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ABSTRACT

Six members of the University of Arizona women’s tennis team 

were subjects in this study which evaluated the strenuousness of tennis 

singles. The study also compared two methods for assessing energy ex

penditure: (1) the open circuit method; and (2) the indirect method us

ing heart rate and referring to an individually established heart rate- 

VOg consumption regression equation.

Five of the six subjects played a 30-minute tennis match against

the top-ranked player on the team. Heart rates were monitored continu-
*ously by radio telemetry; subjects wore a Kofranyi-Michaelis Gas Meter 

for collecting expired air samples during the playing intervals of 0-5 

minutes, 5-10 minutes, 20-25 minutes, and 25-30 minutes. Air samples 

were also collected during a 15-minute recovery period. Individual mean 

energy expenditures ranged from 4,73 to 8,90 kcal/min. The. greatest 0 ^  

debt was 1,6 1, Subjects played at a level of approximately 50% of 

aerobic capacity and spent 35.33% of the playing time in actual activity. 

Individual mean heart rates ranged from 123 to 164 bts/min. Three sub

jects were definitely experiencing a cardio-respiratory training effect 

according to Karvonen's formula for critical threshold. In 19 of 20 

measurements, heart rate data overestimated 0^ consumption.



CHAPTER 1

INTRODUCTION

The modern science of metabolism has an interesting background 

beginning with the experiments of Lavoisier andDe Laplace (1862) in 

1780. They showed that animal heat resulted from the oxidation of car

bon in the body and that CO^ was eliminated relative to the heat pro

duced. Earlier investigators had demonstrated a relationship between 

the amount of animal heat generated and the volume of 0^ consumed by 

the animal.

About 100 years later, Rubner (as quoted by Best and Taylor 

1955, p. 607) confirmed the results of Lavosier and De.Laplace (1862).

He placed a dog in a calorimeter in which the heat production could be 

measured directly and fed the animal measured amounts of food for which 

the heat values had been determined. After several days of experimenta

tion, the animal heat which had been generated was found to be equiva

lent, within about 1.0 percent, to the caloric food intake, Rubner also 

showed that the heat production of an animal measured by direct calorime

try corresponded within 1,0 percent to the heat value determined in

directly or from the respiratory exchanges. Atwater and Benedict (1899) 

carried out similar experiments with humans and found results comparable 

to those of Rubner.

1



Energy expenditure, as demonstrated by Ruber (quoted by Best and 

Taylor 1955) and Atwater and Benedict (1899), can be measured by either 

direct or indirect calorimetry, Direct calorimetry involves placing 

man or animal in specially constructed chambers where the heat produced 

by the subject can be trapped in water circulating through copper pipes. 

Determining heat production of the subject from the rise in water tern- ' 

perature and combining this value with the latent heat of water vapor 

given off by the lungs and skin gives total heat production or energy 

expenditure. Because of the expense and difficulty in using direct 

calorimetry, indirect calorimetry is more often used in exercise physi

ology. In indirect calorimetry, energy expenditure is measured by the 

0^ consumption of the subject. Indirect calorimetry can be done by using 

either the closed-circuit method or the open-circuit method. In the 

closed-circuit system the subject is cut off from the outside air and 

breathes pure O^; the CO^ exhaled by the subject is removed by soda-lime 

and weighed; a measured volume of 0^ is then added to the original 

supply to replenish that which was absorbed. In the open-circuit system 

the subject inspires directly from the atmospheric air and expires into 

some form of container. The container may be a Douglas bag, metallic 

Tissot tank, or neoprene latex meteorological balloon which collects the 

entire volume of expired air or the container could be a Kofranyi- 

Michaelis Gas Meter which measures the volume of expired gas and collects 

aliquot samples of either 0.3 percent or 0.6 percent of the expired air 

in an attached rubber bladder. The gas collection period must be 

accurately timed; the entire volume of expired air must be measured;
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the percentages of CO^ and 0^ present in the expired air must be de

termined by analysis. Most physiologists studying energy expenditure 

choose an open-circuit method for collecting exercise data.

In addition to the methods of calorimetry, another means for 

determining energy expenditure is by use of a heart rate-VO^ consumption 

curve. Since heart rate and 0^ uptake exhibit a linear relationship, it 

is possible to establish a heart rate-VO^ uptake regression curve from 

laboratory data obtained with the subject performing an easily controlled 

activity, such as working on a bicycle ergometer or running on a tread

mill. When the subject participates in a field activity, his energy ex

penditure can then be determined by knowing his heart rate throughout the 

activity. However, Astrand and Rodahl (1970, p.437) urge caution in using' 

this method because "pulse rate may be significantly affected by factors 

other than metabolic rate, such as environmental temperature, muscle 

groups involved in the exercise, work position, and emotional stress."

Investigators have not limited themselves to the laboratory for 

collection of metabolic data but have sought answers to the questions of 

how much energy does man expend on the job, at home, and in recreation

al pastimes. Answers are needed as man attempts to balance his energy 

intake with that of energy expenditure. Mechanization in industry and 

the home has made many jobs less physically demanding and given people 

more leisure time. In their leisure time people are turning to physical 

activity for relaxation, enjoyment, and exercise.

In 1960 the A. C. Nielsen Company (a major market research firm) 

estimated the number of American tennis players to be five million; by



1974 this number had grown to 30 million players. "Tennis is the fastest 

growing participant sport in America" (Teeman 1975, p. 7). It is pre

dicted that one American in every four will be playing tennis at least 

two or three times a month before the end of the decade.

Much literature has been written about the mechanics of stroke 

production and strategy for singles and doubles play, but little work has 

been done regarding the physiological effects of tennis play. Widdowson, 

Edholm and McCance (1954) measured the energy intake and expenditure of

77 military cadets for one week. The energy expenditure used for tennis
2was listed as 3.5 kcal/m /min. Edholm et al, (1955) studied the rela

tionship of caloric expenditure to intake using 12 cadets for two weeks. 

Expired air was collected in Douglas bags or sampling bags of Max Planck 

Institute Calorimeters while seven cadets played tennis. Six of the 

cadets were tested twice. Caloric costs among the cadets ranged from 

5.69 to 8,48 kcal/min with the mean cost being 7,13 kcal/min. Passmore 

and Durnin (1955) quoted the value of 7.1 kcal/min for tennis play from 

the study of Edholm et al. (1955) and classified the sport as a moderate 

activity. Mayer (1960) listed the energy cost of tennis as being 400 to 

500 kcal/hr. His figure came from the table of Passmore and Durnin 

(1955) and was modified to express energy cost in terms of an hour1s 

exercise, Durnin and Passmore (1967) again classified tennis as a 

moderate activity. The caloric values for male players came from Edholm 

et al. (1955) and were listed as ranging from 5.0 to 7.5 kcal/min.

Caloric values for females were also listed in this publication and were 

said to range from 4.0 to 6.0 kcal/min. Durnin and Passmore mentioned



that they had obtained caloric costs of 4,4 kcal/min for six girls, aged 

14, playing doubles and of 5,5 kcal/min for five girls playing singles,

Murray (1962) used four women physical education majors to de

termine the energy cost in tennis and badminton play. From skill test 

results the four women were classified average or above average in 

tennis skill but slightly below average in badminton. The subjects 

warmed-up for 15 minutes, beginning game play the last ten minutes of 

the warm-up. Play continued for five additional minutes during which 

expired air was collected in a Douglas bag worn by the subject. A 15- 

minute recovery air collection began 30 to 60 seconds after the playing 

time had finished. Caloric cost for tennis ranged from 5,80 to 8.66 

kcal/min with a mean of 7.37 kcal/min; energy cost of badminton ranged 

from 5.97 to 7.64 kcal/min with a mean of 7.02 kcal/min for the four 

subjects.

In a study to determine the relative energy expenditures of . 

women participants in archery, badminton, bowling, golf, tennis, basket

ball, field hockey, softball, and volleyball, Skubic and Hodgkins (1966) 

had two college women play a tennis singles match or a maximum of 1-1/2 

hours. From laboratory data, regression coefficients were found to 

determine the relationship of heart rate to pulmonary ventilation, 0^ 

uptake, and VO^ ml/kg/min. During the 90-minute playing time, subject 

A's heart rate ranged from 115 to 185 bts/min; the mean was 150 bts/min,. 

Subject B’s heart rate ranged from 90 to 160 bts/min; the mean was 130 

bts/min. The ventilation of Subject A was estimated to be 22.38 1/min, 

and her 0^ uptake was estimated to be 1.215 1/min or 24.05 ml/kg/min.



Subject B”s ventilation during the playing time was estimated at 36.24 

1/min, and her estimated consumption was 1,486 1/min or 24.79 

ml/kg/min. Tennis was classified by Skubic and Hodgkins (1966) as a 

moderate sport, along with basketball (forward or guard position in the 

six-player game), badminton, softball (pitcher), and volleyball. Hockey 

and basketball (player at the roving position) were listed as heavy exer

cise; golf, archery, and bowling were classified as light activity.

These classifications were based on the classifications of Christensen 

(1953) and Wells, Balke and Van Fossan (1957).

Seliger et al, (1973) investigated the physiological responses 

of 16 male tennis players (M + SD, age = 24.69 + 3.72 yrs) ranked in the 

range of 7th to 50th in Czechoslovakia. Resting heart rate and meta

bolic data were obtained for each subject prior to a five-minute warm-up 

period. After the warm-up period, subjects played a match for ten min

utes and then recovery data were collected for 26 minutes. Heart rate 

was monitored by telemetry throughout the experiment, and expired air 

was collected in Douglas bags. It was found that 41.1 percent of the 

ten minutes of play was spent rallying the ball with players funning 

128 m; players walked 111 m between rallies. There were approximately 

30 rallies with players performing an average of 62.0 strokes in the 

model match. Heart rates ranged from 132 to 151 bts/min during the 

experiment, and the investigators commented that heart rates will rarely 

rise to maximal values during tennis play. 0^ uptake during play ranged 

from 24 to.28 ml/kg/min which was approximately 50 percent of maximal 

aerobic power. The energy metabolism was performed 88,0 percent



aerobically and 12.0 percent anaerobically as 0̂  debt was 2.6 1. Caloric 

costs for play averaged 0.14 kcal/min/kg or 10.43 kcal/min; and the in

vestigators stated that tennis belonged to the activities of moderate or 

heavy intensity, according to the skill level of the players.

The physiological data presently available concerning tennis 

play are scant and inconclusive, The data have come from small samples 

and usually undefined populations relative to age, skill level of the 

subjects, and skill level of the opponents. Also, the specific methods 

for obtaining the data have often been omitted. Because tennis is a 

popular sport for all ages, more information is needed concerning the 

metabolic cost, and concomitant physical demands of the game.

Statement of the Problem 

The major purposes of this study were to measure the range of 

energy expenditure in tennis singles for female varsity players and to 

evaluate the strenuousness of game play relative to three parameters:

(1) metabolic rate, (2) percentage of max VC^, and (3) heart rate.

It was hypothesized that singles tennis play would be strenu

ousness enough to invoke a cardio-respiratory training effect.

Secondary Problem

A secondary purpose of this study was to compare two methods for 

measuring energy cost during tennis play. These two methods were (1) the 

direct determination of energy cost by collecting expired gas samples 

during actual game play using the Kofranyi-Michaelis Gas Meter, and (2) 

the estimation of energy cost by obtaining mean heart rates for
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five-minute intervals throughout play and then extrapolating the energy 

cost from a heart rate-VO^ consumption regression equation established 

in the laboratory.

It was hypothesized that there would be no difference between 

the two procedures in determining the energy cost of playing tennis.

Assumptions

The study was undertaken with the following basic assumptions 

considered to be true.

1. 0^ consumption was. a true measure of energy expenditure,

2. The energy equivalent for the consumption of one liter of 0^ was

five kcal.

3. One MET was equivalent to 3,5 ml of O^/kg/min.

4. Exercise heart rate, and metabolic data reflected the

physiological stress of participation in activity.

5. The subjects followed the given directions concerning actions 

prior to testing.

6. The subjects put forth their best efforts during all experimental 

activities.

7. The Bruce Multi-f>tage Treadmill Test of Submaximal and Maximal 

Exercise as adapted by Sheffield (as quoted by Kattus 1972,

p. 37) was a valid test for determining the relationship of heart 

rate to 0 ^ uptake 1/min and for determining maximum aerobic 

capacity.

8. A 15-minute recovery was sufficient to repay most of the incurred 

0g debt.



Delimitations of the Study 

Seven members of the University of Arizona women's tennis team 

were asked to participate in this study. Six team members were subjects 

while the seventh one (PH) played each of the subjects in a 30-minute 

match, PH was ranked #1 on the team during the data collection period 

and was chosen on the basis of the steadiness of her game, Information 

describing the six subjects is given in Table 1,

Table 1, Descriptive characteristics of subjects.

Subject Age
(Years)

Year in 
School

Height
(cm)

Weight
(kg)

Team
Position

A(RC) 19.17 So. 166.37 62.84 3

B(LJE) 18.60 Fr. 170.18 67.27 8

C(PK) 19.21 Fr. 165.10 67.73 6

D(DL) 19.83 So, 165.48 59.18 9

E (MM) 19.75 So. 168.91 58.27 5

F(SS) 18.00 Fr. .180.34 67.39 2
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All data were collected during the period between February 9 and 

March 4, 1976, Subjects participated in two different testing sessions 

on separate days. Test Session A took place in the laboratory to de

termine the heart rate-VO^ consumption equation and to measure the max 

70^ of each subject. Test Session B was held on the tennis courts with 

the subject playing singles and involved both the direct and indirect 

determination of energy cost for competitive play.

Test Session A

Each subject was given Sheffield's adaptation of the Bruce 

Multi-Stage Treadmill Test of Submaxima1 and Maximal Exercise (Kattus 

1972, p. 37) to establish the relationship between heart rate and 

consumption in 1/min. At the same time, the subject's maximum heart 

rate and maximum aerobic capacity were determined. The protocol of the 

Bruce Test required the subject to walk or run for three minutes at each 

stage of the test. Three minutes at each level :were believed to be suf

ficient to achieve a steady state of aerobic demand. The stages of the 

test were progressive in nature: (1) 1,7 mph at 10 percent grade; (2)

2,5 mph at 12 percent grade; (3) 3.4 mph at 14 percent grade; (4) 4,2

mph at 16 percent grade; (5) 5.0 mph at 18 percent grade; and (6) 5.5

mph at 20 percent grade. When the subject chose to terminate the test,

she signalled during the final minute of exercise; this final minute was 

considered to be the level of maximum aerobic capacity, unless the 

greater 0^ consumption had been achieved in one of the earlier minutes 

of exercise. The subject breathed through a Collins Triple-J High Veloci

ty Respiratory Valve; the volume of air was' measured by a Parkinson-Cowan
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CD4 Dry Test Meter placed on the inspired side of the valve. The in

spiratory volume was monitored on one channel of a Beckman Two-Channel 
Type RS Dynograph Recorder, and a technician marked the beginning of the

test period on the tape. From this data the V̂. (uncorrected) was de

termined, and then the necessary calculations were made to convert the 

inspired volume to 1/min STPD. Expired air passed through a second.hose 

into a mixing chamber, A small piece of rubber tubing led from one of 

the sampling outlets of the mixing chamber to a Neptune Dyna-Fump 

(vacuum pump). A representative air sample was drawn by the pump into 

a 2000 ml rubber butyl bladder which had been evacuated of other air.,

Air samples were obtained during the middle 40 seconds of the final 

minute of stage I and stage II. When the subject advanced into stage 

III, air samples were obtained for 40 seconds of every minute until the 

test was concluded. Immediately after the completion of the test, all 

samples were analyzed for 0^ and CO^ content using a Beckman 0M-11 Oxy

gen Analyzer and a Godart Capnograph-Type BE. Heart rates were monitored 

on the second channel of the Beckman Dynograph Recorder. The dynograph 

ran continuously throughout the experiment at 5 mm/sec. Using the data 

which had been collected, it was possible to find the maximum aerobic 

capacity of each subject in 1 of Og/min and in ml of O ^ / 'k g /m i .n and to 

determine the regression equation to show the relationship between heart 

rate and 0^ consumption in 1/min.

Test Session B

The subject reported to the laboratory for application of the 

chest electrodes and an operational check of the Parks telemetry system.



Five minutes of resting metabolic data were obtained with the subject 

seated in a chair. The subject then walked to the tennis courts. She 

warmed-up for ten minutes with her opponent and then for an additional 

five minutes wearing the Kofranyi-Michaelis Gas Meter and the telemetry 

transmitter. During the warm-up periods, all practice serves were taken; 

sides of court were chosen, and the first server was decided. At the 

completion of the five-minute warm-up period, the subject positioned the 

noseclip and inserted the mouthpiece which was attached to the breath

ing valve. The expiratory side of the breathing valve was fastened to 

the Kofranyi-Michaelis Gas Meter by a connecting hose. Game play began 

following the rules of the United States Tennis Association with one ex

ception: players did not change sides of the court on odd-numbered games. 

Tennis playing time was for 30 minutes and was divided into the follow

ing parts: (1) air sample collected during the period of 0-5 minutes;

(2) air sample collected during the period of 5-10 minutes; (3) relief 

period of play from 10-20 minutes with the subject wearing only the 

Kofranyi-Michaelis meter and the telemetry receiver; (4) air sample 

collected during the period of 20-25 minutes; and (5) air sample col

lected during the period of 25-30 minutes. Upon completion of the tennis 

playing time, the subject was seated for a 15-minute recovery period.

An air sample was obtained for the first three minutes of recovery and

a second sample for the final 12 minutes. The six different air sam- 
■ ; . •. - 

pies were collected in 2000 ml rubber butyl bladders and represented

0,6 percent of the total expired air passing through the gas meter.

Accurate records were kept relative to sampling times, and the volume of
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expired air for each sampling period was converted to 1/min STPD. 

Immediately after the collection of two consecutive air samples, the 

rubber bladders were taken to the laboratory for analysis of the 0^ and 

CC> 2 content using the gas analyzers. All analyses were made within 20 

minutes of collection. The direct determination of energy cost was then 

computed for each five-minute interval from the 0^ consumption data, 

Total energy expenditure for the 30 minutes of tennis play was measured 

by combining the volumes of 0^ consumed with the 0^ debt, Heart rates 

during rest, tennis playing time, and recovery were determined by timing 

30 beats with a stopwatch during the last 30 seconds of each minute and 

then converting time to bts/min. The strenuousness of competitive play 

for each individual was indicated by heart rates, percentage of max 

utilized, and energy expenditure in kcal and METS. Comparisons were 

made between the values of energy expenditure directly determined from 

the air samples and the values indirectly obtained from the heart rate- 

VOg consumption equations.

Limitations.of the Study 

The following conditions were recognized as factors that could 

have influenced the results of this study,

1, Sample size was small,

2, All subjects were varsity tennis players,

3, Personal activities of the subjects such as diet, sleep, work, 

and exercise could not be completely controlled.
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4. Stroke execution, movement, and game strategy were possibly 

altered due to the weight and bulkiness of the Kofranyi- 

Michaelis Gas Meter,

Definition of Terms 

The following terms are.defined according to their specific uses 

in this study,

1, Critical Threshold--the exercise heart rate which must be sur

passed in order for the exercise to produce a training effect. 

This value for heart rate was specified as being 60 percent of 

the difference between the individual's resting and maximum 

heart rates,

2, Energy Cost or Energy Expenditure--the number of kilocalories 

utilized while performing a given activity,

3, Gas Analysis--determination of the percentage of 0^ and the per

centage of CO^ present in expired air samples. Fast response, 

electronic analyzers were used for these measurements.

4, Gas Analyzers--a Godart Capnograph-Type BE was used to determine 

the COg content of the expired air samples; a Beckman 0M-11 

Oxygen Analyzer was used to measure the 0^ contentvof the ex

pired air samples.

5, Indirect Open Circuit Calorimetry— the method used to determine 

the energy expenditure of the subject by measuring the volume of 

0o consumed while the subject breathed atmospheric air,

6, Inspiratory Volume--the volume of air in 1/min STPD inhaled in 

one minute. It has been abbreviated as
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7. Kilocalorie--a unit of energy equivalent to the heat required 

to raise the temperature of one kilogram of water one degree 

Centigrade, It was assumed that for each liter of 0^ consumed, 

five kilocalories were expended. The kilocalorie has been 

abbreviated as kcal,

8. Kofranyi-Michaelis Gas Meter--a dry gas meter weighing approxi

mately 3,5 kg which measured the volumes of expired air at rest, 

during tennis play, and during recovery and also collected 0,6 

percent aliquot samples of the expired air in rubber butyl 

bladders,

9. Maximum Heart Rate-~the peak heart rate reached- by the subject 

in the test for maximum aerobic capacity,

10. MET--a unit of energy expenditure equivalent to the rate of 

metabolism at rest. One MET was assumed to equal 3,5 ml/kg/min,

11. Oxygen Consumption--the volume of 0^ taken up by the body for 

oxidizing foodstuffs to produce energy; the product of true oxy

gen and the volume of expired gas (l/min)/100. Oxygen consump

tion has been expressed in 1/min or in ml/kg/min,

12. Oxygen Debt--the volume of O2  taken up in excess of the resting 

0g during a 15-minute recovery period immediately after tennis 

play. 0g debt was determined similar to the procedures described 

in Consolazio, Johnson and Pecora (1963, pp. 36-39).

13. Pulmonary Ventilation--the volume of air in 1/min STPD expired 

in one minute. It has been abbreviated as V .̂

14. Recovery Oxygen--the total volume of 0^ consumed during the re

covery period.
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15. Recovery Period— the 15 minutes immediately after exercise dur

ing which ( > 2  debt was measured.

16. Respiratory Quotient (R.Q.)--the ratio of the volume of CC^ pro

duced to the volume of consumed,

17. Resting Heart Rate--the heart rate obtained with the subject in 

a sitting position prior to tennis play,

18. STPD— the condition of standard temperature and pressure, dry to 

which all gas volumes in this study were converted.

19. Tennis Playing Time--the 30-minute time period composed of 

actual activity time and nonactivity time. Time spent manipulat

ing the Kofranyi-Michaelis meter was excluded from the 30-minute 

period,

a. Actual Activity Time--that portion of the tennis playing 

time in which the subject was hitting the ball, moving to 

hit the ball, or repositioning herself during a rally,

b. Nonactivity Time--the time spent between points during com

petitive play while players retrieved balls or assumed posi

tions to continue play.

20. Training Effect--the exercise heart rate was above the critical 

threshold,

21. "True Carbon Dioxide"--the percentage of C0o in the expired air 

less 0.03 percent.

22. "True Oxygen"--the number of milliliters of 0 ^ consumed by the 

body for each 100 milliliters of air expired.



CHAPTER 2

REVIEW OF THE LITERATURE

Because the literature relating directly to the energetics of 

tennis play was not extensive, it was cited in the introductory material 

of the thesis. The literature dealing with the strenuousness, of exercise 

and the assessment of energy cost in work was divided into two major 

sections: (1) studies which have quantified the strenuousness of physical 

exercise on the basis of metabolic rate, heart rate, and/or pulmonary 

factors; and (2) studies which have measured the energy cost of physical 

activities directly, using the Kofranyi-Michaelis Gas Meter or indirect

ly from laboratory obtained data, Studies which have used both methods 

or have compared both procedures for determining energy cost have also 

been summarized,

Quantification of the Strenuousness of 
Physical Exercise

Wells et al, (1957) developed a scale for evaluating work effort 

based on physiological criteria. Six normal adult males ranging in age 

from 22-47 years were the subjects. They underwent four treadmill tests 

periodically during a four-week period. The speed of the treadmill was 

constant at 3,5 mph, and the workload was increased each minute by ele

vating the angle of the treadmill. After the. first minute of exercise 

in which the treadmill was horizontal, the angle was increased two

17



18

percent and then in one percent increments for each succeeding minute of

exercise. Pulse rate and blood pressure were obtained immediately prior

to exercise, during the latter 30 seconds of each, minute of exercise,

and for a five-minute post-exercise period. Douglas bags and a large

Tissot gasometer were used to collect mixed expired air, and continuous

gas samples were drawn through a Pauling 0 analyzer to measure the 0oz z
concentration of the expired air. In order to determine lactic acid 

levels, venous blood samples were taken before exercise, during exercise 

at heart rates of 120, 140, 160 and 180 bts/min and for two minutes 

after reaching the 180 heart rate, and in the first, third, and fifth 

minutes of recovery. Group averages were determined from mean individu

al values. Wells et al. (1957, p. 54) presented the group data in 

Table 2. Wells et al. called attention to the fact that the classifica

tion chart was based on data obtained on normal healthy males and that 

age, sexg, and physical conditioning may necessitate the setting of lower 

or higher standards.

Pollock (1973) and deVries (1974) cited the work of Karvonen 

(1959) concerning the intensity of exercise necessary for achieving a 

training effect on the heart. Karvonen ran untrained medical students 

on the treadmill five times a week for 30 minutes during a four-week 

period. The speed of the treadmill was adjusted for each subject to run 

at a specific, predetermined pulse rate. As a subject's exercise toler

ance increased, the speed of the treadmill had to be increased in order 

to maintain the working heart rate at the specified level. Karvonen 

found no significant improvement in maximum working capacity for the



Table 2. Classification of physical work recommended from the work capacity test.*

Classifi
cation of 
Work

I. Light

1. Mild <100 <750 < 4 < 20 <14 .85 Normal Indefinite
2. Mod. <120 <1500 < 7.5 < 35 <15 .85 Within

normal
limits

Eight hours daily

II. Heavy
3. Opt. <140 <2000 <10 < 50 <16 • .9 1.5 X Eight hours daily 

for few weeks (sea
sonal work, military 
maneuvers, etc.)

4. S** <160 <2500 <12.5 < 60 <20 . .95 2 X Four hours 2/3 times 
a week for few weeks 
(special physical 
training)

III. Severe
5. Max. <180 <3000 <15 < 80 <25 <1,0 5-6 X 1-2 hr occasionally 

(usually in competi
tive sports)

6. Exh. >180 >3000 >15 <120 <30 >1.0 >6 X Few minutes, rarely

* Taken from Wells et al (1957, p. 54). ** S = Strenuous,

Pulse  M.R. _____ Ventilation Lactic Time of Duration Work
Rate/ 09 r 1 / * Vol. Rate/ Acid in can be Sustained
min / . 3 m:Ln 1/min min Multiples

cc/mn of Rest.
Val.



group whose sustained heart rate did not reach 135 bts/min. Significant 

improvement was found in those who sustained heart rates above 153 . 

bts/min, Karvonen concluded that in order to achieve a minimum training 

effect a person must exercise at a heart rate above the critical 

threshold (60 percent of the difference between the resting and maximum 

heart rates).

In an effort to evaluate the accuracy of the Karvonen Method 

for predicting exercise intensity, Davis and Convertino (1975) used 

percent net VO^ max as the criterion measure for exercise intensity.

They compared measurements directly obtained from a treadmill test with 

values of work intensity predicted by the Karvonen method (exercise at 

a heart rate greater than 60 percent of the difference between resting 

and maximal heart rates) and the percent HR max method (exercise at a 

heart rate corresponding to a chosen percentage of maximal heart rate). 

Nine males (M + SD age =23,7+2.6 yrs) were given duplicate max VO^ 

treadmill tests and a third treadmill test consisting of four 5-minute 

workloads representing approximately 25, 45, 65, and 85 percent net 

VOg max, Davis and Convertino (1975) found that the Karvonen method 

resulted in an overestimation of the percent net VO^ max at the five 

work levels that was 2.6 percent above the mean values. This was not 

statistically significant. However, the percent HR max method signifi

cantly overestimated the work intensity. The authors concluded that the 

Karvonen method was a very practical way for determining training levels 

however, they warned that discretion should be used for warm and/or wet 

environments will result in an underestimation of the training heart
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rate level. Davis and Convertino (1975) also found that the,training 

heart rate obtained by the Karvonen method was not greatly affected by 

rather large differences in resting heart rates.

In addition to the Karvonen study, Pollock (1973).also summar

ized the work done by Holiman and Venrath (1962). Using the bicycle 

ergometer as the mode for exercising subjects, they found that subjects 

exercising at a rate lower than 130 bts/min had only a slight increase 

in max VO^ from 2.90 to 3.07 1/min, The subjects who trained at heart 

rates greater than 130 bts/min had an increase in max VO^ from 3.07 to 

3.57 1/min.

Roskamm (1967) found that the average heart rates of eight of 

the best German long-distance ski-runners during a 7500-m training run 

ranged between 174 and 198 bts/min. He deduced that the intensity of 

training should be such that heart rates of at least 130 to 135 bts/min, 

are reached for minimum training effects. Higher heart rates, even 

when the exercise lasts for several hours, were suggested for achieving 

maximum training effects.

Sharkey and Holleman (1967) conducted a study to investigate 

the training effects of mild as well as severe exercise. Sixteen 

college men were divided into four groups: (1) exercise at a heart rate 

of 120 bts/min; (2) exercise at a heart rate of 150 bts/min; (3) exer

cise at a heart rate of 180 bts/min; and (4) a control group. Training 

for the three exercise groups consisted of ten-minute walks at 3.5 mph 

on the treadmill at a grade sufficient to elicit the desired heart 

rate three days a week for a six-week period. The control group



participated in a fencing class. Prior to training and after the train

ing, all subjects took the modified Astrand-Rhyming step-test and the 

Balke treadmill test. Analysis of group differences showed that the 

180 training group's improvement was significantly greater than all 

other groups in both .tests. The 150 group's improvement was signifi

cantly greater than the 120 exercise group and the control group in the 

Balke test. No changes were recorded in resting pulse or the pulse

rate-0 consumption relationship among individuals or the groups, How- JL

ever, it was noted that after several weeks of training it was neces

sary to elevate the treadmill grade to achieve the desired heart rate 

for the different groups. This indicated that the subjects were able 

to accomplish more work without an increase in energy cost,

Faria (1970) studied the effect that different intensities of 

training might have on improving a subject's capacity for doing a given 

amount of work. Forty university males were randomly divided into 

three training groups, with workouts eliciting heart rates of 120-130 

bts/min for one group, 140-150 bts/min for the second group, and 160-170 

bts/min for the third group, and a control group. The control group 

was enrolled in a regular physical education volleyball class which met 

three times per week. Pre-post 180 work capacity tests were given the 

subjects to determine if any significant improvements occurred. After 

four weeks of training, regression lines plotted for each group showed 

that heart rate per minute of work had decreased. This indicated a 

training effect for all groups. Further analysis of the date showed 

that training to heart rates of 140-150 bts/min and 160-170 bts/min
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produced significantly greater effects (p < ,05) in the ability to per

form work than did the playing of volleyball or the training at a heart 

rate of 120-130 bts/min. The difference in work capacity between the 

140-150 bts/min group and the 160-170 bts/min group was not significant, 

Faria hypothesized that the training threshold for this group of pre

viously untrained college males lay somewhere below 140 bts/min.

In summarizing this portion of the review of the literature the 

following statements can be made;

1, . Physical training must be of a certain intensity before signifi^

cant training effects occur,

2, A specific heart rate is usually designated as the criterion for 

eliciting minimum training effects in an individual. This so- 

called critical threshold for training is defined by Karvonen 

(1959) as being 60 percent of the way between an individual's 

maximum heart rate and his resting heart rate.

3, Holiman and Venrath (1962), Roskamm (1967), and Faria (1970) 

suggest a heart rate greater than 130 bts/min to elicit a train

ing effect; Karvonen (1959) and Sharkey and Holleman (1967) 

recommend a heart rate above 150 bts/min.

4, Values for the critical threshold may vary according to the 

different experimental methods used and the age, sex, and 

previous physical condition of the subjects.

5, Greater training effects are obtained at higher heart rates,

6, Training effects are often demonstrated by increased work 

capacity or increased max VOg.



7, Direct relationships exist among heart rate, VO^ consumption, 

and work capacity>

Use of the Kofranyi-Michaelis Gas Meter and/or 
Laboratory Data to Measure Energy Cost of '

Various Physical Activities

The use of the Kofranyi-Michaelis Gas Meter to measure energy 

cost of an activity has been termed a direct means for obtaining this 

measurement; the use of laboratory data to evaluate energy cost of an 

activity has been labeled an indirect measurement. The Kofranyi- 

Michaelis meter records the volume of expired air during the activity 

period and collects an aliquot sample of the expired air in a suitable 

container in order that the subject’s 0^ consumption can be determined.

As it is general knowledge that 0^ consumption is indicative of energy 

cost, analysis of the air sample for Og consumption will provide informa

tion on the energy cost of the activity. When using the indirect means 

to measure energy expenditure, an investigator must first determine a 

heart rate-VO^ consumption regression equation or a pulmonary ventilation- 

VOg consumption regression equation for the subject as he performs a 

standardized work task in the laboratory. The investigator then monitors 

the subject’s heart rate or pulmonary ventilation during the physical 

activity and determines the 0^ consumption from the previously estab

lished regression equation.

Utilization of the Kofranyi- 
Michaelis Meter

Before using, the Kofranyi-Michaelis Gas Meter to obtain meta

bolic data, Orsini and Passmore (1951) felt that it was essential to
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test the reliability of the meter in two aspects. First, the meter had 

to record consistently over a very wide range of flow rates. By fill

ing Douglas bags or a Benedict spirometer with measured volumes of air 

and then forcing the air through the gas meter at different speeds, 

Orsini and Passmore found the meter to be accurate within + two percent 

for rates of flow up to 86 1/min. Above this level there was a gradual 

increase in the under recording. Secondly, there had to be no signifi

cant change in the composition of the sampled air while in the bladder. 

On three separate occasions the bladder was filled with about 200 ml of 

expired air and the CO^ content of the air measured immediately. After 

30 minutes the CO^ content had dropped 0,09* 0.04, and 0,06 percent. 

These were considered to be very small changes, and no corrections were 

made. The Kofranyi-Michaelis meter was then tested against an estab

lished experimental procedure using the Douglas bag. Metabolic data for 

standing at ease and stepping at different rates were measured by both 

methods. The agreement of the results left little doubt concerning the 

reliability of the Kofranyi-Michaelis meter for work under standardized 

laboratory conditions, Orsini and Passmore also commented on three ad

vantages of using the Kofranyi-Michaelis Gas Meter rather than the 

Douglas bag: (1) the Kofranyi-Michaelis meter was not as cumbersome as 

the Douglas bag; (2) the gas meter was more economical in time as there 

were fewer gas samples to be analyzed; and (3) continuous sampling of 

the expired air was possible with the Kofranyi-Michaelis meter for 

periods up to 15 minutes or longer. However, the investigators found
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that most subjects were unable to breathe normally through a mouthpiece 

for periods longer than 15 minutes because of dryness in the throat.

In 1952 Passmore, Thomson and Warnock purposed to test the re

liability of measurements obtained with the Kofranyi-Michae1is Gas 

Meter, Five students lived in the laboratory for 13 days. The first 

three days were classified as sedentary with the subjects doing light 

activities; the next five days were days .of hard physical work; the 

last five days were again sedentary, Accurate measurements of food in

take were made, and total calories available for expenditure were 

assessed. Complete records were kept of all activities. Basal metabolic 

rates and metabolic rates while lying at rest were determined using the 

Benedict-Roth Spirometer (assuming RQ = ,78), All other rates of energy 

expenditure were determined from expired air samples obtained using the 

Kofranyi-Michaelis Gas Meter. The time for gas sampling ranged from 

6 to 15 minutes during activities. Gas analyses were done with the 

Haldane apparatus. Good agreement was found between energy intake, 

energy expenditure, and weight changes among the subjects. One subject 

lost 2.49 kg over the 13 days and was found to have a negative energy 

balance of 3300 kcal; another subject gained 2,66 kg and had a positive 

balance of 5000 kcal. The other three subjects had slight gains in 

weight; of less than 0.34 kg and had positive energy balances between 

1500 kcal and 2100 kcal.

Mahadeva, Passmore and Woolf (1953) studied.the energy expendi

ture of 50, persons while walking and while performing a step test in 

which measurable external work was performed to raise the body weight.
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The participants in the study were of varying size and age, male and 

female, European and Asiatic. Basal and resting metabolism were measured 

with a Benedict-Roth spirometer, assuming an R.Q. of 0,8, or a Douglas 

bag. Energy expenditure rates for stepping and walking were obtained 

using the Kofranyi-Michaelis Gas Meter which was regularly checked 

against the Douglas bag method. The Haldane apparatus was used for gas 

analyses. From the results obtained, it was found that factors such as 

age, sex, body surface area, race, and previous.dietary intake did not 

significantly effect the energy cost for the stepping and walking activi

ties, The metabolic cost for the activities was found to be directly 

proportional to the body weight. Mahadeva et al. have stated that 

assessments of metabolic costs in industrial, recreational, and domestic 

activities have been greatly simplified since body weight is the only 

important individual variable in determining energy costs of activities 

iq which a large portion of the energy expended goes to moving the body 

weight.

Experiments were undertaken by Durnin (1955) to find the 0^ con

sumption and the energy cost for mountain climbing. Two subjects wear

ing Kofranyi-Michaelis meters climbed two measured gradients on Ben 

Lomond carrying four different loads (5 kg, 10 kg, 15 kg, and 20 kg) on 

each of eight different days. Significant differences in energy cost 

were found between the two subjects, for the varying loads, and between 

days. Subject A*s energy expenditure on gradient 1 ranged from 11.09, to 

12.14 kcal/min, dependent on the load; subject B's expenditure on the 

same gradient ranged from 10,42 to 12,20 kcal/min. For gradient 2,
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subject A expended between 12.31,and 13,01 kcal/min/ depending on the 

load; subject B expended 11.80 to 13,45 kcal/min. Prior to collecting 

any data, Durnin determined that the two Kofranyi-Michaelis meters to be 

used had constant correction factors throughout the ventilatory range of

40-80 1/min,

Ten men and ten women took part in Durnin and Namyslowski1 s (1958) 

experiment to measure the effect of different times of day and of differ

ent days on the energy expenditure for four standardized activities.

(lying on a couch, sitting at ease, walking on a level treadmill at 3.2 

mph, and climbing on a treadmill with a ten percent gradient at 2.7 mph). 

Each activity was measured at one of four different times in the day, 

(11:00 a.m., 12:00 p.m.,. 2:00 p.m., and 3:00 p.m.), and each activity 

was measured on four different days. The Kofranyi-Michaelis meter was 

used for energy cost determinations after the subjects reached a steady 

state. Analysis of expired air was by the Haldane apparatus. The re

sults for all subjects of both sexes were similar and showed that there 

was no significant effect on energy expenditure attributable to the 

different days or the varying times of the day, Durnin and Namy slow ski 

also noted that there were variations in the external room temperature 

of several degrees Centigrade and in the atmospheric pressure of 20-30 

mm Hg on the different days. They felt that there was little justifica

tion in the idea that such differences in pressure and external tempera

ture produce significant changes in energy expenditure,

Banerjee, Sen and Acharya (1959) studied the daily energy ex

penditure of nine males and two females for a week. Measurements of
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energy costs for various activities were made with the Kofranyi-Michaelis 

meter, except the Douglas bag was used when subjects ascended or de

scended stairs. Because the activities in this experiment were light 

and of a sedentary nature, the subjects did not carry the Kofranyi- 

Michaelis meter or the Douglas bag. Preliminary experiments had 

revealed that the energy cost for a particular activity was higher when 

the subject carried the gas meter than when it was carried by a tech

nician, The Haldane-Henderson-Bailey gas analysis apparatus was used in 

analyzing the expired air samples. From the results, the energy cost of 

a particular activity seemed to vary individually due to individual 

variations in metabolic rates, muscular efficiency, age, sex, height, 

weight, and surface area. Variations in energy expenditure occurred 

from day to day in the same individual.

Some inaccuracies in the assessment of energy expenditure were 

discussed by Durnin and Brockway (1959) after they had conducted ,a week5 s 

energy expenditure study on four male students. Each student kept a 

detailed record of time spent in various activities, and the metabolic 

cost of certain of these activities was measured by using the 

Kofranyi-Michaelis Gas Meter. Energy expenditures were measured on 

several different occasions with the subject walking at normal speed, 

sitting, and standing. Other metabolic cost figures were taken from 

Passmore and Durnin (1955). The subjects kept a record of daily food 

intake, and each article of food was separately weighed and recorded.

The discrepancy between mean daily caloric intake and expenditure was 

found to be approximately 9.0 percent for subject A, 6,0 percent for
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subject B, 17,0 percent for subject C9 and 1,0 percent for subject D, 

Energy intake was not uniformly higher or lower than energy expenditure. 

Four possible inaccuracies in the assessment of energy expenditure were 

cited by Durnin and Brockway: (1) recording incorrectly the time dura

tion of activities; (2) defining the activities inaccurately; (3) fail

ing to employ proper measurement techniques for assessing the energy 

cost of an activity; and (4) failing of the subject to behave in a typi- . 

cal manner during the experiment.

Ford and Hellerstein (1959) made 272 observations on 52 male 

factory or steel mill workers (ages ranging from 18 to 66 years with a 

mean of 39.7 years) at their places of work. Expired air was measured 

and collected with the Kofranyi-Michaelis meter for periods of approxi

mately five minutes during rest and sample work activities. In the first 

half of the experiment, air samples were analyzed with the Scholander 

apparatus and in the second portion with a Pauling-Beckman paramagnetic 

gas analyzer, A regression equation was found using pulmonary ventila

tion 1/min BTPS to estimate energy expenditure. Considering the various 

age groups, the experimenters found the slope of the regression line for 

the 18-30 age group to be significantly different from that of the 31-40,

41-45, 46-49, and 50-66 age group. However, no greater accuracy,was 

achieved in estimating energy expenditure by using the separate equa

tions for the different age groups. It was also discovered that the 

size of the error introduced by converting ventilation to energy ex

penditure remained basically the same throughout the range of energy 

expenditure which was 1.0 to 6.5 kcal/min.
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Malhotra et al. (1962) used ^4 soldiers and two wrestler- 

soldiers to estimate the energy cost for different military tasks. They 

also used five Indian Olympic hockey players to estimate the energy cost 

for playing hockey. The Kofranyi-Michaelis meter was utilized for col

lecting expired gases, and Haldane1s apparatus was used for the gas 

analyses. Proportional relationships, were worked out between pulmonary 

ventilation (MV) at STPD and energy expenditure (E) for each individual 

while performing various tasks. By,placing the subjects into similar 

groups based on physical development and work habits, the investigators 

found that MV (throughout its range of 12.8-70 liters) could be used to 

predict E by determining a constant of proportionality for each group.

For the Indian soldiers it was found that E = 0.215 x MV; for the Indian 

Olympic hockey players it was found that E = 0.273 x MV. Malhotra et al, 

cautioned that energy expenditure tended to be overestimated when MV 

went beyond 70 1 or dropped very low. However, activities with such 

high or low pulmonary ventilation rates are seldom studied.

Consolazio et al, (1963, pp. 46-47) concluded that the additional 

energy cost utilized in carrying the Kofranyi-Michaelis Gas Meter was 

insignificant in most activities. When the wearer of the gas meter was 

standing, he did static work in supporting the weight of the meter; when 

the wearer was moving, he had to accelerate or decelerate the meter mass; 

when the potential energy, of the body was changed, the meter weight had 

to be raised or lowered, Consolazio et al, performed two experiments to 

evaluate the extra energy cost involved in wearing the meter. First, 

after ten minutes of walking on a treadmill at two mph, three pairs of



comparisons were made, The average energy cost without the meter was 

2,922 kcal/min; and the average cost with the meter on the back was 

2,829 kcal/min. The difference was not significant* Secondly9 energy 

costs were measured in triplicate after subjects walked at 3,5 mph for 

ten minutes on a treadmill. Without the meter, the subjects had an 

energy expenditure of 5,51 kcal/min; with the meter on the back, the sub

jects had an energy expenditure of 5,54 kcal/min. This difference was 

also insignificant.

The primary purpose of a study by Banister et al, (1964) re

ported the determination of the metabolic cost of playing handball.

Four subjects, two experienced and two inexperienced players, partici

pated in the study. Each subject played the other subjects once.

Expired air volumes were measured and sampled using the Kofranyi- 

Michaelis meter for periods of ten minutes of rest prior to play, 15 

minutes of handball play, and 15 minutes of recovery (one air sample for 

the first five minutes followed by a second sample for the remainder of 

the recovery period). The inexperienced players had a higher mean 

caloric cost in kcal/hr for the exercising period than did the experi

enced players. When the inexperienced players competed against the 

proficient players, the inexperienced players had a mean difference of 

284,7 kcal/hr greater energy cost than the skilled players. However, 

the mean caloric cost of 652,8 kcal/hr for experienced players competing 

against one another was similar to the 656,4 kcal/hr energy cost for the 

inexperienced players competing against each other.
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Goldman (1965) reported on the energy expenditures of 24 infan

trymen under simulated battle conditions of attacking a hill under 

aggressor fire, digging in, clearing mines, emplacing mortars, and 

patrolling jungle areas. Gas masks were worn on most days, and energy 

expenditure was determined using a Kofranyi-Michaelis meter to take a 

timed respiratory volume measurement and collect a 0.6 percent aliquot 

sample of expired air in a rubber sampling bag. The 0^ content of the 

sample was analyzed using a Beckman Model E paramagnetic 0^ analyzer, 

and caloric expenditure was calculated using Weir1s method. The upper 

levels of energy expenditure rates ranged from 6,7 to 7.5 kcal/min, 

Goldman called attention to three factors which might have elevated 

metabolic rates: (1) inspiratory impedance of the gas masks; (2) par

tial dehydration of the subjects; and (3) heat load from wearing protec

tive clothing in 83 WBGT index environment.

Using ten males (aged 42-58 years) who had been taking part in a 

supervised exercise program of various activities, Krac (1968) purposed 

to determine the energy expenditure of these men while participating in 

paddleball, running, and formal calisthenics and to investigate the 

relative energy cost of each activity. All gas volumes were measured 

and air samples collected using a Kofranyi-Michaelis meter. The sub

jects played paddleball for 15 minutes during which time three 5-minute 

air samples were collected; in the same manner, subjects participated 

in a standardized 15-minute run during which three 5-minute air samples 

were collected; likewise, three air samples were obtained during three 

portions of a standardized exercise program. In analyzing the data.
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Krac (1968) found the mean VO^ for running to be significantly greater 

than that for paddleball and calisthenics, Krac noted that the subjects 

were able to control the pace of their physical exertion to some extent 

in the paddleball play; whereas, this was not possible in the standard

ized running and exercise programs.

In 1975, Rich and Moritani reported on the physiological assess

ment of playing golf for one male aged 52 years. The subject walked.and 

played three test rounds of golf over a hilly course of 5800 yards carry

ing a bag and clubs weighing approximately 20 lbs. He also golfed with 

the Kofrnayi-Michaelis meter and other gas collection gear in place.

The gear weighed about 8.5 lbs and was found to increase the energy cost 

by 127 ml Og/min, This extra energy cost was subtracted from all values 

found while golfing. Heart rates, ventilation rates, and mixed air 

samples were collected at the end of each fairway as the golfer approached 

the green. The average heart rate for the three golfing rounds was found 

to be 131 bts/min; the ventilation rate was 36 1/min; the VO^ was 1,432 

1/min. This average VO^ value was considered to be moderate heavy work. 

Assuming that one liter of 0^ was equivalent to 5 kcal, the energy ex

penditure of the golfer was 7.16 kcal/min. The investigators also found 

that the golfer spent 106 min at or above his training heart rate of 

128 bts/min. They stated that this workload would be sufficient to 

maintain, if not improve, physical fitness provided the exercise was 

done once a week.

In summarizing the studies reviewed in this section, the follow

ing statements should be noted.
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1* The Kofranyi~Michae1is Gas Meter is a reliable and valid means 

for measuring expired air volumes and collecting air samples. 

Metabolic data obtained with the Kofranyi-Michaelis meter 

satisfactorily agreed with data collected using the traditional 

Douglas bag method or the food inventory procedure,

2, The Kofranyi-Michaelis meter can be used to assess, energy cost 

in a wide variety of activities, not only in the laboratory but 

also in the field,

3, It is necessary to determine the correction factor of each 

Kofranyi-Michaelis meter before use. Data for the correction 

factor determination should be obtained under similar conditions 

to that of the experiment. Although the correction factor varies 

for each meter, the meter records consistently up to ventilatory 

rates of approximately 80 1/min,

4, Wearing of the Kofranyi-Michaelis meter by the subject adds to 

the energy cost of an activity. However, there is disagreement 

as to whether this significantly adds to the energy cost of an 

activity,

5, Subjects experience discomfort when mouthpieces are worn for more 

than 15 minutes. However, after a short relief period, the 

mouthpiece can be reinserted.

6, Body weight is the most important variable in determining meta

bolic cost of an activity where large portions of energy must be 

used to move the body. Age, sex, surface area of the body, race, 

previous dietary intake, different days, different times of day.
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temperature, and barometric pressure do not significantly effect 

. energy expenditure in activity unless the conditions are extreme, 

7, Subjects will regulate their level of energy expenditure when 

they are responsible for the work rate.

Use of Laboratory Data

In 1966, Goodwin and Gumming reported the results of their work 

dealing with the relationship of pulse rate and VO^ consumption in swimr, 

ming. Individual regression equations of VO^ consumption and heart rate 

were obtained on five water polo players bicycling on an ergometer at 

four different loads of increasing severity. Pulse rate and VO^ uptake 

were then measured in the five subjects as they swam at slow, medium, 

and near maximum speeds. The slopes of the pulse rate-VO uptake curves 

were found to be less in swimming than in the laboratory data. This 

meant that for a given heart rate more oxygen was being used in swimming 

than would have been predicted from the regression equation determined 

in the laboratory.

Ten bricklayers, nine carpenters, and 14 laborers ranging in age 

from 30 to 70 years took part in a study by Astrand (1967) to see whether 

a correlation existed between individual physical work capacity as mea

sured in the laboratory and actual work output in heavy industry. Each 

subject was given a submaxima1 and a maximal work test on a bicycle 

ergometer, and expired air was collected during the last minutes of work 

by the Douglas bag method. The relationship between VO^ consumption and 

heart rate was plotted for each individual from the results of the 

bicycle test. Mean individual workloads (the VO^ consumed during a day's
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occupational activity) were estimated from the VO^ uptake and heart rate 

relationships. This value was expressed as a mean heart rate for a 

day's work. An engineer who was experienced in construction work.also 

estimated the mean workloads for the given occupations, and the two 

evaluations were found to agree reasonably well. Heart rates of the 

workers were recorded by telemetry every fourth minute of the work day, 

except for lunch and coffee breaks. The subjects were found to work at 

mean heart rates ranging from 25,0 to 55,0 percent of their maximum 

work capacity. The average relative workload was about 40.0 percent of 

the maximum capacity.

In 1968 Donatelli evaluated the physiological demands of paddle- 

ball, running, and calisthenics on middle-aged men using telemetry to 

record heart rates every 30 seconds of the 15-minute exercise period. 

Recovery heart rates were also monitored for five minutes. The.mean 

exercise and peak heart rates were analyzed in terms of cardiovascular 

work and energy expenditure for each activity. It was found that the 

estimated energy expenditure in running was significantly higher than in 

paddleball and calisthenics and that the energy expenditure in paddleball 

was significantly more than in calisthenics. However, one subject ex

pended a greater amount of energy.in paddleball than in the other two 

activities. Three subjects expended comparable amounts of energy in 

paddleball and running.

McArdle, Magel and Kyvallos (1971) evaluated the relative 

strenuousness of women's competitive basketball using six members of the 

1969-1970 Queens College women's varsity basketball team. During each
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home game, telemetry data were obtained on one girl for at least one 

quarter but not longer than a half. There was considerable variability 

in heart rates between subjects and, in some cases, within subjects.

When heart rates during actual game play and time outs were pooled, the 

heart rates ranged from a low of 105 bts/min to a high of 204 bts/min. 

When the heart rates were analyzed and those recorded during time outs 

excluded, it was found that the average heart rates ranged from 154 

bts/min (a guard in a six-player game) to a high of 195 bts/min (a rover 

in a six-player game) under playing conditions. These two heart rates 

represented 81 percent and 95 percent of the maximum heart rates, as 

determined on the treadmill* Within two days after the heart rate of a 

subject was telemetered in game play, the heart rate-VO^ consumption re

gression equation was established in the laboratory. The estimated 

consumption during game play ranged from 1.48 to 2.44 1/min as deter

mined from the regression curve. This represented an average caloric 

expenditure of 7.1 to 11.8 kcal/min. McArdle et al. (1971) also gave 

the players a max VO^ test two weeks before the first game and within 

one week after the last competitive game. There was no significant im

provement in aerobic capacity during the basketball season,

Joseph and Brazee (1972) examined three types of adult fitness 

classes--isometrics, calisthenics, and cardio-respiratory endurance 

exercises--in order to compare the cardio-respiratory training and the 

energy cost of the three programs, A 55-year-old businessman who had 

been exercising for 20 weeks served as the subject for this study. A 

graph with heart rate on the abscissa and VO^ consumption on the
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ordinate was constructed from data gathered while the subject walked and 

jogged on the treadmill in a three-stage test totaling nine minutes. 

Telemetry was then used to follow the subject's heart rate as he partici

pated in each exercise program. By referring to the heart rate-VO con- 

sumption graph, Joseph and Brazee converted heart rate to VC^ consump

tion in 1/min and then to kcal/min in order to determine the energy 

expenditure for each program. The investigators concluded that: (1) 

isometric exercises do not train the oxygentransport system and should 

have no regular place in exercise programs for the middle-aged; (2) 

calisthenics and jog-run type exercises are sufficiently strenuous to 

create a training effect; and (3) participation in any of the three 

programs should result in a weight loss provided moderation in eating 

habits. Joseph and Brazee called attention to the fact that field 

studies contain an uncontrollable error in using the heart rate-VOg up

take regression equation to measure energy cost. However, these investi

gators felt that the information obtained was sufficiently accurate to 

guide persons in establishing and undertaking exercise programs.

In summary, the studies in this section have dealt with the esti

mation of energy expenditure in various activities using laboratory de

termined regression equations for either heart rate and VO^ consumption 

or for pulmonary ventilation and VO^ consumption. These studies have 

suggested:

1. It is difficult to obtain field data assessing the energy 

expenditure of an activity.
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2, Heart rate is the usual physiological parameter monitored in 

field studies. Using a heart rate-VO^ consumption regression 

equation for a subject, the experimenter can convert VO^ con

sumed in 1/min into an estimate of energy expenditure,

3, For relatively short periods of work, there is considerable 

variability in heart rates among individuals and, sometimes, 

within subjects for the same activity.

4, There is some evidence to indicate that for longer periods of

work, as an eight-hour work day, workers of all ages pace them

selves to labor at a mean level of about 40.0 percent of their 

maximum capacity.

Comparison of Direct and 
Indirect Means for Assess
ing Energy Cost

Two women and four men took part in Booyens and Hervey1s (1960) 

experiment investigating possible use of the pulse rate as a means for 

measuring metabolic rate. The relationship between pulse rate and meta

bolic rate was found for each subject while lying, sitting, standing, 

and working at three loads on a bicycle ergometer. After the subject 

reached a steady pulse rate, expired air was collected for ten minutes,

and the pulse rate for the period was determined by taking the average

of three pulse rates obtained at three-minute intervals. When the sub

jects were lying, sitting, or standing, expired air was collected in 

Douglas bags. When the subjects were exercising, a Kofranyi-Michaelis 

Respirometer was used to measure the volumes of expired air and to col

lect the air samples. A Hartmann and Braun analyzer was used for the
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gas analyses, and metabolic rates were calculated from Gathcart and
2Cuthbertson1s (1931) tables and expressed in keal/m /mih,' From the ob

tained data, the relation between pulse rate and metabolic rate con

sisted of two parts. Both parts were linear, with one part representing 

lying, sitting, and standing activities and the second part representing 

light and submaxima 1 workloads. The change in the slope of the line 

occurred at different heart rates for each person. Results for lying, 

sitting, and standing from the same subject varied significantly on 

different occasions even though the experimental procedure was standard

ized, Because of this variability, the experimenters felt that the pulse 

rate should not be used to predict metabolic rate in this range of quiet 

activity. However, in the second part of the linear relationship 

obtained from light and submaximal workloads, repeated measurements and 

variations in the type of work showed a consistent relationship between 

pulse rate and metabolic rate. A calculation of correlation coefficients 

between pulse rate and measured metabolic rate gave a correlation of 0.98 

for one subject and 0.99 for a second subject. Booyens and Hervey (1960) 

stated that at this level of activity the pulse rate could be a valid 

method of determining energy expenditure provided certain factors, such 

as body temperature, time since previous meal, level of physical train

ing, posture for the activity, and the type of activity, were carefully 

controlled, A heart rate-VOg consumption equation should be determined 

for each individual while performing a task similar to the experimental 

task.
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Malhotra, Gupta and Rai (1963), using seven males, wished to see 

if the pulse count were a valid means for measuring energy expenditure» 

The relationship between pulse rate and energy expenditure for each sub

ject was first determined in the laboratory. Subjects rode a bicycle 

ergometer at standardized workloads ranging from 50 kg-m/min to 600 

kg-m/min. When a steady state had been reached at each workload, expired 

air was collected using a Kofranyi-Michaelis Gas Meter; pulse rate was 

recorded by palpation during the gas collection period. After analyzing 

the expired gases with a Scholander analyzer, the energy expenditure was 

calculated. The relationship between the pulse rate and energy expendi

ture was then determined and found to be linear for each subject. Be

cause the pulse rates and energy expenditures varied greatly among the 

subjects in performance of the work tasks, a separate regression equa

tion was found for each individual. It was also discovered that there 

were two significantly different regression lines for each subject, 

one for heart rates 75 to 95 bts/min and the other for heart rates above 

95 bts/min. To estimate the error of using pulse rate for measuring 

energy cost, the investigators had the subjects perform various field 

tasks, such as marching, running, walking, hopping, etc. Heart rates 

were monitored and gas samples collected simultaneously. The investi

gators reported that the error in predicting energy cost from heart rate 

varied from 4-0.3 to 4-4.7 percent for pulse rates below 95 bts/min and 

from 4-0.6 to 4-7.0 percent for pulse rates above 95 bts/min. However, 

from observing the given data on the percent variation in observed and 

predicted values of energy expenditure, one can see that energy cost was
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randomly overestimated and underestimated among the subjects. There

fore, the error for pulse rates below 95 bts/min actually varied from 

-4,7 ‘to +3,6 percent with a range of 8,3 percent; the error for pulse 

rates greater than 95 bts/min varied from -5.9 to +7.0 percent for a 

range of 12,9 percent. The maximum heart rate recorded in this study 

was 150 bts/min; thus, the results of this study should not be general

ized beyond this level.

Sharkey, McDonald and Corbridge (1966) compared the accuracy of 

predicting human energy cost from heart rates and pulmonary ventilation, 

with the actual energy cost determination from expired air samples.

Four males, aged 21-25 years, were tested in six treadmill tests (walk

ing at 3.5 mph at grades of 0, 4, 6, 8, 10, and 12 percent) to collect 

data for derivation of individual regression equations. One equation 

for each subject represented the pulse rate and VO^ consumption relation

ship; a second equation showed the pulmonary ventilation and VO^ consump

tion relationship. The subjects then performed three work tasks which 

included 3.5 mph walking on the treadmill at two percent grade while 

carrying a 23 lb weight in static contraction, cycling on a bicycle 

ergometer, and hand cranking the bicycle ergometer. Percent mean error 

of prediction for the three tasks ranged from +15,8 to +29.75 percent 

using pulse rate and from +11,92 to +18.84 percent using ventilation for 

prediction. All predicted energy costs were overestimated by the pulse 1 

rate, and ventilation resulted in overestimations in 10 of the 12 tests. 

The results of this study indicated that large errors can occur when 

using the pulse rate and the pulmonary ventilation as predictors of
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energy expenditure, Ventilation appeared to be the better predictor of 

the two measures, Sharkey et al, (1966) felt that greater precision 

resulted in the prediction method when the activity used to derive the 

regression equation corresponded to the experimental work task,

Shephard (1968) studied the possibility of predicting VO con- 

sumption from rest to maximum aerobic power by measuring the expired gas 

volume (Vg) or the heart rate (f), A relatively homogenous population of 

ten sedentary men, aged 20-36 years, performed step tests and bicycle 

ergometer tests under carefully controlled laboratory conditions. 

Twenty-eight men ranging in age from 17-63 years and in cardio-respiratory 

fitness from 24.4 to 49,3 ml/kg/min participated in step tests at a 

field laboratory. Heart rates were monitored by electrocardiogram 

throughout the tests and respiratory minute.volumes and VO^ uptakes were 

measured during the final minute at each intensity of exercise, VO^ at 

each intensity of exercise was expressed as a percentage of the person's 

maximum aerobic power. It was found that the f/VO^ relationship followed 

a sigmoid curve, and the Vg/VO^ relationship showed an upward concavity. 

The curves, were almost linear over the middle range of workloads; but by 

including values for rest and maximum aerobic power, the other character

istics became apparent. Under laboratory conditions, predictions of VO^ 

uptake based on heart rate were slightly more accurate than those based 

on Vg. However, the S.D. of predictions and the mean discrepancy betweoi 

observed and predicted values were similar for the Vg/VO^ and f/VO^ 

curves when applied to the heterogenous field population. Both ventila

tory and pulse predictions were found to be in error by five to ten
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was not improved by using individual curves rather than the group curves, 

Bradfield, Huntzicker and Fruehan (1969) measured VO^ uptake and 

heart rate simultaneously for each of six activity levels in 24 young 

adult men. The Kofranyi-Michaelis meter was used to measure ventilation, 

and air samples were analyzed for oxygen content with a Beckman E-2 0^ 

analyzer and for carbon dioxide with a Godart pulmoanalyzer, Caloric 

values for the 0^ consumption were determined using the modified Weir 

formula. Heart rate was continuously monitored by telemetry, A step- 

wise regression computer routine was then used to select, for each 

individual, the linear or second-order formula with the smaller standard 

error for predicting VO^ consumption from heart rate. Fifteen of these 

subjects next carried out standardized activities for four hours, and 

energy expenditure was estimated from the heart rate data in two ways. 

First, in the heart rate-diary method the average heart rate for each 

activity level was determined and then inserted into the regression 

equation to obtain energy cost per minute. The energy cost value was 

multiplied by the number of minutes spent in that activity, and then 

total energy expenditure for the four hours was obtained by summing the 

caloric value for each activity. Secondly, in the accumulative heart 

beat procedure, an average heart rate for the four-hour period was de

termined and inserted into the regression equation to obtain the energy 

cost per minute. Total energy expenditure was obtained by multiplying 

this average value and the total experimental time. The energy expendi

tures estimated from the regression equations were then compared to the
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expenditures obtained from the combination respirometer-diar.y technique 

of a similar four-hour period, (In the respirometer-diary technique a 

diary was kept of all activities, and then energy cost for the various 

activities was later determined with the Kofranyi-Michaelis meter. The 

caloric cost of each activity was multiplied by the length of the activi

ty period and then all values summed for the total energy expenditure.)

It was found that the heart rate-diary system had a mean deviation of 

1.0 percent from the results of the respirdmeter-diary technique. The 

accumulative heart beat method had a mean variation of 6,0 percent from 

that of the respirometer-diary values. Bradfield et al. (1969) con

sidered the accumulated heart rate technique to be the more meaningful 

for determination of energy expenditure because the subject was not . 

bothered, by keeping a diary and wearing the Kofranyi-Michaelis meter. 

Also, variations in energy expenditure within an activity were reflected 

in the accumulated heart rate method but not in the heart rate-diary 

procedure. The investigators felt that heart rate was a good predictor 

of energy expenditure in the sitting, standing, and walking activities 

of this study. However, as in the Malhotra et al, (1963) study, the 

mean deviations of 1,0 percent and 6,0 percent do not give the true 

picture of variability. The actual percentage deviation of the pulse- 

diary procedure from the respirometer-diary ranged from -13.0 to +15,0 

percent, and the difference between the accumulated pulse and the . 

respirometer-diary method ranged from -18.0 to +4.0 percent.

Three highly skilled competitive female figure skaters from The 

University of British Columbia, Canada, were subjects in the Gordon,
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tive figure skating. The subjects were tested three times: (1) heart 

rates were recorded at rest and during a free skating routine by teleme

try; (2) heart rates and VO^ consumption were measured during an ex

haustive work test on a bicycle ergometer; and (3) heart rates were 

monitored and VO^ uptake simultaneously measured with a Kofranyi-Michaelis 

Gas Meter during 3-4 minutes of figure skating. Data from the bicycle 

test were used to establish the heart rate-VO^ consumption relationship 

for each subject. The caloric cost for skating was determined directly 

from the expired air samples and indirectly using the regression equa

tion for each skater. However, no comparative data were presented for 

the study. It was found that all subjectsr heart rates were higher when
i,

skating with only the telemetry equipment than with the telemetry equip

ment and the Kofranyi-Michaelis Respirometer. This indicated that the 

Kofranyi-Michaelis meter inhibited the skater’s performance, Gordon 

et al. (1969) nevertheless felt that the Kofranyi-Michaelis meter pro

cedure was an effective way for measuring the caloric cost of vigorous 

activities. From the data obtained with the Kofranyi-Michaelis meter, 

energy costs for figure skating were listed as 525 kcal/kg/hr and 570 

kcal/kg/hr for one subject and 621 kcal/kg/hr for a second subject.

In 1973, Attwood hypothesized that there would be no difference 

in the determination of energy expenditure for playing handball between 

that energy cost measured from expired air samples obtained during game 

play and the cost estimated from telemetered heart rates. Three male 

college students participated in the study. Each subject’s heart
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rate-VOg consumption regression equation was determined in the laboratory 

using a bicycle ergometer. Each subject played each of the other sub

jects once with heart rates monitored by telemetry and then a second 

time with heart rates monitored and expired air measured and collected 

for analysis. For the subject's comfort9 play was limited to 15 minutes 

when the Kofranyi-Michaelis Gas Meter was worn. By visually comparing 

the mean heart rate data while the subjects played handball with and 

without the Kofranyi-Michaelis meter, Attwood felt that wearing the gas 

meter did not effect heart rates of the subjects. Because of problems 

encountered with the telemetry unit, it was not possible to compare the 

directly determined VO^ consumption with that predicted from the re

gression equation for one subject. Another subject was thought to have 

trained over the experimental period, and VO^ uptake in 1/min was over

estimated from the regression curve by +17.94 percent in one game and by 

+52.17 percent in the second game. Good agreement, less than -10.0 per

cent variation, was found between the estimated and the directly deter

mined VOg uptake in the third subject. The mean energy cost for all 

subjects playing handball with the Kofranyi-Michaelis meter was reported 

to be 9,93 kcal/min.

In summary, the studies comparing the assessment of energy expen

diture by direct means of expired air samples with the measurement of 

energy expenditure by indirect means of heart rate-VO^ consumption regres

sion equations have suggested the following:

1, There is a linear relationship between the pulse rate and the 

metabolic rate of an individual.



There is disagreement among investigators as to the accuracy of 

using a subject’s heart rate-VC^ consumption regression equation 

to predict VO^ consumption, Malhotra et al, (1963) reported 

data showing that the regression equation produced an error 

varying from -5,9 to +7,0 percent; in the Sharkey et al, (1966) 

study pulse rate overestimated the VO^ uptake from +15,83 to 

+29,75 percent; Shephard (1968) found pulse predictions of VOg 

uptake to be in error by 5.0 to 10,0 percent of the aerobic 

power; Bradfield et al, (1969) reported data showing the esti

mated VOg uptake to be in error from -18.0 to +4,0 percent; 

Attwood (1973) found less than +10,0 percent variation between 

the estimated and directly determined VO^ uptake for one subject 

during handball play, but for.another subject he found the VO^ 

uptake to be overestimated by as much as +52.17 percent.

Accuracy in prediction of energy cost from laboratory data is 

improved by using individual regression equations in place of a 

group equation when dealing with a heterogenous population.

Each individual’s regression line may be composed of two parts 

and possibly three— one for lying, sitting, and standing activi

ties; a second for light work; and a third for maximal exercise. 

Accuracy in prediction of metabolic cost can be improved by 

using an activity to determine the regression equation which is 

similar to the experimental activity.



CHAPTER 3

DESIGN AND PROCEDURES

The major purposes of this study were to investigate the energy 

expenditure in tennis singles for females and to evaluate the strenuous

ness of game play. Strenuousness of game play for each subject was 

examined relative to metabolic rate, percentage of max and heart

rate throughout 30 minutes of competitive play. As a secondary problem, 

two procedures for measuring energy expenditure were compared. Gas 

samples were collected during portions of the competitive play by use of 

the Kofranyi-Michaelis Respirometer. Energy.costs determined from the 

air samples were directly obtained costs and were compared to energy 

costs which were estimated indirectly using the player's heart rate 

during play and referring to her heart rate-VO^ uptake regression equa

tion established in the laboratory.

In order to collect the necessary information, the study was 

divided into two parts. Part A involved the administration of 

Sheffield's adaptation of the Bruce Multi-Stage Treadmill Test of Sub

maxima 1 and Maximal Exercise to each of the subjects. This test furn

ished the data for establishing each subject's heart rate-VO^ consump

tion regression equation,for assessing each individual's maximum aerobic 

capacity, and for determining each subject's maximum heart rate. This 

maximum heart rate value was the value used in Karvonen's formula for

50
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determining each subject’s critical threshold. Data from Test Session 

A are presented in Appendix A, Test Session B took place at the tennis 

courts on five different days with each subject playing the same opponent 

in a 30-minute match. Four air samples were collected at the times of 

0-5 minutes, 5-10 minutes, 20-25 minutes, and 25-30 minutes. Each five 

minutes of playing time was divided into actual activity time and non- 

activity time. Heart rate was monitored continuously during play and 

in the 15-minute recovery period after play. Two air samples were ob

tained in the recovery period. The first sample was obtained for the 

three minutes immediately after play; the second sample was for the re

maining 12 minutes of recovery. Before going to the tennis courts for 

Test Session B, each subject came to the laboratory for necessary pre

parations. At this time five minutes of resting metabolic data and 

three minutes of heart rate data were obtained with the subject in a 

sitting position. The mean of this resting heart rate was substituted 

into Karvonen’s formula for determination of critical threshold. The 

data from Test Session B are presented in Appendix C.

Before beginning actual data collection, the investigator served 

as subject in three practice trials of Test Session B, It was judged 

that one could play tennis satisfactorily wearing the Kofranyi-Michaelis 

Gas Meter for the 30-minute playing period. The organization of Part B 

was deemed suitable, and it was found that the desired data could be 

obtained from the testing.
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Selection and Orientation of Subjects 

Six members of the University of Arizona women’s tennis team 

were asked to be subjects for this investigation. These six were among 

the top-ranked players of the 17-member team. As a method of control, 

the #1 player on the team, PH, played each of the five subjects who par

ticipated in Test B, Subject B (LJE) suffered an injury and was unable 

to take Test B.

Subject A (RC) was a sophomore, weighed 62,84 kg, was 166,37 cm 

tall, and was 19,17 years of age, RC played. #3 for Arizona’s team and 

was ranked 2nd in singles and 1st in doubles in the Southwestern Girls 

18 and Under Division for 1975, She also played Junior Wightman Cup for 

the Southwestern Section and had been selected to go to the nationals in 

Wightman Cup, ,

Subject B (LJE) was a freshman, weighed 67,27 kg, was 170,18 cm 

tall, and was 18,6 years of age. In 1974 she was ranked #8 in singles 

and #3 in doubles for the 18 and Under Girls Division of the Eastern 

Tennis Association, LJE was #8 on the tennis team.

Subject C (PK) was a freshman, weighed 67.82 kg, was 165,10 cm 

tall, and was. 19,21 years of age, PK played #6 on the tennis team.

She was ranked 19th in Girls 18 and Under Singles and 4th in Girls 18 

and Under Doubles in Northern California for 1975,

Subject D (DL) was a sophomore, weighed 59,18 kg, was 165,48 cm 

tall, and was 19,83 years of age. She was #9 on the team and had played 

Wightman Cup in 1973-1974,
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Subject E (MM) was a sophomore,weighed 58,27 kg, was 168,91 cm

tall, and was 19,75 years of age. She was #5 on the team but had played

#1 for a portion of the 1974-1975 season. While playing in the 18 and 

Under Girls Division in 1974, MM had been #1 in Kansas City and the 

Heart of America Section and was ranked 3rd in the Missouri Valley Sec

tion, MM played in the Women’s National Intercollegiate Tennis Tourna

ment in 1975,

Subject F (SS) was a freshman, weighed 67,39 kg, was 180,34 cm 

tall, and was 18,00 years of age. At the time of the testing, SS was

#2 on the team but in the fall had played #1, She was ranked #1 in

British -Columbia and #3 in Canada for Girls 18 and Under in 1975,

Each subject took part in several training sessions prior to the 

actual data collection. Subjects were taught to walk and jog on the 

treadmill at various speeds and grades while breathing through a Collins 

Triple-J High Velocity Respiratory Valve. All subjects briefly experi

enced the first four stages of the Bruce Test but did not take the test 

until Test Session A. Likewise, each subject practiced playing tennis 

with the investigator while wearing the Kofranyi-Michae1is gas collec- . 

tion apparatus. For a final check, games were played for 15 minutes.

All subjects stated that they were not unduly hampered by the gas 

collection meter. Since the subjects had played with the breathing 

valve in place for 15 minutes--five minutes longer than the ten-minute 

gas collection periods, the investigator judged all subjects prepared 

for actual testing.



Use of Equipment

In order to collect the desired data, the investigator had to 

develop the techniques for measuring inspired and expired gas volumes, 

for analyzing expired gases using the electronic analyzers, and for 

monitoring heart rate, in the laboratory and on the tennis court, In

spired gas volumes during Test Session A were measured with a Parkinson- 

Cowan CD4 Dry Test Meter and were recorded on one channel of a two- 

channel Beckman Dynograph, The second channel of the Beckman Dynograph 

recorded the subject’s heart rate during the Bruce Test. A Beckman 

OM-11 Oxygen Analyzer and a Godart Capnogfaph Type-BE were used to 

analyze the 0^ and CO^ content, respectively, of expired gases collected 

in both testing sessions. During tennis play, a Parks Radio Telemetry 

unit was used for monitoring heart rates; and a Kofranyi-Michaelis Gas 

Meter was used to measure expired gas volumes and to collect 0.6 percent 

aliquot gas samples in 2000 ml rubber bladders. Prior to each collec

tion of data, it was necessary to calibrate the Kofranyi-Michaelis Gas 

Meter; the CD4 Dry Test Meter was calibrated once during experimentation
i

because it remained in the laboratory and was not subjected to the 

stress that the Kofranyi-Michaelis meter experienced. The gas analyzers 

were calibrated prior to analysis of all samples.

Parkinson-Cowari CD4 
Dry Test Meter

The Parkinson-Cowan CD4 Dry Test Meter operates via a permanently 

lubricated bellows type mechanism and has low friction phenolic valves.

It can be used to measure either inspired or expired gas volumes, and
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the inlet and outlet connections have an inside diameter of 3.18 cm.

Flow capacity of the meter was reported to be 11,000 1/hr with an accura

cy of + 1.0 percent for continuous flows between 10 and 100 percent of 

capacity, The instrument was fitted with a potentiometer producing a 

0.9-volt DC signal proportional to the inspired volume of air when used 

with a 9-volt DC power supply.

In this experiment the Parkinson-Cowan CD4 Dry Test Meter was 

used to measure the inspiratory volumes of each subject as she performed 

the Bruce Test. For calibration of the CD4, a Collins 120-liter Gasome

ter was connected via plastic tubing to the intake connection of the CD4. 

The bell of the Gasometer was raised at a predetermined, intermittent 

flow rate, drawing air through the CD4 and into the bell of the 

Gasometer. The volume of the Collins Gasometer was defined as the 

standard volume. The percent error at five different flow rates was 

found to be less than ±  1.0 percent, i.e., ' 4*. 125 percent at 10 1/min,

-K 383 percent at 25 1/min, and -h 193 percent at 40 1/min, +.303 percent 

at 55 1/min, and +.530 percent at 70 1/min. Thus, a correction factor 

was not applied to the gas volumes obtained during the Bruce Test. De

tailed calibration procedures are in Appendix D* The raw data for cali

bration are also included in Appendix D„ All inspired volumes were cor

rected to the STPD conditions.

Beckman Dynograph

A Beckman Two-Channel Type RS Dynograph Recorder was used to 

monitor both inspiratory volumes and heart rates during the Bruce Test. 

One channel of the dynograph was fitted with a type 9806A AC/DC Input
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Coupler for measuring the electrical output from the potentiometer of 

the CD4, Each electrical output represented an inspiratory volume of 

the subject and was automatically recorded for later analysis. Heart 

rate information was simultaneously recorded by;the second channel of 

the dynograph, A type 9857 Cardiotachometer Coupler computed heart 

rate information from the QRS component of the subject’s EKG signal.

The recording paper ran continuously at 5 mm/sec throughout the Bruce 

Test.

Gas Analyzers

A Beckman OM-11 Oxygen Analyzer was used to determine the Og 

content of the expired, gases which had been collected in the rubber 

butyl bladders. Samples were drawn into the analyzer at a flow rate of 

500 ml/min as suggested by the operator’s manual. The measurement of 

the 0^ was made by a Beckman Polarographic Oxygen Sensor which was sensi

tive only to 0^, The sensor produced an output current directly pro

portional to the partial pressure of the 0̂ . The partial pressure value 

was then converted to a "percentage concentration" of 0^ and expressed 

in this manner on the digital display. Response time was set in the 

fast mode and ranged from 80 to 200 ms. Prior to each analysis the 0M-11 

was calibrated using ambient air--20.9 percent 0̂ . The accuracy of the 

0M-11 was specified as being +0,2 percent of full scale at recorder out

put when calibrated with a gas similar to the sample gas within a ten- 

minute time period.

A Godart Capnograph Type-BE was used to measure the COg content 

of the expired gas samples. The measuring principle was based on the
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fact that CO^ absorbs infrared rays. Air samples were drawn into the 

capnograph from the butyl bladders at a flow rate of 500 ml/min» A 

Detector cell responded to the reduction in the intensity of the infra

red rays aid emitted an AC electrical signal proportional to the concen

tration of COg present.in the gas being analyzed. The AC signal was

amplified, and the COg, concentration was shown on a direct reading

galvanometer as a percentage of the gas volume. The galvanometer’s 

scale ranged from 0-10 Volume percent CO^. Response time was approxi

mately 0.1 sec.

Before analyzing any gas sample, the CO^ analyzer was calibrated 

using a calibration gas. The calibration steps were: (1) setting the 

barometer correction knob for the local barometric pressure; (2) turn

ing the selector switch to the zero gas position and adjusting the 

"zero-control" to zero on the galvanometer; (3) turning the selector 

switch to operate and adjusting the flow meter to 500 ml/min; (4) sam

pling a calibration gas containing a specified percentage of CO ; and
I

(5) adjusting the "sensitivity" knob until the galvanometer registered 

the specified percentage of CO^ in the calibration gas. In the instruc

tional manual, the accuracy of the capnograph was reported to be + 2,0

percent f.s.d, (full scale deflection). Since the scale read from 0 to

10 percent, the instrument was accurate to f 0.2 percent.

Parks Radio Telemetry

A Parks Radio Telemetry system was used to monitor each subject’s 

heart rate while playing tennis. Two electrodes were placed on the sub

ject’s chest in order to pick up electrical potentials from the heart.
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These were amplified by the transmitter (Model 27-1) and sent via audio 

subcarrier system to a receiver (Model RC-27). Each interruption of the 

radio signal represented a heart beat. The receiver operated on three 

9-volt batteries, and the transmitter on a single 9-volt transistor 

radio battery. The telemetry system had a range of 200-300 yards, and 

there were no distance problems as the heart rate technician was posi

tioned near one of the court sidelines. In the instruction manual it 

was stated that the channel used by the telemetry unit was. not authorised 

for voice communication. However, once or twice during most of the data 

collection periods, the heart rate signal was interrupted by a citizens 

band radio operator.

Respiration Gas Meter

A dry gas meter known as the Kofranyi-Michaelis Gas Meter, Model 

59, designed by Professor E. A, Muller of the Max-Planck-Institute for 

Work Physiology, Dortmund, West Germany, was used for measuring ventila

tion and collecting air samples during tennis play. The dimensions of 

the meter were 28 cm x 19.5 cm x 12 cm while the weight of the gas meter, 

with hose attachment, mouthpiece, respiratory valve, nose clip, and 

carrying pack, was 4,17 kg. The gas meter was worn on the back in a 

specially made "backpack.”

The Kofranyi-Michaelis meter measured the volume of expired air 

to within 0,1 liters and retained either 0.3 percent or 0.6 percent of 

each breath in an attached 2000 ml rubber butyl bladder. The larger 

sampling percentage, 0,6, was chosen to make the integrated samples of 

expired air larger. In order to avoid affecting respiratory patterns.
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the instrument was designed with a fairly low breathing resistance--10 mm 

of water at one-third of the maximum flow rate. The instructional manual 

stated that the maximum expiratory flow rate which can be accommodated 

by the meter was 60 1/min, However, Riendeau and Consolazio (1959) found 

this given expiratory flow rate to vary with each meter; and they sug

gested that each experimenter test his own meter.

A calibration factor of K = 1,004 was engraved on the meter. 

However, the manufacturer performed the calibrations at continuous flow 

rates. Since human respiration is intermittent, it was necessary to 

determine calibration factors for varying flow rates. As in the CD4 

calibration procedures, flow rates of 10 1/min, 25 1/min, 40 1/min,

55 1/min, and 70 1/min were selected. Because of the stress placed on 

the meter during tennis play, the meter was calibrated prior to each 

testing period. The mean percentage error for each flow rate during 

each calibration was found to be less than + 1.0 percent of the volume.

As with the CD4, it was unnecessary to apply an instrumental correction, 

factor to the measured volumes. Details of calibration procedures and 

the raw data can be found in Appendix E*

Competency and Use of Technicians

All technicians were trained in their specific duties and had 

previous exercise physiology laboratory experiences. For administering 

the Bruce Test to each subject, three technicians were needed. One 

technician collected the air samples; a second technician continuously 

checked all equipment and operated the treadmill; the third technician



60
watched the subject and stood near her as she ran on the treadmill.

Air samples were analyzed after the test by one of the technicians.

Five technicians aided the investigator in Test.Session B. The 

investigator was mainly concerned with the comfort of the subject; one 

technician monitored heart rate; two technicians handled the collection 

of expired air samples and manipulation of the Kofranyi-Michaelis Gas 

Meter; one technician recorded actual playing time and nonactivity time; 

and one technician remained in the laboratory and analyzed the gas 

samples immediately after they were received.

Data Collection Procedures 

The Bruce Test and the tennis court test were administered to 

each subject on separate days. An attempt was made to minimize the 

interval between the two tests in order that the subject's heart rate- 

VOg consumption regression equation would not be altered by conditioning 

programs or other intervening factors. Subjects C and F were given the 

tests on consecutive days; there was one day between the two tests for 

subject D, Subject A waited three days after the tennis testing to take 

the treadmill test, and subject E had a seven-day interval between test

ing.

The treadmill test was given to each subject at various times of 

the day as dictated by convenience. All tennis court testing was done 

from 3:00-5:15 p,m, during regular tennis practice.

Test Session A

The Bruce Test was administered in order to establish an individu

al heart rate-VO^ consumption regression equation for each subject and
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to determine each person1s max VO^. The test procedures were divided 

into three phases: (1) arranging the testing equipment; (2) preparing the 

subject for testing; and (3) testing the subject.

Arranging the Testing Equipment, A Quinton Treadmill, Model 

24-72, was used for imposing the world levels of the Bruce Test, The 

treadmill was equipped with an electric elevation unit (0-44 percent) 

and two speed ranges (low speed from 1.5-15 mph and high speed from 2,5- 

25 mph). For this testing, the treadmill was set for the low speed range. 

Speed and elevation of the treadmill were easily adjusted by a remote 

control panel.

A Collins Triple-J High Velocity Respiratory Valve with attached 

mouthpiece was suspended from the treadmill1s overhead bar. The height 

of the valve and mouthpiece was adjusted by means of a small pulley 

system (Figure 1), The inspiratory side of the valve was connected by a 

1,722 m piece of Collins plastic tubing with a diameter of 4.1 cm to the 

inspiratory inlet of the Parkinson-Cowen CD4 Dry Test Meter (Figure 2).

The potentiometer of the CD4 was attached via cable to one channel of a 

Beckman Two-Channel Type RS Dynograph Recorder (Figure 3). The channel 

was fitted with a type 9806A AC/DC Input Coupler for measuring the elec

trical output from the potentiometer of the CD4,

A similar piece of Collins tubing (2.765 m long) connected the 

expiratory side of the Triple-J Valve with the stainless steel mixing 

chamber. An outlet from the mixing chamber was connected via pliable 

pressure tubing (1.094 m long; ,5 cm in diameter) to a Neptune Dyna-Pump, 

Portions of expired air were drawn from the mixing chamber through the
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Figure 1. Pulley arrangement for adjusting height of the respiratory 
va Ive.
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Figure 2. The Parkinson-Cowan CD4 Dry Test Meter.
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Figure 3. Dynograph recorder for monitoring heart rate and inspiratory 
volume.
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pump and into a second piece of pliable pressure tubing (11,3 cm long).

At the end of this piece of tubing, a three-way connector was inserted. 

All air samples were obtained from one sidearm of tubing (13,5 m long), 

as the second sidearm was closed with a screw clamp. At the designated 

times, a 2000 ml rubber butyl bladder which had been evacuated of all 

air was attached to the sidearm for collection of expired air (Figure 4).

The Beckman OM-11 Oxygen Analyzer and the Godart Capnograph 

Type-BE (Figure 5) were warmed-up at least four hours prior to analysis 

of gas samples. Two hours were considered a minimum warm-up, according 

to the instruction booklets. Also, it was necessary to fill the sampling 

bladders with expired air or other air high in CO^ content two or three 

hours before experimentation. This reduced the amount of CO^ from the 

sample which would be absorbed by the rubber.

The second channel of the Beckman Dynograph Recorder was fitted 

with a type 9857 Cardiotachometer Coupler for recording the subject's 

heart rate. The subject was connected to the dynograph via a 3,1 m 

shielded cable.

Preparing the Subject for Testing, Subjects were asked not to 

eat or drink, except water, three hours before the test. They were also 

asked to avoid strenuous activity that day prior to the test. Each sub

ject was weighed to the nearest one-quarter pound on her arrival at the 

laboratory, and height was measured to the nearest 1/10 inch using a 

Stadiometer.

For monitoring heart rate in each subject, chest electrodes were 

placed on the manubrium and the sixth rib at the left anterior axillary
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Figure 4. The sampling of expired air from the mixing chamber.
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Figure 5. Treadmill control panel and fast response gas analyzers.
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line, A ground electrode was placed on the right side of the body in a 

position similar to that used on the left side. Before applying the 

electrodes to the skin/ the three electrode sites were rubbed with a 

4 x 4  gauze to remove body oils, dead skin, and any foreign matter.

One side of a 3M Double-Stick Disc (1-1/4 inch diameter; 11/32 inch 

aperature) was attached to each electrode. The electrode cups were 

filled with Beckman Electrode Paste, Care was taken to avoid air bubbles 

in the paste, and the paste was level with the surface of the disc. Die 

paper was then removed from the second side of the disc and the disc 

applied to the selected spot. The single wire from each electrode was 

inserted in its respective connection in the patient cable, and the pa

tient cable was anchored with adhesive tape above the subjectfs left hip 

and then to the sidebar of the.treadmill. The electrode wires were 

stabilized on the subject’s chest using Reston Self-Adhering Foam Pads.

Testing the Subject. The subject stood straddle of the treads 

mill belt with noseclip and mouthpiece in place. Heart rate and inspira

tory volumes were monitored by the dynograph operating at 5 mm/sec. The 

treadmill was started.at Stage I of the Bruce Test, and the subject 

stepped on the belt and began walking (Figure 6). Within ten seconds 

the start of the test was announced, and the starting point was marked 

on the recording paper of the dynagraph. One technician was responsible 

for the operation of the dynograph and the treadmill.

The Bruce Test called for the subject to walk or run for three 

minutes at progressively heavier workloads. These three-minute workloads 

or stages of the test were (1) 1.7 mph at 10 percent grade; (2) 2,5 mph



Figure 6. Measurement of metabolism on the treadmill.
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at 12 percent grade; (3) 3.4 mph at 14 percent grade; (4) 4.2 mph at 16 

percent grade; (5) 5.0 mph at 18 percent grade; and (6) 5.5 mph at 20 

percent grade. At the end of each stage, the treadmill was immediately 

adjusted for the next stage. Each subject continued the test as long 

as she could and signalled the technician, who was standing on the 

treadmill as a spotter, during the final minute of exercise. At the com

pletion of the test, the spotter removed the valve from the subject!s 

mouth while a second technician slowed the treadmill to approximately 

1.75 mph and 0 percent grade. The subject continued to walk until her 

heart rate returned to 120 bts/min.

A third technician collected air samples during the middle 40 

seconds of selected minutes. An air sample was obtained for the third 

min of Stage* I and a second sample for the third min of Stage II, After 

Stage II, air samples were obtained for each minute of the test. Sam

ples were analyzed immediately after the test (Figure 7). Barometric 

pressure, temperature, and relative humidity were measured just before 

testing.

Test Session B

Although the major portion of Test B was held on the tennis 

court, subjects first reported to the laboratory. The test procedures 

were divided into three parts: (1) arranging the testing equipment; (2) 

preparing the subject for testing; and (3) testing the subject.
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Figure 7. The analysis of expired air.
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Arranging the Equipment. Most of the equipment in Test Session 

B was needed in the collecting or analyzing of expired air. The func

tioning of the Kofranyi-Michaelis Gas Meter was checked before the sub

ject arrived, and in most cases, the gas meter had been thoroughly 

checked during calibration procedures the day before the test, The 

Kofranyi-Michaelis respiratory valve was tested for leaks and sticking 

discs, and the connecting hose was also checked. One end of the hose

(72.4 cm long; 3.18 cm in diameter) was connected to the inlet of the

Kofranyi-Michaelis meter while the other was attached to the expiratory 

side of the respiratory valve. When air samples were collected during 

play, it was necessary to use a hose connector to attach the hose to the

valve and to the meter so that the hose was not separated from either.

It was also necessary to secure the mouthpiece to the respiratory valve 

using surgical tape to prevent the subject from pulling the mouthpiece 

away from the valve. The six rubber butyl bladders used to collect ex

pired air were filled with expired air two to three hours before the

experiment so as to saturate the rubber with CO • The electronic gas
L

analyzers were warmed-up at least, four hours prior to the performance of 

gas analyses.

The strength of the batteries of the Parks Radio Telemetry unit 

for monitoring heart rate during tennis play was always checked. New 

batteries were placed in both the receiver and the transmitter before 

the first test.
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Preparing the Subject for Testing. Subjects were asked not to 

eat or drink, except for water, three hours before the experiment and not 

to engage in heavy exercise the day of the test. When the subject ar

rived at the laboratory, the electrodes for monitoring heart rate were 

placed on the subject's chest. One electrode was placed on the manubrium 

and the second electrode on the xiphoid process. Before attaching the 

electrodes, the specific electrode sites on the chest wall were rubbed 

with a 4 x 4 gauze to remove dead skin, body oils, or other foreign 

matter. A very small portion of the electrode site was covered with a 

.5 cm x .5 cm piece of adhesive tape. Areas of approximately 2 in x 5 in 

centering around the electrode areas were sprayed with colorless Tuff-. 

Skins a tape adherent, and allowed to dry. During this time, double

stick discs were applied to the electrodes; they were filled with an 

electrode paste as in Test Session A. After about two minutes, the 

small pieces of adhesive tape were removed and the electrodes were 

attached to the chest with the cups of the electrodes on the unsprayed 

portion of the skin. A six-inch strip of 1-1/2 inch adhesive tape was 

placed over each electrode to hold the electrode firmly in place.

After ten minutes of rallying and serving to warm-up at the 

tennis court, the subject was helped into the.specially made backpack 

containing the Kofranyi-Michaelis meter and the telemetry transmitter 

(Figure 8). The backpack was made with a set of nonadjustable shoulder 

straps which crissrcrossed on the upper back before coming over the 

shoulder to attach again on the side of the meter. A single strap 

fastened like a belt about the subject's waist and was adjustable.
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Figure 8. Back view: Subject prepared for tennis play with Kofranyi- 
Michaelis Gas Meter and telemetry transmitter.
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This strap was pulled tightly to hold the meter in place. The wires of 

the telemetry unit were brought out through the subject Vs collar and 

plugged into the transmitter which was contained in a pocketlike pouch 

attached to the criss-crossed section of the shoulder straps. The ex

cess length of electrode wires was taped to the shoulder strap. When 

expired air samples were collected during the 30 minutes of testing 

(0-10 minutes and 20-30 minutes), the connecting hose was fastened to 

the inlet of the gas meter by a hose connector; and the hose was run 

underneath the criss-cross of the shoulder straps, over the right 

shoulder, and to the expiratory side of the respiratory valve which was . 

also on the right (Figure 9)» The hose was also fastened to the valve 

by a hose connector. During sampling periods the subject was prevented 

from breathing through her nose by a noseclip. During the relief period 

of play, a technician removed the hose with the attached valve and 

mouthpiece and held the noseclip.

Testing the Subject. After the electrodes had been applied to 

the subject's chest, she sat in a chair and the Kofranyi-Michaelis meter 

was placed on a desk near her. The subject inserted the mouthpiece, 

positioned the noseclip, and exhaled into the meter for about two minutes 

to insure that the sampling bladder would be aspirating thoroughly mixed 

air. The telemetry signal was rechecked at this time, and barometric 

pressure was measured. At the end of two minutes, the subject momentari

ly released the noseclip and removed the mouthpiece while the initial 

ventilatory volume was read from the gas meter and the clamped sampling 

bladder was attached to the meter. The subject then readjusted the
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Figure 9. Respiratory valve used during tennis play.
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valve and noseclip and exhaled into the meter. Immediately the investi

gator turned on the meter, undipped the bladder, and started the watch 

for five minutes of resting data. The investigator moved about 15 feet 

from the subject and recorded the subject rs resting heart rate for 

minutes 2, 3, and 4. When the five minutes ended, the experimenter simul

taneously turned off the meter and clipped the rubber bag with a spring 

clamp. The final expiratory volume and the temperature were read from 

the meter; gas analyses were immediately made on the resting sample.

The subject and the experimenter next walked one-quarter mile to 

the tennis courts where the subject’s opponent, PH, and the technicians 

were waiting. PH and the subject rallied for a timed ten-minute inter

val, and then the backpack containing the gas meter and the telemetry 

transmitter was positioned on the subject’s back. Two technicians (T1 

and T2) handled the gas collection and manipulation of the Kofranyi- 

Michaelis Gas Meter. PH and the subject warmed-up an additional five 

minutes during which time all practice serves were taken and first server 

determined by spinning the racket. At the end of the five minutes, the 

subject put on the noseclip and the initial ventilatory volume was read ■ 

on the Kofranyi-Michaelis meter. On a signal from the designated tech

nician, Tl, the Kofranyi-Michaelis meter was turned on and sampling 

bladder #1 unclipped. This designated technician, Tl, was in charge of 

accurately timing the air sampling period and used a stopwatch for this 

purpose. At the same time the technician (T3) taking heart rates began 

observing a continuously running clock with a sweep.hand so that she 

could time 30 heart beats with a stopwatch in the final 30 seconds of
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each minute; the technician (T4) monitoring nonactivity time (NAT) and 

actual playing time (APT) started the NAT stopwatch. As soon as the 

ball was contacted on the serve, the NAT watch was stopped and the APT 

watch started. The APT watch was stopped when the ball was dead, and the 

NAT watch again started. PH and the subject played games according to 

the rules of the USTA with one exception--sides of the court were not 

changed on odd-numbered games.

After PH and the subject had played for about five minutes, T1 

halted play when the ball was dead. T2 started a stopwatch to measure 

the time necessary to change sampling bags and make required readings 

of volume and temperature. T1 and T2 moved quickly to the subject; and 

on signal, T1 stopped the watch, ending the sampling period as the meter 

was turned off and bladder clipped with a spring clamp. Volume and 

temperature readings were made by T1 while T2 placed a Hoffman screw 

clamp on the bladder before removing it from the meter. T2 then put the 

next sampling bladder into position. During this brief period--usually 

less than a minute--the other technicians checked data and prepared for 

the next five-minute interval. On a signal from Tl, the second sampling 

period (5-10 minutes) began following the same procedures as the first 

period.

When the second sample period ended, T2 removed the hose with 

attached valve and mouthpiece from the gas meter and took the noseclip, . 

The first two sampling bags were given to the technician (T5) making the 

gas analyses, and she went to the laboratory and analyzed the samples 

without delay. PH and the subject played for ten minutes (10-20 minutes)
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with the subject wearing the gas meter and the telemetry transmitter.

The ten-minute relief from the respiratory valve and ndseclip was neces

sary because other investigators, as well as this one, had found 15 

minutes to be the maximum sampling period possible without excessive 

subject discomfort. T3 and T4 divided the ten-minute period into two 

5-minute periods and continued to monitor heart rate and NAT/APT, re

spectively.

At the conclusion of the relief period, the subject was refitted 

with the mouthpiece and the noseclip for two more sampling periods. 

Following the same procedures in sampling, a third sample (20-25 minutes) 

and a fourth sample (25-30 minutes) were collected.

When the fourth sampling period was completed, sample bags #3 

and #4 were carried directly to the laboratory by T4. T1 and T2 im

mediately had the subject sit for a 15-minute recovery period. Two 

recovery air samples were obtained with the first one being for the 

initial three minutes (0-3 minutes) and the second one for the final 12 

minutes (3-15 minutes). Heart rate was recorded for each minute of 

recovery. As soon as the test was completed, the two recovery air 

samples were taken to the laboratory for analysis.



CHAPTER 4

RESULTS AND ANALYSIS OF DATA

The study was undertaken to measure the energy expenditure in 

tennis singles for female varsity players and to evaluate the strenuous

ness of game play relative to a participant's metabolic rate, percentage 

of max VOg utilized, and heart rate. A secondary purpose of the study 

was to compare two methods for measuring energy cost during tennis play. 

The direct method for measuring energy cost required the subject to play 

tennis while wearing the Kofranyi-Michaelis Gas Meter; the indirect 

method for assessing energy expenditure used the subject's mean heart 

rate for a five-minute interval of play for extrapolating the energy cost 

from a heart rate-VOg consumption regression equation established in the 

laboratory.

Data for each subject were collected in. two testing sessions 

held on different days. Test Session A was the administering of the 

Bruce Test to the subject for measuring max VO^ consumption, for deter

mining maximum heart rate, and for procuring data to establish.the sub

ject's heart rate-VOg consumption regression equation. Test Session B 

called for the subject to play tennis for 30 minutes during which time 

heart rates were continuously monitored and expired air was measured and 

sampled at designated intervals.

80
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Determination of Heart Rate-VO? Consumption 
Regression Equation and Max VOg

Because the Bruce Test was a multi-stage test with three minutes 

per stage, the heart rate-VOg consumption regression equation for each 

subject was established from the data obtained in the last minute of the 

first three stages. The subjects should have been in a steady-state at 

this time. Three of the subjects completed the fourth stage of testing, 

but they were nearing maximum aerobic capacity and could not be consid

ered in a steady-state, Subject D fs heart rate reached 180 bts/min in 

the first minute of stage III, and data for this minute were used in

stead of the third minute of stage III. The 0^ uptake and heart rate 

values used in determining each subject’s regression equation are given 

in Table 3. Complete test data for each subject can be found in Appen

dix A. All inspiratory volumes and 0^ consumption volumes were corrected 

to STPD.

Table 4 shows the correlations and regression coefficients for 

establishing each person’s heart rate-VO^ consumption regression equation, 

A strong relationship was found between heart rate and VO^ uptake as the 

correlation coefficients ranged from .989 to .999. The regression equa

tion for each subject is presented in Table 5. The graph showing the 

relationship of heart rate and VO^ consumption for each subject can be 

found in Appendix B. All correlation coefficients and regression coef

ficients were done using a Hewlett-Packard Model 10 calculator; the 

statistical formulas are in Appendix G. All graphs were made with the 

aid of a Hewlett-Packard Plotter in sequence with the calculator.



Table 3. 0  ̂consumption in the final minute of stages I, II, and III for the Bruce Test.

Stage Heart Rate Vi % % True 02 Uptake V02 R.Q.
bts/min 1/min COg 0^ 0^ 1/min ml/kg/min

A (RC) I 112 22.04 3.70 16.5 4.59 1.01 16.09 .80
62.84 kg II 141 33.43 3.95 16.7 4.30 1.44 22.85 .91
166.37 cm III 175 60.24 3.85 17,1 3.83 2.31 36.74 1.00
B (LJE) I 107 25.85" 3.60 16.7 4.37 1.13 16.78 .82
67.27 kg IT 129 37.17 3.90 16.7 4.31 1.60 23.79 .90
170.18 cm III 158 62.45 4.15 16,8 3,92 2.58 38.36 1.00
C (PK) I 111 21.35 3.15 17.0 4.10 .88 12.93 .76
67.73 kg II 134 33.32 3.45 17.1 3.92 1.31 19.28 .87
165.10 cm III 170 53.38 3.60 17.5 3.40 1,81 26.79 1.05
D (DL) . I 135 22.44 3.60 17.1 3.89 .87 14,73 .92
59.18 kg II . 162 32.40 4.20 16.7 4.24 1.37 23.23 .98
165.48 cm Ill* 180 50.32 3.60 17.7 3.15 1.59 26.81 1.13
E (MM) I 100 24.68 3,00 17.2 3.89 .96 16.49 .76
58.27 kg II .131 37.20 3.20 . 17.3 3.73 1.39 23.81 .85
168.91 cm III 173 56.17 3.60 17.3 3.64 2.05 35.12 .98
F (SS) I 115 22.44 3.70 16.1 5.06 1.14 16.86 .72
67.39 kg II 142 32.62 3.80 16.4 4.69 1.53 22.68 .80
180.34 cm III 175 56.12 4.05 16,9 4.03 2.26 33.58 1.00

* Data from first minute of stage III.



Table 4. Correlations and regression coefficients for heart rate and 0^ consumption.

Heart Rate 02 Consumption 1/xnin
Subject bts/min

Mean S.D. Mean S.D.
Reg. Coef
bo h rxy

A (RC) 142.667 31.533 1.587 .662 -1.377 .021 .989

B (LJE) ' 131.333 25.580 1.770 .740 -2.000 .029 .993

C (PK) . 138.333 29.738 1.333 .465 - .824 .016 .997

D (DL) 159.000 22.650 1.277 ,369 -1,299 .016 .994

E (MM) 134.667 36.638 1.467 .549 - .550 .015 .999

F (SS) 144.000 30.050 1.643 .569 -1.063 .019 .993

00w
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Table 5, Heart rate-VOg consumption regression equation for each 
subject.

Equation
(y=02 Uptake 1/min); (x=Heart Rate bts/min)

y = .021(x) - 1.377 

y = .029(x) - 2.000 

y = .016(x) - .824

y = .016(x) - 1.299 

y = .015(x) - .550

y = .019(x) - 1.063

i ■

The max VO^ in 1/min and in ml/kg/.min for each subject is shown 

in Table 6. Subject B had the highest max VO^ with a value of 49.51 

ml/kg/min; she also had the lowest heart rate (158 bts/min) in the third 

minute of stage III for the Bruce Test. Subject D had the lowest max 

VOg with a value of 38,12 ml/kg/min; her heart rate was 180 bts/min in 

the first minute of stage III.

Energy Expenditure in Tennis Singles 

Table 7 divides the 30 minutes of tennis play into five-minute 

periods. For periods 0-5 minutes, 5-10 minutes, 20-25 minutes, and 

25-30 minutes, 0^ consumption was measured directly from expired gas 

samples obtained using the Kofranyi-Michaelis meter. The average 0 ^

A (RC)

B (LJE) 

C (PR) 

D (DL)

E (MM) 

F (SS)
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Table 6, Max VO^ 1/min and ml/kg/min.

85

Subj ect 1/min ml/kg/min

A (RC) 2.43 38.67

B (LJE) 3.33 49.51

C (PK) 2.70 39.83

D (DL) 2.26 38.12

E (MM) . 2.69 46.14

F (SS) 2.73 40.45

i



Table 7. 0^ consumption and energy expenditure for tennis singles.

Energy .
Expenditure
kcal/min

Subject Direct + Averaged + Direct + Og 
0-5 5-10 10-15 15-20 20-25 25-30 Debt 
min min min min min min

= Total 
°2
Cons.

A (RC) 1.32 1.03 1.24 1.24 1,35 1.24 .54 37.74 6.29

C (PK) 2.00 1.70 1.75 1.75 1.76 1.53 .90 53.40 8.90

D (DL) 1.04 1.13 1.11 1.11 1.04 1.23 0 33.30 5.55

E (MM) .88 1.07 .94 .94 .91 .88 .18 28.38 4.73

F (SS) 1.34 1.71 1.39 1.39 1.26 1.25 1.62 43.32 7.22
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consumption for these four periods was assumed to be representative of 

the uptake for the two intervals when the subject was not exhaling 

into the gas meter. The Og debt, as measured for 15 minutes immediately 

after play, was combined with the consumption during play to give the 

total ( > 2  uptake and thus total , energy expenditure of each player for 30 

minutes of tennis singles. The O2  debt was found to be minimal, with 

subject F having the greatest debt (1.62 1 for 30 minutes of play).

Table 7 also shows that energy expenditure ranged from 4.73 

kcal/min for subject E to 8.90 kcal/min for subject C. By viewing the 

complete data sheets in Appendix C, one observes that the energy expendi

ture during the five-minute periods of play ranged from 4.39 to 10.01 

kcal/min. The mean energy expenditure for the five subjects was 6.54 

kcal/min as shown in Table 8.

Table 8. Mean energy expenditure for 30 minutes of tennis singles.

No. of 
Subjects

Mean
kcal/min

Rsmge SD SEm 
kcal/min

5 6.54 4.74-8.90 1,61 ,72



Strenuousness of Tennis Play 

Table 9 summarizes the strenuousness of tennis singles relative 

to each subject’s mean heart rate, metabolic rate in kcal/min and in 

METS, and percentage of max VO^ utilized. The time that each subject 

spent in actual activity is recorded as a percentage of the 30-minute 

tennis time. Mean values for the group are also listed in this table.

Table 9. Strenuousness of tennis singles.

Subject , . , . Energy Expenditure 
bts/min kcal/min" ' METS “ to2

A (RC) 142 6.29 5.62 50.85 36.11

C (PK) 164 8.90 7.38 64.81 39.98

D (DL) 162 5.55 5.35 49.11 26.52

E (MM) 123 4.73 4.59 34.81 39.69

F (SS) 158 7.22 5.89 51.00 34.35

Group x 150 6.54 5.77 50.12 35.33
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Table 10 indicates that tennis play was sufficiently physically 

demanding to elicit a training.effect in three of the players. Subject 

C spent 96,67 percent of the 30-minute period above her critical 

threshold; subject D was above her threshold value 73,33 percent of the 

time; subject F spent the total time above her critical threshold value. 

If subject A experienced a training effect during play, training was 

minimal. Her heart rate was 142 bts/min--one beat greater than the 

critical threshold. Subject E maintained a low heart rate throughout 

play; her heart rate exceeded her critical threshold only twice. 

Fluctuation of the players' heart rates by minute is graphed in Appen

dix C,

Table 10, Critical threshold and heart rates during tennis singles.

Subject Threshold • HR * aho^ ^
bts/min bts/min 111111

A (RC) 141 142 15* 53.57

C (PK) 134 164 29 96.67

D (DL) 154 162 22 73.33

E (MM) 138 123 2 6.67

F (SS) 132 158 30 100.00

* Heart rates obtained for 28 minutes of playing time.



Comparison of Two Methods for 
Determining Energy Cost

In all cases, except for one, the determination of 0^ consump

tion from the heart rate-VO^ uptake regression equation overestimated 

the consumption. Overestimates ranged from +2,35 to +49.45 percent.

The single underestimation of -23,00 percent occurred in the first five 

minutes of tennis play for subject C, Mean percent errors of estimation 

for each subject are presented in Table 11, The mean percent over

estimation for the group was +25,05 percent.

Discussion of the Results

The mean energy expenditure in 30 minutes of tennis singles for 

five female varsity players was 6,54 kcal/min. This mean value of 

energy expenditure for women was less than Murray's (1962) value of 7,37 

kcal/min and greater than Durnin and Passmore's (1967) suggested value 

of 4-6 kcal/min. Research studies using male subjects have reported 

mean values of 7,13 kcal/min (Edholm et al, 1955) and 10,43 kcal/min 

(Seliger et al, 1973), In this study individual mean energy expenditures 

ranged from 4,74 to 8,90 kcal/min. The energy expenditure data indicate 

that players of similar skill level exert varying amounts of energy while 

playing the same opponent.

Likewise, mean heart rates among the subjects showed a great deal 

of variability. Mean heart rates for the 30 minutes of play ranged from 

123 to 164 bts/min; the mean heart rate for the five subjects, was 150 

bts/min, Skubic and Hodgkins (1966) reported mean heart rates of 130 and 

150 bts/min for opponents during a 90-minute singles match. Seliger et al.
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Table 11, Errors In estimating energy cost from an individual's heart 
rate-VOg consumption regression equation.

P2  Uptake 1/min
Mean

Subject Time Regression % %
irec Equation Error Error

A (RC) 0-5 1,32 1.84 +39.39
5-10 1.03 1.48 +43.69
20-25 1.35 1.71 +26.67
25-30 1.24 1.52 +22.58 +33.08

C (PK) 0—5 2.00 1.54 -23.00
5-10 1.70 1.74 + 2.35
20-25 1.76 1.86 + 5.68
25-30 1.53 1.78 +16.34 + , 34

D (DL) 0-5 1.04 1.24 +19.23
5-10 1.13 1.31 +15.93
20-25 1.04 1.26 +21.15
25-30 , 1.23 1.37 +11.38 +16,92

E (MM) 0-5 .88 1.20 +36.36
5-10 1.07 1.36 +27.10
20-25 .91 1.36 +49.45
25-30 .88 1.22 +36.64 +37.39

F (SS) 0-5 1.34 1.96 +46.27
5-10 1.71 1.96 +14.62
20-25 1.26 1.86 +47.62
25-30 1.25 1.77 +41,60 +37.53
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found that heart rates vary from 132 to 151 bts/min among top-ranked 

male players.

As one can observe in Table 9, the players who spent more time 

in actual activity were not necessarily stressed more physiologically. 

Subject E had a mean heart rate of 123 bts/min and engaged in actual 

activity for 39,69 percent of the tennis time; subject D had a mean heart 

rate of 162, bts/min and spent 26,52 percent of the time in actual activi

ty, Other factors, in addition to the actual activity time, must influ

ence the strenuousness of tennis singles. Some possible factors may be 

(1) physical condition of the player; (2) manner of stroke execution by 

the player; (3) movement patterns of the player; (4) the player's game 

plan; (5) the opponent's game plan; and (6) environmental conditions of 

high temperature and/or humidity.

In this study the subjects played tennis at a level equivalent 

to approximately 50.0 percent of their aerobic capacity. Seliger et al. 

(1973) found similar results among male players. This information, in 

addition to the awareness that tennis is a game of intermittent short 

sprints and brief pauses, suggests that the ATP-PC (adenosine ' 

triphosphate-phosphocreatine) and the LA (lactic acid) energy systems 

(Fox and Mathews 1974, pp. 9-19) are the chief energy producers for 

tennis play. Because the results of this study as well as those of 

Seliger et al, (1973) showed 0^ debt to be small, the LA system must 

function in the alactacid portion (deVries 1974, p. 200). Between 

points, a tennis player must have time to repay most of the incurred 0^ 

debt. Therefore, tennis players should practice in a manner which will
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train the ATP-PC and LA systems. This investigator also believes the 

aerobic system should be trained. If a player is to maintain a high 

level of performance during a long match or if a player has several 

matches in a day, one must rely on the aerobic system producing a great

er percentage of the required energy.

The intermittent nature of tennis play is thought by this in

vestigator to be the major reason for the large overestimations of energy 

expenditure by the heart rate-VO^ regression equations, De Vries (1974, 

p, 197) says, "In any exercise bout there is a transition period between 

rest and exercise, involving a short period during which the circulatory • 

and respiratory adjustments lag behind," Karpovich and Sinning (1971, 

p. 202) state that pulse rate increases rapidly at the beginning of 

exercise, "The greatest rise takes place in one minute. Sometimes 

half of this increase occurs within fifteen seconds," Karpovich and 

Sinning 0-971, pp, 100-101) list four factors which determine the rate of 

0^ consumption: (1) ventilation of the lungs; (2) 0^“carrying capacity

of the blood; (3) unloading of 0 at the tissues; and (4) cardiac outputz
(Q = SV x HR)„ From, the results of this study, it seems that a player’s 

heart rate accelerates faster than her 0^ consumption at the onset of 

exercise. Because tennis rallies are usually brief, increased 0^ con

sumption does not have time to reach a level comparable to that of the 

higher heart rate.

Summary

The strenuousness of 30 minutes of tennis singles for five 

female varsity players was evaluated relative to metabolic rate in METS
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and in kcal/min, percentage of max VO^ utilized, and heart rate. The 

mean energy expenditure during.play was 5.77 METS, Individual mean 

energy expenditures ranged from 4.73 to 8.90 kcal/min; the group mean 

was 6,54 kcal/min. Subjects played at a level of approximately 50,0 

percent of their max VO in ml/kg/min and accumulated a minimal 0 debt. 

The largest 0^ debt measured during a 15-minute recovery period was 1.62 

1 of Og. Mean heart rates among the subjects for 30 minutes of play 

ranged from 123 to 164 bts/min. Mean heart rates for three of the sub

jects indicated that they were definitely exercising above the critical 

threshold level and should be experiencing a training effect. Subjects 

spent an average of 35.33 percent of the tennis time engaged in actual 

activity. Subjects who spent more time in activity were not necessarily 

those with the highest mean heart rates and metabolic rates.

When energy expenditures directly measured from- air samples 

collected during play were compared to the values estimated from indi

vidual heart rate-VOg consumption regression equations, it was found 

that the regression equation overestimated energy expenditure 19 of 20 

times. The mean error of estimation for three of the subjects was 

greater than 30 percent.



CHAPTER 5

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

This study was undertaken because of the dearth of physiological 

information available for one of America’s most popular participant 

sports, tennis. The major purposes of the study were to measure the 

range of energy expenditure in tennis singles for varsity females and 

to evaluate the strenuousness of competitive play relative to three 

parameters: (1) metabolic rate; (2) percentage of max VO^; and (3) heart 

rate.

A secondary purpose of the study was to compare two methods for 

assessing energy cost during tennis play. The direct method determined 

energy expenditures from expired air samples; the indirect method esti

mated energy"expenditure from an individual's laboratory obtained heart 

rate-VOg consumption regression equation.

Summary

Seven members of the University of Arizona women’s varsity tennis 

team participated in this study. Six of the team members were subjects; 

the seventh.player served as a control by playing,each of the subjects in 

a 30-minute tennis match. All data were collected between February 9 

and March 4, 1976. Each subject participated in two different testing 

sessions held on separate days.

95
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Test Session A required the administration of Sheffield’s adap

tation of the Bruce Multi^State.Treadmill Test of Submaxima1 and Maximal 

Exercise to each subject. The information obtained from the test made 

it possible to determine the relationship between heart rate and 0^ con

sumption in 1/min for each subject and to establish individual heart 

rate“VO^ consumption regression equations. During the same test, each 

subject’s maximum aerobic capacity in 1 of O^/min and ml of O^/kg/min 

was also measured,

Test Session B required the subject to play a 30-minute tennis 

match while wearing a Kofranyi-Michaelis Gas Meter. Air samples were 

collected for 20 minutes of the playing time and during the 15-minute 

recovery period. Heart rate was monitored continuously throughout play 

and the recovery period, Energy expenditure for tennis play was direct

ly determined from the air samples, and the strenuousness of game play 

was evaluated from both metabolic information and heart rate data. It 

was also possible to estimate energy expenditure using the heart rate 

data and the laboratory obtained heart rate-VO consumption regression 

equation and to make comparisons between the estimated value and the 

value determined directly from the expired air sample.

Conclusions

The following conclusions were drawn from the findings of this

study.

1. Energy expenditures in tennis singles vary among players. Mean 

energy expenditures for 30 minutes of play ranged from 4,73 to 

8.90 kcal/min for the five subjects in this study.



Players tend to exert themselves at a level equivalent to 

approximately 50.0 percent of maximum aerobic capacity.

Og debt after tennis play is small. Therefore, energy metabo

lism is carried out aerobically and anaerobically by the ATP- 

PC system and the alactacid portion of the LA system.

Heart rates fluctuate minute-by-minute during tennis play.

Heart rates can range from standing values to near maximal 

values.

Tennis play can be strenuous enough to train the cardio

respiratory system.

Use of an individual's heart rate-VO^ consumption regression 

equation is not an accurate means for estimating energy cost in 

intermittent work.

Recommendations 

The following recommendations are made for further study.

Energy expenditure studies need to be done using middle-aged 

adults as subjects while they participate in activities of their 

choice. Studies of this nature would give greater insight into 

the specific physiological benefits of certain activities, and 

possible hazards could be minimized.

Astrand (1967) found that building-workers of all ages tended to 

work at a level about 40.0 percent of their maximum working 

capacity. It would be useful to know if persons tended to play 

certain sports at particular levels of their maximum aerobic 

capacity. Using this information from the various sport
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activities, one could select activities at the intensity level 

of his or her choice.

3, Sport activities should be more carefully evaluated by coaches 

and participants to insure that the desired physiological bene

fits are being attained. Practices and conditioning programs 

should train the specific energy systems used in the sport. 

Participants need to be aware of the exertion necessary to 

achieve a training effect.

4. Wells et al. (1957) used male subjects to develop their work 

classification chart. More knowledge is needed as to the effects 

of age, sex, body build, and disease on the various work classi

fications. A work classification chart should be developed for 

women. . .



APPENDIX A

DATA FROM TREADMILL TESTING--INSPIRATORY VOLUME 
GAS SAMPLING, 02 CONSUMPTION, MAX VO 

AND HEART RATE RECORDS
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Subject: A (RC) Weight: 62.84 kg Height: 166.37 cm. Date: 2/17/76

Atm. Press: 704.7 mm Hg Vapor Press. Sat.: 21.1 mm Hg Humidity: 40% Temp. 23°C

Bruce
Test

Speed
mph

%
Grade

Time
min

Vi
1/min

%
C°2

%
°2

True
°2

V°2
1/min

vo2
ml/kg/min

HR
bts/min R.Q.

Stage I 1.7 10 0-1
1-2
2-3 22.04 3.70 16.5 4.59 1.01 16.09

112
113
112 .80

Stage II 2.5 12 0-1
1-2
2-3 33.43 3.95 16.7 4.30 1.44 22.85

124
134
141 .91

Stage III 3.4 14 0-1
1-2
2-3

44.28
54.55
60.24

3.75
3.95
3.85

16.8
17.0
17.1

4.22
3.93
3.83

1.87
2.14
2.31

29.71
34.13
36.74

156
172
175

.88
1.00
1,00

Stage IV 4.2 16 0-1
1-2
2-3

6135
69.44

4.05
4.25

17.1
17.3

3.79
3.50

2.32
2.43

36.99 
38.67 .

180
183

1.06
1.21

Stage V 5.0 18 0-1
1-2



Subject: B (LJE) Weight: 67.27 kg Height: 170.18 cm Date: 2/13/76

Atm. Press.: 704.5 mm Hg Vapor Press. Sat.: 22.4 mm Hg Humidity: 51.5% Temp.: 24°C

Bruce Speed % Time Vx % % True V02 " VOo HR
Test mph . Grade min 1/min CO^ 0^ 0^ 1/min ml/kg/min bts/min

Stage I . 1.7 10 0-1
1-2
2-3 25.85 3.60 16.7 4.37 1.13 16.78

112
103
107 .82

Stage II 2.5 12 0-1
1-2
2-3 37.17 3.90 16.7 4.31 1.60 23.79

116
123
129 .90

Stage III 3.4 14 0-1
1-2
2-3

45.18
57,80
62.45

3.85
4.10
4.15

16.9
16.8
16.8

4.07
4.14
3.92

1.84
2.39
2.58

27.37
35.60
38.36

144
152
158

.94

.98
1.00

Stage IV 4.2 16 0-1
1-2
2-3

60.49
71.42
91.10

4.60
4.90
4.10

16.4
16.4 
17.2

4.52
4.46
3.66

2.74
3.18
3.33

40.66
47.34
49.51

165
171
176

1.01
1.09
1.11

Stage V 5.0 18 0-1
1-2



Subject: C (PK) Weight: 67.73 kg Height: 165.10 cm Date: 2/26/76
oAtm, Press.: 706.3 mm Hg Vapor Press. Sat.: 22.4 mm Hg Humidity: 44% Temp.: 24 C

Bruce
Test

Speed
mph

%
Grade

Time
min;

Vi
1/min

%
C02

%
°2

True
°2

V02
1/min

vo2
ml/kg/min

HR
bts/min R.Q.

Stage I 1.7 10 0-1
1-2
2-3 21.35 3.15 17.0 4.10 .88 12.93

110
109
111 .76

Stage II 2.5 12 0-1
1-2
2-3 33.32 3.45 17.1 3.92 1.31 19.28

121
128
134 .87

Stage III 3.4 14 0-1
1-2
2-3

42.66 
50.91 
53.38

3.50
3.60
3.60

17.2
17.3 
17.5

3.79
3.64
3.40

1.62 
1.85 
1.81

23.85
27.39
26.79

155
164
170

.92

.98
1.05

Stage IV 4.2 16, 0-1
1-2
2-3

67.22
79.49
90.67

3.45
3.60
3.30

17.6
17.6 
17.9

3.31
3.28
2.98

2.22 
2.60 
2.70

32.85 
38.45 
39.83

177
185
186

1.03
1.09
1.10

Stage V 5.0 18 0-1
1-2



Subject: D (DL) Weight: 59.18 kg Height: 165.48 cm Date: 3/4/76

Atm. Press.: 704.0 mm Hg Vapor Press. Sat.: 21.7 mm Hg Humidity: 44% Temp.: 23.5°C

Bruce
Test

Speed
mph

% .

Grade
Time
min

V i
1/min

%

d02.
%
°2

True
°2

vo2-
1/min vo2

ml/kg/min
HR
bts/min R.Q.

Stage I 1.7 10 0-1
1-2
2-3 22.44 3.60 17.1 3.89 .87 14.73 135 .92

Stage II ■2.5 12 0-1
1-2
2-3 32.40 4.20 16.7 4.24 1.37 23.23 162 .98

Stage III 3.4 14 0-1
1-2
2-3

50.32
57.44
65.16

3.60 
3.80
3.60

17.7 
17.6
17.8

3.15
3.23
3.03

1.59
1.86
1.97

26.81
31.36
33.37

180
186
189

1.13
1.17
1.18

Stage IV 4.2 16 0-1
1-2
2-3

76.40 3.40 17.9 2.95 2.26 38.12 194 1.14

Stage V
i

5.0 18 0-1
1-2



Subject: .E (MM) Weight: 58.27 kg Height: 168.91 cm Date: 2/9/76

Atm. Press.: 700.6 mm Hg Vapor Press. Sat.: 22.4 mm Hg Humidity: 48% Temp.: 24°C

Bruce
Test

Speed
mph

%
Grade

Time
min

Vi
1/min

%
C°2

%
°2

True
°2

V02
1/min

yoo
ml/kg/min

HR
bts/min R.Q.

Stage I . 1.7 10 0-1
1-2
2-3 24.68 3.00 17.2 3.89 .96 16.49

100
100
100 .76

Stage II 2.5 12 0-1
1-2
2-3 37.20 3.20 17.3 3.73 1.39 23,81

114
123
131 .85

Stage III 3.4 14 0-1
1-2
2-3

48.68
55.62
56.17

3.15
3.45
3.60

17.5
17,4
17.3

3.50
3.55
3.64

1.70
1.98
2.05

29.22
33.92
35.12

150
169
173

,89
.96
.98

Stage IV 4.2 16 0-1
1-2
2-3

70.38
87.42

3.40
3.40

17.6
17.8

3.32
3,08

2.34
2.69

40.11
46.14

181
189

1.01
1.10

Stage V 5.0' 18 0-1
1-2
2-3



Subject: F (SS) Weight: 67.39 kg Height: 180.34 cm Date: 2/13/76

Atm. Press.: 704.5 mm Hg Vapor Press. Sat.: 21.1 mm Hg Humidity: 51.5% Temp.: 23°C

Bruce
Test

Speed
mph

%
Grade

Time
min VI1/min

%
C°2

%
°2

True
°2

V02
1/min

V02
ml/kg/min

HR
bts/min R.Q.

Stage I 1.7 10 0-1
1-2
2-3 22.44 3.70 16.1 5.06 1.14 16.86

114
115 
115 .72

Stage II 2.5 12 0-1
1-2
2-3 32.62 3.80 16.4 4.69 1.53 22.68

125
139
142 .80

Stage III 3.4 14 0-1
1-2
2-3

42.44
50.85
56.12

3.65
3.95
4.05

16.7
16.8
16.9

4.36
4.17
4.03

1.85
2.12
2.26

27.45
31.50
33.58

154
168
175

.83

.94
1.00

Stage IV 4.2 16 0-1
1-2
2-3

66.29
74.48
77.40

3.75
3.95
4.15

17.2 
17.4
17.3

3.73
3.44
3.52

2.47
2.56
2.73

36.71
38.06
40.45

181
186
188

1.00
1.14
1.17

Stage V 5.0 18 0-1
1-2



APPENDIX B

INDIVIDUAL RELATIONSHIPS BETWEEN HEART RATE AND
0„ CONSUMPTION IN L/MIN 

L
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APPENDIX C

DATA FROM TENNIS TESTING--EXPIRATORY VOLUME, GAS SAMPLING, 
02 CONSUMPTION, ENERGY EXPENDITURE,

TELEMETERED HEART RATE, AND 
ACTIVITY RECORDS
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Subject: A (RC) Temp,: 19.5°C Humidity: 49% Atm Press.: 702.5 mm Hg 

Date: 2/13/76 Game Score: 2-7

VE % % True 0„ °2 kcal METS % ■ RQ Mean HR Activity Nonact. %
Time
(rain) 1/rain °2 C02 °2 Cons.

1/min
Cons.
ml/kg/min

Max
V02

HR
bts/min

Range
Low High

min:
sec

min: Activity 
sec

Rest
0-5 6.12 17.5 2.75 3.63 .22 3.54 1.11 1.01 9.15 .75 77 74 80

1131 .
0-5 27.99 16.4 3.95 4.71 1.32 20.97 6.59 5.99 54.22 .83 153 148* 157 2:18.3 2:40.3 46,32
5-10 22.64 16.5 4.10 4.54 1.03 16.36 5.14 4.68 42.31 .90 136 122 158 1:30.4 3:05.0 32.82
10-15 136 121 155. 1:30.9 3:07.6 32.64
15-20 146 134 159 1:51.8 3:29.4 34.81
20-25 26.38 16.0 4.25 5.13 1.35 21.55 6.77 6.16 55.73 .82 147 134 161 * 1:48.8 3:09.2 36.51
25-30 25.26 16.2 4.10 4.92 1.24 19.78 6.22 5.65 51.15 .83 138 128 155 1:37.8 3:13.8 33.54

Mean 1.24 19.66 6.29 5.62 50.85 .84 • 142 36.11

Recovery
0-3 9.61 17.3 3.10 3.79 .36 5.80 1.82 1.66 15.00 .81 98 92 107
3-15 6.01 17.3. 3.05 3.81 .23 3.64 ' 1.14 1.04 9.41 .79 88 83 95

* Missed first two minutes of heart rate.



Subject: A (RC) Date: 2/13/76

Activity Heart Rates bts/min

1st Sample 2nd Sample Relief

V 6' •- 133 n. - 121 16'
2' ■---- 7’ - 158 12’ - 155 17'
3' - 154 8' - 145 13’ - 151 18'
4' - 157 9' - 123 14’ - 122 19'
5’ •- 148 10' - 122 15' - 133 20'
X - 153 X - 136 X - 136 X

Overall Mean = 142 
SD = 13

SEm = 2

Recovery Heart Rates bts/min

1' - 107 6' - 87 11’ ■ 88
2' - 95 7' - 90 12' — 86
3' - 92 8' - 85 13' - 83
4' - 95 9' - 87 14' - 86
5' - 92 10' - 89 15' - 90

3rd Sample 4th Sample

151 21' - 134 26' - 130
151 22' - 157 27' - 155
159 23' - 146 28' - 146
134 24' - 161 29' - 132
135 25' - 136 30' - 128
146 X - 147 X - 138
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Figure 16. Minute-by-minute heart rate during tennis play for 
subject A.



\ ' {% r1 Subject: C (PK) Temp.: 24 C Humidity: 34% Atm Press.: 705.8 mm Hg i'
I . ' ' !

Date: 2/25/76 Game Score: 2-6

Time
(rain) VE

1/rain
%
°2

%
C°2

True
°2

°2
Cons.. 
1/rain

°2
Cons.
ml/kg/min

kcal METS %
Max
V02

RQ Mean
HR
bts/min

HR
Range
Low High

Activity
rain:
sec

Ndnact.
rain:
sec

%
Activity

Rest
0-5 5.29 16.7 3.65 4.41 .23 3.44 i. 16 .98 8.64 .82 56 53 58

0-5 44.14 16.6 3.65 4.53 2.00 29.55 10.01 8.44 74.18 .80 148 105 170 1:43.1 3:10.3 35.14
5-10 35.51 16.3 4.15 4.78 1.70 25.07 8.49 7.16 62.93 .86 160 145 178 1:58.9 3:06.8 38.89
10-15 171 158 180 2:07.3 2:52.3 42.49
15-20 175 165 184. 1:58.2 3:02.1 39.36
20-25 39.50 16.6 3.90 4,47 1.76 26.05 8.82 7.44 65.41 .87 168 149 178 2:21.7 2:35.1 47.74
25-30 32.60 16.4 4.00' 4.69 1.53 22.59 7.65 6.46 56.73 .85. 163 153 175 1:48.4 3:10.6 36.25

Mean 1.75 25.82 8.90 ' 7.38 64.81 .84 164 39.98

Recovery e

0-3 9.23 16.7 3.70 4.39 .41 5.99 2.03 1.71 15.04 .84 96 90 101
3-15 6.97 17.4 2.90 3.72 .26 3.83 1.30 1.09 9.61 .77 84 78 90
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Subject: C (PK) Date: 2/25/76 

Activity Heart Rates bts/min

1st Sample 2nd Sample Relief

1' - 105 6’ - 145 11' - 170 16
2' - 138 7' - 173 12' - 178 17
3' - 164 8' - 149 13' - 158 18
4' - 162 9' - 178 14' - 171 19
5' - 170 10' - 157 15' - 180 20
X - 148 X - 160 X - 171 X

Overall Mean = 164 
SD = 16
SEm = 3

Recovery Heart.Rates bts/min

1’ - 101 6' - 78 11’ - 84
2' - 97 7' - 85 12’ - 90
3' - 90 8' — 84 13' - 83
4' — 84 9' - 90 14' - 82
5' - 84 10' - 83 15' - 84

3rd Sample 4th Sample

176 21' - 149 26' - 158
165 22' - 178 27' - 153
180 23' - 167 28' - 155
171 24' - 176 29' - 175
184 25' - 170 30' - 173
175 X - 168 X - 163
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Figure 17. Minute-by-minute heart rate during tennis play for 
subject C.



Subject! D (DL) Temp, i 20°C Humidity! 46% Atm Press,: 699.0 mm Hg

Date: 3/2/76 Game Score: 0-8

Time
(rain) V

1/rain
%
°2

%
C02

True
°2

°2
Cons.
1/rain

°2
Cons.
ml/kg/min

kcal -METS %
Maxvo2

RQ Mean
HR
bts/min

HR
Range
Low. High

Activity
rain:
sec

Nonact.
rain:
sec

%
Activity

i Besti 0-5 8.87 17.5 3.25 3.50 .31 5.25 1.55 1.50 13.77 .92 93 89 96

1 Pla%
0-5 24.80 16.9 3.55 4.18 1.04 17.52 5.18 5.01 45.96 .84 159 149. 170 1:27.4 3:25.4 29.85
5-10 25.98 16.7 3.90 4.34 1.13 19.06 5.64 5.45 50.00 .89 163 151 178 1:10.8 3:46.6 23.81

: 10-15 154 138 167 1:00.7 3:49.3 20.93. .
1 15-20 170 161 173 1:35.9 3:26.2 31.74
; 20-25 26.51 17.1 3.55 3.93 1.04 17.60 5.21 5.03 46.16 • 90 160 , . 149 168 1:18.5 3:31.7 27.05

25-30 28.23 16.7 3.90 4.34 1.23 20.71 6.13 5.92 54.32 .89 167 143 178 1:16.1 3:39.5 25.74

Mean 1.11 18.72 5.55 5.35 49.11 .88 162 26.52

Recovery
0-3 10.26 17.5 3.15 3.53 .36 * 6.11 1.81 1,75 16.04 . .88 115 110 122i . 3-15 6.49 17.9 3.15 3.53 .23 3.87 1.14 1.10 10.14 .88 101 93 112

L.
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Subject: D (DL) Date: 3/2/76

Activity Heart Rates bts/mln

1st Sample 2nd Sample Relief

1' - 151 6* - 151 11' - 138 16
2’ - 149 7' - 170 12' - 167 17
3' - 155 8' - 178 13' - 149 18
4' - 170 9' •- 162 14' - 158 19
5 ' - 170 10' - 155 15' - 160 20
X - 159 X - 163 x • - 154 . x

Overall Mean = 162 
SD = 11

SEm ~ 2

Recovery Heart Rates bts/min

1' - 122 6' - 105 11' - 100
2' - 112 7' - 103 12' - 93
3' - 110 8' - 103 13' - 97
4’ - 112 9' - 97 14' - 97
5' - 110 10' - 98 15' - 97

3rd Sample 4th Sample

173 21' - 149 26' - 143
173 22' - 150 27' - 159
161 23' - 168 28’ - 175
171 24' - 167 29' - 178
173 25' - 165 30' - 178
170 X - 160 X - 167
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Figure 18, Minute-by-minute heart rate during tennis play for 
subject D,



Subject: S (MM) Temp.: 16.5°C Humidity: 53% Atm Press. : 704.7 mm Hg 

Date: 2/17/76 Game Score: 1-8

1

Time VE
1/min

7. . % True 02 02 kcal NETS 7. RQ Mean HR Activity Nonact. % .
(min) V C02 °2 Cons.

1/min voXml/kg/min , 2
HR
bts/min

Ranee
Low High

min: 
sec .

min: Activity 
sec

0-5 7.41 17.9 2.65 3.15 f 23 4.01 1.17 1.15 8.69 .83 62 61 63

Play
0-5 21.84 17.1 3,15 4.03 .88 15.11 4.40 4.32 32.76 .77 117 101 140 1:25.1 3:38.0 28.08
5-10 25.93 16.9 3.70 4.14 1.07 18.43 5.37 5.26 39.94 .89 127 101 140 2:10.4 3:00.6 41.93
10-15 119 107 129 1:41.3 • 3:09.5 34.83
15-20 127 118 134 2:18.7 2:45.7 45.56
20-25 23.95 17.3 3.05 3.81 .91 15.65 4.56 4.47 33.92 .79 127 113 136 2:28.1 2:35.7 48.75
25-30 22.03 17.1 3.35 3.9.8 .88 15.05 4.39 4.30 32.62 .83 118 105 132 1:56.1 3:01.8 38.97

Mean ' .94 16.06 4.73 4.59 34.81 .82 123 39.69
Recovery 
0-3 .12.00 18.0 2.50 3.07 .37 6.32 1.84 1.81 13.69 .81 68 65 70
3-15 7.30 18.2 2.45 2.83 .21 3.54 1.03 1.01 7.68 .86 67 65 72

j
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Subject: E (MM) Date: 2/17/76

Activity Heart Rates bts/min

1st Sample 2nd Sample Relief

1' - 101 6' - 122 11’ - 124 16
2' - 115 7' - 135 12' - 121 17
3' - 104 8' -136 13' - 129 18
4' - 124 9' - 140 14' - 107 19
5' - 140 10' - 101 15' - 116 20
X - I l l X - 127 X - 119 X

Overall Mean = 123 
SD = 12
SEm = 2

Recovery Heart Rates bts/min

1’ - 70 6' - 70 11' - 65
2' — — — 7' - 66 12' - 65
3' - 65 8' - 65 13' - 69
4' - 65 9' - 66 14' - 68
5' - 69 10' - 66 15' - 72

3rd Sample 4th Sample

118 21' - 113 26' - 105
134 22’ - 133 27’ - 127
126 23' - 136 28' — 132
130 24' - 124 29' - 113
127 25' - 130 30' - 114
127 X - 127 x , - 118
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Figure 19. Minute-by-minute heart rate during tennis play for 
subject E.



f Subjects F (SS) Temp.: 21°G Humidity! 53% Atm Press.: 702.5 mm Hg

Date; 2/12/76 Game Score: 1-7

Time ' VE %. % True 0 o2 kcal METS % RQ Mean HR Activity Nonact. %
(mln> 1/min °2 ^2 ^  cons. Max HR Range min: min: Activity

1/min ml/kg/min VO bts/min Low High sec sec

Rest
0-5 4.78 17.4 2 75 3.76 .18 2.67 .90 .76 6.59 .72 48 47 48

: n m
0-5 29.49 16.6 3.65 4.53 1.34 19.84 6.68 5.67 49.05 .80 159 1.48 164 1:40.9 3:19.8 33.56
5-10 36.59 16.4 4.05 4.68 1.71 25.41 8.56 7 26 62.83 .86 159 138 178 1:59.7 • 2:52.6 40.95
10-15 157 134 171 1:46.8 3:04.3 36.69 -
15-20 ' e . 167 . 159 171 1:34.1 3:23.5 31.62

- 20-25 28.57 16,7 3.60 4.42 1.26 18.74 6.31 5.35 46.33 .81 154 . 145 162. 1:24.9 3:36.5 28.17
25-30 27.44 16.6 3.60 4.55 1.25 18 -51 6.24 5.29 45.77 .79 149 140 164 1:45.0 3:14.2 35.09

Mean 1.39 20.62 7.22 5.89 51.00 .82 158 34.35

* Recovery
; 0-3 11.53 17.3 3.05 3.81 .44 - 6.52 2.20 1.86 16.11 .79 105 96 112
4 ‘ 3-15 7.67 17.8 2.55 3.31 .25 3,76 1.27 1.08 9,31 .76 91 84 102

L

126



Subject: F (SS) Date: 2/12/76

Activity Heart Rates bts/min

1st Sample 2nd Sample Relief
1' - 148 6' - 141 11' - 134 16' -
2' - 164 7' - 138 12' - 168 17' -
3' - 159 8* - 178 13' - 148 18' -
4' - 161 9* - 175 14’ - 171 19' -
5' - 161 10' - 165 15' - 164 20' -
X - 159 X - 159 X - 157 X

Overall Mean = 158 
SD = 12

SEm = 2

Recovery Heart Rates bts/min

1' - 112 6' - 93 11' - 89
2’ - 108 7' - 94 12' - 89
3' - 96 8' - 90 13' - 89
4' - 102 9' - 91 14' - 84
5' - 94 10' - 88 15' - 86

3rd Sample 4th Sample
170 21' - 145 26' - 142
159 . 22' - 162 27' - 157
171 23' - 155 28' - 144
167 24' - 158 29' - 140
167 25' - 151 30' - 164
167 X - 154 . X - 149
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Figure 20. Minute-by-minute heart rate during tennis play for 
subject F,



APPENDIX D

INTERMITTENT FLOW RATE CALIBRATION PROCEDURES FOR THE 
PARKIN SON-COWAN CD4 DRY TEST ME TER— INSPIRE^ .SIDE

1. The Parkinson-Cowan CD4 Dry Test Meter on the inspired side and 

a Collins 120-liter Gasometer were connected in series by a 

piece of smooth plastic tubing 72.5 cm long, with an inside 

diameter of 4.1 cm. A hose clamp was used to tighten the 

plastic tubing on the Gasometer. Neither end of the tubing was 

disconnected during the calibrations,

2. The bell of the Gasometer was raised to pull 20 liters of air 

through the CD4 before testing. This was done to equalize 

pressures in both instruments.

3. The three-way valve of the Gasometer was closed so that no air 

entered the Gasometer.

4. Initial readings for the CD4 and the Gasometer were recorded on 

the proper forms.

5. The three-way valve was opened, and air was pulled into the 

Gasometer at the designated flow rate. The investigator watched 

the sweep hand of a Gray Laboratory Clock and raised the bell of 

the Gasometer by the specified amount every 3.0 seconds.

6. At the end of the minute, the three-way valve was closed, and 

the final readings were recorded on the proper forms.

129
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7, The correction factor was determined by dividing the volume 

displaced by the Gasometer by the volume recorded on the CD4,

8, The percent error was found by taking the difference between the 

CD4 volume and the Gasometer volume, dividing by the Gasometer 

volume, and multiplying by 100.

9, Air in the Gasometer was removed by opening the two-way valve 

and lowering the bell of the Gasometer.

10, This procedure was repeated ten times at the five different flow 

rates. A mean correction factor and a mean percent error were 

determined at each of the flow rates.

Flow Rate (Respiration Rate) Tidal Volume Interval Time
1/min _____ Frequency______ _ _____1 Sec___ __

10.0 20.0 » ,5 3.0

25.0 , 20.0 1.25 3.0

40.0 20.0 ( 2.00 3.0

55.0 20.0 2.75 3,0

70.0 20.0 3.50 3.0



Data Form--CD4 Calibration

CD4"Inspired Side

Final Reading .   1

Initial Reading - 1

Total    1

Gasometer

Final Reading   1

Initial Reading . -____  1

Total 1 x 1.332
(constant)

Correction Factor (CF) = g g ^ ^ V o ,l^e

CD4 Volume-Gasometer Volume „ inn Percent Error = GasomeEer Volun,e X 100
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Intermittent

10 1/min

25 1/min

40 1/min

55 1/min

70 1/min

Calibration--Parkinson-Gowan CD4-Insplred Side 

Flow Rate Correction Factors (CF)

,993 .997
,996 1.009 CF Mean = ,999
.992 .995 % Error Mean = +.125
.990 1,008

1.003 1.005

.993 1.006
1.004 .990 CF Mean = .996
. 995 ,996 7o Error Mean = +383
.996 .992
.997 .994

1.002 .993
.989 1.002 CF Mean = .998
,997 .996 7» Error Mean = +.193
.999 1.005

1.002 .996

.997 1.001

.998 .994 CF Mean = .997
,996 " .997 % Error Mean = +.303
.996 .998
.994 .998

.997 .995

.998 .998 CF Mean = .998

.996 1.004 7, Error Mean = +.530

.997 .999

.996 .997



APPENDIX E

: INTERMITTENT FLOW RATE CALIBRATION PROCEDURES FOR THE 
KOFRANYI-MICHAELIS GAS METER

Procedure s

The Kofranyi-Michaelis Gas Meter and a Collins 120-liter Gasome

ter were connected in series with a piece of plastic tubing 72.4 

cm long,, with a diameter of 3.18 cm.

The tubing was removed from the three-way valve of the Gasometer 

the three-way valve was opened; and the Gasometer meter stick 

was pulled down to place air in the bell of the Gasometer, The 

three-way valve was then closed.

The tubing was reconnected to the three-way valve and the valve 

opened. The Gasometer bell was lowered to displace ten liters 

of air through the Kofranyi-Michaelis meter prior to calibration 

This was done to equalize pressure in both instruments.

The three-way valve was closed, and initial readings for the 

Gasometer and Kofranyi-Michaelis Gas Meter were recorded on the 

proper form.

The three-way valve was opened, and air was driven from the 

Gasometer into the Kofranyi-Michaelis meter at the designated 

flow rate. The investigator watched the second hand of a Gray 

Laboratory Clock and lowered the bell of the Gasometer by the 

specified amount every 3.0 seconds.
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6, At the end of the minute9 the three-way valve was closed; and 

the final readings were recorded,,

7, The correction factor was determined by dividing the volume 

displaced by the Gasometer by the measured volume of the Kofranyi- 

Michaelis meter,

8, The percent error was found by taking the difference between the 

Kofranyi-Michaelis volume and the Gasometer volume, dividing

by the Gasometer volume, and multiplying by 100.

9, This procedure was repeated ten times at the five different 

flow rates. A mean correction factor and a mean percent error 

were determined at each of the flow rates.

Five Intermittent Flow Rates for the 
Kofranyi-Michaelis Gas Meter

Flow Rate (Respiration Rate) Tidal Volume Interval Time
1/min Frequency   1__ Sec

10.0 20,0 .5 3.0

25.0 20.0 1.25 3.0

40.0 20.0 2.00 3.0

55.0 20.0 2.75 3.0

70.0 20.0 3.50 3.0



Data Form-^-Kofranyi-Michaelis Gas Meter
Calibration

.Kofranyi-Michaelis Gas Meter

Final Reading   1

initial Reading - 1

Total  ' 1

■Gasometer

Initial Reading ' _____ 1

Final Reading -_____ 1

Total _____ 1 x 1.332 = 1
I  (constant)

„ . . „ Gasometer VolumeCorrection Factor (CF) = Volume

^ _ Kofranyi-Michaelis Volume— Gasometer VolumePercent Error =   f — --------- =  x 100Gasometer Volume
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Calibration--Gas Meter B

Intermittent 
Flow Rate Correction Factors (CF)

2/8/76: 

10 1/m

25 1/min

40 1/min

55 1/min

70 1/min

2/12/76: 

10 1/min

1.025 
.994 

. .999 
.996 
.996

1.004 
.998
1.000
.996

1.004

1.003
1.007 
1.001 
1.010 
1.000
1.006
1.007
1.005 
1.012
1.003

1.008 
1.008 
1.008 
1.009
1.005

1.008
1.013
1.013 
1.005
.996

1.008
1.013 
.992 
.990

1.019

1.019 
.996

1.002
1.013 
.996

1.007 
1.002 
1.011 
1.000 
1.005

1.004 
1.009
1.004
1.003
1.013

1.008 
1.008
1.005 
1.008
1.004

1.010
1.020
1.009
1.002
.999

CF Mean = 1.003 
% Error Mean = -.306

CF Mean 
% Error Mean

1.003
-.272

CF Mean 
% Error Mean

1.005
-.457

CF Mean = 1.007 
7, Error Mean = -.613

CF Mean = 1.007 
% Error Mean = -.698

CF Mean = 1.008
% Error Mean = -.699
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Intermittent 
Flow Rate Correction Factors (CF)

25 1/min

40 1/min

1.008
1.005
1.003
1.009 
1.008

1.002
1.010 
1.008 
1.007 
1.009

1.010
1.010
1.012
1.003
1.009

1.011
1.007
1.010
1.007 
1.011

CF Mean = 1.008 
7» Error Mean = -. 758

CF Mean = 1.008 
% Error Mean = -.810

55 1/min 1.007 
1.010
1.008 
1.007 
1.004

1.007 
1.010 
1.010
1.007
1.008

CF Mean = 1.008 
% Error Mean = -.781

70 1/min

2/14/76; 

10 1/min

1.009
1.009
1.010 
1.008 
1.008

1.016 
1.002 
.996 
.992 
. 993

1.011
1.010
1.009
1.008
1.008

.995
1.012
1.015
1.016 
1.021

CF Mean = 1.009 
% Error Mean = -.892

CF Mean = 1.006 
% Error Mean = -.558

25 1/min 1.020
.996

1.020
1.005
1.004

1.006
1.009
1.010 
1.013 
1.010

CF Mean = 1.009 
% Error Mean = -.916

40 1/min 1.012
1.009
1.005
1.008
1.001

1.003
1.008
1.007
1.009
1.011

CF Mean = 1.007
7o Error Mean = -.734
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Intermittent Correction Factors (CF)Flow Rate

55 1/min 1.012
1.010
1.007
1.008 
1.006

1.008
1.009
1.007
1.008 
1.006

CF Mean = 1.008 
% Error Mean = =>.738

70 1/min

2/21/76: 

10 1/min

25 1/min

40 1/min

55 1/min

70 1/min

1.008
1.008
1.006
1.009
1,008

.999,

.989

.969

.992
1.002
1.000
.990
.990
.998
.985

.997

.992

.996

.992

.992

.995

.994

.995

.994

.993

.994

.993

.995

.992

.992

1.010
1.008
1.010
1.009
1.007

.999 
1,009 
. 999 
.986 
.979

? 990 
1.000 
.976 
.993 
.999

. 994 

.996 

.996 

.996 

.993

.993

.997

.992

.995

.993

.995

.991

.994

.998

.993

CF Mean =1.008 
% Error Mean = -.823

CF Mean = .992
°L Error Mean = +. 897

CF Mean = .992
7o Error Mean = +. 802

CF Mean = .994
7= Error Mean = +.562

CF Mean = . 994
7> Error Mean = +.582

CF Mean = ,994
7o Error Mean = +.632
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Intermittent 
Flow Rate Correction Factors (CF)

2/25/76;.

10 1/min 1.019 . 999
1.013 1.019 CF Mean 1.009
1.002 1.019 % Error Mean -.854
1.002 1.009
.996 1.009

25 1/min 1.003 1.000
1.000 1.000 CF Mean 1.002
1.003 .998 /o Error Mean -.151
1.002 1.002
1.000 1.007

40 1/min 1.004 1.000
.999, 1.000 . CF Mean 1.001

1.003 .999 7o Error Mean -.136
1.000 1.002
1,005 1.002

55 1/min 1.000 1.001
1.002 1.001 • CF Mean 1.001
1.000 1.001 7= Error Mean -.068
.999 1.001

1.003 .999

70 1/min .999 1.000
1.001 1.000 CF Mean 1.001
1.001 1.001 7o Error Mean = -.085
.999 1.003

1.002 1.001



APPENDIX F

EQUIPMENT SOURCES

JBeckman OM-11 Oxygen Analyzer

Electronic Instruments Division of Beckman Instruments, Inc 
3900 River Road
Schiller Park, Illinois 60176 

Beckman Two-Channel Type RS Dynograph Recorder

Electronic Instruments Division of Beckman Instruments, Iric 
3900 River Road
Schiller Park, Illinois 60176

.GodariL Capnograph Type-BE

Statham Instruments, Inc,
2230 Statham Boulevard 
Oxnard, California 93030

Xofranyi-Michaelis Gas Meter

Dynasciences
Medical Products
Township Line Road
Blue Bell, Pennsylvania 19422

Bafkinson-Cowan CD4 Dry Test Meter

Dynasciences
Medical Products
Township Line Road
Blue Bell, Pennsylvania 19422

Barks_Radio Telemetry

Parks Electronics Laboratory
12770 S.W.' First
BeSvefton, Oregon 97005
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Quinton Treadmill. Model 24-72

Quinton Instrument 
3051 44th Avenue West 
Seattle, Washington 98199



APPENDIX G

STATISTICAL FORMULAS FOR REGRESSION. EQUATIONS

Hewlett-Packard Two-Variance 
Linear Regression

This program fits any number of data points to a IT

of the form:

Output from the program includes the following analysis: 

1, Slope and intercept values for the equation 

2» Means and Standard Deviation for the x and y data

3, Regression Analysis of Variance table

4, Standard Error of estimate

5, Confidence Interval about parameter (3̂ (slope) 

Formulas:

y = t>0 + bjX

- x)(yi
Sx.Sy.1 1
n

-  x)^ i nx

SXi
x n
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y =

s = x
Tx

(Sx.)

n - 1

Sv =X

(gyt)
n

n - 1

r =
Z(xi - x)(y. - y)

ssjE(xi - x)2E(yi - y)2

Reg SS =
[Ex. - x) (yi - y)]' 

2(x. - 5)2

Total SS = H(y^ - y)^

Residual SS = Total SS - Regression SS 

Regression degrees of freedom = 1 

Residual degrees of freedom = n - 2 

Total degrees of freedom = n - 1

Regression Mean Square = Regression Sum of Squares

Residual Mean Square = s 1 ̂ L1.a .Squares —  _ RResidual Degrees of Freedom S

„ . . Regression Mean SquareF ratio = y;  r-r:   3----Residual Mean Square

Standard Error of Estimate =\J Residual Mean Square

Confidence interval:

V  n - 2
\)

R.

E(xi - x)2
< ^ 1  < bl + ta, n -

\J

R.

Z(x^ - x)2
=  1 - 0'
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