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SINOPSIS

Published evidence suggests that feeding standards currently
in.use, that are based on the total diéestible mutrient, Scandinavian
feed-unit or net energy (starch equivalent) systems of evaluating
feed energy, are not a sound guide for the feeding of cattle or the
organization of feed supplies. Errors inherent in total digestible
mitrient and feed-unit standards are lafgely a reflection of the
limitations of the two systems.. In contrast the net energy system
gives a thermodynamically sound measure of the efficiency of
utilization of feed energy but determined net energy values for
individual feeds show wide variation and at the present time there
are insufficient data to provide a reliable standard.

In Section I of the thesis, an analysis has been made of
sources of error in the determination of net energy values., Major
errors are shown to arise in the determination of the net
utilization of metabolizable energ&, from variations in the efficiency
 with which cattle utilize feed energy and also from a magnification
of technical and interpretational errors by the design of experiment
used., The conclusion is reached that, to overcome variations due to
the individuality of cattlevused as test animals, net‘energy values
should be determined on a'much wider scale than hitherto. This
would be possible if a simple method of determining energy exchange
in cattle could be developed to replace the laborious and time-
consuming calorimetric method. To this end, it has been proposed
that fat storage should be estimgted indirectly, from the gain in
body weight less the protein and ash retentions determined by
conventional balance methods and the water retention determined by
some indirect means, a problem that has formed the basis of much
of the experimental work reported in the thesis,

Analytical methods used in the course of the work are
described in the first part of Section II. In the second part, the

details of construction and of operation of a closed-circuit
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respiration chamber for the determination of the energy exchange
of the calf are given.

Indirect methods of estimating water retention in cattle are
discussed in Section III, and it is suggested that a suitaﬁle method
would be to predict water retention from body retentions of sodium
and potassium., Analyses of muscle, liver, fat, brain tissue, serum,
erythrocytes, posterior chamber fluid and perica:;'dial fluid from
cattle of widely differing ages, for water, sodium and potassium are
reported, and it 1s shown that with the exception of brain tissue ‘
and serum, the water content of these tissues can be predicted from
the equation:-

Water - = 0,2922 Na + 0,471 K
(g./100 g.) (mg./100 g.) (mg./100 g.)

This equation is shown to apply also to cartilage but to'underestimate
the water content of skin and to overestimate grossly the water
content of bone, Pa\.rt of the sodium of bone is not associated with
water but a means of correcting ijqr sodium stored in this way is
given, The prediction equation is shown to apply also to gut
contents and to the foetus and uterine fluids, with the exception

of abomasal contents and allantoic fluid,

In Section IV the empirical equations developed in Section III
have been used to predict water retention in experiments with milk-
fed calves and the results obtained have been compared with water
retention determined simultaneously by methocis_based on respiration
‘calorimetry, Though the overall agreement was good, over short
periods marked Qiscrepancies arose due to day-to-day variations in
the excretion of‘ wafer, sodium and potassium. The errors of
prediction of water retention in these experiments suggested that
for the determination of the energy exchange of the calf, the '
indirect method would be less satisfactory than the classical
calorimetriec method.

Similar e:;periments with sheep are described briefly in Section V
but in many of them the indirect method grossly underestimated

energy storage, due to a secretion of potassium through the skin of
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shéep. Though the results counld not, t.herefore., be used to assess
the probable accuracy of the indirect method for the determination
of energy exchange in cattle, they showed that difficulties would
erise from the high potassium content of mamy cattle feeds if the
method was applied to cattle. Under most circumstances, the intake
of potassium by cattle would be so large that errors in the
determination of potassium contents of feeds would in themselves

be sufficient to prevent the accurate prediction of water retention,
and therefore of energy storage, in cattle according to the scheme

outlined.



INTRODUCTION

In the past 50 years there has been a dramatic increase in
our knowledge of animal and human nﬁtrition. At the end of the
nineteenth and the beginning of the twentieth centuries nutrition
was concerned solely with energy and nitrogen metabolism, whereas
today, mutritional status is assessed by reference to a large
mmber of essential food constituents. Yet, as Hutfman and Duncan
(19uk4) have pointed out, the most common dietary deficiency in farm
stock under practical feeding conditions is one of energy, and it
arises not only from local or regional shortages of feed but, to a
greater extent than is generally realised, from a lack ot knowledge
ot optimal levels of feeding (Blaxter, 1950). About half a century
after the pioneering work of Kellner {(1905) and Armsby (1917) on
the development of scientific feeding standards for farm animals,
there is still no fully accepted, or indeed accepﬁable, basis for
the caléulation of the energy requii'eﬁlents ot cattle or of the

ability of the various feeds to meet these reguirements,

Energy feeding standards for cattle

The first outstanding progress in the evaluation of animal
feeding-stutfs was made by Thaer in 1809 (see Thaer, 1809, 1810, 1812,
1837, 1880), when he introduced a system based partly on crude
chennieal analyses of feeds and partly on the results of feeding
trials in which the value of feeds was assessed by reference to
hay., With the progressive accumulation of knowledge of the
chemical composition of feeds, his standard was subsequently modified
by Boussinganlt (1839), by Liebig (1842), by Grouven (1858) and
others until, in 1864, Wolff (1864) attempted to express feed-values
solely in terms of the protein, fat, carbohydrate and fibre that a
feed contains., Thus, the biclogical aspect of Thaer! s. system was

lost.
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Total digestible nutrient system During the course of the

nineteenth century, it was gradually reéognised that a part of the
feed energy is excreted by an animal in the faeces and urine ( see
Henneberg, 1860) and Wolff in 1874 made the first attempt to express
the matritive requirements of the dairy cow in terms of digestible
mtrients. Subsequently, many assessments have been made of the
relative value of feeds in terms of total digestible mutrients,
conmonly referred to as T.D.N. (Atwater, 1874-5, 1890; Hills, 190Q0;
Hagcker, 1903; Hills, Jones and Benedict, 1910; Woll and Humphrey,
1910; Savage, 1912). The stan:ia.rd compiled by Morrison (see
Morrison, 1949) is still widely used; in it the total digestible
mutrients of feeds are calculated as the sum of the digestible
protein, crude fibre and nitrogen-ifree extract and 2.25 times the
digestible fat.

\Net energy (starch equivalent) system The most significant
2y

development in the history of the evaluation of animal feeding-stutfs
came, hbwever, with the formulation of the net energy concept by
Kithn and Keilner of Germany (Kellner, 1905, 1912, 1920; Kellner and
K8hler, 1900) and, independently, by Armsby of the U.S5.A. (Armsby,
1905, 1909, 1917). The concept takes account of a.Ll energy losses
associated with the utilization of feed energy; namely losses in

the i‘aéces, urine and expired combustible gases and the direct heat
losses arising. from the ingestion, digestion and metabolism of a
food, Thus, a thermodynamically sound measure of that part of

the feed energy available for body maintenance, for muscular
activity and for production is provided. According to the net
energy system, the energy value of a food for beef productior; would
be measured as the éalorific equivalent of the fat and protein |
deposited in the body, and for milk production it would be measured
as the calorific equivalent of the milk produced, after a correction
had been made for any change in the fat or protein content of the
body. Armsby chose as his basic unit the net calorie, whereas

XKellner expressed his food values in terms of the value of pure
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starch for fattening, The units are, however, tully interchangeable,
1 kg. of Starch Equivalent being equal to 2360 net Calories for
fattening.

Scandinavian feed-unit system 1In the Scandinavian countries,

a system of estimating the comparative value of feeds for miik
production has developed which is similar in concept to Thaer's
system of 'hay values' but uses as a standard a concentrate féed of
barley or a barley-oat mixture. The early standards were based on
extensive feeding e.xper:mients_‘ carried onth by Fjord and his colla-
borators in Demmark (see Eskedal, 1954) and vy Winkel, Svendsen

and Hansson in Sweden (see Hanssoh, 1902) but these experiments were
not subject to éhemical control. Hansson (see Hansson, 1923) has
since published a scientific standard for the feeding of dairy cows
based on the feed;unit system and derived from an extensive series
of carefully controlled feeding trials in which attention was given
to the chemical composition of the feeds used a.ﬁd of the milk
produced, In it, he expressed the milk producing values of feeds
in terms of a unit of digestible starch and provided factors for
the calculation of values on the basis of the chemical composition
and digestibility of feeds.

- Critique of the different systems of evaluating energ'
requirements of cattle and the energy contents of teeds

Many practical feeding standards based on one or other of the
above systems have been published in the last 50 years but there
is much uncertainty as to which, if any, of them provide a reliable
. guide for the feeding of cattle, In a critical review of feeding
standards for cattle Blaxter (1950) has showm tha"b the energy
requirements for maintenance and milk production given in the
primary standards differ very markedly., &xpressed in terms of net
energy for fattening, the extireme variation noted in maintenance
requirement calculated according to different standards was of the
order of 4O% and similar discrepancies were found in the relative

values of the various foodstuffs as assessed by the different
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standards, Such differences make the use of any published standard
suspect.,

Of the three systems of evaluating the energy contents of feeds
and energy requirements detailed above, the net energy (starch
equivalent) system is theoretically the most satisfactory siﬁce it
is the only one which takes into account all losses of energy
associated with the utilization of feed emergy. The most serious
criticism of the system is that‘put forward by Forbes (1933) and by
Mitchell (1934, 1937) that the net utilization of feed energy is
only at a maximum when the feed forms part of a balanced ration.

It is undoubtedly true that energy utilization is affected by gross
mitritional deficiencies (Kleiber, 19145-‘6)‘ s though not invariably
so (Blaxter and Rook, 1955), and possibly also by gross mtritional
imbalance, but an analysis by breirem (l9i;h, 1953) of Kellner's
original results indicates that variations in crude protein aﬁd
crude fibre content which occur in practical rations are insufficient
to infiﬁence significantly the utilization of teed energy.

~ In the development of a prac;tical feeding standard, however,
factors other than the theoretical correctness of the system on
which it is based determine its usefulness. The object of a
standard is that it should serve not only as a guide to the fee&ing
of individual ca.tt;e put also in the orgamization of feed supplieé
on individual tarms and on a national scale. Since the utilization
of feed energy is known to vary markedly from one animal to another
and also with one animal from time to time, it is critically
important that any standard should be based on determinations made
with a fairly large mumber of cattle under a variety of |
circumstances. |

The technical difficulties associated with the determination
of net energy and starch equivalent values with cattle by the
classical method of respiration éalorimetry have seriously limited
the number of determinations on which a standard can :ue based (to

the extent that most of the values reported in the literature are
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the result of the early work by Kellner and Armsby) and consequently
the mean values reported for the various feeds are of mixed
significance. Kleiber, Regan and Mead (1945) have calculated that
the coefficient of variation attached to the net energy value of
starch, which formed the basis of Kellner's standard, was + 11%,
and Meigs (1925) has 'pointed out that in determining the net u;iliza-
tion of the metabolizable energy of a clover hay Armsby and Fries
(1905, 1908) obtained values as widely scattered as 51, 78 and 93%.

Total digestiblé mtrient standards and Scandinavian teed- “
unit standards are therefore frequently used in preference to the
net energy and starch equivalent standards, since they are based
on the results of very extensive feeding trials and the mean values
for :bhe various feeds are known with a fair degree of certainty. .
There does not appear to be, however, a sutficiently general |
appreciation of the limitations of these standax;d.s. An analysis
by Breirem (15ul) of resﬂts obtained by Kellner has shoun that the
digestible mutrients of roughages are not used by an animal with
the same efficiency as those contained in concentrate feeds and the
total digestible mutrient system is thus net suitable for the |
comparison and evaluation of feeds of diffefent types. This has
been emphasized in practical experiments conducted by Moore and
co-workers (Irvin, Shaw, Saarinen and Moore, 1951; Moore, Irvin and
Shaw, 1953). A more convincing illustration of this point has been
provided recently by Blaxter and Graham (1954). In the Scandinavian
feed-unit system, changes in body substance are allowed for by
reference to changes in body weight, a procedure which can give
rise to considerable errors (see Mgllgaard, 1929).

It seems likely therefore that all the feeding standards
in current use are subject to quite sizeable errors, which
cumulatively give rise to the large differences between standards
indicated by Blaxter (1950). It is difficult to determine which ’
of the availsble feeding standards is the most correct. A practical
comparison of the various standards has been attempted by Yates,

Boyd and Pettit (1942). In an analysis of numerous trials conducted
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in Demmark, they interpreted the results on the pasis of the intake
of feed energy as measured by starch equivalent, totzl digestible
nutrient and feed-unit standards. They concluded that the starch
equivalents of feeds provide a more reliable basis for the rationing
of livestock than do feed-units or &igestible nutrient standards.
Olsson (1951) has shown with working horses that the replacement of
concentrates in the ration by hay according to net energy relation-
ships maintained the weight of the animals, whereas replacement

according to metabolizable energy relationships did not.

Determination of the net energy values of feeds

The foregoing discussion shows that current feeding standards,
irrespective of the system on which they are based, are not a
_reliaole guide to the feeding of cattle. /It shows also that the
"errors present in-total digestible mtrient and feed-unit standards
‘are in the main attributable to the limitations of the systems on
which 't{hey are based, whereas the limitations of the net energy
and starch equivalent standards are to a much greater extent a
reflection of the technical difficulties associated with the
determination of the compléte energy exchange of cattle by the
classical method of respiration calorimetry. This suggests that a
profitable approach to the development of a réliable feeding
standard would be to seek a simpler method for the study of energy
exchange to be used in the determination of the net energy values
of feeds, |

In this thesis a study has been made of the main sources of
error in the determination of net energy values of feeds in energy
balance studies with cattle. As a result, a new method of studying
energy exchange has been developed and it has been compared with
the classical method‘ of studying energy exchange in experiments
with calves and sheep. | |



SECTION I

AN ANATYSIS OF THE CONVENTIONAL METHCD OF DETERMINING HNET
BNERGY VALUES '

The net energy principle

The foilowing definitions are an essential introduction to a
study of net energy values.
 The gross energy of a feed is the heat liberated on combustion
as determined by bomb calorimetry. |

The metabolizable energy of a feed is the gross energy less

the energy lost to the animal in the faeces, urine and expi;'ed
combustible gases., it is not a term of distinct physiological
significance since it includes the heat lost during fermentation in
the gut and it does not include the energy of excretions into the
alimentary tract, which is lmown as the 'metabolic faecal energy!

(Blaxter and Mitchell, 1948).
)

The heat production of an animal can be measured by 'direct!
or 'in.di:"ect' caloriﬁletry. in 'direct' calorimetry, heat ﬁroduction
is calculated from the heat loss determined by calorimetric methods.
(This is not a practical method in the determination of net energy
values and will not be referred to in the subsequent discussion,)

In ‘indirect' calorimetry, the heat production is caleulated from
oxygén consumption, carbon dioxide production and urinary nitrogen
excretion, or from carbon and nitrogen balance data.

The energy balance is given by subtracting the heat production

from the metabolizable energy intake, or it mzy be calculated from

carbon and nitrogen balances.

The net energy value of a feed is defined as the increase in
energy storage which occurs when a unit weight of the food is added
to the preduction ration of a fattening animal. The relation between
energy balance and feed intake is curvilinear and net energy values
are determined only between the limits of maintenance and approximately

2% times maintenance, over which range the relationship is
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approximately linear, Below the maintenance level of feeding, the
heat losses associated with the utilization of feed energy are less
than 'bhosé observed above the maintenance level, whilst at levels
of feeding above approximately 2% times maintenance, energy balance
per unit of food declines due, among other things, to a decrease in
digestibility.

The net energy value of a food may be calculated from the
following equation:

Net energy value = KAX KPI x_G_ sesssevvessessene (l)
¥

where, KA =Ey - By
My - My

and KH=

Q=

the net availability of the metabolizable

Ky
energy, expressed as a %

Ky = the metabolizable encrgy as a % of the
’ gross energy ' -

= the gross emergy of the food (Cal.)

G

F the tood intake (kg.)

E = the energy balance (Cal.)
ol

= the metabolizable energy intake (Cal,)

‘Subscripts 1 and 2 refer to the levels of feeding, one
at or sbout maintenance and the other at some higher

level.

Errors attached to determined net energy values of feeds

The error attzched to a net energy value of a feed determined
according to the classical difference procedure can be estimated
from an analysis of replicate determinations of net energy valv_.és
reported in the literature. 'The analysis of variance technique
has been used to give in Table 1 the standard deviation and
coefficient of variation attached to deteminations of net energy
values reported by several authors, With the exception of :the

results of Forpes, Braman, Kriss and Swift (1933), the standard
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deviation is consistently high. The mean value of + 221 Cal./kg.
dry matter is equivalent to + 9.3 ﬁnits of starch equivalent,
i.e. approximately two-thirds of the estimates of the starch
equivalent of a hgy with a starch equivalent of L0 would lie
.between the values of 31 and L9.

An analysis of many determinations of metabo.lizable energy
of feeds made by R:i.tmann-and Benedict (1938) is given in Table 2,
and this shows that only a small error (coefficient of variation,
+ 1,66%) is attached to a determined metabolizsble energy of a feed,
A s::.m::_‘l.ar analysis of detemii;ations of the net energy of feeds made
by the same authors (Ritzmann and Benedict, 1938) gave a much
larger error (coefficient of variation, + 8.33%). The high error
attached to determined net energy values.of fe;ads is, therefore,
associatéd largely with the determination of the net availability
of the metabolizable energy. .

There are four factors which could contribute to the error:
(a) analytical and instrumental errors; (b) errors of interpretation;
(e) the‘magniﬁ.cation of technical and interpretational errors by
the experimental designh; (d) the biological variations of animals

in the utilization of feed energy.

Analytical and instrumental errors These are usually small

(see Mitchell, 1935) and it is unlikely that improvements in
technique would redunce significantly the error attached to a net
energy value,

Errors arising fi'om the interpretation of the results of

indirect calorimetry The computation of energy storage from

carbon and nitrogen storage by use of the factors of Armsby (1917)
has been shown by Blaxter and Rook (1953) to give rise to an
error of the order of a few per cent. This error, however, Awould
be systematic and would not be included in the estimates of
variation given in Table 1. .
The respiratory quotient method of computing energy storage
makes the following assumptions:- (1) that the dissimilation of

fat, protein and carbohydrate results in characteristic respiratory




TABIE 2

Analysis of variance of the metabolizable energy value
of rations composed of single feeds (calculated from
the data of Ritzmann and Benedict, 1938)

Source of Degrees of Hean . Variance ratio

variation freedom square (e22)
Between feeds 1n 128,076 3.45*
Within feeds 25 3,711 |
Total 36 -

Coefficient of variation within feeds + 1,66%

"

#Significant when P = 0,01

TABLE 3

Analysis of variance of the net energy values of rations
composed of single feeds {calculated from the data of
Ritzmann and Senedict, 1938)

Source of Degrees of Mean Variance ratio

variation freedom square (e22)
Between feeds 11 255,884 8.37*
Within feeds 25 30,559 ‘
Total 36

Coefficient of variation within feeds + B.337%

*Significant when P = Q,01
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guotients, and (2) that the Bliebtreu equation (Bliebtreu, 1901)
gives a correct estimate of heat production when the non-protein
respiratory quotient is greater than 1,0. 1in a metabolism
experiment in which the non-protein respiratory quotient does not
rise above 1.0, calc_:ulation of the heat production by this method
is valid provided account is taken of the loss of intermediate
metabolites and of urinary carbon dioxide. The absolute accuracy
of the calculation is, however, determined by the values taken
for the calorific value of body fat, protein and carbohydrate and
for the réspiratory quotients.which arise during their dissimilation,
Only small systematic errors would be incurred and these would not
be included entirely :Ln the estimates of variation in Table 1,
Caleculations 6f heat production involving the use of the
Bliebtreu equation are, however, open to question since the equation
is entirely empirical and is known to overestimate heat production
in the steer on occasions by 500 to 1000 Cal. If, in a difference
experiﬁent, the higher plane of mutrition gave rise to an R.Q. greater
than 1.0 and the lower did not, an interpretational error of this
order could arise. Such occasions, however, would be of infrequent
occurrence, |

Variation arising trom the experimental design The determina-

tion of a net energy value according to equation 1 (p. 8) requires
estimates of the energy balance to be made at two levels of feeding,
and the er:lrors attached to the two estimates are attached finally

to the net energy value. The experimental design, therefore,
maximises analytical and instrumental errors and the errors of
interpretation, and in an experiment in which the two planes of
mtrition differ oniy slightly, these errors will assume an importance
greater than has been suggested in the previous discussion. This

is illustrated by the high errors attached to the results of Mitchell,
Hamilton and Haines (1940) (seé Table 1) for the net energy of
glucose, in which the planes of nutrition differed by less than

half the maintenance requirement.

Also, in the difference type of experiment used in the
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determination of net energy values, variations in the maintenance
requirements of an animal are included in the error attached to the
net energy value. Ritzmann and Benedict (1938) have emphasized the
wide variations in heat production which may occur over periods as .
short as 6 to 8 weeks and an experiment with cattle for the
determination of a net energy value mgy cover a similar period,

The variations observed by Ritzmann and Benedict were of the order
of + 2000 Cal./day, equivalent to appro:ti.mately 20% of the basal
heat production of a stéer. It appears probable, ;oherefore, that
a large part of the estimate‘ of variation recorded in Table 1 may
be attributed to variations in maintenance regquirement throughout
the course of an experiment.

Variation arising from differences in the utilization of feed

enérg_by animals  Animals may differ in their utilization of feed

energy in two ways: they may have different maintenance requirements
for energy or they ‘may differ in the efficiency with which they
utilizé feed energy. According to ‘Ehe cénventional method of
calculating net energy values, variations in maintenance requirements
from animal to’ animal, as distinct from variation in the maintenance
requirement of an individual animal throughout thé experimental
period, do mot give rise to different values for a single feed. The
efficiency with which an animal utilizes its feed emergy is, however,
included in the value; in tact, a.ne’o energy value is a measure not
only of the availzble energy of a feed but of the efficiency with
which an animal utilizes it. .Variat.ior-xs in the etficiency of the
converter are thought to be responsible for a large part of the
variation 'observed in calorimetric studies with cattle. The errors
attached to net energy values reported in the literature .are confounded
and it has not been possible to use them to give a precise estimate

of variation between individuals in the efficiency of feed utilization
but in experiménts conducted by Forbes, Braman and Kriss (1930),

with two steers, similar in size and breed, on three rations, the

utilization of metabolizable energy by ore steer was consistently
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and significantly higher than in the other. The mean net etficiencies
for the utilization of metabolizable energy were 56.6 and 59.5%., It
can reasonably be assumed that considerably larger differences exist

between cattle dissimilar in breed a.nd' function.

Methods of increasing the usefulness of net energy values

From the foregoing discussion it follows that the two factors
largely responsible for the high errors attached to the net energy
determinations recorded in Table 1 are (a) the use of experimental
designs in which only small differences in mutritional plane are
employed and (b) the variations due to biological differences between
animals and within individual animals from time to time. Any
attémpt to increase the usefulness of net energy values must seek
to minimize the effect of either or both Af these factors.

The introduction of experimental designs in which 1argé
differences in rmutritional plane are employed is always limited by
the appéti'l;e of the animal and by f,he decrease in digestibility
observed ab high levels of feeding. To mimimize the effect of the
biological variation observed in animals by inereasing the rumber
of determinations on which a net energy value is based, would
appear, therefore, to offer the greatest scope.

A new approach to the determination of the net energy
values of feeds -

In the paét, replication has been limited by the technical
difficulties associated with the determination of energy balanceé
on farm animals and by the cost of building and running respiration
chambers., bBecause of these technical difficulties, many detemiﬁna—
tions of net energy values have been based on respiration studies
lasting only 12 or 24 hr. and in such short periods undue importance
is attached to the activity of the aninal. To facilitate replica-
t:%.on, it is therefore necessary to dispanse with respiration
chamber technique. This would be desifable also from another point

of view. The conditions within a respiration chamber ére not
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comparable with those of stall-feeding, since exercise is limited
and the atmosphere of the chamber contains carbon dioxide, water
vapowrand other gases in quantities sufficient to be obnoxious, if
not harmful,

Several possible indirect methods of studying energy exchange,
that are independent of respiration chamber technique, have been
reported in the literature. The determination of heat production
from insensible loss of body weight has been considered by both |
Kriss (1930) aﬁd Mitehell and Hamilton (1936) but both groups of
workers are of the opinion that‘the method could not be used with
accuracy in the determination of energy halances in cattle, The
insensible loss of body weight measures the difference: between the
losses from the body of water vapour and carbon dioxide and the uptake
of oxygen, and for its interpretation a lqnowlédge of the respiratory
quotient is necessary. Kriss,and Mitchell and Hamilton, fﬁund that,
under brd:i_nary conditions of stall-feeding, the respiratory quotient
is too variable to be assumed constant during the period of a
determination,

Recently, a n@ber of methods of estimating qualitative differences
in pody composition have been proposed by Arnericén workers., Keys,
Brozek, Henschel, Mickelsen and Taylor (1950) used measurements of
skinfc;ld thickness and body proportions to assess the degree of
fatness in humans, but such methods are of low accuracy. Lesser,
Blumberg and Steele (1952) have introduced a novel scheme for the
estimation of body fat based on the different solubilities of
cyclopropane in the fatty and fleshy tissues of the body but this
method -is also of low accuracy. The schematic division of the bedy
into its four major constituents - fat, protein, ash and water - as
performed by Keys et al. (1950) and by McCance and Widdowson (1951)
in qualitative studies with humans could, however, be adapted for
use in quantitative studies of energy metabolism, since the prin;iple
of the method can be applied equally to the growth of an animal,

as follows:~
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G=F+Pa+Wa+A .iireiiietcenrsnssccnass (2)
where, .

G = total gain of body substance

F = gain of body fat

P = gain of body protein

W = gain of body water

A = gain of body ash
Fat storage can therefore be determined by difference if the incre-
nmdnts of body subst;ance, protein, ash and water can be measured,
In the intact animal, the cloéest approximation to the gain in body
substance is given by the gain in weight, and equation (2) would
therefore have to be modified as follows:-

F = I' - (P-Q-TIAA) - W - d ssacssscscsrcssece (3)

where,
L = gain in weight
w = change in water content of the gut
d = change in dry matter content of the gut

Protein‘ and ash retention by an animal, which includes protein and
ash retained within the gut, can be estimated with accuracy from
the nitrogen and ash fetentions. Changes in the’ dry matter content
of the gut would therefore lead to only small errors amounting to

a weight of fat equivalent to the weight of non-protein organic
matter stored in or lost from. the gut. The accuracy with which fat
storage could be predicted from equation (3) would thus depend on
the accuracy of the measurements of body weight and of the change
in water content,

For the indirect method to provide a satisfactory alternative
to the method of respiration calorimetry for the study of energy
metabolism in cattle, it mst permit the estimation of energy
retention with a coixparabie accuracy. No fully satisfactory estimate
of the error atﬁached to a measurement of energy storage in cattle
by the calorimetric method can be derived from the many published
results of energy metabqlisxn studies, since the errors of technique

and interpretation are confounded with the variations in heat
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production due to short term changes in the metabolism of the animal
under study. Kriss (1925), however, has made numerous simultaneous
estimations of heat production in cattle by the indirect C and N
balance method and by the direct measurement of heat losses. The
standard deviation of a series of 36 estimates of heat production

in milking cattle was s 388 Cal./2L hr. and there was no systematic
difference between the estimates. This suggests that fat storage

in cattle can be estimated by calorimetric methods to within + 50 g./day.
The relatively simple experimental technique required by the indirect
method would make it possible :l‘;o study energy storage over much
longer periods than is usual in calorimetric studies. A suitable
pericd would be of the order of 3 weeks, andL fat storage would have
to be estimated to within 21 x 50 g., i.e. approximately 1 kg.

Errorvs of this order could quite easily arise in the measurement
of body weight gain by the equipment commonly used for measuring bédy
weight of cattle, but the most modern weighbridges are capable of
greatef accuracy. If, however, it is assumed that the measurement
of body weight gain is absolute, water retention in cattle over a
2]1-dgy period would have to be estimated to within + 1 kg., which
is equivalent to less than + 0.5% of the body water of a mature
steer. "

The remainder of this thesis is concerned with the development \
of a method of estimating water retention that would have such a
degree of accuracy that it could be used in the determination of

energy storage of cattle by the indirect method.
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SECTION II

EXPERIMBNTAL METHODS

a) Methods of Analysis

The collection and sampling of material

Body tissues and fluids of cattle Samples of body tissues

and fluids were obtained from cattle slaughtered in an abattoir.
Extreme care was taken to avoid contamination of the samples and to
prevent loss of moisture from them by evaporation.

Two samples of blood weré taken from each animal immediately
after death. One was allowed to clo£ to provide a sample of serum
and the other was defibrinated by shaking with glass beads. Tissue
samples were obtained immediately the animal was skinned and
sub-samples of 100 - 5C0 g. were transferred quickly to tared
stoppered bottles. The brain cavity was opened within 15 - 30 min.
of death and samples of brain tissue were taken with the same
pfecautions. Bone was sectioned with a meat saw before removing
the skin, thus avoiding excessive contamination or loss of moisture
from the sample., Samples of the fluids from the pericardial sac and
the posterior chamber of the eye were also obtained. Large samples
of the contents of the rumen, abomasum, small intestine and caecum
were taken into stoppered vessels immediately the gut was removed

_from the animal.

The uteri of four pregnant cows were collected at the abattoir
and brought to the laboratory for dissection. They contained foetuses
of 3, 5, 7 and 8 months, as judged by the criteria of Hammond (1927).
The foetuses of 3 and S months were macerated in a high speed
homogeniser and samples of the homogenates were taken into stoppered
bottles. Tissue samples were taken from the i‘oetus. of 7 months,
i‘ollox»;ﬁng the procedure adopted for cattle. Samples of amniotie
fluid and allantoic fluid were taken from three of the uteri. MNo
attempt was made to analyse the walls of the hypertrophiéd uteri

since contamination and loss of moisture were unavoidable,
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A small number of tissue and fluid samples from two wethers
were also taken, following the procedures described,

Foods, food refusals, urine and faeces The usual care was

taken in the balance trials to ensure that the collection of materials

was quantitative and that samples were representative,

Determination of water

Body tissues other than fat The samples in their original

containers were dried at 100° "bo constant weight.

Fat Large samples of apbroxim&tely LO g. were dried at LO°
in vacuo over CaClp.

Body fluids The moisture content was determined by the method
of Golding (1934). o - ,

Foods, food refusals, milk, urine and faeces About 5 to 10 g.

of material were dried at 100° to constant weight.,

Determination of ash
From 5 to 10 g. of material were dried, charred over a low

bunsen flame and then incinerated at 550° in a muffle furnace.

Determination of nitrogen .

A sub-sample of fresh material containing up to 25 ng. of
nitrogén was digested with cor;centrated sulphui'ic acid (20 ml.) and
potassium sulphate (8 g.) with the addition of copp;er sulphate (2 g.)
and selemium. (0.2 g.) as catalysts. The ammonia was distilled into
boric acid and titrated directly with standard acid, using the

screened indicator me'l",hyl red - brom-cresol green.

Determination of carbon

Samples of fresh material containing not more than 0.1 g.
carbon were combusted in a stream of oxygen and the gases were
passed over heasted copper oxide and a copper oxide - lead flux

(see Pregl, 1924). The carbon dioxide was absorbed on solid caustic

soda dispersed with pumice stone,
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Determination of calorific value

Calorific values were determined in a Baird and Tatlock bomb
calorimeter. The temperature change was measured with a thermistor
thermometer*, with a range of 15° to 20° and reading to Elo_ao. The
thermistor ﬁas calibrated against a long-stem mercury-in-glass
thermometer, with an N.P.L. certiticate, feading to ‘2150 over the
rénge of 15° to 20°.

In the calculation of the calorific value, use was made of
the Regna;.llt-Pfaundler cooling correction and deductions were made
for the heats of formation and sclution of the higher oxides of
nitrogen and sulphur. The water equivalent of the bomb was detemiﬁed
with benzoic acid (themdchemical grade, British Drug Houses, Ltd.).

| With dried materials (hay, concentrates, etc.) samples were
prepared for analysis by compressing 1 - 2 g, of material into a small
pellet. The caloritic contents of faeces and milk were determined
on sambles of the fresh material dried at 60° to minimize the loss
of volatile organic constituents.; The calorific content of calf
urine was calculated from the carbon content, using a factor of
3.65 Cal./g. of carbon (Tomme and Taranenko, 1939), but for sheep
urine a direct determination was made on 10 ml, of urine evaporated

to dryness under vacuum over concentrated sulphuric acid.

Determination of potassium and sodium

The methods used for the determination of potassium and sodium
were modifications of the sodium cobaltinitrite and zinc uranmyl
acetate procedures. Certain of the modifications were suggested_ by
Dr., S. J. Rowland, of the National Institute for Research in Dairying,
Reading, to whom the author is grateful.

Great care was‘ taken in the preparation of all the apparatus
used., Glassware was cleaned in chromic acici; washed free from acid

and finally boiled in distilled water.

*The author is indebted to Dr. W, R. Beakley of the Hannah Institute
. for the design of the instrument. Details of the technique used to
obtain linear calibration have been published (Beakley, 1951).
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Potassium With the exception of serum and other body fluids,
a sample of material containing up to 200. mg. of potassium was
dried and ashed at 550°, The ash was extracted with 5 ml. of N-HCl
plus 25 ml, of distilled water and the solution filtered. Aliquots
- of 5 ml. were diluted with water to 20 ml., and the potassium was
precipitated at 20° by the rapid addition, with stirring, of an equal
volume of the sodium cobaltinitrite reagent of iiramer and Tisdal).
(1921), previously warmed to 20° and filtered. After 2 hr. the
precipitate waé filtered on a gooch crucible, washed with 70% ethanol,
dried and weighed. Potassium in standard solutions was prec;i.pitated '
under identical conditions and a calibration curve obtained.

For serum and other body fluids the method of Barry and Rowland
(1953) was adopted. The potassium was precipitated directly from
1 ml. quantities of material (Kramer and Tisdall, 1921) contained in
a 15 ml. graduated centrifuge tube, by the rapid addition with mixing
of 3 ml. of a more dilute sodium cobaltinitrite reagent (obtained by
dilution of the reagent of Kramer and Tisdall (1921) with an equal
volume of water). Precipitation was done at 20°, After 2 hr. the
mixture was centrifuged; the supernatant liquid decanted and the
precipitate washed successively with 5 ml. volumés of 35%, 70% and
70C% ethanol (xden, 19L3). The pfecipitate was dis;solved-in 3kml.
di;tijled water, 1 ml., of a 1% solution of choline hydrochloride was
added and the solutions mixed. thoroughly. One ml. of a freshly
prepared 2% potassium ferrocyanide solution was then added, fhe volume
made to 6 ;111. and the contents mixed, Ai‘ter centrifugation, to remove
slight cloudiness due to denatured protein, the green colour was
determined photomet.ricé.lly (Jacobs and Hoffman, 1931). A series of
standards was included in each batch of determinations.

Sodium

Preparation of protein and phosphate free solutions With body

tissues, feeding stuffs, faeces, urine and milk, a suitable quantity
of material was ashed as for potassium. The ash solution was made
alkaline to phenol-phthalein by the addition of solid calcium

hydroxide and filtered, With serum and other body fluids, 2 ml. were
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diluted with 10 ml, of water in a 25 ml. volumetric flask. Five nﬁ.
of a 15% solution of trichloroacetic acid was added dropwise wiﬁh
mixing,.rollowed by 5 ml.’ of a saturated solution of lead acetate
and one drop of caprylic aleohol, The soclution was made to volume
and filtered.

Determination of the sodium Aliquots of the above sera,

containing at least 0.75 mg. of sodium, were concentrated to
approximately 1 ml. and the sodium precipitated by the addition

of 10 ml, of zinc uranyl acetate reagent (Peters and Van Slyke, 1932).
The solution was stirred for 5 hin. and allowed to stand for 1 hr.

The precipitate was transferred quantitatively to a sintered glass
crucible, washed first with 95% ethanol saturated with sodium zinc
uranium acetate and then with ether, and finally it was dried by
drawing air through it., It was weighed after desiccation for 1 hr.
Blank corrections were determined i‘or both procec_iures by extrapolation
of a graph relating weight of precipitate to weight of sodium in a

series of standard solutions.

Determination of chloride

The Volhard procedure described by Peters and Van Slyke (1932)

was used.

Determination of the red cell weight of blood

Ten ml. (¥ g.) of defibrinated whole blood were centrifuged
in a 15 ml. graduated centrifuge tube and the serum layer pipetted
inte a crucible. The cells were washed by centrifugation with three
5 ml. quantities of physiological saline, the washings were added
to the serum, and after the lest washing the volume of clear liquid
remaining above the cell layer was recorded (x ml.). The dry matter
contained in the serum plus washings and the dry matter content of
the whole blood were determined. |

The following calculations gave an estimate of. the red cell

weight.
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1) weight of serum dry matter in weight of NaCl
dry matter iny g. (A) = separated serum - in (15-x) ml. of
of whole blood plus washings . saline

2) weight of serum ,
in y g. of whole (B = 100 4 i
blood % dry matter of the serum
3) red cell weight = V y-3B
of blood y

b) Respiration apparatus for use with calves

Energy balance studies with animals pfesent technical difficulties
quite distinct from those enco;‘mtered in the determinatioh of nitrogen
or mineral balance, since insensible losses in the form of direct
heat loss or of gaseous excretion products have to be measufed. In
the 'direct! method of studying 'er;ergy exchange, the animal is housed
in a calorimeter and the actﬁal heat loss is determined directly.

The cost of construction of an animal calorimeter for use with farm
animals is in most instances prohibitive and 'indirect! méthbds, for
which less costly apparatus is required, are ﬁ'sually preferred.

'i‘l"Le heat production of an animal may be determined 'indirectly!'
by calculation from data on oxygen consumption, carbon dic;.'xide
production and urinary nitrogen excretion. If fhe energy intake 1n
the food and the losses of energy :Ln the faeces, urine and rumen
' gases areA also &etermined, the complete energy exchange of the animal
can be >calcu1ated. Alternatively, - the energy balance may be
calculated from C and N balance data, on the assumption that fat and
protein of a constant composition are the only energy containing
substances stored in the animal body. Though the assumptions made
in the calculation of energy balance by either of the above methods
are not strictly correct, the two methods give results in close
agreement with one another and with those determined 'directly’
(Atwater and Benedict, 1902; Kriss, 1925). :

For serial 24 hr, determinations of energy exchange by either
of the indirect methods, the experimental animal must be housed in a
respiration chamber. The design of the apparatus may be based on one

of two principles, that of Pettenkofer or that of Regnault-Reiset
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(see Paschtner, 1931). In the Pettenkofer (open-circuit) type of
apparatus, the animal is housed in a sealed chamber through which
air is passeci at a measured rate, and the increase in carbon dioxide
content, and in certain apparatus the fall in oxygen content, is
determined. Two major technical problané have to be over come in the
construction of this type of respiration chamber; the volume of the
outgoing air has to be measured accurately and a continuous sample
of the effluent air has to be taken for analysis for carbon dioxide
and oxygen content,

The most accurate method makes use of mercury air pumps
(Mpllgaard, 1929; Kleiber, 1935) but the equipment is too expensive
for general use. Workers in Europe (Heinzl, 19L44) and in vAustralia
(Marston, 1948) have used wet gas meters for the measurement of the
effluent air volume but such instruments are not available in this
'country. In an open-circuit respirétion chamber for calves constructed
by Dr. K. L. Blaxter (see Blaxter, CGraham and Rook, 1954), the method
of Benedict, Collins, Hendry and Johnson (1929), in which the out-going
air is passed through a drying column before its volume is measured
by an ordinary dry gas meter, was adopted. A continuous sample of
effluent. air was taken by means of a sampling device worked by the
meter needle, which completed an electrical circuit at one point in
each'revolutién. Though the apparatus was used in studies of the
energy exchange of the calf (Blaxter, 1952), it was not an unqualified
success. Prior to each run, considerable time had to be spent in the
setting of the sampling device and the operation of the chambezj was
tedious, requiring constant attention.‘ Quite apart from these
technical difficulties, the most accurate results were obtained when
"the carbon dioxide content of the chamber air was maintained at 0.7
to 0.9%. The heat production of an animal within the chamber could
not, tlzxerefore, be considered typical for animals ﬁaintained under
more natural éonditions. .

In the development of an apparatus for use in the present
studies, attention was turned to the possibility of constructing a

Regnault-Reiset type of respiration chamber which would prove more
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satisfactory in operétion than the above Pettenkofer apparatus. The
Regnault-Reiset principle is that of maintaining the experimental
animal in a closed system from which the water vapour and carbon
dioxide are removed continuously and in which the oxygen consumed

is continuously replaced from a reservoir. The méjor technical
difficulties to be overcome are the construction of an apparatus free
from leaks and the removal of the large quantities of carbon dioxide
and water vapour produced by a sheep or a calf.

A respiration chamber of this type, for use with calves, was
successfully constructed, and it has proved suitable for serial 24 hr.
deﬁerminations of energy exch;ﬁge. Details of its construction will
be given in full. A respiration chamber similar in construction but
modified by Dr. K. L. Blaxter and Mr. N. licC, Greham for use with
sheep (Blaxter, Graham and Rook, 1954) was used in the studies of
energy balance with sheep.

Details of construction of the Regnaulit-Reiset type
respiration chamber and ancillary apparatus

The apparatus is illustrated in Plate 1, and a sectional view,
together with an index of parts, is given in Figure 1.

The respiration chamber The chamber (a) was constructed from

1/8 in. sheet iron strengthened at the edges with 1§ in. angle iron,
The sheet iron was first attabhed to fhe angle iron with rivets, the
headé of the rivets were then brazed and the angle iron was welded
to the sheet metal.  The oil-seal (b) was rivetted on to the body and
was lined with red lead sealing compound, The placing of the seal
at the top of the chamber, as opposed to the moré usual position at
the base, increased the rigidity of the structure and also facilitated
the testing of the apparatus for leaks, since the body of the chamber
could be filled campleteiy with water. .

The outlet and inlet pipes (cl, c2) of the circulation system,
‘the oxygen inlet pipe (d), the urine outlet (e), the gas-sampling
tap (f), the inlet for liquid diet (g) and the conduit piping for

the electrical leads (h) were next fitted. The method of joining a
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FIGURE 1.

Sectional view of the Regnault-Reiset type of respiration
chamber and ancillary apparatus: a, body of chamber; b,
oil seal; ¢ 1, 2, outlet and inlet pipes of circulation
system; d, oxygen inlety; e, urine outlet; f, gas sampling
tap; g, inlet for liquid diet; h, electrical leads; i, lid
of chamber; j;, 2, inspection windows; k, absorption
systemy 1, rotary air compressor; m, direct reading flow
gauge; n, spirometer; o, oxygen cylinder; p, compressor
switchboard; q, chamber switchboard.
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pipe to the chamber was as follows: +the end of the pipé ﬁas threaded,
a brass flange was brazed on to the pipe beyond the thread, a rubber
washer was placed next to the flange and the pipe was fitted into
position through a hole in the chamber. A second washervand flange
were placed on the pipe from the inside of the chamber and the pipe
was held in position by a mut screwed up tightly againsf the second
flange. The conduit pipe was of a U-shape and after the electrical
leads were inserted it was sealed by filling with molten wax. The
feed funnel was connected to the feed pipe through a glass U-tube
which was sealed by filling it with water. The urine outlet secal
consisted of a straight pipe leading from the base of the chamber
into a small nickel cup, from the top of which a pipe led off into a
collection vessel,

The 1id of the chamber (i) was constructed in a manner similar
to that of the body of the chamber; The inspection windows (jl, jz)
fitted into the 1id were made from two layers of perspex sealed to
either side of the sheet iron with sealing compound and fixed in
position with muts and bolts. The heads of the bolts were sealed by
painting with a solution of perspex in acetone.

All seams and joints in the apparatus were covered with red
lead paint., The inside of the chamber was painted white.

The animal cage The cage is illustrated in Plate 2 and the

details of its construction are given in Figure 2. The framework

of 7 in. angle iron was covered with gélvanized sheeting and iarge
mesh wire netting., The heating element of the thermostating circuit
was held in mica guides immediately above the circulation fan at the
head of the cage. The thermostat, sensitive to changes of O.2°, was
attached to the body of the chamber at the.end opposite to the heater.,
The temperature inside the chamber could be varied between about 2°
above ambient air temperature and 30°, and the two fans and baffle
arrangement gave a satisfactory temperature distribution, in spite

of the fact that the urine pan tended to cut the chamber into two

temperature zones.
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FIGURE 2,

Sectional view of the animal cage used in conjunction
with the Regnault-Reiset type of respiration chamber:
r, heating element in air-stream of fan; s;, 9, air
circulating fans; t3, 2, air baffle plates; u, urine
collection pan; v, feed bucket; w, light.
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The feeding device consisted of a bucket comnected by tubing
through the base to the feed inlet pipe and was fixed below the
heating element on a level with the floor of the animal cage.

The absorption system The absorption system {k in Figure 1)

was designed to take two absorption trains and the air flow could

be directed through either as desired. All permanent joints in the
system were sealed J'uith hemp and gas fitters compound or were brazed.
The connections between bottles were made with 1 in. fibre-walled
rubber tubing.

Each absorption train consisted of nine 20-litre capacity
bottles manufactured from polythene by a welding process. The
absorption bottle and the two types of head for use with calcium
chloride and liquid potash are shown in Figure 3. The first four
bottles in each train were charged with 8 to 10 kg. granulated calcium
chloride (about 1 in., mesh) for the absorption of water vapour. The
next two bottles contained approximately 5 litres of stromg (50°
baumé) potash for the absorption of carbon dioxide and were followed
by a further three bottles filled with calcium chloride to absorb
moisture carried over from the liquid potash.

Air was circulated through the absorption train by means of a
rotary compressor (1) capable of delivering 500 vcu. tt, of air per
min, at 13 1b./sq. in. pressure, and the circulation rate was
controlled by a by-pass system fitted with a steam valve., The rate
of flow was at first measured with a dry gas meter but this was
later replaced by a direct reading flow gauge (m).

The quantity of absorbents given were arrived at by trial and
error and have proved sufficient for £he absorption of the water
vapour and carbon dioxide produced by a calf weighing up to 150 1b,
and consuming 8 litres‘of cows' whole milk daily, provided a
standardized system for the renewal of the absorbents was adhered
té. The requisites for the satisfactory absorption of the gases
were that the carbon dioxide level in the chamber did not rise above

0.3% and that the gain in weight of the last bottle of each calcium



FIGURE 3. Absorption bottle for use with the Regnault-Reiset type
of apparatus: A, 20 litre capacity absorption bottle of
welded polythene; B, absorption head for use with liquid

potash; C, absorption head for use with solid anhydrous
calcium chloride.
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chloride series was not more than 30 g. As soon as the last bpttle
gained as much as 30 g,, the first bottle of the series was recharged
with absorbent, the other bottles were each moved up one place in the
train and the recharged bottle placed at the rear. At the end of
each 24-hr. run the first of the two potash bottles was renewed and
the bottles were interchanged.

In the apparatus for sheep, methane was allowed to accumulate
within the chamber and tixe quantity produced was estimated by
analysis of the chamber air.

Qxygen supply thygex; was stored over water in a large volume |
spirometer (n), the construction of which has been described by
Blaxter and Howells (1951). The oxygen lead passed through a water
bubble valve, which responded to a negative pressure of approximately
1 cxn.. of water and ensured that the gas was completely saturated with
water vapour,

The gas analysis apparatus A change in the composition of

the chamber air due to changes in barometric pressure or atmospheric
temperature, or due to incomplete absorption of carbon dicxide would
lead to errofs in the estimation of carbon dioxide production and
oxygen consumption and it is fherei'ore necessary to determine the
composition of the chamber air at the beginning and end of each
experimental period. The gas anaJySis apparatus used in the present
studies was of the Haldane type, consisting of potash and pyrogallol
absorption pipettes controlled by a single two-way stopcock (Carpenter,
Lee and Finnerty, 1930) with a compensating burette system. The
novel feature of the apparatus was an automatic levelling device
consisting or a levelling burette which could be shut off from the
measuring burette by a stopcock, when a fine adjustment of the potash
and pyrogallol levels was given by a scfew clip attachment. OCpening
the levelling burette alternately to room air and to a>constant

head of negative pressure gave a continuous movement of the mercury
in the bulb of the measuring burette., This system, though slow in

operation, excluded the possibility of accidents, in the form of




- 27 -

mercury being drawn into the absorption burettes or of absorbents
beingg drawn into the measuring burette, which are apt to occur
occasionally with a hand levelling device,

Testing of the apparatus for leaks 1In a closed circuit

respiration chamber a leak in the apparatus has a direct effect on
the inflow of oxygen from the spirometer, and it is particularly
important that a leak should be detected readily and that where
necessary its magnitude should be measured. During construction,
the apparatus was tested for leaks at each stage by filling the
body of the chamber and the 1id with water. The polythene
absorption bottles were tested by holdihg in Wafer under pressure.
In the assembled apparatus, leaks were detected by running the
chamber for 2L hr, periods, during which time any leaks that might
exist gave rise to a change in pressure w:.th:m the chamber,
(Corrections were made for change of temperature or atmospheric
pressure;) In the course of experimental pericds, the development
of a ieak was shown by a change in air composition and its extent .
was éaiculated from the change in nitrogen content of the chamber.

Procedure for the determination of the energy
exchange of the calf

The heating element and the fans were switched on half-an-hour
before the start of a run to allow tile chamber to attain working
temperature., Meanwhile, the spirometer was filled with oxygen and
the ab_sorption bottles charged and weighed. The calf was harnessed
for the separate collection of faeces and urine and then weighed.

It was fitted with a faeces collection bag, the 1lid of the chamber
was removed and the calf was lifted into the chamber by means of

a sack hoist mounted in the roof. The 1lid of the chamber was
replaced and after temperature equilibrium was regained, a sample

of chamber air was taken for analysis, the system immediately closed
and the time recorded. The ‘reading of the spirometer and the
spirometer temperature were noted and the lead from the spirometer

bell to the chamber was opened. The compressor was started and
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the speed of circulation was adjusted to L4 cu. ft./min.

The oxygen supply was renewed as required by temporarily
isolating the chamber from the spirometer and refilling it from a
cylinder of oxygen (o). The calf was fed at the usual intervals
and the urine was collected throughouf; the run, The barometric
pressure was recorded daily.

‘At the end of 2l hr. the chamber air was again sampled for
analysis and the volume of oxygen consumed. was recorded., The air
stream was then switched to the second series of absorption bottles
which had in the meantime been charged and weighed. The first series
of bottles was weighed and reassembled in the train. At thé end of
48 hr. a similar procedure was adopted but the calf was also removed
from the chamber for weighing and the collection of faeces.

A similar routine was adopted for sheep, but the animal was
removed from the chamber for weighing and removal of faeces at the.
end of each 2i hr. run, at which time the dgys rations were placed

in the feed hoppers.

The calculation and interpretation of results

The protocols for a typical 48 hr. period are set out in Tables

L, 5, 6 and 7. The energy balax_xce was calculated byl two procedures
to give a constant check on the accuracy of the results,

| In method 4 (Table 7), the factors for the carbon and calorie
content of fat and protein were those given by Blaxter and Rook
(1953)}. These factors were derived from analyses of samples of
muscle, liver, brain and fatty tissue of cattle in a normal state of
mtrition by extrapolating to zero and to 16% N content the lines
relating ¢talorific value or carbon content t; nitrogen content. In
this way the errors inherent in the use of Armsby's (1917) factors
for pure protein and fat were considerably reduced, since account
was taken of the non-nitrogenous material which is deposited in

muscle tissue along with muscle protein,

In method B (Table 7), the heat production was calculated from




TABLE 4

An example of the respiration chamber record sheets

Calf Respiration Chamber Experiments

05 consumption

Experiments Magnesium defieiency
Duration: 12,20, 14.10.52 to 12.12, 15.10.52
Calf No.: 214
Bun No.: 5
Day: 1
Feed 1l 44,017.0 - 1,004.0 = 3,013.0
. 2 4,058.5 - 1,004.0 = 3,054.5
Wi given  6,007.5 .
Volume = 0,000 ml.
Urine 6,854.5
1,943.0
Weignt L,91L.5 g.
Volume = 4,935 ml. )
" Faeces Not collected
Body weight 1b, 0z.
Final - -
Imtial 110 5
Barometric pressure Initial 750
Final 758
H,0 loss trom chamber Bottle YNo. (1) (2)
1L 12,380.0 12,817.0 = 431.0
16 11,363.5 11,682,0 = 3.8.5
15 11,301.0 11,463.0 = 162.0
5 11,009.0  11,026.0 = 17.0
928.5 g..
€O, production Bottle No. (1) (2)
h 12’01‘3.0 -Ll,963.0 = - 8000
18 . 12,203.0 12,596,0 = 393.0
6 12,092.0 12,198.0 = 106.0
17 14,373.0  14,710.0 = 337.0
2 11,622.0 11,628.0 = 6.0
762.0 g.

Time Temperature Spirometer Consumption

reading
12,20 10.0 96.20
7.30 10.0 26.05 70.15
7.30 10,0 95.80
12.00 9.5 52,95 L2.85
12,00 9.5 95.25
6,05 9.0 28.85 66.40
6.05 900 - 96-35
12,12 10,0 L. 65 51.70

231.10



TABIE L4 (CONTD.)

An example of the respiration chamber record sheets
Calf Respiration Chamber Lxperiments

Experiment: Magnesium deficiency

Duration: . 12,35, 15.10,52 to 12,26, 16.10.52
Calf No.: 21y

Run No.: 5

Day: 2

Feed l. 4,103.0 - 1,004.0 = 3,099.5

2. )4,082.6 - 1,m1.|..0 = 3,079.0

Weight given 6,178.5 g.

T r—+——1

Volume - = 6,000 ml;
Urine 7,528.0
- 1,946.5
Weight 5,582.0 g.

Volume = 5,586 ml.

Faeces uh7.0
296.0

Veight = 151.0 g.

=====

Bodz weight ib, . O%.
' Final 111 1z
Initial - -
Barometric pressure . Initial 758
Final 758
H,0 loss from chamber Bottle No. (1) (2)
1 15,192,0  15,543.0 = 351.0
11 12,882,5 13,235.0 = 352,5
8 13,364.5 13,546.0 = 181.5
5 11,026.Q@ 11,047.0 = 21.0
906.0 g.
€O, production Bottle No. (1) (2)
12 12,1401.0 12-”1900 = - bzoo
13 12,061.0 12.345.0 = 28L4.0
9 12,130,060 12,499.0 = 369.0
7 12,277.0 12,433.0 = 156.0
10 12,052.6 12,072,806 = 20.0
787.0 g.
0] consmmptidn Time Temperaturs Spirometer Consumption
reading
12,35 10,0 06.30- ,
6.40 9.5 38.20 58.10
6.40 9.5 91.80
12.15 9.5 37.80 54.00
5.50 8.5 .25 . Bl.1%
6.01 8.5 96.60
12,26 10,0 L3.50 53.10
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the non-protein respiratory quotient, using the tables of Zuntz and
Schumberg (1901). The oxygen consumption and carbon dioxide
production resulting from protein metabolism were éalpulated from |
the urinary nitrogen excretion by assuming that 5,91 litres of
oScygen were consumed and L4.76 litres of carbon dioxide were produced
~ for each g. of nitrogen excreted in the urine., The heat produced by
the metabolism of protein was assumed to be 26,5 Cal./g. of nitrogen.

The accuracy of a determination of heat production
in the closed circuit apparatus

The accuracy with which the heat production of a calf can be
determined in the apparatus is indi»cated by the analysis of forty
duplicate determinations of heat production of 'ca.lves' given in
Table B, Over 50% of the duplicates differed by less than 2% and
the occasional vaiues which differ by as much as 10% were to‘ be

expected in an animal as active as the calf,




TABLE 8

Percentage differences between duplicate
determinations of heat production over
L8 hr, pericds in forty experiments
with calves

Difference Number of Percentage
between experiments frequency
duplicates
(%)
-2 21 52.5
L-6 5 12,5
6-8 3 7.5
8 - 10 1 2,5
10 - 12 1 2,5
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SECTION IIT

ESTIMATION OF WATER STORAGE IN THE ANIMAL

The method proposed in Section I for the indirect determination
of energy balance depends for its success on the development of a
simple yet accurate method of estimating water storage by the amimal.
The classical method of detennining water storage is based on a2
balance of intake and outputf and involves the estimation of
respiratory water loss and water produced in the body as a result
of metabolic processes, These can only be determined accurately
by respiration chamber tech.nique, and estimatioﬁ of water by the
classical procednre would not lead to a simpler method of studying
energy exchange., The estimation of metabolic water and respiratory
water loss from insensible loss of boﬁy weight is essentially the
same problem as the estimation of heat production from insensible
loss (see p. 13) and would, therefore, suffer from the same
Jimitations,

There are,' however, a number of indirect methods of studying
changes in water content of the animal body and they can be divided
into two major gl;oups: those in which measurements of total body water are
made abt the beginning and end of the experimental period, and those
in which only the change in water content is measured. Methods of
the first type offer the simpler technique since they dispense with
the continuous collection of faeces and urine required in a balance
study. The method chosen, however, must comply with the limits of
accuracy stated in Section I, namely that water storage over a
21-day period must be estimated to within + 1.0 kg. To attain this
accuracy with a steer weighing 500 kg. and having a body water
content of 325 kg. and storing 0.25 kg. water per day, total body
water content would have to be estimated with an accuracy of
+ 0.3/,/2~, or + 0.2%, whereas the change in water content would have

to be estimated with an accuracy of only + 20%.
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The determination of total body water from the specitic
gravity of the body presents many technical difficulties, whether
‘the method of under-water weighing ‘(Behnke, Feen and Welham, 1942;
Brozek, 1946) or of body volume determination (Kohlramsch, 1929-30)
is used, HMoreover, corrections have to be mede for the air present
in the lungs, and in the ruminant account would have to be taken
of the gases present in the digestive tract. Such an approach,
fherefore, could not readily be applied to cattle.

An alternative method of estimating body water is based on
the distribution of water soluble compounds within tl;e body fluids.
4 known quantity of a water sojuble material, which ideally is
metabolized and excreted slowly, and which distributes itself
evenly in the water of the body, is injected into the blood stream
of the animal. After allowing time for an equilibrium to be
estab;ished, its concentration in the serum water is measured. The
total body water is calculated from the dilution, after making
corrections for the metabolism and excretion of the compound during
the period of equilibration., Many substances have been tried,

e.g. urea (Painter, 1940); thiourea (Jongbloed and Noyons, 1938);
deuterium (London and Rittenburg, 1950); tritium (Pace, Kline,
Schachmann and Harfenist, 1947); antipyrine (Soberman, Brodie, Levy,
Axelrod, Hollander and Steele, 19L9) and its derivatives (Brodie,
Berger, Axelrod, Dumning, Porosowska and Steele, 1951). Of these,
antipyrine and its derivatives have proved most satisfactory;
Antipyrine is a non-toxic compound which is distribufed quickly

and evenly throughout the body water. Its metabolism shows a marked
species difference and, though it has proved satisfactory for
determinations in man (Soberman et al., 1949), a rapid rate of
metabolism in the dog and other animals leads to less satisfactory
results (Soberman, 1950). When the method was applied to catfle

in connection with the present work, the rate of metabolism observed

was intemmediate between that found in man and in the dog, and the
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accuracy of the method, as judged by replicate determinations on a
single animal, was loﬁ. These results have been confirmed by the
work of Kraybill, Harkins and Bitter (1951). Soberman (1949) has
compared the antipyrine dilution technique with a direci desiccation
procedure for determining the body water of the rabbit and the error
of the method was about + 3%. Thus, though the method could be of
value in studying changes i;l the body composition of catile over
1ong periods, it has not the accuracy required in the present study.

Indirect methods for tl;e determination of water balance are
based on the assumption that the osmotic pres;sure of body fluids is
.constant. The osmotic pressure is contributed to mainly by the
cations Nat and K+ énd the anions C1™ and -HGO3' , and their storage
_throughout a balance period should reflect the storage of water.

In experimental studies of the starvation of epileptic humans,
Gamble, Ross and Tisdall (1923) used the urinary excretion of sodium
and potassium to estimate the losses of extra- and intracellilar.

- water. In their calculations oedema fluid containing 148.0 mg.-equiv,
of Na* and 2,5 mg.-equiv. of K* per litre of water, 'and muscle water
containing 48.0 mg.-equiv. of Na* and 112.5 mg.-equiv, of K* per
litre of water were considered typical of extra- and intracellular
fluids., Harrison, Darrow and Yannet (1936) calculated the change
in extracellular fluid volume from the chloride b;:alance, assuming
that the chloride ion was confined to the extracellular spaces.

They were then able to measure the change in intracellular volume
from the balance of amny other ion for which the distribution between
the extra- and intracellular fluids was known.

From the results given in these two papers, it is not possible
to determiné how cloéely electrolyte balance is correlated with water
balance, It is clear that the correlation cannot be high at all
times for an animal under normal management, since at certain
intervals large quantities of water may be consumed- without an
equivalent intake of electrolytes, If, however, the animal -is in
the same state of eduilibrium at the beginning and at the end of

’
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the balance period, even if the total body water is not accounted
for entirely by body electrolytes, water balance should be measured
accurately by electrolyte balance. It was therefore decided to test
the accuracy with which changes in the water content of the body
‘could be calculated from changes in electrolyte content.

The cations Nat and K* together account for over 90% of the
cations of body fluids and, under most conditions, bear a‘. constant
relationship to other cations such as Ca*+ and Mgt+. The brolblem,
therefore, was resolved into.the estimation of water retention from
sodium and potassium retention, and the first phase of this study,
i.e. the detemination of the relationship between the sodium,
potassium and water contents of body tissues and fluids, is described
in this section, It is usxial in experiniental studies of water
metabolism to distinguish between water contained in the extra- énd
intracellular spaces, since there are marked differences in the
cbmposifion of the two phases. In in vivo studies, however, tﬁis
distinction is difficult to dauoﬁstrate exactly (cf. Lavietes,
Bourdillon and Klinghoffer, 1936; Gilligan and Altschule, 1939) and
in the present work no attempt has been mads to relate the water

storage to specific changes in the extra~ and intracellular fluids.

txperimental

Tissues and body fluids of éattle, ranging in age from 1 week
to b years, were analysed for sodium, potassium and water content.
The analyses of muscle,pericardial fluid, posterior chamber fluid,
blood serum, erythi'ocytes, fatty tissue, brain and liver tissue
were first studied to develop a regression equation relating sodium
and potassium content to water content. The accuracy with which
the equation estimated the water content of other tissues was then

determined,

Results

Muscle accounts for over 50% of the total body water and the
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accuracy with which water retention may be predicted from sodium and
potassium retention must depend largely on the constancy of the
relationship between water, sodium and potassium in muscle. Analyses
were made of sixteen samples of muscle from eight animals and the
results are given in Table 9, The contents of sodium and potassium
expressed in mg.-equiv,/litre of water showed large variations,

+ 28.u4% for sodium and + 21.8% for potassium, whereas the equi-
molecuiar sum of sodium plus i)otassium had a coefficient of variation
of only + h.h%., Muscle contains both extra- and intracellular‘ﬂuids
and the propo;'tions vary considerably trom sample to sample. Since
extracellular fluid is rich in sodium and intracellular tluid rich
in potassium, the closer relationship between the equimolecular sum
of sodium plus potassium and water content is to be expected. To
relate water content directly to the equimolecular sum of sodium

and potassium may not, however, be the most satisfactory procedure.
These two ions are not the only dations present in body fluids and
the water associated with one gram-equivalent of sodium may not be
the same as that associated with one gram-equivalent of potassium.
Part of the sodium or potassium may also be bound to protein or
other cell constituents. The figures for muscle showed a slight
increase in sodium plus potassium content with increasing potassium
content, but it was not statistically signitficant. 'With this sinéle
tissue, however, the variation in potassium content was small,

A much wider variation was obtained by reference to the
analyses of other tissues given in Tables 10 and 11. For each
tissue, the equimolecular sum of sodium end potassium was more
closely related to water content than was either the sodium or the
potassium content. The mean values for the equimolecular sum of
sodium and potassium for the different tissues, however, varied
from 143.2 + 28.8 for fat to 184 + 5.3 for brain and the variations
could not be explained solely by changes in the proportions of
sodium to potassium, but the values for the individual tissues
require detailed comment. ,

Body fluids (Table 10) The equimolecular sum of sodium



The water, Na and K contents of the blood, blood cells,

Animal

aEQErtgoQ W S@mam*oawy

Zoamr craTET AR

TQTErgo AR

Age
(weeks)

15
15
15

About 300
About 300
About 200

About 300

About 200

15
15
15

About 300
About 300
About 200

About 300
About 300

About 300
About 300

‘Water

(«

83.7
79.6
80.1
80.7
85.1
79.9
83.6
83.2
78.1

65.3
65.1
66,6
66.3
68.3
61.1
71.7
72.5
78.1

93.7
92.9
91.1
92.k
92.3
92.5
89.9
90.0
90.U

96.3
97.5

98.8
97.7
98.9
98.9
98.9
98.8
98.8
99.9

TABLE

10

Composition of tissues

Na K
(ms./ioo

S.,

Defibrinated “diole blood

21k 165
192 186
279 36
27k 51
291 15
255 k8
292 kl
292 Us
279 71
Cells

0* kkl
27 370
207 55
190 92
197 10
17k Tk
162 69
201 6k
186 129
Serum

3k6 17
3k3 17
337 21
3k3 17
332 17
3kl 20
359 25
350 33
365 18
Pericardial

3kk 1k
329 18
3k2 21
333 19

111
105
152
1k8
1k9
139
152
153
155

Mean and standard deviation

0
18
135
12k
125
12k
111
120
125

Mean and standard deviation

161
160
161
162
155
160
17U
169
175

Mean and standard deviation

fluid

153
109
153
1U8

Mean and standard deviation

Posterior chamber fluid

325 20
310 16
329 13
330 23
31k 33
327 17
3K5 22
329 19

1k3
138

1k5
1kS
138

Ikk
152

1k5

Mean and standard deviation

173
Hi5
21
36

31
28

23
51

0N B O LN W

N AR 0o W R W

’

serum and certain "protein-free'* fluids of cattle

Total Na + K
iitirs")

161
165
163
16k
156
15k
165

167
178

163.7 ¢ 6.7

173
163
156
160
129
155
139
1k3
176

1.8 + 18$.7

166
16$
167
167
160
166
180
178
180

169.9 + 7*U

157
15k
159
153

155«7 + 2.75

108
lii2
1k8
15k
1L6
1k8
158
150

1k9«2 + 1.k5

*The method of calculation (see p. 20) in this instance resulted in a negative value for the Na.
This was ignored in the ensuing calculations.



TABLE

11

The water, Na and K contents of brain and liver tissue and of fat dépodts (perinephric fat) of cattle

Animal

TQTmETA®W> QT e AR

“—ZamtTAwE

Age
(weeks)
Water
(@)

1 7k.5
1 75.3
15 72.k
15 72.5
15 7k. 6
ko 73.6
About 300 70.2
About 300 72.3
1 81.7
1 81.2
15 80.7
15 81.2
15 81.5
ko 79.5
About 300 77.9
About 300 77.9
1 28.6
1 kO.7
15 19.7
15 33.5
15 k6.3
ko 13.5
About 300 3.9
About 300 7.1
About 300 7.2
About 300 6.5

Na

(mg./100 g.)

71
8k
92
70
80
72
75
66

mo
1k5S
1k3
1k7
ILS
122
1A3
136

62
99
7k
10k
139
38
13
27
22
19

Composition of tissues

(mg./100

Liver

298
276
3k2

337
360
325
3ké6
372

Brain

3kl
317

335
322

322
370

335
3kO

Na

(mg.-equiv./ (mg.-equiv./
g.) litre water) litre water)

k2 102

k9 9k

55 121

k2 119

k7 123

k3 113

k7 126

ko 132

Mean and standard deviation

7k
78
77
78
77
67
80
76

Mean and standard deviation

Perinephric fat

U
11
8
10
20

SoooWw

9k
106
162
135
131
121
186
165
132
128

Mean and standard deviation

107
100
106
102
101
119
no

112

10

10

p—
SoCOoO =

Total Na + K
(mg.-equiv./
litre water)

Ikk
1k3
176
161
170
156

173
172

161.0

191
178
183
180
178
186
190
188

18k.2

10k
n3

172
1k3

1k2
127
186
185
132

128

1k3.2
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plus potassium per litre of water was consistently higher in serum
than in either posterior chamber fiuid or pericardial fluid. The
difference was due entirely to a higher sodium content since the
values for potassium were always comparable,

Erythrocytes (Table 10) The red blood cells showed a marked
variation in composition., Cells from animals that were 1 week old
contained 1ittle sodium whereas in animals that were 15 weeks old or
more the cells were high in sodium and low in potassium. The blood
cells of the week-old calf would be 1a:jgely the result of foetal ‘
erythropoiesis, and it would appear that erythrocytes formed in the
foetus have a composition quite distinet from those produced during
extra-uterine life, The large errof at't;ached to the mean sodium plus
potassium content may have been due in part to the method of
calculation (see p, 20) which gives a summation of errors but there
was also a positive correlaﬁion ‘between the sodiwm plus potaé&‘.um
and the potassium content.

Fat (Table 11) The very high standard deviation attached to
the mean equimolecular sum for the samples of fatty tissues is
prébably due to inaccuracies in the analytical procedures. The
accuracy of a water determination on fat by direct desiccation is
not high, and since the contents of sodium and potassium were low
in most of the samples it was not possible to determine them with
accuracy. The samples of fatty tissues from young animals |
contained a high proportion of muscle tissue and that accounted
for their high water content.

Liver (Table 11} The vaiues for the samples of liver tissue
were remarkably constant apart from the two values for the 1 weesk old
calves which had an electrolyte content significantly lower than
that observed in the tissues of the mature animals.,

Brain (Table 11) The total mg.-equiv. of sodium and potassium
per litre of brain water were significantly higher than that
observed in any of the other tissues vhich have been analysed. This

cannot be explained entirely by the high ratio of potassium to




FIGURE L. The relationship between the directly determined water
content of body tissues and fluids and the water content
calculated from their sodium and potassium contents.
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sodium and, as will be shown later, it must be concluded that part

of the sodium of brain tissue is present in non-ionic form.

The empirical relationship between the sodium,
potassium and water of the body

Tabulation of the mean values for the sodium plus potassium
content of the water contained in the different tissues in order
of increasing potassium content (Table 12) shows that, apart from
the values for brain and serum, an increase in the mg-equiv, of
Na* + K*/litre of water is associated with an increase in the
concentration of potassium relative to Sodium. An equation of
the type:-
Water = a+ byNa o+ boK
(g./100 g. tissue) (mg./100 g. tissue) (mg./1C0 g.
tissue)
was therefore fitted, by the method of least squares, to the results
for tissues and fluids other than brain and serum, and the following
equation was obtained:=-
Water - = 3,702 + 0,2794 Na 4+ 0,1395 K eeee (L)
(g./100 g.) (mg./1C0 g.) (mg./100 g.) .
The regression was very highly significant but an equation containing
a constant term would not be suitable for the prediction of water
storage in balance experiments. Since the error attached to the
intercept was + L.55, the intercept of + 3.702 was not significantly
different from zero and a further analysis of the vaiues, in vhich
the intercept was deliberately placed at zero, gave:=-
Wa.ter 7= 0.2922 Na + 001}471 K X (5)
(g./100 g.) (mg./10C g.) (mg./100 g.) -
The errors attached to the two regression coeffieients, obtained by

analysis of variance technique, were:-

-

Regression coefficient for Na, 0.2922 + 0.00391

Regression coefficient for K, 0.1471 + 0,00266

The standard deviation of the residuals was + L.6 g. of water, a



TABLE

12

The mean Na + K content of the water contained in tissues

and fluids in relation to their content

of K .

] No. of Total Na‘+ K K )

Tissue semples (mg.-equiv./ (mg.-equiv./

litre water) litre water)
Pericardial fluid L 156 5
Fatty tissue 10 113 5
Serum 9 170 6
Posterior chamber fluid 8 149 6
Blood cells 9 155 57
Brain 8 18L 107
Liver 8 161 116
Muscle 16 169 131




TABLE 13

The accuracy of prediction of the water content of tissues
from their Na and X contents

Over- (+)‘ or under- (-) estimation

Cbserved water ' of water content

Tissue co?;s?nt g./100 g. tissue % of observed

i water content
Posterior chamber fluid 98.8 - 0.5 - 0.5
Pericardial fluid 97.3 + 3.8 + 3.9
Muscle 77.0 + 0.7 + 0.9
Liver 73.2 - 2,1 - 2,9
Red blood cells 68.3 - 3.1 - L.5
Fat (juvenile) 30.4 - 3.8 - 12,5
Fat (adult) ' : 6.2 - 0.1 - 1.2
Serum 91.7 + 12,5 + 13.6

Brain 80.2 + 10.1 + 12.6




TABLE 1L

The effect of age on the accuracy of prediction of the water content
of cattle from their Na and K contents

Over- (+) or under- (-) estimation

Animal (Weelecs) of water content
g2./100 g. tissue . % of observed water content
A 1 - 2,11 - 2.8
B 1 - 3.38 = L7
c 15 o+ 1,85 2.7
D 15 ‘ + 0,98 + L
B 15 - 2,18 - 29
F Lo - 0,10 - 0.1
G Avout 300 + 0,72 + 1.1
H About 300 - 0,68 _ - 0,9

Mean value - 0.8
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value slightly higher than that obtained for equation (4).

It can be calculated from equation (5) that 1h9 mg.-equiv. of
Na*t and 17L mg.-equiv. of Kt are associated in the body with a
litre of water, The cationic concentration which would give rise
to an osmotic pressure equal to that of body fluids is 148 mg.-equiv./
litre of water, a value close to that obtained for sodium. The
value observed for potassium is, however, considerably higher and
it must be concluded that at least 15% of the potassium is in
combination with cell constituents ana exerts a negligible osmotic
pressure, Stone and Shapiro (1948) have shown that 25% of the
potassium of brain and muscle is non-diffusible, _

Thg differences between the water contents of the individual
tissues calculated from equation (5) and those determined directly
(Tgble 13, Figure L) were significant only with brain and serum.

In the tissues to which the equation applies, the Na : Cl ratio
(when the concentration of the ions are expressed in mg.-equiv.)
is 1.0 : 0.8, whereas in brain the ratio is 1.0 : 0.66. (Similar
data are not available for serum, since it was not sapara.téd under
conditions which excluded the chloride shift.) It must be assumed,
therefore, that part of the sodium of brain and possibly of serum
iS not freely diffusible.

It can be seen from Table 1l that no significant effects of
age or individuality of the animal on the accuracy of prediction of
the water content of tissuesv from their sodium and potassiﬁm
content were observed.

The accuracy of prediction of the water content of bone,
cartilage and skin from their contents of sodium

and potassium
Approximately 30% of the total body sodium is present in the

skeletal tissues (Davies, Kornberg and Wilson, 1952) and the values
given in the literature for the sodium content of bene are, in
relation to the water content, several times higher than those

found in other scdium-rich tissues. In contrast, the sodium



TABLE 15

The water, Na and K contents of the skin,

cartilage and bone of cattle

Composition Water content Calculated
Animal* Hater Na calculgted from water as a
(@)  (ng./100 g.) " (mg./100 g.) cWetion (5) ?ezﬁnﬁl‘?zﬁd
Skin
s 66.0 208 19 63.6 96.L
s 70.1 222 15 67.1 95.7
T 64.1 191 9 57.1 89.1
T 667 203 16 61.7 92.5
Cartilage
s 7L.9 230 6 68.1 9L.7
T 69.5 226 5 66.7 96.0
v 65.3 235 29 73.0 111.8
Bone
s 17.8 Lé7 0 766.9 111
s 29.6 403 0 398.0 592
S 23.6 L5l 0 362.3 836
T 32.4 376 0 336.4 505
T 29.2 393 0 393.2 585
T 24.8 343 0 LoL.0 601

*A1] these animals were about 3 years old
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content of cartilage (Silber, 1933) is only slightly higher than that
of other soft tissues. Water storage predicted by means of equation
(5) would be in error if there was a release or storage of sodium

in the skeleton during the period of a balance experiment., A further
error in the use of the equation would arise if the superficial
moisture on the hair and skin of an animal was not estimated
accurately by the sodium and potassium balance technique., Samples

of bone, cartilage and skin analysed for sodium, ;;otassimn and

water content gave the remli;s'presented in Table 15. The accuracy
with which eguation (5) predicts the water content of the tissues

is indicated in the last column of the table.

The results for cartilage are quite comparable with those of
other soft tissues, The high sodium content of bone, however, is
confirmed but, as shown in Table 16, the sodium in excess of that
accounted for by the water content is closely correlated with both
the ash and calcium contents, kxcess sodium stored in bone
throughout a balance period could therefore be calculated from the
ash or calcipm storage. Statistical analysis of the results showed
that the excess sodium was more closely related to ash content than
to calcium content and the following equation relating the excess
sodium of bone to ash content was obtained.

Excess Na = 10,34 x Ash - 68.7 N ()

(mg.) (g.) -
The intercept, however, was not significant and placing it deliberately
at zero, gave:=-

Excess Na = Ash X 8.606  cevenscvssesscscence (7)

(mg. ) (g.)
Since only 80% of the total body ash is stored in bone, the excess
sodium retainéd throughbut a balance period would bg given by:=-

Excess Na =Ash X 6,88 ciiieiiiieeeiiinnen. (8)
(mg.) (g.)



TABLE 16

The 'bound! Na in bone in relation to
the Ca and ash content

Animal 1Bound' Na Ca (%) Ash (%)
(mg./100 g.) : -
s 25.8 1L.77 30.35
s 26,5 12,47 3L.79
S 29.3 .12 36.45
T 30.1 13.39 3L.62
T 37.2 le.1 - k2.6
T L0.6 17.25 LL.50
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In the four samples of skin analysed, the water content was
consistently underestimated by equation (5). If this discrepancy
was due to superficial moisture of the skin and hair, the size of
the discrepancy would vary from time to time, depending on
atmospheric and other conditions, and over a short term experiment
this could lead to a considerable error in the estimation of water
conﬁent.

The accuracy of predicting the amount of water in the

contents of the alimentary tract irom their sodium
and potassium contents

The contents of the alimentary tract are in a constant state
of flux, receiving large quantities of food and water at irregular
intervals and being mixed contimiously with secretions into the gut,
and are the parts of the body which would be least expected to adhere
to the relationship expressed. in equation (5). Table 17 summarizes
the analytical results for the contents of the four major compart-
ments of the alimentary.tract of three adult animals, one of which
was starved for 5 hr. before slamghter. '

Only with the contents of the abomasum did the water content
calculated from equation (5) differ grossly from that determined
directly. The gastric secretions contain a high concentration of
hydrogen ions and consequently a low content of sodium and potassium,
Generally, the error attached to an estimate of water content by
equation (5) was higher for gut contents than for other body tissues.
With animal R, however, the estimates were higher than those for
the unstarved animals and showed an accuracy comparable to that for
other tissues.

The accuracy of prediction of the water of foetal tissues
and uterine fluids from their sodium and potassium contents

During pregnancy, particularly in the later stages, very
large quantities of water are stored by the animal in the foetus
and surrounding uterine filuids, The analytical results for these

materials, and the accuracy with which the water contained in them
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is predicted by equat'ion (5), are given in Table 18.
With the 7 months old foetus, estimates of the water content
of the muscle and liver were low but the calculated water content
of the brain gave a correct estimate, which was higher by 9% than
the values for liver and muscle, This suggests that the so;iium,
potassium and water relationships in foetal tissues differ from those
in the tissues of mature animals, but that me preferential retention
of sodium by brain tissue occurs also in foetal life, The correct
estimates of the whole foetuses of 3 and 5 months were due apparently
to the brain water accountiné‘ for a large part of the totzl water.
The water content of amniotic fluid was predicted accurately
from the sodium and potassium contents, but a discrepancy of the
order of 50% was observed with allantoic fluid, which is knowm to
contain larée quantities of urea and other non-polar metabolic end

products,

Discussion

The empirical relationship expressed in equation (5) applies
to most of the tissues and fluids of the animal body. The standard
error of estimate of the water content of muscle, fatty tissue,
liver, the red blood cells, cartilage and the fluids of the
pericardial éac and the posterior chamber of the eye was + 2%.
Within the limits of this error, no significant differences in the
relationship between the sodium, potassium and water €fontents of
these tissues were observed, nor was any effect of the age or
individuality of the animal noted., If, however, the variation
represented by a standard deviation of + 2% arose from variations
in the relationship between sodium, potass;i.mu and water from time
to time and from animal to apimal, it wouid be sufficient to
invalidate the use of equation (5) for the prediction of water
storage, since the limit of error given on p. 30 is + Q.2% of the
total body water. If on the other hand, it was due i:o er;'ors in the

analysis of the materials it would be of less consequence, That
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this was the source of error is suggested by the results in Table 1k,
which show that the deviations for individual tissues were greater
than those for the individual animals,

The methods used for the determination of water content are
subject to small systematic errors, since drying to constant
weight at 100° causes the loss of volatile Argazaic constituents and
oxidative changes in the lipid fractions. These errors are
systematic but will compensate to some extent for one another and-
only with the fatty tissues of young animals would the water content
be expected to be in error by more than + 1% In the determination
of sodium and potassium, duplicate analyses' agreed to within + 1%
in tissues in which the elements were present in significant amo;mts,
but greater absolute errors may have been incurred., Where these
elements were present in low concentration, the accuracy was not so
high. It is therefore conceivable that errors in the analytical
methods could give rise to a standard error of ‘estimate of + 2%,

Of the various tissues in which the water content was no;‘,
predicted accurately by equation (5), the water present in brain,
serum and skin is only a small proportion of the total body water
and the deviations observed would give rise to an error of less than
1% of the total body water. Moreover, these errors would be
s,;fstematic and would not affect markedly the accuracy of a predicted
water balance unless changes in the water of amy of these
individual tissues was much greater than those in the rest of the
' body. The sodium bound in the mineral salt of bone, however,
accounts for 20 to 30/ of the body sodium and predicted water
"storage would be in c;nsiderabie error if corrections were not
made for storage or loss of sodium in bone. Corrections of the
sodium balance by means of equation (8), which relates the bound
sodium to ash stored, prior to the use of equation (5), would lead
to more accurate results, ’

The water contiined in the gut of an animal is approximately
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15% of the total body water. Furthermore, the erratic body weight
ch;.nges noted in animals is due almost entirely to sporadic changes
in the 'fill' of the animal, and the acéuracy of an estimate of water
storage would depend largely on the accuracy with vm_ich a change in
water of the gut could be estimated from equation (5). The water of
the abomasal contents amounts to only al small percentage of the
total water of the gut and its underestimation would give rise to
a systematic error of only + 0.2%. The smaller discrepancies
observed for the other gut conte;nts would also produce systematic
errors of less than + 1% of the total bddy water. The effect of
starving animal 'R! (Tat-)le 17) on the accuracy of prediction of the
water content of the gut emphasized, however, the importance of
ensuring that an experimental animal is under comparable conditions
at the beginning and at the end of a balance period. Amny error
incurred by a change in equilibrium would no longer' be systematic
but woﬁld be a direct error on the estimated water storage.

The greatest inaccuracies in the use of equation (5) for
estimating water storage would arise during the last few months of
pregnancy. During that period zllantoic fluid may be stored at the
rate of 2,4 kg. in a month, and the water balance could be in error
by as much as - 1.2 kg. due to the underestimation of water stored
in the allantoic fluid. The method would, therefore, be of limited
value during the later stages of pregnancy, but there remains ‘the
possibility of correcting the water balance for the storage of
allantoic fluid by calculation from the figures given by Hammond
(1927).

It is difficult to assess the final accuracy with which the
total body water of an animal could be calculated from the body
sodium and potassium but, with the exception of allantoic fluid,
the final errors incurred by the discrepancies noted in the various

tissues should not exceed + 2%. It is, however, doubtful whether
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water balance could be estimated in a metabolic experiment with

anything like the same accuracy.
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SECTION IV

USE OF THE INDIRECT METHOD FOR ESTIMATING STORAGE OF WATER
AND FAT 1IN THE CALF ’

In the preceding section; equations relating body water, sodium,
potassium and ash have been derived which provide a satisfactory
basis for the indirect estﬁ.mation of total body water. Hxperiments
are noﬁ reported in which these equations were used to estimate
water retention in animals from sodium, potassium and ash retentions,
and the accuracy of the procedure has Been assessed by reiference
to simultaneous estimates of water retention by methods involving
respiratioﬁ calorimetry, At the same time, fat storage estimated
as the difference between the body weight gain and the retentions
of ash, protein and water (calculated from sodium, potassium and
ash retentions) was compared with fat storage calculated from
retenﬁions of carbon and nitrogen.

Calves were used as experimental animals since during growth
they are capable of storing large quantities of water relative to
their body weight, and by varying the food intake a wide range in
water retention cé.n readiiy be obtained. If it proved possible to
estimate water retention in calves over a wide range of actual
retentions, a more critical test would be provided than would be

possible with mature cattle.

Plan of experiment

Calves were fed various amounts of cows! whole milk or of
an artificial milk diet prepared by the method of Clark (1927),
and serial determinations of the intake vand excretion of nitrogen,
ash, water, sodium and potassium and of fat storage and body
weight gain were made over periods of © to 16 days. Details of
the calves used and of their experimental ltreatment. .are given in
Table 19,

The calves were purchased when a few days old and on arrival

at the Institute were harnessed for the separate collection of




TABLE 19

Treatment of experimental animals

. Length of
Calf Run Diet Level of feeding experimental period
No, (litres/day) (days)
67 1 L 8
168 - 1 L: 8
169 1 L3 8
whole milk
188 1 3z 6
188 2 7 16
188 3 o 8
29 1 L 10
artificial milk
220 1 6 8

#In addition this calf was fed 2 litres of water daily
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faeces and urine and confined individually to metal-lined metabolism
cages in a house maintained at 55 - 60°F, They Weré reared on cows!
whole milk until required for experimental purposes and were fed
at intervals of approximately 12 hr., half the daily diet being
given at each feed. |

A preliminary period of at least L days on a constant food
intake preceded each experiment. During the course of an experiment
the calves were confined to a respiration chamber and the water
vapour and carbon dioxide production and oxygen consumption were
determined over successivé 2L4=-hr. periods. Faeces and u;'ine were
collected quantitatively and analyses of feed and excreta were made
to permit the calculation of the retentions of protein, water, ash,
sodium and potassium and the storage of fat, as described in detail
in Seetion II.‘ All collection periods were of L8 hr, duration and
were started at approximately 5 hr. after the morning feed. The
animals were weighéd to the nearest half ounce at the beginning and

end of each collection period.

Results

Comparison of water retention estimated by the 'classical' method
with that estimated by 'difference! from the gain in body weight

The water retaineci by an animal may be determined by. the
technique of respiration calorimetry in two different ways. 4in the
so-called 'classical' method, water retention is determined as the
difference between the intake of water and the excretion in the
urine and faeces and through the iungs and skin. With the intake,
however, has to be included what is teimed 'metabolic! water, .which
arises in the dissimilation in the body of fat, protein and
carbohydrate. .This has been caiculated from the catabolized nutrients,

- as estimated from data on carbon dioxide production, oxygen ,
consumption and urinary nitrogen excretion (sée Mfligaard, 1929), by

applying the foliowing factors:
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On oxidation in the body: 100 g. protein broduce L1 g. water

100 g. fat produce 107 g. water

100 g. carbohydrate produce 60 g. water
These figures were obtained by Magnus-Levy (1907) and, strictly,
they refer only to humans given a 'mixzed' diet; their applicability
to cattle has been assumed by workers in animal mutrition (cf. Brody,
1945)., Details of the calculation of water retention in calves
by the classical methodvare given in Table 20, and it is clear that
an accurate estimate of metabolic water is required, since it is
of ihe same~order as the water retention. It is therefore possible
that a considerable systematic error has resulted frﬁm the use of
the above factors to calculate the metabolic water.

The absolute error of an estimate of water retention by the
classical method would include also errors in the estimation of
water intake and excretion. These could be quite large since, as
will be seen in Table 20, the water intake and excretion is many
times greater than the water retention. 1In the instances quoted
in Table 20, a systematic error of 1% in the estimation of the
water content of the diet or of the Qrine would produce an error
of the order of 350 g. in the estimated water retention. An error
of 1% is certainly possible in the gravimetric estimation of the
wate; content of urine by drying to constant weight at lOO: due to
the loss of urea and other volatile organic constituents.

The second method of estimating water retention, which for
convenience will be referred to as the 'difference' method, is
based on the fact that the change in weight of an animal is madse
up of changes in the body content of fat, protein, ash and water;
it is assumed that changes in the carbohydrate content ot the
animal body are small, Since fat and proteiﬁ storage can be
calculated with accuracy from C and N retention, and ash retention
can be determined directly, it is possible to make an estimate of
water retention by subtracting values for fat, protein and ash
retention from the observed gain in body weight. Here, one would
expect the main source of error to be in the deterﬁination of body

weight gain., In the present series of experiments, body weight



TABLE 20

Calculation of water storage in calves by the classical method

(8-day periods)

Calf Total intake Metabolic Water excretion (g.) Water
No. of water water . Lunes and Tretention
(g.) (g.) Urine Faeces ungkin (g.)
167 35272 2187 28012 235 5456 3726
168 35316 2250 28055 30 5730 3u77
169 35LL9 2298 26980 1Ll 7427 3,196
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was recorded to the nearest hali‘ ounce but it is difficult to weigh
an active calf with such accuracy. It is probable that the error
of esfimat.ion was of the order ofri 50 g., giving rise to an error
in the estimated water retention of about + 70 g. This error
ﬁould of course be independent of the length of the experimental
period an_d of the rate of water retention. Errors would also

arise in estimating the C, N and ash retentions, and in calculating
fat and protein storage from C and N retentions, but such errors
would not prove critical since, as showm in Table 21, storage of
fat, protein and ash in the calf accounts for only a small part

of any gain that occurs in body weight.

A series of estimates of water retention in calves by the
two methods is given in Table 22 and the results are compared
graphically in Figure 5. The continuous line in the figure is
the line for complete agreement., Details of the calculation of
water retention by the two methods are set out in Table 23,

With the exception of the results for Calf 167, estimates of
water retention were made over successive 2-day periods and for
the twenty-three 2-day comparisons, water retention by the
classical method was on average 62.3 + 36.0 g./day higher than the
estimated retention by the difference method, a value approaching
statistical significance at the 5% level (0.1 ? P2 0.05), 1n spite
of the known limitations of the t;ero methods as outlined above,
this discrepancy seemed unduly large. In two of the experiments
(Calf 167; Calf 188, Run 1), difficulties were encountered in the
collection of urine due to a blockage of the urine outlet pipe by
hair from the body of the calf, cansing a loss of urine into the
bottom of the respifation chamber. Though at the time it was
considered that no overall loss of urine had occurred, the large
discrepancies between estimates of water retention by the two
methods in these two experiments suggested later that some urine
ﬁght possibly have been lost. A check on any loss of urine was
made by comparing the measured gain in weight with the difference

in weight between ‘materials entering and leaving the respiration




TABLE 22

CcHnparison of water retention in calves determined by the classical method and the water retention
determined oy difference' from the gain in body weight

Water retention Water retemtion by classical method
Calf Run Days Water intake less water retention obtained by
By classical method By difference dlff(ere)mce
Ig.) (g) &
107 1 1 and 2 8, 790 945
3 and U 8,9U1 829 1,499 275
5 and t) 8,615 1,171
7 and 8 8,896 781 1,344 608
1-8 35,272 3,726 2,843 883
16« 1 1 and 2 8,805 438 1,363 - 925
3 and U 8,862 1,263 438 825
5 and 6 8, 8li2 740 456 284
7 and 8 8,807 1,036 900 130
1-8 35,316 3,477 3,163 314
109 1 1 and 2 8,861 602 701 - 99
3 and U 8,802 1,181 948 233
5 and 6 8,931 925 875 50
7 and 8 8,855 488 526 - 38
1-8 35,nU9 3,196 3,050 146
18b 1 1 and 2 7,115 795 688 107
3 and L 7,088 380 47 333
5 and 6 7,098 1,222 996 226
1-0 21,301 2,397 1,731 666
188 2 1 and 2 13,427 1,601 1,537 64
3 and U 13,447 836 837 -1
5 and 6 13,434 1,191 897 294
7 and 8 13,823 976 941 35
1-8 54,131 4,60U 4,212 392
188 2 9 and 10 13,035 1,137 877 260
11 and 12 12,102 319 139 180
13 and 1U 13,239 1,841 1,706 75
15 and 16 13,230 792 322 470
9-16 52,206 4,089 3,104 985
188 3 1 and 2 7,029 307 205 102
3 and U 7,5U5 230 74 156
5 and 6 7,578 - 88 241 - 329
7 and 8 7,597 310 - 123 433
1-8 30,349 759 397 362
Totals 22,248 18,500 3,748

Mean 2-day values 824.0 685.2 138.8



FIGURE 5, The comparison of 2-day estimates of water retention
: made by the classical and 'difference! methods.
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TABLE 23

The computation of water retention in calves 168 and 169
over a period of O days

(all values are expressed in g. water/8 days)

Calf 168  Calf 169
(a) Classical method
Intake of water in milk
and washings (2) 35316 35LL49
Metabolic water (b) 12250 2'298
Water in faeces (e) 304 1l
Water in urine (d) 28055 26980
Water vapour expired (e) 5730 h27
Water retention (a+b-c-d-e) %h?? 3196
(b) Difference method
Change in body weight (a) 3710 L,EEO
Fat retention (b) 11L 350
Protein retention (e) 340 728
Ash retention (d) 93 122

Water retention (a-b-c-d) 3163 3050



TABIE 2l

The method of checking the quantitative collection of excreta in a
respiration trial by comparing the observed gain in weight with
the weight gain computed from the weights of materials taken in

and excreted by the calf

(Results for calf 196 over li-day periods)

Period 1 Period 2 Period 3

Intake (weights in g./day)
Feed - 3p10 3004 5082
Water : Lo 400 Loo
Uxygen 620 6Ll 609
Total (A) hQBO Lou8 6091
Output
Urine 2541 2350 3581
Faeces 68 113 391
Water vapour 899 880 1107
Carbon dioxide 660 593 718
Hair and skin debris 7 .10 6
Total (B) 1175 35L6 5803
Computed gain in
weight (A~B) - 145 102 288
Measured gain in weight ' - 151 85 312

Discrepancy + 6 + 17 - 2L
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chamber. The calculations involved are set out in Table 244 for
three satisfactory experiments, in which the two values were in close
agreement. For the two experiments in question (those with Calf 167
and Calf 188, Run 1), the computed gain in weight was considerably
larger than the measured gain in weight and the results in these

two experiments have been rejected on technical grounds.

The remaining five experiments, _providing a total of twenty
2-day comparisons, gave a mean estimate of the daily water retention
by the classical method which was 55.0 + L40.2 g, higher than that
by the difference method., Although this difference was not statis-
tically significant (0,20 ). P » 0,10), it was considerable and
served to emphasize the difficulties involved in the determination
of water retention by calorimetrié methods. Attempts to account
for this difference by a specific error in technique, other than
the una%roidable experimental errors already mentioned, were not
successful, The possibility that water vapour wés not collected
quantitatively by the absorption train, due to moisture condensing
on the walls of the respiration chamber, was considered but did
not appear to be a major source of error. The greatest difference
between the temperature of the chamber air and the room tempefature
recorded during the experiments was 59, with the chamber air at a
temperature of 15°, To obtain con;lensation on the chamber walls,
the air within the body of the respiration chamber would have to
have been at least 80% saturated with water vapour. With the tlow
rate of chamber air o} L4 cu. ft./min.,the highest water vapour
prodﬁction recorded of about 1,000 g./day Would produce only 10%
saturation. |

The meﬁn of estimates of water retention by the two rﬁethods
has therefore been taken as the best estimate of water retention,
and will be referred to subsequently as the 'observed'! water
retention., The validity of taking the mean of the values obtained
- for Calf 188, Run 2b, may be questioned, since over the 8-day

period the estimates of water retention by the two methods differed



TABLs 25

The error attached to the mean of estimates of water retention by the
classical and difference methods, calculated from the results given
in Table 22, excluding those for calves 167 and 188 (Run 1)

~ Number of simultaneous 2-day estimates
of water retention by the classical

armd difference methods = 20
Variance of the difi'erexices between the

estimates and their mean = 612,648
Standard deviation of the mean from the :

two estimates (2-day values) = + 179.6 g. Hy0

or + 90 g. per day
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by almost 1 kg. The omission of the results for this calf would
not, however, alter the conclusions drawn later as to the
accuracy of prediction of water retention by the indirect method.
In two experiments, with Calves 219 and 220, water retention was
estimated by the difference method only and these. values have been
used as a frue measure of water retention.,

The error attached to the observed water retention was estimated
trom the variance of the differences betwesn the estimates by the
classical and difference methods and their mean., The results are
given in Table 25. The two methods of estimation can be regarded
statistically as independent. “ Though the error of + 90 g./day may
appear large, it is slightly less than + 24 of the mean daily water
intake of 5 kg. ’

The accuracy of prediction of water retention by the indirect method

In ail the experiments reported, water retention was estimated
from sodium and potassium retention by means of equations (5) and
(8). The calculations involved are set out in Table 26, In Table 27,
the indirect estimates of water retention have been compared with
the observed water retention in seven satisfactory experiments.

The 2-day and cumulative 8-day values have also been presented
graphically in Figure 6. For the twenty-nine 2-day observations,
the two sets of values showed a mean difference of only 7.2 g./
2=-day periodv. in view of the fact that the mean water intake by
the calves during these experiments was of the order of 5 kg./day,
this overall agreement is good and suggests that there is no
systematic over- or under-estimation of water retention by the
indirect method.

Over 2-dgy periods, however, the predicted water retention
deviated considerably from the observed water retention. The
standard deviations for experimental periods of 2, L4, 6 and 8 days®
duration have been calculated and are given in Table 28 and for
periods of four days and longer, the value was roughly constant

at + 300 g. (The improved accuracy of prediction of water
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TABLE 27

Comparison of predicted water retention with observed water retention in calves

Predicted water retention

Observed water Predicted
Calf Run Days Water Intake retention water retention less ::ts:;‘t’f:nwater
Ig.J CglJ (g.J .
(gi
168 1 1 and 2 8,805 901 684 - 217
3 and U 8,862 851 592 - 259
5 and 6 8,842 598 778 180
7 and 8 8,807 971 979 8
1-8 35,316 3,321 3,033 - 288
169 1 1 and 2 8,861 652 489 - 163
3 and & 8,802 1,065 1,116 51
5 and 6 8,931 9200 754 - 146
7 amd 8 8,855 507 619 112
1-8 35,AL9 3,124 2,978 - 146
188 2 1 auid 2 13,U27 1,569 1,781 212
3 and U 13,U47 837 971 134
5 and 6 13,434 1,044 885 - 159
7 and 8 13,823 959 925 - 34
1-8 54,131 4,409 4,562 153
188 2 9 and 10 13,635 1,007 1,332 325
11 and 12 12,102 229 336 107
13 and lii 13,239 1,804 1,854 50
15 and 16 13,230 557 318 - 239
9-16 52,296 3,597 3,840 243
188 3 1 and 2 7,629 256 341 85
3 and U 7,545 152 181 29
5 and 6 7,578 77 - 118 - 195
7 and 8 7,597 94 - 336 - 430
1-8 30,349 579 68 - 511
219 1 1 and 2 1,122 932 - 190
3 and & 422 433 11
5 and 6 523 463 - 60
7 and 8 1,201 1,038 - 163
9 and 10 367 906 539
1-10 3,635 3,772 137
220 1 1 and 2 - 1,654 - 644 1,010%
3 and U 1,697 897 - 800*
5 and 6 294 293 -1
7 and 8 24 17 -7
1-8 361 563 202
Totals 19,026 18,816 2,275
Mean 2-day values 656.1 648.8 - 7.24
Standard deviation +202.3
eCaif restricted In movement during this period and part of the diet given on 2 was not consumed until day 3.

These values, therefore, have not been Included in the calculation of the standard deviation.



FIGURE 6., The accuracy of prediction of water retention in calves '
from the measured retentions of sodium and potassium.
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retention with increasing period length may be seen from Figure 6.)
If, then, it is assumed that the error attached to the predicted
water retention is invariant with period length, the error attached
to the predicted water retention in an experimental period of 21
days' duration would be about + 1L g./day.

The accuracy of estimates of encrgy retention by the indirect
method

In the calculation of energy retention by the indirect
method, the errors arising in the prediction of water storage
produce an equivalent error, on a weight basis, in the predicted
fat storage. 1In the calf, where fat and protein storage account
for only a small part and water for a fairly large part of any
gain in weight, the errors in the prediqued water retention vecome
more critical in the calculation of energy storage. This would
not normally be the case with adult cattle, in which water storage
accounts for a much smaller part of any gain in weight.

Estimates of energy storage calculated from the protein
storage (N retention x 6.,25) and the predicted fat storage (obtained
by subtracting from the body weight gain the measured retentions
of protein and ash and the predicted water retention), are compared
in Table 29 with estimates of energy storage by the classical C
and N pbalance technique. The mean values for the two methods of
calculation differed by only 289 Cal./2-day period but the
estimates over individual 2-day periods showed considerable
discrepancies. As shown in Table 30, the standard deviation of
estimates by the two methods was roughly constant at + 3,000 to
+ 3,700 Cal. for experimental periods of from L to 8 days' duration.
This figure includes any error in the estimation of energy retention
by the C and N balance technique but in these experiments the
accuracy of such estimates was not assessed. In later work with
sheep, however, Blaxter and Graham (1955) found that under
similar conditions the standard deviation of estima;tes of energy
retention by the C and N balaﬁce technique from those by the

calorie balance technique was + 57 Cal./2l hr. and that there was



TABLE 29

mnergy retention estimated from body weight change and the retentions
of Na, K, ash and N (indirect method) compared with energy retention
determined by the C and N balance method (calorimetric method)

tnergy storage (Cal.)

Calf Run Days
Calorimetric Indirect Difference
method method

168 1 1 and 2 1,259 7,619 6,360
. 3 and i 36 - 1,406 - 1,442
5 and 6 891 - 2,125 - 3,016

7 and 8 2,691 8 - 683

1-8 2:877 h:096 1’219

169 1 1 and 2 1,872 3,858 1,986
3 and 4 2,136 562 - 1,574

S and 6 1,534 2,668 - 134

7 and 8 1,610 739 - 871

1-38 7,152 7,827 675

5 and 6 2,775 2,888 113

7 and 8 3,208 3,358 150

1-8 12,534 9,257 - 3,277

188 2 9 and 10 1 2,703 - 1,559 ‘ - 1,262
11 and 12 1,108 1,136 28

13 and 14 3,724 < 2,900 - 824

15 and 16 3,007 1,171 - 1,836

9 -16 10,542 3,6L8 - 6,89

188 3 1 and 2 - 3,172 ) - 1,274
3 and h - 23597 - 3:‘399 - 1’002

5 and 6 - 2,098 - 1,264 3,362

7 and 8 - 2,034 - 38 1,996

1-8 -10,001 - 6,919 3,082

219 1 1l and 2 2,492 - h,272 1,780
3 and L 2,872 2,769 -'103

5 and 6 2,40 3,002 ge2

7 and 8 2,L66 3,993 1,527

9 and 10 2,387 o= 2,662 - 5,049

1-10 12,657 11,37 - 1,283

220 1 1 and 2 - 66k - 10,125 - 9,461
3 and L4 1,549 9,042 7,493

S and 6 Lel L73 9

7 and 8 808 874 66

1-8 2,157 26k - 1,893

Totals 37,918 29,547 -8,371

Mean 2-day values 1,307.5 1,018.9 -288.6




TABLE 30

The discrepancies between estimates of energy retention by the classical
C and N palance technique and by the indirect method, calculated from
the results given in Yable 29

Period of Number of Variance of estimates = Standard deviation
observation observations by the two methods of estimates by
(days) the two methods
(Cal.)
2 27 138,842,357 2,311
L I 119,630,602 *3,034
6 7 53,365,611 x2,893
8 7 82,308,840 *3,706
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no systematic difference between the two., If similar errors arose
in the present work, the error of prediction of energy storage would
not be less than + 3,000 g. &tven assuming that this error would
not be increased with increasing length of experimental period,
energy retention could not be predicted with an error of less than

+ 150 Cal./day in a trial of 21 days' duration.

Discussion

The experiments reported here were planned to provide an
estimate of the accuracy w:n.th which water retention can be
predicted from sodium and potassium retention by means of the
equations developed in Section III. It was thought at the time
that the classical method of estimation of water retention, which
involved direct measurements of water intake and excretion, would
provide an accﬁra‘ce estimate against which the accuracy of predicted
vatues could be assessed. With the start of the work, however,
it became clear that under all circumstances the water intake and
excretion of the calf is many times greater than the water fetained
within the body and that relatively small systematic errors in the
estimation of water intake and excretion would lead to serious
error in the estimated water retention. To provide a measure of
such errors, a further method of estimating water retention
dependent upon calorimetric observations but involving measurements
independent of those used in the classical method. was devised,
and water retention was calculated by both methods in most of thé
experiments. Agreement between the two methods was not good and
though the mean of estimates by the two methods was used as tixe
best available measure of water retention, the error attached to
this mean value was such that the assessment of the accuracy of
the prediction of water retention by the indirect method cannot be
considered unequivocal,

The overall agreement obtained between the water retention
calculated by means of the prediction equation and the observed

water retention was extremely good. In seven experiments, the
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predicted water retention amounted in all to 18,816 g. compared with
a value for the observed water retention of 19,026 g,, the total
exchange of water in these experiments being 260 kg. Thus, the
theoretical basis of the prediction egquation, that the retention
of water within the animal body occu:ﬁs concomitantly with the
retention of sodium and potassium, is sound. Moreover, it appears
that the empirical relationship between body sodium, potassium and
ash and body water established by analysis of individual body tissues
and fluids, applies equally to increments of body substance., The
data were not extensive enough to indiqate whether the accuracy of
prediction of water retention varied significantly from calf to
‘calf but no significant differences between animals with respect
to the relationship between water content and sodium and potassium
.content of body tissues and fluids were observed in Section 111,

These results were obtained with calves receiving only liquid
diets but the prediction equation was derived from reéults obtained
with both calves and mature ca.tt;l.e, and it seems uni:’gkely that there
are gross overall differences between the undeveloped and the mature
ruminant with respect to body water, sodium and potassium relation-
ships. This work with calves suggests therefore that the equations
developed in the previous section would provide a reasonable basis
for the prediction of water retention in mature cattle under natural
conditions of feed supply. Under conditions which depart markedly
from normal feeding practice, such as the feeding of experimental
rations deficient in sodium and potassium, or in circumstances
in which the acid-base equilibrium or the tissue hydration of the
body was disturbed, this might not be so, but in trials designed
to provide a measure of the energy value of feeds care would
normally be taken to ensure that the general mutrition of the
experimental animals was adequate,

Although this excellent overall agreement between the
predicted and observed water retention was obtained-, in short term
comparisons over peridds of 2 to 8 days with individual qalves,

quite marked discrepancies were observed. The magnitude of these
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| discrepancies appeared to be independent of the length of period
and of the total water retention. As discusséd previously, the
measured water retention includes with the water stored within the
animal body any sporadic change in the amount of water present in
the gut contents and in the urine retained in thé bladder. Though
the water present in the gut and in the urine is invariably
associated with sodium and potassium, there is not the strict
physiological relationship between them that there is in the body
tissues and fiuids., Sporadic changes in the water, sodium and
potassium contents of the urige and the materials present in the
gut would therefore lead to short term errors in the estimation of
water retention by means of the prediction equation and could
account for the observed discrepancies.

In the experiments reported here, these short term
discrepancies gave rise to a roughly constant error in the predicted
water retention of + 300 g. over experimental periods of 2 to 8 dgys,
and by assuming that the error was independent of period length it
was calculated that water retention Wop.ld be estimated to within
+ 14 g./day in a trial of 21 days' duration, This would mean that
in the calculation of energy storége by the indirect method, errors
resulting solely from the use of the prediction equation to estimate
water retention could amount to + 130 Cal./day. By means of
respiration calorimetry, using either the C and N balance or the
calorie balance techniques, it is possible to estimate the energy
exchange of a sheep, which is comparable in body size to the
calf, to within + 57 Cal./day over a period of l days. The ir;direct
method then cannot be considered to provide a satisfactory
alternative to the techniqué of respiration calorimetry tor the
study of the energy exchange of calves., 1t would of course be
possible to reduce this estimated error of + 130 Cal./day for the
indirect method either by continuing the experimental trials over
longer periods or by making estimates of the energy exchange on a
single ration with a mumber of animals, but to do so would be to

lose much of the advantage, in terms of labour and facility, of
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the indirect method, Alternatively, an attempt could be made to
reduce the error by emptying the bladder of urine at the beginning
and end of each experimental period, either by catheterizing the
animal or by conditioning it to void its urine on the application
of a stimilus.

Brrors similar in origin to the above would arise also in
the prediction of water retention in mature cattle; indeed, the
greater capacity of the alimentary tract resulting from the
development of the rumen woulci \be expected to increase such errors
due to sporadic changes in fill., It would, however, be wrong to
assess the probable accuracy of prédiction of water retention in
the adult animal solely on the basis of the present results

obtained with the calf.
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SECTION V

A NOIy ON THE USE OF THE INDIRECT METHOD FOR THE DETERMINATLON OF
FAT STunAGe AN MATURS RUMAINANTS

The results of the preceding section have shown that, in
experimental trials of relatively short duration, the major
source of error in the prediction of water retention results
from day-to-dgy variations in the patterns of excretion of water,
sodium and potassium. Such variations are likely to be influenced
by the rate of turnover of these metabolites and the results
obtained with calves cannot be considered to apply in detail to
mature cattle since the marked difference in ration and the
development of the rumen must modify considerably the patterns
of water, sodium and potassium metabolism.

It has not been possible to conduct critical tests of the
indirect method with steers or lactating cows, since facilities
for direct energy balance studies with large farm animals were not
available., The respiration chember designed for work with calves
has, however, peen suitably modified for use with Sheep by
Dr. K. L. Blaxter and Mr, N. McGC. Graham (Blaxter, Graham and
Rook, 195l) and, in collaboration ﬁth these workers, the indirect
method was compared with the classical method of studying energy-
exchange in a mmber of trials with sheep. It was firét shown that
the relationship between body water, sodium and potassium estab]i.shed
in cattle appliéd equally to the tissues and fluids of the sheep,
The accuracy of prediction of water content from the sodium and
potassium contents of some samples of tissues and fluids taken
from sheep is given in Table 31.

The results of energy trials with sheep ted a ration
consisting solely ot dried grass are given in Table 32, In the
single run carried out with sheep 1, which was given a level of
feed approximately equal to the maintenance requirement of the
animal, the predicted energy storage calculated over a 6-day period

differed from that obtained by the C and N balance method by
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152 Cal./day, a value of the -s.ame order as that obtained with calves.
With experiments with sheep 2 and 3, however, which covered a wide
range in the level of feeding, much‘larger errors were found,
especially at the higher levels of féeding. A check on the accuracy
of the various analytical methods in use, in particular the methods
of estimation of sodium and potassium in the dried grass teeds which
contained a high ratio of potassium to sodium, did not reveal any
gross error. Yet, in the results for sheep 2 and 3, and particﬁlarly
in the trials in which £he sheep were maintained at a high level

of feeding, the retention of“pota_ssimn in relation to the retention
of sodium seemed unduly high ﬁhen compared with the results

obtained previously with calves, Ex}entually, a search of the
literature revealed that potassium is secreted in fairly large
quantities through the skin of the sheep as the major inorganic
_constitueﬁt of a material known as suint, a normal component of

: the fleece (Freney, 1934). Analyses of several samples of fleece
taken from sheep confined under conditions which precluded the
possibility of contamination, have confirmed the very high potassium
content of fleece (values of up to 6% have been obtained), as
compared with the results reported i‘;r analyses of the skin of
cattle, in which species there is no evidence of a skin secretion
of sodium or potassium. By the measurement of fleece growth over
limited areas of newly shorn ;heep and analysis of certain protected
areas for potassium content, the calculated secretions of potassium
through the skin of thres sheep were 425, 555 and 360 mg. of
potassium/dsy. Daly and Carter (1955) have reported secretions of
suint in fleece of up to 3 g./dsy, equivalent to approximately

700 mg. potassium/day, and have shown that suint production is
roughly proportional to fleece growth rate, which in turn is
dependent upon plane of nutrition., Skin losses of potassium of

this order would give rise to very large errors in the prediction

of energy storage by the indirect method; a skin loss 'of 700 mg.

potassium/day would produce an error of the order of l,OQO Cal, in
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the predicted energy storage, and losses of this type are thought
to account for the large errors observed in Table 32. Since
methods of determining the skin secretion of potassium by sheep
are not likely to be of sufficient accuracy to allow estimates of
body storage of potassium to be made with precision, the indirect
method does not offer an alternative approach te the estimation
of energy storage in sheep, an animal so commonly and conveniently
used for net energy studies on teeds., Likewise, they could not be
used to assess the probable value of the indirect method for the
determination of thé energy exchange of cattle.,

This work with the she;p‘served a very useiul purpose,
however, in that it pointed to a critically important difference
between the milk-fed calf and the mature ruminant, In the calf
fed solely on cows' whole milk, the diet would not normally provide
more than 12 g. potassium and L g. sodium daily. According to
equation (5), the physiological egquivalent of this amount of
sodivm and potassium is roughly 3 litres of ﬁater and a systematic
error of 0,5% in the estimation of sodium and potassium would not
lead to an e&ror greatér than 15 g. in the predicted water retention.
In contrast, in the work with the sheep, that do not differ.
markedly in body size from the calves, the daily intake was much
higher and varied from 10 fo 50 g. ot potassium and from 2 to 10 g.
of sodium and an error of 0,5% in their estimation could give an
error of 50 g, in the predict;d water retention.

Relatively high intakes of sodium and potassium are charac-
teristic of rations normally fed to sheep and cattle. In a series
of balance experiments conducted by Forbes, Schulz, Hunt, VWinter
and Remler (1922) with milking cows giving up to 5 gallons of milk
daily, the potassium intake varied from 93 to 151 g. and the
sodium intake from 13 to 27 g. 1n studies bj Ward, Blosser and
Adams (1951), daily intakes of up to 38L g. of potassium and 21 g.
of sodium were recorded., Thus in cattle limitations in the
metinods of analysis of materials for sodium aﬁd potassium would

be sufficient in themseives to prevent an accurate estimation of
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water retention and consequently of energy storage by this sodium
and potassium method., The chemical methods currently used to
estimate sodium and potassium in cattle feeds are likely to be
subject to systematic errors of at least 1%; such errors in the
measurement of a daily intake by cattle of'only 100 g, potassium/
day would give an error in the predicted water retention of 147 g./
dgy, or about 3 kg, in a 21-day period., Alternative methods of
analysis based on flame photometric and spectrographic techniques
would give rise to even larger errors.

At the present time, it is this technical problem of
determining with accuracy the retention of sodium and potassium by
an animal fed a ration containing a high content of these elements,
especially of potassium, which discourages the further study of
- the estimation of water retention in cattle from sodium and
potassium retention and the use of the predicted water retention
in the indirect estimation of energy storage. 1t is a matter for
speculation whether the newer techniques in analysis, for example
those involving the use of radidéactive,isotopes, may in the
future offer an error of only + U.1% or less, which wouldvraise
again the possibility of estimating“energy storage in cattle

indirectly according to the approach outlined in this thesis,
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o SUMMARY

1. Systems of evaluating the energy contents of feeds and
-the energy requirements of cattle have been briefly reviewed.
Evidence is quoted which indicates that feeding standards and
tables of feed values currently in‘use, that are based on the total
digestible nutrient system, or on the Scandinavian feed-unit 6r
the net energy (starch equivalent) systems of evaluating feed
energy, are not reliable guides to the feeding of cattle, The
net enefgy system is thecretically the most sound but very large
errors are attached to published net energy and starch equivalent
values of feeds. |

2. An analysis has been made of sources of error in the
determination of net energy values. The analysis has shown that
the errors arise largely in the measurement of the net efficiency
of utilization of metabolizable energy, and that they =re caused
in part by wide biological variations that exist between animals
and within individual animals from time to time. It was apparent
also that technical and interpretational errors tend to be
magnified by the design of experiment used., It was concluded that
the determination of net energy values on a wider scale than has
been possible hitherto would reduce considerably the error due
to the variability of the test animals; this hés not been attempted
previously'because 6f the need to determine the total energy
exchange of cattle by meaﬁs of respiration calorimetry, an expensive,
laborious and time-consuming technique.

3. Alternative methods of determining energy exchange in
cattle were considered, and it was concluded that a method might
be devised which would be based on the indirect estimation of fat
storage from the gain in body weight less the body Tretentions of
protein, ash and water, water retention itself being determined by
some indirect method., This possibility was therefore investigated,

and it was concluded that the calculation of water retention from
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body retentions of sodium end potassium might be suitable for the
indirect estimation of fat storage in cattle. -
L« Analyses of tissues and fluids from cattle of widely
differing ages were made, and from the results it was shown that
with the exception of blood serum, brain, skin and‘ bonev, the water
contents of the tissues and fluids could be predicted from the

equation: -

Water = 0,2922 Na + 0,171 K
(g./100 g.) (mg./100 g.) (mg./100 g.)

Differences in the relationship between the water and the
sodium and potassium contents of the tissues and fluids of cattle
aged from less than 1 week to more than 5 years were not
statistically significant.

' The equation predicted satisfactorily the water contents of
materials from the digestive iract except for the contents of the
abomasum, It also predicted the water contents of whole foetuses
and of amniotic fluid but not of allantoic fluid.

5. It was concluded that despite the anomalous behaviour of
brain, serum, skin, bone, abomasal contents and allantoic fluid,
this empirical equation relating the amounts of water, sodium and
potassium in individual tissues of the body, should permit an
accurate prediction of the total body wé,ter content of cattle from
the total body content of sodium and potassium, provided a correction
was made for the 'bound' sodium of bone, the only exceptions being
animals in the laﬁer stages of pregnancy.

6. Full details have been given of the construction and
operation of a closed-circuit respiration chambér (Regnault-Reiset
type) for use with calves in this work.

7. A series of respiration studies were made with calves to
test the validity of the conclusion referred to in paragraph 5, In
these studies the calves were fed cows' whole milk or an artificial
milk, and simultaneous determinations 6f sodium, potassium, nitrogen,

carbon, ash, water and energy retention were made,
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8. In five satisfactory experiments, estimates of water
retention from two independent sets of dates, both dependent on
réspiration chamber technique for their determination, differed
by 55 + L0.2 g. water/day. Thisbdifference was not statistically
significant. Taking the mean of estimates of water retention by
these two methods as the true water retention, the error of
prediction of water retention from sodium, potassium and ash
retention was roughly‘constant ét + 300 g. water over experimentél
periods of from 2 to 8 days. Assuming that this error of prediction
would not be increased over léﬁger experimental periods, it should
be possible over a 2l-dgy périod to predict water retention in a
calf with an error of only + 1L g./day.

9. In the same series of eXperiments energy retention was
calculated from nitrogen retention and from the fat storage estim;ted
indirectly from the gain in body weight less the protein, ash and
predicted water retentions. It was found not to differ significantly
frqm‘the energy retention determined.calorimetrically by the carbon
and nitrogen balance technique. Over experimental periods of L or
8 days, the standard deviation of estimates of energy retention by
the two methods varied from + 3000 to + 3700 Cal. Assuming that
the error of estimation would hot.be increased over longer experi-
mental periods, in a trial lasting 21 days the predicted energy
retention would be in error by + 150 Cal./day. In a respiration
trial lasting only L days, energy retention in a sheep, an animal
similar in size to.the calf, can be estimated by calorimetric
methods with an error of only + 56 Cal./day.

10. A series of calorimetric triéls with sheep, similar to
the trials made with calves have been described. With the sheep,
however, losses of potassium through the skin in a substance known
as 'suint' prevented the accurate determination of potassium
reténtionvand it was concluded that the indirect method of estimating
water retention from sodium and potassium retentions could not,
therefore, be applied to sheep.

11, It has been pointed out in the thesis that if the .
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indirect method of estimating water retention were to be applied
to cattle on normal diets as distinet from calves on milk diets,
difficulties would arise from the high potassium content that is
typical of most cattle feeds. Since these high potassium contents
could result in potassium intakes of up to 300 g./day, analytical
methods with an error of 0.1% or less would be necessary for
measurements of the potassim-n intake if the procedure was to have
the accuracy required for the prediction of water retention from

sodium, potassium and ash retentions,
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