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PART I

INTRODUCTION.

From the days of Count Rumford, who showed that the museular work
of two horses produced sufficient heat to boil water, until the present day,
when mechanical efficiency and the study of body-movements in domestic
and in manufacturing industries are receiving much attention, the musecular
work of the human body, and particularly the efficiency of the body as a
machine, have from time to time been experimentally considered. Unfor-
tunately, most of the observations have been of a desultory nature, so that
actual knowledge with regard to the extent and character of the chemical
processes which are coincidental with muscular movements has but slowly
accumulated. This is due primarily to the fact that in but few places are
such studies possible.

The practical results of studying body-motions and eliminating the ex-
traneous muscular movements have been strikingly demonstrated on many
occasions;® likewise, training has been shown to make possible prolonged and
sustained effort by athletes; nevertheless these phenomena have either been
considered as due in general to the better training—this broad term covering
a multitude of operations—or the causes have been entirely disregarded, the
majority of individuals being more interested in the practical results than
in the causes. It is not, however, a matter of purely physiological interest,
since with the present-day emphasis laid upon mechanical efficiency in the
factory and in the home, it is a problem of much practical importance to know
more exactly the mechanieal efficiency of the human body and the best method
of attaining the highest degree of efficiency.

- Our knowledge of training at this date is woefully deficient. Why a
course of training should result in greater musecular strength, what changes
in the body produce this end, and what is the best method to use for the
purpose are at present either entirely unknown or our knowledge is based
only upon practical experience. The trainer believes that a certain routine
is best adapted to bring his athlete to the highest state of efficiency, and it
would be a simple matter to follow this provided any number or even any
two trainers agreed upon a particular routine. We have, however, on the
one hand, the advocates of a high-protein diet and a meat diet, and on the
other the advocates of a low-protein diet and a vegetarian diet, and it must
be admitted that both have based their beliefs on arguments of great signifi-
cance, although the asserted increased endurance of vegetarians rests as yet
upon seant and fragmentary evidence. What is needed to place these prac-
tieal observations upon a scientific basis is a most careful study of the total
metabolism, both nitrogenous and gaseous, combining with this, if possible,
measurements of the muscular activity and the total energy transformations.

a F. B, Gilbreth, Bricklaying system, New York, 1910,
3



4 MUSCULAR WORK

A study of the mechanical efficiency of a steam-engine, an internal-
combustion engine, or an electric motor is relatively simple, since conditions
can be arbitrarily controlled and the output measured most accurately. On
the other hand, with a mechanism as complicated as that of the human body,
the exact measurement of the output of muscular work is very difficult and
not readily controlled. Consequently, studies on the efficiency of the human
body as a machine are impracticable in most physiological laboratories.
Furthermore, the measurement of the income and the actual fuel consump-
tion is greatly complicated by the fact that the human body can draw upon
a reserve of its own material, while the supply of potential energy for the
steam-engine, the internal-combustion engine, or the electric motor is deter-
mined solely by the actual amount delivered to it either through the steam-
pipe, the gasoline or gas pipe, or eleetrical wires. But if it were possible
to study the body-changes induced by a long course of training, to determine
what changes take place, and why the body is more eapable of extreme mus-
cular activity, it would be logieal and possible to lead up to a most rational
method for producing this end and to explain the diversity in the training
systems; the best features of the different systems could then bhe combined.

The results of such studies would have a practical value not only for
athletes, but for those who are accomplishing large amounts of work. It is
of vital importance to the contractor, to the railroad constructor, and to
other large employers of labor, that their human machinery as well as their
mechanical appliances work to the highest ri{,grce of perfection. They
spend large sums of money in designing, repairing, and altering the most
complicated machinery, but until recently no attempt has been made to in-
erease the efficiency of the large number of workmen that they must neces-
sarily employ. With the advent of scientific management,* we see the dawn
of a new era In muscular work and its relationship to large manufacturing
and construction enterprises. Scientific management will, however, always
fail in its purpose unless it is based upon a scientifie foundation, and as yet
there is a great paucity of physiological data on which to base such manage-
ment of the human machine. That any one, or two, or a dozen series of in-
vestigations will completely revolutionize the methods of training, the dietary
habits, or the hygienie conditions of a group of workmen is hardly to be ex-
pected. On the other hand, a carefully worked-out series of experiments for
studying the mechaniecal efficiency of the human body, the relationship between
muscular work and the total energy intake and output, the character of metab-
olism in the body as affected by muscular work, the problem of training as
affecting the body-composition, and the relative readinesswith which the differ-
ent stores of material in the body can be drawn upon for fuel, will, if properly
made, furnish fundamental data that ultimately should prove of the greatest
value in a scientific adjustment of diet, hygienic conditions, and the applica-
tion of the muscular work of man to levers and other mechanical appliances.

It is the purpose of this book to report a series of experiments conducted
throughout the academie year of 1911-12 in the Nutrition Laboratory of the
Carnegie Institution of Washington, loeated in Boston, with a professional
athlete as subject. In these experiments the mechanical output was most
exactly measured, and the chemical tr: msfnrmatmns inside the body were

4 F. W. Taylor, The prinupl-:& of mnt:ﬁ: mu:mmment Mew York, 1911.
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studied with great accuracy. The relations between the character and the
amount of material burned in the body, the total amount of muscular work,
and the efficiency of the human body as a machine are all of peculiar and
special interest, and considerable emphasis will be laid upon them.

PIONEER INVESTIGATIONS ON METABOLISM IN ITS RELATION
TO MUSCULAR WORK AND ANIMAL HEAT.

GASEQOUS EXCHANGE DURING MUSCULAR WORK.

It is outside the provinee of this report to enter into a detailed presen-
tation of the experimental evidence which finally led to a knowledge of the
source, the cause, and the mechanical equivalent of animal heat, and the de-
velopment of the law of conservation of energy as applied to the human organ-
ism. For the proper understanding of the problems subsequently treated in
this report, however, it is necessary to outline certain of the fundamental re-
searches, especially those bearing upon the relationships between the gaseous
exchange, the output of mechanical work, and the mechanical efficiency of
the human body.

Prior to the time of Lavoisier, the conceptions of the physical and physi-
ological processes as related to the chemistry of the human body were so
devoid of scientific foundation that they can have now but little value except
as an historic record of the trend of scientific thought at that time. With the
adventof Lavoisierand his econtemporaries, physiological and chemical research
began to take a definite form which gradually led to the unfolding of natural
laws and to the explanation of the phenomena of muscular action and of the
transformations in the human body and their intimate relationships.

Lavoisier's activity in studying respiration resulted in two remarkable
memoirs by himself and Séguin, the first of which was published in 1789.°
The results reported in this first memoir have particular significance in eon-
nection with the object of this book, in that Lavoisier recognized clearly the
relationship between museular activity and the gaseous metabolism, and not
content with the simple determination of the earbon-dioxide exeretion, actu-
ally attempted the determination of the amount of oxygen consumed.

The apparatus used in this research has been imperfectly described by
Séguin, but his description tallies reasonably well with the two drawings at-
tributed to Madame Lavoisier.® A careful study of these drawings shows us,
in the most illuminating way, the attitude of Lavoisier and his contemporaries
towards respiration experiments. One of the drawings illustrates an experi-
ment, in progress with the man resting, and the other the eonditions obtaining
in an experiment made during muscular work. Evidently a mask was used,
which Séguin states was constructed of copper and held in place about the
neck by wax or cement. Of particular significance is the fact that in both
drawings we see, as evidently an essential part of the experiment, a physician

% Béguin and Lavoisier, Mémoires de 1" AcadSmie des Sciences, 1789, p. 568, Printed in Paris, 1793,

b Two excellent drawings of Lavoisier's laboratory, both showing studies in the respiration of men, ars given
by Grimaux (Lavoisier, 1743-94, Paris, 1800, facing pages 119 and 120 respectively). Tigerstedt has
reproduced one of these engravings showing the conduct of an experiment during rest (Tigerstedi's
Handbueh der physiologischen Methodik, Leipsie, 1911, 1, p. 72).
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taking the pulse-rate of the subject. At the present day, when the relation-
ship between the pulse-rate and metabolism is eontinually being emphasized,
it is interesting to note that 130 years ago the importance of this relationship
was also recognized by Lavoisier. In the experiments on musecular work a
pedal arrangement, which is shown beneath one of the tables and to which
the right foot of the subject is attached, was evidently used for performing the
work. The amount of work was probably computed fromn the movements of
the pedal. Of further significance is the fact that Lavoisier and Séguin recog-
nized in their experiments that the subjects should be without food in the
morning, a prerequisite of all modern respiration experiments. We ean do
no better than sum up the results in their own words:

I1 résulte des expériences auxquelles M. Séguin g'est soumis, qu'un homme 4 jeun, dans
un état de repos et dans une température de 26° de thermométre de mercure, divisé en 80
parties, consomme par heure 1210 pouces cubes (24.002 litres #) d’air vital; gue cette con-
sommation augmenté par le froid, et que le méme homme, également & ieun et en repos, mais
3&% uﬂl;l température de 12° geulement, consommé par heure 1344 pouces (26.660 litres)

"air vital.

Pendant la digestion, cette consornmation g'élévé & 1200 ou 1900 pouces (37.680 litres).

Le mouvement et 'exercice augmentent considérablement toutes ces proportions.
M. Séguin étant 4 jeun et ayant éléve pendant un quart d’heure un poids de 15 livres
(7.343 kilograms 8) 4 une hauteur de 613 pieds (199.776 méitres2), sa consommation d'air
pendant ce temps a &8 de 800 pouces, ¢'est-A-dire de 3200 pouces (63477 litres) par heure.

Enfin, le méme exercice fait pendant la digestion a porté i 4600 pouces (91.248 litres)
par heure la quantité d’air vital consommé. Les efforts que M. Séguin avoit faits dans cet
intervalle oquivaléient a I'élévation d’un poids de 15 livres (7.343 kilograms) & une hauteur
de 630 pieds (211.146 métres) pendant un quart d'heure.

As a definitely planned series of experiments to study the influence of
muscular work on the gaseous metabolism, this investigation is without prece-
dent. That the results obtained are not in accord with those obtained by
the use of the modern experimental technique can not dim in any way the
brilliancy of the coneception of the research.

Aside from these researches of Lavoisier and Séguin, the experi-
mental evidence secured by the earlier investigators dealt almost exclusively
with the gaseous excretion while the subject was at rest, the influence
of muscular work being investigated but rarely. Owing to a limited tech-
nique, the determinations were as a rule confined to the percentages of

carbon dioxide in the expired air. As an example of the wide variations
found in the percentage of carbon dioxide in air expired in a suppuwdly
normal manner, we may cite a collection of analyses gathered by Valentin.”
(See Table 1.)

Of the few researches regarding the influence of muscular work on the
gaseous metabolism which followed those of Lavoisier and Séguin, that of
Prout iz the earliest. Prout,® who used the method then in vogue of deter-
mining only the percentage of earbon dioxide in the expired air, states that
he found the effects of exercise varied aceording to the nature and degree of
the exercise and also according to its time and duration. Moderate exercise,
as walking, seemed always at first to increase the percentage of carbon dioxide
in the expired air, but after having been continued for some time, it ceased

8 The reduction of pouces to liters, and of pounds and feet to kilograms and metera respectively, has been made
v Gawvarret (Physigue médicale, Pans, 1855, p. 330).

b Valentin, Lehrbuch der Physislogle dea Mensehen, Braunschweig, 1847-51.

¢ Frout, Annals of Philosophy, 1813, 2, p. 325,
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to produce this effect; if prolonged so as to induce fatigue, the quantity was
diminished. On the contrary, violent exercise seemed to lessen the quantity,
even from the first, or if it increased the amount of carbon dioxide excreted, the
effect was very trifling. Following violent exercise, the percentage was always
much less.

TapLe 1.—Percentages of carbon diozide in expired air as ciled by Valenfin.

Investigatora. Carbon dioxide. Investigators. Carbon diozide.
. ci. P ¢l

4.380 || Mae-Gregor 3.500
Valentin and Brunner .. 4.160 T 5 e e 5. 00H)
4.050 || Berthollet .. ........... | 5.530 to 13.000
HIArOPdE . . s 4334 || Murrsay ....cvcninnens 6.200 to 8,500
M. Doydrs . .cciivacans 4.400 || Allen and Pepys ....... 8.000 to 8.500

(T i e el R (R .1 B e T (81 T e R e | S
B 2 esnsaneassnaanns | SadO0to4.600 | Judns ......... & 10.000

[y T D TR P R 3.720 . Davy (one isclated

Apjobn . ....... 3.600 XPEAMENL). . . ..uu.ns 10,500

Since, as we now know, the percentage of carbon dioxide in the expired
air is greatly influenced by the total ventilation of the lungs, it is obvious that
these conclusions of Prout throw very little light upon the actual carbon-
dioxide increment, although the fact that there was not a noticeable deerease
in the carbon-dioxide percentage would of itself point to the fact that there
must have been in all cases a considerably increased production—a fact that
was many times unappreciated by the experimenters.

Later, Valentin ® and Vierordt ® showed, as did Prout, that movement
increased the proportion of earbon dioxide contained in the gases expired.
Vierordt was not able to make measurements of the carbon dioxide during
work inasmuch as his method of testing required that the subject should be
quiet; he emphasized the fact, however, that he could rely upon his pulse
and respiration observations during the work, and upon the carbon-dioxide
content of the air expired after the work for solving the problems of the efiect
of activity upon the metabolism. After a brisk walk he found a great increase
in the earbon-dioxide exeretion, corresponding to 80 c.c. of carbon dioxide
per minute. His observations on the after-effect of work are also of interest.
He shows that this is considerable, stating: ““Es ist folglich die korperliche
Bewegung von sehr grossem und nachhaltendem Einflusse auf die Aus-
scheidung der Kohlensiure,” ¢

Scharling ¢ also studied the influence of museular work on the carbon-
dioxide output, the work performed being the raising and lowering of a heavy
iron bar. A marked increase in the earbon dioxide exereted was observed.

The influence of exercise on respiration was likewise studied by Las-
saigne,® who made some very interesting observations on horses. The first
horse exhaled per hour before exercise 341.69 grams of earbon dioxide; after
exercising 15 minutes, he exhaled 745.90 grams of earbon dioxide. The second
horse exhaled per hour before exercise 658.38 grams of earbon dioxide; after
exercise, the amount of carbon dioxide exhaled was 754.88 grams. He found,
however, that exercise had no effect on the amount of carbon dioxide excreted

: g_a.!-an:din. lne, el

lerordt, Physiologie dea Athm { 5, p. D8,
€ Vierondt, Iuc_.}-cl'_l'..ﬂgj IEIIE? N Wy, Lk, T U6
d Scharling, Liebig's Aon. Chem. u. Pharm., 1843, 45, p. 214.
¢ Lassaigne, Journ. chim. médicale, 1849, 6, p. 253.
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by a pure-blooded Arabian horse which, in the state of repose, exhaled 852.42
grams of carbon dioxide per hour., He states that the intensity of the respira-
tion of this horse was remarkable. Lassaigne's technique was obviously faulty.

HEAT OUTPUT OF THE ANIMAL BODY.

The earliest attempts to measure the heat given off from the body of a
living animal were those made simultaneously by Adair Crawford @ in Glasgow
and Lavoisier and de la Place ® in Paris. Crawford, with a water calorimeter,
measured the heat given off from a guinea-pig and likewise made an estima-
tion of the amount of carbon dioxide produced. Lawvoisier and de la Place,
using the melting of ice for the measure of the heat production, placed in
their calorimeter a guinea-pig and weighed the water resulting from the melt-
ing of ice; subsequently they placed the guinea-pig under a bell-jar and
determined the amount of earbon dioxide produced. Having tested their cal-
orimeters by burning a wax candle or some pure earbon, both Lavoisier and
de la Place on the one hand and Crawford on the other attempted to compute
the amount of heat that would be required to produce the given amount of
carbon dioxide. The results of their computations showed a fairly satisfactory
agreement, indicating that the ecombustion was proportional to the amount
of carbon dioxide produced. The interpretation of results is particularly
interesting in showing that Crawford still adhered to the phlogiston theory,
his explanation of the phenomena being determined chiefly by his experience
with specific heats. According to his belief, the heat given off by the body is
absolute heat which is abstracted from the pure air in its passage through the
lungs, or, to quote him exactly:

That animal heat depends upon the separation of elementary fire from the air in the

lungs is moreover supported by the experiments which have been brought in proof of the
third and fourth propositions.®

In summing up his opinion, he says:

Henee it clearly follows, that, in the respiration of animals, as well as in the com-
bustion of wax, oil, and tallow, the pure air is altered in its properties by its combination
with the inflammable principle; and since we know that the union of these elements is
universally accompanied with the extrication of heat, and particularly that, by this union,
a large quantity of elementary fire is disengaged from the air in the combustion of oleagi-
nous substances, we may conclude that, in the process of respiration, a similar extrication
of fire takes place.d . . . .

Since, therefore, it has been proved that elementary fire is absorbed from the air in
the process of respiration, and since the quantity that is thus absorbed is not only adequate
to the effect which we have been endeavoring to explain, but also proportional to it, we
may safely conclude that it is the true cause of animal heat.®

Crawford distinctly states:

I do not mean to assert that elementary fire is really eapable of being echemieally com-
bined with bodies . . . Before this can be admitted it must be proved that heat is a sub-
stance; and I do not know that any experiments have hitherto been published which
demonstrate the materiality of that principle.f

@ Crawford, Experiments and obaervations on animal heat, 2d ed., 1788, J. Johnson, London. According
to the proface of this book the experiments wore made at Glusgow during the summer of 1777 and were
presented to the Roval Medieal Socioty during the winter of 1778, They were first published in 1770
(J, Murray, London, 1773). 3 = : "

b Lavoisier and de la Place, Mémoires de I'Académie, 1780, p. 355. See alao Lawoisier, Traité élémentaire de
Chimie, Paris, 1801, p. 1. The irregularity incidental to the dating of publications issued between
1700 and 1880 has been the subject of comment by J. Rosenthal in a German translation of the two
articlea by Lavoisier and de la Place (Zwei Abhandlungen iber die Warme von A. L. Lavoisier und P. 8.
de la Place, 1780 u, 1784, Ostwald's Klassiker der exakten Wissenschaften, No. 40, Leipsic, 1892).

¢ Crawiord, loc. cif., p. 358, d Ihid., p. 359, € Inid., p. 361, I Ibid., p. 363.
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Quite different is the explanation of these phenomena given by Lavoisier
and de la Place.® As a result of their experiments on a guinea-pig they
coneclude:

Ainsi, I'on peut regarder la chaleur qui se dégage dans le changement de I'air pur en
air fixe, par la respiration, comme la cause principale de la conservation de la chaleur
animale, et si d’autres causes coneourent A I'entretenir, leur effet est peu considérable.

La respiration est done une combustion, & la vérité fort lente, mais d'ailleurs par-
faitement semblable & eelle du charbon; elle se fait dans l'intérieur des poumons, sans
dégager de lumidre sensible, parce que la matiére du feu, devenue libre, est aussitdt absorbée
par I'humidité de ces organes: la chaleur développée dans cette combustion se commu-
nique au sang qui traverse les poumons, et de-l4 se répand dans tout le systéme amimale,
Ainsi, I'air que nous respirons, sert i deux objets également nécessaires 4 notre conserva-
tion; il enléve au sang la base de I'air fixe, dont la surabondance seroit trés-nuisible; et la
chaleur que cette combinaison dépose dans les poumons, répare la perte continuelle de
chaleur que nous éprouvons de la part de I'atmosphére et des corps environnans.

. . . la conservation de la chaleur animale est die, au moins en grande partie, & la
chaleur que produit la combinaison de 1'air pur respiré par les animaux, avec la base de
I'air fixe que le sang lui fournit.

While the researches of Crawford and of Lavoisier and de la Place showed
that the animal body was capable of giving off heat and that muscular work
increased the oxidative processes, the fact that external muscular work could
be converted into heat was first brilliantly demonstrated by Count Rumford.
This investigator made experiments in which the work of horses was employed
to turn a steel cannon-borer pressed against the bottom of a hollow metal
eylinder immersed in water. He calculated that the heat produced by friction
in such an apparatus was equal to that continuously produced in the combus-
tion of 9 wax candles, each three-fourths of an inch in diameter. At the end
of about two hours the water actually boiled. He says:

As the machinery used in this experiment could easily be carried around by the foree
of one horse (though to render the work lighter two horses were actually employed in
deing it) these computations show further how large a quantity of heat might be produced
by proper mechanical contrivance merely by the strength of a horse, without either fire,
light, combustion, or chemieal decomposition; and in a case of necessity the heat thus pro-
duced might be used in cooking victuals. But no circumstances can be imagined in which
this method of procuring heat would not be disadvantageous; for more heat might be
obtained by using the fodder necessary for the support of a horse as fuel b

Beginning with the experiments of Lavoisier, a new impulse was added
to the search for the source of animal heat. Lavoisier's personal belief that
the lungs are the seat of combustion was contested by Lagrange,® who argued
that if the quantity of heat developed in the body in the course of a day was
actually produced in the lungs it would necessitate such a high temperature
as to cause destruction. The discovery that respiration also took place
through the skin® independent of the lungs further complicated the matter.
The discussion thus started waged continuously until in 1837 Magnus® con-
eluded that the combustion did not take place exclusively in the lungs, but
in the eapillaries in general throughout the entire body—a conclusion that
has been aceepted from that time.

.

% Lavoisier and de la Place, Mémoire sur la chalenr. Mémoires de |'Académie Royale dea Sciences, 1780, p.
405, o seg.  Printed in Paris, 1784,

b Rumford's Esanys, London, 1798, 2, p. 438,

¢ Lagrange cited by Hassenfratz. Ann. de Chim,, 1791, 9, p. 266,

d %fmllan:am. Mémpires sur la respiration, Geneva, 1803,

¢ Magnus, Ueber die ein Blute anthaltensn Gaze; Saucerstoff, Stickstoffl und Kohlensaure, Poggendorfi'a Ann.
der Phys. u. Chem., Leipsie, 1837, 40, p. 533; 1845, 66, p. 177.
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The absence of definite proof in Lavoisier’s experiments that animal
heat was aetually a process of combustion led to various explanations as fo
the cause of production of heat. Brodie,® working with deeapitated ani-
mals, coneluded from his experiments that the brain controlled the produetion
of heat, and that it was due to a nervous action rather than a chemical change.
In this he was supported by Chossat,” but Hale in 1813,° Legallois in 18179
Wilson Philip in 1817,° and Williams in 18357 found on the other hand that
artificial respiration in decapitated animals was ample to maintain the body-
temperature. All of these experiments, however, dealt only with measure-
ments of body-temperature and not actually with the production of heat.

The first important calorimetric research was that resulting from the
offer of a prize by the Academy of Sciences in Paris for the best essay on the
origin of animal heat. The prize was awarded to a memoir by Despretz
published in 1824 The essay of his competitor for the prize, Dulong, was
read before the Academy in 1822 but not published until 1841, after Dulong’s
death.” Both investigators employed essentially the same form of apparatus,
namely, water calorimeters, and experimented with small animals such as
rabbits and eats. According to Despretz, the heat of combustion of earbon
and hydrogen accounted for 74 to 90 per cent of the animal heat; according
to Dulong from 69 to 80 per cent.*

In 1842 appeared the first of two papers by J. R. Mayer, the second paper
appearing three years later in pamphlet form.* In these papers Mayer
enuneciated and elaborated the fundamental principle now known as the law
of the conservation of energy.

While formerly physiologists have been occupied in studying the balance
of matter, 1. e., the intake and output of the body, stimulated by the active
researches of Boussingault ! and Barral,™ after the enunciation of the principle
of the conservation of energy by Mayer, the great problem eame to be one of
the balance of energy.

As early as Mayer's time we find physiologists considering the question of
statie work, for Mayer says: ‘““Die Leistung eines Mannes, der mit grosser
Anstrengung ein Gewicht frei hilt, oder Stundenlang unbeweglich gerade
steht u. s. w. ist = Null; ein Gleiches, ja noch viel mehr, kann auch eine
holzerne Figur vollbringen.”

In the light of the present tendency toward vitalism, some of Mayer's
statements have unusual foree, since he dismissed as entirely irrational the
idea of the ereation of a physieal force by means of a vital force. At this time
Liebig ® advocated the existence of a vital force, and Mayer ¢ was particularly
emphatic in his polemic against Liebig’s theory.

The best statement of the hold that “vitalism” had on the earlier

e ——

4 Brodie, Philosophical Transactions, 1512, 102, p. 375
b Chossat, Ann. de Chim. et de Phya., 1820, 32T, 2, 18, p. 47. i i

¢ Hale, Experiments on the production of animal heat by respiration, Boston, 1813,

d Teeallois, Ann. de Chim. et de Phys,, Paria, 1817, 4, p. 21. :

¢ Wilaon Philip, An experimental inguiry into the lawa of the vital funetions, London, 1817.

I Williams, Observations on the changes produced in the blood in the course of the circulation, London, 1835.
# Desprots, .-hm.l:!e;[{!_him. nﬁinlubl:lr}'ﬂ.idfiﬁ‘liﬂﬁ. EQSET

A Imilong, Ann. de Chim. et de ki -Fe v Ly . :

i See I'.igmmt.a'ﬁ somparizon of the two investigations, Ann. de Chim. et de Phys. 1841, 3, p. 318,

i Mayer, Ann. der Chem. u. Pharm,, 1842, 43, p. 233 : ;

& Maver, Die organische Bewepung in ihrem Zusammenhange mit dem Stollwechsel, Heilbron, 1845,

! Doussingault, Ann. de Chim. et de Phys,, ser. 2, 1839, T2, p. 113. Also ibid, ser. 3, 1844, 11, p. 433,

m Barral, Ann, de Chim. et de Phya,, 1849, 26, p. 120, : s ! y
n Li.t-.hiz. Die organische Chemie in ihrer Anwendung aul Physiologie und Pathologic, Braunschwoig, 1842,

o Mayer, lec. cif., p. 57, &f 3eq.
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physiologists is found in a paper by Helmholtz,” who, independently of Mayer,
announced the same fundamental principle of the conservation of energy.
In this paper Helmholtz says:

The majority of the physiologists in the last century and in the beginning of this cen-
tury were of the opinion that the processes in the living bodies were determined by one
principal agent which they chose to call the “vital principle.”” The physical forees in the
living body they supposed eould be suspended or again set free at any moment by the n-
fluence of the vital principle, and that by this means this agent could produce changes in
the interior of the body so that the health of the body could be thereby preserved or restored.

The present generation, on the contrary, is hard at work to find out the real causes
of the processes which go on in the living body. They do not suppose that there is any
other difference between the chemical and the mechanical actions in the living body and
out of it than ean be explained by the more complicated circumstances and conditions under
whieh these actions take place, and we have seen that the law of conservation of force
legitimizes this supposition. This law, moreover, shows the way in which this fundamental
question, which has excited so many theoretical speculations, can be really and completely
solved by experiment.

Although the ecalorimetric experiments of Despretz and Dulong, espe-
cially after their interpretation by Liebig, aided greatly in verifying experi-
mentally the law of the conservation of energy in the animal body, it was not
until the classical experiments of Rubner ? in 1893 on dogs, in which the income
and outgo were accurately measured, that the law of the conservation of
energy in the animal body was demonstrated. Subsequently, Atwater and
his associates, working with the respiration calorimeter at Wesleyan Univer-
sity, Middletown, Connecticut, amplified the results obtained by Rubner,
and by means of complete balance experiments, demonstrated this uniformity
in the income and outgo of energy in the human body, thus proving the law
of the conservation of energy. Simultaneously Laulanié in Toulouse made a
series of observations with animals in an animal calorimeter which also further
substantiated this important deduction.

Shortly after the announcement of the law of the conservation of energy
by Mayer, an English engineer, Joule, computed the mechanical efficiency of
a horse by comparing the amount of work performed with the energy in the
food eaten. The following paragraph is from a paper by Scoresby and Joule:®

A horse, when its power is advantageously applied, is able toraise a weight of 24,000,000
pounds to the height of one foot per day. In the same time (24 hours) he will consume 12
pounds of hay and 12 pounds of eorn. He is therefore able to raise 143 pounds by the
consumption of one grain of the mixed food. From our own experiments on the combus-
tion of a mixture of hay and corn in oxygen gas, we find that each grain of food, consist-
ing of equal parts of undried hay and corn, is able to give 0°.682 to a pound of water, a
quantity of heat equivalent to the raising of a weight of 557 pounds to the height of a foot.
Whenee it appears that one-quarter of the whole amount of vis viva generated by the com-
bustion of food in the animal frame is capable of being applied in producing a useful me-
chanical effect, —the remaining three-quarters being required in order to keep up the
animal heat, ete. If these theoretic views be correct, they would lead to the interesting
conclusion (which is the same as that announced by Matteucei from other considerations)

that the amimal frame, though destined to fulfill so many other ends, is, as an engine, more
perfect in the economy of viz viva than the best of human contrivances.

As the problem of the mechaniecal efficiency of the body eame more and
more to the front, many estimates with regard to the mechanical output of a

& Helmholtz, Proc. of the Roval Institution, 1861, 3, p. 350
& Rubmner, Zeitschr. . Biol., 1504, 30, p. 73.
€ Booreshy and Joule, Philpsophical hI?:gaz:inn, 18446, 28, p. 434,
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man's body during a day of work appeared in the literature. These computa-
tions, which are all based upon mathematical considerations entirely disso-
ciat ml from ehemical transformations in the body, present an interesting array

of opinions. They are given in abstract in table 2. More recent estimates
are not included.

TanLe 2. —Computation of a day's work for a man.

Computer. Nature of work. of dngl. ilnl“m!
howrs,  kilograme’l'ra
Ranloned. . ... Ascetiding ladider of SkaIE. . .. oovwneenseninnsesesninsnesssns 3 280,000
| R o P i e e 10 461,700
Lifting weight with rmope , ..o i i s d e [ 80,600
I.J.ft.l.u,g ek e Lk 1T T | et b e e e P e (i T3040
CATTInE Wl PRI . . o e din v s e mmld e 0w fae e e e T i G 55,00
Shoveling earth to height of 5 fi. 3 in. 5 10 JE.S00
Wheeliog loaded barrows up incling of lini2 rl:hturuqu: l;'tul:lL} 10 45,200
Pushing or pulling on capatan of Gar ... ..ocveoewcuansciasans 8 211,000
T i T ot ot o] il oy |1 s e e el B e e 8 179,200
Working a pump. oo ceweennnes e T TEeatAE 10 164,200
Hamme rmg .............................................. & (7) G400
Dondera®.....| Itaising weight with rope (in pile-driving; 4§ hea, actual labeor) .. 9 56,083
Do, (V.27 hra, actual la‘tmr} 14 BV, 241
Lamandae®....| Laying paving stones . ........ (r) BG5S
Coulomb . ... R T e o aTaa o) (9] 75,240
! Asending mountain (Tencriffe) . g 204,610
Haughtont. . | Aseending lndder. .. ........... B 2831
e m i i 10 125,100
Pushing “*swing-lift" horizontally. .. ........cvvtiiiamnannnan 10 B6,700
Azcending ladder with burden and li]L"-‘:II"-EIIdlI'tE with decreased
burden: hodman carrving bricks. .. .. ...o0 0o cia i iianaas (7 112,400
Raising weight (by hand?), paviors ue.m.g ramier (4. -i hirs. actual
labor). . e e 10 108, (M
Walking 20 milos ['U 48 kilomete rs} without burden, . .....on.. () 113,400
Theo same, pecording to Weishach’as method. - ..o o e inenas (7} 104,700
Walking 24 kilometers alternately with and without burden;
porters carrying goods 2,000 meters and making § journeys o
e el ) e s e e e £ 115,100
The same, according to Weisbach's method. . ... i o 197,200
[ EE T h T T e e e e el e i o 124,000
Walking 19 kilometeras with burden of 44 kilograms; pﬁ!lerﬂ
T T R e iy i 104,500
The same, aceording to Weisbeelh’'a method ... ..o oL b 150,500
Average work of man, . ... AL o TR I TR A B b Ly e a0 | Jendes 10,548
Weiabaoht . ... ﬁmmling SOARY ITNONTE OF BEAITH. & o - o s == i mims wnn e e 8 202 A0
Lifting weight, hAMmOT. . .0 e amaneeionnneisssssoeanssns il 178,500
Walking unburdened 1.5 metera per second, 3§ milea per hour, .. . . 10 315,000
Walking with burden of 40 kilograms (.75 meter per second, or
1} ] T o T b i e ey L b G I o VL Co e Dy T 173,250
Vierordt®, .... Esum m,  Fr ol LT | 2R E L e e S S 10 300,000
o e R e e L b1 201,600
Tragtwein 7. .. Wr-llmu; backward and forward on o ¢ Lm: Forvap: i ettt S 546,800
L T T e T P P s 168,200
Waorking on a EREE F | e e S e S e T 204,250
Raising water with Eurnn ................................... F 138,000
Thurston ¥, .. . \Iarclung CArTyVing nap.ﬂ.nnk—uuldmr {I"'u.hhnnnn} ............ Je 414,000
Average work o A T e e e e - 276,000
Mosso ®, o By welghb. oo s v s e s e e i e R e i ALY

1 Rankine, Manual of applicd mechanies, 2d od., Glassow, 1560, p. $210,
T yu.,dpm, hMLIMﬂdﬁLEF;'Lm]h\ Genses.— cn Natuurkunde, 2, p. Z10.  Also, Journ. Anat. Physiol., 1807,

3 Ciﬁnd h.'l" ﬂfn":..fn;, Noderlandzch, Arch. v. Genees.—en Natuurkunde, 1864; alsa, Dublin Quarterly Journal
of Sciencee, 1866, 41, p. 450,

4 Haughton, Principles of animal meehanies, London, 1573, pp. S51-62. ;

& Weiabaeh, Lelirbuch o. Inzenieur u. Maschinenmechanik, 2 Theil, 2 Abth,, 5 Aufl, 188357, p. 83. Cited
by Fierordt, Anat. physiol. w phyvsik, Deten u, Tabelien, Jena, 1593, p. 204,

& Vierordt, Anatomise 'Im, physiclogische und phyaikalische Daten und Tabel l:‘:l. Jena, 1893, p. 206,

7 Teautwein, Engineer's Pocket Book., Cited by Carpenter, in The effect of severs and prolonged mus{'u!ai
work and the mechanical work and efficiency of bieyclers, by Atwater, Eherman, and Carpenter, Ui
Dept. Agr., Off. Expt. Stas. Bul. No. 08, 1901,

8 Thurston, The animal 43 a prime mover, Ann, Rept. Smithsonian Institution, 1896, p. 297,

¢ Moaso, La [atigue intellectucile et physigue, Paris, 1504,



LATER INVESTIGATIONS 33

LATER INVESTIGATIONS ON METABOLISM IN ITS RELATION
TO MUSCULAR WORK AND ANIMAL HEAT.

Beginning with 1850, investigations on the relation between metabolism
and muscular work formed a considerable part of the researches of many
physiologists. As time passed, the technique was more carefully developed
and accuracy increased, since each succeeding investigation improved or
attempted to improve upon the earlier ones; rapid progress in this field of
research was thus assured. The literature, however, has its greatest value as
a record of progress rather than as a series of mathematically exact contribu-
tions to the development of the general problem; consequently it is unneces-
sary to enter into an exhaustive digest of each paper, especially as this has
already been admirably done in a number of articles which have appeared in
handbooks and encyeclopedias. A brief statement of the researches and the
methods employed will therefore suffice, but in the subsequent discussion
of the results of this investigation, specifie reference will frequently be made
to such portions of the earlier papers as deal particularly with the points
under consideration.

The simultaneous measurement of the products of respiration and the
heat outgo in experiments on man was first attempted in 1857 by Hirn.* The
study of the mechanical equivalent of heat which was engaged in at this time
by many secientists led this investigator to make an attempt to deduce the me-
chanical equivalent of heat from a comparison of the heat and work simulta-
neously produced by a man with the ealorificequivalent of the amountof oxygen
consumed. Although his experiments were wholly unsuccessful,? they marked
a step in the attempt to establish the law of the conservation of energy.

The first extensive investigation into the influence of muscular activity
upon the carbon-dioxide production was that made by Edward Smith,®
who early recognized the difficulties of computing the carbon-dioxide output
of any individual owing to the unknown factor of muscular exertion. Smith,
employing a mask and an absorbent for carbon dioxide, together with a
gas-meter, estimated the amount of carbon dioxide exereted per hour under
various conditions of muscular activity with and without food.

While walking at the rate of 2 miles per hour during three-quarters of an
hour, and carrying a spirometer weighing 7 pounds, the investigator expired
18.1 grains of carbon dioxide per minute and 25.83 grains per minute while
walking at the rate of 3 miles per hour. These quantities represent 1.85 and
2.64 times that of rest in the sitting posture. From these experiments Smith
computed the quantities of carbon dioxide expired in quietude, by the non-
laboring elass, and by laboring individuals. In quietude the results were
26.193 ounces of carbon dioxide per day, this being equal to 7.144 ounces of
earbon; with the non-laboring class, 31.824 ounces of earbon dioxide, equal to
8.68 ounces of carbon; and with the laboring class, 43 ounces of ecarbon
dioxide, equal to 11.7 ounces of carbon, with a general average of 33.67 ounces
of carbon dioxide and 9.18 ounces of carbon per day.

@ Hirn, Rechorches sur ['éguivalent méeanique de la chalewr, Paris, 1858, This yaper, subscquently rodis-
cussed by Hirn (La thermodynamique et le travail ches les 8tres vivants, Paris, 1857), wan severoly
criticized by Chauvean (Arch. d. Physiol. norm. et pathol., 1897, 9, p. 229),
b See Weiss, Physiologie générale du travail museulaire et de chaleur animale, Paris, 1909, p. 140, for a eriti-
. ciam of Hirn's resulta,
€ Bmith, Philosophical Transactions, 1859, 149, p. 851,
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Smith also studied the earbon dioxide expired during work on a treadmill
having 43 steps, ascending 28.65 feet per minute, the earbon dioxide being
determined for short periods of a few minutes each. The after-effect of the
muscular work is excellently shown by the fact that the pulse-rate during
Smith’s work experiment of October 9 was 150, and after 29 minutes of rest
it was 102 beats per minute, while his pulse-rate in a period of rest was asa
rule eonsiderably under 88; furthermore, even after 29 minutes of rest, 9.14
grains of carbon dioxide were given off per minute as compared with approxi-
mately 6 grains during rest before work.

Using the large respiration chamber at Munich, Pettenkofer and Voit ®
made a number of experiments on men at rest and with muscular work.
For a subject they employed a man who had been accustomed to using a
foot-power lathe, and the resistance of the apparatus was so adjusted as to
correspond to his daily work. The man worked 9 hours each day. The work-
periods were compared not only with ordinary rest-periods, but with rest-
periods in which the subject fasted. Thus, in a series of three 24-hour fasting
experiments, the subject gave off during the first two days of rest 738 and 695
grams of carbon dioxide respectively, while on the third day, which was a
work-day, he gave off 1,187 grams. In another series, in which the work
followed rest with food, the results for the first three days of rest were 912,
943, and 930 grams of carbon dioxide respectively, while those for the two
working-days were 1,285 and 1,134 grams of carbon dioxide respectively.
The apparatus used did not permit direct measurements of oxygen, and
although the investigators eomputed the oxygen eonsumption, their eom-
putations were subsequently shown by Voit to contain errors.

In 1881 Voit® reported two other experiments in which the subject
worked without food, but no statement as to the method by which the work
was performed was given. In the first experiment the work lasted 5 hours,
corresponding to 29,529 kilogrammeters per hour. According to Voit, this
called for an increase in the metabolism of 9.1 grams of fat per hour. A
second man weighing 60 kilograms, likewise without food and working under
exactly the same conditions, performed in an hour 19,036 kilogrammeters of
work, requiring an increased decomposition of 7.2 grams of fat. Averaging
the results of these two experiments, Voit computed that a load or task
necessitating 24,282 kilogrammeters of work in an hour resulted in an
increased decomposition of 8.2 grams of fat, this being equivalent to a
production of 23.0 grams of carbon dioxide.

As early as 1866 Speck,® employing a new design of respiration apparatus
in which the expired air was ecollected in a spirometer and then analyzed, made
a number of experiments with musecular work. In these experiments, which
lasted from 6 to 9 minutes, both the carbon-dioxide production and the oxygen
consumption were determined. The muscular work consisted in raising a
weight by the bent arm to a given distance, the weight and height being used
for the computation of the amount of work performed in kilogrammeters.

In 1871 a second series of experiments was made in which the weight was
raised as before, but was lowered by an assistant. The experimental periods
averaged about 4 minutes.

2 Pettenkofer and Voit, Zeitschr. 1. Biol., 1866, 2, p. 459,

& Vout, Hermann's Handbueh der Physiologie, Leipsie, 1581, 6, part 1, p. 202,
t Epeck, Physiologic des mendchlichen Ath:mens, Leijpsie, 15092,
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In 1885 Speck made another series of experiments, using a form of ergom-
eter in which a wheel was turned by the hand, the friction being adjusted
by means of a screw. In these experiments, which were but 2 to 3 minutes
in length, both the carbon-dioxide production and the oxygen consumption
were determined.

Speck’s results were published in a number of papers, but were later col-
leeted by him into one volume.® His results have also been given in abstract
by Sondén and Tigerstedt® with special reference to the carbon-dioxide
produetion. Speck noticed distinetly the after-effect of work, and it is obvious
that his experiments at work are vitiated by the fact that since they lasted
but 2 or 3 minutes, the earbon dioxide exereted during the first part of the
experiment was unquestionably not so great as would result from the amount
of work earried out during that period.

Employing a unique form of respiration apparatus, Hanriot and Richet
made a number of experiments in 1887,° in which the work was performed
either by turning a wheel or raising a weight. Their respiration apparatus,
although extraordinarily ingenious, had practical disadvantages which have
deterred physiologists as a whole from employing it. In fact, many of the
experiments reported by these investigators have been the subject of severe
criticism.

The effect on the exeretion of carbon dioxide of the muscular activity
of elimbing was studied in Kronecker's laboratory, in August 1888, by Gru-
ber,? who made experiments in which he elimbed a distance of 81.55 meters,
the last 31.55 meters being in a tower. Experiments were also made in which a
15-kilogram weight was carried as a load; the effect of practice was likewise
studied. The earbon dioxide was determined by absorption with soda-lime,
the kilogrammeters of work performed being computed from the body-
weight and the height ascended.

Schnyder,® of Kronecker's laboratory, made further studies on the
influence of muscular activity, employing for the purpose a peculiar form of
wheel by means of which large blocks of stone could be lifted by the body-
weight of the subject. The carbon dioxide was absorbed by soda-lime as in
Gruber’s experiments, and the work performed could be computed, due allow-
ance being made for the friction of the wheel and chain. Experiments were
also made with an apparatus on the treadmill principle devised by Professor
Kronecker.

In addition to the investigations previously ecited in which the effect of
muscular activity upon metabolism was studied, a considerable number
were carried out by means of special forms of apparatus. These may conven-
iently be classified according to the method employed into three groups, i. e.,
the investigations of Zuntz and his associates, in which the Zuntz-Geppert
apparatus was used; the investigations carried out in the French laboratories
with apparatus devised by Chauveau and Tissot; and investigations in which
the chamber method was employed, including especially those made by Son-
dén and Tigerstedt, by Rubner, and by Atwater and his associates.

4 Bpeck, loc. cit., pp. 96-95.
b Sondén and Tlgemmdf. Skand. Archiv . Physiol., 1395 6 p 1.
¢ Hanriot and Richet, Comptes rendus, 1387, 105, p.
@ Gruber, Ztachr. . Biol., 1801, 28, p. 466, The ﬂlmﬂmﬂntﬂ wers reparted before the Schweizerischen Natur-
fﬂmﬂlleweuimmlunx in Solothurn; a notice with regard to t was also published in October 1588
o the Correspondenz-Blatie fiir ‘E‘-r-hv.rcl.:-er Avrzte.
& Eluhnyd.er Zeitach. 1. Biol., 1896, 33, p. 2
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INVESTIGATIONS BY ZUNTZ AND HIS ASSOCIATES.

The first extensive investigation on the effect of muscular work upon
metabolism ecarried out by means of the Zuntz-Geppert apparatus was that
reported by Katzenstein.® The work consisted of moving a Gaertner ergostat
with the arm, and walking on a level and also on an inelined plane by means of
a treadmill designed by Lehmann and Zuntz. The experiments were for the
most part of very short duration — only 4 to 6 minutes. Katzenstein found
no material alteration in the respiratory quotient, notwithstanding the
increased metabolisn, He also made a series of observations on the after-
effect of work upon metabolism.

In 1898 Leo Zuntz® published a deseription of a series of experi-
ments made with a Zuntz apparatus for studying the metabolism during
bieyele riding. The work performed was sufficient to produce 9 times the
amount of earbon dioxide exereted during rest. This series of experiments
represents the first eareful attempt to study the metabolism during bieycle
riding.

The effect of different diets upon muscular work was studied in a long
series of experiments, 176 in number, by Frentzel and Reach.® The work was
performed on a treadmill in the Zuntz laboratory.? Inasmuch as this is the
first time that an extensive investigation was made on the effeet of muscular
work upon the character of the katabolism, we shall have oceasion to refer
to it frequently on subsequent pages.

In 1901 Heinemann ¢ reported a series of experiments performed in
Zuntz's laboratory, in which the Gaertner ergostat and the Zuntz-Geppert
apparatus were likewise used. In these experiments special attention was
also given to the effect of different diets upon the amount of muscular work,
and upon the quantity and quality of the material burned during muscular
activity, The muscular work, which was approximately constant in all the
experiments, averaged 360 kilogrammeters per minute.

A practical application of the study of muscular work as influencing the
metabolism was made by Reach in the laboratory of Durig in Vienna/
Reach used for the muscular work the turning of a centrifugal milk-separator
which had been carefully ealibrated by an electrically-driven motor. The
gaseous metabolism was determined by the Zuntz-Geppert apparatus and
compared with the amount of external muscular work performed. From
his results he then eomputed the calories per kilogrammeter in turning the
wheel of the machine, and compared his results with similar body-activity
observed by Katzenstein, Sondén and Tigerstedt, Johansson and Koraen,
and Hanriot and Richet.

In connection with their study of the fasting metabolism of a subject
(Breithaupt) who fasted 6 days, Lehmann and Zuntz ¢ made observations on
the effect of muscular work, using the Gaertner ergostat and colleeting the
gas samples in short periods, namely, from 2 to 5 minutes. Their observa-
tions also included data with regard to the after-effects of work.

4 Fatzenstein, PAiiger’s Archiv f. d. ges. Physiol., 1501, 49, p. 330
% Leg Zuntz, Pliger's Archiv f, d. ges. Physiol., 1898, 70, p. 3460,

¢ Frentzel and Reach, PAOger’s Archiv §. d. pes. Physiol., 1901, 83, p. 477.

& The trendmill uaed ia deseribed in the Landw., Johrh., 18589, 28, p. 7.

¢ Heinemann, Pllger's Archiv . d. ges. Physiol., 1901, B3, p. 441.

I Reach, Landw, Jahrh., 1308, 37, p. 1053. Sce alzo Biochem. Zeitzchr., 1908, 14, p. 430.
# Lehmann and Zuntz, Archiv f. path. Anat. u. Phys=iol., 1803, 131, supp., p. 92,
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Among the methods used for measuring the amount of muscular work
performed in connection with respiration experiments, mention should be
made of a form of ergostat devised by Jaguet and deseribed by H. Christ.®
As the subject stepped upon this machine, the height of each step could be
measured, and the total height multiplied by the body-weight gave the total
amount of muscular work performed. The studies made by Jaquet and Sven-
son® with this ergostat consisted of experiments with fat individuals in which
the Zuntz-Geppert respiration apparatus was used to measure the gaseous
metabolism. Jaquet also studied the after-effects upon the respiratory ex-
change of muscular work incidental to mountain-climbing, using a Zuntz-
Geppert apparatus. He later repeated these experiments with a Speck
apparatus and a spirometer containing 100 liters.®

Finally, in any résumé of the work done by Zuntz and his associates,
mention should be made of the interesting experiments of Kolmer on swim-
ming.® During these experiments he found that the oxygen consumption was
inereased over that during resting 9 times, nearly 20 per cent greater than the
amount required for rapid mountain-climbing, thus showing the enormous
metabolism during the operation of swimming,

The active interest of Zuntz and his associates in the metabolism during
marching and mountain-climbing has resulted in a large number of contribu-
tions on this subject from Zuntz’ laboratory and from Durig.® The difficulties
incidental to computing the amount of external muscular work performed in
elimbing mountains are obvious, but the observations with the treadmill
are of direct mathematical value. The results of the investigations made by
Zuntz and ofher workers who used the Zuntz-Geppert apparatus have been
admirably brought together in a number of publications.”

INVESTIGATIONS IN THE FRENCH LABORATORIES.

Investigations in the French laboratories on the question of musecular
activity and metabolism have been carried out extensively by Chauveau,
Tissot, Laulanié, and, more recently, by Amar. Chauveau ¢ in 1899 repeated
the experiments of Hirn, using a treadwheel and determining directly the
heat radiated from the body. The emission calorimeter was used, and no
correction was made for the heat of water vaporized. The air was collected
in a Tissot spirometer, the samples being taken in 3 periods of 2 minutes each *
at the beginning, middle, and end of the experiment. Since the ecalorimetrie
measurements were made during the last part of the experiment, only those
results obtained from the analyses of the samples collected in the last period
should be used for comparison with the ealorimetric measurements. Althouch
dealing exclusively with the respiratory quotient, 7. e., the character of the

8 Christ, Deutach. Arohiv [. klin. Med., 1804, 53, p. 102,

b Jaquet and Svenson, Zeitschr. f. klin, Med., 1904, 41, p. 17,

€ Jaquet, Archiv {. exp. Path, u. Pharm., 1910, 62, p. 341.

d Zuntz, Loewy, Milller, and Caspari, Hibenklima u. Berswanderungen, Berlin, 1906, p. 263.

€ Zuntz, Loewy, Miller, and Caspari, Téid. Durig, Physiol. Ergebnizse der im Jahre 1908 Durchgefihrten
Monte Rosa Expedition. Besonders Abgedruckt aus dem LXXXVI Bd, Denkschriften der Mathe-
matisch-Naturwissenschafilichen Klasse der Kaiserlichen Akademie der Wissenschafien, Wien,

I Zuntz, Loewy, Magnus-Levy, and others in Oppenheimer’s Handbueh der Biochemie, Zuntz and Schumberg,
Physiologie des Maraches, Berlin, 1001, Magnus-Levy, Physiologie des Stolfwechsels, in von Noor-
den's Handbuch der Pathologie des Stoffwechsels, Berlin, 1906, 1, p. 379,

# Chauveau, Comptes rendus, 18949, 128, p. 249.

h For a eriticizm of the length of the experiments soe Weias, Physiologie génfrale du travail museulaire et de

la chaleur animale, Paris, 1909, p. 142,
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katabolism, the experiments on Tissot reported by Chauveau® should be
cited. The work was done by going up and down stairs, and the gaseous
exchange studied by the Chauveau-Tissot apparatus.

Laulanié’s experiments * were made chiefly with animals, but Amar in
1910 © studied the effect of bicycling upon the metabolism of men. Using a
bicycle ergometer, the Chauveau-Tissot valves, and a dry gas-meter, he made
experiments on the natives in Algeria, collecting and analyzing samples of
the expired air. In his observations special emphasis was laid upon a study
of the mechaniecal efficiency of the body as a machine. These values will be
referred to subsequently. Amar’s monograph contains an excellent résumé
of the earlier literature with particular emphasis upon the work carried
out in the French laboratories. The percentage of efficiency is given special
treatment.?

A later research of Amar® deals with the muscular work involved in
filing a piece of metal. With a most ingenious arrangement of tambours
and dynamometer springs Amar made a series of experiments both with an
apprentice and a skilled machinist. A study of the gaseous exchange was
made in many of the experiments. As was to be expected with this form of
work low efficiencies were found.

INVESTIGATIONS BY THE CHAMBER METHOD.

The principal investigations on museular work by the chamber method
were made by Sondén and Tigerstedt in Stockholm, Rubner in Berlin, and
Atwater and his assoeciates in Middletown, Connecticut.

Employing the large Sondén-Tigerstedt respiration chamber in the
Karolinska Institute in Stockholm, Sondén and Tigerstedt”! carried out a
series of investigations studying only the effect of museular work upon the
carbon-dioxide output, their apparatus not being designed for determining
the oxygen consumption. Several forms of muscular activity were used, the
study including experiments in which the subject walked about the chamber,
the distance traveled being measured by means of a pedometer, and experi-
ments in which the subject elimbed up and down a ladder placed inside the
chamber. The Gaertner ergostat and the Fick dynamometer were also
employed. In reporting these researches, SBondén and Tigerstedt computed
the results obtained by earlier workers with reference to the relationship
between the carbon-dioxide production and muscular activity so as to make
them comparable with their own results. This comparison is given in table 3,
which is taken from the report of Sondén and Tigerstedt.?

Using a special form of ergostat, in which the arms and muscles of the
back were employed, Johansson* made a series of experiments in which he
raised a weight to a given distance, the amount of work ranging from 600 to
7,000 kilogrammeters. Placing the apparatus inside the Sondén-Tigerstedt
respiration chamber, he determined the carbon-dioxide production for each
kilogrammeter of external muscular work, eoncluding from his results that

& Chauveau, Comptes rendus, 1806, 122, p. 1163,

b Laulanié, Eléments de physiologie, 2d ed., Fara, 1905,

¢ Amar, L& rendement de la machine humaine. Itecherchea sur lo trawvail, Paris, 1910,
d Sen alan Weiss, loe, el

¢ Amar, Journal de Physologie ot da Puthalameﬁgannr:ﬂa 1913, 16, pp. 60 aod 102,

/ Sondén and Tigerstedt, Skand. Archiv, 1805

¢ Sondén and Tigeratedt, loe. eil., p. 202,

b Johansson, Skand. Archiv, 1901, 11, p. 273,
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the output of carbon dioxide was proportional to the load. At the end of each
experiment the pulse-rate was taken, but in no case was it unusually high,
indicating that the work was not excessive. Exactly the same type of appa-
ratus was employed by Johansson and Koraen® to study the effect of static

work upon metabolism.

TasrLe 3.—Carbon-dioxide production during muscular work.

Carbon-dioxida
Na. El_-lmmr:':?rgelt::: Nature of work. Author.
of wark,
.
1 S TR0 ey B R S L 1 e Vit
2 B I | B e e e e Do,
3 00532 | Rabsing woight with arm . .. .....cvnvnannniinnas Bpeck, 1566.2
4 O T | R T e e e o i e e 2 Bpeck, 18710
5 0,00304—0, 00403 1 e e e ey s D Ciai Bpecl, 18712
G 0TS | Turning wheel with arm. ... ... cvmvumminsneennan Speck, 18854
T LONST 1 T e B e e S oo TR e Bpeck, 1585.8
8 ODE2E | Harsing weighilm . oo s s e e o aie s e a0 s s a s o s Hanriot and Richet.®
g O0GLT | Work on Girther's ergostat. . .. coocevnnranacanns .. .| Katzenatein.”
10 0.00221 | Walking inclined plane. . .......c.ocoiiiiniienrnnn. Katzenatein.s
11 0.0M28 | Climbing ladder average of 8 experimenta. . vows .| Bondén and Tigerstedt
0.00214 VB F T R S L L e S T i e T e (R Do,
12 0.00232 | Work on Girtner's ergostat; average of 8 experiments o,
13 0.00368 | Work on Fiek's dynamometer; average of 9 experiments Dy

1 Vait, Handbuch d. Physiol., 1381, &,

2 Speck, Physiologie de=3 menschlichen Atl?meus. Leipsie, 1892, p. 63.

4 Speck, ilid., pp G643,

4 Speck, thid., p. 69 folg.

5 Bpeck, dhid., r.l B,

& Hanriot and Richet, Comptes rend. de 1'académie dea seiences, 1887, 115,

7 Katzenatein, ["'Hu;uru Archiv f. d. ges. Phyasiol., 1891, 49, p. 3;9 carbon dpo-m-:le computed by Sondén and

er
8 Katzenstein, Im: eil., p. 367; carbon dioxide computed by Sondén and Tigerstedt.

A most interesting series of experiments was carried out under Rubner's
direction by Wolpert ? in the Hygienie Institute in Berlin. Using a large
respiration chamber designed by Rubner, Wolpert studied the actual daily
work of men and women employed in different occupations, his subjects
including a seamstress, a writer, a tailor, a lithographer, a sewing-machine
operator, a draftsman, a mechanie, and both a man shoemaker and a woman
shoemaker. Only the production of earbon dioxide was observed. In an
investigation upon the influence of the temperature of the air on the quantity
of carbon dioxide produced by man during severe muscular work, Wolpert,
employing an ergostat, found that every gram of earbon dioxide corresponded
to approximately 300 kilogrammeters of work, eonsequently that every kilo-
grammeter corresponded to 3} milligrams of carbon dioxide. Employing
this factor in his studies on the work of different laborers, he eomputed the
hourly external muscular work of the different subjects as ranging from 900
kilogrammeters for the seamstress to 8,000 kilogrammeters for the man
shoemaker.

Using the Pettenkofer-Voit respiration chamber in Berlin, Rubner ¢
made experiments with a subject who took a large quantity of carbohydrate
in one period and of protein in another, performing each day 100,000 kilo-
grammeters of work. By measuring the resting requirement, Rubner found
that the increase in energy due to this amount of work when sugar was taken

4 Johansson and Koraen, Skand, Archiv, 1902, 13, p. 2209,
b Wolpert, Archiv f. Hygiene, 1806, 26, p, 68,
¢ Rubner, Sitzber, K. Preusa, Akad. Wiss., 1010, 18, p. 316
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was 845.3 calories and when protein was ingested, 855.6 calories. Since the
heat equivalent of the work performed was 234 calories, the data give oppor-
tunity for computing the mechanical efficiency of the body.

The first report of researches carried out by Atwater and his associates ®
with the respiration chamber at Wesleyan University, Middletown, Connec-
ticut, included three experiments on museular work in which a block of iron
weighing 5.7 kilograms was raised and lowered by means of a rope passing
over a pulley attached to the top of the respiration chamber. The move-
ments of raising and lowering the weights brought into play not only the mus-
cles of the arms but also the legs and other parts of the body, the idea being
to induce severe muscular activity with no attempt to isolate any group of
musecles. With this apparatus the subject did severe work for 8 hours on
each experimental day. Throughout the working period he perspired very
freely, and at the end he was thoroughly tired. The experiments were made on
three successive days, during which time the subject remained in the respira-
tion chamber the entire 24 hours.

Later, by means of a stationary bicyele, the rear wheel of which was
connected by a belt with a small dynamo, Atwater and Benedict made an
experiment on muscular work with a subject inside the respiration chamber.
At that time the chamber had been sufficiently tested as a calorimeter to be
used for measuring exactly the heat produced by the body.® As in the earlier
experiments, the muscular work period lasted 8 hours, the number of revolu-
tions of the wheel being counted by means of a cyclometer attached to the
bicyele. The heat equivalent of the external muscular work was estimated
to be not far from 250 ealories per day.

This same bicycle ergometer, with its rear wheel belted to a small dynamo,
was used by Atwater and Benedict in a work experiment which was published
in 1902.° The results of four additional experiments were also given in which
a modified form of the ergometer was used.® As modified, the rear wheel of
the bieyele was applied directly to a pulley fastened to the shaft of the dynamo,
which was mounted on a rocking base, the necessary tension being secured by
means of a spiral spring which kept the pulley of the dynamo pressed against
the tire of the bieyele wheel. The detailed deseription of the apparatus and
the method of ealibration were not, however, given until a later publication
in which additional work experiments were published.® This form of ergom-
eter was calibrated before and after each experiment by running the dynamo
as a motor and likewise by connecting another motor with the armature
shaft and measuring the energy required to rotate the wheel of the apparatus.

Employing a new form of bicycle ergometer, Benediet and Milner £
report a large number of muscular-work experiments, covering several days.
These were all carried out inside the respiration calorimeter at Wesleyan
University, Middletown, Connecticut, the subject remaining in the chamber
the entire 24 hours, the working periods usually being 8 hours in length.
Certain of the experiments were designed to study the relative efficiency of fats

€ Atwater, Woods, and Bonediet, U. 8. Dept. Agr., Office Expt. Stas, Bul. 44, 1807, p. 5l.

b .H,!.“:'l,l-(!r amd Fo=n, U, S5 ”!"pl. Agr., {_}Iﬁrc I_;;l;]ht. Stas, Bul. l'l-? 18509, ]I:I. this ill!'.!’.':n]'.rlll:lh of the 'I'EBIH-I‘B'-
tion calorimeter, Atwater and IRosa cite one of the pxperiments on muscular work (p. 76). See
Atwater and Benadiet, U, 8, Dept. Agr., OfNee Expt. Stas. Bul. 69, 1805, p. 47

¢ Atwatar and Benedict, Ul 5. Dept. Agr., Office Expt. Stas. Bul. 102, 1902, p. 21.

d Atsater and Bencdiet, loe, eif., pp. S4=120,

¢ Atwater and Benediet, U. 8. Dept. Agr., Office Expt. Staa. Bul. 136, 1903, p. 30.

S Benediet and Miloer, U, S— Dept. Agr., 'DJ'I"MI?&IJI Stas, Bul. 175, 1907,
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and carbohydrates for muscular work, but the apparatus was chiefly used as
a means of securing a large and accurately known amount of museular work.
A description of this new form of bicycle ergometer was given in a publi-
cation by Benedict and Carpenter which appeared in 1909.* The experiments
reported in the same publication were primarily designed for the study of the
efficiency of the body as a machine, and included a series of experiments with
a professional bieycle rider in which an enormous amount of external muscular
work was performed by means of this ergometer. In the calibration of the
apparatus certain abnormal factors were observed which ultimately became
the subject of a special investigation ® in which the influence on the magnetic
field of the rotation of a copper disk was accurately studied. In this research,
two ergometers constructed upon the same principle were observed; these in-
struments were, as a matter of fact, those subsequently employed for the study
of the metabolism during muscular work which is reported in this publication.

METHODS AND APPARATUS USED IN THIS RESEARCH.
GENERAL PLAN OF THE RESEARCH.

A critical examination of all the literature bearing upon the relationship
of muscular work and metabolism brings out two striking facts:

First, that while many investigators have studied the influence of mus-
eular work upon the character of the material katabolized in the body to find
whether or not there is a selective combustion incidental to severe muscular
activity, it nevertheless remains a fact that there is a wide diversity of opinion
on the subject. .

Second, that the relationship between the actual amount of external
work performed and the energy equivalent of the materials katabolized is
by no means established, the results obtained by the various investigators
differing within wide limits.

Even in the more recent work, the divergence of opinion on both these
points is very noticeable. Thus, Chauveau and the members of the French
gchool are strongly inelined to maintain that there is a seleetive combustion
of carbohydrate material during muscular work. On the other hand, Zuntz
and his associates are thoroughly convinced that musecular work does not alter
the character of the metabolism. Similarly, in discussing the efficieney of the
body as a machine, the values found by the French investigators are notice-
ably different from those of Zuntz and his associates, and there is likewise a
wide difference between the values found with the respiration chamber at
Middletown, Connecticut, which have been reported by Benediet and Car-
penter, and those of Zuntz and Durig and their associates.

An examination of the experiments made in this laboratory for a number
of years past shows that the diversity of results obtained and reported by
other investigators has not been observed here, since our values indicate in a
general way a uniformity in the effeet of muscular work upon metabolism.
In view of the development of an extremely accurate bicycle ergometer which

& Benedict and Carpenter, U, 8. Dept. Agr., Office Expt. Stas, Bul, 208, 1909, p. 11.
b Benedict and Cady, Carnogie In:ilitu!?tgn of “'ushiuxg,?lun Publication No. jl.'-?,plﬁiﬂ.
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has recently been calibrated with especial eare, together with the development
of a new form of respiration apparatus capable of measuring aceurately the
large amounts of earbon dioxide produced and oxygen consumed during severe
musecular work, it was considered that this laboratory was peculiarly well
fitted for undertaking an investigation on the influence of severe museular
work upon not only the character of the material katabolized, but also upon
the amounts of material katabolized. Moreover, the striking disagreement
between the results for the mechanical efficieney of man obtained on the one
hand by Benedict and Carpenter and on the other by Zuntz and his associates
made further experiments on this subject necessary. The study reported
here was intended to amplify the results of the earlier investigations.

The research was primarily designed to secure evidence with regard to
the influence of severe muscular work upon the character of the metabolism,
as well as evidence with regard to the efficiency of the body as a machine.
The experiments were for the most part carried out with a professional
bieyelist riding a carefully ealibrated ergometer with an eleetriec brake.®
While no ecalorimetric measurements were made, the earbon dioxide produced
and the oxygen consumed were determined by means of the new form of
respiration apparatus, which was especially modified to meet the exacting
requirements of experiments with severe muscular work. The experimental
periods were all of such length as to overcome the criticism that has previously
been made with regard to the short experiments of earlier investigators.

In order to obtain values for use as a base-line, a large number of experi-
ments were made in which the resting metabolism of a subject without food
was determined while he lay quietly upon a couch. Btudies were also made of
the resting metabolism while the subjeet sat quietly upon the bicyele seat,
with his feet in position for riding, but without movement. In the musecular-
work experiments, the work varied from very light to extremely severe, 1. e.,
the heat equivalent of external muscular work was 2 calories per minute
or 850 kilogrammeters per minute; in some experiments the subject rotated
the pedals without load; in others, he kept his feet upon the pedals while they
were rotated by a motor; in the majority of the work experiments, the subject
rode with a load which was varied from light to heavy according to the
character of the experiment. All of the experiments were made when the
subject had been at least 12 hours without food. The majority of the work
experiments were preceded by rest experiments. To carry out successfully a
series of experiments of this kind it was necessary to have a well-trained sub-
ject capable of severe and prolonged museular exertion. We were extremely
fortunate in securing a subject who cooperated very intelligently with us in
the conduct of the experiments, and while the muscular work was frequently
very severe, it was at no time beyond or even equal to the endurance or ability
of the subject.

DETERMINATION OF THE BASAL METABOLISM.

The basal metabolism was established by studying the respiratory ex-
change when the subjeet lay quietly at rest on a couch and at least 12 hours
after the last food. Under these conditions we obtained what may be termed
the minimum metabolism of the subject when awake. Inasmuch as this

e e

8 Benedict and Cady, Carnegie Institution of Washington Publication No. 167, 1012,
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resting metabolism was determined on a great many days, the evidence se-
cured supplies a basis for comparison as to the eonstancy of values obtained
under these conditions as well as evidence regarding the normal drafts upon
the body-material when the subject was lying quietly without food and awake.
From the respiratory quotient the character of the material burned, and there-
fore the character of the draft upon the body-material can be approximately
eomputed. Furthermore, the base-line with regard to the measurement of the
total metabolism under these conditions ean be quite definitely established.

Experience in this laboratory has shown that there is a marked difference
between the metabolism when the subjects are sound asleep and when they
are awake, even though they are well trained and capable of the greatest
muscular relaxation. It can be seen, therefore, that our base-line determined
in the morning without breakfast is by no means the minimum metabolism
of the subject, but represents the minimum metabolism when awake. On
purely theoretical grounds it might have been of value to ebtain the minimum
metabolism of the subject when sound asleep, but this was impracticable.
It is perhaps needless to state that during the course of the winter the subject
became extremely automatic in his relations to the experiments, and hence
if there was any evidence regarding the value of training for an experiment or
of training to decrease the incidental muscular activity which might be volun-
tarily eontrolled, we should expect to find it here. As a matter of fact, from
the very start the subject was not affected in any way, psychologically or
otherwise, by the simple routine of the experiments, and we have every reason
to believe that the minimum metabolism when the subject was awake was
aceurately determined.

Since the minimum metabolism under these conditions does not represent
the true minimum metabolism of the subject, and since such a base-line is
arbitrarily taken for purposes of comparison, it seemed advisable to secure
data with regard to base-lines under other conditions. For example, the sub-
ject when riding must sit upright on the seat of the bicycle ergometer with the
feet on the pedals. Inmasmuch as this ealls for an inerease in the metabolism
above that of lying quietly, exactly as lying awake calls for an increased me-
tabolism over lying quietly asleep, it seemed logical likewise to determine the
metabolism in the sitting position. This was done in a number of instances.
Again, the legs must move in rotating the wheel, and experiments were made

.in which, by belting a motor to the rear wheel of the ergometer, it was possible
to drive the ergometer and thus rotate the legs of the subject at the various
speeds employed in the regular work experiments, The values obtained
under such circumstances would obviously form still another base-line.
Then again, as the subject must in rotating the wheel overcome the ordinary
small friction of the machine, a series of experiments was made in which the
subject simply rotated the pedals by riding without load. Furthermore, the
load was varied so that a series of experiments was earried out with a very
low load and increased step by step to the maximum load. Each of these
different values can all logically be taken as a series of base-lines for compar-
ison with the highest loads, and thus afford the greatest possibility for varia-
tions in the subsequent comparisons.

Finally, since there is much contradictory evidence regarding the after-
effect of muscular work on metabolism, a number of experiments were con-
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tinued after the work-periods ceased. Under these eonditions the ecarbon-
dioxide production and oxygen consumption were both measured, and care-
ful records of the pulse-rate made. In a few experiments a record of the
respiration was likewize made by means of the spirometer attached to the
ordinary form of respiration apparatus, so as to obtain data regarding the
respiratory types before and after work, but for reasons given subsequently
it was impracticable to use the spirometer during the muscular-work periods.

DETERMINATION OF THE NITROGEN EXCRETION.

It was heped that a reasonably ecareful study of the urine during severe
muscular work could be made, although evidence in the earlier literature with
regard to the nitrogen exeretion is much more abundant than that with regard
to the gaseous exchange. Unfortunately, while the subject was most tractable
and codperated in every way with the investigation while inside the laboratory,
it was very difficult to control the diet outside and even more difficult to
insure a proper collection of the urine and feces; hence we soon had to give
up the plan of securing 24-hour specimens of urine for comparison purposes.
When possible, however, the subject emptied the bladder before the experi-
ment began and again after it was over. The data secured have been collected
and will be subsequently discussed, but they give only fragmentary evidence
with regard to the nitrogen exeretion as affected by severe musecular work.

PULSE OBSERVATIONS.

The intimate relationship between the pulse-rate and the metabolism
so reguiarly noticed in this laboratory led to an attempt to secure the pulse-
rate during these experiments. When the subject was lying quietly upon the
couch, the observations were made with the greatest fidelity and regularity
and became an integral part of each individual period. When the subject
was riding on the ergometer, it was very difficult to secure aceurate records
of the pulse-rate, although attempts were made to obtain these by means of
the stethoscope and occasionally from the radial pulse. While observations
were made in practically every experiment, they were by no means so frequent
as we should have liked, and obviously some other form of technique will
be essential for studying satisfactorily the pulse-rate under these conditions.
At the time the experiments were made, we had no string galvanometer or
oscillograph at our disposal for securing such records.

DETERMINATION OF THE ALVEOLAR AIlR.

The marked changes in the respiratory quotient noted in many experi-
ments led to observations on the alveolar air, and the influence of muscular
work upon its composition. These determinations were made through the
assistance of Mr. H. L. Higgins of the laboratory staff, and were carried out
by the Haldane * method, the sample being analyzed by means of the small
Haldane gas-analysis apparatus.®

OBSERVATIONS ON THE INFLUENCE OF DIET.

The difficulties incidental to an adequate control of the subject while
outside the laboratory and his disinclination to follow rigidly a diet, even

— e mr——

@ Haldane and Friﬂ;ﬂl-}'_ Joairn, I:'!np.'::inL_ 1005, 32,35. 225, b H.‘tllﬁlﬂ.l‘ll‘. Methods of mire ﬂ“ﬂ!}'ﬂiﬂ. !-rﬂlndl'-ll'l. 1912,
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though this was made as liberal as possible, rendered it impracticable to secure
much information regarding the effect of diet upon the efficiency of the body
as a machine or upon the character of the katabolism. On the other hand in a
series of experiments which was earried out with reasonable care, a certain
amount of evidence was obtained which can be used with some reserve for dis-
cussing this point. Naturally the ideal arrangement would have been to make
all of the experiments during a period in which the diet could be carefully
controlled for several days previous, but as this was impossible, the plan for
a detailed study of the influence of diet upon the character of the metabolism
had to be abandoned in order to retain the services of an exceptionally good
subject who codperated in other ways.

EXPERIMENTS WITH UNTRAINED SUBJECTS.

The majority of the experiments reported were made with a trained
athlete, and were conducted over such a long period that differences, if any,
which might be due to the influence of season, weather, diet, the alterations
in training, the effect of over-training, and psychological condition could be
noted. It was considered desirable, however, to make additional observations
on a number of untrained individuals. These men, most of whom were mem-
bers of the laboratory staff, kindly volunteered to subject themselves to these
severe tests, even at the risk of becoming very muscle-sore. The evidence
secured with the untrained subjects is especially valuable when considered
in comparison with the data obtained in the experiments with the trained

athlete.
APPARATUS FOR MUSCULAR WORK.

Of particular interest is the ergometer employed in these experiments.
Two instruments were actually used, ergometer I being the identical instru-
ment employed in the previous research by Benedict and Carpenter,® and
ergometer II a replica of the same with slight structural modifications but
with no alteration in prineciple., Ergometer I was used in all experiments up
to January 19, 1912, inclusive, the experiments subsequent to that date being
made with ergometer II. Both instruments have previously been deseribed
and the details given of a series of calibrations made with them by Benedict
and Cady.?

In the latest form of bicycle ergometer (see ergometer II in the frontis-
piece), a bicyele frame, sprocket, and pedals were used, the rear wheel being
replaced by a large eopper disk, 405 millimeters in diameter and approxi-
mately 6 millimeters thick, securely fastened to a ball-bearing hub. An electro-
magnet (shown in the frontispiece) was attached to the bicyele frame by
means of brass piping, and the disk so adjusted as to rotate exactly in the
middle of the electro-magnetic field between the pole faces, with an air-
space on each side of the disk of approximately 1 millimeter. The upper
edges of the pole-faces form a line that is tangential to the eircumference of
the copper disk. The large eddy-currents generated as the disk passes through
the magnetic field are short-circuited in the disk; thus the whole instrument
has the effect of an electrie brake, heat being developed in the copper disk

& Benediet and Carpenter, U, 8. Dept. Agr.. Office Expi. Stas. Bul. 208, 1900,
# Benedict and Ca J' Carnegie Inatitution of Washington Publication No. 167, 1912; also, Cady and Bene-
dict, Physikal, Zcitachr., 1912, 13, p.920.
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and rapidly radiating to the surrounding air. By varying the intensity of the
magnetic field, a greater or less brake-effect can be produced. Inergometer IT
the resistance of the magnet is 10 ohms, and a current of 1.5 amperes through
the coil produces substantially the same brake-effect as 1.25 amperes on
ergometer I. The heat developed in the magnet of ergometer II by magnet-
ization with a eurrent of 1.5 amperes is 17.8 calories per hour.

With the excessively high rates of speed frequently employed by the
subjeet, it was of course impossible to count the ergometer revolutions from
minute to minute, and hence a counter of a standard make was attached.
Two of these were employed to insure accurate records, one actuated by
direct contact with the pedals and the other by a pin on the large sprocket-
wheel.

The ergometer was calibrated by using one of the respiration calorimeters
(the chair calorimeter ) in the Nutrition Laboratory. The instrument was
first divested of the handle-bars and pedals, then placed inside the respiration
chamber, and fitted with a flexible shaft which could be driven from the out-
side by an electric motor. By exciting the magnet and rotating the disk, heat
was produced which could be directly measured by the ealorimeter as in an
ordinary calorimeter experiment. Different strengths of current through the
magnetic field and varying speeds were used in calibrating the two instru-
ments, a large number of calibration curves being obtained for both ergometers.
With these curves it is necessary to know only the number of revolutions and
the intensity of magnetization in order to compute directly and accurately
the muscular work which is transformed into heat.

Since the greater number of experiments reported in this book were made
with ergometer 11, a few charaeteristic ealibration eurves of this instrument
are given in fig. 1, 7. e., those for currents through the magnet of 0.5, 0.95,
1.10, 1.25, 1.35, and 1.5 amperes, the six excitations of the magnet used. All
of the curves for the calibration of both ergometers I and 11, with the exeep-
tion of that for 0.5 ampere, are given in detail in an earlier publication.?

The ergometer is very accurately constructed and runs without much
friction. By again employing the respiration calorimeter, friction tests were
made with both ergometers I and II. Two tests with ergometer I gave as
results 0.000274 and 0.000157 ealorie per revolution respectively; three tests
with ergometer IT gave 0.000355, 0.000182, and 0.000351 calorie per revolu-
tion. While the calorimeter used for the tests was primarily designed to meas-
ure the heat production of a man and hence was not as well adapted for the
measurement of so small an amount as 1 or 2 calories per hour, the values
obtained for the two ergometers agree reasonably well and are doubtless not
far from correct. The details have already been published.®

Inasmuech as the question of the internal friction of the legs eame into
discussion, it seemed desirable to rotate the ergometer by means of an electrie
motor so that the legs of the subject would freely move up and down as the
pedals revolved. For this purpose asplit wooden pulley, with a groove around
the periphery, was attached to the hub of the copper disk and connected
with a belt brought out to the pulley on the armature shaft of the motor.
]h meqmurmg the mtenmtw of the field, the eurrent through the armature

"2 Benedict and Carpenter, Carnegie Institution of Washington Publication Neo. 123, 1010,

b Benediet and Cody, ee. eil., pp. 1828,
€ Jbid., pp. 21 and "P
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of the motor, and the voltage between these points, the amount of work re-
quired to rotate the machine could be com-

puted. It was hoped by this means fto ::
devise some simple and rapid method for PN
calibrating the machine without using the ™ ] =
more expensive method of determining the A <
heat produced by the respiration calorim- .0 o ~] ™
eter. Owing to the great loss by friction .us = B | \_""-..\
and the tension of the belt, the prelimi- o5 / ! Lt ™ S
nary experimenting by this method wasvery / el Nl
unsatisfactory, and time did not permit = ™
further study along this line. The electrie # =
motor was, however, extensively used to T [EE N
drive the ergometer inthe so-called “motor- - BN
driven experiments.” i R R | i
It is important to note that the er- S T T e | -:
gometer, when once calibrated, gives di- .o — 1
rectly the number of calories of external .
muscular work put upon the machine for .os |
each revolution of the pedals, the calories on |
varying somewhat with the rate of speed . ol
of revolution. Fortunately for the speeds /,r/ i
most commonly used by bicycle riders, ™~

namely, between 60 and 80 revolutions of My @ @ @0 ® o w @
the pedals per minute, when the magneti- Fra. 1. — Calibration curves showing
ging current is constant, the energy output heat per revolution of ergometer II.
per revolution is practically constant. At The revolutions per minute are given at the
speeds lower or higher than this, there is 8 revolution at the left-hand margin.  ©
marked decrease in the heat per revolu-

tion. The peculiar anomalies of these calibration curves have been the

subject of special discussion elsewhere.”

APPARATUS FOR DETERMINING THE GASEOUS EXCHANGE.

A respiration apparatus that would at one and the same time provide
sufficient ventilation for a man working almost to the limit of human endur-
ance and permit both the complete absorption of earbon dioxide and an
accurate measurement of oxvgen was difficult to obtain, but by slightly
modifying the form of respiration apparatus employed in this laboratory for
a number of years we were able to meet the requirements for experiments with
musecular work. This apparatus has recently been described in detail, in-
cluding the modifications necessary for experiments with musecular work,”
together with a diagram showing the particular adjustment of the apparatus
for such experiments. Since the description was published, however, further
modifications were found desirable in the progress of this research.

The connections of the respiration apparatus as used for muscular-work
experiments are shown in fig. 2. As may be seen in this figure, a rotating
ventilator or blower draws air along a pipe and forces it through two Woulff

@ Benedict and Cady, loe. cit.; Cady and Benedict, loe, e,
b Benedict, Deutsch. Archiv. f. klin. Med., 1912, 107, p. 156.
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bottles containing sulphuric acid. The greater part of the water-vapor in the
air-current is absorbed by the acid in the first bottle, but any traces which
may remain are re-
moved by the aecid
in the second bottle.
The dry air is then
passed  through the
carbon-dioxide  ab-
sorbers, 1. e., two bot-
tles containing soda-
lime. Since the air
absorbs water from
the soda-lime it is
necessary to remove
this moisture by pass-
ing the air-current
again through sul-
phuric acid. When
the air leaves the
drying-bottle it is de-
ficient in oxygen and
free from carbon dioxide and water-vapor, but inasmuch as perfectly dry air,
if inspired by the subject, would absorb moisture from the respiratory tract
and produce discomfort, moisture must be added to the air before it is re-
turned to the subject for breathing. This is done by passing the air-current
through the lower part of a Kipp generator partially filled with water. A
small amount of sodium carbonate is added to the water in this vessel, which
effectually absorbs any acid fumes that may have been earried over. The
deficiency * in the oxygen content is made up by the addition of a measured
amount of the gas at O.. The air then passes through a 3-way valve
and returns, either directly or through the short eircuit connected with
the subject, to the tension-equalizer and the blower. By weighing the earbon-
dioxide absorbers, and the air-drying vessel before and after the experimental
period, and noting the amount of oxygen consumed either by finding the loss
in weight of the eylinder of oxygen, or by measuring with a carefully ealibrated
gas-meter the volume of oxygen added to the air-cireuit, the carbon-dioxide
production, the oxygen consumption, and the respiratory quotient may be
computed.

The absorbing system as here deseribed and used in the museular-work
experiments differs from the usual adjustment of the apparatus in several
particulars. When the subject is engaged in severe muscular work, an ex-
cessive amount of ecarbon dioxide is preduced, sometimes amounting to as
much as 2,500 e.c. per minute. To provide for the absorption of this large
amount of ecarbon dioxide, it was considered safer to use two soda-lime
bottles connected in series, instead of one carbon-dioxide absorber as usual.

In the most recent form of the respiration apparatus a spirometer ® is
used, and much emphasis is placed upon the character of the respiration as
@ Ag n matter of fact, to guard azainat oxyren-want in the apparatus, the air in the cloaed syatem was alwaya

arbitrarily adjusted somewhat oxvgen-rich.
b H::nl'-ﬂinl. Deutach. .»'Lrn:hiu. f. klin. :'l[l.:t p “".2. 10‘7, - 172.
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Fra. 2.—Schematic outline of the respiration apparatus.
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shown by the graphie records obtained. In experiments with severe mus-
cular work, however, when the respiration-rate and the ventilation of the
lungs are greatly increased, it was found much more satisfactory to resort
to the original form of tension-equalizer.” This tension-equalizer is shown
in detail in fiz. 3. At each side of the valve m attached to the main

h

Fia. 3.—Tension-equalizer and flexible mouthpiece.

The air from p pazes through the 3-way valve r amd continues along the ﬂaipc b by the opening of the 3-w.
valve m until it enters through ¢ the tension-equalizer can ¢ with the rubber disphragm & over 6. [t
leawes the tension-equalizer through the opening f, passing throwch the pipe & and on to the blower. The
mouthpiece g is attached to & tee u, which ia in turn attached by short lengths of rubber tubing (% and s)
to the two 3-way valvesr and m. After the experiment has begun and the subject is breathing through
the mouthpiece and the pipe &, the 3-way valve r is suddenly turned so ns to deflect the air through 2, 5,
and t,atﬁma diminishing the dead space. The Aexibility of s and & permit considerable lateral motion of
the head.

ventilating pipe is a brass union a, which is easily uncoupled. To one of
these is soldered a thin-walled brass tube b, which is passed through two
holes in the opposite sides of a copper can ¢, and soldered into place. At a
point in the pipe midway across the can is placed a plug of wood, cork, or
rubber, d, openings into the can being provided by two holes e andf. A
rubber bathing-cap h is fitted over the top of the ean and secured by several
rubber bands so as to obtain perfect closure. The air, entering the tension-
equalizer from the ventilating pipe at e, circulates freely about the confined
space in the can and the rubber diaphragm, and passes out the other side at
f, direet passage through the pipe being prevented by the plug d. This ean
with the rubber diaphragm contains approximately 6.5 liters, so that a large
volume of air ean be taken from the system without producing any tension.
Furthermore, the weight of the rubber diaphragm is so slight as to pro-
duce no material amount of pressure or resistance to the respiration, the dia-
phragm falling with each inspiration and rising with each expiration. The
inequalities in the shape preclude the possibility of estimating accurately the
height of the diaphragm at any given time, so that it is necessary to resort
to a measurement of the inside tension. This is accomplished by connecting

——

@ Benedict, Am. Journ. Physiol., 1909, 24, p. 357.
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with the system a delicate petroleum manometer and admitting oxygen be-
fore and after the experiment until a certain definite tension upon the rubber
diaphragm is indicated.

The rate of ventilation commonly used in resting respiration experiments
in this laboratory is about 35 liters per minute, but in this research it was
found necessary, owing to the excessive ventilation of the lungs and deep
mspiration during severe muscular work, to increase the rate of ventilation
to 85 liters per minute. Under these conditions the air-current passed by the
mouthpiece so rapidly that at no time could there be any rebreathing of the
air, since the rate of flow was always greater than the intake of the lungs.
During the rest experiments the rate of ventilation was reduced to 35 liters
per minute.

The subjeet who was used in most of the experiments reported preferred
to use the mouthpiece rather than the nosepiece. Indeed, the amount of
ventilation permitted with any form of nosepiece would be too small for the
intense musecular work done in these experiments. It was found, furthermore,
that when riding on the bieyele at high rates of speed, there was an uncontrol-
lable lateral head motion which made it difficult to retain the mouthpiece
when fastened directly fo the rigid brass tube on the valve providing the
opening into the air-cireuit; consequently it was necessary to arrange for a
somewhat longer and more flexible connection. The device used in the mus-
cular-work experiments is shown in fig. 3, which gives the details of the
connection between the subject and the air-circuit.

With the ordinary form of connection, which was used in some of the
rest experiments, the subject breathed into and out of the main air-circuit
through the valve n, but for the muscular-work experiments and all the later
rest experiments a short length of rubber tubing & was attached to the valve-
piece m, to which was attached a brass tee n and the mouthpiece g. The
flexible tube k allowed considerable lateral motion of the mouthpiece g when
the subject was riding vigorously, which was impossible with the ordinary
connection, but on the other hand, the dead air-space was increased. Experi-
ments subsequently made by Mr. T. M. Carpenter of this laboratory have
shown that so short a dead air-space as is represented by n and k is absolutely
without effeet upon the metabolism of resting man. As we did not have the
results of Mr. Carpenter’s important observations at the time of the research,
it was considered necessary to make some provision so that this dead air-
space could have no possible effect upon the respiration during severe muscular
work. This was done by attaching a supplementary piece of rubber tubing s
to the 3-way valve r, and connecting it with the brass tee n. During the
experimental period, the 3-way valve » was turned so that the air passing
through the pipe p was deflected and entered the rubber tube s leading to the
mouthpiece g. As the air passed through the tube s and directly by the open-
ing of the mouthpiece g, it was inspired by the subject and the air expired
entered the current which flowed through the tubing k and the valve m to the
main air-cireuit. In this way the dead air-space between the subject and the
ventilating current was reduced to a minimum. Furthermore, this arrange-
ment facilitated easy respiration.
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ROUTINE OF EXPERIMENTS.

Rest experiments.—The majority of the work experiments were preceded
each morning by an experiment in which the respiratory exchange was
determined while the subject lay quietly upon a couch. Many work experi-
ments were also followed by similar experiments of several periods each.
Since the results of these rest experiments were used as the base-line, particu-
lar care was taken to secure uniform conditions. The subject came to the
laboratory between 7% 30™ and 7" 45™ a.m., and as no food had been
taken for 12 hours, he was in the post-absorptive condition. After putting
on his riding clothes he lay down on the eouch with a blanket over him and
remained quiet for at least half an hour, during which time the pulse-rate
continually decreased until a minimum was reached. The subject was in-
structed to lie very quietly during the period, without moving a muscle but
also without rigidity. After he had become thoroughly quieted down and
the pulse-rate had reached its normal resting level, the mouthpiece was in-
serted and the noseclip attached; the subject then breathed room-air for
several minutes into and out of the mouthpiece. At the end of a normal
expiration the valve was turned, conneecting the subject with the main
ventilating-current, and the experiment continued in this manner for about
15 minutes. At the end of the experimental period the valve was again
turned so that the subject was cut off from the air-current, the valve being so
deflected as to connect him with room-air. During the entire experimental
period the amount of oxygen admitted was noted on a carefully calibrated
gas-meter immersed in water and the temperature of the gas-meter, the bar-
ometer, and the pulse-rate were regularly recorded throughout the experi-
ment.

In connection with the respiration experiments carried out in this labora-
tory, it is a part of the regular routine to secure graphic records of any extrane-
ous muscular activity by means of pneumographs placed around either the
chest or the thighs, and sometimes both pneumographs are used. In the first
experiments with this bieyelist, graphic records of the degree of muscular
rest were obtained in this way. It was soon found, however, that this particu-
lar subject was unusually quiet, and as we were convinced of the absence of
muscular aetivity in all rest experiments with this subject, and further, as the
application of the apparatus seemed to cause him some annoyance, the use of
the pneumograph was abandoned.

Sitting experiments.—In the sitting experiments with the professional
bieyelist, the subject sat quietly upon the ergometer as usual, the feet resting
on the pedals; there was, however, no rotation of the pedals. In experiments
with some of the other subjects, the feet rested lightly upon wooden blocks or
upon an iron foot-rest attached to the front fork of the apparatus, the posi-
tion being otherwise the same as for experiments with the professional athlete.
But few of these sitting experiments were made, as the subjects found the
position very uncomfortable. The general routine followed was the same as
that in the rest experiments.

No-load experiments.—In certain experiments the subject rode the er-
gometer without load, the pedals being rotated by the feet or by an electric
motor. It was found in these experiments that there was considerable lateral
motion of the subject’s head; consequently it was necessary to use the special
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connection with the mouthpiece designed for the muscular-work experiments,
and previously described. The general routine for the no-load experiments
was the same as that for the hard-work experiments.

Work experiments.—In these experiments it was necessary to make sure
that a continual supply of fresh air passed directly by the mouthpiece, so that
the subject would not rebreathe any of the expired air. A slightly different
routine was therefore required from that employed in the resting, sitting, and
coasting experiments. After throwing the valve m (see fig. 3) connecting the
subject with the main air-supply, the 3-way valve r was immediately turned
s0 as to have the air pass by the mouth; if done quickly this valve could be
turned without producing a disturbance in the eirculation of the air. Toward
the end of the working period, which usually did not last more than 11
minutes, the valve » was thrown a moment or two before the valve i, and thus
when this latter valve was finally thrown the conditions were exactly the same
as when the experiment began. Simultaneously with the throwing of the
valve m at the beginning and end of the experiment, both counters on the
ergometer were read and the observations recorded, and the oxygen-meter like-
wise read and the data recorded. As the oxygen-meter used during these ex-
periments was not of a self-registering type, an assistant was detailed to
watch the meter and record each revolution of the drum. Throughout the
entire work experiment a liberal supply of soapsuds was applied to the mouth-
piece to insure absence of a leak.

Ezxpertments with controlled diet.—0On a few days it was possible to control
the diet of the subject by having him take his meals at the laboratory. Since
cther experiments were being carried out in the laboratory at the same time
with essentially the same diet, it was deemed unnecessary to analyze specially
the food materials used in the museular-work experiments. The composition
of the foods ingested was obtained, therefore, for the most part, either by
using average values computed from previous analyses, or by the direct
analysis of simultaneously sampled food products. As there was an uncer-
tainty about the proper eollection of the urine, and the collection of feces
was absolutely impossible, it was arpued that any control of the diet would
be at best somewhat tentative, and while an attempt was made at one time to
maintain a earbohydrate-rich diet, and at another time a carbohydrate-low
diet, the actual data obtained are somewhat questionable. It is believed,
however, that the subject honestly adhered to the diet given him in the
laboratory.

COMPUTATION OF THE ENERGY OUTPUT FROM THE OXYGEN CONSUMPTION.

In our experiments, while no direct calorimetric measurements were made,
the oxygen consumption was determined with great care, and the data thus
secured were used for the computation of the energy output—a method which
has been frequently employed by a number of investigators. No one has more
painstakingly worked out the theory and prineiple of such computations than
has Zuntz. This method, first elaborated and published by Zuntz ¢ in 1897,
has been utilized in several more recent publications.” :

8 Funtz, Pliiger's Archiv . d. ges. Physiol.. 1897, 68, p. 202. 1

b Zuntz and Schumburg, Physiologie des Marsches, Berlin, 1901, p. 260; Zuntz, Loewy, Miller, and Caspari,
Hahenklima u. Bergwanderungen, Berling, 1906, p. 96; and Loewy, Oppenheimer’s Handbuch der
Biochemie, Jena, 1911, 4 (1), p. 280,



METHODS AND APPARATUS 33

Using the amount of oxygen absorbed for the combustion in the body of 1
gram of carbohydrates, fat, or protein, and the well-known heats of combustion
of these substances, Zuntz has computed that 1 liter of oxygen has a calorifie
value varying from 4.686 to 5.047, according to the character of the material
burned, the higher values being found for the combustion of carbohydrates
and the lower for the combustion of fat. Zuntz has also carefully computed
the changes in value of the calorific equivalent of oxygen, depending upon
the character of the material burned as indieated by the respiratory quotient.

TapLe 4.—Calorific values of oxygen.

Calorific Calorific Calorific

Respirntory| value of || Hespiratory, value of || Respiratory| value of
quolient. 1 liter guotient. 1 liter quotient. 1 liter

OXyEen. OXYEOm. OXYEon.

Calories, Calaries, Cerlories.
0.70 4.G36 080 4.801 0.90 4.924
7l 4.690 Bl 4.813 81 4.936
i 4.702 A2 4.8525 H2 4.048
k] 4.714 B3 4.838 .93 4.9G0
g 4.727 B4 4. 850 A4 4.073
i) 4.739 A5 4.863 45 4,985
i 4.752 B 4.875 A6 4.0497
i 4.764 BT 4387 A7 4010
78 4.7716 HH 4.800 e 5.022
) 4.759 B0 4.912 00 h.OG4
S 1.00 5047

= NN PR E ]

The Zuntz method of computation assumes that the combustion is
entirely of fat, or carbohydrate, or a combination of the two, and no recogni-
tion is made of the faect that a certain amount of protein is also burned. As
has frequently been pointed out, the amount of protein contributing to the
energy production seldom exceeds 15 per cent; according to Magnus-Levy,*
if one considers that 15 per cent of protein is simultaneously burned, the
calorific value of 1 liter of oxygen would be lowered by 0.031 calorie. Since
it is incorrect, however, to consider the nitrogen excretion as simultaneous
with the breaking-down of the protein, Loewy argues that it is much more
logieal in short respiration experiments to use the direct caleulations of the
energy from the values reported by Zuntz and Schumburg.

Without presuming to pass judgment upon the absolute accuracy ® of
every point in the Zuntz method, and fully recognizing the difficulties inci-
dental to a comparison of direct and indirect calorimetry in periods of short
duration, nevertheless we believe that when the metabolism is measured im-
mediately before, during, and after muscular work, this method of computing
the energy transformations is fully applicable for purposes of comparison
and hence can be followed implicitly in computing the results of our experi-
ments. We have therefore used as the basis of the computations in this report
the values given by Zuntz and Schumburg.® (See table 4.)

& Magnus-Levy, von Noorden's Handbuch der Pathologie des Stoffwechsals, Berlin, 1906, 1, p. 207,

b No nccount is taken of the cutaneous respiration which admittedly may be of considerable gize. The in-
fuence of the cutaneous reapiration would probably affect the reapiratory quotient somewhat more
than the total katabolism. In the absence of exact knowledge regarding the rile played by cutancous
respiration, we do not consider it here though doubtless in the state of profuse perspiration existing in
many of our experiments, there must have n & greater cutaneous respiration than normal. When
the enormous amount of carbon dioxide produced and oxyvgen absorbed are taken into consjderation, it

is not likely that we have greatly erred in neplecting this as yet unsatisfactorily determined factor,
¢ Zunts and Schumburg, loe. ¢it., p. 361, table 7. el : 44 oy
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STATISTICS OF EXPERIMENTS.

In this series of experiments, 7 subjects were used. The statistics as to
their occupation, age, height, and average weight without clothing are given
in table 5. With the single exception of M. A. M., none of the subjects had
any special training in bieyele riding or had ever ridden to excess, nor did
any of them own bicycles; for many months previous to the experiments,
they had ridden only intermittently, if at all.

TasLe 5.—Statistics of age, height, and average weight of subjects.

B Body-weight

Subject. Oeeupation. Age. | Height. without

clothing.
yrs. cm. ktlos.
K.H.A. | Laboratory asgistant .....ccc0cinnne 26 182 G657
o TR (o = T R Sl N 51 175 70.3
E.P.C. PRRIIE R .2 o 2o ot © o it T a5 155 63.2
4. 1. C, Laboratory ssaistant. . .. ...c.ovevern- 28 175 B85.0
J. E. F. Laboratory assistant . . . . ccovvasanns 21 172 59.8
71 e sl T T e e o i 25 172 G60.3
M. &, M. | Professional bieyelist.coiscesvscesiac| 32 176 65.9

The subject M. A. M., with whom most of the experiments were made,
began riding as an amateur in 1896 and as a professional bieyelist in 1901,
continuing until 1910. Between 1901 and 1905 he took part in 5 motor-paced
races; in 1905 he rode in a 6-day bicycle race in New York City and in a
second in 1907. He also rode in numerous smaller races and kept in general
good eondition up to the time of the beginning of the experiments. While the
subject never took a regular training course, he exercised regularly in a
gymnasium between 1896 and 1908, and practiced boxing considerably,
although with no special success. Asin 1907 his nose was broken, the boxing
practice was discontinued. His maximum weight previous to the research
was in May 1911, when he weighed 66.7 kilograms. During the research
he was twice examined physically by Dr. W. G. Anderson, of Yale University.
As a result of the examination on March 4, 1912, Dr. Anderson said that the
subject was remarkably well developed, particularly in the abdominal and
thigh muscles, but drew attention to the somewhat surprising fact that the
lower leg-muscles, particularly the gastrocnemii, were not well developed.
A second examination was made by Dr. Anderson on April 25, 1912, the re-
sults of which are given in table 6. Information regarding the dietary habits
of the subject is given on page 80.

In presenting the statistics of the experiments, we have grouped them
under three heads: (1) lying vs. sitting experiments; (2) no-load experiments
both with and without motor; (3) work experiments. The general character
of each elass of experiments has been described in some detail on pages 31
and 32. In these groups, the experiments have been arranged first according
to subject and then for the most part chronologically. Reference to the
statistical details of any experiments may thus be readily made.

a5
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The data for the experiments are given in tabular form and inelude the
carbon dioxide eliminated per minute, the oxygen absorbed per minute, the
respiratory quotient, and the average pulse and respiration rates, the record
for the respiration-rate usually representing the result of but one observation
in each period. In the statistics for the no-load experiments, the records of the
number of revolutions per minute have been added, and in those for the work
experiments, both the revolutions per minute and the eurrent used throuszh
the magnetizing field. All necessary details not included in the tabulated
material are given in footnotes.

TaprLe 6.—Measuremenis of M. A. M. Dale, April 25, 1912. Age, 32 years.

., o,
Height . . . .. ... .. ... 1760 Girth of—

Girth of — tight thigh' .. o0 i e 55.9
P R r TG e 37.6 Lot RBEEN: .ot e oo iR 54.1
Chest, depressed . . . . . . . . 864 Righticall' o =7 20000 e 343
T P R e e o e 95.3 EeltanlE o o i o i 34.0

normal . . . ... .. 907 Breadth of—
at ninthrib, full . . . . 8G9 Shonlders . . - oo i wa 44.5
at ninth rib, depressed . 77.2 Chest, depressed . . . . . . . . 20.5
o e R R e R inflated . . c i 30.2
Hipa: 2. ey o AR L DR HADB. -~ i oSy 33.8

Right hicepa . . . . . . . . . 310 Depth of—
Lt ieepsia. o ooanoE T e T ‘heat, depressed . . . . . .. . 18.5
Right forearm . . . . . . . . 264 o1y Ao IRRERR P bl 5 234
Feft-Iotearm. = -5L 5 . = =% | 3ny Abdomen ... L. ool S 9

The respiratory exchange was determined with a respiration apparatus
which has already been fully deseribed in the previous section of the report.
The work was done on a bieyele ergometer; two ergometers were used,
designated respectively as ergometer I and ergometer 11, both of which are
described on pages 25 to 27. Ergometer I was used in the experiments up to
January 23, 1912, all subsequent experiments being made with ergometer II.

The general routine of the experiments is given on pages 31 and 32,
together with speecial details as to methods. The subject was without food
in practically every case, the observations being made in the post-absorptive
state, i.e., at least 12 hours after the last meal.

LYING V5. SITTING EXPERIMENTS.

These experiments were made for the special purpose of obtaining the
basal metabolism; the statistical details are given in tables 7 to 15 inclusive.
In the lying experiments, the subject lay as quietly as possible upon a couch,
no observations being made until the conditions were absolutely normal for a
rest period. The experiment usually covered three 15-minute periods, with
intermissions of varying lengths. Lying experiments were made almost every
day as a part of the regular routine; the statisties for those made in compari-
son with the no-load and work experiments are given with the statistics under
these particular heads.

In the sitting experiments, the subject sat motionless upon the bicycle
ergometer in position for riding. The general routine as to preliminary periods
and length was the same as for the lying experiments. As will be seen in
many of the notes appended to the tables, the subjects found the enforced
quiet of this position somewhat irksome. An attempt was made with some of
the subjeets to relieve the constraint by supporting the pedals with a block
of wood, or otherwise, but the experiments with the subject M. A. M. were
all made without such support.
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Tasre T.—Results with subject J. E. F. (withou! food). (Ergometer I.)

Carhan
ol en . Average Average
Date and time, Duration. eh'r.j:::.ifnd aohﬁrqn-ﬁd R:zﬂ:::?ry pulae- mwpira.:fnn-
per minuie. | P minute. rate. rate,
Nov. 8T, IBI1. :
g AR, &8, [ -5 -4 O
g 16D amt. veenen. 13 20 202 255 0.7% 50 10
D OBE Bl asens 14 29 215 215 B0 L 14}
10 08 amu..ese....|] 11 30 i 227 ___‘_.!lﬁ it 08
S W R 211 234 0.91 _ 50 __{'H!
Hitting: ® I T
11800m am.?. .......[] 10 49 223 296 0.75 78 (1]
1 DR e 10 47 24 ag1 ki i 10
11 50 amsb,.......] 10 &2 251 290 BT 78 11
ey et e | o e 233 202 050 75 10

1 The subject had walked 12 miles in the course of the preceding 24 hours, His dinner the night before wos
an ordinary meal, varied in character, i

* The subject sat on the ordinary seat of the meter with his feet resting on blocks placed on the floor.

3 Tho subject =at on the er ter for hall an hour before the period began,

4 The subject complained that the position was very tiring. i

& The subject said that he felt extremely stiff and that he was tired.

TasLe 8.—Results with subject E. P. C. (without food). (Ergometer 1.)

Carbon Oxygen Aver A
Date and time. Duration. E!‘fi"'-"dt':d absor R’“""{-“‘f"’r pulse- | pespiration-
De:,“;':.?:um_ per minute, | ESHERL rate. rate.

Nop, 20, 1811,
ing: min. s, c.L £.0.

B 42 B, . s 10 49 173 223 .78 48 12

g M oam...eoaa0a.] 10 55 156 215 By 46 13

B 61 Am.........| 10 48 167 23] J6 | 0 el

A OTARE. & vean s 1G5 220 0.76 | 47 | 13

Sitting:? - T

108 50m am?, .,.....| 10 49 210 250 o8 | M 11
i1 1% sms........] 10 b2 168 24319 a1 | (L] i
11 32 am e I 1o oL | 176 225 it | ()

L i T | (e A 153 238 0.75 |

1 The pulse-rate was not obtained.
2 The subject sat on the ordinary seat of the ergometer with his feet rosting on bloeks placed on the floor.
# The subject sat on the ergometer about half an hour before the period began. He was quiet during the
Fﬂlpdti?lﬁepi.fmlren’wna his hands from the handles and placing them on his knees, and then back
(LR Col T T 3,
4 The subject had the position of the handles altersd alightly.

TasLe 9.—Resulls with subject K. H. A, (without food).r (Ergometer I.)

Carbon Oxv
. e VG : .| Average Average
Date and time. Duration. ﬂmﬁ:ﬁﬂ absorbed Re:ﬂ;ﬁﬁ“ pulse- | respiration-
per minute, | PET minute, o . rate, Fale.
Dee. I, 1811,
Lgn.n.g: min, fec, 0.0 £ie.
BdO® G ivsnnaeees]| 10 41 205 240 0.82 et 12
MG M eseadas] 130 32 204 235 BT fili] 14
B 20 abeeeeeees.]| 12 30 1497 237 A3 56 14
AVErEgE . .. ivvnnnns 202 241 054 &7 13
Sitting:* =
108 25= pmt........| 10 40 213 o271 0.78 50 12
IO 46 amt....ui.. 13 65 215 247 87 Gl 14
11 10 am.vesoea:.] 13 55 210 286 a4 6 12
11 40 am.........| 10 &2 205 249 82 55 12 i
Average. . ... S 211 263 0.51 60 13 E

Thae subject had eaten heavily the day hefore, as late as 10.00 p.m.

The subject sat on a broad wooden scat with his feet on a rest attached to the front fork of the machine,

The subject sat on the ergometer for half an hour before the period.  He had the mouthpiece in his mouth
20 minutes before the period and was in the usual cramped position.  Between the sitting periods the

subject was allowed merely to release his mouth a minute or two and then returned to the customary

poaition. g R :
subject was distinetly hungry while sitting up. This fecling was quite lacking while he was lying down.

1
2
3

4 The
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TanLE 10.—Resulls with subject M. A. M. (without food). (Ergometer I.)
Carbon
; ; T Ozygen : .| Average Average
Date and time. Duration. {#};ﬂﬁg&d absorbed n&:‘;ﬁﬁ:ﬁ? pulse= respirgtion-
per minute. Per minute, rate. rate
_ Dec. 7, 1911,
Lying: min. aec. c.c, o,
Mo amd. .., 14 16 239 251 0.91 75 16
028 am..........] 13 M 227 252 BT Ftid 14
B am 14 50 219 277 9 i3] 20
10 27 ama........ 14 29 226 257 88 75 29
Sitting:4
11h 8= amE, .. ..... 14 25 244 312 8 B84 10
11 88 At T, 13 38 234 2865 B2 A 1+
1 A sereen was used to shut off the subject's view of the rubber diaphragm.
2 The subject’s respiration was rather irregular and shallow thmumll:nut the period. Oceasional deep breaths
:I':‘rlr.;umkﬂn, There was also a curious irregularity in breathing during the preceding period, extremely
il o,
& The subject desired to urinate and was in some discomfort. e was afraid to breathe deeply, 28 an abdom-

inal breath was followed by o full movement of the diaphragm with subacquent pressure on the bladder,

4 The subject sat on the ordinary seat with his fect on unsupported als, 1. e., with the disk perfectly free.
8 The mlh[!ent snt on the ergometer 20 minutea before the period. He breathed freely and deeply.  His feot
legs were remarkably ateady throughout.
TasLe 11.—Results with subject M. A. M. (without food). (Ergometer I.)
" Carbon
s Oxyepen . Averago Average
Date and time. Dwuration. clﬁﬁﬂ;l:ml nhﬂ-:lﬁ:ed REEE:E:I’}' pulse- Tespiration-
| per minute, | P27 minute. | 7 : rate. rate.l
T |
yime: | maim. &6, &0, cut.
B 3Tmamt. .......| 143 49 203 i (it3 18
8 BB am..........| 1&# 19 203 4 20
e T T 6 R 14 23 202 246 0.83 i 21
B S0 am.........] 18 18 211 247 G G0 20
Bitting:* }
106 40m a.md. . ...... 14 14 220 292 75 B3 19
11 0% oomb. .. . 13 10 231 a04 ALt BE 21
5 B T L SRRt [ [ [ 247 a17 o a1 22

1 The respiration rate was rapid ot the start but was more regular than on Dee, 7. It beeame shallow in the
third peried. The subject desired to urinate at the beginning of the third period but did not till the
e uﬁim fourth purimll.

2 The subject lny quietly and was eomfortable. He urinoated before the experiment. The heart-beat was
atoady and slow. The pulse-rate at 8b 15 am, was T6.

2 The subject sat on the ordinary seat with his foet on unsupported pedals, €, &, with the disk perfeetly free,

4 The subject aat on the ergometer for 30 minutes before the period began. The pulse-rate at 100 35m a.m.,
wad 76, the subject's fest being on & foot-rest.  Af 10b 27m 5.m. he lowered his fect to the als, and
put his mouth to the mouthpicee.  The pulse-rate at 105 20m 5 m, was B4; at 100 32= g m., 108 34= a.m.,
and 10" 36m 5 m,, it was BiG; at 10b 35= 5,.m. it was 57, . :

6 The subject found that sitting perfectly still was very tiring. He complained of dry air. This was found
to be due to the fact that the water in the moistener was low.

Tanre 12 —Results with subject M. A. M. (without food). (Ergometer I.)

Carbon
|[Eshds 0 n . .| Avernge Average
Date and time. Duration. | l}]?:li,iﬁl:ﬂ]d absorhed Rgf.ﬂﬂmf} plse- msr}ira:fm-
| per minute, | PEF minute. rate. rate.
 Dec. 11, 1811, '
Bitting: ¢ min, e, F- Eile
Bhgom am.. .. ..., 4 16 225 261 (.86 B4 23
8 B i 14 27 i 268 6 &3 24
9 20 Aam 14 25 230 273 .o B4 24
Lying:
IpE N Imin .. ... 14 23 | 1M 232 B4 60 22
i 35 amst ... ....| 15 54 | 1640 243 78 50 20
i1 01 &.xo....e-0a 160 100 | 200 238 B3 1] 22
1 The subject sat on the ordinary seat with his feet on unsupported pedals, 6 e, with the disk perfectly free.
2 The subject sat on the erpometer at & am. The pulse-rate at 8% 15m g.m., b 22m a.m,, and B 28= & m.
was 84, Subject {mt hiz mouth to the mouthpices at 8b 22= g.m. He sat :lema_r'kahl_v Ht!ldl)‘. and
preferred to have his feet on the pedals rather than on the rest.  In the second period the handle bara
wers uncomfortable, and later the saddle hurt him. He had o cloth covering on the saddle during the

third period.

% The subject lay down at 08 45m am. He lay perfectly quiet and was quite comfortable.

4 The timing of the beginning of this period may not have been exactly eorrect, as it was dificult to follow the
subject’s breathing.
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TasrLe 13.—Results with subject M. A. M. (without food). (Ergomeler I.)
Carbon |
i O n s Average Average
Date and time. Duration. | jtiexide absor Respiratory | “pyjjqe- ms}ira:fﬂn-
eliminated inute, | Quotient. = e
per minute. Lot ; '
Dec. 12, 1911, :
- iR, I, A9 [ =N 9
Bffmamt........| 14 33 202 G0 24
L] Bl envns-na| 14 30 197 233 0.85 &0 21
- 9 llt?' Bl iessass] 14 423 195 226 .1 60 22
108 44= am?. .......| 14 49 219 243 .50 68 23
11 08 am...,..:...|] 14 44 214 247 BT 70 20
17 8% Y. ..n.s 14 27 212 240 .59 T2 23

1 The subject lay on the couch 57 minutes before the first period, becauwse of change of gas-metera. The
ate bt Bt 20= a.m. was G0, 3 :

2 The subject sat on the ordinary seat with his feet on unsupported pedals, . e, with the disk perfectly free.

& The subject sat on the ergometer at 10% 12= pm. with feet on the rest. The pulse-rate at 10° 25 a.m.

was 64, The asubject placed his feet on the pedals at 108 250 a.m. He put his mouth to the mouth-

piece at 10k 34= a.m. The pulse-rate at 10® 33= a.m. was 68; at 10" 35= a.m., 68; at 10b 38™ a.m., 65

4 The subject always took a very long time to settle down into his so-called resting position, ns he wos de=
tormined .{aap i

to his legs absolutely still during the actual period.
Tante 14.—Resulls with subject M. A. M. (without food). (Ergometer I1.)
Carbon
Ll Oxygen . Averaga Avera
Date and time. Duration, | dioxide | ey |Respiratory | “ui™® | pepiration-
;-e-.r“rl:l?nute. per minute. ittt rate. rate,
. Jan. 83, 1912, %
H e, aeo, £.0: .8,
erﬁh 42m am.l. ....... ﬂ=4 E? 211 252 .84 67 0
% 06 am.........| 15 32 211 240 A8 68 20
8 82 am.........|] 18 08 200 247 . i) 22
Slt.tmi: &
108 23® Bl .o cweeaa| 14 16 254 327 18 K 20
10 46 am..........| 14 15 258 312 L B0 24
11 10 em®.....nn. 14 17 303 333 91 BT 24

1 The subject lay down at 8 a.m.
68; at 8 27w p.m., 66; at

? The subject sat on the ordina

3 The subject complained that the er
it a great strain to sit abaol

The pulsc-rate during the preliminary period was as follows: at 8b 18w a.m.,
gb 33w a.m,, 68,

seat with his feet on unsupported pedals, 1. e., with the disk perfectly frea,
meter did not quite suit him. His hands became stifl, and he found
atill for 14 to 15 minutes, He did not like the *{ree-wheel” effiect.

Tapre 15.—Results with subject M. A. M. (without food). (Ergometer 11.)
Carbon .
e O n Respira- | Average | Average | Revolu-
Date and time. Duration. nl?lqmd:]d ahgﬁ:ed tory pulse- respira= | tiona per
I:I'EIT';?:IIE~ per minute. | quotient. | rate. | tion-rate. | minute.
Mar. 11, 1512, ’
Imm: min. S8, &0 s
Bh dfmpmt, . .... 14 46 18 245 0.80 G0 20
9 06 mm 16 14 212 248 85 60 21
EitﬁnE:*
1[93- ;g- el oo ig Eg J5 395 a8 B4 20
.01 258 arh A8 81 20
No load, with motor
108 55= p.m.f ...... 10 04 703 742 D5 103.7
11 14 amb...... 11 45 034 Td4 B5 101.0
Work, eurrent, 1.5
AMperaes:
116 46m am.0. ... .. 10 23 2 066 2,200 00 T 156 102.2
12 05 pmb..... 10 51 2,057 2,220 3 150 100.7

1 The subject lay down at 8% 05= p.m. The pulse-rate at 8b 25m a.m. waa 62; at Bb 28m a.m., G0; at 8b 40=
BT,

% The subject sat on the ordinary sent with his fest on unsupported pedals, €. e., with the disk perfectiv frea.

3 From 9b 27= a.m, to O 39= a.m., the subject sat with feet resting on the forks. He then lowered his feet
to the pedals. He found that sitting still in this position was s constant strain. )

4 The subject began riding at 10b 37= a.m., the machine being driven by a motor. The belt slipped at 105 52m
a.m, The pulse-rate 15 seconds after the stop of work due to the slipping of the belt was only 84.

& Between the two *' no-lond ™ ﬁnnda the average speed was 72 (?) per minute. Soon after the start of the
period (75 seconds) the belt slipped off. The machine was stopped completely, the belt was replaced,
and the machine restarted,

# Work was begun at 11b 32= a.m, with the current at 1.5 amperes. Between 115 32= a.m. and 11k 46 am,
the average speed was 97 revolutions per minute.

7 Pulse-rate at the end of the period.

# In the interval before this period, the subject rode at the average rate of 96 revolutions per minute.
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NO-LOAD EXPERIMENTS.

These experiments (see tables 16 to 22 inclusive) were made to deter-
mine the metabolism ineidental to revolving the pedals and other extraneous
activity in riding the ergometer and the overcoming of the slight friction of
the apparatus. The grouping includes both the experiments in which the mo-
tor was used to revolve the pedals, and those in which the motor was not used.

In the motor experiments, the subject sat in the usual position for riding,
but was supposed to exert no pressure upon the pedals, which were revolved
by a small motor. Only ergometer II was used in this series of experiments.

In the experiments without motor, the subject revolved the pedals, but
no current was passed through the magnetizing field. Both ergometer I and
ergometer 11 were used for these experiments.

The subjects found these ““no-load” experiments irksome, and had con-
siderable difficulty in maintaining an even rate of revolution without involun-
tarily regulating the motion of the pedals by “back-pedaling™ or “racing.”

Tanre 16.—Resulls with subject M. A. M. (withow! food). (Ergometer I.)

; : fl'i’"i';'f;“ Oxygen | Respira- | Average | Average | Revolu-
Date and time. Duration. olir Ejmf-..-'i absorbed tory pulse- respira= | tions per
[H'i’LIl]'i:'I.l.:t;‘. per minute. | quotient. rate, tion-rate, | minute
dhee, 13, 1811,
Laving:: min. see, [ X8 oo
B dd=ami. ... .. 14 34 200 235 0.89 i 24
BOD aam, .o 14 45 1H3 A .13 62 23
O B2 amo.....: 14 51 203 231 HE a2 o4
:\':il |::i-'l:.!1 K '1!::|II'|;. FEELELA T s
PN 18 e mE . L 10 30 533 TI7 iy 25 23 B3
10 32 amd, ... 11 03 03 753 1) -] 24 BY
100 &l acEt. e 11 &b [ Tad 83 o2 28 B3

1 The subject felt exhausted from the unseasonable heat. He lay down at 8% 06= am. The pulse-rate at
g5 05 a.m. was 76; at 85 10% g.m., G3; at 8% 15% g.m., 66; at 50 220 5. m., 80 27= g.m., and 88 330 a.m,,

4.

2 The subject begon riding “no lpad™ at 90 44 am. Put mouth to the mouthpiece at 8 599 agm. The
pulse-rate between 95 46m o m. and 105 009m om. renged from 52 to 86, tRn average being 84. The
average specd during the preliminary period waa about 76 revolutions per minute. The subject was
driving the machine without resistance.

2 In the interval before this period the avernage speed was about T8 per minute. During the period the sub-
jeet locked cool and not at all distressed. He lost the pedals onee or twice. He began to look warm
and perspiring toward the end of the period. 2

4 In the interval before this perind the average speed was 82 per minute.  The subject complained of saddie
soreness due to the position. He felt the lack of toe-clips, Hespiration was more rapid. Perspira-
tion appeared in beads on his upper lip, There woes no Oushing, however,

TasLe 17.—Resulls with subject M. A. M. (without food). (Ergometer I.)

Carbon | Oxygen -It-u-.q ira- | AT | Avernge | Cur- s
Diate and time. Duration. I.th“dtid abmfhed t,uI:y tﬁ;!_ :'mj:n-lm— rent. | tions per
por minute. | minute. | Quotient. | FER | tion-rate. minute.!
Ly Dec. 18, 1011,
| Lavinac: T, BEC. C.E C.Ca amp.
| Bh 32w e, .y e..| 16 BB 24 235 BT i) 20
g 58 amiiia....] 14 o0 SN S50 B0 G4 )
| 2189 am........| 15 03 104 a0 B0 63 20
| Noload, without motor:
{ b 57mgm? ......| 13 22 430 473 5O i 20 60
| 10 19 a.m?....... 13 ™ 85 444 BT i 20 i
! o II:! 44 B ..., 13 25 388 443 ] bl 20 &0
| Work:
115122 ams. .....| 10 24 1,017 1,208 8 | ns 23 0.9 60
11 3¢ em........| 10 27 1.077 1,246 56 126 23 0.9 &0

1 Approximate.

2 The subject sat on the ergometer at 96 40m a.m. and began riding. The metronome was used, set at G0 per
minute. ‘The counter wos not uzed, The pulse-rate averaged about 84 during the preliminary riding.

3 The subject rode very easily. He said the lack of resistance was rather disagresable. . g

4 The metronome was used, sot at 60, Current was on at 102 572 am.  The pulse-rate during the preliminary
work was 100, 104, and 106, The mouth was put to the mouthpiece at 115 07= a.m. The work waa
cq;m.pmru!iw:iy easy. Mo marked perspisation or Sushing. The subjoct, however, found it very hard
ritor cozating.

e
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TasLe 18.—Resulls with subject M. A, M. (without food). (Ergometer IT.)

Carbon 5
gy Oxygen | Respira- | Average | Average | Revolu-
Date and time. Diuration. el?:::liﬁfed abanﬁed tory pulse- respira- | tions per
per minute. per minute. | quotient. roate, tioh-rate. | minube,
; Feb. 18, 1812, ;
: THIMN. 0. -5 [ =9
Lyn&as- At ... 14 42 2M 234 [ 63 20
§ 05 am........] 16 28 192 235 B2 5 20
- Iil dﬂﬂ _t?].m......!.. 15 13 193 230 B4 38 20
aad, with motor:
D]ﬂ" 08= am........| 14 42 515 G20 B3 BS o4 BG.S
10 40 am........| 14 58 494 G610 B0 B4 24 B7.0
1T I8 am....... 15 05 496 635 .78 B 22 048
T T S e 14 31 H24 B9 24 e

1 The pulse-rate at 8% 35= a.m. was 64. : . . :
2 The maching waa driven by motor. There was eonsiderable strain on the subject’s arms, and he complained
at the end of the experiment that his arms were practicaily useless, particularly his wrists. e rode

the motor-driven machine between periods at practically the same speed as during the periods.

TasLe 19.—Resulls with subject M. A. M. (without food). (Ergometer I1.)

E‘."'TE Oxygen Respir Average | Average | Revolu-
Date and time. Duration. plir:z::: tod abaor tory pulze- respira- | tions per
per himte | perminute. | quotient. | ‘rate. | tion-rate. | minute.
. Fob. B0, 1818, ’
2 EL T A [ .0
B 46m amt...... 14 47 189 213 0.78 60 18 e
g am....... 14 67 209 250 .54 i1 20 e
9 383 nmd...... 16 06 203 250 .Bl 63 20
No load, with motor:
108 6= a.md. ..... 14 31 813 642 B0 4 86 LR
10 31 ams, .. ... 14 44 482 G40 70 485 91.5
10 56 am........ 15 33 S15 Gid .78 LRt .5
Mo load, without motor:
115 25m ams, .....| 16 41 727 00 .81 109 06.2

1 The subject lay down at 8 am. The pulse-rate at 84 28m a.m. was 62; at 86 35w am., and 8b 40= am., G0

2 The subject complained that he was very cold, There was question as to whether or not he had a chill,
though the pulse did not indicate anything very serious.

# The riding was like that of Feb. 13, the machine being driven by means of 2 motor. There was no evidence
that the subject wsed his musclea to rotate the disk. The motor was started at 9.59 a.m. and the aub-
Ject rode preliminary to the first period. Between the firat and second " no-lond ' periods he rods at
the average rate of sbout 90 revolutions per minute; between the second and third perioda at the
average rate of about 92 per minute; between the third and fourth periods at the average rate of
about 87 per minute.

4 One record at the wrist.

[ ¥h& chain was slack during both the second and the third "' no-load™ periods.
- .

T

e machine was driven by the subject, not by the motor.
Average of records taken at the wrist.

TaBLE 20.—Resulls with subject M. A. M. (without food). (Ergometer IT.)

Carbon .
g ! gl Oxygen Respira- | Average | Average | Revolu-
Date and time. Duration. Eﬁ:ﬁmﬁd abaor tary pulse- respira- | tiona per
por mh'mm per minute. | quotient. rate. tion-rate. | minute,
Lyi Feb. 21, 1912, :
. min. gee. s s
ng. mamld,......| 18 02 195 243 081 60 20
03 A, .. 15 26 188 232 H1 & 20
T 16 16 191 233 B2 58 20
Mo load, with motor:
100 08m pm®, .. ...] 16 09 586 655 40 3.9
10 &) am?, ..... 14 42 522 656 ) B8 95.3
10 58 amd......| I6 OF BRT 06 B3 a0 08,7
Mo load, without motor:
118 24m amd, . ....| 15 0OF 771 963 E0 104 e G8.0
11 45 am*...... 16 09 G637 BT a8 102 e .10

1 The subject lag down at B8 05m am.  The pulse-rote at BS 28= am., 8 33w o.m., and 8b 36m a,m., wos 82,

2 The motor to dive the machine was started at 9 54% am. Preliminary to the first * no-load" period, the
subject rode at the average rate of 84 rovolutions per minute. The chain was slack during the period.

3 The chain was slack. The subject found this kind of experiment a tremendous strain on his hands and
arma.  The nvernge speed in the interval before this period waa 90 per minute.

4 The chain was glack. The average speed in the interval before the peried was 83 revolutions per minate.

& At 118 14= a.m. the subject began nding without the motor drive. The average specd from 11E 14= a.m.
to the beginning of the period at 110 240 a.m. was 99 revelutions per minute.

8 The average speed in the interval before this period was 98 revolutions per minute.
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TaBLE 21.—Resulls with subject M. A. M. (without food). (Ergometer I11.)

Carbon Oz Reani Aver-
: ¥ EERITA- Average Revolu-
Date and time. Duration. elﬂi?imﬁd %‘?';1 tory pﬁ respira- E".ﬂ' tions per
: quotient. Tion=rate. | mmate.
. per minute, mmutl.' t | rate.
Mar. 8, 1912,
Mo load, with mﬂmr WIAR. SEC C.E £l aAMPE.
Boifoamt,.....| 14 35 G42 TRO 0.82 06 18 A 101.8
9 10 a. m.l ...... 14 b5 618 710 B a5 20 S 101.7
|w kﬂ S emt, ..., 15 DG G673 724 ] 05 18 S 100.G
ork:
100 30m amd. ., ... 10 29 2,065 2,330 A8 155 1.5 099.2
100 5 ek o0l 10 46 2,051 2582 LK) 153 a4 1.5 a1
11 19 amt,......| 10 39 2,218 2,363 A4 159 32 1.5 105.5
= | s |

1 The machine was motor-driven. The subject began riding at 8% 18= a.m., and to the beginning of the periad
rodle mgt tho ?I':'}eruue rate of 90 revolutions per minute. The average pulse-rate during this preliminsry
period was

2 In the interval before this period the average spesd was 95 per minute, The subject lifted his body off
the sent 3 times,  (See note 6.)

# In the interval before this ’I veriod the average speed was 1006 per minute. During the period the pin holding
the handle bars was broken and the handle bars beeame loose. This seemed to cause the subject
considerable trouble and annovanee.

1 At 10 a.m. work was begun with the current at 1.5 amperes.  Between 10 a.m. and 105 300 a.m. the aver: -n
rate was 93 revolutions per minute.  With the change the subject found the work extremely diffic
He could hardly believe he was working against the usual amount of resistance.

6 In the interval before this period the average spoed was 78 per minute,
& In the interval before this period the average ﬂI]H"d was 80 per minute.  The subject said the ergometer was

not at all comfortable; the seat was too high. Ancther subject using the apparatus had failed to re-
turn the seat to the original height found comfortable for M. A. M.

TasLe 22 —Resulls wunlh subject M. A. M. (withou! foed). (Ergomefer I1.)

y : &i':ﬂ:'ig COhxygen l Respira- | Average | Average | Reveolu-
Date and time. Duraticn. aiEatad absorbed tory pulse= respirs- | tions per
| et | P minute. | quotient. rate, tion-rate. | minute.
Mar, FI, 1812,
Lying: MK, 560, £, el
Bedd4m am.t. ., ... 14 46 218 245 0.80 i 0
8 06 AN, .....- 16 14 212 248 55 60 2]
Sitting: 2
Oh 45m am®, ... .. 13 26 206G 395 T8 B4 20
| 2 mam.s o ais 10 25 258 376 L9 Bl 20
No load with motor: |
igh 5o amd, . ...] 10 D4 T3 T42 55 - - 108.7
11 14 amF, .....] 11 45 634 Tdd B5 S 55 1G1.0
Work., current, 1.5 am- |
perea:
110 4fm a,m. %, <] 10 23 2066 2,209 A0 T 156 S 10:2.2
12 06 pmt ..... I 10 51 2057 2,220 A3 T 150 o Bl A

1 The quh;ect. lay ¢Iq:|wn at =k 05m a.m. Th-sI pulae—mte at #b 35m g m. was 62; at 86 28m a.m., 60; at b 40= g.m.,

2 The -ﬂ-u‘tuwt aat on the ordinary seat with his feet on unsupported pedals, 1. e, with the disk perfectly free.

3 From 9 27= a.m. to 08 3= aom, the :nliul,e't sat with foeel resting on the fl::lka He then lowered his feck
to the pedals.  He found that sitting still in this position was a constant strain.

4 The subject began riding at 10k §7m a.m., the maching being driven by o motor.  The belt alipp ed ait 100 52m
g.m. The pul-:u;-—mtc- 15 seconds after the ﬂmp;}lmg of work due to the slipping of the belt was only 84,

§ Betwesn the two *° no-load i-,u;nudg the awve raq;__‘ apeed was 72 (?) per minute.  Soon after the start of the
period (75 seconds) the belt slipped off he machine was stopped completely, the belt was replaced,
and the machine restarted.

8 Work was begun at 115 827 a.m. with the eurrent at 1.5 amperes.  Between 110 327 a.m. and 110 46m a.m.
the averaee speed was 97 revolutions per minute.

7 Pulse-rate at the end of the period. A y

8 In the interval before this period the subject rode at the average rate of 86 revolutions per minute.
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WORK EXPERIMENTS.

These experiments were made under varying conditions of work, 7. e.,
light, moderate, severe, and very severe, one experiment (that of March 15,
1912) being continued almost to the point of exhaustion. The currents
through the magnetizing field for these experiments were respectively 0.9
ampere for ergometer I and 0.5, 0.95, 1.1, 1.25, and 1.5 amperes for ergometer
II. The periods in many instances were but 10 minutes in length, but often
covered 15 minutes; they were usually two or three in number. The experi-
ments were arranged in series so that a comparison could be made of the
working metabolism under different conditions. In some cases the light work
preceded the severe work, which was again succeeded by light work. In
others, the initial experiments were with severe work. The influence of diet
upon the metabolism during museular work was also studied in a few experi-
ments. (See pages 31 and 88.) In most cases, the resting metabolism was
determined for each experimental day before the work experiments began.
The statistical data of the experiments are given in tables 23 to 90 inclusive,

TapLe 23.—Resulls with subject J. E. F.

Carbon Oxygen Reani Aver-
- e - AiFiL- 2 Avorage _ | Revolu-
Date and time. Duration. c]glr;'ﬁ::fi?:d alm;::md tory p?:?m‘ Tespirn- 5‘;& Lions per
per minute. | minute. quotient. Tatn, tion-rate. mimute.
o Nav, iﬂ :taf;ut; : J
ing, withou - min. #ec. e e, amp.
1Ei3aam........ 15 12 225 280 .81 =
Work, with food: 3 |
1B 282 .2 12 02 1,225 1,872 840 |- .. 0.9 4 56
e SR 10 17 1,345 1320 | 102 | .. 0.9 + 58
3t 25= p.m 13 35 307 284 1 1.08 |
1 The experiment on this day was o trial experiment with this subject while working on the ergometer. It
uld be noted that only the period lyving before work was without food, i
2 The subject had eaten a comparatively Ilﬁht meal sinee the conclusion of the first lving period.
3 It 18 not reco how muech work was done before or in the interval after this period.  Sweat appeared
on the brow at 1 34= p.m,
4 Approximate. Oaly one mcord of speed was taken in each period.
TasLe 24.—Results with subject J. E. F. (without food).
Carbon Oxygen | z Aver-
. : i Respira- Avorage . | Bevolu-
Date and time. Dhuration, ::Ii::.q;:::;:d nb;:{:'rﬁi ¥ pﬂ - |  TESPITR= Eﬁ:‘ tions per
per minute, | minute. quoticnt. vy tion-rate. * | minute.
_ Nov. 22, 1511. |
Lying: min, aec. E.0. £.8, anip,
gh 31m a.m.t. .. ... 10 17 210 235 0.80 50 9
- I8 o [ ) O 13 43 215 2a7 21 el 10
L0 e R 13 44 213 238 Bl 59 11
Average. . ....... o 213 237 | 000 59 10
Work: 2 | = = e e
L Ll S 22 00 | - T L] ]
yame;
11626 ami...unns 14 10 | 205 2b5 (.80 64

1 The subject had spent the might in the bed calorimeter after o light su r. Before commencing this ex-
criment he aoid he felt rather hunzry and was troubled a..:%mew]:pxﬁewilh cramps. He |;j.\'qdun'ﬂ at
56m n.m. The pulse-rate at 9b 10™ a.n. was B2 at €5 20m a.m., 58: at 08 25= a.m,, 00,

? Work was begun at 105 40m a.m. The pulse-rate at 108 44m am. was 104; at 10b 51m gm., 120; at 10 G5m
B, 1225 at 100 5%= am., 126, Bubject began breathing in the cireuit of the respiration apparatus
?’ﬁ{lllﬁ'ﬁn: :‘::ﬁnr;a. nlliul thﬁ pl:l:iod wlrg! ataried ]ml,g.:.:t.h'm Ehmiﬂuh."a the pulse-rate rose suddenly to

. : ject collapsed, and could not retain the mouthpiece in his mouth.
11b 08® am. was 72; at 115 20m a,.m., 72 N : W o muerie o
¥ Approximate. Oaly one record of the speed was taken, and that at 10b 450 am
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Tapre 25.—Results with subject J. E. F. (with food).2

Carbon Ohxygen . Aver-
Date and time Duration. | dioxide “b”':’fb""d R?;mm- age | Aot . | G e
ate o . e el per lf.\' Z palse= respira ront, | MO0S per
por minaie. | minute. quokient- | “ate. itmn-mm. Tk,
, Non 24, 1811, :
| Lying: e S, £, Gl amg.,
0 B am?, ... 10 18 G303 Ak 1.0 G 12
IS RS 1 S 13 10 279 258 a7 G5 11
10020 R e 12 37 75 276 il (4 12
| Waork:
10 A0m g m3. .. ... 10 33 1,303 1,541 0T 137 21 L4 L
- Al 00 mmd. ..l 4 00 e 3 (LB a8
Lving:
11h 18m am®. . ....[ 14 08 SG6H 270 0.5 T4 12
11 B0 adihi. . .oenaf 13 05 230 2416 A8 6 12 4 e
L PG e 2 13 Oi 233 4% S ha 10h i .

1 The subject had eaten o light breakfast at 68 50m 0.m., consisting of 2 scrambled cges, about 125 grams of
bread, about 200 c.e. of milk, and an apple. At 8 30 pm. he took 50 grams of cane SUgar in Waler.

2 The subject lay down at 94 05m a.m.  The pulse-rate at 90 18= 5.m. was 64; at -_lfh 20m 5 m., 62; at Ob 27m 4.m.,
64, Reapiration at 0% 19m pom. was 22,

3 Work was begun at 100 30% a.m, Between 100 30m a.m. and 106 40= a.m. the average speed was about 59
revolutions per minute,  The pulse-rate at 10% 335 a3.m. was 115; at 108 362 a.m., 124; at 108 37= 0.m.,
124; at 100 30= g.m., 126

4 In the interval botween perods the average speed was about 64 per minute. Second period was stopped after
4 minutes of work because of the condition of the aubjeet. There were sl the signs of impending col-
Inpse. Pulse-rate suddenly beenme rapid.

& The subject was transferred from the ergometer to the eouch as rapidly s possible, and lay there 11 minutes,
#. ., 14 minutes in all from the end of work to the beginping of the first lving period. He was now in
good condition. The pulse-rate at 11 15" a.m. was 76; at 118 17= 30% a.m. it was 72,

TaBLE 26.—Resulls with subject J. E. F. (without food).

Carbon Ccygen R . Aver-
iy eApiTa- : Average Revolu-
Diate and time. Dration. el‘ii::if:f;:.ul ubﬁ?"‘i tory | UL | respira- Eﬂ tions per
per minute. | mnute. quotient. rate. EEmera b TR
Mar. £, 1512,
Hevere waorle: 1 REn. 880 C.c. L.l .
B fdmam.. ...... 11 25 1,450 1,648 0.00 1440 o 1.4 2730
9 2% amd. .....] 10 53 1,601 1,801 L0 L1 20 1.5 T3
Light wark:
g symamd. . ....| 12 55 1,004 1,045 SHG 124 20 0.5 871
10 22 ams,.....| 12 42 1,003 1044 A7 120 20 (.5 B.G

1 Work was begun at 86 34m a.m. Owing to o fault in the eounter, it is uncertain how rapidly the riding was
done up to the peginning of the pericd. The probable speed was 54 per minute.

2 Approximate, E i 2 ‘ ;

3 In the interval bafore this period the average speed was probably about 54 per minute for the time between
gb 17= gom, and 90 280 g5 m,

4 The current was lowered from 1.5 amperes to 0.5 ampere at 95 40= a.m.  Beiween ¥ 40= a,m. and 95 57m
a.m. the average specd waa 76 per minute.  The subject was troubled by soreness in his knees, and
snid it was much easier for him to ride fast than slowly, beeause his knees pained him less,

B In the interval before this period the average speed was 78 per minute.

TasLe 27 —Resulls with subject J. E. F. (without food).

Carbon Oxyeen Ttosp; Avor- A Revolu-
Fageir pira- | Avernze | o~ tevolu
Datoand time. | Duration. | Bxde | sbeorbad | PS5 | ape | et | Cur | onepes
| Sor mimute. minate, | Quotient. |EREE | tion-rate. minie,
M {cﬁ' Sl i e.8 &0 amp,
ight = iR, 800, i W ;
D ia s | e S35 003 003 | o4 16 |05 | 764
0 24 ama......] 12 21 TE4 B0 A2 04 17 0.5 To.D
Severe work:
QG2 gmdo ... 10 23 1,526 1.718 89 133 &4 1.5 70.7
ig gl:’:Jll :.EJ ...... 10 19 1,556 J 1,824 .51 E10 206 1.0 713

1 Work was begun at 86 25m am, Between 84 250 g.m. and 9 am. the average speed was 73 per minute.
The pulsé-rats at &5 56= a.m, was 55, The subject was annoyed by saddle soreness during the period.

2 In the interval before this period the average speed was 70 per minute, At 9% 33= a.m. the covering which
had been placed on the saddle slipped off.

3 The current was raised to 1.5 ampercs at 00 38= am. Between 99 38= am. and 10v 0f= p.m. the average
speed was 62 per minute. ‘The pulse-rate at 9% 50= a.m. and at 9% 57= a.m. was 124,  The subject said
after the period that he was very tired. . 3 .

4 In the interval before this period the average speed was 62 per minute. During the period the work was
done without any apparent difficulty, though the subject said at the end that be was much exhausted
and very hungry. ;i : :

& Record of pulirm-mt& at 108 31m a.m. Work was finished at the end of the period, and one-half minute Iater
the pulse-rate was 116.
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TaBLE 28.—Results with subject H. L. H. (without food).

45

Carbon Oxygen Tosni Aver-
S pira- Average Revolu-
Date and time. Duration. clemiﬁﬂead a.“"'r 4| Ttory pulpe- | Tespire- m tions per
per minunte. m.'lpncutn. quotient. | %o, tion-rate. minute.
. Nov. 81, 1811, )
: RN, 260, ., gl IR p.
0™ am.t......] 13 59 218 237 0.92 12 13 =
g 27 Bm........] 13 B3 207 243 86| 70 o
i e e e 213 240 0.58 71 15
OFK:
10b 32m s m.=. . .... 12 33 1,517 1,461 1.4 171 32 0.9 G2
1114 amd ... 10 43 1,741 it A9 179 41 1) ElliTy
?&1: 02= pm.5. .. ... 14 28 198 259 o | B3 16

1 The pulse-rate at Bb 402 am, was 72; at 8 45w am , 80 48= a.m., and 8% 51w a.m., 70

2 Work was begun at 100 207 g.m.
the same specd. The pulse-rate at 108 192 a.m, was T2.

105 31 a.m., 152.
* Approximate.

4 Between the two periods here recorded another work-
ping of the noseclip. The pulse-rate at 118 13= am. was 174,
appear to work quite so readily.

8 The subject lay on the souch scon after the work was finished.

The work was continuous to the b
The pulse-rate at 10b

The pulse-rate became very rapid
The @

aum. it was 1007 ot 11% 52= a.m., 88; at 116 560 a.m., 88; at 12 noon, 84.

Tasre 20.—Resulls with subject H. L. H. (without food).!

u:

period was attempted, but it was lost owing
During the peried the subject did not

ulse-rate fell slowly. At 115 d4dm

eginning of the r.\e:l'lnd. and at practically
26m g.m. was

34, at

to alip-

Carbon Oxypen R Aver-
o pira- Average Revalu-
Date and time. Duration. cIE!"I:IiTIf;:Jd nhaocrr tory m_ respira- ﬁ':.:‘ tions per
p-‘."lr"rl:linutc. nu%utn. quotient. Entc.-i tion-rate? T | minute.
Mar. I, 1812,
Bevere work: min, $6c. £.e. [ G g,
1b 52 p.m? 10 11 1,654 1,643 1.01 162 a2 1.5 60,2
.2 19 pmt 10 18 1.674 1,795 A3 178 T 1.5 G8.1
Light work:
2% 49= p.m.5 1 21 B01 1.211 T 140 24 0.5 51.2
3 15 pm.* 10 59 G0 1,185 i) 144 24 0.5 BOLT l

1 The subject drank a chocolate milk-shake at 8§ a.m,
respiration in each period.

2 Cne record of pulse and

& Work was begun at 10 1092 pom,

begun again at 1b
mately (0 revolutions per minute. During the period the

4 In the interval before this peried the average speed was G4 per minute,

Was

done with difficulty.
& The current was lowered to 0.5 ampere at 20 32m pom.  Between 28 32m p.m. and 28 490 p.m. the average
the work was done with comparative ense,

speed was
€ In the interval
on

88 per minute.

d4m pom.

During the perio
before this period the average speed was 63 per minute.
the whole a trifie labored.

During

TasLe 30.—Resulis with subject E. P. C. (without food).

WaE A

The counter was out of order, however, and had to be repaired. Work
he average speed to the heg:nning of the first pen i

rk was done with eonsiderable
the period the work was

roxl-
art.

Dwuring the period the work was

" Carbon Ozxygen . Aver-
Gt Respira- Averagoe Revolu-
Date apd time. Duration. Pl'ii!l:'ll:;xr:st:_d abm:r tory af.i_ Teapira- n"": tions pl-nlzr
per minute. mﬁmt-n. quotient. E:t:.l tion-rate| T | minute.
Mar. &, 18182
work: win. gec. £ c.c, @,
gh 13m am3d, . ,,..| 10 31 1,379 1,408 0.92 126 16 1.5 .5
mhg 33k T TR | T 1,388 1,418 08 1107 19 1.5 4.0
work:
10h 0= amnll, |, . . 10 o7 GO0 B20 T 112 16 0.5 5.0
10 31 ams,, 10 20 601 H28 k] 105 14 0.5 64.7

1 One record of pulse and respiration in each period.
2 Bee table 31 for cxperiment on November 23, 1911,

3
tions per minute.

4 During thia period the work was easily done.

Bubject said the work was not very heavy.

Work was begun at 8b 57= am. DBetween 56 57= am. and 98 13® am. the average speed was 65 revolu-
During the

interval before the period the speed was practically at the constant rate maipiasined throughout the
periods of the day.

B Immediately at the close of the preceding period the current was lowered from 1.5 amperes to 0.5 ampere,
In the interval before the period the average speed was practically ot the constant rate for the day.

# In the interval before this period, the ave speed was 63 per minute. After this pericd was completed
the subject tried his “eapacity to work™ at 1.5 amperes. He rode at the rate of 104 per minute for

several minutes,
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TaBLE 31.—Results with subject E. P. C. (without food).

Carlon Cizygen . Aver= |
o Respira- Average Revolu-
1 Date and time. Duration. ﬂﬂi_.“iﬂ:ﬁd ﬂb@;{f‘bm tory = 5:__ TEspira- Qtjl? tions per
i per minute. | minute. quotiont. Tale. tion-rate. ® | munute.
| New, 28, 18118
Lying: i, Beo. £.0. [ amp.
Brdlm am?...... 14 43 171 199 .86 55 11 e
8 07 am........| 14 58 171 2H) a5 47 11
L L 188 | Z21F a7 45 11
Average......... TR St 169 211 .80 50 11 o '
Wark:? P =T T T T
108 31m ... .o, g 10 1,087 1,167 .84 107 19 0.5 i |
1 A0 51 amf......| 10 30 1,065 1,368 B0 118 149 (L ‘58
Lyinge:
Pivi8= ams. .. ... 12 36 150 249 T 58
| bR O L P 11 41 159 225 Tl 54

1 Bee table 30 for experiment on Mareh 5, 1912,

2 The pulse-rate ot 5% 30= g.m, was 52. The subject was troubled by soreness about the nose due to the e
of the noseclip, and by the strong light in his eves. He was also annoyved by the drvness of the air.
It was found that the molstener had Lecome dry,

# Work was begun at 100 16m a.m.  The average speed to the beginning of the peried at 10b 31= a.m. was about
53 per munute.  The pulse-rate at 108 165 am. was 70; at 108 21= am,., 38; at 108 252 am., 86; 6t
10k 25= ppm., 95; at 108 30w 4.m., 97.

4 Approximate.

& The rate of the subject’s niding between periods was not recorded. The work was continuous,

& Work was fimshed at 115 03= gun.  The blood pressure as observed between the second and third periods
l¥ing %n'inn[:-.! work was mazimum 110, minimum 80; scon after work was finished, mazimuwmn 115,
ol B,

Taere 32 —Results with subject K. H. A. (without food).

Carbon Crxyeen Raheach Aver- e Ravnlis
Date and time. Duration, |  doxide absorbed tory o m:‘-pirﬁ'—} Cur- | fions per
eliminated ]"t.i. quotiont pulse- | . rate, | FEBE | e e
per minnte, | mimate. "| rate. ' 3
Mar, 7, 1812,
Severs work MR 8OO, c.e. .0, A,
ghdfm am.t.......| 10 20 1,767 2,060 0.86 162 26 1.5 79.0
0T aan® T 1 15 1.524 1,049 A4 174 32 1.5 BT
Light work: |
Ob 43 oamd, . ... 10 53 B3 1.070 81 132 22 0.5 8.7
003 amt o | 11 &2 q02 1,053 44 136 i 0.5 To.4

Work was begun at 8b 18m a.m. Between 80 182 g.m. and 8% 480 a.m. the subject rode at the average rate
of 79 revalutions per minute.  The metronome set ot 82 1o 84 was used to regulate the speed,

In the interval before this pericd the average speed was 86 per minute.

The eurrent was lowered to 0.5 nimpere nt gh 159= a.m.  DBetween 9% 19= aom. and 0b 43m Tl-ﬂdi. the l"'l!_rm
speed was 7% per minute,  During the period the work was done with ease, and the subject restrained
himself in order to keep to the rate set for riding. )

In the interval before this period, the average speed was 83 per minute.

.

e B

TaBLE 33.—Resulls with subject K. H. A. (without food).

| Carbon | Oxygen Resnira- | AVer=| av
Pk pira= Average Revolu-
Date and time. Duration. -’:]Elnm}r:::ill::d al.ml';{rbtti toTy pﬁ;:'- raspiri- E;;'l:h tirna paer
[ per minuie, | minuts QUOHENS, | gy, | MOT-TERE: EIALEN kR
A hﬂ.pr. .E. 1918, _
Aght work: . Fec. . .0,
N e it 10" 20 921 yosz2 | oss | 120 | 20 |05 | 787
U 1D ku.m." ...... 10 20 S04 1,051 S 124 18 0.5 5.7
Eevere work:
I amd......| 10 14 | 1.8% 2,015 ot |68 | 24 | 15| 785
| 10 25 amd,..... l 10 08 1,825 2,147 1 170 24 1.5 sT

1 Work was begun at 85 207 am. Between Bb 20m am. and 8b 56 aan. the average speed was 79 revolu-
tions per minute, -

¢ In the interval before this period the average speed was 84 per mmute. 3

3 At 9% 27= g, the current was inereased to 1.5 amperes. In the interval between the second and third
pericda the average speed was 77 per minute.  The counter was not recorded at 98 27m am.  Perapira-
tion began at 95 350 am.  The subject’s broathing was slow and deep.  Perspiration wos] somewhat

rofise, 3

iIn thtq: interval before this period the average d was 70 per minute. The subject’s Lireathing waa slow
?nlcil labored during the period, and caused distension of the rubber cap of the tension-equalizer to ita
ull capacity.
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TaBLE 34.—Resulls with subject J. J. C. (without food).

dioxide | absobed | Respira- | e | Average | gy | Revolu
s mimee. | minate, | auotieat. | R4LE” | owrate. | 1 | minute

Date pnd time. Duration.

Mar. 18, 1912, 3
Severe work: i, Eec,

S
o
3
o

£.E, 5

23=pmd.......] 10 12 1,690 1,508 0.04 170 36 1.5 T2.0

2 5] pm=E.......] 10 12 1,636 1,886 BT 166 36 1.5 TL.8
Light work:

b 27m pm3, L L. 12 13 Bl 1.075 B0 139 36 0.5 Vi3

3 50 pmd.......] 13 15 B24 1,035 B0 136 34 0.5 T1.1

1 Work was begun at 2 p.m.  Between 2 pom. and 24 31m pom, the average speed was T4 revolutions per minute.
The pulse-rate in the preliminary period before the mouth was put to the mouthpiece was at 26 07= p.m.
148; at 2b 199 p.m., 168; at 20 26= p, m., 166, The subject’s mouth was put to the mouthpiece at
2 27a pom.  The pulse-rate at 2b jil‘.m. was 168, During the perod work was first done rather
easily, but later with more difficulty. ‘The subject's breathing was labored at the end of the period.
The saddle was uneomfortable. The pulse-rate 2 minutes after the close of the period was 144G,

2 In the interval before this period the average speed was 63 per minute, During the period work was done
with comparative ense.  Perspiration was profuse. . ’ ¥

2 The current was lowered to 0.5 ampere at 35 02= p.m,  In the interval before this period the average speed
was @i per minute. The pulse-rate in this interval was at 3b 20m p.m., 132; at 3b 26 p.m., 130,

+ In the interval before this period the average speed was 56 per minute.

TasLe 35.—Results with subject Dr. W. G. A. (without food).

Carbon O=ygen 2 Aver-
et Respira- Average Revalu-
Date and time. Duration. elﬁm;ﬂid Hb?:::m tory | o fee respira- 3":.": tiona per
per minute. | minute. quotient. | Top, | Ston-rate. s
Apr. §, 15818,
ing: WHR. BEE. BB e, amp.
0™ amt. .. ... 10 23 185 220 0.84 50 4.8 -
AT emiiieaac.] B4 11 182 234 T 50 4.5
AT BamL. s 12 47 =i 187 232 A5 4D T 4.6
ATOVOED. . = oo oainfosswonanna 185 256 | 082 | 60 | 47 | ..
Apr. 2, 1912, — o T
Bevere work:
EEETmam, L & 06 1,615 e Her 156 24 1.5 ¥2.1
Light work:
GhSdmamd ... .| 10 14 708 1,004 a9 112 18 0.5 T6.1
18- 18 am¥. . .... 10 08 TG $55 ) 105 e 0.3 Ta.0

: The subject lay down at 8b 15 a.m.
3 The reapiration-rate while the subject was on the couch was for the full period as recorded by the spirometer,
Worl was begun at 8% 26m am., the average speed between this time and 88 57= a,m. being 75 revolutions
per minute. The subject started riding all right, beginning to perspire in about 10 minutes, but dur-
g the experimental pericd. he was in great distress, his lips moving backward and forward on the
mouthpiece with each respiration.  The period was ended because ninrfne condition of the subject. He
complained of saddle soreness and shortage of air.  Perspiration was very profusce,

4 In the interval before this period, the current was lowered to 0.5 ampere. The subject rested aftor the first
period.  He rode a total of about 2,556 revolutions between the end of the first pericd and the begin-
ning of the second. During the second period the werk was easily and readily done.

B In the interval before this E:n.ud. the average speed was apparently about 51 revolutions per minute. Dur-
ing the peripd the work was done with ease. The subject felt rather tired at the end of the experiment.

TaBLE 36.— Results with subject M. A. M. (without food). (Ergometer I1.)

Carbon Lo n : Aver-
k : Com Respira- Average Revolu-
Diate and time. Duration. El?;qﬁlftid “m?:r 1 tory ”‘f:,_ respira- Fm;' tions per
e minute. mljmitlr:. quotent. Hr':it-u: tion-rate. | " | minute.!
. Dec. 19, 19112
- min, &ed, &0, £.C. anp.
DO BT . e 15 36 204 235 0.87 63 20 v
b e os | e | 3 | & | &
M.m, : ] - =
Mo load, without motor: .
gh f7m am2, . ....| 13 22 420 473 59 B 20 o i
010 xmd......| 13 20 385 444 AT B 20 e GO0
Wo 10. 44 Am........ 13 256 288 443 58 B 20 o G0
11k 12= ams,.....| 10 24 1,017 1,206 A5 | 118 23 0.9 60
11 34 am........ 10 27 1,077 1,246 86 126 ] 0.9 G

1 ﬁﬁpcm:imat-a. 2 Hee table 37 for eaperiment on December 14, 1911,

3 The subject aat on the ergometer at 05 £0= a.m. and began riding. The metronome was used, sct at 60 per
minute., The counter was not used. The pulse averaged about 54 during the preliminary riding.

4 The subject rode very ensily, He said the lnck of resistance was rather disngrecable,

6 The metronome was used, set st 680, Current was on at 108 57m g.m, Pulse-rate during preliminary work
100, 104 and 108, Mouth put to mouthpiece at 11b 07m am. The work was done with comparative
eiae, with no marked perspiration or flushing, but the subject found it very hard after coasting.
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TasrLe 37.—Resulls with subject M. A. M. (wilhow! food).

Carbon Oxyvgen Res Awor-
e pira- Avernge Revolu-
Diate and time. Duration. Elﬁ:ﬁﬂ;l* i “bif'l:::":d tory pﬂmt!a respira- E‘ﬂ' tions per
per minute. | minute. quaticnt. rate. tron=rute, i ta,

_ Dee. 14, 1911,

Lying: min,. gec, &0 £.C; anp.
Bh S0 gt ..., 14 42 217 241 0.90 64 24
814 mme e 4 43 214 237 i | 5] 24
W 8T AT - 14 50 216 235 02 1% 24
ork:
10 29m ami,. . ... 9 52 1,088 Rinia S 134 23 0.9 it
10 55 amd...... 10 05 1,224 1,332 .03 122 3 0.0 65
11 16 amd. . ....] 10 (4 1,112 1.149 7 122 23 0.9 5T

—

1 The subject lay for 40 minutes before the period.

2 The metronome was used to keep the spead at about G0 per minute. Work was bogun at 105 07 a.m. The
subject put his mouth to the mouthpicee at 105 22 5 m,  The pulse-rate without the mouthpiece was
at 105 14m gom., 112; at 106 200 am, and 100 22= a.m,, 116 ‘hen the subject’s mouth was on the
mouthpicee, the pulse-rate was at 108 24m 3.m., 124; at 10k 26= a.m., 120. During the preliminary 22
minutes the average speed wes about 63 revolutions per minute, The level of the mouthpicce was
changed to suit subject’s convenience. The subject had to stop at the end of 10 minutes, He was
crouching in his seat, The oxvgen mepsurement was lost, Perspiration was pouring from the sub-
Jeet duning the period.  He felt that the stethoscope harness was pressing on him.

2 The subject had changed to a more upright position amd was therefore much more comfortable. He was
cooler, and foeling better.  His face was bathed in perspiration. geslt

4 The subject stopped work for 2 minutes betwesn periods, “Ihe average speed for the actual riding in the
interval was about 62 revolutions per minute,

TaBLE 38.—Resulls with subject M. A. M. (without food).

Carkbon Oxyveen . Aver-
S SEC | Respira- Awerage Revolu-
Date and time, Duration. | Liﬂ:ﬂf:ﬂh “]“?L_rrm! tory pf_luilt:;!— respira- E‘:L:' tinns per
| por minate, | minwte. vkt rate. T Rl
Dee. 15, 1841,
Lying: MR, 80, £ Culs AN
HE 20= aml, . .... 14 30 202 2 .80 04 e
B bd am...e... 14 37 205 252 Bl LS| 24
B8 maml e 14 57 104 245 LB 12 22
Waork: i
10% 10 g2 .. 10 10 1,160 1,338 BT 122 10 0.9 1052
10 28 il LU ] 1,163 1.43% Bl 126 22 0.9 2 i)
1 0 47 omb. ..., 10 10 1,147 1444 B0 130 Ly 0.0 552
avinge:
116 15m a.md. .. ... 14 21 215 255 B4 71 22 ot - !
1080w oeo| 14 AT 200 252 B0 | 64 19 e

[

1 The subject said at the beginning of the experiment that he did not feel very well. e had some gostrie
disturbance. He was lying on the couch 29 minutes before the period began, The pulse-rate at
8 05= a.m., 8% 10™ n.m., 86 15= a.m., and 8 23= a.m. was G4. ; :

% The subject was not physieally inclined to work. He began work at b 42w am. His pulse without the
mouthpiees was 116; with the mowthp it was 110 and 112, Ferspiration was profuse. me;ﬁ
of the subject's clothing gave him relief. Preliminary to the peripd the average speed was about
revolutions per minuto.

2 Arnmxmmte. he metronome was used to regulate the speed. oo :

4 The subject rode between pericds at the average rate of about 59 revolutions per minute, sitting up to ride
na is usual between periods. He found that this gave him relief. He volunteered the information
that he sometimes found expiration diffieult when the rubber cap on the tension-equalizer was too fulls
Perapiration began at 108 350 a.m. ’

b The average specd between periods was about 65 revolutions per minute. The subject’s breathing was
Inbored during work, and he looked exhausted when the period ended and breathed badly. FPerspirn-
tion began at 100 53m &.m. &

& The subject’s change to the conch was made as rapidly as possible.  He took in saliva from the mouthpiees
when the cock was again turned and made nﬁgrts to awallow. Reapiration was lezs shallow than usual.
The period began about 12 minutes after the work was finished. The subject was fushed but other-
wise was normal in appearanee,
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TABLE 39.—Results with subject M. A. M. (without food).

Carbon Ozygen Borc Aver-| HRevolu-
gt apira- VETags levalu
Date and time. Duration, | dioxide | ﬂw‘pc}“' tory | %8¢ | Tespira- | CUF | tions per
e minute, | minate, quotient. rale. tion-rate. et
Dee, 20, 10112
ing: min. g6, £ Ealle amp.
1 | T, 14 18 203 226 .50 i3] 23
8 45 am........|] 14 23 164 227 B6 ii4 20
g 05 am.,......| 14 28 186 225 B3 00 16
wnﬂ&“:;ﬂ“ * 10 28 1,117 1,316 25 111 23 0.9 i
e F . % ;
10 10 am¥,......|] 100 34 1,054 1,276 52 113 24 0.9 158 |
10 28 am........ 10 40 1,097 1,344 B2 115 25 0.9 L |
S et e s 203 258 79 | o8 20
11 14 sioiieo....] 14 18 192 247 a5 G2 20
11 35 am-.......| 16 22 2040 252 S0 63 21

1 Bee table 36 for experiment on December 19, 1911.

2 The thermal jmtﬁ rectal thermometer was used during the work periods and during the Irirlg eriods
following. The body-temperature rose about 1* C. and after work fell to about the original level. (See

ig. 10, p. 158.)

z Wﬂl‘llﬁfma 'bq];un at 0% 30m g,  The metronome was used, set at 60, The pulze-rate during the prelimi-

nary period was at 9b 350 am., 100; ot 9 42m g, and 08 400 aom., 104; at 9% 48= am., 1 The
- of the rotary blower was increased during work. Perspiration appeared on the subject's brow
57= a.m.

4 Approximate. The metronome was peed to ropulate the speed. :

& TEu metronome was set at 58. At 10b 18 a,m. there wes sweat on the subject’s lipa as well as on his brow.
He found the work easy and felt in excellent condition. _ :

& Work was finished at 108 am. The subject then readjusted the reetal thermometar and immediately

lay down.
TasLE 40.—Resulls with subject M. A. M. (without food).
(f_nrl]c;r} %:yﬁf"d ﬁcsuirw A"-":" Average | .. Ill:vn-[u-
Date and time. | Duration. | giiminated |~ per | . 0% | pulse | Fospira- | pope | tiona per
per minute, | minute. quotisnt. rate. | tion=rate. Tk,
_Drec. 21, 1811,
e TR, SeC. C.C. £.0. A,
gh22=m gam.t......|] 14 16 202 230 0.88 Gl 18 :
84l am....... 14 17 1499 231 A i3] 18
W E 0l am?®,.....| 14 27 156 231 B3 G0 19
ork:
1 0= amd. .. ... 10 23 1,055 1.245 A5 125 25 0.9 LR
A0 3 ams......| 10 17 a7l 1,256 T7 132 28 0.9 k)
Lying:
1 43= am.?. .....| 14 22 iy | 259 B4 75 23
1L 02 am........| 14 32 203 261 iy 0 23
il 23 am........| 14 30 196 247 Akt LI 20
144 s ... .. i4 32 19% 246 .3 G5 24

1 The rectal thermometer was used on this day but was not inserted during work. The records show that a
rise in the body temperature of about 0.9° C. ocourred during work. During the second seriea of lying
periods there was o steady fall totaling sbout 1.6% C.  (See Fig, 10, p. 158.)

* The subject lay down at 76 55= a.m. The pulze-rate at 78 57= am. was 66; at Bt 03— g.m,, 64; at 8% (7=
a.m., 58. From 8% 10= a.m, to 8% 170 a.m. the avernge pulse-rate wos G0.

3 In the third period the position of the mouthpicee was twice gltered for the subject because it was not as
ecomfortable for him as usual.

4 The subject rode at the average rate of 107 revolutions per minute from 98 22m 5.m, to 9b 470 5.m., when tha
apeed waa lowered to B0 revolutions per minute. The pulse-rate could not be observed during the
rapid riding because the subject could not wear the stethoscope harness, It took him till 90 38m a.m.
lﬂgel hia sceond wind. During the preliminary period following 98 47= a.m., the pulse-rate was 132,
125, 124, 128. During the mapid riding the went as high as 135 revolufions per minute.

B A mate, The metronome was used to regulate the speed.

8 The suliject complained of saddie sorencss.  After the rate was lowered to GO revolutions per minute, the
metronome was used to regulate the speed. He spid the crpometer was different from the ordinary
form of bicyele. While at work he was annoyed at havieg to kecp time with the metronome.  The
crank of the bicyele was working loose, and that also annoyed him and interfered with the smoothness

of his work.
T The subject ato work at 108 35m am. Hia respiration was now shallow, though regular. He waa
t-l-mlji. and was tendency, therefore, to loozen the mouth on the mouthpiecs,
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TasLE 41.—Results with subject M. A. M. (without food).

T T -E!nrh-::-n Oxvgen | po.; Aver-
s pir Ave Revolu-
Diate and time. Dhuration. CI?;‘ILEIEI-I:I-I';T] “b‘;’;:"“l mﬂru’ pﬁ:m_ Jynap'i?-gf Eﬂ'l'.‘;' 1.i;gn1;r
per minute, | minute. quaticnt. Fate, | en-rate., ° | minute,
Dee. 22, 18113
Lying: M. S0, £ [ amp.
Eh ZTm o am.E. ... .. 14 25 199 229 0.87 Gl 20 e
5 47 amiee.. . 14 22 105 217 B0 60 20
= t:l 08 BMe;acs:-| 14 25 188 229 B2 60 20
ork :
Ik 20mam® ,,....| 10 12 1,030 1,326 I8 116 22 g i 58
+ 10 39 amd...... 10 13 1077 1,355 B0 119 24 0.9 158
ying:
10k SOm amE. .. ... 14 24 285 253 B0 70 22 :
1 b BT T R 14 29 197 238 B3 G4 20 c
lI 4'. L= 11 P T 14‘ 4 1“3 223- -E? 6.2 20 . s

1 The rectal thermometer was used during thia entire experiment. During work there was a maximum riss
of about 1.2° C, in the body-temperature; during the lying periods following the work periods it fell
stendily to the temperature at the beginmng of the day. {(Hee Fig. 10, p. 158.)

2 The ﬂuhjecé,l;n}' down at 78 57m s.m. The pulse-rate at 8% 10m g.m. was 06; at b 20= am., 61; at & 22=

A1k, G,

# The windowa were opened, and the subject rode rapidly from 96 28= a.m. to 0b 530 a.m. The speed durin
this rapid riding was probably about the same as on Dec. 21, At 95 532 a.m. the speed was reduce
to 60 revolutions per minute. The pulse-rate at 9 57o a.m. was 120; at 105 0d4m am., 122 at 105 (&=
a.m., 120, The messurement of the metaboliam was attempted st 100 102 a.m, but the subject st d
work after 11 minutes. He said he could not continue because of the great pressure from the rt:R: r
cap on the tension-equalizer which affected his expiration, The pulse-rate was 112 at 100 10m 5.m.
There was no flushing to speak of.  There was considerable perapiration, but this was due to the pre-
vions exercise.  The subject ar.api:::d pedaling for about 3 minutes and said he was much exhausted,
He had very lahored breathing,  During the period which was suceessiully earried out between 105 3=
a.m. and 10% 309 a.n., the test for carbon dioxide in the circuit waa postive. The amount of carbon
dioxide present was amall, but the blower was run for 3 minutes after the period to elear it out,

4 Approximate.  The metronome was used in both work periods and during the interval between the two
periods to regulate the speed.,

& The subject worked steadily and evenly,

& The subject lay down at 108 509 a.m.

TasLe 42.—Results with subject M. A. M. (without food).

Carbon Cxygen Rasni Aver-
e Spiri= . | Avernge Revaolu-
Date and time. Dhuration, Llﬂ:’:f::;?;d “h*?::"'“! tory p:f?:-‘_ respira- E:'I:T; tions per
sarinlnute rnanuti:. quotient. | Y, Lidm-rate. B R TTTRECH
Jan, 2, 18121
Laing: min, e, c.e [ . amp.
8k 40m amd.. . ... 14 29 198 231 0,806 LElH] 14
o ]1[1' [T SR id 36 2000 232 BT Gl 19
Fark:
10k Jdw ama......|] 10 29 1.033 1,254 B3 120 | 23 0.9 450
B e s ; t ;
A0 54 10 05 1,054 1,244 B5 129 25 0.9 1 60
Fing:
T 108 M= aml,..... 14 54 223 271 B3 1 24
58 B 16 L J08 257 B1 70 23
11 40 am.7,.....|] 18 21 217 270 Bl 75 21

1 Hea table 43 for experiment on Jan. 1, 1912,

2 Hefore the experiment the subjeet complained of a heavy feeling in his stomach. It was possibly due to
the fatty supper of the mpght before, He looked well. The pulac-rate at 86 10% a.m. was G8; at 8% 2=
a.m., B3; at 55 42 5 m B2,

¥ Beginning ot 9 1™ a.m., the subject rode rapidly for 25 minutes at the average rate of 110 revolutions
per minute, At 9% 56m a.m, the speed was lowered to 60 revolutions per minute. The pulse-rate
after the speed was decreased was at 108 01m am,, 134; at 10 (4m a.m. and 108 (72 5.m., 130; at 106 (Ko
am., 132, The subject washed his mouth by gargling with water at 108 07= a.m. He said then that
he could start all over again with ease.

4 Approximate.  The metronome set at 60 was vaed to regulate the speed from 0% 56 s.m. to the end of work.

& The subject was in excellent condition and had no difficulty in doing the work. There was a tendency in
both perioda for him to fall off frem the set rate of 60 revolutions per minute.

& The subject lay down at 100 45m a.m.

7 The subject moved actively for about 10 seconds at 115 51= a.m,
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TasLe 43.—Results with subject M. A. M. (without food).

Carbon Oxygen Reari Aver-
L pira- Average Revolu-
Date and time. Duration. | doskde "“;‘ﬂ’“ﬂ tory | 2 | respira- | CUT | tions per
per minute. | minute. quotient. rate. tion-rate. minute.
Jan. 1, 19121 :
. iR B £l £.ls am,
B 3™ g euainns 14 36 M6 232 0.89 BB 19 i
BiOh ... 14 30 208 233 G i o0
9 20 am 14 33 209 233 A0 (i1} 20
OTE
108 3Im a2, .. ... 5 &9 =hE 1,160 vae 135 20 0.9 G0
A0 53 amd, .. ... 10 26 1,079 1,162 0.93 131 23 0.9 G0
ne:
116 1d= arm........| 14 37 224 265 B4 81 20 sk =
11 40 am........| 14 40 204 246 B3 (i1 &0 | ik
1 Zee table 42 for experiment on Ja 2, 1912,
2 During the i_mm—uﬂet,hm wers 28 :quwutemﬂ hard work followed by 14 minutes of work at 60 revolutions per

minute. The records of speed at 9% 52= a.m. and 10* 12= a.m. were 95 and 98 revolutions per minute.,
Seeond wind after 16 minutes, Pulse-rate during the preliminary work with the upaed at 60 revolwe-
tions was 145, 124, 128,

A ximate.

4 subject had 5 minutes’ complete rest sitting on the bicycle after the last experiment. He started again
at 10b 452 g.m., at & speed of 60 revolutions per minute.

TasLe 44.—Resullz with subject M. A. M. (without food).

e |
(L:n:‘tgnn Oxygen Respira- Aver- Avera Revolu-
Date and time. Duration. ellilnﬂ:t?gtld “b’l’_‘“i:”d toﬁ.r £ bl ;mpitE-E Fcl::T tiona per
per minute. | minute. quotiont. rate, | OD-Tate, minute,
Jan, 8, 1918,
Lying: wif, 808, 6.8 o amp,
BaPgm gmt, .. ...|] 14 dJ3 201 233 0.86 61 18 o -
HBodAY B ...ea. 14 32 199 237 B4 G 18 e o
200 am.......] 14 34 201 229 A8 Gl 20 s .
Work:
108135 am.®, .. ... 8 02 a7aa 1,356 o1 1416 20 0.9 4 50
10 33 ams......] 10 19 1,024 1,288 B0 129 22 0.5 4 G0
A0 52 am.......] 10 14 1,015 1,243 El 124 20 0.9 G0
ng:
l%" 15~ am..,.....] 14 49 219 287 T k] 22 o ‘s
11 42 am........ 15 01 209 277 il ' 22 ot e

1 The subject lay down at 7b 55= a.m. The pulsc-rate st B8 125 a.m, was 68; at 8b 16= a,m., 66; at 88 10=
800, B4 at 8b 22= g.m., 63,

2 Bepinning at 96 200 g.m, the subject rode rapidly for 25 minutes at the average rate of 119 revolutions per
minuta. At 9 54m a.m. the speed was lowered to 60 revolutions per minute. The aubjoct washed
his mouth by gargling while riding fast. He perapired freely and felt winded just before he finished the
fast riding. He rode fasteat at first, 1. ¢, about 136 revelutions per minute.  Second wind at 95 33» 5.m.
The pulse-rate was obiained after the speed was decreased as followa: at 9 50= am., 152; at 105 (5=
a.m., ldd; nt 105 08= a.m., 144. During the period itself there were symptoma of collapse at the end
of 7.5 minutea and the pericd was therefore ended a3 soon as possible. There was twitching of the
subject’s lipa but no lealk.

3 There was a possible trace of carbon dioxide in the eircuit by test.

4 Approximate. The metronome set at 60 was used to regulate the spred from 9 54= a.m. to the end of work.

E The subject looked all right and said he was quite ready to continue the work., The work wns easily done.

TaBLE 45.—Results with subject M. A. M. (without food).

Carbon Oxygen . Aver-
fpntery Respira- Avernge Rewvalu-
Dinte and time. Druration. p]lliirlr?i;ldt:qrd nbmrrb{:rj tory “":m_ respiras c,“:‘ tions per
= ol quotient. tion-rate. * | minute.
per mmaulau. II:IJ.:I:E':.II-B. : |;1;tr:i ' i .
_ Jan. 4, 1812, i
Ning: min. eee. .8, .. amp.
g 2eam!......| L& 21 214 235 0.91 65 20 : i
Work:
BEf0mam........ GO 00 it b 0.9 111.2
Lying:
T 14 25 318 416 a7 |wo | 28
10 26 am?,.....| 14 44 215 201 T4 &6 27
10 48 am........ 14 48 222 2584 o B4 26
11 0% am........[ 13 30 215 285 By 83 24
11 28 sm........| 13 25 207 279 a4 70 24

1 The subject lay down at 75 55° aom.  Pulse-rate at S-minute intervala after 8k 10m a,m. was 66, 04, 64, 64.

2 The subject rode rapidly for an hour after the first lying period, not breathing in the cireuit of the respirn-
tion apparatus. At times he rode much more rapidly, as high as 140 revolutions per minute, Work
was finished at Ob 50 a.m. The subject then lay down pouring with perspiration, and was rubbed

He had to rest a little and rested with hia mouth on the mouthpiees from 98 53= a.m. to 98 550

a.m., when the period began.  He lay very quietly.,

3 At the end of thﬂglrnudmn period the subject was atill thoroughly bathed in perspiration, His arms and
chest were rubbed down and his fannels were removed for comfort,
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TABLE 46.—Resulls with subject M. A. M. (without food).

Carbon Oxyeen ; Aver-
e Reapira- Aveorage Revalu-
Trate and time. Daration. riﬁﬂ::fml uhwr;x:d tory RT'} respira- C::' tions per
p.erminm.n-. minute, | GUoticnt. I?-‘;tr, tion-rate. | minute.
Jan. &, 1918,
Lying: i, 860, o.c. £.0, amp.
o Eh 20m gom.t. ... 15 Od 213 233 0,02 (173 20 s
[1}3 4
Bb 5Im g, .uoye s g0 .. i ois 0.0 112.4
Lying:
Qb 5Gm am2 ., ... 14 33 ans 407 ¥l 100 20
10 45 om........|] 14 41 209 311 A5 bt o3
11 08 amd, ... 14 40 214 a0 i Bh 22
11 83 amt. .. ... 14 47 ! 204 293 i B3 24

1 The subjoct Iay down at 8 a.m, The pulse-rate at 8% 11m g.m. was 62: at 85 150 a.m., 62: at 85 19= a.m.,
02 gt Bb 29w g.m,, G0,

1 The subject rode rapidly for an hour after the fist lying period, not breathing in the cirenit of the respira-
tion apparatus. He rode more rapidly at times, once at the rate of 153 mro'lmmns or minute, ';IF]
was finished at 9% 51 a.m. There was very grest perspirstion after the work gu biect was rul I}ad
down hefore he lay upon the couch. He lay very guiet iz r-enpualmn Im:'n shallow and rapid.

4 The apparatua was carefully tested for tightness before the p-‘.:nud waa started %.‘ here was no evidence

at the mouth wes not kept closed.

4 The apparatus was again tested carefully. The subject asserted that in both previous periods hia lips and
his nose (held by noscelip) were absolutely tight. He complained that he was extremely hungry.

TasLe 47.—Resulls with subject M. A. M. (without food).

Carbon Oxypren

. Aver-
Pl Respira- | Average Revalu-
x o | P u 3
Dote and time. | Duraton. | honde,y | sbioried | ion™ | 862 | eespia: | CSF | tions per
per minute, | minute, quckient. rats, Lion-rate. minue.
Jan. 8, 18121
Lying: mm. £FE. £ .. amp,
Bh 3dm am.2...... 24 205 228 0,90 fii1) 20
w E 55 A ...... 1-1 42 204 234 BT 58 20
ork:
Oh 35moamE, ... .. 10 04 1,743 1,054 B0 162 o 0.5 B5.8
v A0 22 ams, ... | 10 11 1,02 1,489 Rl 180 3z 0.9 85.0
ying:
1Mhddm am b ... .1 14 51 41 288 B4 b2h] 22
1110 B e e 14 43 i 217 263 A5 a5 20
11 2l sml.......) 15 21 220 263 A 3 20

1 A pew nnd l:hr,,,m' woendon wheel had heen put on the motor and a smaller wheel or rim of the blower was
ugsd.  The ventilation was increased from about 60 liters per minute to about 82 liters per minute.

2 The subject had & slight cold but otherwise felt and looked to be in good condition.

3 The subject began work at 9% 24= a.m. and to the beginning of the period he rode at the average rate of 92
revolutions per minute,

i The subject had no difficulty in breathing. The machine was not running at just the second the subject
waa brought into the circuit, Tt wos started immedintely. The sebject rode at the average rate of
100 revolutions per minute between the two perioda,

§ Work was finished at 108 332 a.m. The subject was then rubbed down and lay on the couch at 10b 37m 5.m.

TABLE 48.—Resulls with subject M. A. M. (without food).

Carbon Oxygren Besui Aver-
e B o1 | Bespira- 5 Avernge | - Revolu-
Date and time. Duration. F]’;lll;:-L:If:I;il 'Lh';:'rl"“t tory pf:'l"i_ respira- Fc'];l;' tions per
per minute. | minute, | TEOVERE | S tion-rate. minute.
T Jan. 4, 18912, i
ine: min, sec. £t c.e. amp.
Eh d0m aom.t. .. ... 14 41 215 237 0.01 il 18 ;
ﬂ.!: T A b e 14 42 207 246 A5 G 20
Work:
Ok 40m aom 2, .. ... o 02 1,528 1,877 A8 156 28 0.9 B5.B
10 20 amd .....| 10 00 1,727 1,976 AT 162 26 0.9 Ba.1
Lyi
ing
11!1- A= amd ... 14 38 220 320 70 BT 24 e
R R 14 42 207 294 n B3 24
11 38 a.m........1 14 58 213 2535 75 B3 g1 eaw

1 The = |.h;|: et had great dificulty in walking over to the laboratory and fell twice beeause of the jey strect,
He said he was not much inelined to work,  Tie lay down at 80 10= a.m.  The pulse-rate at 8b 10m a.m,
waa (4; at B2 23= pom., G0; at B 27= a.m,, GO,

2 Work was L-u-ﬂ'uu at O 170 a.m. Between 90 175 a.m. amnd Ob 40m g, the RVETALE d weas 109 revolu-
ticns per minute, From % 25= g.m. to 06 32% pom, the subject was riding at the rate 'l:If about 130
revolutiona per minute. o was directed to ride more alowly und mdumd the K]iilbﬂﬂ to about G0 revo-
lutions per minute, During the period itself the subject was not loo well amd the period was there-
fore ended afier 9 minutes. A test made during the period ahml'[‘sd at carbon dioxide was passing
the goda-lime.  The subject said he did not feel az well a5 on Jan. 8, but m:uld have completed 10 minutes.

3 The average speed between the two periods was 57 revelutions per minute.

1 Work waa finished at 108 320 g m. subjeel’s respiration waa shallow during this pereod.
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TasLe 49.—Resulls with subject M. A. M. (without food).

Carbon | Oxygen | pojoo | AVEr-| 4oprnre Cur- | Revolu-

Date and time. Duration, dicxide abso tory respira- tinns per
eliminated T | quotient. ‘ﬁ% tion-rate. | "% | minute.

PET minute, mﬁ]eute.

Jan. 18, 18182

= min. Eee. &6 [ o,
Bh3fmamsd......| 14 46 212 250 0.85 81 24 %
Wnﬂ? &9 am. ... 14 5O 210 215 B B2 22
9‘.’ 402 ama, . ... .| 10 16 2,198 2,671 B2 [v168 34 0.9 108.4
Imll] 23 ams...... 14 28 1,i76 2,131 B4 164 32 0.9 91.3
10b 57= 5.m.5. | 14 30 220 203 T #6 28
187 s, ... 14 23 217 75 19 83 28
11 48 am.. | 14 22 218 277 rp ! B2 24

1 See table 52 for experiment on January 10, 1912, 2 The subject lay down at 8 a.m,

¥ Work was begun mh 25m am. Between 9% 25% a.m. and O 40 a.m. the subject rode at the average apeed
of 97 revolutions per minute, though in the first 6 mingtes he rode at the rete of 136 revolutions per
minute. ]'_'Iunng the period evidence of earbon dioxide in the eirenit was found after about § minutes,
The subject’s spred was distinetly held down after the carbon dioxide was {num‘l to be passing the soda-

i lime., B:itt];r: that the speed was well above 120 rev. per minute, rather of a strain for the subject.

ne record, @ wrist.
& Between the two mrmda {about 32 minutes) the subject rode at the average rate of 85 revolutions per minute.

At one time he rode 90 revolutions in one-hall minute.
& Work was finished at 10b 38= a.m,
TasLe 50.
Carban Oxygen | p.. . Aver-
i espira~ Average _ | Bevelu-
Date and time. Duration. el?rlnni;lft{:!d Bh%%od tory | bulse- respirn- E:L tiona per
per minute, | minute. quobient. |5y, | on-rate. mnite.
Jan. 12, l'.?i'f-'__
i, &er. c.c. £.0, Q.
HIE‘:M-am.l_ e R T TR | 228 266 0.36 G4 2 s
B 58 am........ 14 43 217 259 B4 02 21
Work: 1
Iegs=amst. .....| 10 09 2,004 2210 A1 P14 30 0.9 101.8
A0 20 mmd. .. ... 10 08 2,011 2,993 B8 162 34 0.8 103.3
l.l'f'-r 0lmams, .....| 14 50 208 d21 i | B2 24
11 24 am........ 14 42 212 280 i 80 20
1! 47 am........| 14 49 210 ZB8 a3 81 24

1 The luhjact.'l:njr down at 85 02= a.m. The pulse-rate was 64 at Bb 10=, B 1 5o, and 8b 250 5.m,

2 Work waa begun at 9 280 p.m. Betwoen b 250 a.m. and 10% 5= a.m. the avernge speed was 107 revolu-
tions per minute; at times it was a8 high as 126 revolutions per minute. There was no difficulty of
any kind during the period, except in keeping the subject down to o low level of work., There was
niwn;;g a tendency to sprint.

3 At the wnat.

i le,wun the two perieds the subject rode at the average rate of B5 revolutions per minute. It was diffi-
cult to prevent the subject from doing too much work during this period.

Work wnaecf’a.t- 10t 40= a.m. and the subject lay down at 105 43= a.m.

TaBLE 51.—Resulls with subject M. A. M. (without food).

Carbon Oxygen | p. o Aver-

gpira- Average Revolu-

Date and time. Duration. elu-:::d;l:::-d mti:u.-j tory pﬂf:-:- reapiras E‘:;l;' tions per

per mingte, | minute. quotient. rate. tion-rate. * | mainute,
_dan. 15, 1818,

s iR, S, & [ am,
m 14 39 235 266 0.E8 (3% | 21 i
W E R AR 14 41 220 249 B2 G5 24
ork:

Ok 3fm amt. .. ..,, 10 23 2428 2,691 An 2162 3 0.9 114.9
_10 16 am®. ..... 14 51 1,800 2,091 A1 1G9 26 (LK 93.9
-

116 3m amd, ..., 14 51 224 286 i} 84 20
11 27T eme.......| 14 49 232 280 A3 85 24
11 & eme....o..] 14 44 256 275 B 83 a4
12 16 pm........| 14 22 220) 266 83 79 20

1 Work was begun at 9b 19=m g m., Between 00 19m a.m. and 95 350 a.m. the gubject rode at the average rate
of 110 revolutions per minute during the actual time of riding. In the first 5 minutes the average
was 131 revolutions per minute. He stopped for a minute at 9% 26= a.m. to urinate. The subject
felt that he was in splendid condition.

: gn.em:nrc;n at the wr:;; i -

etwesn the t a the subject at the average rete of 86 revolutions per minute.
4 Work was ﬁﬂl&heﬁtn 31ll f.m. There was delay in starting the first rest period beeause of the time

required to mmc»dy 4 leak. The apparatus was finally pronounced tight after repeated testing.
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TapLe 52.—Results with subject M. A. M. (without food).

Carbon Oxygen Respira- Aver- Avernge Reval
Date and time. Dhuration. n-l?rlnni:r‘:rﬁicl abmr?ed tory pi'.fi. respira- E;';::' ti:-nﬁ.';:;-r
per minute. minute, | Quotient. | FE| tion-rate. © | minute.
Jan. Iy, 19521
ying: i, dee. .. S amg.
B 2= am.2. ... .. 14 53 21 258 .50 4 20 2
8 52 am........| 14 40 211 250 Bl [115) 20
Work:
Gh 4Tm aomd, ., ... 10 06 1,786 2002 I T U a3 0.9 0.1
L A0 18 ams...... 10 OF 1,872 2045 A2 (4156 30 0.5 05.3
Winge:
b 4l= am,,,.... 15 05 247 333 i) ba]
11 D Remesis e 14 25 225 S05 T B
1 IS ] e 13 41 208 a4 i B L
11 46 am........ 14 37 218 10 ) | B 23

1 Bee table 49 for experiment on January 16, 1912,
& The l:;ébgn‘t lay flr':-j:'n at 8% 05= g.m. The pulse-rate at 88 14= a.m. was 68; at & 20= am., 5 23 am., and
20m a.m,, 64,

I Work was begun at 8 18= a.m. The average speed from Ok 160 am. to 95 4Te aom, was 118 revolutions
per minute, though the subject rode as rapidly as 136 revolutions per minute. The speed at 9% 41w a.m,
was about 120 revolutions per minute, when he slowed down, by direetion, to about 83 revolutions per
minute. The subject said he felt in excellent condition while at work, and he looked as if he were,

4 One record, at the wrist,

b Retween the two periodas the subjoct rode at the average speed of 86 revolutions per minute, though much
of the time he rode ns rapidly as 95 revolutions per minute, At the beginning of the second pericd
through aceident the rotary blower was not started and therefore for about one-half minute the subject
rebreathed while hard at work. He showed all the usual symptoms of impending collapse.  As snom
as the rotary blower was atarted and a liberal allowance of oxyvgen was given, the symptoms disappeared
very rapidly. After that he continued the work with case.

TarLE 53.—Resulls with subject M. A. M. (without food, following 1 day with carbohydrale-

poor diet).
Carbon Oxvpen Tosoi Aver-
ErE e pira- Average Revolu-
Date and time. | Duration. | (iodde ) | *030ped | tory | BEC | respira- | [ | tioms per
per minute, | minute. JUOKDTIL. | Cpy gy | MODETADR: TLAD e,
Jan. IT, 1812,
Lying: MmN, S0, £.C. c.c, = i,
&b 30m oamt, . ... 14 44 186 253 0.78 Gl 20 o
BB BN i 15 0D 187 249 Al G0 20
Worl:
“Ghggmama.....| 10 3¢ | 1803 | 2,055 02 | 161 36 | 0o | 1014
10 08 Am3......| 14 12 1,756 2143 A3 1355 {1} [ 1.2
Lying:
108 B35= pmd, . ..., 16 1% 233 235 .EH batt] 29 s ‘ns
310 A e 14 51 205 206 il B4 24 =
11 28 amm.: ... 14 45 216 283 76 B3 24
11 49 am........| 15 DO 220 2816 iy 80 26

1 The au'll-imlr:t. aaid tihE muar;éea of hiz bady were stiff and he felt as if he needed a rubdown. He lay absolutely
atill during the period, :

¢ Work was 'Im;nfn at O 18m a.m. Tetween 9 15n a.m. and 95 33m a.m, the subject rode at the average rate
of sbout 104 revolutions per minute, though for the first 5 minutes he rode at the average Tate of 134
revolutions per minwte, 7 ; .

3 Betwesn the two periods the subject rode at the average speed of 87 revolutions minute. During the
peripad the work was carried out with comparative ease, though the subject | el fatigued at the
end. He did not walk ensly, y s

4 Work ceased at 106 22m g m,  Thoe subject was then rubbed vigorously with liniment and towels and lay
down at 100 28m o.om,  He lay very quictly, He made the statement that he was very tired and hungry

and felt just as if he had ridden 100 miles.
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TasLE 54 —Resulls with subject M. A. M. (without food, following 2 days with carbohydrate-

poor diet).
Carbon Oxyren Resri Aver-
gl pirn- Average Revalu=
Date and time. Duration. Elfn‘figg&d "h’;::""d tory p:f:}_ respira- ﬁ'::' tions per
poer minute, | minute, quokient. | Crate, |Won-TAS. minzke.
_Jam, I8, 1812, .

H WiEn, 8£C. s [ 2 =N G,

3= pml......| 16 12 197 255 077 ik 24 e

M amt.....| 15 0O 205 267 i) G2 24 o

Work:

b 32m am?, .. ... 8 27 1,817 2,498 g3 172 410 0.5 116.2
Lll] 1d sl ...y 10 52 1,460 1,977 i 161 a0 0.9 84.8
nEs
i0b 46m pomb, .. ... 14 56 211 311 58 g &4
Tl S miEh .ol 15 25 a2z 300 b Ea] 22
1 R T e 1T 26 203 207 it 54 24

! The subject complained that he felt stiff and tired and had no particelar inclination to work. He did not
feel like * breaking any records.’”  He lay very quietly. L

2 He lay very still, There wea some disturbance beeause of several people coming into the room toward the
ﬂ!ﬂiil_n[n}he ripd. His attention was also taken up with preparations being made for taking snmples

13 0l r Air.

# Work was begun at 95 20= a.m. Between 90 20 a.m. and 9% 327 a.m. the subject rode at the average apeed
of 95 revolutiona per minute, though for the first 5 minutes he rode at the rate of 114 revolutions per
minute. Carbon dioxide was found to be passing the absorbera at 9% 400 a.m. becnuse of very poor
goda-lime. The subject had all the symptoms of impending collapse. He gaid he eould go on, but
the period was ended. 3 i :

4 Between the two periods the subject rode at the average rate of 76 revolutions per minute, more rapidly at
first. At 10b 07m s.m. he rode 94 revolutions in one-half minute. At 10% 24= a.m. carbon dioxide waa
detected passing the absorbers, The subject was not looking well, and the period was therefore ended,
As in the ing period the seda-lime was found to be poor. X

E Work ceased at 108 25= a.m. The subject felt very hungry at about 10 p.m. the night before. He felt
tired when rising time came, and lacked energy. Dunng the week he felt very tired and was disin-
clined to exert himsslf. In the half minute (108 07= a.m.) in which he did exert himself, the effort waa
too great.  He could not work as hard as usual and felt that he had somehow lost his atrcnsfcl.h. Ha
was very h . Samples of his alveclar air were taken at about 100 100 g.m. during work and at
106 26= a.m., 105 45 a.m., 115 05= a.m., 118 30= a.m., and 115 57m a.m., after the work was finished.

TaBLE 55.—Resulls with subject M. A. M. (without food, following 3 days with carbohydrate-

poor diel).
Carbon Oxyren Resni Aver- '
: ek pira~ | Average | = Revolu-
Date and time, Duration. n!fi%l::;ﬂ:uilt.id Ebwfr - tory e | respira- :E;;T tions per
per minute, m:l:um. quotsent. pmt-r. fion-rate. | minute,
_ofan. 18, 1818, . |
Liyimg: M. BEC. £.Ex L amp. |
Ba 20m 8 m.. ... 14 48 196 252 .78 G 20 i |
B 65 aml...... 15 36 200 260 il 67 24 |
W ]El‘ A BT 14 50 201 250 a8 il 18 |
ork:
105 05m a.m.2, , ... 10 16 1,812 2,305 i3 168 32 0.9 4.4 |
. A0 44 amd......|] 14 23 1,537 2,164 o | 162 36 0.9 87.6 |
Lying:
11b 8= g d, . . ... 15 30 205 316 JBd By 28
11 43 am.......| 14 47 210 300 J0 H2 24
12 OF pm........| 14 47 214 204 s 82 20 i
12 38 pm........| 14 17 222 302 74 79 22 ‘

1 Between the firat and seeond periods aamples of alveslar air were taken, causing the subject to move his
tSDmc‘W“ hat on the couch. The same movements of the body ocourred on Jan, 18, when the snmplea
were taken,
2 Work was n at gh 520 am. Botween 0b 520 a.m. and 108 05% a.m. the subject rode at the average
EFM':I of t4 revolutions per minute, during the first 5 minutes at the rate of 113 revolutions per minute.
He found the work extremely hard and fatiguing and thought he had broken all his previous records.
3 Between the two periods the subject rode at the average s of B8 revolutions per minute, At about
100 30= n.m. he rode 98 revolutions in 30 seconds. ¢ work was apparently laborious. The sub-
fect was positive that he was doing far harder work on this day than on earlior daya when his diet was
varied in character. He denied that he would not work because he thought the food was not right for
E;LTL: aEHmer :E;Ekthst he was putting forth the best that was in him. The subject felt more tired than
4 Work ceased at 108 59m am.  Between 5 and 10 minutes later samples of alveolar air were taken, A num-
ber of samnples of alveolar air were taken during the day while the asubject was lying before work, sitting
on the ergometer before worl, during work, and while lying after work.
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TanLe 5b.—Resulls with subject M. A. M. (without food, following I day wilh carbohydrale-

rich diel).
| Carlion Oxyren Tean: Aver-
| g n AT Avormgrn Roevali-
| Diate and time. Thuration. dioxide absorbed 1,1:1;-_-,- agn rvr-rpml:ﬁ- Cur- tinns per
eliminated peE : pulaes | ] rent. . 4
perminute. | minute, | TWOUERL. (T o | Uon-Tale. Tinute.
! Jan. 24, 1912,
| Lying: min, see, £, €.C. oy,
| b S LR 14 47 210 230 Nz 63 a2
1_ B OBE RN 14 47 12 254 S5 G3 20
Work:
b G5moamt, ... .. 10 19 oo48 2005 .l 164 155 105.9
: A0 32 amd, . ... 14 16 1,798 240 BT 170 34 1.5 0,2
Lying:
1 o 15 35 220 203 i a2 0
11 29 amd, 14 5 211 208 73 =0 el
11 56 caom. . 1o 23 210 : B4 —

1 Work was begun at 8% 43= pon, Beiween 9% 43w g.m, and 96 559 a,m. the subject rode ot the avernge rate
af 106 revolutions per minute: in the first 5 minutes at the rate of 119 revolutions per minute,  The
work in the pericd seemed to be readily dene.  The subject complained thai he found the work harder
than at the close of the last experiment on Jan, 19,  He thought he was out of practice.

2 Between the two periods the subject rode at the average rate of 83 revolutions per minute. At 100 245 a.m.
he rode 81 revelutions in one-half minute.

3 Work ceaszed at about 10b 46m 5. m.

i The respirntion was extremely irregular and very shallow,

TapLe 57.—Resulls with subject M. A. M. (wuthowt food, following 2 days with earbohydrate-
rich diet).

| . | Corven | O, T mespin- | Axer [ v | . | Revol
Date and thme. Duration. Sl it = tory 1"|'L _ | respira- 4, | tions per
. | himinated | Bt e, | auotient. | P | donerate. | ™00 | minute.
Jan. 25, 1912,
| Lovimg: T, BEC. Cate .. omy.
1 B 30 am. . ... 14 41 202 260 078 S 20
| D02 B, .iaes 15 07 201 236 50 G4 20
— I.? 25 Am........| 15 12 195 251 -] 63 20
orl:
P o ml., . ... 1 09 2.200 2,452 A 104 1 1.5 1122
! 3 A 47 amd, .. ... 13 ar 2040 2,303 B0 168 40 1.6 102.4
L¥ing:
| WL L | TR 15 14 2158 287 b 5 22
1 I L [ 14 &1 2007 202 79 54 i e S
| | ) I TR T } 15 i 212 272 i .3 Hd 24 o S

1 Work waa begun at 98 470 g m.  Hetween 95 47= a.m. and 96 9= 3. m. the subject rode at an average rate
of 96 revolutions per minute.

2 Between the two |;nrjqxlljs the subject rode at the average rate of 88 revolutions per minute. At 108 28w a.m.
he rode 91 revolutions in ene-half minute. Work was finished at 118 01= a.m.

TasLE 58 —Results with subject M. A. M. (without food, following 3 days with carbohydrate-

rich dict).
E-‘ﬂ’-"&“ {.}:’u‘:”ﬁ .'Rﬁnira.‘ “""_'f'ﬂ" Average | o | Revolu-
Diate and time. TR || i o | e tory -1 reapira- | =Y | tions per
elinsinnted por pulse remt.
per minute. | mminute quoticnt. rte, tion-rate. minte:
Jan. 28, 1012,
Lying: min. A0, r..8 2., G,
B A2m A M., .0, 15 23 204 240 0.56 63 22 i S
= E B B 15 15 200 233 B G 24
ork:
gh3Tmamtl. .....| 10 12 2,425 2,904 B4 R i ].F: 114.0
A0 20 ami... ... 14 038 1,767 2,167 B2 157 34 1.5 0.9
ng:
LV RN T+ T 14 52 211 L ) 85 24
11 I8 sm......:.] 16 21 214 2066 a1 H52 24
11 42 aami.c..c.. 14 55 204 266 i | &l 24

1 Wark wos begun at 0% 23= am. Between b 28m oom. and 9 37m a.m. the subject rode at the average rate
of t?u!l"'m-?:i lutiona per minute, but at the rate of about 96 revolutions per minuie between % 23= a.m.
nn = aLIm.

% Between the two periods the subject rode at the average rate of 80 revolutions minute, Onee before
the peried he rode 97 revolutions in one-half minute. Weork ended at 10® 35= am. The subject said

after the period that he felt very tired and exhausted.
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TaBLE 59.—Results with subject M. A. M. (without food).

Carbon Oxygen . Aver- Revol
ke Eﬁ 1 | Respira- Average ! =
Date and time. Duration, | diexide M.F“T: tory | 0 | respira- Cur- | tions per
per minute. | minute, quotient. Tate, tinn-rate. manute.
Jan. 81, 15918,
ing: i, sec. Gt 2.0 QAP
dmaml......] 14 58 227 235 0.97 67 20
g 50 am........] 15 14 221 241 o2 i3 20)
- I? 29 am........| 14 43 218 244 Y 65 20
rk:
nlﬂl 0fm ams, .....|] 10 12 2,602 2.784 4 162 38 1.5 117.5
- A1 03 amd,.....] 11 &1 1,811 2,115 -1} 166 i 1.5 87.1
T P 229 285 80 93
11 4% ams......|] 14 43 216 262 ] B5 22
12 11 pmt......| 1& 15 220 266 B3 85 26

1 The subject lay down at 8 am. The pulse-rate at 8 20 am. was 72; at 80 24m, Bb 27m, gb 30m a.m., it
-

ag G, - '

2 Work was begun at 9% 45m a.m. and for 5 minutes the subject rode at the rate of 112 revolutions per minute.
After that the riding was somewhat interrupted because of blowing of fuses and about 8 minutes was
loat from work. Sweating was profuse, but not abnormally so.

i m:'tf:d' = ‘:Il-rin'pcﬁod k for about 21 minutes due to ident in teating the re-

1 A precading wor stLoE o aboll minutes dus an aocl .
sistance of the ergometer. During t mméma the subject sat quite still on the bicycle, without working.
Work was resumed at 108 36= a.m. The subject felt cold and physically less fit. He had lost all his
eagerneas, whereas he had felt in good riding condition before. Between 10b 44m am. and 11 a.m.,
when the second period began, he rode ot the average rate of about 85 revelutions per minute.

& Work was finished at 118 12m a.m. The subject coughed onee or twice in the first “*lyving ™ pericd, and swal-
lowed o little saliva, + 1

& The aubject was very sleepy and there was a tendeney for the lips to relax. The lips were plastered up

7 Mouth was plastered up.

TasLe 60.—Results with subject M. A. M. (without food).

Carbon Oxyeen R Awer- A
! g pirs- VErag: . | Bevolu-
Date and time. Duration. df;;’::g:;d “"’“Ebcd tory | | respira- g’:‘..iu tions per
per minute, mﬁumr quotient. rote. tion=rate. minuis,
. Feb. I, 1812, ;
ying: MR, #ec. e, e, anmp.
b dfmamt......] 17 06 212 239 0.580 68 20
— E 10 am........] 16 23 216 242 B9 i3 a0
ork:
DhodBm amE. .. ... 10 07 2,358 2,604 01 1168 a6 1.5 113.1
L}‘lﬂ 1 amdt...... 14 07 1,785 2,000 . 5161 a5 1.5 0.1
Aing:
115 05= ams......| 14 35 217 260 a8 | 91 24
N2 aMe.......] 14 32 207 279 T4 25 23
11 48 am?...... 14 44 215 ZE0 T8 54 20

1 The subject put his mouth to the mouthpisce 17 minutes before the first period was begun.

% Work was started at 00 35= a.m. Between 9% 35m a.m. and 9% 48m a.m. the subject rode at the average rate
of about 96 revolutions per minute.

One record, at the wrist.

Between the two work-periods the subject rode at the average rate of about 73 revolutions per minute. At
10" 13= n.m. he rode 103 revolutions in one-half minute and was in consequenes very much exbausted.
The gubject said he felt in splendid form for work.

At the wrist.

Work waa finished at 100 46= a.m. The subject lay down at 10% 50= a.m,

The subject took 3 or 4 very long deep hreaths during this period. He said he felt the need of breath, He
waa absolutely unable to urinaie after the experiment.
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TaBLE 61.—Resulls with subject M. A. M. (without food).

Carbon Oxygen Awver- |
; dicxide | absorbed | Respira- | age | Average | Revalu-
Diate and time. Duration. | eliminated per tory |',-'|,1||Ir|'-:;L TEspiTa- re.;rtb tions per
per minute. | minute, | quotient. | rate, | tion-rate. * | minute.
Feb. £, 1812,
Lying: WiR. #ec, C.Ce [ amp.
Sh 4fm am.l, ... 14 52 214 243 .58 rd 20
003 mme....... 14 53 202 247 Bl is3 18
R TR 15 31 185 247 i) 15 18
Work:
100 03 aam.?. .. ... 10 12 205 2,433 A6 2188 36 1.5 104.1
L 0 48 pmt. .. ... 14 17 2,129 2,283 H3  [F16D 40 1.5 98.5
Ying:
1ih 25m amd. . ... 14 46 220 254 g ] 24
12 19 pdbi.. .- 15 01 217 237 i) b 3 24
12 48 pm.t......] 14 45 216 252 i =i 20
12 pimas ] 1525 224 277 81 &1 i
1 BT S o e iy 15 48 217 278 STH Hl 24
2 32 pmt......| 15 33 214 278 i) 76 20
3 0OF pm........ 15 56 226 282 )] T 20
4 35 pm¥.o.. ... 15 27 | 223 282 A T35 2%
1 The subjeet lay down a2t 85 05m a.m. The pulse-rate at 80 27m a.m, was 68; at 35 32= q.m., 66,
2 Work was begun at 98 49 pim.  Between 90 490 a,m. and 10% 03= a.m. the subject rode at the average rate

of 10895 revolutions per minute. A portion of the time he rode as rapidly as 126 revolutions per minute,

T Ope record at the wrst.

4 Between the two pericds the subject rode at the average rate of 93 revolutions per minute, Part of the
time he rode as rapidly as 113 revolutions per minute. During the period the handle-bars were loos-
ened. The subject became restleas because of the swinging of the loose bars. He also had trouble
with the pedala.

At the wriat.

Work was finished at 11k 03= s.m.

Thae sllll!lj:t!nl.'x l."t'ﬂ-pi.l:Llinn WAs VOry ahallow and irm“ulnl‘,

The subject rose from the couch at 28 24m pom. and walked about slowly, stretched himself, and then 1
l.i;::n The '?}L“I time used for these operations was one and one=half minutes, The pulse rate at &

30 pom. was ¥

# The subject was tired and hungry at the end of the experiment. He was also suffering from cramp of the

lipa, owing to the fact that he had held his mouth to the mouthpiece so frequently.

& =i o A

Tasre 62.—Resulls with subject M. A. M. (without food).

- 2 E:::::ﬂg mﬁﬁ:l Respira- '\;;fer- Average | o, | Revolu-
Drate and time. Duration. sy tory respira- tions per
eliminated per tieaE pulse= tiomerate. | T2 | Srivmite
P roimate. minute. i ¥ " | rate b -
Peb, £, 19121
Lying: min, #ee, [ &its L.
Bb 47= amt, ... . 15 32 204 243 0.56 af &0
0 0F A e 14 43 2i1 233 Ol 58 20
9 45 am........ 15 40 221 225 8 50 158
10 15 am.. ... ... 14 240 213 234 01 59 20
10 43 . ... 14 54 208 231 00 B 20
110 06 am.. ... 15 35 200 231 AN a8 15
1] 34 am........| 16 11 202 231 AT 50 18
Feb, 7, 18123
Lasing:
| Sh3fmam........ 15 11 206 236 JBR 61 20
LN T W RO 14 50 190 232 v 54 a0
T T TR h e 14 53 1589 231 B2 A% 20
Work:
gh5mamt, ..... 10 09 2,108 2488 g, 168 i 1.5 1086
10 41 amb...... 14 12 1,853 1,976 M 11 a8 1.5 0.0
Lying:
"11b 120 a.ms. . . ... 14 38 292 278 8 | o2 24
§ T B T e e 14 16 216 262 52 a3 24 2
11 &5 am........| 14 OU 2y 268 Bl K3 24 A5

1 The experiment of Feb. 6 was made following several days with ordinary diet, and was a test of the flexible
eonnection for the mouthpiece. This connection was not used in the first four periods; it was wsed in
the last three periods.

2 Pulze at 86 230 a.m, was §4; at 8b 27m 4om., 64.

1 Afeer 1 day with earbohydrate-poor diet.

1 Work was begun at 95 445 a.m.  Between 9 4% g.m. and 95 50% a.m, the subject rode ot the average rate
of 105 revolutions per minute. During the Brat 5 minotes he rode at the rate of 121 revolutions per
minute. 1_[{-]13 did not feel that he was in a3 good condition as during the preceding week, though he
was very fit.

5 Between the two periods the subject rode at the average rate of 89 per minute.

& Work was fimished st 100 572 am. Bubject lay down at 11" 03™ a.m.
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TanLe 63.—Results with subject M. A. M. (without food, following 2 daya with carbohydrate-

poor diet).
Carbon . Aver- Revolits
; Gioxide | abssshed | Reapira- SREEN | gy | MR
Date and time. Duration. | gire oa tory [ AEC | respira- | TR | tions per
per minute. mi':':“.t& quotient. | " " | fion-Tate. minute,
Feb. 8, 1912, ) y e
InE: . 86T [ e, 5
"8 36m am.t. ... I 23 208 260 | oso | es | 20 || ...
8 55 am........] 14 24 206 254 A1 6T 20
& 18 am........| 14 48 208 2 82 Gl 20
Wark: |
gh §0m a.mt......| 10 14 2,200 2,565 88 | 160 1.5 | 1118
10 20 ams......| 14 13 | 1825 | 2146 85 | 168 15 | 936
S
e 14 &7 238 310 ar o4 22
%1 ﬂu s, 15 50 217 290 75 89 24
11 44 am. 15 30 218 202 .75 8 22

1 Ea.ﬂua—rat-a t Bb 257 nom. was G4; at 8% 35™ a.m., G4.
2 %h:r was begu: at -au"a'r- a.m. Between 9 37= a.m. and 9% 50m a.m. the subject rode at the average rate

of 10 re*lm!ul-l r minute
3 DPetween the two a the subject rode at the average rate of 96 revolutions per minute.
4 Work was finishe u.l- 10" 43= g.m,

TanLe 64.—Resulls with subject M. A. M. (without food, following 8 days with carbohydrale-

poor diet),
= Carbon Dxy T Aver- |
] spira- Averagn Revolu-
Date and time. Duration, eﬁig-jm“d.te:d “hmpgr ed tory pﬂf:e- respira- g"':r; tions per
per minute. | minute. quotient, Tate. tion-rate. minute.
Fab. 8, 1812,
inge: THiT. 860, £.C. €. L,
Sigmmam.......| 15 19 106 534 0.81 | 64 18
202 am........ 14 46 191 247 Bl 67 20
9 A, 14 56 153 246 0 G3 20 L
Work:
b 57m amd...... i 21 1,856 2,342 79 162 25 1.5 0.9
II_EI 38 amad...... 14 08 1,744 2,073 4 16 an 1.5 a3
ull.%; M= am3 ... 15 19 217 296 g4 L] 24 ey |
T a2 omms. ... .. 15 03 205 i Bl FI.-.| 24 A
101 R R e 14 22 215 288 il 24
12 14 pm........| 14 36 213 270 B! 3‘3 i
PR3 Wi 14 30 209 264 .Th 53 22

1 Wm'k was begun ot 9t 44= am. Between 9 44m g.m. and 95 57= a.m. the suhject rode at the average rate
92 revolutions per minute,

% Between the two periods the subject rode at the average rate of 85 revolutions per minute.

3 Work censed at 100 53= a.m. The subject felt stiff somewhat exhauated.

TasLe 65.—Results with subject M. A. M. (without food, following 2 days with mrbﬂhydmm-

rich diet).

Carbon Oxvgen . Avers
hegee Reapira- Averapge Revolu-
Date and time. Drsration. el?.::-:t;il:lltid maf:‘"‘bd tory aii_ TEE[Hra- Eﬁr tions per
per minute, | minute. quotient. Dmln. tion-rate. * || minute.

Feb, 15, 1812. :

m&h min, sec, C.Cs £.c. amp.
38= pml. .. ... 14 49 191 234 0.82 G 20 :

3 M ama....... 14 53 187 228 A2 6l 20

W2l Am........ 14 51 187 2410 T8 fil 20

Worlk:

Uh ham amd ., 10 o0 2237 2,319 81 r) 1162 a6 1.5 104,58
I.'II:I 30 nms. ... 14 16 1,870 2,04 D3 E1GE a6 1.5 50.8
ng:

116 4= pom.?, . .... 14 59 245 284 86 02 26
1104 mwi. ... 15 D7 207 278 a5 58 22
11 51 am........|] 15 13 200 253 B3 b &0

1 See table 66 forem-enumnt on Februa 14 1912
2 The subject lay down at 86 05= a.m. lsp=rate at 8h 25= a.m. was 647 at 88 34w am., 64,
2 Work wad begun at @5 41= a.m, Bu't-w'ucn b4lm am. and 05 53= a.m. the subject rode at the average rate
of 102 revolutions per minute.
Ome record, at the wrist.

4
& Between the two pericds the subject rode at the average rate of about 90 revolutions per minuta.
: At the wrist.

Work ended at 108 51™ a.m. The subject lay down at 108 57m a.m,
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TasLe 66.—Resulls with subject M. A. M. Emjfhout Jood, following 1 day with carbohydratc-
rich diet).

Carbon Oxvpen | ; Awrer-
e | Respira- Average Revolu-
Dinte and time. Dhuration. | c;ﬂ:ﬁ:‘;ﬁd n't‘mnr::ed tory m reapira- Cur- tions per
per | el el :-quul.u':nt. pt'me, tion-rate. © | minute.
Feb, 14, 19121 |
Lying: | min. e, [ .0 | amp, |
Bh 3Gm am?, .., ., 14 M 25 239 0.87 G 18 =
b B 1T | PR 15 13 194 232 S [ 20 ot |
P 23 a.m..i.... 13 45 207 233 L8 LElH] 20
Work: |
b Glim amad...... 10 14 2,153 24306 )] 162 R 1] 1.5 104.2
: 10 38 amd......| 14 26 1,800 2,008 A5 1451 36 1.5 05,
ing:
11507 ame ... ..] 14 33 231 205 | 8 | 02 bt
11 28 am:....... | 14 50 201 204 B 1 85 20
11 49 sme...c... I 14 48 213 | 209 79 | 85 20
i 1 I

1 See table 65 for experiment on Febroary 15, 1912, .

2 In all experiments it was customary to have the mouth on the mouthpiece 3 to 5 minuiea before the astart
of a pericd.  Frequently this was done 10 minutes before the first period.  The pulse-rate at 8b 25= 5. m,
on Feb, 14 wna G0; at 85 31™ nom,, 58; ot 85 34w a.m., 58, The food eaten by the subject in connection
with thia seriea of experiments (Feb. 14-16) was of the same nature as in the firat series with car
drate-rich diet (Jan, 24-26, 1912).

I Work was begon at 98 46= am.  Between Ob 46= a.m. and 9b 50= 5.m. the subject rode at the averags rate

i !ul'. 9 revolutions per minute. He wos keen to work and had to be restrained.

t the wrist.

& Botwern the two periods the subject rode at the average rate of 87 revolutions ?{m' minute, though at firat
he rode as high as 101 revolutions per minute.  During the period the work was ensily done, with no
atrain. He said before he started that it was a long time sioee he felt in such excellent riding meod.
He felt that he eould ride for hours,

Work ceased at 108 53= a.m,

TaBLE 67.—Results with subject M. A. M. (without food, follmwing 3 days with carbohydrate-
rich diet).

. oo | Gan | D580 | Respira- | A4 | Average | . | Revolu
Date and time. Duration. | eKianated per tory pulse- | Jespira- | op tions per
| per minute. | minute, quotient. | %, | Hon-Tate. roinute,
Feb, 16, 18012, |
Lving: min. aee. | C.C. £.0. amp.
ghd0e amt. . ... 16 33 | 190 2210 L91 60 18 e
008 B e ae] LB 08| 191 223 S 0 20 wa |l
= EEE .. ... 15 28 158 222 55 0 20 el
ark: |
100 02m nms. ..., 10 24 2,001 2,286 -0 158 i1} 1.5 107.2
I 10 45 mmd, ... .. 14 08 1,019 2,036 04 162 SE 1.5 L I
ying:
11h J5m= amd, . .... | 15 07 2005 204 i Ll 24
Il 40 sk ..o, 14 &3 194 259 i k) 24
1208 pmc..:..- 15 4 197 257 i 79 L fe St s
12 32 pm........ 14 48 191 261 i Vi 20 wa i
12 58 pam....... 4 36 102 254 i 71 20 o=
T 1 R 15 M 194 253 79 | 64 21 =
ﬂ': 48 pume..l....) 14 56 198 250 ! ] Gl 20 & Sl
ork:
Lo 2h 25m pmt, .. .. 10 o7 1,777 2,206 A1 168 358 1.5 .7
ving:
2 45m pomT. ... 14 45 236 321 Bl oy 24
O 14 28 22] 250 70 o1 23

1 The subjeet loy down at 8 10= g.m.  The pulse-rate at &b 25m o m. was 64; ot 85 30= am., (4; at b 35=

n.m., G4,

¥ Work was begun at 98 50m a.m.  Between 98 50= g.m. and 100 025 a.m. the subject rode at the average rate
of 111 revolutions per minute. p 3

¢ Between the two periods the subject rode st the average rate of 80 revolutions per minute, At 106 20m a,m,
a sample of the alveolar air was taken and this caused o slowing of speed. A sample of the alweolar
air was also taken at 10% 42w a.m. -

4 Work was finished at 11 am. A sample of the alveolar air was taken at 110 057 a.m. The subject lay
down at 11% 065 a.m.

i A sample of the alveolar nir was taken at 11h 35= f.m. ;

& Work was started again at 26 05= p.m.  Between 20 059 pom. and 20 252 p.m. the subject rode at the average
rate of 115 revolutions per minute, the highest rate being 145 revolutions in the second § minutes and
the lowest 76 revolutions in the last 5 minutes.

T Wark was finished at 28 6= p.m.  The subject lay down at 26 40™ p.m.
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TasLe 68.—Resulfs with subject M. A. M. (without food).

Carbon 0 : Aver-
e nfx‘ Respira- Average Revaolu-
Diate and time, Duration. ﬂm ahﬂ_:;r ed tory Dm_ respira- ﬁ::_ tions per
parminute. | minbe. quotient. |10 | tion-rate. * | minute.
Feb. 23, 1918,
Lying: min, see. ol B amp,
ngi-ﬁ.*-a.m.l...... 15 37 250 G0 22 233
9 05 am..... ¥ 15 19 209 234 0,80 i 23 -
I T 15 21 200 243 B3 56 20
Moderate work:
108 9= amt. ,....| 10 20 1.720 1.534 A4 [F150 a2 0.95 105.4
10 30 amd...... 10 10 1,582 1,585 1.00 =153 il 0,93 B5.1
Severs work:
11h 17m am.®, . .... 11 09 1,620 1,955 B3 160 36 1.5 5.1
11 41 am.’......| 10 1IF o7 3,265 i 166 a8 1.5 100.6

1 The subject lay duwnut &b 05= a.m, The pulse-rate at 8% 30m a.m. was 58; at 8% 40m a.m., 50,

2 Work was begun at 9b 500 a.m. DBetween 9b 50= a.m. and 100 09= a.m. the nubjec't rode at the average rate
o! 111 revolutions per minute, the rate for the first 10 minutes being 129 per minuate.

3 One record, at wriat.

4 Cubom dioxide accumulated in the cireuit because of the condition of the soda-lime. By mistake aoda-lime

as being used which had already absorbed 20 grams of carbon dioxide. The subject showed no signs
of. eollapse till about the end of the seventh minute, when Im began to look tired. He said he ieEt
eomewhat exhausted for a short time but that the feelmg did not last long. The average speed in the
interval before thia period waa 103 revolutions per minute.

§ Average of records taken at the wrist.

& Between the end of the preceding period at 108 40m a.m, and 115 (2= a,m., the subject rode at ﬂw averagn
rata of about 101 revolutions per minute. At 118 02w a.m. t.he eurrent was inereased to 1.5 amperes.
From that time till the beginning of the next period at 11k 17= am., the average speed was 80 per
minute. During the period the subject found thn.l;. there was now a gm:l deal of labor involved., It
wad much harder than usual. No carbon dioxide waa detected in the eirewit.

T Botween the two poriods with a current of 1.5 amperes the subjest rode at the avernge rate of 73 revolu-
tions per IIEIIZHJ.I:E 1 llg::{lcl‘ht ihmn!enq?tl period the nt'g;l:lywu hunra mthhnmﬁt- dlmmlfh.h;h was b:l.thﬁ:l
in perapiration an atral He was uns on his feet when he came o machine [

said he did not remember when be had done such hard work.

TaBLE 69.—Resulis with subject M. A. M. (without food).

[~ Carbon Oxygen Reani Avwir- .
4 : e EEDIT L= Average Rewvolu-
Date and time. Duration. el.?::i:l:& d ﬂb“::_”d tory .“.f:n_ respirn- E:I tions per
per minute. | minute, | Guoticnt. pml;r. tion-rate. | T | minute,
yiak b 26, 1912, ] o
min, 560, - Euls
E-" dl= a.m.l, 14 45 203 22{.’9 0.59 82 20 e
- L T o & |6 | 20
P e
hh?&mt;qwnrk:z e = L =
15%m am.i. ..... 10 10 1,558 ABS R ! 05
W08 am:....| 1085 | ze0 | 1mes | 8 |1 | B |0k | BE
1?! irirka'.m... Cre ] | [ - | 1,327 1,535 BT 140 i .95
112 20= ambf. .....| 10 44 1,803 1,917 4 140 3z 1.5 91.3
11 48 ame . )| 11 14 | 1762 1969 90 |146 | 32 |15 | =s2

1 The subjeet lay down at 84 052 a.m. The pulse-rate at 85 30= a.m. was G2,
2 Wcrlrh;nu;;l‘?g:ttﬁh 55= a.m. B-amaen%h 43m g.m. and 100 152 g.m. the average rate was 91 revolu-
ke
i In the mtcrval bafnre this period the subject rode at the average rate of 94 remium::u minute. Duri
the period work waa dgna much more easily than during the preceding period. d not seem labored.
i In the interval before this period the average speed was 94 revolutions per minute.
B At 118 04m am. the current was increased to 1.5 amperes. The subject; kept at work at a slow pace, the
nﬂr'lfm speed to the beginning of the period being 76 revolutions per minute. He did not notice the
from 0.95 ampere to 1.5 amperes, He began to labor when his attention was ealled to the
change, but afterwards admitted it waa not so very hard, During t!m period worle was easily and
steadily done, though perspiration was more marked,
€ Between the last two periods the average speed was 70 revolutions per minute. During the last period
the work was done with comparative ease, though the subject’s breathing was perhaps a little labored.
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TasrLe 70.—Results with subject M. A. M. (without food).

Carbon Chxvgpen Eras i Avor it R
e - : evoli-
Date and time. Duration. uﬂ'&f‘f&d almr::cd t?}P[y nm]:;:_ !-eupirﬁa C":‘ tions per
per minute. | minute, | Guotient. | B tion-rate. | T | minute.
. Feb. 27, 1913,
Lying: Fiif. RC. Bt (-H-5 .
Ho dQim am.t, ... .. 14 By 218 242 0.1 56 20
903 am........ 15 13 202 241 o 5l 20
L TR ] R P 15 b6 208 235 S0 56 18
Moderate work:
108 08m a.m.2, . ..., 12 17 1.224 1,400 B2 126 a6 (.55 B3.3
1029 smd. . ..., 11 38 1,185 1418 B4 125 28 005 B1.8
10 48 amst. ... .. 10 44 1,280 1,444 HD 125 28 095 BG.0
Hevere work:
118 16m am. ., 10 24 1.773 1,828 87 146 32 1.5 g53.2
11 38 BmA.. .. 10 16 1,722 1,858 L3 1405 a6 1.5 BG.8
11850 mamat ot 1 I8 1,789 1,850 L7 134 il 1.5 BE.T

The aubject lay down at 8% 07m a.m, The pulse-rate at §b 30m 5.m, was 56,

Work was begun at 95 49= am. Between 95 495 g.m, and 10% 0fm 5m. the average rate was 91 revolutions
por minute.  Aouth waa put to the mouthpiese 5 minutes before the first period.

In the interval before this periml the nvernge rate wia 76 revolutions por minute.

Between the second and third work-periods the average rate of work was 75 per minute.

At 108 5= 5.m. thepurnmt wns increasml to 1.5 amperes. He noticed the change in the eurrent, which was
made very rapidiy, though it was believed that he had o suspicion the change was to be made. On
testing this subject as to whether he were really sensitive to amall changes in resistance, it was found
that he could easily tell when the resistance waa at 1.5 amperes. It was immaterial whether the
teat were made starting from below at 0,25 ampere, or coming down from 8.0 amperes, as in each onse
the subject atated almost exactly when the 1.5 amperes was reached.  Between 108 500 a.m. and 116
6= a.in. the subject rode at the average rate of 74 revolutions per minute, He perspired quite freely
during the period, though the work was ensily done,  Onee duning the period h.elﬁﬂt his toe-clip.

& The averame specd in the interval before this period was 74 revolutions per minute.  During,the period the
work waa done without sny diffieulty.

The average speed in the interval before thia period was about 57 (7) per minute. During the period work
waa done easily, but the subject's hreathing was rather labored. He did not feel exhausted or that he
had worked exeessively hard. He thought he was ** pushing ' a little harder.

A o

=

Tasre 71.—Resulls with subject M. A. M. (withow! food).

Carhon | Oxyveen Respi Aver- 2
Frgle pira- Average Revolu-
Date and time. Duration. c]ti.l::if-.t-iltt:ul nha;;ll?ed tory pi:ﬁ:'- respirn= | 2":: | tions per
per minnte. | minute, | TUOUERE. | Tp, | toneTate. TCDHA:
Feb., 28, 19018,
Light work: min. See. £.6. (8 amp
&b 51= amit......] 15 03 B71 1,070 0.52 1040 20 0.5 05.7
9 15 aml2......] 11 36 a7 1,170 B3 1245 24 0.5 LA
9 48 amd .. ...| 11 23 005 1,254 il 124 24 0.5 103.5
Severe work:
10b 20m amd_ . .. | 10 25 2984 2 350 a7 163 i 1.5 107.5
10 41 ‘m.mr.. ... 10 14 2,080 2,101 o7 160 48 1.5 06,7
11 D0 ams®......| 10 D8 2,212 2,144 1.0G Sk s 1.5 0.5
Light work:
b 23= am.?. .....| 10 14 1,056 1.134 03 127 30 0.5 100.0
il 44 amst,. .....| 14 11 1,141 1.215 et 130 28 0.5 99,1

T Work was begun at 85 22= g.m. without preliminary lving periods.  Between 8% 227 a,m, and 8% 51m a.mi.
the subject rode at the averave rate of 94 revolutions per minute. During the period the work waa
dﬂmlu;u.il_v]um} well, though it was somewhat difficult to keep him up to the 100 mark, the standard
apecd for the day. :

2 In the interval between the first two periods the subject rode at the average rate of 110 rovolutions per
minuta.

2 Between the sepond and third periods the subject rode at the average rate of 92 revolutions per minute.

hroughout the first three penods with earrent at (005 ampere there was no free perapiration.

4 At 100 0lm nom. the current was inoreased to 1.5 amperes,  From 108 01= a.m. to 108 20w a.m, the subject
rode at the average rate of 91 revolutions per minute. Dwuring the period he found the work very
hard and almost gave up at ahout the end of seven minutes. He | wd tired, but otherwise was all
right. He thought a mistake had been made with the eurrent. "

& In the interval before this period the avernge speed was 78 revolutions per minute. During the period the
“IMkEwl?H d:;tum with great difficulty and the speed fell off steadily toward the end. The work becames
very labored.

& In the interval belore thia period the avorase & was 84 revolutions per minute. At the end of the fourth
minute of the period he looked very tirod. His breathing became more labored. He was completely
exhausted at the end of the period and admitted that he had reached his limit. i

T Atl1lb11m am. the current was lowered to 0.5 ampers.  From the end of the preceding period to 115 28w a.m.
the aubject rode at the average rate of about 70 revolutions per minute.  During the pericd the work
was very easily done. The subjoet had o good eolor. The speed began to fall off just at the close,
subject said be wos very tired and that his arms and wrists were sore from holding the handle hrs,

E In the interval before this period the average speed was 86 revolutions per minute.  The subject complained
that his wrists, hands, and arms were very sore and stiff. During the period his feet slipped from the
pedals several times.  (He was not using toe-clips.) When he stopped pedaling at the end, his legs
showed a good deal of tremor.
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TABLE 72.—Results with subject M. A. M. (without food).

Carbon 0] F Aver-
e wvipen. | Respira- Average Revolu-
Date and time. Duration. Blﬁ::f::;d “h’,;fr 4! Ttory onlae- | TeSpira- g:‘: tions per
per minute, | minute. quotient, rate, tion-rate. minute,
Feb, 29, 1912,
e fMin, 26E, £.8. -1 amp,
4imamlt, ..... 14 50 202 253 0.80 i 20
9 03 am... 15 28 220 257 . 1) i1 o2
9 26 am... 15 217 265 B2 69 22
Bevere work:
105 3= ama®. .. ... 10 29 2,132 2,384 B0 152 az 1.5 1041
10 24 amd,..... 10 35 2, 104 2,248 03 170 B | 1.5 10 .6
10 45 a.mt...... 9 b2 2,191 2,192 100 166 . 1.5 102.0
Moderate work:
115062 am®. .. ... 10 30 1,572 1.785 85 150 32 095 102.3
11 26 am®...... 10 18 1681 2,028 53 146 20 (L95 1066
I EE wmnc? Do 10 29 1,575 1,807 3 138 20 .85 1040

1 The aubject lay down at 8 07= g.m, The Eu'[n-ru.ta at Bb 25= a.m, was 64; at 8% 35 a.m., 64.

! Work was begun at 9% 47m p.m.  Between 95 47= a.m. and 105 03= a.m. the subject rode at the average rate
of 109 revolutions minute, .

% In the interval before this period the average speed was 84 revolutions per minute.

4 In the interval before this period the average apeed waa 81 revolutiona per minute. The full 10 minutes
for the period were not completed as the subject was manifestly fatigued., He admitted at the end of
the period that he was much exhausted.

B At 100 56m nm, the current was lowered to 0.95 ampere. Betwoen 100 58= aom. and 116 06= a.m. the
average speed was 76 revolutions per minute.

§ In the interval before this period the average apeed was 83 revolutions per minute.

7 In the interval before this period the average spred was 77 revolutions per minute. The subject had now
fully recovered from his hard work. uring the two preceding periods at 0.95 ampere, however, he
waa atill feeling the effect of the previous hard work.

TaeLe 73.—Results with subject M. A. M. (without food).

Carbon Oxvegen Rosui Aver-
L ) ) pira- Average Revolu-
Diate and time. Diaration. cl?rm:t?ad mr?bd tory :f:_ respirn- gﬂ:‘ tions per
per minute. m’::uw_ quoticnt. pml'c'. tion-rate. " | minute,
Mar. 4, 1512,
Light worle: fin. 466, E.E. .8, mmp.
ghqfm amsi......|] 12 &7 1,011 1,061 0.95 116 18 0.5 1020
16 am?. ..... 10 40 906 1,148 BT 120 22 0.5 99.7
Severs work:
100 00= am?. . .. .. 10 16 2,125 2,290 03 15465 28 1.5 104.1
10 20 amt......] 10 15 2,202 2,250 0= 161 a2 1.5 105.4
10 48 am.t...... 10 27 2,100 2,375 o2 165 a4 1.5 102.5
Light work:
116 1 2m aant. ... 11 o7 1,022 1,173 BT 127 24 0.5 99.3
11 33 am?...... 10 48 1,180 1,378 B0 126 a2 0.5 15,3
11 63 amt ... .. 10 4z 1,176 1,320 59 126 203 0.5 110.6

1 Work was begun at 8% 15= a.m. without prelinfinary lving perisds. Botwean 85 159 am, and 85 48m 5om,
the subject rode at the average rate of 120 revolutions per minute. It waas diffioult to keep him from
raing. The plan was to keep the spesd practicslly constant throughout the day,

 Tn the interval before this period the average speed was 95 revolutions per minute.

3 From the end of the prece period to 9" 497 a.m. the subject rode at the average rate of about 99 revo-
lutions per minute. At 9% 49= o.m. the current was increased to 1.5 amperes and the handle bars wers
raiged. ‘The raising of the handle bara helped his wrists and arma.  Between 95 495 m.m, aod 105 0Gm
a.m. the subject e at the average speed of ©4 revolutions per minute. There was again a tendency
to race. Sweating woas somewhat profuse.

i In the interval before this period the aversge speed was 82 revolutions pér minute.

i In thllis“m:nrtnl bl::lure thia period the average apeed was 120 revolutions per minute., There was still a ten-

ney to race.

8 At 100 57= a.m. the current was lowered to 0.5 ampere.  Between 10b 57 am. and 115 12= 5.m. the averaze
speed was 06 revolutions per minute. It was constantly necessary to restrain the subject in order to
prevent overapeeding.

7 In the interval before this period the average speed was 87 revolutions per minute.

8 In the interval before this period the average speed was 89 revolutions per minute. TDr. W. . Anderson
was present during the period and the subject’s speed eould not be checked so readily. He was in-
clined to ride fast and “show off.'" Dr. Anderson examined the subject.
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TaBLE T4 —Resulls with subject M. A. M. (without food).

Carbon Oxygen . Aver-
et Respira- Average Revali-
Diate and time Dwuration. BlEll:.l'E:'I:IJ;I-lfﬂd ﬂbW:r oLy mulf;(h respira- mmn'l: Ltiona per
per minute, rrﬁil:'mr.-c. quotient. | T 0 | tion-rate. minute.
Mar. &, 1812,
Lying:? iR, FE .0 e amip.
Bb4TE pm.. ..., 13 05 235 261 .90 4 221
@25 aame.......| 13 42 228 257 ) L 121
S T TR 13 48 225 258 AT 62 102
Work:
100 14m gm.?. . . ... 10 22 2,751 2,076 03 160 36 1.5 127.8
. M st L 10 12 2,537 2,685 A5 177 A0 1.5 113.3
ing:
% 1fh 1= amb, . .. 14 OF 2451 333 T a5 188
1 B I I S 14 10 235 316 .l 3.3 124
(TS ] . e 14 45 220 Mg .Td 153 204
[t | B 1 P 15 46 | a4 203 I o &1 122

! Tha "|F1:-1.-,,;,:" perinds were Tun on another respiration apparatus looated on the third Aoor of the laboratory,
The ventilation of the lungs was measured in these periods.  After the first three periods the subject
went downatairs to the first floor for the work experiment.  He returned to the third floor st the com-
pletion of the work perioda.

2 The respiration rate while the subject was on the couch was for the full period, as recorded by the spirometer.

3 Work was begun at 105 4= a.m.  Between 105 (4% am, and 108 149 a.m. the average speed was 105 revo-
lutiona per minute. There was very much perspiration and flushing. The plan waa for the subject
to work as rapidly and as hard as he could, L :

4 Between the two work-perioda the average speed was 115 revolutions per minnte. During the seeond period
the work went well. At the end of 7.5 minutes, howsver, the subject was somewhat exhsusted and
had to ride more slowly., He increased his specd again lnter, however. He was very much fushed
and porspired profusely. ¥ ;

§ Work was finished at 118 050 a.m. He immediately changed to the apparatus on the third floor. He was
later reported as having & * jump** in his leg, ¢, e, 8 * tonic spasam.™

TaBLE T5.—Resulls with subject M. A. M. (withou! food). (Ergomeler 11.)

" |
| | Gorben | Ovmen | nespira- | Avor-| Average | oy | Revola-
Date and time. Duration. | o ated ar tor il | FESRITR= | oL | Liohs per
| per minute, ml'l:mtn. quotient. I:al.n. tion-ruto, * | minute.
Mar. 11, 18120 |
I.!"i]‘lﬂ: I'I'i!.ﬂ. K. G Ll | .
Buddmam?, ., ... | 14 44 218 245 0.89 i1} 20
4 06 Am....... 15 14 212 245 B3 L] 21
Sitting: ?
Db 45m gt ... 13 26 3006 305 B 54 20 s e
10 23 am........| 10 25 258 i fLit =l 20 50 o ||
Mo load with motor:
100 55m am.f. . ....] 10 (4 703 742 A5 o e o 1068.7
]‘é 14 amsd. ... | 11 45 a4 T4 53 = = e 143
Waork:
11 dfm ga.m.?, . ....| 10 23 2,060 2,299 00 5150 1.3 1025
12 05 pmt......| 10 Bl 2,057 2.220 93 & 150 1.3 1007

1 See table 77 for experiment on March 8, 1912,

2 The .5ubjm‘t.u lay down at 8505= a.m. The pulse-rate at 8k 25m a.m. was 62; at 5% 25= am., G0; at 54 4=
.17, G, : i :

% The subjort sat on the ordinary seat with his fest on unsupported pedals, o, o, with the disk perfectly free.

4 From 9b 27m am. to 08 30= a.m. the subject sat with feet resting on the forks, He then lowered his feet
to the padals. He found that sitting still in this position was a constant strain.

6 The subject began riding at 100 37= am., the machine being driven by a motor. The belt sli at 108
52';' a.m.  The pulse-rate 15 seconds after the stopping of work due to the slipping of belt was
only 54, . :

6 Between the two “no-load™ periods the average s was 72 (7T) revoelutions per minute, Soon after the

start of the period (75 seconds) the belt slipped off.  The machine was stopped completely, the belt was
replaced and the machine restarted.

7 Work was begun at 115 325 a.m. with the current at 1.5 amperes. Between 11% 32= am, and 110 46 a.m.
the avernpge speed was 97 revolutions per minute,

8 TPulsc-rate at the end of the period. ; ; :

9 In the interval before this period the subject rede at the average rate of 96 revolutions per minute.
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TaBLE T6.—Resulfs with subject M. A. M. (without food).

Carbon Oxygen | p. . Aver- e
e ﬂ ed CEPICR- Avernge Leviolu
Date and time. Diuration. tlﬁuﬁﬁ:&ﬂ u.heu-:r tory pflf;_ respira- ﬁlllllt: tions per
per minute, | minute, quotient. | %o, | on-rate. minute,
Mar. 12, 1912, i =
ight : min. ec. .0, 2.8, "
s e, .| 15 & 675 707 085 | oo | 20 |05 | 707
9 12 am.2 .....] 12 41 %] BT B2 Lt a0 l."‘r..:_r T1.5
9 35 amd .....| 12 40 B84 B4 B4 a0 23 .5 T2.4
Severe k:
e 17mams.....| 11 28 | 1310 1,564 81 2 28 | 15 | 718
10 38 amt......|] 11 33 1,319 1,520 BT 112 32 1.5 70.5
10 58 am7T _.... 11 28 1,369 j B0 116 28 1.5 T

1 The subject started riding at 8% 24= a.m., timed by the metronome set at 70, : :

# In the interval before this period the subjest rode at the avernge rate of 74 revolutions per minute. z

3 In the interval before this iod the nverngoe waa 60 revolutions per minute. At the end of the period
the subject said he felt in excellent condition. but that his hands, wrists and arms were sore from strain,

4 The current was inoreasad to 1.5 nmperes at 95 49= am. Between O 400 a.m. and 10® 17 f.m. the average
spead was 70 revolutions per minute. The subject began to perspire during this period.

& Pulse-rate at the end of the period. : : .

8 In interval before period the av. was 71 reva per min, The subject perspired freely during the period.

T In the interval before this period the subject rode at the average rate of 54 (1) revolutions per minute. Dur-
ing the period the perapiration waa profuse.

TasLe 77 —Results with subject M. A. M. (without food). (Ergometer I11.)

Carbon Oy, Roam Aver- A Her ol
i pira- Average evolu
Date and time. Duration. dioxide a.'ban:l??d i Cur-

a i s
eliminated tary puf;:._ PEHIITI: ront, tions per

per minute. | minute. quoticnt. minute,

rate. tion-rate.

Mar, 5, 19§21

Mo load, with motor: min. 3ec, [ [ amp.
Bed7m am.2 ..... 14 35 (b2 789 0.82 96 15 e 101.8
2 10 amt. ..... 14 54 G153 il i B a5 &)y 1 101.7
E 39 amd...... 15 05 573 724 09 85 18 =it 100.6
Work:
106 30= a.m.f......| 10 20 2,065 2,339 83 155 42 1.8 | 9b=
10 4 amt .. .. .| 10 46 2,051 2,282 L) 153 34 1.5 | 991
11 19 am.?......| 10 39 22118 2365 it 159 32 1.5

| 105.5
.

1 See table 78 for experiment on Mareh 13, 1512, o g 5

2 The machine was motor=-driven.  The subject began riding at 8% 18% a.m., and to the beginning of the period
rode at the average rate of 99 revolutions per minute. Average pulse durng prelimimary period, 96,

3 In interval before period, av, apeed 95 revs. por min,  Subjeet lifted his body off seat 3 times,  (See note 6.)

4 In the interval hefore this period the ave speed was 106 rovolutions per minute. During the period
the pin holding the handle bars was and the handle bars became loose. This seemed to cause
the subject considerable trouble and anooyance.

B At 10 a.m. wark was begun with the current at 1.5 amperes. Between 10 a.m. and 108 30= a.m. the average
rate was 93 revolutiona per minute.  With the change the subject found the work extremely diffioult.
He could hardly believe he was working against the usual amount of resistance.

& In the interval before this period the averaee speed was 758 revolutions per minute.

7 In the interval before this period the average speed was 89 revolutions per minute. ‘The subject azid the
ergometer was not at all comfortable; the seat was too high. Another aubject using the apparatos
had failed to return the seat to the onginal height found comfortable for M. A. M.

TaeLe 78.—Resulls with subject M. A. M. (without food).

Carbon Oxygen Foan Aver-
ety pira- Average Revolu=
Date and time. Duration. ¢ﬂ$ﬂi:¢d ah;i;ibmi tory Pﬁ:iﬂ' reapira- E’;t tinna per
per minute. | minute. (uotient. phrny tion-rate, mnute,
_ Mar. 18, 1818,
Light work: i, Bee, .6 0., antp.
Bb 4= am.t, .. ... 12 40 708 BT 0.92 B2 20 0.3 T1.5
o2 ame | 13 88 | M8 | %8 | & 8| 3 |03 | B3
amd...... : o 1
Severa work:
108 18m amd. .....| 11 30 1,375 1,513 91 112 28 1.5 70.2
10 46 ams®, .....| 10 106 1,342 1,631 .4 110 28 1.5 T0.4
1L 1% maa® .o.o0 1L 2T 1,421 1,558 1 116 28 1.5 T0.3
L Work was begun at 8 10= am.  Between 8b 169 aom, and 8b 46= am,, av, speed 72 reva, per min,
2 In the interval before this period the average speed waas 73 revolutions per minute, The subject found it
difficult to keep pace with the metronome; it was too slow for him.
3 In the interval before this period the avm'afe speed was G4 revolutions per minute.
4 Current was increased to 1.5 amperss at 95 47= a.m. Between b 470 5 m. and 108 18m a.m. av. speed 69 reva,

per min.  Work was done readily exeept that it waa diffieult to keep pace with the metronome,
he average nllmud in the interval before the period waas 60 revolutions per minute.
n the interval befors this period the average speed waas 65 revolutions per minute.

-

b
&

—_
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TABLE 79.—Results with subject M. A. M. (without food).

Carbon Oxygen Resni Aver-
ik pira=- Average Revolu-
Date and time, Duration. el?l;ﬁ’rc:;.ltid nh.w:-r::-ed tory t:f':' I_‘\T'lpi::ﬁ- 2‘];’;' tions per
pEF mine, mil:fmm H{ oA Tal'u'. tion-rate. " | minute.
Mar, 14, 1812,
Bevere work: Wi, REC. L Eolts Q.
Eh4Tm amd, . ... 11 41 1878 1.550 .55 112 24 1.5 T0.8
9 13 amt..... 11 37 1.3405 1,520 .52 110 22 1.5 70.9
9 37 amd, ... 11 37 1,302 1,559 59 107 24 1.5 70.9
Light wark:
10h @2 g mt, . ..., 13 30 1Tk ] B33 B2 sy 24 .5 0.1
M 48 amt. ..... 13 06 055 THT Ry TR 24 .5 T0.5
11 10 amat...... 13 18 (IL5] 8533 B2 86 22 0.5 70.1

1 The starting records were lost. There was the usual preliminary period, however, and it ia probable that
ﬂm’ﬂmml was about 70 revolutions per minute., During the penod sweating was marked though not
profuse,

2 Tn the interval before thia period the average specd was 71 revolutions per minute,

1 Im the interval before thia pericd the average speed was T4 revolutions per minute,

4 Im the interval between this pericd and the preceding Eerinl:l the average speed was 60 revolutions per minute,
The current was decreased to (L5 ampere at 108 10= a.m, Some oxygen was lost by leak during the
period.  The loss was estimated.

E Tn the interval before this period the average speed was 50 revolutions per minnte,

8 [n the interval before this period the avernge speed was 68 revolutions per minute. The subjeet on this day
had his usual trouble in changing from high to low resistance, l'ﬂf&umpiuim}d that it was extremely
difficult to work as efficiently.

Tapre B0.—Results with subject M. A. M. (without food). Continuous work—faligue

gxperimend,
Carbon Oxyvpen Resii | Aver- E -
oy AT Awvorage Revalu-
Date and time. Duration. clﬂ:ﬁﬁ?’:ﬁl “tmf:ml tory EEE_ redpiras f:";l:_ tions per
per minute., mi!:-[lle. quetient. me_ tion-rate, | minute.
Mar, 15, 1912,
Work: WIER. 20, CaE- ol A,
O jmam?. . ... 10 41 1,771 1,967 0.90 120 a0 1.5 013
9 45 am3, ..., 10 38 1,766 1,946 1 125 32 1.5 914
10 30 smt. ..... 10 4l 1,755 1,964 B0 136 40 1.5 oLy
11 15 ammd Lo 10 40 1,741 1,943 B 1tk a6 1.5 SH). &
12 00 moon®. ... 10 15 1,048 2,003 7 160 a6 1.5 B0
12 45 pent.. ... G 03 1.G70 1504 B8 e . 1.5 7852

1 Work was begun at 8 30= a.m., the average speed from Sk 30= a.m, to @ a.m. being 86 revolutions per
minl_ul.::'. Durning the period the work was easily done. Perspiration was marked though not very

rosfuse,

¢ The fx'-::mge apeed in the interval before this period was 87 revolutions per minute. During the period the
work was dona very easily.  Porspirntion wns not very profuse. - :

& Tha wverago speed in the interval before thia period woa 81 revolutions per minute. During the period the
work was still done easily. Perspiration was perhaps a Little more profuse.

4 The average apeed in the interval before this period was 84 revolutions per minute. During the period
the work was not done so easily. It ssemed to require a little more effort to keep up to the rate of 90
revolutions per minute.

5 The average speed in the interval before thia period was 82 revolutiona per minute. During the period
the subject was much distressed.  The observer thought he was about to give up several times, but cach
tizne he seemed to make a fresh eflort., Perspiration was profuse,

§ The average speed in the interval before this perisd was 79 revolutions per minute. The subject did not
look well at the beginning of this last period, but insisted he waa all right. He kept his lips tightly on
the mouthpiece. The rate of riding fell off steadily. At the end the subject looked exhausted nn:l‘w.l-
mitted that he was. He swayed when be reloased his mouth from the mouthpicee. He spoke of a
eonstant siruggle for breath, i‘mt that he was unable to help himself. An analyvsis of the air in the
pyatem at the end of the whole seriea of iodls ahowed thot the oxygen present was 22.5 per cent.

aubject drank 30 c.e. of water after the end of each pericd except the firat. The entire duration
of work waa from 8% 30m oom. to 128 520 pom, or 4 hoursa and 22 minutea. The total number of revolu-
tions was 22,482, the averagoe specd per minute being 85.8 revolutions.
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Tasre 81.—Results with subject M. A. M. (without food).

Carbon Oxygen | poonie, | Aver-| 4 Tavolu-
e pira: Average tevolu:
Diate and time, Druration, Ifﬁ:‘;lth ”’bm%,b“d tory D{l.f;‘-'- respira- E::? tions per
;Eerminuta:-. mﬁaﬂum, quotient. [ S | tion-rate. * | minute.
e Mar. .:_i"';*. 1918,
viers work: wiin, &ed, £ Eil. amp.
Bhdfm aml. ..... 11 11 1,374 1.541 .50 103 o4 1.5 T0.9
0 20 amt .....| 10 18 2065 2315 9 132 3z 1.5 102.1
Lighﬂ 4|Jk BT 10 11 2076 2,320 00 138 32 1.5 101.8
t work:
10h J7m gmt, . ....] 12 15 671 823 32 O 22 0.5 T0.8
10 56 amk,.....| 10 30 1,028 103 28 0.5 101.9
11 18 am®, .. ... 1 21 1,052 : 108 25 0.3 102.1

1 Work was begun at 8% 19= am. Between 8b 19m am. and 8k 49m am, the average speed was 71 revolu-
tions per minute. The work was done without strain and the perspiration was slight.
2 At fih 02= n.m. the pace was changed to 100 revolutions per minute. Between 9% 02% pom. and & 20= a.m.
the average speed was approximately 95 revolutions per minute. Perspiration was profuse.
3 In the interval before this period the average speed was 104 revolutions per minute, During the period the
work was easily done. The subject perapired freely, ¥ 3
4 At Ok 51= a.m. the current was decreased to 0.5 ampere and the speed to 70 revolutions per minute. Between
@b 51= a.m. and 105 17= n.m, the average speed was 70 revolutions per minute. During the fourth
iod the work was done without effort of any kind. There was no perspiration. The pulse-rate
ore thia period was at 108 10m a.m., 92; at 10b 16= a.m., M.
B Af 10b 30m a.m. the speed was increased to 100 revolutions per minute. The average speed from 10* 30=
g.m. to the beginning of the fifth period was 82 (7) revolutions per minute. =
& The average speed in interval before the period was 90 reva. per min.  During period the work was done with
comparative case, but subject was glad when it was fing . No perspiration.

TasLe 82 —Rezulls with subject M. A. M. (without food).

Carbon . Oxygen Rioapi | Aver-
o i pira- Average Revolu-
Date and time, Duiration, elg:?iluftid r.Eﬁi tory ﬁ:c_ respiri- lﬁ'ﬂ_ tions por
permimite, | minute, | Quotiont. pu s | tion-rate. - | minute.
Mar, 18, 1912, : |
Work: min. fee., &2, £.6, | am.
L O 0= am.t. ..... 10 19 2,049 2363 0.91 140 32 1.5 101.6
ying:
gb 30= poml, ... .. 16 Fi 240 260 92 T2 24
10 D2 SMee,ovars 15 17 221 251 B8 d 24
10 24 am........ 15 1% 220 254 BT G4 20
Work:
108 55= pmt. . .... 10 14 f124 2346 a1 148 28 1.5 1025
Al Al L. 10 11 1,852 2,146 R 1446 32 | 1.5 96.2
ergl: |
125 01m p.msS. .. ... | 15 285 222 276 8t | 70 20

1 Work began at 8% 13% a.m. From 85 13= a.m., to B 10w a.m, av. spoed 97 revs, per min.  Perapiration profuse.

% The first work period waa finished at about b 20% a.m. Subject lay down nt 96 28= gm.

4 Work was begun again at 105 46= a.m. Heiween 105 46 a,m. and 105 550 a.m. the average speed was 50
revidutions per minute, Work was started with diffieulty. The subjeet said his muscles were exceed-
ingly stiff. He rode more easily after 8 minutes.

4 In the interval before this period the average speed was 83 revolutions per minute.

& Work was finished at 11% 44 a.m. The subject lay down at 116 48w a.m.

TasLe 83.—Resulls with subject M. A. M. (without food).

Carbon | Oxygen : Aver- | |
X ; P Respira- Average Revalu-
Date and time. Diuration. &lﬁﬁiﬂ! nhap::r tary pm- Tespira- EELL[:' | tione per
per minute. | minute. quotient. | *.o o | Uon-rate. i ® | minute.
Mar. 25, 1912,
Work: min, sec, e, e, M.
I.-.’:."l'lih d=aml!, .. ... 10 11 2,406 2,655 0.91 162 b 1.5 109.5
Lng;
Gh 27w gm.t, ... 15 35 2T 254 A7 a5 26
8 50 bh....... 15 28 258 271 85 89 26
1 TR T 15 38 i | 275 R 87 24
Warﬁ
0= o4 amd. .. ... 10 18 2,470 2,545 A7 168 4 il T
L_]r'll 19 ami......| 10 OB 2,085 2, A0 165 EE %E lg'ﬁ-
mf:
11N 41= pm¥......] 12 &7 271 281 A7 101 20
I2 01 pm........| 13 38 249 267 03 B3 a2

1 Work began at 8 19m a.rn, From 8% 192 pm. to 058 03m am, av, spead 104 revs. per min,

2 The mtﬁﬁ':ltpflm :1:; Eﬂfl?uﬂ at 00 17= 5.m, During the first lying period the subject’s breathing was

¥ Wark began again at 10 41= a.m. From 10 41m am. to 10h 54m a.m. av. speed 97 reve. per min. Through-
out the period the sate of work was gradually and steadily increased, FPerapiration i;::rnfuae. vE

4 In the interval before this period the average speod was 03 rovolutions per minute,

& Work was finished at 11% 30m a.m. The subject lay down at 115 31 a.m,
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Tasre 84.—Results with subject M. A. M. (withow! food).

Carbon Oxypen. | pagn Aver-
o gpira- Average Revolu-
Date and time. Duration. el;ﬂniﬁ;lﬁﬂl al:lanr?-nd tory i ;}_ respira- E.lll.:-‘ tions per
por minute, | minute, | 90otient. | RSP | tion-rate. * | minute.
Mar. 26, 1012,
Lying: Min. 50, Eils Culfa AT
b 430 A, e 14 21 210 233 .41 il 20
905 sum........| 14 43 202 235 .14 Db 1%
= E e T T 1+ 41 e 32 i5E i} 20
ork:
10 Dl= .t ...... n 10 2,057 2,206 .03 156 a0 1.5 0.3
A0 40 am?, . ....| 10 3 il 2,365 M 162 32 1.3 100.5
ing:
12 05m amd. . ....] 15 07 L 204 -B3 Ef 28
11 28 i, 0. . 14 47 215 250 -1 T0 22
11 48 am........ 14 43 220 240 .58 T 20

1 Work was begun at 9% 406 a.n. Bt.-twurn b 467 pom. aml 100 01w gy, the subjeet rode at the average
rate of 51 revolutions per minute.
? Between the two wark-periods the average speed was 87 revolutions per minute. The subjeet’s breathing
was perhaps rather labored toward the end.
% Work was finished at 10% 52 am. The subject lay down at 10% 55= a.m.

TarLe 85.—Results with subject M. A. M. (without food).

| Carbon Oxygen | poos Aver-
. e spira- Average | o Revolu-
Date and time. | Duration. dhoxide absorbed tory AEE | Tespira- f',u‘ tions per
eliminated per quotient pulse- | o ot te, | TRk | e,
per minute. | minute, " | rate. i
Mar. 27, 1812,
Work: min. fee. Galls [ AR
I '.ih 11m am.t. ..... 10 14 2,166 2,257 0.0 100 a6 1.2 101.6
i
'ih ddmig .t o 16 04 2681 255 1.02 = 24
g M amt .....| 16 02 223 256 A7 T 20
10 18 mmd . [ 15 && 214 247 AT T8 20
Wark:
106 40= am.8, ..., . 10 08 2,246 2,327 BT 160 a4 1.5 102.5
(AL 19 ame o) 10 08 2,066 2,333 80 | 168 40 1.5 652
ving:
11b 40m g m.7_ ... 14 24 255 aum A2 HES e
S T P 14 51 221 238 I3 LI 15

1 Work was begun at 88 19% a.m. Between 88 192 g.m. and 96 11®m a.m. the subject rode at the average rate
of %3 revolutions per minute,

2 The hrst work-period was fimished at about 95 219 5 m.  Thoe subject immedintely lny down.

8 The breathing was extremely irregular, even for this subject. Periods of almost complete apnma oceurred
which were of 15 to 20 sceonds’ duration.

4 Breathing was still irregular, though the apnea was not so marked.

& Work was resumed at 100 35 a.m. Between 10® 358= aom, and 105 49= a.m, the avernge speed waa 87 revs.
per minute. Subject said he pever felt keon to work now and feared he was getting o little stale.

& Detween periods the average speed was 99 revolutions per minute. During this period the work was well
enough done, but the speed fell off after alout 6 minutes. He became very tired,

7 Work was finished at 115 30m a.m. The aubject lay down immediately.

TAlmE- RE‘: —Hr*-mi"s with subject M. A. M. (withowt food).

L:lrbun Oxyveen Ban Aver-
Spira- ¥ Avornge Revaolu-
Date and time. Duration. ellillg;;::::lltlﬁl ﬂm]::i“"l tory p:f:e- respira- il:: tiona per
per minate, | minute. quotient. raby, | oD TR e
'L!'d:r £8, 1918,
) MmN, SE6, (ot ot Q.
L ﬂ“ o= aml...... 0 24 1,506 1,561 0,581 142 28 1.5 707
ving:
g 20m am2......] 15 45 209 2048 i | L] 4
D4t Bmai....e] 10 1B 201 262 s | L 20
10 6 am....oa..| 14 59 209 2061 .1 (1] 22
Work:
108 37m amd. . .... 10 30 1,808 2110 1) 150 32 1.5 .5
: 11 10 amd...... 10 12 1,658 1,900 BT 168 32 1.5 Ba.6
J}'IHI
115 2= n_ml, S e | 241 423 i) 83 28 +
11 47 sam.. 14 14 223 i G413 S riL) =4 -

1 Work was begun at 8 07 am. Between 88 07= n.m. and Sk 58= a.m. the average speed waa 79 revolu-
tions per minuis. Durine the perod the work was always done with offort, and the subject looked
aillen and exhausted, He eomplained that he was extremely stiff and tired and eould not work., He
did the work steadily, when once he was started.

2 The first work-period was finished at Ob 00= p.m. The subject la}r down at 90 12= pm.

% Work was resumed at 10% 27= a.m.  Between 108 27= a.m. and 108 37= a.m. the average speed was 89 reva.
per minute,  During the period work was done with eomparative emw Perspiration very profuse.

4 In the interval before thia period the average speed was 70 revolutions per mainute. Perspiration was profuse.

5 Work was finished at about 110 20= am, The subjeet lay down at 118 24m 5.m,
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TasLe 87.—Resulls with subject M. A. M. (withou! food).

Carbon | Oxygen | pognie, | Aver-| 4o, Revolu-
o L rage . | Bevalu
Date and time, Duration. el‘iinl":iif:ed “b';’; t-up_;y F?““:c_ reapira- E“ni_ tions per
per minute, | minute. quetient. | S | tion-rate. inute.
Lyi Malr 85, 1818,
i min, 2ee, (X8 2.6 .
nﬁhiaﬂ T L v e 10 46 514 277 073 s 119 i
8 50 am........ 14 27 236 283 B3 Tl 222
9 21 amt .....| 14 28 20 pie ) ST [ 2]
9 40 am........| 100 01 212 2R3 i it ¥21
Work:
10 11= amt, .....| 10 35 2116 2378 80 168 32 1.5 10602
L A0 46 amS. ., .... 10 13 1,541 2227 B 168 40 1.5 84.5
Vi,
H‘&D-a.m.'..,... 10 15 305 60 85 095 227
i1 315 am........| 14 41 230 307 i T 125
11 | e e 14 05 ) | ang .Th B 103
11- 52 am........| 14 25 232 298 75 | 85 222

1 The “lying"™ periods wera all run on another respiration apparatus located on the third floor of the Iaborp-
tory, "I'?:é subjeet went downstairs to the first floor for the work periods and then returned to the
third floor. The ventilation of the lungs was measured while the subject was on the eouch,

¢ The respiration rate while the subject was on the couch was for the full period, as recorded by the spisometer,

3 The subject said at the close of thia period that he had a headache. His forehead was bathed in perspiration,

4 Work was started at 9% 57= g.m.  Between D% 57 a.m. and 105 11= a.m, the average speed was 104 revolu-
tions per nmnute,

B Between the periods the average speed was 82 revolutions per minute. : :

] Wo:kd:n.a ﬁn-:hh:;d m,mlhulI 5= a.m. The subject immediately left the ergometer, hurried upstairs, and lay

WO On couch,

TasLE 88.—Resulls with subject M. A. M. (without food).

Carbon | Oxy, Respira. | Aver-

y i pirs- Average Revalu-

Date and time. Duration. el‘iirlnnifql:tid ahsmﬂ tory zf;}_ respira- Fe.i;:-_ tions per

por minute. m-':ﬁt,_.,. quotient. "mm tion-rate, * | minute.!

Apr. 8, 1918,
Waork: min. sec. C.E, o G,

Bhddm am.r . .. 11 40 1,270 1,423 .50 116 18 1.25 T70.8
B F2 mmd. oLl 11 13 1,243 1,425 BT 116 20 1.25 (LR
9 32 amd,...... il 25 1,254 1,451 BT 112 22 1.25 T1.2
10 12 amb. ..... 10 07 2,729 2,719 1.00 175 b {1] 1.25 12i6.1
10 44 ams. .. _..| 10 9 2,712 2,712 1.00 iy 40 1.25 121.6
1 0F am.® ..... 10 22 2,134 2,343 A1 2158 a4 1.25 105.4

L The metronome was uzed in each period to regulate the speed.

2 Work wnos begun at 80 08= a.m. Betwesn Sim#ﬂln g.m. and 8 43= am, the average apeed was 70 revolu-
tiona per minute. During the period the work was done with perfect ease. There was no strain
whatever, The subject said he scarcely felt the work. He said he had been st Revere Beach on
Apr. 7 and had ridden 10 miles on the track at the rate of 1 min., 36 sec. to the mile. He had done

with abaolutely no difficulty. His opinion was that one hour's work on the ergometer was equiva-
lent to about 50 miles on the track.

3 In the interval before this period the avernge speed was 66 revolutions per minute, During the period the

4 In th:u:.ﬁa:v?l ﬂﬁ?;rew:!t:b“m El;gi ?;EL”' d 70 i i

iz peri average speed was i : i i
ol ook el EE Age 8pe revolutions per minute. During the period the

B At 9% 45= a.m. the speed was inereased to 120 revolutions per minute. Between O 45m a.m. and 100 12= a.m,
the average speed was 90 revolutions per minute. During the period itsell the work was done at
tremendous speed toward the end. At the end of 7.5 minutes the subject loat pedal and picked it
up again. Perspication was not very profuse,

§ In the interval before this period the average ERE'H-' waa 76 revolutions per minute. During the peried the
work was done with greater diffiulty. The subject found it harder, Perspiration was very profuse.

! The pulse was very rapid in this period, no satisfactory count being possible,

8 In the interval before this period the average speed was 70 revolutions per minute. During the period the

work was done with comparative ease. It was much less tevi in the ling i
# Pulse-rate at the end of the period, s Ll B R
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TaBLE 89.—Resulls with subject M. A. M. (without food).

| | Carbaon Oxygen . Awver-
| Lk Reapira- Average Revalu-
| Date and time. Duration. || jSiexido i} sheorbod tory | pu . | respira- fi',:,:: tions per
per minute, | minute, | TUOHEDt. |1 | tion-rate. minute,
= E-ir.rr. o, 1918, L
Ore: nien, s, .0, £.0, am
Bh S6m opmt, ..., 11 35 1,188 1,362 .88 110 20 l.f‘ 714
9 18 omd. . ..., 11 29 1,216 1,378 BB 112 24 1.1 T1.4
04 pemadl ool H AR 1.241 1,387 LH) 116 24 1.1 71.8
10 21 amd. . ....] 10 08 2774 S SARE 5170 43 1.1 128.9
I 49 ams. .. ... 10 07 2,200 2,252 08 176 a6 1.1 105.4

1 Work was begun ot 8% 180 a.m. Between 86 18= a.m, and 85 56 a.m. the subjeet rode &t the average rato
of 7 revolutions per minute. During the period the work was very eastly done, in fact it could hardly
be eonzidered work, Thers was no perapiration. _

2 [n the interval before this period the average specd was 71 revolutions per minute. There was slight perspira-
tion during the period.

4 In the interval before this period the average apeed waa 71 revolutions per minute. The perspiration was
somewhat increased,

4 At 9% 5hmog.m. the speed was inerensed so that between 95 55 a.m. and 108 21m g.m, the average rate was
97 revolutions per minute. At the beginning of the period itself the subject lost the pedals, otherwise
the speed during the fcrlod would have been greater.  The work was hard and perspiration was profuse,

5 Pulse-rate at the end of the period.

& In the interval before this period the average speed was 74 revolutions per minute. During the period
purapiration was very profuse.  The subject was practically **all in'" at the end of 8 minutos, but kept
at work. He looked very tired and exhausted. He was so tired that for about the first time sino= he
hind worked here he could not go on and asked to be relieved from doing o third period ot this resistance.
He eaid that the rapid pace of the first high speed period had killed him.

TasLe 90.—Results with subject M. A. M. (without food).

—

| ?—“"1‘{*}:} + %"ﬁ“ v | Respira- Aver-| o orage c Revolu-
Date and time, Tiuration, || e o | IR tory . respira- | =97 | tions per
eliminated 2ar wisticnt pulse- tion-rate. | 7% | minute
por minute. | minute. q " rate. : 3
Apr. 16, 19121
Lying:*® min. see, 0L, 2.8, LEUPTE
B B2 oam....... 0 38 234 249 .04 6 120
8 5% am.o......| 13 43 207 233 BT L[5} 320
920 amd......| 14 27 212 250 g 1] it 121
Waork: |
105 08m amb. .. ... | 10 18 2,382 2,650 g 160 36 1.5 108.4
- _11] 45 am*. ..... | 10 11 2,748 2867 S 162 35 1.5 116.6
ring:
11 22= ant. ... .. ! 14 &8 213 2006 i 88 132
12023 ... ... 13 58 203 245 B2 T 230
1A pamcionoi]l da 48 203 247 B2 T 1149
2ol peml s | 16 52 201 255 a9 it} 118
3 pa el I D 208 278 D [ 3121
4 20 poae.. ., 16 20 218 265 Bl T0 133

! This ew:*lrinlgru. wis to a certain extent an attempt to learn the after-efect of work on the respiratory
metatiolism, ;

2 The “lying” poriods were carried out on another respirmtion spparatus loeated en the third fleor of the
Inboratory. The work periods were as usual with the apparatus on the first floor. :

3 The respiration rate while the subject was on the couch was for the full period, as recorded by the ﬂlilifﬂmi‘-lﬂh

& The subject had considerable trouble just at the end of this pericd.  He said that he had pain in his throat
anil t_[ijﬁ'l‘.‘l.lil}" in breathing. The kvmograph record shows disturbanee, the respiration boeoming
vary irregilar.

B Work was begun at 0% 48= a.m. Between Ub 487 pm. and 10k 08 pm. the average speed was 99 revolu-
tinna per minute. During the period the work was easily done, except that the subjeet was troubled
b o tendeney for his feet to slip from the pedals, as just after starting he broke his toe-clips. He looked
very well. 2 I .

& Between the periods the pverage apeed was 84 revolutions per minute. During the second period the work
wead abill reacdily done. : i -

7 Work was finished at 115 03® g.m. and the subjeet immediately wont upstairs to the third Aoor and lay down
on the eanch. - : :

8 The subject said he was becomine very tired and atiff with lying. He was alse very hungry. He moved
his legs frecly before the period started.



PART IIL
DISCUSSION OF RESULTS.

The mass of experimental data aceumulated in connection with this
research permits of the adequate discussion of several major and innumerable
minor problems in the relationship between museular work and metabolism.
We shall lay our greatest stress upon a consideration of the character of the
katabolism and the mechanical efficiency of the body, and finally devote a
portion of the discussion to a presentation of our evidence bearing upon a
number of the physiological effects of musecular work.

THE CHARACTER OF THE KATABOLISM AS AFFECTED BY MUSCULAR WORK.

When muscular work is performed by the human body, the consumption
of fuel either from food or from body-material is greatly increased. When
food is not given, the energy must be supplied from body-material. If we
consider to what extent, under these conditions, the constituents of the body-
material are available for the production of energy, we find that the amount of
protein present in the normal human body is amply sufficient to provide for
all drains upon nitrogenous material during rest or a short period of work.
Similarly, with a well-nourished man there is a practically unlimited supply
of fat. On the other hand the supply of carbohydrates is found to be very
limited; thus, with dogs and with other animals, it is possible to rid the body
of all but traces of glycogen by starvation, by strychnine convulsions, and
by the shivering induced by prolonged exposure to severe cold, while under
the same conditions there is no material draft upon the body-protein and but
a small part of the large amount of body-fat 1s used. Apparently the storage
of carbohydrates is also somewhat easily depleted by excessive muscular
work. It is believed, therefore, that the ideal conditions for a study of the
question as to whether or not there is a selective combustion of carbohy-
drate material during severe muscular work would obtain after the subject
had abstained from food for twelve to fifteen hours, i.e., when there was a
relatively large supply of body-protein, and a relatively small supply of body-
glycogen. If, under these conditions, a selective combustion took place, the
supply of body-glycogen would be rapidly depleted and this would be indicated
by the respiratory quotient. Nearly all of our experiments, therefore, includ-
ing both the rest and the work experiments, were made in the morning, the
subject having taken no food since the previous evening.

We have found it difficult to select a word to express this condition of
abstinence from food for 12 hours. As is well known, the stimulating action
of the substances absorbed from recently-introduced foodstuffs produces an
increase in total katabolism which frequently obscures the effect to be
studied. A German word, “niichtern,” has been freely used in the past but
in our opinion it is not explanatory. English words, such as fasting, break-
fastless, ete., have been considered but owing to difficulties in connection
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with the common use of these words, they are unsuitable. We prefer the
far-reaching term post-absorplive,

We were fortunate in being able to secure a subjeet who was not made
unduly uncomfortable by performing a large amount of museular work on
an empty stomach, so that in neither the rest nor the work experiments were
the measurements of the metabolism complicated by the influence of food.
While it cannot properly be said that during the experiments the entire
alimentary tract was free from absorbable material, nevertheless, it was to
a very large extent thus free, so that for all practical purposes we may say
that the subjeet was living upon body-material.

By previous experimenting in this laboratory, it has been shown that the
character of the post-absorptive katabolism might be considerably modified by
normal alterations in the diet. It was therefore necessary to obtain a base-
line both for the character of the katabolism as shown by the respiratory
quotient and for the amount of the katabolism as determined by the measure-
ment of the earbon dioxide produced and the oxygen consumed. This base-
line was determined by making a series of rest experiments each morning
previous to the experiment with muscular work.

In order that the picture of the resting katabolism might he more com-
plete, an attempt was made fo secure regularly the urine voided during the
experimental period. In a research of this kind it is of course necessary to
assume that the nitrogenous products of the urine collected during an ex-
perimental period represent the protein disintegration for that period. This
assumption is liable to many gross errors, particularly in experiments with
severe musecular work as an after-effect of the work upon protein katabolism,
or at least the nitrogenous excretion in the urine, has frequently been noticed.
Analyses have been made of these urines, however, and the results of the
determinations are reported.

DETERMINATION OF THE RESPIRATORY QUOTIENT.

In a study of the character of the katabolism as influenced by museular
work, the significance of the respiratory quotient makes it necessary that
this value should be determined with the greatest accuracy. This is doubly
diffieult inasmuch as the determination of the respiratory quotient is affected
by errors in the values obtained for both the carbon dioxide and the oxygen.
The determination of the carbon dioxide produced by man is relatively a
simple matter, there being a number of excellent methods for this purpose.
The determination of the oxygen absorption is, on the other hand, very
difficult, and while several methods are in good repute among physiologists,
it still remains a fact that extraordinary skill is required on the part of the
observer to secure reliable results. All of our energies, therefore, were con-
centrated in an effort to obtain the most exact measurements of these two
factors. The determinations of the carbon dioxide and the oxygen were
always verified, the respiration apparatus and the connections with the sub-
ject were continually tested for tightness, precautions were taken to insure
the full efficiency of the absorbers, and the calibrations of the meter were
often checked. Furthermore, the inherent difficulties involved in an altered
respiratory type and the possible effeet of a pumping out of earbon dioxide by
excessive ventilation were taken into eonsideration.
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Errnors INcipENTAL To THE DETERMINATION OF THE CARBON-DIOXIDE PRODUCTION.

In the type of apparatus here used the carbon-dioxide production is
determined by absorbing the gas in suitable containers filled with soda-lime.
No volumetric gas-analyses, no aliquoting of samples, and no records of the
variations in the barometer and the pressure are required. The determination
of the carbon dioxide in the air-current thus becomes a method of gravimetrie
analysis. There are, however, several possible sources of error.

The first to be considered is an incomplete absorption of the earbon
dioxide due to the inefficiency of the soda-lime. To provide for the absorption
of any excess of carbon dioxide the air was swept through the system for
several minutes at the end of each experimental period, the air-current pass-
ing through the soda-lime two, three or even four times. Furthermore, a
test of the air leaving the soda-lime bottles was frequently made by passing a
small sample of it through barium hydroxide, the complete absorption of the
earbon dioxide being shown by the absence of turbidity. We have also found
an annoying source of error in the fact that when the absorbers are weighed,
the rubber gaskets used to secure tight closure between the different recep-
tacles are occasionally left in the couplings. Each weighing of the soda-lime
bottles was therefore checked by a second person and the absence of the
gasket noted on the record sheet when the record of the weight was made,
thus eliminating the possibility of error from this eause.

Another way in which the determinations of the carbon dioxide may be
affected is by the inefficiency of the sulphuric acid in the air-drying bottle.
If, through carelessness, the sulphuric acid in this bottle is allowed to absorb
more than 10 grams of the water taken up in the passage of the air through
the soda-lime, the absorption will not be quantitative and the determined
amount of carbon dioxide will be lower than that actually produced. To pro-
vide against this error, it was the custom to have the two soda-lime bottles and
the air-drying bottle removed at the end of each day’s experiment, repeated
tests having shown that the limit of absorption, namely, 10 grams, was never
reached under these conditions. In view of these precautions, we have every
confidence in the measurements of the carbon-dioxide production.®

Errors INCIDENTAL TO THE DeTERMINATION oF THE OxveeEN CoNSUMPTION.

The determination of the oxygen consumption can be made either
gravimetrically, as was originally designed for this apparatus, by weighing
the oxygen cylinder before and after the experiment and noting the amount
of oxygen added to the air-current, or by the more eonvenient and recently
adopted method of measuring the amount of oxygen by means of a carefully
calibrated Bohr gas-meter immersed in water. This method of measuring
the oxygen consumption depends upon the fact that the subject uses out of
the air in the system a certain amount of oxygen which must be replaced
by pure oxygen or by a known volume of some other gas. If the oxygen
in the system is not allowed to fall below 10 or 11 per cent, even pure nitrogen
might be used to replace the oxygen absorbed and bring the air to the original
volume, since it has been shown that the metabolism is normal above this
oxygen percentage. For this replacement, however, we ordinarily use oxygen

2 More recent tests kindly earried out by Mr. T. M. Carpenter h sh ively 1l i
amount of water escaped absorption. iy ave shown conclusively that no appreciable
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of a high grade, namely, of about 98 per cent purity, and measure the volume
of gas passing through the Bohr gas-meter, assuming that no air escapes
from the system through the mouth or nose of the subjeet, or through defec-
tive connections. Since every liter of air leaking out of the system through
the mouth, the nose, or defective connections must be replaced by a liter of
oxygen in order to bring the air again to the normal volume, such loss of air
affects only the oxygen determination.

To provide against any such loss of air through defects in the absorbing
system the apparatus was tested every morning by running the motor for
several minutes before connecting the subject with it, the volume of air in the
system being carefully noted at the beginning and end of the test. If a leak
was found no experiments were made until the apparatus was proved to be
tight. Practically the only other source of leaks possible, therefore, was about
the nose and mouth of the subject. Since there was especial danger of such
leaks in the musecular-work experiments, the utmost precautions were taken
to prevent them. The nose of the subject was closed with a elip supplied
by Siebe, Gorman & Co.; as a further check upon the complete closure of
the nose and mouth, it was an invariable rule to cover the face around the
noseclip and mouthpiece with soapsuds so that the slightest leakage of air
through the nose or the mouth would be instantly indicated by bubbles.

In determining the oxygen consumed by the subject, all of the values
are referred to the same basis, namely, the weight of a liter of the gas issuing
from the eylinder when the valve is open. This is true irrespeetive of whether
the determination is made by noting the loss in weight of a eyvlinder of the
highly compressed gas or by using the Bohr gas-meter immersed in water,
since the method of calibrating the gas-meter involves the use of the weighed
eylinder of oxygen. In a recent deseription of the method of calibration and
of computing the oxygen eonsumption, attention was called to the fact that
but rarely is pure oxygen available, the residual gas unabsorbed by potassium
pyrogallate being usually about 3 per cent.® This residual gas has commonly
been considered as nitrogen, and the difference in weight per liter of the oxygen
and nitrogen has been taken into consideration in the computations.

Recently an interesting paper has appeared by Morey,” who examined
the impurities in the commercial oxygen made from liquid air. Inasmuch
as practically all of the oxygen used in this laboratory is obtained from the
Linde Air Products Company and is derived from liquid air, the interesting
observations of Morey hold true with the use of this gas. Morey finds that
the residual gas is not wholly nitrogen, but is in large part argon, a sample
of oxygen analyzed by him showing 96.9 per cent of oxygen, 2.8 per cent of
argon, and 0.3 per cent of nitrogen. He points out that this confirms the work
of Claude,* who has noted that argon to the extent of about 3 per cent is
the chief impurity in oxygen prepared by the Claude process.

After the manuseript and computations for this report were practically
completed, our attention was called by Mr. H. L. Higgins of the laboratory
staff to the possible influence on our results of the presence in the oxygen of
argon. Mr. Higgins maintained correctly that if gas were used containing
97 per cent oxygen and 3 per cent nitrogen, the weight of a liter would be

8 RBenedict, Deutsch. Archiv f. klin, Med., 1912, 107, p. 181,
b Morey, Journ. Am. Chem. Soc., 1912, 34, p. 491. ¢ Claude, Comptes rendus, 1904, 161, p. 752.
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1.423 grams, On the other hand if 90 per cent of the residual gas is argon,
the weight of a liter of the gas would be 1.4375 grams, an increase of over
1 per cent. It has formerly been our custom to apply a correction of +0.4
per cent to the weight of oxygen, but if the impurity is argon, the correction
should have been —0.6 per cent. The values for the oxygen consumption
as originally calculated, therefore, were all 1 per cent too high, and they
have consequently been reduced by this percentage which represents a defi-
nitely established error. Since a decrease of 1 per cent in the values for the
oxygen affects the respiratory quotient by 1 per cent, all of the respiratory
quotients as originally calculated were too low, and accordingly throughout
the whole report they have been raised by 0.01.

In all experiments in which oxygen made from liquid air is used, the
correction for argon must be of significance and necessary, this being one of
the relatively few instances where the actual difference between argon and
nitrogen has entered extensively into the computations of chemical or physio-
logical routine technique. In all future publications of this laboratory, the
correction will be made without further comment.

PaysioLocical SovrceEs oF Error I8 Gas MEASUREMENTS.

The carbon-dioxide output of the body may be equal to that expired
in a given time, it may exceed the amount eliminated, or, under certain con-
ditions, it may be much less. If the subject artificially or unintentionally
ventilates the lungs excessively by labored respiration, the composition of the
alveolar air may be econsiderably changed, and carbon dioxide may leave
the blood so that a large amount of carbon dioxide may be “pumped out™
of the body that was not simultaneously produced. Under these conditions
there would be an excessive elimination of earbon dioxide with a consequent
abnormal respiratory quotient—the respiratory quotient being much too
large. After a period of excessive ventilation, with a large *“pumping out”
of carbon dioxide, the equilibrium between the alveolar air and the blood
may be again established by the retention of ecarbon dioxide. Under these
conditions the amount of carbon dioxide expired would be less than that
produced, and consequently the respiratory quotient would again be abnormal
in that it would be too low. Recognizing the great influence that an abnormal
ventilation of the lungs, or an abnormal elimination or retention of carbon
dioxide would have upon the respiratory quotient, and hence upon the inter-
pretation of the character of the metabolism, every precaution was taken
with these subjects to secure a normal respiration during the work experi-
ments. This was done by having the subject ride on the bicycle ergometer
for a preliminary period of not less than 15 minutes before the experiment
began, the conditions being the same as during the aectual experimental
period. As a general rule, the work continued for approximately an hour,
and sometimes longer, the measurements being made at intervals throughout
the working period, so that the subject previous to the different periods of
the experiment had been working for a length of time varying from 15 min-
utes to an hour or more.

Only in the experiments following work was there a possibility of the
retention of earbon dioxide playing any great role. This was studied in ob-
servations made of the respiratory exchange immediately after the work ex-
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periments, the subject lying quietly upon a couch and the measurements
being made as rapidly as possible in periods of 15 minutes each. The com-
position of the alveolar air was also determined in this study of the after-
effect of muscular work. The negative results of these observations will be
discussed in a subsequent section of the report.

THE BASAL METABOLISM.

In many investigations on the influenee of museularwork upon the metab-
olism, as, for instance, in experiments in which mountain-climbing, march-
ing, or other work outside of the laboratory was performed, it was frequently
impossible to seeure a value for the normal resting metabolism of the subject
under conditions obtaining at the time that the muscular activity began or
ended; it was therefore necessary to assume this value. There are, however,
many factors which tend to alter the relative proportions of materials in the
body,—the protein, the fat, and the carbohydrates,—and which thus ob-
viously alter the basal metabolism. This is especially true in a research
covering a long period.

It is difficult to conceive of any factor which would alter in a short time
the relative proportion of either the stored body-protein or the body-fat.
Consequently we consider first the factors affecting the body composition
which require considerable periods of time. These would include prolonged
inanition, which would deplete earbohydrates and fat, rather than protein;
training in any form of muscular activity, during which there would be a
loss of subeutaneous fat with a hypertrophy of the museles; fever, which
would cause a great depletion of fat and also of protein; and obesity, in which
there would be the addition of large amounts of subcutaneous fat. With the
possible exception of very severe training, none of these would result in any
material alteration in the storage of protein and fat in a period of less than a
week.

While the storage of protein and fat in the body is not readily altered,
the storage of carbohydrates, on the other hand, being comparatively small,
may be quickly depleted in 24 hours or perhaps in even less time. Of the
factors known to affect rapidly the glycogen storage, none has been more
definitely demonstrated than complete inanition, experiments made with
fasting men showing a very rapid and extensive depletion of the carbohydrate
storage. Thus it has been established that a fasting man may draw from the
storage of earbohydrates in the body, chiefly glycogen, as much as 180 grams
on the first day of fasting, while experiments made at Wesleyan University,
Middletown, Connecticut, with 7 fasting men showed that on the first day
of fasting there was an average katabolism of 110 grams of glycogen.® Since
it is commonly supposed that the total storage of glycogen or carbohydrates
in the body is not far from 400 grams,” it can be seen that this is a relatively
enormous depletion of the stored material.

The preceding diet also has a great influence upon the storage of carbo-
hydrates in the body, as indicated by the respiratory quotient. In experi-
ments earried out in this laboratory ¢ with diets containing in one period a
large preponderance of carbohydrates and in another period a large prepon-

8 Henedict, Carnegie Institution of Washington Publieation No. 77, 1807, p. 464,
b For a discussion of this estimate see p. 98, this report.
¢ Benedict and Higgins, Am. Journ. Physiol,, 1912, 30, p. Z17.
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derance of fat, it has been found that there was a material alteration in the
respiratory quotient indicating a difference in the character of the material
burned under the varying conditions of diet. The respiratory quotients with
a carbohydrate-rich diet, even 12 hours after the last meal, were invariably
higher than those after a carbohydrate-poor diet, while with a carbohydrate-
free diet the respiratory quotient quickly reached 0.7 or even below, indicat-
ing a combustion almost exclusively of fat. The marked and immediate
influenee on the respiratory quotient of the absence of carbohydrates from the
food aceentuates the fundamental importance of determining the post-absorp-
tive value of the respiratory quotient in the normal resting position before
every experiment in which the influence of a superimposed factor, such as
musecular work, is to be studied.

Tue Norumar Resrmvg Merasoriaum 43 DETERMINED IN THIS REsEArcH.

As has already been explained, it has not been necessary to assume a
basal metabolism in this research, since the normal resting metabolism for
each individual day was established by a preliminary rest experiment each
morning. While this of course largely increased the number of experiments,
the resting values thus obtained had an added interest in that they showed
what degree of constancy may be expected from day to day and throughout
5 months in the gaseous exchange of a normal resting man in the post-absorp-
tive state.

Naturally, the greatest number of rest experiments were made with the
professional bieyclist, M. A. M. In table 91 are given in abstract the results
for the series of experiments made with this man beginning December 7, 1911,
and ending with April 16, 1912, each experiment usually consisting of three
periods of 15 minutes each. During the winfer there was a slight progressive
change in body-weight from 64.5 to 68 kilograms, hence the results have been
computed per kilogram of body-weight per minute. The data given repre-
sent the fluctuations that may be fairly expected to occur in the course of a
season of experimenting with a subject of this type. As has been previously
stated, the man was an ideal subject and became thoroughly used to the
apparatus, adjusting himself in every way to the experiments without the
least hesitaney or disinelination.

The earbon-dioxide production per kilogram per minute varied from
2.86 to 3.49 c.c. with an average of 3.12 c.c. per kilogram of body-weight
per minute. Since we know that the amount of earbon dioxide produced
fluctuates considerably with the character of the preceding diet and with the
storage of body-material, these fluctuations are no greater than one would
normally expect to find.

The oxygen consumption varied from 3.38 to 4.09 c.c., averaging 3.67 c.c.
per kilogram of body-weight. The measurement of the oxygen consump-
tion represents much more nearly the calorific production than does the
carbon-dioxide exeretion, and hence we have in the oxygen consumption
a more accurate index of the total heat production. This, it is seen, amounts
to an extreme variation of 7 parts in 34, or essentially 20 per cent, so that
without attempting to analyze the results for each individual day, it can be
seen that the resting metabolism, even when obtained under ideal eonditions,
may vary 20 per cent in the course of a winter. A close examination of the
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TapLe 91.—Post-abzorplive katabolism in respiration emfﬁm&nta with subject M. A. M,
lying on couch before work.

2 Per kilogram per
Weight Total per minute. inine Respira- | pujse. | Respire-
Date, Ilvittl_:lut. |' tory r:u: tinn-
clothing. | Carbon i Carbon . fquaotient. = rate.
dioxide. | QEYEEN: | 4iovide, | OXYReD.
1911. Eiloz. .6, L., ., e,
Dee. 7 64.5 225 252 3.49 4.07 0,54 74 15
8 4.5 205 247 3.18 3.52 A5 B 20)
11 64.5 195 238 3.02 3.68 A2 ) 21
12 64.5 19% 210 3.07 3.568 B0 B30 23
13 64.5 20)) RS 2.10 3.49 88 i3 24
14 64.5 216 238 3.35 3.68 a1 B4 24
15 64.5 200 250 3.10 .58 B %] 23
14 65.0 200 238 3.08 3.65 54 63 20
p 5.0 194 200 L 3.47 B 63 19
21 650 | 199 231 3.08 | 3.54 Bl 60 1%
* g*: 650 | I 225 .08 | 3.46 B 60 20
012, |

Jan. 1 5.5 208 233 318 | 3.58 i) 67 20
2 65.5 19% PRt} 3.04 3.53 BT Bl 17
a B5.5 200 233 305 | 3.55 B Bl 19
4 65,5 214 235 3.27 3.58 A1 6 20
5 B5.5 213 233 325 | 3.58 A2 62 20
8 B i1 204 231 .00 3.49 B 50 20
4 0510 211 24 220 | 384 S (] 19
11 .10 208 258 3.15 | 3.0 A0 65 20
12 6.2 | a0 272 335 | 306 85 63 | 21
15 66.6 | 232 258 3.48 3.R8 i) T
16 Bi3.2 211 | 247 .19 374 55 g | o3
171 65,0 191 | 251 2,00 351 T 6l | 20
151 85.5 200 | 261 3.07 3.00 a7 63 24
191 B5.5 190 DR a.04 3.08 i iifi 21
23 859 | 210 247 2.19 3.74 LB (it 21
242| 650 201 232 a.05 3.51 BT 63 21
25t | G50 199 240 3.02 3.78 J80 63 20
262| 652 | 202 | 237 3.10 3.63 56 4 23
31 6.5 | 222 | 240 2.34 260 03 G 2
Fob, 1 6.5 214 | 241 3.22 | 361 ) 65 20
2 BG.5 204 | 246 307 | 3.60 B3 (] 19
B B5.0 210 233 310 | 3.53 50 50 0
74| 659 105 233 a0 | A5 B4 50 ap
g3 | E]-i.EI 207 256 3.10 ; &.495 ] | Gf 20
9% (4.8 11 242 2.08 | 4.73 i G5 19
12 | 855 1494 233 2048 3.54 .7 i1 o0
M4 657 202 235 3.07 | 3.57 BT 60 19
151 G65.7 185 234 2806 | 3.55 Sl 62 | =p
164 | 65T 193 223 2,04 3.38 87 B | 10
) (Hi) 200 47 2,04 .75 A1 61 19
7] 05,1 191 236 280 | 3.56 A1 54 20
23 60,4 05 B35 308 | 353 BT 57 a1
o 8.8 | 199 230 2,08 3.57 B4 61 20
27 638 | 200 | 238 312 | 356 BE ST 19
25 67.2 216 | 258 321 | &84 .54 Gh 21
hlar. GF G50 230 259 3.488 J d.81 ED G3 LT
11 | ©8.0 215 247 2.16 3,02 AT Gl 21
o4 | 680 2043 233 3.03 | 342 .50 a7 20
298| G8.0 217 1278 3.19 T 4.00 LA 63 21
Apr. 168 | 650 218 246 3.21 i 3.61 80 G4 20
Average | 659 205 242 1.12 | 1.67 85 63 20

1 The experiments of Jan. 17, 15, and 19 were made following 1, 2, and 3 days, respectively, with carbohydrate-
poor diet (100 grams carbohyvdrates per day). ;

2 The experiments of Jan, 24, 25, and 26 were made following 1, 2, and 3 days, reapectively, with earbohydrate-
rich diet {e2. 400 grams carbohydrates per dayl. .

3 The experiments of Fob, 7, 8, and 9 were made f:ﬁftr‘l'i-llx 1, 2, and 3 days, respectively, with carbohydrate-
poor diet (100 grams per dav).

4 The experiments of Feb, 14, 15, and 16 were made following 1, 2, and 3 days, respectively, with carbohydrate-
rich diet (eqa. 400 grams enrbohydratea per day).

& The lying periods for Mar. 6, Mar. 20, and Apr. 16 were made with o somewhat modified apparatus.

& Thuwlmnl::rkmtion records are for the full period, from kymograph records.  Records of the ventilation wers
also taken.

7 The tightness of the systern was tested. At the end of the third period the subject said he had o headache.

ficures shows, however, that these extreme variations are but rarely met with.
Thus, values higher than 4 c.c. are recorded but twice and values less than
3.49 c.e. are recorded but three times. To the writers it appears obvious,
however, that it is practically impossible to obtain an average base-line in
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any series of metabolism experiments to be subsequently applied to researches
during muscular work. When the increment in the gaseous metabolism
is as great as in experiments with severe muscular work, the method of
employing an average base-line is open to the least objection. But in many
researches in which an average base-line has been employed, the increment
due to the superimposed factor does not amount to more than 20 per cent
of the total metabolism; it can therefore readily be seen that the basal
metabolism obtained as the average of a large number of figures cannot
logically be used. It should be stated that in but relatively few experiments
in this report was such an average base-line employed.

An examination of the values for the respiratory quotient shows likewise
a considerable fluctuation, ranging from 0.77 to 0.93, with an average value of
0.85. As will be pointed out subsequently, the values for 0.77 were found on
days following the ingestion of a diet poor in ecarbohydrates.

The values of the pulse-rate have likewise been of interest inasmuch as
they indicate the normal fluctuations that may be expected under the con-
ditions of experimentation, ranging from 56 to 82 per minute, with an average
of 63. On the other hand, values higher than 70 are recorded but twice, while
values lower than 59 are recorded but three times. The respiration-rate ap-
parently stayed remarkably constant throughout the whole period, fluctu-
ating only from 17 to 24, and remaining almost constantly at 20 throughout
the greater number of experiments.

Having pointed out the futility of using a constant average base-line for
metabolism experiments, particularly when relatively small increases in
metabolism aceompany the superimposed factor to be studied, it should be
stated that many of the fluctuations here occurring may be easily interpreted
by a reference to the statistical data accompanying the individual experi-
ments. Noticeable alterations were observed in the carbon-dioxide produc-
tion, the oxygen consumption, and the respiratory quotient. Each of these
factors may readily be affected by extraneous conditions prior to the experi-
ment, such as the general character of the diet, the degree of muscular activity
on the day before, the storage of body-material, or the psychical stimulus
which obviously was present in the first experiment. Furthermore, in a
series of observations such as this, it is not unreasonable to look for the influ-
ence of other less determined factors, such as cold weather, and the condition
of training.

In several instances a high metabolism was believed to have resulted
from the greater muscular activity of the subject on his way to the laboratory,
when he walked over a somewhat rough pathway, ran, or found it difficult
to keep his balance owing to the icy pavements. The abnormality in the
oxygen consumption during the early part of January may almost certainly
be explained in large part by the condition of the streets at that time.

The influence of training upon the metabolism is not easily estimated.
The oxygen intake per minute per kilogram of body-weight remained remark-
ably constant throughout the series of experiments, notwithstanding the fact
that the subject gained 3.5 kilograms during the progress of the research.
As this increase in weight took place while work was being constantly and
steadily done, it was doubtless due in part to inereased muscular develop-
ment. On the other hand, the average intake of oxygen during the first
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10 experiments was 3.68 c.c. per minute per kilogram of body-weight, while
the last experiment on April 16 gave an oxygen consumption of 3.61 ec.c. per
minute per kilogram of body-weight. The general inference from these data
would thus be that training influenced the metabolism but little in this series
of experiments, It should be taken into consideration, however, that the
subject was a trained bicyelist, and in good condition when he began the work.

In general, this subject was inclined to eat heartily, having a decided
preference for meat. He several times suggested that he would have been
able to do considerably more work if he could have had a hearty meal before
the experiment, instead of coming to the laboratory without breakfast.
In fact, the subject found it somewhat difficult to adjust himself to this
feature of the routine, although towards the end of the experimenting he
became accustomed to it. Usually he ate a full meal about noon and a
second about 7 30™ p.m., oceasionally but not often taking food later in the
evening. He drank no alcoholic liquors, and while he smoked cigars and
cigarettes considerably in the first part of the study, later he practically
ceased, because the mucous membrane was somewhat irritated by the fre-
quent use of soapsuds over the mouth. While it was found impracticable
to control the diet of the subject when he was outside of the laboratory, the
special study previously referred to of the influence on the metabolism of
varying amounts of carbohydrate in the diet supplied sufficient data for
intelligent discussion. This phase of the subject is given treatment elsewhere.®

THE CHARACTER OF THE KATABOLISM DURING MUSCULAR WORK A5 INDICATED
BY THE RESPIRATORY QUOTIENT.

A critical analysis of the respiratory quotients secured in this research
permits an estimate as to the character of the katabolism before, during, and
after work, this being one of the main objects of the study. Chauveau was
one of the earliest to recognize the significance of the respiratory quotient
as an index of the character of the katabolism, and as the foremost advocate
of the belief that all museular work is M:mmpllshed at the expense of carbo-
hydrate combustion, his views should be presented somewhat extensively.

TreoriEs oF CHAUVEAT AND Zowrz oS To TnE CHARACTER OF THE KATABGLISM
prrinGg Muscurar Work.

One of the most striking pieces of evidence that Chauveau has presented
in favor of his theory of a selective carbohydrate eombustion during muscular
work is an experiment made on M. Tissot.® In this experiment the subject
was without food, the last meal having been taken 16 hours before. The worlk,
which was continuous, consisted of going up and down a long staircase in
the laboratory, the time for the ascent and descent being always the same.
At the end of 70 minutes the subject had done about 29,000 kilogrammeters
of positive work, the amount of negative work, according to Chauveau's
computations, being similar. At the end of this time the subject was com-
pletel:; fatigued. During the experiment the expired air was collected 6
times in a Chauveau-Tissot apparatus, each sample requiring precisely 5
minutes. The respiratory quotients, which were determined at different
periods during the work, were as follows:

@ See p. B8, ¥ Chauvesy, Comptes rendus, 1806, 123, p. 1163,
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R Q.
Tmmediatelybeforeawork . . . . . . . . . &« i i 4 s oaw s . - 0.75
During the first 5§ minutesof work . . . . . . . . .« . . s 0.54
Between the 10th and 16thminute . . . . . . . + « v o o o o . s 0.87
Between the 40th and 45th minate . . . . . . . . . . . . . . . . 0.95
At the end of work, between the 65th and 70th minute . . . . . . 0.84
AR TE EwToT oe bey E  SE  e  ee RR 0.74

Unfortunately Chauveau gives this merely as a sample experiment,
and states that it is neither the best experiment nor the most conclusive. The
only evidence with regard to the intensity of the work and the gaseous ex-
change is the statement that it is four times that during rest; on this basis
Chauveau computes the theoretical respiratory quotient as follows: If the
subject burned exclusively fat, using a respiratory quotient for fat katabolism
of 0.70, the computation would be Ll 1-[].?5 X1
quotient of 0.71. He argues from this that if the subject burned only fat
during muscular work, the tendency would be to lower the respiratory quo-
tient. On the other hand, if the combustion were exclusively of carbohy-
drates, using a respiratory quotient for carbohydrate katabolism of 1, the
1x340.75x1

, thus giving a respiratory

computation would be , or a respiratory quotient of 0.94.

This was essentially the value found at the end of 40 to 45 minutes of work.
Chauveau argues from this that the work during the experiment with Tissot
was done exclusively at the expense of carbohydrates. He points out, how-
ever, that the quotient does not stay at this high value but gradually falls
as the work progresses. While he considers that the data indicate without
doubt that the muscular work cannot be done simply by the combustion of
fat, he brings up the question as to why the quotient is lowered if the work
is done exclusively by the combustion of glycogen. These lower values he
explains by the statement that there is a draft upon the store of carbohydrates
which is immediately compensated by the conversion of fat into carbohydrate
and this partial combustion of fat results in a lowering of the respiratory
quotient.

As is too frequently the case, the details of this important experiment are
not given, and its shortness has been frequently eriticized. Whether or not
there was a cessation of work during the collection of samples or whether the
samples were collected by means of a portable apparatus is not known,
but the possible alterations in the character of the respiration at the cessation
or the beginning of work may all play an important réle in determining the
measurements of the character of the katabolism.

The experiments as a whole have been severely criticized by Zuntz?®
who points out that while Chauveau attempts to explain the low respiratory
quotient toward the end of work, he does not explain why the respiratory
quotient was low at the beginning of the work-period when the store of car-
bohydrates was abundant. Zuntz argues that the quotient obtained during
the first 15 minutes agrees with the theory of himself and his associates that
during work the nutrients oxidized are essentially the same as during rest,
but that there is some increase in the utilization of the earbohydrates because,

a Zuntz, Verhandl. Berl. phyaiol. Geselich., Archiv f. Physiologie, 1896, p. 538.
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as the most mobile of the nutrients circulating with the blood, they can be
more quickly brought to the place where they are to be used. He further
states that he and his co-workers have never observed so high a respiratory
quotient as Chauveau found between the 40th and 45th minute of the ex-
periment except when, on acecount of fatigue, the circulation and respiration
failed to furnish an adequate supply of oxygen to the active tissues; he
therefore infers that under those conditions the high quotient is due to a kind
of anmrobic action of the musecles similar to that observed in dogs by Pfliiger.

The clearest expression of the views of the Zuntz school on the character
of the katabolism during muscular work may be obtained from a recent article
by Zuntz.® Here Zuntz points out the fact that the best evidence of the nature
of the material burned in the muscles during muscular work is secured in
experiments in which the work, which should not be too great, is carried out
over a long period of time without excessive fatigue. Such experiments were
made, he claims, by himself and Hagemann on horses and by Katzenstein
and others of the Zuntz school on men. In these experiments the respiratory
quotient in the work-period was in many cases exactly equal to that during
rest, and in others a few units lower, namely, in long-continued experimenting.
In one of Katzenstein's experiments, for example, the resting quotient was
0.80; when the subject walked about on horizontal ground and even walked
up an incline, the quotient remained the same, although the oxygen consump-
tion was increased to more than 5 times that of normal. In experiments
with soldiers, in which marching followed a rest-period, Zuntz and Schum-
burg  also found equal respiratory quotients for rest and work. If the
march was very fatiguing, they always found a respiratory quotient 6 units
lower than at the beginning of the marching. To explain the lower quotients
after excessive work, Zuntz cites some experiments by himself and Hagemann
on a horse in which the respiratory quotient during rest, shortly after feeding
with carbohydrate-rich food, was always near 1, while with work there was
a tendency toward a lower respiratory quotient.

Whiie Chauveau’s experiments are comparable with those reported
in our research since they were made in the post-absorptive condition, the
experiments of Zuntz and Hagemann with a horse were always made with
food, and consequently the situation was complicated by the continual ab-
sorption of the nutritive materials out of the alimentary tract. Zuntz, in
computing the consumption of material by the horse, in at least one ex-
periment indicates that the material used for the museular work was in
very large part fat, although the horse certainly had not drawn upon
more than one-fourth of its glyeogen supply. In one experiment, in which
the animal worked for 95 minutes, the energy was in large part derived from
the combustion of glycogen, the respiratory quotient being 0.91. During
subsequent work of 27 minutes the quotient found was 0.81, indicating that
the energy was in large part derived from the combustion of fat. In the first
period, therefore, four times as much glycogen was used as fat, while in the
last period only one-seventeenth of the total energy came from glycogen.
Zuntz maintains that the experiments on men made by his students lead to
the same conclusion, citing especially the experiments of Heinemann.®

& Zuntz, in Oppenheimer’s Handbuch der Biochemie, Jena, 1911, 4, (1), pp. S49-850,
b Funtz and Schumburg, Physiolegie des Marsches, Berlin, 1901.
¢ Heinemann, Plliger’s Archiv f. d. ges. Physiologie, 19411, 83, p. 441.
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Chauveau also argues that in the conversion of fat into carbohydrates
there is a waste energy which is not utilizable for muscular work, since a part
of the oxygen consumed must be used in first converting fat into carbo-
hydrates, during which process there is no energy liberated which is available
for external muscular work; hence for the same amount of muscular work
on a carbohydrate diet there will be a considerably smaller heat production
than when the musecular work results from fat disintegration. In opposition
to this theory, Zuntz cites experiments made by his various students, espe-
cially those of Frentzel and Reach ® and also the experiments of Atwater,
Sherman, and Carpenter,” which showed that the absorption of oxygen per
unit of work is essentially the same whether fat or carbohydrate is burned.
Aceording to Zuntz, therefore, there is no selective combustion of earbohy-
drate material during muscular activity; furthermore, since Chauveau's
theory would require for a unit of external muscular work 30 per cent more
energy with fat than with carbohydrates, Zuntz argues that all nutrients
can furnish muscular energy without previous transformation into sugar.*

ResriraTory QuortiexTts oF Bicycre ErcoMeETER EXPERIMENTS AND THEIR SIGNIFICANCE.

A comparison of the character of the katabolism before, during, and after
work may be made either directly by comparing the respiratory quotients,
or by comparing the amounts of protein, fat, and carbohydrates katabolized
per minute, as computed by the Zuntz formula from the measurements of the
nitrogen and carbon-dioxide output and the oxygen consumption. Since the
character of the katabolism has a direet influence upon the relation between
the carbon-dioxide excretion and the oxygen consumption, we have considered
it unnecessary to make the elaborate computation of the amounts of glycogen
and fat katabolized per minute, and have based all our comparisons upon the
respiratory quotient. In doing this we have assumed that low respiratory
quotients indicate a katabolism chiefly of fat and protein, and that the
higher the quotient the greater the proportion of carbohydrates burned.
It has, furthermore, been assumed that throughout the rest and work periods
there is a relative constancy in the katabolism of protein, with no excessive
immediate disintegration of protein as a result of the muscular activity.

GENERAL COMPARISON OF THE RESPIRATORY QUOTIENTS.

From an inspection of the data obtained in the bicyele ergometer ex-
periments, it is seen that there were variations in the character of the respira-
tory quotients obtained before, during, and after work, with no eomplete
uniformity. The difficulty in considering individual experiments is clear
when not only the variations in the amount of work done but the well-known
influence of the preceding diet upon the character of the respiratory exchange
are borne in mind. Furthermore, it must be remembered that in the first
period during muscular work, the true value of the respiratory quotient may
be affected by the formation of lactic acid, 4. e., imperfect oxidation. As,
however, the so-called lactic-acid period appears to be very transitory, its
effect on our results has been practically ignored.

8 Frentzel and Reach, PAiger'= Archiv. 1901, 83, p. 477.
z %tw;mkcﬁhéman. and Carpenter, U, 8, Dept. Agr., Office Expt. Stas. Bul. 98, 1901,
untz, loc. cit.
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It seems evident, therefore, that it will be more desirable to present the
data as a whole first and then draw from the average figures such deductions
as are permissible. Accordingly, in table 92, are presented the average quo-
tients found before, during, and after work. Such quotients as were obtained
in later periods will be found in the footnotes. No indication is given in the
table as to how many periods are included in the averages nor of the actual
amount of work done, since the data are intended to present only a general
picture of the results.”

Tasre 92. — Respiratory quolicnls in respiralion erperiments without food before, during,
and afier work.

¥ |
Lving. Lying,
? Lying | Dur= : o Lying | Dur- : .
Subject. Date. before | ing I;__;:-:;Ing :3;;:::{' Bubjeet. | Date. | before | in E;-tur;ihnﬁ E;;_:n
work. | work. | pour | hour work. | works |' Kaur | heur
after after after nfter
work. | work. work. | work.
1911, | 1912,
H. L. H. | Nov. 21 | 0.88 1.01 0.77 s M. A M. | Jan. 31 003 0.5y Nn.s2
I PG 23 20 BT Wl SR Fely, 1 . 11] Y T e
MLAM. | Dec. 14 01 4 o 53 1] T 10,78
15| .80 | .83 | 82 7l A | o] e
19 B4 186 il 8 Bl A6 | .76
20 i B3 79 i B H2 il T8
21 B .51 =B 0.7v8 14 BT B3 .78
22 B ri S 15 £l 85 | Bl
1912 16 87 | 1.82 7l 175
Jan. 1 bt 3 5.2 23 B7 04 |
2 BT B4 . 26 fa | a1
3 B i B T 27 88 Gl
4 :;-;i Gl ;l;_} i 1} M 29 A 0 S s
5 X i i .l Mar. 6 A0 B i | il
B LS 03 B e 11 . 7 L P il
L . B35 il T 1% g .01 M BHT
10 1) B0 4 a2 25 o 01 .86 LT
12 B S0 Wi it 20 B4 A .
15 M) A1 1 B85 25 A MG .03
16 A5 B3| .78 i) agq ks A1 " ?ls
17 | T AT | S0 | T 28 a9 B9 St
15 i a4 | a0 | 60 | Apr. 16 A0 A .'i"ﬂ 10 53
1% a7 | . Bt 4|
oy 8T 87 i ! B | T A5 B8 B S
25 80 02 T8 S T [ PR TT0 [ B4 A6 i) S
26 L =3 ) ] Bt I.‘

I The work-periods on this day were begun about 17 hours after the conclusion of the periods lving before
work. The subject rode without load and without metor for 13 hours in the interval.

2 Oaly one peried Iving before work was run on this day.

3 The respiratory quotient during the third hour lying after work was 0.80; during the fourth hour, 0.77; and
tlu.nng the ﬁEth hour, 0.80,

4 The respiratory quotient during the third hour lying after work was 0.79. Another work-perind followed
for which the respiratory quntmnl was (.81, In the thres-quarters of an hour subsequent to this last
work-period, the aversge respiratory quotient was 0.77 with the subject Iving on the couch.

B The worle-periods on this day were henun about 28 houra after the conelusion of the periods lying before work.
During the interval the subject sat inactive on the ergometer for two periods; he then rode for about
1 hour without load on the motor-driven ergometer.

8 Other work-perinds were then run for which the average respiratory quotient was (.90, TIn the half-hour
following the latter work-periods, the respiratory quotient was 0.81 with the subject lying on the eoueh.

T Other work-poriods were then run for which the average respiratory quotiont was 0.94. In the throe-

uarters of an hour following the latter work-periods, the average respiratory quotient was 0.95 with
the subject lyving on the couch.

& Other work-periods were then run for which the average respiratory quotient was 0.93. In the three-quar-
tera of nn hour following the latter work-periods, the average respiratory guotient was (LS8 with the
subjeet lying on the couch.

# Dther work-perioda were then run for which the average respirntory quotient was 0.87.  In the 45 minutes
f?ltnmn%thc latter work-periods, the average respiratory quotient was 0.74 with the subject lying on
the couel

W The re' iratory ?untlent during the third hour lving after work was 0.52; during the fourth hour, 0.79;

u.rm.g the fifth hour, 0.75; and during the sixth hour, 0.81.

In order to bring out in the sharpest eontrast the relationships of the
periods before work, during work, and after work, two separate averages

4 The data are given in greater detail in tablea 93 and 136,



CHARACTER OF KATABOLISM 85

have been drawn, first, for the 34 days on which such values were obtained,
and second, for the 16 days on which the after-periods were of such length
that a subdivision could be made of the values obtained for the first and second
hours after work, respectively, this last average necessarily including only
data secured in the experiments with the subjeet M. A. M. In the grand
average for 34 days, it will be seen that the respiratory quotient of 0.85 was
raised during work to 0.88, falling after work to 0.78. An inspection of the
data shows that this rise and fall was present in the majority of the experi-
ments, although in several of the earlier experiments there was a fall in the
respiratory quotient during work, with a further lowering—very rarely a rise
—during the period after work. The greater number of the experiments
included in the average for the 16 days were made in the latter part of the
experimental year, for, with the exeception of the experiment of December 21,
there were none prior to January 9. This average also shows a slight,
though definite, rise in the quotient during the work, with a subsequent
marked fall in both periods after work.

From the research as a whole, therefore, the significant conclusions can
be drawn that there was a distinet, though numerically small, increase in
the respiratory quotient during work, with a very appreciable decrease in
the quotient following work, especially in the first hour of rest. This rise
and fall may be interpreted in various ways. The rise in the quotient during
work would distinetly imply that a larger proportion of carbohydrates was
burned during this period than before or after work, especially as the rise in
the quotient could not have been produced by an excessive disintegration of
protein, since practically all of the quotients obtained in the period before
work were above 0.8. It also seems probable that the marked fall and general
continued lower level of the respiratory quotient after work indicates the
combustion of a larger proportion of fat than was the case in the period
before work, the lower quotients showing that the supply of carbohydrates
in the body had been materially depleted. The increases in the respira-
tory quotient during the work-period as compared with the period before
work was but small, namely, from 0.85 to 0.88 and from 0.84 to 0.86—
an increment that might almost be considered within the limit of experi-
mental error when the great differences in the physiological condition of
the man are taken into account. Of themselves, therefore, these increases
do not indicate a selective combustion of carbohydrates during musecular
work, since it is possible that the combustion of carbohydrates in the period
after work was proportionally the same as in the period preceding work,
and that the low quotients in the last rest-periods were simply due to a natural
depletion of the storage of earbohydrates during museular work.

Furthermore, a close inspection of the data in table 92 shows that there
are variations in the respiratory quotients obtained with the professional
bieyele rider, M. A. M., between the earlier and the later experiments.
To bring this out more clearly, the quotients may be averaged in the follow-
ing way: For the 20 comparable days from December 15 to January 31 the
average quotients for this subject were 0.85 before work, 0.85 during work,
and 0.78 after work, while for the 12 comparable days from February 1 to
April 16 the average quotients were 0.85 before work, 0.91 during work,
and 0.78 after work. Dividing the experimental year with this subject
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into halves, we found that the average respiratory quotients for the 16 com-
parable days from December 15 to January 19 were 0.84 before work, 0.84
during work, and 0.77 after work, while for the 16 comparable days from
January 24 to April 16 the quotients were 0.85 before work, 0.90 during work,
and 0.78 after work. Apparently in the later experiments there was an in-
crease in the respiratory quotient during the working period which was not
observed in the earlier experiments, this probably being due to the fact that
the excessive muscular work was performed in the last part of the research.

INFLUENCE TPON THE RESPIRATORY QUOTIENT OF INCREASING AMOUNTS OF WOREK.

It is obvious from the foregoing that for a better understanding of these
respiratory quotients, it is necessary to analyze the results obtained for the
periods before work, during work, and after work. In some experiments
external musecular work to the extent of over 150 calories was performed.
Obviously during these experiments there must have been heavier and more
prolonged drafts upon the storage of body-material thian in experiments in

TaeLE 93.—Respiralory quolients in respiration experiments withow! food, with accumulated
amounts of work on the bicycle ergometer.
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1 The :‘j‘-‘&l‘}lfﬁ-lf}ﬂr quotients were determined during the last pnrt- of the period in which the work specified was
aia Ll
2 The respicatory quoticnt t|1-lfmr; the third hour lving after work was 0.80; during the fourth hour, 0.77;
during the fifth hour, (.80,
3 The respiratory quotient during the third hour lying after work was 0.79,
4 The respiratory quoticnt d.unng the third hour lving after work was 0.82; during the fourth hour, 0.79;
during the fifth hour, 0.75; dunng the sixth hour, 0.81.
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which the external muscular work was but 35 calories. Consequently, in
table 93 the respiratory quotients determined during muscular activity are
classified according to the accumulated amount of work done, the values
secured before and after the work-period also being included. The work
each morning was practically continuous; the table therefore shows the quo-
tients obtained at various times during the morning as the amount of external
muscular work gradually accumulated.

The quotients given for the periods before work are usually the average
of those obtained for two or three periods, and probably represent the true
values, but those for the work-periods are individual determinations and hence
are liable to the errors which may creep into the determination of both the
earbon dioxide and the oxygen. While every precaution was taken to pre-
vent error, it is pointed out that these individual values should be used with
extreme caution, and deductions can only be drawn from the tabulated results
as a whole.

The respiratory quotients before work demand no particular discussion
at this point, but the quotients obtained during work, and particularly the
relationship to the amount of work done, indicate that as the experimental
year progressed the amount of work increased until in the latter part of the
year practically all of the experiments were made with excessive amounts of
muscular activity. An examination of the data shows that in the majority
of the experiments the quotients tend to increase as the total amount of
work increases on any particular day. This is not invariably the case, as in
several of the experiments there is a marked fall in the quotient during the
second work-period. Considering only the experiments with M. A. M.,
we find that on 13 days the quotients decreased in value while on 18 days
they increased.

This tendeney for the quotients to increase with the increased work has
an important bearing upon the interpretation of the results. If, for example,
the metabolism were of exactly the same character during muscular work
as it was during the preceding rest-period, there would be a certain draft upon
body-glycogen which, under the conditions of these experiments, namely,
no food in the morning, would cause a rapid reduction in the storage of car-
bohydrates. Under these conditions we should normally expect to find
an invariable decrease in the respiratory quotient as the work progressed, as-
suming that the character of the metabolism remains exactly that prior to
the experiment. Since on the whole the results show an increase in the respira-
tory quotient rather than a decrease, this evidence would point strongly to
the fact that the character of the katabolism during the muscular work does
not remain the same as that prior to the work, but that there was an increased
combustion of carbohydrate. This is furthermore accentuated by the fact
that in all but a very few experiments there was a marked drop in the respira-
tory quotient during the period after the work was finished. This finding
during the first hour after work is usually substantiated by observations
made during the second hour, as well as in the relatively few instances in
which the respiratory quotient was followed for several hours after work.

These figures then, taken as a whole, indieate strongly that during the
period of severe muscular activity the character of the katabolism is altered
by an inerease in the amount of carbohydrates burned, the storage of carbo-
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hydrates in the body being drawn upon for the purpose. At the completion
of the work-period the specific katabolism incidental to museular work
ceases, and the picture of a body subsisting upon a depleted storage of earbo-
hydrate material is then indicated by the lower respiratory quotient.

INFLUENCE UPON THE RESPIRATORY QUOTIENT OF VARIATIONS IN THE AMOUNT OF
CARBOHYDRATES 1IN THE DIET.

The analysis of the figures with the subject M. A. M. can be ecarried
somewhat farther by isolating a few experiments which were made with a
semi-controlled diet. On certain days the subjeet was fed in the laboratory
and given a diet which was approximately controlled. During 6 days his
diet contained 400 or more grams of carbohydrate a day, while on 6 other days
it was noticeably deficient in earbohydrate material, although by no means
carbohydrate-free. The results for these particular experiments are given
with some detail in table 94.

TapLe 9. —Respiratory quolienls in erperiments without food following special diets.
(Subject M. A. M.)
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The average respiratory quotient during the preliminary rest-period
with the carbohydrate-rich diet was considerably higher than that for the
same period with the earbohydrate-low diet, 1. e., 0.85 as against 0.79. Dur-
ing the periods with museular work, there was a marked increase in the respira-
tory quotient with both diets which was somewhat greater with the carbo-
hydrate-rich diet. The low quotient after work was also observed in both
series of experiments, the lowest quotients being found with the diet poor in
carbohydrates. This is fully in conformity with the view previously expressed
that during muscular work there is an excessive combustion of earbohydrates
s0 that in the subsequent period the katabolism is that of a body deficient
in glycogen.

It is clear, therefore, that during the winter's experimentation there
were variations in the storage of carbohydrates in the body, the relatively
few days on which the diet was controlled giving a reasonably accurate pie-
ture of the conditions that would be expected to exist. It is interesting to
note that even with the earbohydrate-poor diet, when the respiratory quo-
tients indicated low amounts of glyeogen in the body, there was nevertheless
on the average a slight increase in the respiratory quotient during work,
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and a marked fall in the subsequent rest-period. It might be argued that the
results for January 18 and 19 appear to show that there were no alterations
in the character of the metabolism during work, since the quotient of 0.77
before work was followed by a quotient of 0.74 during work, and 0.70 to 0.71
after work. It should be pointed out, however, that the work performed on
those days (see table 93) was relatively smaller than it was on February
7,8, and 9. It is obvious that here we deal with the nutritive plane of the
body. To be ideal, therefore, a series of experiments should include the die-
tetic control of the subject over a considerable period of time.

BUBBIDIARY EVIDENCE WITH REGARD TO THE EFFECT OF MUSCULAR WORK ON THE CHARAC-
TER OF THE EATABOLISM.

The experiments included in tables 92, 93, and 94 were made primarily
in order to study the effect of severe muscular work on the respiratory quo-
tient, but we have a considerable amount of fragmentary evidence which
bears upon this point that was secured in connection with experiments
made for a different purpose, namely, to study the efficiency of the body as a
machine. So far as this discussion is concerned, these experiments were in-
complete in that one or both of the rest-periods were lacking, but we deem the
results of sufficient importance to discuss in this connection.

In 7 of these experiments the respiratory quotient was not determined
after the muscular work was performed, although it was secured prior to the
work-period. The results of these experiments are given in table 95. Since

TasLe 95.—Respiratory quotients in experimenis without food with subject M. A. M., before
work (lying on couch) and during work.

[Figures in light-face type represent acoumulated work to end of period expreassd in ealories.]

Calories Calories
Date, p'“;::;_;ﬁ:m Respiratory quotient, Date, m;;::;:hl' Respiratory quotient.
period.l pariod. !
1911. 1912,
Dee. 19 | Lying. . ... 0.84 Feb. 23 | Lying. . .. 0.87
Work, 1008 |{ 2 o0 S0 Work, 150 if AL o 88
Dee. 14 | Lying. . ... 0.91 Lo0 | {143
Wﬂr]l.’. 1 20 ﬁé_g: lﬁg-a’
it i 81 210 14 "g .08
i ; 0.97 Mar. 11 | Lying. .... 0.87 o
1 : 5l
Feb. 27 | Lying.....| o088 Work, 2.102 | § % 99 0.93
40 63 B4 Feb. 29 | Lying..... 0.84
Work, 1.20 { 0.82 0.84 0.89 W ﬂf 10| 58 100 139
1.90 {134 170 205 s P R 093 1.00
S 0.97 093 097 1.a0 | 1167 192 907
Feb. 26 | Lying..... ﬂg.ﬂ-l el = ; ‘ 0.88 0.83 0.83
Work, 1.30 || Tos m-glm L4
¥
| 150 { 0.94 0.50

1 Approximate,

2 In the interval between the periods lying before nnd the first work-period, the subject rode without load
and without motor for 1§ houra.

# In the interval betweon the periods lying before work and the first Wn:llrl:-I:llzriluvcl1 the subject aat inactive
on the ergometer an hour and then rode without load for an hour on the motor-driven ergometer.,

there was a suggestion in some of the earlier tables that the intensity of the
work, as well as the total amount performed, played an important réle in the
character of the katabolism, in this and in subsequent tables the intensity of
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the work expressed in calories of external museular work per minute will be
given. The accumulated work to the end of the period is also given in small
type in the respiratory quotient column. In practically every experiment
except that on February 27 there was an increase of the respiratory quotient
in work over the rest-period. On this date during the first periods of work,
with 1.20 calories of external work per minute, the quotient averaged some-
what less than during rest, but in the subsequent periods when the intensity
of work was much greater, the respiratory quotient rose nearly to unity.
The abnormal quotients of 1.05 and 0.80 on February 26 and the low quotient
of 0.83 when 1.90 ealories per minute were being evolved in the experiment of
February 23 are not easily explained save on the ground of physiological
errors or mechanical errors in the technique, the difficulties incidental to
securing absolutely correct values for the respiratory quotient for each
individual period having already been frequently emphasized in this report.
The picture presented by these experiments is, however, fully in conformity
with the general impressions obtained from the results previously given,
namely, that with severe muscular work the respiratory quotient increases
materially above that of rest.

TaBLE 96.—Respiratory quotienis in experimenis without food with subject M. A. M. in
alternating conditions of work and lying on couch.

[Figures in light-face type represent accumulated work to end of period expressed in calories.]

Calories : Calories |
Diate. pﬁi,::}f"”m | Respiratory quotiont. i Drate, F'Ilgl_].'-r?::w I Respiratory quoticnt.
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1912, | 12, .
¥ e T ]
Mar. 19 | work, 2,10 | } 193 o1 Mar. 37 | work, 2.10 | { 125 05
| Lyving. . ... 0.9% .88 08T | Lying. ....| 1G?l..ﬂ JH&#‘? 0.BT
= 1 : i
Work, 2.10 | {7095 *gg ! Work, 2.10 | { 1% o7 0.89
Lying. ... .| 0.81 ; Lving. . ... 0.82 0.23
Mar. 25 | Work, 2.10 [ { 110 o, Mar. 28 | Work, 1.70 | § 1% 44
Lying. . ... 0.97 0.95 0.95 Lving..... .71 077 0.80
Work. 2.10 173 223 Work, 1.00 147 201
e, 28 { 0.97 0.90 ALty a: 0.85 0.87
Lving. .... 0.97 0.93 Lying. .... 0.75 0.72

1 Approximate.

In still another series of incomplete experiments, 4 in number, the
quotients were not obtained before the work began, but were determined after
the work was over. Furthermore, the rest-periods were frequently alternated
with the work-periods. The results of these experiments are given in table 96.
With the exception of the experiment on March 28, the intensity of work in
all cases was very great, namely, 2.10 calories of external muscular work
per minute. The respiratory quotients obtained in the experiment of March
25 and in the first rest-period after work in the experiment of March 27 are
striking exceptions to the general rule that the respiratory quotients after
work are lower than those during work. Taking the table as a whole, however,
the results given are in accord with those previously presented in that they
show a marked fall in the respiratory quotient after severe muscular activity.
Indeed, in certain of the experiments the resumption of muscular work was
accompanied by another increase in the respiratory quotient, this being shown
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in all of the experiments if the last quotient in the preceding rest-period is
taken as a base-line. Thus the quotient changes on March 19 from 0.87 to
0.91, on March 25 from 0.95 to 0.97, on March 27 from 0.87 to 0.97, and on
March 28 from 0.80 to 0.86.

An experiment with M. A. M., not included in this table, that of Feb-
ruary 16, 1912, differs somewhat from the others inasmuch as there were two
consecutive periods of rest, with respiratory quotients of 0.86 and 0.85 re-
spectively, then two periods of work with quotients indicating the usual rise
after rest, namely, 0.90 and 0.94 respectively, next seven periods of rest with
quotients of 0.70, 0.77, 0.77, 0.73, 0.76, 0.79, 0.79, followed by one period of
work with a quotient of 0.81, and finally two periods of rest with quotients of
0.74 and 0.79. Although the mathematical differences between the quotients
are not as great as in some of the experiments already cited, these results
likewise substantiate the general impression that the respiratory quotient
inereases with work and subsequently decreases after the work is over, again
inereases slightly when the work is resumed, and in turn decreases during the
following rest-period.

INFLUENCE UFON RESPIRATORY QUOTIENT OF VARIATIONS IN AMOUNT OF WORE DONE.

For the specific purpose of studying the influence of an alteration in the
load upon the muscular activity and the efficiency of the body as a machine,
a lengthy series of experiments was carried out in which the subject began
with a very light resistance which was subsequently increased materially.
Certain experiments reversed this routine, the periods with the heavy load
preceding those with the light load; finally two experiments were made in
which the light load was first used, then the heavy load, and subsequently
the light load was again used. The respiratory quotients for these experi-
ments have been computed and presented in tables 97, 98, and 99.

The results of the experiments in which a small or moderate amount of
work preceded the severe work are given in table 97. The striking feature
of these results is the fact that the quotients for all the individual periods in
which severe muscular work was done are high with the exception of one
period in the experiments of April 3, March 16, March 12, and March 13,
respectively. All the other quotients were 0.87 or higher, with an average
of over 0.91. Only four of the experiments permit a comparison of the results
obtained with 0.5 calorie per minute and 1.65 calories per minute, and these
show no definite relationships one way or the other, the average quotients in
both series remaining about the same. Obviously, since the resting value was
not obtained with these experiments, the first respiratory quotients on indi-
vidual days may be considerably affected by the character of the preceding
diet, and the evidence does not justify any definite conclusions. The only
deduection warranted by the data, therefore, is that in general in all periods
with excessive muscular work the respiratory quotient is high.

In discussing the data given in table 97, the experiment of March 15
demands special eonsideration. On this date the subject rode with a high
intensity, namely, 1.95 calories of external muscular work per minute, for a
long period, the object of the experiment being to produce fatigue and com-
plete exhaustion. From the aceumulated museular work, which is given in
the light-face figures, it will be seen that the subject on this day did 489
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calories of external museular work in 4" 22™ of aetual riding, this being
equivalent to 208,000 kilogrammeters. Despite this enormous amount of
muscular work, the respiratory quotient remained in the vicinity of 0.90
throughout the experiment, while if there had been a material combustion of
fat or a conversion of fat into carbohydrate, a considerably lower quotient
than this would have been expected. Although the average quotient of 0.90
does not indicate by any means a combustion exclusively of carbohydrates,
it does indicate a combustion of material containing a considerable proportion
of carbohydrates, since Magnus-Levy ® has shown that a respiratory quo-
tient of 0.90 corresponds to a metabolism of 15 per cent of protein, 61 per
cent of carbohydrates, and 24 per cent of fat, and that a respiratory quotient
of 0.85 corresponds to a metabolism of 15 per cent of protein, 44 per cent of
carbohydrates, and 41 per cent of fat. (See p. 96.)

TasLE 97.—Respiralory quotienls in experiments withowt food, light or moderate work
preceding severe work.

[Figures in light-fnce type reprosent acenmulated work to end of period expressed in calories.]

Calories of
work per
Diate. Bubject, minute Respiratory quotient.
during
poriod.!
1912, :
Aprs |, | HCA-| “msn) (180
- 111 148
1.65 : : 061 ?_B'
Mar. 16 | 1. E. F. 1T - e
0 119
LG5 ={ 089 085
soar iz | ]l w0 [ e Bagr 4
e 102 135 162
Ll I 0.84 0.87 0,89
! 2] 33 43
Mar. 13 | M. A, M. gl 1 0.92 0.88 0.68
: 108 147 190
1.65 z 0.91 083 . 0.91 o 16 489
P . il 163 51 1
Mar. 15 [ M. A.M.| 195 ] ‘090 091 089 089 097 088"
Apr.s [am| 130 || %Bee e “os3
195 246 283
1.95 { 1.00 1.00 0.91
sono Ianama| 180 TS0, . Mo
1.85 {2”3_95

! Approzimate. : :
2 Diyring this period the external work per minute amounted to 1.734 caloriea,

A special experiment made with M. A. M. on March 8, though not in-
cluded in the table, may likewise be cited here as confirmatory evidence of
the conclusions already drawn from these data. In this experiment the sub-
ject rode for 1t 45 without load and with the ergometer driven by the motor.
The respiratory quotient determined during this time was 0.82. There were
then three periods of work in which on the average 2.10 calories of external
muscular work per minute were performed. With 81 calories of accumulated
external work, the respiratory quotient was 0.88, with 127 calories of accumu-
lated work the respiratory quotient was 0.90, and with 177 calories of aceumu-

g Magnus-Levy in von Noorden's Handbuch der Pathologie des Stoffwechsels, Berlin, 18906, 1, p. 207.
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lated work the respiratory quotient was 0.94. Of significance are the increase
in the respiratory quotient after the beginning of severe work and the char-
acteristic high quotients found throughout all of the three work-periods.

While the transition from low intensity to high intensity did not lead
to any definite conclusions as to the character of the katabolism, when the
conditions were reversed and the period of light muscular work followed
the severe work, the pieture presented is quite different. The results for the
experiments with this routine are given in table 98.

TABLE 98.—Respiratory quotients in erperiments without food, severe work preceding light

work.

[Figures in light-face type represent aceumulated work to end of period expressed in ealoriea.]
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I Approximate.

The data given in this table agree perfectly with the results found
in table 97 in that with a high intensity of work, such as 1.50 calories or over
per minute, the respiratory quotients are high, the lowest value for such pe-
riods being 0.86 on March 7. On the other hand the values obtained in periods
with light work present a striking contrast to the results given in table 97,
as the values with a light load are almost invariably small. The single ex-
ception to this is the experiment of March 2 with J. E. F., in which the highest
values were found with 0.50 calorie per minute, an explanation of which is by
no means clear. The natural inference from the results given in this table
would be that after severe muscular work the light work of 0.50 calorie per
minute can be considered as having approximated resting katabolism, so
that the “specific muscular katabolism” called into play by excessive muscu-
lar work was no longer in action, and the body was then nearing the condition
of normal repose.

Finally, in table 99 are given the results of two experiments with the
professional bieyelist M. A. M., in which the subject rode first with a light
load, next with a heavy load, and then again with a lighter load. On Febru-
ary 28 there was a marked rise in the respiratory quotient with the severe
muscular work which was followed by a slight fall on resuming the light load;
on March 4, however, the katabolism during the first two periods with a light
load evidently consisted in large part of earbohydrates, since the respiratory
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quotient was relatively high. As would be expected, these high quotients
were not materially altered by the severe muscular work, but the character-
istic fall * after the severe muscular work is observed on the resumption of the
light work of 0.56 calorie per minute. The experiment of March 4 and,
to a slight extent, the experiment of February 28, substantiate the conclu-
sions drawn from the values shown in table 98, namely, that after severe
musecular work the same tendency for the respiratory quotient to drop is
shown with the resumption of slight muscular activity as in a period of rest,
and that in all probability the average degree of work here performed, namely,
0.50 ecalorie per minute, was so light that the specific katabolism ineidental
to severe muscular work was not ealled into play and the body was essentially
in a condition of repose.

TasLe 99.—Respiratory quotients without food during work with severe work preceded and
Jollowed by light work. (Subject M. A. M.)

External | External |
[ muscular work., I muscular work
; ltespira- 1 Respira-
Jate b i |
Erp;ilit?zi Acoumu- | Amt. per tory | ,_?_,Efﬂ';ﬂ:-: | Aceumu- | Amt. per tory
| lated amt. | minute | Guotient. Inted amt. | minute tpuntient.
to end of during to end of | during
! period. | period. period, period,
r | e
Feb, 28, 19512, erla. elds, Mar, rﬁ, 1918 | eala, crrls,
| Light work. ..... 24 | 065 0.82 Light work. ..... | 24 | 055 0.95
| i | b B3 45 | D3 .. 7
5% Wit B30
Severe work . . ... 114 | 218 07 Severs work. ... . 113 215 3
153 | 244 A7 153 2.16 A5
190 207 1.0 191 2.12 92
Light work, . ..., 202 ot A3 Light wark. . ... . 207 B} .7
216 55 4 218 S0 R
239 54 .
I

Concrusions Recarping THE INFLvENceE oF MuscuLar WoRk vroN THE CHARACTER
OF THE IKATABOLISM.

Although the evidence in all of the experiments cited is strikingly in
favor of the view that during periods of muscular work there is an increased
draft upon carbohydrate material in the body, the data by no means indicate
that the museular work is performed execlusively by the combustion of car-
bohydrate. In Chauveau's experiments the total metabolism during work
was but four times that of rest, but in the majority of our experiments the
total metabolism during work was from eight to ten times that of rest; hence,
employing the formulaused by Chauveau, we would expect with a normal post-
absorptive metabolism during rest, in which there was a respiratory quotient
of 0.84, that the corresponding respiratory quotient during work would be
0.98, the computation being:

084x1+1x8 884
9 9

As a matter of fact, in our results we rarely find quotients of unity or

above. It is furthermore apparent from an inspection of our tables, particu-

larly table 94, that the height of the respiratory quotient during work is
usually dependent upon the supply of glyeogen in the body, this being indi-

€ Jagquet (Archiv f. exp. Pathol. u. Pharm., 1910, 62, p. 341} found similar low quotients after severs musou-
lar waork.

= 0.98
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eated in the majority of experiments by the respiratory quotient before work.
If the combustion during severe muscular work were exelusively of carbo-
hydrates, with the amount of katabolism here involved very high respiratory
quotients would be expected; yet, on reference to table 92, it is seen that the
respiratory quotients during severe muscular work average only 0.88 for
34 days, with a respiratory quotient for the initial base-line of resting metab-
olism of 0.85. Porges,” by cutting the liver out of the circulation, found that
a respiratory quotient which was essentially that of fat katabolism before
the experiment, rose immediately afterwards, his results pointing strongly
toward an exclusive combustion of carbohydrates, and the experiment made
by Verzdr in Tangl’s laboratory ® gave somewhat the same results. We are,
however, disinclined to cite these researches in support of the belief that
muscular work is done exclusively by the combustion of carbohydrates, for
we agree fully with Zuntz © that respiration experiments made under these
abnormal conditions do not warrant such sweeping deductions.

QOur final conclusion must be, therefore, that the more severe the mus-
cular activity, the heavier is the draft upon the carbohydrate material in
the body, with a consequent persistent alteration in the character of the
katabolism, the proportion of carbohydrate burned being increased during
the muscular-work period. As the work progresses, and the subjeect is still
without food, the drafts upon the carbohydrate storage in the body become so
extensive that, after the cessation of the work and the “specific working
katabolism” disappears, the katabolism of the body is such that a much
lower proportion of carbohydrates is burned for the total energy output of
the resting period. The average results of the experiments in this research,
although they suggest such a conclusion, do not demonstrate absolutely
that muscular work is done exelusively at the expense of carbohydrate
combustion.

While basing the interpretation of our results upon the depletion of
carbohydrate storage and the changing of the character of the katabolism
from ca.rbohydmte‘nuh to carbohydrate-poor after work, an alternative
explanation is possible. If we assume, what as yet unl'n::\1'1:11:19«1:»911..r lacks
conclusive experimental demonstration, that fat is eonverted in the body to
carbohydrate, certain of our values, particularly those in the first periods
after work and below 0.7, strongly suggest this explanation.

Similarly a further assumption might be made that the respiratory
quotient after work is really compounded of two or more metabolic phases,
s0 that to assess properly the values which we obtained we should subtract
the basal output of carbon dioxide and intake of oxygen, i. e., the output and
intake obtaining before work is started, from the output and intake which are
found after work has ceased. This would give us what might be termed
the normal basal metabolism obtaining in the periods both before and after
work. The respiratory quotient computed from the excess of oxygen in-
take and carbon-dioxide output over the basal metabolism might be con-
sidered as representing the changes which take place as the direct result of
the work done. If such calculations be made extraordinarily low respiratory
quotients are found.

& Porges, Biochem, Zeitachr, 1910, 37, p. 131, b Verzdr, Biochem. Zeitachr., 1911, 34, p. 52
€ Zuntz in Oppenheimer’s Handbuch der Biochemis des Menachen und der Tiere, Jena, 1011, 4, (1), p. BS5.
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While such an explanation as the conversion of fat to earbohydrate is
a possible one, it must not be forgotten that the conditions under which these
low * after-work "' quotients are obtained are far from ideal, as the subject is
somewhat restless, and his temperature, pulse, and respirations are all above
normal and rapidly falling, — experimental conditions we believe not suitable
for obtaining data which are to be compared with the normal.

EsmiMaTes oF THE AMoUNT oF CARBOHYDRATE IN THE Bobpy.

This exhaustive study of the respiratory quotient in conneection with an
excessive amount of external muscular work leads to interesting conclusions
as to the probable amount of carbohydrates stored in the body. The amount
of glycogen in the different muscles and organs of animals has been frequently
determined. An attempt has also been made to compute the carbohydrate
content of the body from the amputated limbs of adults and the bodies of
infants. From the results of such investigations, it has been commonly
reported that the body of a human adult contains normally not far from 400
grams of glycogen, but, as already shown in thisreport,® the relative amount of
glycogen may vary considerably according to the muscular activity and the
previous diet—a point also emphasized by Benedict and Higgins.?

One of the experiments in this present series of work experiments offers
evidence which seems to us the best thus far procurable as to the probable
minimum amount of carbohydrate in the body of an active, well-nourished
athlete, It should be borne in mind that these were all posi-absorptive
experiments, 1. e., at least 12 hours after the last meal, and they deal, there-
fore, not with the carbohydrates unabsorbed in the intestinal traet but with
carbohydrates in the body, chiefly glycogen. On March 15, 1912, the pro-
fessional subject M. A. M. began work at 8" 30™ a.m. and continued without
cessation until 12" 52 p.m., the severe muscular work corresponding to a
total calorie output of 9.75 calories per minute. Inasmuch as the work covered
a period of 262 minutes, or 4" 22™, at the rate of 9.75 calories per minute,
the total energy output during this period was 2,554 calories, or approxi-
mately 600 calories an hour. During this period of severe work six respira-
tory quotients were obtained, 0.90, 0.91, 0.89, 0.89, 0.97, and 0.88, the aver-
age quotient throughout the period being 0.91.

Magnus-Levy © has computed that with a respiratory quotient of 0.90,
assuming that 15 per cent of the total energy is derived from katabolized
protein, 61 per cent would be derived from the combustion of carbohydrates
and 24 per cent from that of fat. As a matter of fact, in these experiments the
subject probably derived much less than 15 per cent of the total energy from
protein, and we could accordingly use Magnus-Levy’s figures for a combustion
consisting wholly of carbohydrates and fat, with a negligible amount of energy
resulting from protein combustion. In this case Magnus-Levy computes for
a respiratory quotient of 0.90, that 66 per cent of the energy is derived from
earbohydrates instead of the 61 per cent mentioned above. Using the lower
value of 61 per cent, however, we find that of the total energy produced
during the 262 minutes of work, namely, 2,554 ealories, 1,558 calories would
be aseribable to carbohydrates. Using 4.23 ealories as the heat of combustion

& Se¢ pp. 88 and 89, & Benedict and Higgins, Am. Journ. Phyvsiol., 1912, 30, p. 217,
¢ Magnus-Levy, in von Noorden's Handbueh der Pathologe des Stoffwechsels, Berlin, 1906, 1, p. 207,
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of 1 gram of glycogen,” the heat of combustion of 1,558 ealories would corre-
spond to 368 grams of glycogen. Inasmuch as the respiratory quotient does
not show a marked falling off as the work progressed, it is reasonable to sup-
pose that at the cessation of work there was still a considerable supply of
glycogen in the body and that the above calculated amount (368 grams)
represents the minimum rather than the maximum.

It is greatly to be regretted that the resting value in the post-absorplive
condition was not determined on this man both before the experiment began
and after the experiment ended. As a matter of fact the proper determination
of the post-absorptive resting value usually requires about 2 hours, namely, one-
half hour period of lying before the experiment begins, and approximately
one-half hour for each experimental period. Inasmuch as in this experiment it
was especially designed to have the subject ride tohis maximum eapacity, it was
obviously important that the experiment should begin as early as possible
in the morning. When it is considered that this enormous amount of muscular
work was carried on without any food in the stomach, it can be seen that the
subject was capable of very great muscular exertion. The protocols of the
experiment ® show that the work was very easily done by the subject for the
first 2 hours of the period, but he then began to show slight and increasing
signs of fatigue and at the end of the experimental period was thoroughly
exhausted. The perspiration was very profuse during the whole experiment.
The last period in which the respiratory exchange was determined was but
6 minutes and 55 seconds in length instead of 10 or 11 minutes, like the other
periods of work. During this period the subject was distinctly unable to
keep the pace with which he had begun. When the subject finished work
and his mouth was removed from the mouthpiece, it was noted that he was
in a state of absolute collapse. When questioned, the subject reported that
he felt completely exhausted, with a constant struggle for breath at the end
of the experiment. As it was thought that the labored respiration might pos-
gibly be due to the fact that the air in the eircuit contained too small a per-
centage of oxygen, analyses were immediately made and the air was found to
contain 22.5 per cent of oxygen. Tests for unabsorbed earbon dioxide were
negative in all periods. We have in this experiment, therefore, a case of
simple exhaustion from excessive muscular work. It has been computed else-
where © that the museular work accumulated to 208,000 kilogrammeters.

It is of interest to compute the distance that would have been covered by
this man provided he had ridden an ordinary bicycle. During the entire
period of work he made 22 482 revolutions of the pedal. The ratio of the
number of teeth on the large sprocket to those on the smaller sprocket being
3.25:1, the copper disk was therefore rotated 73,066 times. The brake-effect
with which the subject was riding, i. ., 1.5 amperes through the magnet,
was in his judgment somewhat greater than that experienced in riding in a
6-day bicycle race. Repeated tests have shown that this brake-effect or
resistance would be secured for this subject by considerably less current,
namely, 1.25 amperes. It is reasonable to suppose that the resistance would
therefore be equal to that riding over a fairly good country road on a still
day. Assuming that the wheel had a standard diameter of 28 inches (71
centimeters), a simple caleulation shows that the work done was equivalent
& Benediet and Emery, Am. Journ. Physiol., 1911, 28, p. 301, b Hee table 80, p. 66, ¢ Hee p. B2,
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to over 100 miles (161 kilometers) of riding. In other words, this man took
what might be called a *century run” before breakfast, an evidence of his
staying power that, to say the least, is rather remarkable.

It is furthermore of interest to cite the heroie experiments of Lusk ¢
and his associates in which an effort was made to remove the glycogen from
the body. Having shown that experiments in which phlorizinized dogs
were exposed to cold indieated the removal of the residual glycogen, they
attempted to exhaust the human body of glycogen by the same means, using
cold baths. Although Lusk’s report of these experiments with men indicated
that cold per se was the predominating factor in producing this effect, per-
sonal discussion with him leads to the belief that he considered the cold of
moment chiefly for the stimulation of shivering, this intense musecular ac-
tivity using the muscles all over the body. It was hoped by this means to
deprive all the muscles of glycogen. The abnormally high post-absorptive
values obtained for the respiratory quotient with both person A and person B
after a rather rigid carbohydrate-free régime lead one to suspect errors in
these determinations. The greatest increase in the heat production brought
about by the cold baths was 188 per cent above the normal with person B,
or 645 e.c. of oxygen per minute as compared with 224 e.c. of oxygen eonsumed
while resting. Applying these figures to person A, although as a matter of
fact the measured heat production after shivering was but 63 per cent higher
than normal, we find from the protocols of the experiment that this subject
shivered 18 minutes during the first bath and 19 minutes during the second,
or a total of 37 minutes of shivering. Assuming that the metabolism was not
188 per cent, but 3 times that of normal, and that the resting metabolism for
a man of this weight would be 76 ealories per hour, under conditions of shiver-
ing the metabolism would be 228 calories per hour, or 141 calories in 37 min-
utes. If the total combustion during this time were exclusively of glycogen,
this would correspond to about 33 grams of glycogen.

With our professional subject M. A. M., the initial respiratory quotient
during work was not far from 0.90 and remained constant throughout the
experiment. With person A in Lusk’s experiments the initial quotient of
0.99 would lead one to believe that there was a surplus of glycogen at the
beginning of the experiment, and yet according to the computations it ap-
pears that only 33 grams could possibly have been removed during the ex-
perimental period. It would seem highly improbable, therefore, that the
body could be deprived of glycogen by shivering which continued not more
than 37 minutes when the metabolism was no greater than three times that
of normal: for while unquestionably shivering brings into play a larger
number of museles throughout the whole body than does bicyele riding, it
is clear from the results obtained in our research that the severe muscular
work incidental to prolonged bieyele riding removes a very much larger
amount of glyeogen from the body.

Urive Excrerion 1N ExreriMents witH Muscurar WoRrk.

The difficulties incidental to securing the proper collection of }Jrine
during experiments with severe muscular work have already been pointed
out. The profuse perspiration, the nervous excitement incidental to the bi-

8 Lusk. Am. Journ. Phys=iol., 1911, 27, p. 427.
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eyele riding, and with some of the subjects the inability tourinate at the proper
time made a sharply cut separation practically impossible. It was hoped
that the collection of the urine could be divided into two periods, the first
beginning when the subject rose in the morning and ending when the work
experiment began, and the second covering the period of work. This separa-
tion was obtained in only two experiments, those of November 21 with
H. L. H. and of March 27 with M. A. M. On the other hand, with M. A. M.
specimens of urine were obtained at some time during practically every day
of work, and determinations made of the total nitrogen. The results of
these determinations are given in table 100, which shows that the nitrogen
excretion per hour ranges from 0.06 to 0.77 gram, averaging not far from 0.4
gram per hour. Since the body-weight of this subject was approximately
65 kilograms, it can be seen that under the conditions of the experiments,
which were usually part resting and part severe muscular work, the nitrogen
excretion per kilogram of body-weight per minute was approximately 6
milligrams per hour per kilogram of body-weight. This is, if anything,

Tasre 100.—Nitrogen in urine during experiments withow! food, with rest and musecular work.

Nitrogen
- . Total exerelion,

Subject. | Date. Period of collection, Duration of work during  |volume |______

e urine, | Total | Per

amount.| kour.

1611. Gl i, FRLE.

H. L. H. | Nowv. 21 | 6% 50= a.m. to 94 5..-'- am. [Beforework. . ..........0.000 450 147 | 048

# 55 aAam. 3 pemt [ 105 20= pom. to 115 250 a.m. 195 1.14 27

J.E F. | Nov.22 | 8 40 s, 12 1-5 pom. | 10 40 am. 11 02 a.m. 130 1.65% AT

E.P.C. hnév.gﬂ g 3 am. 12 30 pm. | 10 17 am. 11 03 &am. 116 1.79 30
1581

M.A M. |Jan. 15| 6bd45= am. to Ob26m am. |Before work,................ 205 1.26 AT

Jan. 17 | 6 30 a.m. L £ i |1 T, T e L S e 303 1.09 Al

Jan. 18| 6 ) am. 10 20 am. Ob 2)m a.m. to 108 25m g, m. 1060 1.33 31

Jan. 19| 6 30 a.m. 9 50 am. |Before work. .......cov0nvee. 106 1.72 52

Jan, 24 | 6 00 am i LI i L e e e e s ] R 0,95 27

Jan, 25| 6 00 am. 11 10 a.m. 05 47= a.m. to 11 Q1= a.m. 155 1.44 028

Jan, 26| 5 30 am. 12 00 noon 93 am. 1035 a.m 112 1.61 25

Jan. 31 | 7 00 am. 12 30 pam. 9 4% am. 11 12 am. 215 2.05 a7

Feb. 2|6 45 am. 0 45 am. |Before work. .....ccoisavanis 173 2.05 68

Feb. 7| 8 (M am. £ B LIEE E  T  T  ac a2 0.85 .50

Feb. 8|7 M am. 12 00 noon Oh 37m g.om. to 100 43™ a.m. 26 0.32 B H

Feb. 13| 7 30 am. 12 00 noon | 9 45 am. 11 59 am? 122 1.16 26

Feh. 14 | 7 )} am. O 40 am. |Before work. .. .. ... ... ...-- 142 1.20 A5

Feb. 15| 6 40 am. 12 30 pm. 08 41™ g to 108 51m a.m, 175 1.78 21

Feb. 16 | 7 50 a.m. 200 pam. 95 am. 11 00 am 235 2m AT

Mar. 6|7 30 am. 11 50 am. [ 10 04 am. 11 05 am. 233 1.51 35

Mor.11 |6 30 am. 12 15 pm. | 10 37 am. 12 16 pm? 150 1.79 a1

Mar 12| 7 00 am. 11 15 s 2 24 am 11 10 am 117 1.72 A0

Mar. 13 | 7 00 a.m 11 30 a.m 5 16 am. 11 25 am. 160 201 A5

Mar. 14 700 am. 11 30 am 830 am 11 24 amd L] 297 B2

Mar.15 | 7 00 a.m. 1 ¥ pm 5 30 u.m, 12 52 p.m. 190 243 1

Mar. 1['1- 700 am 11 30 am 8 19 11 20 pm. 128 1.81 Al

Mar. 19 | 6 00 am. 8 0 am. |Before wurk ............ S 53 0.74 a7

Mar.22 | 7 00 am. LAt )T | e e R SR PR R 355 1.07 A3

Mar.25 | 7 00 am. 10 35 am Bh 10m o, to O 17m aom. 101 0.9% 27

Mar.26 | 6 00 a.m. 9 45 am. |Boforewordt. ......co0000000. 385 287 g7

Mar.27 | 6 00 am. oo [ G TRl B R e e o (e 50 0.57 26

3 10 am. 12 30 p.m. Bb 109m a.mi. to 118 30= a.m.5 1640 1.87 A3

Mar.28 | 6 00 am. 10 25 am. 8 07 pm, 0 09 aam. 147 217 A9

Mar.20 |68 00 pm. 12 15 p.m. 9 57 am. 10 55 am. 130 1.55 25

_-’mr 3 6 00 am. 11 30 a&am. 8 08 am. 11 18 am. 145 1.69 a1

T 00 am. 11 15 am. 8 18 am. 10 59 am. 115 1.52 A6

A.r-r. lﬁ 6 00 am. 11 15 am. | 9 48 am. 11 03 am. 165 1.81 T

11 15 am. 4 45 pm. [Afterwork.................. 117 LG8 | A1

AT R R T | 8 e e e e i e e e o | 0,39

|

1 Probably ate a light meal ﬂhoﬂhr before the collection of the urine.

¥ Without load, with pedals rotated by motor. Times for beginning a:u.d ending approximate.

i Wit'hu;ﬁ# Il%ud with pedals rotated by motor, 105 37= to 11k 32= am.; work with resistance 116 33= a.m, to
™ p.m

4 Probably began work before b 30m g,

§ Work done in two periods, 8b lﬁﬂtu EI"'ZI.=u a.m. and 100 38 to 110 30= a.m.
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somewhat less than that found by Benedict and Carpenter in resting experi-
ments with a large number of normal subjects.® It is thus obvious that dur-
ing the actual time of work there was not an excessive exeretion of nitrogen
per hour. This is further shown by the data for March 18 and April 8 with
M. A. M., when the subject worked nearly the whole period of collection,
the nitrogen exeretion being about the same as in periods covering rest and
work. On the other hand the figures throw absolutely no light upon the
lag in the excretion of nitrogen following severe muscular work which has
been observed by many investigators.

So much experimental evidence has already been accumulated to prove
that protein cannot be the sole source of muscular work that no further at-
tempt was made with our professional subjeet to colleet the urine throughout
the day, especially as this was difficult inasmuch as after the work was over
each day he left the laboratory and the greater part of the time was uncon-
trolled as to diet. The data given in this table are interesting only in showing
that even after the excessively severe work frequently done by the subject
M. A. M. there was, on the whole, no great increase in the excretion of nitro-
gen from the body.®

On the other hand it should be stated that the volumes of urine were
for the most part very small. There was very free perspiration and hence the
fluid exereted by the kidneys was reduced to a minimum. In one ease but
50 ec.c. of urine could be collected, while from 7 o'clock until 12 o'clock noon
of another experimental day but 26 c.c. of urine were secured; in at least one
instance (February 1) the subject was unable to pass any urine. It is thus
obvious that with such fragmentary evidence as this no sweeping conclu-
sions ean be drawn, but that experiments planned primarily to study this
problem are necessary in order to secure data that can be of material use.
The wvalues for nitrogen were secured primarily for the purpose of supplying
data to be used in conjunction with the measurements of the gaseous exchange
for computing the amounts of protein, fat, and carbohydrate katabolized—
a computation frequently employed by many writers. On the other hand
it should be stated that in all probability it is entirely erroneous to assume
that the nitrogen excretion is ecoincidental with the metabolism of protein,
as the execretion of abnormally large amounts of nitrogen are frequently
observed after severe muscular work, showing that there is a distinet delay
in the exeretion of the decomposition products of protein. Although it has
been pointed out that if any inerease in nitrogen output takes place following
work it usually appears two to three days afterwards, this is in the present
series of experiments of little moment as the majority of the actual tests
were earried out on consecutive days.

& Reported by Benediet and Josling Carnegie Institution of Washington Fublieation No. 176, 1812, p. 103,

& Fragmentary evidense hearing on this point has been secured in this laboratory on Marathon runners which
shows that the total nitrogen output per hour during the severe work of running was small. See Hig-
gins and Bepedict, Am. Journ, Physiol., 1911, 38, p. 201,



MECHANICAL EFFICIENCY OF THE HUMAN BODY.

The relationship between the energy consumption and the output of
work, which has been extensively studied with different machines, is a rela-
tionship which is likewise of great interest in the study of the mechanical
efficiency of the human body. The experiments reported in this publication
were primarily designed to furnish evidence with regard to the relationship
between the total energy transformation and the external muscular work
performed, and it is the purpose of this section of the report to discuss the
experiments from this particular standpoint.

It may be desirable first to define what is meant by efficiency. Two
terms are used by writers in this connection, but unfortunately often without
sharp distinetion. In this review of the literature on the subject, the term
““gross efficiency "’ is used to designate the value obtained as a result of divid-
ing the actual heat equivalent of the external effective muscular work by the
total energy output of the man. This has frequently been designated by
writers as “gross efficiency,” ‘“‘industrial efficiency,” and *erude efficiency.”
When from the total output of the day is deducted the output for a period of
corresponding length without external museular work, the result gives the
increase in the energy output which is caused by the work. Dividing the heat
equivalent of the external muscular work done by the inerease in the energy
due to the work gives a value which may be designated as the “net efficiency.”
These two base-lines are those most commonly used by writers. In this pub-
lieation other base-lines are considered and designations for these will appear
in their regular places.

PREVIOUS STUDIES ON MECHANICAL EFFICIENCY OF THE HUMAN BODY.

Even the early literature gives evidence which can be used for the com-
putation of the efficiency of the body as a machine, for in the experiments
of Lavoisier and Séguin, which we have already cited, we find that for the
performance of work equivalent to the lifting of 7.343 kilograms to 799 meters,
i. e., 5,867 kilogrammeters, Lavoisier’s subject required an increase in the
oxygen consumption over and above resting ® of 36.8 liters. Assuming a
respiratory quotient of approximately 0.87 (the average of the respiratory
quotients obtained in over 100 experiments with our subject), the ealorifie
equivalent of oxygen would be 4.887 calories,” so that 36.8 liters of oxygen
would correspond to 179.8 calories. The heat equivalent ¢ of 5,867 kilo-
grammeters would equal 13.8 calories; hence it appears that at the most
about 7.7 per cent of the oxygen consumed over and above the amount
consumed during rest was used for mechanical work, and about 4.4 per cent
of the total amount of oxygen consumed. Lavoisier and Séguin also made
observations on a man during digestion, and although the experiments are
not well adapted for computing the efficiency, they are of interest in this con-
nection. The total amount of oxygen consumed in an hour during work was
91.2 liters, an increase over resting of 53.6 liters. The subject performed
6,202 kilogrammeters of work, the calorific equivalent of which would be 14.6

4 The oxygen consumption per hour, reating, equalled 26.66 litora, b See p. 33 of this report.
€ In “li:l:?l:sr;iﬂnr:t;r:ﬂﬂﬁe ia considered as equal to 425 kilogrammeters, the value most used by the various
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calories. Assuming a respiratory quotient of 0.90, the calorific equivaleat
of H1.2 liters of oxygen would be 449.1 ealories and of 53.6 liters, 263.9 calories,
50 that it can be seen that of the excess of oxygen consumed, approximately
5.5 per cent was used for mechanical work, and of the total consumption of
oxygen less than 3.3 per cent.

Following the experiments of Lavoisier and Séguin, no data from which
the efficiency of the body can be computed were obtained until the experiments
of Edward Smith.® From the results obtained by Smith and by Despretz
and Dulong,” Helmholtz ¢ computed that of the total heat incidental to the
performance of museular work, one-fifth is used for mechanical work and
four-fifths are given off in the form of heat, thus showing a gross efficiency of
the body of 20 per cent.

Haughton, in an address before the British Medical Association at
Oxford,” calculated the average daily labor of a man to be 109,549 kilogram-
meters, or the work necessary to raise a man of 150 pounds of weight to the
height of 1 mile, and that the heat produced in 24 hours would be the equiva-
lent of six times the average mechanical work performed by a laboring man.
Thus he considers that the gross mechanical efficiency would be equal to
17 per cent.

Basing their computations upon the utilization by the body of 300 grams
of carbon in the ascent of Mont Blane, Dumas and Boussingault computed
the efficiency of the body as 33 per cent.®

TasrLe 101, —Mechanical efficiency of the human body as compuled by Hirn.

Carlon

1 Wark in Oxygen i
Bubjeet., dinxide Q ri
1 hour.l consumed. S Tatatel
Egri. (R, @mE. cals.
E LR (R +27.581 126,50 174,35 233.10 0.217
<427 448 130.95 1500045 251,60 .20
+23,257 115.72 159.12 203.50 | 0.212
—20,072 371 BT .60 35150 0220
47 years, laborer. ... =+32.550 123.68 17004 229,40 .25
=30.275 50.86 B1.90 251.60 (L3204
425012 090, 15624 1030 172
+-22 O87 BR.G3 121 .87 26830 | 06T

1
+ 19,556 B5.55 117.63 214.00 | D176
—=24,175 49.57 GE. 16 251.00 | u292

1 + = pomtive work; — = negative work.

3 T3 el - : :
Hirn designates by r the gross efficiency, +. &, 105 105

Kem. work o (Q +I{gm. wurk)_

In 1857 a French physician in Colmar, Hirn,” attacked the problem of
the mechanical efficiency of the body from the experimental standpoint.
Considering Q as all the heat losses of the body, such as radiation, the warm-
ing of the expired gases, perspiration evaporated, ete., and T the work, he
caleulated that the total heat production of the body would be equal to
Q4+ (T +425). Hirn's results are given in abstract in table 101. There is
Ob"r'i(]U.‘-'uIY a great discrepancy between the calorific values of the oxygen

4 Bmith, Edward, Philosophical Trn.nqnet,l,r_-n.i, 1854, 149, p. 681,
b ]'h:mrﬂz 'tnr: ‘de Chim. et de Phya., scr. 2, 1824, 26, p. EB- _Dulong, Ann. de Chim. et de Phys., ser. 3, 1841,

£ Hr:lmhnlt:. Prm:: Rowal Institution, 1861, 3, p. 347.

d Haughton, Relation of fowd to wark, [}uhlln 1848,

¢ Dumas and Boussingault, Eazai de RI:E.T.III]'IIF Phlrmque des &tres organisés, 1844, Cited by Amar, Le rende-
ment de la machine humeine, Paris, 1910, p. 21.

F The first work of Hirn on the human motor was published in the Comptes rendus de la SBoe. de physique de
Colmar, 1857, See, also, Him, Théorie mécanique de la chalewr, Parisa, 1857, 1.
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consumed and the values of Q. Amar ® shows that if we are to consider the
values of @ as correctly measured ecalorimetrieally, the efficiency agrees
reasonably well with that of Helmholtz, who computes it as 20 per cent.

Although the elassical experiment of Fick and Wislicenus * in their ascent
of the Faulhorn has frequently been ecited as an indication of the fact that the
work was not done by the disintegration of protein, it is a matter of special
interest in this connection to note that these authors computed their mechan-
ical efficiency as equivalent to 50 per cent.

Hirn © argues that the effective work represents one-fourth of the chemieal
action in the museles, namely, an efficiency of 25 per cent. Joule ¢ also con-
tends that the efficiency is one-fourth, or 25 per cent, while in 1867 and 1868
Paul Bert ¢ computed that the values for English prisoners produeing 260,000
kilogrammeters per day would be 34 per cent for the net efficiency and 21
per cent for the gross efficiency.

In 1887 Hanriot and Richet, working with their newly developed
methods of studying the respiratory exchange and with a subject raising
weights, assumed that museular work is done by the consumption of glucose.
As the net efficiency of their subject they found one-seventh, or 14.3 per cent,
and concluded that the net efficiency of the body lies between 11.1 and 14.3
per cent.

In repeating some of Hirn's work on a wheel similar to the one used by
him, Chauveau obtfained results that were quite different. Computing the
values from the amount of oxygen absorbed in excess of that absorbed during
rest, the subject being without food in the stomach, Chauveau found a net
efficiency averaging 14 per cent.” Amar calls attention to the fact that there
are marked differences in the calculated net efficiencies in two classes of
experiments; thus, for going upstairs he found an efficiency as great as
15 to 30 per cent, but when the work was done exclusively with the musecles
of the arm he found but 3 to 5 per cent. The eriticisms regarding the length

TasrLE 102.—Resulls of experiments made by Laulanié with a consiant amount of work.

: ¥ Oxygen | Energy |
Duration of Effective | increase required Net |
work. worls. due to for effec- | efficiency. |
work. tive work. [
E Egm, litera, kgm. p. ol
5 minutes. .. ... 560 1.333 2 666 21.0
10 llLfmutm. I 1,206 & Rl 5,722 21.0
15 minutes, .. ... 1,64 3,900 7200 21.3

of the experiments and the methods used in carrying out his researches
have already been cited. A mathematical treatment of Chauveau’s results

as to the efficiency under different conditions is admirably presented by
Lefévre.?

2 Amar, loc. cif.. p. 23.

b Fiek and Wislicenus, Ann. des sei, nat., 1868, 10, p, 273,

¢ Hirn, Revue scientifique, 1887, 39, p. 673

¢ Joule, gitéd by Hanriot and Richet, Comptes rendus, 1847, 105, p. 76, who, in turn, eite from Fick, Mecha=
nische Arbeit und Wirmeentwicklung bei der Muskelthitigkeit, Leipsic, 18581, p. 231.

¢ Rort, La machine humaine, 186708, 8, p. 50. Cited by Amar, foe. eif., . 24.

F Hanmriot and Richet, Comptes rendus, 1887, 108, p. 76.

¢ Cited by Amar, loe, eit., p. 26,

A Lefévre (Chaleur animale et bioenergetique, Paris, 1911, p. 749). It should here be stated that a sharp dis-
tinction aa to the effect of the various factors on efficiency has rarely been recopnized by writers, henee
Lefévre’s abstract of Chauveau's work js of unusual interest. The variations in the percentage ascribed
to the efficiencies by different writers is in large part explained by the lack of agreement on the basis
of computation, a point that is elearly brought out by Lefévre.
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A most interesting series of experiments was carried out by Laulanié ®
on himself in which a wheel with a brake upon it was used. In one series
the brake was adjusted so as to have a resistance of 4 kilograms, the experi-
ments lasting 5, 10, and 15 minutes respectively. The results are collected
in table 102. These experiments showed a constancy in the efficiency with a
constant amount of work per unit of time.

Still Jmore important, however, was the series of experiments made by
Laulanié & on the same apparatus in which the rapidity of work was volun-
tarily nltered The values of the resistance ranged from 1 to 15 kilograms,

and the speed altered from 1.49 to 0.13 meters per second. The results are
presented in table 103.

TaBLE 108.—Resulls of work experiments made by Laulanié with varying speed and resistance.

= | Oxyeen Oxveen
l Resist- | Bpeed per :ﬁl.::]-é. 1::"% | inmcresse | ponsumed et
anee, aecond, e due to poer kilo- | efficiency.
i 3 work. gramimetor,
Eilos, melers, ks, liters. e . el
1 1.449 445 1.5 a0 14.1
2 1.07 42 1,568 2 44 20,4
4 0,50 726 1,681 2.1T 229
4 0.61 778 1,683 2,14 23.3
5 0.54 812 1,797 2.23 22.3
i3 0.44 553 1,928 2.25 o221
5 037 BOG 2188 243 20.4
10 028 I 2,500 2.53 18.7
12 0.24 D6 2 5en0 3.12 17.0
15 .13 570 D %11 | a4

This interesting table brings out the fact that the highest efficiency was
obtained with a resistance of 4 kilograms, and with a rapidity of 0.61 meter
per second, thus showing that there appears to be an optimum condition of
mechanical work under these circumstances. Laulanié indicates two *‘ opti-
mum conditions,” the “optimum méeanique” corresponding to resistances
between 8 and 12 kilograms, and the “optimum économique” to a resistance
of 4 kilograms.

A series of computations of the mechanical efficiency of isolated muscles
when stimulated should be eited here. Fick © found on isolated musecle under
the most favorable conditions an efficiency of 25 per cent. Danilewsky,?
employing similar methods, found an efficiency of 50 per cent, but Fick
observed that these figures were improbable.

Gautier * concludes that a man produces 250,700 kilogrammeters of
gross work per day, which would be equivalent to 588 calories, and consumes
a working diet, 7. e., a diet in excess of the resting diet, of 1779 ealories.
He assumes that the efficiency is therefore one-third, but that of these 250,700
kilogrammeters, 100,000 kilogrammeters and above are lost in the different
movements of the body and the friction of the machine, so that the useful
work corresponds to but 150,000 kilogrammeters, the equivalent energy of
which would be 352 calories. The net efficiency, therefore, of the human
motor would be approximately one-fifth.

The twu forms of muwular work mﬂ‘s’t commonly employed by Zuntz

——

a Tu:l.'l.'I.L"lT-lI"" Eléments de |:h.:rumlru.=t 24 ed., Paris, 1005, p. 801,

& Laulamié, loc. cif.. p. 802

¢ Fick, l’flugers Archiv, 1878, 16, p. a8,

d Danliewak:. in Fick's Myothermische Untersuchungen, Wicsbaden, 1889, pp. 173-194.
¢ Gautier, Cours de chimie, Paris, 1892, 3, p. 800,
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and his associates were those of turning a brake ergometer or of moving the
body through a given distance, as in using a treadmill or elimbing a mountain.
The most complete collection of the results obtained in the various experi-
ments carried out by the Zuntz school in which the forward and upward
progression of the body was studied has been brought together by Durig.®
Durig's data include the experiments of Zuntz and Schumburg?® on the
treadmill, the extensive series reported by Zuntz, Loewy, Miiller, and Cas-
pari, the experiments of Frentzel and Reach,® and those of Leo Zuntz.®
These, as well as Durig’s own experiments, were all carried out by the Zuntz
method. The results obtained by Biirgi/ under Kronecker’s direction and
by an entirely different method, in which onlyithe carbon dioxide was deter-
mined, have also been painstakingly recalculated by Durig.? The efficiency,
which was in all cases obtained by deducting the metabolism incidental to
forward progression from that during climbing, ranged from as low as 19 per
cent in one or two experiments with Biirgi to as high as 46.5 per cent with
Kolmer in the treadmill experiments.”

The experiments made by Durig * and his eo-workers showed efficiencies
on the treadmill as high as 37 per cent. In practically all experiments the
effect of velocity on the speed was noticeable, but Durig considers that an
average value for the efficiency is 31 per cent. Of special interest is the notice-
able influence of training apparent in these experiments. The several groups
of experiments in which Durig himself was the subject are worthy of special
note. The average net efficiencies in these ranged from 34.9 per cent shown
when he was walking on a treadmill in Vienna with an inclination of 21.6
per cent, to 21.2 per cent when walking along a path on Monte Rosa with an
inclination of 15.5 per cent. In these computations the work of forward
progression was deducted, so that the efficiency is based solely upon the equiv-
alent of lifting the body through a given height. During the experiments
made at Neuwaldegg in summer, in which the path had an inclination of
16.4 per cent, Durig showed 31.1 per cent efficiency. Of his three collabora-
tors, all traveling on the same path, Kolmer showed 30.3 per cent, Rainer
31.7, and Reichel 30.1 per cent efficiency.

Several series of experiments in Zuntz's laboratory, in which the brake
ergometer or the Girtner ergostat was used, were those of Katzenstein/
Loewy,* Heinemann,! and Frentzel and Reach.™ Later, in reporting an
interesting series of experiments on the energy ™ required to rotate a centrif-
ugal machine (a cream separator), Reach ° summarized the earlier work and
showed that Katzenstein’s results indicated a gross efficiency of from 13 to 19
per cent, and a net efficiency of 25.4 per cent. Heinemann's results show a
net efficiency of 20.6 to 25 per cent. Reach found in his experiments that

@ Durig, Physiologische Ergebnisss Monte Rosa-Expedition, Usher den Gasweehael beim Gehen, Denkschrift
d. math -natur. Klasse d. Kaiserl. Akad, d. Wiss., Wien, 1909, B6, p. 2.

0 Zuntz and Schumburg, Pliger’s Archiv, 1808, 83, p. 484,

€ Funtz, Loewy, Miller and ari, Hihenklima w. Bergwanderungen, Berlin, 1906,

& Frentzel and Reach, PRiger's Archiv, 1901, B3, p. 477.

€ A. Loowy, J. Loowy, and L. Zuntz, Plliger's Archiv, 1807, 68, p. 497.

I Biargi, Archiv . Physiologie, 1904, p. 5[!%.

¢ Durg, lec. cit., p. 301.

& Durig, loc. cit., pp. 209 and 301.

1 Durig, loc. cit., pp. 340-347,

I Katzenstein, Plger's Archiv, 1801, 49, p. 330.

t Loowy, Plliiger's Archiv, 1861, 49, p. 405,

i Heinemnann, Pflliiger’s Archiv, 1901, B3, p. 441.

:i Eﬂ.‘rﬂ.t-wl a:::l Rennh.dpﬂiluer'ﬁ g'!.‘r‘.rr:htn lﬁﬂlagﬂ, E 4}':'?. B
rronegualy reported as “robe Wirkungsgrad" by Reach, Biochem. Ztschr., 1908, 14, p. 445.

o Reach, Landw. Jahrb., 1908, 87, p. 1053; also Biochem. Btschr,, 1008, 14, p. 430, ' ©
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when turning the wheel of the centrifugal machine the gross efficiency was
14.5 to 16.6 per cent * and the net efficiency, 24.1 to 27.9 per eent.? Reach
also noticed an alteration in the net efficiency incidental to increased velocity,
the net efficiency having a tendeney to decrease as the veloecity inereased.

Another summary of the results of the Zuntz school has been made by
Loewy,® who finds that the energy consumption for 1 kilogrammeter of work
in lifting the body when walking up an inclined plane was from 2.190 to 3.770
kilogrammeters with a dog, and with a horse 2.912 kilogrammeters. With a
man, when the inclination of the path was 6.5 per cent, the energy consump-
tion was 3.165 kilogrammeters; with an inclination of from 23 to 30.5 per
cent, it was 2.831 kilogrammeters, and from 30.7 to 62 per cent, 3.559 kilo-
grammeters. He states that the values varied inversely with the body-weight,
changing considerably according to the size of the individual, but contends
that for every kilogrammeter of work in the elevation of the body there is
required on the average 3 kilogrammeters of energy output. In computing
the work done in turning the wheel of an ergostat, he takes as an average
value 4 to 4.3 kilogrammeters of energy after a long training in the experiments
of Heinemann, while the experiments of Katzenstein, in which the subjects
had less experienee, show 5.5 to 7.1 kilogrammeters of energy. Loewy, like
other writers of the Zuntz school, indicates that for walking up an inclined
plane the net efficiency would be on the average 33.33 per cent, while for turn-
ing a brake ergometer, the net efficiency would be 24 to 25 per cent for well-
trained men, and considerably less than 20 per cent for untrained men.

In connection with the studies on mountain-climbing or raising the body
to a given distance, the interesting experiments of Jaquet and Svenson on
fat persons should beeited.” Employing the special pedal apparatus of Jaquet
described by H. Christ,” Jaquet and Svenson made experiments on two fat
individuals, one weighing 118 kilograms and the other 93.7 kilograms. The
inereased oxygen consumption per kilogrammeter during work was with the
first subject, 4.67 c.c. per minute; with the second, three different experi-
ments gave 1.722, 2.1, and 1.79 c.c. per minute, respectively. These values
are considerably above those found by Katzenstein,” who found on four
different individuals, 1.187, 1.244, 1.435, and 1.504 c.c.

In their extensive researches upon the influence of muscular work on
metabolism, Sondén and Tigerstedt,” using the large Stockheolm respiration
chamber, determined the earbon-dioxide output of individuals while turning
the Giirtner ergostat. For purposes of comparison they computed the earbon
dioxide per kilogrammeter of work done from the data of preceding experi-
ments. The results have been tabulated and given on page 19 of this report.

Reach " computed from the carbon-dioxide values found by Sondén
and Tigerstedt that the gross efficiency of the body would be 17.3 per cent,
and the net efficiency, 27.4 per cent.

Using a Giirtner ergostat inside the large respiration chamber in the
Hygienic Institute in Berlin, Rubner * made an experiment on a man who

== P

& Rench, lec. cit., p. 1074, i _ b Reagh, loc. cil., p. 1082,
¢ Toewy, Oppenheimer's Handbuch der Biochemie, Jona, 1911, 4, (1), p. 274.
d Jaquet nnd Svenson, Zeitachr. f. klin, Med., 1900, 41, p. 1.

¢ Christ, Deutsch. Archiv f. klin. Med., 1804, 53, p. 102,

I Kataomatein, PRiger'a Archiv, 1801, 49, p. 368,

# Eomdén and Tigerstedt, Skand. Archiv f. Physiol., 1895, 6, p. 187.

& Reach, loc, cil., p. 1053,

i Rubner, Sitzungsher. k. Prouss. Akad, Wissensch., 1910, 18, p. 316.
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performed 100,000 kilogrammeters of work during the day, this being equiv-
alent to 234 calories. Deducting the energy requirement during rest, Rubner
found that for the 234 calories of external museular work, the inerease in
energy was 845.3 calories with a sugar diet and 855.6 calories with a protein
diet. The average net efficiency may readily be computed as follows:

ki 27.5 per cent. In this experiment Rubner’s computations of

850
the energy requirement were based upon the carbon-dioxide determinations
alone, no oxygen determinations being made.

The Giirtner ergostat and other forms of ergometer permit a study of the
work done by the arms only. The work of the legs in walking and climbing
has been shown by the experiments of the Zuntz school to be more economi-
cally done than is the work of the arms, and hence it is particularly fortunate
that the bieycle ergometer has been rapidly developed as an instrument of
precision.

The experiments of Leo Zuntz,” in which the metabolism incidental to
bieyele riding was first studied and an efficiency of 33.33 per cent computed,
have been more illuminated by the subsequent study of the resistance to be
overcome by riding a bicyele.’® In the light of this last study Berg, du
Bois-Reymond, and Zuntz computed that Zuntz in his first experiments
showed a net efficiency of 28 per cent.

TasrE 104.—Relation of external muscular work fo energy katabolized per day, as reporied
by Atwaler and Benedict.

Energy katabolized, Efficiency.
- — Hmlit Equiv—
1.5 : : ura- Excess in | alent o
Subject and kind of experiment. b work over | museular A
Total. | "t ox- wark: Net. | Gross.
| periments.

Subject, B, O.: days. cals. |  cals cals. p.ch | p.oof
Average of 13 rest experiments. . ... .. 42 e LR | e St Tk
Average of 3 work experiments_ ... ... 12 3,802 | 1613 214 13.3 5.5

Bubject, J. F. 8.:

Average of 4 rost experiments, ., ., ... 12 21109 |
Average of B work experiments....... 15 3,550 1,440 233 16.2 6.6
Subject, J. C. W.:
Average of 1 rest experiment.. .. ... .. 4 2,357
Minimum of 14 work experiments | . . . 416G 5,056 o 509 529 10.6 10.5
Maximum of 14 work experiments....| 46 5,332 2.975 601 20.2 11.3
Average of 14 work experiments...... 46 5,143 2,786 a6 19.6 106G

The stationary form of bieyele, 1. e., a bieycle with resistance, or a bieycle
ergometer, was first employed by Atwater and his associates in connection
with the studies on museular work conducted at Wesleyan University.
In the earlier experiments, while the oxygen was not measured, a measure-
ment was made of the total heat production by placing both ergometer and
subject inside a large respiration calorimeter. The data secured in these
experiments thus permit the computation of the efficiency. Unfortunately
the estimates of the actual amount of external muscular work performed on
this earlier machine will always be somewhat questionable; on the other hand
the values for the total heat production as measured by the calorimeter can
be considered as acceurately established.

& Leo Zuntz, Untersuchungen iiber den Gaswechsel und Energieumaatz des Radfahrers, Berlin, 1899,
b . du Bois-Reymond, and Leo Zunts, Archiv f. Anat. u. Physiol., Physiol. Abth., Suppl., 1904, p. 20,
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The earlier experiments with the form of bicycle ergometer in which an
electric motor was attached to the rear wheel of the bicyele have been col-
lected and summarized in a table by Atwater and Benedict.® (See table 104.)
In this table are given the average resting katabolism, the average working
katabolism, the increased katabolism due to work, and the heat equivalent
of the external museular work, together with the net efficiency. To the
original table we have added a column showing the gross efficiency.

The disadvantages in the first ergometers used were very quickly recog-
nized by these investigators, and plans for a new form of ergometer were
immediately made. The later apparatus, which was as a matter of fact the
“ ergometer 17’ used in our study on muscular work, was employed by Benedict
and Carpenter in an extensive series of investigations with several subjects.”
A series of six experiments during work was made with a well-trained college
athlete, J. C. W., of which an abstract is given in table 1035.

TasLE 105.—Heal equivalent of muscular work and correcled amount of heal produced in
experiments with J. . W., as reported by Benedict and Carpenter. (7 a.m. fo 7 pan.)

|
Heat aquiv- Heat pro- .
Experiment Date alent 'i'l I|!:|::f duced over I i‘rﬁi
z i = mussular rosting |
work. duced. metabolism,| “ERC¥
100K, :'frhr. eals, l cale, n. of.
No: 56.....] Apr. 27-28 S0 3860 1 2610 217
Apr. 25-20 Gl 4,138 2,700 21.5
ADT. 2"1' -30 | fikif] A4.m804 | 2,494 21.8
Wo. 5¥V.....| May 7=8 | G657 4,300 | PRI L |
May 8-9 | 563 4056 | 2716 20.7
May 09-10 | 587 4,131 | 2,701 21.0
| — S| [ A TS, P—— LN

As will be seen, tlw average net efficiency for this subject was 21.5 per
cent. The computations in this table are based upon the fact that the work
was all done between 7 a.m. to 7 p.m., and hence the energy required for rest
experiments during the same period is deducted from the energy produced
during the severe muscular work. The average of four rest experiments
showed that from 7 a.m. to 7 p.m. this subject gave off on the average 1,340
calories, the range being from 1,320 to 1,383 calories.

The comparison as made is subject to a correction for the extra heat pro-
duction incidental to the ingestion of food. Larger diets were taken on the
work days than on the rest days, and as (Jppenheimer correctly pﬂ:ults out,
this fact should be taken into consideration in this type of comparison.

With another subject, B. F. D., an average of three rest experiments
with food gave a heat produetion of 1,244 calories for the 12 hours from 7 a.m.
to 7 p.m. On one day’s work in which he did 419 calories of external muscular
work, the total heat production from 7 a.m. to 7 p.m. was 3,421 calories;
thus, the excess due to work was 2,177 calories, corresponding to an efficiency
of 19.2 per cent.

A somewhat extensive series of experiments was also earried out with the
subject A. L. L., an abstract of which is given in table 106. Although the
base-line for computing the resting metabolism was not so satisfactory as
could be desired, work experiments were likewise made with two other sub-
jects, B. F. D. and E. F. 8. The results of these experiments are abstracted
in tmhlv 107.

a Atwaber s :n.{l Benedict, U, 8. Dept. Agr., Office T'xnt Stas, Bul. No. 136, 1903, p. 190
b Benedict and Carpenter, U. 8. Dept. Agr,, Office Expt. Stas. Bul. No. 208, 1908.
¢ See editor's note to articls by Tigerstedt in Oppenheimer's Handbuch der Biochemie, Jena, 1908, 4 (2), p. 45.
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TasLe 106.—Heal equivalent of muscular work and correcled amount of heat produced in
experiments with A. L. L.,! as reported by Benedict and Carpenter.

(7 a.m. to 7 p. m.)

(@) ()] (e} (d)
Heat equi- Heak Heat pro- Net
Exzperiment. Date, valent of B3t | dueed over -
muscular lipri:;-d reating {Eﬁ?ﬁg‘eﬁ:
work. uced. | mutabolism, | (@ #100) +¢
Work: 1904 cials, cals, cals, . of.
e R e R o S Apr. 16-17 459 3,500 2,323 19.8
Apr. 17=18 4558 3,678 2301 19.9
Apr, 18-19 460 &, 602 2,325 19.8
No. 63 Apr. 19-20 460 3,657 2,380 19.3
Apr. 2021 450 3,673 D 206 0.0
Apr. 21-22 458 3,018 2241 2.4
o I e s e Apr, 22-23 o7 6,543 4,638 20,5
Rest with foed:
B f L e e S Apr. 23-24 1,203
[T s e e e PR Apr. 24-25 1,351
Average of Noa. 60 and 66.............. 1,277

1 In deducting the heat production of resting metabolism from that in the work experiments, the averages of
Noa, 65 and 66 were used. For the severe work experiment (No. 64), the heat production during the
period from 7 a.m. to 4 a.m. of cxperiment No. 65 was used as the resting metabolism. i
to be 2,205 ecalorics, Deducting this from the total heat production of experiment No. 64 (6,843 cal-
ories) leaves 4,838 calories as the heat production pecessary to produce mechanieal work, the heat

equivalent of which is 957 ealories.

This

was fou

TasLe 107.—Heal produced in experiments with B. F. D. and E. F. S., as reporied by
Benedict and Carpenter.

(m) (&) (5] (<} (e} (f ()
No. of Hent Heat pro=
SUbn:jI:it and Period. H::t' gﬁ&ﬁl{_ T;';:L“" Cur- e?uiva!m:l.t duced over E‘fﬁ.ﬁ:lt!l‘}'
? . rent, [of muscu- resting 3 el
'P“":mi‘ tions, mi.!;::rt.e. lar work. | metabaolism. (e X100) +f
. Ii F. D, cals, l A cials, eals. p. ol
ork:
Mar. 1, 1904 | 7 a.m. to 7 pm. | 4,085 | 25050 it} 1.25 GO0 2,747 21.8
2,1904 | Tom.tol pm. | 1,063 | 12,645 o 1.25 202 1,250 22.8
Raest with food:
Mar, 3, 1904 | T am. to 7 pm. | 1,339 | .....
E. F. 51
ark:
Mar. 5, 1904 | ¥ a.m. to 7 p.m. | 4,782 | 26,495 61 1.25 612 3482 18.1

1 No resting experiment with E. F. 5. was made, as the subject left the city shortly after the econclusion of

the work experiment.

Hia body-weight was B0 kilos., and from a large amount of data obtained with

other subjects, it i3 highly probable that his resting metabolism would have been not far from 1,400

calories for the period from 7 a.m. fo 7 p.n.  Accordingly, this resting metabolism has bee

in the pomputations.

0 DES1Er

Finally, a series of experiments was made with a professional athlete,
N. B., in which the metabolism was studied during short periods, usually
114 to 3 hours in length. The subject, who was 35 years old, weighed 66
kilograms, and was 172 centimeters in height, was one of the best-known
professional bicyele riders in America. He was in excellent condition and an
ideal subject for the experiment. The results, caleulated on a one-hour basis,
are abstracted in table 108. No data for oxygen consumption are given for
the experiments made in October 1904, as the methods for the measurement
of this factor had not then been perfected. Of special note is the net effi-
ciency exhibited by this professional subject, the average being 21 per cent.
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TasLe 108.—Resulls of experiments with N. B., as reported by Benedict and Carpenter.

[Amounts per hour],

{a) (k) ic) d | (= () ig
Toad Poriod Carbon | Oxyeen Heat  |Heat equiv-| Heat ’;bwn Na}t-
L1 Gred. | Current. | dioxide ab- pro- alent of resting efficiency,
tllll:l.nu.t.ﬁd sorbed. duced. | work done. membulnam [.g}{mﬂ} = f

103 ! um):g. grams., grams. eals, eals, cals,
Cot. 21 First..... 25 215.2 i G354 104.5 531.2 ]EI,?
T T O B
¢ iepond . . . e - v = L1, 5220 222

24 | First.....| No load. 62.2 TR | 3

1905, |
Jan. 23 | First..... Rest. 20.4 208 RO.T | Ak = ci e
23 | Second. .. 1.25 2310 183.4 G030 113.8 518.3 220
23 ]_hlld SR 1.25 210.4 174.0 G25.8 114.7 30,2 214
24 | Firat..... 0] 153.5 142.8 473.3 TO.8 383.7 20.8
24 Second. . . 0 1506 140.2 4658.2 T7.7 a78.6 20.5
205 Firat..... =0 124.8 114.6 a02.1 64,1 a02.5 21.2
25 | Becond. .. =] 130.8 125.7 4006 G605 320.0 208
26 | First.....| Mo load. .5 574 151.6G e e
26 | SBeecond.. .| 0.50 138.2 111.1 d82.4 50.0 2027 20,5
1

A summary m’ the re-aultaa nbtﬂ,med with all of the work experiments with
these subjects is given in table 109, which shows the gross and net efficiency
for each man.

TasLe 109.—Average mechanical efficiency of subjects in work experiments made by
Benedict and Carpenter.,

[Amounta per howr.]

LH!IL“:E'; Mechanical
Eljhjl’.'rl:t.. lent of e[['mmnr:;.r

muscular
work. | Gross.| MNet
eila. p.ool. | moefl
J.C, W, avernge of G daya, . ..... 45 14.5 | 21.6
B. F. I, avorage of 3 exp&muﬂ-ntﬂ 45 14.2 | 212
A. L. L., sverage of 6 days. . a8 12.7 19.7
A. L. L., extra severe work 1 dm 46 14.1 | 20.%8
E.F.8..oncday. .. ... i 5l 12.8 18.1
M. 1L, m'm':q:r: of 4 Mimrnnemu . 112 181 | 21.2
M. B, average of 2 utpt-nmu:ta 70 16.8 i | I
65 16.2 | 21.0
N. B., one exp-ﬁﬂu'mm .......... 1] 157 | 20.7

The authors also computed the mechanical efficiency based on the coasting
or “no-load” values of these men; the results are abstracted in table 110.
These values are wrong, owing to an erroneous assumption for the friction
of the ergometer.” Finally, the effect on the efficiency of increasing the ex-

Tapre 110 —Mechanical efficiency based on consting as reporied by Benedict and Carpenler.

[Amounts per hour.]

(a) & | @ () o 0 (®)
Revolu- AR, Heat equi-
yiE A Heat pro- | Heat pro- heat re- : Net
Subject. Clurrent. T’“:__ﬂr'a dueed dur- | duced dur- | guired for ‘:::ﬂn:!::a cfficiency.
- i‘;“ o, | in work. |ing coasting. E:Eié} friction)t | X100} +¢
CLRr b, eala ool enla, cais, n. ef.
M. B. 1.25 53 G617 182 435 1y 24.6
N. B. A0 706 471 167 34 72 23.7
M. B. B0 70 401 153 248 bt 234
N. B. .70 74 352 171 211 52 246
i T e 1 1.2 o 209 135 154 35.5 21.8

1 Later rescarchea with the apparatus show that the values in this eolumn are erroneous.  (See Benedict and
Cady, Carnegie Institution of Washington Publication No. 167, 1912, p. 22.)

8 For discussion of this point see p. 143 of this report.
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ternal work or load was computed as shown in table 111. The authors point
out that there was a disturbing factor in that the speed per minute was not
uniform with all degrees of magnetization of the field, and state that the
experiments must be looked upon as more or less tentative.

TasLe 111.—Effect on mechanical efficiency of increasing exlernal work as reporled by
EBenedict and Carpenter,

a Inecrease
Increass in Incroase
magnetization | of total | o Beat of | ppeiency.
from — heat. work.
amp. cala, cals. P. ct.
0.7 to LB, cconrs 18 5 26.0
0.7 te 0, ... 84 19 21.3
0.7 ko 1.25....... 237 52 22.0
0.8Btc0.9........ 70 14 20,0
0.8 to 1.25....... 218 47 21.6
0.9 %0 1.256....... 148 a3 22.3

As an indication of the great difficulties that may be experienced in com-
puting the heat efficiency of the bicycle rider from the energy intake and the
mechanical measurements, we must cite the discussion of R. C. Carpenter®
who computed the efficiency of two professional riders in a 6-day bicycle
race, obtaining the apparent gross efliciencies of over 60 per eent in one case
and nearly 45 per cent in the other. Computations of the effective muscular
work in complicated muscular processes must always be of uncertain value.

Omne of the great difficulties incidental to computing the amount of
external muscular work performed by going up and down stairs or walking
along a horizontal or an inclined plane is strikingly indicated in certain experi-
ments of Chauveau.® This investigator computed that Tissot in his experi-
ments on the respiratory exchange performed in 70 minutes 29,000 kilo-
grammeters of positive work and an equal amount of negative work. The
total amount of work would thus be 58,000 kilogrammeters, or 136 ecalories,
approximately 2 calories per minute. And yet Chauveau, in his computation
of the respiratory quotients, maintains that the metabolism during work was
but 4 times that of rest. In this laboratory in order to secure an effective
output of 2 calories per minute on a bieycle ergometer, it was necessary for
the subject to increase his metabolism over rest more than 10 times. It
is thus obvious that either Chauvean’s estimate of the amount of external
muscular work performed must be erroneous or the analyses for the gaseous
exchange are open to severe criticism. The technique of the Chauveau-
Tissot apparatus has been carefully gone over in this laboratory by Mr. T. M.
Carpenter, and when carried out according to the specific instructions of
Chauveau and Tissot, the apparatus and method give admirable results.
We are thus disinclined to consider the measurements of the gaseous ex-
change at fault, although the lengths of periods are short and the technique
of sampling has not been adequately given. It is probable that the estimates
of the work performed are erroneous.

Amar,® using a bicycle ergometer in which the rear wheel was supplied
with a steel ribbon as a l:-rake, the amount of friction on the ribbon being

& Atwater, Sherman, and Carpenter, 1. 8. , Office Expt. Stas, Bu] Im:. 9& 1901, pp. 64 and 65.
b veau, Comptes rendus, 1806, 122, p. "rm-wualy cited on port,
€ Amar, .I'ulau,, Le rendement de la machine hu.matna Recherches sur f& t.rp,-m:i Pnrl.-:l-, 1910
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econtinuously measured by a combination of weights and springs, determined
the efficieney of a number of Arabs in Algeria. The net efficiency varied from
27 to 38 per cent, with an average of not far from 32.5 per cent, while the
gross efficiency varied from 3.2 to 5.1 per cent, with an average of 4.5 per
cent, these values being caleulated from the ration eaten by the subjects.
Amar also computed the net efficiency from the consumption of oxygen as
measured by means of the Tissot apparatus, finding an average net efficiency
of 27 per cent instead of the 32.5 per ecent found when computed from the
food intake. When the subject performed 13,748 kilogrammeters per hour
for 4 consecutive hours, Amar computed the net efficiency from the oxygen
consumption to be 20.33 per cent for the first hour, 31.23 per cent for the sec-
ond, 33.81 for the third, and 35.03 for the fourth hour. Other experiments
gave a similar increase in the efficiency as the work progressed. Of particular
interest in connection with our research is his study of the effect upon the
efficiency of the rate of speed. With 70 revelutions of the pedal he found
with one subject 25.1 per cent, with 80 revolutions 26.7 per cent, with 90
revolutions 28.4 per cent, while with another subject with 90 revolutions he
found 30.6 per eent, and with 100 revolutions 25.8 per eent, indicating approx-
imately an optimum speed of about 90 revolutions of the pedal per minute.
Considering the conditions under which Amar worked and the difficulties in-
cidental to an inadequately equipped laboratory, these results are of special
interest; vet, as pointed out by Lefévre,” the values must be taken with consid-
erable reserve.
THE UNIT OF EFFICIENCY.
Gross axp Ner EFFiciexcy,

An examination of the earlier literature on the efficiency of the body
shows that a large number of units of efficiency have been used by various
writers. If the total energy output for the day is made the base-line, and the
actual amount of energy transformed into external muscular work taken as
the numerator, the percentage of efficiency can be obtained by the formula
a x100

b
b the total energy output in calories. This unit, which may be called the
“gross efficiency,” the “ecrude efficiency,” or the “industrial efficiency,”
is naturally largely affected by the amount of work performed during the
day and the number of hours in which work is done, since at least half of the
day is usually spent in rest, during which time there is energy output but
unaceompanied by effective external work. For ecomputation of the energy
output of a gang of laborers or artisans in a mill and for the provisioning of an
army or navy under severe stress of muscular work, the gross efficiency is of
particular value, but in physiological experiments per se it indicates but little
of the potentialities of the human body for severe muscular work, and gives
no conception of the possible efficiency of the human body as a machine.

To find this latter, it is obvious, to say the least, that the energy given off
when the subject is at rest and not performing muscular work should be
deducted from the total daily quota. Further than that, it can readily be
assumed thata deduection should likewise be made of the energy required for

e o

, in which a represents the external work performed in calories and

8 Lefévre, Chaleur animale et bicenergétique, Paris, 1911, p. 212,



MECHANICAL EFFICIENCY OF THE HUMAN BODY 113

the maintenance of the body of a subject lying quietly during a period of
time equal in length to the working period. A value, which may be termed the
“net efficiency’ or “pure efficiency,” would thus be obtained by the formula
a 100 u

b—c ;
the total calorie output for the period during which work was performed, and
¢ the resting requirement in calories during a similar period. Under these
conditions, therefore, the value b—¢ represents the increment in oxygen or
calories required to produce a calories of external muscular work.

, in which a is the external amount of muscular work performed, &

METHODS OF COMPUTING THE NET EFFICIENCY.

This relationship has been used by many writers in their computations,
but we find that there are many methods for computing this net efficiency.
For instance, Durig * has emphasized the fact that when computing the net
efficiency for a person walking along level ground, it is a question whether
the resting lying metabolism should be deducted, or the metabolism while the
person is standing. Similarly, for walking up an incline or climbing moun-
tains it is difficult to select the exact base-line for comparison. In the work
of mountain climbing, which has been studied so extensively by Zuntsz,
Durig, and their eollaborators, it is legitimate to deduct not only the meta-
bolism when the subject is lying quietly awake, but also logical to deduct the
metabolism inecidental to movement along a horizontal plane for a distance
equivalent to that traveled on an ascent less the height; the actual amount
of work involved in raising the body to a vertical height will then be shown
by the increase in the oxygen consumption during the aseent over that
required to move the body forward on the horizontal plane. This method of
computation has been employed quite extensively. In the computations of
the results of his mountain-climbing experiments, Durig has first deducted
from the total katabolism the metabolism of the subjeet while lying quietly
and then from the value remaining he has computed that for the ‘“horizontal
component;” deducting this, he obtains the value for the katabolism due to
raising the body to a given height, 1. e., the “vertical component.” The
difficulties incidental to this form of computation need not be pointed out.

Although somewhat extraneous to this discussion, it is not without inter-
est to note that Durig states in his conclusions ® that experiments of this kind
should be made in a respiration chamber since the Zuntz method does not
take account of the cutaneous respiration and makes no provision for eliminat-
ing the influence of the resistance to the work of respiration. While the form
of respiration apparatus used in the present series of experiments does not
measure the cutaneous respiration, which is unquestionably considerable,
yet, on the other hand, it does eliminate all resistance to the respiration since
there are no valves to be actuated and no meter to be turned. A special
calorimeter for severe muscular work is in process of construction in this labo-
atory which will give an opportunity for measuring the cutaneous respiration,
but the results of this research may be taken as representing an intermediate
ithep Eﬂtwee:ﬂ results obtained by the Zuntz method and by the respiration

amber.

@ Durig, Physiologische Ergebnisse Monte Hosa E!nﬁfli.titrn, Usher den Gaswechsel beim Giehen, Denl-

- Duﬁ;?'i:;{t:%.,“jl:?ﬁ-ﬂltﬂurl Klasse d. Haiserl, Akad. d. Wiss,, Wien. 1900, 86, p. 204,
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In computing the results obtained with a brake ergometer, such as the
(iértner ergostat, still another method has been used for finding the net
efficiency as it is customary to deduect from the total energy output during
work the energy output required to turn the ergostat the same number of
revolutions without external friction. Various other methods of eomputation
have suggested themselves to different writers, with a consequent lack of
uniformity in the base-lines used. The difficulties incidental to the computa-
tion of the results obtained during mountain-climbing and marching are also
found in connection with our bicyele ergometer experiments, but, as has pre-
viously been pointed out, an attempt has been made to secure as many base
lines as possible. Unquestionably some of these base-lines are wholly ficti-
tious and their use in the computations is not justifiable. On the other hand,
with all the possible combinations and conditions, it is more than probable
that certain of these caleulations do indicate truly the increased metabolism
incidental to a measured amount of external muscular work. It is our pur-
pose to recognize these various base-lines, and use them, so far as possible, .
in computing the results of our experiments.

Confining ourselves for the moment exelusively to the question of the
method to be used in computing the results obtained in experiments with
the bizyele ergometer, it ean be seen that not only may we deduct the metab-
olism for the equivalent period when the subject is lying quietly in bed, but
we may also deduct the metabolism incidental to sitting quietly upon the
bicyele without rotating the pedals. This is an upright position that must
be assumed by the subject before work can be begun and which ecalls for an
increased metabolism over the lying position. The work incidental to this
can not be measured on the ergometer; indeed, it is doubtful if there is any
measurable external muscular work performed, although sustaining the body
in an upright position does call for a considerable inerease in internal muscular
work.

Furthermore, in rotating the pedals, there is a movement of the legs
with consequent museular work which, for the want of better phraseology,
may be termed the internal friction of the legs. A value may be obtained for
this activity and used as a base-line by rotating the wheel of the bicyele by
means of an electric motor, so that the legs are made to move up and down as
in riding while no actual work is done upon the ergometer itself. Although
the ergometer has but little frietion, considerable internal work of the leg-
musecles is required in rotating the wheel of the ergometer, even when no
current is passed through the magnet; hence in computing one of the various
grades of efficiency the energy output incidental to rotating the ergometer
under these conditions may properly be deducted from the total energy out-
put, thus forming a third base-line.

Even though measurable, the friction of the ergometer is so small in
amount that it would not justify a computation based upon the ground that
overcoming the frietion of the bicyele requires a given amount of external
museular work. The efficieney of the body in performing a very small amount
of work may be studied, however, by using a slight measurable brake-effect
upon the wheel. The amount of work thus done is so small in comparison
with the total metabolism of the body that it may be classed with such
minor muscular movements as the moving of a fan back and forth or rocking
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in a rocking-chair. Such work does, however, bring the body-muscles into
play, and theoretically, at least, forms an excellent base-line for the super-
imposition of more severe loads; by increasing the resistance of the ergometer
step by step, various loads may be superimposed upon this base-line and very
satisfactory computations made from the inerements in work.

Finally, since many investigators have found that the efficiency varies
with variations in the speed, the work may be done both at slow and at high
speeds, all with the same resistance on the wheel. As a matter of fact, inas-
much as for comparison experiments wide variations in speed should be em-
ployed, with this particular form of ergometer there exists an inherent diffi-
culty in carrying out such a study, for, as will be seen by the ealibration curves,
with wide differences in speed, there is a marked difference in the brake-
effect at any part of the curve. Nevertheless, experiments have been made
on this basis and the results will be subsequently discussed.

COMPARISON OF BASAL METABOLISM IN BICYCLE ERGOMETER EXPERIMENTS.
IvcreMENT 1 MEeETABoLisM Due To CeanGinG FroM A Lying To A Sirriwg Posrriox,

The influence of minor muscular movements and of changes in body-
position on metabolism have received especial attention in the last few years.
In a long series of experiments ecarried out in the laboratory of Wesleyan
University, alterations in the body-position were studied by Benedict and
Carpenter.® Later a series of observations was carried out in the Nutrition
Laboratory by Emmes and Riche,” who noted a definite inerease in metabo-
lism on changing the subject from a lying to a sitting position, the increase
being less marked when the sitting body was supported by pillows or other-
wise. In one experiment made in this laboratory and still unpublished,
there was no measurable increase in metabolism following a change to the
sitting position, this result being probably due to the fact that the body,
shoulders, arms, neck, and head were thoroughly supported by pillows.
Nevertheless, in changing the position of the subjeet from lying on a couch to
sitting on the bicyele seat, it is reasonable to expect considerable increases
in metabolism, and as the values obtained in the latter position were likely
to be used as a base-line for the computation of the net efficiency, it seemed
desirable to secure evidence as to the increase in metabolism incidental to
the change in position. Aecordingly, such studies were made with four of
our subjects including one experiment with each of three subjects and several
experiments with the fourth subject. Nearly all of the observations were made
with ergometer I. The results have been collected and presented in abstraet
in table 112, the carbon-dioxide production, oxygen consumption, and the
pulse and respiration rates being recorded, as well as the increments in these
factors in the form of per cent. Turning our attention particularly to the
oxygen consumption per minute, it will be seen that in the experiments
made with ergometer I the increments for all the subjects ranged from 6.1
per cent to 24.8 per cent, and, indeed, with the subject M. A. M., the ranges
are nearly as great, i.e., from 6.1 to 23.1 per cent. On the other hand,
with the two subjects E. P. C. and K. H. A,, the increments are essentially
the same, 8.2 and 9.1.

@ Denedict and Carpenter, Carnegie Institution of Washington Publication No. 126, 1910, p. 243.
b Emmes and Richo, Am. Journ. Ig'h,;mn] ul'[ﬁ;t uﬂ'l' P. -im el i
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TasLe 112.—Melabolism in erperiments without food with subject lying on couch compared
with melabolizm in experiments with subject silling inactive on ergometer. (Average resulls.)

Carbon dioxide per | ] - i i Pulze-rate per Respira-
minute. | ﬂ“ gen Per minute, | minule, tinmn-rate
- r [T minute.
Subject and date. | Incrense Inecrease Inerease —
Ta= | Sit- | over lying. | Ty= | Sit- | over Iving, | Ly- | &it- | over lying. '
ing. | ting. ing. | ting. ing. | ting. e— Ly- q“" I
Amt.| P, ct, | Amt.| I', ef. Amt.] | P, et ing. | ting.
Bmka ] ol !
4 dt ot | o | e, e | cic. [ e {
J.E.F.: |
- ?\TT::.-'I."{:‘ET. 1911..] 211 | 233 LI 104 | 234 | 202 | 5% 248 59 | T8 19 a2 L 10
]"\I?v S0, 1001..| 165 [ 185 | 20 | 121|220 |238 | 18 | 82| 47 13
. H. A.:
Des. 1, 1911, ..] 202 | 211 D 4.5 | 241 | 263 | 22 9.1 | 57 | G0 2 5 13 13
M. AL M.
Dec. 7, 19112, ] 225 | 230 14 6.2 | 262 | 200 | 37 14.1 | 74 | 85 11 15 15 12
Dee. B 1811, .| 205 | 236 31 15.1 (2247 | S04 o7 23.1 | GG | B0 23 35 20 21
Dee. 11, 1911. 8 | 195 (1220 34 |417.4 | 238 (V207 20 (1122 | G0 |S4 | 24 [140 21 1234
Dee. 12, 1911, .| 198 | 215 | 17 8.6 5230 [ 244 | 14 G.1| 60| 70 | 10 17 22 22
Ergemeler I,
M. A M.:
Jam. 23, 1912, .. 210 | 27 62 o0.5 | 247 | 324 | T a1.2] &7 | 82 | 16 &2 21 23
Mar. 11, 1912, .| 215 | 282 | 67 S1.2 | 247 | 386 | 130 Sl | 60| B3 | 23 38 21 20

I Average pulse-rate for first two perioda.

* Aside from a preliminary experiment on Dee, 6, this was the first experiment with this subject.
3 In pveraging, the oxygen consumption during the firat two periods was omitted,

4 Bitting periods were run before lying periods on this day.

& In averaging, the oxygen consumption during the first pericd has been omitted.

It is important to note here that the inereased oxygen consumption
incidental to sitting was accompanied by an inecreased pulse-rate. The
increments in these two factors, it is true, were not invariably parallel,
especially in the experiment with M. A. M. on December 11, in which the
oxygen increment was but 12.2 per cent, while the increase in the pulse-rate
was 40 per cent. Generally, however, the inerement in the pulse-rate was
roughly proportional to the increased oxygen consumption. The respiration-
rate, on the other hand, was not materially altered by changing from a lying
to a sitting position. The record obtained on December 7 with M. A. M. is
worthy of especial note; the low value for this subject of 12 respirations per
minute, while sitting, is unquestionably due to an altered type of respiration,
since the average value for a large number of experiments made with this
subject throughout the experimental year was 20 respirations per minute.
1t should be said, however, that this was one of the earlier experiments; the
subject was therefore unused to the apparatus and the routine, and con-
sequently somewhat apprehensive. In general it may be inferred that there
are practically no alterations in the respiration-rate due to changing from
lying on a couch to the position of sitting on a bieycle seat.

Our attention was chiefly given to the subject M. A. M., and his personal
observations on these tests are of unusual interest. This subject invariably
complained that the experiments were long and tedious and that he found
it irksome to sit still for so long a period. Although he was allowed to select
the form of bicyele seat he preferred, as well as to adjust the angle, height,
and position of both seat and handle bars, and every effort was made to secure
for him the most comfortable position, yet reference to the protocols of the
experiments shows that apparently sitting quietly on the ergometer was for
him a great strain. As any position he might assume on the ergometer ul-
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timately became strained and uncomfortable, it was obvious that this subject
was in a wholly abnormal condition throughout practically all of this class of
experiments. With the subject M. A. M. no foot-rests were used, the feet
being placed upon the pedals and allowed to remain there. With the other
subjects, J. E. F., K. H. A, and E. P. C,, a foot-rest was usually placed on
the front of the machine or else a wooden block was placed upon the floor
on which the feet could rest. J. E. F. also found the sitting position very
tiresome and accompanied by strain.

It will be seen, therefore, that there is a complete lack of harmony in
the results obtained from experiments in which the subject changed from
a lying to a sitting position. It was particularly unfortunate that with er-
gometer II, with which the largest number of work experiments was made,
the values for sitting indicate clearly that the discomfort experienced by the
professional subject unquestionably inecreased his metabolism, a fact which
must be taken into consideration when this abnormally high base-line is
used in any way.

IxcrEMENT 1I¥ METABOLISM DUE TOo A CHANGE 1IN Posirion FrRoMm Lying on A CoucH
TO SITTING ON A MOTOR-DRIVEN ERGOMETER.

In certain experiments, when the subject was sitting on the bicyele
ergometer with the feet on the pedals and the body in a riding position, the
pedals were rotated by means of an electric motor belted to the rear wheel.
Under these conditions the legs moved up and down in the usual manner,
but no external muscular work was performed,® the legs being raised and low-
ered by means of the electric motor; the work done, therefore, was essentially
that of the internal friction of the leg-museles. Five of these experiments
were made with slightly varying rates of speed; the results are given in table
113, together with the results for the comparison experiments made on the
same days in which the subjeet lay quietly upon a couch. In one instance,
namely, March 8, the average value for the whole experimental year was used
for comparison, as no couch experiment preceded the motor-driven ergometer
experiment for that day. By deduecting the metabolism of the subject when
lying upon the couch from that during the ergometer experiment, the inere-
ment due to the muscular activity could be easily obtained. The increases
found for the carbon dioxide and the oxygen are essentially alike, the increases
in the oxygen consumption ranging from 162 to 207 per cent according to the
speed. The pulse-rate increments were likewise considerable, ranging from 42
per cent to 51 per cent. As in the series of experiments given in table 112,
the respiration-rate showed but slight alteration. From the results of these
experiments it will be seen that when the subject rode on an ergometer with
the wheel rotated by a motor, the metabolism was practically 3 times that
obtained when he lay on a couch.

In connection with these motor-driven ergometer experiments many
interesting observations were made regarding the muscular control of the
subject. Throughout the entire series he objected to them, stating that it
was hard for him to relax completely and allow his legs to swing idly and be
rotated by the motor. From a consideration of the construction of the appa-

ratus it can be seen that there should always be a tension on the sprocket-

@ Bee Berg, du Bois-Reymond and L. Zuntz for a discussion of this motion. Archiv f. Anat. u. Physiol.,
Physiol. Abth. Suppl., 1904, p. 42.
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chain, with the lower part taut. With a steady load or steady resistance on
the pedals, the pull on the lower part of the chain would be constant. It
was noticed, however, that the lower part was frequently slack and that the
upper part was taut, showing that the subject at times involuntarily over-
came the inertia of the machine and perhaps contributed slightly to the

TasLe 113.—Metabolism experiments without food with subject lying on a ecouch compared
with the melabolizin in no-load experiments with molor-driven ergomeler.  (Subject
M, A. M.; ergometer 11.)

Respiza-

Carbon dioxide per i . Pulze-rate per A
Rex miirute, T minute, unll:;:_ulc
alu- U?‘:ﬁ";_. - — —_— | IBe,
tions | . Incrense |—————
Daste.,  load No | Inerease No | Imcrense o [
!::i:]d | par= I load | over lying. I lond | O¥eT ]j'l.i'l,ﬁ. L ol over I}"-ITJ-E- IN"i
ute, | ods i;:}'- e | B I-‘:""' with —_— I‘ﬁ": with || Lw- ::::i
Z B | mo- | "ME: | mo- : B no- P ing.| o
tor. | Amt.| P. ct. tor. | Amt. P, et tor. ‘!"'m"t s ol i
1z, | | ce || e | ce. pori | (P (e 1
Feb. 12| 83| 2 106 | 502 | 306 | 156 | 233 | 625 | 392 | 168 | 60| BS 25 42 o0 | 23
Feb. 20 02 3 2040 | 503 | 308 | 152 | 247 | G647 | 400 [ 162 | 61 |1EF 2 43 .lﬂ
Feb. 21 b1 3 iD1 | 5656 | 374 | 196 | 2306 GTE 436G | 185 | 59 it 30 | B S
Mar, 85| 101 3 2205 | 610 | 4046 | 108 2242 | 743 | 501 | 207 263 | 95 22 | 51 :21} 10
Alar, 11 | 102 2 oI5 | 6RO | 454 | 211 | 247 | T43 | 496 | 201 | 6O S e l - 21 wE

1 There was but one record of pulse in each no-lond period on this day.
2 This figure i3 o general averagze of reaults with this subject while lying on couch before work in respiration
experiments without food. (See table 91.)
movement of the pedals. While the results are reasonably uniform, the
five experiments being made inside of a month, they doubtless represent a
larger amount of energy output than would normally be expected from the
simple friction of the leg. Unquestionably there were slight involuntary
compensatory movements of the legs, tending to oppose the work of the
motor at one time and again tending to assist it, and this interplay of mus-
cles may have caused a not inconsiderable proportion of the total inerease
in the metabolism. While at first sicht it would appear as if in such ex-
periments equilibrium was obtained by the balancing of one leg against the
other as it went down, the fact that the legs are not in equilibrium has been
interestingly brought out by Berg, du Bois-Reymond, and L. Zuntz.®
Unfortunately, the difficulties incidental to the calibration of the ergo-
meter by means of an electric motor belted to the rear wheel  made it like-
wise impossible to measure exactly the amount of energy required to drive
the motor when the legs of the subject were moved freely by the motion of
the pedals. We believe it especially significant that the professional subject
M. A. M. found these experiments difficult; consequently, while the results
obtained with the motor-driven ergometer have been computed and used az
a base-line, we seriously question whether these values are not considerably
higher than they should be. If they are too high, the use of them as » base-
line in computing the increment due to severe work would obviously lead to
erroneous results.

IxcREMENT IN MEraronisM Duoe 7o 4 Cunance 18 Posirrion FroM Lyviveg on A Covcn
o0 Riping on AN ErcoMerEr witH No Loap awp Mo Mortor.

In these experiments the subject sat upon the ergometer in the usual
riding position, and rotated the pedals by the feet at varying speeds, the only
& Perg, du Bum—i’{r.-;. umnd and L. E¢nt:. loc. cit. ¥ Sop 18 36 of this. n"purt..
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resistance to be overcome being that of the ergometer itself. Under these
conditions the work would be simply the internal frietion of the legs. The un-
equal balancing of the legs discussed by Berg, du Bois-Reymond, and Zuntz,
with consequent muscular work in raising the legs when rotating the pedals,
should be taken into account in these experiments also.

Measurements were made only with subject M. A. M., ergometer I
being used in two experiments and ergometer II in three experiments. The
results are brought together in table 114. The speed varied from 60 to 98
revolutions per minute, but the results obtained with the two machines
are singularly concordant. The increase in the oxygen consumption during
the muscular activity ranged from 90 per cent to 308 per cent, increasing
regularly with the speed. The marked influence of changes in speed is noted
when it is seen that the increase in the oxygen consumption is more than
doubled in the change from 60 to 84 revolutions per minute, while at 98
revolutions per minute the metabolism was practically four times that of
rest. All of the values for the lying metabolism were secured on the day of
the riding experiment, and hence it was not necessary to use an average value
as in some of the other tables.

TaprLe 114.—Mefabolism in experiments without food with subject lying on couch compared
with the metabolizm of the subject in no-lood experimenis on ergomeler withoul motor.
(Subject M. A. M.)

il Respir-
; - Carbon dioxide per . Pulze-rate per ation-
j=g g minute. Oxygen per minute. minute. rate per
g | .8 minute,
E & = Incroass = Incresse E Increase : ] =
|
Date. & 'E % Iu?t!:r £ Iaw:r 2 ]m'cr é
= = o= ring. = ing. S
Ul Al e S
2l5 ) |zl g2l .|z & 38 8 | & 5
| 8|8 Eg 5 % (9|88 5|8 2|82 2|8 = Eg
) ] = | 2 E = e | o8 B £ |eE| g G~
= | & (4|5 d | & (S | i | SlaE | 28|32
Ergameter I. cd. | ee | e ce | e | e | |
Dee. 16, 1911. | 60 3 | 200 395 | 198 00 | 235 | 453 | 215 | 90 63 B6| 23 | 37 | 20| 2
Dae. 13, 1911. | B4 3 200 ( 615 | 415 | 208 | 226 | 744 | 518 | 229 63 80 26 | 41 | 24 25
Ergemeler IT,
Feb. 21, 1912, [ M 1 191 | 637 | 446 | 234 |236| B17 | 581 (24G6| 50 P102| 43 [ 73 | 20
Feb. 20, 1012, | 96 1 |200] 727 | 527 | 264 | 247 | 904 | 657 | 266 | 61 90 38 | 62 | 19
Fely, 21, 1912, | 938 1 l 191 771 | 580 | 304 | 236 | 63 | 727 | 308| 59 [r104| 45 | 76 | 20
S|

1 One record of pulse.

Accompanying the increased metabolism we find a similar increase in
the pulse-rate which usually proceeds more or less regularly with the incre-
ment in the speed; the one exception is the unusually high pulse-rate found
in the first period of February 21. It should, however, be stated that this
record is the result of but a single observation. The few records of the respi-
ration-rate again show slight, if any, change in the rate.

It is obvious, therefore, that riding on an ergometer with no resistance
is accompanied by a considerable increase in the muscular work, an increase
very much greater than would be expected from the small amount of muscular
activity incidental to overcoming the very slight friction of the machine.
Here again it should be stated that in all of these experiments the subject
found it extremely trying to ride without load, and continually complained
of inability to hold himself at any given speed, his tendency being to “spurt,”
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followed by an effort to restrain himself. A superfieial inspection of the ten-
sion on the sprocket-chain bore out his assertion that there were varying
pressures put upon the pedals during the tests. In view of the unquestionable
inhibition on the part of the subjeet and the abnormal amount of internal
muscular work, the same difficulty is found in using these values as a base-
line as was found with the values obtained in experiments when the subject
rode without load on a motor-driven ergometer. These abnormalities
should be continually borne in mind in making subsequent comparisons.

IncremeENnT 1IN METABOLISM N No-Loap ExreErIMENTS DUk 10 A CHANGE FROM A
Moror-prIVEN ErRGoMETER TO RipiNg Wirnour Mortor.

As has already been pointed out, when the subject is riding on the er-
gometer without load, the legs are not in equilibrium and the aetual work of
rotation produces a considerable increase in metabolism. Furthermore,
when the ergometer is driven by a motor, while theoretically, at least, the
subjeet remains inert on the seat of the apparatus and does no work, there
is without doubt a tendency to resist the work of the motor in driving the
machine. Four experiments were made with the motor-driven ergometer,
and these have been compared in table 115 with two experiments in which the
motor was not used, the results being given on the basis of the rate of speed.
As would be expected, when the subjeet rode without motor there was a
greater metabolism than when he rode with motor, the average increase in
the oxygen consumption being not far from 30 per cent. There was likewise
a small increase in the pulse-rate.

TasLe 115.—Metabolisim in no-load experiments without food with ergometer driven by motor
compared wilh melabolism in no-load experiments without motor. (Subject M. A. M.;
ergometer I1.)

Revolutinns per minute Carbon dioxide per . Pulse-rate por
with po load. muanute, Oxygen per minute. minute,
. v Increase Increase Increase
n‘:,;';jt:. 1:::&5?!' No load. without No load. | without No load. | without
" . motor. mator. motor.
- .| =, w3 45 s | = . s _,_i- i f— b o
[ gk | Fu < 2] i -] =] d = 2o =]
= o g | = (= &
v - = o= -
z 2| CEIEA 2 | & 1FRERD 2 A e
1912, 1912, (A (R (S | ce. | ce | e
Feb. 20| 92 | Feb. 21| 91 503 | 637 | 134 | 266 | 647 | B17 | 170 | 263 | 187 | 2102 | 15 | 17
Feb, 21 06 | Feb, 20| 96 | 565 | 727 | 162 | 25.7 | G672 | D04 | 232 | 345 59 HI 11
Mar. 8] 101 | Feb. 21| 08 | 611 | 771 | 1060 | 26.2 | 743 | 963 | 220 | 20.6 95 | 214 0 10
Mar, 11 | 102 | Fab. 21 | 85 | G40 | ¥71 | 102 | 15.2 | 743 | 863 | 220 | 20.6 .o | 104 | .. 51

! There was but one record of pulse in each no-load period on this day.
1 One record of pulse.

That the increase in the metabolism incidental to riding without motor
when compared to riding with motor was not greater is astonishing, to say
the least, and bears out the conviction of all the observers that with this sub-
ject, riding without a reasonable load was a very complicated muscular pro-
cess. In fact, it may seriously be questioned whether the values obtained
for riding without load, both with and without motor, can properly be taken
for a base-line in computing the efficiency. On the other hand, the increase
in the metabolism without the motor as compared with that with the motor
was approximately uniform, which implies a regularity in the muscular action
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that is quite inconsistent with the theory that there were large compensatory
movements. To anyone who watched the sprocket-chain during all of these
tests it was, however, very obvious that it was impossible for this subject
to sit quietly upon the motor-driven machine and allow his legs to rotate
freely without attempting to stop them or to increase the speed of the machine.
Likewise, in the no-load experiments without the motor, it was impossible
for him to maintain an even rate, and there was unquestionably a tendency
to “back-pedal” at times.

GROSS AND NET EFFICIENCY OF SUBJECTS IN RESPIRATION EXPERIMENTS
WITH THE BICYCLE ERGOMETER.

In conformity with the custom of practically all of the earlier writers,
we have computed the gross efficiency of our subjects, using simply the rela-
tionship between the heat equivalent of external muscular work and the total
heat output; the results are given in table 116. The wvalues for the net
efficiency are likewise given, together with the data for the oxygen intake
and heat output per minute during both the work and the rest periods, with
the heat equivalent of muscular work.

The values for the different factors have been arranged, first, in the order
of subjects, and second, on the basis of ascending values for the heat equiva-
lent of external muscular work. The reason for this particular arrangement
will appear in examining the figures in the table, since the gross efficiency
percentages as here shown indicate invariably an increasing gross efficiency
with an increased load. Thus, in the experiment with E. P. C., in which the
load was very light and the effective work equivalent to but 0.44 calorie
per minute, the gross efficiency was 11.3 per cent. When the load was ap-
proximately double, and the effective work 0.93 calorie, the efficiency was
inereased to 16.1 per cent, while with a load approximately triple, and the
effective work 1.41 calories, the efficiency was 19.9 per cent.

The reason for this increase in the gross efficiency with an increasing
load is easily seen when we consider the fact that a considerable amount of
heat is required to maintain the body over and above that used for effective
muscular work. When the subject lies quietly upon a couch, the heat output
is only that required for body maintenance, this being an approximately
constant value in all experiments. With a light load the maintenance re-
quirement forms a large proportion of the total energy output, so that the
deduction of the resting metabolism has a pronounced effect. As the load
is increased, however, there is no increase in the maintenance requirement,
since it is an approximately constant value; consequently, with increasing
loads, the extra heat output is due solely to the external muscular activity,
and the percentage for the gross efficiency is accordingly increased. As an
illustration, a comparison may be made with a boiler in a boiler-house where
sufficient steam must be maintained to keep the boiler and the boiler-room
warm. If in addition a small draft is made upon the supply of steam for
running a small engine, the output of mechanical energy from the engine
bears a relatively small proportion to the total heat output from the boiler,
and the efficiency of the plant as a whole is very low. With inereasing drafts
upon the supply of steam, the pereentage of the basal requirement for keeping
the boilers and the engine-room warm becomes less and less, and the percen-
tage of gross efficiency is correspondingly increased.
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Tapre 116.—Gross and net efficiency in respiration experiments with the bicyele ergometer.l
[Basal values obtained with subject lying on conch.|

intak < |
ﬂﬂml:ﬂu . J Heat output per minute. (N (g Efficieney.
. ¥ T g = Heat equiv-
Bubject, date, (n} (b () @ | @ Revalu- | MWTQ; {h) (i)
and current. o Lo Ay b Increase t'::::;a | extermal | Gross Net
ork. | Lying. ork. | Lying. OVEer | wark per . 2
lying, | ioute. I s mah X100 | g X 100
= 4 L]
Subject E. P. (", Ot || G cals, cals. cals, | cals, . ef. o el

Mar. 5, 1912, ... 820 | =208 | 391 | 100 2,01 63 0.44 11.3 15.1
fl,ﬁ a.m|:| - BIR | ... 3.809 ks 2.59 65 | A 11.1 | 14.0

Mov. 23, 1911....| 1,187 | 211 559 | 101 478 aa= ] 03 161 | 105
{IE‘ 117 et (B8 [ 0 (R .05 St 5.54 58 1.02 15.6 18.4

Mar. 5, 1912, . 1,408 | =208 7.40 100 6.40 63 1.43 10.3 223
1.5 au.up ...... 1,418 ¥iEn 7.10 e G.10 4 141 19.9 23.1

Subject J. J. €,

Mar. 16, 1912. .. .| 1,075 | 1230 5.15 1.11 4.04 71 A8 9.3 11.9
0.5 amp......| 1,085 “oE 4.05 L 3.54 71 A8 a.7 12.5
1.5 amp......| 1,808 | 2230 B.AO7 1.11 7.56 72 1.60 17.8 .4

1..355 . 820 SR B.09 72 1.60 17.4 19.8
Subject Dr. A,

Apr. 2, 1912, . ...| 1,008 | $225 4.82 1.08 3.74 70 Al 10.6 13.6
0.5 amp...... 958 T 4.59 e 3.51 76 50 10.9 14.2

Subject M. L. H.

Mar. 1, 1012, .. .. | 1,211 | 242 5.72 1.18 .54 Rl 53 0.3 11.7
0.5 amp | L1E5 bia 5.61 s 4.43 Bl 33 9.4 12.0

Nov. 21, 1‘311 1,401 240 7.38 1.18 6.20 62 1.04 14.8 17.6
0.9 amp. . - 1,754 S 8.51 at 704 LiT) 1.18 13.4 15.5

Mar. 1, IEHB ..... 1,043 | ¥242 B0 1.18 7.12 Litt] 1.54 15.46 21.6
1.58mp......| 1,798 | ... 888 | ... 7.1 68 1.50 16.9 19.5

Subsect 1. E. F.
Mur 16, 1912, . 2902 | #2237 4.40 1.10 336 76 0.51 11.4 152
0.5 nnd P B0 S5 +.20 i 3.1 73 A0 11.7 158
‘lri:n- 12..... 1,044 | #2327 5.21 1.10 4.11 B7 .5d 10.4 13.1
; 1,043 e 522 S 4.12 BE 54 10.3 13.1

Mar. lb. 1!112... < 1,719 | €227 542 1.10 732 71 1.57 15.6 21.4
1.5 amp.. . ...| 1,824 S 554 B T.74 7l 1.58 17.9 24

Mar, 2, 1312, ... 1,648 | =227 E.10 1.10 T T2 1.59 196 2oy
1.5 amp...... 1,501 o 882 s Tl 70 1.75 19.8 22.7

Subject K. H. A.

Apr. 4, 1912, .... 1,052 | 7246 5.15 1.1% 3,003 70 0.52 10.1 13.1
0.5 amp...... 1,061 iate 4 R 3.05 70 oo 101 13.2

Mar. 7, 1912.... .| LO70 | 7246 | 514 1.19 3.05 70 b2 10.1 13.2
0.5 amp...... 1,082 ] (B - FRi 4.05 7 o2 9.9 12.3

Apr. 3, 1812, . ... 2,015 | 1240 992 | L1939 573 T3 1.73 17.4 19.8
1.5 amp..... 2. 147 | L 1041 e D22 i 1.74 167 159

Mar, 7 1913 2,060 | 7246 1002 | 1.19 B.83 T 1.74 17.4 19,7
1.5 amp. . .| 1,949 s D67 i Bds B0 176 18.2 20.8

Subject M, .’l. M.

Mar. 12, 1912.... TO7 | p242 3.86 1.17 2.69 71 48 124 17.8
0.5 amp...... By ST 3.58 Fin g, 271 72 A8 12.4 17.7

514 e 3.04 el 2.77 T2 A0 124 17.7

Mar. 14, 1912.. .. B33 | #2342 4.01 1.17 254 T A7 11.7 16.5

O.5amp...... 7ET e 3.83 T .60 7l A8 12.5 18.0
B33 s 4.01 e 2,54 T0 AT 11.7 16.5

Mar. 13, 1912.... 837 | B242 4.13 1.17 2.06 T2 A8 11.6 182

0.5 amp...... BOS e 4.345 T 3.21 76 )] 11.4 15.6
Bis 4.15 2.98 T2 AD 11.8 16.4

Mar. 18, 1912, ... BZ3 | E242 3.0 1.17 2.8 Tl 45 12.1 17.2
0.5 amp.. . ...

Fely. 28, 1012, . ..| 1,070 | ¥242 5.15 1.17 3.08 06 5 10.7 13.58
0.5 amp...... 1,170 e h .l o 447 102 53 9.8 123

1,254 6.01 4.54 10k 55 0.2 114
1,154 e S04 ine 4.43 1040 5 0.8 124
1,215 6.0 4. 86 93 53 9.1 11.3
Mar. 4, 1002, ...] 1,061 | #242 5,28 1.17 4.11 102 55 10.4 13.4
0.5 amp......| 1,148 i 5.50 o 442 1040 it 0.5 124
1,173 3.2 4.55 4 Lot 9.8 12.3
1,378 6,710 Gk 104 5 8.2 0y
1,320 .46 | 5.29 111 o 54 10.2

1 Ermmemr I was used for all experiments to January 19, 1912, inclusive; ergometer [I was used in all
Ex?’.‘nl‘l ments subscquent to that date,
* Determined in respiration experiment of April 6, 1912, The eorresponding respiratory quotient was 0.81.
# Assumed from results obtaingd with thia su Ject- in respiration experiments made Jan. 4, to April 25, 1911.
The corresponding respiratory quotient was (.84,
4 Determined in respiration experiment of April 4, 1912,  (Soee tabla 35.)
b Detarmined in a seried of respiration experiments made Jan. 9 to 13, 1912. The corresponding respiratory
quotient was 0 86,
& Determined in respiration experiments of Feb. 12 and -tpnlﬂ- 1912, Corres cFondm; respiratory quotient 0,86,
7 Determined in respiration experiment of March 14, 1912, The correspon respiratory quotient was (L84,
8T I:u{hxure ﬁu z{:?em1 average of resulta obtained with this subject whil-a :ﬂug on the eguch before work.
Sec table B
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Tasre 116. — Continued.

Heat output per minute.
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[Bazal values obtained with subjeet lying on couch.]
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TasLe 116, — Continued.
[Basal wvalues obtained with subject lying on eouch.]

Oﬂﬁ’iiﬂiﬁ” Hent output per minute, o @ Efficiency.
. | Bevolu- | Heat equiv-
Bubject, date, . |
d : tions alent of
end current. {a) (1] I () () Imfr*zm per ext.irn.u! GEL‘:'“ ‘ IEEL
Waork. ing. | Work. | Lying. : minuate, | work per 3 ?
Laiix ! I lf_‘i*:; minute, | g3 100 | g 100
- e e — i _—_—
| {.‘—C; © i &
e | ee cils, cals. cals, cils. . . | p. ot
FE."Lri ?7.1ﬂ13 ..... igiﬁ 239 311!3 1.17 g?ﬁ g& }E ggg %Lj
Samp.. ... Soh R 4 : 7 . i
+ v 1,850 s 0.25 = .08 E‘El 1.91 20.6 EB.E
Feb, 23, 1912, . . .| 1,955 235 0.43 L.15 8.28 33 1.91 20,3 231
1.6 amp......| 2265 T 11.35 S 10.20 102 2.11 18.6 20,7
g eeat b ol T il g ol S 19 | 198 | 224
Seamp..ooaaa] G . : L . :
gt e g i g | 0 | gd o 1 um e
B AND e ¥ G i v 1 1. i i
S 1060 | .. | o5 8.48 92 1.97 504 | 232
1548 auts 9.54 237 LET] 1.04 20,3 23.2
2,003 T 1001 H.84 BO 1.92 19.2 21.7
1,509 2 .28 S .11 78 1.73 18.6 21.3
Feb, 9, 1012. .... 242 2432 11.19 1.16 | 10.03 100 205 18.6 20.7
1.5 amp......| 2073 s 10003 Fag || .87 9z 1.97 156 i
Mar. 26, 1912, .. .| 2,208 233 10.91 1.14 .77 a8 207 19.0 21.2
L6 amp......| 2308 o 11.74 B 10,60 101 2,00 17.4 19.7
MBar. 29, 1012 .. | 2378 278 11.65 1.33 10.32 100 .04 17.9 20.3
1.5 amp.. . ... 2,237 -1 10,5849 el 0,045 HE 201 18.5 21.0
Mar. B, 1012.....| 2,339 | 1242 11.43 1.17 100245 a9 207 15.1 20.2
1.5 amp.. .. a.0a0 -5 - 11.21 S 100 1 207 18.5 20.6
2,305 A 11.73 S L0586 106 2.16 154 20.5
Mar. 18, 1912, ...] 1,541 242 705 1.17 G.358 71 1.57 20.8 24.6
1.5 amp.. .. 2315 e 11.35 S 10,18 102 o 12 187 0.8
2,320 o 11.38 1022 102 211 18.5 2006
Mar. 27, 1912. ... é-;?iE 242 Hﬂ 1.17 _}gﬂ %gﬁ* g}g {gj %-g.g-
1.5 amp...... il L . f : i L
- sxag | o0 |z | Gl | 10 95 .02 177 | 197
Mar. 19, 1912.. 2203 | 1842 11.15 1.17 098 102 2.11 18.9 21.1
1.5 amp. . - .. 2346 L 11.55 ey 10,38 103 2,12 15.4 2.4
= 1t o 1048 i 9.31 L3 2,08 19.4 21.8
Afar. 11, 1912.... | 213?!-} 247 l:lllfr:-; 1.20 lg;g igi 2.5;2} lgg g:g
1.5 amp.. . ... | 20 L 110, 2 ; a 14, i
Feb. 2, 1912. . ...} 2433 2406 11.53 1.19 10.64 104 216 18.3 20.3
L6 amp...... | 2,283 ves | 1030 AR 10,11 ] 2,06 15.2 20.4
Mar. 4, 1912 _._ [ 2,290 | 1243 | 11.33 1.17 101G 104 215 19.0 21.2
LG amp...... | 22580 e 'I 11.32 S 10,15 105 216 19.1 1.3
2,475 HEE 11.72 i 10.55 103 2,12 18.1 20.1
gt ol o Wl 022 ol G O TR O 0 |
b BIFIR . o 6w f awa i = B " a B
rob. 7, IHFE. veae]| 2488 233 1 IE.I;i 1.13 11.03 10 .20 158.1 19.9
1.5 amp... ... | 1.976 | ... | 980 | ... 8.67 90 1.94 19.8 22.4
Fob. 16, 1912. ... E.Eg 222 :éfﬂ 1.08 Igag lg; gé; %g g;;
1.5 amp.. . - .. 24 g g E t
g 2206 | .0 |15 | 9.51 95 502 191 | 212
Feb. 20, 1912, .. .| 23584 258 11.71 1.25 104G 1006 217 18.5 20.7
1L.hamp......| 2248 11.13 .88 102 211 150 214
2,192 o 11.063 ahis .78 102 212 19,2 21.7
Frl}i E‘H, 1912, ... g,%.alf 1242 }é;g 1.17 lggg lg? %E& i&i‘ %li'vg-
Jamp.....a] @ £ i : i
2,144 Sh 10.82 s e .65 100y 2,07 18.1 21.5
Feb, 14, 1812. ... é.‘Hh 235 légg 1.1a l%ﬁﬁi lfglg gﬁg ég-é %g
].r #5 LB BB " = & - - . 1l -
l"-f[:l.r..-jl.’g.mllli"iI 12....| 2,855 | r242 13.08 1.17 11.91 110 2.21 16.9 15.6
| Liamp......| 2545 S 12.72 e 11.556 110 -y | 17.4 1601
2,288 b 11.24 e 10.07 a3 205 18.2 20.4
Apr. 16, 1912, ... 2,650 246 | 13.02 1.21 11.51 108 2.20) 16.59 18.6
1.5 ampe ol 2857 T 14.25 S 13.04 117 2.30 1.1 17.6
F-:'lri 15, 1912, ... E.#& 234 1‘5351! 1.12 lg;; 11;1;3 :;gg }g? Eég
B AR e e 3 5 . - i3 i
Feh, ﬁ:' |17 e 2,505 250 | 1247 1.23 11.24 112 8.2 15.0 10.9
1.5 amp.. ... .| 2146 .. | 1040 217 - 1.99 1.1 217
Jan. 25, 1512. 2452 245 12.17 1.20 10.497 112 o024 18.4 20.4
Bamp...... 2,303 l1Lzs | .0, | 1000 102 2.12 15.8 210
Feb. 1, 1912, .... 2604 241 12,82 1.18 11.G64 113 2.25 17.6 10.3
1.5 amp......| 2010 | ... | 985 | ... B.67 o) 1.04 19.7 22.4
Jan. 26, 1912, . . .| 2006 237 | 14.06 1.15 12,01 114 2.26 16.1 17.5
1.5 amp......| 3167 coa | 1043 o 0.28 g1 1.95 18.7 21.0
Jan. 31, 1903, ... 2,78 240 13.81 1.19 12,62 118 2.30 16.7 18.2
15amp......| 2115 | ... |12 | .. | "5ip 87 1.59 184 | 208
AMar. 6, 1012 .. ..] 2,070 259 14.72 1.27 | 1345 128 2.40 16.3 17.8
1.5 ampe. ... | 2,685 i ] 13.36 P 12.00 113 2.25 16.8 18.6

1 This figure is a peneral average of results ebtained with this subject while lying on the couch before work.
(3ea table O01.)
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The values for the net efficiency given in table 116 were computed by
establishing the relationship between the heat equivalent of external muscular
work and the increase in the metabolism during the work-period over that
required for body maintenance when the subject lay quietly upon a couch.
As will be seen later, the term ‘“‘net efficiency” is not particularly felicitous
in this eonnection as the value to be deducted from the total heat output
may vary greatly with the conditions, but in computing the net efficiencies
shown in table 116, the metabolism when the subject lay quietly upon a
couch was selected as the base so that the results could be easily compared
with those of earlier experiments. On inspection of the table it is seen from
the data for the heat equivalent of external muscular work that the net effi-
ciency also increased with the load.

While the great disparity in the number of experiments made with
these different individuals prevents a strict comparison, such a comparison
is not without interest, and accordingly in table 117 the highest efficiencies,
both gross and net, are given for the six subjects. The difference between the
gross and net maximum efficiencies with these individuals is approximately
3 per cent, the net efficiency being usually about 3 per cent higher than the
gross efficiency. If we compare these maximum values it will be seen that
those for the professional subject M. A. M. indicate a distinct advantage over
those found with the untrained individuals. On the other hand, the advan-
tage is not so great as would be expected when it is considered that these
subjects were absolutely without training and, indeed, in some instances
were unfamiliar with bicyele riding. Furthermore, since the value found for
M. A. M. is a selected value out of several hundred obtained with this man,
and those secured with the other subjects were few in number, it is obvious
that such a comparison is not justifiable; this table is accordingly not par-
tieularly adapted for studying the difference in efficiency between trained
and untrained men.

TaBLe 117.—Mazimum gross and net efficiencies of subjects in respiralion experiments
with the bicycle ergometer,

Subjeet. Gross, Mot Subject. Grosas. Net.

p. el p. el , o . el
EPC 19.9 23.1 J. E. F. ;]I.D.H- i?!2.?
i 17.8 204 K. H. A, 18.2 20.8
H. L. H 18.6 21.6 M. A. M. 21.2 5.3

While in general there is a tendency toward an increase in both gross
and net efficiency with the increased load, nevertheless on inspection of the
results, especially those for the subject M. A. M., we find certain inequalities
that at first sight are difficult to explain. Making due allowance for abnormal
figures which may be obtained in the individual periods, we find that there is
at times a tendency towards a distinet falling off in the gross and net effi-
ciency particularly when higher loads are used. That there may be variations
in the efficiency even with the same amount of external muscular work is
strikingly shown by a comparison of the experiment on April 8 with that
of February 29. (See table 116.) In the first three periods of the experiment
of April 8, the effective work averaged 1.35 calories per minute, the rate of
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revolution averaged 71 per minute, and the net efficiency was 23 per cent.
On February 29, with the same effective work per minute but with a lower
magnetization of the armature and a much higher rate of revolution, 4. e.,
an average of 104 per minute, the net efficiency fell to approximately 16 to 18
per cent. It is interesting to note that the highest efficiencies found through-
out the whole table are those of the group from Mareh 12 to 14, in which the
rate of revolution was approximately 70, the efficiencies on these dates
being practically 24 to 25 per cent. On days when the muscular work was
excessive, 1. e., 2.2 calories or over, the rate of revolution was very high and
the net efficiency almost invariably low. It is thus clear from an inspection
of table 116 that some relationship exists between speed and efliciency, a
relationship that will be subsequently considered. From this table, however,
the general deduction may be made that the percentage of efficiency increases
as a rule with the increased load, but that there are also definite indications
of a marked influence of speed upon the efficiency.

The values here found for gross and net efficiency are wholly in line with
those previously reported by Benedict and Carpenter ® save that the extraor-
dinarily high mazimum value of 25.2 per cent of net efficiency with the sub-
ject M. A. M. is not equaled by any of their subjeets. On the other hand, the
average net efficiency for all the experiments with M. A. M. in which the heat
equivalent of muscular work was above 1.35 calories per minute was not far
from 21 per cent, a net efficiency that compares very favorably with those
found with the five other subjects as well as with the net efficiency in the
experiments reported by Benedict and Carpenter. The results as a whole,
therefore, indicate that the average net efficiency of the subjects used in this
research, as computed by dedueting the resting metabolism from that during
work, is essentially 21 per cent; these later values thus confirm fully the
experiments reported by Benediet and Carpenter in which ergometer I was
used, and the heat was measured directly instead of being computed from the
oxygen consumption and the respiratory quotient. While this substantiation
of earlier results eannot be looked upon as a proof of the accuracy of indirect
calorimetry as compared with direct calorimetry, nevertheless the uniformity
in results furnishes strong support to the assumption that both the method
of indireet calorimetry and the ergometer here employed give results that
are not abnormal.

Erriciency v Worg ExperiMexts Basep vron Vawves OeraiNep 1N ExXPERIMENTS
WITH THE SUBJECT SITTING ON THE BicycLE IERGOMETER.

While it may seem that the logical method of computation would be to
deduet from the total energy output during work the values obtained in ex-
periments with the subjeet sitting upon the bicycle ergometer, it was pointed
out in a discussion of the results secured in such experiments, that in almost
every instance the subjects complained of considerable strain, and found the
experiments very trying and tiresome; the belief was therefore expressed
that the values obtained were abnormal, particularly those for the professional
subject M. A. M. To indicate the influence of deducting the sitting values
from the total metabolism, we have computed the efficiency on this basis

8 Bae p. 110 of this report.
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in a few specimen experiments with the subject M. A. M. and in one experi-
ment with the subject E. P. C., these being compared in table 118 with the
values for net efficiency taken from table 117. One objection to this form
of comparison is shown instantly by the values for the oxygen consumption
per minute in the sitting experiments with M. A. M., which range from 278
e.c. to 386 c.c.; this variation would not be expected, and can be explained
only on the ground that the subject was extremely uncomfortable and dis-
liked the experiments.

TasLe 118.—Effliciency in respiration expertments with the bicycle ergometer.

*  [Basal values obtained with subject sitting on ergometer.]

| "

Dgﬁi;ﬁttﬁc Heat output per minute, ()] (g (&)

Havi Heat Effi- Mot
- - equiva- | cioncy, L)
Date. Zan i ine) - |lutions | ent'or | 100 | _ eff-
1 (= B | (e (d) nm':u per | extornal 3 ciency.!
Work. | Sitting.| Work. | Sitting.| itving, | 2| work per
I ‘_JE' minute,
\{ETNR{M I. amp.| e.c. 0.0 cals, eals, cals, cals, P ol p. of.
Dee, 15, 1811, 0.9 1,338 T2TR 6.52 1.35 B.17 62 1.08 20,9 20.3
1,430 1278 .91 1.35 5,56 60 1.06 16.1 186
1,444 *2T8 6.02 1.35 5.57 62 1.10 19.7 19.2
Jan. 8, 1012...| 0.9 | 1,950 | 3278 060 1.35 B8.25 B 1.44 17.5 17.0
1,980 1278 9.91 1.35 556 95 1.55 18.1 17.7
Jan. 12, 1912..| 0.9 | 2,210 | 2278 | 10.88 1.45 9.53 102 1.63 17.1 17.0
2,203 ®278 | 11.21 1.35 986 10 1.64 16.6 16.5
Ergometer I,
Feb, 8, 1912, .| 1.5 2,565 1355 12.47 1.69 10.78 112 o4 0.8 19.9
2,146 | *355 | 10.40 1.64 L | o4 1.89 22.8 21.7
Mar. 11, 1912 | 1.5 | 2,209 it 11.29 1.82 9.47 102 212 22.4 21.0
- 2 2,220 386 | 10,08 1.82 9.16 101 2.09 22.8 214
rgomeler I,
E.P.C.

Nov. 23, 1911 | 0.9 | 1,167 | 1238 579 1.13 4.60 54 .03 20.0 10.5
i 1,365 1238 .55 1.13 542 a8 1.02 18.8 18.4

i Drawnt:roml_tablu 116, in which the values obtained with the subject lying quietly on a couch were used as
o Dasc-line,

2 Awverage value obtained in sitting experiments of Dee. 7, 8, 11, and 12, 1911,

2 Awverage value obtained in sitting experiments of Jan, 23 and March 11, 1912,

4 Value obtained in sitting experiment of Nov. 29, 1911,

Difficulty was found in selecting the proper sitting values to deduct
from the results of the work experiments inasmuch as on relatively few days
were the work experiments immediately preceded by sitting experiments.
For the experiment of December 15, an average of 4 sitting experiments,
1. €., those of December 7, 8, 11, and 12, 1911, was used as a base-line, and
likewise for the experiments of January 8 and 12. Bince with this subject
there was a marked difference in the sitting values when ergometer II was
used, a change in the base-line was necessary for the experiment of February 8,
the average value for the sitting experiments of January 23 and March 11,
1912, being used. For the experiment of March 11 the base-line obtained on
that particular day was employed. The influence of these different values
as a base-line is apparent when one compares the efficiency as here computed
with the net efficiency as drawn from table 116. For instance, in the first
three experiments, with a base-line of 278 c.c. oxygen intake, the average
increased efficiency by this method of computation over the net efficiency
shown in the previous table amounts to approximately 0.5 per cent. On the
other hand, with the base-line of 386 c.c. oxygen intake as used on March 11,
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the increase in efficiency as computed on this basis is 1.5 per cent greater
than the net efficiency drawn from table 116. The experiment of November
23 with the subject E. P. C. is probably the least liable to adverse eriticism,
and here the increase is approximately 0.5 per cent. Since we believe that
the values obtained during the sitting experiments were too high owing to
abnormal conditions, we must consider that the efficiency computed on this
basis will always be a little higher than that which would be obtained if the
sitting values were not wvitiated by the extraneous museular movements
and discomfort of the subject. In any event it can be seen that the increase
in the efficiency due to using the sitting values as the basis varies only from
0.5 to 1.5 per cent.

Erriciency 1IN Work ExrEriMENTS Basep vroN VALvEs OBTAINED 1IN No-LOAD
ExreriuenTs Witnour Moror.

Although the increase in the metabolism incidental to changing from a
lying position on the couch to sitting on the ergometer is large, when compared
with the excessive heat-output during severe muscular work it plays a rela-
tively slight réle. On the other hand, the movement of the pedals with the
feet, the involuntary throwing of the body from one side tothe other in bal-
ancing, and the unavoidable lateral motion of the head unquestionably
produce extraneous muscular activity that is not measured directly upon the
biecycle ergometer. Consequently it is desirable if possible to deduct from
the total heat output the heat incidental to moving the pedals with the
feet without the performance of external work. The no-load experiments
(without the use of a motor to drive the pedals) were made in an attempt to
secure such data. In discussing the no-load experiments (see p. 119) it was
pointed out that the subject found himself uncomfortable, with a tendency
either to “race” or else to “back pedal.” Owing to this tendency, there was
unquestionably considerable muscular activity, particularly noticeable in the
alterations in the tension on the sprocket-chain. Notwithstanding the diffi-
culty of using this base-line for a comparison, we have computed the results
for a number of the experiments with the subject M. A. M., and give them
in table 119.

Ergometer I was used in all experiments up to January 19, 1912, inclu-
sive, ergometer 1T being used subsequent to that date. As in previous tables,
the data are, in general, arranged in the order of increasing load. Here again
it will be seen that even on this basis the efficiency has a tendency to increase
as the load increases, the highest values being found with a current of 1.5
amperes when the heat equivalent of the external muscular work was 1.9
calories or above. The values fluctuate considerably, much more than in
some of the earlier experiments, the lowest value being 22.4 per cent on Jan-
uary 19, and the highest value 41.0 per cent on February 26. The average
efficiency for all of the experiments is 30 per cent. In considering this high
efficiency, however, it is necessary to bear in mind that the values for riding
the ergometer with no load are unquestionably higher than they should be.
This we have pointed out clearly in the previous discussion of the results
of these experiments. A further complication arises in that a change in
speed produces a noticeable alteration in the oxygen consumption and econ-
sequently in the heat output. For this reason it has been difficult at times
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experniments subsequent to that date.
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TasLe 119.—Efficiency of M. A. M. in respiration experiments wilh bicycle ergomeler?
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I Ergometer [ was used for all experiments up to Jan. 19, 1912, inclusive;
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TapLe 119, — Continued.

[Basal values obtsined in no-load experiments, without motor.]

Oxygen intake per .
Bt Heat output per minuie.
() (7 ]
(e) Revolu- I_icalt. Efi-
; LT HT ] cguivalont cieney
Date. | Current. | (q) (L) (e (@) | Increase | per |of external| g X 100
Work., | Noload Work., | No load mirr:;‘fu minute. | work per e
without without wi:ihuut mimte.
atotor. moior. mOtor:
o=

1912, . c.0. Fr.. cilza. cala, oals, cnla, p. ef.
Feb, 20 1.5 2,248 o063 11.13 4.1 G.52 102 211 32.4
2,193 ik 11.03 q.061 G.42 12 212 3.0
28 1.5 2,101 004 10.49 4.34 G.15 07 204 33.2
2,144 D3 10.82 4.G1 .21 10} 2.07 S8
| Mar. 4 1.5 2,290 O3 11.33 4,61 672 104 215 32.0
| 2,375 bHL1%] 11.72 4.0G1 7.11 103 212 208
| B 1.5 2,339 Bik3 11.43 4.G1 L0, o4 2.07 S04
| 2 282 63 11.21 4.61 G.60 ol 2,07 a1.4
11 1.5 2,209 D63 11.29 4.G1 GG8 102 212 a1.7
2,220 063 1095 4,61 G637 101 2.00 328
15 1.5 1,547 B17 .66 3.0 B.TT a1 1.505 340
1,546 B17 .58 3.89 | S50 o1 1.5 ad.4
1,969 817 065 3.540 | 5.TG 02 1.97 34.2
1,048 317 .54 4. 80 DD W) 1.94 34.3
2,0003 BIT 10,07 3.80 6G.12 20 1.92 314
1,509 744 0.28 3.59 5.6 78 1.73 S04
15 1.5 2,315 i3 11.35 4.61 374 102 212 aL.5
2,420 D63 1138 4.G1 6G.78 102 2.11 31.1
19 1.5 2,203 D63 11.15 4,51 ol 1032 2.11 32.3
2,346 D63 11.58 4.61 6.04 103 e 20,6
2. 140 04 10458 4,34 .14 905 2.03 33.1
25 1.5 2288 b {i% 11.24 4,61 663 08 2.05 30,9
205 1.5 2,200 963 10,91 4.0G1 G50 098 2.07 32,09
2,368 93 11.74 d4.G1 7.13 101 Z2.09 20.3
25 1.5 2,258 063 11,26 4,061 G.G5 102 210 31.6
2327 D63 11.G3 4,51 T2 10 8 0.2
2,333 04 11.4%3 4,34 7.00 05 2.0 28.5
28 1.5 1,861 T44 8,04 3.58 5.35 = 1.T5 2.7
2,110 517 10.26 &84 .37 02 1.596 0.8
L T44 .31 3.549 572 e 1.53 32.0
2D 1.5 2,478 i 11.65 4.G1 704 1040 2.09 20.7
2,227 T 10,80 4.34 .55 05 2.01 LT

to make the best selection of no-load experiments for comparison. While,
therefore, it is necessary to disregard the individual periods, a general de-
duction can be made from the results as a whole that the percentage effi-
ciency as computed on this basis gradually increases with the load, the aver-
age efficiency for the whole table being not far from 30 per cent. Disregarding
individual periods with extraordinarily high values, the maximum efficiency
was approximately 33 per eent. These values are unquestionably higher than
they would have been had the subject been able to relax the museles com-
pletely in the no-load periods. They should accordingly be taken with
considerable reserve.

Erriciency v Work Exrermvests Basep on Vavves Oeraiven v No-voap Ex-
FERIMENTS WITH & Moror-pRIVEN ERGOMETER.

It would appear at first sight as if the energy required by the subject
to drive a machine without resistance would be a suitable base-line to use in
finding the increase in metabolism and measuring the efficiency of the subject
when riding with load. If it were possible for the subject to rotate the pedals
evenly and without undue strain this would be true, but unfortunately the
subject M. A. M. found it extraordinarily difficult to ride without load, and
complained continually of his inability to maintain an even pace, our obser-
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vations of the tension on the sprocket chain fully confirming his personal
impression. Inasmuch as the values obtained were unquestionably higher
than normal owing to this extraneous muscular activity, the attempt was
made to obtain a more even revolution of the pedals by belting a motor
to the rear wheel of the ergometer and driving the machine at varying rates
of speed. In these experiments, which were made only with ergometer 11,
the subject endeavored to sit in a relaxed position, and allow the legs to move
freely with the rotation of the pedals. The results are singularly indicative
of an inability to relax completely, and show a continuous opposition to the
work of the motor. Since the motor was used in relatively few no-load ex-
periments and the rate of speed did not vary widely, the number of experi-
ments which ean be compared with the work experiments is much smaller
than was used for the other comparisons. They have, however, been col-
lected and presented in table 120.

In table 120 the values are given chronologically in order to compare the
results obtained with the different rates of speed. On nearly every day the
subject rode at two rates of speed, but unfortunately the rate was on some
days so great as to make a comparison with the work experiments impossible,
since no riding experiments at these speeds were available. On the other hand,
the comparisons given are sufficient to show clearly, first, that the average
efficiency for all the experiments is not far from 27 per cent; and second, that
there is a marked difference in the results with a change in the rate of revo-
lution, the efficiency almost invariably decreasing with the high rate of
revolution.

Since it is believed that in the no-load experiments the values found
were all too high, we must accept with considerable reserve the average
value of 27 per cent for the efficiency as computed on this basis, and the fact
should be clearly recognized that the percentage of efficiency was raised by
many extraneous muscular movements, such as “back pedaling,” which
would have been absent in a work experiment. In this table, as in others,
individual periods will be found that give abnormal results, but as before the
results should be econsidered only as a general picture. Such a review of the
results does not lead one to the conclusion so strikingly shown in the earlier
tables, namely, that the efficiency increases with the load; on the contrary,
the values appear to show the reverse. The values are, however, particularly
significant in indicating the great variations due to alterations in the rate of
speed. It will be noted that with one or two exceptions all the values of 29
per cent or above were obtained with the revolutions per minute not greater
than 92. The method of determining the base-line is, however, open to such
severe criticism that values computed in this way must be taken with great
TESETVE.

Erriciency in Work ExrerimMeExTs Basep vrpon Varves OBTaiNeED WITH A CURRENT
ar 0.5 AMPERE.

An inspection of the preceding tables shows at a glance the difficulties
incidental to assuming a base-line other than lying, for the extraneous mus-
cular aetivity incidental to sitting up or to riding with no load, either with or
without motor, certainly calls for a greater metabolism than would be ex-
pected when no external muscular work is done. Our reasons for believing
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TasLe 120.—Efficiency of M. A. M. in respiration experiments with bicycle ergometer 11,
[Basal value obtained in no-load experiments, with motor-driven ergometer.]

Oxygen intake

Heat output per monite,

TEC ! ) () (h)
| B = Heat Effi-
| i) tiona -requl'l.'alonl, inm

Date. | Current. (a) )] {e) | @ Incrense par | o external ;ilﬁ]
Work., | Noload | Work. | Noload | over no | MIRUEe. | work per
with with | load with minule, L
motor, | motor. motor,
1912 amp. (R GiCs cals, cals, cals, cala. per ceni.

Jan. 24 1.5 2,605 743 12.66 3.61 0,05 106G 216 23.9
2,040 047 9.97 J.04 .85 G 1.04 25.2
25 | 1.5 2,503 743 11.29 3.61 7.68 102 2.13 7.6
26 | 1.5 2,167 647 1043 3.09 7.34 o1 1.95 26.6
31 | 1.5 2,115 G25 10.29 2.99 7.30 A7 1.89 25.0
Feb. 1| 156 2,010 Lis 9.85 3.00 6.76 | 1.54 28.7
2 1.5 2433 743 11.53 3.61 B8.22 104 2,16 26.3
2,233 L 11.30 3.25 H.G 4 206 25.6

7 1.5 2,458 Taa 12,16 3.61 5.5 109 2,20 25.7

| 1,976 647 .80 3.00 B.71 a0 1.94 25,9

8 1.5 2,146 647 10,40 3.00 7.81 04 1.99 272
9 1.5 2,342 T43 11.19 3.61 7.08 10y 2,08 274

| 2,073 647 10.03 3.00 .04 a2 1.97 284

14 1.5 2,430 T43 1L.97 3.61 5306 109 2.20 28.3
2,004 672 0.99 3.25 8.74 115 o2 S0

15 1.5 2,319 T43 11.59 3.61 7.08 110 2.22 27.8
2,004 25 0.01 .00 f.02 an 1.93 27.0

16 1.5 2,236 Tda 11.23 3.61 7.62 107 2.17 28.5
20036 G672 10,10 3.25 .55 a7 2.05 29.9

2,206 G672 10.59 3.25 7.3 G5 2.02 27.5

23 0.95 1,534 T43 0,10 3.61 I 549 108 1.37 25.0
1,505 G625 s 200 1 hid betd 1.24 24,6

1.5 1.955 G35 0.43 2.99 fh44 ] 1.91 20.7

2,205 T43 11.35 a6l | 7.74 102 211 7.3

26 0.95 1,485 647 749 3.040 | 440 o4 1.29 20.3
1,588 G47 T.61 308 | 452 a3 1.28 28.3

1,535 G625 748 200 | 449 57 1.24 7.8

1.5 1,917 G47 0,50 3.00 | 641 a1 1.06 A0U6

1,969 G625 .67 2.00 6.68 bt 1.491 25.6

2r 0945 1,444 G25 7.08 2.99 4,09 S 1.22 20.8
1.5 1,828 G25 9.13 200 .14 BH 1.491 41.1

1.8568 G625 .20 2.0 .21 87 1.59 30.4

1,850 625 9.25 2.0 1 6.26 59 1.01 30.5

258 1.5 2,356 T43 11.77 3.61 H.16 108 218 26,7
2,10 672 10049 3.25 7.24 a7 2,04 258.2

2,144 743 10.582 3.61 721 100 207 28T

20 1.5 2,354 T43 1L.71 361 E.10 1006 217 2465
2,245 743 11.13 3.61 7.52 102 211 28.1

2,102 T43 11.03 3.61 742 102 2.12 258.6

0.95 1,785 Ta3 8.72 3.61 5.11 102 1.35 26.4

2,028 743 0.78 3.61 6.17 107 1.35 21.9

1,907 T43 9.20 .61 5.59 104 1.35 24.2

Mar 4 1.5 2,250 743 11.33 3.61 7.72 104 215 27.8
2,250 Tid 11.32 3.61 7.7l 105 2.16 28.0

2,275 743 11.72 3.61 £.11 103 2.12 26.1

&8 1.5 2,339 743 11.43 3.61 7.52 a9 207 6.5
2,282 T43 11.21 3.61 760 a9 2.07 27.2

23065 743 11.73 3.61 8.12 106 2.16 26.6

11 1.5 2,200 T43 11.29 3.61 7.68 102 212 27.6
1o | o3 | 'o0e | 300 | &7 | W | 196 | 28

Mar. 15 1.5 . Aita 8 & . -

1944 047 .58 3.00 .49 a1 1.96 0.2

1,969 G47 9.G5 3.00 6. 56 02 1.97 i)

1,545 47 .54 AL 45 a0 1.094 S 1

2,003 825 100101 2,99 .02 50 1.2 274

18 1.5 2315 743 11.35 3.561 7.74 102 2.12 27.4
2,320 743 11.39 3.61 7.78 102 2.11 271

19 1.5 2,263 743 11.15 3.61 7.54 102 2.11 2810
2,346 743 11.55 361 7.94 103 2.12 25.7

2,146 072 10.48 3.25 723 i 208 25.1

25 1.5 2,655 743 13.08 3.61 9.47 110 Z.21 3.8
2,545 743 12.72 8.61 9.11 110 2.21 24.3

2,258 B72 11.24 3.25 7.99 08 2.05 257

26 15 2,206 672 10.91 3.25 7.66 s 207 27.0
2,368 743 11.74 3.61 813 101 2.00 257

27 1.5 2,258 T43 11.26 3.61 70635 102 2.10 27.0
2,827 743 11.63 .61 85.02 108 212 2.4

2,333 672 11.43 3.25 818 05 2.02 24.7

o8 1.5 2,110 047 1026 2.00 7.17 0z 1.96 7.8
29 1.5 2,378 743 11.65 3.61 B0 100 2.00 26.0
2 22T 672 10.84 d.25 T.04 a5 2,01 26.3

Apr. 8 1.25 2,343 743 11.53 a.61 702 105 1.83 23.1
q 1.1 2252 743 11.20 J.61 7.68 108 1.58 20.6
16 1.5 2,650 T3 1202 | 361 441 105 2.20 254
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this have already been freely mentioned in the previous discussions. It
seemed desirable, therefore, that experiments should be made in which the
subject should perform light work, sufficient in amount to insure a reasonably
regular rotation of the pedals, and to eliminate all tendency to back pedal
or to race. Accordingly a series of experiments was carried out in which the
eurrent through the armature was adjusted at 0.5 ampere. This was a very
light load, and, indeed, somewhat lighter than the subject really preferred
for comfort and complete muscular codrdination; nevertheless there was con-
siderably more resistance than with “no load” and the results furnish a
reasonably constant base-line. In other experiments the subject rode with
the resistance produced by a current of 1.5 amperes, and a comparison ean
logically be made of the results obtained in all experiments with these two
resistances in which the revolutions per minute were essentially the same.

TasLE 121.—Ejficiency of subjects in respiralion experimenis with bicycle ergometer with a
current of 1.5 amperes.
[Basal values obtained in experiments with current of 0.5 ampere.]

Oxygen in- | Heat equivalent of
take per Hoat output per Revahitions it e
T | e durfnx ggrk- per minute, ““';:ELE::“ per
ing work, | D%}-
3 = ffiei-
Date. | Subject. ) (b () () (£) o ) (%) (3} (3] _eney.
Cur- | Cur- | Cur- | Cur- | Inerease| Cur- | Cur- | Cur- | Cur- | Inerease|d X 100
réent | rent rent | rent over rent | rént | rént rént over &
1.5 0.5 1.5 0.5 |work at| 1.5 0.5 1.5 0.5 | work at
amp. | amp. | amp. | amp. | 0.5 nrgp. amp. | amp. | amp. | amp. I]f amp.
o - -
1913, e, .. ealy. | eals. cals. cals, il calz. p. of.
Mor. 16| J.J.C. | 1,808 | 1,055 | B.97 505 3.892 73 71 1.060 0.48 1.12 286
1,886 | 1.055 | ©.20 | 5.05 4.15 i 71 1.60 L 1.12 a7.0
Mar. 7| XK. H. A.|2060| 1076 | 1002 | 519 | 4.83 70 0 | 174 | 52| 1z2 25.3
1,945 | 1,076 0.67 | 519 448 =0 T3 1.76 D2 1.24 DT
Apr. 3 2015 1057 | 992 | 5.15 4.77 79 70 1.73 S 1.21 254
2147 | 1,057 | 1041 | 5.15 5.26 79 k] 1.74 B2 1.22 23.2
Mar. 2| J.E. F. | 1,48 BTG 8.10 | 4.34 376 T3 T 1.59 150 1.08 29.0
1.801 876 | B.82 | 4.34 4.48 79 75 1.756 0 1.25 27.9
Mar. 16 1,719 BTG 542 | 4.34 4.08 71l 5 1.57 50 107 L
1,824 BTG | B84 | 494 4.60 7l 75 1.58 60 L.0O8 24.0
Mar. 5| E. P. C. | 1,408 829 | 740| 3.90 3.50 65 G5 1.43 A3 L.00 22.6
1,418 B2n 7.10 | 3.80 &.20 34 G5 1.41 A3 A8 S0.6
Feb. 28 | M, A. M. | 2,356 | 1,168 | 11.77 | 5.68 608 10 1041 2.18 ik 1.G3 26,8
2,101 | 1,168 | 1049 | 563 4.81 a7 104} 2.04 56 1.49 31.0
2,044 | 1,168 | 10.82 | 5.68 5.14 1063 104 207 o) 1.52 2006
Mar. 4 2,290 1,216 | 11.33 | 505 5.38 104 104 2.15 i) L.GD 29.7
22501 1,216 | 11.32 | 5.95 .37 105 104 2.16 5 1.61 30,0
2375 1,218 | 11.72 | 505 877 103 104 212 55 1L.567 7.2
Alar, 12 1,564 B0& 756 | 3.BD 3.67 T2 72 1.59 A48 1.11 0.2
1,520 | 806 | V41| 359 3.52 71 iz 1.57 A5 1.09 31.0
1,534 806 | 7.51 | 3.80 562 71 72 1.57 A8 L.09 30.1
Mar. 13 1,513 BEO | T.44 | 4.22 3.22 70 i3 1.56 49 L.07 33.2
1,631 8BGO | T.AT | 4.22 3.65 70 7 1.57 A0 1.08 20,6
1,556 B0 700 | 4.22 344 70 Ta 1.56 ] 1.07 31.1
Mar. 14 1,550 RI8 | 7.59 | 3.95 3.64 71 70 1.57 47 1.10 30.2
1,526 818 7.52 | 3.05 3.58 71 70 1.57 AT 1.10 0.7
1,554 B18 | V.64 | 3.895 3.69 7l 70 1.57 AT 1.10 29.8
Mar. 18 1,541 823 T.05 | 3.96 3.50 7l 71 1.57 AR 1.0k J4
2315 1,168 | 11.35 | 5.68° 5.67 102 104} 212 255 1.57 ad.7
2320 | 1,168 | 11.39 | 5.G8 2.7 1 102 1{H) 2.11 o] 1.56 27.3

1 Average of results obtained in the experiment of Mar. 16 with this subject,
2 Average of results obtained in the experiment of Feb, 258 with this subject.

In discussing the previous tables, it has been pointed out frequently that
there appeared to be some intimate relationship between the speed and the
total amount of work performed, and the results show that only experiments
with constant speed should be compared. Accordingly in table 121 we have
included only those experiments with the different subjects in which essen-
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tially the same rates of revolution were employed, a comparison being made
of the work done with a current of 1.5 amperes with that done with a current
of 0.5 ampere. By deducting from the total energy output when the subject
rode at 1.5 amperes the heat given off when he rode at 0.5 ampere and com-
paring the difference with the difference in the external museular work per-
formed in the two cases, it is possible to compute an efficiency on a basis that
is open to less objection than any other base-line that we have thus far
nroposed.

TasLe 122.—Efficiency in respiration erperiments with bicycle ergometer Il with currénts
of 0.93, 1.1, and 1.25 amperes. Subject, M. A. M.

[Basal values obtained in ¢xp|‘:r||mml.3 with current of 0.5 ampere.]

— = o
D;;f‘: fl‘l’n'::t;,k" Heat output per minuwte [ Revolutions Heat equivalent of ex-
Hiiig Wk uring waork. PEr minute, ternal work per minute.
i ' R (%)
T 7
Dat @ |lo|lo|la| o |lo|lo]|n]|e | @ Efi-
oLE. m[:ﬂg
Cur- | Cur- | Cur- | Cur- | Ingrease| Cur- | Cuar- | Cur- | Cur- | Incrense G iﬂu}
rienk rent renk. rent OVEr rent | rent renk rent | 9ver
0.85 0.5 005 0.5 work at | 0895 | L5 0495 0.5 work at £
amp. | amp. | amp. | amp. | 0.5 m:‘m.. aamp. .I amp. | amp. | amp. | 0.5 amp.
e—d | | k=& |
1912, e.c eid cals, cals. cals. | cals. cal. ] cal. . ol
Fab. 23 | 1,834 1,478 910 LE.T0 240 108 105 .37 L .55 0.82 34.2
Feb. 26 | 1,485 | 1,070 | 7.49 .15 234 | M | o4 129 | 55 | 0.74 31.6
1,589 1,070 T.61 515 246 | 3 i 1.28 55 | 073 o0 T
Feb. 29 | 1.785 1.116 B2 LG 1] 3.26 102 | 102 1.45 1 55 | OuEO 24.5
2028 | 1,378 | 078 6.70 3.08 107 | 108 135 |t .55 | 0.BQ 26.0
1,807 1,254 ﬂ.El] LG.01 3.19 14 | 14 1.35 | 1 .55 l .80 25.1
i
Cur- | Cur= | Cur- | Cur- | | Cur= Cur= Cur= 1 Cur-
rent rent rent rent l rent rent rent rent
i1 | @s | i 05 | 1.1 .5 1.1 0.5
amp, | amp. | amp. | amp. amp. | amp. | amp. | amp.
Apr. B 1,362 822 | 6.85 | +4.01 2.64 7l g 1.20 048 i 27.3
1,378 8332 i 673 | 4.01 2.72 71 T2 1.19 A8 | D1 26.1
1,587 822 | 681 | 4.00 2.80 72 72 1.20 A8 0.72 25.7
2252 | 1,378 | 11.29 | 6.70 4.50 108 108 1.58 1 65| 1 224
Cur- | Cur- Cur- | Cur- Cur- | Cur- Chir- Cur-
rent rent rent rent ront rent rent rent |
1.25 0.5 1.25 0.5 1.25 0.3 1.25 0.5
amp. | amp. | amp. | amp. amp. | amp amp. | amp
Apr. 8 | 1422 [ =02 | 607 | 388 | 3.00 71 71 | 1.35 | s0.48 | 0.87 98,2
1,425 £33 G.05 4.01 204 | 70 70 1.33 T A7 086G 268.3
1,451 E22 | TOR | f4.01 307 71 T 136 | & 48 0.88 8.7
2343 | 1L,2M | 1153 | 2601 362 | 105 | 1M 183 | * .55 | 128 23.2
|
1 Result obtained on Mar. 4 2 Result obtained on Feh. 28,

8 Average of results nhtmrued on Feh. 28 and Mar. 4, the oxygen being 1,170 and 1,061 c.o., respectively.
4 Reault obtained on Feb., 25,
B Average of reaults obtained on Mar. 12 and 13, the oxygen being 807 and 837 c.a., reapectively.
8 Average of resulta obtained on Mar. 12, 14, and 18, the oxyvgen being 797, 757, 823 c.c., reapectively.
7 Awverage of two results obtained on Mar. 14.

Disregarding individual periods with exceptionally high or low values,
it ecan be seen that with the professional subject the average efficiency on
this basis is not far from 30 per cent. Essentially the same value is found for
the untrained subject E. P. C., while the other untrained subjeets J. E. F.,
K. H. A, and J. J. C. show somewhat lower percentages. The values for
the subject M. A. M. are for the most part very regular, ranging in the 18
experiments from 26.8 per cent to 33.2 per cent, with practically all of the
values between 29.7 and 31.0 per cent.

When the speed is taken into consideration in all the comparisons, how-
ever, we have for the first time the opportunity to study the effect of an
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increase in load without change in the speed. Since under these conditions
the increase in the metabolism can be readily compared with the increase
in effective muscular work, it would appear as though this was a most advan-
tageous method of comparison.

In other experiments, when the subject was riding with a current through
the armature of 0.95, 1.1, and 1.25 amperes, the rate of speed was such as to
make the results comparable with similar experiments carried out with a
current of 0.5 ampere. Hence comparisons can be made and deduetions
drawn from the differences in the metabolism and in the muscular work per-
formed incidental to the change from a low to a higher resistance. This com-
parison has been made in table 122, the values with the 0.5 current being
used as a base-line; the method of computation is exactly that used for the
values given in table 121. As would be expected, the experiments which can
be used for this eomparison are relatively few but fortunately they are all
with the same individual, i.e., the professional subject, M. A. M. Here
again the results show that the average efficiency on this basis of computation
is not far from 27 per eent and with the exception of the single experiment
on February 23, the highest efficiencies are found with the lowest rates of
speed.

Erriciency 1n Work ExrEriMENTS Basep vroN VALurs OBTAINED WITH A
CrreenT oF (.95 AMPERE.

Finally, although the data are insufficient for an exhaustive discussion,
we have computed the efficiency using the values found with a current of
0.95 ampere as the base-line and determining the increase when the load was
changed to 1.5 amperes without changing the speed. The results have been
collected in table 123. Disearding the two high values of February 23 and
February 29 which probably are abnormal, the results as a whole show a gen-
eral average of 32 to 33 per cent efficiency, somewhat higher than that found
with the comparison between (1.5 ampere and 1.5 amperes. It is quite possible
that the light load of 0.5 ampere was hardly sufficient completely to eliminate
extraneous muscular motions on the part of this subject, since there may have
been at times an irregularity in the rate of speed or even back pedaling;
while the values obtained with the 0.95 load indicate that this load required
more constant work with much less liability of variations in speed. It
would appear, therefore, as if with this particular subject the highest effi-
eiency is obtained by using first a moderately severe load and then changing
to a very severe load.

From observation of the subject while he was riding, particularly of
the traction on the sprocket-chain, it appeared that with a resistance of 0.95
ampere, the extraneous muscular motions ineidental to riding were the same
as with the higher resistance, so that unquestionably the only two variable
factors were the speed and the intensity of magnetization. For purposes
of comparison, therefore, the results obtained with a moderate amount of
work give the most logical base-line, since variability in the extraneous mus-
cular motions is eliminated. Consequently, with this type of ergometer,
when the speed is the same and the degree of magnetization is varied, the
difference in work with this base-line may be consistently used for computing
the efficiency. When it is considered that the values in table 123 were de-
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rived from individual periods snd they are consequently liable to all the pos-
sible errors in individual experimentation, the agreement is on the whole
remarkably satisfactory.

Tasie 123 —Efficiency in respiration experiments with bicycle ergometer with a current of
1.5 amperes. Subject, M. A. M.

[Basal values obtained in experiments with ourrent of 0.95 amperne.]

ﬂx{ﬁﬂliullﬂkﬂ Heat output per minute I Revolutions Heat equivalent of ex-
uring work. during work., l Per minute, ternal work per minute.
D () (b) (c) | @ Le) N ) (&) (£} 6] f:%
ate. 3 . . offi-
Cur- | Cur- Cur- | Cur- Ir:irf:w | Cur- Cur- Cur- | Cur- Ir,:,,f:::'w cieney,
rent rent rent rent | work gt | TeOb rent rent rent | owark at |7 X100
1.5 | 095 | 15 | 095 | go5 1.5 | 085 | L5 | 095 |Toas I
amp. | amp. | amp. | amp. amp. amp. | amp. | amp. | amp. amp.
| e—d | A—i
1912, e, e enls. | eals. ealz. cals, cale. | cal. P el
Feb, 23 | 1,956 | 1.6485 943 | B.03 1.40 88 B85 1.91 .24 067 47.9
Tel, 26| 1,917 1,589 .50 | 7.6l 1.59 a1 03 190G 1.25 it a6.0
1,064 1,585 9.67 | 748 2. 149 BB 87 1.91 1.24 M7 Bl
Febe 27 | 1,828 | 1444 913 705 2,05 55 5 1.91 1.22 RE! 33.7
1,858 [ 1444 9.2 708 2.12 LT B 1.50 1.22 nir 31.6
1,850 | 1,444 9.25 T.03 2.17 =20 i 1.491 1.22 Riyt 31.8
Feb. 20| 2,384 | 2028 | 11.71 | LU 193 106 107 2.17 1.35 B2 42.5
2248 | 1,785 | 11.13 872 241 102 102 241 1.35 L 31.5
| 2,192 | Lyg5 | 11.03 372 231 102 Lz 212 1.35 i 33.3
| |

GENERAL CONSIDERATION OF THE EXPERIMENTAL DATA OBTAINED WITH THE
PROFESSIONAL SUBJECT M. A. M.

With the professional subject M. A. M., such an extensive series of ex-
periments was obtained at the magnetization of 1.5 amperes and with all
possible speeds that it seemed practicable to establish a definite mathematical
relationship between the muscular work performed and the total heat output.
As frequently stated in the discussion of these tables, individual periods or
experiments may give abnormal results, and the reader has been cautioned
not to put undue confidence in these. We believe, however, that the best
method of studying the research as a whole is to give all of the data careful
serutiny and, if possible, secure a series of curves from which the efficieney
and the total heat output at any speed may be obtained. For this purpose
we have used the results secured with M. A. M. at speeds ranging from 70
to 128 revolutions to plot a curve showing the probable value for the oxygen
consumption at the different rates of speed. With a magnetization of 1.5
amperes, average values were secured at 70, 80, 90, 95, 102, 110, 113, 117,
and 128 revolutions per minute respectively. The points for 70, 90, 95, 102,
110, and 113 revolutions were obtained from an average of five or more pe-
riods at or about these speeds; for 80 revolutions the point was secured from
the results of 3 periods; for 117 revolutions from 2 periods; and for 128 revo-
lutions from only 1 period. In a similar manner the results obtained with
magnetizations of 1.25, 1.1, 0.95, and 0.5 amperes were used to plot curves
for the oxygen consumption per minute for different speeds. These curves
are all given in fig. 4.

It is seen that the form taken by the most probable curve is, in all degrees
of magnetization, a straight line and consequently there is a regular agree-
ment between the oxygen intake per minute and the rate of revolution,
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each revolution corresponding to a definite oxygen intake, i.e., 23.1 c.c.

with a magnetization of 1.5 am-
peres.

Since the calibration curves
for this ergometer show that the
heat per revolution of the pedal
decreases as the speed increases®
this must in turn imply that there
is a distinet alteration in the effi-
ciency of the body as a machine
with an increase in speed. For a
careful consideration of this point,
however, another form of curve
projection is necessary.

Leaving out of consideration
the slight inequalities in the in-
dividual points found with the
curve for the oxygen consumption
at 1.5 amperes, the total heat pro-
duction was computed from the
oxygen consumption, making due
allowance for the variations in the
respiratory quotient found in the
experiments. A curve was then
plotted from a series of points rep-
resenting the heat output per
minute at varying speeds with a
magnetization of 1.5 amperes. (See
fig. 5.) As would be expected, this
curve does not differ materially
from that shown in fig. 4 for the
oxygen consumption, both being
straight lines. It is seen from the
curve that the total heat given off
from the body per revolution of the
pedals was constant at all speeds.
To accentuate the fact that the
effective muscular work performed
is not the same at all speeds we
also give a curve representing the
heat output per minute due to the
effective work performed by ro-
tating the pedals of the ergometer
at the varying speeds. This shows
clearly an increase in the work per
minute but the inerease per revolu-
tion is less and less as the speed
increases. For example, in fig. 5

3,100

3,000 ~——3
J

2,900 s
2,800

5 b
o 7/
2,400 f
o I
2,200 &
IS
2o, A1
1,900 / / / :

T
T

ey

e W
ol AL/
1,500 [— //'
o 147

1,300 [/ %

1,200 f' /A
1,100 7s

/
1,000
i

900 ll/
oo
60 70 80 9 100 110 120 130 140
Fic. 4 —Curves showing oxygen consumption
per minute with the subject riding at differ-
ent speeds and with varying loads.

The revolutions per minute are given at the bottom of
the figure and the oxygen consumption in eubic cen-
timeters per minute at the lefi.

a See fig. 1, p. 27.
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the curve for the total heat output per minute with varying revolutions
shows 7.61 calories at 70 revolutions per minute, and 15.04 calories at
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Fic. 5—Curves showing the total heat output
per minute and corresponding external mus-
cular work per minute, expressed in ealories,
for subject riding with constant load—1.5 am-
peres—at varying speeds.

The revolutions per minute are given at the bottom of the

ﬁﬁ‘um. the heat output por minute at the left, and the

efiective work perfo per minute, expressed in cal-
ories, ot the right.

130 revolutions per minute. The
lower curve, which represents
the total amount of -effective
work per minute, ranges from
1.565 calories at 70 revolutions
to 2.425 calories at 130 revolu-
tions; the form of this curve
is therefore what would be ex-
pected from the calibration curve
for this ergometer for a mag-
netization of 1.5 amperes, inas-
much as after 70 revolutions per
minute the heat per revolution
decreased as the speed in-
creased.

As the result of the winter's
experimentation on this subject
with a resistance of 1.5 amperes,
these two curves may be taken
as representing his muscular re-
lationship to ergometer II. With
these curves, therefore, it is per-
fectly possible to compute the
total heat output and the energy
output of the effective muscular
work and from these values to
compute the efficiency of the
subject for the various rates of
revolution. Such a computation
of the efficiency would naturally
be much more satisfactory than
if it were based upon the re-
sults for the individual periods
shown in the tables, since the
inequalities which ocecasionally
appear and which affect the
general trend of the tabular mat-
ter, disappear when using the
curves; it therefore seems ad-
visable to enter somewhat more

fully into the discussion of the efficiency of the subject, using the data pro-

jected in these curves as the basis.

ReLATIONSHIPS BETWEEN SPEED AND EFFICIENCY.
Under these circumstances we may now for the first time intelligently

eonsider the relationship between speed and the gross efficiency. It was noted
in the discussion of table 116 that while the efficiency increased in general
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with the load, with the heaviest loads there appeared definite indications of
a decrease in efficiency. Since with practically all the heavy loads the rate
of speed was high, the possible relationship between efficiency and load nat-
urally becomes a relationship between efficiency and speed.

From the curves in fig. 5 it can be seen that to obtain 1.565 calories of
effective muscular work at 70 revolutions per minute, it is necessary that the
subject give off 7.61 calories of total heat, thus showing a gross efficiency
of 20.6 per cent. Furthermore, in order to produce 2.425 calories of external
muscular work at 130 revolutions, the subject must actually give off 15.04
calories of heat, corresponding to a gross efficiency of 16.1 per cent. The
values for the gross efficiencies at the different speeds have been computed
and are presented in table 124. Since in computing the net efficiency, the
value used for the base-line, i. e., that obtained with the subject lying quietly
on a couch, is constant and applicable to the whole ecurve irrespective of
speed, it is obvious that the values for the net efficieney would be similarly
affected by the speed.

TasLe 124.—Gross efficiency of subject M. A. M. at varying speeds with
a cwrrent of 1.5 amperes. (See Fig. 5.)

Revealu- Cross Revolu- | Gross
tions per ffi- tions per | effi-
minuke. Clemey. Eninute. " clency .

. el . cf.

70 20,6 110 17.4

B0 2000 )| 120 16.9

) 142 130 16.1
100 18.4 |

When we consider the variations in the output of work with increased
speed, further relationships between the curve for the total heat output and
that for the effective muscular work are found which indicate the influence
of speed. From the upper curve it is seen that the output of heat is constant
per 10 revolutions; on the other hand, the increase in the effective muscular
work performed is not constant for each 10 revolutions, but there is a distinet
falling off. If, therefore, we divide the increase in the external muscular work
between any two points on the curve by the increase in the total heat output
corresponding to the same two points, we get an efficiency based upon in-
creasing speed, the degree of magnetization, ¢. e., the load, being the same.
For instance, in echanging from 70 to 80 revolutions per minute, there is an
increazge in the effective musecular work equivalent to 0.205 ealories. Under
these conditions there is an increase in the total heat output of 1.24 calories.
Dividing the increase in the heat output due to the museular work (0.205
calories) by the increase in the total heat output (1.24 calories), we find an
efficiency for the increased amount of work performed of 16.53 per cent.
Computations of a similar nature have been made for the various increases
in speed and the results are given in table 125.

It is thus evident that at the higher speeds with the same degree of mag-
netization there is a much larger heat output for the same amount of external
musecular work performed, and consequently the efficiency decreases greatly
as the speed increases, the optimum efficiency being at the lowest rates of
speed, namely, about 70 revolutions. In perhaps no other table in connection
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with these experiments is this more strikingly brought out than here. Had
it been possible to have this subject ride at a low rate of speed with this mag-
netization, an even greater efficiency than here noted might have been found,
but as the rate of even 70 revolutions per minute was a little lower than he
liked, since he usually preferred to ride at the rate of 80 or 90 revolutions per
minute, the experimenting was not extended further in the direction of
low speeds.

TapLe 125.—Efficiency of subject M. A. M. for increased amount of work due
to increase of 10 revolutions in speed, with current of 1.5 amperes.

rlnrmw in | | I i
it Efli- nerease in o
revolutions . rovolutions EE=
Ferrras: gieney.t II i cieney.l
. . p. cl.
T to BO 16.53 10 ke 1100 1048
50 to M0 1347 110 to 120 011
90 to 10O 11.54 130 to 130 7.82

Inerease in external work,
Inerease in total heat output.

1 Efficicncy =

It is a striking coincidence that the decrease in the heat given off by the
ergometer per revolution compensates almost exaetly for the decrease in the
efficiency of the subject, so that the total heat output per revolution of the
pedal is exactly constant irrespective of speed.

Thus far in considering the results, the greatest emphasis has been laid
upon variations in speed per se. The unavoidable variations in the amperage
and consequently in the actual amount of work performed incidental to
alterations in the speed evidently might affect the efficiency and this factor
should also receive special consideration. Had it been possible to conduct
experiments at 50 revolutions per minute and again at 111 revolutions per
minute, it will be seen from the calibration curves of ergometer II that we
would have had exactly the same heat equivalent of effective muscular work,
and it is perhaps unfortunate that such a series of experiments was not
attempted. Our experience in having the subject ride at a slow rate was,
however, discouraging as he found it almost impossible to control his muscles
50 as to rotate the pedals less than once per second.

In considering these relationships, it is of more than ordinary interest to
study the influence of speed on the net efficiency when the amount of effective
muscular work remained constant. For this purpose we have collected such
experiments as were comparable, and tabulated in table 126 the results ac-
cording to the heat equivalent of muscular work performed at the different
speeds.

The results given in table 126 show that with approximately the same
heat equivalent of muscular work per minute but with different speeds, the
net efficiency of the body was very considerably less with the higher speeds.
For instance, when the heat equivalent of the muscular work per minute was
approximately 1.95 calories per minute, the average of 18 periods with a speed
of 90 revolutions showed a net efficiency of 22.6 per cent, while 2 periods
with an increased speed of 124 revolutions per minute gave a net efficiency
of 15.7 per cent, Similarly, when the heat equivalent of the muscular work
was approximately 1.80 calories per minute, the net efficiency with 80 revo-
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lutions was 22.1 per cent and with 105 revolutions 17.7 per cent. With an
average beat equivalent of the effective work of approximately 1.58 calories,
the average of 10 periods in which the speed was 71 revolutions per minute
showed a net efficiency of 24.5 per cent, while 1 period with the considerably
greater speed of 108 revolutions gave a net efficiency of 15.6 per cent. Groups
of experiments with an approximate heat equivalent of 1.35 calories are also
compared, three periods with a speed of 71 revolutions per minute showing
an average efficiency of 23.1 per cent; 1 period with a speed of 94 revolutions
an efficiency of 20.4 per cent; and 4 periods with a speed of 105 revolutions
an efficiency of 17.0 per cent. In still another group with a heat equivalent

TasLe 126.—Efficiency of subject M. A. M. compared at different s when the amount of
effective muscular work per minute remained consiant. (Ergometer 11.)

[Basal values obtained with subject lying on couch.]

Heat equiv-
Da Revolu- alent ﬂ Net
to. tiona per extern :
minute, work por efficiency.
minute.
Effective work, 1.95 caloriea.
1912, cals. . ot
Feb. 23 88 1.91 23.1
Fab, 26 ot 1.91 224
Heb. X ... BE 1.91 24.0
89 1.91 23.4
Mar. 15 89 1.82 21.7
Feb, 16....... a0 1.893 22.0
L e T R ) 1.04 o0 .4
Feh, 1 0 1.54 22.4
Jan. 24....... D0 1.04 21.9
Mar. 15. . hCh 1.04 23.2
Jan. 26. . a1 1.95 21.0
eh. 26. . a1 1.596 23.5
Mar. 15.. 91 1.04 23.1
o1 1.5 24.3
Mar. 28...... o2 1.96 21.6
Mar. 15....-. 92 1.97 4.2
i P 92 1.97 202
Feh. B.... a4 1.99 2.7
Avw, 18 periods a0 1.94 226
Apr. B. . 122 1.94 15.5
126 1.88 15.8
Avw, 2 periods . 124 1.96 16.7
Effective work, 1.80 caloriea.
Mar. 15...... 78 1.73 21.3
ar. 28 ... &0 1.75 22.5
54 1.83 2.5
Avw, 3 perioda . 80 | 1.97 231
Apr. 8 | 108 | 188 | 17
|

Effective work, 1.58 ealoriea.

1912
Mar. 13 ..... 7 | 158 24.0
i) 1.54 24.0
70 1.57 23.4
Mar. 12...... 7l 1.57 25.2
Mar. 14...... 7l 1.57 24.5
71 1.57 247
71 1.57 24.3
Mar. 12...... 71 1.57 24.8
Mar. 18...... 71 1.57 24.5
MR- 18U T2 1.5% 24.9
Avw. 10 periods T1 1.67 24.56
AL 108 1.68 16.6
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TaBLE 126. — Conlinued.

[Basal values obtained with subject lying on eouech.]

Heat equiv-|
Revaolu- alent of | 0.
Date. Lions por external offi bk
minute, work per | CIREL2Y -
minute, I
Effective work, 1.35 calories.
Apr. B........ 70 1.23 23.0
71 1.35 23.3
il 1.36 3.0
Av. 3 periods . 71 1.34 23.1
Feb.26.......| 94 129 | 304 |
Feb. 29....... 102 135 | 181 |
104 1.45 17.0
107 1.35 15.8
Feb. 23....... 108 1.27 17.2
Av. 4 poriods | 105 1.356 i7.0
Effective work, 1.20=1.25 caloriaa,
1912,
ADE. D uiiensn 71 120 | 219
71 1.19 | 21.4
72 120 | 2
Av. 3 periods . T [ 1.20 21.5
Feb. 27....... g i o e | e ]
88 | 120 | 200
Av. 2 periods . 83 | 1.19 [ 204
Feb. 27...... s | 122 | 208
Fab. 26..... . ¥ 1 1.24 | 1k
Feb, 23, ..... fata | 1.24 | 150
Feb. 98, ... .. 93 1.28 | 198
Av. 4 periods 88 1.26 i 12.5

of approximately 1.20 to 1.25 calories, the average net efficiency with 72
revolutions was 21.5 per cent; with 83 revolutions, 20.4 per cent; and with
88 revolutions, 19.5 per cent.

From a consideration of these various methods of computing the energy
efficiency of the body, it is obvious that there are grave difficulties in the way
of securing a base-line which will embrace only the extraneous muscular
motions incidental to riding with load upon which could be superimposed a
definite amount of museular exertion productive of external muscular work.
Certain it is that the various base-lines we have considered—Iying, sitting,
and riding no load with and without the motor—fail to meet this requirement.
The comparisons previously made of the experiments with currents of 0.5
ampere and 1.5 amperes, and of 0.95 ampere and 1.5 amperes, indicate that
experiments used for a base-line should be accompanied by an even greater
amount of museular work than would be required to overcome ordinary
friction. With the best conditions it is possible to have the work done to
such advantage that the increase in the effective museular work may be as
high as 33 per cent of the increase in the total heat output. On the other
hand, we have to consider in this connection the various influences of speed
upon the efficiency, since it has been clearly brought out in the previous dis-
cussion that the greater the speed the less is the efficiency, the greatest
efficiency with the subject M. A. M. being obtained when he rode at the rate
of 70 to 80 revolutions per minute. The ideal comparison, therefore, is found
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when experiments are made at the same speed, preferabiy from 70 to 80
revolutions per minute, and changing from moderately severe to severe mus-

cular work.

COMPARISON OF THE EFFICIENCY IN THE EARLIER AND LATER
EXPERIMENTS WITH THE ERGOMETER.

Since this is the second research carried out by means of this type of
ergometer, a comparison of our results with those obtained earlier are of un-
usual interest.® As has already been pointed out,” the friction of these ergom-
eters is so low that in calibrating them it was extremely difficult to measure
the heat produced by means of the apparatus employed. In general the
friction per revolution is not far from 1 to 2 per cent of the total heat produced.
Under these conditions, it seemed to be entirely unjustifiable to utilize this
figure in any of the computations, and hence in no experiment does the ques-
tion of friction enter.

At this point the gross errors resulting from the use by Benedict and
Carpenter © of an erroneous value for the friction of the machine should be
again pointed out. Their entire discussion of the mechanical efficiency based
on “ coasting”’ or no-load experiments is vitiated by the fact that in deducting
the ““coasting” value from the total heat produced, they attempted to deduct
the heat produced by friction from that produced by the external muscular
work. Their values, which have been given in table 110,% have been recom-
puted by us and are given in table 127, in which it can be seen that the per-
centage efficiency based upon the so-called coasting values averages not far
from 26 per cent as against the 24 per cent found and reported by them.
Furthermore, their discussion of the internal friction of the legs © is entirely
unwarranted owing to this erroneous value for the friction of the apparatus.
Our observations do, however, furnish interesting comparisons since the
general thesis that the gross efficiency for bieyele riding is approximately
12 to 13 per cent and the net effieiency not far from 20 per cent confirms fully
the values given for the previous research.

TasLe 127.—Mechanical efficiency based on coasting experiments of Benedict and Carpenter.

Efficiency.

Bish . Reeomputed
mieck: Fnﬁ:::“ without cor-

rection for
deducted.! friction.

el
Ml 24.6 2’5 -l
M. Bi.... [ 23.7 26.0
MR 234 26.2
NoH.. ... 24.6 28.4
75 P S e 21.6 £3.2

1 The friction value used by Benedict and Carpenter in these computationa
(0.001547 per revolution) was erroneous.

Omne discrepancy between the earlier work and the more recent observa-
tions is in the computation of the effect on the efficiency of increasing the

@ Benedict and Carpenter, U. 8. Dept. Agr., Office Expt. Stas. Bull. 208,

b Benedict and Cady, Carnegie Institution of Washington Publieation Nu 16? 1912, pp. 21 and 29.
¢ Bonedict and Carpenter, loc e, p. 39.

d Ses p. 110

¢ Benedict and Carpenter, loe. eif., pp. 40 and 41,
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external work. Aceording to the results reported by Benedict and Carpenter,
the inerease in load does not materially affect the efficiency of the body as
a machine, all of the values with but one exception being approximately
21 per cent.” The authors call attention to what may now be recognized
as a very important fact that the speeds per minute were not uniform with
all degrees of magnetization of the field and that the experiments were not
made under ideal conditions for studying this particular point. Neverthe-
less the discrepancy between the 21 per cent found by them and the 27 per
cent found by us (see table 122) is altogether too wide to be aeccounted for
by any errors due to variations in speed. In order to show this more clearly,
our results, computed on the basis of calories per hour, have been brought
together in table 128 without regard to wvariations in speed. While these
values eonfirm the inference drawn from their results by Benediet and Car-
penter that inerease in load does not materially affect the efficiency of the
body, there is shown in general a slight tendency for the work to be done more
efficiently in changing from a moderately heavy load to one still heavier than
when changing from a light to a heavy load, that is, the percentage of effi-

Taere 128 —FE{fect of increased load on body efficiency without regard to variations in speed .

[Amounts per hour.]

(@) ® | © | @ @ | o | 0w | @

Incrense | Increase | Inerease | Effi- Increase | Imerease| Increase | Effi-
Subject. in mag- | of total | of heat of | cieney. || Bubjeet. in mag- | of total | of heat of | Seney.
netization | heat. external | c>100] netization | heat, | external | e X100

from— work. b I from— | work. B
amp, cals, cals, . el amp. cals., calz. p. ct.
M. A. M...| 0.5t00.95 144 449 240 || M. A M...| 05015 289 20 30.5
140 44 314 308 a1 20.5
148 44 20.7 d23 i 20.7
196 48 24.5 322 L F 3.1
185 45 25.9 346 04 27.2
191 45 25.1 220 67 30.5
M. A. M...| 0.5%c1.1 158 43 o] 211 G5 30.8
163 43 26.4 217 G5 30.0
168 43 25.8 193 G4 33.2
275 62 22.5 g{l}g ﬁ gf'{

M. A M...| 0.5¢t01.25 185 52 281 :
176 52 29.5 218 fif 30.3
154 53 25.8 215 Gl 30.7
331 77 23.3 g?g g %gg

J.4.C.....] O.5to L5 235 67 28.5

249 67 | 269 340 o | 278
K.H A....| 0.5 1.5 290 73 25.2 343 o 274
= e e
316 73 331 131 40 30.5
J.E.F.....| W5 to L.5 226 B3 25.8 123 41 33.3
269 75 27.9 127 40 31.5
245 i 26.1 130 41 a1.5
S ol

LPLCLL L 0.5t 1.5 210 G0 28.6 H] -
BP.C i 162 fitt] S0.7 139 46 33.1

M.A M. | 0.5 to 1.5 a5 a5 26.8

! Values taken from columns ¢ and § of tables 121, 122, and 123, and caleulated to the per hour basis.

ciency in changing from 0.95 to 1.5 amperes was slightly higher than in
changing from 0.5 to 0.95 ampere.® The greatest discrepancy, however, is
the fact that the percentages found by Benedict and Carpenter average about
21 per cent while ours average much nearer 28 to 30 per cent. Although the

@ Benedict and Ca ter, foc. cit., p. 42, e 2

b T'his increase in efficiency with increasing load is of special interest as the result is quite opposite to that of
parlier workers and, indeed, not in accord with expericnce with prime motors. As an evidence of the
Aexibility of the human body, this observation is worthy of further study.
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later experiments were planned more particularly for studying this point and
are hence much more complete and more numerous than the earlier experi-
ments, we find it impossible to explain in any way the lower values found by
Benedict and Carpenter with the ergometer I used by us in this research.

Finally, we should eall attention to the fact that while the early observa-
tions with ergometer I implied a great discrepancy between the efficiency as
determined by means of this apparatus and that obtained by Zuntz and his
associates in their mountain-climbing and treadmill experiments, the later
research gives results that agree with the best figures obtained by the Zuntz
method, namely, 33 per cent.

RELATIONSHIP BETWEEN EFFICIENCY AND THE CHARACTER OF THE DIET.

Several sets of experiments were planned to test the effect upon the
efficiency of the character of the diet. While the evidence obtained is by
no means conclusive, such results as are suitable for comparison have been
gathered together in table 129 for examination and discussion.

Tasre 129 —Heat cutput in work experiments without food following diets carbohydrate-rich
pﬂfmd carbohydraie-poor. Subject M. A. M.

Carbohydrate-rich dict. Carbohydrate-poor dict.
Heat output . | Heat output
dmn:.‘hnt Heat equiv- | per calorie No.of | Heat equiv- | per ua!nr'ta.
Da: ““‘Ed!ﬁ"" alant-‘:} ex= | of external Date diet days | alent of ex- | of external
L Preceting | cornal work | work per ; preceding | ternal work | work per
expern- per minute, minuke EXpeTi= per minute, mrriride
ment. (ealculated) ment. {ealculated).
1912 1s. cals, 1912, cals, eals,
Jam. 2. .... 1 2.05 5.52 Feb. 7..... 207 &30
Jan. 25..... 2 2.18 E.gﬂ li;eht: g. o 2 gg 5.40
Sk TR 3 211 .51 eh. : G.23
%'?Jh | [ EEEe i 211 5.20 -
B an. 3 2,08 517 £ | [ e G431
Feb. 16. ... 3 2.08 5.12 T —
AR S 5.37
Jan. B1..... 1.50 G.51 Jan. 17.... 1 1.57 6.52
Jan, 8L, .. 1.48 G.31 Jan. 18, ... 2 1.50 G062
Jan. 151.... 1.64 T.17T Jan. 19.... 3 1.56 G.5D
Average. . ST GGG R || e e | e ee ke e G.68

1 The experiments made on Jan. 8, 9, and 15 followed days with erdinary or unrestricted diet. The aver-
Age Tespiratory quotienta for thess days were respectively 0.88, 0.88, and (.90 (lying before work).

As Zuntz has pointed out, if Chauveau’s theory be eorrect, when fat is
burned 30 per cent more energy per unit of work should be liberated than when
carbohydrate or glycogen is burned, since Chauveau contends that fat must
first be converted into glycogen, during which process heat is liberated which
is not available for muscular activity. It would appear, therefore, that if
there were so great a difference as 30 per cent between values obtained with
diets which were carbohydrate-rich and diets which were earbohydrate-poor,
such difference should be observed in these experiments. As already pointed
out, the dietetic control was unfortunately not all that could be desired in
the experiments in which this question was studied. The respiratory quo-
tients show, however, that in general on the days when a earbohydrate-poor
diet was being ingested, the average quotient the next morning was somewhat
lower than with a ecarbohydrate-rich diet. (See table 94.)
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A further complication lies in the fact that in the experiments particu-
larly planned for comparison purposes, a different amount of work was per-
formed in one set than in the other; since this would materially affect the
efficiency, i1t has been taken into consideration in making up the table.
Three groups of experiments, each containing three individual experiments,
have been selected for comparison in which the heat equivalent of the external
muscular work was not far from 2 calories per minute. Six of these days were
with a earbohydrate-rich diet and three with a carbohydrate-poor diet.

In three other experiments, namely, those of January 17, 18, and 19,
the diet was carbohydrate-poor and the heat equivalent of the muscular
work averaged only about 1.57 calories. Inasmuch as no experiments with a
carbohydrate-rich diet were made with a eomparable amount of work, the
three experiments of January 8, 9, and 15 were selected for comparison.
In these experiments, the heat equivalent of the muscular work was approxi-
mately 1.57 calories; the preceding diet was, however, unrestricted, but as
the average respiratory quotients were respectively 0.88, 0.88, and 0.90
when the subject was lying upon a eouch before work, it can be assumed that
they are fairly indicative of a rich glycogen supply and hence suitable to be
compared with the experiments of January 17, 18, and 19, in which the
respiratory quotients of 0.7, 0.77, and 0.77, respectively, indicated a rela-
tively low glycogen storage.

The six experiments with a earbohydrate-rich diet in which the heat
equivalent of muscular work was about 2 calories per minute gave an average
output per calorie of external work per minute of 5.37 calories. On the three
days with a carbohydrate-poor diet with which they are compared when es-
sentially the same amount of work was performed, the average output per
calorie of external museular work per minute was 5.31 calories. On the days
when less work per minute was performed, we have for the experiments with
a diet presumably rich in carbohydrates an average of 6.66 calories per
calorie of external muscular work per minute, while on the three days with a
carbohydrate-poor diet, there were 6.68 calories per calorie of external mus-
cular work per minute. It is thus seen that both the sets of experiments
compared show approximately the same efficiency irrespective of the diet.

Making all allowance for the inadequate control of the diet, the evidence
obtained from these experiments is strongly at variance with the conception
that with a fat diet there will be an increase of 30 per cent in the energy out-
put per calorie of external muscular work over that with a earbohydrate-rich
diet. While it must be borne in mind that the carbohydrate-poor diet was
not a carbohydrate-free diet, yet the fact that the experiments with the diet
poor in carbohydrates showed not the slightest indication of an increase in
the energy output per unit of work is strongly suggestive of the absence of
the transformation during work of fat to glycogen with a consequent libera-
tion of unavailable heat.
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PHYSIOLOGICAL EFFECTS OF MUSCULAR WORK.
MECHANICS OF RESPIRATION.

Since throughout this whole series of experiments much use is made of
the respiratory quotient in determining the character of the katabolism,
all the factors which could possibly affect this relationship between the carbon
dioxide and the oxygen must be considered. Abnormal respiration has been
shown by Zuntz and his associates to produce almost instantly abnormal
respiratory quotients by virtue of a pumping out or excessive removal
of earbon dioxide from the alveoli. In view of the very great ventilation of
the lungs during the severe muscular work in these experiments, it became
necessary to find whether or not there was an excessive pumping out of
carbon dioxide which persisted throughout the entire experiment, since this
removal of carbon dioxide would materially increase the output and thus
abnormally raise the respiratory quotient. Furthermore, it is conceivable
that after the work had ceased, there may have been a marked retention of
earbon dioxide with a consequent lowering of the respiratory quotient, this
low quotient implying the combustion of a relatively greater proportion of fat.

The professional subject, M. A. M., showed throughout all the resting
experiments an irregularity in respiratory rhythm that at times made it
difficult to carry out the experimental routine, as occasionally he inspired
deeply and again the respiration would be shallow for a moment or two.
Since the experimental data are obtained by connecting the subject with
the respiration apparatus at the end of a normal expiration, great care was
necessary with this irregularity in respiration to secure the right conditions
for beginning an experiment. During the excessive ventilation of the lungs
and the rapidity of respiration incidental to severe muscular work, it was
possible to determine the moment for throwing the 3-way valve at the end
of an expiration either by the sound of the air rushing through the valve
or by holding the hand in front of the open end. At the end of an experiment,
the time for throwing the valve could be determined by noting the position
of the rubber tension-equalizer. When the air was being expired from the
lungs, the tension-equalizer rose; as soon as the tension-equalizer ceased rising,
1. e., at the end of the expiration, the valve was thrown. Carewas always taken
to have the subject breathing through the mouthpiece and the 3-way valve for
several minutes before the valve was thrown, to make sure that he had accus-
tomed himself perfectly to the conditions of experimentation before the experi-
ment began. Accordingly we have no reason to believe that there was any
“pumping out” of carbon dioxide due to an altered respiratory type.

Following the excessive muscular work, there was again an altered respi-
ration as the volume of respiration perceptibly decreased. A special study was
therefore made of the ventilation of the lungs before, during, and after work;
furthermore, in order to secure evidence regarding the possibility of the reten-
tion of earbon dioxide in post-work periods, a careful study was made of the
carbon-dioxide tension of the alveolar air.

VEnTILATION OF THE LUNcs A8 ArrFEcTED BY Muscorar Wore.

Many experiments on animals and a few on men indicate that following
muscular work there is an excessive ventilation of the lungs which continues
for some time; in fact, the muscular work incidental to the large ventilation
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of the lungs has been used to explain in part the after-effects of musecular
activity upon gross metabolism.

In three experiments with our professional subject, we determined the
ventilation of the lungs by the spirometer recently devised in this laboratory @
and attached to the respiration apparatus. The results, which have been
reduced to 0° C. and 760 millimeters pressure, are given in table 130
which shows the ventilation of the lungs per minute, together with the
carbon dioxide expired, and the respiration-rate. The table also gives
the length of time between the end of the work and the beginning of the next
experiment. The first period of the experiment following work invariably
shows an increased ventilation, but with the exception of one experiment—
that of March 29, 1912—the excessive ventilation had ceased 20 minutes
after the work was over, and was no greater than it was before the work
began. On March 29, the ventilation of the lungs continued somewhat
above normal even 57 minutes after the work had ceased.

TasrLe 130.—Ventilation of lungs in respiration experiments before and
after work with suliject M. A. M. lying on the couch.

[Volumea at 0% C. and 760 mm.]

Elapsed time | Carbon T
from end of dioxide Ventila- Average
Dinte, Condition. waork to I.u_!:- Elilé:li— h::.::: ::E'-r FeSpir-
Bginning o natad per i ] tion-rate,
period. mimatpo. AL
1612, | e liters.
Mar. 6. .| Before work e 229 | 21
..... | 225 7.2 53
After work [0 1 R | 251 B0 25
T 225 7.3 24
[0 B | P e 2200 T3 24
1hr 16 m... D04 7.3 22
Mar. 29.| Beforawork | ..... 214 6.0 19
..... 236 7.0 22
..... 206 6.3 21
..... 212 6.4 21
Mar. 20.| After work R e s 305 9.3 27
20 mN T 230 T4 a5
S0im L 281 7.1 22
O e iuans 232 T4 2z
Apr. 16 .| Beforawork | ..... 234 .4 20
T 207 5.8 20
Teaay 212 0.0 21
After work p 2 B T e 213 6.7 2z
1 hr, 20 m.. . 203 5.9 20
2hr. 14 m. .. 203 5.9 19

Unfortunately the observations are not sufficiently extensive to admit
of comparisons between normal individuals and well-trained athletes. The
experiments with this subject were all made within 5 weeks of the end of the
training period and hence do not give us any information as to whether or
not the return to normal ventilation in so short a time was due to training;
observations of this nature should, however, be made. The important point
shown by the results in table 130 is that the excess ventilation was usually
noted immediately after the work ceased, but the ventilation again became
normal in a short time in two out of three cases. Whatever the results may be
with dogs, it is certain that with this man the prolonged increase in metabo-
lism following work was not accompanied by an increased ventilation of the

lungs.

8 For a description of this spirometer and the method of obtaining the volume of respiration, see Benedict,
Deutach. Archiv f. klin. Med., 1912, 107, p. 172.
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CarBON-DIOXIDE CONTENT OF THE ALVEOLAR AiR AFTER Muscurar Work.

A possible explanation for the low respiratory quotients usually found in
the rest periods immediately following the musecular work might be that they
were due to a storage of earbon dioxide in the body instead of to a change in
the character of the katabolism. Thus, if the residual carbon dioxide in the
body were larger at the end than at the beginning of the period, the amount
of the carbon dioxide expired would not indicate the amount produced, so
that the respiratory quotient would not be a true index of the nature of the
material burned in the body. It is possible that during work organic acids
(especially lactic acid) in the blood might replace in part the carbon dioxide
as a factor stimulating the respiratory center; this would cause a smaller
carbon-dioxide content of the arterial blood. After cessation of work, such
acids would doubtless soon disappear so that the carbon-dioxide content
of the blood would gradually return to a normal value. If there were a larger
residual amount of carbon dioxide in the body at one time than at another,

TaBLE 131.—Determinations made on alveolar air with subject M. A. M. (without food).

Reapira- |  Carbon dioxide.
Diate. Time, Condition. tory
quotient. | P, gt. | Tension.
1912, M.
Jan, 181 Bb 30m am. to BE45m am.. ... 1 0.77
8 M am, 9 [, R i
9 32 am. ? 40 am...... A3
10 10 am......| ; s 4.75 34.2
10 14 pm. 1026 BaIOm.....| 1 T4 o o
10 26 am......| Immediately after
work (sitting?). . aTinis 4,58 32.9
10 45 a.m.. Ly T 5.12 368
Al 10 46 am. 11 01 a.m.. i 68
11 05 a.m.. o 5.29 38.0
E |11 10 am. BM.. . T2
.00, S 5.70 40.9
C|11 37 am. I . 68
e 5.73 41.2
Jan. 192 .| 8% 20 a.m. a8
i 549 387
£ 55 a.m. T8
e 574 40.5
O 28 aAam. .78
<A 527 ar.5
10 05 m.m. .76
it 4.87 34.3
i0 44 am. .71
Gt 5.71 40.1
D| 11 18 am. .68
s 5.81 41.5
E |11 43 am. TO
s 5.74 40.3
12 07 p.m. o
12 38 p.m. .74
Feh. 162 .| & 40 a.m. a1 :
9 02 nm. 8.0 .
O 25 am. A5
GareT .74 40.7
10 02 a.m. S - i 0
10 20 am......| Working. ........ e a.52 L
10 42 s ....] WorldDg. . cocenenn]  aai 5.73 406
10 45 am. 100 50 am......| Working......... 04
11 05 am......| Immediately after
work (sitting?)..| .... 5.56 5.4
Fl11 15 am. 11 30 am......| Iwing............ ]
1L 36 sam......| Eoing ... Sy 5.78 40.9
11 40 am. 11 55 eam......| Lyiog............ i
12 08 pm. 12 18 pm...... | T e IT e

1 The results for this day are post-nbsorptive values as wsual but following 2 days with earbohydrate-poor
diet (100 grama earbohydrates per day).

2 The results for this day are -nhsorptive values as usual but following 8 days with carbohydrate-poor
diet (100 grams carbohydrates per day).

% The resulta for this day are post-absorptive values as wsual but following 3 days with carbohydrate-rich
diet (400 grams carbohydrates per day).
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it would be expected that the carbon dioxide in the alveolar air would also
be relatively increased. Accordingly in a number of experiments with the
subject M. A. M., samples of the alveolar air were taken at the beginning
and end of some of the resting periods following the muscular work and
analyzed by Mr. H. L. Higgins for carbon dioxide, the Haldane method
being used.” The results are summarized in table 131, together with the
respiratory quotients which were obtained at approximately the same time.

By reference to the table, it will be seen that the data are given for six
periods following work, these being lettered A to F. The only period in which
there is a marked difference shown between the alveolar earbon dioxide found
at the beginning and that found at the end of the period is B, but this differ-
ence is not seen in A or C for the same day, although the respiratory quotients
for these two periods are much lower. The data for D and E, and especially
F, also show clearly that the low respiratory quotient following work was not
due to a storage of carbon dioxide in the body. Consequently one must look
elsewhere for an explanation of these low quotients after work.

COLLAPSE FROM EXCESS OF CARBON DIOXIDE IN THE VENTILATING CURRENT.

During the first few experiments with this apparatus, two or three sub-
jects shortly after the beginning of the severe riding utterly collapsed. At
first we were at a loss to account for this, but it was soon found to be due to
an excessive accumulation of carbon dioxide in the system, and the re-
breathing by the subject of the carbon-dioxide rich air; measures were there-
fore immediately taken to remedy this defect.

One of the experiments in which this collapse oceurred was that of No-
vember 22, 1911, with the subject J. E. F. The first three rest periods were
uneventful, the pulse-rate averaging 59 per minute. The subject then rode
the bieyele ergometer for some 20 minutes before the pulse-rate beeame rea-
sonably regular at 122 per minute. After the mouth was placed to the mouth-
piece and the valve was turned, he collapsed within 2 minutes. His face
became pallid, almost eyanotic; he broke out into a cold sweat, and the pulse-
rate rose suddenly from 124 to 184 per minute. The subject was neither
able to retain the mouthpiece in the mouth nor to keep his feet on the pedals,
having completely lost museular control. As quickly as possible he was re-
moved from the ergometer, placed upon the couch and allowed to rest.
Twenty minutes later, the pulse-rate had almost returned to the normal and
he reported himself as being quite comfortable. Indeed, somewhat later he
was ready for a work experiment which was carried out without inconvenience.

Two days later, November 24, 1911, the same subject attempted another
experiment. As in the first experiment, the three resting-periods were un-
eventful. After 10 minutes of preliminary work upon the bieycle ergometer,
with an average per minute of 59 revolutions, it was found that the pulse-rate
was regular at about 124. The first work experiment was then begun and
lasted approximately 10 minutes, the work being done at the rate of 57 revolu-
tions per minute. The pulse-rate rose to 146 and the respiration-rate to 24,
but no abnormalities were noted. Ten minutes after the conelusion of the first
period, a second period was begun, but within 4 minutes the subject showed
all the symptoms of collapse, including pallor, gasping, lack of muscular con-

& Haldane and Priestley, Journ. Physiol., 1905, 32, p. 225,
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trol of the hands, feet, and lips, cold sweat, giddiness, and rapid pulse-rate.
The symptoms developed very suddenly, as the subject said before the be-
ginning of the period that he felt perfectly well, this statement being corrob-
orated by the fact that the pulse- and respiration-rates had both fallen in the
intermission between the two working periods. He was immediately trans-
ferred to the couch and after 14 minutes was found to be in extremely good
condition, the pulse-rate having fallen to 72 and the respiration-rate to 11 per
minute. As it was thought that the subject might have a weak heart, an
examination was made by E. P. C., who found no evidence of this. A con-
firmatory examination was made by Prof. D. L. Edsall who was at that time
working in the Nutrition Laboratory, and his findings were also negative.

The experiment on December 13, 1911, with the professional subject
M. A. M,, likewise has an interest in this connection. The three resting-
periods were without incident, as were also the three periods in which the sub-
ject rode without load. At 11® 05™ a.m., the current was passed through the
magnet and the work period began at 11" 21™ a.m. The subjeet reported
that he found moving the wheel with resistance very hard work, the effort
required being more like that necessary for hill-climbing than for track-rae-
ing. One record of the pulse-rate made during the work showed 116 beats
per minute. Soon after the period began, the subject looked flushed; a few
minutes afterwards he perspired freely, and at 11t 25™ a.m. he was obliged
to discontinue his efforts as he was on the point of collapse. In appearance
he was wild and seared, his face was pallid, his mouth twitching, and he had
lost the eontrol of his musecles, being unable to grasp the handle bars or to
speak when he stopped.

The subject said that although he had collapsed in races, yet he had
never felt so ill as he did at this time. He was much chagrined at his failure
to eontinue and in order to convince the observers that the apparatus and not
he was at fault, he again commenced riding, assuming what he called his
““racing position,” in which he lay over the handle-bars with his arms well
back. With apparent ease and certainly without signs of collapse, he made
138 to 140 revolutions of the wheel per minute. In this test he did not breathe
through the mouthpiece.

On the next day (December 14), the amount of work performed in the
experiment was controlled by using a metronome, so as to restrict the subject
to but 60 revolutions per minute. Before the experimental period began,
the subject rode for a preliminary period of 22 minutes. Throughout the
working period, while breathing through the apparatus, he was bathed in
perspiration and at the end of 10 minutes signalled that he could not continue;
he began to sway in his seat, and the experiment was immediately stopped.
The records of the pulse-rate for the working period are extremely interesting.
The experimental period began at 10® 29™ a.m.; at 10* 31® a.m., the pulse-
rate was 124 per minute; at 10® 33™ a.m., it was the same; at 10® 35= a.m.,
it had risen to 128; at 10k 37™ a.m., to 134; at 10" 39™ a.m., to 142; and at
10" 39™ 30* a.m. to 152 per minute, at which time he signalled for the ex-
periment to be discontinued. The rapid rise in the pulse-rate is character-
istic of impending collapse which was here present.

In a third experiment on December 15, the subject also showed signs of
collapse in the third working-period, although the two preceding periods were
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uneventful. The pulse-rate in the third period rose rapidly, the records being:
10" 50 a.m., 124; 10" 52= a.m., 128; 10b 54™ a.m., 130; 10t 56™ a.m., 132:
10% 58™ a.m., 136; at which time the experiment was discontinued.

As the result of a careful examination of the results of the experiments in
which the indications of collapse appeared, it was decided that these symp-
toms were due to an accumulation of carbon dioxide in the ventilating system,
caused either by using defective soda-lime or too slow a rate of ventilation.
Furthermore, the possible discomfort and strain on the part of the subjeet
in holding his head in the position required by the rigid brass pipe to which the
mouthpiece was attached should if possible be avoided. Several modifica-
tions were therefore made in the apparatus and in the experimental routine.
Since these have already been noted in the deseription of the apparatus
(see p. 29), a brief deseription will suffice here.

To insure complete absorption of the carbon dioxide by the soda-lime,
the composition of this absorbent was somewhat modified in accordance with
the results of a series of experiments which had recently been made for test-
ing it; furthermore, two soda-lime containers were used in series so that any
carbon dioxide which might pass the first container would be completely ab-
sorbed in the second; finally, the efficiency of the soda-lime was tested in
every experiment by deflecting a small part of the air-current after it passed
the carbon-dioxide absorbers and sending it through a solution of barium
hydroxide before returning it to the system, the presence of excess carbon
dioxide being readily detected by this method. Since it was found that the
rate of ventilation was not rapid enough to remove the expired air as fast
as the subject breathed into the pipe, a larger pulley was placed upon the
armature shaft of the motor by means of which the rate of ventilation was
inereased from 35 to 60 liters and later to 85 liters per minute, this being
found amply sufficient. To give more freedom of movement for the head in
riding, a flexible tube was attached to the walve-piece through which the
subject breathed. As this addition inereased the dead air-space, a supple-
mentary piece of rubber tubing was attached and the air-current was deflected
through this so that it passed directly by the mouthpiece, thus eliminating
the possible effect on the respiration of so large a dead air-space. This modifi-
cation of the apparatus is elearly shown in fig. 3, page 29. After these changes
in the apparatus and in the experimental routine had been made, practically
all of the experiments were performed without any indications of collapse
except on one or two oceasions when the subject suffered some distress owing
to the use of a defective soda lime bottle.

In the so-called fatigue experiment with M. A. M. on March 15, a col-
lapse seemed imminent, although not actually occurring; this, however,
was not in any way due to the presence of excess carbon dioxide in the ven-
tilating system or to deficient ventilation, for not only was the absence of
carbon dioxide proved by the barium hydroxide test but the amount of oxygen
in the air was determined and found to be 22.5 per cent. The impending
collapse was unquestionably due to the excessive muscular activity and the
onset of fatigue.

Possible criticism may be made that the collapse in the earlier experi-
ments was due not to an accumulation of carbon dioxide in the system but to
a lack of oxygen, This was not true, as an analysis of the air in the apparatus
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after each experiment showed that there was a sufficient supply of oxygen
to meet the needs of the subject.

The observations of the pulse-rate in the experiments in which this
collapse occurred are particularly noteworthy, the pulse rising in at least
one experiment from 124 to 184 per minute inside of 2 minutes. Although
the unusual conditions under which these pulse-rates were obtained do not
make for the highest degree of aceuracy, the records are not far from the actual
values at the time the observations were made, as special care was taken to
secure accurate records.

PULSE-RATE.

The intimate relationship between the pulse-rate and the musecular ac-
tivity, or the degree of muscular rest, which has been observed so frequently
in this laboratory not only with normal individuals but with pathological
cases, with athletes and, indeed, with infants, emphasizes the importance of
securing accurate records of the pulse-rate as an integral part of each experi-
ment. When the subject is lying quietly on the couch, this may readily be
done by means of a Bowles stethoscope lightly attached to the chest. During
severe muscular work, however, these records were much more difficult
to secure, and counts were therefore made of the radial pulse. When the
subject rode at a high rate of speed with considerable lateral motion, accurate
records even of the radial pulse were difficult to make so that only an experi-
enced observer could be relied upon for these; accordingly, the records of
the radial pulse were almost invariably taken by one of us (E. P. C.). Un-
fortunately, while the values obtained for the rest periods and subsequent to
the work give admirable indications of the pulse-rate of the subject when at
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Fic. 6.—Curves showing the pulse-rate when the external museular work was
equivalent to 1.05 ealories per minute.

rest, those taken during_ work, especially if the work were of a high intensity,
were of necessity more intermittent and can only be looked upon as general
indices of the rate of the heart-beat. It soon became apparent that the pulse-
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rate even during severe muscular work, very closely followed the amount of
the energy output, an observation that is fully in accord with the values se-
cured with normal resting subjects which show that the pulse-rate and the
total metabolism are intimately related. Although innumerable observations
of the pulse-rate were made in this study, it seems unnecessary to report these
in detail, and we accordingly give only a few series of pulse-rate observations
which were made before, during, and after the work with each of the inten-
sities of muscular work performed.

The values for 4 experiments in which the subject was producing approxi-
mately 1.05 calories of external muscular work per minute are indicated by
the curves in fig. 6. Before the experiments, when the subject was lying
quietly, the pulse-rate was usually not far from 60 to 64 per minute, but after
the work began there was a rapid ascent of the pulse-rate until it reached an
average not far from 125 per minute with this degree of muscular activity.
Immediately on the cessation of work, which is indicated on the chart by
arrows, the pulse began to fall, the first observation being invariably many
beats per minute less, although there was a distinet tendency for the pulse-
rate after the work to become stationary at a higher level than it was before.

With an external work production of 1.5 calories per minute, the changes
in the pulse-rate were even more strikingly marked, as shown by fig. 7.
Here again with an average rate during rest of approximately 64, there was
inside of 20 minutes a rise in the pulse-rate to a level of approximately 160
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per minute. With the cessation of work, the pulse fell rapidly, and the first
values obtained in the rest-period after work were invariably much lower.
The tendency for the pulse-rate to stop at a much higher level than before
the experiment is even more clearly shown than in fig. 6, the average level after
work for these 4 experiments being not far from 83 beats per minute, as com-
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pared with an initial value before work of 64 per minute. With this intensity
of work, therefore, which was nearly 50 per cent greater per minute than that
in the experiments shown in fig. 6, there was an average rise in the pulse-rate
from 64 to 160 or approximately 35 beats per minute higher than when the
muscular work was 1.05 calories per minute.

The eurves for the pulse-rate in 5 experiments in which the external
musecular work was 2.0 calories per minute are given in fig. 8. These values
show an average pulse-rate before work of about 60 per minute with an almost
immediate rise inside of 15 or 20 minutes to a level of approximately 163,
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F1a. 8.—Curves showing the pulse-rate when the external muscular work was equivalent
to 2.0 calories per minute.

which continued throughout the work. After work the pulse-rate fell rapidly
but became constant at a distinetly higher level than that before the work
began. The average maximum rate, 7. e., 163 per minute, is but a little
higher than that with 1.5 calories of work.

The average values for the pulse-rate in two experiments in which the
external muscular work was 2.25 calories per minute are plotted in fig. 9.
The initial pulse-rate before work averaged as usual about 63, rising rapidly
at the beginning of work, and seeking a level not far from 166, or essentially
that with the work at 2 calories per minute. After the work ceased, there was
again a rapid fall with a striking tendency for the pulse to remain above the
initial level. In view of the single high observation of 180 per minute, it is
to be regretted that more observations could not have been obtained during
this severe muscular work.

As has already been pointed out, some method other than the radial
pulse or the stethosecope must be used during museular work in order to obtain
satisfactory records of the pulse-rate, but these two methods were the only
ones available at the time, since we did not wish to hamper the subject
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with a chest pneumograph and a string galvancmeter was not then at our
disposal. It is evident, however, that there is here an interesting field for
study in the relation between the pulse-rate and the intensity of muscular
work.

One of the points clearly brought out in this study of the effect of mus-
cular work on the pulse-rate is the distinct tendency for the pulse to settle
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Fia. 9—Curves showing the pulse-rate when the external muscular work was equivalent
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to a much higher level than prior to work. In connection with fig. 8, it should
be noted that the pulse-rate continued on a level higher than the initial values
so long as the observations were made, a record of 76 being obtained 361
minutes after the beginning of the work. Following one of the experiments
shown on fig. 9, the high pulse-rate of 70 or over continued up to the 400th
minute when the observations were discontinued. This is in complete corre-
lation with the higher metabolism found under these conditions which is
discussed elsewhere in this report.® Our results are strikingly at variance
with the ohservations of Cook and Pembrey,” who maintain that with well-
trained persons the pulse-rate after a strenuous run rapidly returned not only
to the earlier level but actually fell below. Only with poorly trained individ-
uals did the pulse remain high after exercise. Our subject M. A. M. was
admirably trained and usually very fit, as the amounts of work done without
food amply testify. Inasmuch as in our experiments the pulse-rate showed
an even greater tendency towards this persistency in maintaining a higher
level after work than did the metabolism, a series of experiments definitely
planned to study this interesting point should be made; in this research,

a See p. 163, b Cook and Pembrey, Journ. Physiol., 1912, 45, Proceedings, p. 1.
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the pulse-rate observations after work, as well as the body-temperature
measurements, were wholly incidental to the major questions being studied,
and both the nature of the experiments and the temperament of the subject
made it impossible for us to hold him in the laboratory an undue length of
time even for securing pulse-rate observations of such interest and value.
While there is a general tendency for the high level of the pulse-rate dur-
ing severe muscular work to increase as the intensity of the work increases,
the values being respectively 125 beats per minute for external muscular
work of 1.05 calories, 160 per minute for 1.5 calories, 163 per minute for 2
calories, and 166 for 2.25 calories, the relationship is not so simple as would
appear, for in the experiment of March 15, in which the work of about 2
calories per minute was so prolonged and continuous as to produce a condition
of fatigue, the observations during the six experimental periods were as fol-
lows: At the 34th minute, 128 beats; 40th minute, 130; 78th minute, 128,
125th minute, 136; 174th minute, 156; and 211th minute, 160. While
general deduetions are not warranted from this single series of observations
during prolonged work, yet it is of interest to note that the work in the last
three periods became more and more difficult, and in the last period it was
necessary to stop work at the end of 7 minutes instead of the usual 10 minutes.
The rise in the pulse-rate noted in the previous section as accompanying the
condition of collapse is not here discussed since it would be obviously improper
to consider in this connection values obtained under such abnormal conditions.

BODY-TEMPERATURE.

With the special equipment installed in this laboratory ® for the accurate
measurement of the rectal body-temperature, it was hoped that during this
research it would be possible to obtain many records of the body-temperature
during severe muscular work. As a matter of fact, observations could be
obtained only on three days, December 20, 21, and 22, 1911, with subject
M. A. M. At the end of this time the subject complained that the ther-
mometer irritated him and rather than jeopardize the whole series of experi-
ments by insisting upon the rectal temperature measurements, they were
discontinued.

In but few instances have such measurements been obtained during the
actual progress of muscular work, the most extensive series with which we
are familiar being that of Benedict and Snell.” In this series, two experiments
are reported in which the subject, J. C. W., rode a bicycle ergometer. The
results, which are presented in the form of curves, show that there was an
immediate rise on beginning work until a maximum temperature was reached
which remained essentially constant throughout the working period. After
the work was discontinued, the temperature rapidly fell. '

The thermometer with which the observations of Benedict and Snell
were made was much larger than that employed in this research as in the ear-
lier observations the resistance thermometer principle was used, while with
the newer apparatus the records were made by means of the thermal junction
only. In our thermal-junction thermometer the connections are covered
for some 25 centimeters by a small flexible rubber tube, approximately 3.5

8 Benediet and Slack, Carnegie Institution of Wa.llhin.Tmn Publication No. 155, 1911,
b Benedict and Snell, PAfigera Archiv f. d. ges. Physiol., 1902, 90, p. 33.
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millimeters in diameter. When the subject is at rest, the thermometer is
tolerated for hours at a time without the slightest inconvenience; in fact
after the thermometer has been inserted for 5 minutes, the subject is usually
unconscious of its presence. On the other hand, when the subject is riding
at high speed on the bicycle ergometer, more strain is naturally brought upon
the sphincter, which inereases the possibility of irritation, so that the objec-
tion of the subject to the thermometer eould be easily understood.

The few observations made were, however, very accurate and represent-
g as they do records obtained during the actual time of severe museular
work, they have a somewhat unusual interest. The results have been plotted
in the form of curves shown in fig. 10. In the first experiment of which the
eurve is shown, that of December 20, the work began about 9" 30™ a.m.,
the initial record being made at 9% 35@ a.m. Unfortunately no records were
taken before the work began. In 20 minutes the temperature steadily rose
from 36.39° C. to 37.08° C., then gradually mounted until at 10" 17™ a.m.
the temperature had reached 37.22° C. For a period of approximately 20
minutes, the measurements were lost and when resumed, the first observa-

&r.a

ot ] — 4 '-’II;.

n7 o,

i | /

B8 J I e ]
34 - =
3 I Iff i [
a2 .
.1 I ,’f i \—l?‘:
BT NAY

&m0

"‘:‘n—

B

"y

1

1

1
s

2l
LA
B
|

-f

N,

6.9 l W
2 Il | \
|

=7

s | &
i / / | {l\sﬂ

N\

a8,

; Il
i '\ e b B
562 '-"""—/ h"'} .-—.-\.‘.
. N/

AM.E20 520 540 560 D00 10 920 930 9.40 9.5010.0010.1010.20 10,30 10,40 L 5011.00 1110 11.20 11300140 11. 50 12.00

Fic. 10.—Continuous records of the rectal temperature obtained by thermal
element during severe museular work.

The work began about 8% 30w a.m. and ended as indicated by the group of arrows on the chart,

tion, which was taken just before the work ceased, gave a record of 37.39° C.
After the work there was an immediate rapid fall which persisted until the
observations were discontinued at 11* 40™ a.m., at which time the body-
temperature was still falling. Throughout these observations, the subject
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was performing effective muscular work corresponding to approximately 1
calorie per minute, or a total energy output of about 6 calories per minute.
It is greatly to be regretted that temperature observations could not have
been made at the time the amount of the external muscular work was
double that when these records were made.

The observations for the experiment of December 21 ineclude only the
records for the body-temperature immediately following the cessation of work.
The record obtained shortly after the work ended, 7. e., 37.84° C. at 10" 45
a.m., is the highest record secured for any of the experiments. The rapid
persistent fall in temperature amounted to nearly 1.6° C. inside of an hour.
As will be seen by the curve, the body-temperature was assummg a constant
level when the observations were discontinued.

The most complete series of records obtained in the three experiments
was that for December 22, which included observations before, during, and
after work, the thermometer being kept in the rectum throughout the whole
period of work. In the rest-periods when the subject lay upon the couch,
the temperature in the rectum was reasonably constant at 36.25° C. The
work began at 9% 28™ am., and in 7 minutes the temperature had risen
rapidly, this rise continuing at almost the same rate until 9* 55 a.m,,
or 27 minutes after the work began, when the thermometer registered 37.66° C.,
representing an increase in the body-temperature of 1.4° C. This very high
temperature was not maintained, however, for as the work progressed, there
was a slight falling off, with a tendency to assume a level at 37.36° C. The
subject stopped working at 10* 50™ a.m., and the characteristic rapid fall in
temperature after work is again shown in this curve, the temperature ulti-
mately reaching approximately the level shown for the observations prior to
the work.

The laboratory protocols for the experiment of December 22 have a
special interest in this connection. They show that when the subject began
working at 9" 28™ am., he worked very hard and as rapidly as possible
until 9* 53™ a.m. Unfortunately no record of the number of revolutions was
obtained as the registering counter broke shortly after the work was begun.
At 9% 53™ a.m. the subject without stopping adjusted the rate of riding to
60 revolutions per minute. Singularly enough, this experiment is one in
which the impending collapse appeared, so that at 10® 10™ a.m. it was neces-
sary for him to remove his mouth from the mouthpiece of the respiration
apparatus. After an intermission of about 3 minutes, he resumed work, the
rate throughout the rest of the experiment being essentially 58 to 60 revolu-
tions per minute. It is thus seen that the rapid work at the beginning raised
the body-temperature to the highest point, and that the falling off shown
by the curve later was actually coineident with a considerable diminution
in the amount of work done.

It will be noted that all of these values were taken deep in the rectum
with a very sensitive thermometer, giving aceurate measurements to 0.01° C.
The difficulties incidental to measuring the body-temperature of athletes
during severe exercise have often been pointed out, and bicyele riding appears
to offer the most ideal conditions for studying the influence of muscular
activity on body-temperature. From the results obtained with two subjects
in earlier observations, we have no reason to believe that a study of body-
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temperature by this method is not entirely practicable. On the other hand
it did not seem wise to endanger the success of the research by attempting
to overcome the idiosynerasy of this individual subject in order to obtain
observations which were at that time distinctly of secondary importance.

THE MAXIMUM WOREING CAPACITY OF MAN.

It iz a well known fact that men are capable of intense museular exertion
for short periods, and that the intensity of the work is in general inversely
proportional to the length of time through which it must be earried out.
On this principle is based all the systems of training for short distances or
long distances in running races. The results of our experiments throw an
interesting light upon the possible maximum working capaecity of man in
periods ranging from one to four hours, and hence they are worthy of
consideration from this point of view.

In discussing the maximum working capacity of man, R. C. Carpenter *
has tabulated the results of several computations regarding the average energy
equivalent of the work of a man. Of these, the first four are particularly
interesting in this connection since they give the energy equivalent of bicycle
riding over periods of 10, 15, and 96 seconds, and 1 hour, respectively. These
have been recomputed on the basis of calories per minute, and are given in
table 132.

TaBLE 132.—Energy equivalent l:'%f the work done on bicycle riding

as reporled by C. Carpenter
El'lﬂeti]m
r MyEsar
Time. SOrk et
minute.
cirls,
10 seconds... ... . .15
15 scconda. .. .. .. 804
96 seconds. ... ... 2.83
1 howur. . 1.04

1 Recomputed by us from values given in foot pounds, 3,088 foot pounds being equal to 1 calorie.

In the data presented by Carpenter, we find that the professional sub-
jeet C. W. M. in a 6-day bieycle race rode an average of 20.77 hours per day
for 5 days, and accomplished, according to Carpenter’s computations, 3,366
calories of external muscular werk per day. This corresponds to 2.70 calories
per minute, a value considerably better than that given in table 132 for 1 hour.
It should be borne in mind that this value, as well as the values in table 132,
are derived from computations of the effective muscular work performed,
no direct measurements being possible. Our professional subject M. A, M.,
who had personally participated in 6-day races, agreed fully with the subjeet
N. B., previously studied,” that the resistance of the ergometer, which cor-
responded to an external effective work of approximately 1.6 calories per
minute, represented quite closely that incidental to the air and track resistance
in a G-day bicycle race. From our experience in this research, therefore,
we have every reason to believe that the values given by R. C. Carpenter are
very much too high, the error being due to the inadequate data for computing
the amount of work done by the bieyelist. Making certain reservations,

g Atwater, Sherman, and Carpenter, U, 8. Dept. Agr., Office Exp. Stas. Bul. 98,1901, p. 67.
& Benedict and Carpenter, U, 8. Dept, Agr., Office Exp. Stas, Bul. 208, 1900,
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Magnus-Levy,® on the basis of the research of L. Zuntz,? has recomputed the
total work performed by the bicyele rider in R. C. Carpenter’s report, his
results being 20 per cent higher than those computed by Carpenter.

Although for comparison with the results of this research, the data
obtained in experiments with bicycle riders are of more value, nevertheless
an interesting collection of calculations regarding the maximum work of
man has been made by Blix.* Using an ingenious crank dynamograph de-
vised by Sandstrém, Blix obtained certain results which he compared with
those obtained with other forms of severe muscular work. These data have
been recomputed by Magnus-Levy on the basis of kilogrammeters,? and for
purposes of comparison, we have again recomputed them in terms of calories
per minute of effective muscular work, and report them in table 133.

TaBLE 133.—Effective muscular work in various forms of activity, as reported by Bliz?

Kind of work. Length of work, | Effective museular work
kgm. ml'-s.

Mountain-climbing, moderate work...... Many hours. . . 500
Mountain-climbing, severs work. . ....... 1 to 2 houra. . T&ﬂ'—l D00 L. ?4—2 33
Sl.e-ep mountain-chmbing, 10 meters. 37 minutes, . . . 2,000 4.05

bing a treadmall. . . 0.0 ol ian 30 seconds. ... .| 2,400-3,600 5.58-8.37
Running up stairs, 10 kgm. load. . vex| 15 seconds..... 3,700 B.61
Running up stairs, without Ioad......... 30 seconds. .. .. 4,200 10L00
Running up staira, without load. ....... 4 seconds. ....| 5700-6,000 | 13.26-13.95

1 Recomputed in kilogrammetera by Magonus-Levy, and by us in calories per minute.

While the subject M. A. M. occasionally sprinted for short periods at a
speed as great as 198 revolutions per minute, our observations deal almost
exclusively with periods in which he worked at a constant rate for not less
than 10 minutes and usually for approximately an hour. In such experiments
he repeatedly produced 2.3 calories per minute of external muscular work.
In discussing the muscular work of mountain-climbing, Magnus-Levy ¢
states that he has often observed a herdsman in the Alps climb up in a direct
ascent 800 meters in 1 hour, which he considers is equal to 60,000 kilo-
grammeters, or 1,000 kilogrammeters per minute, this corresponding to 2.3
calories per minute. It is thus seen that our subjeet M. A. M., when riding
at the rate of 2.3 calories per minute, was performing work equal in amount
to the severe work of the herdsman in the Alps; the experimental evidence
shows that the subject M. A. M. on certain days maintained approximately
this speed for an hour or more.

One of the most striking illustrations of the staying qualities and the
endurance of our professional subject is shown in the experiment of March 15,
in which the external work performed was at the rate of 2 calories per minute,
this rate being kept up without cessation for 414 hours. This is the greatest
sustained muscular work that we have thus far seen reported, although
essentially this amount of work was reported by Benedict and Carpenter ®
as done by the professional bicyele rider N. B. On October 22, 1904, the sub-
ject N. B. rode from 2 p.m. to 4 58™ p.m., with a preliminary riding period

a \im?;uﬁhv?gﬂ?ﬁhﬂmlume dea Stoffwechsel, in von Noorden's Handbuch der Pathologie dea Stoffwechsels,
erlin
b Leo Zuntz, LTHMMQEMECD iiber den Gaswechsel und Energicumsats des Radfabhren, Berlin, 1599,
¢ Blix, Skand. Archiv, 1 15, p. 122,
d ‘-‘l:gnl:n-T.l.wE' loe, cit., . 247,
I-Er log., cil., pp. 30 and 31.
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of about 1 hour, the total period of muscular activity being approximately
one hour less than that of the professional subject M. A. M. in the experiment
of March 15 previously referred to. On the other hand, it should be stated
that, in the case of N. B., the riding followed a substantial meal while all of
the experiments with M. A. M. were made without food, the beginning of
work in all cases being not less than 12 hours after the last meal. It is thus
seen that in the experiment with M. A. M. on March 15, when the riding pe-
riods ended, the subject had been without food in the stomach for at least 18
hours. As shown elsewhere in this report,” the amount of work done during
this time has been eomputed as probably being equivalent to not less than
a 100-mile bicycle ride over ordinary roads, i. €., a “century run” before
breakfast.

As already noted, the mechanical efficiency does not vary greatly with
different subjects; hence, instead of comparing the amount of work done,
it is possible and quite logical to compare the amounts of oxygen consumed
or the heat production computed indirectly for different individuals. Thus
the great error due to the inability to caleulate correctly the amount of ex-
ternal muscular work performed is eliminated in these comparisons. The
oxygen consumption during severe muscular work has been determined in a
number of instances and the results have been tabulated in table 134. All
of these deferminations were made by the Zuntz method and by Zuntsz,
or Durig, or their associates.

Tasre 134.—Comparison of the oxygen consumplion during various forms of muscular
work, a8 delermined by the Zunlz melhod.

. Oxygen || Oxyren
Name of subject. Kind of work, Eﬂ:::“;:':' ; Name of subject. Kind of worlk. Ti.::u;nclg*

| minute. minute,

Gl L

Waldenburg .....| Trepdmill.......... 1,538 Kolmer.........| Swimming ........ 2,418
ol e s R E: o e 2,280 TR e s ey Mountain=climbing 2,245
B ] e B 1 e | i 2,037 o] [TET: 1 T | P e 1B e 2,662
13 10 i RSbEC) o e e 2 104 Ramier ;.o vis RSP E ey  SEEE 2.554
| (T e R | TN b P et 1.80% | 1T ] E R Bl R 2674
FATTC, T g e (Bt b et e 1,542 I.BL...........| Bigycleriding. .. ... 2,130
T Pumts. Lo 00 Rieyele-riding .. .. = 307 11, B e GRS, R 7 L 2 3,000
Reaeh........0... Tl:frpiu; erank. .. .. ]_,,l_‘.jfl|I M.OA ML ... .o (3 o R 12,860

1 For comparison we give three values obtained on the hicycle ergonmeter. :
2 For 15 minutes, 4 For 1 hour 10 minutes.

It is thus clear by every method of comparison that the subjeet M. A. M.
performed an extraordinary amount of work and that his metabolism was
elevated to an abnormally high degree. When it is considered that this high
elevation persisted not simply for experimental periods of a few seconds or
even 15 minutes, but for an hour or more, and that these long experiments
were carried out by the subject without food in the stomach, it will be seen
that this subject not only had great strength but very great endurance, and
that the amount of work performed was considerably greater than that done
in the most active mountain-climbing.

4 Bee p. B7.



PHYSIOLOGICAL EFFECTS 163

THE AFTER-EFFECTS OF MUSCULAR WORK.

The long-continued rapidity of respiration and heart-beat after exercise,
as, for instance, after running, is familiar evidence that the intense metab-
olism incidental to active musecular work does not instantly disappear with
the cessation of the work. One of the earliest observers on this point is
Vierordt ®* who has said: “HEs ist folglich die korperliche Bewegung von
sehr grossem und nachhaltendem Einflusse auf die Ausscheidung der Kohlen-
siure.” Later, Edward Smith,” in his discussion of the after-effects of work
on respiration, wrote: “It is evident that whilst there is, during the whole
interval of rest, an increase in the respiratory changes over that of rest apart
from this exertion, the great excess due to the exertion disappears after 5
minutes’ rest.”

The first accurate measurements of the increased metabolism following
muscular work were reported by Speck,” who, recognizing a definite relation-
ship between pulse and metabolism, states in the report of one of his experi-
ments that the pulse-rate, after muscular activity sufficient to bring it to 160
beats per minute, had only dropped to 96 beats per minute in a period of 24
minutes after the exercise had ceased. In discussing the fact that he always
found increased carbon-dioxide production and oxygen consumption long
after the cessation of work, Speck expressed the belief that the increase in
the carbon dioxide expired cannot be due simply to the increased production
during the few minutes of work, but that this inerease in the formation of
carbon dioxide must continue throughout the 20 or 25 minutes after work
in which the greater output is observed.

Inreporting the muscular-work experiments with the respiration chamber
at Wesleyan University, Middletown, Connecticut, Atwater, Woods, and
Benedict,” commenting upon the results following a work experiment, state
that a rest-period of 6 hours was sufficient to bring the elimination of carbon
dioxide again to the normal, even after a period of hard muscular work in
which the production of carbon dioxide amounted at times to 500 grams in
6 hours. An examination of the results shows that the data are not so re-
eorded as to permit this comparison, for the period preceding sleep included
the whole time between 3 p.m. and 9 p.m., although the work unquestion-
ably ended about 6 p.m. The first rest-period for comparison would thus be
the period from 9 p.m. to 3 a.m. whereas the work had actually ceased some
3 or 4 hours previous. The after-effect of the work would obviously have been
greater between 6 p.m. and 9 p.m., but this would not be shown by the results
since the data would be included in the values given for the work-period.

In subsequent publications from Wesleyan University, the after-effects
of muscular activity were markedly shown; a summary of these results has
been prepared and diseussed by Benedict and Carpenter.® Computing the
heat production during sleep from 1 a.am. to 7 a.m. following different con-
ditions of activity, they find the averages given in table 135. The work per-
formed consisted of riding one of the various types of the bicycle ergometer
used in that laboratory, the moderate work ranging from 130 to 280 calories

8 Vierordt, Phystologie des At'hrncm. Karlsruhe, 1845, p. 100,
& Fiai Ekpiloouts o assmmt Il kisene, Delpai: 1802, g B8

€ I vElo o menachlichen mens, Leipaia, . A summary 18 given of earlier TH,
@ Atwater, Woods, and Benedict, U. 8. Dept. Agr.. Office Exp. f:-ma Bul. 44, lﬁf 111 A2, P
¢ Benedict and Carpenter, Carnegie Institution o!’ Wa,_ghmgtuu Publication Mo, 126, 1910, p. 193,
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for each day, and the severe work from 420 to 660 calories. In the
very severe work experiment, the riding period began at 8% 01™ a.m. of the first
day and ended at 3" 01™ a.m. of the following. During this time the subject
rode the bicycle ergometer approximately 11 hours in all,® the heat equivalent
of the muscular work being 957 calories.” When he stopped work at 3k 01
a.m., he changed his underclothes and lay down; the observer reported him
to be asleep at 3" 20™ a.m., the measurements of the metabolism after
work given in table 135 beginning at 4 a.m. The influence of the pre-
ceclii]g muscular activity on the metabolism is strikingly shown in these
results.

TasLe 135.—Heat produced during sleep (1 a.m. to 7 a.m.) following different
condilions of activity, as reported by Benedict and Carpenter.t

[Average per hour.]

" . Bleep
. Sleep ﬁ?‘:“': Eﬂ-ﬁ after
Subject. after moderate | severe Yooy
ol work. work REwERS
> ] work.
eils, cals, cals, calz.
EQ... 6.3 T4.5
I L B i), 4 Ga.3
Wl W Ti-2 831
B.F.I.... G598 B3.3 e
A L. L... TH.3 S B3.7 7.9

e e 0 U wecy, sevios srork R hick work Samas bt | o pae |

According to data presented for the subject J. C. W. by Benedict and
Carpenter,® the average heat production from 1 a.m. to 7 a.m. with food at
rest was 449 calories. The data of the work experiments with this subject ¢
show that the amount of external muscular work was equivalent to approxi-
mately 586 calories per day, the calorie output in the 6 experiments from
1 a.m. to 7 a.m. being as follows: 528, 527, 534, 475, 503, 487, with an average
for the 6 experiments of 509 calories. This represents an increment over the
resting value of 60 calories or about 13 per cent, that is, during the period
which began at least 7 or 8 hours after the muscular work had finished, the
metabolism was still some 13 per cent above the normal. Aside from the ex-
periment with A. L. L., none of these work experiments can be considered as
a severe draft upon the subjects. The work was done easily, particularly by
J. C. W., who was a college champion and an excellent amateur athlete.
The muscular activity cannot therefore be considered as at all fatiguing or
done under abnormal conditions.

In strong contrast with the results found in the Middletown respiration
apparatus are those almost invariably® reported by the investigators of the
Zuntz school. The most recent and complete digest of the opinions of these
workers is that which has been given by Loewy. Loewy ! contends that the
inerease in the oxygen consumption during the whole period following work is
approximately equal to the total consumption during one minute of the work-

o Benediet and Milner, U7, 8. Dept. Agr., Office Exp. Stas. Bul. 175, 1907, p. 105,

& Benedict and Milner, loe. et p. 333

€ Benedict and Carpenter, U, B, Dept. Apr., Office Exp, Stas.. Bul, 208, 1909, p. 22,

d Beonediet and Alilner, 17, 5, Dl‘:r‘r!. .-1|.|.';|:._ Oiffes E:l:'|:||r Stos. Rul. 175, pp. 232 and 307, .

€ After this was written and in proof, a E«mr appeared by Durig and funt:ﬁ (Die Nachwirkung der Arbeit auf
die Respiration in groesseren Hoehen. Skand, Archiv, 1013, 29, p. 133) in which they give more marked
results than any that they have hitherto published.

I Loewy, in Oppenbeimer's Handbuch der Biochemie, Jena, 1911, 4, (1), p. 203,
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ing-period, but points out that this holds true only when the work is done
easily and without fatigue. Under conditions of fatigue, he maintains that
the consumption of oxygen during the whole after-period following work may
amount to the total oxygen consumption during 2 or 3 minutes of the work-
period, and concludes that the high values found by Speck were due to
fatiguing work.

In experimenting on dogs, Porges and Pribram ° studied the gas-exchange
following the cessation of work. After citing the after-effects of work on
metabolism as found by Speck, Katzenstein, Loewy, Lehmann and Zuntz,
Zuntz and Schumburg, Zuntz, Loewy, Miiller and Caspari with men, and
Zuntz and Lehmann as well as Zuntz and Hagemann with horses, they report
the results secured with their dog and attempt to explain the inereased metab-
olism on the basis of an increased ventilation of the lungs, assuming that each
liter of lung ventilation requires an increase of 5 to 10 c.c. in the oxygen con-
sumption. The authors computed the increase in the oxygen consumption
incidental to the increase in the ventilation above the normal, and deducting
this from the values actually found, they state that the total inerease found
with their animal corrected for the increase in the lung ventilation did not
continue over 1 hour. Inasmuch as they were using a tracheotomized dog,
which under conditions of work necessitated an artificial control of the tem-
perature, it is obvious that these experiments were not best adapted for study-
ing the after-effect of work. Undoubtedly there were temperature disturbances
which even the artificial method for cooling the animal could not entirely
prevent.

The question of the after-effects of museular work upon metabolism is
much more than simply an interesting physiological problem, sinee it has an
important bearing upon the technique of studying metabolism in the higher
mountains. Jaquet® maintains that there is a considerable after-effect
of work and believes that until at least 24 hours has elapsed after reaching
the high altitude, the subject is not in condition to be examined for the influ-
ence of high climate upon metabolism. Henece he recommends that localities
should be selected for this kind of research to which the subjects ean be
carried by a mountain railway, thus eliminating the intense fatigue and ex-
cessive muscular strain incidental to elimbing with baggage and apparatus
to the point selected for the study. It is obvious that in studies of the influ-
ence of muscular work on the metabolism, there would be the least objection
to the after-effects of the exercise of climbing inasmuch as usually large energy
transformations are considered; on the other hand when a study is made of
the influence of high altitude per se upon normal resting metabolism, it is a
serious question as to whether or no the after-effects of muscular work are
not such as to vitiate the results of many of the experiments made on this
important point.

To secure definite evidence with regard to the after-effects of work upon
metabolism, a large number of experiments were made in connection with this
research in which the metabolism in the period following the severe museular
work was studied. The results of these studies have been brought together
in table 136, in which are given the metabolism before the work began, the

8 Porges and Pribram, Biochem. Zeitsch., 1007, 8, p. 453,
& Jaquet, Archiv f. exp. Path. u. Pharm., 1910, 63, p. 341,
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charaeter and the amount of the work, and the metabolism measured at stated
intervals after the work had ceased. The per minute total calorie output,
the carbon-dioxide output, the oxygen consumption, and the respiratory
quotient are included, together with the observations of the pulse- and respira-
tion-rates. Naturally the measurements of the oxygen consumption have the
greatest interest, since they form an admirable index of the total katabolism,
and if corrections are made for the varying calorific equivalents of oxygen
based upon the respiratory quotient as determined, the calorie production ean
be directly computed. One great difficulty with this type of experimenting
is the fact that in order to determine accurately the respiratory quotient,
exact determinations of the carbon dioxide are necessary, for if a resting
period is begun immediately after the severe muscular work, abnormal
results for carbon dioxide might be obtained as a result of retained carbon
dioxide.”

TasLe 136. — Metabolism of subjects lying on the couch withou! food before and after work.

[The subject of the experiment of Now. 21, 1811, was H. T. H.; of Nov. 23, 1811, E. P. C
and of the remuining experiments, M. A, M. Figures in italies represent duration ni
work, heat equivalent of work, and the oxygen consumption per minute during the last
period of work.

Elapeed | Carbon dioxide Chxyvpen Heat R’
: <Pl T - L i P‘lllm : .E'ﬂ'-
}:;:‘l | eliminated. absorbed. {m‘::p!.it':udj. Res- oy {,IH;,_
‘.'nd ih' i _— e - Pt T
Drate. work to | Inerease | Inerense In- :':Il;': Tnerenee ;::":
begin- | Per | after work. | Per | after work. | Per | orease l.%uut. Per | after work. | nin.
ning of \min. | IEHT, | — | i, | after Y. | —— | ute,
period. Amt.| P et. I Ami. . I:T..i work. Amt.| P of.|
1911. &0, | ot I .0, l €0, | cals. | p. cl.
MNow. 211 viaca El:i: ] | 1 P [ 0.59 | T1 14
Werk: 65 mun. 73 cala. J' ?e‘i# 0.0
37 mnp. (198 =15 | =7.0 | 259 19 7.0 | 1.23 -l 2 | D i? B3 12 169 | 16
I i
MNow. 23 ).......: L e B e s et TN e F. L T 11
Work: 46 min. 45 cals. 1.8368 c.c.
15 min. | 190 21 | 124 | 249 38 | 18.0]1.18 | 168 | 056 | 58 8 16.0
45 min. | 159| =10 | =5.9 | 225 14 G.G | 1.05 4.0 a1 | B3 3 G.0
Dee. 15 .| 200 250 . 1.20 A0 [ 64 L. aar | ek
| Work: 75 min. 81 cals. 1,444 c.c.
158 min. | 215| 15 TS5BS 5 20124 33 08471 7 |10p | 22
42 an. | 200 ... iew 1202 2 0.8 | 1.21 I! B B0 | 64 5 14
I I
Dec. 20 |........[194] ... 22[1[ S B D 1) i A6 | 63 19
) Wark: 70 min. 72 cala. 1'.#%‘.: .
13 min. | 200G 0] 4.6 258 32 |14.2 | 124 12 0.79 | 68 5 .0 20
34 min. | 152 =2 | =1.0 !.‘-!-l? 21 9.3 | 1.18 73 78 | 62 =1 | =10 &0
D5 muin. | 200 i1 4.1 | 282 24 11.5 | 1.21 | 10.0 B0 | 63 L 21
|
Dec. 21 |..caa.es ] e e R | | s e e LB () 18
Work: T8 min. 22 cala. 1,256 oo
8 min. | 217 15 9.0 | 259 12,1 | 1.26 | 125 | 084 | 75 15 | 250 ) 23
27 min. | 203 4 o0 | 261 30 13.0 | 1.25 ] 11.6 e i 10 16.7 | 23
48 min. | 1896 =3 | =1.5 | 247 | 16 G.0 | 1.18 0.4 de| 6] ¥ 11.7 | 20
I h.Dm. | 192 =7 | =8.5 | 246G] 15 6.5 | 1.17 d.a a8 | G5 ) 8.3 | 24
Deg, 22 |, . o.e...| 104 ... ] [ 1.09 | ... A6 | G0 20
Weark: ¥8 min. &% cala. [ 355 oo
10 min, | 225 31 | 16.0 | 253 | 28 12,4 | 1.24 | 13.58 | 0.80 | 70 10 16.7 | 22
32 min. | 197 3 1.5 | 238 | 13 5.5 [ 1.15 5.0 B3| G 4 6.7 | 20
iis 52 min. | 198 A4 2. :Eﬂ'—ﬂ- 3 1.3 | 1.11 1.8 | AT | G2 2 4.3 | 20
1912, | | 1
Japed (Vo onism. {208 ... s e 1233 Lo ol |1 o5y | T ESRet] [t [ [ 7 R e 20
Waork: 68 min. &2 cala. 1,162 ¢.e,
11 min I 234 16 7.7 | 26 35 150 | 1.30 | 14.0 | 0.54 | B1 14 | 20,9 | 20
| 47 min. JEM =4 | =1.9 | 246/| 13 56 | 1.19 4.4 B3 G5 1 i 1.5 | 20

& Gpe discussion of this point, p. 148,
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TapLe 136.— Metabolism of subjects lying
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on the couch without food before and after
work — Continued.

[Figures in italics represent duration of work, heat equivalent of work, and the oxygen consumption
per minute during the last period of work.]

Blspeod | Carbondioxide |  Oxygen o R
F i output Pulsé-rate, Led=
Et:ﬂmmﬂ eliminated. T (ﬂﬂm;ﬁrﬂd}- I{_E'.!-'- pira-
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40 min. | 208 ) 4.5 | 277 | 44 | 159 | 1.32 | 168 a6 | FF | 17 | 283 | 22
Jan. 4 |........| 212 35 .. eo | AL . A1 | 65 20
Work: 60 min., 102! cals
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1 The subject was not bresthing in the eirewit of the respirstion apparatus,
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TasrLe 136.—Metabolism of subjects lying on the couch without food before and afler
waork—Continued.

[Figures in italics represent duration of work, heat equivalent of work, and the oxygen consumption
per minute during the last period of work.|
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45 min, | 222 21 | 10.4 | 300 48 | 184 145 | 169 g2 | B4 21 | 333 | 22
1h.12m, |208| 2| 1.0(297| 36 |13.8 |1.40 | 129 | 60 | 84 | 21 |33.3| 24
Jan. 19 |..cecis- gl (R ‘ 2800 .. ] 18 - S | R a7 | 86 21
: | | Waork: 87 min. 83 cals. 2,084 oo
19 min. |205| 6| 3.0]316] 56 (215|148 | 194 | 0.65 | 87 | 21 | 31.8 | 25
44 min. | 210| 11 551300 40 | 154 | 141 ) 137 a0 | B2 18 | 242 24
| 1h.Bm. | 214 15 7.0 | 294 24 | 14.1 | 1.3D | 12.1 a3 | B2 16 | 24.2 1 20
| 1h.37m. | 222 23 | 11.G (302 42 (162 | 143 | 153 4 (7O 23 | 197 | 22
|
Jan. 24 |........] 200 I s ] s . | 1.13 ;s AT | 63 21
| | Work: 63 min. 125 cals. 2,040 c.e.
| 17 min. | 226 238 | 13.9 | 292 60 | 259 | 140 | 239 |0.78 | 82 | 20 | 46.0/| 20
43 min. [211) 10| 50 200 58 (250 |1.37 | 21.2 | .73 | 86 | 23 (365 | 24
1h.10m. | 210 8 &6 e et 5 cea | BE | 21 | 333 22
Jan, 25 [..-:-n. 194 240| .. | 1.20 ) ... B0 | 63 20
| 3 Work: 74 min. 149 cals. 2,303 c.e,
18 min. | 218| 19 | 95 287 48 |15.3 | 1.36 | 13.3 |O76 | 80 ) 26 | 41.3 | 22
42 min. | 207 ] 4.0 | 262| 13 5.2 | 1.26 5.0 J9 | Bl =1 | d4.3 os
[Thom, (212] 13 | 656|272 23 921130 83| 78| 84| 21 | 333 | 24
T | P 202 PO 2 | | [ ) o 86 | G4 23
: Work: Y2 min. 135 onls. 2,167 ce,
16 min. | 211 0 4.5 El"rﬂl a1 12.1 | 1.28 | 11.3 | 0.79 | BS 21 (328 | 24
41 min. | 214 12 5.902686| 20 |122(1.28 | 11.3 .51 | B2 18 1281 | 24
1 h.7 m. 2| 1.0)206) 20 (122|127 | 104 | 77 (81 | 17 |20.6 | 24
Twm i e st 222 ] s L [ () e e ) [ A3 | 66 20
Work: 36vmin. 711 cals. 2,115 ec.c.
12 min. | 229 F 3.2 | 285 45 | 187 | 1.37 | 151 | 0.80 | 93 27 | 408 28
35 min. | 216 | =06 | =27 |262| 22 02 | 1.2V 6.7 B3 | 85 19 | 288 | 22
S0 min. | 220 -2 |- .9 |266| 26 | 108 | 1.20 8.4 A3 | 85 | 10 | 288 | 26
Feb. 1 [|-.:iaiss] 214 241 .. .- | 1.18 £ B0 | 68 |y Ee | ]
Wark: 71 min. 152 cala. £,000 c.0.
19 min. | 217 3| 1.4 |280] 39 |16.2)1.34 | 136 [O.78 | 91 | 23 [ 238 | 24
4l min. | 207 | -F |-3.3 |270| 38 | 158 | 1.32 | 11.9 74 | B5 17 | 250 | 22
| 1h.2m. | 218 4 | 19280 39 |16.2 | 1.34 | 156 78| 54 | 16 | 235 | 20
i | 204 246 .. watl| 12519 < L3 G4 19
[ Work: T4 min. 152 cald. 2,283 e.e.
23 min. | 220 16 7-B |284| 38 | 154 |1.35] 134 | 077 | 83 | 29 | 4563 | 24
1h.18m. | 217 13 G4 | 277 | 41 12.6 | 1.33 | 11.8 0 | B4 20 | 31.3 | 24
lhd5m. | 216| 12 | 59 (282 36 [14.6 | 1.34 | 126 | .77 | 83 | 19 | 207 | 20
2h.23m. | 224 20 08 | 277 31 12.6 | 1.33 | 11.8 81 | 51 17 | 266 | ..
2h.5dm. | 217 13 64 278 32 | 130 1.33 | 11.8 a8 | 8l 17 | 26.6 | 24
Sh.20m. | 214 10 40 278 42 | 13074 1.33 | 11.8 7 | T8 12 |1B.5 | 20
4h, 4m. | 226| 22 | 10.8 {282 | 36 | 14.8 | 1.85 | 13.4 B0 Tf_' 15 | 234 | 20
[4h.82m. |223| 10 | 0.3 |282| 36 |14.6 |1.35 | 134 | .79 | 76 | 11 |17.2 | 22
o] ot (SRR 193 233 .. | ... | 113 o B4 | 5D
g Work: 73 mun. 145 cals. 1,870 c.c.
15 min. | 232| 37 | 19.0 |278] 45 | 193 | 1.35 | 19.5 | .84 | 92 33 | 55.9 | 24
48 min. | 216 21 | 10.8 |282 ] 20 | 124 | 1.27 | 124 B2 | B3 24 | 40.7 | 24
58 min. | 217 | 22 (113 |268| 356 | 150 | 120 | 14.2 | .51 | 83 | 24 | 407 | 24
Feb. B 1. .ocimas 207 S s T R e 12 i Bl | 66 - 20
1 Work: 66 min. 157 enla. 2746 e,
14 min. | 238| 31 |15.0 |300) 53 |20.7 | 1.47 | 19.5 | D77 | 96 | 30 | 455 | 22
38 min. [217| 10 | 4.8 |200| 34 (1343 [ 1.2V | 114 | .5 | 80 | 23 | 348 | 24
lhilm. (218| 11 | 53 |203] 37 | 145 | L.3D | 13.0 | .75 | 86 | 20 [30.3 | 22
1 Owing to dafects in the apparatus, the subjeet rode intermittently preceding the period here given. Of
l“[.e 48 minutes so u he =at atill for the last 20 minutes. The total time during which the subject
motually roede wos about 55 minutes, the heat equivalent of the work done being 120 ¢ Ha,
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TasrLe 136.—Metabolism of subjects lying on the couch without food before and after
work—Continued.

[Figures in italica represent duration of work, heat equivalent of work, and the oxygen consumption
per minute durnng the last period of work.]

Elapsed | Carbon dioxide e T
Lo i B output Pulse-rate, Rea-
ey eliminated abaorbed, ( uted), | Res- pira-
Date end of R e F e ““;"
* | work to Inereass Inereass e "':'”'_ Incroass | ™
begin= | Per | after work. | Per | after work. | Per | crease ﬂ:ﬂh Per | after work. n':fﬂr‘
ning of |min. min. min. | after min. s
period. Amt.| P, ct. .r*..mt-.| P.ct. work. Amt.| P. et.
1912, ee | oo et | e cals. | p. el
10 i - T | 1 [r T | (| T L e marts LRl B o ik 19
Work: 68 min. I34 cals. 2077 c.c.
15 min. (217 27 | 142 1296 54 | 22.3 | 140 | 207 |0.74 | 85 | 20 | 30.8 | 24
3 min. |206( 15| TO |260| 27 (112|128 | 103 | .76 | &5 | 20 | 30.8 | 24
1hdm. | 215 25 | 13.2 | 288 | 46 190 | 1.37 | 18.1 a0 | B4 19 | 20.2 | 24
1h.21m. | 213 23 |12.1 |270| 28 1.6 [ 1.39 | 112 7B | 82 17 | 26.2 A
1h.42m. | 208 19 | 10,0 | 264 | 22 9.1 |1.27 9.5 79 | B3 18 | 27.7 22
Feh. T4 [....00. Lt B el | o et RS 87 | G0 19
Work: 67 min. I34 cala. £,000 c.c.
14 min. |231| 29 | 144 |295| 60 |25.5 141 | 226 (0.78| 92 | 32 |53.3 | 22
A5 min. | 301 -1 |- .5 |264| 29 12.3 | 1.28 9.6 a0 | Bl 25 |41.7 | 20
56 min. | 213 11 5.4 | 269 34 14.5 | 1.20 | 12.2 78 | B5 25 | 41.7 20
Fab. 16 [...ccaa 1887 .. | .. 1234] .. o 17 | B B 81| G2 20
Work: 70 min., {41 cals. 2404 c.e
13 min. [245| 67 [20.3 | 284 50 |21.4 |1.39 | 24.1 | 086 ) 92 | 30 (484 | 26
3 min. 207 19 [10.1 |278) 44 [ 158 | 1.32 | 179 75| 83 | 26 |41.9 | 22
1 b0 m. | 209 21 | 11.2 | 253] 19 8.1 | 1.23 9.8 83 23 | 371 20
Fab. 16 |....... e | 1OBY e | ... |22B] .. sue | 108 ] A7 | GO0 19
Work: 70 min. 143 cals. 2,086 c.c.
15min. (205 12 | 6.2 1204 V2 324 |1.38] 278 |0.70| B8 | 28 | 46.7 | 24
40 min. | 199 6| 3.1|250| &7 (167 (123 | 1390 § F7| 79| 10 |31.7 | 24
1 h.3m. | 197 4| 221|257 35 (158 123|139 | .77 | 79| 19 317 | 22
1h.32m. | 191 =2 |=1.0 | 261 39 17.6 | 1.23 | 14.9 a8 | Th 16 | 26.7 | 20
ih.56m. 192 -1 (- .5 |254| 32 |14+4 (1.21 | 120 | .76 | 71 | 11 |183 | 20
Zh.l4m. | 199 i1 3.1 | 253 | Bl 14.0 | 1.21 | 12.0 a9 1 64 q 0.7 21
2h.45m. | 198 5| 26 |250| 28 1126 11201 11.1 | .79 | 66 6 | 10,0 | 20
Work: 21 min. &8 cala, 2,208 e.c.
Omic.! [ 236 43 |22.3 |321] 99 |44.6 | 1.52 | 40.7 | 074 | 97 | 37 | 61.7 | 24
S0 min. |221( 28 | 14.5 |280) 38 (261 |1.34 | 24.1 70101 31 |51.7 | 28
Mar, 83 |........[ 230 .. | ... |25@] .. T b | SR B0 | 63 21
Work: ¢ min. 137 cala. 2,655 c.c
10 min. |2561| 21 | 9.1 |333]| 74 | 286 | 1.57 | 236 |0.78 | 95 | 32 | 508 | 28
32 min. | 225 =5 | =22 |316| 57 | 22.0 | 148 | 16.5 71| 88 25 | 30.7 24
53 min. | 220 | =10 | —4.3 | 208 39 15.1 | 1.41 | 11.0 74 | 88 25 | 39.T | 24
1b.15m. | 224 -6 (-2.6 | 203 234 | 13.1 | 1.40 | 102 T7| 81| 18 | 286 22
Mar. 86 J.....:-. 200 b33 E e L U & RS B9 | 67 20
Work: 68 min. 126 cals. 2,558 c.c.
13 min. | 234 28 | 13.6 | 264 | 31 13.3 | 1.30 | 14.0 | O.89 | 85 28 | 50.0| 28
36 min. | 215 9| 44 |250| 17 7.3 | 1.22 0 | B6| 78| 19 |33.3| 22
66 min. | 220| 14 | 6.8 | 249| 16 6.0 | 1.2 70| B8| 76| 19 |33.3| 20
Mar. 202 | .......|217 i cow VRTS8 s o |11538 a9 | 68 21
Work: 58 min. [I1# eala. 2227 e.e
Smin. (305| B8 |40.6 350 81 [20.1|1.74 | 308 |085| 95| 27 |39.7 | 27
20 min. | 230 13 6.0 | 307 | 29 104 | 146 0.5 Jdo | 8 19 279 | 25
49 min. | 221 4 1.8 202 14 5.0 | 1.39 4.5 a0 | 86 18 | 265 | 22
57 min. |232| 15| 6.9 |208| 20 7.2 | 1.42 68 | 78| 85 | L7 | 25.0| 23
Apr. 187 |.,......|21B o TR - T | R PR [ AL~ | B0 | &0
Work: 75 min. 151 cala. 2857 c.e.
19 min. | 213 =5 |=23 1206 50 |20.3)1.39] 149 |0.72 | 88 24 | 3ar.5 | 22
1h.20m. | 203 | =15 | =6.9 | 248 ] Slle0) - .8 B2 | 18 12 | 18.5 | 20
Zh.l4m. | 203 | =15 | 6.9 | 247 1 41119 =1.7 | 82| 79| 15 |234 | 19
3h.20m. |201| =17 | =T.8 |255]| O 3.7 |1.22 B L B 04| 148
4h.18m. | 208 | -10 | —4.6 | 278| 32 | 13.0 | 1.32 9.1 J5 | 68 4 63| 21
5h.17m. |218| ... | ... |268| 22 8.8 1.:29 .6 B1 | 7O (il 94| 23

1 The resting valus used in the seeond somparison on this day is the average obtained with the subject lving
on the couch at the beginning of the day. B Rl

2 In the experimonta of Mar. 6, Mar, 20, and Apr. 16, the respiration of the subject while lying on the conrch
was recorded for the full time of each period. The ventilation of the lungs was also recorded.
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Tasre 136.—Metabolism of subjects lying on the couch without food before and
after work—Continued,

[Figures in italica represent duration of worl, heat equivalent of work, and the . it
per minute during the last period of work.] bl e

Elapsed | Carbon dioxide Oxygen Heat
time eliminated, o, output Pulse-rate. Res-
bateid e abaorbed (computed), | Res- pira-
Date end of pira- tion-
W8 | work to Inereass Increase i |IFOEX Increase | T0€
begin- | Per | alter work. | Por | after work. | Per | orease E"‘"‘; Per | after work., | PET
ning of |min, mimn. min, | after [ " |min, | —————— '::;m-
period, Amt.| P. ct. Amt.| P. et. work. Amt. P et. o
1812, | &t | et | eals, . ek,
Mar. 197 |........ 806 o || oosd2a] T | L 1307 | BT | ms)] 6a 20
F Work: 87 min. I35 cals. 2,263 c.c.
16 min. | 240 35 | 17.1 |260( 1 T4 | 1.200 10,3 | 0.92 | 72 9 1143 | 24
42 min. |221( 16 | 7.8 | 251 ] 3.7 123 5.1 8% | 63 | . ee |24
lhdm. [220] 15 T.3 | 254 12 5.0 | 1.24 6.0 A7 | 64 1.6 | 20
L Work: 68 min. I112cals. 2,158 c.c.
17 mim. | 222) 17 83 276 3 14.0 | 1.33 | 13.7 | 0.81 | 70 11.1 | 20
Mar. B5L |...conn.s 205) .. e e | T B B B ] PR 85| 63 20
: Work: 58 min. 125 cals, 2655 o.o.
10 min. 27T 72 | 36.1 | 254 42 | 174|142 214 (097 | 95 | 22 | 5OR | 26
33 min. 258 53 | 250 | 271| 20 120 | 1.35 | 154 B5 | BD 28 141.3 | 26
58 min. [261| 66 |27.31275| 33 |136|1.37| 171 | 95|87 | 24 |381| 24
; Work: 48 min. 95 oals. 2,288 c.o.
11 min. | 271 66 | 322 | 281 39 | 16.1 | 1.41 | 20.5 | 0.97 (101 33 | 603 | 20
31 min. | 249 44 | 205 |267| 25 |103 (133 | 137 | 93|83 | 25 |307 | 20
Mar, 270 |..veeunns !205 i FRe] [ 1| P B 5 o b . 85 | 63 . 0
il Work: 82 min. 72§ cala, 2,257 .0,
11 min. | 261| 56 |27.3 |255| 13 | 5.4 | 1.29| 10.3 | 1.02 | 88 | 25 24
33 min. | 223 18 | B8 | 256 14 5.5 ) 1.25 G.8 A7 75| 12 | 19.0 | 20
57 min. | 214 0| 4.4 | 247 ] 2.1 |1.21 3.4 ST | T8 | 15 20
H Work: 52 min. 104 eala. 2,358 o.c.
10 min, 255 20 | 244 [310) 68 j2E.1 140 274 |0.82 | 04 a1 | 49.2 e
31 min. 1 221 16 | 78238 4 |-1.7 | 1.18 B 03] 92 | 29 |46.0) 18
Mar. 28 |........: 2005 e e ] R EES eec)  T &5 | 63 L)
il Work: 82 min. 167 cals. 1,861 c.c.
11 min. | 200 4 20|20 58 | 231 |140] 197 | 0.71 | GO (i1 9.5 24
35min. [201| -4 |-20|262| 20 | 83|125| 68| 77| 63 .| 20
7 min. | 200 4 20 | 261 19 7.8 | 1.25 6.5 B0 63 e
Work: 45 min, &5 cala. 1,908 c.c.
8 min. | 241 a6 | 17.68 | 323 | Bl 335 | 152 209 |0.75 | B3 20 | 31.7
27 min. | 223 | 15 5.8 |313| ¥1 28,8 | 1.47 | 25.6 a2 T8 16 | 254 | 24
|

! The reating wvalue used in the comparisons for Mar. 19, 25, 27 and 28 is a general average of results obtained
with this subject while l¥ing on the couch before work in respiration experiments without food. (See
table 91.) The same resting value was used in the second eomparison on each of these days.

Unfortunately for the oxygen measurements, which really are the best
indices of the total metabolism, in relatively few experiments could a resting
period be started inside of 10 minutes after the work ceased. Frequently the
subject ended the experimental period covered with perspiration, especially
after severe muscular work, and it was necessary for him to *‘rub himself
down' before lying upon the couch. There was also a delay in beginning the
rest period after work, since it was always considered advisable to have the
mouthpiece in position for several minutes before throwing the valve; accord-
ingly, actual experimenting could not begin much inside of 10 minutes. This
delay is greatly to be regretted, as the values for the oxygen consumption per
minute are in general very much higher for the first 10 minutes than subse-
quently, indicating a sharp gradient in the oxygen consumption beginning
immediately with the cessation of work and falling off as time passes. The
results given in table 136 show, both for the oxygen consumption and for the
ealories as computed indirectly, a persistent inerease in metabolism following
severe muscular activity. Owing to a change in the character of the katab-
olism, the carbon-dioxide output does not show corresponding increases.
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In very few instanees was the oxygen consumption per minute less than 10
per cent above normal when the observations ceased each day; particularly
is this true for experiments with M. A. M. after January 2, 1912, On some
days, when these measurements were carried out for 2 to 4 hours, an increase
in the metabolism of 14 or 15 per cent has been repeatedly noted at the end
of the observations. The one exeeption to this is the experiment of April 16,
1912, in which the metabolism apparently reached its normal level in 1 hour
and 20 minutes after the work ceased, but in relatively few of the experiments
does the oxygen consumption finally reach the base-line before the experiment
terminates. Here again, however, since these observations were wholly
subsidiary to the major problem studied, we could not hold the bicyelist in
the laboratory an undue length of time to obtain further light on this minor
question.

The values given in table 136 for the experiments with H. L. H., and
E. P. C., as well as for a few of the experiments with M. A. M., imply that the
after-effect of muscular work is but little greater than that given by Loewy,
namely, that the total excess oxygen consumption following work is approxi-
mately the same as for 1 minute of hard work. This general deduetion does
not hold true, however, for practically all of the experiments with the subject
M. A. M. after January 2, 1912. That the results of our earlier experiments
are not far from, although they actually do exceed Loewy's estimate, can be
shown by the following computation: Using the low values given for January
2, we find that the observations for the first period of rest began 10 minutes
after the work ended and continued for the usual 15-minute period. Assum-
ing the increase during the first 10 minutes after the work to be no greater
than that found during the first period of rest, i. e., 39 c.c. per minute, there
would be in the first 25 minutes after the work ceased an increased consump-
tion of oxygen of 39 c.c. per minute, or a total exeess amount of 975 c.c.
An intermission of 9 minutes was followed by a second rest-period of 17
minutes; in this second rest-period the execess oxygen consumption was 25 e.c.
per minute, and although during the intermission it was doubtless a little
higher, we may assume that for the 26 minutes of intermission and rest-period
the increase was constant, so that the total excess amount was 650 c.c.
This added to the 975 c.c. computed for the first 25 minutes after the work
ceased gives us 1,625 c.c. as the excess oxygen consumption in the 51 minutes
following the cessation of work. On the assumption that no further incre-
ment in the oxygen consumption took place, it will be seen that this corre-
sponds to a consumption of oxygen approximately 25 per cent larger than
that during 1 minute of the last period of work, 7. e., 1,244 c.c. (See table 136.)
It should be remembered that this particular experiment was chosen as show-
ing one of the lowest increases due to the muscular activity.

Bearing in mind the sharp gradient in the oxygen consumption which
must take place immediately after the work ceased, it can be seen that in
practically every experiment not only does the museular work greatly increase
the average oxygen consumption and heat output in the following periods,
but this effect is long continued. Since it has been shown that the increase
eannot be attributed to the mechanical work of an increase in the ventilation
of the lungs, we have here unquestionably a sustained high metabolism due
to the previous muscular exercise. How long this effect would continue,
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we have no means of knowing except that the results of the experiments which
extended over considerable periods of time, with the single exception of the
experiment of April 16, show that this influence persists for at least 5 or 6
hours. The results of experiments made in the respiration calorimeter at
Middletown show that this inereased metabolism continues even longer.
We are distinetly inclined to sustain Jaquet's contention, therefore, that rest-
ing metabolism experiments should not be undertaken for a considerable
period of time after the work of ascent has been accomplished.

While the carbon-dioxide exeretion does not show such large increases as
do the oxygen consumption and the ealorie output, nevertheless the effect
is noticeable, and we are therefore unable to agree with Higley and Bowen ®
who came to the conclusion that after the cessation of work the output of
carbon dioxide decreases to the normal amount inside of 2 minutes or less.
These investigators, by means of an ingenious chemograph, studied the ear-
bon-dioxide exeretion during bieyeling. Although the experiments were of
short duration, from the one curve given by the investigators in their report,
it can be computed that the work was sufficient to produce about 2,500 c.c.
of earbon dioxide per minute. Of further significance is the fact that the puise-
rate fell inside of 1 minute after the work stopped and then remained at a
point approximately 20 per cent above normal. While the apparatus was
chiefly designed to study the effect of bicyeling on the exeretion of carbon
dioxide, it is to be wished that the authors had continued their observations
for a longer time after the working period ceased.

The intimate relationship between the pulse-rate and the metabolism
1s strikingly emphasized by the distinct tendency shown for the pulse-rate
to assume a much higher level after work than before—a level that is roughly
approximate to the increase in the total metabolism. The respiration-rate,
on the other hand, does not alter greatly. Since they were reported primarily
to show the influence of muscular activity on the pulse-rate, the observations
of Pembrey * are of interest here. One of his subjects before the test had a
pulse-rate of 70; immediately after running 2 miles, the pulse-rate was found
to be 164; 10 minutes later, 128; 30 minutes later, 100; and 60 minutes
later, 82. Another subjeet had a pulse-rate before running of 66; immediately
after running the 2 miles, the pulse-rate was 140; after 2 minutes, 120;
after 33 minutes, 106; after 77 minutes, 84; and 107 minutes afterwards, 74.
A second test with the same subject showed a pulse-rate before running of 56;
immediately after the run, 136; 15 minutes afterwards, 104; 45 minutes
afterwards, 88; and 75 minutes afterwards, 86. In all of these observations,
it will be seen that the pulse-rate remained at a considerably higher level
after the exercise than the resting value obtained before the run.

We believe that our observations give convincing evidence that the in-
ereased pulse-rate noted as an after-effect of muscular work is accompanied
by a distinetly higher metabolism—a metabolism which thus far has not been
given due consideration in investigations on the metabolism following mus-
cular work.

o Higley and Bowen, Am. Journ. Physiol., 1004, 12, p. 311. : ; ;
& Pembrey, Physiology of muscular work in Further advances in physislogy, edited by Leonard Hill, London,
1909, p. 208,
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AN ATTEMFPFTED ANALYSIS OF THE COMPONENTS OF THE TOTAL ENERGY TRANE—
FORMATIONS INCIDENTAL TO SEVERE MUSCULAR WORK.

Throughout the whole of this investigation it was apparent that during
severe muscular work we had to deal with a number of complicated factors.
Emphasis has already been laid upon the influence of the intensity of the mag-
netization of the field and the speed. Unfortunately the evidence as presented
can throw but little light upon the effect of training, but the various methods
of computing the efficiencies show that with different loads and with different
speeds there were unquestionably different types of muscular action.

In the concluding paragraphs of this book an attempt will be made to
analyze the various components of the energy transformations of the body
incidental to severe muscular work.

The great differences between the efficiencies when the subject rode
with a light load and those when he rode with a heavy load are clearly ex-
plainable only on the ground of extraneous exertion and inadequate adjust-
ment of the museles to the load, 1. e., imperfect correlation. Aside from this
irregularity in correlation, there must be an extra consumption of energy
which is not directly productive of external museular work.

An analysis of the results obtained when work with a light load pre-
ceded and followed work with a heavy load emphasizes the probability of a
difference in the muscular activity under different conditions. The results
of several experiments which give definite information upon this question are
accordingly collected in table 137, the light work in all eases being done with
a current of 0.5 ampere through the magnetizing field, and the severe work
with a current of 1.5 amperes.

TaBLE 137.—Comparison of oxygen infake in light work experiments before and after

gevere work.
Light work (0.5 amp.) I Light work (0.5 amp.) !
before severe work,! after severs work.! |
el Revolu- | Oxygen | Rewvolu- Oxygen |
tions per | intake per | tions per | intake per
minute. minute. minute. minute.
2 | e &5,
E.H. A, Mar. 7, 1812, . ... - - SR Th 1,000
i i T 1,082
Apr. 3, 1912, . ... ik 1,062 Vi St
i 1061 |
M. A, M., Mar. 12, 1912, . .| Tl THT
| 807
i 814
Mar. 13, 1912 ... T BT -
| T2 848 | i s
Mar, 14, 1912 .. | . a paich 70 2i3
= i T TR
[ S 833
Mar, 18, 1912 .. .| - T B23
Feb, 28, 1012. ... 102 1,170 1041 1,134
104 1,254 o0 1,215
Mar. 4, 1912. . .. 102 1,061 00 1,173
| 104 1,148 S

1 The severe work was done in all the experiments with a current of 1.5 amperes thro
the magnetizing field. i ugh

From the noticeable influence of severe muscular work upon the resting
metabolism which is shown in the preceding section (see table 136) it would
be reasonable to suppose that after the severe work-period, if the subject
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continued working but with a very much less load, the oxygen eonsumption
would be considerably larger than when the light work preceded the severe
work. The results given in table 137 do not, however, show this to be the
case. With K. H. A. on March 7, when the light work followed severe work,
the average oxygen consumption was 1,076 e.c. per minute with a rate of
79 revolutions per minute. On April 3, when the same amount of work
was being performed prior to the severe muscular work, the average value
shows a slightly less oxygen consumption of 1,057 c.c., a difference that
must be considered within normal limits. A more satisfactory comparison,
since the data were obtained on the same day, can be made of the results
secured in two experiments with the subject M. A. M., in which records
were obtained before and after the very severe work period. On February
28, although the rate of revolution was approximately the same before and
after the severe work, the oxygen consumption was a little less, if anything,
in the after-period which may have been caused by the slightly lower rate
of revolution. On March 4, the oxygen consumption was slightly greater
after the severe work-period, the average before work being 1,105 e.c. and
after work 1,173 ec.c. The remaining comparisons can only be made with
the values obtained on different days.

From the data given in this table, therefore, it will be seen that, contrary
to expectation, the average oxygen consumption after the severe work is
approximately the same as during the initial peried of light work. In making
this comparison no account is taken of the change in the character of the
katabolism due to the lowering of the carbohydrate content of the body dur-
ing the severe work, although, strietly speaking, this should be done, since
the calorific equivalent of oxygen would be somewhat lower in the period after
severe work. Obviously making such allowanee the calorie output would be,
on the average, slightly less in the periods following severe work.

It has been clearly demonstrated in previous comparisons of data that
the metabolism is stimulated by severe museular work, but the exact nature
of this stimulus is at present unknown. That the effect of such stimulus
persists even when light work follows the severe work is not an unreasonable
supposition.

If we assume that there 13 a definite intensity of metabolism incidental
to the “warming up,” or adjustment of the body to a metabolism sufficient
to make possible the work required, it will follow that as effective museular
work is performed, there must be superimposed upon the resting metabolism
in addition to that required for effective work this stimulated metabolism,
which may be designated as S. After the work has ceased, the stimulated
metabolism, S, persists for a certain period but continually decreases in in-
tensity, becoming zero only after several hours. Following work, then, we
have the resting metabolism with a continually decreasing stimulated me-
tabolism, S, superimposed upon it.

During work there is still another factor to be considered, :. e., the
metabolism inecidental to the extraneous and unnecessary motions which
accompany riding, so that when work is performed we have the main-
tenance metabolism, plus the metabolism necessary for the extrancous ac-
tivity, plus S, plus the metabolism especially involved in the production
of effective work.
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From the several methods of computing the efficiency, it appeared that
in the experiments with a load of 0.5, 0.95, and 1.5 amperes, varying amounts
of extraneous muscular activity were present. Observations of the tension on
the sprocket-chain and the general impressions of the subject led us to believe
that with a load of 0.5 ampere, this extraneous activity played a large rdle,
the maximum amount being obtained with this amperage. This was further
emphasized by the results obtained in computing the efficiency. Since
observations showed that with a load of 0.95 and 1.5 amperes, there seemed
to be a definite series of muscular movements for external work, we can assume,
for purposes of comparison, that the extraneous unnecessary work disappears
when these amperages are used. Under these eircumstances, therefore, with
moderately severe or severe work, the total metabolism is made up of main-
tenance metabolism, plus S, plus the metabolism which is involved in pro-
ducing effective work.

In order to throw light upon the constancy of the metabolism for effective
work, it thus becomes necessary to find whether or not the value S is a con-
stant. Since the values for the gross efficiencies obtained with a load of 0.5
ampere were essentially constant, we may assume that the total metabolism
was likewise fairly constant. It has also been demonstrated that the resting
metabolism remained approximately constant and from an inspection and
careful consideration of the experimental technique, we can infer that the
metabolism required for the extraneous work also remained constant. Appar-
ently, therefore, the value S was constant in the experiments in which a load
of 0.5 ampere was used. The same may be said of any series of experiments
with constant load.

An examination of table 136, however, shows that in general the after-
effects of work are greater when the rest-period follows severe work, than
when it follows moderately severe work, 1. e., the after-effects of work during
which the subjeet consumed about 1,300 c.c. of oxygen per minute were con-
siderably less than when the rest-period followed work of such an intensity
as to require from 2,000 to 3,000 e¢.c. of oxygen per minute. If, therefore,
the after-effects of work are due to the general stimulus to the higher metah-
olism required for the work, it is clear that we must infer that this stimulus
is in a sense proportional to the intensity of the work, so that the value S
would not be constant under all conditions of load.

Having disproved the constancy of S under varying load conditions, we
then have the rather remarkable fact that the total metabolism in light work
experiments was approximately constant both before and after severe work.
Since the basal maintenance metabolism and the metabolism required for
the extraneous activity were constant in both cases, and the stimulated metal-
olism, &8, required for severe work persists after the severe work ceases, it is
obvious that in the light work following severe work, the value S must be
greater than in the initial light work-periods. As the effective work remains
the same, it follows that the metabolism involved in the production of effec-
tive work must be smaller, i. e., a larger proportion of the metabolism used
direlcitly for effective muscular work is converted into external muscular
work.

We thus have different base-lines for the work preceding and following
severe work, which may be represented by the following formulas:



176 MUSCULAR WORK

(1) For light work before severe work, M + U + S,; and (2) for light
work following severe work, M + U 4+ 8;, in which M equals maintenance
metabolism, U the metabolism for the unnecessary work due to the extran-
eous activity, S; the stimulated metabolism before severe work, and S,
the stimulated metabolism following severe work. To these two base-lines
is added the metabolism, W, directly involved in the production of external
elfective work, I, assuming that the value of W is the same in both cases.
The total energy output, (', is constant in both periods.

Under these conditions we have:

C=M+U+ @ +W) =M+U+ S+ W
M and U are assumed equal in both cases, so that:
81 +‘ H- — Sg ‘|‘ W

Since S; and S; are not equal, it follows that I has a value changing with the
conditions. Let W, represent the value before the severe work-period and
W, the value after the severe work, then:

Wl W,
and as the effective muscular work remains the same in both periods,

BB

Wi "Ws

This observation has its greatest value as a suggestion for further re-

search. Our data at present permit of no mathematical estimates of the
values of 81, 8., Wi, or Ws but it is not beyond the bounds of reasonable
speculation to believe that some accurate index of these values may later be
found. It is evident from our experiments that the principles underlying
the determination both of the external muscular work and the total work are
sound. That being the case, an extension of this form of experimenting can
but lead to fundamental information regarding the physiology of muscular
work.®

@ As this book goes to press, our attention has been ealled to the experiments of Boussaguet (Recherches ex-
perimentales sur le - conditions Eh;.rumluzmum du travail des mineurs, Paris, 1912), who used a bicyela
fitted with a Prony brake. Although numerous messurements of the gaseous exchange are presentoed in

a table, there is no discussion of the character or extent of the katabolism nor is the mechanical effici-
ency COmpu
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