ie;. S17, the l'elat i onship of D CC! t 0 va in boy swimmers 

L 2 
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TABLE (S 9) REGRESSIONS FOR DLCO - Si;HHT1ERS 

Sex Dep •. CO!'.stant 
Var. 

TI.':' D CO -4°.~7 
T 
-

F -30.77 

l'I&F -45.65 

M D CO/IllC 13.16 
L 

F 14.91 

iVi&F 13.97 

IvI D CO 5.75 
L 

F 2.81 

-6 
'c _ (b) x 10 

Inden.Var. 
Coef~(b) SD of (b) 

Rt. VO H' V02 ._ "'G • --2 

0.462 6.77 0.036 1.70 

0.323 6.27 ~. C 25 1.15 

0.428 6.65 0.023 1.09 

-0.028 0.892 0.009 0.449 

-0.034 0.011 

-0.030 0.424 0.007 0.347 
3* 

(Et) 
5.10 4.02 0.466 1.81 

5.29 3.39 0.5'7ll 2.09 

Corr'n 
Et. V0 2 

.826 .552 

.807 .609 

.827 .583 

-.222 .068 

-.255 -.122 

~.244 -.048 

.783 .472 

.715 .440 

SE of 
Den.Var. 

5.26 

3.43 

4.71 

1.36 

1.56 

1.48 

4.97 

4.75 

G 
C 
t'd 
N 
~ 
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\/02 ::: 0 -75 litre 

HEIGHT cm 

150 160 

FIG" 8
16 

..,,' C~illlpUl."lo011S of' suirumors and ContraIs of' e::il:el~ciso DL 

(Voo ::.;: .,75) in !'elatioll to height" Bars indice.te BoE" of' 
G ". 

170 

regression linos; C~indicate difference in me8X.\ valueo P-O(0332)" 
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of helght 170 cms.is compared with values for men ln their 

twentles studied by Donevan et al (117), while similar comparisons 

are also shol'm between the glrl swimmers and unpublished data 

t'br women Il data collected by Summers and Guitman in our laborat ory 

uslng simj.lar methodr:). 'rhe simllari ty of the resul ts on girl 

sv,rtmmers and on adult 1/fOmen is obvious; also the sln~le value . 
shown for our Controls (l.e. v0

2 
.75 l/mtn.) raIls on the line 

of the adult women. Howevér, the re8ress10n line for the boy 

sl'Timmers lies clearly above that for adult males (mean heisht 

178 cms) even thoue;h the boys were on the average shorter. Note 

however that these differences are not statistically si~niricant 

sinco the acllllt 11no falls vJ:i.thin ?,'3!!; of the line describin~ the 

data on chU.clron. 

I.ï'urther comparison bebveen Controls and sHlmmers is made in 

Fig. Slé3 (boys only sho1tlTn) Nhich ShONS D /HC and D /,PLC, at similar 
L L 

oXYe;en consumption levels, ln relation to hei.:r,ht. In each case. 

Control values are c;reater and the difference is consistent 

throughout the height ran~e. It shou1d be noted that the 3D of 

the D /MC is wide (Table S5), yet the difference between boys (P.0020 
L 

though not ~irls (P.2697) in this respect is si~nificant (P .0031). 

[i'i.~;u.res 319 and 20 show the incH vidual values (boys and girls 

respectively) for successive diffusing capacity measurements at 2 

or 3 levels of exercise, correction l1eine; made for COHb in each 

case. '[Ihe individual scal~ter along the vertical axis illustrates 

the c.:reat dependence of D , for a ~iven VO , on hei~ht. Although 
L 2 
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the increase in D with hi~her levels of exerclse (and higher 
. 
Vo ) 

2 

L 
is not al1\]'ays seen (i.e. lines joining individual points 

have zero, or occasionally negative slope), the general trend 

of an increase in D with va is evident. It is noted too that 
L 2 

the slopes of these lines is greater at VO 1 l/mln.,thereafter 

flattenine; Nlth further increments of VO • 
2 

Pig.el shows individual points for D in selected swimmers 
L 

considered by their coaches as havln~ superior ability or potential 

'rhese "elite" subjects are shown in relation to the regression 

lin8 of thelr own l2;roup, and the lino for ContraIs (VO comparable 
2 

in aIl). The majority of these individuel results lie abovo 

predictorl values for bath groups. 

D:Lscuss i on: 

Comparison of Dr, in chilnren (svJimmers and Cont:_?ls) and in adults. 

Although the relationship of D 
L 

and VO has been weIl defined 
2 

in adults, especially males, studies of exercise diffusin~ cap-

acity at submaximal exorcise levels in chiJdren have not been 

reportecl. '.Phe present findinc;s indicate that this relationship 

in children (swimmers) is similar ta that observed in adults 

( [<'ie;. S17). 'Phe increase in J) , peI' L 0 consumpt i on observed 
L 2 

~\]'as 6. 77~ 1. '7 in males and 6.27 ± 1.15 in females. 'Phese rati os 

are simllar to those found by l\Jewman (274) and Ogilvie (277) though 

slightly less than reported by Donevan (117) and Linderholm (236) 

in adults. 

'rhe ar;e at 1'7h1ch a child becomes an adult in terms of 1u11.<::; 
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'functlons has not been clearly demonstrated. Berglund et al 

(LI·L~), analyzed the combined results of several studies (53,sL~,160) 

and concludecl that peak values for PEV and VC are reached in 

males at age ?-5 years, and in females .'at age 20 years. 'rhls 

ls in a:,;reement 'tüth our finding in the control group (aIl 

under 20 years) that, in respect of lung volumes and flow rates, 

their values l'Jere 10wer than those for adults of comparable 

heights. 13y contrast 0 in the 170 cm.tall control "child" ls 
L 

comparable to that ln an adult of siml1ar height at the single 

1evel of VO at which comparis')n can be made, whl1e the girl 
2 

Rwimmers have values comparable to those of adult women over 8 

wider range of VO (Pi~.S17). 
2 

']1he difference in boy swtmmers and adults :i,s of interest 0 

'L'he hirjher values in the boy s1,ümmers mi~~ht sUr'j,O;est that ODe of 

the early events related to the aging process is a decline in 

exorcise D GO although this idea ls not supponw.Aby the 
L 

simtlarity of the s:i.n,q;le value for Controls with the regression 

11ne for male an.u1ts. f\. more 11kely explanation ls that the 

swim traininc; or endowment has conferred on the older male child, 

though not the female child, the advantage of a h:i.gher D , an 
L 

advantage VJhich apparently ls aIl too short lived! (226) 

'[lhe d.ependence of D on body size, or lnnr: volume, has been 
L 

suggested to accolllit for the slight sex difference in adults (137) 

and our find1nr;s support this view. HOlvever, the exact relatlon-

ship of this measurement to height in adults has not been defined. 
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'rhe present findings, showlng a marked dependence on heifSht of 

D in children, suge;ests that height differences may accouDt for 
L 

sorne of the lntersubj~ct variation found amonES adults. 

Comparison of Dr in Swimmer~ and Controls 

l~xcrcic~ niffusing capFlcity NEW slgniflcantly r:reater in 

boy swimmers tllan ln Controls of comparable Flc;e and s:'i.7.e at one 

exercise level of moderate intensity. No group difference in 

resn~ct 1; 0 DL was obscrvecl ln femal880 No read.y explanat ion is 

et 110]1(1 !~o 8.ccount for the di.fference between seXP-8. The severi tv 

nf' l~r8.1ning for lloy,,:; o.nd ,o;irls w-as comparable and no differeY1c(,)~ ln 

Q~e of onset of trainln~ or traln~ng technique worn 8pparent. 

lt m:Î',;ht be arp:ue(] that the d:Lfterence ln boys moy hr T'01nted 

to rlif'f'8l'rllcr::; in 11.1n0; volumes preval1:1ng rlurin,,: -I-:l1r !~cstlnr;. 

rl'h1s i 8 rmn:n;ested ln Fig.SIS \'lhere it is seen th.-::.t D./lVIC :i8 h1 o;l1er 
1. -

ln Control boys. Since no diffrrence 1,r8.S observed in PRG (Ii'jo;.s4), 

the hi~her ~r of the swimmnrs accolmts for this reversaI (i.e.D 

higher in s~·r-\ mm I"'!r r: , D lIvre higher in Controls). 
L 

rEhe larger V of 
L /[' 

m·Ti.mm8r~:; is unlikely to account for the h:Lo;her D in boy swimmers, 
L 

11 01'Jf?V'Jl', since doubllns V had a negligi ble effect on D ( ?(6); nor 
T L 

can the group difference be attributed to variati.ons in minute 

ventilation since these l'lere nep;li,o;ible (see "'irr,.S25). 

VIhen the sexes are combined, it is evident that the group 

difference in D are not strikinr;. Pernnns it 1'Jas presumptuous 
L 

t 0 expect l~ 0 find clear and strikinrr, d j -f'fcrences bet1'J"een our groups. 

lt is easy ta propose reasons fo~ our failure to observe weIl 
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él.efined changes .fiFlft~y.The clifferences observed by Mostyn (266) 
, 

were apparent only in the Champion swimmers of the swim group 

l'lhich included 3 of Olympie calibre (one of whom l'las a fina1ist 

in the 17th OlYTl1p~ikd). Our "Swimmers" p;roup doubtless inc1udes 

many 1-'Jho, in the vernacular of swimminr.;, are'also sl'ITams' •• an cl 

their effect would he to normalize this group. Figure 821 

suggests that this might have been the case in the girls. As 

sh01m, most of the points for the few 'elite' r;lrl sl~immers lie 

above the regressi on line of their mm group, a line which they 

have influenced, as Nell as the line of Controls. Perhaps there 

Nere fewer prof:i.clent rr,irl s1'1immers and thi s accounts for the 

difference hetween boy and girl swimmers ancl Controls (i.e. boy 

swimmers hi~her than Controls, but not girl swi®ners). 

A second fact or which P1i,r';ht obscure di fferenecs, if :1.ndeecl 

there are differences, might be the effects of growth, in 

particular variation in growth rate, 1'1hich Gan make interpretations 

of results difficult. ThirdIy, more strtkinrr, differences might 

be apparent han comparisrnl with Controls been made at several 

and hi,:;her test exercise Ievels. 

li h1[';he1' cUf fusinp; capaci ty, i t can be reas oned, 1'1ould 'be 

advanta~eous to competitive sl'limmers. It has bcen Sh01«1 by 

G off and i3artlett (149) that the trained underl'ITater sVJimmers 

have a hif';her end-tidal CO concentration (1'111ich can rise to E3i~) 
2 

th8.1'1 the untrained. These authors point out also that the tralned 

employa greater V ~breathe more slowly with prolonged pauses, 
'Cil 
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and have a lower ventilatory equivalent. These differences 

SU~fjest that the mean alveolar 0 concentration must be low 
2 

because of the interdependance of these t't'JO r;ases, as shown 

by the 0 
2 

-co 
2 

d:lagram. Under such hypoxic cond:ltions, it has 

been su!Scsested that a high D ls essential (288,359). Similar 
L 

hypoxic conditions might be expected ln competttive swimmers, 

who perform at about their maximal aerobic capactty aS1measured 

on land (20). [i'urthermore they exercise in the horizontal 

posltion, when cardiac output, whlch has often heen blamed in 

Ilmitin~ of performance, might be greater (48) and thus less 

likely to impose the l:1.11ütal~lon. Tf this reasorüng ls correct, 

development of a ,o.;reater abU.ity to diffuse () ln the face of 
2 

10werln f j pressure ,Q:ra,cHents in the 1un,0;8 Nou]rl he a nsefu1 

adaptation to the swimmer. Swirnmers re~;ular1y emplo,y in their 

train:i.nn; routine sorne u.ndervmter sl'limminr: 11hich mllst expose the 

swimmer to periods of hypoxia. Chronic exposure to'hypoxia has 

been sho11n to effect an increase in cliffusln[,; capacity (357); 

perhaps the same adaptatiolîs mlght oeeur in young sVfimmers 1'1ho 

regulari1y exer~ise at maximal work levels. 

On the other hand, argœnents can be developed to shmv that 

such adaptat ions in swimmers may not be necr::~s sary. ;rhese lnelude: 
. . 

1) ~rhe improved lmiformlty of V/0. ratios throuc;hout the 

Jung, and the hi.,:,:her Vc associated with the prone position vJOuld 

favour C;as exehal1~e in the lunD; even Nithout an improved DL/pel' se. 

2) If arteria.1. desaturation l'J'ere to occur at maximal effort, 

a hir;h 1) would be benefieial to a 1 swimm8rs' performance. 
IJ 
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However, thera is little evidence (99) in the literature that 

this occurs even in maximal endurance exercise in healthy subjectE 

at normal sea-Ievel 0 concentrations. 
2 

J) Despite the l:i.mitations Imposed on respiration by 

partial tmmersion as tn swimmine;, it would seem that these effects 

on the breathing pattern are ne.:çllgi ble. In /2:eneral, most champion 

s1'Jimmers breathe on each or alternate arm cycles, occaslonal1y 

with a cadence of l:J. Thus in a typica1 lOOM race, requiring 

about 55-60 secs.to perform, lt is estimated a champion swimmer 

wt11 hreath at a rate of 50/min. It hecomes apparent chat the 

pertod of hrea'th-hold in snch cas'?s l'Jould be llrief and therp.fore 

a marlced 101verino; of n..Iveolar (1 concentration rlurln[': the swim 
2 

TIol'leVer, :i.l~ "if1 aIs 0 clear that the di fference between the 

wirnner and others ln a champtonship event is often a matter of 

several small rlifferences, \\Thich can summate to produce the 

champi on. 'L'hero can be no ooubt then that thp. swimmer vrith the 

~reater ahility to diffuse 0 would have a'~l~ght advantage. 
2 

Tt is possible that chis acl.vantage may play i'ts' part ln the 

first ten moters or so of the race, durin o; 'iTh1ch time he performs 

Nithout breathino;. However, tn sl'J1mmin?~, ~'Jhere skill or technique 

and motivation play sueh a key l'ole in determtntng performance, 

it 1s douhtful that this advantase would he cruc1al • 

. ;~. Geor[';e Gate, CanacUan Olympic ,swim Coach,196f3. 



!1 ~SUT.-:TS: Cardl n-Respirat ory Punctlons 
, 

The regression equatlons for Qc, SV,HR, VO , V and (A-V) 
2 

o difference are given ln Table (SlO). 
2 

Ventilatory R~sults: 

The sexrelation in swlmmers in respect to VO? and V 18 ... 
shmm in Flg~S22. No dlfference is .seen in VO - work relation 

2 
although the girl ventl1ates more for a glven VO than does the 

2 
boy. The difference l-ras more marlced at higher loads, making the 

regressi on slope for t'emales steeper (p(~: 005) although the 

statistical analysis for any l'lorlc load shm'Jed the sex difference 

not sjgnificanto 

Pige 23A shows no dlfference in efficiency between swimmers 

and adults although for a given \'wrlr load,VO t'JaS slightly 
2 

greater in the ~n'1immers. Fig. 23 B & C shm'l the age sffect on 
o 

VO tüthin the SI'Jimmers" As shmill, the difference t'J'lth age in 
2 

glrls ls slight but considerable ln males, suggesting that 

efficlency ls lower ln the older swimmers, especially males 

(the opposite was observed in Controls). 

Comparison with Controls of VO and worl!: ls shown in FigoS24. 
2 

Higher values for VO in male swimmers t'lere found significant at 
2 

load 150 Kgf'I!min" only (P .0476); a similar trend l'laS found in 

females at higher p though not at lower l'Tork loads but in no case 

l'Jas the difference significant. No difference in ventilation 

was observed in females (Fig.S25) although ventilation, and 



TABLE (S 10) CARDIO-RESPIRATORY REGRESSION EQUA'rIONS - SWIIvlMERS 

Sex y ---
!> 

1\1 Qc 

F 

1'1 SV 
F 

III RR 

F 

REGRESSION EQUATION 

= 6.23 + 4.03 
= 4'.39 -1- 3.20 
= 2.82 + 3.78 
= 3 .. 66 + 4.06 
= 49.5 .,Ir 8.61 
= 53.5 + 8.37 

=348.5 +43.84 

=203.5 ·-{·39.46 

=325.2 -;-41.8 

=200.7 +35.5 

(VO ) 

('\102) 
• 2) 

(V0
2 

('V0
2

) 

(~02) 
(V0 2 ) 

('V0
2

) 

CV0
2

) 

(V0
2

) 

- 0.195 (Age) 

+ 0.083 (Age) 

+ 0.657 (Et.) 
-+ o. 634 ( Ht . ) 

1.697 (Ht.) 

- 8.59 (Age) 

- 1.407 (Ht.) 

(Vo ) - 6.398 (Age) 
2 

M ~O = 0.430 + 0.0025 (load) 
2 

F 

= 0.260 + 0.0023 
= 0.278 + 0.0028 
= 0.036 + 0.0026 

M (A-V)o = 6.62 + 6.59 
2 . F = 6.96 ... - 5.97 

H V = 7.95 -;-17.78 
.,," 1 

F = 5.73 +22.28 

(load) 

(load) 
(load) 

(\TO ) 
• 2 
(~02) 

(:°2) 
(VO ) 

2 

c;' 0.053 (Age) 

+ 0.021 Cl\.ge) 

S.E. of Coef.(b) 

0.587 
0.505 
0.581 
0.518 
6.30 
5.02 

6.33 

8.19 

6.47 

7.11 

0.0002 

0.0001 
0.0001 
0~0001 

0.835 
0,,798 
1.52 
1.54 

0.080 

0.080 

0.151 
0.130 

0.151 

1.12 

0.168 

0.981 

0.007 

0.007 

'1:- S. E. and (r) f 011 01'iS same order as sh mm in regre s sion. 

~v(' * 
Correlation Coef (r) S.E.of y 

.695 

.720 

.518 

.472 

.046 

.223 

.868 

.925 

.769 

.704 

.872 
0885 

.197 

.414 

.688 

.654 

-.681 

-.595 

.515 

-.468 

.580 

.442 

1.17 
1.23 
1.41 
1.41 

12.60 
Il.80 

12.02 

16.3 

15.2 

17.2 

0.185 

0.121 
0.136 
0.126 

2.04 
2.17 
3.70 
4.19 

Independant Variables - Age in years, Ht. in cms., Load in KgI1/I1in., '10
2 

in litres. 
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consequently ventilatory equivalent, was consistently less 

in male swimmers but not at the 5% level of significance. 

Circu18.torv Rcsults: 

Fig.S26 shows results for Qc in relation to Vo • In each 
2 

sex the sNi:nmers are shmm to have a: "fower cardiac outpu't than 

Controls f'Or comparable V0 2 " ,'rhe difference is more marked in 

boys l'lhere the slopes of the regressions shmlJln?:; this relation 

are different (P< .001). Howevcr, when group comparison l'laS made 

by height groupingj at few loads were these differences significar 

either in males, females or combined sexes. 

Thc regrc8sions showing group diffcrences in heart rate as 
0-. ' ___ ' 

related to Vo are shoHn in li' ig.S27 (boys) and FigS28 (girls). 
2 

This comparison indtnates'~enerally lower values in Swimmcr$, 

except ln the younsest (shortest). The group differenc3 i8 more 

pronounc3d with age ln both sexes and this difference is greater 

in boys than iil girls. In males 1 at height lLW-150 cms., for 

load 150 KgM/rntn., ,the difference \'las slgnificicant (P .0320); 

'Nith male sHimmers of B.ll heigl1ts combined, at load 150 the 

s igni fi canee ~'Tas hiSh (P .0002). In no cas e l'lere s 19ni fi cant 

group differences in females found. 

Stroke voluP.l.e \'T9.S shm,m to correlate highly with hel3:ht 

(r=.650) in the swimmers '(Table SlO) and in both sexes the in-

crease in 3'J Hi th r,'Tor 1{ ~'JaS los s in sl'limmers t han Controls (lï'i!S. S 29 

No consistent group difference in SV for boys Has fOlmrl (SV 

greater in swimmsrs at lower loadsj but higher in Contrbl boys 
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et hl.o;her workloadsJ~. Values in famales swimmers were con-

sistantly lower. A consequence of the lower Qc in swimmers,combined 

l'Jith only small e;roup differences in V
02

' was the greater 0 
2 

extraction (Fig. JO) il)6wlmmers:; It was in this respect that 

~roup differences Nere most often signlficant. 

Dlscusslon: ---
'rho above results indicate clearly that exercise cardiac 

output for a gi ven V0
2 

18 10l'1er in the trained swimmers. 'rhis 

difference is presumed attributable to the difference in level 

of trainino; of' the ;;ronps as inc1icàted by the lI' I:~enerally 10l'ler 

heo.rt rate dll.rinc; exerclse. As El. consequence, it i8 also 

su~~ested that this reduction in Qc, since it is a8sociated 

with a greater 0 extraction, probably represents an improved 
2 

circulatory efficiency in that less work must be required of 

the heart for a given workload. 

It is of interest that group differences in cardiac output, 

as for DL' Nere u;enerally more marke,d ln male than female 

swimmers. It may he posslb1e that organic differences in sexes 

could alte-r the tratniwr, effects on adaptattons to exercise. 

This mlght then lmplY a dlfferent mechanlsm responsible for 

initiatln,,?; chanf!;es with trainj,ng Nhich seoms unlike1y. 1\10re 

prohably,tho difference may be attributable ta greater 

'contaminati on' of the female, than male, swimmers ~üth more 

1nferior performers. 

t 

1 

1 
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Conslderlng the weIl documented flndlngs of a greater 

stroke volume ln athletes than non·-athletes for a glven VO 
2 

(57,109,312), lt wes surprising that a clear (Ufference ln 

thls respect was not seen in this study on chlldren. This 

suge;ests that the greater .sv of the tralned adult may be a 

result of his chronic, prolone;ed tralnlng and that thts adapt-

atlon ln traininc; tal{es time to develop; endm'lment may thcm 

not be a major factor ln thls regard. In contrast, heart rate 

seems to be an early adaptatlon to tralnlnr;. 

One wonders of the sicçnificance of the observed difference 

in efficiency, inclicated by l~he VO-~'Jo1'k 1'elat:i.onshlp, seen in 
2 

the boys (Pi.o;.,S2LJ.). It seems unreasonahle to expect a reducen 

eff:i.ctency :Ln a 8ub:jeet conrlittonerl to ha:1~d exerctse, though 

perhaps thls 1s possiblewhen comparlson 18 based on cycling 

eff1ciency, which may l'lot be a type of exerc:i. se whlch is com-

patible with swlm training. In a practical sense, swimmers 

generally avoid such exercise as rlmnin~, cycling and skating 

during the swim season because of thei1' tendency to develop 'hard' 

m1l8cles tn contrast Ntth the eharacteristic 1 soft' muscles \I)'hich 

are said to characterize swimmers. Realizing the supportive l'ole 

played by the leg muscles tn such exercises, but not in swlmm1ng, 

lh.ls sub;jectlv2 descriptlon of muscle dlffe1'ence may be feasible 

and perhaps accounl~s for dlfference :in efficlency. J\.lternatlvely, 

the difference may be due to a ~reater 0 debt, not measured ln 
2 

thts sturly, in Control boys. '11hls seems lmllkely in vieN' of the 

modest test exerclse loads employed. 
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PROJECT: TRAINING 

From the above studies, in which group comparison wes 

made between Controls and Swimmers in training, significantly 

higher va.lues for exercise dlffuslng capacity were found ln 

male, though not ln female swlmmers. The groups dlffered also 

ln respect to exercise cardia.c output where lt was seen the 
fi 

trained swlmmers had lower values ln relation to V0 2 than did 

Controls. Thl s dlfference wes not significant, though i t \'1as 

consistent. 

Such group comparisons cannot define specifically the 

consequences of' athletic training, although in the above 

discussions the slight but consistent group differences were 

assumed due solely to the s't'lim training.. The above studies 

suggested further that if there are dlfferences in respect of 

DL ~nd Qc effected by training they must be small differences 

which thus may easily be obscured by inter-individual variations 

't1hioh are knmm t 0 be considerable in each of these measurements. 

For these reasons, a different experimental protocol \'laS folloV18d 

tp study the effects of training on Qcand DL' \'lhereby each 

ind:!. vidual could serve as his m-m control. This project consists 

of two parts •• Cardia.c Functions and Diffusing Capacity •• which are 

presented belO't'J .. 

Ao The i!!ffects of Training on Cardiac Function: 

The specifie purpose of this study 't'las to study the effects 

of seasonal training on cardiac output during exerclse. Part of 
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this materlal has been previous1y pUb1ished. (see attached) 

Sub,leots: 

In this study eight (8) individuals were studied. 

Four (4) were members of SI. senior Intercollegiate hockey 

team (designated here as Athletes) and four (4) were university 

student volunteers (des1gnated as Freshman) who previously had 

not been engaged in any speoial training program. 

Mean values and range of their physioal ohaoteristios are 

as follOtlJ"s: 

A~ {yrs·L Height {oms. ) Vleight'Kgs.) 

Athletes 21 178 74 
(19-23) (175-180) (71-79) 

Freshman 18 179 67.9 
(17-19) (178-180) (6305·~75o5) 

Training Program: 

The athletes, being hookeyists, participated in the 

regular training program as fo110~Ted by the McG111 Uni versi ty 

Senior Intercollegiate teams. As such, these t'fere not champlon 

cali bre players as a team 1101' l'vere these players indi vidually" of 

champion status. 'rhis point is irre1evant because of the protocol 

of the experiment. t'lhat is relevant how"ever ls that each has 

trained hard during the course of the hockey seasono No 

indl vidual record of the training time of eaoh t'laS lcept 0 

However, each did participate regularily in team practlces which 

were held on an average of four (4r) times t'leekly for a period 

of four (4) months, each session lasting l"~ hours. In admition p 
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they oompeted in at least one game weekly. 

The training program of the Freshmen was less intense and 

of shorter duration than that of the athletes. The partioipants 

engaged in an exerois(;! training program as El group, for a -period 

of four (4) weeks. One hour dal1y sessions were held durlng the 

week-days under the supervision of a member of the MoGill Athletios 

Department. Each was enoouraged to oontinue individually the 

tra.ining during week-ends. Motivation to promote "all-ou't" 

training oa.me from group. rather than individual, partioipation 

as weIl as from individual reoords of his daily performa.noe. 

Testing Procedure and Methods: 

The athletes Nere studied either during the week prior to 

commencement, or in the first weel!: of hockey training and the 

Freshmen were tested during the ten (10) day period preceedlng 

training. Each group l'las retested again aftel" completion of 

tra.ining ~ i. e. the athletes aftel" I-l- Dlonths p Freshmen after 4 t'weks. 

Each subject t'las tested at three (3) exercise loads during 

one vislt on the same bicyole ergometer, the athletes at 550, 

750 and 900 Kgl\l/min, Freshmen at 350, 550 and 750 KgM/mino Each 

group thus performed two similar test exercise loads. Measurements 

were made of minute ventilation, oxygen consumption, heart rate 

and cardiac output u Strolce volume and A-V 02 Difference were 

calcula.ted" AlI calculatlons and statistics in this study were 

done manually. 

Methods employed in the testing were similar to those 
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descrlbed in detail above. Cardiac output was calculated using 

a predicted de ad space valu~e·· (4.0). 

Results: 

Tables (Il) and (2) ShOVl the indl vidual pre-training values 

for each exercise load. Post-training values are presented as 

difference from the flrst roeasureroent; (+) indicates an increase 

with training, (-) a decrease. 

Table (3J is a summary table of these results, showlng roeans, 

standard deviations for each eX81'cise level as '\'1ell as the levels 

of significance(P) of changes in the values ,,'J"lth training. In 

addition, groups were combined and statistical analysis of all 

observations for each functionyJ was performedo These are s110ivn 

at the bottom of this table. 

Individual results are also plotted in Fig.(l), where before 

(y a.xis) and after (X aXis) training values are shOlm ln relation 
o 

to the L~5 line of identity. Thus, points falling on this line 

indicate no change with training, those above a decrease and 

below the line represents an increase. Since each performed 

three (3) test loads there are 3 points shm·m for each subject. 

It ls seen in Fig .(lB) that heart rate fell in aIl in di viduals 

at each exercise level, without exception. In the absence of an 

objective measure of work performed and improvement of performance 

with tralning,and accepting that reduction in heart rate is one of 

the more apparent consequences of training, (143,322) this consistent 



TABLE (1 r INDIVIDUAL R~SULTS - FRESHT1EN 

fi L/I~in. 
Q ... i~o . Load Resp.Freq. V02L/}1in. Qc L/I1in. Heart Rate ~min .& ~ ~ ~ A 

A.B. 350 3002 +1.7 14 +2 1.24 + .20 9.75 -1.4 124 -12 550 43.6 -5.0 20 00 1.82 -. ·~O5 12.9 -3.5 150 -18 750 52.7 -4.3 22 00 2 .. 26 "1- .01 13.2 -2.2 170 -20 

D.F. 350 29.7 -2.2 ·20 -4 1.35 -, 001 8.11 -0.02 ]26 -18 550 38.3 -2.9 17 00 1.69 + .07 128 -12 750 53.0 -0.4 18 +2 2.25 + .40 10.52 -0.3 14'-4: -3-

T.S. 350 41.9 -11.8 16 +4 1.23 + '.14 Il.8 -1.1 138 ;:'12 550 48.5 - 8.0 28 00 1.60 + .25 16.3 -2.0 168 -12 750 82."5 -?5.5 36 -6 2.35 .03 17.7 -1.0 190 -8 

O.D. 350 25.9 -.560 11 00 1.33 - .11 10.35 -1.9 J.12 -8 550 30.95 -1.8 12 +4 1.68 - .21 12.5 00 130 -8 750 39.0 -5.9 
~u 

15 +3 2.11 - .50 
1 

12.8 +0.4 156 -16 

~ ." indicates change \'lith training .. 

S.V.cc/Beat 
A 

78.5 +4.7 
86~0 -15.0 
77.4 -3.9 

64.4 +10.5 

73.4 +3.2 

85.5 -0.9 
97.0 -5.4 
93.2 -1.5 

92.5 -10.6 
93.5 +5.5 
82.0 +12.6 

K-v 0 Diff. 
2 

12.7 
14.1 
17.2 

16.6 

21.4 

10.4 
9.8 

13.3 

12.8 
13.8 
16.5 

6. 

+ 4.7 
+ ,J.},,7 
+3.4 

00 

+3.1 

+2.5 
+3.1 
+0.9 

+1.5 
-1.7 
-4.3 

"'" ~-.. 
C~ 
è"d 
Q] 
~.j 



TABLE (2: ) INDIVIDUAL RESULTS - ATHLETES 

l'Jo. !"o::>d V L/Tün. RespeFreq. VO L/min. Qc L/llün. 
KgI~7min a. &:, 2 ~ A 

B.H. 550 31.3 -1.1 1.55 -0.9 1.55 -0.69 13.75 -3.4 
750 48.1 -16.3 16 +4 2.43 -0.60 1.6.2 -4.6 
900 62.6 -20.6 24 -4 2.63 -0.20 16.9 -3.3 

D.C. 550 36.6 -4.4 16 -1 1.66 0.03 13.4 -3.5 
750 46.5 -3.6 20 0 1.70 +.67 15 .. 2 -1.9 

::900 55.9 -7.0. 24 -2 2.33 +.15 14.7 -J.8 

R.D. 550 35.5 -0.4 16 -1 1.6J +'.11 Il.5 - .9 
750 46.4 -4.2 18 -1 2.11 +.16 12.5 - .7 
900 52.6 -3.7 18 0 2.46 -.01 14.5 - .4 

J.T. 550 32.3 -2.0 18 -4 1.60 .21 15.2 -3.7 
750 47.0 -8.2 20 -4 2.38 -.01 16.4 -J.3 
900 54.9 -10.7 28 -10 2.q6 -.01 19.2 -J.O 

~ = indicates change ~~th trainingo 

Heart Rate 
~ 

126 -12 
140 -20 
150 -10 

156 -38 
168 -42 
172 -24 

IJO -22 
156 -24 
174 -JO 

138 -22 
150 -12 
168 -10 

S.V·cc/Beat A-V 0 Diff. 
6 2 A 

109 -18 Il.3 +1.5 
116 -9.5 15.0 -5.3 
113 -16.0 15.5 -5.8 

86.J -1.8 
90.4- 15.6 
85.5 11.5 

89.0 9.2 
80.0 9.4 
8J.5 14.5 

110 -11.0 
109 -14 
114 -12 

12.3 
Il.2 
15.8 

14.2 
16.8 
17.0 

10.5 
14.5 
1J.8 

-.04 
+6.6 
+7.9 

+2.2 
+2.4 
'+ • J 

+5.2 
+3.1 
+2.6 

~. 

o 
c-.j 
Cl'J 
CtJ 



'00264 

TABLE (3 , GROUP MEAN VALUES •• ATHLETES AND FRESHMEN 
': .. '. ::.: -~ . . ; - ~ ~., .: -' ~. . . .- ....... . 

.\', 

. \ 

Cardiorespiratory mearrmments before training and changes after training 

G roup 
t<>.d, 

hl 

Nonathl ttu 350 

?SO 
7So 

Ath/tlt! 55° 

750 

900 

Change 
(ail 0 

arter training 
bscrvatiom} 

VDPTS f 

Ilttr/ A 
br<ath,/ 

. min min 

--- -- ------
Mean 31.9 -3. 2 IS·3 
± 50 9. 1 S·g 3·3 
Mean 10 .3 -4·4" 19·3 
± 50 7.6 2·7 6·7 
Mean 56 .8 -8·S 22.g 
± SI> 1[!.3 ILS 9·3 

Mean 33·9 -2.0 16.6 
± SI> 2·5 1.7 1.2 
Mean ,n·o -8.1 18·5 
±sn 0.8 S·O 1.7 
Mcan 56 .5 -10·5 23·5 
± 9D 1·3 7·3 4. 1 

Mean -6..1 
± 3D 6·4 

P 0.001 

_ .. -

\'o,5TPD Q.: 

A IIt.,,/ A I/min A min 
------ - ---
+0·5 1. 29 +0.06 10.0 -1.6 

3·S 0.06 0.14 I.S 0.8 
+1.0 1.70 +0.02 12·4 -1.0 

2.0 0·09 0.19 3·3 2.1 
-0·3 ~.24 -0.02 1:J.6 -0·9 

4. 0 0.10 0.01 3.0 1.0 

-2.0 1.61 +0.06 13·5 -2·9' 
1.8 0.26 0.13 1.,1 1.3 

-0·3 2.16 -'-0.0·1 15. 1 -11.6 

3'::1 0·33 0.60 La 1.7 
-4.0 ~·5~ -0.0'1 16·3 -2.6· 

.1·;1 0.15 0.14 2.11 1·5 

-0.8 +0.02 -'1.0 

3·4 0.26 1.6 

0.30 0.70 0.001 

. , ... ' -' 

lIeut Rate Strok. Vol. t-V)O, 
HTcrence 

beau/ Vol 
A ml A A 

min % 
--- ---- -- --- -

12S·0 --12·S· . 80.2 -1.4 13. 1 +2.2 
10.6 4. 1 12·9 8·9 2.6 2.0 

134. 0 -12·S· 9.1·1 -4·3 14.8 +0·9 
18.8 4. 1 IS·6 8·S 5.0 3·5 

16S'0 -11.8 al.5 +2.6 17. 1 +0.8 
19.8 7·7 8·S 7·3 3·3 3.6 

137·5 -23·5" 9fi .6 -S·4 El. 1 -hL 1 

13·3 10.8 12·9 Il.8 1.6 \L3 

154.0 -2,1·5 9°·8 '!-0"1 11·1 +1.', 
Il .7 1;l.7 16·1 11.0 2·3 1.3 

166.0 -18,5 99. 0 -6.2 15·5 +1.11 
10·9 10.1 16·7 14.0 1.3 S·6 

-17. 2 -11·39 -h·50 

9·5 10·3 3·5 

0.001 0.30 0.05 

tJ. = Change in rncamrelllent arter training. 
using Student's t-test. 

• ;.. Signilicantly difTerent from 0 (0 = no change \Vi th training); I.C., P < .05 
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FIG. 1. Comparison o:r values for A: Qc; B: heart rate; 
C: stroke voltllnc; D: (A .. V)02 dif'fercnce; E: V02 ; and F: 
ventilation, after training (on the Je axis) and before 
training (y axis). The 45° line inclicô.tes ic1entity. Results al'e those of' f'om' v .. tllletes (1'ille(l circles) and f'our non~ 
athletes (open circles), each stuà.ied nt three exercise 
loads. 
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Clecrease can be interpreted as an indication that the subjects 

did in fact train. This decrease was highly significant (p~ .001) 

in the combined analysis, though not always signlflcant for each 

load in each group. 

The drop in heart rate was associated with a concomitant 

fall, almost without exception (see Fig.lA), in cardlac output. 

Wi thin groups, the decrease l'laS significant only in the athletes 

at 2 exercise loads (550 and 900 KgM/min). When groups were 

combined, the mean change was significant at 1%. No consistent 

change l'TaS found in the calculated stroke volume, indi vidual 
( F't o.; • 1 ) 

points falling for the Most part close to the line of identity. C 

In respect to ventilatory functions, minute ventilation 

decreased in aIl but one subject at one load and the decrease was 

found significant in only the E"reshmen group at the 550 KgM/min, 

exercise load. 'rhe combined group change was highly significant 

(p (.001). No change was seen in oxygen consumption and most 

points (see Fig.lE) fall closely about the line indicating no 

change. In this regard, there are 3 exceptions (subject O.D., 

B.H. & D.C.), each of which occurred at load 750. These may 

represent error although repeated analysis of the original 

tracings reveal no such evidence. The fall in Qc, accompanied 

by no change in VO , gave an increase in the calculated A-V 0 
2 2 

Difference which "t1as not significant in ei ther grouPfJ at any 

exercise load; hONever, the combined group mean change was at the 

510 level. 



.JJ0267 

'[.1he c1.ecrease in V, wi th no change in VO , resulted in a 
2 

lowered ventilatory equivalent (V/VO ) with training in both 
2 

groups (po( .001) (Since these data are inherent in the above 

tables, the y are not shO't'JYl). '['he relative hypervent ilati on in 

pre-tro.ined also resulted in Et decrease in re8piratory quotient 

(H) with traininr.:; in both eroups (P< .01). Likewise, when . 
alveolar ventl1ation (V ) was calculated uslng an assumed dead 

fi.. 
space,(9) bherG vJ'as a sil!,nificant fall (P4!:.OOl) in both groups. 

Group comparisons can o.1801lbe seen from Table (3). Pi~:. (2) 

ShONS such compo.rison for athletes anrl[ï'reshman in respect ta 

qc, rIri, V anrl \f(i. 1'10 n;roup cH t'ferènce, nor train:i.Yl~ effGJ1:!t, \\'.':1.S 

2 
found in \f0,), as nh01'm lf)Y li'j"n;. (2C) 1\1he1'e the 1ines ;iotn:i.nn; menn 

f'.. 

~roup values are virtually coincldenb at che wo1'k lo~ds which 
. 

each ~r~lp performed. V was h:i.n;her initialJy in the freshmen 

and w:i.bh tralnln~ fe11 to the line representtng the untrained 

athletes. 'l ' he decreo.se in both c:r,roups Nith tratning wo.s com-

parable in hoth PTOUpS. . 
In the untrained state, Qc was slightly hin;her in the 

Athletes (Pln;o2A~ bQt the fa11 wtth tratntn~ WEtS morp marked in 

thts [';roup than in. the F'reshmen cr,roun. Likewis~, l'!ith respect 

to HF!, (E"i0.:.213) c;rollp differences Nere small in the untrained 

but the drop with trainin~ was ~reater in the Athletes. Stroke 

volume was ,~reater in the Athletes. 



" " 
l"IG." 2. Hean values for A: Qc; B: heart rate; C: Vo2 ; 

and D: V, in athletes (fillcc1 circles) ü..llcl nonathletes 
(open circles), plottcd against extel'nal exercise load as 
the inclcpendent variable on the x axiso 
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DISCUSSION 

Ventilatory Punctions: 

'Phe findine;s in respect to VO (unchanr::ed) and V (decreasect) 
2 

are in aFT,reement with reports in the literature (llL~). 'rhls 

decreased ventilation can be regardect as a desirable feature in 

that the ventilatory equivalent fell, thereby lowering the 0 
2 

cost of breathin~. Admittedly, at moderate work levels this 

may l'lot be a great advanta~e to the trained person but if 

corresponding c1ecreases were found as maximal exercise levèil:s 

are approabhed, the aerabic contribution ta the ener~y producing 

system Nould he enl1anced by trainlnc.;. 

(~e Nonders of the si~niflcance of the observed decrease 

ln R with trainin~, a findj.n~ observed early in the studies at 

the Harvard Ij'ntif':ue Laboratory (.l,.L,.) l'Then .n.~roup cornparison was 

made. At least two possibilities of explanation for this 

phenomenon are posslhle o If lactate productlon l'las f!;reater in 

the1lpretrained, the r;reater ventilation conlel be in effect 

an attempt ta maintain a normal blood pH hy creatin~ a respiratory 

alkalosis as compensation for the resultant metabolic acidosis in 

exercise. However, a significant chance in lactate levels is 

cloubtecl in our study, espeeially sinep the':E!xercises l'lere not 

severe. Nonetheless, this explanation may have merit, especially 

since il""; has been sho1ln1 that lactate production for submaximal 

exercises decreases with traininG (300). Alternatively, training 

may effect a shlft in 'perferred' metabolite from carbohydrates 

to fats; ~re~ter utilization of the latter would lower the CO 
2 



dO:J70 

productlon. A contralndlcatlon of thls ls the report of Cobb 

and' J ohnson (..'~:~) who found no dlfference between trai.ned and 

sedentary groups ln the uptalce of free fatty aclds durlng 

exerolse. The flrst possiblllty seems the more probable. 

The decreased alveolar ventilation indicateS an improved 

02-extractlon at the lungs and these flndlngs are in agreement 

wlth other reports (~7~). 

Circulatory Funotions: 

'rhe surprising finding of this study 10ms the oonsistent 

lowering of exeroise cardiac output with training. These results 

differ from those of Preedman (JI 41) 1911d F'rick (14.3) l'Jho also made 

intra-1ndl viduo.l eompari sons, but ls in partial agreement 1.'li th 
( 31}O ) 

'rabalc1n who fOlmd 10\'ler values in exeroise oardiao output at 
" 

lower and moderate (VOfl.5L), though not at higher, intensities 

of exeroise. It is of lnterest that Varnauskas (349) observed 

ohanges wi th training in oardiac· .patients similar to our findings. 

Our study oontrasted 1·Jl th those of Freedman and Friclc in 

that their studies were made with the subject supine, although 

training was done in the upright position. The hemodynamio 

changes known to be effeoted by study posture may have obscured 

the training effect in their studies. Freedman studied only 2 

cross-oountry runners; the 'untralned v measurements l'J'ere made 

after 3 months of detraining whereas Frick made measurements at 

only one mild (400 KgM/min) level of exeroise. The more pro

longed detraining period of our athletes (8 months)and the hOD~ier 



test exercises performed might also account for our different 

findings. 

Tabakin was impressed that changes in cardio-respiratory 

variables wel'e not more striking. These authors suggest, on 

the basis of the drop 't'li th train1.ng at low exercise levels only, 

that these changes "may represent an adaptation to a particular 

grade of worl{ which the athlete performed daily during training" 

i.e. a sort of specificity of adaptation related to the particular 

level of training employed. 

The possibility that difference in training methods may 

account in part for our different finding cannot be ruled out. 

Our subjects exercised frequently at or near maximal 't-10rIe levels 

for short peri ods ((!)fo interval training plan in cormnon use in 

athletic training) in contrast with the endurance type training 

of cross-country runners (14Œ.t340), and perhaps, wi th those in 

basic training in Finland (ll~J). One also wonders, in Viel'1 of 

the small change in heart rates 't'li th training ,if the rlmners 

(140 0340) really were 'unfi trin the untrained state. 

The decrease in cardiac output was found to be due solely 

to a reduction in heart rate, there being no difference in the 

calculated stroke volume with training. Frick observed a significan1 

increase in heart volume wi th training 't'1hich was associated wi th a 

higher stroke index both at rest and in exercise. On the· other 

hand, at the exercise levels in which a.decreased Qc was found, 

'rabakin showed a decreased stroke volume. 



Although our study was designed to permit intra-individual 

comparisons with training it is of interest to compare the 

groups (Athletes and Freshmen) in respect to exercise adaptàt'lJon 

(see Fig.2). No difference was seen in efficiency since the va -
2 

worI!.: relationship bet,l'leen groups was not different. Hm'lever, in 

the untrained state the Athletes had lower ventilation for the 

2 comparable. Hork loads performed by each group,and training had 

the effect of lowering the values in the Freshman to that of the 

untralned Athletés,. This suggests that the athletes in the 

untrainecl condi.tion were relatively more 'fit',although the 

untrained heart rates of the groups, which t'lere not cllfferent, 

would not support this view. Alternatively, the clifference in 

the tmtrained states might indicate a special enclovnnent of the 

Athletes or possibly that the ventilatory effects of previous 

training may persist longer than do these effects on heart rate. 

The untrained Qc of the ~thletes was higher, though not 

st significant levels,than the Freshmen group, and the fall in 

this measurement, as t'lell as in' heart rate, was more markecl in 

the Athletes. Presumably, this Is a consequence of the much 

more extensive training program of the hockeyists. It has been 

seen from the literature review' that numerous investigators 

(50, 92,268,)12) found no group difference in Qc between the 

trained and the untrained. It is of interest to note that 

slmilar conclusions would have been made from the present study 

had each indi vidual not served as, hi s o~m control. In fact, 
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the only significant group difference (l.e. be'tween untrained. 

Freshmen and trained Athletes) would have been in respect of 

heart rate and ventilation. This supports our premise that 

tlhe effects of training on parameters which have an accepted 
t-J . 
~lde intra-individual variation can be studied only by repeat 

1 

measurements on the same subject. 

Finally, the higher values for stroke volume in our Athletes 

ls in agreement with the weIl documented. findings of other 

('57," 87, 312). Furthermore, this study would Sll.Z5cst that 

this feature of the Athletes, 1tlhich must indicate a greater 

heart volume or greater systolic emptying, is a result of earlier 

intense training or endm'lment. Seasonal trainIng seelôn~;J.y had 

litt le effect on altering this dimension. 



B. The Effects of Training on Exercise Diffusing Capacity: 

The specifie purpose of thls study was to investigate 

differences in exercise diffusing capacity in subjects test~d 

before and af'ter a period on intensive swim training. 

SUbjects: 

Six Young adult subjects, aIl members of the McGl11 senior 

swim team, were stuclied. The physical characteristics of each 

ls shown in Table (4). The best swimming event of each subject 

is also indicated here. 

Training Progra~: 

The training prograrn for the group commenced ln early 

October and terminated in lete February of the following yeer. 

The first 10 deys of training consisted of an on~land exercise 

program employing calisthenics, and weight lifting activities. 

Daily m'lTlm sessions (5/l'I8ek) of about 11/2 houl)S were held for 

the follmüng six vI8eks after ~\Thich the number was reduced to 

4/week. In addition, aIl subjects participated in periodic swim 

meets during the season. 

Testing Procedure and Methocls: 

Each subject wes tested before, and again after swim training. 

1'hree test exercise loads (see Table 5) were performed on the 

bicycle ergometer. Ventilation, oxygen consumption, and heart 

rate were measured for each load while diffusing capacity 

measurements ~lTere made for the two Im\Ter loads only. 

Methods have been described previously., Correction for 



TABLE ( 4) 

Height 
Name (cms. ) 

R.P. 185.5 

R.T. 177.5 

R.M. 176.5 

G.R. 181.5 

EoHc 184.0 

8.1'1- 176.5 

IfJeal1.s: 18002 

PHYSICP..L CHARAC'rERIS'f1ICS - ADULT SioJIMMERS 

Height Age Best Stroke (Kgms) (yrs) and Distance 

80.0 22.1 Free Style .•• 100 M 
81,,8 21.1 Breast ••• 100-2QOM 

70.5 19.3 Back only •• 200 M 

88.7 20.3 Free Style •• 50 M 

80.5 21.1 Breast •• 200 T1 

66.5 19.4 Free Style •• 50 M only 

76.3 20.5 

c 
o t,:; 
~ 
('Jt 



______ • ___ ....... .- .&..&....J~v .... ..1.U 

ADULT SldIÏ'iT-1ERS 

. 
Name Load '.'V V02 Heart Rate D-CO K /rE' 1/' l/min @ /min tO. mt/min/mmBg 1::. 

ft:. Lan. mln.~_ 

RoF. 550 37.8 -2.6 1.89 -0.05 159 -26 47.1 +4.8 750 43.1 +2.6 2.48 -0.06 168 -19 53.7 +2.1 950 81.7-24.8 2.78 ,:,,0.05 186 -19 
R.T. 550 32.4 +0.30 1.87 +0.09 148 -23 46.9 +5.4 750 46.4 -1.L 8 2.57 -0.17 156 -16 53.2 +2.1 950 74.4 -0.3 3.32 -0.23 186 -29 
R. IvI • 550 37.0 +0.8 2.12 -0.22 172 -24 45.4 -9.2 750 51.0 +5.2 2.51 +0.03 186 -22 41.1 -0.7 950 88.5-18.8 3.43 -00'33 192 
GeR. 550 34.8 -1.7 2.08 -0.73 136 -10 41.1 -0.7 750 43.1 -0.5 2.55 -0.28 150 - 8 48.1 -2.0 950 51.0 +3.6 3.17 -0.27 172 -10 
EoH. 550 33.1 -4.1 1.84 -0.12 134 - 5 64.0 -2.5 750 43.5 -8.8 2.401 -0.05 152 -10 64.6 +1.2 950 41.8 +2.4 2.95: -0.11 172 . - 4 
BoNo 550 36.2 +0.9 1.73 +0.45 184 -22 48.6 -1.4 750 50.3 +3.1 2.15 +0.54 196 -16 52.6 -2.0 950 68.4 +0.8 2.69 -0.17 205 -12 

ç; 
" 

C 
(,) A .,. indicates change 1fdth trainingo c,J 
~ 



TABLE (6) SEASONAL TB-AINING EFFECTS - DIFFUSING CAPACITY 

ADUI.iI' S ... nj1lI~I ERS 

I\~ea.YJ. r·'iea.YJ. i'.'jean ;'le::m 
Load Ventilation o Consumption Heart Rate Diffusing Capacity 

K 1\~ / • ls/min • .0, 2 ls/rnin. ~ Imin. ,A rnl/min/lTullH~ ~ ~ g1'L P'lln. 

550 35.2 -1.03 1.92 -0.09 155.5 -18.3 48.8 -0.6 
SD + 3.7 1.41 .14 .25 14.1 8.6 , 7.8 ).1 - .20 . 01 -l'~ .60 p 

750 46~2 0.50 2.44 168.0 -15.2 52.2 +0.1 
SD + 3.6 2.80 .17 .19 19.2 5.3 5.9 0.6 

P .0001 .,(-

950 67.5 -7.80, ).06 -0.06 185.) -12.3 
SD "i- 18,,1 9.80 

0.10 
. 0 3 12.2 10.5 

0.05~!-
p 

COMBINED: -3.15 -0.05 -15.3 -0.25 
SD ..;- 6.65 0.19 8.3 2.48 - 0.60 0050 • 0001 ~~ 0.80 p 

* significant lev~l (p) 

~ indicates change '\.;1 th training 
F"'-:', 
'=-'" 
C 
i\; 
~ 
~ 
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COHb were made in DL calculations. AlI calculations ~lere 

performed manually. 

Results: 

Indi vidual results are gi ven in 'fable 5; mean values for 

the group are presented in l'able 6 and shown graphically in 

Fig.]. This figure clearly shows no training effects in respect 

to V, V0
2 

and DL, although heart rate was significantly lower at 

each work level. Thls fall in heart rate was consistent in aIl 

individuals at aIl loads, except HM at load 950 where no change 

l'las found (see Table 5) 0 Also sho~m on this figure is the predictec 

value 0.17) of DL for normals of similar age and at comparable 

levels of V02 0 'fhe mean values for the s~'1immers clearly lie 

above the confidence limits of the prediction equation. Hm'1èver, 

Nhen individual untrained results are plotted (Fig.4) t~J'O of the 

swirnmers lie beloN the line for normals, the others above, although 

only t\'l0 of the se are above the confidence limi ts. One of the 

present group had values cDmparable to the champion swimmers of 

("" L) Mostyn 4JG, shovm as the dashed line. 

Fig.5 ShONS the comparison of hoclceyists and swimmers. 

Swimmers had higher values for heart rate, ventilation and oxygen 

uptake at each level of exercise in both the trained and untrained 

states and the decrease ,üth training in heart rate and ventilation 

~'1as less marked in the swimmers than in the hoclceyists. 
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ADULT SWIMMERS 

GR 
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" FIG. 4. Individuel. reaults Sh01'ling DL G. V02 relationship in adult 

swinuners (Wltralned) and in compoo:ison uith those predic"ted 

for adulte (Donevan) and champion sllimmera (Mostyn)" 



H.R./min 
180 

ADULT ATHLETES 

160 

140 

55 

45 

35 

3·0 

2·5 

2·0 

• 
V litre/min 

. o~, --0 
0~--0 

V02 litre/min 

HOCI(EVIS'rs 
SWIMMERS 
TRAINED 

l __ 

550 

WORK !\g m/min 

750 950 

COlllparison of athletic groups (Hoclceyists and ~uimmers) in pre- ang post-trained states for BR, V and V02 in 
relation to ·\'J'orko 



DISCUSSION 

D 
L 

in competitive swimmers 18 not altered by five months 
" , 

of intensive training. However, the se mean wa1ues for swimmers •• 

trained or tmtrained •• are higher than predicted values for 

normal males of comparable age. In this respect , our findings 

agree with sorne invest~gators C~à,) who compared athletes and non

athletes, and others (91) who found no change with training. 

However pour results contrast wi th Nel'lman' s (274}tn respect to 

training effects. She found training in one non-athletic subject 

decreased the V02 requirement for a given load and since kCO 
---

l'laS not altered, she concluded there was an increase in KeO, 

and therefore D p in relation to VO with training. Our study 
L 2 

differed in that we studied althetes, rather than non-athletes, 

and this might account for the different findings. This suggest 

that if training increases D , this effect must persist in the 
L 

athletes, wh~ther he is trained or note 

Neither are our findings in group comparison in full agreement 

with Mostyn (aJ6). These investigators found athletes, including 

average swimmers, did not differ from normals, although champlon 

swimmers in their study did. We might thus conclude that our 

group' l'ncludecl sorne champions l-<Jho r pulled 1 the group mean values 

up. This ls in fact so, where lt ls seen (FlgQ4) one Nationally 

rated slvimmer (E.H.) clearly stood out in respect to D and whose 
L 

results were similar to Mostyn's champion swimmers. One former 



Olympic finalist (R.P.), in the champion group in Mostyn's 

study. was not slgnlficatitly dlfferent. from normals. A point 

of interest in respect to R.P. ls the comparlson with hls D 
L 

values of 3 years previous (Fig.4). Such comparison suggests 

this lnterval has decreased his D. Furthermore, at the time 
L 

of our initlal study he had not trained nor competed for 18 

months prior to being tested; his slightly hlgher post-tralning 

values suggests that perhaps hls subsequent training had sorne 

effect on improvlng D • 
L 

Additional points of interest arise frorn the studles on 

subjects R.M., G.R. and B.rll. Subjecto R.l\1. vras a proficient 

baclr stroke svJlmmer but did not perform nor train using other 

strokes requiring submersion. One ~vonders if this might relate 

to his low D results. A recent study (25~) does indlcate.that 
L 

back stroke st<J'immers differ from other st·llmmers. Subject GoR. 

was highly rated as a 50 yard t'ree-style st'limmer but his 

performance was surprisingly inferior in longer distances, 

whereas BuM. p a mediocre performer, could not m'lim events longer 

than 50 yards. An explanatlon for the latter ls probably bis lot'1 

maximal aerobic capacity which likely was reached in his hlghest . 
exercise load (Va of 2.69 ls., at heart rate of 204). Perhaps 

2 

a Im'l D limited the performance in endurance events in sUbject 
L 

G.R. 

Finally, it is of interest to compare groups of athletes who 

follow different training plans. This comparison (see Fig.5) is 



surprising in that not only do swimmers have greater heart 

rate and ventilation for a given exercise load~ but they are 

less efficient in cycling than are hoclcey:l.sts. The explanation 

for these differences is not clear. The higher heart rate and 

ventilation suggest the swimmers were initially less fit than 

the hockeyists; this does not seem feaslble since one would 

expect swimmers to be more active in the!r sport during the 

summer holidays. The more probable explanation might be that 

there is a specificity to task . which accompanies the training 

process and the fact that hocltey skill is more similar to that of 

cycling than ls swirnming. These findings, also suggested in the 

children's study, indicate that cycling may not be a compatible 

exercise with swimming and perhaps ls not a suitable test exercise 

for laboratory studies on these athletes. 
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GENERAL Dl[lSCUSSION 

The principal purpo::-:r of this thesis was to investigate 

sorne of the physiologioo.l changes (partlcularily in exercise . 
D and Qc) produr.od by athletic training. Observations have 

L 
been ffi3. r1 (' on ;YOlillg adults bafore and after seasonal training, 

and in young child swimmers as they developed. 

Results of the present study suggest that the effects of 

training can be divided into two groups: 

1) those which can be effected by seasonal, short term . 
training (eg.HR,Qc) and 2) those which may result from chronic 

strenuous trnining (eg.SV). rhlS indicates the importance of 

experimental design if one wishes to separate these effects of 

training from each other and from other factors snch aJf§ endowment. 

i\ccordinlI,ly, \'J'hen the effects of training are small? quickly 

acquired and interindividual variability of a measurement is 

wide, it is essential to study the same individual in the Ul1-

trained and trained states. Our study on the hockeyists and 

[1'reshmen Ü1 respect to Qc clearly indicategthis conclusion. 

However, this experimental approach can be affected by subject 

selection and by duration of seasonal traininé!,. Por example, 

it is readily accepted that athletes as a group, even out of 

training, are more active than non-athletes; thus, to observe 

the greatest effects of seasonal training, subjects must initially be 

as detrained as possible. Likewise, there is Great inhomogeneity 
o 

wi thin groups of athletes; this t"las founel hy Astrand (20) even 

when champi on swimmers were carefully selected. 'llhe only t"lay t 0 
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minimize this effect on results is to use each individual as 

hi s Ol'm control. 

Gy contrast 'tvi th the above approach, l'Vhich can define the 

effects of s8asona1 training, the effects of ch1'onic, long term 

train:tng can only be rlete1'mined by a longitudinal study on 

develop}ng athletes. hlhereas the many group-comparison studies 

reported (lB?,26B) have clearly shown that there are mar1ced 

dimensional dtfferences between trained and untrained subjects 

(eg.hi,c:;her SV, lLUl['; volumes,heart volume etc.,in the trained), 

th:ts comparison does not specifically define whether these 

differences are e;enetically :i.nherited or due to training. 

l"urthermore, since lt ls acc.~pted that the development of an 

athlete is a process usually cornmenced in early childhooc1 and 

since many of the training effects may persist even in det1'aining, 

to best ShOl'l the effects of cl11'onic training, as distinct from 

endom,ment, children, rathe1' than untrained adults, should be 

studied o Our findings on the effects of training.during growth 

(eg. VC and flow rate changes ).),?ee 1"igs • .'39-10, S13-lLj,) would support 
"'. 

th1s conclusion. 

The most interesting consequence of train}ng as observed in 

the present study was the cons1stent and s1gn1ficant decrease 1n 

caréikt'.:tc output. One can only c;uess at present as to whether the 

decrease l'las .o;enera1, thereby affect1ng aIl tlssues equally, or 

was rer;10na1. 11 regional redistribution of blood flow 1"l1th 

t:.ra1ning would trnply changes in vaso-regulatory mechanisms. 

'rhere is c;ood evidence that redistribut10n plays a part in the 
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adaptation ta exercise (eg.reduced renal (350) and hepatic flow 

(307)>: perhaps training does alter these mechanisms making possihle 

a maintenance of normal, or even higher, flnw ta exercising muscle 

in the tr~tned, but reduced flow ta other areas. On the other 

hand, if tlle) rir;crease was a FÇeneral one, aff0 r ting flow ta muscle 

as wellaan nthor tissues, this would seem an embarassing state in 

~lich ta place the exercising musc10~. On the basis of present 

r0~orts, it is not yet clear which of these two mechanisms pr 0 -

dominates. 1'he plethysmoo:raphi~ ~::I:wli88 (302) on chanse in ex-

croise blooo flow in tho fOl~-,r:P!l! shmvcd increased flmJ ~1J1 th swim 

tra1nlng; the Xcnon cl.,' l'rJJ1GC tochnique ernployed by Grimby (15'7) 

on tho o!-,l:':r hn.nd shcvlJcd a 101ver f'low/untt of tissue in athletès 

r,'r ri .. ~:i.ven level of exercise. Our pre1:im:i.nary stucli':8 (~lS~ in 
. C/ 

l'lh1 ch l'p',o'i onal f orearm ln ood fI CV'v ~'Jas l!1ea::;ur n c1 cli rectly usi ng clye 

dilution, stron.'jly SUn;fjest lo~\",l' PIN.J in tralned athletes during 

exercise (espocial1 y 'l.l-:hletes in ~vhom the forearm muscle o~roups 

are extensiv,"ly used in thetr performance eg.paddlers). 'eh1s, 

é1.1'1d 1~hr: "L'rider (A-V) 0 difference, sll;';r:>;est the decroas,; iJ" Qc 
2 

wlth training is a seneral one. 

It has been rernrtod that trained athletes have ~reater 

maximal cardinc output (17,155) and that this Is one of the 

fact orn nc~olmt in.<'j f or the athletes superi or performance. H01v8ver, 

a recent study by DOU31as (119) does not support this view. In 

his study the same subjocts were studiod before and after training; 

c1urlng .su.bmax:i.mal Nork he fourid a reduction ln cardiac output, ln 

agreement with our findlngs, but no change in maximal values were 

found. Tn vtelv of the h:L.(';hor aorobie capacity of the trainerl person 



( 20,78,186) \,i t can only be concluded that the trained must have 

a ~reater maximal ability for 0 extraction (a point of which 
2 

there is good agreement (17,158,268» and this, rather than a 

higher maximal Qc, is responsible for his greater working 

capacity. Indeed, our findings would suggest that there is a 

c;reater reserve of function on the part of the heart at sub-

maximal levels, seemingly an obvious advantage, particularily 

if the cardiac output is a limiting factor in work performance. 

The improved extraction ability of trained subjects must 

invol ve local chanr;es at cellula.r level. One favourable adaptation 

in muscles with trainin~ would be increased capillarity, which 

should faci1itate dlffusion processes at the ce11s. AoKrogh 

showed in 1919 (220)'"that the number of capillaries ln muscle 

was a fllDct:i.on of intensity of metabolism in a.nimals; Petren 1 s 

early observations (285) show the same effect with training. 

Such increased capillarity in itself could r0sult in greater 

extraction for a given flow. In addition, thers nON seems little 

doubt that there are significant enzyme changes in muscle cells, 

at least in rats,Nlth trainlng. Hearn reported recently (167) 

an lncrease in the cYtochrome enzymatlc activity; these alterations 

Nere found to persist durtng detraining. In addition, the more 

recent study by Holloszy (177) showed a marked increased ability 

for 0 uptak 0 ~y mitochondrja extracted froci the eX0rcised (trained) 
2 

muscle cells of rats in comparison 't'Tith mitochondrie of 

sedentary cells. 'Chns, if the chief Site of limitation in the 

ener~y prodllcing systems is in respect to the aerobic system 
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involving internaI respiration, as in fact is indicated by lactate 

productlon, then these adaptations within the cells can account 

for the greater aerobic capacity ln the tralned. These findings 

support our results and suggest that perhaps the reduction ln 

cn~rliac output can be directly attributable to changes in the 

cells. On the basis of these flndings, it would seem that Bock's 

stat8ment (57) of 1928 ls belng supportedi 

" .. we belleve that the capRcity for exerclse ls 
bound. up l'li th changes ln the oxldati ve processes 
wlthin the cells (and) •• the secret of such efflclency,. 
appears to lie in the mURcle cells themselves". 

Inrlr;r;cl, lt ls logical to expect thcR(' flndings. slnce t'J'hen 

one Norl ï s or trains. lt is the skelch:ü muscles which ls the 

primary system; this should then 1lC tl1e system most affected. b:\r 

tr.'1:i.ning o One i.s even temptnr1 to suggest that the chanr~en ~'ljth 

training occuring in other systems(eg.respir~tory,and circulatory 

system) are the c.onsc"(1118nC(~ of cellular ,9.1 t8rat:l. ons :ln slceletal 

nruscl (). rrhl s st ronG} -;'T :;l1~cr,cst S that ul t l mat cly the l mportant 

con soquonce of trn1 nln.rç i s the enh,').n(~ed abili ty of acceptanc~ of 

(1 ; nerhaps the n;reater overall cUmensions of the 0 tran snn!::t 
? 2 

system are of spcondary importance. 

rphr r,01nnn~n,tive stnrl;v m.qrle on children revealed that 

sNimmers hn.rl larr~er lung volllmns (as a result of a greater VC), 

higher fION rates, sli~htly higher exercise D in boys and lower 
L 

cardian output in boys and. girls. In general, these differencA8 

Nere more marked in l)Qy than girl Si'limmers. 

In view of the fi '10i nr: o~) n. reducecl Qc l'Vi th training in the 

adults, it 1~ nrpsumed that the lower v~lue in the child swimmers, 
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for a given va , is a result of their strenuous exercise program. 
2 

This su~gests that tralnin~ has the same effect, at least in this 

respect, ln chl1dren:tas in adult s. Surpri singly, sv di ffereOl4es 

in the groups of children v-Tere not observed, al thoW"~h the previ ous-

ly weIl documented lower heart rate tn the trained person was 

evident in the trained child. Conslderlng the lack of seasonal 

tralninQ; on sv ln our adults, one wonders at what stage in 

developmcnt this larr;er dimension (SV) does appear. 'P.he present 

stuclies sUCjo~est that it is not an enclOlvment. Perhaps t t appl~ars 

wi th t~raln"tnr:, dUTinF!; t.he llTImecUate, post-pu1)ortal yearr:J at l'1hich 

tlme r.;rOlvth of,'l1lany other aspects are rnost marl\"'}cL Sur.h!l postulate 

ls lor::ica1 if ono consic1ers tho chan.o;os in attitudes and way of 

:Ufe 1Vhich often are sean in chl1clron of this age. F'or example, 

youn~er chlldren, whet.her enga~ed ln orr.;anlzed sports activities 

or DOt., tend to he active. However, the onset of puberty often 

ls associatod with decreased play activity, and incroased 

:i.nhibltion (or se1f-consciousness) 1'Jhi.ch causes the less skilled 

chi1\1 to cease participation in:<:ames and sports. 'eo SOlTIe extent, 

the sallle phenomenon can be seen amon'j athletes whereby the less 

proftclent often discontinues the sport at puberty while the ,n;ood 

performer continues to train. 

The ~reater VC would seem a natural ensuant of strenuous 

trainin~, ~lere hypertrophy of accessory respiratory muscles, in 

particular t couldhe expected because of the:ir 1'.'epeatèd subj8ction 

to heavy work. Since the rlifferencn i.~ not always apparent in 

other, ('llrler athletj.c (l;roups (153), one might conclude the 
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dlfference ls attrlbutable tothe added work of breathlng imposed 

by the water pressure on the thorax or perhaps due to training' 
0. 

durlng growt:h. 'rhe hlgher flo't'T rates in m"11mmers may be ..... con-

sequence of the change in lung volume, affecting only the upper 

portion of the forced ~xplratlon curves. Thls ls indlcated. by the 

fact that fION rates et lût'J'er lung volumes are dependant: not on 

motivation and muscls power ())) but on the intrinsic properties 

of the lungs and thorax (241), which propertles are probably 

unaffected by trainlnr;. The aclvantac;es of hle;her lung volumes 

and fION rates as suggested above (see discussj.on), are apparent 

for stvlmmers and probably these changes amone; at~!J\el:es are unique 

to aquatic performers. In respect to D , the study on adults 
L 

showed no change with seasorial training. However, ruean values 

of these feN subjects was greate1' than predicted, mainly because 

of high values ln a few pers ons in the group. We cannot be sure 

on the effects of tralning on D ln childhood. It was observsd 
L 

that values vTero higher in boy, though not in girl, sNimrners. 

If tralning Nas responsible for the h18he1' values ln boys, lt ~'ras 

surprising that comparable changes Nere not seen in girl swimmers 

't'Tho follot-led an equally strenuous training proe;rar.J.. In vieiv of 

the above findings in adult sW'lmmers (i.~}.hlgher values in sorne) 

i t is probable that the higher values in boy m'Ttmmers as a group 

Is Ijke1V'ise due to hlgh values in a f01tJ" subjects; perh!-\tJs the 

girl swimrners included fe~\Ter potential champions [:;han the boys 

group, thereby normalizin~ the results. In the ~ight of Mostyn's 

flndings, and our observations, it ls suggested that the high 
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values are an endowment rather than a result of prolonged 

strenuous training. On the other hand, the lone;itudinal study 

on the swimmers strongly suc;e;ests that dlmenslonal differences 

ln lung volume and flow rates are chiefly due to training. 

Indeod, there is little to suc;gest from our study (except for 

D possibly) that the obsorved group differencesare due to endow
L 

ment. In respect to such dimensions, in so far as athletes differ 

from non-athletes, it seems that an athlete is made, not born. 

In conclusion, one wonders as to the primary underlying 

mechanism(s) responsible for ehangcs with training. ln many 

respects, the larger dimensions of the oV8Tall 0 transport system 
2 

of the trained may be thought analoc;ous to hypertrophy of muscles 

El.nd perhaps this also accounts for greater Innl?~ and heart volumes. 

Unnoubtedly, hypertrophy is on8 of the more important changes clue 

to training, though this phenomenon is not weIl understoocl. It 

has been sugrr,osted that hypoxia may bo the essential mechanism in 

training; thls is indicated by Lamb (227) l'iho points out that Many 

of the effects of detraining can be off-set by low-oxygen breathing. 

In many respects, the heavy work re~ime followed by athletes in 

training must simulate hypoxia conclitions, especially at cellular 

level, and perhaps this is a primary mechanism. 



SUMr1.ARY 

The effects of athletic training on restin~ lung volumes 

and explratory flow rates, and cardio-respiratory flmctions 

:'Ln exercise have been studled on 69 children over three con-

secutive years of swim training and in 14 young adults before 

and after seasonal training. 'rhese functi ons were also measured 

on 83 normal children l'Jho served. as a bas1s for comparisonwi th 

the child swimrners. 

]"indinl3's frorn the study on chtlrl.ren indi cate: 

1) Total lung volumes were greater in slVimmers, as a result 

of a larl3'er vital capaclty. No differenc~in respect to other 

subdivisions of lung volumes were seen •. 

2) Swirnmers had higher expiratory fIoN rates and. this diff-

erence becarne more rnarked wi th traininn; durin,1!, grm'Jth. 

3) No difference l'las found in ventilatory equivalent. 

'-1-) /.!;xercisp- diffusing capacity Nas higher in boy, but not 

in girl swimrners. T,V'hen the better girl swimmers l'lere compared 

with other swimmers and Controls, at comparable levels of oxygen 

consumpti on, these selected girl 8v'li.mmers had generally higher 

values. 

5) ~xerctse cardiac oU.tput for comparable exercise levels 

l'laS lower in the swlmmers, cbiefly as a consequence of a lower 

heart rate. 

[i'rom the sturl:i.es made on young adults, it was found that: 

l) 'l'raining clecreased the exercise cardiac output and this 

l'Jas a result of a lowered heart rate. ~:ieasonal trainin:'3" had no 
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eff0ct on strolte volume. 

2) I!:xermmse diffusing capaei ty was hi[Sher in s"tlTimmers than 

normals 7 but seasonal training had no effect on this measurement. 

The changes in vital capacity in the child swimmers were 

duo to .'1.thletic training, presumably the consequence of hyper

trophy of muscles of the shoulder girdle; the higher vital 

capacity of chiln mvimmers can account for their higher flow 

rates. The group differences in diffusing capacity are a l'esult 

of h1p;h vaInes in sorne sw'tmmers, and it is suggosted this is due to 

endm'11Il8nt, since no evidcnce of a traininr; effect was round in 

chLLd or adult :n'JimmeJ's. 

'ehe 10~'Jor exorcise cardinc output and heert rate in both 

UlO trroüned child and tralned adults 1'Jas the consequence of their 

athletic trai.nin,cj. Since 8troko volume was not changed by training 

in adults t and no cllfference vITas observed bet~'Jeen the groups of 

children, 1t ls sU5gesten the lar~er stroke volume,whlch character-

12es the adult athlete, ls developed in the post-pubertal period 

of grcMth. The Im\Ter cardiac output was made possi blé by an im

provec1 oXY,n;en extraction sinee oxygen eonsllmption, and hence 

effieiency, was not altered with training. 
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Deal" Parent, 

JOINT CAIIDIO-RKSPIRATORY SERVICE 
McGIU. UNlm~ITY 

and 
ROYAL VICTORIA HOSPITAL 

lst July" 1965 

Through t.he kind co-operation and }:erm.i.ssion of 
the Parka and Playgrounds Commission of the City oi' Hontreal, 
\-le are conducting a. ser'ites of tests on child!'en enrolled in 
J,heir sunmer program at our exùrcise lehoratories o Because 
of the age group of the children concerned ( 8 to 15 years) 
it is necessary to gain consent of the parent (or gUéll'dian.) 
before doing the test .. 

The purpose of the study i5 to collect information 
on lung and heart-îunction during l'est and exercise, on normal 
healthy children" Simi.la.r information h3.5 just b(-:lt'm ob.tained 
on the older age groups 20 - 7Q years and the se tests l'Jill 
provide complete data for all age groups.. As you Inr.'ly thon 
realize, thi.s study is designcd to help gain a better 
understanding of hm-I \;[e llgrovl old", which of course is 
neces~ary if \ ... e \.n.sh to leam hOH to IIs~,ay young il " 

The tests are COHPLETELY vr.t thout danger and dis
comfort and t.hH follOl'Jing points should eliminate all doubts 
you may have regarding your child ',5 participation/> 

1.. No needles or drugs are rcguired. 
2. Physical examination is gi ven prior to test, .. 
3.. Tests require pcdalling on .3. stationary 

bicycle .. 
Il''' Transportation to and from the park areas 

concerned is provided by an authorized 
school bus .. 

5.. j'otal testing tin:e :i.s about l hour.. Since 
th~ children "lill be transport.ed in groups 
of 3 - 5, this means each child ,·.rill be 
requ:i.red to be a\'/ay from the park for about 
3 hours.. ' 

6~ Close medical' supervision is provided at all 
times" 

\ 
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:t-. ',\:C:ji"-
-:'i:i 

" 

"II ,tho pa.rent 6rguarctianof' 
, - \ ' 

Pr:1.nt eh,ildJ.Q. name J,t, 

do hereby'\:onsent to pqrtioipat.:t\mtiiiz\v" ~hild in the Reseâ-rch st,uctv 
mentioned in the.ntuflhedlcttor"i'·')und absolve anyindividut11" 
institut:ton or Boards of DirGctors involved of a.U legal lio.bilitYII 

••••• _ ••• _ •••••••••• ê~ •••••••••••• II. 

, Signature (p,arent or guardian) 

DAm: GO'." ••••••••••• · ••• " ••••••• · •• 

I~DRJ!S,S \il • III " • 0 ....... Il .... 4) • CI ..... il ...... ft .......... 1) fi CJ ~ • 4' ••• 

PHONE: 

D.!\te Month Yenr 

HEIGHT vJEIGHT 

LAS'!' MI<;DICAIJ CH1ECK-UP 

BAS YOUH CHILD Ever been ô dvlsed agnlnst. exercise? 

'E-1for 'had 'any heart disease? 

EV"er had any lung diseas'e? 

(FOR 11EDICAL J:MJ.UNERS USE ONLX) 

CHEST 
HEAR'l': SOUNDS R.l\.TE (sitting) 

O'l'Hllli 

COfil'HEN'IS : 



'. 
-2- lstJ\l1y, 1965 ... 

l' 

. .' ~ 

The t.ests are bûing made on July 12 ..: 16 and 19 - 23. 
In all, eighty childron "/ill be tested and th:i,sgroup ·"dU 
include an equal numoor of each sex .. 10 in each age grOl.\p. 

You maY\'/all Undfjrstand that not aU children have 
the appropriate temper&mimt for auch tests.. Your child has 
beon selected us a sui table subject Mc! we \'!ould therefore 
appreciate your complcting, signing and rcturning te the 
'Park Hon:i.tor, the enclosed rOlme Thank you for your 
anticipated co-operation, without which this study cannot be 
made. 

PHONE: 842-1251 l,ocal 7950 

Yours truly, 

Georgo H .. Andrml: BeSco (p .. go) r'I.Sc .. 
Lecturür, l1cG:Ul UniVerE\!.ty .. 
Research FellovJ, Ho;)ral Victoria 
Hospital .. 
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Appendlx .3 

CJülùIORESPIRATORY SERVICE EXERCISE ~CMEASUREMENT 

, IBr~ PUN~H C~;. -ç:OiING •. E.O~ 1 

.' .'] 
. 1 ~........,.. IIJq.., -

1 
l'IW~~~ 

NAME 1 , 

AGE 1 • 

SEX ~ 

DATÈ(d,mo,yr) L~ 1 • 1 , 

HEIGHT ~ • 

WEIGHT • . 

BAROMETRIC PRESSURE 1 1 1 1 
\\rATER VAPOUR PRESSURE 
ROOM TEMP 

(punch blanks) L._,~_~ 

LOAD 

VOLUl"1E~ 

trIME F'OR VOJ.JUME 

FI N20 

FE N20 
FA N2G 

FA" NZO 
N20 RISE 
N2 RISE 
PULSE RATE /min 
RESP FREQ (NZO) 

li'E 02 
FE CO 2 
VOLUME INSPIRED 

RESP FREQ (02 ) 

1 1 

_J 
,-~,--> -' ~ 1. 

~--c: 
--.LI~_ 

C'-Ei'~ 

dpl/63 



1!<'l'rintCll rrom JounSAL OF ArPl.Il:n l'J1yeloLOOY 
Vol. 21, No. 2, ~Jnrch. 1\)61) 

l'rinled in U.S. ,1. 

Effect of at11Ietic traini11g on exerClse 
cardiac outpue,2 

GEORGE M. A;\,DREW, CAROLE A. GUZMAN, AND 
MARGARET R. BECKLAKE 
CardioresJjirator)' Sm'ice .• Royal Victorw /los/JI'tal, 
McGill Ulliversity, Alol/trfal, Cal/ada 

ANDR~;W, GEORGE ~vL, CAROLE A. Gl!Z~I'\:-;, AND :r..-fMWARET 

R. RECKLAKE, E.ffal of atlz/etie traiTling 011 (.\'t,cise cardiae O/ltp/lt. 
J. App!. Physio!. 21(2): 603-608. 1966.-ln four college 
athJete~ and four nonathletic freshmen measurerncnts wcre 
made of ventilation, O~ consumption, cardiac output, and 
heart rate al three subm<lximal levcls of exercisc before, ancl 
again after, a pcriod of athlctie training. 1 n both groups thcrc 
was a decrease in heart rate, eardiac output, ancl minute 
ventilation al any gl'ien work load. Ox-ygèn eonsumption was 
unaffl'eted ancl thl'rcfore the anl'rial-venous O~ difTerence was 
increased. Refore training, the athlclc5 diffcrcd from the non
athle(cs in having a 10\l'er minute ventilation, a larger strokc 
volume at the lwo external work loads stuclil'd, and a slo\l'er 
heart rate at the highcr load. Thesc ditIrrences persisted after 
training, ",hen it was found a\5o (hat the athletes had lower 
values for cardiac output at l'quai ('xercise Joads. 

cardiorcspiratory efrects of athletic training 

LIE CARDlOIŒSI'IR.-\TORY CO;';SEQL'E:\CES of athletic 
training have been the subject of numerous reports 
(l, 3, 9, 11-13, 15, 18, ::!o, 21, 24)· Studics made on 
individuals bcforc and after a period of training ha\'e 
consistently shown that this causes a reduction in heart 
rate (3, Il, 12, 15, 24) and minute ventilation (Il, 15, 
24) fol' any given cxercisc load. By contrast, studics of 
cardiac output have yiddcd conflicting results, suggcsting 
that training may cause a highcr (1, 8), lower (3, 15, 2G), 
or unchangcd cardiac output (3, 13, 20) fol' a given work 
load or O~ consumption. Howcver; most of these studies 
havc becn cOIllparisons of groups of subjects who, it \\'as 
hoped, diffcrcd onl)' in respect to clegree of training. 

Thc prcsent studr was dcsigned to ascertain the effects 

Recei\"ed for publication 3 :\lay 1965. 
1 This stud}' was supportcd br The John ,\. 1 lartlJrd FOUllcbtioIl 

(US.-\), the :l.ledical Research COllncil of Call:lda, and Physical 
Fitness Rcsearch Programme of the Dcpartmcnt of National 
1 It:alth and \\'dfare, Canada. 

\ ~ Part of this llIatcrial was inc1uclccl in the thesis of G. :\L .-\n
/ circ\\' for the Master of Science clegree in Physiology at :\IcGill 

University. . 

of trallllI1g on exercÎse cardiac output in athlctes and 
nonathletcs, using each sub,iect as his own control. 

MA TEIU:\LS Ai'\D ~IETHOJ)S 

Eight subjects \Verc studicd. Four were athlete5 (mem
bers of the university ice-hockey team); the)' were stuclied 
during the 1 st week of training and 4 Illonths later afler 
thc}' had trained for 6--0 hr wcekl)' and played at least 
one galllc wecldy. FOllr were nonathletes (universit}, 
freshlllell), \\'ho \\'ere stlldicd before and after a 'l-week 
training periocl in whieh they speI\t an hour dait)', 5 days/ 
\\'eck, on flInning, bench-jumping, and rope-climbing 
exereises, each perfol'Jlv:d to the maximum of their 
ability. Physieal characteristics of both groups are givell 
in Table 1. 

Thc subjeets were studied during excrcisc on a bicycle 
ergometer (Elema-Schonancler, Stockholm) while seatec! 
in the normal eycling position.3 :tvlillutc ventilation (VI) 
and O~ consumption (\'o~) were recordec\ on a circuit 
prc\'Ïously described from this laboratory (19), the formel' 
on dry gas meter (Parkinson and Cowan, type C dry gas 
metcr) on the inspired-air line and thc latter calculatec! 
from FEco~ and FEo~, which \\'cre samplec! continuously 
from a mixing ehamber in the expired-air line (Becklllan 
F 3 industrial paramagnetic O~ analyzer; Cambridge ther
mal-conductance CO~ analyzer). Heart rate was re
corded throughout thc procedurc b)' an infrarccl-sensitive 
photoccll on the car (22), but in a few instances it hac! to 
be counted br palpation of thc radial pulse. 

Cardiac output (Qc) was Illeasured by an indirect 
Fick method using ::\20, previously described in detail 
(5). The absence of blood sampling Illakes this Illethocl 
particularly suitable for repeated use in the exercising 
normal 5ubject. The calclliatioll was macle accorcling to 
the formula 

Q' [VI - n(VD -1- VD')][F1x,o - FAx,o]Go/t 
c = --~-::171[I~,~",o .: F.-\~,oi(Ï;ll--=-\\;/7G;;)--

3 Subject$ wcrc sc:atcd upright with legs clown, in contrast to 
thc arlllchair-type bicycle lIsecl in sOllle stuclies. 



whcrc 

VI 

Vo 

Vo' 

= timc pcriocÏ in scconds ovcr which N ~O up
takc \Vas Illcasufcd 

= SUllI of inspircd tidal volumes (BTPD) in 
Iit('I"S ûllling limc t 

= subject's anatomical dcad spacc, prcdicted 
from thc llIean tidal volumc ovcr time /, ming 
the formula of A511lU5Sen and Niclsen (II) 

= 0.1110 liter, the apparat liS dcad sp<lce 
Il = numbcr of brcaths in lime / 
FIN20 and FAN20 = conccntration of N 20 in inspircd and end

ticlal air, respeetivcly; values derivcd from 
thc contilluou~ record of N 20 conccntration 
of rcspircd gas on an N 20 lIIetCl' (Hilgcr
IRD, London, England) insertcd betwccn 
the mouthpicce and breathing valvc. 

. - the Illeter rcading of FAN20 on air brcathing 
beforc the experiment eOlllll1enced; this 
included a correction for cxisting low Icvcls 
of N 20 in blood, bœausc of illlmcdiatcly 
preccding cxpcrirncnts 

= solllbility coefficient of N 20 in blood, Le., 
lIIillilitcrs of N 20 at 37 C which wiII dissolve 
in 1 ml blood whcn cquilibrated at 760 

mm :,It 37 C 

The llptake of N20 was l1l0nitorecl cluring a period of 
steady-state breathing, after the replacement of alveolal" 
air by test gas and before its reappcarancc in plillIlonary 
arterial bloocl. \Ve have shown that HO significant error 
will oecl\!' from alveolar gas replacement or from recir
culation in normal slIbjects in the pcriod 15-30 sec aftù 
con.ullencing to brl'athl' test gas (5); thus, measurl'Illent 
of VN20 was confined to this period. 

Procedure. On arrivai at the laboratory the slIbject un
derwent a physical examination. After this he exercised 
on a bicycle ergO/lletel,l at the first exercise load while 
O 2 uptake (Vo~) was recordcd (19)' MeasureI11ents were 
continllecl for about 5 min, by which time V02 had rc
mained stcady for 2-3 min, as evidencec\ by steacly values 
for VI, FEco~ ancl FEo~. While cxercisc continul'd, the 
subject was conlll'cted to the circuit for Jl1easurelllcnt of 
0..0 as describecl above, a fmther 1-2 min being required 
to complete this. After a l'est period of a t least r 5 min, the 
wholc procedure was repeatl'd at two higher cxercise 
loads. The threc excrcise loads for athletcs were 550, 750, 
and 900 kg/Illin, and for nonathletcs were 350, 550, and 
750 kg/min. Stroke volullle was calclllated as Qc/heart 
rate, and arterial-venolls O2 difference as Vo~/Qc. 

RESULTS 

The rclationship between the resllJts obtained before 
and after training is shown in Fig. 1. It can be seen that 

TAIlLE 1. Plrysical c1wraderislics of subjects: meall values 

Agc, yr Ilcir;ht, cm \\'cight, kg 

Athletes III 17B 74. 0 

(19-:13) (175-180) (7 1-79) 

Nonathlctes lB 179 67·9 
(17-19) (178- 180) (63·5-75·5) 

Rangc in parentheses. 
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after training the hcart rate fell in aIl subjects at allloacls, 
although thcse c1iffercnces were significant in onl}' three 
comparisons"'nonathlctcs at 350 and 510 kg/min and 
athletcs at 550 kg/min (Table 2). The Qe dccreased in 
most stlldies (Fig. r), the fall being significant in the 
athletes at only two work loads (550 and 900 kg/min). 
When aIl data were combined the group mcnu changes in 
heart rate and Qc were significant at the 1 % levcl ('fable 
2). Stroke volume did not show any consistent change 
(Fig. 1 C, li). Similarly, V02 showed no consistent change, 
so that the (A-V)02 dilTerence (a computed value) 
incr~ascd . in most instances (Fig. rD). The minute 
volume (VI) c1ccreased in aIl but onc study (Fig. IF), 
though the fall was significant only for the nonathlctes at 
the 550 kg/min load; however, the mean change for the 
combined groups was significant at the 1 % Icvcl (Table 
2). In the athlctes the fall in ventilation was accompanicd 
by a fall in respira tory frequellcy (Table 2), a measure
l~lent which dic! not change in the nonathlctcs. Since 
V02 showed no cOl13istent change, the vcntilatory equiv
aIent for O 2 decrcased. Thus, the cffect:; of training werc 
in gcneral similar in athletes and nonathletes, but 
differcd in degrce, being lIlorc marked in the athletes. 
(It will bc rl'calleel that the athletes traincd for 4 llIonths 
ancl the nonathletes for 4 weeks.) 

Comparisol1 of athletes and nonathletcs, in the un
trainecl and in the trained statc, is given in Fig. 2, in 
which group rnean valucs for Qc, heart rate, Vo!, and 
~entilation are plottcd agaillst external wark load. The 
Vo~ in relation to external worle load is similar in athletes 
and nonathletes bath in the ulltrained ancl in the trainecl 
statcs.4 In the untrained state the two groups were similar 
also in respect to heart ra te in relation to external work 
load, but the athletes had a lowcr vcntil"tion and higher 
cardiac output (Fig. 2 and Table 2). However, these 
differences \Vere not significant (Po.'t-O'3)' In the trained 
state, Qe, heart rate, and ventilation were lower in the 
athletcs, but again none of thesc diffcrcnees was signifi
cant at the 5 % level. Ventilation in the nonathlctes 
after training was comparable to that in ath\etcs bcforc 
training. 

IJISCUSSION 

Polenlia! lIletllOt! nrors. Bcforc com:iderati6n of thesc 
results it is important to excludc sources of Illethod error 
which might have accounted for our findings. The 
llleasureIllent of pulmonary blaod flow by indirect Fick 
mcthocls is subject tu error from two sources in particular: 
overestimation occurring from incomplcte replacelllent 
of alveol~r gas by the test gas before measlIrement of gas 
uptake (VN~O), and underestimation duc to recirclliatio!l 
of test gas while VN~O is being tlleaslIrecl. An important 

4 The absolu te values for Vo~ in rdation to extcrnal work load 
arc sOlllcwhat higher than those rcported by others (7) and prob
ably an: the consequellcc of calibration diflt-rcnces in the bic}'cIc. 
However, sinet: the salllc bicycle was usee! for the pre- and post
training llIeaSUl"elllents therc is no reason why our conclusions 
about the cfl'cets of training shollld not be val ici. 
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advantage of the prescnt illcthod is that the first of these 
errors can be asscssed from the fall in FEN2 and the sec
ond from the rise in FA:-';2 0 àurillg the time period of 
VN20 measuremcnt (5). From the data shown in Table 3 
it may be concluded that the consistent fincling of a lower 
Qo after training cou Id not be attributed cithcr to slower 
alveolar washout in the pretrainillg studies or to faster 
"recirculation" after training. 

Another possible source of erraI' is the use of a pre
dicted value of Vn to compute FA:-';2 0 ; however, by 
analogy to West's conclusions concerning DLco sim
ilarlycalculatcd, the computed Qc is rclativcly insensitive 
t9 the value of Vn used (28). In the present study there 
can be little doubt tltat the assllllled value for Vn was too 
high (and conscquently the absolu te vaIlle of Qc too low) 
in certain expcriments in which high values were ob
tained for the computed (A-V)02 diffe:'ences (Table 2 

and Fig. 1). I-Iowever, there is no reason to doubt the 
valiclity of the change in Qc in any indiviclllai bcfore and 
after training. 

COlllpariSOIl witIL datll jJllblished previollsly. Thc present 

study shows that athlctie training hacl no influcnce on the 
mechanical cfIicicncy of cycling in cither group. Apart 
from stlldics in which the fonn of training has been 
idcn tieal or similar to the test exercise performcd (8, 15, 
23), this finding is consistent with other rcports (3). 
Likewise, the reduction in minutc ventilation and he~rt 
rate is in agrcement with prcviolls observations (3). The 
lattcr fincling can bc taken also as evidence that the 
subjects were rclatively out of training when first studiecl. 

Our findings differ from many publishecl prr:viOllsly 
(1, 3, 8, 13, 20) in that wc observed a fall in Qc for a 
given work load (or Vo2 ) after training, with consequcnt 
greater posttraining values for the computecl (A-V)O~ 
difference (Vo2/Qc). It should be notecl that in most 
previous studies the expcrimelltal design involved 
comparison of groups of sllbjects (athlctes and non
athletes), and often the number of subjects was small. In 
the earliel' stuclies (l, 8, 16), differenccs in athletic 
training were thought to aecount for intersubject varia
tion, bccause at the time there were relativcly fcw rc
portcd llIeasurelllcnts of exercise cardiac output and the 
range of variation in normal subjccts (5) \Vas not appreci
atccl. In more recent studies involving larger numbers of 
subjects (G, 7, :20) it is possible that intersltl~iect variation 
may have obsclll"cd SlIlaU differences between group 
mean values. Another cledsive factor in comparative 
studics is the selec!ion of nonathletic con trois. On the 

. basis of a slower excrcise heart rate in relation to O 2 

consull1ption, we suggcsted previollsly that the gcneral 
levcl of physical activity in the control group of SwecIcs 
stucIieci by Bevegàrd and associates (6, 7) llIay have been 
highel' theH1 in a 1\'orth American control group stlldiecl 
by oursclves (4). This' may account for thcir finding 
comparable values for exercise Qc in athletes and non
athletes. Alternativcly, it is possible also that the cardio
respira tory acUustlIIent of thosc trained in endurance 
sports--such as the cyclists studicel by Bevegârd ,a~d 

associates--llIay eliffer from that of ice-hockey players, 
who arc required to reach what must be nearly maximal 
performance rapidly but for shorter periods. 

Only two othel' reports were traccel in which the 
experimental plan was elirectly comparable to our own, 
i.e., the subject actecl as his own control (13,26). In the 
more recent of these (26), a study of nine cross-country 
runncrs before and artel' 3 months' training, the reslIlts 
were in agreement with our OWIl, and showed a fall in 
Qc for a given Vo~. In the other (13), twocross-country 
runners were studied supine br the direct Fiek Il1ethod 
before and after training; one showed a small fall in Q" 
for a given V03 and one a small rise. In both, however, 
the rclationship ofQ" to V02 was weIl within thc reported 
normal range on both occasions. There are three reasons 
that may explain wh)' these tvv'O men dic! not show the 
consistent trends deIllonstrated in our subjects. First, the 
runners were trained for an upright task, but the)' were 
stlldied while supine, when cardiovascular adaptation is 
known to be dilTercnt (6, 17). Second, a training cffect 
may have persistecl c1espite the 3-month detraining pel'iocl 
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dicl not affect O2 uptake, it seel1lS more likcly that the fall 
in carcliac output occlIrs in areas such as skin, in which 
bloocl flow is reglllatecl by factors other than O~ require
Illents. Indecd, a reduction in skin bloocl flow llIight 
cnable body-core tempcrature ta rise more quickly on 
exercise, thereby increasing the diffusion rates of gases and 
llletabolites in body -tissues (10). If this wcre 50, the 
athlete could rcaeh more quickly the I11ctabolic IcvcI 
required by the excrcise, an advantagc for such gamcs as 
icc hockey though perhaps not for endurance sports. 

DijJerences be/ween titI' alMde and titI' nonatMete. As pointcd 
out previously, this study was designed to examine the 
cardiorespiratory cffects of athletic training rather than 
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