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BODY COMPOSITION FROM FLUID SPACES AND DENSITY
.ANALYSIS OF METHODS

William E. Siri

Donner Laboratory of Biophysics and Medical Physics
Un1ver51ty of California, Berkeley, Cahforn1a

March 19, 1956

ABSTRACT.

The gross composition of the human body is regarded as a mixture of
water, lipids, and fat-free solids, the last consisting mainly of protein and
inorganic mineral. The proportions of these constituents are important
biological variables, both in normal and diseased states of the body, but
their evaluation has been subject to considerable uncertainty. Total body
water is the only constituent amenable to direct measurement in vivo,
whereas the remaining constituents can only be estimated indirectly from
the proportion of body water or from the whole-body density. The indirect

. methods for estimating fat and fat-free solids are subject therefore to both

experimental error and biological variability. The consequent uncertainty
in the estimates depends largely on the assumptions that are inherent in the

.methods that are used. Each of the procedures for estimating body com-

position that is based on body water, corporal density, or a combination of.
these measurements is examined for its basic premises, its formulation,
and the limits of its validity. Formulas are derived for calculating total
depot fat in humans and for calculating the standard deviation. In general,:
the uncertainty in fat estimated from density or water is about + 4% of body
weight, whereas combined body water and density yield an error of + 2%.
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1. Introduction

In an era’ when quantitative in vivo measurement dominates many physi-
ological investigations, it is hardly necessary to stress the need for reliable
means for estimating the gross constituents of the human body. With in vivo
techniques now available, however, only the fluid spaces of the body can be
measured directly, whereas the body's burden of fat can be derived only
approximately by indirect methods involving the fluid spaces and the density

of the whole: body. For the remaining principal constituents, protein and

mineral, there is not even an indirect approach that can be said to be wholly
satlsfactory - While admittedly new and independent methods are needed
perhaps more than refinements in existing téchniques, still the fluid spaces

-and body density are likely to remain essential measurements in any analysis

of gross constituents, even if practlcable d1rect methods are in. the future

devised for other const1tuents

The procedures for estimating body composition, and more particularly
fat, from the size of the fluid space and corporal density are well established

in principle. Quantitatively they have_been open to a variety of interpretations

ever since the development by Behnke™ of the underwater weighing technique

for determining density, and the first uses of solutes for measuring extra-

cellular and total body water. For the most part these procedures appear
to be confirmed in laboratory animals by direct chemical analyses, but

whether or not they can be applied without modification to humans, with
expectation of equally reliable quantitative results, has been open to conjecture.

It has not been possible to confirm them by direct chemical analysis, and.
there is compelling evidence that the human population at large tends.toward
greater variability in body composition than do laboratory animals. Thus, in
some instances estimates of fat derived from fluid spaces and density have
been treated with considerably more confidence than the underlying premises
of the method would appear to justify. Then, too, estimates by one indirect
method have been seemingly corroborated by another, whereas both (for
example) total body water and density must necessarily give 1dent1ca1 fat
values--which need not, however, be the true value.

Keys and Brozek? have reviewed comprehensively the current status of
our understandlng of body composition and the problems inherent in its
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investigation. Nevertheless, the specific methods for estimating body com-
position that are derived from fluid spaces and density still bear closer

scrutiny by analytical methods. Among the leading questions that still remain

to be answered, the following in particular should yield to such an approach: .

(a) Assuming that total body water, extracellular fluid space, and corporal
density are the only quantities that can be measured, how are fat, protein .
and mineral estimated from any one or a combination of such measurements? ’

(b) What are the underlying assumptions in these methods and their
range of validity?

(c) What uncertainty does biological variability as well as experimental
error introduce into the final estimate ?

(d) For practlcal purposes, what exper1menta1 accuracy is desirable in
a. g1ven method‘? '

These questmns yieldreadily to analysis, and the results possess the ad-
vantage of generalized algebraic form that may then be evaluated by the
investigator in accordance with the best available current data on the-bio-
logical variables, such as the 1nterrelat1onsh1ps between water, protem, and
mineral.: ' :

- In the following sections each of the potent1a1 methods for estlmatmg
body composition from the fluid spaces, corporal density, or their combination,
is examined for its basic premises, -its formulation, the inherent uncertainties,
and general conclusions. The algebraic formulas are expressed in as general
a form as the-‘assumptions concerning a method permit, so that within the
limitations of this framework they are valid for humans and animals alike.
‘Differentiation into specific working formulas occurs only when numerical
“*values are inserted. Although this has been.done, it must be emphasized
that such formulas are provisional until the numerical values rest on more
definitive data. In any study of body composition one or another of the
formulas is, of course, necessary, but its 1nherent uncertainties should be
recognized. ' .
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"2, General Principles

The sole const1tuents of the body are considered in the followmg analysis
to be lipids, water, protein, and mineral. Water alone can for this purpose
be regarded as two compartments; namely, the intra- and extracellular fluid
spaces. For convenvenience in formulating the numerous algebraic expressions
relating to_gross body compos1t1on, the constituents are expressed as pro-
portions of the total body weight, or of adipose tissue where this is indicated.
Hence, fat is designated by f (kg fat/kg body weight, or of adipose tissue),
with w,~ i, e&; p, and'm,’similarly defined for total water, intra- and extracel-
lular water, protein and mineral. A further division into carbohydrates and
into "essential' and ''nonessential’ lipids is not warranted, partly because the
former two constitute a relatively small portion of the body, but more particu-
larly because none of the indirect methods for determining body composition
is capable of differentiating such divisions.

A.ll methods for deériving body composition have in cominon the two
fundamental (though perhaps obvious) relations that the sums of the proportions
of the constituents by weight and by volume must equal unit weight and unit
volume: :

f+w+,p4—m=1 (unit wt.) ' I _' (1)

F+W#+P+M=1 (unitvol.) - - (2)

Since the weight and volume of a constituent are related by weight = density
x volume, a third basic expressmn may be derived that is more useful than
Eq. (2) when densfcometry is employed

+
oo

=4+ L R T (3)
m X

P

-V -
.é|é

~

in wh1ch d is the combined density--the density of the whole body-- and d
dy,, d 93 and dy, are the separate densities of the constituents, expressed 1n
g cm

Desplte the elementary character of these expressions the definitions of
f, w, p, and m must be explicit if an interpretation of the result is to be
unambiguous. In any method involving densitometry, f consists of all sub-
stances that have essentially the same density as storage fat (triglycerides),
but it is assumed that f includes only such fats. The same criterion
necessarily applies to w, p, and m. In particular, water is regarded as pure
water and not as body fluids, which are solutions mainly of proteins and
inorganic salts and therefore have higher densities. Protein and mineral as-
expressed by p and m are the totals of these constituents, including these
substances in the fluid spaces as well as in cellular matter.
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In the numerical expressions that are given as examples of applications
of the various methods, it is assumed that the densities of f, w, p, and m
are relatively constant compared to other empirical factors that are inherent
in every method, and the following values are used:

=0.900 g em”™> at 37° C - (Ref. 9)

d,
d, =0.993 g'crn_3 at 37° C

d, = 1.340 g em ™ at37°C  (Ref. 8)
2 _

= 3.000 g cm "at 37° C " (Ref. 5) -

The studies by Fidanza, Keys, and Anderson cited by Keys and Brozek9
indicate a remarkable uniformity in the density of human fat irrespective of
the site from which it is taken. If further investigation reveals that human
fat density is essentially constant for all 1nd1v1duals, this result--though

desirable--will be at variance with observations on the density and compos1t1on :

of animal fats, which appear to change somewhat with diet and environment.

- While otherwise the density of human fat seems well established, the re-
liability of -the numerical values of d_ and d__ cannot be argued with great
confidence. Proteins are known to differ 1nrr%:len51ty and the value of 1.34

g cm=3 is an average for fully hydrated protein in vitro. Whether or not it
is the correct average for human protein in vivo has not been demonstrated.
The same reservation applies tod = 3.0 as well. ‘

Nearly as fundamental as the three universal relations above is the need
for a reference body upon which all the methods except that of combined
total body water and density are based. For the most part the reference body
has been tacitly assumed and often illdefined, but nevertheless present in
studies of body composition. When only one or even two properties, such as
water and density, are measured, it is evidently necessary to assume that
a constant relationship exists among the remaining constituents. In doing so,
a reference body is implicitly introduced to.which all individuals are pre-
sumed to conform except for differences in the proportion of adipose tissue.

The best-defined reference bodies have been the 'fat-free body, " Behnke s
"lean-body mass, ""ls 4 and Brozek's "standard man.''® 9 Each of these is
intended to provide the basic and presumably constant relationships between
constituents that most indirect methods for estlmatlng body composition
cannot 'in themselves measure. ‘ '

. In the first of these concepts it is assumed that all adult normal humans
are identical in their ratios of water, protein, and mineral, and that they
differ only in possessing varying proportions of pure fat appended to the
basic lean structure. Behnke's lean-body mass is essentially the same thing
except for recognition that the lean body contains certain essential lipid sub-
stances such as phospholipids that are irreducible cellular constituents.

This distinction, although valid, is one that present methods for determining
body composition cannot make.
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The view that the body may be regarded as a lean structure to which pure
fat is added appears to obtain in small mammals, and is supported by some
animal studies. The recent studies by Pitts12 appear particularly to support
this contention in guinea pigs, at least in animals for wh1ch fat is less than
25% of body welght : : : . :

On the other hand, the extensive stud1es of Keys and Brozek9 on changes
in body composition in humans during weight changes due to altered diet
suggest that adipose tissue--or at least the tissue gained or lost--is not pure
fat, but consists of water and cellular material as well. Behnke has reported
similar findings, though numerically somewhat different. 2,4 Moreover,
Keys and Brozek found that the compsition of adipose tissue was not constant
over the entire emaciation-obesity range, but was substantially different for
extremely lean persons. ’ Under these conditions, the fat-free body could
not serve as a suitable reference because its composition would depend on
the fatness of the individual. Instead, Keys and Brozek adapted a ''standard
man" derived from the mean composition estimated for a selected group of
young men. ’ It was believed thatadipose tissue in the range of, and greater
than the 14% of body weight estimated for the standard man was nearly
constant in composition, hence, the standard man would serve as a valid
reference for most of the popula.tlon, but would be 1nappr0pr1ate for very
lean persons. .

There is not as yet sufficient experimental evidence to formulate precisely
what constitutes a satisfactory reference body, nor for that matter to assume
‘that all adult humans must necessarily conform to any one reference. There
is, indeed, reason to believe that a series of such references may be needed -
to bracket the emaciation-obesity range, and perhaps other variables, such
as mineral, as well., This, however, does not solve the difficulty, because
some new and 1ndependent means would be required to select the appropr1ate
reference. :

All these poss1b111t1es must nevertheless be introduced into any gener-
alized formulation for calculating fat, protein, or mineral from fluid spaces
and density. The analysis of each method, therefore, proceeds from a
generahzed reference body whose composition is 1 = 5.+ wg + py + m and o
" whose den51ty is dg. It is then assumed that other individuals diifer : ‘only in
. possessing a greater or smaller proportion of adipose tissue, A, whose
generalized composition is 1 = f} + w} + p; + m) with density d;, where
f1, wi, pj,. and m, are the constituents relative to unit weight of such tissue.
The quantity A is therefore the adipose-tissue difference between subject
and reference as employed by Keys and Brozek. From these definitions it
is readily seen that the total proportions of fat, water, protein, and mineral
in the normally hydrated person are

f={(1-A) fo_+Af1,,
(l - A) w0 +Aw1, )
(1 —A) PO +Ap1,

= (1 - A) mo + Aml.,
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With éach of the methods forrnilated in these terms; one rnay choose a compo-
S1t1on for adlpose tissue and whatever reference seems’ appropr1ate
In the f0110w1ng sections, the gemneral formulatmn for each method will

also be given in numerical form as derived frorr% two very different references.
The first is based on Brozek's ''Standard Man, Wthh is characterlzed by

d. = 1.063 - g cm-3,

0
fo = 0.14  unit of body weight,
‘W, =0.61  unit of body weight,
p'o = 0.19 unit 'of‘b:ody we‘ight, o
m, = 0.06 . unit of body’Weight.

together w1th Keys and Brozek's est1mate of the comp051t10n of adipose
tissue: A

d, =0.948 gem™>

1
= 0.62 = adipose tissue weight,
W, - 0.31 adipose tissue weight,
.pl‘ =0.07 a'di‘p»ovsev tissue weight:v,
m, = 0.00 adipose tissue weight.

-The 'second example is evaluated on the basis of the fat-free body, assuming
its proportions of water, protein, and mineral are constant for all adult humans,
and by identifying ad1pose tissue with pure fat. Under these conditions
f. =10, w, =p m, = = 0, and the remaining quantities have approx1mate1y the
following values:

) _ . -3
| .do_—-l.l g em T
tfo 0.0  unit body weight,

w, = 0.72 unit body weight,
Py = 0.21  unmit body weight,

m, = 0.07 unit body weight,

These two references--Brozek's "Standard Man'' and the fat-free body--
are used in the following sections for numerical evaluation of the methods,
primarily because they illustrate opposite extremes in concepts of reference
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bodies. Despite this, it will be apparent in analyses of most methods that

the choice of reference body may have less material effect.on the estimated
quantity of fat or prote1n atid mineral than do the underlying uncertainties

'in the method. In view of the insensitivity of most methods and the consequent
uncertamty associated with them, the characteristic values indicated above
appear to be justifiable, even where there may be disagreement on the pre-
cise magmtude of the constltuents : :
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3. Experimental Error and Biological Uncertainty

It would be a misleading simplification to assume that the accuracy with
which body composition can be estimated hinges largely upon the accuracy
with which corporal density or the fluid spaces can be measured. Even if
experimental error were insignrificant there would still remain in most
methods for estimating body composition a residual uncertainty (Standard
Deviation} that is about * 4% of body weight. Each method includes, whether
explicitly or implicitly, a fixed reference body; or the equivalent in a set of
assumptions interrelating the constituents that cannot be measured directly.
Thus, for example, all methods assume that mineral constitutes a fixed -
fraction of the fat-free body, or that it has a fixed ratio to protein, or that
‘it conforms to some alternative but equally likely empirical relationship.
Since it can hardly be expected that all individuals will conform exactly to the
same numerical constants in such relationships, particularly among humans,
deviations from preset values, even though they may be accurate averages,
result in an inaccuracy stemming from biological variability.

The empirical constants in fat-estimating formulas may at best represent
an average for a given population, they may furthermore be correct in only
a limited segment of the obesity-emaciation range. The variability in each
biological factor therefore contributes its share to the uncertainty in an
estimate of fat, protein, or mineral. Biological variability sets the limit of
confidence one may have in estimates of body composition by methods now
available, and it also sets a useful limit of accuracy that is desirable in
determinations of density and fluid spaces. This latter consideration is
particularly significant from a practical standpoint. ., On the one hand, it may
save the expenditure of great effort put into improving the accuracy of an
experimental technique that would in reality produce no significant improve-
ment in the estimate of fat or other constituents, and on the other hand, would
avoid interpreting an already precise measurement of density or fluid space
as a comparably accurate determination of fat and body composition generally.

The over-all uncertainty in an estimate of fat must consequently include
both biological variability and experimental error. Since the various methods
can be formulated explicitly in terms of the biological variables, an estimate
of this uncertainty expressed as standard deviation can be found by applying
the Law of Propagation of Errors to the general formulag {see Appendix 1).
This will also yield an estimate of optimum experimental accuracy that seems
justified in the application of a specific method.

The algebraic formulas for calculating the variance (SD squared) in the
fat estimates are expressed in terms of the biological variables and their
variance, experimental and biological. Evidently, these experimental and
biological uncertainties must be the same in every method for estimating
body composition from density and fluid spaces, although their cumulative
effect: will in general be different.



-12- : UCRL-3349

The standard deviations listed below are 1ntended primarily to 111ustrate,
when substituted into the appropriate formulas, the approximate magnitude of
the uncertainty associated with each method. Nevertheless, their values are
believed to be justified by the available data on. body. comp081t1on The
quantities to which they refer are 1nd1cated by subscripts. ‘

Experimental: 4= *0.0025 g cm_-.3.,, - | ~ (Refs. 9, 14)

o, = %0.02  body weight. - ~ (Refs. 15,16)
Biological: o, =£0.1,

O = + 0,02 reference body weight,

0 . o )
c, =001 . gcm °,
dy :
0d1=:!:0_.01 gem T,

The experlmental errors are based on the best techmques now apphcable

for routine practice.

The quantity a, the ratio of total mineral to protein, is discussed in
Section 6. The standard deviations 0w and 03, include the uncertainty
in the exact composition of the reference body and the much greater dispersion
in body composition for the population. They are, in effect, measures of the
deviation of individuals from a fixed reference and not so much the error in
the reference. The standard deviation in dj,, the reference body density, is
derived from ¢, and 0, (see Appendix %) The value of 04, is estimated
from the combined data of ~ Keys and Brozek, 9 Behnke, 2,4 3nd Siri.
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4, _ Densitometric Method

A correlation between corporal density and fatness was suspected as -
early as 1901 by Stern, 18 byt in the absence of an accurate technique for
measuring body density, it was not possible to establish a well-defined
relationship. After perfecting the underwater weighing method for determin-
ing density of thg body by Archimedes' principle, and compensating for lung
volume, Behnke™ was able to demonstrate that a high correlation did exist.
between overweight and density. Using this method Rathbun and Pacel3 were
in turn able to establish a quantitative relationship between density and the.
percentage of fat in guinea p1gs by comparison with direct chemical analysis.
The sern1emp1r1c:a1 expressmn derived by these investigators has the form
f = (a/d) - b, in which d is body density and a and b are empirical constants,
The original constants for humans, which were related to body specific gravity
rather than density, were a = 5.548 and b = 5.044. These values are still
widely used although they are known to contain a systematic error because
they are based on an incorrect value of fat density. Keys and Brozek? and
Behnke” later proposed somewhat different values based on more extensive
though indirect human data and the correct fat density.

The estimation of fat from density alone is founded upon the broad gener-
alizations described in Section 2. It requires the assumption that all adult
humans are identical in composition except for individual differences in their
proportions of adipose tissue., This is spec1f1ed either by comparison with -

a fixed reference body whose composition is presumed to be known, or the
equ1va1ent by assuming fixed relationships between water, protein, and :
~ mineral in ‘both the lean body (not necessarily the fat-free body) and in ad1pose

tissue. Thus the individual can be regarded as identically'the reference body
to which a proportmn A of adipose tissue has been appended or. removed

In arriving at a general formulation of the densitometric method, ‘however,
it is not necessary to specify the numerical values beyond assuming that they
- are known and valid average values for the category of subjects to be examined.
The formulas are in turn greatly simplified if expressedinterms of the
densities of the reference body and of the generalized ad1pose tissue. The
result is exactly equivalent to expressing the formulation in terms of the
specific constituents of the reference and adipose tissue, as may be verified
by making the substitutions.

An individual who differs from the reference by a proportion of adipose
tissue A is characterized by a mean body density d, related to A by

A 1-A =
T , (5)

or, if terms are rearranged the est1mat1ng equation for adipose-tissue
difference becomes
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A= 3 ‘_ H"'_—d—' ) T M S ()

The difference that is pure fat is then Af = Af,, whereas the total fat pro-
portion of the individual is f = Af1 + (1 - A)fo, or more explicitly,

Gl (hefNan-dg o
-— - - - -
- ¢\ %9 4y -9, |

Equations (6) and (7) are entirely general, but still retain the form f = (a/d) - b
that was proposed originally. : o

The examples of numerical working forms of these equations may now be
evaluated first on the basis of Brozek's standard man, and then on the basis
of the fat-free reference body. For the first of these, do = 1.063 g cm -3,

= 0.14, andf—062 : :

fo 1
_ 8.764 o ‘
_A o v8.245, , (8)
_ 4.206 : ' '
Cf= =~ - 3.817. (9)

These are esseritially the equations proposed by Keys and Brozek, 9 although
there is a negligible difference in the constants because fewer decimal places
in d0 and d are used here,

If, onvthe other hand, the fat-free body is the correct reference, then- |
dy = l.lgem -3, dj = 0.90 g em 3, fo = 0.0 and £ - 1.0. ' The fat-estimating"

equation then becomes s v ' ’ : /

~ 4.950 _ _
f = A - i 4.500. _ (10)

It is of interest, _before examining the uncertainty in the method, to compare
the values for fat derived from these and similar numerical formulas that
have been proposed. For a man of density 1.050 g cm -3, the original

. Rathbun-Pace formula yields 23.9%, Keys and Brozek's version, which is
the same as Eq. (9) above, gives 18.9%, whereas Eq. (10) above gives 21.5%.

A true estimate of the uncertainty associated with the densitometirc
method, as pointed out in Section 3, must include not only the experimental
error but also the b1010g1ca1 variability associated with the assumptmns that
are made in formulating the method. The standard deviation in the estimated
value of fat may be derived from the general Egs. (6) and (7) by applymg the
law of Propagation of Errors, recogn1z1ng that there will be dlspersmn in.
dOa dy, fpand f) due mainly to the var1ab111ty in total body water and in the
m1nera1—prote1n ratio among 1nd1v1duals in a pOpulatlon The over-all un-
certa1nty, expressed as the varlance of in fat, then has the form
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. 2 [ 2 |
SRS LAY a (2% \% 2
£ T, -d) ) |7 tegEgEy)  Cd

(11)

o, | o
/d'do\ 2 o d-d

2 d-a.\ 2“‘_ —
A v Y e Tq T "-? Ha : bf .
il - ) 1-1o) o\ T T 1

The variance in the determination of the difference in fat between subject and
reference is also given by the equation above if f is set equal to zero and
the fourth term in the bracket is omitted.

Since estimates of 0. and 0, . require only approx1mate values of the
quantities 18 the formulas to be generally valid, the values proposed by Keys
and Brozek”’ given above may be used to evaluate the standard deviations in
fat and fat differential for a subject of density 1.050 g cm-3

0% =14.56 % +11.18 o> +0.23 o> +0.81 o2 +0.01 ¢2, (12)
£ d d d £ £ |

0 S 1
o%=24.28 02 +18.66 o> +0.38 ¢2 +0.01 o2 (13)
“af % a T d, a 5 :

It remains only to substitute representative values for the separate
variances. The standard deviation 0 ; represents solely the experimental
error in m-ea,s,urin§ the subject den51ty, and for the present purpose is taken -
as = 0.0025 g cm The remaining standard deviations reflect pr1mar11y
biological variability; thus variations in the mineral-protein ratio and in total
body water introduce a dispersion into dO’ even though the reference body may
- be a true average for the population and its composition known prec1sely The
estimated values, which are discussed in Section 3, are
o‘d' =+ 0.01 g cm 3;" O4. = +0.01 g cm 3, Oe = £0.02 reierence body we1ght
and 05, = £0.05 adipose tissue weight. The standard deviation in fat estimated
by the densitometirc method becomes ' '

o, =% 4. 0% - body Welght

N :l: 4.6% ‘b'ody weight.

Several useful conclusions may be drawn from the foregoing analysis of the
densitometric method. First, it'is evident that little is gained, especially in
view of the increased technical difficulties, in attgmpung to measure body
density more accurately than about + 0.005 g cm If there were no error
whatever in measiiring density, the uncertainty in fat estimate would still
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remain * 3.8% body weight, primarily because of normal variability in body
constituents, but also because of the uncertainty-in attempting to establish
the compositions of adipose tissue and reference man that are true averages
_for the category of subjects measured. » :

Second, the uncertainty.in the estimate of difference in fat or of adipose
tissue A, between subject and reference, is the same as or greater .than that
for total fat. While. this result is not intuitively evident, it follows from the

-analysis ‘above, which demonstrates that the same uncertainties affect both
Af and .f. There is consequently no real advantage in estimating Af or A
rather than total fat in the expectation of achieving a more reliable quantity.

Third, the-reference body cannot be formulated from densitometric
analysis alone without danger of introducing a large systematic error. This
~error does not stem from experimental error, which may be exceedingly
small, but from the impossibility of establishing body composition solely by
measuring one quantity such as density or total body water.. As a corollary’
to this, it may be noted that even if the densities of both subject and reference
were determined with great accuracy, the uncertainty in the estimate of fat
would still be 3.8% body weight. :

‘Fourth, significant differences from the average in any of the gross -
constituents other than fat intreduce a comparable indeterminate error in
fat estimate. The method is obv1ous1y invalid, for exa.mple, in the presence
of abnormal hydration. :
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“ 5, Total-Body-Water Method =

Investigations of the gross composition of small animals b“y' direct analysis
reveal for the most part a relatively constant fraction: of water in the fat-free
body and a high inverse correlation between &ther- extractable fat and total
water. This has been demonstrated most extenswely in the guinea pig,
suggesting that=-at least in a limited range of fatness--such animals consist
of a basic lean structure to which pure fatis appended in varying amounts
without greatly alter1ng the proport1ons of water, protem, and mineral. If
this conclusion is accepted, the proportion of fat is given on the average by
the widely used formula

f=1- %, R (1)

where w is the measured total body water- and w' the proportmn of water
in the fat-free body, which has been varlously estimated from 68% to 74%

There are, on the other hand no comparable experlmental data to support
a similar conclusion for the constancy of the hurr%an body. On the contrary,
there is some direct?s 10,19 a5 well as 1nd1rect evidence to demonstrate
that such a pattern is not followed quantitatively. Adipose tissue is thought
by some investigators to consist in part of water and protein, so that these
constituents should increase in absolute amount with obesity. 2,9 The greater
variability in total mineral and protein among humans, compared to small
mammals, would also affect independently the constancy of the total body
water fraction, as would also transient and pathological alterations in hydration.
There is no way in which altered hydration or differences in the proportions
of protein and mineral can be taken into account in estimating fat solely from
total body water, but if water is associated with adipose tissue, this can be
expressed in the formula relating fat to total body water if it is assumed that the
water fraction of adipose tissue is constant. In principle, a somewhat more
general equation than that above should be obtained.

For the same reasons that a reference body and a generalized form of
adipose tissue are inherent in a general formulation of the densitometric
method, they are equally necessary in deriving the body-water method for
estimating fat or any other constituent. Not only are the same assumptions
required, but the reference body must be identically the same in the densi-
tometric and total-body-water methods if they are to be mutually consistent.
A subject who then differs in composition from that of the reference body is
presumed to differ only in possessing a proportion A of adipose tissue that
is in excess of, or smaller than, that of the reference body. The total water
and fat in the normally hydrated person are then the sums of these constituents
associated with the difference A in adipose tissue, plus that associated with
the proportion 1-A of the body that corresponds to the reference body:

w = Aw, + (1 —A)wo, (15)

f=Af +(1-- A) f,. o (16)
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- Combining equatione, we',haye the general relation betw_een total fat and:water,

- W-

R TP
'f—wo'wl (f1-§Q)+f0 (17)

The difference in adipose tissue between reference and sub_]ect is then

A = (wg - w)/(wo - w1), while the difference in fat is Af = Af;. Equation (17)
is the most general relation between fat and water that is consistent with what
is presently known of body compos1t1on The choice of reference man, in-
sofar as it is an accurate average in a given obes1ty range, is otherwise arbi- . :

trary.

The numerical form of the fat-estimating equation based upon Brozek's
standard man as a reference (see Section 2) becomes : :

f=1.016 - 1.600 w. _ | - (18)

If, however, the fat-free body is the appropriate reference, ‘the equation is
then

- 1.000 - 1.390 w. | " o (19)

The va11d1ty of the total body -water method for estimating fat rests
upon the same assumptions as are inherent in the densitometric method;
briefly, that gross body comp051t1on is constant for all humans with the same
proportion of adipose tissue; that the composition of adipose tissue is constant
and known; and that the reference body is a true average whose composition
is known. The uncertainty associated with fat estimated by this method will
consequently reflect the error in measuring total body water, together with
the actual and irreducible variability in body composition for the population--

and, of course, any uncertainty in reference body composition.

The variance in the estimate of fat, taking these factors into account,
may be derived from Eq. (17), in the form :

2 rfl‘vvfo : 2 W'Wl.z' 2 ‘W‘W.o : 2
O-f: W =W ' Gw + .w - W GW + WA - W UW
-\ 0 1 0 1/ - 0 0 1 1

2 - 2
. w o= wo\ 2, wo-wy 2

(20)

The corfespoﬁding \}ariénce in the differential fat estimate, Af, may
also be calculated by Eq. (20) after deleting the last term and fO'
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The numerical magnitude -of-the uncertainty in the estimated. fat may be
illustrated with a subject for whom water constitutes 55% of body we1ght and
with Brozek's standard man (see Sect. 2) used as a reference. The numerical
values of the standard deviations in w,, LA f., and f; were discussed in
Sections 3 and 5. The estimate of fat and the attendant standard deviation
calculated with Eqgs. (18) and {20) above are then

f

23.6 £ 4.8% body weight,

Lf

12.4 + 5.5% body weight.

Similarly, an estimate of fat in the same subject may be calculated from
Eqgs. (19) and (20) based on the fat-free body as a reference :

Af = A =1f=23,6%3.5% body weight.

Although in the example given here, in which w = 0,55, the calculated
value of fat is the same by both formulas, in very lean and very obese persons
the two formulas differ by about 3% of body weight. This, however, is still
within the estimated uncertainty of the method. C

The foregoing analysis of the total-body-water method leads to several
conclusions of particular interest. It is seen at once that, in view of technical
difficulties involved; increasing the accuracy of total-body-water measurement
_beyond + 2% of body weight does not, in general, appear: warranted. More
precise water measurement yields little 1mprovement in the reliability of the
fat estimate. If 0. = % 1%, the uncertalnty in fat would be reduced only to
+ 3.9%. Indeed, if there were no error whatever in total-body-water
measurement the uncertainty o_ in total fat would still-be + 3 6% of body :
weight because of 1rreduc1ble var1ab111t1es in the other factors B

v A part1cu1ar1y significant result is that the standard dev1at1on of the
differential fat estimate is, if anythmg, greater than for total fat estimate.
The reason for this is explicit in the formulas for ¢, and' 0 ., both of
which contain the same factors affected by biological variability and experi-
mental error. Hence, neither the differenceé in adipose tissue nor in pure
fat between sub_]ect and reference can be determ1ned any more rehably than
total fat.

No attempt was made to evaluate systematic errors, inasmuch as they
may vary widely with techniques used. Such errors include hydrogen exchange
in measuring body water with hydrogen isotopes; errors in the estimate of
the reference body, and’ adlpose -tissue composition, and noss1b1y the use
of a referencebody of one compositionforthe whole of the emaciation-pbesity:

range. ‘Altered hydratlon w111 of course, render the method invalid,

The absolute standard deviations in fat and fat difference calculated for
the numerical example above will be approximately constant throughout "
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the emaciation-obesity range. For a standard deviation . in total= body water
measurement of * 2% body weight, ‘the uncertainty in fat estimation is not
likely to be less than * 4% body weight.

Fmally, it may be noted that the dens1tometr1c and total body Water
methods are not 1ndependent means for estimating fat. Aside from errors,

.in measurement, both methods must yield identical value S, for they are

derived on precisely the same premises in whatever formulation one chooses
to accept. If on the average the two methods, when used separately, lead to
different values for fat, it can only mean that madvertently two different °

" reference bodies were implicitly involved, and consequently the constants 1n'

the density or in the total-body-water equation, or in both, are incorrect.
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6. De‘nsity-’:—_—.-,Total—Bo,dy—.Wat'er Method :

Combined measurements of corporal dens1ty and of total body water yleld
the only method for estimating body composition that does not require a
reference body nor: an explicit description of the composition of adipose tissue.
The method is based, not on separate estimates by 'the two measurements, but
rather on a single. forrxbulftglon in which density and water occupy the roles of:.
independent variables. Although it is the method that appears to be the -
least affected by b1olog1ca1 variability, because it requires.the fewest as,sumptions
concerning interrelations between constituents, it is not:wholly free of such .
uncertainties. Density and body water still do not provide all the information
needed for the unambiguous determination of a system that contains four
constituents. On the other hand, since only one assumption need be made, it
is possible to choose an empirical relationship for which the associated bio-
logical variability has relatively little effect on the reliability of the fat-
est1mat1ng equatlon

A formulation of the method is derived directly from the fundamental
Eqs.(1l) and {2), which--it may be recalled--apply to a body of any description:

=f+w+p+m, (21)
1 f W P , m
W P m

One additional reilationship is needed to corriplete the system, but it may be
any assumption one chooses to introduce that relates two or more of the
constituents by means of a constant.

Among the numerous possible relationships between constituents such as
those formulated in preceding sections, two are best suited to the present
method. The first assumes: that the ratio of mineral to protein is constant
(i.e., m = ap), or the equivalent, that mineral forms a constant percentage
of the mineral-protein fraction of the body. The second choice assumes that .
mineral forms a constant proportion of the fat-free body, ice., m = § (wsp+m).
The latter choice has the disadvantage of involving total body water, and hence
in states of abnormal hydration cannot be expected to be strictly valid. Further-
more, although it is equivalent to the first expression for the average normal
person, if total body water is a variable fraction of the body even in normally
hydrated persons, as recent studies suggest,,1 the second of these expres-
sions introduces a needless uncertainty in the value of B. The relation
m = ap is therefore subject to less variation and is used here in deriving the
formula for fat., It may be noted, however, that for the average normally
hydrated subject, both assumptions lead to the same result.

The formula for fat, as well as that for estimating the standard deviation,:
is greatly simplified by introducing the substitution s =p +m = p (1 + a) and
the combined density dg of protein and mineral given by
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(1 +a)d_d
_ , M D
s~ d_ ¥ad -
. m P

L (23)

Combining these equat1ons with Eqs. {21) and (22) above, we obtain the general
formula for fat, .

d. . d d -d
¢ = f S w5 W \_ (24)
g |7l ) .

‘The value of a, upon which an estimate of d; depends, rests on rather
meager data for humans. Although it is relat1vely consistent in laboratory.
animals, with a value of about 0.25, 11, 17 the ratio appears to be substantially
greater and more v&.nable in humanzs The direct analyses of five cadavers
by Mitchel et al,, Forbes et al. (51(1 Widdowson et al., v19 -whose results
are summarized by Keys and Brozek yielded values ranging from 0.290 to
0.527. For the present purpose in illustrating a numerical form of the fat-

. estimating equation, a value of a = 0.35 is adapted, which corresponds to

total mineral of about 7% of the fat-free body. The exact value of a, either

for the individual or for the average, is not needed, however, for as shown below
a considerable error in a does not in this method greatly affect the estimate

of fat and of p +m. ‘

The combined density of protein and mineral for a = 0.35 is then d_ = 1.565
g cm=3. When this and the numerical values for df and d; are substituted
into Eq. (24), the fat-estimating equation becomes

2. 118

—— - 0.780 w - 1.354. . (25)

f =

The reliance that can be placed in an estimate of fat by this method is
- affected by the one empirical constant a, in addition to the experimental
errors in measurlng density and water. The magnitude of the uncertainty
this produces can'be estimated by applying the law of propagation to Egs. (23)
and (24) to determine the over-all standard deviation ¢y¢. The variance in
d takes the form : '
, dm 4, (d - d) 2
o4 = b _ c“ =0.308 ¢°, (26)
s A Yad ) e @«

oo
8]

while the variia‘nce in f, aft.‘ervsubstitution for qs » becomes

2 s ' 2
2 dgds 2 dp (dg - d) 2
Of S|\—m—"—=2 0q *l— ) w
‘ (QS - dg) d o dg {dg - dp)
. 0.308 d d, d_-dg »
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If the numer1ca1 values for d d , and'-d;ﬂaf’e inserted, the variance in fat
reduces to w ' - '

o = —d—z— g4 + 0.608 0W+<1.126 - —g - 0.106 w>.. - (28)

The contribution of biological variability introduced through a depends
somewhat on the fatness of the individual; it is greatest for very lean individuals
and becomes smaller with obesity., Although there are no direct data other
than those referred to above from which toinfer.an estimate of ¢ , it is -
reasonable to assume that the standard deviation is not greater thdn + 0.1,-i.e.,
about 30% of the assumed mean value. For the purpose .at hand only a rough.
estimate is needed to demonstrate the magnitudes involved, and the value would
appear to be an adequate estlmate of the dlspersmn in m1nera1 prote1n ratio.

The actual uncertainty to be expected in a determlnatlon of fat by the
“density—total-body-water method may be illustrated for a subject -with d = 1.050
~and w = 0.55. Substituting ¢, = £ 0.1 and the experimental errors of

o0q =+ 0.0025 g cm™3 and oy = +0.02 into Eq. (28),.  we have the standard
deviation : ' : : C :

4 -4 -4

02=0251x107% +2.43x 107 + 140 x 1074,
or : o"'f = + 2.0% body weight.

From the preceding analysis several general conclusions may be drawn
regarding the. applicability and validity of the method. :

First, the d-w method is strictly valid in any state of hydratlon Moreover,
since the 1sotopes of hydrogen can be used as solutes in measureing body water,
the method is for practical reasons the only one that appears to be generally
valid in estimating fat when extensive edema, pleural effusion, or ascitic
fluid is present. In some circumstances the test solutes for extracellular
water--extracellular water is in principle the only alternative measure»of
excess hydration--cannot be expected to give a correct fluid volume because
of their rapid disappearance and slow diffusion.

Second, the estimate of fat and of p + m is relatively little affected by
biological var1ab111ty

Third, it is evident from Eqgs. (27) and (28) that little is to be gained in
measuring body density more accurately than * 0.0025 g cm~ 3, In fact an
error as great as 0.004 g cm -3 does not greatly affect the over-all accuracy
of the fat estimate. This conclusion would apply even if the error in water
measurement were reduced to + 1% of body weight.

Fourth, the error in measuring total body water, set here at 2%, introduces
the largest single source of error, In the example given above, a reduction
in the water error from # 2% to 1% of body weight would reduce o, to + 1.5%.
In many circumstances, however, the over- -all galn of only 0.5% in reliability
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would not Justlfy the considerable effort required to achieve an accuracy of
1% or less in the measureément of body water by the techniques now available.
Fifth, if the experimental errors were altogether negligible, the uncertainty
in fat-estimate would still remain about * 1.2% body weight, unless o, were
. sbstantially less.than + 0.1.. On the other hand, even if ¢ . were as great
as + 0.2, the resulting uncertalnty in fat would be only % 1. :
Sixth, an estimate of total protein plus mineral is just a vahd as that for 2
fat, although the uncertainty, given by o = (asv + 0%) 1/2, is slightly greater.
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7. Density— Extracellular-Fluid Method

Extracellular f1u1d space is the only d1st1nct compartment other than )
total body water that has a direct bearing on’ gross body composition ‘and is
susceptible to in vivo dilution techniques. Intuitively it would seem advantageous‘
to employ this"added information when available by combining it with corporal
density in a method similar to that of total body water and density for esti-
mating fat. However, as the following analysis suggests, the greater exact- .
ness that might be expected is offset byithe increased complexities of the
assumptions that must be made and by the substantial uncertainties that extra-_
cellular fluid space introduces, both on theoretical and on practical grounds.

With the introduction of extracellular fluid, the body must be regarded as
a system of five components instead of four, i.e. 1 =f+i+e+p+m, where
i and e are the intra- and extracellular water proportions of the body
respectively. The additional compartment necessar1ly increases the number
of assumptions needed to' relate f, i, e, p, and m. It is also necessary, as
in the densitometric and the total-body-water methods, to introduce a
reference body to which all individuals are assumed to conform except for a
difference in the proportion of adipose tissue. A considerable array of
possible relationships among the five constituents is available for a formulation
of this method in addition to the basic equation above and the corresponding
general equation for density: '

i+ e
d

' m B
+ B (29)
w . p W

i

+
arg

1 f
d de
To in‘clude the possibility of abnormal hydration, it is necessary to regard

e as the sum of a component g associated with the normally hydrated person
and a component h representing the excess (as in edema) or deficit (as in
dehydration). Whatever approach is theun taken, the following relations are
inherent in a formulation of the method:

'm =ap or m=B(l-—f—h),

wi{l-f-h), | .  (30)

i
g = vi, , ' : ,

where a and B are empirical constants relating mineral to protein, pis

a constant relating intracellular water to the fat-free body, and v relates
extracellular to intracellular water. In particular it is necessary to the
validity of the method to assume that intracellular water is in no way affected
by abnormal hydration.

As in the preceding sections, it is simpler but equivalent to formulate
the method in terms of the generalized reference body and adipose tissue.
A person who differs from the reference by a proportion of adipose tissue
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A and possibly an abnormal proportlon of extracellular water h must then
have a dens1ty given by ~

1 1-A-h A h 31
.J__T+J;+a_\;, ,‘_()

where the subscripts 0 and 1 signify reference body and adipose tissue
re'spect1vely When combined with the express1on for total extracellular
fluid, e = (1 - A - h)epg + Aej + h, the difference in adipose tissue between
reference and subject becomes : .

dd K(l-e
w

) | .
A=_0 S _eKldy-d) - K -endy), (32)

d

where | | K

.dl/ dw(do-dl) - egdy (dw-dl);,— e d, (d, - dw)} .

The absolute proportion of fat is f = (1 - A - h)f, + Af 1! or--combmed
with. Eq. (32) above--the estimating equat1on for tota? fat has the form .
- f(l-_e)'—.f(l-e)' 1l -e

1 0 0 1 +f

l-eo O'I—eo

f=

(33)

Examples of numerical forms of these equations may now be evaluated
on the bases of the two reference bodies described in Section 2. ‘With the
values proposed by Keys and Brozek, the equations become.

A = §'1f’ié-’- - 0.684 e - 8.044, ' (34)
= 228 L 05736 -4kl (35)

For a subject with d = 1.050 g cm -3 and € = 0.14, as an example, the proportlons

of adipose tissue and fat derived from these equations are A = 11.3% and-
£.2°21.0% body weight. :

If, however, the fat-free body is the more nearly' correct reference, then
f1 =1, f5 = e} =0, ey is about 0.18, and the general fat formula reduces to

f=A=220 - 0535 e - 3.972. | (36
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When this is applled to the ‘'subject above,’ & value of 'f = 21, 5% of body weight
is calculated.

In the middle range of fatness, i.e., 15% to 30%, the difference between

the two estimating formulas is negligible, while in the extremes of leanness

and obesity, the difference i$ never greater than 3% of body weight. Even
under the extreme conditions, the difference in the fat estimates derived on

the basis of two references appears to be léss than half the'uncertainty -
assoc1ated with either formula, Thus, so far as the method is concerned; it
seems immaterial whether one chooses to think of adipose tissue as pure fat

or some combination of fat, water, and protein.  For the same reason it makes"
relatively little difference whether the fat-free body or some other reference

is used. o :

A serious limitation in the reliability of this method stems from the large
uncertainty in measuring extracellular fluid and the ambiguity in precisely
what it means. Methods such as inulin infusion and radiosulfate appear to
give reasonable values, but there has been no means for directly testing their
valldlty nor for estimating systemat1c error. Related to this is the difficulty
in ascertaining the normal variability in exiracellular water. By the method
in this and the following section any deviation in the volume of extracellular
fluid from that of the reference plus adipose tissue can only be interpreted as
altered hydration, which then introduces a systematic error into the fat estimate,
whereas it may be a normal variation in the ratio of extra- to intracellular
water.

The method in principle takes into ac¢count abnormal hydration, but on
the other hand, it is not always likely to do.so in practice It is questionable
whether any of the solutes that are employed in measuring extracellular fluid
can be expected to yield valid results in the presence of a substantial volume
of transudate, such as in extensive edema or ascites, because of their slow
diffusion rates into distinct fluid volumes compared to their rates of excretion. 15
Additional uncertainties are introduced, as in the other methods; by the
normal variability in total body water and the mineral-to-protein ratio among
individuals in a population. These factors alone lead to an uncertainty in the
fat estimate of about + 4% body weight.

In view of the great number of assumptions that afe necessary and the
possibility of large systematic error, it seems unlikely that the combination
of density and extracellular fluid will yield an estimate of fat as reliable as
that derived from density alone
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8. Extracellular-Total-Body-Water Method

An analysis of methods for. estlmatmg body composition would not be
complete without examination of the use of combined measurements of the
extracellular fluid space and total body water. Let us overlook for the present
the sometimes uncertain interpretation of extracellular fluid space in terms
of actual water volume; a method utilizing determinations of both fluid spaces
should then in principle be valid in abnormal as well as normal states of
hydration.

The general assumptions described in the preceding section, governing
the reference body and adipose tissue, are again necessary in essentially the
same form for this method. Assuming as before that an excess or deficit
in total fluids, expressed as a fraction h of the body weight, is associated
only with extracellular fluid space, we have then the actual proportions of
total water and extracellular water:

w=(l-A-hwy+Aw, +h, N 10!

Lt h . (38)

=(1-A -h) ey + Ae
where the subscr1pts 0 and 1 designate quantities associated respectively with
the reference body and adipose tissue. If these two equations are combined
to eliminate h, then the difference in ad1pose tlssue, A, between reference
and subject may be expressed as

e (1 -WO) -w (1 -eo»)-!-wo'-'eO

T = w7 (T~ &) = (e = eI (T = p). B9

A_:

-The difference in ad1pose tissue therefore is calculated in terms of the
measured values and the presumed constant normal values of the f1u1d spaces
in the reference and in generahzed adipose tissue.

The total fat is ev1dently f=(1-A- h) f +Af s, which, combined with
Eq. (39), becomes

= eK|:fl(1 - wg) - f(1 - ‘wl)] - wK \:fl(l - eg) - (1 - élﬂ'_.
o+ KEI(WO - eo) - fo(w1 - elﬂ s : ’ (40)

= 1/|:1(1 -wq) -eO(l -w1)+wo -wl\l,

where
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These general formulas may now be evaluated on the basés of the two
references. Inserting first the standard man of Brozek (see Section 2) and
the values ey = 0.16, and ey = 0.14 proposed by Keys and Brozek, ? we have
the fat-estimating equations : R S

A=1535 e 3306w+ lTrz, (4D
f=0.596e -~ 1.620 w + 1.041, L (42)

_If, on the other hand, the fat- free body is the correct reference, then
f, =1, ey =w) = fy =0, and the fat-estimating equatlon becomes

f=A —0519e-1518w+1 ' , : - (42)

It is of interest to note that on taking the dlfference between Eqgs. (42) and
(43) we find that the proportion of fat estimated on the basis of the two refer-
ence bodies always differs by less than 1.5% of body weight. For example,
a person in whom total wateF constitutes 55% of body weight and extracellular™ =
water is 14%, consists of 22.3% fat by Eq. (42) and 21.8% by Eq. (43). This
difference is far smaller than the inherent errors in either formula; conse-

- quently, the choice of reference, the assumed composition of adipose tissue,

and other assumptions that may be introduced are relatively unimportant.
Conversely, the method cannot be expected to.give a very reliable estimate of
body composition.. :

Essentlally the same conclusions are reached concermng this method as
those described for combined density-extracellular fluid space in the preceding
section. The introduction of extraceéllular space merely compounds the
difficulties by adding greater uncertainties than those associated with estimating
body composition solely from total body water. For technical reasons the _
method is of questionable value in the presence of excessive hydration, while,
on the other hand, for normally hydrated persons an extracellular ~total-body-
water method does not in fact exist. The latter conclusion may be demonstrated
by formulating the method for conditions of normal hydration, in which case -
either the extracellular fluid space or the total body water cancels out of the
formulat1on
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~Appendix'.l
If a quantity f is ¥elated by'a function F (a,b; c,....) to the quantities
a,b,c,...., each of which is subject to an uncertainty expressed as$ standard
deviation '0, the law of propagation of errors provides the appropriate rulé
for calculating the cumulative uncertainty in f. For simplicity the formula-
is expressed below in terms of variance (standard deviation squared),

52 - ‘aF>Z Gz"+ aF)z 52 . (2F 2 'az;
f ~ \DBa a oab/. b d9c/ ¢ T

where (BF/Fa) is the partial derivative of the function with respect to quantity

a, and o4 is the standard deviation in a.

Appendix 2

As explained in the text, the standard deviation of + 0.01 g crn-3 in the
value of the reference-body density is more a measure of the dispersion of
body composition in the population than the experimental error in the SpeC1f1C
reference that may be selected. The magnitude of the uncertalnty in d, is
based here on the dispersion in normal total body water of o =% 2% gody
weight together with a dispersion of £ 0.1 in the mineral-protein ratio for
persons with identical adipose tissue. The resultant uncertainty in do is then
derived as follows, assuming m = ap:

The reference body density may be expressed as .

f w (1 - £y - wg) (dm+adr'n) :

L2 0 +
3'6 H; w (T+a)dm o

]

i

. In applying the law of propagation of errors it is assumed that fat is constant,
"i.e., the standard deviation in d, is to reflect the dispersion in body compo-
sition for persons with identical proportions of fat or adipose tissue. The
variance is then :

2
2 - \
2 4 [ 1 dp tod, 2 4 -fg-woid-d )Y 5
g 9 (T - TFodd w tTdo 7= T
0 w m% / 0 (1+a)® a4 d
= 0.164 0% . +0.0042 o°
Wo : a
With o, wo = % 0.02 and o_ = +0.01, the standard deviation in d0 becomes
o. =001, o - " '

dg

‘e
Y

[
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