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ABSTRACT

TheAeffeo@;of athletic trainine during growth
have been studied on the sam= children, over threec years,
while enmaged in swim training. Bestinz lung volumes and
expiratory flow rotas as well as cardio~respiratory
functions in exercise were measured and comparison made
with 83 normal childfen. In addition, 14 vouns adults
were studied before and after seasonal athlebic braining.
Swim training durine growth was found to sicgnificantly
increase vital capacity and expiratory flow rates,
ixercise diffusing capacity was greater than controlsz in
hoy, bub not =irl, swimmers while exercise cardiac outpnt
was consistently lower in swimmers. No oroup difference in
atroke volume was found hut swimmers had a lower heart rate
For ~iven exercise load. Secasonal training in youns adults
was found to lower exercise cardiac output in relation to
oxymen conmmption, a consequence of a reduced heart rate
gince ~troke volume was unchanced by trainineg., fxercise
diffusine capaciby was wnaffected by seasonal swim training

althoush the mean values for swimmerseas creater than predicted.
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A, INTRODUCTION:AND PURPOSH

During the past 50 years there have been many studiesc
made on the cardio-respiratory adaptations to exercise and
on the effects of training on these adaptations (326, 16).
Accordingly, 1t 1s not surprising that physiologists have
defined clearly some of the functional differences which
account for the superlor physical performance of the trained
athlete. These studies have shown that there are distinct
dimensional differences, in adults, between the trained
athlete and untrained non-athlete with respect to some cardio-
resplratory functions.

However, from the review of the literature (below), the
following facts become apparent:

1) Little is known on the effects of athletic training
during growth on these functions. In particular, exercise
diffusing capaclty studies have not been made on young growing
athletes (eg.swimmers), nor on normal children., Likewise,
exercilse cardiac output measurements in normal children are
few while the effects of chronic, strenuous athletic training
during childhood on this function have not been documented.

2) The consequences of athletic training per se on these
functions, in adults, are controversial. For the post part,
the differences in such functions have been ascertained by
comparison between groups of trained and untrained subjects,

Such comparison does not specifically define the effects of
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training as distinguished from endowment -~ a factor which
;may be a most essential component in the development of fine
athletes., Group comparison permits valid conclusions to be
drawn when some maximal functions are examined (eg.ﬁoz Max) and
where group differences are distinct. However, at submaximal
exercise levels, where regulation of function is involved and
where interindividual variation of a measurement is wide (eg.
cardiac output), the only approach which can reliably indicate
the effects of training on such measurements is to make repeat
determinations on the same subject, before and after a training
program. Accordingly, the present study was designed to
investigate the following:

1) a comparison of group differences in cardio-respiratory
functions between athletically trained and untrained children
and by re-studying the child athletes at intervals of one year,
to determine the effects of training on normal growth of these
cardio~respiratory variables. If differences could be demon-
strated between the trained and untrained child, it was hoped
the effects of further training during the growth period on
these physiological functions could be determined and 2) the
effects of training, specifically, on young adult athletes and
non-athletes, each studied at several exercise loads BEFORE and
again AFTER a prescribed period of physical training, each sub-

ject thus serving as his own control.
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B. FUNCTIONS TO BE STUDIED

The principal features being investigated in this study,
and a brief statement of the logilc 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 to establish appropriate pressure
gradients within the lungs so that gas exchange between the
lung alveoli and blood can occur. As the demands for a
faster exchange are increased, such as in exercise, the
volume of air ventilated per unit time rises as a consequence
of hoth an increased frequency of breathing and increased
tidal volume, and by increasing flow rate during both the
inspiratory and expiratory phases of respiration., If
respiration is a factor which imposes a limitation on work
performance, it might 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 by regular, sfrenuous 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 contingent
on the physical process of diffusion which is the mechanism for

gas transfer at the lungs. This topic is dealt with in some
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detall below and 1t is adequate here in the introduction to
point out 1ts dependance on the two systems it subtends..
the resplratory and circulatory systems, as well 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 process 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 1s low or where restriction is
placed on the breathing pattern because of the nature of the
exercise (eg.swimming), the level of maximal diffusion rate
may be a prime factor in limiting exercise tolerance. In a
situation such as swimming, where the efflcilency of work
performance may be so dependant on control of the breathing
vattern, a higher diffusion rate could be advantageous since
this would enable a higher oxygen transfer, despite the lower
mean alveolar oxysgen pressure prevailing, and thus permit
greater arterialization of venous blood coursing the lung
capillaries.

3) Circulatory System.,.

The ultimate delivery of essentials to, and removal of
wastes from, the exercising muscle cells is one of the prime
roles of this system. It 1s superfluous to state that perform-
ance of work is then highly dependant on adequate delivery
rate (cardiac output) of arterialized blood to the working

cells, It is not surprising that, perhaps because of the
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dlrect 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. PRBOJECT OUTLINES:

The present study, designed to investigate the consequence
of athletic training on some of the pertinent aspects of the
circulatory and respiratory systems as they relate to sub-
maximal exerclise performance, consists of three main projects.
Fach 1s presented separately in the succeeding sections under
the following headings:

Project: Controls

The purpose of this section of the study was to define
pulmonary and cardiac functions in children not engaged in
athletic training; they thus serve as a basls of comparison
with children engaged in a swim training program.

Project: Swimmers

This is a longitudinal study involving repeat measurements
on the same child who was actively engaged in competitive swim
training. This permits comparison both with Controls (above)
as well as observations of intraindividual differences occurring
with growth and ag affected by theilr training program. Swimmers

have been chosen for this study for two reasons:
a) their training program is intense, and perhaps the most

extensive of any group of athletes in that they participate in

yvear round training.

b) the particular differences of this group, as indicated by
the literature review, may make their development unique,
especially since so many champions in this sport are in the

young age groun,
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Project: Training

This study permits before and after training comparison in
an individual., VYoung adults of college age, includlng athletes
as well aa non-athletes, have been inclnded. The project is
divided into two gub—projeots in the presentation helow,
according to the primary function being investigated.

1. Effects of training on Cardiac Function

2, Effects of trailning on Diffusing Capacity.

Fach project 1s complete in itself in that it includes
topics such as exwperimental outline, subjects, results as well
ag discussion specifically pertinent to the project. An
attempt has been made in the concluding discussion to inte-
grate the findings of these projects. This ‘'divided' handling
of the material facilitated the writing and hopefully the

reading, of this thesis.
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INTRODUCTORY REMARKS

Changes in anthropometric measurements with age in the
growing child have been clearly defined (66,336). As a con-
sequence, normality of growth in terms of physical development
may readily be determined.

By contrast, there are several areas in which the normal
growth pattern is less well documented. This is particularily
true of those functions which are more difficult to assess.
Thus, in terms of cardio-respiratory measurements, such functlons
as static lung volumes, ventilation, oxygen uptake and heart
rate beine easier to measure have been well studied in relation
to growth or age both at rest and in exercise. On the other
hand, surprisingly few studies have been made describing the
dyﬁamio lung functions in children at rest (MMER,™EV) while
there is a virtual paucity of studies to determine cardlac out -
put and diffusing capacity in normal children durinpg exercise
and with training.

The following is a summary of the more pertinent literature
on lung functions at rest and cardio-respiratory adaptions
to exercise in children of varying ages. For convenience, the
functions have been divided in an attempt to facilitate both
the writing as well as the readers comprehension of this review.
Where it was felt contributory to a better understanding of the
backeoround, either in terms of appreciation of the problems
that prevailed among esarlier investigators or of the disparity

of existing data, some attention is given to methods development.
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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 brief summary follows

each section.
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THE LUNGS AND GROWTH:

Attempts to define the pattern and mechanisms of lung
growth have followed two principal paths..indirect and direct.

The total lung volume and its sub-divisions give an
indication of the size of the overall 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 lung size and these have been combined
with measurements of total lung diffusing capacity 1in an attempt
to deduce indirectly the rate of addition and size of avleoli.

Morphologists have employed the direct technique of
measuring 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 groﬁth (1.e.
by addition of new alveoli or by simple expansion of exlisting
alveoli) to lung function is apparent and can be clearly demon-
strated mathematically. Hence, if growth of the lung is by
expansion only, the ares/volume ratio will be reduced, whereas
growth by the addition of new alveoli will increase the effective

surface area,

The 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-~divisions of lung volumes. It will
be apprecilated that, as a consequence, the literature on these

topics is extensive.
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Ao MORPHOLOGY
Since the advent of the spirommeter in 1846 (195) many
studies have been made by physiologists to define the processes
of pulmonary ventilation., As a consequence some of the changes
wlth age, in disease, on exercise, as well as sex differences
are well documented. By contrast, the changes at structural
level in the growing period have not been as clearly quantitated.
Weibel in his recent monograph "Morphologsy of the Human
Lung" (355) attributes the first attempt to quantitate at
alveolar level the structure and magnitude of the lung to Rev.
Stephen Hales. Hales, in 1731, concluded that the vast inner
layer of the lungs (about 27 Mz), with alveolar diameters of
1/100 inch, might make 1t possible for particles in the air to
enter the blood through the lung rather than by injestion of
animal foods as had been previously beleived. His thought was
based on the idea that the blood in the lungs is
..o "by an admirable contrivVance there spread into
a large expanse commensurate to a very large
surface of air, from which it 1s parted by
very thin partitions; so very thin, as thereby
probably to admit the blood and air particles
within reach of each others attraction".

Since Hales'! original observations,numerous estimates of
the alveolar number, surface area and diameter have been made.
fngel in "The Childs ILung" (126) reviews the topic of
lung development. [He refers to the '0ld*' 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

Broman that new elements or acinil 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 with linear expansion of existing
structures, and b) subsequent years...in which growth is by
enlargement; his view then in effect combines both the '014d!
and 'New' concepts.

Palmer in 1936 (282) compared foetal and adult lungs of
humans and noted an increase from 17 to 24 in the generations
of branching airways in this period. More recently (1960),
fmery and Mithal (125) reported a nine-fold increase in the
number of terminal respiratory units in the first 10 years of
life, with a two~fold increase in the ratio number of alveoli/
number of respiratory units between 5 and 12 years. This
finding was essentially substantiated by Dunhill (120) in 1962.
He. observed a ten-fold increase in alveoll 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 airways 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 period. With reference to
alveolar dimensions, recent measurements of the adult lung by
Dunhill and Weibel give mean values of 250-300 microns. It is
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 little improved by sophistication of instrumen-

tation!
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Krahl (219) in "The Handbook of Physlology" reviews
the anatomy of the mammalian lung., He appropriately con-
cludes his chapter by citing a group of questions posed by
the Third Aspen Conference on Research in Emphysema. One
such question still not adequately resolved is "How does the

lung grow postnatally?",.
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B. LUNG STATICS

1. Subdivislions of Lung Volume:

Probably the greatest single contribution in the area of
lung volumes study was made by the inventor of the splrometer.
In 1846, 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 findings on vital capacity (V.C.) measurements
made on 2070 adults of varying age, size, sex and groups which
included firemen, pupilists, paupers, wrestlers, a giant, a
dwarf and even gentlemen,

The first vital capacity measurements to be made on
children are attributed to Wintrich in 1854, according to
Puschel (289). Despite this early attempt to define the growth
of the lungs in children, as indicated by vital capacity, it
was not until the 1920's that extensive use was made of this
measurement (124,362,329), Since then however, vital capaclity
measurements in children, and more particularily in adults,
have been almost innumerable.

It had long been recognized by workers in physiology that
there was a certain volume of air which remained in the lungs
"independant of will" (Hutchinson's words), that being the
residual volume (RV), and in order to determine the total lung
capacity (i.e. VC + RV) of an individual this volume must be

known. Davy in 1799 (104) made the first reported measurements
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by the dilution technlque using hydrogen. While the same
basic technique 1is still in use, there has since that time
been numerous variations in method. The most significant of
these were made by VanSlyke and Blnger in 1923 (348) and
Ronald V,.Christie in 1932 (86). These modificatlons related
to two primary pr;blems In the measurement of residual volume:
a) circumvention of forced breathing and b) accurate rapid test
gas analysls, As a consequence, RV lis 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 sas analizers,

The earliest report encountered in which the complete
elaboration of lung volumes in children was described was that
by Robinson in 1938 (298). His study on 30 boys aged 6 to 15
years was followed in 1952 by Morse et al (264), a study which
included 94 boys ranging in age 10 to 17 years. Both these
original studies have been criticized on two counts:

1) measurements were made with the children supine, which
yields lower volumes (360) and

2) the gas analizew employed was not reliable for the

gas used (294),

ot

tes

Since 1954, there have been many reports of normal values
for lung volumes in children (45,54,107,128,147,166,171,239,270).
It seems not feasible to elaborate in detail on each individually.
Not all are directly comparable since the numbers and ages

studied, as well 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 some of these previous studies will be

included along with those of the present study.

2. Method and Repeatability

The subdivisions on lung volumes as used herein follows the
standardized nomenclature (132) and are defined in the glossary
of terms. Details of the procedure employed in the present
study are given elsewhere (Part III). The general common
features of method of most investigators are here summarized
in brief. The procedure consists of two phases; a) vital
capacity and its components are determined by having the seated
subject breath quietly from an oxygen filled spirometer. At
end expiratory lung volume, the subject inspires maximally and
follows this with a maximal expiration. b) Functional residual
capacity is measured by having the seated subject breath quietly
from a closed circuit containing some tracer gas, (usually helium)
air and oxygen. PFrom dilution of this gas, the resting end tidal
lung volume (FRC) can bhe determined.

By combining these direct measurements, the other sub-
divisions can be calculated. The most extensive recent studies
6} lung volumes in children include those of Demuth (107), Lyons
and Tanner (239), Bernstein (45), Helliesen (171) and Engstrom
(128). fach of these investigators has employed the helium
dilution, closed circuit technique for FRC measurementglsubjeots
seated. All were made during quiet breathing except in one

study (107) in which the subjects hyperventilated. There is
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good general agreement among these workers 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.. Thuq,double
determinations are recommended by most workers. Workers are
also in agreement that of the various subdivisions, the most
repeatable is vital capacity. The source of error in this
regard lies in the accurate determinatlion of its components,
rather than the overall measurement; of these components, the
most variable is the expiratory reserve volume (ilRBV). Since
the BRV is also used Lo determine RV, which in turn is employed
to calculate TLC, the compounding of errors results in decreased
accuracy of the derived subdivisions. Few authors indicate
repeatability of these measurements. In her careful study,
fingstrom (128) found agreement of duplicate measurements in
children to be 2.9% for VC,ERV of 8,04 and RV of 8.5%,

An indication of the repeatability on FRC duplicatesin the
same child is shown in the summary table (below), This indicates

an overall S.D. of about + 5.07.

—



REF.
No.
239
107
128
171
Ls

PPRC _REPFATABILITY

SUBJECTS

Sex
M I

196 242
147

50 b3

52 33

35 35

Age

6-14
4-18
6-14
5~17
6-15

SD+ %
€10.0

6055
b,

<< 500'3.-

< S,O*

* « mean difference of 75cc

®% = not »10%, usually<57%

s

60019
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3. Relationship to Ape, Body Size and Sex:

The dependance of lung volumes on body size was clearly
shown by Hutchinson in his original 'classical! study in 1846,
He indicated at that time that the

«." quantity of air exhaled from the lungs

1s affected by four circumstances - height,

welght, age and disecase.,"(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 predict the
subdivisions of lung volumes.

Farly reports found a highest correlation of lung volumes
in adults was with radiolopgical measurements (194,200), The
close dependance of ' these volumes to height to the cube power
(HtB) was first pointed out by Kelly (206). This exponential
relationship, or its logarithmetic equivalent, has since been
extensively employed to relate lune volumes to growth 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 (45), Cherniack (83) and Ferris (134) found
the use of multiple regressions using height, weight and age
to be best, The simpler linear relation to 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,I'LC
and VC - give the highest correlation with height, while BERV

and RV showed poorest correlation (239).
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The sex differences in lung volumes for a glven height 1in
adults has been reported by mary investigators (152,270) but
the age at which these differences become apparent is uncertain.
One study reports maximum volumes reached at 25 to 35 years (44).
Engstrom et al (128) observed the tendancy for values to be
somewhat lower in female children than in boyss: however, they
found no statistical difference between the sexes in their series.
Likewise, Bjure (54), 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
children, a difference which became apparent at helghts greater
than 160 cms. Helliesen et al (171) found no consistent sex
Aifference, although Cook‘et al (96), whose study included the
data of Helliesen, as well as more and older subleccts, found
VC and TLC slirhtly greater in the males but no difference was
seen in RV and FRC. Needham (270},1n agreeement with Bjure (54)
found little sex difference up to age 12 to 13; thereafter, the
boys were found to have the larser volumes. They also showed the
female child to reach ndult values at an earlier age than the boys,
in agreement with 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 lung volumes.
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b, Training

Information on this subject has been obtained in the two
ways 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.
Their observations have been confirmed by numerous other reports
for runners and other athletes (16,274?% although the findings
of others (214,334) were contrary. By contrast, reports on
swimmers are unanimous; not only are these athletes:physically
larmer than non-athletes, as indicated by height (266,273)

(a difference which is apparent even at the ame of 7 years (20))
but VC (273) and all other subdivisions of TLC except RV are
significantly sreater (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 was not found to occur with training in
older subjects (299).

5, Summary

POl -

1. The static lung volumes increase with body growth. Of
the various body measurements, correlation 1is closest with

height, to which these volumes are exponentially related.
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2. Distinct sex differences, though readlily apparent in
adults, have not been consistently observed in young children.
Most studies report no significant difference in any sub-
division, although VC and TLC are slightly greater in boys.
The one longitudinal study reported VC significantly greater
in boys.

3. Sex differences become more apparent after the onset
of puberty. The age at which adult values are attained has
not been extensively studied.

I, Trained and untrained do not differ in respect to [RC
and RV, nor is 'LC greater in athletes of comparable size,
except in swimmers where TLC has been found greater as a con-
sequence of a larger VC,

5. Harlier studies indicate training accelerates the growth
rate of TLC but this occurs only in the subjects of college

age or younger.
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C. LUNG DYNAMICS

l. Flow Rates Methods

Flow rates are measures of the dynamic functional ability
of respiration and have the units volume/time. The earliest
such measurement was made by Hermannsen (173) in 1933 and
consisted of measuring the maximum ventilation during hyper-
ventilation effected voluntarily, by exercise or by inspiring
COZ' This volume he termed the Maximum Voluntary Ventilation
(Atemgrenzwert). This ability to develop and sustein high
flows is dependant on numerous factors as cited by Comroe et al
in "The Lung" (95) which include: the available muscle force,
lung and rib cage compliance, airway resistance. In addition
to such intrinsic properties of the subject, these measurements
are also highly dependant on the characteristics of the test
equipment, such as valve and tubing resistance (369), inertis
of spirometer bell (26) and water oscillations (46). As cited
by Bates (33) and others (244) this maximum voluntary ventilation
as an indicator of pulmonary performance has several limitations.
As a consequence, many varieties of methods, designed to indicate
ventilatory capacity, have evolved (95). Many such tests
presently employed make use of the single, rather than multiple,
forced expiration or inspiration. Two such variations include

the Forced fxpiratory Volume (FEV) and Maximal Mid-Expiratory

Flow Rate (MMFR),

Although the concept of a single force maximal inspiration
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or expiration as a means of assessing pulmonary function had
been introduced earlier (Barach in 1938 (28)), it was not until.
1953 that Kennedy (207) developed the EFR bo* 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 Lhe MVV at
that time, and to permit comparison between results of different
workers, he compared the two tests (MVV and EFR@Q) and found a
correlation coefficient of .927, SE j 5%, The high correlation,
in addition to the numerous advantages of his new test, led to
adoptlion of the EFH%O (lLater termed FEVMO (145) ) as the more
favored flow rate test,

The MMFR was introduced by leuallen and Fowler (230) in 1955,
They appreciated the usefulness of the single, maximal spirogram
tracing but they also realized that investigators were not in
agreement as to the method for using such tests. In seneral,
most of the disagreement related to the mechanical limitations of
the testing equipment (spirometers generally). They compared
results derived simultaneously from a fast response pneumotachograph
and wet spirometer,and showed the spirometer to be accurate over
the range 1/4 - 3/4 of vital capacity. This value, expressed as
flow rate (1/sec) they defined as the MMFR. Subsequent studies
on 140 adults led them to conclude that this might be a more

gsensitive indicator of expiratory obstruction than the FEV,

2. Studies on Children

Farly flow rate measurements of flow rates on children were
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confined to the determination of maximal breathing capacity (MBC)-
:Fehnmgﬁiﬁi95l, appreciasting the lack of suitable standards of
norﬁality for flow rates in ohildren, performed the first such
studies on 161 boys, aged 5 to 18 years. They observed 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. Because of the Yariability of growth with |
respect to age, they recommended that multiple variables be
employed as a means of predicting normality. ' Turner and
MacLean (347) in 1951 found a linear relation of MVV to height,
(age range studied 5-3/4 to 14 years) thoﬁgh‘this linearity was
not as clearly marked as that for VC. No apparent sex difference
was seen in their limited study.

Kennedy (208) in a study done in 1949, reported in 1957
on results obtained on 175 normal boys 8 to 14 years. They
analized the single maximal expiration (EFR) and inspiration (IFR)
as well as MVV., Because the EFR was less affected by the two
different spiromscters used in the study, (one for subjects under
10.5 years, another for older children) and presumably was less
sensitive to instrument characteristics, they selected it as the
preferred measurement., Stem height correlated with EFR slightly
better than with height, both of which were considerably superior
as predictors than weight, age and chest measurements. This 1is
in contrast to the relationship observed in adults by Brody (65)
who foﬁnd flow rates to correlate best with age and weight., 1In

recent studies numerous authors (54,83,129,144,168,171) employing
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elther the single forced spirogram or multiple breath techniques,
report the highest correlation of flow rates with height in
children. A sex difference was found only in the post-puberty
age groups (54,270,332) although one study (14%4) 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
vears). Correlation was highest with vital capacity, followed
by age, which are the two independant variables presented in
their regression equation. Murry and Cook (267) made measure-
ments of peak expiratory flow (PFR). Results were similar to
the earlier study of Nalrn et al (269). They showed peak [low
rates to be readlly predictable in children by heighﬁ with no
advantage being gained by using an exponential description.

The only reports encountered in which the MMFR 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 value by more than 10%.

3. Training

Comparison of trained and untrained groups indicate that there
are no consistent group differences in respect to FiV or MBC,
except in those studies in which swimmers were the trained
subjects (20,273). However, the recent report of Grimby and

Saltin (159) found this value higher than predicted in 32 older
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adults (42 to 68 years) who had been continuously active in
'orienteering' for 20 or more years. Freedman (141) studied
various cardlo-respiratory functions in three college track
athletes before and after a season of training. They found
the only consequence of trailning was an increased MBC,

4. Summary

1. Growth 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. The reports on flow rates in seneral indicate no- group
difference in trained or untrained, except where swimmers were
compared., One study (159) reports higher values in older,
continuously active athletes and a season of training had the

same effect on three track athletes (141),
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DIFFUSING CAPACITY

A. Introduction

The term 'Diffusing Capacity! will be used to describe
the rate of transfer of gas from alveolil to pulmonary capillary
blood consequent on an established pressure gradlient across the
alveolar~-capillary membrane. It has been described in terms of
the normal respiratory sas (oxygen) or carbon monoxide (Co), the
gas of choice used by many investigators because of its! greater
ease of measurement as well as interpretation of results (33).
The transfer of respiratory gases across various membranes or
media..(here confined to events at the lung although the same
principles must apply at the level of the skeletal muscle cell
as well..) 1ls effected by the physical process of diffusion
which, as pointed out by Forster in his review of the subject
(137), is essentially similar to the processes implied in Fick's
Law of Diffusion. Whereas Fick's Law is concerned with describ-
ing movement of molecules of a substance in one medium however,
the mas exchange at the lung becomes more complex to describe
since it involves movement of gas molecules through various media.
Because of this, the diffusing capacity is affected by a series
of factors which influence the rate of uptake of a gas; these
include: rate of intrapulmonary mixing, area and state of the
functional alveolar-capillary interface, blood plasma, red cell
membrane and the amount of, and rate of combination with, hemo-

globin in the red blood cell.
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Attempts have been made to agssess the relative effects
of these various components of D, clted above, Thus, Roughton
and Forster (306) and others (36,250) have shown these factors

to be related to D, in the followling manner:

L
1 = 1 4 1
DL Dm oVe
where

1 is the reciprocal of diffusing capacity, being

D analogous to the resistance to diffusion.

L

® is the volume of a gas which will combine with the

red blood cells in 1 ml. of blood/min./mm Hg.pressure
gradient between plasma and cells.

Ve is the volume (ccs) of pulmonary caplllary blood

1 includes all the above mentioned factors other than
Dm & and Ve,

From this it becomes 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 lung growth,changes in membrane thickness,
ventilation - perfusion irregularities, degree of exercise,
disease, and perhaps state of athletic training as well as other
conditions, can bring about changes in DL“ Because of this
multiplicity of factors which affect diffusing capacity, the
discussion of the literature is perforce confined to that

concerned with normal healthy subjects and the consequence of

ocrowth, exercise and athletic training.
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B, Methods..development and problems

Despite the relatively brief period since its! inception as
a test for evaluating a physiological functlon (225), studies
of DL have been numerous, particularily in the last 20 years,
and a complete review of the multi and varied methods employed
by different investigators would require scope well beyond the
confines of this thesis. A careful and detailed summary of the
development, significarnce and mathematical justification of the
measurement is contained in the review by Forster (137). 1In
addition, Bates and Christie in their recent book (33) devote
considerable attention to the various methods used in pulmonary
function laboratories. They point out too that the values
obtained can be different because of the method employed, making
this an important point to consider when comparing results of
different investigators.,

A major prdilem 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 regard and its'rapid
response time has made it possible to almost instantaneously
analyze the fractional concentration of CO under varyinz con-
ditions (eg.steady-state or end-tidal sampling),

The 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 which the uptake of a gas is 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 method, it is
considered by some (31,41) less well suited for DI measurements

4

in exercise although it has heen so used by several investigators
(147,198, 274, 277) .

2) Steady State.. in which the subject breathes normally
at rest or during exercise. After having reached a metabolic
equilibrium, or steady state, the subject is introduced to the
test gas which he breathes until the mixed expired concentration
of the gas 1s constant. D is calculated from analysis of
Inspired and mixed expiredrgas concentrations (er.C0) and the
volume respired, account being taken 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 determining the best
estimate of the dead space for use in the calculation of mean

exa

alveolar pressure (PACO).

Comparison of results using the two methods have been made
(139) and it has been shown that higher valuecs in a given
individual are achieved with the single breath method, with the
following relationahip chmerved:

DLCO (steady state) = .85 DL CO (breath hold)

A steady state rebreathing method, described by Leowis (233)

yields intermediate values to the above methonds. Because this
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latter method involves rebreathing a mixture of helium and
CO in air, it can often be accomvanied by hyperventilation

and hence is probably not the method best suited for exercise

studies.

From the above it may %e concluded that agreenment amongb
investigators as to the preferred méthod has been far from
unanimous. In part, this lack of agreement is related to the
varied views among workers in this field on how best to circum-~
vent problems related to the mea;urement. The most perplexing
and persistgnt problem in the measurement relates to the best
means of acgyrately determining the mean alvéolar partial pressur

(P ) or mean alveolar. fractional concentration (F O@) which

A C
has a critical effect on the calculated value for D'. An

d

estimate of the mean alveolar concentration of a gas can be made
by analysis of the mixed expired gas if the anatomical dead

space (V ) is accurately known. Howevér, since the first such
D
determination (V ) was made by Loewry (238) this problem more
D
than zny other has stimulated controversy among respiratory

workers, chief among which was the famous A.Krogh - J.S.Haldane
confrontation of 1912-1914 (118,223,163), Originally, cal-
culation of dead space involved in one form or another the use
of the famous Bohr Equation.

v =V (¥ - F )
D Co, T A Co, T Co,
B
A ce,

or the equation written for 0 as the test gas. However, for
2
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its'solutiom a value for mean alveolar concentration of the gas
18 requlired and this question has received critical appraisal
by some of the more prominent investigators in recent years
(135,138,290,294), The Nitromen washout method of Fowler (140)
provided a way around these difficulties and it has been found
to give accurate measurement of the anatomical dead space which
in healthy subjects is similar to the physiologilcal dead space.
It has more recently been shouwn (32) that the error in D' as a
consequence on incorrect estimate of VD in the computatiﬁn of
FA 1s minimal especially in exercise when the VD/VT ratio is
small (366) and DT is virtually insensitive to sizeable changes
in this ratio. “

'rom the above, it was concluded that an assumed value for
VD may be nsed in the calculation of UL co in exercise; the mean
alveolar concentration can be derived from the analysis of mixed

expired samples according to the expression:

T =(V x F ) = (V x B )
A CO T i Co D T CO

where 10 . oinspired CC concentration
I co

g ..mixed expired CO concentration
L Co

g ..mean alveolar CO concentration
A CO

An additional point of concern among investisators has
related to the significance of back pressure due to carboxy-

hemoglobin (CO Hb) increase during the performance of the test.
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Although Pace (281) found this effect negligible in his earlier
study. Lindérholm (235) later investigated this toplc and
showed back pressure effectbto be considerable at rest, thouch
1ess at eiercise, when the timé of exposure to CO was long and
when repeat . measurements on the same subject were to be made.
He concluded that failure to correct for such back pressure could
well have led investigators to wrongly conclude that a plateau
for D had been attained at modest exercise loads (32,135).
This-iogg of Linderholm was confirmed by Holmgren in 1965 (178,
179) who showed that in young aduits the absolute value for
diffusing oépacity would be raised by 3.8 units when the correct-
ion for CO Hg%ﬁas applied.
summary

1) While agreement is not unanimous on the methéd of choice
for determining D in exercise, there is good evideﬁce to favour
the use of the stgady_state Metﬁod on the grounds that it may be
more physiological, since no alteration in the normal respiratory
pattern is‘required, and since it avoids the possible errors which
may be inherent when spot sampling isvemployed.

2) The problem of accurately determining the mean alveolar
concentration of the test gas during the measurement of D remains
a major concern to investigators. However, it has been sﬁown
that the use of an assumed dead space value in the calculaﬁion
of exercise D introduces no greater error than direct measure-

— I ‘

ment of dead space using the Bohr equation, because during

exercise the ratio VD/V is small.
T
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3) The effect of bulld up of back pressure due to CO Hb
has been shown to be significant in adult subjects, especially
when repeat determinations using lone exposure are being made.

C. DI and Growth ,.at rest

The changes in D , as measured under resting conditions,
T
whlch occure as onngrows in stature have not been extensively
studied., ‘I'ne youngest age group studied include those by
Stahlman (324) using the Filley steady state method (dead space
determined by the Bohr cequation from arterial CO? concentration).
le measured the D CO at rest in 31 infants, ape 9 to 9-96 hours,
L %

and reportaed valu;s on the order of 1.65 ml/min/mm He, this
value varyine directly with weicht., Tt 1s of interest to note
that Bates (33), combinine this with data of others, speculates on
what this value would be in an adult if it were based on the ratio

L L
of 3L would be 70, a value which corresponds to that found in

Q/ﬁHC. TThese authors caleculate thal Lthe 0 of a man with FRC

L
man during maximal work. By inference, this suagoests thal the
'resting' infant has a cardiac output of near maximal value.
This speculation is cited here only to point out that the
conditions prevailing during the test under seeminely similar
conditions (rest) may in fact be quite different and this, as
much as the method used, may have accounted for lack in asreement
among earlier workers. Indeed, it has been shown recently bLhat
the initial restineg value on an individual is higher than the

second determination (54) and that appreh~nsion can alter the

D (89). It is interest to note also that under exercise
L

37,

* the units h-reafter will be implied.
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conditions these variables, especially those affected by
pBychological factors, are thought to be reduced considerably
in significance.

The first measurements of D in children were made by
Krogh (225) who studied 6 subjeois, 3 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 adult.

Strang (333) employed a modification of the steady state
technique described by Bates (32) to make duplicate determin-
ations on 133 children at rest, 79 of whom were normals, ranging
in age from 5 to 14 years. ‘'he linear regression using height
as the single independant variable gave a positlive: correlation
(r = .654) and the mean of these values was significantly greater
than those found in children with bronchiectasis ér asthma,
although the latter values lay within the confidence limits
(coef, of variation 19,3%) of the normals. Bucci et al (70)
used the single breath technique to study 59 subjects., 7 to
4o years of age, 43 of whom were under 19, and found that the
children followed the regression line for adults at rest. For
a total lung capacity of 4 Ls,the predicted DLCO would be 20,8;
Krogh (225) 45 years earlier using a similar method, found a
mean of 19.5 in children whose mean TLC would be expected to be
about the same value. Bucci observed no sex variation when
difference in BSA was taken into account and they concluded that
D CO and pulmonary capillary blood volume (Vc) both increase

L
alonz normal growth lines. They found a high correlation between
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DLCO and TLC, 1In another study (69) they showed DLCO to be
greater than predicted in children having conditions in which
there was an elevated Ve (zgeptal defects,patent ductus arterio-
sus etc.) which was reduced to normal upon correction of the
condlitlon.

The 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
zirls & to 18 years using the rebreathing method of Lewls (233).
Thelr experimental design enabled them to follow the growth
pattern in the same individual, thereby eliminating the effect
on interindividual comparisons on the results. They found no
significant difference in the remressions of the two series
( year 1 and year 2). Like Bucci and others (147) they report
that D CO grows alonm growth lines, increasing in a very similar
mannerLto that of lung volumes; that is to say, both lung volumes
and D‘ showéd similar relationship to height as well as to age,
weight and surface area. With respect to these physical measure-
ments, D correlated‘best with height while the highest correlat-
ion withLa single independant variable among the lung volumes was
TLC. These authors showed also that the ratio DL/TLC did not
vary with physical dimensions of the subjects, nor did this
ratlo show any sex difference; however, when comparing the
regressions for each sex, the intercept for the boys was signif-
icantly greater than for girls although the slope of the resress-

ions were not different. From thelir results, they concluded that
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the constancy of the ratio DL/TLC during growth supports the
hypothesis that the lung grows over the age range 5 to 18 years
by the addition of new air spaces rather than by simple expansion
of pre-~existing ones. Englert's recent study would support

this view (127).

Summarx

1) All investigators agree that growth of resting D parallels
L

that of physical srowth.

2) When a single independant variable is selected, the correlati
with physical measurements is best for height; with subdivisions
of lung volume, correlation is bhest with TLC.

3) No clear sex difference has been observed, especially when
difference in BSA are considered,

Lt has been suggested on the basgis of the above that lung
growth up to the age of 18 years occurs by the addition of new
alveoli since the D /TLC ratio remains constant.

4

D, DL in Hxercise

1. General:

Christian Bohr in 1909 (58) first showed that diffusion in
the lung was greater in exercise than at rest in the same
Thdividual, Similar results on the effects of exercise on
diffusing capacity were reported by Krogh in 1914 (225), Bgje in
1934 (59) and the innumersble studies made since 1945 make agree-
ment unanimous in this regard. Considering the vast number of
studies of DI in exercise in the past 20 years, it might be

-4

expected that this function in children during exercise would



have been oxtensively studied. Howrver, only two reports werre
encountered in which children were the suhjects of the gtudy.
In 1965, Giammona and Daly (147) measured D on 20 children

L
8.2 4+ 2 years of age., The ten: ~verclse was done on a tread-

mill at a level of work adeguat~ to increase the oxXygen con-

sumption by only 90% ahar~ the resting level and this gave an

average increasc in UTCO of 3.7 units. This inecrease, due to

ogreater Ve and Om, wa; sipnificant and the authors concluded

from thnon determinations made at a single exercise load that

th~ increase in D in children was comparable to that for adnlts,.
[

Johnson et al in 1965 (198) included in their study of maximal

diffusing capacity 5 children (8 to 15 y2ar~) and remark in

their summary that D CO increased Linearily with oxyoen uptake.

L
No values for D CC were given; however from the fisures oiven
L
for VC and Dm, D was calculated and values for rest and maximal
L

exercise only were obtained. Rest values varied from 19.8 to
37.7 and at &O max. from 28,4 to 42,8, (&O rance 1.46 to 2.006).
2 2

Lt is difficult to draw any conclusions from such few data;
however, it is apparent that their restine values are hich in
relation to data of others while the exercise values seem to he
comparable to that for adults at comparable oxyxen uptakes,
These authors employed the breath-holdins method (197), a
technique which may be difficult Lo apply to youne children and
especially so durine maximal exercise (33).

Althouch there is no doubt that D CO rises in exercise,

L
consliderable disaqgreement prevails on several other points as
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regards exercise D , which include:
L
1) the relationship or magnitude of increase with increasing

severity of work

2) the level of exercise at which D levels off or plateaus
L
despite increments in load and VO
2
3) the mechanisms responsible for increasing D during

L
exerclise.

4) the effects of age and sex

5) the significance of D as a factor limiting performance
I
6) the effects of athletic training

These points are considered in detail below.

2, Relation to exercise

Bfje in 1934 (59) and Lilienthal in 1946 (234) were among

the earliest to make successive determinations of D abt increasing
L

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

nigue of Krogh, Bﬁje found D in exercise to reach values
L
approximately twice that at rest, althoush there was wide

individual variation both at rest and in exercise, 'The highest

value for D was 61 (D CO of 48.7). Lilienthal et al employed

L O I
the low 02 met%od and found a linear relationship between D
L O
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
D CO remained approximately constant at various levels of exer-

L
cise'!, Although there was again wide interindividual variation,

(23.2 - 55,0), in general the leveling off occurred at a QOZ
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of approximately 2 Ls (about 4 times resting VO? level),

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

appearing shortly after supported the findings of Filley (32,
296). The table Tollowing shows a summary of =arly results

by different investigators:

o,

Ref. Author Approximate Mean Increase in “
No. D; Over Resting Vaelue % Method
225 Krogh 36 SB

277 Ogilvie L6 SB

59 B#fje 100 5B
234 Lilienthal et al 300 Low o2
135 "illey et al 110 S3

32 Bates et al 80 33

The above summary illustrates clearly the great variability in
results, much of which might be attributed to the method used.
Yor example, the SB method yields high values at rest hy com-
parison with the S3S while the two methods give similar values

with increasing exercise. The low O? method causes hypoxia

and thus hyperventilation, for which a correction must be applied.,
More recent studies on adults have helped clarify the re-

lationship of D to varying exercise. Studies by Donevan in
L e
1959 (117) on 20 subjects ages 24 to 49 years, with VO? ranging

=

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

finding 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. Newman et al (274) in many repeat determin-
F

ations on one subject at V02 «3=3.5 L found the relation of kCO

* SB~ single breath, 35S - steady-state.
kCO - Krogh's constant which take into account alveolar volume
(V. ) prevailing during the test ie.kCO = D;co (Pb - 147)

A
VA
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to VO2 to be rectilinear throughout. When expressed as D CO
L

(D CO = 6 kCO), D increased by 7 units/litre 02., a ratio
L L
similar to that found by oOgilvie (277). This same relation-

ship has been observed in females (338) ,

In a recent study on 20 well trained young sub jects,
0
Holmgren and Astrand (182) found a hyperbolic relation between

D CO and VO , the slope of the line describing this relationship

L 2 .
reducing at a heart rate of2120/min. or VO of ho% of maximal,
2

Summary

1) There is no doubt that D increases in exercise in
L
adultz and children.

2) The magnityude of the increase and the slop~ describing

tha relationship D /Litre V0 geems highly dependant on
L 2
the method employed ir measurement.

3) In morn recent ctudies, the relationship of D to VO
. L 2
has been f~ymd linecar up to VO? = 3.6L, the ratio being

-

6-10 wnits/T. Ve | althoush others (182) found a hyperbolic
2
r~lationship,

k) No reports of studies on children At varying workloads were

encountered, thus the effects of growth on exercise D and the
L

relation D /TLC have not bheen elbfrated .
L
J.Plateauing

Plateauing of D in indicated when an increase in VO
L 2
fails to cause a further rise in D .
L N
Barlier reports (32,135,296) sugeested that D rose
L
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preclipitously on exercise to a maximum value at 1-2 L VO2

which was approximately twice that of the resting D value.
I

It was subsequently shown by Linderholm (235) that build up
of CO Hb in prolonged (135) or repeat (32) exposure, unless

taken into account in the calculating of D , would lead to
L

a false plateauing of D CO.
L

Riley (296) and Cohn (93) measured bhe D 0O in 3 and 21
L 2

male adults respectively, They found a plateau was reached at

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

2
found similar results and showed this leveling off to occur

when the cardiac output (éo) reached 15 litres/min.

By contrast, recent studies using the steady state QO
method, (117,266) and the sinale breath mebhod (277) showed
no plateau in D.CO at &O up to 31/2 L 02. lore recently,
Johnson (197) ekployed tge single breath teohniqué&%imultameously
measuresg D CO and éo in 11 subjects, 5 of whom were 15 years or
under, A'ﬁigh correlation (.92) between these Lwo functions
was found, the relationship of which is expressed, ,

DCO=12.0 + 2.2 9c ¥ 6.0 (1.c. 2 5i)

They concluded %hat maximal D_CO is reached when éc 1s maximal,
both of which are lower in children than in adults. A subsequent
study by Johnson et al (198) confirmed these findings and showed

VO to plateav concurrently with D CO.
2 L

Holmgren in 1965 (180) presented data which showed that at
heart rate (H.R,)EQZLZO/min., there was only a slight addiubnal

increase in D CO with increased VO . Since the further rise in
1, 2
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D at heart rates over 120 was so slight, he felt justified,

L
considering the reproducability of the method (178), to accept

values at heart ratezl20 "as a measure related to maximal D CO
L

0
of the subject". He and Astrand (182) in a recent and extensive
study of 20 "healthy,well trained young" Swedes, measured the
functional capacities of the various elements of the oxygen

transport system, Using the above criterion, for maximal D CO,
L

these authors indlcate that their findings support the concept

of a maximal D CO which is reached prlor to maximal VO or Qc.
L 2
Summary

1) A plateauing of D 0 , under hypoxic conditions, occurs
. I 2
at a VO .9 - 1,2 Ls in young, and earlier in older,
2
adults subjects,

2) There is disasreement as to whether a maximum value for
D CO is ever reached, some workers claiming this value
L
continues to rise (117) till maximum cardiac output is
reached (197), others (180) sugresting that there is a
rapid increase on commencing effort, but that after heart
rate has reached about 120 (and by inference, stroke

volume has reached its maximal level), there is only

minimal further increase in D CO.
T,

., Meohanisms for Increase

(137)

Forster has sugmested that the D can be considered in terms
L
of three components which offer "resistance" to gas transfer

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

L= 1
D

L
] & Ve
L m

It is convenient to analyse how these "resistances" might be
reduced to enable D to increase on exercise.

@ represents egfectively the concentration of hemoplobin
as a receptor for CO (or 02) in an individual and can be
considered constant during exercise although it 1s appreciated
that it is possible that some slight change in hematocrit, and
hence @, can occur when exercise is progressively increased
(19) or of long duration (24), However, these changes, although

in the right direction, cannot be of sufficient magnitude,

especlally in exercise of relatively short duration, to account

&

for the rise in D .
L .
The other two factors (D and Ve) were considered by
m
Barcroft (1938) to be of greater importance and he wrote

"..the two most obvious means, . (for the increase in D

on effort) are distention of the lune,which makes L

the cells thinner and the opening up of vascular

areas, elther by increasine the calibre of the vessels

already open or opening up those hitherto shut" (29),
It is however important to bear in mind that these two mechan-
lsms are interdependant in the sense that changes in one aspect
almost invariably effects changes in the other. Also, it must
be fully appreciated that events occurring on the 'lung' side
(i.e ventilation) must be appropriately matched by events on

the circulatory side if either lung distention or capillary

blood volume changes are to be effective in increasing D
L

in exercise,
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Increase in ventilation is one of the best knoun
adaptations bocurring'in exerclse. This has two effects
relative to diffusion:
1) the mean alveolar coﬁcentration of the gas concerned
(CO or 02) is raised hcnce a greater driving pressure is

established, p001a]]y since in the case of 0 the returnlnq
2

mixed venous concentration is also Jowered.

2) the ventilated area of the lung is greater, which, in
accordance with Fick's Law of diffusion, enhanbes the diffus-
ability of a gas,

Tt has been difficult to parbition clearly the offects of
a particulaf”factor from others, in respect to their relative

contribution to the increased D s, because of the interdependance;
I, _
thus, the relative effects of hyperventilation per se on D are
L

not certain although this has been a concern of numerous
investigations. Ross (304) in 1958 made a careful study on

the relationship between D , Qc and minute ventilation under vary-
L
ing conditions. Using the illey SS method, they found an in-

©

crease in all subjects with exercise whereas when Jc alone was

increased by means of druzs, no change in V or D were observed.,
L

On the other hand, voluntery increase in V which only increases

Qc slightly (246),increased D .to a value near that caused by
oL
exercise requiring the same V. These authors concluded that D

I,
does not increase unless v does, a relationship supported by the
findings of Turino (346). Additional support for these findings

is given by MacNamars (242) who also found hyperventilation
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increased D at rest although this value was lower than for a
correspondiig Q during exercise (2@3),in agreement with an
earlier findlng of Bates (30) who measured the fractional

uptake of CO., In contrast, during a fixed exercise, voluntarily

raising the V by 25 L had no effect on D (36,266). Others have

L
observed that the D increase with hyperventilation occurs only
L
if the V is raised; that 1s, the increase is a function of

r
alveolar volume and not minute alveolar ventilation, whether the

steady state (211) or breath-hold (4) method is employed.

The effects of changes in Ve on Dr has been a topic of

4

some considerable interest in recent years., 'l'o assess these
effects, direct changes in Ve in a resting individual have been
effected by different means., In 10 seated subjects, the venous
pressure was raised by 5 -~ 10 mmHg by means of albumin infusion
and positive pressure on the lower body by a G-suit (304);it was
expected these changes would have resulted in enhanced venous

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

was found, Lewis (231) measured D and its components, Ve and
L
Pm  while applying positive pressure to the lower body; only a

slight decrease in Dm was observed, with no consistant change in

D or Ve, In a recent study, Guyatt (162) found immersion in

L
water increased Vc by 474, D rose by 16.2%. On the other hand,

¥
(387) nerative pressure to the lower body caused a marked drop

in the mean D CO (36 to 28), a direct consequence of the decreased

L
Ve, Likewise, inversion of the body caused an increase in kCO

(275); the supine D at rest was 20% greater than the value while
L
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seated (35) and rising from the suplne position decreased
D and Ve (101,232,271). Increasing environmental temperature
hid the same effect (142). These results are compatible with
the recent findings that both ventilation (260) and perfusion
(68,202) distribution in the lung are gravity dependant. Thus
not only is Ve greater in the supine than sitting posture but
the distribution of ventilation and perfusion is more uniform
throughout the lung (67). As a consequence, in resting subjects
the direct relationship of Ve to D is not doubted.

Exercise can be regarded in mgny respects as an anti-
gravitational force. Hence, the circulatory changes occuring
in the lung at the onset of exercise are somewhat similar to
those occurring when one goes from sitting to supine. Thege
changeé occurrine in the lung during exercise are discussed in
some detail by various authors. In respect of pulmonary
capillary blood volume, Roughton (305) in 1945 ingeniously
calculated this value and showed an increase from rest Go hard
exercise by 6374 (60 cec to 95 cc) and from this modest increase
he concluded there was no extensive opening of additional
caplillaries in heavy exercise., The corresponding mean transit
time of blood through the lung capillaries he calculated to be
reduced from .73 sec.(at rest) Lo a minimum of .34 sec, in work,
( A recent report found a decrease in Ve in strenuous exercise
(291)). Dollery and Co-workers (115,358) showed that exercise

was associated with increased perfusion, and hence an increased

Ve, to the upper lobes of the lung resulting in a rise in
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D 15 This findlng was supported by Bryan (67) who showed
f%og tg.the upper reglons of the lungs much greater in exercise
than at rest. Johnson et al (197) found a close correlation

of Dj, and Vc with Qc in exercise adequate to give a three-fold
rlise over resting éc. Transit bime varied in these conditions
frome79 sec,(rest) to .5 sec. In another paper, Johnson (198)
reports that the D increase in exercise requiring maximal &O

is due mainly to aLtwo~fold rise in Ve, Dm increased by only SO%.

This relationship is similar to that in animals where Ve was found

to increase linearily with Vo (62).

Bates et éfugointa out the inseparability of Ve from mean
transit time, both of which have direct bearing on D . In a
detailed study of normals and patients during exercise, they
ascribe the rise in D_ to be due mainly to Ve; in addition,
individual variation ias found to be larmely attributable to
differences in this volume. Support for these findings is given
by Mostyn (266) who found a higher Ve, and correspondingly
higher D‘,in trained champion swimmers.

In Eummary, it 1s generally agreed that of the two main
factors which affect D (i.e. Dm and Vec) an increase in Ve is
the primary mechanism xhereby D 1s increased in exercise in
normal healthy subjects. 'This ?ncrease In Ve in exercise is a
consequence of increased cardiac output and the opening of
additional, or further expansion of already opened, pulmonary
capillaries; this, alone with increased tidal volume, markedly

increases the effective area for sas transfer and also makes



00051
ventilation and perfusion better matched throughout the lungs,

thus resulting in an increased D in exercise.
L

5. Diffusine Capacity Limiting Work Perforamnce

During work, the ability to take up large quantities of
oxygen 1is essential to enable one to perform sustained work
at a high rate. 'Thus, a close relationship between work per-
formance and maximal aerobic capscity has been found by many
investimators (15,78,88,191,364), This high aerobic capacity
is dependant on the inter-relationship, and suitable matching,
of the various dimensional capacities of the O? transport
system (182). The link of the various systemsdinVOlved in
exerclse (i.e. respiratory, circulatory and muscular systems)
is diffusion which in turn must also be sultably matched to
the systems to which it is related.

It is clear that in the case of the pulmonary diffusing
capacity, this function is directly affected by both resplratory
and circulatory systems., It is equally true however that D‘
can affect the efficliencies of the systems it subtends, a fgct
which is especially apparent in disease (236). As a potential
factor causing limitation of work performance, workers are in
sood agreement that in healthy subjects D_ is not a factor at
sea level (34,185,236) although this can ge a 'weak link in the
chain' during exercise at altitude as indicated by West (357, 359)

and others (288). It has also been susgested that in competitive

swimmers, because of the restrictions this activity places on
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respiration (i.e. immerson) a high D would be advantageous
L

in enhancing their performance and, it is argued, would be
essential for maintaining the high work rates necessary in
champlion swim performance. (266)
6. Training

In the few studies on the effects of athletic training on
exercise D , most have compared the trained athlete with the
untrained ﬁon—athlete. Farlier reports (32,135) showed that
by comparison with other non-athletic types the single athlete
in each study had a higher D in exercise than others although
this difference was not presgnt at rest. Group comparison was
made by Bannister et al (27) who found that the changes in D
with increasing exercise were comparable in athletes and non?
athletes but the values in the athletes were higher throughout
the work range studied. Newman {272,274) in a similarily
designed study involving group comparison supported these
findings., In a study relating resting D CO with exercise
pulse rate, Heinonen et al (170) found aLsignificant negative
correlation between these parameters and postulated that D
ihcreases with improved fitness. In support of this postu%ate,
Newman (274) made many repeat measurements of DT on one non-athleti
subject followed over a 16 week period of trainzng. These
authors reported that kCO increased in reiation to &O R v and
pulse rate, since the latter variables decreased for s giéen
work load. In this remard, the non-athlete moved, by virtue

of training, from the non-athlete to athlete resgression line
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describing the relationship of kCO and VO? . In a recent

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 differer&e groups of
athletes and non-athletes, was unable to show any group diff-
erences in respect of D except in three Olympic swimmers; they
had D Vaiues significan%ly higher for a given & than all
other? including other trained intercollegiate sw?mmers in the
group. In our preliminary study, (3) in a sroup of 21 eollege
athletes and 26 non-athletes studied at one exercise load before
and again after trainingja sirnificant decrease was found with
the moderate training in tﬁe group comprised of the four older
subjects while no change was seen in the athletes and younger
non-athletic group; no group difference was found. These find-
ings were in apgreement with Coates and Meade (91) who found no
chanpge in 11 volunteer service men studied during exercise before
and after 12 weeks of basic training.

Lack of agreement thus persists as regards the effects of
athletic training on D . A high correlation has been shown

I
between maximal D and maximal aerobic capacily (182), presumably

a function of theLathletes' larser cardio-respiratory dimenslons
(20). However, a recent presentation by Reddan (291) in which
training decreased the D~CO, is markedly divergent from these
above findings in that tiey show the decrease 1s a conseqguence
of reduced Ve and total blood volume, both of which have been

reported hisgher than normal in some trained athletes (266,212) .
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Summary

1) The effects of training on exercise D have not been
extensively studied. -

2) Reports in which group comparicsmm was made are incon-
sistent. Some observed higher valves in athletes (27,170,274),
others found no difference (266) exnrpt in champion swimmers.

3) Similar controversy prevails when pre and post~-training
comparison was made (91, 20/),

) No longitudinal studies on exercise D in children

L
undergoing regular athletic training have been reported.
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CARDIO-RESPIRATORY FUNCTION IN EXHRCISE

A. Introduction

The 1920's, which saw the advent of the Harvard Fatigue
Laboratory in Boston, is regarded as one of the most
significant periods in terms of the awakening of an interest
among physiologists on this continent in the area of exercise
study. At that time, it was stated by Bock et al, investi-
gators at that laboratory,that:

"..the superiority of the athlete lies in his ability

to meet the demands for oxyecen, enabling him to
maintain an internal environment varying within
narrow Limits only from the resting state"(57).

In 1952, in his review, Xstramd (16) concludes:
"..the individuals' capacity for oxyeen intake should
be decisive in determine his ablility to sustain

heavy prolonced exercise",

In performance of aerobic work, as during prolonged exercise
when the oxysen uptake halances the oxyeen demands, the resp-
iratory and circulatory systems, or "the oxyeen conduction
line" (181), rlay a dominant role. These systems have been
clearly displayed in analops form by Holmeren (181) and the

0
the detailed study by Holmgren and Astrand (182). As indicated
above, it is the principal purpose of this thesis to study the
training effects on the "02 transport" system during sub-maximal
exerclse. A brief swmmary of the adaptations to exerclise, as
well as the effects of various factors such as age, sex,

posture, temperature etc,, are included along with the following

summary of the literature on the effects of training.



00056
Probably the most concise review of events involved in
the process of exercise is given in the well known Fick equation
which states that the minute oxygen uptake (& ) is the product
of the minute cardiac output (éc) and the artggio-venous oxygen

difference (or O extraction). This is thus written:

% = Q x (A=V) Difference

0O c 0
2 2

flach part of this equation is considered separately in the

following summary.

B, Oxyden Consumption and Ventilation : 1. General

Physiologists have clearly shown that work performance
requires energy, that there is a linear relationship between
the rate of cenerpgy production and work rate, and that this
relatlionship holds in interindividual comparison, provided
efficiency is not different. In this respect a human is like
any other mechanlcal work-performing device.

The body has 2 available mechanisms for supplying this
necegsary energy..l) aerobic - which requires the utilization
of O during the work period and 2) anaerobic - a mechanism
whicﬁ is associated with the accumulation of lactic acid
(lactate) in clrculating blood. Ultimately, removal of lactate
requires O utilization and the amount of accumulated lactate
can thus be expressed as an "0 debt", a term first introduced
by A,V,Hi1ll (176). During wori performance of maximal intensity
for short durations (es. 100 M sprint) almost all energy results
from the anaerobic processes (252), but in more extended work
periods it must be the aerobic system that is the major cone

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

2. Adaptation to. Bxercise

On commencement of exercise of light to moderate severity
the rate of 0 consumption rises rapidly toreach a constant
level..or “stgady state" in about 1 to 3 minutes (52,79,114,
116,192,341,344), Attainment of this state is related exponent-
1ally with time (252) and may (201,354) 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@ negligible (217) and all the needed energy is provided
by the aerobic means solely (217,252):; there is thus a linear
relation of &O to work rate (341). ‘This relationship is not
affected by bogy position (245,292), ape (39,117) altitude (287)
and sex (13,39), although there is not unanimity on this latter
point (90, 174). For a given work load & may be decreased
slightly with increased environmental temggrature (5). As the
work rate is raised, a point is reached in man, but not in dogs
apparently (77,286L wherc oxysen uptake does not rise, or may
even decrease (259) despite higher work loads. This is defined
as the maximal 602 (% 0, maX) or maximal aerobic capacity (259,
365). ‘The energy needed for this extra work after the aerobic
1limit is reached is provided totally by anaerobic means (176).
The level of exercise at which G 1s reached is variable,
depending on. the type of exercisez(§ﬁ§:276) and muscle mass

employed (21,23,88,102,341), It 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 (10,1009,
111.,331), possibly after age 24 years (298), This maximal
value is lower also in altitude (112,113, 288), in the supine
position (23),but is greater with 'physical fitness' (159,203,
258) and athletic ability (15,78,191,272). Decreasing plasma
volume (103) or dehydration (71,97) lowers this peak value
while the addition of an O rich inspiratory gas mixture (253,
255) or raised environmentél temperatue (5) may increase this
value. Females cannot reach as high & levels as males, nor
can children of comparable size Treach agult levels (13). The
relation of work done to energy produced to do this work is
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 (16,131, 343),

The increase in O' demands with the onset of exercise
is associated with an afmost instantaneous rise in minute
ventilation (& ) as a consequence both of a greater tidal
volume (v ) and increased respiratory rate (f), each of which
is relateg to & in a linear fashion (122,156), Ventilation is
related to work rate in a linear manner (18,57,247) in moderate
exercise and under such exercise conditions is hence linearily
related to &O . Like oxysen consumption, it is precisely
adjusted to tge metabolic requirements of the organism,

Because of this linear relation, the ventilatory equivalent

*o.work done (calories) x 100
total calories used
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(&/& ) remains constant through moderate work levels up to
about 2008 of V (174, 247) after which the increase in
V is more markeg fﬁgg.ls the rise in O2 consumption. This
increase in vencilatory equivalent 1is associated with a sharp
rise in the O? cost of breathing ( i.e. ml 0 /1 v ) (73,248, 26)
until a point is reached at which it is probable that all
further increase in oxygen uptake is used by the respiratory
muscles; thus no additional O2 is made available for working
muscles (84%,279) as a result of the added ventilation.

The tomnic of ventilation control mechanisms in adapting
to exercise has been the subject of many reports (7,105,106,
190,356): of particular interest is the instantaneous rise
(7,22) with exercise commencement., In those conditioned to
exercise commencement by count-down, this inecrease préceeds the
onset of exercise (345) in moderate exercise of short duration,
"steady state" is quickly attained (79) although with prolonged
exerclse there is a continuous incrsasc (122,185), Holmgren
found that under these conditions (185) and as workload was
gradually inecr=aased, arterial pH and p002 fell,poz was unchangqu
while body temperature increased. The exact relationship of

these factors Lo 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 to
91 years. No difference in efficiency at moderate work was found

after maturity (i.e. about age 15), though younger bhoyvs were
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less efficlent. 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 age 20. TIn absolute values, the rance was from 0.98 in the
youngest boys to 3.61kin boys of 17.l4 years.

Morse et al (265) also used a moderate and exhaustive
treadmill exercise on boys 10 to 17 years to make comparisons
during the growth period. Under these conditions, as in
Robinson's study ,the workload is a function of body zie,
Nonetheless, for comparable moderate levels of exercise,
respiratory frequency and minute ventilation decreased with ame
from 14 to 17 years and the oxymen requirement and respiratory
quotient increased from ages 10 to 13 years. Maximal & was
lowest in the 13 year-old boys but increased with age igzthe
older subjects. This was accompanied by a progressive rise
in blood lactate levels with age.,

Xstrand (13) in 1952 reported an extensive study of the
physical working capacity as related to age and sex..0ver 200
persons.. 4 to 33 years..were studied. Comparisons of maximal
values in respect to work, &Oz, heart rate and lactate levels
were made. lMaximal aerobic capacity and maximal work rate
showed a linear relation to age in each sex to azge 13 years,
and sex differences were slight, thoush consistently less in
females. Sex differences became more marked at age 14 to 16
and adult values were reached at age 20. Peak values for &02

ranged throush .01 (4 to 6 years), 2,04 (10 to 11 years), and
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3.53 (1% to 15 years) ror males; corresponding values for

females were .88, 1.7 and 2.58 1/min. Males had higher maximal

values for ventilation, due to greater f and V while the
T
ventilatory equivalent was consistently greater in females,

The results of the limited study of maximal V on five
02

children 8 to 15 years by Johnson (198) are similar to those of

Astrand although when expressed asg V /ke body weight no sex
02" %
difference was seen by Johnson whereas Astrand indicates thig

value was 10% lower in females at ages above 12 years.

Work capacity measurements in children hawebeen m:%%agﬁ@~wf

by numerous workers (1,2,14,42,47,98,99,150,151). Methods
employed in these studies often vary and determinations of
oxysen consumpbion were not always made, farthermore, ace, rather
than body size was generally the common factor, and this could
account for marked variations in children who may differ in rate
of development, Thus, Benetsson (42) found wide interindividual
variation in work performance in children, especially in the
younger amse ranges, Prom the sub-maximal bicycle exercise tests,
he found the relation of &02 and & to be similar in children of
different ages and this relationship was similar to that ound
in adults. Mean mechanical efficiency was 20.6? .5%,
nLuTraininm

In 1915 Lindhard (237) compared athletes with non-athletes

and reported the "stoffwechsgel" (metabolism) though higher in

the athlete at rest, is lower during exercise in the trained

person, a finding supported by early reports by Briggs (63, 64)
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and others (25,146). These earlier studies are further
supported by numerous more recent reports where greater
efficiency was observed in athletes (27,90,203,216) and.with
training (91,274). By contrast, a number of workers found no
difference in this respect (123,141,165,198,268) while Hermansen
and Andersen (174) found a greater O2 requirement in Norweglan
athletes during submaximal exercise,a difference they attribute
to the higher basal metabolic rate of these trained persons.
The difference in findings seeminely is related to the
acqulsition of skill (114) and accordine to Steinhaus,
"..the improvements in mechanical efficiency which
comes with practice are really a measure of the
effects of training on the central nervous system

and nolb a measure of improved metabolism in the
sense of more economical intracellular activity",

(326),
fe)
Astrand makes a similar conclusion in his review (16)., No

marked chanpe in efficiency is seen (131) unless the test and
training exercises are similar, as was the case in several of

the above studies reporting improvement (90,216,274). Perhaps,

as Karpovich suggests (203),differenoes among findings in respect
to efficiency and training micght he resolved if the elevation in

post-exercise O? consumption was included in the total 02 cost

&

of work.,

Of far greater sienificance than any slight changes in O?
requirement at submaximal exercise are those which are evident
at maximal exercise, There is no doubt that the trained person

has the higher maximal aerobic capacity (20,71,78,186,274) and
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that in the individual prolonged strenuous training has a

similar effect on V
0]
2 max, .
Because of the relationship of maximal V  to body size .

(72,341) interindividual comparisons in this gggard are better
made by expressing the measurement as mlo /min/kg body weight.
When fhis is done, values for ﬁormal young males, including
the Bantu and Bushman (BGMJ)are of the order of 50 (78,81,262,
298) whereas those for trained older children (14,220) and
traiﬁed adults (78,174) average about 66 to 70. This difference
becomes even more aﬁparent in elite Olympic athletes (15) where
reported values reach as high as 82 ml/min/ke in a champion
cross-country skier; slisghtly lower values are reported for
distance runners (299). Temales athletes,with values of 64,5
(88) and 68 (16) are likewise hizher than normals. Older
trained subjects (159) also have-higherbﬁalues when compared
with normals of comparable age, |

Venbilation drops with training (63,146,291) and this
has the consequence of reduoing‘the ventilatory equivalent
(21,91,149,251,340). This in tura is responsible for a lower
cost of breathing, at any given exercise level, in the trainéd
subject (258), By contrast, the reverse is true in detraining
(274) or for a period of bed res: (3%2). 'The deecrease in
ventilation is a consequence principally of a reduced resp-
iratory rate (63,146)., There is no doubt the trained athlete

is capable of achieving nigher levels of ventilation during

maximal ‘exercise (23).
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@n additional distinguishing feature reflecting super-

iority of the trained athlete is the faster return to normal

of both V and V for any given submaximnl esxercise load, a
2
change clenrly shown by earlier workers (199,319) as well as

morc vecent studies (91,130,257). This implies that the O

o]

debt, » teople discussed in some detail by many workers (74:110,
25%,701), is lower in the trained for a given work level althon~h
this was not found by some (123,141).
5. Summary

1) The adaptations to exercise in respect to %q and & are
similar in adults and children, K

2) Maximnl cerobic capacity increases linearily with age

mtil »uberty, at which age the increase becomes more notable,

~crecially in boys.

3) Maximal V is lower in children than in adults, though

-

0
when related to %ody welght this difference disappears.

L) Trainine a¥ters the relation of & to work intensity
little, if at all, except where the aog%isition of skill with
training relates to the test exercise. Haximal values are
areater in the trained,and recovery time is shorter.

5) Q decreases with training, for a sgiven exercise load,

and this results in a lower ventilatory equivalent.
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C.Cardiac OQutput

Oour knowledse of éo,partioularly during exercise, has
developed as appropriate methods have been developed for its
measurements under specified conditions. "The methods employed
and a brief historical background are presented by Assmussen
and N¢g@lsen in their 1956 review (8). Ther; are three
principal techniques,.the principle of Rick, the Bornstein
technique using forelgn gas (60) and the dye dilution method
developéd by Stewart (330).

Q
Althoush [ick first proposed his direct bechnique for

&c measurement in 1870 (which he personally never did apply),
it was not until 1898 that the method was actually first

employed at which time Zuntz and Haoemann (368) made measure-
ment s of exercise cardiac outpubt on a horse. They showed an

almost 1:1 relationship between §O and Qc and found only a
2
slight chanze in 0 extraction. The first record of its use
2

in humans is 1929 when [Forssmann "volunteered" to be his own
subject (136). ''he record shows that he survived the ordeal
which then was considered a danserous procedure. Nineteen
years later this Technique was first used in exercising humans
(295).

The intervening years, between 1890 and 1929, saw the
development of the other techniques. In particular, the foreign

sas method, because it did not require the use of needles, sained

in popularity, and it was applied in various forms under exercise
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conditions by Krogh and Lindhard (222), Christensen (87),
Bock (56,57) and Grollman (161) using different @ases,

The method is based on the Bornstein Principle whereby
a pma soluble but otherwise inert Foreisn gas is taken up
by blood as it passes throush the pulmonary capbilary bed.
By measuring the volume of the gas taken up, and by knowing
the partition coefficient LX)%:ﬁ‘the mas in blood, the
pulmonary capillary blood flow can be accurately determined,
provided such measurements are performed at a time of constant
alveolar levels of the test pas, Rarly investigators who used
this method for measuring cardiac output were confronted with
the major problem of test «as analysis. Chemical methods for
analysis were slow, tedious and rather prone to error. As a
consequence, the method ranidly fell into disuse in favor of
the then more accnrate dye dilution method and,more recently
the Direct Ficlk technique. The later develnpment of fast
response gas analysers enabled circumvention of these early
problems, Gas analysis became not only accurate bnt eaay and
investizators were resdily able to as=nss bhe completeness of
equilibration and the time of onzet of recirculation,points
which earlicr had eoiven rise to doubts as to the validity of
the method.

Th= dye dilntion method zained prominence in the 1930's,
especially following the mathod improvement of Hamilton (164)

in 19727, More recently, the direct Pick became more applied

#.omls of dry nitrous oxide which will dissolve in one ml.
of hlood when equilibrated at 760 mmile.at 37°C,
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in research on humans at rest (226) and exercise (108,175,
325). These results, as well 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
accurate cardiac output determination,

Cardiac Outpul in [Exercise

The circulatory systen, its'adaptation to and control in
exercise has heen reviewed earlier in detail by several authors
(8,309,310,350) and more recently in the extensive and excellent
reviews by Bevegard and Shepherd (52) and others (80) in 1967,

l.lelation to Oxyren Consumption

I'he original finding of Zuntgz and Hagemann that there is

a direct relationship between Qc and VO in the horse has been
2

Fomnd to be true in man (10,11,161,237,293). In adult males,
@c (226) rises from a resting value of about 6.6 L/min
(3.7 1/min/M) to 8.2 at 1L 0O consumption in submaximal exer—
cise (19). Thus the risec inzéc per litre rise in &09 is 6.01
and this relationship prevails until cardlac output éeaches
about 16 1s/min. (49), "This linearity and its constancy are
however doubted by some workers (193, 339) . "Steady state" in
such moderate exercise is reached in about 1 minute (48,116),
As the intensity of the exercise (or &O?) is increased the
rise in Qc per litre rise in &O? decreases to 4.35 (19),

At maximal work levels cardiac output reaches values of
20 to 25 L/min.(19,81,352), a Value which is maintained even

under prolonged severe exercise (92,122,311) and in hesa® (361),
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thoush not at altitude (287). Once maximal cardiac output 1is
reached, &A 1s further Increased with greater work loads (280)
because ofugncreased 0 extraction., [PFor thls reason, the cardiac
output has been regardéd by many investigators as being the ma jor
limiting factor of work performance (82,236,261, 297).

2, ffects of Posture and Sex

For a given level of &O?, Qc 1s greater in the supine
than sitting or standing positions (49,154,245,292,327,352).

At rest, Bevesard (48) reports a difference of 2.2L and this
difference was maintained even during exercise requiring a Q

of 2,5 1, ''ne lower value in the upricht position is attribgged
to a decrease in central blood volume due to a hydrostatic shift
increasing the blood volume in the lower extremities (352), and
to a reduced heart volume (187).

In females, the adaptations of cardiac output to exercise
is similar althoush the increase in éc/l &O 1s greater in the
females (19) (rise in éo per litre rise in 60 is 6.81) and
maximal values attainable (18,5 L/min) are 1o£er.

3. Btudies on Children

Reports on resting supine cardiac output indicate the
cardlac index in children is comparable to adults (196).,
However, there are few reports of exercise cardiac output
measurements in normal children. Cayler (75) studied 8
patients (mean apge 10 years) "with no demonstrable or only
minor heart lesions" in mild supine leg exercise, The mean

increase of VO over rest was .214 ls and the corresponding
2
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rise in Qo in the children was .846 liters/100 nl 02. This
1s higher than the adult value of Donald (116), though com-
parable to that reported by Xstrand (19), in adults. Johnson
(198) made simultaneous determinations of D_ and. éc at rest
and maximal exercise on five children (4 fe;ales)age 8 to 15
years., Cardiac output was determined by the indirect Fick,
foreign gas method during breath~holding. Values measured at
maximal &O were 11.1 1 in the 8 year old while the range for
other subjécts was 10.3 -~ 12.9 litres/min. Maximal oxysen
consumption ranged from 1.46 to 2,06 1/min. This would indicate
that the maximel cardiac output of these children was about
half that of adult females (19) and that the ratio éc/&n

?

at maximal exervcise wicht be preater in children then inhadu]ts,
b Trainine

There have been numerous studies reported in which the
effects of training on éc have been deduced from comparison of
trained athletes with non-athletes. This experimental approach
of sroup comparison assumes that any differences observed mav
be ascribed solely to athletic training., 1In seneral, this
method of study has been used téiggfgat measurements before
and after training on any one individual and gso minimize
subject discomfort, eépecially when intravascular intrusion
is required. Hich interindividual variation in éc perhaps

accounts for divercent findings among workers.

Restine studies in the trained subject

In an older review, Steinhaus made a comprehensive
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summary of the "Chronlc Effects of Exercise" (326). He suggested

that "yo.the trained individual ..(at rest)..may be said

to have a relatively uneconomical clrculatory

ad justment.."
His statement was based on the early work of Lindhard (237) who
found the resting minute output (éc) higher in athletes and
since 602 was not different in the groups, O2 extraction was
lower. This finding of TLindhard is supported by the recent
studies of Frick (143), on 14 soldiers studied before and after
two months basic training, and that of Wang (353) in which
comparison of athletes and non-athletes was made. A high
cardiac index was found in the trained subject., In contrast
with these reports is the study by Musshoff (268) in which éo
was measured,using the direct Fick technique, at rest and in
exercise in the recumbent position., They reported a lower
resting cardiac output (in agreement with Heinecker(169)§in the
nine highly trained male athletes by comparison with the thirteen
normal men and four women. Since no difference was seen in
metabolic rate, the greater resting O extraction enabled the
lower resting minute output, The coméarative study of‘runners
and normals by Hanson (165) and their "before and after" train-
ing study of runners (340) support these findings, although the
differences found by Hanson were not significant., Bevegard was
unable to find any difference between the small group of eight

well trained subjects and non-athletes (50), nor was any effect

of training séen in resting cardiac output as measured by

ballistocardiogram (262).
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Fxercise studies in the trained subject

Similar conflict of findings on the effects of training
are found in the literature when exercise studles are compared,
Barly studies of pgroup comparison by Lindhard (237) and Collet
(94) found cardiac output in relation to &02 lower in the
trained person. Assmussen (8) compared results of four different
workers in his review and attributed the hicher 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 Pour men., 'The marathon runner in the group (DeMar) had a
higher ratio éc/&)Q than two of the other non-athletes. However,
he did not differ Erom the fourth subject (D.B.Dill).

More recent exercise studies have been no more unanimous
in asreement than the above reports, ‘Thus frick (143), PFreedman
(141) and others (50,92,155,312) report no difference, either
in the trained and untrained states (141,143,155) nor between
aroups (50,92,312). Ilikewise Musshoff (268) found 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 &Og 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 were made in seven -males (155). Hanson and Tabakin (165,
310) found no sicnificant differences between zroups; however,

when the same subject was compared before and after training,

sipnificant decreases in Qc were found at the exercise levels
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which corresponded to those regulariiy employed in their
training program. No differences were found at the lowest
and highest test loads. Varnauskas (349) showed a consistent
decrease with training in coronary patients,

Grimby (158) found the relationship of cardiac output

in older well

Co oxygen consumption to be similar SorFivcmm
trained 'orienteerd and normals of the same age though this
relationship was slisghtly higher than that of younger, highly
trained persons (19,50,165). Maximal values averased 26,8 1/min
in these older men, values which are similar (19) or even sreater
(50) than those found in trained youneer men,
5. Summary

1) Beports on adults of exercise cardiac output indicate

1ts close relationship to 0 consmumption in submaximal exercise,
2
Variations in this relationship are effected by posture and sex.
@c/& being higher in the supine and in females in submaximal
0o

exercise.

?2) Few studies of maximal &c are reported. These indicate
a decreased ratio @C/%OZ at higher loads which has led investi-
sators to conclude éc may be a major factor in limiting work
performance,

3) From the few encountered reports on exercise cardiac
output in children, the relationship éc/&oz at mild exercise is
similar, possibly slightly higher, in youns children (75) and
this may be so at maximal %O‘iilgak

4) The training effects are uncertain, Higher, lower and
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similar values for Qc for a siven VO have been reported,
2

for rest as well as exercise.

Mechanisms for increasing Qe

1. Heart Rate

Probably the best known adaptation to exercise is the
change occurring in heart rate as work 1s commenced. Tts
linear rise with increasing work intensity is not doubted and
this relationship is himhly repeatable in the same person and
correlates closely with cardiac output (19) and oxysen uptake
(11,22,43,99) as well as total hemoglebin (213). Because of
this, heart ratc has been often used as an index to work toler-
ance and fitness (1,2,151,205,229,321,328,337,351) and. been
employed in nomograms to predict maximal &02 from submaximal
exercise levels (21).

For a siven &02, or exercise load, heart rate is oreater
in females (13, 256) and in the younger than older child (13,
265,298), Tt is hirgher too, at altitude for a siven bask
(288) thoush maximal values are less (76,112,288), Because
the relationship to work is markedly affected by environmental
temperature (43,100,229,361) as well as numerous other factors
(23,71,85,315,320,356) caution on its use alone as an indciator of
either fitness or work capacity is essential (363). HMaximal
values attainable are greatest in the youns child (13) and this
value decreases with age (10,12,318).

2.8troke Volume

Until recently, the contribution of stroke volume in
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effecting cardiac output has been a toplc of considerable
controversy (8,49,81,268,309), This controversy is a reflection
of the exercise cardiac output disasreement,since the adapt -~
ation of heart rate to exercise has been clearly defined.
Because of the many recent studies of cardiac output, diff-
erences in opinion are being resolved and evidence for this

can be found in the clear and conglise summary of Bevegard and
Shepherd (52),

At rest, stroke volume is lower by about 407 in the erect
than supine position (19,49,50,158, 245, 353) because of blood
volume distribution (8). In the suvine posture, the rise
during increasine work is approximately 1075 over resting value;
with the start of upri~ht exercise a marked rise (by 40%)
occurs to reach values close to, but still less than in sunine
exerclse and thereafter with increasing work the chan~= in 8V
is similar to that in supine cexercise, Near maximal values are
reached at &Oo of 1 1/min (61,361) or M0% of maximal aerobic
capacity (19)? Stroke volume has heen found to decrease in
severe, nrolon~ed cyvercise (122,311) and at near maximal work
levels of rbhort duration it has been reported to rise signif-
ieantly (81,352) or fall (141,183). Tabakin indicates however
that interindividual differencrs ~re sipnificant and that a
common pattern of response in ~raded exercise is often not

found (339),

Stroke vnlume in exercise is a function of heart volume
(182,269) znd hence it is lower for a siven VO in females (26R8),
' 2
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although this was not apparent in adults until the U4th decade
(39). Similarily, it bears a hicsh correlation to blood volume
(50,213). Older adults have lower values at rest (154, 331)
while in exercise the effects .of aging on SV are not definite
(39,154,331),

3. Training

The lower resting heart rate in the trained athlete has
lons been clearly documented (189,205,312) and the trainineg
effect becomes apparent after short periods of strenuous regular
exercise (10:3,146,184,237,321,368), This difference is even
more apparent in exercisc when lower values are found at any
miven exercise intensity in both trained adults (228) and
children (192,223); waximal values are nobt affected by training,
These differences et rest and gubmnaximal exercise have heen
attributed to increasecd vagal tone in the athletes (204) as
cited by Steinhaus (326). Recovery is faster in the btrained
(257,283) for any given submaximal load althouch this rate
is not different after maximal exercise (216).

The athlete is characterized by a oreater stroke volume at
rest (16,109) and in exercise (20,57,109,310,312). Ko change
was found in a season of abhletic training in two studies (141,
30) thoush Frick (143) reports a rise with trainine. Stroke
volume is thousht to be a more important mechanism For lncreasing
cardiac output in Lhe athlete than non-athlete (153) and it has
been sugzested that it is the reserve of stroke volume which

characterizes athletes from non-athletes (309).
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. Summary

1) The linear relationship of heart rate to exercise,
even of maximal intensity, has been well established, For
corresponding 002, values are greaber in the young child and
in female than male adults., Maximal values decrease with
age.,

2) Stroke volume is related to body size,thus it is larger
in male than femalé adults, and by inference, is presumably
greater in the larger child, though this has not been studied.

3) The trained have lower heart rates at rest and in
exercise and seasonal trainine likewise reduced heart rate for
a given & .

O2

L) St¥oke volume is larpmer in the trained athlete than in

non-athletes. The chanrces with seasonal training are not

certain; one study (143) reports a rise while others (141, 340)

found no change with training.
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D. Arterio-Venous Oxysen Difference

As shown by the Fick equation, the increase in okygen uptake
can be effected by either an increése in blood flow or by ereater
removal of O from the systemic capillary network. In practice,
the demands ?or a hicgher level of metabolism are met by both
mechanisms and on this point apreement among workers (80, 350) is
unanimous. Less unanimity exlsts when consideration is given to
the relative sisnifilcance of these two mechanisms, Since these

arcuments are direct¥y reflections of those discussed in some

detail above (i.e. the relation of Qc to VO ) further consideration
o)

here 13 not warranted,

Yhether the relationship of A-VO difference to &OZ is linear
(61,111,158, 268) or hyperbolic (116?293) seems relatively un-
important in the present context., Of orealb importance, however,
is the 1imit to which such extraction can occur in exerclse,
Theoretical maximal values in normals is about 20 ml/100 ml of
blood, which value represents the O content of fully saturated

2
normal arterial blood. [Towever, since the metabolic activity
of many tissues is low, as cited by Wade and Bishop (350),
complete extraction from systemic blood cannot occur, although
this may be possible in blood supplying exercising muscle.
here is sood and increasine evidence that in exercise recional
redistribution of blood away from non-essential tissues (82,
121,307,350), even from non-~exercisine muscle (51) to working

muscle, ocenrs and because of this high flow to such muscle (214)

values for 0 extraction of about 17 (268) or hisher (19) are not
2
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uncommon. In addition, exercise has been shown to (263)
effect an increase in hematocrit making the 0 carrying
capacity of blood even greater than 20 and this making higher
extraction in vigorous exercise quite feasible.
Assmussen and Nielsen(8) discuss the topic of Anvoz
difference of blood in working muscle and conclude:
"'he steadily increasing muscular A-V0O _ difference
in the untrained subjects must bhe looked upon as
a sign of a relative inefficiency of the circulation
in heavy exercise',
Their conclusion is drawn from the findings of a higher exercise
cardiac output for a oglven exercise level in the trained.,
Alternatively, earlier (94,237) and more recent studies (340)
would lead one to the opposite conclusion while the reports of
sti1ill others(1l41l,143,268) would indicate no difference between
the trained and untrained.
The excellent recent study by Grimby (158) leaves little
doubt that the ability to extract 0 in maximal exercise
imposes a limitation on work perforiance in the older man and
training seems not Lo have altered this ability. However, the
findings of Holmzren (184,188) in studies of !'Vasoreculatory
asthenia' where 0 extraction was unduly low, susgest that
training does impiove the ability of muscles to extract 02

in exercise,.

Concluding Remarks:

In this review of the literature, consideration has been
aiven to heart and lung functions in exercise and to the con-

sequences of athletic training. This is because the cardio-
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vascular and respiratory systems are the primary systems
actively involved in 'delivery' of O +to the muscle tissues,
However, it is essential to bear in gind that these are by no
means the only important systems involved in exerclse adapt-~
ation and affected by trainins. For example, no attention
has been siven to the "unloading" or "receiving" processes

at the muscle which perhaps are as significant in exercise

as 1s delivery of oxygen to themn.

The changes in blood with exercise and with trainine have
not bheen discussed, nor has any attention been given to such
aspects as heart volume, temperature and muscle alterations.
lach bears directly on the total process of exercise adaptation
and many are affected by training. As examples, the trained
individual has a larger (268) heart volume, greater total
hewwgrslobin (212) improved heat tolerance (233, 334) greater muscle
mass (326) and muscle capillarity (285).

A complete review of these topics, pertinent thouch they
be, would be unwieldy. However, where these topics bear
directlr on the primary objectives of this theslis, they will
be included in the brief discussions following each section

(below) or in the seneral integrated diccussion at the conclusion.
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A. LUNG VOLUMES:

All lung volumes measurements were made with the child
seated, at rest in a stralght back chair sultably adjusted to
enable the subject to breath comfortably from the testing
apparatus.

Instrumentatlion:

The circult used for ?eaiuring the subdivisions of lung
volume, described in detail?Zonsisted of a 9 L splrometer#
fitted with flexible tubing of 1 inch internal diameter and
connected to a mouth plece by a 3-way manual valve which enabled
rapid switching of the subject from breathing room air to
breathing from the clrcuit. Attached to the splirometer was an
adjustable speed, electrically driven kymograph with ink
recording on the kiymograph drum.

Greater accuracy on the FRC determination is achieved 1if
the volume of the circuit gas is kept small in relation to the
FPRC volume to be measured, especially when studying children.
Toward this end; the dead space of the circult was reduced by
placing a 002 absorption cannister externally on the expired
line and sealing off the central core completely. Proximal to
the 002 cannister was a blower,circulating gas at approximately
60 1/minute. Distal to the cannister a 5/16" rubber tube
sampled 002 - free gas to the helium catharometer. This gas

was returned to the main stream at a polnt proximal to the 002

absorber, 0, was added to the clrcult during the FRC measurement;

*Warren E.Collins (Boston,Mass).
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1t was controlled by means of a fine control valve on the O2
supply tank and was set to match as nearly as poséible the O2
consumption: of the subject as indicated on the tracing. In this
way, the volume of gas in the circuit was kept virtually constant

during the test. N

| The catharometer: which conéisted basically of a wheatstone
bridge, makes use of the thermal coﬁductivlty property of helium.
One arm of the bridge 1s enclosed in air while the gas mixture
containing helium is paessed through the other side of the bridge
and altered the current drawn by this portion of the bridge.
This change is & linear function of gas concentration and was
recorded on an indicator scale attached to the catharometer,
calibrated to read from 0-157 helium.

The kymograph speed vas calibrated and found accurate at

25 seconds/cm. The splrometer was calibrated by means of air
displacement with water and the bell faotorvfound to be 46.1
mm/1litre. The dezd space of the clrcuit, with spirometer bell
down and pen indicator reading zero, was calculated using a
dilgtion technique. An accurately measured volume of O2 was
added to the circuit which contained room air. Analysis oft the
resulting gas mixture for 02 by the Scholander technique

enabled calculation of the dead space. This procedure was

repeated using helium as the indicator gas to check the results.

* 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 welghts such that,
with the pump on, and resplratory lines open to room air, it
remalned statlonary 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 (Eig.Il)

About 4-6 litres 0, were added to the cirecuit and the subject
with nose clip in place, connected by means of the mouthpiece to
the circult. The subject was allowed to breathe quletly untll he
had assumed hls normal respiratory pattern (see tracing). Three
vital capacity manoeuvres.were then performed, with adequate
time being allowed between each for return to normal respliratory
pattern.

Test 2. Functional Residual Capacity

The spirometer was prepared for the test by flushing with
air, and then the requisite amount of helium was added to give an
indicator reading (Initial Helium Conceéntration) in the range of
12.5 - 13.0%. The initlal temperature of this ges mixture 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 O, to the circuit was
commenced. The fall in helium concentration was observed and when

this reading stabilized the subject was disconnected and 0 supply
2
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WL -

fr[ my Il

104 lites ’ ,
l VC 4375 litres
READINGS: FIRST He % =[3-40 4420
FINAL o =880
He % FALL = 4-60 = 3050¢c 3 37°C 4325
TEMP. RISE = |1°C =2 --20
FROM: A SWITCH DIFFERENCE=~200
CHA;RT B O B a —60 VC =4-38 litres
- - MOUTHPIECE VOL. = -50 IC =334
FRC-2-72litres ERV=1-04
. , RV =168
TLC6:06

. Fig;ail Sample tracing for lung volumes determination,

1
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to the circult 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 follows:

VC(BTPS) = mm.deflection ls. x correction factor
46.1 for temperature
and pressure.

The middle value of the 3 VC measurements was analyzed.
FBC was calculated from the helium dilution as follows:

FRC = V (F 1 - F 2) 4+ 0 Difference (F 2)
He He -2 He 00 e
P2
He
0o o 4 Switch Difference -~ V Apparatus
- D

where

\ Initial volume of circult,which includes
the volume with the bell flat, together with
the volumes of helium, 0, and air added before
the subject 1s switched in.

F 1l and 2 are the fractional concentrations of
He helium in the circuilt before, and at the end
of equilibratlon by the subject respectively.

0, Difference Volume by which the final volume of the circuit
2 differs from V, and is the consequence of a
discrepancy between the 0, addition rate and
the rate of 0 consumptioﬁ by the subject (see
B Fig.I. ) 2
1

Switch Difference Volume above or below the resting end tidal
level at which the subject is switched in the
circuit (see Fig.Il )

Subsequently, RV was calculated as FRC-ERV, and TLC as RV «+ VC.
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B. LUNG FLOW RATES

Instrumentation:

The splrometer used to make these measurements ( 37)
was bullt to incorporate features deslrable but not avallable
in many commercially made splrometers, namely a light weight
bell and wide bore tubing. Dimensions of the water column
were 12" x 16", having an inter-pilpe of 2" diameter. The
plastic bell measured 8" in diameter and 133" in depth, with a
welght of only 9 oz. as compared with 15 oz. for commercially
produced metal bells. The tubing from subject to spilrometer
was reinforced with wire and had an internal dlameter of 13".
The spirometer bell was connected to a varlable speed kymograph
which enabled ink write out of the spirometer tracing.

Operational Procedure:

With the spilrometer., 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 splrometer.

2ip analyzed.

Three such measurements were made, and the largest

Calculationg:

A smaple tracing is shown in Fig,Iz. 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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40 RESPIRATIONS /MIN. == |-5sec./resp.= O-75sec /expiration
.".(VOLUME EXPIRED IN O-75sec) X 40 = FE V.45

5 | _ 8g  3iSlitre X 40 = 126 litres /min.
MAXIMUM _MID-EXPIRATORY _FLOW RATE

°

e

A
MIDDLE
HALF
(23 litres)
v

MAX. EXPIRATION
(4-Glitres)

]
:
\!I

piie

VOLUME
(34 litres)

Figoi2 Sample tracing showing record and calculations
for flow rate measurements,
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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?)
The points on the tracing corresponding to 1/4 and 3/4 of the
total expirate (ie.the middle half of this volume) were Jolned
and this line extended to intercept the Y axis. (volume axis).
The slope of this line indicates the ratio of volume (Y axis)
to time (X axis) during the middle half of a forced expiration,
hence Maximal Mid-Expiratory Flow Rate and is expressed as
litres/second.

By use of the plastic mask, which was designed from the
calibrations of the spirometer and kymograph, both of these
values could be détermined by superimposing the mask of the

tracing. Both the FEV and MMFR were then converted to express

volume at BTPS,
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C. OXYGEN UPTAKE

The volume of O2 taken up 1ls the difference of the amount

breathed in and the quantity expired.

To measure oxygen uptake (VO?) meésurements are needed
of total minute volume of alr breathed, elther inspired or
explired, and concentrations in the mixed explired gas of 002

(F ) and 0 (F ). Because the expired volume is altered
E CO2 2 JiX O?

in accordance with the respiratory quotient, it 1s necessary to
make a correction for this small difference between inspiratory
and expiratory volume in the calculations.

Instrumentation:

°

The apparatus used in measuring VO2 is described diagramatic-
ally by Fig (l3) which also includes the circultry used in
measuring diffusing capacity (described below).

The mouth plece was connected to a high flow Hans Rudolph
2-way valve to which was attached an inspiratory and explratory
line. These lines were 1-1/16" flexible wire-supported, non-
collapsible tubing, The expiratory line led to the atmosphere.
Arranged in series with it 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.

3
A dry bellows gas meter, with potentiometer mounted on the

indicator needle, was attached to the inspiratory line and enabled

* Parkinson-Cowan Type C
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measurement of the volume of air inspired.
¥*

By means of a vaccum pump, a continuous sample of mixed
expired gas was drawn from the mix box, through a CaClé filled

4 SIRTET
'U' tube which dried the gas, to the 0 and CO analyzers.
D

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

36353
was made by means of an industrial, constant speed recorder

to which each of the measuring devices was attached. This record
eliminated the need for making rapid readings of the various
meters. The recorder contained 4 channels, each with its own
characteristic number, operating on a 2.7 sec.cycle. Thus, a

record of each observation was made every 10.8 sec.

Calculatlions:

The minute oxygen uptake (V ) was calculated from data
0
recorded on the Wheelco tracing, g sample of which is shown

by Fig.h,,u 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:

T = VF - V F
0 I IO E E O
l/mir%° 2

% Colliné P553

3k Beckman paramagnetic F3

e Cambridge differential catharometer
ERRE L W'heelco
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where

Vv - lnsplred minute volume expressed in litres at

I Standard temperature and pressure dry (STPD)
v ‘

E - expired minute volume (STPD) calculated form

the relationship . .
Vv =V x 79.1
B I 100 ~(F + P
E o2 E CO2

F - Tfractlonal inspired oxygen concentration (20.9%)
fractional explred CO2 concentration

F - fractional expired O2 concentration

Respiratory frequency was counted directly from the tracing.
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D. DIFFUSING CAPACITY

The total diffusing capaclity of the lungs for carbon

monoxide (D CO) was measured during exercise (steady-state)

L
using a gas mixture of roem alr containing about .125% CO.

D CO has the units mlCO/minute/mm Hg. i.e. the diffusion
L
rate with respect to the driving pressure.

Instrumentation:

The apparatus was similar to that described initlally by
(117) (266)

Donevan et al and Mostyn et al, with only minor modificatilon.
This cilrcult was integrated with the &O’ circult described
above but had a separate dry gas meter,aconnected 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 subject to the test gas to be kept to a minimum, an essential
feature 1f the build up of significant back pressure of CO during
the test 1s to be avolded.

Fr%ctional concentration of CO was measured by an infra-red
analyze;. By means of a sampling control switch box, solenoid
operated valves enabled sampling from the inspired line (F )

I Co
from the mouth piece, and from the mixed expired box (F ).

® CO
Manually operated valves allowed the subject to breath from the
storage tank through the demand valves, as was the case during
a: diffusing capacity test, or room air for determination of

oxygen consumption.

*Infra-red Development Corporation
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In practice; since the exercise diffusing capaclty is
related to the level of exercise (and hence to &O ) the D CO
méasﬁrement.was made after a sultable warm-up perfod to eﬁable
attainment of steady-state (about 4 mins.of exercise) and the .

VO was measured during the following minute.
2 ' ‘

Calculations:

As for VO , the measuring devices for the test were connected

2 ‘
to the Wheelco recorder and the data derived from this permanent

record (Fig,ia ) was used to calculate D CO by the,method suggested
L .

by Donevan (117)but using a predicted dead space based on the data

of Hart (166) which can be .used in children )

°

D CO ml/min/mmHg = V
L 0.
P
Ago
vwh§re .
\'4 =V (F - F + F )
(6{0) ICO ECO gEt'Co
and
P = (Vx F ) - (V x F )
ACO T ECO D ICO Xx Pb - W
\'
o= 'p
where :
V - volume of test gas inspired in litres/min.STP
Vi TV l/BTP?/irespiratory rate/min.
v - anatomical dead space in litres, BTPS as

D - predicted.

F » I F - fractional concentrations
ICO ECO and EBE'CO of CO in inspired air, in
mixed expired air and in end tidal air on

air breathing before the DLCO measurement

The latter 1s a correction for the slight
sensitivity of the meter to watervapor and
to CO .

2
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E. CARDIAC OUTPUT

Measurement of the cardlac output during exercise was
made utilizing the Indirect Fick forelrn gas tLechnique.

In 1962, Becklake et al (40) described in detall one foreign
gas method. 1In theilr study, they compared exercise éc values
measured almost simultaneously using the foreisn gas and dye
dilution techniques and found a close relationship in results
of the two methods. In addition, they showed the repeatability
of the foreign gas method to be comparable to that of the direct
fick technique. The method is ilmpractical for measurements made
at rest, and in patients with conditions causing poor mixing in
the lungs (e.z. emphysema) since equilibration time would be too
long and thus recirculation might occur before the measurements
could be made. However, it reaches its' greatest accuracy in
moderate to heavy exercise when the equilibration time is
shortened. Its' greater accuray during heavy workloads is in
contrast with some other methods which may become less accurate
in heavy exercise (dye method) because of fast recirculation).
The method has the obvious advantage of requiring no needles
and has thus neither the discomfort nor occasional hazard
associated with direct Fick measurement which involves cardiac
catheterization. Furthermore, the test exercise can be performed
in the upright position, a factor it can be argued, which makes

the technique more physiological,
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Principles of the Method:

There have been various inert forelgn gases used in the
past, examples of which are acetylene (CZH?))ethyl lodide (C?H5I)
and, as In the present study, nitrous oxidé. Furthermore, i
single breath and equilibration methods have been used analagous
to the two general methods used for this measurement of diffusing
capacity. The present study was based on a steady-state method.
The test gas mixture%was introduced to the exercising subject and
after a short period cf equilibration mixed explired gas was collect
ed for a known time period. During this period (t secs) the con-
centration of NZO 1n'the respirate sampled at the mouth was
monitored continuously.‘ 'he mixed expired sample was subsequently
analyzed for N 0 (I I ). The volume respired (&) during the

L N,0

time periodwis also de%ermined; hence, the total volume of N 0

which has been taken up from the Jlungs could be determined. “By
assuming the mean of the end-tidal concentration (i.e.alveolar)
to be revresentative of the arterialized lung capillary blood,
the blood flow throuzh the lungs during the timed interval can
be calculated using the Fick principle (see below).

The application of the foreign gas method for measuring

. Shree ]
pulmonary capillary blood flow, depends on @g@ important essentials:

1) A complete, rapid equilibration of the lungs with the
2) Constant alveolar levels of the test zas.

N_0, 2045 0, 72.5% He,
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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 wash out of nitrogen (F ) from
the lungs which is the reciprocal of the wash in of Ehzzoarrier
gas in the test gas mixture (this was He in the present study).
By virtue of the fast response of the N20 meterf the level of
the end-tidal concentration can be observed directly and hence
the constancy of alveolar gas concentration (F ) ascertained.
A rising F » and simultaneous lowering of g Nzoathus would

A N,O E N2
indicate 1lncoliplete equilibration while a rising F alone

would indicate recirculation of blood containing sﬁmg gest gas.

The use of a soluble inert gas such as N20 offers the
advantage of a prolonged effective recirculation time, by
comparison with the dye technique. This period is 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 is not complete.

2) NZO 1s highly soluble, particularily in exerclsing muscle,
Thus, much of the digsolved NZO diffuses out of the blood during
transit through the muscle capillaries. This is in contrast with
tracers or dyes, in which case the initial concentration is maximal

and the tracers, attached to plasma protein,remain in the blood

stream.

* 0.2l sec.to 90% of full deflection
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In the present technique, it was assumed that recirculation
of test gas dld not become significant in 35 seconds, a conclusion
based on the findings of Becklake et al (40) that computed cardiac
output did not fall significantly from 10 to 35 seconds at moderate
work loads, and therefore by implication, recirculation was

insignificant up to 35 seconds.

Instrumentation: (Fim.I5)

The circultory used in the present series of studies was
essentially similar to that originally described in detail by
Becklake et al (40).

" The test gas was transferred from a storage tank to a
neoprene bag contained within an air tight plexiglass box. The
changes in volume with the respiratory cycle were monitored 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 small 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 from the neoprene bag to the low-resistance box valve which

ki3
in turn was attached to the fast response breath-through NZO meter.,

# Infra-Red Development Corporation
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In series with this line was an Engstrom humidifier which
enabled humldification of the test gas as it entered the
inspired line. Thils line and humidifier were maintained at a
constant temperature of 3700. 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 1 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), also contained within the plexi-
glass box. Thus, the expirate could be passed through the mix box
from which continuous sampling of O2 and 002 concentrations could
be made, permitting the determination of oxygen consumption just
prior to the cardiac output measurement. Alternately, during a
éo measurement a sample of the expired gas could be collected and
passed through the NZO analyzer at the conclusion of the test.

32,
kD

Attached to ?@e mouthpiece was a nitrogen analyzer and
pressure transduc;;:;° A vactum 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. The pressure transducer responded to changes in
directional flow at the mouthpiece., This record was used to

accurately determine the onset of each inspiration and expiration

and this, together with the time base of the Sanborn recorder ,

¥  Waters-Conley Model 46
#% Sanborn
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enabled accurate determination of the duration of the test in
seconds.,

Heart rate was monitored either by means of an ear counter
(284), operating on the principle of varying light transmission
with pulsatile flow, or by electrocardiogram using two chest
leads. In a few cases, hand count of either the carotid or
radial pulse had to be made.

These various parameters were thus directly recorded on
6 channel Sanborn recorder, a sample tracing of which is shown
by Fig (I7 ).

Callibration and Preliminary Circuit Studies:

The nitrous oxide analyzer was calibrated using known % NZO
mixtures in dry Helium gas, concentrations ranging from 0-10%.
The analyzer of the meter was then calibrated against the Sanborn
recorder. These two curves were then combined to give the curve
shown in Fig.(IG ) which describes the relationship of Nzo con-
centration to Sanborn reading. The intercept on the X axis from
this resultant curve was calculated over the straight portion of
the curve, which was 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 calibrations were made using air, rather than helium

as the carrier gas. The resulting curve fell directly on the
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above curve; thls permitted the use of room alr in subsequent
calibration curve checks and in zeroing the analyzer durlng
daily meter balancing.

From preliminary investigatlions, it was found that the
meter was sensitive to molsture and CO2 in the gas mlxture.
Since the explred breaths differ from the inspired during a test
in these two respects..saturation and CO2 content, these factors
tended to make the expired gas read higher on the meter than the
insplred gas, for a given NZO concentration. The effect was
minimized by heating the inspired gas to body temperature and
by saturating the inspilred gas as coupletely as possible. The
effect of 002 was taken into account by subatracting the motow
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 earlier

2
test.

It was also observed in preliminary observations that the
meter was slightly sensitive to direction and rate of flow of
gas through the analyzer. This effect was eliminated by passing
the collected expirate through the analyzer in the same directlion
and flow 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,I5 ) volume was

recorded by either a dry gas meter or spirometer. The splrometer,
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comprising a light welght plastic bell to minimize inertia
effects, was calibrated in the usual manner by adding known
volumes of gas to 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 deflection on
the Sanborn corresponded to 1 litre change of volume in the
spirometer. This volume-deflection relationship was found to
be linear over the operating range and periodic checks showed
this to be constant. No difference in this relationship was
noted when volume was removed from the spirometer. 'The dry
pas meter was calibrated against the issot spirometer and
Sanborn recordsr at varyine steady flow rates as well as
intermittent flows such as encountered during the respiratory
cycle, Under these varying conditions, the volume response
was similar,

Calculations:

Fig,(l7) shows a sample tracing of a record from which
cardiac output was calculated. The parameter recorded on the
various channels of the tracing was as follows:

Channel 1: Heart Rate. The paper speed was preset and rate
in general counted over a 15 second period during the test. It
1s expressed as beats/minute.

Channel 2: Pressure. In conjunction with the time base of
the recorder, this enabled exact determination of time of the

measurement and permitted calculations to be made for single
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breath or several consecutive breaths, the latter method being
used for the most part throughout this study.

Channel 3: N2 Concentration. This is seen to drop rapidly
during the hyperventilation manoeuvre when the test gas was filrst
presented to the subject (it will be recalled that the test aas
contained helium rather than nitrosen as the @arvkier sas) and
after 3-4 breaths remains constant., This Indicates the rapidity
and completeness of equilibration by the subject with the test
gas., Measurement of cardiac output was made during recular
breathineg Following attainment of this 'steady-~state?,

Chamel 4:, Volume. The record of tidal volume using the
spirometer is shown on the tracing. When the spirometer was
used, the expirate was returned to bam-box systems,so that Lhe
volume changes were recorded throuchout the respiratory cycle.

In the experiments in which volume was measured using the dry
zas meter, a measurement of only the inspired volume was made,

Channel. 5: fractional conicentration of NZO. As shown by
the sample tracing;these consist of:

i) PFractional Inspired Concentration (r )

ii) Fractional Mixed Expired ConcentratignN?gﬂ . ). This is
comprised of a mixture of the expired gas sample gogfgcted during
the selected time (t), duration of which is indicated by the time
scale on the bottom of the tracing. 'The expired sample contains

both oas from the dead space of the respiratory system of the

subject and machine as well as gas from the alveoli. Consequently,
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this value must always be higher than F » & point which
ANO

served as an additional check on the accep@ability of the

measurement .

111) Fractional A#ieolar Concentration: (F ). The
A N_O

correct value for this ==2=s would be the concentrétion inte~

grated with respect to time throughout the respiratory cycle.
Unfortunately, this value during inspiration cannot be measured
practicably. However, it 1s assumed that this value would not
rise greatly above that observed Just after dead space wash out
during an expiration, and similarly that it would not fall much
below the end-expiratory level recorded Just before a new breath
started. The assumption that the mean of the end-tldal level is
a close approximation of alveolar concentration is probably

not unreasonable.

iv) Initial Meter Reading (F ' ). The end-tidal
concentration of N 0 on air breatﬁigéoimmediately prior to the
start of the experfment,

From these readings the cardiac output was calculated
according to the Fick Principle utilizing the equation

I. éc = 6

1/min. NZO

(A - V)
NZO Difference x >\

Providing the measurement is made before 35 seconds, the venous
concentration is negligible; in which case the equation may be

rewritten.
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II. Qc liters =V ( F - F )
INO ENO
< 2
(F - F - I) xAx Pb ~ w
ANO
5 A'NZO T
where.
V. =@ x 60 =x BTPS correction factor)and V_1s the sum

I t I

of the tidal volumes inspired during time
t secs.), the period of collection of the

expired gas.

>
!

= 0,474, the partition coefficent of N 0 between air
2 0

and whole blood (210, 278) at 760 mmHg, 37 C.
I = intercept as calculated from the calibration curve

showing the relationship # N 0 and Sanborn deflection
2

(mm)

Pbo~w ~ barometric pressure in mmHg, less water vapour
pressure at 3700o
The above data may also be used in single, rather than
multiple, breath calculation in which case the formula was

modified as follows:

III. Qc liters = (V - n(V +V ) x (F - P - F ) x 60
T d dm INO ANO A'N O t
2 2 2
x (P - P ) x Pb = w
‘A ANO AN O 760
2 2
where

n - number of breaths in time ©

V - anatomical dead space as predicted from the magnitude
a
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of the tidal volume by Assmussen and N¢@lsen ( 9 )
v - 100cc, the dead space volume of the mouthpiece,

dm
meter and box valve.

For most subjects in the present study, calculations were
made using Equation II and the mixed explred reading. In some
cases where through technical error the mixed explired reading
was unacceptable, such as with incomplete rinsing of the expired
bag prior to the test, Equation III was used. 1In these few cases,
all results for an individual were calculated using the same

formula for each exercise test.
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PROJECT CONTROLS:

The purpose of this study was to define cardio-respiratory
functlions in exerclse in normal children and thus permit com-
parison with children engaged in swim training.

Subjects:

The subjects who served as normals (Controls) for this
study were for the most part drawn from the Parks and Playgrounds
of the City of Montreal. Contact was made directly with the Park
Monitor in different regions of the city, who in turn advised
the chlldren of the general nature and purpose of the tests.
Those children who expressed an interest in being a subject were
glven a 'letter to parents' which described briefly the tests.
Attached to the letter was a parental consent form. From the
slgned and returned forms, subjects were seleéted 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 remainder of the subjects were drawn from
volunteer workers at the hospital and children of hospital staff
members.

Table (. summarizes the age and physical characteristics of
this group. BEighty seven (87) children were studied; results
on four (4) of these were rejected, one on the basis of a systolic
murmur, the others because of technical reasons. Of the 83

included in the study, 40 were boys, 43 girls. PForty-two (42)



PHYSTCAL CHARACTERISTICS - CONTROLS

AGE GROUPING NUMBER MEAN AGEH MEAN HEIGHT MEAN WEIGHT
YEARS (years) (centimeters) (Kilograms)
Boys 10-11.9 1k 11.21 142,07 35.61
S.D.* 0,47 5.91 6.04
4 12-13.9 13 13.46 150.85 43,00
SlDo- 0353 9671‘,’ 8.88
+ 1bha15,9 9 15,16 165.22 58.22
ScDew 0.5 8.75 11,22
+ 16=17.9 L 16.75 173.86 63.00
S.D._ 0.50 k.13 3.63
Cirls 8-5.9 1 9.6 140,00 34.5
4+ 10-11.,9 12 1i.17 148,00 39.29
S.D. =~ 0.49 5.38 5.38
< 12-13,9 13 13.04 150.54 45,04
S.D.= 0.52 3.71 10.67
+ 14-215.9 10 15.10 156,00 L9, 35
S.D.~- 0.52 5.23 7.42
+ 16-17.9 7 16,64 161.00 55.07
S.D.- 0.138 6.11 8.56

LETO0
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of the group were French Canadian,v No attempt was made to
randomize the selection of subjects, nor was any consideration
given to the soclo-economic level of the famllies of the subjects.
In terms of geographical representation, these children can be
consldered to represent three general areas of the city, these
being a West and Central region which probably are representative
of families in the middle-~income bracket, and a Narthern reglon
comprised mainly of a lower income group.

Testing Procedure:

All subjects were studied during the month of July,1965.
The testing was done either in the morning (9:30 = 12:30) or
afternoon (1:30 - 4:30). They were brought to the Royal Victoria
Hospital in groups of 3 - 4 by authorized transpoxrt and upon
arrival helght (with shoes removed) and weight (while wearing
light summer weight clothing) measuremsnts were made. A brief
medical history was taken. 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 health.

The following series of tests were then made:

Test 1: Dynamic Lung Function Tests (Flows) ee.

Thegse included measurement of Forced Expiratory Volume (F.E.V, |

and Maximal Mid-Expiratory Flow Rate ( M.M.F.R.). Pest procedure

was described above.
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These tests were performed in the routine Pulmonary
Functlon 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.

Test 2. Lung Volumes:

Tests to measure the subdivisions of lung volumes were
performed on the closed-circuit Helium dilution apparatus
described in detail elsewhere (Part 1II ). Since close
attention and cooperation on the part of the subject are
essentlal in these tests, they were performed in a separate
laboratory with only the child and technician present, thus
minimizing interference and distraction of the subject.

Single determinations of the FRC measurement were made,

except for the occaslonal spot repeat test,

Test 3: Total Lung Diffusing Capacity and Oxygen Uptake :

The performance of this test consisted of 2 prhases, done
in succession during continuous exercise of about 6 minutes
duration. Phase 1..Diffusing Capacity for Carbon Monoxide.. (D Co)

A sgitable mild exercise load was selected on the bicycleL
ergometef 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. (see Table C5).

“ Blema-Schonander, Stockholm.
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The aubject was seated in the normal cycling position
with the seat height appropriately adjusted to match the leg
length of the child. The mouthpiece of the circuit was inserted
and the exerclse commenced. After 3 minutes of exercise, the
time normally required to reach steady-state (57,192,201), the
subject was switched from breathing room air to breathing test
sas (room air phiks approximately 1254 C0). After sampling sas
from the inspired line to determine the inspired CO concentration
(Fu Y, the sampling line from the circuit to the CO meter was
ooﬁnggted Lo the expired line at a point just distal to a mixinge
hox., T'his enabled determination of the mixed expired concentralion

of CO (I ). Once this concentration became steady, as indicated
5 CO

by the wertical linearity of the CO recording (Fi@.I”), the subject
vas then switched to breathine room air. This portion of the test
required approximately 4-1/2 minutes from onset of exercise.

Phase 1i..Measurement of Oxynen Uptake (VO?)

Whid@ the subject exercised continuously, the mean mixed
expired concentratbions of Co, and 0, (R and ) were

it CO, B0
. . . £ 'y

determined by continuous sampling from the éxpired line (as above).
When these values became steady, exercise was ceased, The total
duration of the exercise was not more than 6 minutes.

Two additional measurements of V02 were made on each subject
at loads which, in most cases, were 100 KoM hisher than the

previous workload, At least 10 minutes of rest was allowed

between each test exercise.
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From the data obtained above, which also included continuous
records of inspired volume and respiratory frequency, total lung
Diffusing Capaclity at one level of exercise, and oxygen con-
sumption at 3 workloads were determined.

Test 4: Exercise Pulmonary Capillary Blood Flow (éc)

Three test loads, similar to those employed above, were
completed by each subject. The subject was connected by mouth-
piece to the breathsthrough N 0 meter and exercised for 3 minutes
to reach steady~state, Durlng this period, room air was being
breathed. After the warm up exercise, the subject was switched
to breathdtest gas and hyperventilated for 3-4 breaths, as
instructed prior to commencement of the test. After this hyper-
ventilation, which enabled rapid equilibration of lung gas with
the test gas, the subjJect resumed his regular respiratory pattern.
The cardiac output measurement was then made over the following
10~-20 second perlod after which the exercise was stopped. During
this test then, measurements were made of heart rate, inspired
and alveolar N 0 concentrations (F and I respectively),

2 I N_O ANO

N concentration (which gave indicatién of complgteness of

2
equilibration), volume inspired (V ) and pressure swings (with
I

respiration) at the mouth (used to determine exactly the onset of

an inspiration and thus to enable accurate determination of time).
The mixed expired sample, collected during the 10-20 second period
of’ éc measurement, was then passed through the N 0 meter for

2

analysis (F ).
B NZO
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Followlng a procedure similar to that for GO (1.e. affer
'about 10 minutes rest), two additional measuremengs of éc ﬁere
made at the higher loads.

To expedite the testing procedure, the prescribed Test
Schedule ( App.z) was followed as far as was possible. This
ensured that each subject had time to. recover from a previous
exercise before having lung volumes measured or commencing the

next exercise.

Data Processing:

One of the major concerns in a study involving the colléct—
ion of data on many individuals, such as in the present project,
i1s the efficient handling of the data such that computations are
correct and human errors minimized. In this study, permanent
records fbr all tests were made. This nqt only helped reduce-
the chance of technician error, caused by hurried reading and
writing of values during the test, but also enabled a subsequent
recheck of data on any individual subject. The pérmanent 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.3).

Because of the nature of the tracing, calculations for all

lung volumes and flow rates were done manually. (See Fig.Iz)
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Calculations for oxygen conéumption, diffusin§ capaclty and
cardiac output were done on a digital computer, using Fortfan Iv
language. A print-out of all raw data, as well as individual
-results, perumitted an additional check on 'rogue' values to be
made, after which all final fesults were transcribed on mﬁgnetic
tape. Use of the magnetic tape was made necessary because of the
large volume of data collected. This provided ready assessability
of all the data for statistical analysis. 1In additlon, this
automatlon. of data handling allowdd a far more extensive data
_~an1ays1s than would have otherwlse been possible,

_"The statlstical and regression analysis was done by
computer using both Fortran TV énd IBM 7044 MAP programs.
Tables of mean values, Including range and standard deviations,
were printed for each parameter with subjects divided in various
ways which included age, height, sex, group and exercise load »
't! tests and significance levels ( F and P) for age, height,
- weight, sex and group differences forheaoh function were also
calculated. Various regression analysis were attempted for each
parameter using single and multiple independant variables. 1In
addition to linear regression equations, other equations were
derived using logarithmetic as well as other transformations in

order to determine the best relationship to accurately describe

the data,

% IBH #7044, MeGill Compubor Centre.
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Results:

When a comparison of groups is to be made, as in this
study where swimmers are being compared not only to themselves
on a longitudinal basis but also with normal children, it is
essentlal to establish the 'normality' of our control normals.
This 1s necessary to ensure that the subjects serving as normals
have values which are within the range of published data and
that values of functional measurements have not been significantly

biased by subject selection.

Phyrical Characteristica:

The age, height and welght features, divided by age, of
our normals are presented in Table Cl. Mean values for height
are plotted as a function of age in Fig.Cl A & B for boys and
girls respectively. For comparative pugoses, the percentile
lines (90,50 & 10%) of Stuart and Meredith (336)(a study on
Boston children) are shown (dashed lines) as well as mean
values for Swedsh children ( 66). The boys of the present
series are seen to fall on, or;in the age range 13-15 yearsg
slightly below .the 50 percentile line (336), while the girls
show 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 with these two

studies.

Although our subjects tend to be shorter at age 13-15 years,
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this emallness of stature is not evident when weight is
considered. PFig.C2 shows this relationship to age and in
contrast with that expected, since welight is a. function of
height, our dalka for girls falls Wirtually on the 50 percentile
line while our older boys are heavier than those of comparable
age in the Boston and Swedish groups.

M.p.C3 shows the comparlison of sexes on the basis of
height (I"ig.C3A) and weight (Fig.C3B). Such a plot enables the
determination of the growth pattern of boys in relation to girls.
These mean values are again compared with the 50 percentile lines
to Stuart and Meredith (366).

In terms of heisht, the pgirls of the present series are
taller (P .0W7) than boys until age 13 years where the lines
are seen Lo cross, after which age the hoys are taller, In
seneral, this shows the same results as that of Stuart whose
lines cross at the age of 13.5 years,

As would be expected, the crossing of the sex line relating
weicht to age occurs at about the same ace (13.3 years) while
those of Stuart cross at age 14.5 years,

13, Lune Volumes,

Since published data indicates that height is the best
single independant variable against which to compare lung volumes,
the present data were analyzed in respect to height. Fig.Cl
shows the plots of linear regressions (Table C3) for TLC, VC,

FRC and RV for boys (solid lines) a2nd girls (dashed lines) as

a function of height. Mean values for the subjects divided by
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height, are presented in Table C2; the standard deviation
is shown below the mean values.

Results show no sex significangigifference, for correspond-
ing neight, in any of these furictions over the age range studled
(Table C?). The regression lines 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. The comparison of the coefficients of the
regressions (betas-b) indicated no statistical difference in

the slopes of the lines for any of the subdlvisions of Jung
volume. Likewise, a statistical comparison of the mean values,
using the Student's t-test, showed no significant sex difference
at the 5% level; however, vital capacity, which was consistently
greater in boys, was found significant at the 6% level (P .006).
When the sexes were divided into groups by height, using intervals
of 10 cms., FRC and RV in females, at height when numbers were
adequate for such comparison, were greater and this difference
was consistent, occasionally significant (P .035).

The comparison of our data with others has been made both
with the sexes separated and combined. This approach has enabled
a wider comparison with findings of other investigators.

Figures C5 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 regression,

«Table C3) as above) for which the general equation of the line is
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TABLE (C 2) MEAN LUNG VOLUMES AND FLOW RATES = CONTROLS

NO. HT, WT. v.C E.R.V. F.R.C. R.V T.L.C. WNFR FEV
{(cms., (Kgs) (1s) (1ls) {1s) (1s) (1s) (1/sec) (1/min.)
6 136.4 32,17 2,18 0.67 1.33 0.66 2.84 1.88 60.83
2.75 1.97 0.31 0.18 0.10 0.16 0.20 0.58 © 8.93
11 144,8 35.96 2.37 0.84 1.61 0.78 3.14 2.19 64, 5L
2.56 L4.29 0.36 0.26 0.29 0.27 0.42  0.69 8.65
10 152.2 45,55 2,04 0.86 1.80 0.94 3.68  2.34 68.70
2.25 7.56 0,48 0.28 0.48  0.24 0.65 0.22 8.83
3 163.2  57.17  3.41 1.0L 1.87  0.83 L,2b- 3,68 97.50
5.49 15,43  0.40 0.08 0.23 0,31 0.46 0.25 12.97
9 171,60 61.11 4.23 - 1.53  2.00 1.37 5.60  4.56  128.57
1.39  5.27 0.48 0.19 0.23 0.26 0.58 0.94 29.88
1 - 180.00 68,00 5.41 2,01 3.67  1.66 7.07  5.23 168.70
[ -

13 144,92 31.19  2.33 0.70 1.50 0.80 3.13 2.75 68.60
: 3.22 4,19 '0.28 0.19 0.22  0.15 0.37 0.550 12.63
2l 153.71 47.77  2.69 0.94  2,03. 1.10 3.79  2.70 75.68
2.93  8.78 0.37 0. 2k 0.42  0.30 0.48 0.65 ° 12.74
6 16Lk.50 56.75 3,45 1.23 2.58 - .1.35 4.80 3.84 103.00
3.54  8.50 0.39 0.21 0.4k 0,29 0.53 0.96 13,34

SSTOe
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TABLE (C 3) LUNG VOLUMES AND FLOW RATEZS REGREISSIONS - CONTROLS
SEX Dependant Constant Coef.of Corr'n S.D. S.E.
Variable Indep.Var. (b) (r) of of
(Y) 3 (X) (b) (Y)
Ht (BEt) Ht (Ht)

Boys FRC -4.93 QOL!'EO .865 L0042 .348
-.317 .619 .877 0551 .334

VG -6.95 , 0648 .899 .0051 419

-.292 .889 .910 .0660 ,399

TLC -8,97 0842 901 .0065 .538

-.328 1.158 .913 .0837 ,507

RV -2.02 L0194 .709 .0031 .257
~-.035 . 268 .723 L0416 ,252

ERV -2,91 .0255 .820 .0029 ,238

-.282 .351 .830 .0385 ,233

MMPR -9.17 .0786 .826 .0087 ,717

-1.118 1.084 .839 L1142 ,692

FEV . -245,13 2.1452 .835 .2293 18860
_____________ -25.65 _ _ _ _ _ _ _ _ 29.71 _ _ _ .852 _2_9§8_1y797_
Girls FRC -6.45 0051 . 757 0074 L334
-.826 777 «759 1040 .333

VC -5,98 ,0568 .809 0064 290

-.183 .803 813 .0897 ,287
TLC -9.,08 0839 .845 .0083 .374
-.493 1.183 . 847 1160 372

RV -3,06 0271 .597 0057 256

-.314 380 .595 .0801 257

ERV -3.36 .0280 .707 L0044 197

-.512 - 397 .712 0610 196
MMFR -5.85 .0572 .518 L0147 664

-.092 830 .535 .2048 ,656

FEV - 195,60 1.790 .750 2462 11L09

-13.48 25.43 .758 3.414 ®.04

62100
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Y =a + bX

where Y - dependant variable (volume)

X - independant variable (height)
a - constant
b - coefficient of X

(1.e. slope of the line)

The linear regressions derived from the extensive data
of Lyons and Tanner (239) aré:shown by the dashed lines.

Methods employed iIn thelr study and in the present one were
essentlally the same. It is seen (FigLS 6) that where com-
parisons can<;;'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 respeot to FRC which is more marked in the girls (Figg06)
It is noted that the lines cross at a height of 145-150 cms
which represents the height range that includes the greatesﬁ
number of‘subjeots in the two studies (Fig.C21).

A comparison with the extensive data of Demuth et al (107)
shows our results virtually identical for VC and FRC for boys
(Pig. 5) at heights greater than 145 cms. In analizing their
data, log transformations were done and their regressions follow
the general equation y = axb° This gives a cérvilinear descript-
ion of the data and could account for the slight divergence in

Q-
results for FRC in boys at the extremes of the height range.
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FRC values for girls show our results are identical with
Demuth (and Lyons and Tanner) at height 140 cms.,but at
height 165 cms., our subjects had FREC values .651, greater
than both Demuth et al and Lyons'study.

Needham et al(270) tested 150 males and females, ages 11-19
years (Fig.C21l) and they present multiple regression equations
Tor prediction of the various subdivisions of lung volume,
Unfortunately, this does not enable us to plot our daba using
their formulae; however, a comparison of their mean values
(cross circles) indicates that our results tend to be slisghtly
higher, particularly as heisht increases,

Results of Cherniack (83) for VC on 521 Winnipeg children are
shown (dotted line) to be in close agreement with the present
series. Althoush his values, as well as those of Bjure (54)
for Swedish children, lie slightly above our predicted values.

In Fig.C?7 the sexes are combined and results are compared
with data of Helliesen et al (171) and Lngstrom et al (128),
Close apgreement is seen with Helliesen for all subdivisions
and with Engstrom for VC and TLC. However, our values for
FRC, £RV and RV were hicher than those found in the Swedish
study (128).

1l C.Dynamic Lung Function Results (Table C2 and Fig.C8)

M. C8 compares the linear regression equations of MMFR

and 'V on height in boys and girls. The girls have higher

flow rates at the shorter heights but lower values than boys
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ags height increases beyomg 152 cms., This same sex relationship
is shown for FAEV (Fig.8B) with the lines crossing at 145 cms.
No significant difference in slopes of the regressions was
found (P<£ .3), nor was there any overall statistical difference
hetween sexes when means were compared.
Few data are avalilable in the literature for comparison
of MMFR., Cherniack (83) found values which differed ma?ﬁbdly
from those of the taller boys of the present series but other-
wise values for the two studies are virtually identical. (Fig.C9)
Fim,Cl0 shows our data with sexes combined, compared
with the unpublished data of Beaudry (38). Here, our results
are described both by a linear regression and logarithmetically
such as employed by Beaudry. As can be seen (Table CU) the log
transformation has not improved the correlation of our data with
height, nor has it affected the relationship of the present
series with the data of Beaudry. The two sets of data show a
wide difference in flow rate (1 1/min.) at shorter heights,
althoush asreement is good at taller heicghts (.25 1/min difference).
His study includes data on 270 children, many of whom were in
the younger age groups.
Fig.Cll shows the present data in relation to others who

have measured IV (168) and FEV (54). To permit
.75 sec 1.0 sec
comparison their values were expresced as 1/min.by multiplying

by 40 and 30 respectively. Close agreement is found with
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Bjure's results (54 ) over the whole range studied, but only
with Heese's data on taller children (1685. At shorter heights,
Heesel's values considerably exceeded the preseht values)and
those of Bjure (54 ). Furthermore, Heese's data were expressed
at ambient pressure and temperature (ATP) and conversion to
BTPS would exaggerate the differences.

In Fig?lz, data from both sexes are combined, and FEV is
plotted as an exponential function of height. Our results are
‘compéred with those of Strang (332) and Beaudry (38 ). Although
results of hoth these workers show a parallel increase with age,
Strang's values ére lower at all ages than Beaudry's. Our values
at heishts greater than 150 cms.lie between these two groups.

Individual Results:

Fig.Cl3 - C20 show individual results’' for VC, FRC, MMFR

and FEV for each sex and in relation to ﬁhe calculated regression

line on height.

bisouSSion

It has already been mentioned that oeftain authors in
deéoribing growth of lung volumes in children have treated the
sexes separately (54,83,107 ), others have choosen to combine
the sexes (38,128,171 )., 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



€4

- VC iitre O7 CONTROL

HEIGHT cm

30 140 180

FIG. 'Cl.;,: Individual results for VC in Control boys.

160

I70



VC litre @ CONTROL
4 - g

13

HEIGHT om

130 140 150

FIiG, C.'L}-a‘ Individual results for VC in Control giris,

160

I70

0P TO0



()]

FRC litre O CONTROL

HEIGHT

3 3, L

cm

130 40 150 I60 I70

FIG, 015 = Individusl results for FRC in Control boys.

5To0



FRC litre Q CONTROL

HEIGHT cm

) R

50 120 150 160 170

FiG Cl@ = Indivuduel results Por FRC in Control girls.

AAEE



MMFR tlitre/sec
6-

Wty

Cﬁ CONTROL

HEIGHT

cm

130

T - Tn +
FIG. Cl'?’ Individusl

€0 ‘ 150

results for MR in Control boys.

160

{70

. |

180

erTo



@

D

o

FIG,

d

MMFR C CONTROL

litre/sec LN

HEIGHT

cm

130 140 150

0‘8 - In@ividual results for MMFR in Conirol girls,
i

160

70

YoToO



= v & =7 &
i% V. ok 40 O7 conTROL °
ﬂ‘ -

litre/min ©

140}

|00}

60

HEIGHT ocm

150 140 150 160 170 180

FIG. 019 - Individual resulis for FEV

75%%0 for Control boys.

oo

v



FEV, . x 40 Q controL
540_Ewr@hﬂm
®
120}
&
100k @ ®
80F
60-
“0r o HEIGHT cm
(30 140 150 160 170

FIG, 020 - Individual results for FEV 752’4—0 for Control girls.

I TOHN



00447

NUMBER
20 ANDREW d 40
1of Q 43
5 G B&G B
0] 7 ( = B 1
30
] B | B cHeRNIACK & 260
G
20 6 |5 Q 26l
|10 G B
O T T | T T | Gl T ]
NEEDHAM dJ 78
15 72
10 a1 ,..EL_%
5 B&G
O T [] 1 ) ] 1 L] L}
60 5
501 Lyons 106
i 242
40 5 ?
30¢ G
5 (¢}
20 6 o
O}
G 8 6
O i ] i
30”‘ g,?
ENGSTROM O 50
20} Q 43
10}
0 =0 B —-iB&6[ B | 6| 6| 6 5 ‘ . .
<6 6 8 0 12 14 16 18 2(
AGE yr
FIG, 021 - Comparigons of reported studies on lung function in children
- shoving numbexrs and ege included by each author, Yor each age,

sex is indicated as B (boy) or ¢ (girl); nuwber is indicated on thi
ordinate.



00248

the twenties (i.e. the lower age span in most adult studies).
Since we could not be sure at what age the sex differences
first become apparent (and therefore at what age data on the
two sexes should be analyzed separately) it seemed advisable to
analyze all the data separately for each sex. Indeed, little
Justification can be found for combined analysis.

An additional point of difference in opinion exists as
regards the best means of describing the data. Some authors
use the simpler linear regression, othemsemploy logarithmetic
and other transformations in the regression equations. To assess
the merits of these treatments, a comparison of different
recression equations for VC and FRC has been gnade, Table Cl
shows the varions correlation coefficients in which heirht has
been uscd as the single independant variable. It is noted that
the use of (height ) gives the highest correlation and presumably
hest describes the data, for VC in both boys and glrls, and for
FRC in boys. However, it is also noteworthy that height i1s only
slightly superlior (as indicated by the correlation coefficient) to
the simpler regression based on heimhtl which in turn glves a
higher correlation than the considerably less convenient log~
arithmetric expression. From this it was concluded that there
ls 1ittle advantage to be gained by using height3 and height
alone has thus been used to describe the present data.

The comparison of the physical characteristics of the

children in the present study indicate our subjects were slightly
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shorﬁer, but of comparable weight, to published data on normal
chlldren. This suggests our chlldren were "short and fat";
however, no measurements of obesity were maede. The greatest
difference was seen in the girls aged 13-15 years, suggesting
they may have been late muturing. There is little doubt that
differences in subject selection 1s an important consideration
when dlfferent studies are being compared; thils is particularily
true wﬁéﬁAédﬁpAflson of regression lines 1is being made, in which
case the calculated regressions can be influenced by difference
in numbers of a particular age in the study. Furthermore, the
variations in growth rate with respect to age, make age a poorer
bagis for group comparison than height in children.

The number of children included in our Control group is
small by comparison with some other studiles (Fig?Z&). Nonetheless,
there is good general agreement with previously published data
on lung volumes and flow rates. Closest agreement was invariably
seen in the height range which includes the greatest numbers
studied; perhaps differences in this respect accounts for our
agreement being poorest at the shortest helghts.

As might be expected, VC,because of its ease of measurement,
shows the most consistent agreement with values reported by
others. On the other hand, the FRC values of the present seriles
were higher than those of other investigators, except for the
data of Helliesen whose values were identical (171). Differences

from other data becomes more apparent at taller heights. It 1is
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well recognized that such measurements are more difficult,

and the coefficlent of variation wider, 1n children than

adults (239). One would therefore have expected greatest
disparity with published data to be evident in younger, rather
than older children, the opposite of that shown above (Fng5~7).
Only single determinations of FRC were made in the present study,
a point which is in contrast to most other groups. Engstrom (128)
found a significantly lower value for FRC in the second ob-
servation than in the first, and this difference was attributable
to variation on ERV since RV was not different. We have made
duplicate§in only a small number of children and -found no con-
sistent difference. fingstrom cites that while the difference

was significant, the error introduced by employing single
determinations is small (2-3%) and well within the error of the
technique itself.

The difference between sexes in respect to VC is in agree-
ment with that found by Demuth (107). Although the difference
was not significant, it was consistent for any given height,

By contrast, no consistent sex difference was observed in PEV
end MMFR. Cherniak ( 83) found values for MMFR higher in males
but does not state if the difference was significant. Demuth
(107) found values (for both sexes) lower than both ourselves
and Cherniak and the difference in technique probably accounts

for the difference.
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Finally, the purpose for incluslong of Controls in this
study was to permit comparison with other children (swimmers).
It is concluded that the present children agree favorably with
published data, both in respect to physical characteristiecs and
static and dynamic lung measurements, and are adequate for

subsequent comparison with other children in the present study.
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D C0O Results ~ Controls:
L

Results of D CO for the 40 boys and 43 girls in this
L
study are shown in Table C6., From the table, 1t will be

noted that not all subjects did identical loads; however,
the majority in each sex was tested at load 150 KgM/min.
(31 boys, 33 girls, see Table C9)., The mean oxygen con-
sumption for each sex, including all test loads, was .788 1/min.

for the boys and .7241 for the girls. Whifd D CO is
. L
dependant on VO_, from the mean values at load 150 KgM/min.,
“
at which 80% of the D measurements were made, it is apparent
L

that no consistent difference in VO, for age (or size) was

2
observed. Silince there was no significant correlation between

D and VO in these data (the ranme of VO being presumably
L 2 2
too small for this correlation to be demonstrated), a

regression was calculated using height only as the independant

variable,

Table C8 lists the regression equations thus 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-lung cavacity (D CO/MCOBand per litre VO2
L] IJ
(D CO/VO ). It will be noted that the inclusion of mid capacity
L 2
(PFRC 4+ 1/2 V ) and oxygen consumption in the regressions as

) rl'l

additional measured variables has increased rather than de-

creased the standard error (SE) of the predicted D CO value.
I,



TABLE (C 4)

CORRELATION COEFFICIENTS FOR LUNG VOLUMES AND FLOW R.

TES
CONTROLS |
Regression lsed ._Devendant Variable (Y)
Dependant Independant _
SEY Variable Variable FRC Ve TLC RV  ERV MMFR 7 FaV.
(Y) Ht (cms. ) . : — — —_ _
Boys - S - .865  .900  ,902 .710 .820 .826 .835
log - 861 .895  .906  .671 .80k  .812  .ghg
- log .857  .893 894 - 701 814 .817 .825
log 1o 857  .891 901 664  .803  .806  .8ko
- ()’ 877  .910 913 .723  ,830  ..839 .852
Girls - - 757 809 .845 - .59 207 .518 .750
log - 2775  .80L 843 625 ..680° 477 .718
- log 755 .806 " .842 597 .702 .509 . 745-
log log .775.  .802 . .843  L626- . .678 470 .716
- 03 759 .813 L84y L712 .758

‘Highest correlation value underlined

- i

ndicates no transfeormations.

2595

=235
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TABLE (C 5) SUMMARY OF WORKLOADS USED
IN D CO MEASUREMEREIS

Ll
CONTROLS
Load KegM/Min. Males Females
100 6 7
150 31 33
200 1 2
250 1 1
350 1

TOTALS Lo L3



DIFFUSTING CAPACITY RESULTS

CONTROLS

SEX  AGE  NO.  LOAD  OXYGEN CONSUMPTTON
Ve, Keil/iin, HN. S.D.5 RANGE

Hoys 10-12 6 100 0.645 ,10L ,55-.82
10-12 7 150 0.752 .049  ,69-.85
10-12 1 200 0.89
12-14% 12 150 .785  .084 6287
12-14 1 350 1.420
14-16 g 150 0.834 ,093 .73-.95
16-18 3 150 0.678 .131  ,54-.80
16-18 1 250 1.110

Girls 8-10 1 100 0.780
10-12 6 100 0.592 .121  .39-77
10-12 6 150 0.761 .070  .39-.78
12-1% 11 150 0.754 .140  .59-1.06
12-14 2 200 .881  ,058 84,92
14-16 10 150 0.678 .072  ,58-.79
16-18 6 150 0.727 .129  ,53-.89
16-18 1 200 0.909

DIFFUSING CAPACITY
s.D.* Rancz

18.6
21,1
18.2
22.8
33.1
30.4
27.8
36.3
17.4
17.0
19.5
21,0
17.6
24,9
26.0
29.2

2.2
3.3

4.1

4.8

2.0

1.97
3.6
2.1
2.4
L.l
5.5

15.3-21.3
16.2-25.1

18.2-31.0

22.0-36.2
26.5-30.1

13.5-19.4
14.7-24.5
17.9-24.2
15.9-19.3
18.8-31.8
21.3—38.8

SSTOO
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TABLE (C 7) TABLE OF 'P' VALUES SHOWING SEX

COMPARISON - CONTROLS

VARIABLE SEX P
MALE FEMALE

AGE + 0.504
HEIGHT + 0.640
WEIGHT + 0.997
FRC + 0.825
VC + 0.064
TLC 4 0,293
RV 4 0.269
ERV + 0.151
MMFR + 0.901
FEV & 0.234
D Co/vVo 4 0.723
L 2
D co/mMC + 0,112
D%CO/Kg 4 0.009%
VEQ/LOAD + 0.041%

+
It

Higher values

* = gsignificant

|
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REGRESSION FOR DIFFUSING CAPACITY ON HRIGHT - CONTROLS

Dependant
Variable

(Y)

D CO
L

D Co/VQ

t.

D Co/MC
L

D Co

Coef.(b) of

Indepednant
Variable
Constant. (X)
-34.54 0.384
-47.97 0,457
-39.18 0.407
-19,23 0.331
-56.29 0.572
-27.97 0.387
-16.74 0.042
(refused)
5.11 5.22 x 10-6
~1,11 6.41 x 1o—f*
2.72 5.59 x lOno*

Independant Variable ..(X) - Height in cms.

3

- Height in cms.

Standard

Error of
(b)
0.041
0.082
0.039
0.080
0.162
0.074

0.021

0.555
0.157
0.531

Standard
T Cterare
(r)

3.36 0.840
3.70 0.660
3.69 0.755
6.55 0.558
7.29 0.483
6.94 0.503
1.70 -0.313
3.36 0.837
3.71 0.654
3.65 0.760

S T00



TABLE (C 9) TABLE OF DICO STATISTICS -

SEX COMPARISON - CONTROLS

JULSE

AGE LOAD NOS. P
M/F
10-12 150 7/6 0.4336
12-14 150 12/11 0.,2204
3¢
14-26. 150 9/10 0.0276
1418 150 3/6 0.5509
31/33 0.0833
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Likewlse, in our data on D CO, the use of Heighg as the
independant varlable (rathgr than the linear value of Height)
had no eff'ect on reduclng the SE of the dependant variable.

The above data for D CO are shown in graphic form in
Fig.(C22). It is noted tﬁat 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 significant difference
in the slopes of the two lines although the intercept for the
regression equation for girls was significantly less (P < .001)
than for the boys. The results were tested for sex differences
using the Student's t-test and comparing girls and boys of
equivalent age and/or height (e.g. boys of 10 years tested
against glrls of 10 years) at a given workload (Table C9).
The 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=0.0833), but not at the usually accepted
statistically significant level of 5%. The correlation for
D on height is higher for boys (r=.840) than for girls (r=.660),
tﬁough both are significant (Table C8).

In Fig.(C23), D1 has been plotted using Height3 as the
independant variable to permit a comparison with the resting
data of Demuth (107) who has choosen to express the relation

@
of D to Helghtjan exponential function. The linear regression
L
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for Strang's (333) data is also shown. Of interest here is
that each study shows the similar effect of growth on
diffusing capacity. The difference in resting values in the
studles 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 studled,
though they are of course higher because of recognized increase
in D CO on exercise. The relation of D to lung volumes 1is
showg in Pigures C25 -~ C26. The plot, ghowing the relationship
of the two regressions for D and V@, on height (Fig?eh) shows
the lines for boys and girlchross ind lie close to each other
throughout the height ranse 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. The linear relation of these two variables appears
remarkably constant whether in rest or in light to heavy exercise.
Pig.(C25) shows the scatter of individual points for D
in relation to TLC, and with respect to the regression of -
Demuth (107) for resting D . In Fig?Zé, D 1is expressed in
relation to lung volume (D%TLC) against heiéht, sexes separate.
In this respect, beyond hgight 150 cms., the sexes are similar
and this relation D_/TLC does not alter in the taller subjects.,

L
At shorter heirhts however, this ratio is greater in boys.
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Discussion:

From the varlous aralysis attempted, it 1s concluded that for
this data, height alone is as good a predictor for exercise D CO

L
as any combination of multlple variables tried and is superlor

3
to any oth®ysingle variable, even Height , for predicting D CO.

This is in cohtrast with lung volumes which, it has begn
shown (107,206,264), are best described by taking 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 lung
volumes could bhe expected to be similar to that forLbody size,
hence no attempts were made to include lung volumes in the
regression analysis.

The original findings of Bohr (58) and Marie Krogh (225)
that in an individual the exercise D was higher than that at
rest has never been doubted. This hgs been attributed in part
to awincreased alveolar ventilation which accompanies exercise,
but more parpicularily to an increase in pulmonary capilllary
blood VOlumeﬁ7198n305) because of increase perfusion to the
upper lobes of the lungs (115,358). It was therefore to be
expected that for a given oxygen uptake, the child with the
larger lungs, and presumably larger Ve, would have a higher

exercise diffusing capacity. Indeed, the present study on

83 normal children indicates that there is a direct linear
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felationship (F1g.C22) and a close correlation (Table C8)
of exercise.D to height.

Comparisih with published data 1s shown in PFilg.23 which
includes the resting studies of Strang (333) and of Demuth et
al(107), for comparison with the present exercise‘data. In
general, the rest and exercise studies each show a similar .
~relation of D1 to helight, although the regression of Strang
indicaéed less dependancy of D1 on height that that found by
Demuth et al and ourselves. Threé factors undoubtedly con-
tribute to these differences: firstly, Strang has combined the
sexes; secondly, his study does not include any subjects over
aze 14 years and thirdly, he has comployed linear regression
whereas data of Demuth and ourselves is described in Fig.C23
by a curVilinear function. The lower resting values of Strang
compared to the data of Demuth and associates is doubtless
attributable to the steady~state method which, as cited above,
yields lower values at rest than the rebreathing method employed
by Demuth et al.

Morphometric measurements have suggested that the number
of alveoll in the lung does not increase after the age of 10,
It was thought that the analysis of D (a function of surface
area) ih relation to VC or TIC (a fungtion of lung size) in the
growing child might throw some light on this postulate. Thus,

it can be shovm mathematically that if expansion alone accounted

for the increasing volume of the lung with growth, and if changes
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iIn D are a function of increase in surface area alone, the

L
ratio of D to TLC would decrease with growth to the almost

constant rgtio found in the adult. Demuth's data showed
however, that the ratio was constant in the growing lungs as
well, and he argued from this that the lung must grow by the
addition of new alveoll (even up to age 18 years). Our results
on girls, and on boys of height 150 cms., are in agreement
(see the constant relation of D /TLC in Fig.C26). However,
this relation does not hold forLour boys at the shorter heigshts.
in whom the findings are certainly consistent with the view that
their lunss (in the shorter boys) may contain more smaller
alveoli/unit lune volume, and have as a consequence a greater
effective surface area than the lungs of mirls of equivalénd
height. 1In the above speculation, no mention has been made of
Ve, which, it must be recalled, is much more significant as a
factor for increasing Dl than is Dm. Thus an increase in pulmonary
capillary blood volume might affect a decrease in surface aree.
(and Dm) caused by progressive expansion of exlsting alveoli
and so maintain the constant D TLC ratio with growth; indeed
this seems the more likely exp%anation.

The consistant sex difference in Dy found in our exercise
study is of the same masnitude as that found in adults (33)
and children (107) at rest. This difference has been attributed
to,difference in lung volume, so that the ratios D”/PLC and

L

D /VC show no sex difference, Our exercise results are in
L
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agreement with the ahove authors except in the shorter boys
as dlscribed above.

Extrapolation of our findings on children to adult data
is shown In Fic.C22 were points for adult subjects measured by
a simlilar method and at the same oxycen consumption are shown.
(55,117,338) ©Gxtensive comparisons cannot be made since our
measurements were confined to this group to only one exercise
level (&OQ = .751/min); furthermore, our data does not permit
extensionhof the regression line beyond height 173 j 4,13 cns,,
and thus allow direct comparison of Dy with male adults of the
heights indicated. However, this fisure suggests that the boys
at these heights might have a higher D1 for comparable &62 than
adults (age 25 years). One wonders if the aging process in
respect to D , as found by Donevan (117) is already becoming
apparent in iales even at the asge of 25 years. On the other hand,

the sinod2e point for the adult female (338) lies slichtly above

that of the child.
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CARDIO-RESPIRATORY FUNCTIONS - Results

A summary table (Cl0) describes the test exercise loads
employed as well as numbers by age group studled at each level.
As indicated, there were 176 determinations of exercise cardiac
output included in the final results and from these results
varlous regression equations were derlved, as shown in Table
(c11).

Recalling that there were 83 individuals in the Control
group, and that each subject was tested at 3 exercise levels,
it follows that 73 measurements of Qc were excluded. Criteria
for exclusion of a measurement were as follows:

1) Faillure to equilibrate with the test gas, as indicated
by a falling F and rising F during the test perioed.

AN ANO
Both of these con&itions could be &etermined directly from

the tracing.

2) An F which was equal to or slightly below the
E N,0
P value. 8ince the expired sample contained the dead
A N.O

spacé gas (and therefore having a similar concentration to the
test gas), the expired value should always have been of higher
concentration than the alveolar gas. Incomplete expired bag
rinsing, or leaks at the mouthpiece during the test are among
the more feasible explanations for such conditions.

3) Miscellaneous technical errors accounted for rejection

of some results. For example, if the oxygen consumption



CONTROLS AND SWIMMERS

CARDIO-RESPIRATORY TEST WORXLOADS BY AGE SHOWING NUMBERS -

LOAD# 100 150 200 250 300 350 400 450 550
€L 4ge Group C S C S C S ¢ s ¢ s £s8 ¢ s ¢cs ¢ s
Boys 8-10 1 1 1
10-12 L1 8 2 9 1 4 1 2 1 1
12-14 8 2 3 & 3 2 & 2
14-16 6 4 1 5 3 1 1 1 Lo 1
16-18 3 4 3 4 1 3 3 1
18-20 - - - = i _ 1 _
C s
TOTAL 78 45 51 25 1k 122 112 8 119 3 1 0 4 11 L 1
Girls 8-10 1 2 11 1
10-12 Lo o 2 95 4 L o1
12-14 10 5 2 7 2 2 3 6 2 3
14-16 6 4 5 L4 3 1 3 4
16-18 5 2 2 5 2 3 L2
18-20 - e e e 1 __ 1 2 _ -
T 73 017 126 182 IITI515 37T G 71T 50 &
g 5 E
TOTAL 98 39 =3
=
TOTALS 176 104 8 6 5531 28 204 192628 6 2 0 11 20 L 1

C=-Controls
S=Swimmers

* Kem/Hin.



TABLE (C 11) GCARDIO-RESPIRATORY REGRASSION ZQUATIONS - CONTROLS

3 3%
Sex Y Regression Egquation S.8., of Coef.(b) Correlation Coef (r) S.E.of Y
i ¢ = 1.64 + 5.82 (%o?) + 0.313 (Age) 0.721 0,091 7Ll 528 1.55
=1.63 + 6.83 (ﬁoz) 0.703 1.66
91 + 5.96 (V0,) + (0.041(Ht). 0.741 0.015 .bo7 1,59
= 3,21 + 0,386 (vo2 x Agze) 0.035 .778 1.56
= 2.54 + 0.038 (Vo2 x Ht.) 0.0036 .767 1.59
F Q¢ = 3.66 + L,99 (?02) 0.68kL .599 1.71
= 2.33 + 4,75 (Voz) + 0,114 (4ge) . 260 1.70
Mo HR =198.8 +24.1 (ﬁoz) -6.03  (age) 6.76  0.853 .050 ~.525 15.0
=261.5 +23.1 (’oz) -0.921 (Ht.) ‘ 6.77 0.133 -.521 15,1
P HR =145,4 +45,5 (‘02) -2.755 (Age) 7.21 0.826 ’ sk 137 18.4
=278,9 +48,7 (voz) -1.138 (Ht.) 6,88 0,231 -.233 17.5
K 8V =-76.0 +31.1 (V0,) +0.681 (Ht,) 5.79  0.116. 635 .659 12.4
2 SV = 33.9 +15.4 (Vo,) +0.489 (Ht.) 5,20 0.189 .360  .133L 12.4
5 %oz = 0,460 + 0.0021 (Load) 0.0001 .889 0.122
= 0.620 + 0.0022 (Load) -0.0146 (Age) .0076 138 0.120
F VO =0.410 + 0.0023 (Load) 0.,0001 .86L 0.125
2
= 0.649 + 0.0025 (Load) -0.0222 (Age) 0.0001 0.0057 . 261 0.119
. (A_V)O;lo.lo + 2,02 (Y02> 0,95 .238 2,24
P Z6.50 + 5.28 (Vo,) 0.85 .538 2.12
WOV =10.70 +17.19 (Vo) 1.53 791 5t g
. o
F = 5.69 +22.99 (voz) 1.48 .828 3.91 B>
Y - Devendant Variables ;g

* S.E. and (r) follow same order as shown in regression eguation.

Independant Variables - Age in years, Ht.in cms., Load in cms., Loai in Ag’/mln.,vo2 in litres.
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determination was not acceptable, the cardiac output measurement
for the test load was similarily discarded.

The repressions for éo and the other values derived from
this measurement (stroke volume, arterio-venous 0 difference)
were thus calculated from the 176 determinations.2 For GOZ
there were 209 complete tests, for heart rate regressions 212,
etc. Because of the variabllity of numbers employed, age, and
test loads for each parameter, a summary table of mean values is
not practical and results are presented by regression equations
only.

Oxymen Consumpbion and Ventilabion:

Hegression equations, as given in Table Cll, were derived
from the 209 observatlons., 'These are plotted in Pic.C27 to
show the relationship between sexes in the Control group.

Oxymen consumption (litres/min) is shown as a function
of work load (K~M/min). The lines for each sex are virtually
coincident and as would be expected,no difference in the re-
gression engations was found. In sach sex the correlation
coefficient of &O? with load was high (males .889, females .864),
statistical compafisom between sexes, the group divided by age,
showed no sienificant sex difference at any workload, even when
account was taken of the slicht difference in bo@ﬁ surface area
(83A), Similarily, when age groups within a sex were compared,
this revealed no overall difference in 0 requirements for a

2
given exercise load for children of different ages., This is



| g/()a A. CONTROLS

[ litre/min

—
.

-0
i
O-5F
LOAD kg rm/ min
100 300 500
V
901 litre/min B,
O BENGTSSON ©
®@ ADULTS
40k
30F
P < 0-0l
20}
| | \:/@2 li‘i’i’@/miuﬁ
05 oI'O -5
FiG, 027 ~ A. Reletion of Vo,, and worlk (KgM/min) in boys and givls
of Control grolp . o

B. Sex comparigon of V to Vo. in Controls and coimpared
with meen values of other“children and adults (39)
(* < .01 indicates slope difference“%egressions off
Control boys and givls).
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evident in Fig.C28 (8 and C) where the multiple regressions

for VO on load and age are shown in relation to workload.

2
The difference with age was small in each sex, thoush slightly

more marked in the females. The addlition of age in the pre-
diction equation had only a small effect on reducing the
standard error of the predicted value (Table Cll). The positive
correlation of Qo with age is then more an indication of the
relationship of aée to load, since the older subjects did more
of the higher loads. It is of interest to note that at load

150 KeM/min,, in both sexes when the 10-12 year ase group was
compared with the 14-16 group (numbers were 12 and 7 for

males, 11 and 9 for females respectively), %O was sicnificantly

creater (P 0,0361) in the older boys, but lower (P 0.036L4) in

the older girls. Otherwise, in no case was there any difference

in this respect.
. 2
Comparison of V@ /M showed the younsger boys consistently
2
with hisher values, often sisnificantly so. This indicaltes the

close relationship of VO&to work rather than any real dependence

of VO during exercise on body size. Support is seen for this

2
in Pig.C28A, Here, mean values for adults (39) are shown in re-

lation to our Control children with sexes combined. (VO % 0.432 +
2(adult)

.0022 Load), The similarity is readily apparent. Also included are

results of other studies made on children (42,99). Tt is

noted the slopes of all lines are similar. Differences in the
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values 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,
showlng the sex relationship cross at &O = ,85 is, which
corresponds to the workload at which thezgreater number of
determinations were made. The coefficient of regressions was
found significantly greater in females (P< .01) indicating a
higher ventlilatory equivalent (G/&O ) at the higher workloads
In females. Conversely, the boys o?ten, though not always,
had the higher ventilation for the lower loads and this diff-
erence was significant at workload 150 KgM/min. (P 0.0244)
where results on 30 males and 38 females are compared. The

mean values for the combined sexes in Bengtsson's (42 )

study are shown to be in close agreement while those for adults

( 39 ) are lower.

Cardiac Output and Related Parameters:

Table Cll includes regression equations for males and
females for cardiac output, and heart rate, the two measured
values, as well as stroke volume and arterio-venous oxygen
difference which were calculated.

Cardiac OQutput:

As shown by the above table, several regression equations

for this function were derived. This analysis included the use
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of single and multlple variables, with and without transformations.
For comparlison purposes, some of these are shown for males only.
In the males the best fit of the data was with the multiple
linear regression employing &O and age although this was only
slightly superior to the regregsion using the product of these
two predictors. The correlation of both age and &O with éc

was slgnificant (r =.528 and .744 respectively) in Ehe males
though age was not significantly correlated to éc in the females.
Helght correlated less well than age in males while in females
the level of signiflcance (I" level) was too low to warrant
inclusion of helght in the regression equation.

Fig.C29 shows the plot of éc as a function of age in re-
lation to GO . Three ages (10,13 and 16 years) are shown and
i1llustrates She greater effect of age on éc in males than in
females. Values for a 25 year old adult (39 ) are shown
(dashed 1line). Good agreement is 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
i1s best at the lower exercise levels. The slope of the regression
line for adults was significantly less in males (P<K.05) which
again 1s in contrast with the females where no slope difference
wlith the childrens' regression was found. Statistical analysis
of éc indicates that for a given workload éc was consistently

greater in the older boys thougzh 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 thls age difference in boys significant.
Fig.C30 shows the sex comparison in Controls at ages 10,
13 and 16 years. Because of the direct positive correlation of
éc 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 &O’; this difference is reversed in the 16 year old
child (i.e. boés greater). Predicted values for the 13 year old
boys and girls are almost identical. Sex comparison by age group,
using the 't' test, showed the same trend. éc was higher in the
younger females (up to age 14) at the lower workloads (up to 300
KgM/min.). However, older boys had consistently higher values
at all worklevels and at the higher exercise loads this same
trend was present in the younger boys as well. Rarely were
these differences significant at the 5% level.
The relationship of heart rate to &O , in respect to age,
is presented in [Mig.C31 and in respect tozheight in Fig.C32.
The sex differences in exercise cardiac output as related to

VO (see above) is shown to be similar in heart rate. The

2
correlation with age was significant in boys but not in the

girls.

Height correlated higher than age with pulse rate in
zirls although neither showed a significant relation (Table cll).
The adult female predicted values lie below the line describing
the HR~&O relationship for the 16 year old (Fig.C3l) 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

HR for given chenge in VO ). When adults are compared with
2

children on the basgis 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 colncident.

Stroke volume is shown in Fig.C33. As seen-.in Table Cll
stroke volume correlated significantly with both &O and
height in males ( r=.635 and .659); these COrrelatiins in
females were poorer (r= .360 and .334). Age was not tried in
the regression analysis for stroke volume. It was indlicated
(above) that éo was greater in the older (or taller) male
subject while heart rate was lower in relation to &O ., This
indicates that SV increase with growth has more thanzoffset
the reduction in rate as a factor effecting cardiac outputb.
The 170cm boy, in respect to SV, is similar to the adult male
except at the lowest levels of QO . The change in SV with
height 1s less in girls than in biys. The relationship of
SV to GO is similar in girls and adults; however, even at
height 1;0 cms., these values are greater in the adult, for
a given &O .

Fig.C§4 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 éc-&o relationship was similar in boys and

2
zgirls (Fig.C30). This figure indicates the higher heart rate,
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lower stroke volume of glrls as compared with boys which
becomes apparent at the hlgher exercise loads. Almost wlth-
out exception, the heart rate in any age group and work level
was higher in females, though never was this difference signif-
jcant at 5%. Comparing ages wlthin a sex however, for any worx
load the younger chiid had the greater heart rate and in most
age group comparisons at different workloads this was found
significent. Similar statistical analysis for SV showed the
older child had higher values for any workload, and except in

the youngest age group the males had larger values than the

females.

Arterio-Venous O Difference:
2

There being no sex difference in respect of %O , any sex
difference observed in éc is therefore reflected inzthis cal-
culated value. Thus, it is seen in Fig.C35 that the (A~V)
difference..or 0 extraction..is lower in females at lowero

workloads and gréater at higher intensities of exercise, This
indicates the regression coefflciehnt on &O is greater in
females and the difference in slopes 1s highly significant
(pP£0.02). As expected, this same observation is evident when
statistical comparison of sexes for any age is made. No con-
sistent trend was found when ages within a sex were compared and

for this reason age 1s 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) 02 in females ( r= .538) which is in contrast
2 n
with the males (r= .238).

(Fig.C35)

Adult values (29) are shown and differences are the
reciprocal of those seen above 1in Qc (i.e)adult: females

are markedly lower than the childrenj agreement in males 1s

zood except at low levels of VO .
2

Discussion:

Ventilatory Functions: The close similarity of 60 in
child and adult clearly indicates the constancy of eff?ciency
in exercising man, and in respect to ventilation as well as &O
the adaptations to exercise in child and adult are similar, ;
although minute ventilation is slightly greater in children
(Fig.C27B). The age effect of GO in children was slight.

2
and, in view of the directional trend (i.e. less in older) .

indicates the negligible effect of body surface area on the

0 requirement in exercise.
2

Cardiac functions:

In general, the adaptations to exercise in respect to Qc
are similar in adults and children, with heart rate playing a
greater role in this regard in the younger rather than older
child. Or conversely, as the heart grows, and stroke volume
becomes greater, the heart rate is reduced. These are expected
findings. Also expected, and observed, was the sex dirference

in respect to heart rate (higher in females for a given VO )
2
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(see Fig.C34), which agrees with the results of others (13, 256).

There are however a few findings which might not have been
anticipated. Ilowever, conclusion should only be drawn in the
light of the following precautions. The unexpected findings may
in part be attributed to the distribution of ages gtudied in the
children, in particular with respect Lo older children of which
comparatively few are included. Also, we have perhaps not been
fully justified in tforcing’ linear equations.on the data; none=-
theless, since the primary purpose of this control study was to
permit comparison with swimmers of comparable age, this manoceuvee
gseemed justified.

The most surprising aspect of these results is the different
relation of the male and femal~ nrhild to adults regarding cardiac
output (fMie,C20), The results for males arn ag night be expected§
thus as ®ig,C29 indicates, the 14 ~rear-old boy shows the responta
of éc to work very similar to thnat of the man, indicating that at
are 16 years he has admost reachi~? maturity in this respect, The
heart rate (Figurns ”?1~?2)Pstroke volume (Fig.C33) and 02 ex-
tractton (Fim,C35) all support this conclusion. In contrort 1is
the difference in &o between Control girls and womren (Fig.CZQR)
whereby, from the slope of the lir~s, es well as the slight age
difference in children, no mnturing effect on éc ig seen in the
csirls. The author iz inclined to regard this more as tartifact!
than fact. 'The fow older girls in the study (i.e. 10 age 15 +

years) may allow the younger children to bias the regression
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line and determine 1ts slope. In addition, it is quite
possible that these older glrls are late maturers; this is
sugrested by thelr shortness (Fig.Cl) and also by the fact
that they were participants in a playgrounds summer program,
which in reneral does not appeal Lo young post-puberty girls.
It is pBerhaps not fair, in a study comparing chlld and adult,

to mix pre-and post-puberty cirls, particularily since the

child=-hearine ace seemincly elevates Qc in relation to VO?(39).
The heart rate response to VO however does susggest the 170 cm.

2
oirl ig adult (FPip.C32) though the stroke volume for this helisht

is below that of women. '

The similarity of sexes in children up to asge 13 years in
raespeclt to éo ig apparent, at which ame the &o»VO? relation is
similar (Fic.C30). However, as showm in Fig.C34, a clear sex
difference is already apparent not 5n1y in respect to heart
rate (lower in boys) as shown hy others (13) bub in stroke volume
which ig lareser in boys.

fMinally, it is of interest to find Lhat the young child for

a miven VO? has a- lower Qc, and correspondingly higher A~V C

. 2
difference (since there was no difference in the VO = work relation)
2
than adults. Assmussen might recard this as a decreased efficlency

of the 0 delivery system in the young child as sureested in his
review (8). If this were so, 1t would not seen compatible with
some obher physiological functions which deteriorate with age (33).

>

A more feasible explanztion to the author is as follows;for a given'm
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the young child 1is 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 Johnson's study (198 ) suggests), has a lower max-
imal VO2 (13) while his maximal arterial .0 content is not

. 2
different. Hence, for a given VO he must perform at closer

2
to his maximal levels in respect to this function. Presumably,
1f these functions were expressed as % of maximal, there would

be no difference,



PART TV

Chapter 7. Project Swimmers

:L.

..subjects
..testing procedure

A.Physical characteristics - results

B

B.ane volumes - results

Y. lune Plow Rates -~ results
. .discussion

Diffusine Capacity -~ resulls
..discusslion ..comparison of
children and adults
..comparison of
gswimmers and control

Cardio-respiratory Functions
..results ..oxygen consumption
and ventilation
. .cardiac output and
related parameters
..discussion



VOL33

PROJECT SWIMMERS:

The children comprising this group were selected from
three different swim clubs in the City of Montreal. Each
was 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 studies,

At the onset, the coach of each team was approached and
advised of the nature and purpose of the study. This was
followed by distribution of letters of information and consent
forms to parents. No member of a swim club who indicated a
desire to participate in the program was refused. Because
of this plan, the group referred to herein as swimmers was not
comprised only of the best swimmers of each club although most
of the best swimmers of each swim team did participate.

Initially, 70 children were studied in Year I, (38 boys
and 32 girls). Forty-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. Forty-seven of this number returned in Year IIT,
24k of whom 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

tralning.

Table 51 summarizes their physlcal characterlistics and
includes any swimmer who was studled in the 3 year perlod;
each was counted as a 'new'! subject at each annual return
visit. Thus, in Table S1, the 71 boys and 73 girls are
comprised of 79 different indlviduals. The table bblow

indicates the number of individuals, and years studied;

Years Studled Boys _ Girls
1 12 11
2 14 18

3 A2 12
38 b1

Seven of the 86 individuals tested were excluded for technical

reasons.
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TABLE (S 1

)

PHYSTCAL CHARACTERISTICS

- SWIMMERS

3

AGE GRCUPING NUMBER
(years)

8-9.9 L
10-11.9 16
12-13.9 20
14-15.9 16
16-17.9 13
18-19.9 2

8-9.9 7
10-11.9 21
12-13.9 26
14-15.9 13
16-17.9 5
18-19.9 1

*, .Repeats on

MEAN AGE

MEAN HEIGHT

MEAN WEIGHT

(years) (cms, ) (kems., )
2.07 131.83 27,96
.54 2.79 1.89
10,98 141,26 35.22
.51 5.20 5.06
12.92 151.74 L5, 26
.50 6.08 5.37
15.09 168.96 58,66
.50 8.07 9.54
17.17 175,28 72,22
.48 4,53 6.86
18.50 175.5 76.55
4.53 .29

9.00 129.81. 28.10
.52 11.13 5.97
11.19 143,70 37.44
A7 6.90 5.57
12.83 155.57 45,40
L7 6.75 5.92
15,00 161.92 55.32
.51 4,43 6.89
16,80 163,17 59.20
U8 4,13 4,17
18,50 172.80 65,40

an individual counted as & new subject.

SETOn
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Testing Procedure:

For testing, the swimmers were divided into two groups
according to the month of the year in which they visited 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 colncide 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 was made durlng the
following month.

In each of the 3 years, lung volumes and flow rate measure-
ments were made. In Year I, determination of exercise D CO and
&O at one level of exercise (3 mph,3% slope on the treagmill)
weie performed. In Year II, two determinations were made at
different exercise loads on the bilcycle ergometer, one of which
required a similar oxygen uptake to that in the test exercise for
Year I. The testing in Year III conslisted of similar measurements
(D CO and &O ) at exercise levels similar to Year II plus an
adgitional eiercise 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 was similar to
that described above for the Control group, except that when
vepeat D‘CO measurements were made (Years II & III) the re-

L
breathing procedure as described by Henderson and Apthorp (r72),
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was followed after each test to permit COHb correction.

Results:

In presenting results of the 1ongit@éinal gstudy of the
swimmers, comparisons are made with the Control group. Both
groups were studied in the same laboratorles under similar
conditions. Because of the duration of the study, it was not
possible to have the same technilcal assistants throughout.
However, each technician had been trained in the same depart-
ment and followed similar testing procedures; furthermore, the
techniques used, and for the most part the equipment employed,
was the same for the duration of the study. It was hoped that
these precautions minimized the effects on results due to
technical variation.

Data processing was carrled out in a manner similar to
that for Controls. For purpose of group comparisons, multiple
statistical anlysis were performed; in addition a comparison

was also made using regression analysis.
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PHYSICAL CHARACTERISTICS:

The physical characteristics of the swimmers are presented:
in Table S1, and these are graphically displayed in Flgures Sl
#gnd S2. Mean values for helght and welght are shown in relation
to age. Table S5 summarizes the statistical findings, showing
the group differences with sexes separate and comblned.

In respect to age, there was no overall difference (P 0.5325)
although male swimmers and Control females were slightly older
than those of the same séx of the opppsite group. The swimmers
were taller at any glven age nfter 12 years, a significant
difference prevalling in girls between ages 12-16 years. They
also weighed more in relation to age than did the Controls (Fig.S2)
although the differences are less marked than for height and in
no age group were the differences statistically significant at
the 5% level. This meant that the Controls tended to be slightly
heavier for a given height than the swimmers. In general, however,
overall results of thelr physical characteristics showed few
marked differences from the Controls,

Table SU4 summarizes the sex differences among swimmers.

The males were significantly older than the females (P 0.0217)
which also resulted in significant differences in both weight
(P 0.0038), and height (P 0.0274). The growth pattern of the

sexes was similar to that for the Controls (Controls shown in

Fig.C3).



TABLE (S 2) MEAN VALUES FOR LUNG VOLUMES AND FLOW RATES
SWIMIERS - HALE
AGE NO. HT. W, Ve ERV FRC RV TLC MMFR FEV
yrs, ) (cms.) (Kzms.) (1s) (1s) (1s) (1s) 1s) (1/sec.) 1/min.)
8.00 1 128,5 26,00 1.86 0.26 1.19 0.93 2,79 1.56 45,00
9.57 7 134,09 29.17 2.21 0.71 1.4k 0.73 2,94 1.85 57.86
.98 2.88 2.00 .23 .06 .31 .30 A7 .39 9.84
11.50 20 14k ,35 42,39 3.01 0.88 1.63 0.76  3.76 2.72 85,26
1.36 3.20 9,40 . 8L .32 .65 L1 1,15 .79 24,54
12.50 12 153.40 45,00 3.20 0.92 1.62 0.69 3.89 2.74 87.40
.80 2.94 4,67 40 .16 33 .29 .52 .63 11.65
14,00 ¢ 164,92 55.87  L,25 1,25 2.54 1.23 5,52 3.98 116,13
1.50 2.47 6,90 .78 .25 .63 .38 1,15 .62 22,65
16.00 20 175.02 69.63 5,18 1,81 3.3 1.4  6.68 L,86 152.89
1.21 2.5 4,72 .81 .31 A1 .30 .90 1.10 26,64
16,00 2 183.00 56.10 5.94 1,85 3.63 1.89 7.83 5.07 176.50
1.41 L,24 23,14 .06 .67 . 20 .33 139 189 10.61

66TOC
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TABLE ( S 3) MEAN VALUES FOR LUNG VOLUMES AND PFPLOW RATES

SWIMMERS - FEMALE

E NO HT. WT. VC ARV FRC RY. TLC MMFR FEV
. (ems.) (Kems) (1s) (1s) (1s) (1s) (1s) (1/sec) (1/min.)
8.50 2 115.55 2l.15 1,36 0.4 0.94 0.99 2.36 1.86 ks, 50
.71 .07 1.63 .09 .06 .60 .69 .65 10.61
00 1 129.5 24.50 1.83 0,56 1.01 0.45 2,80 1.69 54,00
91 11  135.95 32,69  1.92  0.63  1.k2 0,77  2.69 2,27 58.87
14 3.25 4.38 .21 .09 .24 . 25 .31 .57 11,01
20 15 146,01 37.85 2.53  0.79 1.55 0.76 3.29 3.16 80.96
01 2.36 3.61 .23 .19 .27 .26 .36 .78 12.26
36 22 154,53 bs.24 3,01 1.03 1,98 1.07 4.08 3.46 97.34
L7 3.00 L.88 .60 .16 . 30 .64 .58 .65 16.49
11 19 163,78 55084 3,82 1.26 2.35 1.16 4.92 b1k 117.38
L3 2.85 .12 .51 .28 L3 .34 .59 .91 18.35
33 3 172,27 6k.13 4,83 1.27 2,45 1.18 6.01 3.75 131.00
53 0.68 1.10 .16 .10 .36 .26 .34 .69 3.61

00200



TABLE (S 4)
VARTAVLE
AGE
HETIGHT
WEIGHT
FRC
Ve
TLC
RV
ERV
MMFR
FEV
D Co/Vo

L 2
D Cco 3/3
L 150
300
D Cco/Mc 3/3
L 150
300
D_CO/Kg 3/3
L 150
300
Vo /LOAD 3/3
2 150
300

TABLE OF

SEX COMPARISON.- SWIMMERS

'P' VALUES SHOWING

MALE

. FEMALE

+ +

+++

higher values
* .gignificant level

lpl
.0217%
0.0274*
0.0038%
0.0108%*
0.00Q1#
0.0005%
0.4787
0.0035%
0.5887
0,0167%
0.0029%
00,0174
0.0021:
0,0008%*
0.,0257:%
0,7402
0.8392
0.0733
0. 3860
0.3461
0.0821

0.0957
0,9807

002041
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TABLE (S 5) TABLE OF 'P' VALUES SHOWING
GROUP COMPARISON
" GROUP /
VARTABLE CONTROL  SWIMMERS BOYS GIRLS COMBINED
AGE + 0.3097
+ - 0.0585 0.5325
HEIGHT - 0.2360 0.4588
o+ 0.6376
WEIGHT + 0.0631 0.2876
+ 0.4524
FRC & 0.1078 0.2675
o4 0.6199
Ve e 0.0007% 0,0315% 0.0001%*
TLC S 0.0034% 00,2051 0.0015%
RV 8 0. 3454 0.9141
4 0.3900
ERV o 0.0623 0.2515 0.0276%
MMFR e 0.0454% 00,0100 0.0017%
FEV 4 0.0033% 00,0007 0.0001%
#D _Co 4 0,0332: 0.1705
L & 0.6267
D Cco/vVo g 0.6708
L 2 4 0.,1212 0.3781
D ¢o/mc o+ 0.0020% 0,2697 0.00731%*
L
D COZKg 4 0.1653 0.1987 0.0680
. L
Vo (150 Kg) o4 0.7812 0.9326
2 + 0,7418

+ -~ Higher-values

* ~ Significant
# - D CO at loads 150 KgM/Min.only
L
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TABLE (S 6) SEX COMPARISON IN RELATION TQ HEIGHT - SWIMMERS

NUMBERS 'P' Value
HEIGHT (cms,)  MALES/FEMALES VG TLC
130~140 7/11 0.0227% 0,2358
140-150 20/14 0.0308% 0,1074
150-160 12/21 0.2827 0.3569 (~)
160-170 9/19 0.1455  0.1549
170180 19/3 0.2332  0.1405
TOTAL 70/71 0.0001* 00,0005

(-) females larger

statistically significant
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LUNG VQLUMES:

Since lung volumes are directly related to height, analysis
was made between groups divided according to heilght rather than
age.

Table S2 and S3 show mean values with SD, for the subdivisions
of lung volumes and flow rates for boys and glrls swimmers respect-
lvely. Mean values for physical dimensions and age are also
included. It will be noted that these valués differ from those
shown in Table S1, only because the group was divided according
to height in 10 cm.unlts, whereas in Table S1 they were divided
by age in increments of 2 years.

Fig.S3 shows the plot of linear regressions (Table S7)
describing the relationship of lung volumes and height for each
sex and Table S8 summarizes the correlation coeffilcients for the
different regression analysis performed. No consistent sex
difference was 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 S&). 1In part, this overall sex difference in the
swimmers can be attributed 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
was significant in the younger children too (heights 130-150 cms) .
(see Table S6). Except at height 150-160 cms., where the number
of Temales was greater (21/12), males had larger total lung

volumes but at no height was this difference significant (i.e. at

5%) .
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Girls

TABLE (S 7)

LUNG VOLUME AND FLOW BATE REGRESSIONS - SWIMMERS

Dependant Constant
Variable
(Y) 3
Ht (Ht)

FRC -5.68
- .Lgé

\e: -7.64L
- .093

TLC -10.23
-  .308

RV -2.53
- L2011

TRV -3.14
-  .287

MMEFR -7.35
- 2L 2

FEV -239.85
~-11.066

FRC -3.16
e 122

Ve ~6.L6
- L3

TLC =7.17
- .086

RV -0.91
- .280

ERV -2,02
- .095

MMER -4, 68
. 506

FEV -221.78
- 60758

Coef,of
Indep.Var, (b)
(X) 3
Ht (Et)

0505
685

0728
977

.0960
1.295

0227
313

0276
e 372

0689
0929

2,2143
29,868

0334
Lok

0621
.955

0723
1.128

0125
.196

0197
. 298

.0523
.791

2.085
27,812

Corr'n SD of SE of
(r) Coef. (b) (Y)
.843 .0039 .503
.855 .0503 L84
.863 .0052 .665
. 866 .0685 .659
.863 .0068 .875
.871 .0886 .852
712 .0027 . 350
.732 .0353 . 339
.830 .0023 « 290
.836 .0297 . 285
.792 . 0066 .3833
. 797 .0873 .825
.836 .1778 22,55
842 2,3424 22.18
774 .0033 . 324
776 .0L87 323
.851 .00L6 484
. 866 .0665 U462
. 864 .0051 .538
.882 0727 504
<341 .0041 L33
.356 L0621 L4321
. 784 .0019 .196
. 787 .0282 .195
677 .0071 . 735
671 <1077 . 740
.852 .1148 19.11
.859 2.0393 14,01

LOSO0



TABLE (S 8)

SWI

CORRELATION COEFFICENTS FOR

MMAERS

LUNG -VOLUMES AND FLOW RATES

Regression Used

Dependant Independant

= Dependant Variable (Y)

SEX Variable “yariable = FRC ve  TIC RV ZRV MMFR  FEV
(Y) __Ht(cms, ) ' : ' : :
Boys - - .843 .863  .863 712,830 792 .836
log - .827 .878  .872 6L .826 . 800 .837
- log 833 879 .857 670 .842 787 830
log log .820 879  .869 631 .826 - .780 .837
- ()7 .855  .866 .gm 232 .836  .797 . .8h2
Girls - - 77k .851 .86k 31 s 677 .852
| log - 2805 .8k9  .891  .b38 . .B21  .708  .866
-~ log .768 .839  ,8Lo .331 ;7?8 .657 .843
log log .803 . 8L . 881 Lo .820 711 . 864
- ()3 776 866 882 386 787 671 .sso

Higher correlation value underlined

- indji

cates no transformation,

ema

80200
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litre -

| SWIMMERS N

S A lig's “Se
-9 TLC

_ . HEIGHT cm ;
140 150 160 170

FIG. S, = Sex compavigon in Sylmmers of subdivision of lung volume in
relation to height (Bars indicate S.E, of regression lines of
nales, “indicaetes sex difference in mean values = P < ,05),
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Comparison with Controls ls shown in Fig.S4 (males) and
Fig.85 (females) were linear regressions, using height as the
independant variable, are plotted,and in Table S5, it can be
seen that swimmers have slgnificantly larger valuesifor vCc, TLC
and ERV. In respect to FRC énd 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 Controlsg tﬁan in the girl swimmers.,

' This was opposite to that Tor the boyg  (Table S5) where it is
seen‘that @he swimmers had higher values for all subdivisions

of lung volumes, While the difference in the females was not
nsignifioant at -the 5% level, in each casec (FRC and RV) the slope
of the regréssion lines (Fig.SE) were different { P<;0.0l)f

On Figures S and S5, regressions for 20 year old adults
(152) are plotted. 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., comes closest to adult values;

th@ greatest differsnce between adults and children is in respect

to FRC,

FLOW RATES:

Mean vélues for flow rates in swimmers are included in the
lung volume tables indicated above, Linéar regressions are
vlotted aescribing sex differences in swimmers (Fig.S6) and
group differences in Fig,37 (males) and Fig.S8 (females).

In Fig.S6, it is seen that values for F&V in boy and girl
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litre  O7 LUNG VOLUMES

—— CONTROL

6f — — -— SWIMMERS
o———o ADULT (20 yr)
(GOLDMAN & BECKLAKE)

HEIGHT cm

]

140 150 160 70

®IG, ), = Subdivisions of lung volumes related to height campering mele
sulmmers, Controls end adults. (“indicatos group dlfference or
mean in children P < .05).
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> pemale swimmers, Controle end edults. ( indicates group
difference in mean velues in children P < .05).
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FIG, 86 o Sex coaupaviscon in Sylmners of MUFR & FEV, in wrelation to height.
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PIG, S, =« Ccmparigong of MMFR & FEV as relabed to height in nale
Swiumers, Controlm and edulbs.
(ﬁindica"c.es group difference in mesn values in children
P < .,05).



MMFR litre/sec

—
- (0]
4 e O
9 o—-“"‘”"oﬂo -
3 N
-
B
CONTROL
ol . SWIMMERS — — —
ADULT (20yr) 0—o
(GOLDMAN & BECKLAKE)
I "
_ o .
FE\/O_75>< fO litre/min
¥
Hok
90}
70l
P< 005
50k
S0r HEIGHT com
140 150 160 170

FIG, SB = Comparigson of MR and FEV ag reloted to height in female

Swimmers, Controls and edulis
(“indi_cai:@a group difference in meen velues in childven P < .05),



SNIA6

éwimmers are simllar. MMFR was higher in the girls at shorter
heights. As shown 1n Table Sk, the overall values for males
weré higher in each case, attributable to more taller boys in
the group.‘

In additioq’swimmers of both sexes are shown (Table S5,
Figures S7 & 8) to have significantly larger values than Controls
for both MMFBR and FEV. Furthermore, this difference was found
at any given height, and in most cases (i.e. at most height
o-~groups) was significant.

As was the case for lung volumes, neither group of male

“children, even at height 170 cms., had values for flow rates
comparable to ;dults of a similar height (Fig.S7). The Control
girls however, have reached adull values for FEV, and nearly so
for MMER, at height 170 cms., while the values for female swimmers

is greater than for adults at this height.

AIndivqual Growth .,vVolqus end Flow Rates

e

The comparison of linear regressions, as in the presentation
of results above, was considered appropriate for group comparisons
(1.e. Swimmers and controls) as the grouﬁs involved were similar
in age and physical dimensions. This method’beoause it linearizes
the ccllected data, cannot show clearly the individual growth
patterns which may differ from year to yéar and may be altered by
strenuous athletic training during the growing period.

To illustrate growth of lung volumes and flow ratesﬁresults
on individual swimmers are compared with control regressions in

Fig.S9-14, Each point representing the first measurement on
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ény child is cohnected to subséquent measurements 1n‘the same
.subject, VC, FRC and FEV values are shown; Vital Capacitylwith
few.exceptions,ls higher in swimmers (In Fig.S9-3S10 most points
‘lie aboVe the regression line for Controls). In the taller boys
there is an increase in slope in the individual lines relating

VC to height, suggesting a transition from child to adulthood.

In other words, although the growth rate, as indicated by height
change, has slowed, VC continues to lncrease perhaps as a coﬁ-
sequehce of increasing development of the shoulder girdle musculatu

It'waé noted that in the shorter (younger) girls (?ig.SlO)

" their initial\yalues lay close to the regression line for Controis;
but training during the growth period has increased the rate of
growth of VC (i.e. the individual lines have steeper slope than
Controls). It was also noted with interest that many individual
values_of the swimmers lie above the predicted adult values, a
point which is not evident from the linear plots above (Figures

S4 and 85).

In Figures S11 & 312, the FRC-~Height relationship in the
swimmers at annual intervals are plotted for comparison with the
regression of FRC on height in the control group. A wide scatter
noted in the boy swimmers s not seen in the data for the girls.
An Increase 1n slope at the taller heights, as noted above in VC,
is agéin shown here, while in the shortest girls there was no
change in FRC with increasing height.

Individual points for FEV (Figures S13 & S14) in general lie

above the Control regression line, even at the shortest heights,
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and thls group difference, which 1s especially well shown in
the Ramles, (Fig.S14) becomes more apparent with growth, and

presumebly with swim training.



DISCUSSION:

- It has been reported ( 70 273) that the degree of phy51ca1
development is greater in leading swimmers than controls not
engeged 1n speclal physical training programs. These observations:
werc deduced by comparing the small groups (30 in éach study) with
controls or established norms of comparable age. ‘The present study
compares swimmers (79 individuals), studied on 1, 2 or 3 occasions
4at yearly intervals during the growth and training period, with
83 t'controls!., With such small nuﬁbers, caution must prevail
uwheh attempting to draw conclusions. However, it is evident there
is no clear indication that the physical dimensions, in relation
to ageywere different in the swimmers. Nor was there e&idence of
a change in growth pattern in the children in swim training who
were studied anmually for 3 years. Although it is true that our
swimmers, for a glven age were_on'the whole taller, and slightly
heavier, than our contfols, by comparison with more extensive
“data ('66;336) our controls were 'short and fat' and our group:
differences in pﬁysical characteristics can probably be attributed
to sample selection. Our swimmers are comparable in height and
welght to the mean values of others for normal children (,66,336).
In contrast with the other studies ( 20,273), our swimmers group
did not include only champion swimmers and this may account for
our different observations.

Swimming has long been recognized by lay, physical educatlon

and medical people as being among the best activities for exercising
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simultaneously, virtually all muscle groups of the body.
Likewise, it has been long established that repeated heavy
exercise will result in hypertrophy of muscles. It is thus not
surprising to find that these sub-dlvisions of lung volume which
relate to voluntary effort (i.e. IC and ERV) and therefore depend
on the muscle power available, are greater in the trained child
swimmer. Indeed, it is apparent that the only difference in

lung volumes between groups was in respect to VC, and as a con-
sequence of thls, TLC was greater. In this regard. however, it
was of interest that this difference was detectable In even the
youngest boy swimmers who had in fact been engaged in swim traine
ing for, in most cases, less than one year.

The present study does not enable one to separate distinctly
the relative importance of genetic and training factors in the
development of en athlete. There is some evidence however that
training modifies growth pattern of lung volumes, at least with
respect to VC. This is indicated in the glrls particularily
(Fig.S510) where there is a distinct increase in the slope on the
VC=Height relationship in swimmers.

There are two distinct advantages accrulng to a swimmer,
from stronger fessential'! and accesssory respiratory muscles:

a) a greater volume of air can be contained in the lungs and
b) faster flow rates can be developed. Because of the limitation
imposed on the breathing pattern by the water in swimming, a

larger inspiration should mean a higher fractional alveolar O
2

conoentratioq/ﬁnit time, thereby permitting better arterialization
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éf thé.pulmonary caplllary blood during the time the swimmers
respiration is restricted. 1In addition, a swimmers efficlency
as a performer is highly dependant on skill and if his stroke
ﬁattern had to be varied to accommodate inspiration, valuable
time would be lost during the course of the competition. Because
of this, higher flow rates, particularly inspiratory flow rates,
can permit a larger tidal volume to be inspired during the
"recovery" phase of the arm cycle. This larger tidal volume -
might also be expected to afford an additional advantage to the
swimmer in that he would be more buoyant, thcreby reducing the

" Ydrag!' of the water on his body.

To permiﬁMﬁaximum inspiratory time during the "recovery"
phase, the process of explration must be effected with the head
1mmersed{ This necessitates development of higher intra-pulmonary
pressures during expiration which must inevitably result in hyper-
trophy of thé exéiratory muscles as well,

These findings(a larger VC and higher flow rates in swimmers)
are in agreement with Newman et al (273) and Astrand et al (20 )
and supports the concept of increased dimensions of this aspect
of the 0 transport system in trained persons as found by

2 .
Holmgren (182).



Diffnusing Capacity Besults -Swimmers

.Regressions describing the exercise D In relation to
height and oxygen uptake are presented in %able S9. Because
of the number of repeat measufemenbs made, and the use of
several different exercise loadé (Table €10) it is not
préctical to attempt to include a table of absolute values.

Fig,S815 describes the relatlon between sexes in respect

to ﬁo and height. The relation of DL to VO 1is seen to be
slmilir in both sexes, in that the slopes ofzthe regression

lines are not-different. The difference in constants in the
regfession equations is evident since for any level of exercise
where comparisons of sexes were made (see Table Sk) the observed
values were statistically higher in males than females, whether
comparing'DLCO oY DLCO/&OZ. This sex difference disabpeared when

account was taken for body size (e.g. D C0O/Kg in Table Sl) or when
- L

D1 was related to lung volume (D CO/MC).

Comparison with Controls isLshown in Fig.S16., Such comparison
is made for only one level of oxygen consuaption (i.e. .75-1/min)
which corresponds to the mean value of &O for the control group.
No significant differences in slopes of tge regressions was found
in males or females (P< .20). When group comparison was made by
height or age, at load 150 XgM/min., the observed values for DL
were greater in boy swimmers (P« 0.0332) while no such difference.

“was Tound between the girls of the two groups.

Tn Fig.S17, the relationship of D coto VO in boy swimmers
L 2
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TABLE (S 9)

REGRESSIONS FOR DLCO -

Sex Dep. Constant
Var.
1 D CO -bo,e7
T .
F —3007?
M&F 45,65
M D Co/MC 13.16
L
I 14,91
M&R 13.97
M D CO 5.75
L
I3 2.81
-6
(p) x 10

Indep.Var.

Coef. (b)
Ht. V02
0.b62 £.77
0.323 6.27
0,428 6.65
~0.028 0.892

-0.03%  --

-0,030 0,424
3-}%

(58)

5,10 L,02

5.29 3.39

SD of (b)

ity

Bt, V02

0.036 1.70

2,025 1.15

0.023 1.09
0.009 0.449
0.011 -

0.007 0,347

0.466 1.81

0.574 2,09

He. VO,
.826 .552
.807 .609
.827 .583
-.222 .068
-.255 =.122
~.244 -, 048
.783 472
715 .Lbo

600
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of helght 170 cms.is compared with values for men in their
twenties studied by Donevan et al (117), while similar comparisons
are also shown between the girl swimmers and unpublished data

for womeng data collected by Summers and Gumman in our laboratory
using similar methods). The similafity of the results on girl
swimmers and on adult women is obvious; also the single value

shown for our Controls (i.e. VO. .75 1/min.) falls on the line

2
of the adult women. Howevér, the repgression line for the boy
swimmers lies clearly above that for adult males (mean heicht
178 cms) even thoush the boys were on the averapge shorter. Note
however that these differences are nobt statigbically significant
gince the adnlt line falls within 238 of the line describine the
data on children,
further comparison between Controls and swimmers is made in
Fig.S18 (boys only shown) which shows D /HC and D‘/PLC, at similar
oxyesen consumpltion levels, in relation %o height.L In each case,
Control values are pgreater and the difference is consistent
throughout the heipht rance. It should be noted that the 3D of
the DH/MC ig wide (Table S5), vet the difference between boys (P.0020
thougﬁ not oirls (P.2697) in this respect is sienificant (P .0031).
Fipures S19 and 20 show the individual values (boys and girls
respectively) for successive diffusing capacity measurements at 2
or 3 levels of exerclise, correction bheing made for CCOHb in each

case, The individual scatter along the vertical axis illustrates

the great dependence of D , for a given VO , on heisht. Although
L 2
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the increase in D with higher levels of exercise (and higher
. L
VO ) is not always seen (i.e. lines joining individual points

2
have zero, or occasionally negative slope), the general trend

of an increase in D wilth VO is evident. It is noted too that
L 2 .
the slopes of these lines is greater at VO 1 1/min,,therecafter
(o]
~

flattening with further increments of VO .
2

Pig.«l shows individual points for 5 in selected swimmers
considered by thelr coaches as having supgrior ahility or potential
These "elite" subjects are shown in relation to the regression
line of their own aroup, and the line for Controls (&O comparable
in all)., The majority of these individual results 1ie2above

predicted values for both groups.

Discussion:

Comparison of D[ in children (swimmers and Controls) and in adults.

.

Although the relationship of D and. &O has been well defined
in adults, especially males, studieg of exeicise diffusing cap-~
acity at submaximal exercise levels in chilldren have not been
reported. 'The present findings indicate that this relationship
in children (swimmers) is similar to that observed in adults
(Fiz,3817). 'The increase in D , per L O? consumption observed
was 6.77i 1.7 in males and 6.%7 * .15 {n females. These ratios
are similar to those found by Newman (274) and ogilvie (277) thouch
slichtly less than reported by Donevan (117) and Linderholm (236)

in adults,

The are at which a child becomes an adult in terms of lung
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functions has not been clearly demonstrated. Berglund et al

(b)), analyzed the combined results of several studies (53,54,160)
and concluded that peak values for FEV and VC are reached in
males at age 25 years, and in females:at age 20 years. This

is in acsreement with our finding in the control group (all

under 20 years) that, in respect of lung volumes and flow rates,
their values were lower than those for adults of comparable
helghts. By contrast D in the 170 em.tall control "child" is
comparable to that in ai adult of similar height at the single
level of &O at which comparison can be made, while the girl

2
awimmers have values comparable to those of adult women over a

wider range of GO (P ,S17) .

The differenge in boy swimmers and adults is of interest.
‘"he higher values in the boy swimmers might sugeest that one of
the early events related to the asging process is a decline 1in
exercise D CO although this idea is not suppordby the
similarityLof the single value for Controls with the regression
line for male adults. A more likely explanation is that the
swim training or endowment has conferred on the older male child,
thoush not the female child, the advantage of a higher D_, an
advantage which apparently is all too short lived! (226)L

The dependence of D_ on body size, or lune volume, has been
sugzested to account forLthe slight sex difference in adults (137)

and our findings support this view. However, the exaclt relatlon-

ship of this measurement to height in adults has not been defined.
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The present findings, showing a marked dependence on height of

D in children, suggests that height differences may account for
L

some of the intersubjsct variation found among adults.

Comparison of Dr in Swimmers and Controls

xercice diffusing capaclity was significantly ereater in
boy swimmers than in Controls of comparable age and size at one
exercise level of moderate intensity. No group difference in
resnzackt Lo DL was observed in females. No ready explanation is
at hond ko account for the difference between sexes, The severity
nf Lraining for boys ond glrls was comparable and no differencagin
age of onseh of training or training technigue were anparent,

Tt mi~ht be argued that the diflerence in boys may be related
Lo differencns in lung volumes prevalling durine the testing.
Thig is sucqested in Fig.S18 where it 1is seen that DT/MC is hisher

T
in Control boys. Since no difference was observed in [FRC (FFie.S4),
the higher V,P of the swimmers accounts for this reversal (i.e.DI
higher in swimmers, D /MC higher in Controls). The larger Vp oE
L _

armimmers is uwnlikely to account for the hicher D in boy swimmers,
I
nowever, since doubling V had a negligible effect on D (266); nor
T L
can the group difference be attributed to variations in minute

ventilation since these were negligible (see Pim.S25),
When the sexes are combined, it 1is evident that the sroup
difference in D are not striking. Perhans it was presumptuous
L
to expect Lo find clear and strikine differences between our groups.

It is eagy to propose reasons for our failure to observe well

53
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defined changes.firshdy,The differences observed by Mostyn (266)
were apparent only in the Ohambion swimmers of the swim group
which included 3 of Olympic calibre (one of whom was a finalilst
in the 17th Olymps&d). oOur "Swimmers" group doubtless includes
many who, in the vernacular of swimming, are'also swams'..and
their effect would he to normalize this group. Fligure S21
sugpests that this might have been the case in the girls., As
shown, most of the points for the few 'elite! girl swimmers lie
above the regression line of theilr own group, a line which they
have influenced, as well as the line of Controls. Perhaps there
were fewer proficient oirl swimmers and this accounts for the
difference between boy and girl swimmers and Controls (i.e. boy
swimmers higher than Controls, but not girl swimmers).

A second factor which might obscure differ@nceé, 1F indeed
there are differences, might be the effects of growth, in
particular variation in growth rate, which can make interpretations
of results difficult. Thirdly, more striking differences micht
be apparent had comparison with Controls been made at several
and hicher test exercise levels.

A hisgher diffusinge capacity, it can be reasoned, would be
advantaseous to competitive swimmers. It has been shown by
Goff and Bartlett (149) that the trained underwater swimmers
have a hisgher end-tidal CO concentration (which can rise to 8%)

2
than the untrained. These authors polnt out also that the trained

employ a greater V Dbrea’the more slowly with prolonged pauses,
T
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and have a lower ventilatory equivalent. These differences

succest that the mean alveolar O concentration must be low
2
because of the interdependance of these two gases, as shown

by the 0 ~C0O diagram. Under such hypoxic conditions, 1t has

2 2

pmested that a high D 1s essentlal (288,359). Sinmilar
L

hypoxic conditions might be expected in competitive swimmers,

heen sug

who perform at about thelr maximal aerobic papacity as measured
on land (20). Furthermore they exercise in the horizontal
position, when cardiac output, which has often bheen blamed in
limitine of performance, might be greater (48) and thus less
likely to impose the Llimitation. Tf this reascning is correct,
development of a greater ability to diffuse O in the face of
2

lowerine pressure cradients in the lungs would be a useful
adaptation to the swimmer. Swimmers recularly employ in their
training routine some underwater swimming which must expose the
swimmer Lo periods of hypoxia. Chronic exposure to hypoxia has
bheen shown Lo effect an increase in diffusing capaclty (357);
perhaps the same adaptations might occur in youns swimmers who
regularily exercise at maximal work levels.

on the other hand, arguments can be developed to show that
such adaptations in swimmers may not be necassary. These include:

1) The improved uniformity of G/é ratios throughout the
lung, and the higher Ve associated with the prone position would
favour ras exchange in the lung even without an improved DL/per se,

2) If arterial desaturation were to occur at maximal effort,

a high D would be beneficial to a 'swimmers' performance.

L
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However, there is little evidence (99) in the literature that
this occurs even in maximal endurance exercise in healthy subjects
at normal sea-level 0O concentrations.

2

3) Despite the limitations imposed on respiration by
partial immersion as in swimming, it would seem that these effects
on the breathing pattern are negligible. In general, most champion
swimmers breathe on each or alternate arm cycles, occaslionally
with a cadence of 1:3. Thus in a typical 100M race, requiring
about 55-60 secs.to perform, it is estimatedla champion swimmer
will breath at a rate of 50/min. It bhecomes apparent that the
period of breath-hold in such cases would be brief and therefore
a marked lowerine of alveolar O concentration during the swim
stroke would be surprising. ’

Towever, it 1s also clear that the difference between the
winner and others in a championship event is often a matter of
several small differences, which can summate to produce the
champion, ''here can be no doubt then that the swimmer with the
greater ability to diffuse 0 would have a-glight advantage,

It is possible that this advsnta@e may play its! part in the
first ten meters or so of the race, durineg which time he performs
without breathing. However, in swimming, where skill or technique

and motivation play such a key role in determining performance,

it is doubtful that this advantace would be crucial,

“ Georpe Gate, Canadian Olympic Swim Coach, 1968,
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RESULTS: Cardilo~Respiratory Functions

The regression equations for Qc, SV,HR, VO , V and (A-V)
2

0 difference are given in Table (S10).
2

Ventilatory Results:

The sex relation in swimmers in respect to 602 and & ig
shown in Fig.S22. No difference is seen in &O-—work relation
although the girl ventilates more for a given 502 than does the
boy. The difference was more marked at higher loads, making the
regression slope for females steeper (P« .05) although the
statistical analysis for any work load showed the sex difference
not significant.

Fig. 230 shows no difference in efficiency between swimmers
and adults although for a given work load,&O was slightly
greater in the swimmers. Filg. 23 B & C showzthe age effect on
GO within the swimmers. As shown, the difference with age in
gigls is slight but considerable in males, suggesting that
efficlency is lower in the older swimmers, especially males
(the opposite was observed in Controls).

Comparison with Controls of &O and work is shown in PFig.S24.
Higher values for Go in male swimmgrs were found significant at
load 150 KgM/min, on%y (P .0476); a simllar trend was found in
females at higher, though not at lower work loads but in no case

was the difference significant. No difference in ventilation

was observed in females (Fig.S25) although ventilation, and



TABLE (S 10) CARDIO-RESPIRATORY REGRESSION EQUATIONS - SWIMMERS

3k

Sex_ Y REGRESSION EQUATION S.E. of Coef.({b) Correlation Coef (r) S.E.of ¥
Qe = 6.23 4 4.03 (Y0 ) - 0.195 (age) 0.587  0.080 .695 .197 1.17
= 4,39 + 3.20 ('og) 0.505 1.23
F = 2.82 + 3.78 (¥0,) + 0.083 (age) 0.581 0.080 .720 A1l 1.41
= 3.66 + 4.06 (Y0, 0.518 1.41
M SV  =49,5 =+ 8.61 (?oz) + 0.657 (Ht.) 6.30 0.151 .518 .688 12.60
P 53.5 + 8.37 (V0,) + 0.63k (Ht.) 5,02 0.130 A2 6504 11.80
M HR  =348.5 +43.84 (&02) - 1.697 (Ht.) 6.33 0.151 046 -.681 12,02
=203.5 -+39.46 ({roz) - 8.59 (Age) 8.19 1.12 -.595 16.3
3 =325.2 +41.8 (ﬁoz) - 1.407 (Ht.) 6,47 0.168 .223 .515 15.2
=200.7 +35.5 (Voz) - 6.398 (Age) 7.11 0.981 -.468 17,2
M VO = 0,430 + 0.0025 (load) 0.0002 .868 0.185
2
= 0.260 + 0,0023 (load) + 0.053 (Age) 0.0001 ©.007 .580 0.121
P = 0.278 4+ 0.0028 (load) 0.0001 .925 0.136
= 0.036 + 0.0026 (load) + 0.021 (Age) 0.0001 0.007 Lo 0.126
HO(A-V) = 6.62 + 6.59 <voz> 0.835 769 2.04
P, %= 6,96 +5.97  (Toy) 0.798 . 704 2.17
i Vo= 7.95 +17,78 (vo,) 1,52 .872 3.70
3 = 5.73 +22.28 (VO ) 1,50 .885 4,19
2
# g.F

«E. and (r) follows same order as shown in regression.
Independant Variables - Age in years, Ht.in cms,, Load in Kgl/Min.,, V0 in litres,

SVCO0
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"consequantly ventilatory equivalent, waé consistently less
in male swimmers but not at the 5% level of significance.

Circulatory Results:

Fig.ézé shows results for éo in relation to 602. In each
sex the swimmers are shown to have a lower cardiac output than
Controls for comparable ?02. The difference is more marked in
boys where the slopes of the regressions showing this relation
are different (P< .Odl). However, when group comparison was made
by height groupingy at few loads were these differences significar
either in males, females or combined sexes.

The regressions showing group differences in heart rate as

related to 66; are shoun in Fig.S27 (boys) and F%2828 (girls).
This comparisgn indicates: generally lower values in Swimmers,
except in the youngest (shortest). The group differences is more
pronounéad with'age in both sexes.and this difference 1ls greater
in boys than in gitrls. In males, at height 140-150 cms., for
load 150'KgM/min.,-the difference was significicant (P ,0320);
with male swimmers of all heishts combined, at load 150 the
significance was high (P ,0002). In no case were significant
group differences in females found.

Stroke volume was shown to correlate highly with helght
(r=.650) in the swimmers-(Tgble 310) and in both sexes the in-
crease in 3V with wor% was less in swimmers than Controls (Fig.329
No consistant group difference in SV for boys was found (sv

greater in swimmers at lower loadsj but higher in Control boys
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at higher workloady;w Values in females swimmers were con-

sistantly lower. A consequence of the lower Qc in swimmers, combined

with only small group differences in VOZ’ was the greater 0

2
extraction (Fig,30) ingwimmerss: It was in this respect that
group differences were most often significant.

Niscussion:

The above results indicate clearly that exercise cardiac

output for a given VO, is lower in the trained swimmers., This

2
difference is presumed attributable to the difference in level
of trainines of the groups as indicated By thelir cenerally lower
heart rate during exercise. As a consequence, it is also
sussested that this reduction in éo, since 1t is assoclabted
with a sreater O? extraction, probably represents an improved
circulatory effi&ienoy 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’ were generally more marked in male than female
swimmers. It may be possible that organic differences in sexes
could alter the trainine effects on adaptations to exercise.
This might then imply a different mechanism responsible for
initiating chances with training which seems unlikely., More
prohably, the difference may be attributable to oreater

'contamination' of the female, than male, swimmers with more

inferior performers,
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Considering the well documented findings of a greater
stroke volume 1in athletes than non-athletes for a given &OZ
(57,109,312), it was surprising that a clear difference in
this respect was not seen in this study on children. This
suggests that the greater SV of the tralned adult may be a
result of his chronic, prolonged training and that this adapt-
ation in training takes time to develop; endowment may then
not be a major factor in this remgard. In contrast, heart rate
seems to be an early adaptation to training.

One wonders of the sisgnificance of the observed difference
in efficiency, indicated by bhe &Oﬁwwork relationship, seen in
the boys (Fig,824), It seems unreasonable to expect a reduced
efficlency in a subject conditioned to hawrd exercise, though
hperhaps this 1s possible when comparison 1s based on cycling
efficlency, which may not be a type of exercise which is com-
patible with swim training. In a practical sense, swimmers
generally avoid such exercise as ruaning, cyeling and skating
during the swim season because of their tendency to develop 'hard!
mnscles in contrast with the characterigtic 'soft' muscles which
are sald to characterize swimmers, Realizine the supportive role
played by the les muscles in such exercises, but not in swimming,
titis subjective description of muscle difference may be feasible
and perhaps accounts for difference in efficiency. Alternatively,
the difference may be due to a creater O? debt, not measured in

this study, in Control boys. 'This seems unlikely in view of the

modest test exercise loads employed.
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PROJECT: TRAINING

From the above studles, in which group comparison was
made between Controls and Swimmers in tralning, signiflicantly
higher-values for exerclse diffusing capaclity were found 1ln
male, though not in female swimmers. The groups differed also
in respect to exerclse cardlac output where it was seen the

trained swimmers had lower values in relatlion to 602 than did

Controls. This difference was not significant, though it was
conslstent.

Such group comparisons cannot define gpecifically the
consequences of athletic training, although in the above
discussions the slight but consistent group differences were
assumed due solely to the swim training. The above studles

suggested further that 1f there are differences in respect of

Dy, gnd éc effected by training they must be small differences

which thus may easily be obscured by inter-individual varlations
which are known to be considerable in each of these measurements.

For these reasons, a different experimental protocol was followed

to study the effects of tralning on Qcand DL’ whereby each

individual could serve as his own control. This project consists

of two parts..Cardiac Functlons and Diffusing Capacity..which are

presented below.

The mffects of Training on Cardiac Function:

The specific purpose of this study was to study the effects

of seasonal training on cardiac output during exercise. Part of
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this material has been previously published. (see attached)
Subjects:

In this study eight (8) individuals were studied.
Four (4) were members of a senior Intercollegiate hockey
team (designated here as Athletes) and four (4) were university
student volunteers (designated as Freshman) who previously had
not been engaged in any special training program.

Mean values and range of thelr physical chacteristics are
as follows:

Age (yrs.) Helght (cms.) Welght{Kes.)

Athletes 21 178 7h
(19-23) (175-180) (71-79)

Freshman 18 179 67.9
(17-19) (178-180) (63.5~75.5)

Training Program:

The athletes, being hockeyists, participated in the
regular training program as followed by the McGill University
Senior Intercollegiate teams. As such, these were not champilon
calibre players as a team nor were these players individually.of
champlon status. This point is irrelevant because of the protocol
of the experiment. What is relevant however is that each has
trained hard during the course of the hockey season. No
individual record of the training time of each was kept.
However, each did participate regularily in team practices which
were held on an average of four (4) times weekly for a period

of four (4) months, each session lasting 1% hours. In addition,
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they competed 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 participants
engaged in an exerclse training program as a group, for a period
of four (4) weeks. One hour daily sesslons were held during the
week-days under the supervision of a member of the McGill Athletics
Department. Each was encouraged to continue individually the
training during week-ends. Motivation to promote "all-out"
training came from group, rather than individual, participation
as well as from individual records of his daily performance.

Testing Procedure and Methods:

The athletes were studled elther during the week prior to
commencement, or in the first week of hockey training and the
Freshmen were tested during the ten (10) day period preceeding
training. Each group was retested again after completion of
tralning, l.e. the athletes after ¥ months, Freshmen after 4 weeks.

Each subject was tested at three (3) exercise loads during
one visit on the same bicycle ergometer, the athletes at 550,

750 and 900 KglM/min, Freshmen at 350, 550 and 750 KgM/min. Each
group thus performed two similar test exercise loads. Measurements
were made of minute ventilation, oxygen consumption, heart rate
and cardiac output. Stroke volume and A-V O2 Difference were
calculated. All calculatlons and statistics in this study were
done manually,

Methods employed in the testing were similar to those
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described in detall above, Cardiac ontput was calculated using

a predicted dead space value- (@Q).

Results:

Tables (11 ) and (2 ) show the individual pre-training valﬁes
for each exercise load. Poét~training values are presented as
difference from the first measurement; (+4) indicates an increase
with training, (-) a decrease,

Table (3) 1s a summary table of these results, showing means,
standard deviations for each exercise level as well as the levels
of slgnificance (P) of changes in the values with training. In
addition, groups were combined and statistical analysls of all
observations for each functiong was performed. These are shown
at the bottom of this table.

Individual results are also plotted in Fig.(1l), where before
(Y axis) and after (X axls) training values are shown in relation
to the 450 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 shouwn for each subject.

It is seen in PFig.lB) that heart rate fell in all 1ndividualé
at each exerolse'level, without exception. In the absence of an
objective measure of work performed and improvement of performance
with training,and accepting that reduction in heart rate is one of

the more apparent consequences of training,(lhB,BZQ this consistent



TABLE (1) INDIVIDUAL RESULTS - FRESHMEN
No. Load V L/Min. Resp.Freq., T}OZL/Min. E}c L/¥in., Heart Rate S.V.cc/Beat
- M/min & ' & & & & A
A.B. 350 30,2 41,7 14 +2 l.24 <+ .20 9.75 =1,4 124 =12 7& w7
550 L3,6 -5,0 20 00 1.82 =-.265 12.9 -3.5 150 -18 84.0 -15.0
. 750 52,7 <L,3 22 00 2,26+ .01 13.2 -2.2170 =20 77.4 -3.9
D.F. 350 29.7 =2.2 20 -4 1.35 -..01L 8.11 -0.02126 -18 6L.L +10.5
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 1k .3, 73.4 43,2
T.S. 350 41,9 =11.8 16 ) e 1.23 + .14 11,8 ~1,1 138 =12 85.5 =0.9
550 48,5 -~ 8,0 28 00 1.60 + .25 16.3 -2.0 168 -12 97.0 -5.4
750 82,5 «25.5 36 -6 2.35 _ .03 17.7 -1.0 190 -8 93.2 -1.5
0.D. 350 25.9 -,560 11 00 1.33 - .11 10.35 =-1.9 112 -8 92,5 =10.6
550 30.95 1.8 12 Ll 1.68 - .21 12,5 00 130 -8  93.5 +5.,5
750 39.0 -5.9 15 +3 2,11 - .50 12.8 40,4 136 =16 82.0

& - indicates change with training.

+12.6

SO



TABLE (2. ) INDIVIDUAL RESULTS = ATHLETES

No. _ILozd, Vv L/Min. Resp.Freq. VO L/min. Oc L/Min. Heart Rate S.V'cc/Beat A=V O Diff.
Kgi/min & & 2 a a0 =y & 2_ B8

B.H. 550 31.3 -1.1 1.55 =-0.9 1.55 -=0.69 13.75 =3.4 126 =12 109 -18 11.3 +1.5

750 48,1 =16.3 16 +L 2.43 -0.60 16.2 -=L4,6 140 -20 116 -9.5 15.0 =5,3

900 62,6 -20.6 24 L 2.63 -0.20 16,9 =3.3 150 =10 113 -16.0 15.5 -5.8

D.C. 550 36.6 =44 16 -1 1.66 0.03 13.4 =3,5 156 =38 86.3 -1.8 12.3 =-,04

750 46,5 =3,6 20 0 1.70 +.67 15.2 -1.9 168 =k2 90.L 15.6 11.2 +6.6

=900 55.9 =7.0 24 -2 2.33 +*.15 1k.7 =-3.8 '172 -24 85.5 11.5 15.8 7.9

E.D. 550 35.5 =0.4 16 -1 1.63 +.11  11.5 - .9 130 =-22 89.0 9.2 14.2 42,2

750 Lé. 4 ~L,2 18 -1 2,11 +.1%6 12.5 - .7 156 -24  80.0 9.4 16.8 +2.4

900 52.6 -3.7 18 0 2,46 -.01 1bk,5 =~ & 174 -30 83.5 1k.5 17.0 + .3

J.Ts 550 32.3 =2.0 18 =L 1,60 .21 15.2 =3.7 138 -22 110 -11.0 10.5 +5.2

750 47,0 =8.2 20 -l 2,38 =-.01 16.4 -3.,3 150 =12 109 14 14,5  +3.1

900 54.9 =10.7 28 =10 2,66 -,01 19.2 =-3.0 168 =10 114 212 13.8 +2.6

&, = indicates change with training.

€3200
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.TABLE(3] GR

w

L
"\
Cardiorespiratory measurements before training and changes after training
v DPTS t VorSTPD | e Heart Rate Stroke Vol | JATVI0:
Group L‘;‘lsd'
feer/l A “",;}2’/ a “,‘:i‘:/ a |vmin| a b‘,:i‘;/ a m| a ‘ilg' a
Nonathletes 350 | Mean {31.g|—-3.2 15.3 |+o0.5 | 1.29 [+o0.06|10.0|—1.6 125.0 |--12.5* [8o.2|—1.4 [13.1]-F2.2
+sp | 9.1 5.9 3.3 | 3.5]0.06]| o0.14/ 1.5 0.8 10.6 4.1 |t2.9] 8.9 | 2.6] 2.0
550 | Mcan |40.31—4.4° 19.3 [+1.0 | 1.70 |+0.02{12.4|—1.0 134.0 [—12.5% [84.4]—4.3 j14.8/+0.9
: +sp | 7.6] 2.7 6.7 2.0 | 0.09 { o.19| 3.3[ 2.1 18.8 4.1 |15.6] 8.5 [ 5.0 3.5
750 | Mean [56.8/—8.5 22.9 [—0.3 | 2.24 |—0.02/13.6|—0.9 165.0 [—11.8  [B1.5/4-2.6 Ji7.1)-}0.8
« ap [18.3] 11.5 0.3 | 4.0]0.10| o0.04] 3.0 1.0 19.8 7.7 8.5 7.3 | 3.3 3.6
Athletes 550 | Mean [33.9]—2.0 16.6 |—2.0 | 1.61 [+0.06{15.5|—2.9" | 137.5 |—23.5% [98.6/—5.4 Jr2.1[42.1
k3o | 2.5! 1.7 1.2 1.8 0.26 | o.gf 1.4 1.3 13.3 | 10.8 [12.9/ 11.8 | 1.6] 2.3
750 | Mecan [47.0]—8.1 18.5 [~o0.3 [ 2.16 [-}0.04[15.1[—2.6 154.0 |—24.5 [08.8]-to.4 [14.4]+1.7
4: 30 | 0.8] 5.8 1.7 | 3.3]0.33| 0.6o 1.8 1.7 1.7 12.7 [16.4) 14.0 | 2.3 1.3
goo | Mean [56.5]~10.5 | 23.5 |—4.0 | 2.52 |~0.0216.3 —2.6* | 166.0 |—18.5 [g99.0{—6.2 [15.541.2
490 [ 4.3] 7.3 4.1 | 4.2]|0a5]| o.14f 2.9 1.5 to.9| 1ot 16,7/ 14.0 [ 1.3] 5.6
Change after training [ Mean —6.4 -0.8 +0.02 -1.8 —17.2 —2.39 +1.50
(all observations) =+ 30 6.4 3-4 0.26 1.6 9.5 10.3 1.5
I4 0.001 0.30 0.70 0.001 0.001 0.30 0.05

A = Change in mcasurement after training.

using Student’s ¢-test.

® = Significantly different from o (0 = no change with training); i.c., F < .05

FRESHMEN (NON~ATHLETES ) .
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FIG. 1. Comparison of values Tor A: Qc; B: heart rate;
C: stroke volume; D: (A~-V)O2 difference; B: Vo,; aud F:

ventilation, after training (on the x axis) and before
training (y axls). The 45° line indicates identity. Results
are those of four athletes (filled circles) and four non-
athletes (open circles), each studied at three exercise
loads.
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flecrease can be Interpreted as an indication that the subjects
did in fact train. This decrease was highly significant (P« .001)
in the combined analysls, though not always signiflilcant for each
load in each group.

The drop in heart rate was assoclated with a concomitant
fall, almost without exception (see Fig.lA), in cardiac output.
Within groups, the decrease was significant only in the athletes
at 2 exercise loads (550 and 900 KgM/min). When groups were
combined, the mean change was signiflcant at 1%. No consistent
change was found in the calculated stroke volume, individual(p_ 1)
points falling for the most part close to the line of identit&}ﬂ.-c

In respect to ventilatory functions, minute ventilation
decreased in all but one subject at one load and the decrease was
founfl significant in only the Freshmen group at the 550 Kgl/min,
exercise load. The combined group change was hlghly significant
(P €.001). No change was seen in oxygen consumption and most
points (see Pig.lE) fall closely about the line indicating no
change. In this regard, there are 3 exceptions (subject 0.D.,

B.H. & D.C.), each of which occurred at load 750. These may
represent error although repeated analysis of the origlnal
tracings reveal no such evidence. The fall in éc, accompanied
by no change in &O , gave an increase 1n the calculated A~V O
Difference which wis not significant in either groups at any ’

exercise load; however, the combined group mean change was at the

5% level.
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he decrease in V, with no change in V0O , resulted in a
2

lowered ventilatory equivalent (&/&O ) with graining in both
groups (P£ .001) (3ince these daba gre inherent in the above
tables, they are not shown). The relative hyperventilation in
pre~trained also resulted in a decrease in respiratory gquotient
(R) with training in both groups (P€£.0l). Likewise, when
alveolar ventilation (G ) was calculated using an assumed dead
space, (9) there was a s?gnificant fall (P£.001) in both groups.
Group comparisons can alsonbe seen from Table (3). e, (2)
shows such comparison for athletes and Freshman in respect to
éc, i, Q and. &O . No aroup differénce, nor training effort, was

‘ 2

found in V0 _, as shown by [ig. 2C) where the lines joinins mean
s 2 [y .3

Y

eroup values are virbtually coincident at the work losds which
each sroup performed, v was hicher initially in the Creshmen
and with trainine fell to the line representing the untrained
athletes. "The decrease in both groups with training was com-
parable in both sroups.

In the untrained state, éc was slichtly hicher in the
Athletes (Fic,2A) but the fall with traininm was more marked in
this oroup than in the Preshmen oroun. Likewis~, with respect
to HR, (Fie,2B) sroup differences were small in the untrained
but the drop with training was oreater in the Athletes. Stroke

volume was goreater in the Athletes.
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FIG, 2. Mean values for A: Qc; B: heart rate; C: Vog;

and D: V, in athletes (filled circles) and nonathletes
(open circles), plotted agalnst externsgl exerclse load as
the independent variable on the x axis.
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DISCUSSION

Ventllatory Functions:

The findings in respect to 602 (unchanged) and & (decreased)
are in apgreement with reports in the literature (114). This
decreased ventilation can be regarded as a desirable feature in
that the ventilatory equivalent fell, thereby lowering the O

2
cost of breathing. Admittedly, at moderate work levels this
may not be a great advantase to the trained person but ir
corresponding decreases were found as maximal exercise levels
are approached, the aerobic contribution to the energy producing
system would be enhanced by training.

One wonders of the sisnificance of the observed decrease
in B with trainin~o, a finding observed early in the studles at
the Harvard Patigue lLaboratory (U4) when eroup comparison was
made. At least two possibilities of explanation for this
phenomenon are possible, Lf lactate production was creater in
thenpretrained, the pgreater ventilation could be in effect
an attempt to maintain a normal blood PH by creating a respiratory
alkalosis as compensation for the resultant metabolic acidosis in
exercise. However, a significant change in lactate levels is
doubted in our gstudy, especially since thecgxercises were not
severe, Nonetheless, Cthis explanation may have merit, especially
since 1t has been ghown that lactate production for submaximal
exercises decreases with training (300). Alternatively, training
may effect a shift in 'perferred' metabolite from carbohydrates

to fats; goredter utilization of the latter would lower the CO?
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production. A contraindication of this 1s the report of Cobb
and Johnson (+92) who found no difference between trained and
sedentary groups in the uptake of free fatty aclds during
exercise. The first possibility seems the more probable.

The decreased alveolar ventilation indicate& an improved

O.-extraction at the lungs and these findings are in agreement

2
with other reports (274).

Circulatory Functions:

The surprising finding of this study was the consistent
lowering of exerclse cardiac output with tralning. These results
differ from those of Preedman (14l) and Frick (1L43) who also made
intraa%ﬁ?%vidual comparisons, but is in partial agreement with

310)

Tabakin who iound lower values in exerclse cardlac output at

lower and moderate (VOos1l.5L), though not at higher, intensities

2
of exercilse. It is of interest that Varnauskas (349) observed
changes with training in cardiac..patients similar to our findings.

our study contrasted with those of Freedman and Frick in
that their studies were made with the subject supine, although
training was done in the upright position. The hemodynamic
changes known to be effected by study posture may have obscured
the training effect in their studies. Freedman studied only 2
cross~-country runners; the ‘untrained’ measurements were made
after 3 months of detraining whereas Frick made measurements at
only one mild (400 KgM/min) level of exerclse. The more pro-

longed detraining period of our athletes (8 months)and the heavier
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test exercises performed might also account for our different
findings.

Tabakin was 1lmpressed that changes in cardio-respiratory
variables werle not more striking. These authors suggest, on
the basis of the drop with tralning at low exercise levels only,
that these changes "may represent an adaptation to a particular
grade of work which the athlete performed daily during training"
l.e. a sort of speciflcity of adaptation related to the particular
level of training employed.

The possibility that difference in tra}ning methods may
account in part for our different finding cannot be ruled out.
Our subjects exercised frequently at or near maximal work levels
for short periods (6f. interval training plan in common use in
athletic training) in contrast with the endurance type training
of cross~country runners (14%340), and perhaps, with those in
bagic training in Finland (143). One also wonders, in view of
the small change in heart rates with training,if the runners
(140,340) really were 'unfit' in 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 significan
Increase in heart volume with training which was associated with a
higher stroke index both at rest and in exercise. On the other
hand, at the exercise levels in which a.decreased éc was found,

Tabakin showed a decreased stroke volume.
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Although our study was designed to permit intra-individual
comparisons with tralining it is of interest to compare the
groups (Athletes and Freshmen) in respect to exercise adaptébmoh
(seg Fig.2). No difference was seen in efficiency since the 902-
work relationship between groups was not different. However, in
the untrained state the Athletes had lower ventilation for the
2 comparable work loads performed by each group,and training had
the effect of lowering the values in the Freshman to that of the
untrained Athletes. This suggests that the athletes in the
untrained condition were relatively more 'fit',although the
umtrained hegrt rates of the groups,which were not different,
would not support this view. Alternatively, the difference in
the untrained states mighﬁ indicate a special endowment of the
Athletes or possibly that the ventilatory effects of previous
training may persist longer than do these effects on heart rate.

The untrained éo of the‘Athletes was higher, though not
at significant levels, than the Freshmen group, and the fall in
th;s measurement, as well as in heart rate, was more marked in
thé 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, 92,268,312) found no group difference in éc between the
trained and the untrained. It is of interest to note that
similar conclusions would have been made from the present study

had each individual not served as.his own control. In fact,
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the only significént group difference {(1.e. betweeh untrained
FPreshmen and trained Athletes) would have been in respect of
heart rate and ventilation. This supports our premise that
Bhe effects of training on parameters which have an accepted
Gﬁide intra-individual variation can be studled only by repeat
measufements on the same subject.
Finally, the higher values for stroke volume 1ﬁ our Athletes
" is in agreement with the well documented findings of other
('57, 87, 312 )., Furthermore, this study would suzgest that
this feature of the Athletes, which must indicate a greater
- heart volume or greater systolic emptying, 1s a result of earlier
intense‘training or endowmgnt. Seasonal training secuingly had

little effect on altering this dimension.
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B, The Effects of Training on Exerclse Diffusing Capacity:

The specific purpose of this study was to investigate
differences in exercise diffusing capacity in subjects tested

before and after a period on intensive swim tralining.

Subjects:

Six young adult subjects, all members of the McGill senlior
swim team, were studied. The physical characteristics of each
is shown in Table (4). The best swimming event of each subject
is also indlicated here.

Training Program:

The training program for the group commenced in early
October and terminated in late February of the following year.
The first 10 days of training consisted of an on-land exercise
program employing calisthenics, and weight 1liftlng activitlies.
Daily swim sessions (5/week)of about 11/2 hour were held for
the following six weeks after which the number was reduced to
L/week, In addition, all subjects participated in periodic swim

meets during the season.

Testing Procedure and Methods:

Each subject was tested before, and again after swim training.
Three 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 were made for the two lower loads only.

Methods have been described previously.. Correction for



TABLE ( 4)

Name

B.lM,

lMeans:

Height

(cms. )

185.5
177.5
176.5
181.5
184.,0

176.5

180.2

PHYSICAL. CHARACT

ERTSTICS - ADULT SWIMMERS

Weight

(Xems)

80.0
81,8
70.5
88.7
80.5
66.5

e ————pcs

76.3

g
Y

S =]

22.1
21.1
19.3
20.3
21l.1

19,4

20.5

e
rs)

Best Stroke
and Distance

Free Style ...100 M
Breast ...100-200M
Back only ..200 M
Free Style ..50 M
Breast.,,200 M

Free Style ..50 M only

SLS00
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ADULT SWIMMERS

Name Load V ‘}02 Heart Rate - D.COC
Ke/Min, 1/min, & 1/min & /min & mf/min/mmHglg

R.P. 550 37.8 -2.6 1.89 =0.05 159 -26 7.1 +4.8
750 b3,1 +2.6 2.48 -0,06 158 -19 53,7 +2,1
950 8l.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 L6, L iy, 8 2.57 =0.17 156 -16 53.2 . +2.1
950 7h.4 ~0.3 3.32 =0.23 186 -29 N

R.M. 550  37.0 40.8 2,12 -0.22 172 -2 LS. -9.2
750 51.0 +5.2 2.51 +0.03 186 -22 1.1 0.7
950 88,5-18.8 3.43 -0.33 192 - ,

G.R. 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

E.H. 550 33.1 =4,1 1.84 -0.12 134 -5 64,0 -2.5
750 43,5 -8.8 2,40; -0.05 152 -10 6L, 6 +1,2
950 41.8 +2.4 2,95 =0.11 172 = 4

B.M. 550 36.2 0.9 T 1.73 +0.L5 184 -22 L8.6 -1l.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

& - indicates change with training,

L300



Load
KM lmin,

550
SD

14

v/ B3

P |

COMBINED:

SD ¥

P

SEASONAL TRAINING EFFECTS - DIFFUSING CAPACITY

ADULT SWIMMERS

Mean

Mean Mean
Ventilation 0 Consumption Heart Rate
ls/min. & 2 ls/min. & /min, - &
35.2 -1.03 1.92 -C.09 155.5 -1
3.7 1.41 14 o 25 14.1
.20 . - = ‘
L6, 2 0.50 2.4 ———— 168.0 -1
. 3.6 2.80 17 .15 - 19,2
67.5 -7.80 . 3.06 . ~0.05 185.3 =12
18,1 9.80 .03 12.2 106
0.1D o
-3015 "0.0S
6.65 0,19
0.60 Ogio

* significant level (P)

& indicates change with training

Mean
Diffusing Capacity
nl/min/mmHe &

.8 -0.6
¢8 3-1

d 060

+0.1
0.6

1 3 ', -

~0.25
2,48
0.80

4&££ﬂ3€?
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COHb were made in DL calculations. All calculations were
performed manually.

Results:

Individual results are gilven in Table 5; mean values for
the group are presented in Table 6 and shown graphically in
Fig.3. This figure clearly shows no training effects in respect
to 6, 602 and DI, although heart rate was slgnificantly lower at
each work level. This fall in heart rate was consistent in all
individuals at all loads, except BM at load 950 where no change
wags found (see Table 5). Also shown on this figure is the predictec
value (117) of DL for normals of similar age and at comparable
levels of GOZ, The mean values for the swimmers clearly lie
above the confidence limits of the prediction equation. Howéver,
when individual untrained results are plotted (Fig.4) two of the
swimmers lie below the line for normals, the others above, although
only two of these are above the confidence limits. One of the
present group had values comparable to the champion swimmers of
Mostyn (286), shown as the dashed line.

Fig.5 shows the comparison of hockeyists 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 with training in heart rate and ventilation

was less marked in the swimmers than in the hockeyists.
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D ADULT SWIMMERS

——— PRE -TRAINING
— — — POST  u
f—@ PREDICTED D

50

H.R./min
18O}
160
140
55
35

3ng
m’?‘@/min
‘ . LOAD kam/min_,

550 730 950
FIG. 3. Cowmparison of mean velues pres and post- tralning
in gdult swimmers of DL9 HR, V and ng in reletion

to workload. Regression ( 1 SD indicated) of Dy
for edults (25 yesrs) is shown.
(“indicate difference in mean velues with training).
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ADULT SWIMMERS

A RP A GR ———— PREDICTED (DONEVAN)

Dl O RT 0O EH — — — CHAMPIONS (MOSTYN)
-CO0 & RM B BM —em-e- RP (MOSTYN)
701
0 ' 0
60.,
50
40+
30§ y
VQ‘g litre/min
-5 20 25 3.0

FIiG. b Individual results showing DL @ V02 relationship in adult

swimmers (untrained) end in comparigon with those predicted
for adults (Donevan) and chempion swimmers (Mostyn).
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H.R. /min ADULT ATHLETES

180

160

140

55¢
a5}
o C———0 HOCKEYISTS
. _ O———0O  SWIMMERS
OYOE litre/min == — —  TRAINED
2:5¢
2:0r
5§
WORK ko m/min

550 750 950

FIG. 5. Comparison of athletic groups (Hockeyists and pwinmers)

Iin pre-~ and post-trained states for IR, ¥ ana ng in
relation to work.
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DISCUSSION

D in competitive swimmers is not altered by five months
of 1nt£nsive training. However, thesé;maéq wvalues for swimmers..
trained or untrained..are higher than predicted values for
normal males of comparable age. In this respect,our findings
agree with some investigators (fS&) who compared athletes and non-
athletes, and others (91)‘who found no chenge with training.
However, our results contrast with Newmzn's (2ﬂ+hn respect to
training effects. She found training in one non-éthletic subject
decreased the 602 requirement for a given load and since kCO
was not altéfe&, she concluded there was an increase in KCoO,
and thexefore D , in relation to 60 with training, our study
differed in tha%.we studied altheteg, rather than non-athletes,
and this might aéoount for the different findings. This suggest
that if training increases DL, this effect must persist in the
athlétes, whether he is trained or not.

Neither are our findings in group comparison in full agreement
with Mostyn (%6). These investigators found athletes, including
average swimmers, did not differ from normals, although champion
swimmers in their study did. We might thus conclude that our
group included some champions who 'pulledt? tﬁe group mean values
up. This is in fact so, where it is seen (Fig.4) one Nationally
rated swimmer (E.H.) clearly stood out in respect to D and whose

_ L
results were similar to Mostyn's champion swimmers. One former
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Olympic finalist (R.P.), in the champion group in Mostyn's
study, was not significaritly different. from normals. A point
of interest in respect to R.P., 1s the comparison with his D
values of 3 years previous (Fig.4). Such comparison sugges%s
this interval has decreased his DL. Furthermore, at the time
of our initial study he had not trained nor competed for 18
months prior to being tested; hig slightly higher post-training

values suggests that perhaps his subsequent training had some

effect on improving D .
L
Additional points of interest arise from the studies on

subjects R.M., G,R. and B.M. Subjects R.M. was a proficient

back stroke gwimmer but did not perform nor train using other
strokes requiring submersion. One wonders if this might relate
to his low D results. A recent study (251) does indicate .that
back stroke gwimmers differ from other swimmers. Subject G.R,
was hlghly rated as a 50 yard free-style swimmer but his
performence was surprisingly inferior in longer distances,
whereas B.M., a mediocre performer, could not swim events longer
than 50 yards. An explanation for the latter is probably his low
maximal aerobic capacity which likely was reached in his highest

exercise load (VO2 of 2.69 ls., at heart rate of 204). Perhaps

a low D 1limited the performance in endurance events in subject

L
G.R.

Finally, it 1s of interest to coumpare groups of athletes who

follow different training plans. This comparison (see Fig.5) is
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surprising in that not only do swimmers have greater heart

rate and ventllation for a given exerclise load, but they are

less efficlent in cycling than are hockeyists. The explanation
for these differences 1s not clear. The hligher heart rate and
ventilation suggest the swimmers were initially less fit than

the hockeylsts; this does not seem feasible since one would

expect swimmers to be more actlve in thelr sport during the

summer holidays. The more probable explanation might be that
there is a specificiﬁy to task . which accompanies the training
process and the fact that hockey sklll is more similar to that of
cycling than is swimming. These findings, also suggested 1in the
children's study, indicate that cycling may not be a compatible
exercise with swimming and perhaps is not a suitable test exercise

for laboratory studies on these athletes,
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GENERAL DISCUSSION

The principal purposc of this thesis was to Investigate
some of the physiological changes (particularily in exercise
D and éc) produced by athletic training. Observations have
bgen made on young adults before and after seasonal training,
and in young chlld 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,éo) and 2) those which may result from chronic
strenuous training (eg.SV). This indicates the importance of
experimental design if one wishes Lo separate these effects of
training from each other and from other factors such ay endowment.
Accordingly, when the effects of training are small, quickly
acquired and interindividual variability of a measurement is
wide, 1t 1s essential to study the same individual in the un-
trained and trained states. Our study on the hockeyists and
freshmen in resvect Lo Qc clearly indicategthis conclusion.
However, this experimental approach can be affected by subject
selection and by duration of seasonal training. for example,
it is readily accepted that athletes as a group, even oubt of
training, are more active than non-athletes; thus, to observe
the greatest effects of seasonal training, subjects must initially be
25 detrained as possible, Likewise, there is great inhomogeneity

o)

within groups of athletes; this was found by Astrand (20) even

when champion swimmers were carefully selected. The only way to



06286

minimize thils effect on results is to use each individual as
his owm control.

By contrast with the above épproach, which can define the
effects of seasonal training, the effects of chronic, long term
training can only be determined by a longitudinal study on
developing athletes. Whereas the many group~comparison studies
reported (182,268)_have clearly shown that there are marked
dimensional differences between trained and untrained subjects
(eg.higher SV, lung volumes,heart volume etc.,in the trained),
this comparison does not specifically define whether these
differences are genetically inherited or due to training.
Furthermore, since it is accepted that the development of an
athlete 1s a process usually commenced in early childhood and
since many of the training effects may persist even in detraining,
to best show the effects of chronic training, as distinct from
endowgiment, children, rather than untrained adults, should be
studied, Our findings on the effects of training . during growth
(eg.VC and flow rate changeségee Migs.59-10,513-14) would support

)

this conclusion.,

The most interesting consequence of training as observed in
the present study was the consistent and significant decrease in
car@dac output. One can only guess at present as to whether the
decrease was general, thereby affecting all tissues equally, or
was regional. A regional redistribution of blood flow with
training would imply changes in vaso-regulatory mechanisms.

There is good evidence that redistribution plays a part in the
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adaptation to exercise (eg.reduced renal (350) and hepatic flow
(307»; perhaps training does alter these mechanisms making possihle
a maintenance of normal, or even higher, flow to exercising muscle
in the trnined, but reduced flow to other aresas., On the other
hand, 1f the Adccrease was a general one, affnarting flow to muscle
as wellaas other tissues, this would seem an embarassing state in
which to place the exercising muscle~. On the basis of present
rororts, it 1s not yet clear which of these two mechanisms nrn-
dominates. The plethysmorraphic studies (302) on chance in ex-
creise blood flow in the for-~rm chowed increased flow with swim
Lraining; the Xenon ¢l rance technique employed by Grimby (157)
on the otnr hand showed a lower flow/unit of tissuc in athleties
Par A miven level of exercise. Our preliminary studizc (?liﬁ in
which rerional forearm Blood flow was measiurad directly using dye
dilution, strongly sugzgest low~r flow in trained athletes during
exercise (especially athletes in whom the forearm muscle oroups
arc extensivoly used in their performance em.paddlers). 'This,

and the wider (A-V) 0 difference, sugmest the decreas~ in éc

with training is a @eieral one,

It has been reported that trained athletes have greater
maximal cardiac output (17,155) and that this is one of Lhe
factors accountine for the athletes superior performance. However,
a recent study by Douglas (119) does not support this view. In
his study the same subjects were studied before and after training;
during submaximal work he fourdd a reduction in cardiac output, in

agreement with our findings, but no chance in maximal values were

found. 1In view of the hicher aerobic capacity of the trained person
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(20,78,186) it can only be concluded that the trained must have
a greater maximal ability for O? extraction (a point of which
there is good agreement (17,158;268»!ﬂmlth13, rather than a
hisher maximal éc, is responsible for hls greater working
capacity. Indeed, our findings would suggest that there is a
greater reserve of function on the part of the heart at sub-
maximal levels, seemingly an abvious advantage, particularily
if the cardiac output is a limiting factor in work performance.

The improved extraction ability of trained subjects must
involve local changes at cellular level. One favourable adaptation
in muscles with training would bhe incressed capillarity, which
should facilitate diffusion processes at tﬁe cells. A.Krogh
showed in 1919 (220) that the number of capillaries in muscle
was a function of intensity of metabolism in animals; Petren's
early observations (285) show the same effect with training.

Such increased capillarity in itself could result in greater
extraction for a given flow. In addition, there now seems little
doubt that there are significant enzyme changes in muscle cells,

at least in rats,with training. Hearn reported recently (167)

an increase in the cytochrome enzymatic activity; these alterations
were found to versist during detraining. In addition, the more
recent study by Holloszy (177) showed a marked increased ability
for 0 uptake by mitochondria extracted from the exercised (trained)
musolg cells of rats in comparison with mitochondria of
sedentary cells. 'Thus, if the chief 8ite of limitation in the

energey producing systems is in respect to the aeroblic system
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involving internal respiration, as in fact is indicated by lactate
production, then these adaptations within the cells can account
for the greater aerobic capaclity in the trained. These findings
support our results and suggest that perhaps the reduction in
cardiac output can be directly attributable to changes in the
cells, On the basls of these findings, 1t would seem that Bock's
statement (57) of 1928 is being supported.

",.we believe that the capacity for exercise 1s
bound up with changes in the oxidatlve processes
within the cells (and) ..the secret of such efficiency..
appears to lie in the muscle cells themselves",

Inderd, 1t 1s loglcal to expect these findings, since when
one works or trains, it is the skeletal muscles which is the
primary system; this should then be the sysgem most affected by
trrining., One is even temphted to suggest that the chanrses with
training occuring in other systems(eg.respiratory,and circulatory
system) are the consequence of cellular alterations in skeletal
muscle, This strongly stgeests that ultimatbely the important

s s st baes 4

00: perhaps the greater overall dimensions of the 0 transport
2 2
avstem are of secondary importance. '

The commarative study made on children revealed that
swimmers had larcer lung volumes (as a result of a greater VC),
higher flow rates, slirhtly higher exercise D in boys and lower

L
cardiac output in boys and girls. In general, these differences

were more marked in hoy than girl swimmers.
In view of the finding off A reduced Qc with training in the

adults, 1t i~ nresumed that the lower value in the child swimmers,
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for a given &O » 1s a result of their strenuous exercise program.
This susgests Ghat training has the same effect, at least in this
respect, In chilldrencas in adults. Surprisingly, SV differecuges
in the groups of children were not observed, although the previous-
ly well documented lower heart rate in the trained person was
evident in the trained child. Considering the lack of seasonal
training on SV in our adults, one wonders at what stage in
development this larpger dimension (SV) does appear. ‘The present
studies sugqest that it is not an endowment. Perhaps it appears
with training during the immediate, post-pubertal years at which
time growth of many other aspects are most mark=d. Such a postulate
18 logsical 1f one considers the chances in attitudes and way of
Life which often are seen in children of this age., For example,
younger children, whether engasged in organized sports activities
or not, tend to be active. However, the onset of puberty often
1s associated with decreased play activity, and increased
inhibition (or self-consclousness) which causes the less skilled
child to cease participation in ~ames and sports. To some extent,
the same phenomenon can be seen among athletes whereby the less
proficient often discontinues the sport at puberty while the csood
performer continues to train.

The greater VC would seem a natural ensuant of strenuous
training, where hypertrophy of accessory respiratory muscles, in
particular, could be expected because of their repeatéd subjection
to heavy work. Since the difference is not always apparent in

other, older athletic groups (153), one micht conclude the
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difference 1is attributable to the added wérk of breathing imposed
by the water pressure on the thorax or perhaps due to training
during gfowth. The higher flow rates in swimmers may béfcon~
sequence of the change in lung volume, affecting only the npper
portién of the forced expiration curVes. This is indicated by the
fact that flow rates at 1oﬁer lung volumes are dependant.not on
motivation and musclz power (33) but on the intrinsic proverties
of the lungs and thorax (241), which properties are probably
unaffected by training. The advantages of higher lung volumes
and flow rates as sugsested above (see discussion), are -avparent
for swimmers and probably these oﬁanges among aifihetes are unique

to aquatic performers. In respect to D , the study on adults
I .

showed no change with seasonal training.l However, mean values
of these few subjects was greater than predicted, mainly because
of high values'in a Tew persons in the group. We cannot be sure
on the effects of training on D in childhood. It was observad

L
that values were hicher in boy, though not in girl, swimmers.
If training was responsible for the higher values in boys, it was
surprising that comparable changes were not seen in girl swimmers
who followsd an equally strenuous training progran. In view of
the above findings in adult swimmers (i.e.higher values in some)
it is probable that the higher values in boy swimmers as a group
is likewise due to high values in a few subjects; perhpps the
girl swimmers iacluded fewer potential champions than the boy;

group, thereby normalizine the results. In the light of Mostyn's

findings, and our observations, it is 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 longitudinal study

on the swimmers strongly suggests that dimenslonal differences

in lung volume and flow rates are chiefly due to training.

Indeed, there is 1little to suggest from our study (except for

D possibly) that the observed group differences.are due to endow-
mgnt. In respect to such dimensions, in so far as athletes differ
from non-athletes, i1t seems that an athlete is made, not born.

In conclusion, one wonders as to the primary underlying
mechanism(s) responsible for changes with training. In many
respects, the larger dimensions of the overall O transport system
of the trained may be thousht analogous to hypergrophy off muscles
and perhaps this also accounts for greater lung and heart volumes.
Undoubtedly, hypertrophy is one of the more important changes due
to training, thoush this phenomenon is not well understood. It
has been suggested that hypoxia may be the essential mechanism in
training; this is indicated by Lamb (227) who points out that many
of the effects of detraining can be off-set by low-oxyzen breathing.
In many respects, the heavy work regime followed by athletes in

training must simulate hypoxia conditions, espnecially at cellular

level, and perhaps this is a primary mechanism.
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SUMMARY

The effects of athletlc training on resting lung volumes
and expiratory flow rates, and cardio-respiratory functions
in exercise have been studled on 69 children over three con-
secutive years of swim tralning and in 14 young adults before
and after seasonal training. These functions were also measured
on 83 normal children who served as a basls for comparison with
the child swimmers.

Findings from the study on children indicate:

1) Total lung volumes were greater in swimmers, as a result
of a larger vital capacity. No differencesin respect to other
subdivisions of lung volumes were seen.

2) Swimmers had higher expiratory flow rates and this diff-
erence bhecame more marked with training during growth.

3) Wo difference was found in ventilatory equivalent,

LY iZxercise diffusing capacity was higher in boy, but not
in girl swimmers. When the better pglrl swimmers were compared
with other swimmers and Controls, at comparable levels of oxymen
consumption, these selected girl swimmers had generally higher
values.,

5) Bxercise cardiac output for comparable exercise levels
was lower in the swimmers, chiefly as a consequence of a lower
heart rate.

t'rom the studies made on young adults, it was found that:

1) Training decreased the exercise cardiac output and this

was a result of a lowered heart rate. Seasonal training had no
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effect on stroke volume.

2) lLxertlge diffusing capacity was higher in swimmers than
normals, but seasonal training had no effect on this measurement,
The changes in vital capacity in the child swimmers were
due to athletic tralning, presumébly the consequence of hyper-
trophy of muscles of the shoulder glrdle; the higher vital
capacity of child swimmers can account for their higher flow
rates. The group differences in diffusing capacity are a result
of high valunes in some swimmers, and it 1s suggested this is due to
endowment, since no evidence of a training effect was found in
child or adult swimmers.
The lower exercise cardiac output and heart rate in both
the trained child and trained adults was the consequence of their
athletic training. Since stroke volume was not changed by training
in adults, and no difference was observed between the groups of
children, it is suggested the larger stroke volume,which character-
izes the adult athlete, is developed in the post-pubertal period
of growth. The lower cardiac output was made possibleé by an im-
proved oxyzen extraction since oxygen consumption, and hence

efficlency, was not altered with training.



10.

110

V0295

BIBLIOGRAPHY

Adams,F.H., E.Bengtsson, H.Berven and C.Wegellus
The Physlcal Working Capaclty of Normal School Children:
IT Swedish City and Country. Ped.28,243,1961.

Adams,F.H., L.M. Linde and H. Miyake _
The Physical Working Capacity of Normal School Childien:
I. California Ped. 28,55, 1961,

Andrew, G.M.
The Effect of Training on Cardiovascular Dynamics.
M.Sc.Thesls, Faculty of Graduate Studies, MeGill University,

1963.

Apthorp,G.H. and R.Marshall

Pulmonary Diffusing Capacity: A Comparison of Breathholding
and Steady State Methods using Carbon Monoxide., J.Clin.
Tnvest .40, 1775, 1961,

Asmussen, E and 0. Bgfie
Body Temperature and Capacity for Work. Acta Physiol.
Scand. 10, 1, 19khs,

Asmussen, [ and M. Nislsen
The Cardiac oOutput in Re~t and Work Determined Simultaneously
by the Acetylene anA Dye Injection Methods. Acta Physiol.

Scand. 27, 217, 1953,

Asmussen E,, and M, Nielsen

Studies on the Initial Changes in Respiration at the
Transition from Rest to Work and from Work to Rest.
Acta Physiol., Scand. 16, 270, 1948,

Asmussen E.,and M, Nielsen
Cardiac Output during Muscular Work and its Regulation,
Physiol. Rev. 35, 778, 1955.

Asmussen E., and M, Nielsen
Physiological Dead Space and Alveolar Gas Pressures at
Rest and during Muscular Exercise. Acta Physiol.Scand.

38, 1,1956.

o
Astrand I,
Capacity for Oxygen Consumption and Related Functions

during Cycling in Women. Acta Physlol.Scand._49, Supp 169, 11,

1960.

&

Astrand I,, P°~O,Zstrand, E.H, Christensen and R.Hedman
Circulatory and Respiratory Adaptation to Severe Muscular
Work. Acta Physiol. Scand. 50, 254,1960.




1z.

13.

b,

15.

16,

17.

18.

19,

20.

22,

23.

2k,

) - 00296
Astrand I., P.-0.Astrand and K. Rodahl

Maximal Heart Rate during Work in Older Men. J.Appl.
Physiol. 1k, 562, 1959,

o)
Astrand P.-0.

Experimental Studies on Physical Working Capacity in
Relation to Sex and Age. Ejnar Munksgaard, Copenhagen, 1952.

0
Astrand,P.-~0.

A Study of Capacity for hard Muscular Work of 17 to 19
Year-0ld Male Youths, Arb.Physiol.l5, 251,1953

L]
Astrand, P.~0,
New Records in Human Power. Nature, 176, 922,1955,

(>4
Astrand, P.-0.
Human Physical Fitness with Sovecial Reference to Sex and

Age. Physiol.Rev. 36, 307,1956,

[+
Astrand, P.-0.

Pooc. Int.Symp., Physical Activity and Cardiovascular Health,
Toronte, 1966. Canada M.A.J. 96, 760,1967,

o]
Astrand, P..-0., and E,H.Christensen

The Hyperpnoea of Exercise. The Proc.J.S.Haldane Centensary
Symp., from 'The Regulation of Human Respiration', Bd,
D.J.C.Cunningham and B.B,Lloyd, Blackwell Scient.Prod,,1963.

[
Astrand, P.-0., T.E,Cuddy, B.Saltin and J.3tenbarg

Cardiac output during Submaximai and Maximal Work.
J.Appl.Physiol. 19, 268,1.964,

[:2]
Astrand, P.-0,, IL.fnestrom, B.0.Eriksson, P.Karlbere,
L.Nylander, 8,.8altin_and C,Thoren. Girl Swimmers,with
special reference to Respiratory and Circulatory Adavntation
and Gynaecological and Psychiatric Aspects, Acta Paediat.
Supp. 147, 1963,

(4]

Astrand, P.0 and I. Rvhwing

A Nomogram for Calculation of Aerobic Capacity (Physical
Fitness) from Pulse Rate during Submaximal Work. J.Appl,
Physiol, 7, 218, 1954,

]

Astrand, P.-0 and B.Saltin

Oxygen Uptake during the first 5 minutes of Heavy Musculazr
Exercise, J.A»pl.Physiol. 16, 971, 1961. ,

Maximal Oxymen Uptake and Heart Rate in Various Types of
Muscular fxercise. J.Appl.Physiol. 16, 977,1961,

[ o]
Astrand P,~0 and B.Saltin
Plasma and Red Cell Volume after Prolonged Sevare fxercise.

J.Appl,Physiol, 19, 829,196hk,




25,

26,

27.

28,

29.

30,

31.

32.

3k,

35,

360

00297

Bainbridee, F.A.
The Physlology of Muscular Exercise. 3rd BEdition,
rewritten by A.V.Bock and D.B.Di1ll, Lengmans, Greeu & Co,

London, 1931.

Baldwin, H.deF,, A.Cournand and D.WeRichards,Jr.
Pulmonary Insufficiency: I. Physlological Classification,
Clinical Methods of Analysis, Standard Values in Normal
Subjects. Medicine 27, 243, 1948,

Bannister, R.G., J.E.Coates, R.S.Jones and I',Meade
Pulmonary Diffusing Capacity on Exercise in Athletes and
Non-Athletic Subjects. J.Physiol (London), 152, 66P,1960,

Barach,A, L.
Physiological Methods in the Diagnosis and Treatment of

Asthma and IEmphysema. Ann.Int.Med, 12, 454, 1938,

Barcroft, J.
Features in the Architecture of Physiological Function.

Cambridge Univ.Press. London, 1938,

Bates, D.V,
The Uptake of Carbon Monoxide in Health and in Bmphysema.

Clin.Sei. 11, 21, 1952,

Bates, D,V,
The Measurement of Pulmonary Diffusing Capacity in the
Presence of Lung Disease. J.Clin,Invest.37, 591, 1958,

Bates, D.V.,, N.,G.Boucot and A, E&,Dormer
The Pulmonary Diffusing Capacity in Man, J.Physiol. (London)

129, 237, 1955.

Bates, D,V., and R.V.Christie
Respiratory Function in Disease. W.B.Saunders Co.,
Philadelphia and London, 1964,

Bafes, D.V,, J,B.L.Gee, L.G.Bentivoglio and E.M,Mostyn
Diffusion as a Limiting Factor in Oxygen Transport across
the lung. Proc.Int.Symp. Cardiovasc.Respir.Effects Hypoxia,
Kingston, 1965, Karger, Basel/New York, 1966,

Bates, D.V., and J.F,Pearce
The Pulmonary Diffusing Capacity; a Comparison of Methods
off Measurement and a Study of the Lffect of Body Position,

J.Physiol. (London) 132, 232, 1956,

Bates, D.V., C.J.Varvis, R.E,Donevan and R.V.Christie
Variations in Pulmonary Capillary Blood Volume and Membrane
Diffusion Component in Health and Disease., J.Clin.Invest.
39, 1401, 1960,




JOZ38

37. Bates, D.V., C.R,Woolf and G.I.Paul
Chronic Bronchitis. Med,Serv.J.Canada. 18, 211, 1962

38. Beaudry, P.
Unpub.data, Joint Card.Resp.Centre, McGill Univ,., and

Montreal Children's Hospital,.

39. Becklake, M,R., H.Frank, G.R.Dagenais, G.L.Ostlguy and
C.A.Guaman. Influence of Age and Sex on Exercise Cardiac
Output. J.Appl.Physiol. 20, 938, 1965.

40, Becklake, M.R,, C.d.Varvis, L.D.Pengelly, S.Kenning,
M, McGregor and D.V,Bates. Measurement of Pulmonary Blood
Flow during Exercise using Nitrous Oxide. J.Appl.Physiol.

17, 579, 1962.

41, Bedell, G.N., and R,W.Adams
Pulmonary Diffusing Capacity during Rest and hxercise. A
* Study of Normal Persons and Persons with Atrial Septal
Defect, Pregnancy and Pulmonary Disease. J.Clin,Invest,
41,1908,1962,

42, Bengtsson,,
The Working Capacity in Normal Children, BGvaluated by Sub-
maximal fxerclse on the Bicycle [irgometer and Compared with
Adults., Acta Med.Scand., 154, 91,1956,

b3, Berggren, G.,and E,H,Christensen
Heart Rate and Body Temperature as Indices of Metabolic
Rate during Work, Arb.Physiol. 14, 255, 1950.

b, Berglund,BE,, G.Rirath, J.Bjure, G.Grimbr, T.Kjellnmer,
L.Sandgvist and B.Sdderholm. Spirometric Studies in Normal
Subjects: T. Forced Exspirograms in Subjects Between 7 and
70 vears of Age. Acta Med.Scand.l173, 185,1963,

5, Bernstein, I.L., R.G.Pragge, M.Gueron, L.Xriendler and
J.E.Ghory., Pulmonary Function in Children: I.Determination
of Norms. J.of Allergy. 30,514,1959,

6,  Bernstein, I,L., and D.Mendel
The Accuracy of Respirographic Recording at High Respiratory

Rates. Thorax 6, 297, 1951,

47, Berven, H,
The Physical Working Capacity of Healthy Children. Seasonal

Variations and Effect of Ultraviolet Radiation.
Acta.Paediat.Supp., 148, 19613,

L8, Beveggrd, S., U,Freyschuss and T.Strandell
Clrculatory Adaptation to Arm and Leg BGxercise in Supine and
Sitting Position. J.Appl.Physiol. 21, 36, 1966,




JUCHY

49, Bevesfrd, S., A.Holmzren and B.Jonsson
The Effect of Body Position on the Circulation at Rest
and during Bxercise with Special Reference to the Influence
on the Stroke Volume, Acta Physiol. Scand. 49, 279, 1960

50. . Bevevgrd, S., AHolmgren and B.Jonsson
Circulatory Studies in Well Trained Athletes at Rest and
during Heavy fxercise with Special Reference to Stroke
Volume and the Influence of Body Position. Acta. Physiol.
Scand. 57, 26, 1963,

51. Beveerfird, S., and J.T.Shepherd
‘RBeaction in lMan of Resistance and Capacity Vessels in
Pogearm and Hand to Leg Bxeéercise. J.Appl.Physiol. 21,123,
1966

52, Beveggrd B.S., and J.T,Shevherd
Regulation of the Circulation during Exercise in Man.
Physiol. Rev. 47, 178, 1967,

53. Birath., G., IT.Kjellmer and I,,Sandqvist.
Spirometric Studies in Normel Subjects: 1I. Ventilatory
Capacity Tests in Adults. Acta Med.,Scand.l?73, 193, 1963.

54, Bjiure, J. :
szrometvlc Studies in Mormal oub)octs IV, Ventilatory
Capacities in Healthy ChleLon 7 to 17 years of Age.
Acta.Paediat. 52, 232, 1963,

55. Bjuvre, J. ,
Pulmonary Diffusing Csvacity for Carbon Monoxide in
Relation to Cardiac Output in Man, Scand. J.Clin. and Lab.

Invest, 17, Supp. 81 11,1965,

56. Bock,A.V,, D.B.Dill and J.H.Talbott
Studies in Muscular Activity: I,Determination of the Rate
of Circulation of Blood in iian at Work., J.Ph nysiol. (London),
66, 121,1928,

57. Bock, A.V,, C.,Vancoulaert, D,B.Dill, A, Folling and L.M.Hurxtha’
Studles in Muscular AotJV1ty 11T, Dynamical Changes
Ocenurring in Man at Work. J. Physiol.(London) 66,136,1928.

58. Bohr,C.
Uber die Spezifische Tatjpkelt der Lungpn bel der respirator-~
ischen Gasaufnahme und ihr Verhaltzen zu der durch die
alveolarwand stattfindenden Gasdiffusion. Skand.Arch,
Physiol.22, 221,1909.

59. Befie, 0.
Ub@r d1e Grobe de ILungendiffusion der Menschen wn%rund Ruhe
und korperlichen Arbeit. Arb.Physiol. 7. 157,193k,



60.

61.

62,

64,

65,

66,

67.

68.

69,

70.

71,

Q0300

Bornstein A,
Fine Methode zur vergleichenﬂen Messung des Herzschlag-
volumens beim Menschen, Pflug.Arch.Physiolleg,307,1910.

Brandi, G., and I.Brambilla
Arterio-venous Difference of Oxygen, Cardiac Output and
Stroke Volume in Function of the Energy Consumption.
Arb,Physiol. 19, 130, 1961.

Brashear, R.E., J,.C.Ross and W.J.Daly
Pulmonary Diffusion and Capillary Blood Volume in Dogs
at Rest and with Exercise. J,Appl.Physiol. 21,516,1966,

Briges, H,
Fitness and Breathing during Exertion. J.Physlol. (London),

523, 37P, 1918,

Briges, H,
Physical Exertion, PFitness and Breathing. J.Physiol.(London)

—5....“:9 2927 19200

Brody,A.W.
Tests of Ventilatory Strength and Mechanics, Graphs of

Normal Values. Am.Rev.Resp.Dis, 89, 270, 196,

Broman, B,, G.Dahlberg and A,Llichtenstein
Height and Weight during Growth. Acta.Paediat,.30, 1, 1942,

Bryan, A.C,, L.G.Bentivoglio, . Begrel, H,MacLeish,
A.Zidulka and D,V.,Bates, Factors Affecting Regional
Distribution of Ventilation and Perfusion in the Lung,
J.Appl.Physiol., 19, 395, 196.4,

Bryvan A.C,, J.Milic-Emili and D, Pengelly
Lffect of Gravity on the Distribution of Pulmonaxry
Ventilation. J.Appl.Physiol. 21, 778, 1966,

Bucel, G., and C.D.Cook

Studies of Resvpiratory Physiology in Children: VI, Lung
Diffusing Capacity, Diffusing Capacity of the Pulmonary
Membrane and Pulmonary Caplllary Blood Volume in Congenital
Heart Disease. J,Clin.Invest, 4o, 1431,1961,

Bucci,G., C.D.Cook and H.Barrie
Studies of Respiratory Physiology in Children: V.Total
Lung Diffusion, Diffusing Capacity of Pulmonary Membrane
and Pulmonary Capillary Blood Volume in Normal Subjects
from 7 to 40 years of Age. J.Paediat.58, 820,1961,

Buskirk, B.R., P.F,Tampietro and D.E.Bass
Work Performance after Dehydration: Effects of Physical
Conditioning and Heat Acclimatization, J.Appl,Physiol.

12,189,1958,




72.

73

714‘0

77.
8.,
79.
80,
81.
82,
- 83,

8l

4 v
Buskirk, E.R., and H.G.Taylor U0304

Relationships between Maximal Oyxgen Intake and Components
of Body Composition., Fed.Proc. 13, 12, 1954,

‘Campbell, E,J.M., E.K.Westlake and B.M,Cherniack

Simple Method of Estimating Oxygen Consumption and
Efficiency of the Muscles of Breathing, J.Appl.Physiol.
11, 303, 1957,

Carlson, L.A,, and B,Pernox

- Oxygen Utilization and Lactic Acid Formation in the Legs

at rest and during Exercise in Normal Subjects and in
Patients with Arteriolsclerosis Obliterans. Acta.Med,
Scand. 164, 39, 1959,

Cavler, G.G., A.M,Rudolph and A.S.Nador
Systemic Blood Flow in Infante and Children with and
without Heart Disease. Ped.32, 186, 1963,

Cerretelli, ., and R,Marearia
laximum Oxygen Consumption atf: Altitude, Arb,Physiol.18,

460, 1961,

Cerreﬁclli, Poy J.Piiper, F.Mangili and B,Ricei
Aerobic and Anacrobic Metabolism in Bxercising Dogs.
J.Appl.Physiol. 19, 25, 1964,

Cerrctelli, P.,, and P.Radovani L
1l Massimo consumo ¢i0, in Athleti Olimpionici divarie
Specialita. Boll.Soc.Ital.Biol.Sper, 36, 1871,1960.

Cerretelli, P,, R.Sikend and L.E.Farhi

Read justment in Cardiac Output and Gas Exchange during
Onset of Exercise and Recovery. J.Appl.Physiol. 21,
1345, 1966, .

'Chépman, C.B.(ed)
-Physiolosy of Muscular lixercise. Circ.Res. 20,Supp.1,1967,

‘Chapnan, C.B., J.N,Fisher and B.Sproule

Behavior of Stroke Volume at Rest and during Exercise in
Human Beings. J.Clin,Invest.39, 1208, 1960,

Chapman, C.B.,, and J,H.Mitchell :
The Physiology of Exercise. Sc.Am. 212, 88, 1965,

Cherniack, R.M, :
Ventilatory Function in Normal Children. Canada M.A,J.87,

80, 1962,

Cherniack,R.M,

Oxypen Cost of Breathing as a Limiting Factor in Physgical
Performance, Proc.Int.Symquardiovasc,Respir, Effects
Hypoxia, Kingston, 1965, Karger, Basel/New York, 1966,

N




85.
86,

87.

88.
89.

90.

91.

92.

93.

oL,

95.

96,

00302

Chevalier, R.B., J.A.Bowers, S.Bondurant and J.C.Ross
Circulatory and Ventilatory Effects of Exerclse in Smokers
and Non-Smokers. J.Appl.Physiol.1l8, 357,1963.

Christie, R,V.
The Lung Volume and Its! Subdivisions: I.Methods of

Measurement, J.Clin.Invest.l;, 1099,1932.

Christensen, E.H., and P,Hdgbere
The Physiology of Skiing. Arb.Physiol. l&, 292,1950,

Christensen, J., G.G.Douglas and J.S.Haldane
The Absorption and Dissocigtion of Carbon Dioxide by
Human Blood. J.Physiol.(London), L8, 24k 1914,

Cinkotai,F.F., M.L.Thomson and A.R.Guyatt
Effect of Apprehension on Pulmonary Diffusing Capacity
in Man. J.,Appl.Physlol. 21, 534,1966.

Coates, J.h,, J.Drummond, F,Mead@ and C.,Yandle

The Energy Requirement of Treadmill Walking in Relation
to Sex and Athletic Training. J.Physiol. (London), 153,
60P, 1960,

Cogtes,J.E.,and F,Meade

Physical Training in Relation to the Energy Bxpenditure
of Walking, and to Pactors Controlling Respiration during
Exercise. Ergonomics 2, 195, 1959,

Cobb,L,A,, and W.P.Johnson
Hemodynamic Belationships of Anaerobic Metabolism and
Plasma Free Fatty Acids during Prolonged Strenuous Exercise
in Trained and Untrained Subjects. J.Clin, Invest, 42,
800,1963,

Cohn,J,.E,, D.G.Carroll,B.,W,Armstrong, R.H.Shepard and
R,L.Biley. Maximal Diffusing Capacity of the Lung in
Normal Male Subjects of Different Ages. J.Appl.Physiol.
6, 588,1954, '

Collet, M.E., and G.Liljestrand
The Minute Volume of the Heart in Man during some Different
Types of BExercise. Skand.Arch.f.Physiol.45, 29,192L,

Comroe,J.H.Jr.,, R,E,Forster TIl., A.B,DuBois, W.,A,Briscoe
and E,Carlson. 'The Lung': Clinical Physiology and
Pulmonary Function Tests. 2nd Ed.Chicago, Year Book
Medical Publishers, 1962,

Cook,C.D,, and J,F,Hamann
Relation of Lung Volumes to Height in Healthy Persons
between the Ages of 5 and 38 Years. J.Ped.59, 710,1961,




97 .

98.

99.

100.

101.

102.

103.

104,

105,

106,

107,

108,

109,

110,

JO303

Craig,F.N., and E,G.Cummings
Dehydration and Nuscular Work. J.Appl.Physiol, 21,670,1966.

Cumming G.R,, and P.M,Cumming
Working Capacity of Normal Children Tested on a Bicycle
Ergometer., Canada M,A,J, 88,351,1963,

Cumming,G.R., and R.Danzinger ,
Bicycle Ergometer Studies in Children -~ Correlation of
Pulse Rate with Oyxgen Consumption. Ped.32, 202,1963,

Cureton, T.K.
Res.Quart. 7,80,1934,

Daly ,W.J., S.T.Glammona, J.C,Ross and H, Felgenbaum
Effects of Pulmonary Vascular Conjestion on the Postural
Changes in the Perfusion and F11ling of the Pulmonary
Vascular Bed., J,Clin,Invest., 43, 68,1964,

Damoiseau,J., R.Deroanne and J.M.Petit )
Consommation Maximale d'oxygeéne aux Differents Ergometres

J.Physiol. (Paris) 55, 235, 1963.

Danzinger,R.G,, and G. B, Cumming
Lffects of Chlorothiazide on Working Capacity on Normal
Subjects, J.Appl,Physiol. 19, 636,1964,

Davy,H. (J.Davy ed.)
Researches, Chiefly concerning Nitrous Oxide, Collected

Papers Volume 3, London, Smith Elder 1839,

Dejours, P,
La Regulation de la ventilation au cours de 1'exercise
musculaire chez 1'homme, JoPhysiol, (Paris) 51,163,1959,

De jours,P,, J,C.Mithoefer and Y.Labrousse
Influence of Local Chemical Change on Ventilatory Stimulus
from the Legs during Exercise. J.Appl,Physiololg, 372,1957.

Demuth,G.R,,W.F.Howatt and BsM.Hi11
The Growth of Lung Function, Ped.35,Supp.l61-218,1965,

Dexter, L., JaL.Whittenberger, F.W,Haynes, W.T.Goodale,
R.Gorlin and C.G,Sawyer. Effect of [xercise on Circulatory
Dynamics of Normal Individuals. J.Appl.Physiol.3, 439,1951,

Dill, D.B,, and C.F,Consolazio
Responses to Exercise as related to Age and Environmental

Temperature., J.Appl.Physiol., 17, 645, 1962,

'Dill,D.B., H,T. Edwards, £,V.Newman and R.Margaria

Analysis of Recovery from Anaerobic Work. Arb,Physiol.9,
299,1937.



111. Di11,D.B., S.M.Horvath and F.N.Craig JO304
Responses to Exercise as Related to Age.

J.Appl.Physiol. 12, 195,1958,

112. D111,D.B., L.G.Myhre, E.E.Phillips Jr., and D.K.Brown
Work Capacity in Acute Exposure to Altitude.
J.Appl.Physiol. 21, 1168,1966,

113. Dill,D.B., S.RBobinson, B.Balke and J.L.Newton
Work Torerence: Age and Altitude.
J.Appl.Physiol. 19, 483,196k,

114, Dill,D.B., J.H.Talbott and H.T.Edwards
Responses of Several Individuals to a Fixed Task.

J.Physiol. (London) 69, 267, 1930.

115. Dollery, C.T., N.A.Dyson and J.D.Sinclalr
Regional Variations in Uptake of Radioactive CO in the
Normal Lung. J.Appl.Physiol. 15,411, 1960.

116. Donald, K.¥W., J.M,Bishop, G.Cumming and 0.L.Wade
The Effect of Exercise on the Cardiac Cutput and
Circulatory Dynamics of Normal Subjects,
Clin.Se. 14, 37, 1955,

117, Donevan,R.E, ,W.,H,Palmer, C,J.Varvis and D.V.Bates’
Influence of Age on Pulmonary Diffusing Capacity.
J.Appl.Physiol, 14, 483, 1959,

118. Douglas,C.G., and J.S.Haldane
The Capacity of the Air Passages under Varying
Physiological Conditions. J.Physiol.(London), 45,235,1912,

119. Douglas,F.G.
Effects of Training on Cardiorespiratory Performance

during Maximal Physical Effort,
M.Sc.Thesis, Faculty of Graduate Studies,McGill University,

submitted summer 1967,

120. Dunhill, WM,S.
Postnatal Growth of the Lung. Thorax 17, 329,1962,

121. fdwards,H.T., M,I.Cohen, D.B.Dill and A.Thorndike Jr,
Renal Function in Exercise., Arb.Physiol. 9, 610, 1937,

122, Ekelund,L.G., and A.Holmgren
Circulatory and Respiratory Adaptation during Long Term,
Non-Steady State Exercise in the Sitting Position.

Acta Physiol.,Scand. 62, 240, 1964,

123, FElsner, R.We, and Carlson,L,D.
Post-exercise Hyperemia in Trained and Untrained Subjects.

J.Appl.Physiol. 17, 436, 1962,

12k. EBmerson, P,W., and H.Green
Vital Capacity of the Lungs of Children.
Am.J.Dis,Child 22, 202, 1921.




125,

126,

127.

128,

129,

130,

131,

132,

133,

134,

135.

136,

JL305

Emery,J.L,, and A.Mithal

The Number of Alveoll in the Terminal Respiratory
Unit of Man during Late Intrauterine Life and
Childhood. Arch.Dis.Childhood 35, 544, 1960.

Bngel, S,
The Chillds' Lung: Developmental Anatomy, Physiology

and Pathology. Arnold, London, 1947,

Englert, M,
Ltinfluence de l'age sur la capacité de diffusion
pulmonaire chez l'homme normal. Med.Thorax 21, 1, 1964,

Engstram,l., P.Karlberg and S.Kraepellen

Respiratory Studies in Children: I. Lung Volumes in
Healthy Children 6 to 14 years of Age.

Acta Paediat._ 45, 277,1956,

Fngstrom,Il., P.Karlberg and C.L.Swarts

Resplratory Studies in Children: IX. Relatilonships
between Mechanlcal Properties of the Lungs, Lung Volume
and Ventilatory Capacity in Healthy Children 7 to 15
vears of Age. Acta Paediat. 51, 68, 1962,

Erikson, H,.
The Respiratory Gaseous Exchange after a Short Burst
of Exercise. Acta Physiol. Scand. 40, 182,1957,

Erikson,L., ., H.Simonson, H.L.Taylor, H,Alexander and
A.Keys. Ftnergy Cost of Horizontal and Grade Walking.
Am.J,Physiol. 145, 391, 1946,

Federation of American Societies for Experimental Biology:
Standardization of Definitions and Symbols in Respiratory

Physiology. Fed.Proc., 9, 602, 1950,

Ferrer,M.I.,, R.M.Harvey, R.T.Cathcart, A.Cournand
and D.W,BRichards,Jr. Hemodynamic Studies in Rheumatic
Heart Disease, Circulation 6, 688,1952.

Perris,B.G.Jr., J.L.Whittenberger and J.R.Gallagher
Maximum Breathing Capacity and Vital Capacity of Male
Children and Adolescents., Ped. 9, 659,1952,

Filley,G.F., D.J.MacIntosh and G.W.Wright

Carbon Monoxide Uptake and Pulmonary Diffusing Capacity
in Normal Subjects at Rest and during Exercise,
J.Clin.Invest. 33, 530, 1954,

Forssmann, W.
Die Sondierung des Rechten Herzens. Klin.Wochenschrift

8, 2085, 1929,




JO306

137{ Forster,R,E,
Exchange of Gases between Alveolar Air and Pulmonary

Capillary Blood: Pulmonary Diffusing Capacity.
Physiol.Rev. 37,391,1957,

138. Forster, R.E,, W.S.Fowler, D.V.Bates and B.VanLingen
The absorption of Carbon Monoxide by the Lungs during
Breathholding. J.Clin,Invest, 33, 1135, 1954,

139. Forster,R.E,, F.J.W.Roughton, L.Cander, W.A,Briscoe and
F.Kreuzer. Apparent Pulmonary Diffusing Capacity for
CO at Varying Alveolar O Tensions, J.Appl.Physlol.1ll,

277,1957. 2

140. Fowler, W.S.
Lung Function Studies: II. The Respiratory Dead Space.

Am.J.Physiol. 154, 405, 1948,

141, Freedman,M. E,, G.L.Snider, P.Brostoff, S.Kimelblot and
L.N.Katz, Effects of Training on Response of Cardiac
Output to Muscular Exercise in Athletes, J.Appl.Physiol.

8. 37, 1955,

142, Freyser,R...J.C.Ross, H.S.Levin, J.V.Messer and J.Pines
Effect of Increasing Environment Temperature on Pulmonary
Diffusing Capacity. J.Appl.Physiol. 21, 147, 1966,

143, Frick,M.H., A.Konttinen and H.S.S,Sarajas
Effects of Physical Training on Circulation at Rest and
during lixercise. Am.J.Cardiol. 12, 142, 1963.

1hly, Gandevia, B,
Normal Standards for Single Breath Tests of Ventilatory

Capacity in Children, Arch,.Dis.Children. 35, 236,1960,

145, Gandevia,B., and P,Hugh-~Jones,
Terminology for Measurement of Ventilatory Capacity.

Thorax 12, 290, 1957,

146, Gemmill,C., W,Booth and B.Pacock
Muscular Training: 1. The Physiological Effect of Daily
Repetition on the Bame Amount of Light Muscular Work.

Am.J.Physiol., 92, 253, 1930.

147, Giammona,S.T.J., and W.J.Daly
Pulmonary Diffusing Capacity in Normal Children Ages
4 to 13, Am.J.Dis,.Child.110, 1441965,

148, Glassford,R.G., GoH,Y.Baycroft, A.W.Sedegwick and R.B.J,McNab
Comparison of Maximal Oxygen Uptake Values Determined by
Predicted and Actual Methods. J.Appl.Physiol,20,509,1965,

149, Gof£,L.G,, and R.G.Bartlett
Elevated end-tidal CO. in Trained Underwater Swimmers.,
7

J.Appl.Physiol. ;Q,ZO§9195




150,

152,

153,

154,

155.

156,

157.

158,

159.

160,

161,

JO30'7

Goldberg,S.J. R.Welss and F.H,Adams

A Comparison of the Maximal Endurance on Normal Children
and Patients with Congenital Cardiac Disease.

J.Ped. 69, 46, 1966.

Goldbergs,S.J,, R.Weilss, E.Kaplan and F.H,Adams

Comparison of Work Required by Normal Children and those
with Congenltal Heart Disease to Participate in Childhood
Activities., J.Ped. 69, 56, 1966,

Goldman,H,I. and M,.R.Becklake

Respiratory Functiori Tests: Normal Values at Mediaen
Altitudes and the Prediction of Normal Results.
Am.Rev,Tuberc., 79, 457,1959,

Gordon,B.,S.A.Levine and A.Wilmaers
Observations on a Group of Marathon Runners.
Arch., Int.Med. 33,425,1924,

Granath,A., B.,Jonsson and T,Strandell

Studies on the Central Circulation at Rest and during
Exercise in the Supine and Sitting Body Position in 01d
Men. Acta Med.Scand. 176, 425, 1964,

Grande,F and H,L,Taylor

Adaptive Changes in the Heart, Vessels and Patterns of
Control under Chronically High Loads, Handbook of
Physiology: Circulation, Sec.2,3, 2615, 1965 ed. W.I,
Hamilton and P.Dow, Am,Physiol.Soc.,, Wash,,D.C,

Gray,J.S., I'.S.Grodins and E,T,Carter
Alveolar and Total Ventilation and the Dead Space Problem,
J.Appl.Physiol. 9, 307, 1956,

Grimby,G., E.Haggendal and B.Saltin
Local Xenonl33 Clearance from the Quadriceps Muscle
during BExercise in Man, J+.Appl.Physiol.22, 305,1967,

Grimby,G., N,J.Nilsson and B.Saltin

Cardiac Output during Submaximal and Maximal Exercise in
Active Middle Age Athletes, J.Appl,Physiol.21,1150,1966,

Grimby,G., and B.Salt%in
Physiological Analysis of Physically Well Trained Middle

Aged and 0ld Athletes. Acta Med.Scand. 179,513,1966,

Grimby,G., and B@SSHerholm

Spirometric Studies in Normal Subjects: III.Static Lung
Volumes and Maximum Voluntary Ventilation in Adults with
a Note on Physical Fitness., Acta.Med,Scand, 173.199,1963,

Grollman,A.
The Measurement of the Circulation Rate in Man by the

Acetylene Method., J.Physiol, (London), 70, 39, 1930,



162Q

163,

164,

165.

166,

167,

168,

169,

170,

171,

172,

173.

174,

00308

Guyatt,A.R, ,F.Newman, F.F.Cinkotal, J,I.Palmer and
M.L.Thomson, Pulmonary Diffusing Capacity in Man
during Immersion in Water. J.Appl.Physiol.20,878,1965,

Haldane J.S., and J.G.Priestley

Resplration, 2nd ed, New Haven, Yale University Press, 1935.

Hamilton, W.F., J.W.Moore, J.M.Kinsman and R.C.Spurling
Studles 4on the Circulation: 1V. Further Analysis of the
Injection Method and of Changes in Hemodynamics under
Physiological and Pathological Conditions.

Am,.J.Physiol. 99, 534, 1932,

Hanson, J.S., and B.S.Tabakin
Comparison of the Circulatory Response to Upright Exercise
in 25 Normal Men and 9 Distance Runners. Br,Heart J.27,

211,1965, :

Hart,M.C,, M.M.Orzalesi and C.D.Cook
Relation between Anatomic Respiratory Dead Space and Body
Slze and Lung Volume. J,Appl.Physiol. 18, 519, 1963,

Hearn, G.R,
The BEffects of Terminating and Detraining on Enzyme
Activity of Heart and Skeletal Muscle of Trained Rats,

Int.Z.angew Physiol. 21, 190, 1965,

Heege, H.deV,
Quantitative Investigations of the Forced Vital Spirogram

in Healthy Children. Br.J,Dis.Chest, 55,131,1961,

Heinecker,A,, K-£,Zipf and H.W.LOosch
Uber den Einfluss kdrperlichen Trainings auf Kreislauf und

Atmung. Z.Kreisl.-Forsch 49, 913, 1960.

Heinonen,A.0., M.J.Karvonen and R.Ruosteenoia
Pulmonary Diffusing Capacity at Rest and Pnysical Fitness.,

J.Physiol. (London), 142, 54P, 1958,

Helliesen,P,J., C.D.Cook, L.Friedlander and S.Agathon
Studies of Respiratory Physiology in Children: 1I.Mechanics
of Respiration and Lung Volumes in 85 Normal Children 5 to
17 years of Age. Ped,22, 80, 1958,

Henderson,M., and G.H.,Apthorp,
A Rapid Method for Estimation of Carbon Monoxide in Blood.

Br.Med.J. 2,1853,1960.

Hermannsen,J.
Untersuchungen uber die Maximalle Ventilations-grosse

(Atemgrenzwert) Z.ges,. Bxperimentalle Med.90, 30, 1933,

Hermansen, L, and K.L.Anderson
Aerobic Work Capacity in Young Norwegian Men and Women.,

J.Appl.Physiol. 20, 425, 1965,




175.

176,

1770

178,

179.

180,

181.

182,

183.

184,

185,

00309

Hickman, J,B., and W, H.Cargill

Effect of Exercise on Cardlac COutput and Pulmonary
Arterial Pressure in Normal Persons and in Patients with
Cardlo-Vascular Disease and Pulmonary Emphysemsa.
J.Clin.Invest. 27, 10,1948,

Hill,A.V,, and H,Lupton
Muscular Exercise, Lactlic Acid and the Supply and
Utilization of Oxygen. Quart.J.Med.l6,135,19273,

Holloszy,J.De

Blochemical Adaptations in Muscle. Effect of Exercise on
Mitochondrial Oxygen Uptake and Respiratory Bnzymes
Activity in Skeletal Muscle. J.Biol.Chem.242,2278,1967,

Holmgren,A.
On the Reproducabilitv of Steady State D_CO Measurements
during Exerclse in Man, Scand.J.Clin.& %ab Invest.l1l7?, 110,1965.

Holmgren, A.

On the Significance of Pulmonary Mean Capillary CO Back
Pressure Corrections for Repeated Measurements of D CO
during LKxercise in Man. Scand.J.Clin. & Lab.Invest.l7,

117,1965.

Holmagren, A,

On the Beproduoabiliby of D.CO with Increasing Oxygen Uptake
during Exerclise in Healthy %rained Young Men and Women,

Acta Physiol.Scand. 65, 207, 1965,

Holmgren, A,

The "0xygen Conductlion Line' of the Human Body. Proc.int.
Symp.cardiovasc.respir,effects Hypoxia, Kingston, Ont.1965,
Karger, Basel/New York,1966.,

o
Holmgren,A., and P.-0,Astrand

D_ and the Dimensions and Functional Capacities of the O
Thansport System in Humens. J.Appl.Physiol.2l,1463,19662

Holmgren, A, ,B,Jonsson and T.Sjostrand

Circulatory Data in Normal Subjects at Rest and during
Exercise in Recumbent Position, with Special Reference to
the Stroke Volume at Different Work Intensities.

Acta Physiol.Scand. 49, 343,1960,

Holmgren,A.,, B.Jonsson, M.Lavender, H.,Linderholm,
', Mossfeldt, T,Sjostrand and G.Strom. Physical Training
of Patients with Vasoregulatory Asthenia. Acta Med.Scand.

158, 437, 1957,

Holmgren,A., and M.B.McIlroy
Effect of Temperature on Arterial Blood Gas Tensions and
pH during Exercise. J.Appl.Physiol. 19, 2t3,1964,




186.

187.

188,

189.

190,

191.

192,

1939

194,

195,

196.

197.

U0340

Holmgren,A., F.Mossfeldt, T.Sjostrand and G.Strom

Effect of Training on Werk Capacity, Total Hemoglobin
Blood Volume, Heart Volume, and Pulse Rate in Recumbent
and Upright Positions. Acta Physiol.Scand. 50, 72, 1960.

Holmaoren,A.,and C.0,0Ovenfors
Heart Volume at Rest and during Muscular Work in the
Supine and in the Sitting Position. Acta Med.Scand.167,

267,1960,

Holmgren,A,, and G.Strom

Vasoregulatory Asthenia in a Female Athlete and DaCosta's
Syndrome in the Male Athlete Successfully Trcated by
Physical Training. Acta Med.Scand.l64, 113, 1959,

Hoogerwersf,S.
Electrolcaydiographische Untersuchungen der Amsterdamer

Olympiadekampfer. Arb.Physiol. 2, 61, 1929,

Hornbein,T.['s, and A.Roos
BEffect of Polycythemia on Respiration. J.Appl.Physiol.l2,
86,1958,

Howell ,M.L., A,P.Bakogeorge and B.,A.Kerr
Progressive Treadmill Test Norms for College Males,
Res.Quart. 35, 322, 1964,

Huckabee,W, I3,
Relationships of Pyruvate and Lactate during Anaecrobic
Metaholism: II. Ilixercise and Formation of O2 Debt,
J.Clin,Invest. 37, 255, 1958, :

Huckabee,W.E,

The Role of Anaerobic lMetabolism in the Performance of
Mild Muscular Work: II. ‘The hffect of Asymtomatic
Heart Disease. J.Clin,Invest.37, 1593, 1958,

Hurtado,A.,, and C,Boller
Studies of Total Pulmonary Capacity and its' Subdivisions.
Jo.Clin, Invest. 12, 793, 19373,

Hutchinson,J.

On Capacity of the Lungs and on the Respiratory Movements
with the View of Establishing a Precise and Fasy Method of
Detecting Disease by the Spirometer., Lancet 1, 630,1846,

Jegier,W,, P.Sekelj, H.'T.Davenport and M.McGregor
Cardiac Output and Helated Hemodynamic Dats in Normal
Children and Adults. Canda.J.Biochem.and Physiol. 39,
1747,1961,

Johnson,R.L.Jr., W.S.Spicer, J.M.Bishop and R.E,Forster

Pulmonary Capillary Blood Volume, Flow and Diffusing
Capacity during Fxercise. J.Appl.Physiol.1l5, 893, 1960,



198,

199.

201.

202,

203,

20 }4 °

205,

206,

207,

208,

209,

210,

Johnson,R.L.Jr., H,F.Taylor and W.H.lawson Jr.
Maximal Diffusing Capacity on the Lung for Carbon Monoxide.
J.Clin,Invest._ 44, 349, 1965,

Kagan, B, M. ,and P.M.Kaplan
Untersuchung der dosierten und maximalen Arbelt bei
Personen von verschiedener physischer Leistungsféhigkeit.

Arb.Physiol, 3, 61, 1927.

Kaltreider, N, L., W.W.,Fray and H.V,Hyde
The Effect of Age on the Total Pulmonary Capacity and its!
Subdivisions., Am.Bev.Tuberc. 37, 662, 1938

Kanagami,H., K.Baba, T.Katsura and K,Shiroishi

Studles on the Pulmonary Function during Exercise in Normal
Subjects. On the Comparlson of Three Different Exercise
Tests. Resp. & Circ. 9, 188,1961.

Kaneke,K., Jo.Millic=Bmili, M.B.Dolovich, A,Dawson and D.V,Bates
Reglonal Distribution of Ventilation:and Perfusion as a
Function of Body Position. J.Appl.Physiol. 21, 767,1966,

Karpovich, P,V.
Physiology of Muscular Activity. 6th ed.W.B.Saunders Co,

Philadelphia, 1965,

Kauf , .
Ueber die Binwirkung von Afropin und Adrenalin auf das Herz
Sporttreibender., Wien.Klin,Wochenschr. 39, 212,1926,

Keen,B.N., and A,W.S1oan
Observations on the Harvard Step Test. J.Appl.Physiol.l3,

21,1958,

Kelly H.G.
A Study of Individual DifferencesAin Breathing Capacity in
Relation to Some Physical Characteristics., Univ.of Towa

Studlies, Studies in Child Wlefare 7,1933.

Kennedy, M.,S,C,
A Practical Measure of Maximum Ventilatory Capacity in
Health and Disease. Thorax 8, 73, 1953,

Kennedy,M.S.C., D.C.Thursby-Pelham and P.D,Oldhan
Pulmonary Function Studies in Normal Boys. Axch Dis.
Chilh. 32, 347,1957.

Kety,S.S.
The Theory and Applications of the Exchange of Inert Gas

at the Lungs and Tissues. Pharm.Bev. 3, 1,1951.

Kety,S.S., M,H.Harmel, H,T.Broomell and C,B,Rhode

The Solubility of Nitrous Oxlde in Blood and Brain.
J.Bilol.Chem. 173, 487,1948,




20312

211. Kilburn,K.H., H.A.Miller, J.E.Burton and R.Rhodes.
Effects of Altering Ventilation on Steady State Diffusing
Capaclty for Carbon Monoxide. J.Appl.Physiol.18,89,1963

212, Kjellbere,S.R., U.Rudhe and T.8 jostrand
Increase of the Amount of Hemogl.obin and Blood Volume
in Connectlon with Physical Training. Acta Physiol.Scand,

19, 146,1949,

213. Kjellberg,S.R., and U.Rudhe
' The Amount of Hemoglobin (Blood Volume) in Relation to the

Pulse Rate and Heart Volume during Work. Acta Physiol.
Scend. 19,152,1949,

214, Kjellmer, I,
The Effect of Exercise on the Vascular Bed of Skeletal

Muscle. Acta Physiol.Scand. 62, 18, 1964,

215. _Klassen,G., and G.M.Andrew
Unpublished Data. Royal Victoria Hospital, Montreal,Canada.

216, Knehr,C.A., D.B.Dill and W.Neufeld
Training and its' Effects on Man ot Rest and at Work,

Am.J.Physiol. 136, 148, 1942,

217. Knuttgen,H.G.
Oxygen Debt, Lactate, Pyruvate, and Excess Lactate after

Muscular Work. J.Appl.Physiol. 17, 639, 1962

218. Knuttgen, H.G,
Aerobic Capacity of Adolescents. J.Appl.Physiol.22,655,1967,

219, Krahl, V.f,
Anatomy of the Mammalial Lung. Handbook of Physiology

Respiration Sec.3,1, 213, 1964,

220. Krogh, A,
The Number and Distribution of Capillaries in Muscle with
Calculations of the Oxygen Pressure Head Necessary for
Supplying the Tissue. J,Physiol. (London) 52,409,1919,

221, Krogh,A., and M.Krogh
On the Rate of Diffusion of Carbonic Oxide into the Lungs

of Man. Scand.Arch.Physiol.23,236,1910,

222, Krogh,A,,and J,Lindhard
Measurements of the Blood Flow through the Lungs of Man.

Skand.Arch.Physiol. 27, 100, 1912,

223. Krogh,A., and #.Lindhard
The Volume of the "Dead Space" in Breathing, J.Physiol. (London

L7, 30, 1913,




00343

224k, Krogh,A., and J.Lindhard
The Regulation of Respiration and Circulation during
the Initial Stages of Muscular Work. J.Physiol.(London),
47, 112, 1913,

225. Krogh, M.
The Diffuslon of Gases through the Lungs of Man,

J.Physiol. (London) 49, 271, 1915,

226, Lagerlof, H., and L. Werko
Normal Values for Cardiac Output and Pressure in the
Right Auricle, Right Ventricle and Pulmonary Artery.
Acta Physiol.Scand. 16, 75, 1948,

227, Lamb,L,E,
Hypoxia - An Anti-D.zondltloning Factor for Manned Space

Flight. Aerospace Med. 36, 97, 1965.

4
228, Larsson,Y., B.Persson, G.Sterky and C.Thoren
Functional Adaptation to Rigorous Training and Exercise
in Diabetic and Non-~Diabetic Adolescents. J.Appl.Physiol.

19, 629, 1964,

229, LeBlanc,J,A.
Use of Heart Rate as an Index of Work output.
Jo.Appl.Physiol. 10, 275, 1957.

230, Leuallen,B.C.,, and W.S.Fowler.
Maximal Mid--Expiratory Flow., Am.Rev.Tuberc, 72, 783, 1955,

231, Lewls,B.M,, R.E,Forster and E.L.Beckman
Effect of Inflation of Pressure Suit on Pulmonary
Diffusing Capacity in Man. J.Appl.Physiol. 12, 57, 1958.

232. Lewis,B.M,, W.T,McElroy, BE.J.Hayford-Welsing and L,C.Samberg
The Effects of Body Position, Ganglionic Blockade and
Norepinephrine on the Pulmonary Capillary Bed.
J.Clin.Invest. 39, 1345, 1960.

233, Lewis,B.M., T-H.Lin, F.E.Noe, and E,J,Hayford-Welsing
Measurement of Diffusing Capacity by Rebreathing.
J.Clin,Invest. 38, 2073, 1959.

234, Lilienthal,J.L.Jr., R.L.Riley, D,D.Proemmel and R.E.Franke
An Experimental Analysis in Man of the Oxygen Pressure
Gradient from Alveolar Air to Arterial Blood during Rest
and Exercise at Sea Level and at Altitude.

Am,J.Physiol., 147, 199, 1946,

235. Linderholm,H,
On the Significance of CO Tension in Pulmonary Capillary
Blood for Determination of Pulmonary Diffusing Capacity
with the Steady State CO Method. Acta.Med.Scand.156,

413, 1957,




236.

237 °

238,

239.

240.

241,

2h2,

243,

244 ©

25,

246,

247,

248,

JO314

Linderholm,H,
Diffusing Capacity of the Lungs asg a Limiting Factor
for Physical Working Capacity. Acta Med.Scand,.163,61,1959.

Lindhard,J,
Uber das Minutenvolum des Herzens bei Ruhe und bei

Muskelarbeit. Pflugers'Arch fur Physiol. 161, 233, 1915,

Loewry, A,

Ueber die Bestimmung der Grosse der "Schadlichen
Luftrammes" 3m Thorax und der alveolaren Sauerstoffspannung
Pfligers'Arch. flir Physiol. 58, 416, 1894,

Lyong;H.A., and R.W.Tanner
Total Lung Volume and its' Subdivision in Children: Normal
Standards. J.Appl.Physiol. 17, 601, 1962,

Lyons,H.A,, R.,W.,Tanner and T.,Picco
Pulmonary Function Studlies in Children. Am,J.Dls.Child,

100, 196, 1960,

Macklem,P,T., and J.Mead
The Physiological Basis of Common Pulmonary Ffunction Tests.
Arch, nviron.Health. 1%, 5, 1967,

MacNamara,J., ’,J,Prime and J,D.Sinclair

An Assessment of the Steady-State Carbon Monoxide Method
of [stimating Pulmonary Diffusing Capacity.

Thorax 14, 166, 1959,

MacNamara,J., F.J.Prime and J.D.Sinclair
The Increase in Diffusing Capacity of the Lung on Exercise,
Lancet 1, 40Ok, 1960,

McGregor, M. :

The Value of an Idex of Maximal Expiratory Force in the
Interpretation of Tests of Maximal Ventilatory Capacity.,
Am.Rev,Tuberc. 78, 692, 1958,

McGregor,M., W.Adam and P.Sekelj
Influence of Posture on Cardiac Output and Minute
Ventilation during Exercise. Circ,Res,9, 1089, 1961,

McGrepgor, M., R.E,Donevan and N,M.Anderson
Influence of CO? and Hyperventilation on Cardiac Output
in Man. J.Appl? Physiol. 17, 933, 1962,

McIlroy, M.B,
The Respiratory Response to Exercise. Pediatrics 32

(supp), 680, 1963,

McKerrow,C,B.,, and A.B,0Qtis
Oxygen Cost of Hyperventilation° J.Appl.Physiol. 9,375,1956,




2h9,

250.

251.

252,

253,

254,

255,

257.

258,

259.

260,

JUGL5

MecMichael,J,
A Rapid Method of Determining Lung Capacity.

Clin,.Sc.4,167,1939.

McNeill,R.,S., J,Rankin and R.E,Forster

The Diffusing Capaclilty of the Pulmonary Membrane and the
Pulmonary Capillary Blood Volume in Cardio-Respilratory
Disease, Clin.Sc. 17, 465, 1958,

Magel,J.R.,, and J.A.Faulkner
Maximum Oxygen Uptakes of College Swimmers. J.Appl.
Physiol. 22, 928, 1967.

Margaria,R. .
A Historlcal Review of the Physlology of Oxygen Debt and
Steady State in Relatlion to Lactic Acid Formation and

Removal., Med.dello Sport 3, 637, 1963.

Margaria,R., P.Cerretelli, S.Marchi and L.Rossi
Maximum Exercise in Oxygen. Arb,Physiol. 18, 465,1961.

Margaria,R., P.Cerretelli and F.Mangili
Balance and Kinetics of Anaerobic Energy Release during
Strenuous [Lxercise in Man. J.Appl.Physiol.l9, 623, 1964,

Margaria,R,, H.T.Edwards and D,B,Dill

The Possible Mechanisms of Contracting and paying the

Oxygen Debt and the Role of Lactic Acid in Muscular Contracti
Am,J,Physiol. 106, 689, 1933,

Metheny, ., L.Brouha, R.E.Johnson and W.H,Forbes

Some Physlological Responses of Women and Men to Moderate
and Strenuous fxercise: A Comparative Study.
Am.J,Physiol., 137, 318,1942,

Milic-bEmili,G.

Heart Rate and Ventilation during Recovery from Heavy
fxercise in Trained and Untrained Individuals.
Arb.Physiol. 17, 455, 1959,

Milic-fmili,G., J.M,Petit and R.Deroanne
Mechanical Work of Breathing during Exercise in Trained
and Untrained Subjects. J.Appl.Physiol.l7, 43, 1962.

Milic-Imili,G., P.Cerretelli, J.M,Petit and C,Falconi
La consommation d'oxygeéne en fonction de l'intensite de
1l'exercise musculaire. Arch.Int.Physiol. et Biochem,

67, 10, 1959,

Milic-Emili,G,,J.A.M,Henderson, M.B.Dolovich, D.Trop and
K.Kaneko. Regional Distribution of Inspired Gas in the
Lung. J,Appl.Physiol. 21, 749, 1966,




JO316

261- Mi].iC—Eﬂlili,G., al’ld J.M.Petit
Mechanical Efficiency of Breathing. J.Appl.Physiol.l5,

359, 1960.

262,.. Mitchell,J.H,, B.J.Sproule and C.B,Chapman
The Physiological Meaning of the Maximal Oxygen Intake
Test. J.Clin.Invest. 37, 533, 1958.

263a., Montoye,H.J,, W.,D,Collings and G.C.Stauffer
BEffects of Conditioning on the Ballistocardlogram of
College Basketball Players. J.Appl.Physiol.l5,449,1960.

263, Moore,R., and E,R.Buskirk
Exercise and Body Flulds. Science and Med.of Exerclse
and Sports. W.R.Johnson, ed. Harper and Rowe, 1960.

264, Morse,M., F.W.Schlutz and D,E.Cassels
The Lung Volumes and its! Subdivisions in Normal Boys
10 to 17 years of Age. J.Clin,Invest.3l, 3%0,1952

265, Morse,M., F.W.Schlutz and D.E,Cassels
Relation of Age to Physiological Responses of the Older
Boys (10 to 17 Years) to Exercise, J.Appl.Physiol.l,683,
1948,

266, Mostyn,E.M., S.,Helle, G.B,L.Gee, L.,G.Bentivoglio and
D,V,Bates. The Pulmonary Diffusing Capacity of Athletes.
J.Appl.Physiol. 18, 687, 1963

267, Murry,A.B., and C.D,Cook
Measurements of Peak Expiratory Flow Rates in 220 Normal
Children from 4, 5 to 18.5 Years of Age. J.Ped.62,186,1963,

268, Musshoff,K., H,Reindell and H.Klepzig
Stroke Volume, Arterio-Venous Difference, Cardiac Output
and Physical Working Capacity and their Relationship to
Heart Volume. Acta Cardiol (Brux) 14, 427, 1959.

269, Nairm,J.R., A.J.Bennet, J,D.Andrew and P.MacArthur
A Study of Respiratory Function in Normal School Children,
The Peak Flow Rate. Arch,Dis.Child 36, 253, 1961,

270. Needham,C.D., M,C,Rogan and I. MacDonald
Normal Standards for Lung Volumes, Intrapulmonary Gas-
mixing, and Maximum Breathing Capacity. Thorax 9,313,1954,

271, Newman,l',
The Bffect of Change in Posture on Alveolar-Capillary
Diffusion and Capillary Blood Volume in the Human Lung.
J.Physiol.(London),162, 29P,1962,



272,

273.

274,

275,

277

278,

279,

280,

281.

282,

283.

QO3L?

Newman,F., B,F.Smalley and M,.L.Thomson

A Comparison between Athletes and Non-Athletes in
Oxygen Consumptlion and Pulmonary Diffusion at Near
Maximel Exercise, J.Physiol.(London), 156, 7P,1961,

Newman,F., B.F.Smalley and M.L,Thomson
A Comparison between Body Size and Lung Function of

 Swimmers and Normal School Children. J.Physiol, (London)
_:!-_45_69 ‘ QPD 1963'10

Newman,F,., B.F.Smalley and M.L.Thomson
Effect of Exercise, Body and Lung Size on DICO in Athletes
and Non-Athletes, J.Appl.Physiol. 17, 649,%1962,

Newman,F., and M.L,Thomson
The Effect of the Inverted Position on Alveolar-Capillary
Diffusion and Volumes of the Human Lung. J.Physiol. (London)

153, 71P, 1960,

Newton,J.L.
The Assessment of Maximal Oxygen Intake.
J.Sports Med., 3, 164, 1963,

Ogilvie,C.M., R.E,Forster, W.S,Blakemore and J.W.Morton
A Standardized Breath Holding Technique for the Clinical
Measurement of the Diffusing Capaclty of the Lung for
Carbon Monoxide., J.Clin.Invest. 36, 1,1957.

Ostiguy,G.L,
Measurement of Cardiac Output by the Foreign Gas Method
using Nktrous Oxide, M.Sc.Thesis, Faculty of Graduate

Studies, McGill University, July 1964,

Otis,A.B,
The Work of Breathing. Physiol.Rev,34, 449,1954,

Quellet, Y,
Cardiac Output during Maximal Exercise.
M.S¢.Thesis, Faculty Graduate Studies, McGill University,

August 1966,

Pace,N., W.V.Consolazio, W.A.White Jr., and A,R.Behnke
Formulation of the Principal Factors Affecting the Rate of
Uptake of Carbon Monoxide by Man. Am,J,.Physiol.1l47,352,1946,

Palmer, D,M,
The Lungs of a Human Foetus of 170mm. Am,.J.Anat..58,59,1936,

Pembrey,M.S., and A.H.Todd
The Influence of Exercise upon the Pulse and Blood Pressure.

J.Physiol. (London) 37, 66P,1908,




JOSLS

284, Pengelly,L,D.
Cardiac Dye Injector Synchronizer.
Trans,Blo-Med.Electron,BME. 8,113,1961.

285, Fetren,T.,T.Sjostrand and B,Sylven
Der Einflus des Training auf dle Haufigkeit der
Capillaren in Hertz und Skeletmusculatur. Arb.Physiol.9,

376,1936.

286. Pliper,J., P.Cerretelli, F.Cultica and F.Mangili
Energy Metabolism and Circulation in Dogs Exercising in
Hypoxia. J.Appl.Physiol. 21,1143,1966.

287, ©Pugh,L.G.C.E. :
Cardlac Output in Muscular Exercise at 5800M (19000Ft.)
J.Appl.Physiol. 19, 441,1964,

1

288, Pugh,L,G,C,E., M.B.Gi11, S.Lahiri, J.S.Milledege, M.P.Ward
and J.B.West. Muscular Exercise at Great Altitudes.
J.Appl.Physiol. 19, 431,1964,

289. Pischel, B, ‘
Uber die Spirometrie und ihre Ergebnisse in Kindesalter.
Erg.Inn Med, 61, 786, 1942,

290, Rahn,H,
A Concept of Mean Alveolar Air and the Ventilation-Blood
Flow Relationships during Pulmonary Gas RExchange.
Am.J,Physiol.l58, 21,1949,

2901 Reddan,W., J,Burpee, P,Reuschlein, J.B.Gee and J.Rankin
Pulmonary Adaptations to Strenuous Training in Competitive
Swimming. [Ped.Proc. 25, 325, 1966.

292, Reeves,J,T,, R, F.Grover, S.G,Blount Jr., and G.F. Filley
Cardlac Output Response to Standing and Treadmill Walking.
J.Appl.Physiol. 16, 283, 1961,

293. Reeves,J.T., R.F.Grover, G.F.Filley and S.G.Blount Jr.
Cardlac Output in Normal Resting Man., J.Appl.Physiol.l6,
276, 1961,

294, Riley,R.L., and A,Cournand
"Ideal" Alveolar Alr and the Analysis of Ventilation-
Perfusion Relationships in the Lung., J.Appl.Physiol.l,
825, 1949,

295. BRiley,R.L., A.Himmelstein, H.L.Motley, H.M,Weiner and
A,Cournand, Studies of the Pulmonary Circulation at Rest
and during Bxercise in Normal Individuals and in Patients
with Chronic Pulmonary Disease. Am.J.Physiol. 152,372,1948,




296,

297 .

298,

299.

300,

301.

302,

303,

304,

305.

306,

3070

00319

Riley,R.L., BR,H.Shepard, J.E,Cohn, D,G.Carroll and

B.W.Armstrong, Maximal Diffusing Capacity of the

Lungs. J.Appl.Physiol. 6, 573, 1954,
Robinson,B.F.,S.E.Epstein, R,L,Kehler and.EaBraunwald

Cilrculatory Effects of Acute Expansion of Blood Volume
Studles during Maximal Exercise and at Rest.
Circ.Res.l1l9, 26, 1966, :

Bobinson,S,

Experimental Studies of Physical Fitness in Relation
to Age. Arb,.Physiol. 10, 251,1938.

Robinson,S., H,T,Edwards and D,B.Dill

New Records in Human Power. Science 85, 409,1937

Robinson,S., and P.M.Harmon

Lactic Acid Mechanisms and Blood Changes in Trailning.
Am.J.Physiol. 132, 757, 1941,

Robinson,S., D.L.Robinson, R.J.Mount joy and R.W.Bullard

Influence of Fatigue on the Efficlency of Nen during
Exhausting Runs. J.Appl.Physiol. 12, 197,1958,

Rohter,l",D,, R.H.Rochelle and ¢,Hyman

Exercise Blood Flow Changes in the Human Forearm during
Physical Training. J.Appl.Physiol. 18, 789, 1963.

Rosenbereg, I,

Effects of Physical Training on Single Breath Diffusing
Capacity Measured at Rest. Submitted June,1967, Int.
Z.eit fiur angewardte Physiol.,

Ross,J.C., R.Frayser and J,B.Hickam.

A Study of:the means by which Exercise Increases the
Pulmonary Diffusing Capacity for Carbon Monoxide.
J.Clin.Invest, 37, 926, 1958,

Roushton,F.J. W,

The Average Time Spent by the Blood in the Human Lung
Capillary and its!' Relation to the Rates of CO Uptake
and Elimination in Man. Am.J.Physiol. 143, 621, 1945,

Roughton,F.J.W., and R, E,Forster

Relative Importance of Diffusion and Chemical Reaction
Rates in Determining Rate of Exchange of Gases in the
Human Lung, with Special Reference to true Diffusing
Capacity of Pulmonary Membrane and Volume of Blood in
the Lung Capillaries. J,Appl.Physiol. 11, 290, 1957.

Rowell,L.B., J.R,Blackmon and R.A.Bruce

Indocyanine Green Clearance and Estimated Hepatic Blood
Flow during mild to Maximal Exercise in Upright Man,
J.Clin.Invest., 43, 1677,1964,



J0320

308. Rowell,L.B., H.L.Taylor, Y.Wang and W.S.Carlson
Saturation of Arterial Blood with Oxygen during
Maximal Exerclse. J.Appl.Physiol, 19, 284, 1964,

309. Bushmer,R.F., and 0.,A.Smith,Jr.
Cardiac Control. Physiol.Rev. 39, 41, 1959.

310. BRushmer,R.F., 0.A.Smith,Jr., and E,.P,Lasher
' Neural Mechanisms of Cardiac Control during Exercise.
Physiol. Rev., 40, Supp.4, 27,1960,

311. Saltin,B., and J.Stenberg
Circulatory Response to Prolonged Severe Exercise.

J.Appl.Physiol. 19, 833, 1964,

312. Schneider,E.C., and C,B.Crampton
A Comparison of Some Resplratory and Circulatory Reactilons
of Athletes and Non-Athletes. Am.J.Physiol.129, 165,1940,

313. Schwartz,L., R,H.Britten and L.R.Thompson
- Studies in Physical Development and Posture: 1. The LEffect
of L[xercise on the Physical Condition and Development of
Adolescent Boys. Pub,Health Bull #179, 1928,

314, Shapiro,W,, C.E.Johnston, R.A,Dameron Jr., and J.L.Patterson,
Jr. Maximal Ventilatory Performance and its' Limiting
Factors. J.Appl.Physiol. 19, 199,1964,

315. Shaw,D.B.,, F.Cinkotail and M.L,Thomson
Syncope Induced by Application of Negative Pressure to the
Lower Body and its' Effect on Lung CO Diffusing Capacity.
Aerospace Med., 37, 154, 1966,

316. Shephard,R.H,, i, Varnauskas, H,B.Martin, H.A.White,
S.Permutt, J, E.Coates and R.L.Rlley., Relationship
between Cardiac Output and Apparent Diffusing Capacity
of the Lung in Normal Men. J.Appl.Physiol.l3,?205,1958,

317. Shephard,R.J.
The Development of Cardio-Resplratory Fitness.
Med.Serv.J.Canada., 21, 533, 1965,

318. Simonson,E,
Physical Fitness and Working Capacity of 0Older Men.
Geriatrics 2, 110, 1947,

319. Simonson,lk., and 0.Riesser
zur Physiologie des Energizumsatzes Beig Menschen: £V°
Mittlg.zur Physiologie der Atmung., Pfliugers Arch,fur
Physiol., 215, 743, 1927,




DS

320, Skublc,V,, and J.Hilgendorf
Anticipatory Exerclse and Recovery Heart Rate of Girls
as Affected by Four Running Events. J.Appl.Physiol.l9,

853,1964,

321, Sloan,A.W.
Effect of Training on Physical Fitness of Women Students.

J.Appl.Physiol., 16, 167, 1961,

" 322, Sloan,A.W., and E.N.Keen
Physical Fitness of Qarsmen and Rugby Players before
end after Training. J.Appl.Physiol. 14, 635, 1959,

323. Slonim,N,B., D.G.Gillespie and W.H.Harold
Peak Oxygen Uptake of Healthy Young Men as Determined by
& Treadmill Method. J.Appl.Physiol. 10, 401, 1957,

324, Stahlman,M.T.
Pulmonary Ventilation and Diffusion in the Human Newborn
Infant. J,Clin.Invest. 36, 1081,1957,

325, Stead, B.A.,J.V,Warren, A,J.Merrill and [.S.Brannon
The Cardiac Output in Male Subjects as Measured by the
Technlque of Right Atrial Catheterization. Normal Values
with Observations of the Effects of Anxiety and Tilting.
J.Clin,Invest. 24, 326, 1945,

326, Steinhaus,A.H.
Chronic Effects of Bbxercise. Physiol.Rev.13, 103,1933,

o

327. Stenberg,J., P.-0,Astrand, B.Ekblom, J.Hoyce and B.Sgltin

Hemodynamic Response to work with Different Muscle Groups,
Sitting and Supine. J.Appl.Physiol.22, 61,1967,

328, Sterky,G.
Physical Working Capacity in Diabetic School Children.

Acta,Paediat, 52, 1, 1963,

329. Stewart,C.A.
The Vital Capacity of the Lungs of Children in Health and

Disease., Am.J.Dis.Child. 24, 451,1922.

330. Stewart,G.N.
Researches on the Circulation Time and on the Influences
which Affect 1t: IV. The Output of the Heart.

J.Physiol.(London) 22,159,1897,

331, Strandell,'Tl.
Circulatory Studies on Healthy 0ld Men with Special Reference
to the Limitations of the Maximal Physical Working Capacity.

Acta.lMed.Scand. 175, Supp.414, 1964,




332.

333.

33k,

335.

336.

337.

338.

339.

341,

342, .

3473,

3hk,

Strang,L,.B.
The Ventilatory Capacity of Normal Children.

Thorax 14, 305, 1959,

Strang,L.B.
Measurement of Pulmonary Diffusing Capacity in Children.

Arch,Dis.Childh, 35, 232, 1960,

Strydom,N.B., C.H.Wyndham, C.G.Williams, J.M.Morrison,
G.A,G.Bredell, A,J,.S.Benade, and M.Von Ramden.,
Acclimatization to Humid Heat and the Role of Physical
Conditioning. J.Appl.Physiol. 21, 636, 1966,

Stuart,D.G., and W.D.Collings
Comparison of Vital Capacity and Maximal Breathing
Capaclty of Athletes and Non-Athletes. J.Appl.Physiol.l&,

507, 1959.

Stuart,H.C,, and H,V,Meredith
Use of Body Measurement in the School Health Program,
Am,J.Pub.Health 36, 1365, 1946,

ouges,C.W., and W.E,Splinter
Some Physiological Responses of Man to Workload and
fnvironment. J,Appl.Physiol.l6, 413, 1961,

summers, B, , C,A,Guzman and M,R.Becklake
Unpublished Data, Royal Victoria Hospital, Montreal 1966,

labakin,B.S., J.S.Hangon,TW.Merriam,Jr..and &.J.Caldwell.
Hemodynamic Response of Normal Men to Graded Treadmill
Exercise. J.Appl.Physiol. 19, 457,1964,

Tabakin,B.S,, J.S.Hanson and A M. Levy

Bffect of Physical Training on the Cardiovascular and
Respiratory Response to Graded Upright Exercise in
Distance Runners. Br.Heart.J. 27, 205, 1965,

Taylor,H.L., B.Buskirk and A.Henschel
Maximan Oyxgen Intake as an Objective Measure of Cardi o=
Respiratory Performance. J.Appl.Physiol. 8, 73, 1955.

Taylor,l.L., A,Henschel, J,Brozek and A,Keys
Effects of Bed Rest on Cardiovascular Function ard Work
Performance, J,Appl.Physiol. 2, 223,1949,

Teylor, H.L,, Y,Wang, L.Rowell and G.Blomgvist
The Standardization and Interpretation of Submaximal and
Maximal Tests of Working Capacity. Pediatrics.Qg,703,1963£5up

Thomas,H.D., B.Boshell, C.Gaos and T.J.Reeves

Cardiac Output during Exercise and Anaerobic Metabolism in
Men. J.Appl.Physiol., 19, 839, 1964,



346,

347,

348,

3h49.

357.

w323

Torelli,G,, and G,Brandil

Regulation of the Ventilation at the begilnning of
Muscular Exercise. Int.Z.angew.Physiol. 19,134,1961,

Lfurino,G.M., M.Brandfonbrener and A.P.Fishman

Determinants of Pulmonary Diffusing Capacity.
J.Clin.Invest. 38, 1186,1959,

Turmer, J,A., and B,L.McLean

Spirometric Measurements of Lung Function in Healthy
Children. Pediatrics,7,360,1951,

Van Slyke,D.D., and C,A.L,.Binger

The Determination of Lung Volume without Forced Breathing.
J.Bxp.Med., 37, 457,1923,

Varnaus«kas, i, , H.Bergman, P,Houk and P.Biorntorp

Hemodynamic Effects of Physical Training in Coronary Patlents.
Lancet 11, 8, 1966,

Wade, O0.L., and J,.M.Bishop

Cardiac Output and Regional Blood Flow,
Blackwell Scientific Publicatilons, Oxford 1962,

Wahlund, H.

Determination of the Physical Working Capacity.,
Acta,led.Scand, Supp. 215, 1,1948,

Wang, Y., R.J.Marshall and J.T.Shepherd

The Effects of Changes in Posture and of Graded Exercise
on: Stroke Volume in Man, J.Clin.Invest. 39, 1051,1960,

Wang,Y,, J,T,Shepherd, R.J.Marshall, L.Rowell and H.L,Taylor

Cardiac Responge to Lxercise in Unconditioned Young Men
and in Athletes., Circulation 24, 1064,1961 (abstract,
34th Scientific sessions).

Wasserman,K., A,L.VenKessel and G.G,Burton

Weibel,BE.R.

Interaction of Physiological Mechanisms during Exercise.
J.Appl.Physiol, 22, 71, 1967,

Morphology of the Human Lung. Academic Press Inc,N.Y,,1963,

Wells,J.G,, B.Balke and D.D.VanFossan

West,J,B. ;

Lactic Acid Accumulation during Work. A Suggested
Standardization of Work Classification, J.Appl.Physiol.l0,

51,1957,

Diffusing Capacity of the Lung for Carbon Monoxide at 3
High Altitude. J.Appl.Physiol. 17, 421, 1962, b




358,

359.

360.

362,

363.

364,

367 °

368,

369,

00324

West,J,B., and C.T,Dollery

Distribution of Blood Flow and Ventilation-Perfusion
Ratio in the Lung measured with Radioactive COz.
J.Appl.Physiol., 15, 405, 1960,

West,J.B,, S.Lehiri, M.,G,G111, J.S.Milledge, L.G.CeE,Pugh
and M.,P.Ward. Arterial Oxygen Saturation during Exercise
at High Altitude. J.Appl.Physiol. 17, 617, 1962,

Whitfield A.G.W., J,A.H,Waterhouse and W.M.Arnott

The Total Lung Volume and its'! Subdivisons. A Sthdy in
Physiological Norms: 1II. The Effect of Posture.
Br.J.Soc.Med. 4, 86,1950.

Williams,C.G., G.A,G.,Bredell, C.H.Wyndham, N.B.Strydom,
Jo.F.Morrison,J.Peter, P.W.Flemming and J.S.wWard.
Circulatory and Metaholic Reactions to Work in Heat.
J.Appl.Physiol. 17, 625, 1962,

Wilson,M.G., and D,J.Edwards

The Vital Capacity of the Lungs and its' Relation to
Exercise Tolerance in Children with Heart Disease,
Standards for Normal Vital Capacity for Children: the
Lung Capacity in Certain Intrathoracic Conditions.
Am,J.Dis.Child., 22, b43, 1921,

Wyndham,C.H,, N.B.Strydom, J.S.Maritz, J. ' Morrison,
J.Peter and Z.V.Potgieter. Maximum Oxygen Intake and
Maximum Heart Rate during Strenuous Work. J.Appl.Physiol.

1k, 927, 1959.

Wyndham,C,H., N.B.Strydom, J.F.Morrison, J.Peter,
CoeG.Williems, G.,A.G.Bredell and A.JoOffe,

Differences between Ethnic Groups in Physical Working
Capacity. J.Appl.Physiol. 18, 361, 1963,

Wyndham,C.H., and J,S.Ward.
An Assessment of the Exercise (apacity of Cardiac Patients.

Circulation 16, 384, 1957.

Young,A.C.
Dead Space at Rest and during Exercise.

Je.Appl.Physiol. 8, 91,1955,

Zechman, F. W, , F,S.Musgrave, R.C.Mains and J.E,.Cohn
Respiratory Mechanics and Pulmonary Diffusing Capacity with
Lower Body Negative Pressure. J.Appl.Physiol.22,247,1967.

Zzuntz, N, , and D,Haremann
Stoffwecksel des Pferdes bei Ruhe und Arbeit.
Landwirtschaftliche Jahrbucher 27, 371,1898,

Zwi,S,, JoC.Theron, M.McGregor.and M.R.Becklake
The Influence of Instrumental Resistance on the Maximal
Breathing Capacity, Dis.Chest 36, 361, 1959,




ACKNOWLEDG EMENT S

o

It is 1lnevitable that a project of this nature required
the assistance of many whom I wish to acknowledge. During
the four years of this study, several technicians have been
involved in making measurements; these include the Misses
M.S5chmidt, J.Clarke, B.Wright, J.Drybers, L.Hytton,&ﬁé Mrs,.
E.Summers,aad MroG.Dupragr%.Nowaczek, whose help has been
appreclated, Additional assistance and support were given by
Doctors C.Guzman and J.3.Guleria, Wr.L.D,Pengally designed
and bullt most of the testing circuits used in the study and

he along with hin nssistants, J.Pinto, M.Ballantyne and J.Ghose,

mave invaluable technical support throushout. I am indebted to

Mr.L.Bartlett, not only for his help as Chief Technliclan, but

Aalso for his artististic aid in preparing the figures. MNr.

A.Greenbery is acknowledsed for his help in data processing;

he was responsible for writing most of the computer programs.
Doctor M.Becklake acted as my suvnervisor. She was a constant

souree for sunport and guldance.and helped immeasurably,

thronrch her constructive advice and criticism, in the inter-

pretation and presentation of results. I am deeply appreciative

also for the support of Doctor D.V.Bates for his direction durine

the study. [Furthermore, I acknowledge that without his interest,

enthusiasm and backing it might not have been possible for me

to persue this program at the Joint Cardio-Respiratory Service

of the Royal Victoria Hospital and Mefill University, Montreal,




The author 1s indebted for financial support, through DoQtdf“

Bates, to the John Hartford Foundation and the National Fitness

Council of Canada. |
Finally, I would be remiss for falling to acknowledge_‘

the support of my wife and children who shared in the problemé o

and pleasures of this endeavour.



Cardiac Outpptlléc)—

. mmHg. A subééri?ﬁ,in icates
S i;h@ ggys‘_usec\i (ef;'

-minuta upuaga cf Oxygau aa-f“f’"

.pressed at standard oanditicﬂ@

~ (1e.8TPD). Subscript MAX A
indicates maximal value att&in» i
,able in exﬁrcise.u, o

z mi\nujke Qu*ﬁpuﬁ @f b}.OOd by thﬁ

D aa,;zi 0 ),

.

heart, In health, except in
transitory eoﬁditioﬁs, the flow
through the pulmonary caplllar~ §
ies and inko the aorte are i
virtually the same, and the bwo %
gre conaldered oynﬁﬂkuvv h”?zs %

51} hﬁuméeﬂ arterial
mized venous blood,
as O uuir ction




w JOINT CARDID*HESPIRATORY SERVICW

‘Appéhdix;l,;”

McGILL UNIVERSITY g _*%k)ﬁff!i'f;

I " and
ROYAL VICTORIA HOSPITAL

1st July, 1965

e

Dear Parent,

' Through the kind ce~operation and permission of
the Parks and Playgrounds Commission of the City of Montreal,
‘we are conducting a series of tests on children enrolled in
their summer program at our exercise laboratories, Because
of the age group of the children concerned ( 8 to 15 years)
it is necessary to gain consent of the parent (or guardian)
before doing the test.

The purpose of the gtudy is to collect information
on lung and heart” function during rest and exercise, on normal.
healthy children, Similar information bas just been obtained
on the older age groups 20 -~ 70 years and these tesbs will
provide complete data for all age groups. As you may then
realize, this study is designzd to help gain a better
understanding of how we "grow old", which of course is
necessary if we wish to learn how to "stay young®,

The tests are COMPLETELY without danger and dis-
comfort and the following points should eliminate all doubts
you may have regarding your child's participation,

1, No needles or drugs are required,

2, Physical examination is given prior to test.

3. Tests require pedalling on a stationary

- bicycle.

4o TranSpoxtation to and from the park areas

concerned is provided by an authorlzcd
- school bus,

5. Total testing time is about 1 hourg ‘Since
the children will be transported in groups
of 3 ~ 5, this means each child will be
required to be away from the park for about

- 3 hours,

6. Close medical supervision is prOV1ded at all

times,.
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SR fThe tesns are bblﬂg made on Juky 12 - 16 and 19 - 23.
In 8ll, eighty children will be tested and this group will
- include an equal number of each sex, 10 in each age group.

You may well uhderstand that not all children have
kﬁhe app“oprlate temperament for such tests. Your child has
been selected as a suitable subject and we would therefore
. appreciate your completing, signing and returning te the

‘Park Honitor, the enclosed fom, Thank you for vour
anticipated comaperatlon, w1thout which this study cannnt be

v’.made.

Yours truly,

George M. Andrew, B.Sc.(P.E.) M.Sc.
Tecturer, McGill University.
Research Fellow, Hoyal Victoria
Hospital,

PHONE: 8,2-125)  Local 795,
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Effect of athletic training on exercise

cardiac output”’

GEORGE M. ANDREW, CAROLE A. GUZMAN, AND
MARGARET R. BECKLAKE

Cardiorespiratory Service, Royal Victoria Hospital,

McGill University, Montreal, Canada

ANDREW, GEORGE M., CaroLe A. GuzMAN, AND MARGARET
R. BeckLARE, Effect of athletic training on exercise cardiac output.
J- Appl. Physiol. 21(2): 603-608. 1966.—In four college
athletes and four nonathletic freshmen measurements were
made of ventilation, O: consumption, cardiac output, and
heart rate at three submaximal levels of excercise before, and
again after, a period of athletic training. In both groups there
was a decrcase in hcart rate, cardiac ocutput, and minute
ventilation at any given work load. Oxygén consumption was
unaffected and therefore the arterial-venous Os difference was
increased. Before training, the athletes differed from the non-
athletes in having a lower minute ventilation, a larger stroke
volume at the two external work loads studied, and a slower
heart rate at the higher load. These ditlerences persisted after
training, when it was found also that the athletes had lower
values for cardiac output at equal exercise loads.

cardiorespiratory effects of athletic training

rI:u«; CARDIORESPIRATORY CONSEQUENCEs of athletic
training have been the subject of numerous reports
(1, 8, 9, 11-13, 15, 18, 20, 21, 24). Studies made on
individuals before and after a period of training have
consistently shown that this causcsa reduction in heart
rate (3, 11, 12, 15, 2¢4) and minute ventilation (11, 13,
24) for any given exercise load. By contrast, studies of
cardiac output have yielded conflicting results, suggesting
that training may cause a higher (1, 8), lower (3, 15, 26),
or unchanged cardiac output (3, 13, 20) for a given work
load or O: consumption. However; most of these studics
have been comparisons of groups of subjects who, it was
hoped, differed only in respect to degree of training.

The present study was designed to ascertain the effects

Received for publication 3 May 1965,

1 This study was supported by The John A, Hartfrd Foundation
(USA), the Medical Research Council of Canada, and Physical
Fitness Rescarch Programumie of the Department of National
Health and Welfare, Canada.

? Part of this material was included in the thesis of G. M. An-
drew for the Master of Science degree in Physiology at McGill
University.

of training on excrcise cardiac output in athletes and
nonathletes, using each subject as his own control.

MATERIALS AND METHODS

Eight subjects were studied. Four were athletes (mem-
bers of the university ice-hockey team); they were studicd
during the 1st week of training and 4 months later after
they had trained for 6--8 hr weekly and played at least
onc game weekly, Four were nonathletes (university

. freshmen), who were studied before and after a g-week

training period in which they spent an heur daily, 5 days/
week, on running, bench-jumping, and rope-climbing
exercises, cach performed to the maximum of their
ability. Physical characteristics of both groups are given
in Table 1.

The subjects were studied during exercise on a bicycle
ergometer (Elema-Schénander, Stockholin) while seated
in the normal cycling position.? Minute ventilation (V1)
and Q. consumption (Vo.) were recorded on a circuit
previously described from this laboratory (19), the former
on dry gas mcter (Parkinson and Cowan, type C dry gas
meter) on the inspired-air line and the latter calculated
from Feco, and FEo,, which were sampled continuously
from a mixing chamber in the expired-air line (Beckman
F3industrial paramagnetic O; analyzer; Cambridge ther-
mal-conductance CO. analyzer). Heart ratc was re-
corded throughout the procedure by an infrared-sensitive
photocell on the car (22), but in a few instances it had to
be counted by palpation of the radial pulsc.

Cardiac output (Qc) was measured by an indirect
Fick method using N,O, previously described in detail
(5). The absence of blood sampling makes this method
particularly suitable for repeated use in the exercising
normal subject. The calculation was made according to
the formula

Q‘ B [\7! — n(Vp + Vb/)][Fix.o — Fax,0l60/t
¢ 0.4794[Faxo — Fakol(PB — W/760)

3 Subjects were seatecd upright with legs down, in contrast to
the armchair-type bicycle used in some studies.
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where

t = time period in seconds over which NyO up-

. take was mcasured ' .

Vi = sum of inspired tidal volumes (BTPD) in
liters during iime ¢

Vb = subject’s anatomical dead space, predicted
from the mcan tidal volumnce over time ¢, using
the formula of Asmussen and Niclsen (2)

Vo' = o.210 liter, the apparatus dead space

n = number of breaths in time ¢

Fingo and Fayyo == concentration of N.O in inspired and end-
tidal air, respectively; values derived from
the continuous rccord of N;O concentration
of respired gas on an N»O meter (Hilger—
IRD, London, England) inserted between

, the mouthpicce and breathing valve.

Fanso - = the meter reading of Fay,0 on air breathing
before  the experiment commenced; this
included a cerrcction for existing low levels
of N:O in blood, because of immediately
preceding experiments

0.474 = solubility cocflicient of N;O in blood, i.c.,
milliliters of N»O at 37 C which will dissolve
in 1 ml blood when equilibrated at 760
mm at 37 C

The uptake of N2O was monitored during a period of
steady-state breathing, after the replacement of alveolar
air by test gas and before its reappearance in pulmonary
arterial blood. We have shown that no significant error
will occur from alveolar gas replacement or from recir-
culation in normal subjccts in the period 15-30 sce aftér
commencing to breathe test gas (5); thus, measurement
of V20 was confined to this period.

Procedure. On arrival at the laboratory the subject un-
derwent a physical examination. After this he exercised
on a bicycle ergomecter® at the first exercise load while
O: uptake (Vo) was recorded (19). Measurements were
continued for about 5 min, by which time Vo, had re-
mained steacly for 2-3 min, as evidenced by steady values
for V1, Frco, and Feo,. While excrcise continued, the
subject was connected to the circuit for measurement of
Q, as described above, a further 1-2 min being required
to complete this. After a rest period of at lcast 15 min, the
whole procedure was repeated at two higher exercise
loads. The three exercise loads for athletes were 550, 750,
and goo kg/min, and for nonathletes were 350, 550, and
750 kg/min. Stroke volume was calculated as Qc/hcart
rate, and arterial-venous O, difference as Vos/Qc.

RESULTS

The relationship between the results obtained before
and after training is shown in Fig. 1. It can be scen that

TABLE L. Physical characteristics of subjects: mean values

Age, yr Height, cm Weight, kg
Athletes 21 178 74.0
: (19-23) (175-180) (7t-79)
Nonathletes 18 179 67.9
(17-19) (178-180) 63.5-75.5)

Raunge in parentheses.

ANDREW, CUZMAN, AND BECKLAKE

after training the heart rate fell in all subjects at all loads,
although these differences were significant in only three
comparisons-nonathletes at 350 and 550 kg/min and
athletes at 550 kg/min (Table 2). The (‘)lc dcercased in
most studics (Fig. 1), the fall being significant in the
athletes at only two work loads (550 and goo kg/min).
When all data were combined the group mean changes in
heart rate and Qc were significant at the 1 % level (Table
2). Stroke volume did not show any consistent change
(Fig. 1C, E). Similarly, Vo, showed no consistent change,
so that the (A-V)O. difference (a computed value)
increased in most instances (Fig. 1D). The minute
volume (V1) decreased in all but onc study (Fig. 1rF),
though the fall was significant only for the nonathletes at
the 550 kg/min load; however, the mcan change for the
combined groups was significant at the 1 % level (Table
2). In the athletes the fall in ventilation was accompanied
by a fall in respiratory frequency (Table 2), a mcasure-
ment which did not change in the nonathletes. Since
Vo, showed no consistent change, the ventilatory equiv-
alent for O, decreased. Thus, the eflects of training were
in general similar in athletes and nonathletes, but
difiered in degree, being more marked in the athletes.
(It will be recalled that the athletes trained for 4 months
and the nonathletes for 4 wecks.)

Comparison of athlctes and nonathletes, in the un-
traincd and in the trained state, is given in Fig. 2, in
which group mean values for Qc, heart rate, Vo,, and
ventilation are plotted against external work load. The
Voq in relation to external work load is similar in athletes
and nonathletes both in the untrained and in the trained
states.* In the untrained state the two groups were similar
also in respect to heart rate in relation to external work
load, but the athletes had a lower ventilation and higher
cardiac output (Fig. 2 and Table 2). However, these
differences were not significant (P 6.4-0.3). In the trained
state, Q,, heart rate, and ventilation were lower in the
athletes, but again none of thesc differences was signifi-
cant at the 5% level. Ventilation in the nonathletes
after training was comparable to that in athletes before
training.

DISCUSSION

Potential method errors. Before consideration of these
results it is important to exclude sources of method error
which might have accounted for our findings. The
measurcment of pulmonary blood flow by indirect Fick
methods is subject to error from two sources in particular:
overestimation occurring from incomplete replacement
of alveolar gas by the test gas before measurement of gas
uptake (VN20), and underestimation due to recirculation
of test gas while V:0 is being measured. An important

{The absolute values for Vo in relation to external work load
are somewhat higher than those reported by others (7) and prob-
ably ace the consequence of calibration differences in the bicycle.
However, since the same bicycle was used for the pre- and post-
training measurcments there is no reason why outr conclusions
about the cffects of training should not be valid.
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advantage of the present method is that the first of these
errors can be assessed from the fall in Fey, and the scc-
ond from the rise in Fax,o during the time period of
V20 measurcment (5). From the data shown in Table g
it may be concluded that the consistent finding of a lower
), after training could not be attributed either to slower
alveolar washout in the pretraining studies or to faster
“recirculation” after training.

Another possible source of error is the use of a pre-
dicted valuc of Vb to compute Fax,o; however, by
analogy to West’s conclusions concerning Dico sim-
ilarly calculated, the computed Qc is relatively insensitive
to the value of Vb used (28). In the present study there
can be little doubt that the assumed value for Vb was too
high (and consequently the absolute valuce of Qc toolow)
in certain experiments in which high values were ob-
tained for the computed (A-V)O, differences (Table 2
and Fig. 1). However, there is no reason to doubt the
validity of the change in Qc in any individual before and
after training.

Comparison with data published previously. The present

6os

study shows that athletic training had no influence on the
mechanical cfliciency of eycling in cither group. Apart
from studics in which the form of training has been
identical or similar to the test excrcise performed (8, 15,
23), this finding is consistent with other reports (3).
Likewisc, the reduction in minute ventilation and heart
rate is in agrecement with previous observations (3). The
latter finding can be taken also as evidence that the
subjects were relatively out of training when first studied.

Our findings differ from many published previously
(1, 3, 8, 13, 20) in that we obscrved a fall in Qc for a
given work load (or Vo) after training, with consequent
greater posttraining values for the computed (A-V)O,
difference (Voz/Qc). Tt should be noted that in most
previous  studics the experimental design  involved
comparison of groups of subjects (athletes and non-
athletes), and often the number of subjects was small. In
the carlier studies (1, 8, 16), differences in athletic
training were thought to account for intersubject varia-
tion, because at the time there were relatively few re-
ported measurements of excercise cardiac output and the
range of variation in normal subjccts (5) was not appreci-
ated. In more recent studies involving larger numbers of
subjects (6, 7, 20) it is possible that intersubject variation
may have obscurcd small differences between group
mean values. Another decisive factor in comparative
studies is the sclection of nonathletic controls. On the

. basis of a slower exercise heart rate in relation to O,

consumption, we suggested previously that the general
level of physical activity in the control group of Swedcs
studicd by Bevegird and associates (6, 7) may have been
higher than in a North American control group studied
by ourselves (4). This may account for their finding
comparable values for exercise Qc in athletes and non-
athletes. Alternatively, it is possible also that the cardio-
respiratory adjustinent of those trained in endurance
sports—such as the cyclists studied by Bevegdrd znd
associates—may differ from that of icc-hockey players,
who are required to reach what must be nearly maximal
performance rapidly but for shorter periods.

Only two other reports were traced in which the
experimental plan was directly comparable to our ewn,
i.e., the subject acted as his own control (13, 26). In the
more recent of these (26), a study of nine cross-country
runners before and after g3 months’ training, the results
were in agreement with our own, and showed a fall in
Qc for a given Vou. In the other (13), two cross-country
runners were studied supine by the direct Fick method
before and after training; one showed a small fall in Q,
for a given Vo, and one a small rise. In both, however,.
the relationship of Q. to Vo, was well within the reported
normal range on both occasions. There are three reasons
that may explain why these two men did not show the
consistent trends demonstrated in our subjects. First, the
runners were trained for an upright task, but they were
studied while supine, when cardiovascular adaptation is
known to be different (6, 17). Second, a training cffect
may have persisted despite the 3-month detraining period
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did not affect O, uptake, it scems more likely that the fall
in cardiac output occurs in areas such as skin, in which
blood flow is regulated by factors other than O, require-
ments. Indeed, a reduction in skin blood flow might
enable body-core temperature to rise more quickly on
exercise, thereby increasing the diffusion rates of gases and
metabolites in body -tissues (10). If this were so, the
athlete could reach more quickly the metabolic level
required by the exercise, an advantage for such games as
ice hockey though perhaps not for endurance sports.
Differences between the athlete and the nonathlete. As pointed
out previously, this study was designed to examine the
cardiorespiratory effects of athletic training rather than
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