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Of the many types of bodily activity studied by physiological methods 
sustained heavy exercise is of particular importance because circulatory, 
respiratory and metabolic functions become the saleerrt factors in indi- 
vidual performance. Provided the test exercise is simple and standard, 
skill and motivation are minimized and the true organic fitness of the 
individual is more surely assessed. Response to activity may, in the 
terminology of Briggs (5), be classed as: a, an overload in which the in- 
tensity of the activity precludes the attainment of a steady state, b, a 
crest-load in which the upper limits of the steady state are reached; c, 
a normal-load, any intensity of work within the range of capacity to main- 
tain a steady state. The first two sections of this paper describe all three 
types of reaction but principally the last two. In the last section experi- 
ments are reported in which all three types of response were elicited. 

I. The effect of work-load and training on exercise heart-rate. The be- 
havior of heart rate during and after exercise and after a training period 
has been extensively studied. The level of heart rate during exercise 
has been shown by Bock and co-workers (3), among others, to be propor- 
tional to work-load. After a period of training, heart rate accelerates less 
for a given task. This has been noted by Steinhaus (17), Dill and Brouha 
(8) and Christensen (7). The present paper serves to give quantitative 
expression to these facts. Original and complete data may be found in 
the author’s Doctoral Dissertation (18). 

Two moderately trained subjects, R. M., age 23, and C. T., age 27, 
participated in 24 experiments each. The work, carried out on a bicycle 
ergometer equipped with an electric brake, was done at a pedalling rate 
of 65 r.p.m. but with resistances which gave work-loads varying from 
636 to 1191 kilogram-meters per minute. Individual experiments were 
undertaken by the subject in the post-absorptive state, featured a con- 
stant work-load, and lasted from 45 to 50 minutes. Heart rates (HR) 
were counted approximately every five to six minutes with a stethoscope 
at the chest wall. Each subject was tested approximately three times a 
week over a period of two months. The work-loads were in the upper 
ranges of normal-loads and occasionally crest-loads, thus in a condition of 
relative steady state. 

27 
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In general, the heart rate curve plotted against time shows an initial 
rise to about double the resting value in five minutes, a slower acceleration 
from 5 to 20 minutes, and a period of relative steady state from 20 to 45 
minutes. Mean values for all experiments are as follows: 

SUBJECT 

\ 
RESTING 

WoRK-LoAD HEART RATE 
HR AT 20 HR AT 32.5 HR AT 45 

MIN. MIN. MIN. 
S&OPE* 

R. M.. . . . . . . . . . . . . I 
Kgm. min. 

941 63 147 152 157 0.40 
C. T.. . . . . . . . . . . . . 900 62 144.5 150.5 155.5 0.44 

* Calculated by the method of least squares. 

This shows that heart rate does not, in the typical case, reach an ab- 
solutely steady state but continues a slow upward drift throughout the 
45 minute work period. This slope is largely independent of work-load 
and diminishes only tlightly with training. 

When heart rate (mean value from 20th to 45th min.) is plotted against 
work-load (WL) linear relationships are found for both subjects. The 
statistical values are : 

SUBJECT r (HR-~fr) S.E. ($) RBQRESSION EQUATIONS 8.E. (EST.) 

--, 

R. M . . . . . . . . . . . . 0.969 0.013 HR = 50.38 +0.106 WL 4.32 
C. T . . . . . . . . . . . . 0.955 0.020 HR = 79.22 +0.091 WL 4.12 

Despite difference in the intercepts, substantial agreement is found be- 
tween the two subjects in the other values. 

Since these experiments were scheduled over a period of two months, 
a training effect was expected. Accordingly, partial regression equations 
were calculated including both work-load and days of training (D.T.). 
The values are:’ 

For R. M.: HR = 48.80 + 0.111 WL - 0.222 DT 
For C. T.: HR = 58.68 + 0.115 WL - 0.730 DT 

This disparity in regression coefficients for days of training is very 
likely due to the fact that R. M. was more physically fit than C. T. at 
the beginning of the series of experiments and hence would not be ex- 
pected to show as great a training decrease. 

1 Partial regression formulae (Kendall and Yule, 11th ed., 1937, p. 285) : 

b yx - b yz x b zx 
b yxax = ~ 

- b xz X b zx 

b yx = r yx X sz//Sa: 

b yz = r yz X sz//Sz 

b yz - 
b yzax = 1 

b yx X b xz 
- b xx x xz 

b xx = r 2x X &/8x 

b xz = r x2 X Sx/Ek 
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II. The relationship of circulatory and respiratory fun&m to worhdoad. 
The central feature of physiologic response to exercise is an augmentation 
of vital functions to the point where adequate adjustment is made to the 
demands of the activity. If the intensity of the work undertaken is within 
the capacity of the subject to reach an approximately or absolutely steady 
state, circulation and respiration reach and maintain a slightly fluctuating 

TABLE 1 
Mean resting and work values 

SUBJECT 

J. L. 

V. B. 

B. H. 

M. S. 

M. F. 

WORK LOAD 
HEART 

RATE 
PULSE 
PRESS. 

SYSTOLIC DIASTOLIC 
PRESS. PRESS. 

TOTAL 
VENT. 

RESP. 
RATE 

Rest 53.8 35.4 105.6 70.2 5.8 10.1 
500 111.6 76.4 148.6 72.2 27.3 15.7 
600 132.2 80.3 158.5 78.2 30.4 15.8 
700 144.9 93.0 159.6 66.6 34.6 17.4 
800 163.3 128.3 193.7 65.4 39.3 18.6 

Rest 65.2 32.2 100.0 72.6 6.2 13.1 
500 124.5 32.9 117.1 84.2 27.5 18.2 
600 124.7 58.7 135.7 77.0 32.1 20.7 
700 144.0 48.8 125.5 76.7 36.0 20.7 
800 152.1 59.0 140.4 81.4 44.3 23.3 

Rest 52.6 42.8 116.2 73.6 10.3 11.9 
500 102.8 68.7 131.5 62.8 30.9 17.5 
600 108.6 70.8 133.9 63.1 34.6 20.3 
700 119.7 75.6 139.3 63.7 38.9 19.0 
800 130.9 90.3 158.0 67.7 45.2 21.7 

Rest 75.0 32.0 94.5 63.0 4.0 10.4 
273 133.2 38.0 104.0 66.0 15.9 19.0 
400 147.8 61.4 133.2 71.8 23.2 23.0 
500 155.7 63.3 134.3 69.0 28.7 25.0 
600 170.0 68.5 144.5 76.0 31.8 25.0 

Rest 65.5 28.3 91.0 62.8 5.1 13.0 
300 136.6 52.5 115.1 62.6 16.8 19.0 
400 138.2 48.4 112.1 63.7 14.4 22.1 
500 166.9 63.3 134.2 70.7 20.6 25.8 
600 189.0 63.2 136.2 73.0 17.3 35.3 

plateau through the duration of the work. Within this range of work- 
loads, the steady state value of the various functions varies from indi- 
vidual to individual, but for a given subject is proportional to the intensity 
of the work. The general linear character of this relationship has been 
shown by the following workers: Heart rate, Tuttle and Wells (19), 
Christensen (6), and Bock et al. (3) ; systolic blood pressure, Gillespie, 
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Gibson and Murray (10) ; minute volume of blood flow, Bock et al. (3), 
and Christensen (6) ; oxygen consumption, Hill, Long and Lupton (ll), 
and Christensen (6) ; total ventilation, Simonson (15), Bock et al. (3), 
and Hill, Long and Lupton (11). In addition to the results in section I 
of this paper the experiments reported here confirm these findings with 
quantitative data. 

The subjects, ranging from 18 to 25 years of age, were moderately well 
trained students of physical education. One, B. H., was a college runner 
in active training at the time. Each subject undertook a series of work- 
loads, as indicated in table 1, experiments being spaced about a week apart. 
Resting determinations were made with the subject sitting upon the bicycle. 
All work readings were made during an uninterrupted experiment of 30 
minutes’ duration or until terminated by exhaustion. The male subjects 
found the work-loads well within their capacities, but both female subjects 
were exhausted and stopped about half-way through the last and most 
difficult experiments. 

All experiments were carried out on a bicycle ergometer equipped with 
an electric brake. Work-load (WL) was measured in kilogram-meters per 
minute. Heart rate (HR) was counted with a stethoscope at the chest 
wall. Blood pressure was obtained by use of a special adaptation of the 
usual cuff and manometer system. A crystal microphone pickup and high- 
gain amplifier were used to detect the Korotkow sounds. The pressure at 
which sounds occurred was taken as the criterion of systolic pressure 
(SP) and the point of muffling of sound the diastolic (DP). Total ven- 
tilation (TV) was measured by collections of expired air in a 150 liter gasom- 
eter an .d respiratory rate (RR) by counting the falls per unit time of the 
bell of this instrument. The total number and time of readings were 
standard for all experiments. 

A typical experiment is diagrammed in figure 1. After an adjustment 
period of variable duration the conditions of the steady state are met by 
most variables All functions except heart rate tend to reach the plateau 
at not later than ten minutes and fluctuate somewhat about a horizontal 
curve. HR, how pever, as shown in the previous section, has a tendency 
toward a slow upward drift and does not typically reach an absolutely 
steady state. 

In table 1 are given the mean values for the circulatory and respiratory 
functions at the corresponding work-loads. Data for the three male sub- 
jects were more numerous and the relationships more nearly rectilinear 
justifying the statistical computation .s shown in table 2. The correlations 
between work-load and heart rate, work-load and systolic pressure, work- 
load and total ventilation are significantly high since the probability of the 
correlations occurring by chance is in each case less than one in 10,000. 
This is also true for diastolic pressure and work-load in subject J. L. but 
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the same correlations in subjects B. H. and V. B. have P values of 0.0053 
and 0.2077 respectively. The corresponding regression equations show 
high variability between subjects both in intercept and slope values. 
Diastolic pressure correlates positively in two cases with work-load, but 
negatively in the instance of subject J. L. This is in contrast to the tend- 
ency of all the other functions to increase with work intensity, although, 
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Fig. 1. The steady state. Subject J. L., pedalling rate 70 r.p.m., work-load 600 
kilogram-meters per minute. 

as noted in table 1, the departure of work values from the resting diastolic 
level seldom exceeds 10 mm. Hg. 

The regression lines for pulse pressure (PP) were obtained by algebraic 
difference between the formulas for systolic and diastolic pressures. They 
are, for subject 

J. L.: PP = 00.93 +0.1412 WL 
V. B.: PP = 25.80 +0.0339 WL 
B. H.: PP = 37.61 +O.OSSQ WL 
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Thus pulse pressure, following the trend of systolic pressure, increases 
linearly with work-load. The low intercept and high slope values for 
subject J. L. indicate a tendency for pulse pressure to rise with work-load 
more rapidly than usual. This may demonstrate in this subject com- 
paratively low elasticity in the aortic artery and its branches. There was 
nothing inferior, however, in the general physical capacities of J. L. who 
has frequently been used as subject in experiments of this type. 

TABLE 2 
Statistical values: male subjects 

SUBJECT CORBELATION 

B. H. 

V. B. 

J. L. 

S.E. (r) RBQBESSION EQUATION &i.) 
. . 

HR-WL 0.904 0.0323 32 HR = 67.66 +0.0776 WL 4.81 
SP-WL 0.859 0.0463 32 SP = 94.70 +0.0697 WL 5.44 

DP-WL 0.476 0.1366 32 DP = 57.09 +0.0108 WL 2.61 
TV-WL 0.907 0.0154 32 TV = 10.21 +0.0414 WL 2.52 

HR-WL 0.691 0.0313 36 HR = 97.44 +0.0585 WL 9.14 
SP-WL 0.611 0.0622 36 SP = 03.24 +0.0390 WL 7.50 

DP-WL 0.215 0.1590 36 DP = 77.44 +0.0051 WL 3.53 
TV-WL 0.915 0.0272 36 TV = 8.30 +0.0399 WL 2.60 

HR-WL 0.941 0.0184 
SP-WL 0.904 0.0293 

DP-WL 0.615 0.0997 
TV-WL 0.843 0.0465 

39 
39 
39 
39 

HR = 45.47 +0.1386 WL 6.83 
SP = 90.99 +0.1130 WL 7.79 

DP = 90.06 -0.0293 WL 5.01 
TV = 9.32 +0.0365 WL 3.40 

These experiments were not designed specifically to study differences 
between the sexes but the following tabulation offers basis for such 
contrast: 

SUBJECT 

V. B ........... 
M. F ........... 
M. S ........... 

WORK/ 
WOBK-LOAD BODY 

WEIGHT 

&m&./f&n l /  

600 9.72 
500 9.26 
500 9.26 

144 135.7 77 
167 134.3 69 
155 134.2 71 

TV RR 

-- I 
32.1 20.7 
28.7 25.8 
20.6 25.5 

The differences between male subject V. B. and the female subjects M. F. 
and M. S. are most marked in the cases of heart rate and respiratory rate 
although the female subjects performed a slightly lesser task. Since 
physically trained subjects generally display lower values in these func- 
tions the differences are probably only quantitative in nature. 

The rapid and shallow breathing of subject M. F. at 600 kgm. per minute 
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was obviously inadequate to meet the demand for oxygen and the work, 
which terminated at eight minutes, was doubtless sustained by the ac- 
cumulation of a large oxygen debt. M. F. was near collapse at the end. 

III. Circulatory, respiratory and metabolic responses to an increasing 
work-load. In the foregoing experiments a constant work-load was main- 
tained throughout and the response to a range of work levels inferred 
from a series of such experiments performed on different days. This 
section reports data from experiments in which a constant pedalling rate 
on a bicycle ergometer was maintained but with a periodically increasing 
resistance until exh .austion resulted. With this arrangement both the 
trend of adjustment to work of increasing intensity may be demonstrated 
and the physiologic events occurring on the approach to exhaustion may be 
elucidated. 

The subjects participating in the experiments were all physical education 
students or men with athletic experience with the exception of A. L. who 
was completely untrained. 
with subjects in the post-absorptive state. 

All experiments were scheduled in the morning 
After resting determinations 

with subject seated on the bicycle, work was begun at a low level and 
periodically increased to the highest of which the subject was capable be- 
fore succumbing to exhaustion. The pedalling rate was constant at 70 
r.p.m. throughout. The time spent at each level was five minutes for 
series I, two minutes for series II and III, and from 1 to 5 minutes in the 
alveolar pC0, experiments. Total working time varied from 9 to 26 
minutes, depending upon the capacity of the subject as well as length of 
step interval. Excellent cooperation was obtained from each subject, and 
while admittedly motivation may cause variation in the “exhaustion” 
endpoint, adequate evidence was found that in every case the stopping of 
work coincided with objective criteria of physiologic distress. 

In addition to the methods used for the determination of circulation 
and respiration, explained in the second section of this paper, oxygen 
consumption, carbon dioxide production and the respiratory quotient 
were determined by collection and analysis of expired air. The original 
face mask was replaced by one patterned after the improved model of 
Enghof (9). Alveolar air samples were taken by the Haldane-Priestley 
technique according to the practice of Bock et al. (2). Gas samples were 
analyzed in a Haldane apparatus which routinely gave the following results 
with atmospheric air; oxygen, 20.93 vol. per cent ho.05 (S.D.), and car- 
bon dioxide, 0.04 vol. per cent ho.01 (S.D.). 

In series I the author endeavored to choose a work schedule such that 
each subject would have a low and an intermediate work-load for 
a “warm-up” and two or more steps at or near his capacity. The hoped for 
sampling of responses at the upper limit was not always adequate because 
of lack of a reliable method for predicting where that level would lie for a 
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given subject. This made for less uniformity in the data than is desirable. 
Accordingly, in the subsequent experiments, series II and III, a two-minute 
step was adopted, each subject working through an orderly progression of 
steps. While the ideal would require that work-load vary continuously 
with time, this was not feasible with the available apparatus. The con- 
ditions of the steady state were not met in this type of experiment but the 
orderliness of response in most cases, excepting at the exhaustion level, is 
evidence of a continuing adjustment to the demands of the work. Curves 
for subject A. L., who was a student of very sedentary habits, differ mark- 
edly from all other subjects. In the case of subject J. B. work was con- 
tinued for four minutes at the uppermost level with two determinations 
being made 
very strong 

during that interval. J. R., the subject of series III, was a 
athlete, in a good state of training, and habitually rode a 

bicycle. The experiments diagrammed in figure 5 show the trend of 
alveolar pCO2. Varying step durations were used, e.g., J. L. and C. T. 
five minutes, W. P. (A) one minute, and W. P. (B) two minutes. There 
are insufficient data here to assess the effect of rate of work increase (this 
is to be the subject of further study in this laboratory) but no very marked 
differences are apparent. 

Heart rates in nearly all cases rise linearly with work-load throughout the 
low and intermediate range of work-loads. The position and degree of the 
slope is an individual variable which undoubtedly has much to do with the 
capacity of the subject. In general, although there are exceptions, the 
individuals of greatest capacity show lower heart rates per unit work. 
Steinhaus (17) has listed this as a characteristic of the trained state. For 
example, subject J. R. attained a maximal work output of 20 kgm-min./kilo 
of body weight with a heart rate of 197, subject A. L. only 8.6 with a rate 
of 250. Another factor, the “ceiling” of effective heart action, remains 
to be evaluated. Over a wide age range Dill and Brouha (8) have shown 
that this limit is by no means uniform. In our data nearly half of the 
cases demonstrate no change in the linear increase, forty per cent show an 
upward spurt and the remainder tend toward a plateau. l In the absence 
of data on systolic output of the heart it is impossible to say at what heart 
rate cardiac output begins to suffer from inadequate filling time. Rates 
at or in excess of 190 probably are incompatible with effective heart output 
since in all cases where this level has been reached the subject was very 
near to exhaustion. 

For series II, in which blood pressure determinations were made, the 
Liljestrand-Zander factor was computed to give an indication of the trend 
of circulation rate. This factor,2 according to Christensen (7), is a useful 
index of the trend of cardiac output. Curves for this value (fig. 2) are 

2L. 2. Factor = 
Pulse pressure X 100 

Mean arterial pressure 
XHR 
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approximately linear with work-load in two cases while for the remaining 
two a slight upward concavity is apparent. On the approach to maximal 
levels, however, there is no manifest sign of circulatory failure accompany- 
ing exhaustion - Indeed, when the compilation of blood pressure and heart 
rate data in figure 6 is considered there is little evidence of gross circulatory 
failure as a cause of exhaustion of the subject, although it can not be ex- 
cluded that failure of adequate blood supply to certain tissues may play 
an important part in the onset of exhaustion. 

Total ventilation likewise displays a linear increase with work-load 
tending toward acceleration at maximal levels. The rate of increase varies 
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Fig. 2. Step-up experiments: Series I. Five subjects working to exhaustion on a 
bicycle ergometer. 

considerably from subject to subject (figs. 2 and 3) but is fairly constant 
for the individual, as shown in figure 4. The ventilation per unit of work 
also varies with the subject. Extremes are again represented by subjects 
A. L. and L. S. (fig. 3). The lower ventilation of the latter subject is 
associated with the consistently high per cent of carbon dioxide and oxygen 
deficit in the expired air. On the approach to exhaustion, total ventilation 
(fig. 6) usually accelerates excessively. Final ventilations range from 40 
liters per minute for subject L. S. to 115 for J. R. 

The rate of oxygen consumption is a highly significant physiological 
variable not only because it represents the physiological cost of the work 
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Fig. 4. Step-up experiments on subject J. R. 
to exhaustion on one subject. 

Three identical experiments carried 
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but because it gives evidence of the transport capacity of the circulatory 
and respiratory mechanisms. The position of the oxygen consumption 
curve relative to work-load is a measure of the efficiency of the subject. 
As will be noted later, the uncertainty of obtaining a true R.Q. under the 
conditions of these experiments does not justify the computation of 
Calories consumed and hence the precise calculation of net or gross me- 

200 400 600 600 1000 1200 1400 
VORILUMD (kilogram-meters per minute) 

Fig. 5. Step-up experiments. Heart rate and alveolar carbon dioxide tension in 
four subjects in bicycle ergometer work increased to the point of inducing exhaustion. 

IUNCTION TOTAL 
CASES 

HEART RATI! 35 

SysIy)UC FRESSURE l2 

DIASTOLIC PRESSURE I.2 

PULSEFRESSURE I.2 

TOTAL VENTILATION 20 

RESPIRATORY RATE 4 

PWCENT co2 12 

diLsmoLbR $02 9 

OXPGW CONSUMPTION 12 

RESF'IRATORYQUOTI~ 12 

Fig. 6. Exhaustion trends. Trend of functions on approach to exhaustion levels 
of work. The graphs show per cents of all observations showing gain; no change, or 
loss in linear increase with work-load. 

chanical efficiency. Subjects in series I have closely comparable ef- 
ficiencies but more variability is found in series II where again subjects 
A. L. and L. S. represent the extremes of low and high efficiency. The 
trend of oxygen consumption at maximal levels is of great significance 
because of the prevailing view that the ability to absorb oxygen is a limiting 
factor in individual physical performance. As summarized in figure 6 
oxygen consumption is by no means always deficient at exhaustion levels. 
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In fact, in 50 per cent of the cases no deviation in the linear increase of 
oxygen intake occurs at exhaustion and in the remaining cases this value 
may accelerate more often than fall off. In those cases where the curve 
turns upward at the approach to exhaustion the hypothesis may be ad- 
vanced that the effectiveness with which the muscles are performing the 
work is lowered necessitating the mobilization of additional motor units 
in an effort to sustain the rate of work. This might readily be due to a 
“central” fatigue effect according to the theory of Simonson (16). That is, 
an alteration of the physico-chemical conditions of blood and tissue fluids 
acting upon central nervous centers might disturb the coordination of the 
muscular activity so that more muscle fibers might be required for the task. 

The respiratory quotient obtained in step-up experiments is the re- 
sultant of two effects: a, the proportion of fat, protein and carbohydrate 
catabolized, and b, changes in the carbon dioxide content of the blood. 
A true R.Q., e.g., indicative of the concurrent metabolism, is obtained 
only when the body is in the basal state or the steady state of exercise. 
Several workers, notably Bock et al. (4), have shown that the true R.Q. 
rises with work-load, approaching unity at maximal work levels. This 
trend is evident in the present experiments but the erratic nature of some 
of the curves and quotients in excess of unity are ascribed to washing out 
of blood carbon dioxide reserves in the periodic transitions to higher work 
levels as well as the dyspnea occurring at exhaustion. 

The per cent of carbon dioxide in expired air and the alveolar carbon 
dioxide tension both serve as indicators of blood pH fluctuations. In 
the transition from rest to work these values rise to a variable plateau which 
is maintained throughout most of the work range but on the approach to 
exhaustion show a fall. This latter fact is strikingly demonstrated in 
figure 6. The explanation for several features of exhaustion, namely, 
accelerated ventilation, dropping alveolar pCOz and per cent carbon dioxide 
in expired air, doubtless all have a common basis in a rapid accumulation 
of blood lactate. Determinations of alveolar tension, from rapidly ob- 
tained H-P samples, have more value in predicting the onset of exhaustion 
since the CO* in expired air is usually determined from collections of 2 to 5 
minutes’ duration and hence does not follow the change of state as closely. 

DISCUSSION. Schneider (13) carried out experiments on six subjects 
in which a series of five work-loads were attempted, each 6 to 8 minutes 
in duration separated by 20 minute rest periods. He found that the 
subjects maintained linear increases in heart rate, oxygen consumption, 
per cent of CO2 in expired air, and total ventilation up to a certain load 
after which the first three functions tended to fail to maintain the increase 
while ventilation augmented excessively. The maximum work-loads at 
which these functions could maintain their linearity-the crest-load- 
varied both with the specific function and with the individual subject. 
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Schneider’s subjects consumed oxygen at a rate proportional to work- 
load up to the crest-load beyond which one subject, R. J., showed an 
augmented consumption, another, W. C., maintained the linear increase, 
and the four remaining subjects failed to increase their oxygen consumption 
proportionally. The trend of heart rate above the crest-load was likewise 
variable. One subject, R. J., maintained the linear increase, but all others 
failed. The gain in acceleration found in about 40 per cent of our cases 
was not found in Schneider’s experiments. The significance of the peak 
of per cent CO2 in expired air as the criterion of crest-load, advocated by 
Briggs (5), may be questioned on the basis of Schneider’s and our own 
data. For example, subject W. C. who was Schneider’s fittest subject 
had a crest-load at 6000 f&lb., judging by the per cent CO2 in expired air, 
but was able to carry 8000 and 10,000 loads adequately. H. M. reached 
the same CO2 percentage peak at 4000 and 6000 ft-lbs. In our own data 
the point at which the CO2 percentage reached its peak is highly variable 
som .etimes occurring at low work-loads and often at high levels. The 
general tendency of the curves (figs. 2,3,4) is toward a plateau higher than 
the resting level but maintained throughout the major range of work-loads. 
With the approach to exhaustion levels, however, the curves begin a de- 
cline, dropping in some instances below the resting level. It can be seen 
from figure 6 that this final drop in per cent CO2 in expired air is second only 
to alveolar pC0, as a reliable index of the approach of exhaustion. If 
this function is followed closely and the subject pushed to his limit the 
same uniformity should be obtained as for pCO2. It seems justifiable to 
conclude that this final dip which comes on rapidly with the approach of 
exhaustion is a better criterion of the subject’s capacity for work short of 
exhaustion than the peak of the CO2 percentage curve. Determinations 
of alveolar carbon dioxide tension (fig. 5) give an even better criterion of 
the breakdown in adaptation to work. 

Crest-load oxygen consumption. The step-up experiment affords an 
opportunity to measure a type of individual capacity hitherto little ex- 
plored. That oxygen consumption is an index of physiological cost of work 
has been stressed by Hill, Long and Lupton (1 l), and by Steinhaus (17). 
Furthermore, the ability to consume oxygen at a high rate has been shown 
by Christensen (6) and by Robinson et al. (12) to be an important feature 
of the response of the top-ranking athlete. Such a capacity to maintain 
a high oxygen consumption over a period of time demonstrates a large 
degree of cardio-vascular and respiratory fitness. Indeed, the rate of 
oxygen consumption in sustained work may be taken as a measure of these 
capacities, assuming that at least a relative approach has been made to 
the conditions of the steady state and that therefore the circulo-respiratory 
functions are in an adequate state of adaptation to the demands of the 
activity. These requirements are met in the step-up experiment if the 
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step preceding the exhaustion level is taken as the crest-load-as the 
highest level of activity which the subject can maintain without any of the 
extreme divergencies in function which occur at the exhaustion level. 

In figure 7 eleven subjects are ranked according to the work output 
achieved before becoming exhausted. The two principal factors deter- 
mining the capacity are graphed in such a way as to show the relative 
importance of each, and the relationship of the two combined (visualized 
from entire length of each bar) to the work output. The figures for ef- 
ficiency were obtained from oxygen consumption and kilogram-meters 
of work, since the calculation of metabolism in calories was deemed in- 
advisable in the absence of a true steady state. It should be noted that 
with the ratio employed high values represent low efficiency and vice versa. 

SuBsml! WORK- 
LOAD 

A.L. 8.7 

WZ. 12.9 

B.S. 12.9 

C.G. 14.5 

B.K. 14.s 

SD. 14.s 

36. 14.3 

AS. 16.1 

C.T. 17.1 

L.S. 18.5 

J.R. 20.0 

Fig. 7. Ranking of subjects on step-up test. C. L. 0. C., oxygen consumption at 
the crest-load in cubic centimeters per kilogram; efficiency, oxygen consumption at 
the crest-load per kilogram-meter of work; work-load, rate of work at the crest-load 
in kilogram-meters per kilogram of body weight. 

There is a linear increase in the sum of these two values with work-load 
and in general with each measure separately. There is, however, a tend- 
ency toward individual variability in the relative importance of each. 
For example, L. S. stood second highest largely by virtue of high efficiency 
while J. R., who had greatest total output, owed his predominance clearly 
to a high capacity to consume oxygen (C.L.O.C.). 

SUMMARP AND CONCLUSIONS 

Section I. 1. Heart rates in the steady state of exercise of 45 minutes’ 
duration reach a level depending on the intensitv of the work but continue 
to rise slightly throughout the experiment. They do not, in the typical 
case, maintain an absolutely steady state. Equations for this slope are 
given for two subjects in 24 experiments each. 
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2. Significantly high correlations (0.969 =t 0.013 and 0.955 =t 0.020) 
were found between heart rate and work-load for the two subjects. 

3. Partial regression equations express the influence of training in lower- 
ing the heart rate during work in the two subjects. 

Section II. 1. Circulatory and respiratory responses of three male and 
two female subjects were studied in work experiments lasting 30 minutes. 

2. All functions except heart rate tend to reach a plateau at not later 
than ten minutes of exercising time and fluctuate somewhat about a hori- 
zontal curve. Heart rate, as shown above, slowly rises throughout the 
experiment. 

3. Equations are given for the regressions of heart rate, systolic pres- 
sure, diastolic pressure, pulse pressure and total ventilation on work-load 
in the cases of the three male subjects. Curvilinear relations in these 
functions precluded the calculation of these values for the two female 
subjects. 

4. A comparison of the responses of male and female on an equal weight 
basis shows that significant differences occur only in heart rate and respira- 
tory rate which are higher in the latter. 

Section III. 1. The circulatory, respiratory and metabolic responses of 
a group of subjects to a periodically increasing work-load on a bicycle 
ergometer were studied. All experiments were continued uninterruptedly 
until the subject was forced to quit from exhaustion. 

2. Heart rate, total ventilation, oxygen consumption, and respiratory 
quotient increase with work-load in approximately linear fashion. The 
slope of the regression line and the ultimate level reached are individual 
variables. 

3. The behavior of these functions at the approach of exhaustion is 
determined by comparing trends throughout the range of work-loads to 
the trend at the uppermost step at which exhaustion occurs. The exhaus- 
tion trends of metabolic and circulatory functions are lacking in uniformity. 
Total ventilation, on the other hand, most often becomes markedly ex- 
cessive. 

4. The alveolar pC0, and per cent CO2 in expired air both increase in 
the transition from rest to work, remain on a fluctuating plateau through- 
out most of the work range and decline sharply at exhaustion. These 
variables as well as ventilation most reliably signal the onset of exhaustion 
in an objective fashion. 

5. The roles of efficiency and magnitude of oxygen consumption at the 
crest-load in determining total work capacity have been shown graphically. 

6. The step-up experiment offers promise in the measurement of the 
important physiological factors underlying individual physical capacity 
for sustained heavy exercise. 
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