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Put out the light, and then put out the light: 
If I quench thee, thou flaming minister, 
I can again thy former light restore, 
Should I repent me: but once put out thy light, 
Thou cunningest pattern of excelling nature, 
I know not where is the Promethean heat 
That can thy light relume. When I have pluck*d the rose 
I cannot give it vital growth again, 
It must needs wither. 

Thus speaks Othello, when he enters the bedchamber in which Desdemona is asleep. 

I. FIRST PRINCIPLES 

A. Introduction 
Light, absorbed by plants for photosynthesis, is the initiator of all 

biological processes. Heat, given off by both animals and plants, is the 
final waste. In between light and heat, useful mechanical work is possible. 
Energy is a Greek word meaning work. In the nineteenth century, 
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physicists made it a technical term—the capacity to do mechanical work. 
The interconversion of the various forms of energy such as light, heat, 
and the motions of wind, water, or electricity and that stored in various 
fuels or reservoirs is possible, but it is limited. The limits are set down 
and described by the science of energetics or thermodynamics. In 1923, 
Lewis and Randall (1) eulogized this science in the following passage: 

"Aside from the logical and mathematical sciences there are three 
great branches of natural science which stand apart by reason of the 
variety of far reaching deductions drawn from a small number of 
primary postulates. These are mechanics, electromagnetics and thermo
dynamics. These sciences are monuments to the power of the human mind 
and their intensive study is amply repaid by the aesthetic and intellec
tual satisfaction derived from a recognition of the order and simplicity 
which has been discovered among the most complex of natural phe
nomena." 

The study of the biological aspects of thermodynamics, using either 
whole living animals and human bodies or isolated fragments of the 
tissues, provides the biologist with a satisfaction similar to that de
scribed above. The complexities of living tissues are immense, but it is 
now clear that this comes about by permutations and combinations of a 
few simple units. Thus it has long been known that the variety of protein 
structure, sufficient to differentiate between each and every individual in 
a species, arises from the different combinations of some twenty simple 
amino acids. Recently it has become apparent that the great variety of 
circumstances under which biological material utilizes energy are prob
ably dependent on about twenty energy-yielding processes, many of 
which are of relatively minor importance. 

The fundamental nature of the study of the easily observable energy 
transformations in the intact animal must be emphasized. Great work 
was done by pioneers in the early part of the century, but thereafter it 
became unfashionable, in part due to a diversion of interest to the newly 
discovered vitamins. In recent years, the study of energy balances and 
of so-called general metabolism has again begun to attract attention. I t 
must be remembered that ultimately all studies directed to the under
standing of animal functions must be referred to the intact living animal, 
and hence their techniques require careful attention. If the full potential 
of these techniques is to be realized, we must be quite clear about the 
premises upon which they are based. 

B. Basic Definitions 
The definition of energy as the capacity to do work is derived from 

mechanics, the first of the branches of natural science referred to by 
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Lewis and Randall. Work is defined as the overcoming of a force; for 
example, the lifting of a weight by a man is work done on the weight 
by some biological machinery against the force of gravity. The work 
done by the biological machinery must be at least equal to the obvious 
mechanical work done on the weight, i.e., work done = force χ dis
tance = mXgXh (where m = mass, g = acceleration due to gravity, 
and h = height). In the absolute metric system, the unit of force is called 
a dyne and is the force necessary to give a mass of 1 gm an acceleration 
of 1 cm/sec/sec. If this force moves the unit mass 1 cm, then 1 work 
unit (or erg) has been expended on the mass. The erg is inconveniently 
small, and for most practical purposes the basic unit of work, or the 
capacity to do work, is the joule which equals 107 ergs. If we lift 1 kg 
1 meter above the ground, then we have done ( w X g X / ι ) units of 
work or 1000 X 981 X 100 = 9.81 Χ 107 ergs or 9.81 joules of work. This 
elementary but fundamental definition is derived from the basic ideas of 
Newtonian mechanics. 

The muscles which carry out the aforementioned work are not 
mechanical engines, but chemical engines. We are concerned with a 
quantitative description of the various energy transformations that can 
occur in such a system. When a muscle contracts, some of the energy 
bound in its chemical components is released and converted, partly into 
mechanical work and partly into heat. The First Law of Thermody
namics states that energy can only be transformed from one form to 
another and is indestructible. This carries the practical corollary that we 
can express quantities of any kind of energy in terms of a single unit 
of any other kind. In 1843, Joule first measured the mechanical equiv
alent of heat, and this is accepted to be 4.1855 Χ 107 ergs for one heat 
unit, which is defined as the amount of heat necessary to raise the 
temperature of 1 gm of water from 14.5° to 15.5°C. This is the gram 
calorie (15°C), and it is usually known simply as a calorie. The 
principal unit of energy employed by physiologists is the kilocalorie 
( = 1000 cal). In the past it was often written "Calorie" with a cap
ital. This has led to misunderstandings, and the correct abbreviation 
kcal should be used. The natural unit of choice could have been the erg 
or joule as previously defined. However, all forms of energy tend 
ultimately to appear in the form of heat, and thus it can be argued that 
units of heat should be the universal coinage of energetics. 

I t is important to discuss the significance of the term heat, because 
it is often confused with temperature in everyday speech. If a quantity 
of heat is supplied to a gram of water at room temperature, there will 
be an increase in motion of the molecules of water, and the volume of 
water will expand. We describe this by saying that the temperature of 
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the water has increased. What we mean is that heat will tend to escape 
from the mass of water until its temperature is once again the same as 
that of the room. The temperature indicates the gradient of heat energy 
between the gram of water and the room, in exactly the same sense 
that is understood by the pressure head of water in a reservoir. This 
gives information about the force with which water will escape from the 
reservoir via a pipeline, but it gives no information about the quantity 
of water in the reservoir. However, it would be possible to learn some
thing about the capacity of the reservoir, by adding or subtracting a 
known quantity of water and observing the resultant pressure change. 
I t is not possible to manipulate heat in the same way as water, just as it 
is not possible to pick up a handful of sunshine. This means that when 
measurements have to be made about quantities of radiant or vibrational 
energy such as heat, this must be done indirectly by seeing what happens 
to a standard of reference, such as a known volume of water, when some 
heat is added to it. This is how the heat given off in a chemical reaction, 
such as combustion, is measured in a bomb calorimeter. Here careful 
arrangements are made so that all the heat given off is transferred to 
water, and the increase in temperature is observed, classically by a 
volume change in another liquid—mercury. 

The manifestations of electrical energy are commonplace in daily life, 
but it is not often appreciated that temperature is strictly analogous to 
voltage, which is in turn equivalent to pressure. These are the intensity 
factors, whereas calories, coulombs, and liters are units of the capacity 
aspects of heat, electrical, and volume energy. A battery is a system of 
two compartments, in one of which is an accumulation of free electrons. 
The voltage of the battery gives information about the "pressure" head 
of the electrons in the negative side of the battery, but tells nothing 
about how many electrons are in the compartment. However, it is the 
number of free electrons in the compartment which determines how much 
energy can be obtained from that particular battery. This remains poten
tial energy until the battery is placed in a situation where the electrons 
can be made to do work. This is achieved by the movement of electrons 
along a conducting circuit, and the greater the force driving the electrons 
around the circuit (electromotive force, commonly expressed as a volt
age) and the more electrons that are available, the more work can be 
done, and thus the greater the available energy. This approach to 
electrical energy introduces the concept of a flow of energy along a wire, 
and thus introduces a rate factor. The rate of transfer of energy from 
one system to another is expressed as the transfer of power. Power is a 
measure of the rate of doing work. Thus 1 joule per second is equivalent 
to 1 coulomb of charge transferred against a gradient of 1 volt in 1 
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second or 1 ampere of current flowing for 1 second. This unit is known as 
the watt. In our domestic life, the common unit of electricity is the 
kilowatt-hour, and electrical appliances are commonly labeled in terms 
of their wattage or power consumption. Thus an electrical heater for a 
small room would need an element dissipating electrical power at the 
rate of 1000 watts or transferring heat into the room at a rate of 239 cal 
per second. This is 14.3 kcal per minute, or about the same amount of 
heat that would be transferred to the room by 10 people sitting quietly, 
as many hostesses know. The usual physiological unit of power is the 
kcal per minute. The connections between the various units of energy and 
power are important, and they are set out in Tables IA, IB, IC, and ID. 

C. Chemical Energy 

1. Basic Considerations 
In chemistry we are concerned with a series of energy changes that, 

for the most part, cannot be measured directly. Deductions have to be 
made about the magnitude of the energy changes in the various steps of a 
chain of processes by measuring the final transformation—namely, the 
heat given off. The biological machine is a chemical engine which, unlike 
an automobile, does not burn its fuel explosively; rather, it degrades it 
in a series of steps, at each of which a small packet of energy may be 
made available. 

Ultimately all biological processes begin with the emission of photons 
of energy radiated from the sun, which are absorbed by plants. The 
energy is trapped in the process of photosynthesis and stored in mole
cules such as starch or triglyceride in a form not fully understood, but 
called chemical energy. This stored energy can be liberated in stages in 
plant and animal metabolism by oxidative breakdown. The carbon and 
hydrogen atoms present in the primary fuels (monosaccharides, fatty 
acids, and amino acids) are converted into carbon dioxide and water, 
and part of the energy set free is taken up by the synthesis of adenosine 
triphosphate and creatine phosphate. These phosphates contain "high 
energy bonds." They can be made to give up their stored energy at ex
actly the right time and place, and in accurately controlled amounts. 
Thus they can initiate a wide variety of processes such as muscular con
traction, glandular secretion, or active ion transport. The completion of 
these processes sees the energy finally liberated as heat. This can be 
regarded as photons of such low energy that they are no longer absorbed 
in any useful way in biological machinery, i.e., they can now do no 
useful work, and so are eventually lost from the body—the friction of 
chemical reactions. I t is by studying the liberation of this heat from 



TABLE ΙΑ 
CONVERSION FACTORS FOR UNITS OF FORCE 0 

Name of unit 
(unit system) Significance Dynes 

Dyne (cgs) Accelerates 1 gm by 1 cm sec"2 1 X 1 
Newton (mks) Accelerates 1 kg by 1 m s e c - 2 I X 105 

Pond (cgs) Accelerates 1 gm by 981 cm s e c - 2 9.81 Χ 102 

Kilopond (mks) (kilogram force) Accelerates 1 kg by 981 cm s e c - 2 9 .81 Χ 105 

Poundal (fps) Accelerates 1 lb by 1 ft s e c - 2 1.382 Χ 104 

Pound weight (fps) Accelerates 1 lb by 32.174 ft sec"2 4.448 X 10s 

α Mass X length X time 2 as expressed in centimeter-gram-second (cgs), meter-kilogram-second (mks), and foot-pound-second (fps) 
unit systems. 
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T A B L E I B 
CONVERSION FACTORS FOR UNITS OF ENERGY" 

Name of unit 
(unit system) Significance Ergs Joules Calories BTU 

Erg (cgs) (dyne cm) 1 gm moved 1 cm by 1 dyne 1 X 1 1 X 10"7 2 .389 Χ ΙΟ"8 9.472 Χ 10"1 1 

Joule (mks) 1 kg moved 1 m by 1 newton 1 X 107 1 X 1 2. .389 X 10- 1 9.472 Χ 10"4 

Calorie (cgs) 1 gm H 2 0 heated 1°C 4. 186 Χ 107 4, .186 X 1 1 X 1 3.964 Χ 10"3 

Kilocalorie (cgs) 1 kg H 2 0 heated 1°C 4. 186 Χ 101 0 4. , 186 Χ 103 1 X 103 3.964 X 1 

Meter-kilogram force 1 kg moved 1 m against gravity 9. ,806 Χ 107 9. .806 X 1 2, .343 X 1 9.288 Χ 10"3 

(mks) 

British thermal unit 1 lb H 2 0 heated 1°F 1, .056 Χ 101 0 1, .056 Χ 103 2 .522 Χ 102 1 X 1 
(fps) 

Foot-poundal (fps) 1 lb moved 1 ft by 1 poundal 4, .214 X 10s 4. .214 X 10~2 1. .007 Χ 10"2 3.992 X 10~6 

Foot-pound force (fps) 1 lb moved 1 ft against gravity 1 .356 Χ 107 1. .356 X 1 3 .239 Χ ΙΟ"1 1.284 Χ 10"3 

a Mass X length2 X time"2 = energy = capacity to do work (force X distance) as expressed in centimeter-gram-second (cgs), 
meter-kilogram-second (mks), and foot-pound-second (fps) unit systems. 
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TABLE I C 
CONVERSION FACTORS FOR PHYSICAL UNITS OF POWER 0 

Name of unit Significance Ergs/sec Watts Mkg/sec Cal/sec BTU/sec H.p. 

Watt 1 joule per sec or 
1 ampere flowing 
through 1 ohm for 
1 sec 

1 X 107 1 X 1 1.020 Χ 10"1 2.389 Χ 10"1 9.472 X 10~4 1.360 Χ ΙΟ"3 

Meter-kilogram 
force/sec 

1 kg lifted 1 m in 
1 sec 

9.81 Χ 107 9.81 X 1 1 X 1 2.343 X 1 9.288 X 10~3 1.3 X 10~2 

Calorie/sec 1 gm H 2 0 heated by 
1°C in 1 sec 

4.186 Χ 107 4.186 X 1 4.268 Χ 10"1 1 X 1 3.964 X 10~3 5.691 Χ ΙΟ"3 

British thermal 
unit-sec 

1 lb H 2 0 heated by 
1°F in 1 sec 

1.056 Χ 101 0 1.056 Χ 103 1.077 Χ 102 2.522 Χ 102 1 X 1 1.436 X 1 

Horsepower 
(Metric) 

Industrial unit of 
power per sec 

7.355 Χ 109 7.355 Χ 102 7.50 X 10 1.757 Χ 102 6.966 Χ ΙΟ"1 1 X 1 

° Mass X length2 X time 3 = power (time rate of doing work) as expressed in centimeter-gram-second (cgs), meter-kilogram-second 
(mks), and foot-pound-second (fps) unit systems. 
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TABLE ID 
USEFUL PHYSIOLOGICAL POWER CONVERSION FACTORS 

(The Time Unit is the Minute) 

Name of unit Kcal/min Kwatts Mkg force/min BTU/min H.p./min Ft-lb/min 

Kilocalories/min 1 X 1 6.978 Χ 10"2 4.268 Χ 102 3.964 X 1 9.354 Χ 10"2 3.087 Χ 103 

Kwatts 1.433 X 10 1 X 1 6.116 Χ 103 5.681 X 10 1.340 X 1 4.424 Χ 102 

Meter-kilogram 
force/min 

2.343 X 10"3 1.635 Χ 10"4 1 X 1 9.288 Χ 10"3 2.192 Χ 10"4 7.233 X 1 

British thermal 
units/min 

2.523 Χ 10"1 1.761 X 10~2 1.077 Χ 102 1 X 1 2.360 Χ 10"2 7.789 Χ 10"2 

Horsepower /min 
(U. S. and British) 

1.069 X 10 7.459 Χ ΙΟ"1 4.562 Χ 103 4.237 X 10 1 X 1 3.300 Χ 104 

Foot-pounds/min 3.239 Χ ΙΟ"4 2.260 Χ 10"6 1.382 Χ 10"1 1.285 Χ 10"3 3.030 Χ ΙΟ"8 1 X 1 
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the body that we can make important quantitative deductions about the 
energy requirements of man and animals. The basic connection between 
the energy in photons and the energy units of common usage is worth 
noting. The energy of a photon is given by Planck's constant times the 
frequency of the radiation. An Avogadro number of photons (N — 6.023 
Χ 10 2 3, the number of molecules in a gram molecule of substance) of red 
light (7000 A wavelength) is equivalent to about 40,000 cal. For blue 
light (4400 A), it is about 64,000 cal. Light of wavelength greater than 
7000 A is not very effective in photosynthesis (2). An Avogadro number 
of electrons is called a faraday and is equivalent to 96,500 coulombs of 
charge. This completes all the fundamental energy definitions of prac
tical usefulness. 

2. Lavoisier and the Role of Oxygen in Metabolism 
Lavoisier was the first person to relate quantitatively the heat given 

out by an animal to its rate of utilization of oxygen. Modern chemistry 
and biology each began when Lavoisier ended a century of speculation 
on phlogiston by quantitative experiments which demonstrated the 
utilization of atmospheric oxygen in both the calcination of metals and 
the respiration of animals. The enthusiasts of the French Revolution re
moved Lavoisier's head on the guillotine, when he was at the height of 
his creative career, but not before he had laid the foundations of the 
science of metabolism. In a letter from Paris in 1790 to a Professor in 
the medical faculty at Edinburgh, Lavoisier gives figures for the oxygen 
consumption of a fasting man at rest. He reported that oxygen con
sumption was increased by just over 10% when the subject was placed in 
a cool room, by about 50% during the digestion of a meal, and multiplied 
by 3 to 4 times during light exercise. The full text of this remarkable 
letter has now been reprinted (3). We have recently issued it to Edin
burgh medical students and set them the task of checking Lavoisier's 
findings for their practical work. The original recipient of the letter was 
Joseph Black, whose M.D. thesis submitted in 1745 to the University of 
Edinburgh described the discovery of carbon dioxide. This is perhaps 
the only doctoral thesis ever submitted to a medical faculty, which has 
described a great discovery. 

D. Quantitative Aspects of Oxidation 

1. Carbohydrate 
A substance such as glucose is, for practical purposes, completely 

oxidized in the body. Although we may eat carbohydrates yielding about 
400 gm/day of glucose, less than 1% is unabsorbed by the gut and 
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appears in the feces; in health, the intermediate breakdown products, 
such as acetoacetic acid and citric acid, appear in the urine only in traces 
which are measured in mg. One of the basic laws of thermodynamics, 
known as Hess's law, states that if a system is transformed from one 
state to another, as far as the energy change is concerned, it does not 
matter by what path the transformation is achieved. When C e H 1 2 O e 

- » C 0 2 and H 2 0 , the total energy change will always be the same, no 
matter what intermediate route is followed. Thus if glucose is oxidized 
in the body in a long series of steps, or if it is burnt in an atmosphere 
of pure oxygen in a bomb calorimeter, the final energy change will be 
the same. The consequences of Hess's law give us one of the most useful 
and powerful tools in energy metabolism, because it enables us to deter
mine in the laboratory the maximum energy that could possibly be 
obtained from any human foodstuff. As we will see, this is not the same 
as the actual energy available to the biological machinery; however, the 
heat of combustion of various foodstuffs is a measurement of funda
mental importance and also of practical use. 

If a gram molecule of glucose is completely combusted in a bomb 
calorimeter, and the heat liberated under defined conditions is measured, 
we can set up a balance sheet to express the reaction shown in Eq. (1). 

C 6 Hi 2 O e + 6 0 2 = 6 C0 2 + 6 H 2 0 + energy (1) 
(solid) (gas) (gas) (liquid) 
180 gm 6 X 22.4 liters 6 X 22.4 liters 108 gm 673,000 cal 

From this it can be seen that in the overall reaction there is virtually no 
volume change, apart from the relatively small change in the nongaseous 
phase. In other words, there is a negligible change in the volume energy 
of the system, and all the energy set free has appeared in the form of 
heat. The term used to express the sum of the volume energy and the 
internal energy of a system, here manifested as heat produced, is known 
as the enthalpy of the system, designated by the symbol H. In this 
particular example, the enthalpy is in fact the same as the heat content, 
but this is not always true. I t is important to realize that the quantity of 
energy which could be liberated by the complete combustion of all the 
carbohydrate present in a biological system is enormous. Thus if the 
carbohydrate contained in the cells of an adult man were suddenly com
pletely oxidized, the heat liberated would be more than sufficient to boil 
the water in his cells. Hence if the cell temperature is to remain close to 
37°C, then the energy available in the glucose molecule, or in any 
other fuel, must be liberated in small increments. 

In chemical reactions, the important energy is that which is available 
to do chemical work; this is known as the free energy and is usually 
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designated by the symbol G. This is not the same as the enthalpy which 
is measured in a bomb calorimeter. Some of this energy is not available 
for chemical work, and this lost energy is known as entropy. Thus 
entropy is the difference between the total energy and that which is 
available for useful chemical work, and as such, in this context, is a 
simple energy concept, as shown in Eq. (2). Entropy is a function of the 

G = Η — TS (2) 

temperature of the molecules involved in the particular system, and thus 
the total entropy is expressed in Eq. (2) as the product of the absolute 
temperature, T7, and the entropy capacity factor, S. As entropy is an 
energy concept, it is expressed as calories per degree. This idea of en
tropy is analagous to volume energy being expressed as the product of 
an intensity factor (pressure) and a capacity factor (volume). 

The significance of an entropy change in a chemical system, such as 
glucose oxidation in a biological sequence, can be understood by con
sidering the large amount of energy associated with the orbital electron 
distribution in the glucose molecule. When this configuration is changed 
in the processes of oxidation, energy is released, and physically, this can 
be regarded as a release of photons of different wavelengths, depending 
on the way the electrons in the outer orbitals of the atom drop back into 
various inner orbits. If an adenosine disphosphate-inorganic phosphate 
enzyme system is precisely aligned near that part of the glucose mole
cule releasing these photons, some of the photons can be absorbed in the 
appropriate nearby orbitals. This results in the building-up of a new 
molecular complex, adenosine triphosphate, and the trapping of some 
energy in the pyrophosphate bond thus formed. However, many of the 
photons cannot be trapped in this particular way; it is estimated that 
about 60% escape and may appear as vibrational energy in large aggre
gates of molecules, particularly water molecules. These photons have 
such a long wavelength that they cannot enter into the orbital electron 
systems of the available molecules; thus they can do no useful chemical 
work in this particular piece of the biological machinery. They are 
analogous to the so-called phonons of vibrational energy studied in solid 
state physics. If the vibrational energy is increased, temperature (T) 
will increase, and hence the TS of the system will increase. I t can also 
happen that some of the electron orbital configurations of the products 
of the reaction may be capable of absorbing photons more readily than 
were the initial components; here the entropy capacity factor is changed, 
and here also, the total entropy of the system will increase. Changes in 
the entropy capacity factor in biological systems are usually small and 
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can, for most practical purposes, be neglected. For an excellent elemen
tary account of the concepts of modern chemistry, the reader is referred 
to Ryschkewitsch (4). Clark (5) has given a classic account of the 
application of thermodynamic principles to biology. 

The coupling of energy release from an oxidative reaction to the 
absorption of energy into new bond formation appears to be, at best, 
about 40% efficient. This means that, in each oxidative step, most of the 
energy invariably appears as heat, which is useful in maintaining the 
body temperature. Efficiency is defined as the ratio of useful chemical 
work (e.g., ATP formation) or mechanical work (muscular contraction) 
performed to the total energy mobilized. 

I t is possible in many biological systems to uncouple oxidation and 
phosphorylation. Then all the free energy escapes as heat. Many types 
of chemical reagents, including thyroxine, will do this in vitro. I t has 
been suggested that the increased metabolism in hyperthyroid disease 
may be due to such uncoupling. However, the concentrations of hormone 
needed to uncouple the oxidations in vitro are many times greater than 
have ever been demonstrated in vivo (6). Whether uncoupling ever 
occurs as a physiological phenomenon remains an attractive but unproven 
hypothesis. I t is conceivable, for example, that big eaters who remain 
thin have some uncoupling device which enables them to burn off the 
excess energy in their food. Such a possibility has yet to be demonstrated 
in man (7), although it may take place in the pig (8). 

If an animal were mobilizing energy solely by glucose oxidation, then 
we could set up a balance sheet which would show that, in the final 
analysis, on one side glucose and oxygen disappear, and on the other 
side carbon dioxide, water, and heat appear. The number of steps in 
between is of no consequence in purely energetic considerations. Thus, 
if we measured either the 0 2 consumed, or the C 0 2 or heat produced, 
we could determine the amount of glucose oxidized—in other words, the 
rate of energy consumption by the animal. However, an animal does not 
obtain energy solely by the metabolism of carbohydrate, nor is it usually 
in a state where one can define one side of the energy balance sheet 
solely in terms of the heat produced. Before exploring the transposition of 
purely thermodynamic considerations to the whole animal, the basic 
facts concerning the two other common fuels of the body must be 
presented. 

2. Lipids 
In the body, the complete oxidation of a fatty acid (e.g., palmitic 

acid) proceeds according to the steps shown on the general balance 
sheet for Eq. (3). I t will be noted that here, unlike the case of glucose 
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CH 8(CH 2) 1 4COOH + 23 0 2 = 16 C 0 2 + 1 6 H 2 0 + energy 
(solid) (gas) (gas) (liquid) 
256 gm 23 X 22.4 liters 16 X 22.4 liters 288 gm 2,380,000 cal 

(3) 

oxidation, there is a volume change, a decrease involving 7 moles of gas. 
This means that there is a change in volume energy, and the heat change 
measured in the calorimeter is not strictly a measure of the total energy 
change. However, the correction is only a matter of about 0.2% and 
can quite properly be neglected in biological studies. 

3. Protein 
Here we come immediately to the difficulty that proteins are not com

pletely oxidized in the processes of metabolism. Urea, uric acid, creat
inine, and other nitrogenous substances are excreted in the urine. Com
bustion of urea yields some 150 kcal per mole. On occasion, the urine 
may contain appreciable quantities of amino acids, and a gram of almost 
any amino acid will, on combustion, yield more energy than a gram of 
glucose. In addition, the chemical composition of the protein in the diet 
varies slightly and is not identical with that of the proteins in the tissues. 
After many analyses of "muscle substance" and of foods, Zuntz (9) and 
Magnus-Levy (10) concluded that 1 gm of protein required 966 ml of 
0 2 for its metabolism and produced 782 ml of C0 2 . These figures have 
been used for over 60 years and there is no reason to modify them at this 
time. However, it must be realized that they are approximations for 
conditions of average nourishment in man. 

The ratio of the volume of C 0 2 evolved to the 0 2 consumed is known 
as the respiratory quotient. On theoretical grounds this ratio is 1.00 for 
the combustion of glucose and about 0.71 for triglycerides; a value of 
0.80 is usually taken for protein. As will be discussed in Section H,D,4, 
if the urinary nitrogen excretion (and therefore the rate of protein 
metabolism) is known, and also the rates of 0 2 consumption and C 0 2 

production, then it is possible to calculate the composition of the 
metabolic mixture. 

E. Calorimetry in Man and Animals 
In the following section, the significance of observations made on the 

energy utilization of the living, conscious man or animal is discussed. 
When Hess's law is applied to the intact animal, we are far from the 
systems in equilibrium with which thermodynamics is primarily con
cerned. A living animal is sometimes termed an open-ended system; if 
it is in a steady state, then it is valid to make deductions based on 
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Hess's law. This means that although we may have nutrients entering 
and waste products leaving the system, its composition remains con
stant during the period of observation. If this is not so, then great care 
must be taken before a definite interpretation of the energy data is ac
cepted, particularly if the deductions are based only on a knowledge 
of the gaseous exchanges. The most common way in which difficulties can 
arise is the occurrence of any anabolic or catabolic activity in the 
subject during the period of observation; for example, in diabetes mel-
litus, not only is there loss of glucose in the urine, but also wasting of 
tissue. However, by proper design of the experiment it is possible, in 
certain circumstances, to follow the synthetic activity (7, 11). 

Fundamentally, the proper measurements to make are the rate of 
heat produced by the body and the rates of oxygen consumption and 
carbon dioxide production. Direct measurement of heat is very difficult 
to achieve experimentally. The human calorimeter designed by Atwater 
and Rosa and extensively used by Atwater and Benedict (12) was an 
experimental tour de force. The introduction of the gradient layer prin
ciple might have been expected to make total body calorimetry easier. In 
practice this has not been achieved. Those who own these calorimeters 
(13, 14) still appear to be concerned mainly with technical difficulties, 
and as yet, very few results have been published. Atwater and his col
leagues established that both in man and in experimental animals, there 
is a very close relationship between the results of calorimetry and 
measurements of oxygen consumption (indirect calorimetry). In practice, 
the vast majority of metabolic research in man and animals is carried 
out by indirect calorimetry alone. As it is an indirect method, it be
comes important to consider carefully some of the difficulties of interpre
tation inherent in this procedure. 

An issue of primary importance in energy metabolism, not as yet 
satisfactorily solved, is the question of the relevant unit of living 
substance which should be used in expressing metabolic data. There 
have been many reviews of this subject (15, 16), but essentially only 
two empirical approaches. The first used the consideration that the body 
was a heat source, and that the important component was its surface 
area; thus rates of expenditure were expressed in terms of kcal per 
square meter of surface area. This has been used for about a century, 
and many ingenious methods have been suggested for computing surface 
area from body mass and other measures for different species. There 
can be no doubt that this method of expressing energy consumption has 
put order into available knowledge; the metabolism of animals as 
diverse as mice, men, and horses are similar when expressed per unit of 
surface area. The second approach was to plot values for body mass 
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against energy consumption and determine the line of best fit. (Mass) 3 / 4 

was found to be at least as good a guide to metabolic rates as surface 
area. In some respects it is open to less objection. This subject is ex
cellently reviewed in a book by Kleiber (17). 

I t must be emphasized that there are no fundamental reasons for the 
choice of either surface area or (mass) 3 / 4 as a unit. In practice, they 
have sometimes proved useful, but also, on occasions, misleading. In 
general, both units are satisfactory in relating the large differences in 
metabolic rates found in animals of different species. Neither is suitable 
for expressing the smaller variations of metabolism which may occur in 
individuals of the same species. This is especially true when these varia
tions arise from differences in the chemical composition of the body. 
Many attempts have been made to provide a more relevant unit. 
Metabolic activity has been related to lean body mass and to cell mass. 
Adipose tissue has a relatively low oxygen consumption, and as women 
are on an average fatter than men, it follows that they have lower 
metabolic rates, as expressed in units of surface area or mass. This sex 
difference disappears when results are expressed in units of lean body 
mass. In other words, there is no fundamental difference between healthy 
men and women in the metabolic processes, as might have been concluded 
from the figures based on surface area measurements. 

In the concept of lean body mass, there are two further components 
with low energy needs, namely the skeleton and the extracellular fluid. 
This has led to recent work, based on a study of the cell mass, in which 
Moore and his colleagues in the Department of Surgery at Harvard 
have played a leading role (18). This work at least considers the tissues 
that are actually carrying out the main metabolic activities of the body, 
but there are two difficulties. First, it is not technically easy to measure 
body fat accurately, and no method of assessing the inert mass of the 
skeleton in the living animal has as yet been developed (19, 20). The 
second difficulty is that in the cell mass, which can only be isolated 
theoretically, there are various tissues which metabolize at very different 
rates. Existing knowledge of the metabolic needs of different tissues has 
been summarized (21, 22), but is still inadequate to allow accurate 
statements of the variations in health and disease. 

One of the most promising approaches to the problem of defining 
the cell mass may well arise from the development of techniques for 
measuring the total body potassium in the living animal by determining 
the amount of the naturally occurring radioactive isotope K 4 0 in the body 
(23, 24). This is done by a technique in which the whole body is placed 
in close relationship to sensitive detectors of gamma rays; the subject 
and detection equipment are surrounded by a massive shield of steel or 
lead which reduces the background count from cosmic rays. The greater 
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part of the potassium in the body is in the cells (more than 99%), and 
this potassium appears to be related predictably to the protein content 
of the cell. This is true in muscle cells which comprise the majority of 
the cells of the body, albeit at rest their metabolic activity is rather less 
than other cells such as the brain and the kidney. Dickerson and Wid-
dowson (25) showed that in 1 kg of muscle there were 92.2 mEq of Κ 
and 30.8 gm of N, giving a K : N ratio of 3.0 mEq/gm. Further work 
along these lines could produce a more acceptable standard unit of 
reference for energy studies. 

A final problem in energy metabolism which also has yet to be 
resolved is a definition of what might be called a reference state of 
metabolism. The original workers in this field developed a concept of 
basal metabolism, which was defined as that present in a healthy subject 
who had not eaten for 12 hours, lying at rest at thermal equilibrium. 
This gave a practical guide for clinical studies, but was not readily ap
plicable to animals. At best it should be called a standard catabolic 
state, and in practice it is difficult to arrive at a satisfactory rule for 
deciding how long the period of food deprivation should last in different 
animals. Attempts have been made to develop a technique involving a 
standard anesthetic, but this has proved to be difficult in practice, and 
it is open to objections in that we do not know the precise way in which 
any anesthetic may change metabolism, and there are indications of 
great species differences. 

If we go back to the concept of the steady state considered previously, 
then an attempt should be made to define a reference state based on an 
animal in thermal and energy equilibrium. I t might be possible to ap
proach this situation for a short period in the postabsorptive state, after 
an adequate diet of protein, by means of a continuous intake of carbo
hydrate for some hours. In a human this would entail the consumption 
of the equivalent of about 15 gm of glucose per hour, which would not 
be too inconvenient. In animals there remains the problem of ensuring 
a minimum state of activity. Natural sleep would appear to be the 
answer, but the domestic hen is the only animal where this can readily 
be controlled at the convenience of the experimenter. 

I I . PRACTICAL CONSIDERATIONS 

A. Laboratory Methods 

1. General 
Throughout the nineteenth century, methods for measuring the rates 

of oxygen consumption in man and experimental animals were steadily 
improved. Douglas (26) has given an excellent account of their history. 
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By the first decade of this century, two methods for use with man be
came standardized. These are the closed-circuit method using the Bene
dict-Roth spirometer and the open method of Douglas and Haldane, 
in which the expired air is collected in a bag, and measured and analyzed 
for its 0 2 and C 0 2 content. 

These two methods are well-known, because almost all students7 text
books of physiology describe them briefly. They are now still the most 
reliable and accurate methods of indirect calorimetry, suitable for use 
over short periods in either the hospital or the physiological laboratory. 
So great have been technical advances in laboratory medicine that the 
reader may well be surprised to find that methods introduced 50 years 
ago are still recommended. Nevertheless, both methods are in regular use 
in our laboratory, in a form substantially unchanged from the original. 
Many new techniques, some of which will be described, have greatly 
extended the range and usefulness of indirect calorimetry, allowing 
measurements to be made over long periods of time and in varied condi
tions in industry, in the home, and when taking part in active recreations. 
These new techniques, invaluable though they are, all involve some loss 
of reliability and accuracy. Those who use them must check their find
ings from time to time against the established methods. 

Anyone starting to use indirect calorimetry methods for the first time 
must appreciate that the collection, measurement, and analysis of respira
tory gases demands an exacting technique. Apparatus must be con
tinually tested for leaks and possible contamination with outside air. No 
gas meter remains constantly reliable, and all need periodic checks. How
ever, with experience and care, results can be obtained with great ac
curacy and reliability. The experienced worker will derive great intel
lectual satisfaction from the use of well designed equipment. A good 
laboratory handbook is essential. Physiological Measurements of 
Metabolic Function in Man by Consolazio, Johnson, and Pecora (27) 
can be strongly recommended. 

2. Methods of Gas Analysis 
a. The Haldane Apparatus. The Haldane apparatus has for many 

years had a reputation as a reliable method with which a skilled operator 
can get duplicate analyses of the 0 2 content of samples of air agreeing 
within 0.02%. Lloyd (28), working in Haldane's old laboratory at 
Oxford, has redesigned the apparatus. He has removed the separate 
compensating chamber and employed the gases above the two absorbants 
as compensating components, also modifying the layout so that the 
absorbant chambers and all connecting tubing are enclosed in the water 
bath. We have now used the Lloyd-Haldane apparatus for over 5 years 
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and can state confidently that: (1) it is as reliable and accurate as the 
original model, (2) it is much easier to clean, recharge with fresh 
absorbants, and maintain, (3) it is easier for the beginner to learn how 
to use it, and (4) it is a little quicker to use in the hands of an expert. 
We predict that, in due course, this new design will completely replace 
the older model. I t can be obtained from Messrs. Gallenkamp and Co. 
Ltd., Christopher Street, London E.C.2. 

b. Physical Methods. Both in laboratory experiments and in field 
surveys, it is possible to collect samples of expired air far more quickly 
than they can be analyzed by any chemical method. The scope of many 
investigations can be greatly enlarged by the use of physical methods 
of analysis. The Pauling oxygen analyzer determines the partial pres
sure of oxygen in a sample of expired air by using the fact that oxygen, 
alone amongst respiratory gases, is strongly paramagnetic. Small samples 
of gas are passed through a chamber containing a magnetic torsion bal
ance, the deflection of which is proportional to the 0 2 content. 

The instruments manufactured by Beckman Instruments Inc., South 
Pasadena, California, have now been proved reliable in many physio
logical laboratories. They give results which are comparable in accuracy 
with the Haldane apparatus, and an analysis can be completed in 2 to 
3 minutes. The calibration of the apparatus requires checking at regular 
intervals, using air previously analyzed by a chemical method. We 
now regard a Beckman oxygen analyzer as an essential piece of equip
ment for any laboratory concerned with human metabolism. However, it 
is a waste of money for a new laboratory to buy one before the use 
of the Haldane apparatus and other classical techniques have been 
mastered. 

There are many apparatuses which analyze air samples for carbon 
dioxide by physical methods. Our experience with them has been limited 
to reading the manufacturers' brochures and listening to the stories of 
respiratory physiologists who own them. We have been impressed both 
by the price and by the unreliability of some models. Certainly a good 
and inexpensive C 0 2 analyzer will come on the market soon. Respiratory 
physiologists probably have to face up to the financial and technical 
problems presented by current models, but for nutritionists, they appear 
to be an embarrassing luxury. In laboratory and hospital studies, where 
the C 0 2 content of the expired air is required in order to calculate the 
respiratory quotient (and so the proportion of fat and carbohydrate in 
the metabolic mixture), it is essential to have great accuracy. Such 
experiments are unlikely to be organized on a scale that would involve 
the accumulation of many samples of expired air, and so the services of 
not more than one or two skilled Haldane analysts would be required. 
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In field surveys in industry and in everyday life, rates of energy ex
penditure can be calculated with very little error from measurements of 
minute volumes of expired air and their oxygen content. Analysis for 
C 0 2 is not essential, as was first pointed out by Weir (29) in 1949 and 
fully discussed in Section II,D,5. 

During World War II , a method was evolved for analyzing the C 0 2 

content of exhaust gases from aircraft, using a flowbridge technique 
analogous to the Wheatstone bridge. The gas to be analyzed is drawn 
at a steady rate through capillary tubes which form the bridge. One 
arm of the bridge contains a C 0 2 absorbant, and the other does not. 
As a result, a pressure difference develops across the bridge, proportional 
to the C 0 2 content of the sample. This technique has been developed 
for physiological purposes by Cunningham et al. (30) and by Austin 
et al. (31). I t has the great advantage that the apparatus contains no 
electronics and can be made for a few dollars in any physiology lab
oratory. We have used it for teaching purposes in undergraduate classes. 
Our models are not as reliable as one would wish, and an accuracy of 
greater than 0.1% is seldom achieved. As yet, they are not research 
equipment, but the underlying principle is simple and sound. When 
more time has been spent on their design and development, it is possible 
that a first class apparatus may evolve. 

B. Field Methods 

1. The Max Planck Respirometer 

The cumbersomeness of the Douglas bag greatly limited its use for 
indirect calorimetry in industry. As long ago as the 1890's, Zuntz tried 
to develop a small and portable dry-gas meter, which the subject could 
wear on his back, and which would measure his minute volume and, at 
the same time, collect a small sample of expired air for analysis. A 
satisfactory design was first achieved in Germany during World War II 
at the Max Planck Institut fur Arbeitsphysiologie. Their respirometer 
has now completely replaced the Douglas bag technique for indirect 
calorimetry in industry and outside the laboratory. Its use is fully 
described by Consolazio et al. (27). The instrument is reliable under the 
conditions for which it was designed, involving minute volumes between 
10 and 50 liters/min. At lower and higher rates of ventilation, many 
instruments tend to under-record. If the respirometer is used outside this 
range, great care must be taken in seeing that the calibration is accurate. 
Indeed, this precaution is always necessary, because all instruments are 
liable to minor changes in the calibration-correction factor. 
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2. The Integrating Motor Pneumotachograph (IMP) 
This instrument was designed by Wolff in 1958 (32) to overcome the 

limitations of the Max Planck respirometer. Although it has certainly 
achieved its purpose, the electronic equipment makes it a much more 
expensive apparatus. The IMP has successfully come through the most 
extensive field trials under the supervision of its inventor, but it has not 
as yet been used by other workers to the same extent as the German 
respirometer, and we cannot recommend its robustness with the same 
confidence. However, if it is desired to measure very high rates of 
energy expenditure, such as may occur in members of the Armed Forces 
during battle training or in a great variety of athletic and sporting 
events, the IMP is the only instrument that can be recommended. At 
high levels of respiration, the Max Planck respirometer not only tends 
to under-record, but also imposes a respiratory resistance which may 
limit the capacity for work. In both these respects, the IMP is the better 
instrument. I t can be obtained from J. Langham Thompson Ltd., Park 
Avenue, Bushey, Herts, England. 

3. Continuous Recording in the Hospital 
All the methods of indirect calorimetry previously discussed involve 

instruments requiring that the subject breathe through a mouthpiece or 
face mask, which inevitably puts some limit on the time during which 
observations can be made. This limitation has often been exaggerated 
in the past, as many subjects can breathe comfortably for long periods 
through a mouthpiece, but it is nevertheless real. I t also makes 
attempts at observations impractical on patients who are seriously ill 
and on infants and very young children. 

The ideal instrument is a respiration chamber in which the patient 
can live for 24 hours or longer, with continuous recording of the respira
tory exchanges. The financial and technical difficulties in constructing 
a suitable chamber were first overcome in Munich in 1863 by Petten-
kofer and Voit (33), under the patronage of the Emperor Maximillian 
of Bavaria. In the succeeding 100 years, several other chambers have 
been constructed, the most famous and productive being Atwater's. A 
chamber has recently been constructed at the Metabolic Diseases Branch 
of the National Institutes of Health, Bethesda, Maryland (34). I t is 
already contributing to our knowledge of the metabolism in obesity (35). 

Many years ago Benedict and Benedict (36) attempted to surmount 
the great technical difficulties of the chamber by designing a large glass 
helmet (a little chamber) which enclosed the subject's head and through 
which the respiratory gases could be drawn and subsequently collected 
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for analysis. Some results were obtained, but the helmet can hardly have 
been comfortable. With the development of plastics there has been a 
return to this idea. Several investigators have used small plastic tents 
or hoods in which the upper part of the subject's body can be enclosed. 
Atmospheric air is drawn in, and the outgoing air is measured and 
analyzed. Kipp and Zonen of Delft, Holland market a "Universal Dia-
ferometer" which makes "continuous and simultaneous determination of 
the 0 2 consumption and the C 0 2 production of patients, who breathe 
in room air under a clear light plastic hood, thus not being hampered 
by a face mask or a mouth piece." We have no experience with this 
apparatus, or indeed with any plastic chambers and hoods, but have 
heard good reports from users. I t should be especially valuable for studies 
of the metabolism of infants. 

It is, however, proper to warn newcomers that it is dangerous to buy, 
at considerable expense, a handsome piece of electronic or other complex 
equipment for metabolic studies without the expertise to check its per
formance at regular intervals against established methods. A machine 
can go wrong and still continue to write out a nice-looking result on a 
piece of paper. 

C. Energy Expenditure in Various Activities 

1. General 
A knowledge of the rates at which energy is expended is useful for a 

variety of purposes. The industrial physiologist may wish to know the 
intensity of work involved in the various processes in a factory. The 
sports coach or physical education instructor will be concerned with the 
effort involved in a great variety of games and recreational pastimes. 
The Armed Forces in many countries have very properly interested 
themselves in the effort involved in military activities. Agricultural 
economists have been concerned with the effects of mechanization upon 
the physical demands on the farm worker. Home economists have similar 
interests, and the question "How hard does the housewife work?" can 
be guaranteed to start a lively and sometimes acrimonious discussion. 

Physicians spend a great deal of time and trouble in regulating the 
energy intake of their obese patients by the prescription of diets. 
Illogically, they seldom pay much attention to the other half of the 
energy balance. An accurate prescription of a regimen of physical activi
ties may be more valuable to many obese patients than sheets of dietary 
instructions. Patients handicapped by chronic disease of the heart and 
lung require advice on how best to live their lives within their limitation. 
For this purpose, precise knowledge of the metabolic cost of various 
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recreational and working activities may be useful to the physician. A 
great variety of appliances and gadgets has been designed to help 
patients severely restricted in some of their movements by past polio
myelitis and other nervous and orthopedic disorders. The physical effort 
involved in the use of these aids is important. 

Lastly, rates of energy expenditure are needed in field surveys de
signed to measure the average daily expenditure in a variety of different 
ways of life. These are becoming increasingly important and will be 
discussed in Section II,D. 

In 1955, Passmore and Durnin (37) prepared a full review of the 
literature on human energy expenditure; much of the detail of the data 
summarized in the following sections can be found there, together with 
an extensive bibliography of the older literature. 

2. The Basal Metabolic Rate (BMR) 
In 1894, Magnus-Levy (38) published a paper on the BMR in 

Pflugers Archives, which was 126 pages long. This set a fashion. In the 
early years of this century there were numerous other papers of immense 
length, which, in our opinion, have given the subject an exaggerated 
importance. The latest venture by Mitchell (39) gives a very full and 
fair account of the theoretical background of the BMR and reviews the 
classical literature. 

There are two difficulties in measuring the BMR. First, the BMR is 
never an easy measurement to make. Sir Joseph Barcroft (40), after 
discussing his work on the metabolism of isolated organs, concluded: 
"Yet the impression which I have carried away from these researches is 
that it is much more easy to obtain uniform values for active than for 
resting organs." This statement applies to the whole animal. Much more 
constant measurements of rates of energy expenditure can be made on a 
group of men or women when they are walking on a power-driven tread
mill than when they are supposedly basal. 

Second, there is the problem presented by the correction for the 
size of the body. Traditionally, the BMR is expressed in terms of surface 
area, which is derived from measurements of height and weight, using a 
nomogram of dubious reliability. Surface area is closely related to 
the amount of adipose tissue. Values for the BMR which are expressed in 
terms of surface area give higher values for men than for women. This 
is simply a reflection of the fact that healthy women are, on an average, 
fatter than healthy men. I t is now known that the BMR is closely 
related to the lean body mass (41, 42). The lean body mass equals the 
body weight minus body fat. Using this reference, the sex difference in 
the BMR disappears. The lean body mass comprises the cell mass, which 
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is metabolically active, and also the inactive, supporting-extracellular 
fluids and bone minerals. Unfortunately, it is only possible to measure 
the cell mass by indirect methods, and this is not easy. I t may indeed 
be found that the easiest way to estimate the active cell mass is from 
measurements of the BMR. The results of Kinney et al. (43) at least 
suggest this. The whole subject of basal metabolism in man appears to 
have been made unnecessarily complex. 

On the practical side, Table II gives Fleisch's (44) standards of 
normal values, based on judgments of a large number of surveys in 
different countries. A young man weighing 65 kg will have a resting 
metabolism of about 1.1 kcal/min, and a young woman weighing 55 
kg, about 0.95 kcal/min. 

During sleep the metabolism approximates to the BMR. In the 
early hours of the night, the value is often a little higher due to the 
specific dynamic action of the last meal, but this may be compensated 
by values a little lower in the small hours of the morning. If a person 
spends 8 hours (480 minutes) in bed, the total energy expenditure will 
be around 500 kcal, and in the great majority of subjects will fall be
tween 400 and 600 kcal. 

3. Sitting Activities 
A subject sitting relaxed in a comfortable chair usually has a 

metabolic rate of some 10 to 15% above the level when lying down. 
However, in some subjects there is often little or no increase in the rate 
on changing from the lying to the sitting position. Even when sitting 
upright in a hard chair and using the arms freely, as in miscellaneous 
office work, playing cards, or playing a musical instrument, energy ex
penditure seldom rises to more than double the value of the metabolic 
rate when lying relaxed. In the absence of measurements, it is reason
able to assume for miscellaneous sitting activities a value of 50% above 
the resting level. "White collar" workers frequently spend 12 hours 
(720 minutes) each day sitting. This involves about 1200 kcal for a man 
of 65 kg and about 1000 kcal for a woman of 55 kg. 

4. Mental Activity 
The brain is metabolically a very active organ, and it contributes 

about 20% to the total metabolism of the body at rest, or about 250-
300 kcal/day. This metabolism appears to be largely independent of 
whether the brain is apparently inactive, as when the subject is asleep, 
or busily employed in attempting complex arithmetical or other prob
lems. Many workers have tried and failed to show any increase in the 
metabolism when a subject is suddenly given difficult mental tasks. Thus, 



2. 
E

N
E

R
G

Y
 

M
E

T
A

B
O

L
ISM

 
65 

STANDARDS FOR 
TABLE II 
BASAL METABOLIC R A T E S 0 

Age (years) 1 3 5 7 9 11 13 15 17 19 20 

Male 
Female 

53.0 
53.0 

51.3 
51.2 

49.3 
48.4 

47.3 
45.4 

45.2 
42.8 

43.0 
42.0 

42.3 
40.3 

41.8 
37.9 

40.8 
36.3 

39.2 
35.5 

38.6 
35.3 

Age (years) 25 30 35 40 45 50 55 60 65 70 75 80 

Male 
Female 

37.5 
35.2 

36.8 
35.1 

36.5 
35.0 

36.3 
34.9 

36.2 
34.5 

35.8 
33.9 

35.4 
33.3 

34.9 
32.7 

34.4 
32.2 

33.8 
31.7 

33.2 
31.3 

33.0 
30.9 

α From Fleisch (44). All values are expressed in kcal/m2/hr. 
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the intellectual has to reconcile himself to the fact that he does no real 
work, using this word in the engineer's sense. 

5. Walking 
Much of the energy in walking is utilized in raising the center of 

gravity of the body at each step. Energy expenditure is closely related 
to the weight of the individual and to the speed at which he walks. The 
relation with speed is linear, for all practical purposes, over the usual 
range of walking speeds. At very slow or very fast speeds, energy ex
penditure is increased disproportionately; there is a broad optimal rate 
for carrying out any muscular movement. 

Table I I I sets out a summary of data from the literature, which 
allows a prediction of the energy expenditure of a subject when walking. 
Experience has shown that the value is usually accurate to within 
±10%, and only rarely more than 15% out. 

TABLE III 
ENERGY EXPENDITURE RELATED TO SPEED OF WALKING AND GROSS BODY WEIGHT 0 

Energy expenditure (kcal/min) 
Speed 
(mph) 80 lb 100 lb 120 lb 1401b 160 lb 1801b 2001b 

2.0 1.9 2.2 2 .6 2.9 3 .2 3 .5 3 .8 
2.5 2.3 2.7 3.1 3.5 3 .8 4 .2 4.5 
3 .0 2.7 3.1 3.6 4 .0 4 .4 4 .8 5.3 
3.5 3.1 3.6 4 .2 4 .6 5.0 5.4 6.1 
4 .0 3 .5 4.1 4.7 5.2 5.8 6.4 7 .0 

α From Passmore and Durnin (37). 

Walking is the most common of physical activities. An hour's walk 
involves the expenditure of about 300 kcal, but this figure has to be 
modified according to the weight of the subject and his customary speed. 
Table III can be used by a physician who wishes to prescribe for an 
obese patient an accurate calorie-consuming regimen of activities. I t is 
equally applicable to both sexes. 

6. Personal Necessities 
Each of us spends time every day dressing, undressing, washing, 

having a bath, shaving, etc. The time thus spent naturally varies from 
individual to individual. I t has been measured in many subjects, and, 
perhaps surprisingly, it is seldom much more or less than 1 hour each 
day. Many measurements have been made by indirect calorimetry dur
ing these activities, and results vary greatly, but nearly all fall within 
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the range of 2 to 5 kcal/min. In the absence of measurements, we usually 
compute this activity at a value of 2.5 or 3 times the resting metabolism. 

7. Employment and Recreations 
Table IV sets out examples of the energy cost of common activities. 

They are graded according to a scheme set out by Christensen (45), 
based on studies in the steel industry in Sweden. I t is a classification 
that appeals to the physiologist because it can be related to the subject's 
aerobic capacity, which is his ability to do work without incurring an 
oxygen debt and without lactic acid accumulating in the tissues. In 
health, aerobic capacity usually lies within rates of oxygen consumption 
of 1000 to 1500 ml/min, corresponding to approximately 5 to 7.5 
kcal/min. Thus all light work in the scheme is within the aerobic 
capacity. Work is defined as heavy only when it is definitely over and 
above the aerobic capacity. We must add that this scheme would not 
be attractive to trade unionists—at least in the United Kingdom. Brown 
and Crowden (46) have shown that many tasks in industry officially 
graded as "heavy work" involve rates of energy expenditure much lower 
than the minimum value of 7.5 kcal/min given for heavy work in Table 
IV. Indeed, several tasks graded in industry as "heavy work" would be 
considered as "light work" under the scheme set out in this table. 

I t is essential to realize that the figures given in Table IV apply 
only to time actually spent in the particular activity. The bricklayer 
does not spend all his time on the building site laying bricks, the 
soldier on the parade ground is not always drilling, and dancers at a 
ballroom are not always dancing. In many of these occupations and 
recreations, more than 50% of the time may be spent sitting or standing 
"at ease." Over-all rates of energy expenditure are usually much less 
than the figure given. Circumstances also vary greatly. Thus the golfer 
accustomed to battling against the winds of nearly gale force that 
spring up every Saturday on our Scottish seaside links is probably cor
rect in thinking that he is following at least a "moderately active" 
recreation. On the other hand, we understand that in Florida golf is 
becoming largely a sedentary sport. 

These observations emphasize how difficult it is to find out, simply 
by questioning, how physically active a man or woman is, either at 
work or at recreations. The history which is given may mislead both 
the patient and his doctor. There is little doubt that there are many 
people who think that they live active lives, involving the expenditure 
of much energy, when in fact they spend most of their time sitting or 
standing. Methods of measuring daily rates of energy expenditure will 
now be described. 



T A B L E I V 
EXAMPLES OF THE ENERGY EXPENDITURE OF VARIOUS PHYSICAL ACTIVITIES 

Light work at Moderate work at Heavy work at Very heavy work at 
2 .5-4 .9 kcal/min 5 .0 -7 .4 kcal/min 7 .5-9 .9 kcal/min over 10 kcal/min 

Assembly work Building industry General laboring Coal mining (hewing Lumber work 
Light industry Bricklaying (pick and shovel) and loading) Furnace men (steel 
Electrical industry Plastering Agricultural work Football industry) 
Carpentry Painting (nonmechanized) Country dancing Swimming (crawl) 
Military drill Agricultural work Route march with Cross country running 
Most domestic work (mechanized) rifle and pack Hill climbing 

with modern Driving a truck Ballroom dancing 
appliances Golf Gardening 

Gymnastic exercises Bowling Tennis 
Cycling (up to 10 mph) 
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D. Daily Rates of Energy Expenditure 

1. Methods 
Until about 1955, it was customary to derive daily rates of energy 

expenditure from measurements of energy intake in the food, obtained 
by diet surveys. This method has two drawbacks. First, it assumes that 
the energy in the food is all utilized, and that there is no change in 
the size of the stores of energy in adipose tissue and elsewhere. Secondly, 
it does not distinguish between the energy required for occupational 
work and that required for recreations and other activities. In the 
nineteenth century, large numbers of men and women worked long hours 
at heavy tasks for which the principal source of power was human 
muscle. The energy needs for the daily work was an important practical 
problem. Today, in prosperous industrial countries, hours of work are 
much shorter, and the availability of new sources of power has greatly 
reduced the amount of work done by human muscle. Our daily work now 
contributes much less to our daily energy expenditure, and for most 
of us it is significantly less than the recreational or nonoccupational 
energy. 

To estimate daily energy expenditure it is necessary (1) to record 
accurately the time spent on each and every activity, and (2) to estimate 
the metabolic cost of each activity. Then: 

Daily energy expenditure 
= Σ (time spent in activity X metabolic cost of activity). 

Details are given by Garry et al. (47). Tables V and VI show examples 
of such estimates. The first is for a coal-face miner, and the second is 
for an obese girl undergoing a vigorous reducing regimen whilst resident 
in a hospital. These two examples represent the extremes of difficulty in 
the technique; the miner was living a varied life with many different 
activities, which had to be assessed, whereas the girl was leading a life 
artificially restricted by the hospital discipline. 

2. Recording of Activities 
I t is best to have a daily set of charts with a square for each hour 

of the day and each square subdivided into 60 small squares, each repre
senting a minute. Every change of activity can then be recorded on the 
chart. The recording can be done either by an independent observer or 
by the subject himself. The intelligent cooperation of the subject is, of 
course, essential, but in practice not difficult to obtain. The miner, whose 
data are shown in Table V, was accompanied underground each day 
by an observer who recorded all his activities at work, but the miner 
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T A B L E V 
MEASUREMENTS OP ENERGY EXPENDITURE BY A COAL-FACE MINER" 

Activity-

Time spent 
in one week 
(hr and min) 

Rate of 
energy 

expenditure 
(kcal/min) 

Energy 
expenditure 
in one week 

(kcal) 

Sleep 

In bed 58 30 1.05 3,690 

Nonoccupational 

Sitting 38 37 1.59 3,680 
Standing 2 16 1.8 250 
Walking 15 0 4 .9 4,410 
Washing and dressing 5 3 3 .3 1,000 
Gardening 2 0 5 .0 600 
Cycling 2 25 6.6 960 

Total 65 21 10,900 

Occupational 

Sitting 15 9 1.68 1,530 
Standing 2 6 1.8 230 
Walking 6 43 6.7 2,700 
Hewing 1 14 6.7 500 
Timbering 6 51 5.7 2,340 
Loading 12 6 6 .3 4,570 

Total 44 9 11,870 

Grand total 26,460 
Average daily energy expenditure 3,780 

α From Garry et al (47). 

himself filled in most of the record above ground. The obese girl, who 
was a secretary, kept most of her own records. Clearly the number of 
observers required in any survey will depend greatly on circumstance. 
I t is always essential that each day's record be carefully checked on the 
next day, in order to make sure that account has been taken of all the 
1440 minutes. 

The estimates of rates of calorie expenditure in Table V are based 
on 31 samples of expired air collected with the Max Planck respirometer 
and analyzed with the Haldane apparatus. These samples covered all 
the main activities. I t is not necessary to measure the energy cost of 
every activity which lasts for only a short time. For instance, the 
value of 6.6 kcal/min for bicycling is from an actual measurement when 
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TABLE VI 
M E A N DAILY ENERGY EXPENDITURE OP AN OBESE GiRL a 

Activity 

Up and 
Lying Sitting about Walking 

Time spent (min) 

W e e k l 603 554 114 169 
Week 2 598 528 113 201 
Week 3 632 475 102 231 

Rate of energy expenditure 
(kcal/min) 

W e e k l 1.50 1.80 3 .5 6.2 
Week 2 1.45 1.65 3 .3 6.0 
Week 3 1.40 1.55 3.1 5.8 

Calories expended (kcal/day) Total 

W e e k l 905 997 399 1048 3349 
Week 2 867 871 373 1206 3317 
Week 3 885 736 316 1340 3277 

β Data recorded for subject, Miss McN., under strict reducing regimen in the hospital 
for 3 weeks. From Passmore et al. (50). 

the subject was travelling at his customary pace, but no measurement 
was made of the energy cost of gardening. The value of 5 kcal/min was 
taken from data on other subjects; even if there is a 20% error, owing 
to the brief time spent in this activity, the total error would only 
amount to 120 kcal/week, or less than 0.5% of the total. Experience will 
soon show how many measurements are required for particular subjects. 

3. Surveys 
In recent years there have been an increasing number of surveys of 

energy expenditure in everyday life. Harries et al. (48) summarized the 
results in the United Kingdom, and Banerjee (49) those in India. I t 
would be absurd to pretend that the technique is easy. Adequate staff 
and equipment are essential, yet the method is probably no more difficult 
than carrying out individual dietary surveys—a well established proce
dure. Harries et al. (48) found that in various surveys the true co
efficients of variation fall somewhere between 10 and 20% of the mean 
values found. Similar coefficients of variation are found in their table 
summarizing the results of individual dietary surveys. 

The same technique has been used on subjects in the hospital to 
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study the effects of either overfeeding or underfeeding (7, 50). If simul
taneous measurements of calorie intake are made, then the calorie bal
ance can be derived. This allows estimates of the chemical composition 
of the weight gained or lost to be computed. 

4. Calculating the Metabolic Mixture 
As previously discussed (in Section I,D) equations can be drawn up 

setting out the oxygen used, carbon dioxide and water formed, and the 
energy liberated by the combustion of specific carbohydrates, lipids, or 
proteins. Table VII shows values for these three classes of substances 
in the form in which they are usually stored in the body. This table was 
first set out by Zuntz (9) and subsequently modified by his pupil, 
Magnus-Levy (10). The exact value for each figure will depend on the 
precise chemical composition of the molecule of each fuel utilized. This 
will vary slightly and cannot be determined for every circumstance. 

T A B L E VII 
ENERGY YIELDS FROM OXIDATION OF FOODSTUFFS 0 

Metabolizable 
Component o 2 C 0 2 energy Metabolic 

oxidized required produced liberated water 
( Igm) (ml) (ml) R.Q. (kcal) (gm) 

Starch 828.8 828.8 1.000 4.1 0.60 
Animal fat 2019.2 1427.3 0.707 9.3 1.07 
Protein 966.1 781.7 0.809 4.1 0.41 

a From Magnus-Levy (10). 

Calculations have customarily proceeded along these lines. First it 
is assumed that the protein which is metabolized equals 6.25 X urinary 
nitrogen. For animal proteins this involves no significant error. From the 
urinary Ν and Table VII, the amounts of 0 2 used and C 0 2 produced in 
the metabolism of protein are calculated. These values are then sub
tracted from the total values for 0 2 utilization and C 0 2 production. The 
nonprotein respiratory quotient (R.Q.) is then derived. A table, given in 
most textbooks of physiology, sets out the calorie value at a given R.Q. 
of 1 liter of nonprotein 0 2 and the proportion of the calories derived 
from carbohydrate and fat. Anyone who has used this method will know 
how cumbersome the arithmetic is. There is also the unnecessary arti
ficiality of calculating the nonprotein R.Q. 

Some years ago, R. E. Johnson of the University of Illinois and 
R. Passmore were struggling with about 50 of these calculations and 
going very slowly. We suddenly realized that our intermediate steps were 
redundant. The data set out in Table VII give the 0 2 used and the C 0 2 



2. ENERGY METABOLISM 73 

produced in the combustion of 1 gm of carbohydrate, fat, and protein, 
respectively. This information can be rearranged in the form of two 
equations relating the total 0 2 used and the total C 0 2 produced in 
terms of the amounts of the three fuels oxidized. A third equation relates 
the metabolized protein with the urinary nitrogen. Thus the components 
of the metabolic mixture can each be calculated directly from the three 
basic measurements. This procedure was first published in full by Con-
solazio et al. (27); a slightly abbreviated version follows. 

The symbols used are 

APro t = protein metabolized (gm) 
ACHOt = carbohydrate metabolized (gm) 

AF t = fat metabolized (gm) 
0 2 m = oxygen used (liters) 

C 0 2 m = carbon dioxide produced (liters) 
N u = urinary nitrogen (gm) 
E m = metabolic energy (kcal) 

H 2 O m = metabolic water (gm) 

If no food has been taken, no feces passed, and there are no other losses 
of nutrients, then 

0 2 m = 0 2 m P r o + 0 2 m C H 0 + 0 2 m F (4) 

C 0 2 m = C C W o + C0 2 m CHO + C 0 2 m F (5) 

AProt = 6.25 Nu (6) 

Using the data in Table VII we can rewrite these equations as 

Oam = 6.030 N u + 0.829Δ CHO t + 2.019Δ F t (7) 

C 0 2 m = 4.880 N u + 0.829Δ CHO t + 1.427Δ F t (8) 

Solving these we get 

Δ CHOt = 4.115 C 0 2 m - 2.909 0 2 m - 2.539 N u (9) 

Δ F t = 1.689 0 2 m - 1.689 C 0 2 m - 1.943 N u (10) 

By a similar procedure using Table VII, we get 

E m = 3.78 0 2 m + 1.16 C 0 2 m - 2.98 N u (11) 

H 2 O m = 0.062 0 2 m + 0.662 C 0 2 m - 1.04 N u (12) 

The factors in the five equations (6, 9, 10, 11, and 12) are sum
marized in Table VIII and can be set out on a proforma (Table IX) , 
where they are found in columns 2, 4, 6, 8, and 10. Measured values for 
0 2 m , C 0 2 m , and N u are then entered in the first column (in italics). In 
each horizontal row, all the factors are multiplied by the figure in column 
1, and the products are entered in columns 3, 5, 7, 9, and 11 (in italics). 
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TABLE VIII 
DIRECT CALCULATION OF THE METABOLIC MIXTURE AND THE 

METABOLIC WATER AND ENERGY" 

Oxygen Carbon dioxide Urinary 
used produced nitrogen 

(liters) (liters) (gm) 

Protein (gm) — — + 6 . 2 5 
Carbohydrate (gm) - 2 . 9 1 + 4 . 1 2 - 2 . 5 6 
Fat (gm) + 1.69 - 1 . 6 9 - 1 . 9 4 
H 2 0 (gm) + 0 . 0 6 2 + 0 . 6 6 2 - 1 . 0 4 
Energy (kcal) + 3 . 7 8 + 1 . 1 6 - 2 . 9 8 

a From measurements of oxygen consumed, C 0 2 produced, and urinary nitrogen. 

Finally, the figures in these columns are totaled to give the full metabolic 
mixture in terms of carbohydrate, fat, and protein metabolized, energy 
expended, and metabolic water produced. 

5. A Short Cut 
Weir (29) was the first to show that rates of energy expenditure 

could be calculated from the minute volume of the expired air and its 
percentage of 0 2 content alone. The error involved in neglecting the 
C 0 2 content and the urinary nitrogen is small, and in most circum
stances is negligible. The justification for this short cut follows. 

Over a 24-hour period, Pro t equals the dietary protein intake, pro
vided the subject is in nitrogen balance. If this varies from 50-120 
gm/day, Pro t will vary from 

50 120 , . 
—— to —— gm/min. 
1440 1440 6 

Hence the term 2.98 N u in Eq. (11) will vary from 
2.98 X 50 2.98 X 120 , , 

T 0 7 Γ 7 7 Γ — Τ Τ Τ Γ Λ kcal/min 6.25 X 1440 6.25 X 1440 

i.e., from —0.017 to —0.040 kcal/min. If a value of —0.03 is taken, this 
introduces an error of at most ± 1 % at rest and less on exercise. 

As the R.Q. = C 0 2 m / 0 2 m , Eq. (11) becomes 
E m + 0.03 = 0 2 m (3.78 + 1.16 R.Q.) kcal/min (13) 

Now for expired air 

Ϋ = minute volume (liters/min) 
Ο*, = oxygen content (%) 

C02e = carbon dioxide content (%) 
0 2 E X — oxygen extraction (%) 



T A B L E IX 
THE CALCULATION OF THE METABOLIC MIXTURE 0 ' 

Measurement 1 2 3 4 5 6 7 8 9 10 11 

02m used (liters) 125.1 - 2 . 9 1 - 3 6 4 . 0 + 1.69 +211.4 — — + 3 . 7 8 +472.9 + 0 . 0 6 2 +7.8 
C o 2 m produced (liters) 97.0 + 4 . 1 2 +899.6 - 1 . 6 9 -163.9 — — + 1 . 1 6 +112.5 + 0 . 6 6 2 +64.2 
N u gm l.U - 2 . 5 6 -3.7 - 1 . 9 4 -2.8 + 6 . 2 5 9 - 2 . 9 8 -4.3 - 1 . 0 4 -1.5 

C H O = 32 gm Fat = 4-5 gm Protein — 9 gm Energy = kcal Water = 71 gm 

β The subject R.P. walked in the postabsorptive state for 2 hours on a treadmill at 4 mph. The estimations of 0 2 m used and C O 2 pro
duced were based on 4 measurements of the respiratory exchange at regular intervals throughout the walk. 

6 For a full explanation of Table IX, see Section II,D,4. 
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The standard equations for calculating 0 2 m may be written 

, Λ V Χ 0 2 Ε χ ( Λ . Λ 

ϊ δ ο - ( 1 4 ) 

20 93 
0 2 E x = — — (100 - C02e - 0 2 e ) (15) 

79.04 

and 

R Q = c o ^ - a o _ 3 ( 1 6 ) 

0 2 E x 

Equation (15) corrects for the differences in volume between inspired 
and expired air arising from the R.Q. Eliminating C 0 2 e from Eqs. (15) 
and (16) and simplifying, we get 

26.472 - 1.2648 Q 2 e 

° 2 E x " 1 + 0.2648 R.Q. 

Substituting for 0 2 m and 0 2 E x in Eqs. (13) and (14), we get 

V (26.472 - 1.2648 Q 2 e)(3.78 + 1.16 R.Q.) 
E m + 0.03 = — X 1 + 0.2648 R.Q. 

which reduces to 

Q8V (20.93 - Q,)(3.78 + 1.16 R.Q.) _ 
100 (3.78 + 1.00 R.Q.) 

If the R.Q. is 0.85 (a common value), this reduces to 

4 92V 
E m = X (20.93 - 0 2 e ) - 0.03 (19) 

In the extreme cases, if the R.Q. is 0.70 or 1.00, the multiplying factor 
is altered to 4.90 and 4.94, respectively. Thus over the whole range of 
R.Q.'s it varies by less than 1%. Hence if we calculate the energy ex
penditure from measured values of V and 0 2 e using Eq. (19), the error 
involved in not measuring the C 0 2 content of the expired air will be 
within ±0 .5%, and from not measuring N u it will be less than 1%. 

Equation (19) can thus safely be used in calculating the rates of 
energy expenditure in field surveys. Unless the nature of the metabolic 
mixture is of interest, measurements of the C 0 2 in the expired air are 
redundant. This provides the justification for the statement that an 
automatic C 0 2 analyzer is an expensive luxury for a nutritionist, how
ever valuable it may be to a respiratory physiologist. 
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III. THE NEED FOR FOOD IN THE FUTURE 

A. The Malthusian Dilemma 
The introduction of sulfonamides into medical practice occurred less 

than 30 years ago. I t was quickly followed by the discovery of anti
biotics and the widespread use of insecticides to control malaria and 
other insect-borne diseases. These recent events have changed the 
outlook for human life. In almost all countries there has been a sharp 
fall in the death rate. Populations everywhere are increasing rapidly, 
and experienced demographers agree that, by the year 2000, the popula
tion of the world will be doubled and exceed 6000 million. Must this 
population "explosion" be checked by hunger and starvation, owing to 
the failure of agriculture to produce the necessary food? As long ago as 
1798, Malthus, in his famous essay, first suggested that the growth of 
population was inevitably limited by the restricted possibilities for 
agricultural expansion. What is the position of the Malthus dilemma 
today? 

As part of a Freedom from Hunger Campaign, the Food and Agri
cultural Organization of the United Nations (FAO) produced a review 
(51) in which it is shown that the growth of world agriculture is just 
keeping pace with the growth of world population. This is largely due to 
the great increases in agricultural production in North America, most 
European countries, and in Australia. In these countries, surpluses of 
food have been an embarrassment to the economy for several years. 
By contrast, in many underdeveloped countries, particularly in Asia, 
food production is barely keeping pace with the growth of population. In 
these countries, undernutrition is widespread, and there is no sign that 
it is declining. A recent estimate (52) has put the number of under
nourished people in the world at 10% of the population—about 300 
million individuals. 

Agricultural development cannot be left to chance. New schemes 
necessitate finding large amounts of capital and professional training for 
large numbers of technical experts, including irrigation engineers and 
agricultural chemists, as well as practical farmers. Such plans can be 
realistic, if they are sensibly related to estimates of human requirement 
for food. This is essentially a physiological problem. 

B. Estimates of Calorie Requirements 

1. FAO Standards 
Physiologists have for a long time set out tables giving estimates 

of the calorie needs of individuals following various occupations. An 
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ΓΑΟ Committee on Calorie Requirements issued a report in 1950, based 
on current physiological knowledge of energy requirements, which en
abled the calorie needs of large groups of people to be estimated. The 
report was revised in 1957 by a second committee (53), and the revised 

T A B L E X 
THE ENERGY EXPENDITURE OF A "REFERENCE M A N " " 

Time spent Activity kcal/day 

8 hr Working activities: mostly standing 
(over-all rate, 2.5 kcal/min) 

8 hr Nonoccupational activities: 

1 hr washing, dressing, etc. at 3 kcal/min 
l i hr walking at about 6 km/hr at 

5.3 kcal/min 
4 hr sitting activities at 1.54 kcal/min 
l i hr active recreations and/or domestic 

work at 5.2 kcal/min 

kcal/day 
180 

480 
370 

470 

1200 

8 h r Rest in bed at basal metabolic rate 
1500 

500 

Total 3200 

1 Weight, 65 kg; age, 25 years; mean annual environmental temperature, 10°C. 

T A B L E X I 
THE ENERGY EXPENDITURE OF A "REFERENCE WOMAN"" 

Time spent Activity kcal/day 

8hr 

8hr 

Working activities in the house or in 
industry: mostly standing (over-all 
rate, 1.83 kcal/min) 

Nonoccupational activities: 
kcal/day 

1 hr washing, dressing, etc. at 2.5 kcal/min 150 
1 hr walking at about 5 km/hr at 

3.6 kcal/min 220 
5 hr sitting activities at 1.41 kcal/min 420 
1 hr active recreation and/or heavier 

domestic work at 3.5 kcal/min 210 

880 

8hr Rest in bed at basal metabolic rate 
1000 

420 

Total 2300 

β Weight, 55 kg; age, 25 years; mean annual environmental temperature, 10°C. 



2. ENERGY METABOLISM 79 

report is the basis of contemporary surveys of the world food situation 
and for future developments. The central feature of the report is a refer
ence man and a reference woman, weighing 65 kg and 55 kg, respectively, 
each aged 25 years and living in a climate with a mean annual temper
ature of 10°C. The man is employed in light industry and the woman in 
either housework or light industry. The needs of the reference man are 
set at 3200 kcal/day and of the reference woman at 2200 kcal/day. How 
this energy may be used is suggested in Tables X and XI. The report 
gives modifications to allow for variations in body size, age, and climate. 
Special tables give estimates of the needs of children and adolescents, 
as well as the extra requirements for pregnancy and lactation. 

2. The Effects of Activity 
The real difficulty is in assessing the degree of activity of the refer

ence man and woman. Of the man's total expenditure of 3200 kcal, as 
set out in Table X, 37% is ascribed to working activities, 47% to non
occupational activities, and 16% to rest in bed. The woman's expenditure 
is divided into 38% for working activities, 43% for nonoccupational ac
tivities, and 19% for rest in bed. How far does this division of daily 
energy represent present-day conditions, and what changes are likely to 
arise in the future? Until about 200 years ago the chief source of power 
available to Homo sapiens was muscle. Human and animal muscles did 
the work of agriculture. The energy needed to construct both simple 
homes and the great palaces and cathedrals came from human muscles, 
which also did all the domestic work and made the necessary clothes. 
Helped only by domestic animals, these muscles transported men and 
materials from place to place. Wind and water power were the only 
other sources of energy available, and their use was limited in practice. 

3. The Effects of Industrialization 
The Industrial Revolution made available new sources of power, in 

amounts which have continued to increase rapidly. Steam engines, elec
trical engines, internal combustion engines, hydroelectric power, and 
now atomic engines provide most of man's energy needs in many coun
tries today, and the role of human muscle is correspondingly reduced. 
Paradoxically, the immediate effects of this revolution were to imprison 
men, women, and even children in factories and mines where they worked 
for 60, 70, and even 80 hours a week. In the 19th century, Homo sapiens 
became Homo laborans. Industrial legislation slowly reduced the work
ing week. Nowadays in industrial communities, disputes and arguments 
between employers and trade unionists usually center around a 40-hour 
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week. Technical developments have produced situations where most of 
the working time is employed in operating the switches and controls 
which regulate supplies of power from nonhuman sources. "Work" in
volves less and less muscular effort. This process is continuing. Re
dundancy of labor is already a major problem in many industries. I t is 
certain that within a decade or so, for large numbers of people in many 
countries, the normal working week will be 20 hours. Similar changes 
have occurred in our homes, in many of which there has been a great 
increase in the domestic machines available. In such households, if there 
is not a family of very young children, the housewife can only work 
a 40-hour week by a full application of the Parkinsonian principle "that 
work expands so as to fill the time available for its completion" (54). 

4. Leisure 
How will the leisure time, which is quickly becoming available to 

more and more people, be utilized? Homo laborans is becoming a rare 
specimen, and in many parts of the world he is almost extinct. I t is 
possible that he is being replaced by Homo sedentarius, a creature who 
likes to spend his time in front of a television set or sitting at the 
wheel of his automobile and driving around what remains of the country
side. As already described, these occupations require very little energy. 
Since starting to write this section, we have received a copy of the 
report by the Food and Nutrition Board of the United States National 
Academy of Science on Dietary Allowances (55). For the Reference 
United States Man, the allowance of calories has been reduced from the 
FAO standard of 3200 to 2880 kcal/day, and of the Reference Woman 
from 2300 to 2100 kcal/day. To each of these citizens is given a total 
allotment of 4 hours activity per day moving about on their feet. Clearly, 
in the opinion of the members of the Food and Nutrition Board, Homo 
sedentanus is already the predominant type in the United States. 

On the other hand, the citizens of tomorrow may decide to become 
Homo sportivus. They will use their new leisure in tennis and golf, 
dancing, gardening, hiking and swimming, climbing mountains and sail
ing boats, and in other active recreations of their choice and suitable to 
their age and sex. 

I t is a common opinion that Homo sportivus is a healthier specimen 
than Homo sedentarius and that he is less liable to a variety of degenera
tive diseases, notably obesity and atherosclerosis. A recent review (56) 
shows that the scientific evidence for this opinion is still limited, but it 
is sufficient to convince us that public health measures to promote 
physical recreations would be well worthwhile. Degenerative diseases 
of the cardiovascular system appear to be affecting men and, to a lesser 
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extent, women at an earlier age, when they should still be in the prime 
of life. 

The FAO allowances of 3200 and 2300 kcal/day permit both men and 
women a reasonable amount of physical recreation. The Food and Nutri
tion Board, by reducing these allowances, may have brought them into 
line with the life led by the majority of United States citizens. But is 
this a healthy life? We would prefer to keep the FAO allowances and 
to recommend that people be provided with opportunities and encouraged 
to exercise their bodies up to these levels. 

5. Peasant Agriculturalists 
These form the great majority of the peoples of the world. Only a 

small minority live in the prosperous industrial societies with which we 
have been concerned so far. How hard do peasants work? Certainly the 
answer is very hard at harvest and seedtime, when 12 hours a day or 
more may be spent in the fields. But all agriculture is seasonal. There 
are times when there is little or no work to do on the land. Clark (57), 
in an important review of economic problems in agriculture, quotes fig
ures from surveys in Africa and India, which give the times actually 
spent at work in the fields by peasant farmers. These range from 855 
to 1700 hours per year. This corresponds to from 17 to 34 hours per 
week, though weekly figures have little significance. These figures show 
that peasants are by no means fully occupied in their fields. Clark com
ments: "with us, a farm labourer performs his agricultural work, then 
has the remainder of his time for rest and recreation. An African or an 
Indian peasant, however, besides his agricultural duties, has to find some 
time during the year for repairing or rebuilding his house, making his 
shoes and furniture, and also performing a great many religious and 
civil duties. We should have in our minds these preferences (whether 
for good reasons or for bad) for not devoting too large a proportion of 
one's working year to agricultural duties." Some may think that the 
peasant is the true example of Homo sapiens. What kind of life will 
he choose to lead when the new sources of power and the modern chem
ical industry revolutionize his traditional methods of farming? The visitor 
will soon observe that he takes readily both to listening to the radio 
and to playing vigorous football. 

6. Conclusion 
It is impossible to predict the kind of lives people will choose to 

lead in 2000 A.D. The quantity of agricultural production will depend 
both on man's numbers and on the energy requirements of those activi
ties in which he prefers to spend his time. Agricultural planning will be 
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essential and on a large scale. Production plans depend on estimates of 
needs. These can only be drawn up by demographers and physiologists 
and nutritionists. Calorie requirements is a subject on which govern
ments and other agencies will continue to seek advice from scientists in 
future decades. The principles on which such advice must rest were truly 
laid by the classical nutritionists—Lavoisier, Voit, Atwater, Rubner, 
Benedict, Lusk, and many others. We have tried to show in this chapter 
how contemporary scientists have been applying these principles to the 
questions of our day. 
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