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NUTRITION rescarch was at first largely
concerned with measurement of energy
metabolism, determination of the essential
nutrients, and delineation of the syndromes re-
sulting from specific nutrient deficiencies.
These studies emphasized such criteria as
changes in growth, repreduction, lactation,
gross and tissue pathology. It has been amply
demonstrated in these investigations that nu-
tritional deficiencies adversely affect a large
number of tissues in the body-—the effects
varying in degree and in kind with the indi-
vidual tissue! from simple alterations in chemi-
cal composition to profound morphologic
changes. Other investigations indicated that
nutritional inadequacies resulting either from
dietary deficiencies or conditioned malnu-
trition may in many cases become more mani-
fest as changes in physical performance or as
alterations in the biochemical and physiologic
responses to work stresses.? '
That performance is the ultimate criterion of
physical fitness is axiomatic. It is logical,
therefore, that the attention of the nutritionist
has been directed to the influence of nutrition
on work capacity. Theoretical considerations
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led some enthusiasts to pursue the hope that a
special state of robust health and “superman’
performance capacity could be achieved by
special diets, particularly those abundant in
the vitamins and the “ergogens’'.* While re-
search has exploded this idea it has undeniably
demonstrated that deficiency of any essential
nutrient results sooner or later in physical de-
terioration. But how low the dietary intake
of specific nutrients can be without evidence of
deterioration in the ability to do work is still
unsettled. This situation has resulted in part
from difficulties in objective measurement of
performance in man: human performance is
conspicuously dependent on motivation, and
long training periods may be required in order
to establish a reasonably stable level of skilled
performance. o

Nowhere is the premium on maximum pet-
formance greater than in military personnel of
the modern army. In the last analysis, its
efficiency is determined by the ability of indi-
vidual men to perform assigned missions.
In order to design and develop rations which
will maintain the performance capacity of the
human engine at a level essential to realization
of a full military potential, it is important to
utilize criteria of military significance for the
evaluation of the nutritional adequacy of
combat rations. Physical performance capac-
ity has obvious appeal as such a criterion.
Maximum utilization of this criterion in mili-
tary ration development requires that tests be
developed which take advantage of the speed,
economy, and rigor of control of animal ex-
perimentation.*

The purpose of this paper is to review criti-
cally the methods available for the measure-
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ment of physical performance capacity in man
and animals, to examine briefly the literature
on the relationship of diet to performance, and
finally to appraise the potential for developing
suitable technics for measurement of physical
performance capacity of animals as a criterion
of nutritional adequacy of the diet,

PERFORMANCE TESTS IN MAN

The physical performance tests now in use
fall into two major categories:
measurements of performance under standard
conditions and (b} indirect tests involving the
measurement of physiologic or biochemical
changes at the end of, or during recovery from
a work task. In the latter type of measure-
ment the work task may be maximal or sub-
maximal. For man the problems of perform-
ance analysis with special reference to the im-
pact of nutrition on performance, have been
discussed by a number of authors®~® Tests
of industrial performance have measured such
human abilities as (a) general dexterity of
finger, hand-wrist, and arm, (b) dual hand
dexterity, (c) bilateral hand dexterity, (d)
hand-foot coordination, (e) machine tending
ability, and (f) inspection ability. A large
number of work situations have been set forth
by Broiek and Monke!! as potential tools for
investigating the numerous variables asso-
ciated with occupational performance.

Much rmore, however, has been done in the
area of strictly physical (non-productive)
performance, with procedures and test meth-
ods designed to determine either strength or
endurance, or both. Coordination of will
power, mechanical precision, and the durability
of the physiologic and biochemical processes,
lend themselves to factor analysis and esti-
mates of the variables involved in the contin-
uous performance of a motor task. Each
component of overall fitness is in itself a func-
tion of many parameters, of which nutritional
effects are but one element. Constitutional
type (“body build”) has been related by
Sheldon' to capacity for strenuous physical
work and to nutriture by BroZek.® Several
interrelationships between body composition
and physiologic requirements for specialized
activities bave been set forth by Behnke.!

(a) direct -
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Keys, ef al.* found that chronic undernutrition
produced marked deterioration in strength,
and especially in endurance,

Government agencies have used the “physi-
cal fitness” tests with both military and civilian
personnel, ¥ ®  Numerous athletic tests have
been evaluated by Cureton, ¢f al.?! The most
useful endurance tests have been found to in-
volve rowing, pedalling, step-ups with or with-
out added weights (pack test), weight lifting
(bucket' test), pulling {stoneboat test), swini-
ming, walking or running, and treadmill run-
ning. All can be graded in terms of intensity
to permit investigation of the effects of light,
heavy, or moderate work. Measurements
taken after the completion of light or moderate
work have provided much useful information
for the general study of the physiology of
exercise. However, most of the guantitative
relationships between physical fitness and
nufritional state have been established by
tests that have approached maximal physical
performance.

Whereas work tests have been successfully
conducted both in the field and in the labora-
tory, the most successful tests of mental or
neuromuscular function have been conducted
only in the laboratory, although some useful
mformation pertaining to neuremuscular fit-
ness has been brought to light by field agility
testing. The laboratory tests include measures
of strength, speed, and coordination and pro-
vide data on visual and auditory acuity as well
as motor performance. Many of these have
been listed by Keys et al.% and by Brozek and
Taylor.” The neuromuscular and strictly
mental tests will not be discussed here since it
is believed that extension of these measures to
laboratory animals i$ in most cases unreward-
ing due to difficulties in the standardization of
such tests and interpretation of results. More-
over, intellective functions are not significantly
altered by undernutrition even though the
chemical alterations may be severe %10

Some of the problems of the measurement of
fatigue and of exhaustion as an end point of
work capacity have been discussed.?® Fatigue
is a resultant of many factors, including train-
ing and motivation. Motivation is especially
difficult to assess since it is so susceptible to
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extrinsic and intrinsic factors, and, according
to Carmichael ¢f ¢/.?* in some cases not a con-
tinuous function of the duration of work.
The effects of training on performance are well
known and have been attributed by some ex-
clusively to iumproved coordination.® How-
ever, the effects of training and motivation
have been minimized in previous work tests
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the measurement of bicelectric potentials of
muscles,?® changes in electrical impedance on
the body surface,® alterations in the neitro-
muscular responses to galvanic stimulation,?
changes in the thresholds of reflexes,” and the
coagulation reaction of urine.?® However, of
the numerous attempts to relate work intensity
to physiologic alteration, the most successful

formulations have evolved from cardiovascular
and respiratory responses to specific endurance
tests. [Lffects of physical fitness on the physio-
logic responses to work are noted in Table I.
Extrapolation of respiratory and cardio-
vascular responses to work of knowa intensity

where each subject has served as his own con-
trol in longitudinal studies, where motivation
has been kept at a uniformly high level, and
where body responses have been used to supple-
ment performance time and efficiency as eri-
teria of work capacity. Included in these are

TABLE I3
Effect of Physical Fitness in Man on Physiclogic Responses to Work

Relative change*
Level of activity Index in unfit subjects Reference
A, At rest 1, Pulse -+ 30, 31
2. Standing diastolic pressure - 32, 33
3. Standing systolic pressure - 32, 34
4. Pulse pressure — 32, 34
B. Fasy work that can 1. O, consumption + 35
be sustained in the 2. CO, production -+ 35
steady state 3. R.Q. -+ 34
4. Ventilation -+ 36, 37
5. Respiratory rate during work -+ 36
6. O pulse - 38
7. Ventilatory eficiency — 36
8. Pulse rate during work + 35, 39
9. Pulse rate deceleration after work — 35, 40
10. Systolic pressure during work + 39
11. Rate of decline of systolic pressure - 39
after work
12, Cardiac output-stroke volume o 39, 41
13. Mechanical efficiency - 35, 39
14. Blood lactate during work -+ 42, 41
(. Exhausting work 1. Duration - 32, 33, 44
that cannot be sus- 2, Maximal O, consumption - 43, 45
tained in the steady 3. Maximal CO, production — 43
state 4. R.Q. -+ 35
5. Maximal ventilation + 36
6. Ventilatory efficiency - 34
7. Oxygen pulse - 38
8. Maximal pulse rate during work +- 38, 45
9. Pulse rate deceleration after work - 38, 45
10. Systolic pressure during work - 32
11. Rate of decline of biood pressure — 32
after work
12. Blood lactate at end of work - 43
13. Blood sugar at end of work - 46
14. O, debt - 30, 43

* 1 or — refers to relative increase or decrease as compared to a physically fit subject.
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in order to predict work capacity in untried
situations is usually complicated by the non-
linearity of relationships at high levels of work
output. One example is the use of the maximal
oxygen consumption as a measure of work
capacity: at high levels of work inteusity oxy-
gen uptake is relatively constant or begins to
decrease while the blood oxygen tension may
not be significantly decreased. Moreover, he-
cause of the relatively fixed character of vital
capacity, maximal ventilation and oxygen
consumption may be only rough approxima-
tions of work capacity. Breath holding, which
measures relative sensitivity to both low blood
p(; and pCO,, has also been proposed as a
test of physical endurance. If a maximal value
is desirable, recovery oxygen uptake may be a
more rewarding criterion, On  theoretical
grounds there is also merit in using the blood
lactate level in conjunction with respiratory
data as a measure of performance capacity
since its appearance in the blood in excessive
quantities corresponds fo a work output ap-
proximating two-thirds of the maximal.

Attempts to predict working capacity from
cardiovascular responses to work have em-
ployed the relative changes in pulse rate and
blood pressure, the recovery pulse rate, and a
combination of blood lactate and blood pres-
sure. Using these criteria, problems of fitness
scoring frequently arise from the fact that for
a given physical work intensity the maximal
pulse will never be as high during certain types
of malnutrition—due to concemitant brady-
cardia—-as is found with normal dietary condi-
tions.

PERFORMANCE TESTS IN ANIMALS

Three general methods of studying activity
in experimental animals have been wused:
(a} artificial stimulation of perfused muscles,
(b) measurements of voluntary activity, and
(¢} measurements of forced activity of the
whole animal. )

Arisficial sttmulation of muscles by the usual
Iaboratory technics offers a method of success-
fully reproducing muscular activity, the ad-
vantage of careful control of extrinsic factors,

and the possibility of obtaining precise meas-

urements. However, it is difficult from the
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results obtained to predict causal factors which
would limit muscular activity in the whale
animal or to quantitatively extrapolate the
nieasured activity to the physical capacity of
the intact amimal. In anesthetized animals
numerous attempts have been made to evalu-
ate the work done by artificially stimulated
muscles in terms of the increased whole animal
oxygen consumption invoked by the method.
Despite stimulation of a diffuse area, whole
animal gxygen intake has seldom been raised to
a level higher than five times the basal rate.
This intensity corresponds to steady state
work and is unsatisfactory for evaluating nu-
tritional effects on work performance. How-
ever, since the findings of Heron et al.* that
intact muscles of anesthetized rats could con-
tract continually for ten days, the method has
been used extensively with a large variety of
animals to study the biochemistry of muscular
training, to assay endocrine function, and to
study the metabolismm of muscles and other
tissues.*~** Recently Levine o al.®? have
used the method with rats and dogs to demon-
strate that local vascular incompetence is of
major importance in the onset of muscular
fatigue.

Voluntary activity of animals has been used
more extensively to provide information on
physical performance, and has also provided
measures of learning, drives, and aggressive-
ness. Three general technics have been used
for quantifying voluntary activity; these em-
ploy {(a) running drums (b) specially mounted .
cages from which diffuse activity is recorded,
or (c) strictly observational measurements.

Of these three methods the revolving drum
has been the most extensively used laboratory
apparatus for investigating activity.%5 De-
pending upon the experiment, the animal may
live entirely within the drum, have a separate
living cage, or have access to supplemental
diffuse activity cages.¥% The usual method
of recording running activity has been by
means of a counter which records the number
of revolutions, thus measuring total aetivity.
Skinner,* however, realizing the limitation of
this measurement, used a Harvard work-
adder attached to a writing lever which re-
corded activity on a kymograph—the slope
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of the line providing a measure of activity asa
function of time,

With respect to diffuse activity, Szyman-
ski®®® has described a spring mounted cage in
which any movement of the cage due to animal
activity actuates a recording system. The
disadvantage of lack of damping encountered
in the spring mechanism has been somewhat
overcome by the tambour-mounted activity
cages.” Measurements of diffuse activity
include recordings of the activity of new born
children, of chicks, and of monkeys.®-%
Numerous modifications of this technic which
provide greater sensitivity and improved pre-
cision have been discussed by others.?—77
Along these lnes Richter and Hines™ have de-
scribed a kinesthesiometer for monkeys in
which the animal was attached by a chain to a
rod—any movement of the rod activated a
counter.

Additional measures of voluntary activity
include the use of a tilt box in which movement
of the animal from one end to another ad-
vances a counter or activates a photoelectric
relay connected to a counter;®* the use of a
horizontal turntable from which activity can
be measured either photographically or with a
suitable recording device;® and the use of a
pedometer which has been employed to record
gross activity in the sheep and pig and head
shaking in chickens -9

Purely observational means of measuring
voluntary activity have been used by Beach®
Hall,® and Fredericson® who recorded either
the time required or the behavioral pattern of
rats while traversing a prescribed distance.
Numerous maze studies reported in the litera-
ture will not. be discussed here, since the pri-
mary purpose of these tests is to investigate
learning and animal drives with only secondary
attention being paid to work performance.

The most successful tests of forced activity in

animals have been swimming tests for rats and -

dogs, treadmill tests for dogs, and work wheel
tests for rats and mice.¥~% Unfortunately
many of the voluntary and forced activity
measures mentioned above have been classified
under the general term “‘animal activity.”
This failure to distinguish types of activity
in terms of its measure has led to false concepts.
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Animal activity does not constitute a single
behavioral category which can be measured
with any single instrument, but must be con-
sidered for the present in terms of its method
of measurement.

Several biologic and physical variables are
known to contribute to intra-animal and inter-
group variability. One is the difficulty in
estimating the overall intensity of the work
test. Although swimming to exhaustion offers
the advantﬁge of obtaining a reproducible end-
point, swimming time in both rats and dogs is
markedly affected by water temperature.
Both high- and low-water temperatures de-
crease swimming capacity; these effects are
related to the inability of the animal to main-
tain body temperature under extreme cou-
ditions.®®*® In addition, work capacity might
be limited by hyperventilation (panting for
evaporative cooling) and the resulting alka-
losis brought about by high water temperatures.
It has been reported that the rat can swim as
long as 48 hours at comfortable water tempera-
tures; this period is obviously too long for a
useful measurement of specific nutritional
defects.

Although running tests have been satis-
factorily conducted with dogs and larger ani-
mals, the use of work wheels and treadmills
for rodents is limited. While reports have
indicated that rats will voluntarily run a dis-
tance of 5 to 15 miles per day, forced activity
at this rate has in many cases induced mortality
indicating that factors other than muscular
activity are involved.

Intrinsic as well as extrinsic factors contrib-
ute to the variability in results of voluntary
activity tests. These factors include heredity,
age, hunger, external environment, endocrine
imbalance, and activity following confinement.
Although uniformly high correlation coeffi-
cients for voluntary activity under specified
conditions have been reported, it is believed
that this is merely a reflection of the consistency
of the equipment and fortunate selection of
ammals. This belief is strengthened by con-
sideration of reports that rats in larger wheels
run farther than those in smaller wheels,
that within litter-mates some rats run only 200
revolutions per day and others as much as
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2000, and that the number of revolutions per
day are reduced when the rat is presented with
a choice of physical distraction.® In addition,
special consideration must be given to the fact
that factors which mfluence diffuse activity
in one direction may affect running activity in
another direction.

By selective breeding Rundquist™ has been
able to get active and inactive breeds of rats,
and although the daily activity periods were
determined by the internal rhythm of the
animal, the genetic factors could be obscured
by certain environmental iufluences especially
light and darkness. In this respect Brow-
man19 znd Johnson'® have been able to
alter the daily activity rhythim of small asimals
by changes in light intensity. The reported
effects of environmental temperature on volun-
tary activity have not been consistent. In
young (poikilothermic) mice Stier'™ has found
that the rate of activity is a function of body
temperature and of several other factors,
including quiescence and frequency of activity.
More recently Jones ef al.’% have reported that
when environmental conditions of temperature,
light, and sound are controlled, activity of
normal male rats in wheel cages is a function
of the animal’s experience in the wheel and
age. For animals of equal experience, activity
varies inversely with age, while.in animals of
equal age, activity varies directly with ex-
perience. The fact.that the relationships are
not linear indicates a possible interaction be-
tween these two factors affecting activity.

Considered in tote the measurement of volun-
tary activity, despite careful control of environ-
mental factors and in the selection of animals
to remove endocrine and genetic effects, leaves
much to be desired as a measure of work per-
formance. While such measurements have a
recognized value in the study of animal be-
havior, this approach does not lend itself to a
careful evaluation of nutriture. The interested

reader is referred to other articles for further

reviews on spontaneous activity.!%—11

DIET AND PERFORMANCE

The literature on the influence of nutrition
on work performance has been reviewed by
Keys® and by Simonson® who questioned the
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reliability of a substantial part of the data
because of the failure to define precisely per-
formance uninfluenced by extrancous factors
such as environment, training and motivation,
and the questionable nature of the criteria used
for definition of nutritional states and working
capacity. It is our purpose, ‘then, in this
section to briefly re-emphasize the need for
more exacting control and standardization of
type and intensity of work tests, and to ex-
tract guiding information on the effect of
dietary insufficiency on performance.

Lack of adequate controls and standard-
ization has led frequently to conflicting re-
ports on the effects of either dietary restriction
or supplementation on work performance.

TABLE II

Rate of Onset of Deficiency Syndromes in Work-
ing Men Exposed to Complete Deficiency of One or
More of the Important Nutrients™

Time
before earliest
deleterions effects
appeat in com- Earliest deficiency
Nutrient plete deficiency syndromes and end results
Water A few hours Easy fatigue, poor per-
formance. Eventual
exhaustion of de-
hydration.
Calories Two or three | Easy fatigue, poor per-
days formance.
Sodium Several days | Easy fatigue, poor per-
chloride formance. Eventu-
ally, heat cramps.
Carho- Several days | Easy fatigue, poor per-
hydrate formance. Eventu-
ally, nutritional aci-
dosis.
Vitamin B | One or two | Easy fatigue, poor per-
complex weeks formance. Eventu-
ally, cne of the B-
deficiencies, usually
beri-beri.
Vitamin C | Several weeks i Easy fatigue, poor per-
! formance. Eventu-
ally, scurvy.
Protein Probably sev- | Earliest effects not
eral weeks known; late result,
nutritional edema,
Vitamin A | Several Farliest effects not
months known,
Fats Many months | Earliest effects not
known.

* From Johnson, R. E.; Nutriticnal standards for men
in tropical climates, Gasfroenierology, 1: 838, 1943,




March—April 1957] YOUNG AND SPECTOR 135

TABLIE TI]%.9.%5,115 136

Some Effects of Diet on Performance in Animals

‘Type of Efiect on
Nuirient Dietary treatment Amnimal activity activity¥ Reference
A, Water 1. Deprivation Rat Runningt e 115
B. Minerals 1. Total deprivation Rat Running -+ 116
2. Mg deprivation Rat Running - 115
3. P or Fe deprivation Rat Learning — 117
C. Calories 1. Total deprivation (fasting)} Rat Enforced run- - 56
ning
D. Fat 1. 1-109%, fat Rat, mouse Swimming at 0 118
-rage
2. 109, fat Rat, mouse Swimming at - 118
20° C
3. 409, fat Rat Swimming at + 119
32° C
E. Protein 1. Protein restriction Rat Running - 120
2, Protein deprivation Rat Learning — 121
3. Lysine deprivation Rat Running + 129
4, Supplementation with eys- Rat Learning 0 123
tine or glutamic acid
F. Vitamins Deprivation
1. Vitamin A Rat Learning 0 124
2. Thiamine i
a. Acute Rat Running - 05 E
b. Chronic Rat Running - a5
¢. Chronic Mouse Aggressive- 0 125
: ness
3. Thiamine and riboflavin Rat Learning - 126, 127
4, Thiamine, riboflavin, and Rat Running 0 1928
nicotinic acid -
5. B-complex
a. Acute Rat Learning - 129
b. Chronic Rat Running — 130
Excess supplementation
1. Thiamine Pigeon Fiving -+ 131
2, B-complex (in perfusion Frog Muscle con- -+ 132
medium) traction
G. Miscel- Addition of:
laneous 1. Propylene glycol Rat Running -} 133
“Tactors” 2. Diethylene or dipropylene Rat Running - 133
glycol
3. Thyroxine, ditodothyro- Dog Running 0 134, 135
nine, or methylene blue {treadmill)
4. Desiccated liver Rat Swimming at + 87
20° ¢
5. Wheat germ oil Guinea pig Swimming at - 136
37° C
* 1 = increase in activity; — = decrease in activity; 0 = no change in activity.

t Spontaneous running unless otherwise indicated, .
t Decrease in running was influenced by the previous diet in the following order: Fat < Carbobydrate <Protein.
may elicit significantly different respon-
seg 112,113

Thus, effects of a given dietary treatment as

measured by moderate (steady-state) work
may be unlike those obtained by measures of
heavy work of relatively short duration.
Bicycle ergometer tests and treadmill tests

In past considerations of these
methods, it has been argued that one measures
endurance and coordination while the other
measures endurance and strength. It is en-
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tirely possible that the requirements for one do
not necessarily reflect the immediate needs of
the other.

Bearing in mind the various factors involved
in nutritional deficiencies, what sort of picture
may be drawn of the course of events which
may be expected to occur as the deficient state
develops? Current knowledge is inadequate
to establish precisely the pattern of deteriora-
tion in fitness. For general guidance a chart
was developed by Johnson!!? and 15 reproduced
here as Table II. It can be seen that easy
fatigue and poor performance are generally
amongst the earliest deleterious effects to
appear in working men exposed to complete
deficiency of an essential nutrient.

Some relationships between diet and animal
performance are set forth in Table 1.

EVALUATION OF POTENTIAL OF MEASURING NUTRI-
TIONAL ADEQUACY OF RATIONS BY PERFORMANCE
IN ANIMALS

What loss in operational efficiency may result
from drastic dietary changes? Itis particularly
germane to ask if populations adapted to a
normally luxus consumption of nutrients would

suffer a significant loss in performance capacity

if the diet were abruptly altered and limited.

When is the deterioration of performance
likely to reach serious proportions if the dietary
deficiency continues unabated? Why does the
ability to do physical work fall off at different
rates with different nutrient deficiencies?
And conversely, why does rate of recovery of
ability to perform vary with the nutrient
which has been depleted?

It is helieved that animal studies offer many
advantages for the development of basic data
which will provide the answers to these im-
portant questions. Desired test methods are
those which impose a measurable and recog-
nized strain on the amimal. Severity should
be sufficiently flexible to permit investigation
not only of acute “all-out’” effort, but sub-
maximal work sustained for prolonged periods.
Equipment and procedures should be versatile
enough to permit investigations of the effects
of environment superimposed on dietary and
work stress. A review of the literature reveals
two promising methods: (a) swimming and
(b) running.
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Comprehensive test systems should include
measurements of performance of the body as a
whole as well as the function of component
parts; and data should discriminate between
the variables under consideration, predict
deterioration, and establish the time-factor
relationships in recovery or réturn to physio-
logic “normalcy.”  The promising tests which
reflect the physical strain and the biochemical
distortions include measurements of: (a)
endoetine function (thyroid, adremal}, {(b)
liver function {serum cholinesterase), (c) kid-
ney function (clearance, pre-formed elements},
{d) nutrient balance, (e¢) cardiovascular re-
sponses (cardiac output, pulse rate, blood pres-
sure), {f) respiratory changes (maximal oxygen
consumption, 0. debt, blood buffers), and (g)
blood chemistry {blood sugar, lactate, pyru-
vate). These measurements have been found
to reflect the insults of water and caloric de-
ficits. Little information however, is avail-
able regarding the immediate and long range
effects of protein, fat, vitamin, and mineral
insufficiency which can be interpreted by cur-
rent clinical thought. For this purpose long
observational petiods of severe physical ex-
ertion are needed; carcass and organ analyses
provide important data for explaining the
observed functional changes. It is in this
area that animal tests are particularly usefal.
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