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ALLEN, T. H., B. E. WELCH, T. T. TRUJILLO AND .J. E. 
ROBERTS. Fat, water and tissue solids of the whole bodv less its bone 
mineral. J. Appl. Physiol. 14(6): 1009--1012. 1959.-Except 
for bone mineral, the body is shown to belong to the same 
water: fat: protein system as its soft tissues. Hence, an equation 
verified with a variety of freshly isolated tissues can be used 
to estimate the body fat and the so-called total tissue solids. 
On the average, there are o. 784 kg of wat('r /kg of body weight 
less bone mineral and fat. How('ver, this water content proba
bly fluctuates between extremes of 0.816 and 0.752, in ac
cordance with the time elapsing since imbibing much wa1er. 
This caust'S the density of the tissues in the fat-free, bone 
mineral-free body to range from 1.050 to 1.071. Combined 
simultaneous measurements of water, densil\· and bone 
mineral, then·fore, arc required for the estimati~n of fat and 
tissue solids. Bone min{'ral occurs in the proportion of abou1 
one part to three parts of tissue solids, irrespective of ran~es 
in quantities of fat and water among· 30 healthy persons. 

Lrn FIRST SUITABLE ~tEASl'RBfENTS of l,uman bodv 
density (I) gave substantiation to postulations on th~ 
'lean body mass' (2). Some important dt'tails pertaining 
thereto were described hy Morale, rt al. in 1945 (3) and 
again in 1958 (4), in reply to questions which had been 
evoked by the growing interest, criticism and apprrria
tion of Behnkc"s approach to body composition. 

We have sought to \'CTif\ the operation of the con
stants in the body composition equation, from nwasure
rnents performed on numerous tissues, including human 
fatty tissue (5) and bone ( 6). The soft tissues conform 
fairly well with a pncise mathematical rdationship 
between the water content and thr densitit's, when 
stated on a fat-frre basis. As shown below, this informa
tion can be applied to the intact human hody. To do 
this, one first estimates the hone mineral (6), and then 
its effects on whole-body densit,· and watrr content are 
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removed from consideration. Thus, the bulk of the body 
is viewed as a mixture of soft tissues consistin,g of ~ 
water: fat: protein system which is shown to operate 
between extremes almost according to the manner de
duced by Siri ( 7). 

METHODS 

Tht' following measurements of each subject were 
begun within a period of '2 hours or kss. 

We(ght and dmsitv. Body weight to the nearest 10 gm, 
as noted with a calibrated Plima scale, was takt>n when 
tht' bladder and howeb had heen evacuated following 
an O\·ernight fast. \Vcighing under water was performed 
three time,. on each subject, ;is described by \Velch and 
Crisp (8), who ha,·e introduced a slight c·orrection for 
tht' depth under water. The mean olJserved densit\· 
was corrected further IJ,· adding o.oo I gm I ml for ai,r 
judged to pre,ent in the gastrointestinal tract (9). The 
men were nude. Tht: women wort: undcrn;arments, 
bouyant to 10 gm. 

Ronf mi11na/ fStimal/lln. Height and joint diameters were 
noted to the nearest millimeter, the subject being erect 
and barefoot. The interconddar dimensions at the 
elbows, wrists, knees and ankles.(rn) were measured with 
machinis't's calipers, the jaws of which were fastened 
til~-litly in place and thrn remm·ed and laid along a 
millimeter rule to sight for distance. The estimated 
weight of !Jone mineral ism = 3.9(1cr-4)(H)('P) where 
height, H, and the mt'an tra11sverse diameter, T, are in 
centimeters (6!. The densit,· of bone mineral is d = 
2.8 (6). , 

Body wain. Deuterium oxide (50 ml) and tnttum
enrichcd water (5 ml, 3. 7 me) were ingested simul
taneously and followed with 450 ml of l;ot tea, after 
which nothing was drunk for 5 hours (11 ). Four subjects 
rect'ived HTO onh-. The Consolidated Electrodrnamics 
Corporation rnouei 21 -620 mass spectrometer ~as used 
to measure HDO concentrations in serum and urine 
water ( 11 ). HTO in urine was measured by a liquid 
scintillation method (12). The weight of body water was 
computed as that immediately prior to ingestion of the 
water tracers ( 1 1 ). 
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TABLE I. Estimates of Bone Mineral and Kilogram Quantities 
of Water, Fat and Dry Solids* 

Mtn 

3,64 52.80 1.018 34.4 (36.8) 10.41(7.2) 

3.16 6o.76 1.oo6 34.4 35.9 17.6 116.5 

3.89 61.94 1.014 39.5 41.3 13.4 112.1 

3,35 59.50 1.014 37-5 36.6 13.0 ,13.9 

4.12 64.79 1.015 41.8 113.5 

3,75 61.00 1.016 36.8 37.8 14.51 13.7 

3.31 6o.57 1.018 35.2 37,5 l.'j,1 ,13.4 

3. 12 52.34 1.033 30 .• 9.8 

3. 78 65. 73 1.018 39.0 40.8 15. 7 14:5 

3.47 71.30 I .007 37.6 38.8 20.5 Ol.6 

3.64 71.49 I .010 40.,3 40.8 00.1 19. 7 

3.00 61.05 1.025 36.0 36.9 13.9 13.2 

3.10 60.57 1.022 35.8 I 37.'o 15-4 14.5 

4.29 79.91 1.000 39·9 42.3 28.3 26 .. 0, 

3-89 70.48 1-017 42.6 41.9 16.5 17.0 

3.80 61.65 1.034 41.4 40.5 8.9 9.5 

4,24 65.11 1.037 44.0 44·3 8.6 8.5 

4->4 73.71 1.017 41.7 41.5 19.4 19-:i 

4.43 87.56 1.oo6 46.0 , 49.1 28.0 !,s.; 
4.16 73.65 1.025 43.1 i 45.1 16.8 '.15.4 

4.4• 93-53 1.005 46.9 ·, 5,.5 31.8 !,7.6 

4.51 74.40 1.038, 49.6 : 50.4 i 10.3; 9-7 

3.63 118.01 0.991!(48.0) 1 55.8 ,(5,.3);46.7 

Womtn 

2. 7, I ~.3 .67i I .00.C-, 1 I ,8.6 17.0 
i 

2.85 

I 
56.27, 1 .01oi 33 · 7 3, · i 14.3 15. I 

54.801 
I 

2.63 :::;1 30. 3 I 'lg. 2 16.1 1h.9 

2.83 58.811 32 .8 
I 32. I I;·:"> 

2.99 61. 49[ I .000 3:J ,() i 31.; '..!O. I 

3.05 I ti8.05; 1 .oo,
1 

35.4 I 36. 3 1"2. tr 

66.96! ! 3. •:i I ,016: 37 .4 :8. I 

I ' 

42.4 (45.6) 

43.0 44·3 
48. 5 49.8 
46.3 45.6 

51.3 
46 .. , 47-3 

45.6 47-• 

50.0 .,1.2 

48.8 ! 49.7 
. 51.4 I 51.8 
I 1 8 47-4 I 4 · I 

47., 48.0 

51 .6 i 53.4 

54 · o ' 53- .1 
5i .8 I 52., 

56.5 i 56.6 
54-3 i ,4.2 

.',9.6 1 61 .9 
:,6.4 . 58.3 

I 61.7, 65.9 
I - I 6 
, b4. 1 J 4. 7 
'(b5.7), ;1.3 

l :Jli. i 
4-1.0 

' 
41. 2 

: 
38 7 37 .9 
41 .ll 41 -'.l 

I 
-1' ·4 4 1 .4 
45--1 I 4fi. I 

i 
48.9 

i 

! 
M,t i M,t 

8.o '(8.8) 

8.8 8.4 
9.0 8.5 
8.8 9.0 

9·5 
9. 7 9.5 

1o.4 9.7 

10.8 10.4 

11.2 10.9 

I J. I 1 I.O 

11.4 11.2 

11.4 11.I 

11.7 11.l 

11.4 11.6 
11.4 11.7 
12.3 I 2. J 
12.6 1'2. 7 
13.b 12 .8 
13.8 13. 2 

14.8 13.4 
I 14._'; I 4.3 
: .'Ii ,5) 15.5 

8.1 
8.3 8.5 
11.4 8. 7 
9.0 9.2 

' 9.4 9· 7 
10.0 9.8 

' 11 .5 

----- - ---·------·------- ~------·· -~-
• In 30 mrn and wom~n. on the ba~i,; ot l":blion lit'tY.t't"n M1, D1 ,Jnd W by 

• HDO and HTO methods. Pan·ntheses t'JJt luo;c result:. bd1r\'ed ru be dubious 

btc:-iuse- of possible t•rror in W. t Uisin~ Di and \\' by HOO. t Using 

D1 and W hy HTO. 

Equations. The body weight consists of bone mineral, 

fat, water and a rt'sidual mass. M = m + F + \\' + 
M 3. Other masses are defined as: M1 = M - m; M2 = 
M1 - F; M3 = Mt - W. Having noted the density of 
the whole body, the density of the body less bone 
mineral is clearly D1 = (M - m)/(V - v) which can 
be rewritten: 

dDM1 
D1= ---

dM-Dm 
(I) 

Studies of isolated tissues showed that the major 
constituents of the body resemble a physical system of 
simple admixture. The following equation was derived 
and verified : 

(
2.516 ) 

F .. M 1 -- - J-793 - 0.740 W 
D1 . 

(.2) 

where the numerical values of the constants are based 
on the densities of fat, water and a dried, defatted re

sidual mass (5). 

RESULTS 

The observed densities and content of body water in 
30 human beings are plotted in figure I along the dashed 
curve. When extended to the abscissa, this curve fails to 

describe the fatty tissues (5), and far too low a value is 
obtained ford,, the density of fat. What causes the whok 

body not to match its fatty tissues? Obviously, the body 
contains a material of high density and low water con
tent, whereas this material is absent from the soft tissues. 
Bone mineral can be corrected for as proposed above. 
Once this is removed from consideration, the body 

water is contained in a mass, smaller by 2.5-4.5 kg and 
of lower density. The data points corresponding to these 
corrected water content and densities are scattered along 
the curve which can be seen to describe both fatty tissue 
(5) and the body less bone mineral. This curve was 
drawn by utilizing equations 3 and 4 of the preceding 
study (5) and also the mean li value of the present sub
jects. The acceptance of this li value accomplishes a 
weighting of the li and D 2 values of the body's individual 
soft tissues, which values lie along the curve ranging 
between dw and d •. The intersection of the two curves 
gives the weighted values of the water content and 
density of the healthy body when free of fat and bone 
mineral. Note, when the water content is zero, the 
density, d r, is that of neutral fat as shown by the inter
cept on the density axis. 

Some quantitative aspects are given (table 1) under 
headings which show that estimates of fat differ to the 
extent by which there is variation between the measure
ments of body water by either method (11, 12). This 
also holds for M2, which is the size of the body less its 
bone mineral and fat. \Vhcn, from the later, the meas
ured weights of water arc deducted, the M3 sizes usually 

agree to within a few tenths of a kilogram. Although the 
esthetic concept of a youthful lean body is lacking, it is · 
interesting that M3 is like a dried-out, defatted mass of 
protein together with trace; of body solutes, glycogen, 
etc. This mass in the 30 human beings tested necessarily 
has a mean density of 1 .40, as shown in the preceding 
report (5). 

In :24 of the subjects the li ,·alue, being the ratio of 
W to M1 (5), is similar with either the HDO or the HTO 
methods. Among the entire 30 subjects the degree of 
hydration is also similar, as judged from a mean ~ = 
0.784, with <To•= 0.016. These healthy men and women 
therefore have a mean D~ value of 1.o61 (tq. 3 (5)) 
which is the density of the body less bone mirieral and 
fat. However, body density varies inversely with body 
water content (fig. 2) and appears to fluctuate in ac
cordance with water intake and output. To show this, 
let us double the u. and let it operate about a body
water size of 40 kg, whereupon ± 1.6 kg would be the 
fluctuation. Some would refuse this as being much too 
large a draught, yet, during a single day twice this 
quantity is usually drunk and taken with food. While 
the body maintains its average daily water balance, cl 
could fluctuate between extremes of 0.816 and o. 752 
and cause D2 to range from 1.050 to 1.071. 

DISCUSSION 

Actual determinations of density, water and fat in 
tissues were shown to permit the accurate estimation of 
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P'IO. 1. Showing, once effect of bone mineral is removed, that 
a water:density system can be defint>d in terms of mean water 
content of the body's fat-free soft tissues. This water content of 
0.784 gm/gm occurs at a fat-free, bone mineral-fret> density of 
1.o61 gm/ml, which is tht> intersection with the curve of fat-frt>e 

fat from measurements of tissue density and water (5). 
The present results on human beings extend the tissue 
studies and show that correction for the high demity 
of dry hone mineral (6) allows the body to match its 
soft tissues as to water, fat and solids. To predict a 
person's quantity of fat, therefore, requires measure
ments of bone mineral, body water and body cknsity. 
The measurements of water and density should be done 
at the same time to avoid fluctuations in density cau,ed 
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FIG. 3. Siri's equation is based on an assumed constancy be
tween bone mineral and protein, whereas in our equation an 
actual estimate of bone mineral is introduced. However, good 
agreement occun in the prediction of fat. 

d, 
'"40 

l,t!I 

, ' 

- 1011 

8 ~ 
Q,(11 

"~ 

0.79 

• 
0 

• 0 

0 
0,77 

• 

0.75 '-----~----.....I. ____ ...._ ____ _, 
1.o50 L0!5!5 L060 1.03& 1.07'0 

soft fosues ranging between the density of water and the density 
of the so-called tissue solids. 

FIG. 2. Curve showing relationship between water content and 
body dt>nsity on tht> bont> mint>ral-free, fat-free basis. 23 men, 
.filled circles; 7 womt"n, circles. 

by variation in body water, as from drinking and eating. 
Ideally, when the densitometry has been completed the 
water tracer is then taken. Although more than 3 hours 
often elapse before the HOO or HTO i~ thoroughly 
mixt'd, it is easy to state the weight of body water just 
prior to taking tht' water tract'r ( 11 ). Behnke and Siri 
(13) are believed to be the only others reporting all of 
the necessary dimensions, including joint diameters 
from x-ray films. Although .they measured the body 
density and water at different times when the body 
weight was not the same, their 22 sailors can be shown 
to have a mean o = o. 784 in exact agreement with our 
subjects. However, the \"ariation is larger, as expected; 
u ., being o.c129, is almost twice that presently obst'rved. 

It is of interest to compare the estimates of fat by the 
present method with that using Siri's equation (7). As 
shown in figure 3 the agreement is remarkably good in. 
healthy persons of either sex with quantities of fat in 
kilograms ranging from 8 to 48. On the average, his 
method estimates 40 gm more fat than ours; the varia
tion between the two methods has a u = 287 gm. Thus, 
Siri's original simplifying deductions can be shown to 
hold throughout a wide range in variation of the bone 
mineral: fat: water: solids of healthy persons. This 
occurs despite his using 3 instead of 2.8 for the density 
of bone mineral (6), 1.34 instead of 1.40 for the density 
of tissue solids (5) and a ratio of 5/ 12 for bone mineral 
to tissue solids. 

It should be pointed out that Ma is so defined as to 
include the soft tissue solids contained within the skeleton 
(6), which amounts to several kilograms of dry, fat-free 
solids. This Jowers m/M3 from 5/ 12, as implied by Siri, 
to I/ 3, as can be noted from table I. Is it also possible 
that bone mineral is a fairly u_niform proportion of the 
fat-free body? Keys and Brozek ( 14), in citing analyses 
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of a few admittedly poor specimens of cadavers, were 
led to believe that about 7 % of the fat-free body is 
ash. This agrees with the present results. The fat-free 
body is L = M2 + m = M3 + llM2 + m = M3/(, - ll) 
+ m = mh(1 - o) + m. Hence, 1111 L = -y(1 - o)/ 
[1 + -y(1 - o)]. Wijere 'Y = m/M3 = 0.337 and ll = 
W /M2 = o. 784, the ratio of m/L = 0.0679. Therefore, 
it is reasonable to accept 6.8 % of the normall~· hydrated, 
fat-free body as being composed of bone mineral, realiz
ing that the 2-u range lies between 5.7 and 7.9';;. 
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