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ART. LIlI.-On the &uree of Muscular Power i by Eow ARD 
FRANKLAND, Ph.D. F.R.S. I 

WHAT is the source of muscular power? Twenty y'ears ago, 
if this question had been asked, there were but fe\v phIlosophers 
who would have hesitated to reply, II The source of muscular 
power is that peculiar force which is developed hy living ani· 
mals, and which we term the vital force /" but the progress of 
scientific discovery has rendered the vie\v implied in such an 
answer so utterly untenable that, at the present. moment, no one 
possessing any knowledge of physical science would venture to 
return such a reply. We now know that. an animal, how~ver 
high its organizatIon may be, can no more generate an amount 
of force capable of movin~ a grain of sand, than a stone can 
fall upwards or a locomotlve drive II. train without fuel. All 
that such an animal can do is to liberate that store of force, or 
potential energy, which is locked up in its food. It is the chem· 
ical cha.nge whieh food suffers in the body of an animal that lib· 
erates th.e previously pent-up forces of that. food, which now 
make their appearance in the form of actual energy-as heat and 
mechanical motion. 

From food, and food aloile, comes the matler of which the 
animal body is built up; and from food nIone come aU the dif· 
ferent kinds of physical force which an animal is capable of man­
ifesting. 

The two chief forms of force thus manifested are Heat and 
Muscular motion or mechantCal work, and these have been almost 
universally traced to two dist.inct sources-the heat to the oxyd-
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ation of the food, and the mecha.nica.l work to the oxydation of 
the muscles. 

This doctrine, Drat promulgated, the speaker belioved, by 
Liebig, occupies a prominent position in that philosopher'sjustly 
celebrated' Chemico.Physiological Essn.ys.' 

In his work entitled' Die orgnnische Cbemie in ihrer Anwen­
dung auf Physiologie nnd Pathologie, Braunschweig, 1842,' Lie· 
big says, "AU experience teaches that there is only one sour.ce 
of mechanical power in tbe organism, and this source is the 
transformation of the living parts of the body into lifeless com­
pounds. • • . This transformation occurs in consequence of tlle 
com bination of oxygen with the substance of the living parts. of 
the body." And again,' in his' Letters on Chemistry, 1851,' 
Jl.866, referring to these living parts of the body, he says, "All 
these organized tissues, all the parts which in any way manifest 
force in tbe body are derived from the albumen of the blood; 
all the albumen of the blood is derived from the plastic or san­
guineous constituents or the food, whether animal or vegetable. 
It is clear, therefore, that the plastic constituents of foOd, the 
ultimate source of which is the vegetable kingdom, are the con­
ditions essential to all production or manifestation of force, to 
all these effects which the animal organism produces by means 
of its organs of sense, thought, and motion." And agoin, at 
page 874, he says, "The sulphurized and nitrogenous constitu­
ents of food determine the continuance of the manifestations of 
force i tbe non-nitrogenous serve to produce heat. The former 
are the builders of organs and organiZed structures, and the pro· 
ducers of force; the latter support the respiratory process, t.hey 
are maleriala for respiration." 

This doctrine bas since been treated as an almost self·evident 
truth in most physiological text·books i it bas been ql1ite recently 
supported by Banke j' and, in his lecture 'On the Food of Man 
in relation to his Useful Work, 1860,' Playfair says, page 87, 
C! From the considerations \vhich have preceded, we consider 
Liebig amply justified in viewing the non·nitrogenous portions 
of focid as mere heat-givers. ___ Wbile we have been led to 
the conclusion that the transformation of the tissues is the source 
of dynnmical power in the anima!." At page 80 he also says, 
&I I agree witli Draper and others in considering the contrac­
tion of a muscle due to a disintegrntion of its particles, nnd its 
relaxation to their restoration. . •• All these facts prove that 
transrormation of the muscle through the agency of oxygen is 
the condition of muscular action." Finally, in a masterly re­
view of the present relations of chemistry to animal life, pub. 
lished in March last, I Odling says, page 98, "Seeing, then, tbat 

• • TetanQll eine PhysiolOltisehe Studie.' Leipsig. 1866. 
I • Lectures on Animal Chemistry.' 
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muscular exerLion is really dependent upon muscu]ar oxydation, 
we have to consider what shou1d he t.he products, and what the 
value of this oxydation." • • • And again, page 103, "The 
slow oxydation of so much carbon and hydrogen in t.he human 
body, tberefore, will always produce its due amount of heat, or 
an equivalent in some other form of energy; for while tbe latent 
force liberated by the combustion of t.he carbon and hydrogen of 
fat is expressed 80lely in the form oj hefti, the combust.ion of an 
equal quant.ity of the carbon and hydro~en of voluntary muscle 
is exprCssed chitjly in ti,e form of motion. ' 

Nevertheless, tbis view of 'tbe origin of muscu]ar power has 
not escaped challenge. Immediately after its first promulgation, 
Dr. J. R. Mayer wrote,' "A muscle is only an apparat.us by 
means of which the transformation of force is effected, but it 18 
not the material by ti,e c/l/rmical change of wInch mechanical work 
is produced." He showed t.hat the 15 Ibs. of dry muscles of a 
man weighing 150 lbs. would, if tbeir mechanical work were 
due to their chemical chan~e, be completely oxydized in eighty 
days, tbe heart itself in eIght days, and the ventricles of the 
heart in two and a half days. After endeavoring to prove by 
physiological arguments that not one per cent of the oXYBjen abo 
sorbed in the lungs could possibly come into contact WIth the 
substance of the muscles, Mayer says, II The fire·place in which 
this combustion goes on is the interior of the blood vesseJs, the 
blood however-a slowly· burning liquid-is the oil in tbe flame 
of life. .•• Just as a. plant-leaf transforms a given mecha.nical 
effect, It'g''~ into anotlier force, c/lemu:al difference, so does the 
muscle produce mechanical work at the cost of the chemical 
ditl'erence consumed in its capillaries. Heat can neither replace 
the sun's rays for the plant, nor the chemical process in the ani· 
mal: every act of motion in an animal is attended by the con· 
sumption of oxygen and the production of carbonic acid and 
water; every muscle to whicn atmospheric oxygen does not 
gain nccess censes to perform its functions." 

But Mayer WtlS not the first to conceive this view of muscular 
action. Nearly 200 years ago, a Bath ~hysiciaD, Dr. John 
Mayo\v,' distinct.ly stated that for the prOduction of muscular 
motion two things are necessary-the conveyance of combusti­
ble substances to the muscle by the blood, and the access of 
oxygen by respimtion. He concluded that tbe chief combusti· 
ble substance so used was ftlt. A century before Priestley iso-
1ated oxygen, Mayo\v wos aware of its existence in the air, in 
nitre, ana in nitric Reid i he knew that combustion is supported 
by the oxygen of the air, and that this gas is absorbed 10 tbe 

• • Die organitche Dewegaug ill ibralD Zasammeuhange mit dem Stoll'wechsel: 
18411. 

• • De Motu masculul,' 1681. Mayow WII8 bom In 1646, aqd cUed 16'19. 
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lungs by the blood, and is absolutely necessary for muscular 
activity. 

For two decades this doctrine sauk into oblivion j and it is 
only within the last two years that it has been again advanced, 
chiefly bl Haidenhain,· Traube, and, to a limited extent, by 
Donders. 

Experimental evidence was, however, still wanting to give 
permanent vitality to the resuscito.ted doct.rine; for althoEgh the 
laborious and remarkable investi~tioos ofVoi,s aod of Edward 
Smith' point unmistakably in the direction of Mayow and 
Mayer!s nypothesis, yet the results of these physiologists were 
not sufficiently conclusive to render the OPpOSIte view untenable. 
This want of data of a sufficieotly conclUSIve character has been 
8U~p1ied by a happily conceived experiment undertaken by Fick 
ana Wis1icenus lD tbe autumn of la~t year, and described in the 
'PhUosophical Magazine,' vol. xxxi, p.486. In the a}?plication 
of these oata, however, to tbe prohlem now under consideration, 
one important link was found to be wanting, viz., the amount of 
actual energy generated by the oxydation of a given weight of 
muscle in the human bod,. Fick and Wisliceous refer to this 
missing link in the followmg words: "The question now arises 
what quantity of heat is generated when muscle is burnt to the 
products in which its constituent elements leave the human 
body through the lungs and kidneys? At present, unfortu­
nately, there are not the experimental data required to give an 
accurate answer to this important question, for neither the heat 
of combustion of muscle nor of tlie nitrogenous midue (urea) 
of muscle is known." Owing to the want of these data, the 
numerical results of the experimenUt of Fick and Wislicenus 
are rendered less conclusive against the hypothesis of ruu..lIOle 
combustion than they otherwise would have been, while similar 
determinations, which have been made by Edward Smith, 
Haughton, Playfair, and others, are even liable to a total misin­
terpretation from the same cause. 

The speaker stated that he had supplied this waot bI the ca­
lorimetrical determination of the ·actwLl energy evolveO. by the 
combustion of muscle and of urea in oxygen. Availing him­
self of tbese data he then proceeded to the consideration of the 
problem to be solved, the present condition of which might be 
thus summed up :-1t is agreed on all hands that muscular 

I I Mecbanlsche Lelstnng WlirmeenlwickelUDg and StolFum&ll.tz bel der Muskel. 
tblltigkeit: J 86 •• 

• AI this is passing through the press, the speaker bas become aware that lIet1S1'1. 
LnWIl8 ond Gilbert advocated tbls doctrine' til 18112, and repeatedly since; their 
opinions being founded upon experlmeats on the feeding of cattle. 

• I Untersuchungen 11IHir den Elnftl\SS des KocbsaIzes, iJea KI1fI'e6a and der Musket· 
beweguogen auf den StolFwecbeel,' p. 160. Munich, 1S80. 

• PhD.TraDs., 1861, P. '14'7. 
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}>C?\Ver is derived exclusively from the mutual chemical action 
of the food and atmospberic oxygen j but opinions differ as to 
whether tbat food must first be converted into the actual organ· 
ized substance of the muscle, before its oxydation can give rise 
to mechanical foroo, or whetber it is not also pOBBible that mus­
cular work may be derived from the oxydation of the food, 
which bas only arrived at tbe condition of blood and not of or­
ganized muscular tissue. 

The importauce of tbis problem can scarcely be overrated; it 
is a corner·stone of the J>hysiologica1 edifice, and the key to the 
phenomena of tbe nutrition of animals. For its satisfactory so· 
lution the following data require to be determined: 

1st. The amount of force or actual energy generated by the 
oxydation of a given amount of muscle in the body. 

2d. The amount of mechanical force exerted by the muscles 
of the body during a given time. 

8d. The quantity of muscle oxydized in tbe body during the 
same time. 

If the total amount of force involved in muscular action, aa 
measured by the mechanical work performed, be greater than 
that which could possibly be ~eneratea by the quantity of muscle 
oxydized during the same time, it necessarily follows that the 
power of tbe muscles is not derived e:rxlusivelg from the oxyda­
tion of their own substance. 

As regards the first datum to be determined, it is necessary to 
agree upon some unit for tbe measurement of mechanical force. 
The unit most commonly adopted is that represented by the 
lifting of a kilogram weight to the height of one meter. The 
researches of Joule and Mayer have connected this standard 
unit with heat i-tbey prove that tbo force required to elevate 
this weight 425 times will, when converted into heat1 raise the 
temperature of an equal weight of water 10 C. If this weight 
were let fall from a height of 425 meters, its collision with the 
earth would produce an amount of heat sufficient to raise the 
temperature of 1 kilogram of water 10 C. The same heating 
effect would also of course be produced by the full of 426 kilo· 
grams through 1 meter. This standard of force is termed a 
melerkilogram ,.,Q and 425 meterkilograms are equal to tbat 
amount of heat which is neces.qary to raise the temperature ot' 
1 kilogram of water through 10 C. If then it be found that tbe 
beat evolved bl the combustion of t1. certain weight of charcoal 
or muscle, for IDstance, raises the temperature of 1. kilogram ot 
water through 10 C., this means, wben translated into mechani­
cal power, 426 meterkilopmB. Again, if a man weighing 64: 
kilograms climbs to a heigbt of 1,000 meters, the ascent of his 

10 I (ollow tb. example or till Regbtrar.OoQcnl In abbreviating the Fnaob 
word gramm, to gram. 

Au. Joua. 801.-8100" SaBra., VOL. XU I. No. 12G.-Nov .• 1800. 
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body to this height represents 64,000 meterkilograms of work; 
that is, the labor necessary to raise a kilogram weight to the 
height of 1 meter 64.000 times. 

In order to estimate the amonnt of actual energy generated 
by the oxydation of a given amount of muscle in tlie liOdy, it ia 
necessary to def.ermine, first, the amount of actual energy gene­
rated by the combustion of that amount of muscle in oxygen, 
and then to deduct from the number thus obtained the amount 
of energy still remaining in the products of the oxydation of 
this quantity of mwlcle which leave the body. Of tbese pro­
ducts, urea and uric and hi,epuric acids are the only ones in ap­
J?reciable quautity which stdl retain potential energy on leaving 
the bod" and of these the two latter are excreted in such smnll 
proportions that they may be considered as urea without intro­
duclOg any material error into the results. 

These determinations were made in Lewis Thompson's calori· 
meter, which consists of a copper tube to contain a mixture of 
chlorate of potash wit.h tbe combustible substance, and which 
can be enclosed in a kind of diving.bell, also of copper, and so 
lowered to the bottom of a suitable vessel containing a known 
quantity (2 liters) of water. The determinations were made 
with tliis instrument in the following manner:-19-5 grams of 
ohlorate of potash, to which about one.ei~hth of peroxyd of 
manganese was added, was intimately mixed with a known 
weight (generally about 2 grams) of the substance whose poten­
tial energy was to be determined, nnd the mixture being tben' 
placed in the copper tube above mentioned, a small piece of cot­
ton thread, previously steeped in chlorate of potasli and dried, 
was inserted in the mixture. The temperature of tbe water ill 
tbe calorimeter was now ascertained by a delicate thermometer; 
and tbe end of tbe coUon thread being ignited, the tube with its 
contents was placed in the copper bell and lowered to the bottom 
of the water. As soon as tlie combustion reached the mixture 
n. stream of gases issued from numerous small openings at the 
lower edge of the bell and rose to the surface of ihe water-a 
beight of about 10 inches. 

At tbe termination of t.be deflagration, the water was allowed 
free access to the interior of the bell, by opening n stop-cock 
connected with t.he bell by a small tube rising above the surface 
of the water in tbe calorimeter. The gases in the interior of tbe 
bell were thus displaced by the incumbent colomn of water, 
and by moving tbe bell up and down repeatedly, a perfect equi­
librium of temperature throughout the entire mass of water was 
quickly established. The temperature of the water was again 
care(ullyobserved, and the difference between this and the pre­
vious observation determines the calorific power or potential en­
ergy, expressed as heat, oC the substance consumed. 
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The value thus obtained is, however, obviously subject to the 
following corrections:-

1. The amount of heat absorbed by the calorimeter and appa' 
tus employed. to be added. 

2. The amount of heat carried away by the escaping gases, 
after issuing (rom the water, to be added. 

8. The amount of heat due to the decomposition of the chlo­
rate of potash employed, to be tkducttd. 

4. Tlie amount of heat equivalent to the work performed by 
the gases generated in overcoming the pressure of the atmos· 
phere, to be «ddtd. 

Although tbe errors due to these causes to some extent neu· 
tralize each other, there is still an outstanding balance of suffi· 
cient importance to require that the necessary corrections should 
be carefully attended to. 

~\he amount of error from tbe first cause was once for all ex· 
perimentally determined, and was added to tbe increase of tern· 
perature observed in each experiment. 

The amount of heat carried away by the escaping gases after 
issuing from the water may be divided into two items, viz. :­

a. The amount of heat rendered latent by tbe water which is 
carried o~ by the gases in the form of vapor. 

b. The amount of heat carried off' by these gases by reason of 
their temperature being above that of the \Vater from which they 
issuE'. 

It was ascertained tbat a stream of dry air when passed through 
the water of the calorimeter, at about the same rate and for the 
same Jleriod of time as the gnseous products of combustionJ de· 
pressed the temperature of the water by only 0°'02 C. 

By placing a delicate thermometer in tbe escaping gases, and 
another in the water, no appreciable difference of temperature 
could be observed. Both these items may therefore be safely 
nefflecLed. 

l'he two remaining corrections can be best considered together, 
since a single careful determination eliminates both. When 0. 
combustible substance is burnt in gaseous oxygen, the conditions 
are essentially diff'erent (rom those which obtain when the same 
substance is consumed at the expense of the combined or solid 
oxygen or chlorate of potash. In the first case the products of 
combustion, when cooled to the temperature of the water in the 
ce.1orime~r, occupy less space than the substances concerned in 
the combustion, and no pnrt of the energy develoJ?ed is tbere· 
fore expended in external work, that is, in overcommg the pres. 
sure of the atmosphere. In the second ease, both the combusti. 
ble and the supporter of combustion are in the solid condition, 
whilst a considerable proportion of the products of combustion 
are gases. The generation of tbe latter cannot take place with. 
out the performance of external work, for every cubic inch pro-
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duced must obviously, in overcoming atmospheric pressure, per­
form an amount of work equivalent, in round numbers, to the 
lifting of a weight of 16 Ibs. to the height of one inch. In per­
forming this work the ~ are cooled, and consequently less 
heat is communicated to the water of the calorimeter. Never· 
theless, the loss of heat due to this fJ8UBe is but small. Under the 
actual conditions of the experiments detni1ed below, its amount 
would only have increased the temJ>erature of the water in the 
calorimeter by 0°0()7 O. Even this Blight error is entirely elim­
inated by the final correotion whioh we have no\v to consider. 

It is weU known that the decomposition of chlorate of potash 
into chlorid of potassium and free oxygen is attended WIth the 
evolution of heat. If a few grains ofleroxyd of manganese, or 
better, of peroxyd of iron, be droppe into an ounce or two of 
fased chlorate of potash wbich is slowly disengaging Qxygon, 
the evolution of gaR immediately proceeds with great violence, 
Bud the mixture becomes visibly red hot, although the external 
application of heat be discontinued from the moment when the 
metallic peroxyd is added. The latter remains unaltered at the 
close of the operation. It is thus obvious that chlorate of pot­
ash, on being decomposed, furnishes considerably more heat than 
that which is necessary to ~ify the oxygen which> it evolves. 
It was therefore necessary to determine the amount of heat thus 
evolved by the quantity of chlorate of potash (9'75 grams) 
mixed with one gram of the substance burnt in each of the 
following determinations. This was effected by the use of two 
copper tubes, the one placed within tbe other. The interior 
tube was charged with a known weight of the same mixture of 
chlorate of potash and peroxyd of mauganese as that used for 
the snbsequent experiments, whilst the annular space between 
the two tubes \vas filled with a combustible mixture of chlo­
rate and spermacet~ tbe calorifie value of which bad been pre­
viouslyascertaiued. The latter mixture was i~ited in the calor­
imeter as before, and the beat ~enerated dunng its combustion 
effected tbe complete decomposttion of the chlorate in the iote­
rior cylinder, as was proved by a subsequent examination of the 
liquid in the calorimeter, which contained no traces of undecom­
posed chlorate. The following are tbe results of five experiments 
thus made, expressed in units of heat, the unit beiog equal to 1 
gram of water raised through 1° O.oftemperature:-

1s& osperimeal, -
2ud .. 
ard .. 
4th .. 
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488 
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11)1891 
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This result was confirmed by the following experiments :-
1. Starch was burnt, fimtly, in a curreut of oxygen gas, and 

ReOOndly, by admixture with chlorate of potash and peroxyd 
of manganese. 

Beat uDits furnished by ODe gram of.tarch bumt with 9"16 grams 
ehIomte of potash. • • • • - • 4290 

Beat uaits furnished by the WIle weiSh~ of starch bum~ in a stream 
of o:r:;ygea pi, - - - - • - • 8984 

Dift'erence 826 

2d. Phenylic alcohol was burnt with chlorate of potash, and 
the result compared with the calorific value of this substance as 
determined by l!'avre and Silbermann. 

Heat unita fumlshed by one gram of phenylic alcohol bumt with 
9'16 grams chlorate of potash. • • • • 8183 

Heat uolts furnished by one gram oC pbenylic alcohol when bumt 
with gaseous osygeo (Favre and Silbermann). - • • '1842 

DifFerence, - 341 

TMie three determinations of the heat evolved by the decom­
position of 9'75 grams of chlorate of potash, furnishing the num­
bem 878, 826, and 341, agree as closely as could be expected, 
when it is considered that all experimental errom are necessarily 
thrown upon the calorific value of the chlorate of potash. 

The mean of the above five experimental numbem was, in aU 
cases, deducted from the actual values read off in the following 
determination&. 

It was ascertained by numerous trials tbat all the chlorate of 
potash was decomposed in the deBagrations, and that but mere 
traces of carbonic oxyd were produced. 

Joule's mechanical equivalent of heat was employed, viz., 1 
kilogram of water raised 10 0.=428 meterkilograms. 

The following results were obtained: 

..dd,"" etUrfly tler:«optd b!l one grtJm 0/ azcA lIIba'IJReI: tMm bumt 1ft O«!!lgm. 

HUT WITS. Maler. 
NOlllo of BuhlWlCO dried kil01.rallll 

at lOG' C. 11& Esperi. 2Ii £Sperl. 3d Esp."l. 4th Esperi 
MOGD, 

of oree. 
meat. meat. menlo lIIt'at. ~ 

Beef mascle ~urlfied } 
------ ----- ---

by re~te wash· 61'14 6082 6196 6088 6103 2181 
iog With ether, 

6009 498'1 Puri6ed olbnmen, •••• .... . ... 4998 2117 
Beer (at, II II •••••• II •• II 9089 . .. . • II •• .... 9089 8841 
Hippuric acid ••••••• 6330 648'1 · ... •• II. 6883 2280 
Unc o.eid, •••••. II ••• II 2646 21186 · ... . ... 2616 1108 
Urea," .............. 2121 2802 2207 219'1 2206 984 

u 'l'be speaker showed the combustibility of urea. by homing it UPOD l\8bestos in 
a. jar of o:r:;ygeo ps. 
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It is evident that the above determination of the actual energy 
develoced by the combustion of muscle in oxygen represents 
more t an tlie amount of actual energy produced by t.he ox-yda­
tion of muscle within the body, because, when muscle burns in 
oxygen its carbon is converted into carbonic acid, and its hydro­
~en into water; the nitrogen being, to a great extent, evolved 
1D the elementary state; whereas, when muscle is most com­
pletely consumed in the body, the products are carbonic aoid, 
water and urea; the whole of the nitrogen passes out of the 
body as urea-a substnnce which still retains 0. considerable 
amount of potential energy. Dry muscle and pure albumen 
:rieId, under these circumstances, almost exactly one-tbird of 
their weight of urea, and this fact, together willi the above de­
termination of the actuw energy developed on the combustion 
of urea, enables us to deduce with certainty the amount of ac­
tual energy developed by muscle and albumen respectively when 
consumed in the human body. It is as follows:-

MttuJl ftlngll inelopfd 6!1_ grtII1l 0/ tGCA au61l4RCI ul&m colUlUlleci in tII~ Wy. 

N_ of subllaac4l dtlod 11&100' a. BAG' units. J10':l~::r1lll 
(M ..... ) (Moaa.) 

-=Bee=--:r:-m-.. ---=-Ie-p-un..,.,·tl'""ed-:-b'""ty--eth..".-er:-•. 1-~4~88~8- --ura-
Purified albumen. ••••••••••• 4!18S 1808 

We have thus asoertained the first of our three data, viz., the 
amount of force or actual energy generated by the oxydation of 
a given amount of muscle in the body; and we now proceed to 
ascertain the second, viz., the amount of mechanical force ex­
erted by the muscles of the body during a given time. For this 
pnrpose we have only to avail ourselves of the details of Fiak 
and- Wislicenus's conclusive experiment alreBdy referred to, and 
which consisted in the ascent of the Faulhorn in Switzerland 
from the lake of Brienz. This mountain can be ascended by a 
very steep path from Iseltwaldz which was of. course favorable 
for the experiment, and there IS a hotel on the summit which 
allowed the experimenters to pass the following ni(;ht under 
tolerably normal circumstances. The followiDg is thetr own de­
scription and estimate of the amount of work performed in t.he 
ascent-'I 

"Let us now inquire how much work was really done by our 
muscles. One item necessary for the reply is already at hand, 
viz., the height of the summit of the )'aulhorn above tbe level 
of the lake of Brienz multiplied by the weight of the body; 
the former reckoned in meters, tho latter in kilograms. The 
weight oC the body with the equipments (bat, clothes, sLick) 

II PhD. Hag., 't'Ot =, p.498, 1886. 
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amounted to 66 kilograms in Fick's ease, and 76 in Wislicenus's. 
The hei9ht above the Faulhorn above the level of the lake of 
Brienz IS, according to trigonometric mensllrements, exactly 
1956 meters. Therefore Fick performed 129,096 and Wislice­
nus 148,656 meterkilograms of muscular work." 

But in addition to tliis measurable external work there is an­
other item of force II which can be expressed in units of work i 
and though its value cannot be quite a(.'Curntely calculated, yet 
a tolerable approximation can be made. It consists of the force 
consumed in respiration and the heart's action. The work per­
formed by the heart has been estimated, in a healthy full·grown 
maD, at about 0'64 meterkilogram 11 for each systole. During 
the ascent, Fick's pulse was about 120 per minute. That gives 
for the 5'5 hours of the ascent an amount of work which may 
be estimated at 25,844 meterkilograms, entirely employed in the 
maintenance of the circulation. No attempt has yet been made 
to estimate the labor of respiration. One of us has shown, 
however, in the second edition of his' Medical Physics' (p. 206), 
that Donders's well·known investigations concerning the condi­
tions of pressure in the cavity of the thorax give sufficient data 
for such an estimate. He has there shown that the amount of 
work performed in nn inspiration of 600 cubic centims. may be 
rated at about 0'68 meterkilogram. Fick breathed during the 
ascent at an aver~e rate of about 25 respirations per minute, 
which gives, according to this estimation, an amount of respira­
tory work for the whole ascent of 5197 meterkilograms. If we 
add this, and the number representin~ the work of the heart, to 
the external work performed by Flck, we obtain a total of 
159,687 meterkilograms. If we suppose that Wislicenus's re­
spiratory and circulatory work bore the same proportion to 
Fick's as his bodily weight did to Fick's, i. e., 7: 6, we obtain 
for Wislicenus's amoont of work, as far as it is possible to cal­
culate it, a total of 184,287 meterkilograms. 

"Besides these estimated (aud gertainly not over·estimated) 
items, there are several others which cannot be even approxi­
mately calculated, but the sum of which, if it could be olitained, 
would probably exceed even oor present large total. We will 
try to give at least some sort of an account of them. It must 
:first be remembered that in the steepest mountain path there are 
occasional 1evel portions, or even descents. In traversing such 
places the muscles of the leg are exerted as they are in ascend­
mg, but the whole work performed is transformed back into 
heat. The same force·producing process, however, must be 
going on in the muscles as if work were being performed which 

a <HS ill here lIS8igned lIS the work or the len, aDd 0'21 118 that or the right YeD­
tricle. 
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did not undergo tbis transformation. In order to make this 
point yet clearer we may take into consideration that the wbo]e 
work of tbe ascent, only existed temporarily as work. On the 
following day the result was reversed; our bodies approacbed 
the center of the earth by as much as they had receded from it 
the day before, and, in consequence, on the second day an 
amount of heat was liberated equal to tbe amount of work pre­
viously performed. The two parts of the action, which in this 
case were performed on two separate days, take place in walking 
on level ground in the space of a footstep. 

II Let us observe, besides, that in an ascent it is Dot only those 
muscles of the leg specially devoted to climbin~ which are ex­
erted, the arms, head; and trunk are cont.inually 10 motion. For 
aU these movements Corce·generating processes are D~, the 
result or which cannot, however, figure in our total of work, 
but must appear entirely in the form of heat, since all the me­
chanical effects of these movemenUl are immediately undone 
again. If we raise an arm, we immediately let it drop again, &e-

"There was besides a large· ~ortion of our muscular system 
employed during the ascent, whIch was performing no external 
work (not even temp<>rary work, or mechanical effects immedi­
ately reversed), but whicli cannot be employed without the same 
force-generating processes which render external work llOSsible. 
As ]oog as we nold the body in an upright position, inaividual 
groups of muscles (as, for instance, the mri8c1es of the back, neck, 
&0.) must be maintained in a. state of continual tetanus in order 
to prevent the body from collapsing. We may conceive of a te­
tanized muscle as liolding up a weight which would immediately 
fall if the supply of actual energy were to cease. It is active, 
but it performs no work, and therefore all the force produced is 
liberated in the form of heaL" 

Thus tbe total amount of measured and estimable work per­
formed in 5'5 hours in the experiments before us was 159,687 
meterkilo~ram8 for Fick, and 184,287 meterkilogrnms for Wis· 
licenus. This is our second datum. 

The third, viz., the amount of muscle oxydized in the body 
during the performance of this work has lieen carefully deter· 
mined by tlie srune experimenters, as weU as the rate of muscle 
consumption before ana after the ascent. For the details of these 
determinations the speaker referred his hearers to the Philo­
sophical Ma~iDe for 1866, vol. xxxi, p. 488; but the Collowing 
is a condensed summary of the results:-
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PlelL Wi.Ucoallll 
~m:--~ 

Amount oC nitrogen serreted in urine per hour berore DSCen\, '63 '61 
Weight or dry DlU8Cle correspondiog to nitrogen. • ••••••• ,' 4'19 4'011 
Amount or nitrogen secreted per hour dariog DSCeOt" •••• , •• '41 '89 
Welsb& or dry musele corresponding to nitrogetJ. • ••••••••• 2'10 2'56 

A'::~:D~I~g~~ .s:'~~e~ .~~: ~~~~. ~~~ ~ .~~~. ~~~ I '40 '4(( 

Weight oC dry musel. corresponding to nitrogen, •••••••••• ~68 t'68 

~~bt~ ~t. ~:t~~.~~ :.~.~~ .~ .~~~~~l~~~ I ---
'411 61 

Weilht oC dry muscle corresponding to altrogen, •••••••••• 8-06 8'89 
Total amount or nitrogen eec:reted during 1I8CeIIt, •••••••••• 8'81 S'I8 
DItto dunog 6 hoon after asceD~ •••••••••••••••••••••••• 2'48 !NS 

5'14 11'1111 
Welgbtor dry muscle correspond· { During n~t. ••• • •••• - 2&98 20'89 

Ing to nitrogen secreted, Duriag 6 hoDl'l after MCeIIt, 16'19 16'11 
- 81'11 ---a;:oo--

The results of these determinations add a new link to the' 
chain of experimental evidence, that muscular exertion does not· 
necessarily increase Lbe excretion of nitrogen through the urine, 
From mid·day before the ascent (August 29th, 1865) to the fol­
lowing evening at seven o'clock (AUgURt 80th) both gentlemen 
abstained from all nitrogenous food. During these thirty·one· 
hours thoy bad nothing in the way of solid food except starch, 
fat, and sugar. The two former were taken in the form of cakes. 
Starch was made uc with water into a thin paste, which was 
tben made into sma 1 cakes and fried with plenty of fat. The' 
sugar was taken d.issolved in tea. In addition to this there WOIt 
the sugar contained in tbe beer and wine, which were taken in 
quantities usual in mountain excursions. It was ddubtless ow· 
ing to this absence from food containing nitro~en that the' 
amount of this element secreted through the urlOe, declined 
tolerably regularl'y from the 29th of August till the evening of 
tbe 80th. Even 1O the night of the SOtli to the Slat, in spite of 
the plentiful menl of albuminous food on the evening of ths 
80th, the secretion of nitrogen was less than on the preceding 
night. The reason of this is probably to be sougbt for in tbs 
circumstance that during the period of abstinence, the secretion 
of nitrogen was carried on at the expense of tissues, and now 
these tissues required reparation. 

It is perhaps scarcely worthy of record that during the ascent 
neither of the experimenters perspired Jlerceptibly, since it bas 
been proved by Ranke tbat no appreciable amount of nitrogen 
leaves the s'ystem in the matter of porspiration i and as 'fhirr 
bas also shown that no nitrogen is got rid of by respiration, It 
follows tbat in addition to the nitrogen contained in the urine, 

Ax. Jova. 8cr.-8sooND SSRIES. VOL. nn. No, 126,-Nov" 1868. 
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the anly other mode of exit for this element is through tbe 
lreces. Now the proportion secreted through the fames has been 
estimated by Rllnk~ at about one·twelfth of tqat in the urine; 
but inasmuch as all experiments on the subject tend to show 
that this alvine nitrogen is, as voided1 a constituent of un.oxyd­
ized compounds, that is, of compounds that have not yielded up 
their force, it has no claim upon our attention. 

There is still another circumstance wbich requires to be taken 
into consideration before we proceed to apply our three data to 
the solution of the l?Foblem before us. It is tbis:-Is it possible 
that at the terminatIOn of the ascent of the ll'aulhorn there might 
be a considerable quantity of the nitrogenous products of ne­
composition retained in the body? Considering the physiologi­
cal effect of the retention of urea in tbe system, as exemplified 
whenever the secretion of urine is interrupted, it is difficult to 
i~agiue the lossibility of any consideraole quantity of urea 
being retaine in the system of a healthy man. 1t is, however, 
otherwise with creatin, another of the products of t\le metamor­
phosis of tissue; for it has been repeatedly shown tbat a muscle 
which has been hard worked contains niore creatin than one 
that has been at rest. Thus the quantity or creatin contained in 
the heart of an ox was found to be '14 per cent (Gregory), and 
that in other ox·flesh only ·06 per cent (Staedeler). Now the 
muscles which extend theJeg in walking, and 'which do the es­
sential work in ascending, have been estimated by Weber to 
weigh in both legs 5'8 kilograms, and if we assume that before 
the ascent these muscles contained ·06 per cent of creatin, while 
after the ascent the percentage had lDcreased to '14 per cent, 
then the amount of creatin tous exceptionally retained would 
amount to 4'64 grams, which would be derived from 8'4 grams 
of muscle. 

The speaker bad been unable to determine the calorific effect 
of creatin, and consequently the actual energy developed by the 
transformation of muscle into oreatin i fof, although he was 
killdly furnished with an ample supply of this material by Dr. 
Dittmar. yet all attempts to burn it 10 the calorimeter were fruit-
16..<18. Even when mixed in very small proportions with chlorate 
of potash and other combustibles of known value, the mixture 
invariably exploded violently on ignition. Although actual de­
termination tbus fails us, there can be no doubt that the trans­
formation of muscle into creatin and other non-nitrogenous pro­
ducts must be attended by the liberation of far less actual energy 
than its transformation into urea, carbonic acid, and water. To 
be convinced of this, it is only necessary to compare (under 
equal nitrogen value) the formulre of muscle, creatin, and urea, 
remembering at the same time that the nitrogen probably p0s­
sesses no thermal value, and tbat each atom of oxygen destroys 
approximately the thermal effect of two atoms of hydrogen. 
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CompArable Powerful or 
formuJm. JlDbuml motter. 

Muscle, - eU H3TN6 e, e:"B1l3 

Creatiu, - es BuN6e. eo H 10 

Uren, ell RuN6e :) ell HI> 
Thus it is evident that the amount of crentin exceptionally 

retained in the system could not greatly affect the result of the 
experiment as regards the possible amount of actual energy de­
rivable from the metamorphosed tissues durinf{ the ascentj 
firstly, on occount of the smaH quantity of creattn so retained, 
aod, secondly, because creatin still contains about one·third of 
the potential energy of the muscle from which it is derived. 
But as this point cannot be experimental],. demonstrated, the 
speaker followed the example of Fick and Wislicenus, and made 
a very liberal allowance on this score. He allowed, as tbey hnd 
done, that the w hole of the nitrogen secreted during the six hours 
nfter the ascent was exceptionally retained in the system as urea 
during the ascent. This is equivalent to an admission that the 
muscles of tbe legs contained at the end of the Mcent eleven 
times as much crentin as was present in them before the Mcent. 
In tbe above tabular statement of results provision bas been 
mnde for tbis allowance by adding together, on tbe one band, 
the amounts of nitrogen secreted during tbe ascent and six 
bOUTS after it, and, on the other, the weights of dry musole cor· 
responding to these two amounts of nitrogen. 

Having thus far cleared the ground, let us nOlV compare the 
amount of measured and calculated work performed by each of 
tbe experimenters during tbe ascent of tlie FaulhorD, with the 
actual energy capable of being developed by the maximum 
umount of muscle that could have been consumed in tbeir bod· 
ies, this amount being represented by the total q unntity of nitro· 
gen excreted in each case during the ascent and for six hours 
afterwards. 
-----------------:---.Plot< W'1.llceau .. 
---------------- Gnuii;:-- GrDIIII.-
Weight oC dry mUBCl1l consumed,... •••• ........... 87-1'1 87'00 
Actual eaergy copabl8 DC. bl:lng produced by the} MOIO,ltllopam .. Mo"rlt1~ 

eonsllmptioD of 3'1"17 ADd li7'OO grums oC dry 68,690 68,II'l1l 
muscle In the budy •••••••••••••••••••••••••• 

M~u:rlc1..~~~~.:.~~~.~.~~.~t.~~~~.a~ f 129.09-;- 148,8118 
Calculated ell't'ulatory ODd respiratory work per· t 30,641 811681 

formed during the II.8Cent (internal work). ••••• " r • 
~iIi8ceriQi""iiniii8W~;;nn;;;c=:::::: ----r6i;i87 li4.iS'l-

It is thus evident that tbe muscular power expended by tbese 
gentlemen in the ascent of the Faulhorn could not be exclusively 
derived from the oxydation, either of their Uluscles, or of otber 
nitrogenous constituents of their bodies, since the mnximum of 
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power capable of bein~ derived from tbis source even under 
very favorable nssumptions is, in both cases, less tban one·half 
of the work actually performed. But the deficiency becomes 
much greater if we taKe into consideration the fact, that the ac· 
tual energy developed by oxydation or combustion cannot be 
wholly transformed into mechanical work. In tbe best COQ­

structed steam·engine, for instance, only one· tenth of the actual 
energy developed by the burnin~ fuel can be obtained in the 
form of mechanical power j and 10 the case of man, Helmholtz 
estimates that not more than one·fifth of the actual energy de­
veloped in the body can be made to appear as external work. 
The e~periments of "Haidenbain, however, show that, under fa­
vorable circuJJ18tances, a muscle may be made to yield, in the 
sbape of mechanical work, as much as one·half of the actual 
energy developed within it, tho remainder faking the form or 
beat. Taking then this higbest estimate of the proportion of 
mechanical work capable of being got out of actual energy, it 
becomes necessary to mUltiply by two the above numbers repre­
senting the ascertainable work performed, in order to express 
the actual energy involved in the production of that work. We 
then get the following comparison of the actual energy capable 
of being developed by the amount of muscle consumed, with 
the actual energy necessary for the performance of the work 
executed in the ascent of tlie Faulhorn. 

FleE Wltllcenu. 
------------ NotQrkll~ ""'i.torkllognuu. 
Actual 4!l)ergy capable of being produeed by l 68690 88,876 

muscle rna tomorphnala, • • • • • • • • • • • • • • • •• f • 
Actual energy expended in work perCormed, • • • 819,2'14 868,6'14-

Thus, taking the average of the two experiments, it is evident 
that scarcely one:ftflh of thi: actuaZ energy required jor tiLe work per. 
formed could be obtained from the amoUllt 0/ mtl,scle consumed. 

Interpreted in the same way, previous experiments of a like 
kind prove the same thing, though not quite so conclusively. 
To illustrate this I will here give It summary of three sets of ex­
periments: the first, made by Dr. E. Smith, upon prisoners en· 
gaged in treadmiUlabor; the second, by the Rev. Dr. Haughton, 
upon military prisoners engaged in shot drill; and the third, 
adduced by Plo.yfair and made upon pedestrians, pile·drivers, 
men turning a winch, and other laborers. 

TreadwlLeel experiments.-A treaclwheel is a revolving drum 
with steps placed at distances of eight inches, and the prisoners 
are requirea to turn the wheel downwards by stepping upwards. 
Four prisoners, designated below Q,8 A, B, 0, and D, were em· 
ployed in these experiments, and each worked upon the wheel 
10 alternate quarters of an hour, resting in a sitting fosture duro 
ing the intervening quarters. The period of aetua daily labor 
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was 8! hours. The total ascent per hour 2160 feet, or per day 
1'482 mile. The following nre the results:-

Trta4f#Aul_l.-(E. Smitb.) 

Welgbtla A .... nt 10 D.,.. Emmolwcrk Total ~htO'-d;"-
occupied perrormed In oltrogeo ma • ., It correa-

1<11o,r= __ moton. 10 Oteoot. meterk i1QgtlUlUl. oyolvCd. pondlng to 
nltrogun. - ------ GrU'mL -----otiima-.--

A. 47'4 23,045 10 1.096,942 1'1l'3 1101'S 
B 49 23,045 10 1.129,205 1'14'S 1ll!1"1 
0 65 20,'141 9 1.140.'165 16811 1080,1 
D 66 20.'141 9 1.161.496 169'3 1024'3 

In these experiments tho measured work was performed in the 
sbort sJ;>ac.e of 8t bours, while the nitrogen estimated was tbat 
voided lD t.he shape of urea in 24 hours, It will, therefore, be 
necessary to add to the measured work that calculated for respi­
ration and circulation for the whole period of 24 hours. This 
amount of internal work was computed, from the estimates of 
Helmholtz and Fick, to be as follows :-

Intertlalll1Ork.-(Helmboltz and Fick.) 
Work Actu •• onor" 

porformed. roqulred. 
- Moterkllo:m;;:- "'iiOi8rkllo;raiiii:' 
Circulali~n or tile ~lood daring 24 hours, at i5 t 69,120" 138,240 

pulsatioos per mlDule, .................... f 
Besp,iration lor 24 houN, at 12 respirations per t 10.886 21,7'12 

mlDute, • III ••• III • "" ........ .................. ,II •••••• { 

StatlCllI IIctivity oJ' muscles, ••••••••••••••••••• not determined. not determined. 
Periata1Uc motion, •••••••••••••••••••.•.•..•. •. .. " •• 

----SU.O~ - 160.0~ 

Taking this estimate for internal ,York, the average results ot 
the trcadwheel experiments may be thus expressed:-

~tadlllll«lll1Ork. 

Avemge estemal work per mIlD per day, -
Average nitrogen evolved per mnn per day, 
Weight or dry muscle corresponding to avemge nitrogen evolved 

per emy. . - • - - • -
Actual energy producible by the consumption oC 114 grams oC dry 

muscle in ~ too body, • • - - - • 
A.verage nctanl energy developed in the body oC tmcb mlln, v~-

Externnl work. 119,605X2::i39,210 mb. 
Circuilitlon, - 69.120X2=188,240 " 
ReBpimtlon, • 10,886X2= 21,'1'12 " 

1111,605 mb. 
17'7 gmms. 

114 " 

210,6'12 mks. 

899,222 .. 

In these experiments the conditions were obviously very un­
favorable for the comparison of the amount of actual energy 
producible from muscle metamorphosis, with the quantity of 
actual energy expended in the performance of estimable work; 

1< Since lJUlklog use of thiB number, I find tbat Donders ostimates tbe work of 
tbe hllart alone, for 24 bours, at 86,000 meterkilograms, a fij;ure which 11 higher 
dian that above lor the combined work oC circulation IIDd respU'lltion. 
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since, during that portion of the twenty·four hours not occupied 
in the actual experiment, a large amount of un estimable internal 
work, such as the statical activity_of the muscles, peristaltic mO­
tion, &c., WM being performed. Nevertheless, these experiments 
show that the average actual energy developed in producing 
work in the body of each man was nearly twice as great as that 
which could possibly be produced by the whole of the nitrogen. 
ous matter oxydized in tbe body during 24 hours. It must also 
be remarked tha't the prisoners were fed upon a nitrogenous diet 
coniaining six ounces of cooked meat, without bone; a diet 
whieb, as is well known, would favor the production of urea. 

lSlwt·drill ~eriments.-The men employed for these experi­
ments were fed exclusively upon vegetable diet, and they con­
sequently secreted a considerably smaller amount of nitrogen 
than the flesh. eaters engaged in the treadwbeel work. '!'he 
other conditions were, however, equally unfavorable for showing 
the excess of work performed, over the amount derivable from 
muscle metamorphosis. 

In shot·drill, each man lifts 0. 82 lb. Bhot from a tressel to his 
breast, a height of 8 feet; he then carries it a distance of 9 feet, 
and lays it down on a similar support, returning unloaded. Six 
of these double journeys occupy one minute, The men were 
daily en~aged wlth-shot-drill 3 hours, ordinary drilll! hours, 
oakum pIcking 8!- hours. 

The total average daily external work was estimated by 
Haughton at 96,816 meterkilogrnms per man. 

Tlie following is a condensed Bummary of the results of these 
experiments :-

Military t:egetarian pNlO1IW. at Mot·tlril'.-(.ftaugbwn,) 

Average extemBl work per man per da1. • 96,816 mb. 
Average nitrogen ovolved per man per Clay, 12'1 grams. 
Weight or dry muscle correspondiug to average nitrogen evolved 

pt:t day, - - • - • - • • • - '17'9 
Actual energy producible by the consumption oC '1'1'9 grams DC 

.. 
dry muscle in the body, - - • - - • • 143,9110 mks. 

Average Dctual energy develo~d dally in the 
body oC each IDIlD, viz., External work, 
91J,816X2== - -

Intel'lllll work, 
192,682mb. 
160,012 " 

862,844mb. 

Owing chiefly to the vegetable diet of these prisoners, the re­
sult is more conclusive than that obtained upon the tret¥iwbeel, 
the amount of work actually performed being considerably more 
than twice as great as that which could possibly be obtained 
tbrou~h the muscle metamorphosis occurring in the bodies of 
the pMSoners. 

Playfair's determinations.-In these determinations the num­
ber 109,496 meterkilograms \Vas obtained as the average amount 
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of daily work performed by pedestrians, pile-drivers, porters, 
paviol'S, &C. i but, as the amount of muscle consumption is cal­
culated from the nitrogen taken in the food, the conditions are 
as unfavorable as possible with regard to the point the speaker 
wali seeking to estahlish ; for it is here assumed, not only that 
all the nitrogen taken in the food enters the blood, but also tbat 
it is converted into muscle, nnd is afterwards oxydized to car­
bonic acid, water, and urea. The following are the results ex· 
pressed as in the previous cases:-

Hard·teorked labo~'_-(Playfair.) 

----------Aclual energy capable of being produced fr<rrn 
8-6 oz. (UiIi'92 grams) of flesh·formers con­
tained in the daily food of the laborer. • 288,140 mks. 

Thus, even under the extremely unfavorable conditions of 
these determinations, the actual work performed exceeded tbat 
which could possibly be produced through the oxydation of the 
nitrogenous constituents of the daily food by more than sa per 
cent. 

We have seen, therefore, in the above four sets of experiments, 
interpreted by the data. afforded by the combustion of mnscle 
and urea in o:xygen, that the transformation of tissue alone can· 
not account for more than asmaH fraction of the muscular power 
developed by animals j in factj this transformat.ion goes on at a 
rate almost entirely independent of the amount of muscular power 
developed. If the mechanical work of an animal be doubled or 
trebled there is no corresponding increase of nitrogen in the se­
cretions; whilst it was proved on the other hand oy Lawes and 
Gilhert, as early as the year 1854:, that animals, unuer the same 
conditions as regarded exercise, had the amount of nitrogen in 
their secretions increased twofold by merely doubling the amount 
of nitrogen in their food. \Vhence then comes the muscular 
power of animals? What are the substances which, by their 
oxydation in the body, furnish the actual energy, whereof a part 
is converted into muscular work? In the light of the experi· 
mental results detailed above, can it be doubted that n large 
proportion of the muscular power developed in the bodies of 
animals has its origin in the oxydation of non-nitrogenous sub­
stances? For while the secretion of nitrogen remains nearly 
stationary under widely different degrees of muscular exertion, 
the production of carbonic acid increases most markedly with 
every augmentation of muscular work. as is shown by the fol· 
lowing ta.bulated results of E. Smith's highly important experi-
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menta regarding the amount of carbonic acid evolved from his 
own lungs under different circumstances.1I 

Excretion of carbonic acid during rest and muscular exer· 
tiOD :-

During steep. - - -
Lying down and Bleep opproaclliog, • 
In 11 Billing posture. - -
Waikiog Ilt rIlte oC 2 miles per hoar, 

,. u8" u • • • 
On tho lreadwheel, WJCeodiog at tho rate oC !HII leet 

Cllrbonlc: acid 
p!lr hoUr. 

19'0 grama. 
28'0 .. 
291) .. 

'10" .. 
l00'S .. 

JIIIr mioute, 181NS .. 

It bas been ah-eady stated as a proposition upon which all are 
agreed, that food, and food alone, is the ultimate source from 
wbich muslJular power is derived; but the above determinatious 
and considerat.ions, the speaker believed, prove conclusively, first­
ly, that the non-nitrogenous constituents of the Cood, such as 
starch, fat, &0., are the chief sources of the actual energy, which 
becomes partially transformed into muscular work i and secondly, 
that the food does not require to become organized tissq,e before 
its metamorphosis can be rendered available for muscular power' 
its digest.ion and assimilation into the circulating Huid-the blood 
-being all that is necessary for this purpose. It. is, however, by 
no meanR the non-nitrogenous port.ioDs of food alone that are ca­
pable of being so employed, the nitrogenous also, inasmuch as 
they are combustible, and cOIl~uently capable of furnishing aCt 
tual energy, might be expected to be available for the same pl1r­
pose, and such an eXl'ectation is confirmed by the experiments 
of Savory upon rats, in which it is proved that these animals 
can live for weeks in good health upon food consisting almost 
exclusively of muscular fibre. Even supposing these rats to have 
performed no external work, uearly tlie whole of their internal 
muscular work must have had its source in the actual energy 
developed by the oxydation of their strictly nitrogenous food. 

It can scarcely be doubted, however, that the chief use of the 
nitrogenous const.ituents of food is for the renewal of ml18Cular 
tissue i the latter, like every other part of the body, requiring a 
continuous chauge of substance, wliile the cbief funct.ion of the 
non-nit.rogenous is to furnish by their oxydat.ion lhe actual en­
ergy which is in part transmuted into muscular force. 

The combustible food and oxygen coexist in the blood which 
courses through t.he muscle, but when the muscle is at rest there 
is no chemical action between them. A command is sent from. 
the brain to the muscle, the nervous agent determines oxydation. 
The potential energy becomes active energy, one portion assum­
ing the form of motion, another appearing as heat. Here w the 

p PhiL TI'I1III1. Cor 18611, p. '109. It Tho Lancet, 1868, pag0l88111Dd 412. 
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source of an'imal heat, here the origin of muscular power I Like the 
piston and cylinder of a steam·engine, the muscle itself is only 
a machine for the transformation of heat into motion; both are 
subjecL to wear and tear and require renewal, but neither con­
tributes in any important degree by its own oxydation to the 
actual production of the mechanical power which it exerts. 

From this point of view it is interesting to examine the vari­
ous articles of food in common use, as to their capabilities for 
the production of muscular power. The speaker liad therefore 
made careful estitnations of the calorific value of different mate­
rials used as food, by tbe same apparatus and in the same man­
ner as described above for the determination of the actual energy 
in muscle, urea, uric acid, and hippuric acid. 

The results are embodied in the following series of tables, but 
it must be borne in mind that it is only on the condition tbat 
tbe food is digested and passes into tbe blood, that the results 
given in tbese tables are realized. If, for instance, sawdust or 
paraffin oil had been experimented upon, numbers would have 
been obtained for these substances, the one o.bout equal to that 
assigned to starch, and the other surpll88in~ that of any article 
in tbe table; but tbese numbers would Obviously have been 
utterly fallacious, inasmuch as neither sawdust nor paraffin oil 
is.. to any appreciable extent, digested in the alimentary canal. 
While the foroe-values experimentally obtained for the different 
artioles in these tables must therefore be understood as tho max­
ima assignable to the substances to which they belong, yet it 
must not be forgotten that a large majority of these substances 
appear to be completely digestible UDder normal circumstances. 

Aetual energy dewloped 6v OM gram oj f:ario14' article. 0//00« "hm hl'llt in 
ozygm.. 

lIont unlll I Alolerililograms of ___ ._. ___ fo~. __ Percent 
Nil ... of food. NalaNI N.taml of WIlier. 

D,y. _dilleD. Dr,. eoadltlon. 

Cheese (Obe!lhire), .... ::::::::- '"""i'i"i'4 4iiir H89 ni" '"""24-0" 
Potatoe., .................... 8'l62 1013 1689 420 '18'0 
Apple., ..................... 8669 600 111114. 280 82'0 
OAtmeal, ..................... 400t. 1696 
Flour. • .. ... • .. • • .. .. .. • .. .. • 8041 1660 Pea·meal,.................... 8986 166'1 
Ground rice, ................. 8818 16111 
AITowroot, ................... 80 III 16117 
Brend crnmb, ................ 3984 2231 168'1 9411 44'0 

.. ernst, .... ............. 4459 1888 
BoeC(leanJ, .............. .... 6813 1667 2250 864 
Veal " ................... 451<1 131<1 1912 6116 
Bam .. .................. 4343 1980 1839 889 
Mnckerel,.. ....... ........... 60" 1'189 21168 '158 
Wbiling •• "................... 41120 904 1914 868 
White oC egg. ................ 48U6 6'11 20'1<1 284 
Hard·bolted egg. ..... ......... 61121 2883 26'1'1 1009 

Ax. JOUR. Scr.-8BDoND SERIES, VOL. XLn, No. 126.-Nov., 1866. 
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.AduaI flMrfJY thwlopttl 68 0tUI grtJfJI oj uriow ortk/t, oj J«Hf-eoatlaued. 

Hea.t aaill. MOIllI'llognuna or 
(oree. POlo:ea& Nallla or rood. Natural Na,ural ot wo.lIlr. 

DIJ· condition. Dry. cood,lion. ------------------- 6iiO 8428 "2781 1449' 47:0-Yolk of egg, ••••••••••••••••• 
081ol1D., •••• • ••••••••••••••• 4520 .... 1914 . . .. ... 

Uk, ••••• ,; •••••••••••••••••• )I 

C 
Co 
B 
B 
Cod 
L 

6093 862 216'1 280 8'1-0 
Carrots ••••••• ,_ ••••••••••••••• 8'181 62'1 16\16 228 88-0 

"bhap, •••••••••••••••• I'.' 8'1'16 434 1609 184 8U 
etta Dibs, ••••••••• ~ •••••••• .. . . 8818 .... 2911 . .. 

eer (at, ••••••...........•.. 9069 .... ¥8U . ... . .. 
uttar, ••••••••••••••••••••••• .... '1284 · ... 8017 . .. 

·11ver on, ••••••••••••••••• .... 9101 · ... 88117 ... 
1IIDP 8Uf';', ••••••••••••••••• .... 11848 · ... 1418 .. . .. .. 81'1'1 •• I .• 1888 .. . Commercaal gra~ Bugar •••••••• 

But '8 ale (alcoJioI reekooed) ••••• 8'1'8 '116 16\lU 828 88'4 
Guinnesa'. stollt. • ............. 6M3 1016 2688 44& 884: 

Iloterkllograw. 
0( (orce. 

-D---Aiilbral 
IJ· _.itlOD. 

Cheshire Ch8ll8O. • •••• 2429 """i'8i6" 
Potatoes,........... l1i63 422 
Applel!, ..... ....... 1618 278 
Ol1tmdl. .... •• ••• .... 1885 
J'lnur ••••••• I ••••• ,. •• • • 1827 
Pea·meal. ...... • • •• • • • • 1698 
Ground rice, •• • .. • • .. .. UBI 
Arrowroot., ... .. .. •• ••• • 18117 
BI'84d crumb. ••••••• 16211 910 
LelID 01 beef, • • • • • •• 204'1 604 

.. veal,....... 1'104 496 

.. ham. boiled,. 111119 'Ill 
Mnckel'el. .......... 28111 688 
Whiling, • .......... 16'111 8811 
White of egg, ...... 1781 244 

Alolln_noanual 
or (oreo. 

~Nalunl 
-.,. cotldltloo. 

Hard·boiled egg, :::::: 2iiii" """'"iii6 
Yolk oC egg, •• " ...... 2841 1400 
Belntln, •••• : • • .. • • • .. 111110 .... 
Milk, ....... ........ 2046 266 
IJanota, .............. 16'l4 220 
Cabbnge.............. 11148 1'18 
Cocoa nibs, • • • • • • • • • • • •••• 2902 
Butter, ............. " •••• 80'1'1 
Beer rllt, .. • •• .. •• • • • • 8841 ... . 
Cod·liver oil, • • • • • • • • .. 88111 ... . 
Lump 8ugur..... .•• ... .... 1418 
CODlmercial gm~ Bugar, •••• 18S8 
011l1li'8 ale. bOttled, • • • • • 1669 828 
GulDDellll's stoul,.. • •• • • 2688 466 

lVdgA' MUl COI4 of Clarlow arllcln oj f()()fl. rtguiMl 10 ", Nydiutl ira lleo 60tly ira 
ordtr to rain 14(, llI8. 10 IAe AlillAI of 1(1.000 fetl. 

External work == 4th actual energy. 

\VBiah& 
10 lfoo. Prlco ,or u.. Coat. 

""lulled. 
----- "8:'d.-- --;:-;;.--

CheRhlre cheese. ....................... l'Ui6 0 10 0 11i 
Potatoes, • • .. .. • •• • • ... • • • • • .. • • • • • • • • 110(168 0 1 0 6t 
Appl... ........................ ..... '1'SIIi 0 Ii 0 11i 
OalmeaJ, ............................. • l'2S1 0 2l 0 S. 
Plollr. ............................... 1'811 0 2t 0 8f 
Pea-mea}, •••••••••••••••••••• ,. • • • • • • • • 1-836 0 81 0 4i-
Ground rice, .......................... 1'841 0 4 0 6' 
Arrowroot, .......... ............ ..... 1'28'1 1 0 1 8~ 
BnItld... .. .. • .. • .. .. • ... • • • .. • • • .. • • ... 2'1I46 O! 0 41 
Lean beet..... . . . . • . . . . . . . . . .. . . .. . . . 8'632 1 0 8 6i 

•• veal,. • • • • • • • • • • • • • • •• • • • • • • • • • • 4·S00 1 0 4 8" 
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Weight and cod oj tJariou& artielu oj food-rontinDed, 

Namo of food, 
Wei;ht 
ill lb., Prio. per Ib. Cost. 

____________ .____ reqllire'), 
---- ----;.--(l,- --s:d,-

Lean bam, boiled, ...... ,.............. 3'001 1 6 4 6 
Mackerel, ....................... , ..... 3'124 0 8 2 1 
'Vhiting, ............. ".............. 6'369 1 4 9 4, 
Wllite of egg. • •• , •• , ••••••••••• , •• ,.. 8'7411 0 6 4 4i 
Bartl,boiled egg, ....... .. ..... , ... '.. 2'209 0 6t 1 2i 
Isingllltlll, ......... ...................... 1'877 16 0 22 Oi 
:Milk .......................... , •••••• , 8'021 lid. per quarL 1 8+ 
CArrots,.............................. 9'685 0 Il 1 2t 
CAbbage. 0............................ ) 2'020 0 1 1 01 
Cocoa-nibs .......... 0 ............... '" 0'735 1 6 1 I! 
Ruttt>r, ......... " ....... ,........... 0 6\18 1 6 1 ot 
Beef fat. ...... ....................... 0'666 0 10 0 IIi-
Cod-liver oil, • • • .. .. .. .. .. •• .......... 0'668 8 6 1 111-
Lump sugar,.o ..................... ,.. 1'505 0 6 1 8 
Commercial grape sugar................. 1'537 0 3t 0 5t 
na~s'~ pale ale (bottled) ••• , ... ........ •• II hotlles. 0 ) 0 '1 6 
Guinness's stout, .... '. _,,' .... ,........ 6t .. 0 10 5 7l 

Weight oj t:arioll8 articles "f food. required to aualain re~iration and circuWion 
in the body of an average lIIan during 24 hOllr8, 

Nome or food, WOight;. o:t. --~rfood. Welgbt In ~ 
Che~hjre wellEe •• --:-:-::~ ----s:o- Whiling., •• ,., •• , •• ,.,.~:--" 
Potatoes,............... lS'4 White (If egg.. .......... 23'1 
Apples, ............... , 20'7 lInrd-boillld egg ........ ' IS'S" 
Oatmeal .............. , .. 8-4 Gdntine ...... , ... , • .. .. 8-6 
Plour, •• , ... :.......... S"5 Milk ••••• , ..... , • • • • • • • 21'2 
Pea·meal. • • • • .. .. • • • .. • S'6 Cnrrot9, ' ........ , .. • • .. 21S'O 
ground rice,............. 8'6 Cabbage ...... , ... ,..... 81'S 
Arrowroot. ............. 3-4 Cocoa·nibs, '. It •• o...... \'S 
Brl'8d ................. , 6'4, Butter,.,............... l'S 
Lean beef,. .... ....... • • 9'3 Cod-liver oil ............ , 1'5 

.. venl, .............. 11'4, Lump ~ugnr,............ 8'9 

.. ham, boiled,.""... "'0 ComlDercial grape sugar", 4'0 
lIIorkcrel, ' ......... ,... 8-3 

These results are in many instances fully borne out by expe. 
rience. The food of the agricultural laborers in Lancashire 
contains a large proportion ot' fat, Besides the very fat bacoll 
which constitutes their animal food proper, they consume large 
quantities of so-called apple dumplings, the chief portion of which 
consists of paste in which dripping and suet are large ingredi. 
ents, in fact these dumplings frequently contain no fruit at all 
Egg and bacon ,Pies and POtllto pies are also very common pieces 
de resistance durmg harvest-time, and whenever very hard work 
is req~ired from the men. The speaker well remembers being 
profoundly impressed with the dinners of the navigators em­
ployed in the construction of the Lancaster and Preston Rail· 
way i tbey consisted of thick slices of bread surmounted wiLh 
massive blocks of bacoll, in which mere streaks of lean were vis­
ible. Dr. Piccard states that the Chamois hunters of Western 
Switzerland are accustomed, when starting on long and fatiguing 
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expeditions, to take with them, as pro\o;sions, nothing but bacon­
fat and sugar, because, as they say, these substances are more 
nourishing than meat. They doubtless find that in fat and sugar 
they can most conveniently carry with them n. store of force-pro­
duciog matter. The above tables affirm tbe same thing_ They 
show that -55 lb. of fat will perform the work of 1·15 lb. cheese, 
fj Ibs. J>otatoes, l·S lb. of flour or pea-menl or of 3! lbs. of lean 
beef. Donders, in bis admirable pamphlet' On the Constituents 
of Food and their Relation to M uscular Work and Aoimal Heat,' 
mentions the observations of Dr. M. C. Verloren on the food of 
insects. The latter remark!!, &I Man,. insects use during a period 
in which very little muscular work IS performed food containing 
chiefly albuminous matter j on the contrary. at a time when the 
muscular work is very considerable, they live exclusively, or 
almost exclusively, on food free from nitrogen." He also men­
tions bees and butterflies as instances of insects performing enor· 
mous muscular work, and subsisting upon a diet containing but 
the merest traces of nitrogen. 

We thus arrive at the following concl usions :-
1. The muscle is a machine lor the conversion of potential en­

ergy into mechanical force. 
2. The mechanical force of the muscles is derived chiefly, if 

not entirely, from the oxydation of matters contained in the 
blood, and not from the oxydation of the muscles themselves. 

S. In man the chief materials used for the production of mus· 
cular power are non-nitrogenous j but nitrogenous matters can 
also be employed for the same purpose, and hence the greatly 
increased evolution of nitrogen under the influence of a flesh 
diet, even with no greater muscular exertion. 

4. Like every other part of the body, the muscles are con­
stantly being renewed j but this renewal is not perceptibly more 
rapid during great muscular activity than during comparative 
quiescence. 

5_ After the supply of sufficient albuminized matters in the 
food of man to provide for the necessary renewal of the tissues, 
the best materials for the production, both of internal and exter­
nal work, are non-nitrogenous matters, such as oil, fat, sugar, 
starch, gum, &co 

6. The non-nitrogenous matters of food, which find their way 
into the blood, yield up all theil' potential energy as actual en· 
ergy i the nitrogenous matters, on the other hand, leave the body 
with a portion (one-seventh) of tbeir potential energy unex­
pended. 

7. The t.ransformatioI?- of potential energ)" into muscul!lr rower 
is necessarIly accompaDled by the productIon of heat wlthm the 
body, even when the muscular power is ex.erted externally. 
This is doubtless the chief and, probably, the only source of ani­
mal heat. 




