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LETTER OF TRANSMITTAL.

U. S. DEPARTMENT OF AGRICULTURE,
OFFICE OF KEXPERIMENT STATIONS,
Washington, D. C., January 4, 1909.

Sik: I have the honor to transmit herewith, and to recommend for
publication as Bulletin 208 of this Office, a report of 19 experiments on
the effects of muscular work on metabolism and the efficiency of the
human body as a machine, and 44 experiments on the effects of
mental work on metabolism.

These investigations were carried on at Wesleyan University,
Middletown, Conn., in cooperation with this Department by F. G.
Benedict, Ph. D., who was then professor of chemistry at Wesleyan
University, and is now director of the Nutrition Laboratory of the
Carnegie Institution of Washington, at Boston, Mass., and T. M.
Carpenter, B. S., who is associated with Doctor Benedict, and the
work forms a part of the investigations which have been carried on
by the Department for the purpose of studying the fundamental
laws of nutrition and various problems which depend upon them.

The results which were obtained furnish accurate and interesting
data regarding the extent of the effects of muscular work on metab-
olism but, even with the delicate methods followed, do not indicate
that mental work affects in any appreciable way the indexes of
metabolism which were studied.

As regards the effectiveness of the body as a machine, experimental
evidence shows that body efficiency is 20 per cent; that is, for every
calorie of muscular work produced by the body a total of 5 calories
of energy is expended.

Acknowledgment should be made of the service rendered in these
experiments by Mr. N. Butler, a professional bicyclist, who volun-
teered to act as subject of experiments on muscular work and body
efficiency.

The courtesy of the members of the faculty and students of
Wesleyan University who cooperated in the experiments on the
effects of mental work should also be acknowledged.

Respectfully, i L

Dhrector.
Hon. James WiLsox,
Secretary of Agriculture.
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INFLUENCE OF MUSCULAR AND MENTAL WORK ON METABOLISM AND
EFFICIENCY OF THE BODY AN A" MACHINE.

MUSCULAR WORK AND BODY EFFICIENCY.

INTRODUCTION.

The marked and immediate influence of musecular exertion on the
transformations of matter and energy in the body has long served as
a subject for experimentation. The earliest experimenters were
enabled to make observations on the influence of severe muscular
exercise on the body functions from simple observations on the ap-
pearance of fatigue, sensible perspiration, rapid respiration and pulse
rate, and loss in weight. Such superficial observations were soon
supplemented by others more or less aceurate regarding the amount
of work that the body could do. The attempts to measure this
amount of work have been numerous, and have resulted in the devel-
opment of several sorts of apparatus for this purpose.

The simplest (and perhaps the earliest) device for measuring work
was that of lifting a weight a given number of times. From the well-
known relations of work to the weight times the height to which it is
lifted, it was possible to compute in foot-pounds the amount of work
performed by a man. The treadwheel, which is deseribed by Hirn®
and Chauvean,” is a device based upon the same physical prineiple
as lifting a weight. The subject lifts his own body through varying
heights, depending upon the length of time during which he walks
on the treadwheel or treadmill. The introduction of the ergograph,
which has been elaborated by Mosso,” enabled studies of particular
groups of small muscles to be made with great accuracy. The ergostat,
which has been introduced in recent years, particularly by Johann-

~son? and Zuntz’ permits the bringing into play of the powerful
- muscles of the arm and back,

a La Thermodynamique et I' Etude du Travail chez les Etres vivants. Paris, 1887,
b Compt Rend. Acad. Sci. [Paris], 129 (1899), p. 249.

e Arch. Ttal. Biol., 13 (1800), p. 123.

d 8kand. Arch. Physiol., 11 (1901), p. 273.

¢ Arch. Physiol., 1809, Sup., p. 39,
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In recent vears the attempt has frequently been made to compute
the amount of work performed by bicyelists during a long race. In
such computations the chain, tire, and the resistance of the bicycle
are taken into account.

All of these devices for determining the amount of work done are
open to serious error. In the lifting of weights there is a large amount
of extraneous muscular effort which must be very inefficiently applied
to the weight. Then in the majority of the experiments in which
weights were lifted the same subject lowered them, and the work
done to counteract the force of gravity as the weight was lowered
was not taken into consideration. Of the ergographs, that of Mosso
has been the most used, and yet the work of lowering the weight has
not been duly taken into consideration in this form of instrument.
The ergograph of Hall? is much more satisfactory for this purpose,
but is applied, at present at least, only to small groups of museles.
At Yale University Prof. Irving Fisher® has used Hall's cushion
ergograph for the muscles of the leg and, he states, with great success,

The chief objection to the prineiple of the treadwheel or treadmill
lies in the fact that there is no wholly satisfactory method of deter-
mining the work of forward progression, which must necessarily
enter into the estimate of the work done. The method of caleulating
the work performed by a professional bicyelist, depending upon the
resistance of the chain, tire, and air, 1s, we believe, most unsatis-
factory, as was brought out by the data reported by Atwater, Sher-
man, and Carpenter.® A far more satisfactory and aceurate method
is that employed by Berg, Du Bois-Reymond, and Zuntz,” in which
an automobile or motor eyele was used to tow a man mounted on a
regular bieyele around a track at different rates of speed.

The ergostat, relying upon the museles of the arms, must of neces-
sity bring into play a large number of other muscles which are ineffi-
ciently applied to the point where the work is done.

RELATION OF WORK TO TOTAL HEAT OUTPUT.

Not only have at tempts been made to compute the total energy or
work done by man, but numerous writers have likewise attempted to
compute the ratio between the amount of work produced and the
total heat output. The carbon dioxid output was used as early as
1844 by Scharling¢ as an index of the heat production and oxidation
processes in general. Scharling’s method of performing musecular

@ Experimental Physiology, W. 8. Hall, 1904, p. 227.

b Private communication.

¢ U. 8. Dept. Agr., Office of Experiment Stations Bul. 98. See also L. Zuntz, Unter-
suchungen iiber den Gaswechsel und Energieumsatz des Radiahrers. Berlin, 1899.

@ Arch. Anat. u. Physiol., Physiol. Abt., 1904, Sup., p. 20.

¢ Ann. Chem. u. Pharm., 45 (1843), p. 214.

s S o s D



11

work was to raise and lower a heavy iron bar. During this process
a marked increase in the output of carbon dioxid was noted. Zuntz
and his associates in Germany, and Chauveau and Tissot in France,
have determined the respiratory quotients during muscular work.
From the ratios of the amounts of earbon dioxid and oxygen meas-
"ured during rest and during work the authors have attempted to com-
pute not only the amount of work done but the total energy eliminated.

The direct measurement of the heat produetion of man during
muscular work, however, has been made possible only by means of
the respiration calorimeter at Wesleyan University, Middletown,
Conn. This apparatus has been in process of development for the
last twelve years in connection with the nutrition investigations of
this Department.

During one of the early experiments with this apparatus the subject
performed a considerable amount of mechanical work by raising and
lowering a weight, and on those days during which the work was per-
formed there was a marked inerease in the output of earbon dioxid
over the resting value. Subsequently, in conneection with further
experiments in these series, an improved form of bicycle ergometer
was devised in which a bicyele was so adjusted that the rear wheel
pressed against the wheel attached to the armature shaft of a small
dynamo. From the amount of electricity generated the amount of
external museular work performed could be computed. The method
of calibrating the machine, and the description of the machine itself,
has been given in detail in an earlier bulletin of this series, in an
account of experiments reported by Atwater and Benedict.®

The inequalities of the surface of the tire, the slip, variations in
tension of spring, and numerous other factors rendered the limit of
error on this machine too large for the most satisfactory work, and
hence a special form of bicycle ergometer was constructed in which
it was attempted to eliminate in so far as possible all known errors.

The apparatus has been briefly deseribed in several preceding pub-
lications,® but its detailed deseription, method of calibration, and the
reports of the experiments made with it are here presented in detail
for the first time.

THE BICYCLE ERGOMETER.
CONSTRUCTION.

- Relying on the powerful leg muscles and the form of the bicycle
to secure the greatest efficiency and longest continued sustained
“effort, the ergometer was constructed substantially along the lines
of a modern bicyele. The rear wheel of a bicycle was replaced by a

a 1J. 8. Dept. Agr., Office of Experiment Stations Bul. 136.
b U, 8. Dept. Agr., Office of Experiment Stations Bul. 175; Yearbook 1904, p. 205,
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copper disk 40.5 centimeters in diameter and 6 millimeters thick.
This disk i mounted in such a way that it rotates freely on a ball-
bearing axle. A small sprocket wheel is attached to the axle and is in
turn connected in the usual manner with the large pedal sprocket
wheel by means of a sprocket chain. A wooden frame surrounds the
periphery of the disk, and to the upper part of the frame is attached
an electro-magnet. DBinding posts are attached to the magnet to
connect with the electric cable leading to the observer's table, where
the strength of current through the field can be regulated with great
accuracy. The field of the magnet is so extended that the copper
disk rotates in the center of the field with but a very small air gap
between the surface of the disk and the surface of the magnet, and
hence the resistance is wholly that of magnetic induetion. A eurrent
of 1.25 amperes induces large eddy eurrents in the copper disk to such
an extent that the resistance i1s very noticeable, and as the speed of
the rotating disk increases it becomes very much heated. In the
absence of a commutator the currents become short-circuited in the

disk and give rise to the generation of heat. This heat is radiated

from the disk into the surrounding air.

Obviously, the stronger the field of the magnet on this apparatus
the greater are the currents generated in the disk and the greater is
the torque. Variations in the flux density of the field are obtained by
varying the strength of the current passing through the coil. By
increasing the intensity of the current passing through the electro-
magnet any desired degree of resistance can be obtained. The eurrent
is supplied from a storage battery of seven cells in series with a milam-
meter and adjustable resistance, and the current is kept constant.
The resistance of the field coil rises with a rise in temperature of the
coil, so that it is necessary to adjust the series resistance at the start.
The resistance of the field coil is not far from S ohms. In general, 1.25
amperes are passed through the field, as this has been found to produce
the most satisfactory torque on the disk.

To anticipate the effects of long-continued usage especial care was
taken in the construction of the ergometer, and after four years’ use
the apparatus functionates perfeetly and shows no appreciable deterio-
ration or variation in its constants.  As was stated above, the strength
of the field of the magnet is an important factor in determining the
amount of current induced in the disk. This depends upon several
factors, the most important of which are the magnetic conductivity
of the core, the number of ampere turns around the core, and the
width of the air gap. The core and poles are made of the best quality
of magnet iron obtainable and are wound with No. 18 single-covered
copper magnet wire. The general construction of the apparatus ean
readily be seen in ficure 1.

In the construction of the apparatus every precaution was taken
with the bearings, selection of chain, and suspension of the disk

e
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to secure the minimum friction. There is very little residual mag-
netism in the iron cores, and hence when the disk is rotated and no
current is passed into the magnet the wheel rotates freely and for
several minutes, there being no appreciable resistance.
Attached to the frame of the bicyele is a spring which presses con-
. tinually against the inside of the large sprocket. As the sprocket
¢t turns, a disk of insulating material breaks an electric cireuit for
- the greater part of the time, but for a short period in each revolution
the spring comes in contact with metal and completes the circuit,
" and an electric current from four dry cells actuates an automatic
. counter on the observer’s table, and thus each revolution of the

L

i
I
|
I
'.

Fri. 1.—The bicycle ergometer.

pedal is recorded.  As pointed out above, the degree of resistance
applied to the rotating disk is dependent upon the current passing
ough the electric field. A large number of tests with the appa-
s showed that a current of 1.25 amperes caused a degree of
stance that was considered to be hard work by most of the riders.

PRINCIPLE OF THE ERGOMETER.

‘Tha electric brake, while frequently used in technical machines, is
10t in common use in scientific instruments. For a thorough under-

g of the efficiency of this apparatus it is necessary to see
y that there is no friction (in the common acceptance of the
rm) in this apparatus.
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If a wire is passed through the fields of an electro-magnet, a differ-
ence of potential will be present at the ends of the wire, but no current
will flow through it, and no energy is required to move it other than
that necessary to overcome gravity. If, however, the ends of the
wire are connected with each other, a current will flow through it
and additional energy will be required to move it through the mag-
netic field. This energy will be proportional to the square of the
strength of the field and directly proportional to the speed.

This may be called magnetic friction, and, according to Lentz’s
law, in all cases of magnetic induction the induced currents have
such a direction that their reaction tends to stop the motion which
produces them. If, in place of a single-wire conductor, a disk is so
adjusted that it can be rotated between the poles of a magnet, the
induced currentswill be short-circuited in the disk as soon as generated
and consequently there developed into heat. Furthermore, as in
the case of the wire, the induced currents will tend to stop the motion
of the rotating disk, and thus produce an effect that may be called
that of an electric brake.

METHOD OF CALIBRATING THE ERGOMETER.

The primary object of this apparatus is to measure the amount of
external muscular work that a man can apply to the pedals of a
bieyele ergometer. The ordinary process of calibration of such an
apparatus would involve the use of some form of cradle dynamometer
and the results would be obtained in terms of foot-pounds, which in
turn would be converted into calories or British thermal units. For
the purpose of studying the mechanical efficiency of a man, it is
obviously of great advantage to measure the external muscular
work in terms of calories. During his early development of this
ergometer, it was suggested by Prof. W. O. Atwater that it might
advantageously be ealibrated by placing the whole apparatus inside
the chamber of the respiration calorimeter described later.

This plan was adopted, and by means of a flexible shaft attached to
the large sprocket the apparatus was driven by electric power out-
side the chamber at different rates of speed from 50 to 85 revolutions
per minite. A current of 1.25 amperes was then passed through
the electro-magnet and the heat evolved measured by the respiration
calorimeter. This method of calibration has proved eminently
suceessful, and by its use the work performed is measured in calories
and the errors incident to the use of a dynamometer are eliminated.

The method of installing the ergometer in the respiration chamber
for a calibration test is illustrated in figure 2.

The ergometer is placed inside of the chamber in a vertical position,
with a shaft from the large sprocket wheel extending through the
food aperture, and by outside connections by pulley and belt to the
main shaft it can be rotated at any given speed. A current is passed
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through the electro-magnet and the whole system is run for a number
of hours, the heat developed being measured in the usual way by the
current of water passing through the calorimeter.

In the calibration of the ergometer, about two hours are required
for the calorimeter and the heat-measuring appliances to attain
equilibrium. At the end of that time the heat production of the
ergometer is equal to the heat absorption by the water current of the

0

¥16. 2.—The bicyels ergometer in the calorimeter for calibration.

alorimeter and the experiment proper can be started. As a rule,
these tests last from four to six hours after equ ilibrivm is obtained,
The calibrations have been extremely satisfactory and the ergom-
ter gives a very accurate measure of external muscular work done
w the subject when operating it.

" As the friction of the machine was considered to be extremely low,
 test was made to measure this in calories. It was found that when
unning the apparatus with no current through the electro-magnet,
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due precautions being taken to prevent conduction of heat out of the
-alorimeter through the flexible shaft, each revolution corresponded
to a heat production of 0.001547 calorie, which is a direct measure of
the friction. :

This value includes any effeet of the slight residual magnetism in
the field.

As the result of a number of experiments, it was found that each
revolution of the large sprocket wheel, when a current of 1.25 amperes
was passing through the electro-magnet, resulted in a heat production
of 0.0231 calorie. It is obvious, therefore, that to compute the
external muscular work of a subject riding this ergometer it is only
necessary to know the number of revolutions of the pedal, obtained

from the electric counter, and in case the eurrent through the fields

is 1.25 amperes to multiply by the factor 0.0231.
RESULTS OF ERGOMETER CALIBRATIONS.

Since the ergometer was constructed a number of calibrations have
been made according to the method deseribed in the preceding see-
tion. The results of these calibrations have been recorded chrono-
logically in the following table:

Heal produced in ergometer calibrations.

- | A
(a1) (L] (e | () (€] i gl ] (i (i

Change | Change | - a‘:'nﬂllf

Duration | Heat | Cor- |* of " iow L 0f mear | Ju05 | BB | g | rovo
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150K
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150 6 0 036005 V3600 | .6 L—1.95 [—19.40 | 340028 | 27,561 | 0124 | .700 Th

16| 6 0 0|50L07 50202 - .6 | 4158 (—32.46 | 470.74 | 26,713 | 0176 | .000 T4

17| 6 0 073530 | 726.90 | + .6 | — .82 [—65. 64 | 661.04 | 20,157 | .0227 | 1. 250 &1

15| 6 0 0]3BL7E|I52.52 |....... —1.19 |—10.40 | 361.03 | 27,200 | .0133 | .700 76

19 6 0 0| 438.28 | 430.20 | — .6 | 4 .09 |—25. 48 | 414.11 | 26,582 015 | 500 T4

20 i 0 0| 74532 | V4510 | 4+ .6 | 121 [—65 64 | 681.27 | 20,958 (227 | 1.250 84

o 221 0190.70 (200.16 | —7.2 | 4 21 |—12.71 | 180,56 | 10,654 | .OLTOC| . 900 Th
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The table shows the date of each experiment, the period, the heat
measured (expressed in calories), and the corrections necessary to de-
termine the exact amount of heat resulting from the rotation of the
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ergometer. Thus the heat as measured by the calorimeter must be

corrected to the standard calorie used in all experiments thus far made

with this respiration calorimeter, i. e., the amount of heat required to

raise 1 kilogram of water from 19.5° to 20.5°. This is commonly ex-
- pressed as the calorie at 20° or C,,.
. Even with the most accurate manipulation on the part of the phys-
' mal assistants, it is difficult to have an experiment so condueted that

' the temperature of the chamber i1s the same both at the beginning and
- at the end of the experiment. Consequently, slight corrections are
| necessary for the capacity of the calorimeter to store or yield heat.
. The heat-absorbing system consists of a copper pipe, to which a large
number of disks are soldered, to increase the heat-absorbing surface,
' At the beginning of the experiment the temperature of this system
may be roughly assumed to be the average temperature of the ingoing
and outcoming water. At the end of the experiment the average tem-
perature of this system may be somewhat different, and hence a cor-
rection is necessary for the heat capacity of the absorbers,
~ Finally, in this form of bicyele ergometer it is necessary to introduce
“an electric eurrent to magnetize the field of the apparatus, and this
current passing through a resistance in the calorimeter generates a
small amount of heat. From the strength of the current and the re-
sistance the heat developed may be very accurately computed. This
is recorded in column ¢ of the table under the head of ““heat of mag-
netization.”
The actual amount of heat produced by the ergometer is given un-
der the head of “heat produced.”
- The number of revolutions of the pedals was registered by the
ectric counter previously deseribed and also by a mechanical coun-
ter. In each experiment the total number of revolutions is recorded.
In column £ the heat per revolution obtained by dividing the total
heat production by the total number of revolutions is recorded.
- The strength of current used to magnetize the field and the number
of revolutions per minute are recorded in the last two columns of the
R

Thﬂ results of the calibrations given in the previous table are ex-
presse chronologically. The, average results for the different
s of current through the field are given in the following table:

Average heat prmfucim n_r' ergrnmctar Jor currents of different strength.

Heat E&r i Heat per

Birength of | revolu Strength of | revolution

current, | of srgom- current. | of ergom-
eler,

cler,
Am ? Calorie. I A mperes, zlarie. v
0 700 0.0128 | A1) i, 0207
. Bi) L5 1. 280 . (R
. D) L0074 |

T0076—Bull. 208—09——2
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In the majority of the experiments reported beyond, this latter
value is used, i. e., that every revolution of the pedal, when the field
of the ergometer is carrying a current of 1.25 amperes, results in the
production of 0.0231 calorie of heat. An inspection of the resqlts
given in the table (p. 16) shows that the results for the magnetization
at 1.25 amperes ranged from 0.0227 to 0.0236.

The results are on the whole extremely satisfactory, and we believe
that the factors thus determined are well within the limit of error of
physiological experimenting. The calibrations have been expressed
in the form of a curve (fig. 3).

This curve shows that the heat per revolution is almost directly
proportional to the strength of the current. The curve shows a suffi-
cient number of established points to serve for the computation of the

CURVE OF CALIBRATIONS.
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heat production with any strength of current through the field. For

the lower currents, especially between 0.700 and 0.800 ampere, other |

points should be found.
An inspection of the figures in the table (p. 16) shows that, as might

be expected from Lentz’s law, with a given resistance, the amounts

of heat developed are directly proportional to the number of revolu-
tions of the pedals and independent of the rate of speed. Thus in the

per minute, the heat per revolution was 0.0231 calorie, while during
the second part of the test, from 6.07 p. m. to 10.27 p. m., with 99
revolutions per minute, the heat per revolution was 0.0229 calorie, a
discrepancy well within the limit of error when the small amounts of
heat measured are taken into consideration. It is obvious, therefore,
that this form of apparatus is especially well designed for studying

the heat production during the mechanical motion of riding a bieyele,

r

test of October 12, from 11.20 a. m. to 4.10 p. m., with 72 revolutions
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for while the majority of bicyclists are capable of maintaining a
fairly constant rate of speed, this apparatus is so constructed that
any irregularities in speed are wholly without influence on the cor-
rectness of the final results. In order, therefore, to compute the total
energy of external muscular work, it is only necessary to multiply
the number of revolutions by the factor for the degree of intensity
through the field. In by far the larger number of experiments the
subjects rode the ergometer when the current was 1.25 amperes.

A number of subjects have ridden the bieyele ergometer inside of
the respiration chamber for four periods of two hours each with this
degree of resistance at a rate of about 60 to 70 revolutions per minute
with no degree of discomfort. Indeed, in certain experiments the
subjects have ridden for twelve to fourteen hours out of the twenty-
four. On the other hand, this degree of resistance is undoubtedly
somewhat more than that of riding along a level road. While most
riders have preferred a resistance corresponding to 1.25 amperes
through the field, the strength of current has been varied in different
experiments from 0.7 to 1.25 amperes.

After a few moments’ riding the disk becomes very warm, but soon
the generation of heat is exactly equaled by the loss of radiation and
the temperature increase ceases.  Obviously, at the end of an experi-
ment the disk is warm and loses considerable heat on cooling.

THE RESPIRATION CALORIMETER.

The particular form of respiration calorimeter used in these experi-

ments has been deseribed in detail in a number of places.®

It will suffice here to state that the apparatus is a so-called * closed-

circuit’’ respiration apparatus permitting the direct determination of
the carbon dioxid and water vapor elimination and the oxygen con-
sumption. The experimental periods may be made as short as two
hours, as was the case in many of the experiments here reported.

As a calorimeter the apparatus is so constructed that the larger

portion of the heat eliminated is absorbed by a current of cold water
- passing through cooling pipes or heat absorbers inside the chamber.

The amount of water and the temperature through which it is warmed
~in its passage through the chamber are accurately measured. By
- special devices the double walls are rendered adiabatic, and hence the
- apparatus has no “cooling correction.”” The heat required to vapor-
ize water inside the chamber is also taken into consideration in the
 final computations.

Tests of the apparatus in which known amounts of ethyl alcohol
,!%imve been burned inside the chamber show that the apparatus meas-
ures with considerable aceuracy the four important factors of general
- metabolism, namely, earbon dioxid and water vapor output, oxygen

- absorption, and heat elimination.

} 21U, 8. Dept. Agr., Office of Experiment Stations Bul. 175; U. 8. Dept. Agr., Year-
book 1904, p. 205; Carnegie Inst. Washington Pub. 42,
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EXPERIMENTS WITH MEN.

In the construction of the bicycle ercometer care was taken to see
that the adjustment of the pedals, seat, and handle bars was such
that they could be adjusted to suit almost any rider. Having dem-
onstrated that it was comfortable to ride and substantially eon-
structed, a number of experiments were made on men riding the ergom-
eter inside of the respiration calorimeter chamber. Some of these
experiments have already been published and indeed in considerable
detail by Benedict and Milner.# They were primarily designed to
study the relative efficiency of the fats and carbohydrates as a diet
for muscular work, an amplification of earlier work with a less perfect
form of ercometer.

In the study of the different diets the measurements with the ergom-
eter formed an integral part of the experiment. But at that time
the chief object was to insure that the subjects performed identically
the same amount of external muscular work on all the days of the
experiment. While it was desirable to know exactly the external
muscular work performed for the purpose of comparing the two
diets, the constancy of the amount performed each day rather than
the absolute amount was of the greatest importance.

In that publication no especial discussion of the mechanical work
performed or the efficiency of man as a machine was included, since
it was deemed more advisable to discuss these problems along with
some subsequent experiments made primarily with the view of study-
ing the relationship between the energy of external muscular worlk
and the total heat output.

A few experiments were made in which the subject remained inside
the respiration chamber but twelve hours, 1. e., the day period. The
total metabolism as indicated by the carbon dioxid and water vapor
output, oxygen intake, and heat elimination was studied for this
period. Comparing the total heat production during this twelve-
hour period with the heat production during the same period when
the subject was at rest enabled a comparison to be made between
the energy of external muscular work and the total heat production.
It was thus possible to measure the heat required for external mus-
cular work without including the variations in heat produection during
periods when work was not performed.

Finally a series of experiments was made with a professional
bicyelist, who performed an excessive amount of work on the ergom-
eter during periods of from two to four hours. The resting metabo-
lism of thissame subject was also determined and hence a satisfactory
basis for comparison was available.

—

@ U. 5. Dept. Agr., Office of Experiment Stations Bul. 175.




21
COMPLETE METABOLISM EXPERIMENTS.

As stated above, these experiments were a continuation of a series
of experiments instituted in this laboratory to study the relative
efficiency of fats and carbohydrates in diets for muscular work. They
continued from one to six or more days, and included complete b 1I
ances of matter and energy.

The M[wrm'mnh were made with three young men, students or
former students in Wesleyan University, J. C. W., B. F. D., and

A- [J-l ]-J-i-
EXPERIMENTS WITH J. C. W.

The subject was a powerful college athlete, a university track man,
and possessed great endurance. During one day he rode sixteen
hours with no special discomfort or after effects. e had been identi-
fied with a number of earlier experiments with the respiration calo-
rimeter,” but in these earlier experiments the muscular work was
unsatisfactorily measured with the form of bievele dynamo ergometer
then in use.

In these experiments the attempt was made to duplicate an earlier
series in which the diet containing a large proportion of fat was com-
pared with the diet containing a large proportion of carbohydrates,
on days when substantially the same amount of external muscular
work was performed.

The first experiment in which this subject used the new ergzometer
was metabolism experiment No. 56. For four days before this experi-
ment began he partook of substantially the same diet that was eaten
during the experiment proper. Although in this preliminary period
he was not inside the respiration chamber, he nevertheless rode the
bicyele erzometer for the same number of hours he proposed to ride
while in the chamber. During this period the diet contained a large
proportion of fat. The metabolism experiment proper continued for
three days inside the respiration chamber, and the subject partook of
a fat diet throughout the period. During this experiment the total
output of earbon dioxid, water vapor and heat, and the intake of oxy-
gen were carefully determined. The nitrogen balance was also found.

A second experiment made with this same subject was a duplicate

: of the first, save that the diet consisted for the most part of carbo-

.l#‘h—l

ydrates. There was a four-day preliminary period and also a three-
day experiment in the chamber.

HEAT PRODUCTION DURING REST.

In order to compare the resting metabolism with that during work,
a four-day rest experiment with this subject had been made some
time before. It is much to be re.gret,ted that a rest experiment did

a . 8. Dept. Agr., Ufhx:,e of Experiment Elaf.mnﬂ Bul 136,



































































































































































































































































