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IN A BRIEF COMMUNICATION published in 
this journal in 1946 (1)the principle of isotope 
dilution was set forth as a means of studying 
body composition in the living human being, 

Utilizing this principle, tracer materials were injected 
intravenously, allowed to reach uniform distribution, 
and from the dilution achieved a t  equilibrium certain 
constituents of the body were measured. Radioactive 
and stable isotopes were thus used to measure the 
potassium and sodium in the body, the total body 
water, and the extracellular phase of body water. 
Color tracers were used, as they had been for several 
years, to measure plasma volume by the same dilution 
principle. As an example of the application of this 
concept, a series of measurements (('isotopic dissec- 
tion") in a normal healthy young man was presented. 

An approach to the understanding of disease by an 
investigation of changes in total body composition 
has been an outgrowth of such methods. The horizon 
of clinical chemistry has widened from the narrow 
confines of concentration studies to a broader view 
of the total aqueous environment of the cells and of 
the total quantity of solutes in circulation inside and 
outside of oells. 

I t  is our purpose herewith to review very briefly 
the history of this work, its general principles, and 
the significant advances of recent years. As a footnote 
to the 1946 report we present again the '(isotopic 
dissection" of the same young man, carried out in 
1951 by the greatly refined techniques now available. 

GENERALPRINCIPLE HISTORYAND DEVELOPMENTAL 

The extent to which a substance is diluted in a 
solvent constitutes a measure of the volume of the 
solvent. If  one adds to a beaker of distilled water 
I g of sodium chloride and finds after mixing that 
the concentration is .O1 g/ml, it is quite clear that the 
volume of the beaker is 100 ml. This simple relation- 
ship may be expressed as the following equation: 
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where C, and 8,are, respectively, the concentration 
and volume of the solute before dilution, and C ,  and 
V, are the concentration and volume of the solute 
after dilution. The concentration and volume of the 
solute before dilution are known, and the concentra- 
tion after dilution is experimentally measured. The 
only unknown in the equation is, therefore, V,, and 
the equation is accordingly solved for the unknown 
volume. 

In  the study of body composition in the living 
human by the dilution principle, the subject's body 
or some fraction thereof is the beaker of our analogy. 
An easily identified isotope, dye, or other tracer sub- 
stance is the solute. The extent of dilution achieved 
measures the volume of some fraction of body water 
such as the plasma volume, or the weight of some 
constituent such as potassium. The validity of appli- 
cation of this principle varies with each special use 
to which it is put. I n  no instance is the human body 
or any of the parts truly analogous to a simple beaker. 
The human beaker is in dynamic equilibrium with 
other liquid and solid phases; it may be inhomogene- 
ous or multicompartmented, and its volume changes 
in disease. And, finally, the establishment of dilution 
equilibrium and its measurement may be a matter of 
some difficulty in proof or practice. 

The dilution principle was first used in the study 
of total body composition in the living human being 
in 1915 by Keith, Rowntree, and Geraghty (2) when 
they first explored the use of a red dye to measure 
the plasma volume. Here the dye was injected intra- 
venously and allowed to circulate for a few minutes, 
after which multiple plasma samples were taken to 
measure the concentration after dilution. It was soon 
discovered that the concentration of the dye after 
mixing was not constant. I t  '(disappeared" from the 
blood plasma. To return to our analogy of the salt 
placed in the beaker full of water, the beaker ap-
peared to have a little fresh water running into it 
all the time and a little salt water running out the 
bottom. I t  was Heing constantly refilled, and it had a 
leak. The result was that the concentration of the 
dye slowly fell. However, by mathematical means a 

7This equation is derived from the simple consideration 
that the product of concentration and volume has the dimen- 
sion of weight or mass, and within a closed system the mass 
of the solute is constant regardless of the extent of its dilu- 
tion : that is : 

C,Pl = C2V,. 
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reasonable estimate could be made of the volume of 
plasma in which the dye was initially diluted. 

During the next fifteen years progress in  this field 
was made with the aid of a blue dye known as T-1824, 
signifying that tolidine is coupled with a 1-amino, 
8-naphthol, 2,4-disulphonic acid. This dye is also 
known as Evans Blue, because it  was first extensively 
studied by Herbert 39. Evans, of California (3, 4).  
I t  has come into wide use fo r  plasma volume measure- 
ment, and great attention has been given to the exact 
details of the method, improvements in optical meas- 
urements of the dye, and clinical interpretation (5-7). 
But  the fundamental problem remains-and still re- 
mains with all plasma volume methods-that the 
beaker has a small leak in it, and a small amount of 
water is being added all the time. I n  other words, the 
dilution curve is not flat but remains sloping until the 
dye conlpletely disappears. 

I n  1934 Crandall and Anderson published their 
classical article on '(Estimation of State of Hydration 
of Body by Amount of Water  Available f o r  Solution 
of Sodium Thiocyanate" (8, 9).  The concept here was 
that a larger beaker was being measured, because a n  
ion was used that diluted itself in a larger volume 
than the blood plasma. This beaker contained, not just 
the water in the blood plasma, but also the water on 
the f a r  side of the capillary in the interstitial fluid, 
the lymph, and indeed all the water of the body out- 
side of cells. This was termed the "available fluid" and 
was measured by injecting thiocyanate, permitting it 
to reach a dilution equilibrium, sampling its concen- 
tration, and, by application of the dilution formula, 
calculating the volume of water in  which i t  was di- 
luted. The technical problems here were many, but  
the principle was sound. Here the beaker of our 
analogy has a good-sized leak in it, just as  in the 
plasma. The "leak" constitutes movement of thio-
cyanate into eells and urine. However, there is an-
other complexity with extracellular methods; namely, 
that the beaker is not homogeneous. The blood plasma 
may a t  least be considered to be a single anatomical 
compartment within the blood vessels. The extracellu- 
lar phase, by contrast, is widespread and constitutes 
many different kinds of fluid, including liver lymph, 
visceral lymph, peripheral subcutaneous lymph, mus- 
cle lymph, and many other types of fluid outside 
aells that will be mentioned in greater detail below. 
Despite these limitations the thiocyanate method con- 
siderably widened the horizon of investigation. 

This was about where dilution studies of body com- 
position rested in 1940, when many new methods 
began to become available. The developments of the 
past twelve years have brought us new methods not 
only for  plasma and extracellular fluid volume, but 
also fo r  volume of the red cells, total body water, 
intracellular water, total exchangeable potassium, 
total exchangeable sodium, the labile iron pool, and 
many others. These are all dilution methods resting 
on the simple analogy of the beaker and the salt. 
Many involve radioactive and stable isotopes as  well 
as dye and color tracers. They all have intrinsic errors, 

or problems, that are  described in general by the 
analogy of how big the "leak" is in the beaker, how 
much water is being added to the beaker per unit time, 
and whether the material added for  the measurement 
itself alters the volume of the beaker or is metabolized 
within the beaker. 

Advances in technology for  direct measurement of 
blood volume by the dilution principle have taken two 
main directions. First have been those that are direct 
descendants of the dye methods and are aimed a t  
measurement of the plasma volume. Second are those 
that measure the red cell volume directly by diluting 
a material-usually tagged red cells-within the red 
cell mass. 

The methods for  plasma volume have been expanded 
to include in addition to the blue dye method the use 
of radiobromine- (10) and radioiodine- (11) tagged 
plasma protein. These methods vary in  technical de- 
tail, but they all present the same essential problem; 
namely, that the dilution curve is a t  no time "flat" 
and some sort of extrapolation must be used to derive 
the volume of initial dilution. Despite these disad-
vantages, all the methods have given us useful in- 
formation, and successive measurements in the same 
patient show significant variations that are correlated 
with the clinical course of the patient. There is no 
evidence that  the plasma volume is more nearly a 
"true valuev as  measured by any one of these methods 
than by any other method. Yet the details vary in 
technical convenience f o r  the particular clinical cir- 
cumstances in  which they are used. Albumin, in con- 
trast to a dye, is a normal constituent of plasma, but 
halogenated albumin is not. Furthermore, there are 
large amounts of albumin outside the plasma in the 
lymph of liver and viscera (12). Any valid albumin 
tracer will equilibrate into these areas outside the 
plasma. The tagged albumin methods (13) have yet 
to show themselves better in theory or practice than 
the time-honored dye, which indeed partakes of this 
same feature by virtue of its preferential affinity f o r  
albumin (14), with which it  unites in  stoichiometric 
proportions. I n  our opinion, the perfect plasma vol- 
ume method has yet to be found and may consist of 
a dilution method based on a large molecule that does 
not readily cross the visceral capillaries. 

The methods for  measurement of the red cell volume 
employ the dilution of tagged red cells. They consist 
of putting the tag directly into the red cells by in vivo 
synthesis or in vitro exchange. A mass of tagged red 
cells is then infused. The concentration of the tagged 
red cells discovered in the recipient red cell mass 
within the first hour or two indicates the dilution and 
hence the size of the recipient mass. I n  most in-
stances the tag employed has been a radioactive iso- 
tope. Radioactive iron (15) has been incorporated into 
hemoglobin by special donors given the material over 
a period of months. Radioactive phosphorus (16) and 
chromium (17) have been equilibrated into the cells 
in vitro. Carbon monoxide has also been used as  a 



chemical tag and should be of special utility in small- 
animal research (18). 

Here, in the measurement of the red cell mass, there 
is one helpful variation from the problems previously 
mentioned. The beaker has a very small leak and noth- 
ing new is being added. At least nothing is being 
added fast enough to alter concentration; red cells are 
found only within the blood stream, and the rate of 
synthesis of new red cells is so slow that the dilution 
curve achieves a truly "flat" value. Indeed, with radio- 
iron-tagged red cells, once mixing has occurred, the 
time-concentration curve is essentially flat, demon-
strating only an extremely slow fall as new stable iron 
is added from the diet, and is synthesized into new 
hemoglobin, which then appears in new red cells. The 
other isotopic red cell tags (P32,Cr51) show variable 
rates of leakage of the tag because they are held in 
the cell by a binding less stable than that of iron in 
hemoglobin (16, 27). 

From simultaneous measurement of plasma and red 
cell volume by two tracers, the concept of the "whole 
body hematocrit" has emerged as being the erythro- 
cyte fraction of the total blood volume (15,19). There 
are fewer red cells per unit blood volume in the 
patient as a whole than there are in a random sample 
of blood taken peripherally, for example, from the 
antecubital vein. I t  has been common practice for 
many years to measure the "blood volume" by meas- 
uring the plasma volume, the helnatocrit in a sample 
of blood from a large vein, and then calculation by 
the familiar expression : 

The difference between the large vessel hematocrit 
and the whole body hematocrit (about 10% of the 
former) introduces a systematic error such that this 
should not be termed a measure of blood volume a t  all. 

Ironically, there is no escape from this enigma by 
nieasuremeht of the red cell mass and calculation of 
blood volume from: 

The large vessel hematocrit is still a determinant and 
one in error, and not to be escaped by such further 
maneuvers as hemolyzing the blood and reading the 
cell concentration some other way. The fact remains 
that there are truly more red cells per unit of blood 
in large vessels than in the body as a whole. I n  the 
last analysis a blood volmne measurement should be 
based on the expression, independent of hematoorit, 
that : 

There is general agreement, therefore, that the most 
accurate in  vivo measurements of blood volume are 
based on simultaneous dilution measurement of red 
cell volume and plasma volume by two distinct tracers. 

In formulas 2, 3, and 4, blood volume is indicated a s  BV, 
plasma volume a s  PV, red cell volume a s  RV, and peripheral 
large vessel hematocrit as Elct. 

Any pair of the above-mentioned may be used. The 
resulting volume for the total blood in circulation is 
then independent of the error introduced by the differ- 
ence between the large vessel hematocrit and the 
('whole body hematocrit." The "whole body hemato- 
crit" can be calculated from the large vessel hemato- 
crit by the use of standard data (15).Such corrections 
are not always valid in the presence of acute disease. 
Normal blood volume varies from 7 to 9 per cent of 
body weight in healthy young adult males and from 
6 to 8 per cent in young adult females. Certain aspects 
of this work have recently been reviewed extensively 
by Gregersen (20) and Reeve (21). 

Extracellular volume methods have also undergone 
distinct evolution. I n  addition to the thiocyanate 
method mentioned above ( 8 ) , radiosodium (22), bro- 
mide (231, and radiobromide (24) have been used 
for this purpose. Inulin (25), sucrose (26), and man- 
nit01 (27, 28) have been explored as well as, more 
recently, the thiosulfate ion (29,30). All these meth- 
ods for the measurement of the extracellular phase 
involve technical difficulties and interpretive uncer-
tainties, because no substance has yet been identified 
that is a small molecule readily diffusible into all 
extracellular areas, nonmetabolized, and exclusively 
extracellular in distribution. I n  fact, one might name 
these as the "ideal requirements for an extracellular 
volunle method!' 

I n  discussing the methods for plasma volume, it was 
pointed out that, although the beaker has a leak and 
some water is always being added, it is in point of fact 
one beaker. By this analogy i t  is meant that the 
plasma volume resides within the blood stream, even 
though i t  is actively exchanging water across the 
capillary. The extracellular volume has a disturbing 
heterogeneity about it. Although most of it is water 
that is immediately beyond ordinary capillaries, the 
other chemical characteristics of this fluid demon-
strate its extremely variable nature. The content of 
protein and f a t  may vary widely, even though the 
electrolyte content is essentially in equilibrium. I n  ad- 
dition to this obviously el~.tracell.ular water, however, 
there is water in special compartments of the body 
such as the cerebrospinal fluid, the water in synovial 
sacs, the water in glandular lumina, the water of bile 
and within the lumen of the gastrointestinal tract 
itself, and the urine in the collecting tubules and blad- 
der. None of this water is within cells. I n  that sense 
it might be called "extracellular" water. However, i t  
has had to pass through cells and be processed by cells 
other than capillaries in order to reach its present site. 
We have therefore termed this transcellular water 
and prefer to think of it as a special subdivision of 
body water. I t  is included in the deuterium technique 
of total body water measurement, but in general the 
molecules used to measure extracellular water do not 
penetrate readily into these areas. 

Although no one of these methods of extracellular 
space determination is ideal any more than any one of 
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the plasma volume methods is perfect, they have been 
extremely useful. The amount of water outside of 
body cells appears to be between 25 and 30 per cent 
of body weight in the normal. The normal plasma 
volume of 3-5 per cent is, of course, included in this 
figure. When plasma volume and transcellular water 
are subtracted, an interstitial fluid in the general 
neighborhood of 12-15 per cent of body weight is 
obtained. 

Recent work suggests that the thiosulfate ion does 
approximate the rigid requirements for a good ex-
tracellular method and has certain practical advan- 
tages over inulin. The use of this ion is simple, and 
the volume calculation is based on a single injec- 
tion. Urine concentrations do not have to be meas-
ured. The method consists of a brief infusion (10-20 
min) of 10 per cent sodium thiosulfate. Four to six 
serial blood samples are taken over a 1-hour period. 
The analyzed values for thiosulfate content are plotted 
on semilogarithmic coordinates, and the zero time di- 
lution is determined by extrapolation. Graphic correc- 
tion for renal loss and extrarenal metabolism is 
thereby achieved (30). I n  10 normal young adult 
male subjects the volume of dilution of thiosulfate 
averaged 16.8 per cent of body weight, and in 13  
normal young adult female subjects the volume of 
dilution averaged 17.5 per cent of body weight 
(Table 1 ) .  

males is 62 per cent of body weight and in the female, 
51.5 per cent. Both are average figures based on 
deuterium dilution. 

Considered in the light of the blood and extra-
cellular fluid methods, the deuterium total body water 
method has great theoretical advantages. The beaker 
has essentially no leak, and very little water is being 
added-i.e., very little water is lost from the body 
during the 2 or 3 hours during which the riieasurement 
is carried out. Urine secretion in this time may ac-
count for only 100 or 200 ml, constituting less than 
0.5 per cent of the total body water being measured. 
Water intake may be restricted to zero, and the water 
lost through the skin and lungs is less than 150 ml. 
The solute whose dilution is being measured-namely, 
heavy water-therefore distributes itself in a very 
large beaker from which there is little leak and very 
little is being added. Some deuterium is exchanged, 
and some is synthetically incorporated into organic 
molecules during the 2 or 3 hours of the measurement, 
but this is a tiny fraction of the total hydrogen in the 
body and during this short time probably accounts 
for less than 1.5 per cent of the injected deuterium. 
At high concentrations deuterium is toxic and cannot 
be considered as an ideal tracer for hydrogen. The 
mass difference is twofold, and there may be other 
differences also. However, at the low concentration 
employed for these studies (the final concentration of 

TABLE 1 

Body constituent and method used 

-

Males 

No. of 
M,ean 

- -- - - - -

Range 

Females 

No. of 
sub,jects Iaean Range 

Thiosulfate volume of dilution (% of body wt) 
Total body water (D,O) (% of body wt) 
Exchangeable sodium (NaZ4)(mEq/kg body wt) 
Exchangeable potassiunl (K") (~nEq/kg body wt) 

TOTALBODYWATER 

The measurement of total body water with heavy 
water was first tentatively explored in 1934 (32). 
Our report in 1946 described values in the human 
being and a simple check on the method based on 
desiccation studies in animals (2). These studies have 
been considerably dxtended through the refinement of 
the falling drop method of analysis (32) and by its 
corroboration in an extensive series of simultaneous 
measurements carried out on the mass spectrometer 
(33, 34). It has thus been possible to prooeed with 
measurement of the normal human subject through- 
out the life span in both sexes (33, 35, 36). Anti- 
pyrine has become available for this method and has 
been investigated thoroughly in the past three gears 
(37) ; this substance has many attiactive technical 
features, particularly ease of analvsis, but falls short 
of both" theoretically "and on empirical 
grounds (38). 

As shown in Table 1,the total body water in normal 

10 16.8 15.3-18.8 13 17.5 15.3-21.0 
37 62.0 54.5-70.3 19 51.5 45.6-59.9 
11 41.4 36.1-46.0 3 41.0 31.4-45.9 
33 46.8 35.6-53.6 14 40.7 28.0-47.2 

deuterium in body water is in the neighborhood of 
0.2 atoms O/o deuterium), the mass effect does not 
appear to influence dilution, and deuterium oxide is 
close to ideal as a water tracer. Viewed in the per- 
spective of 6 or 8 hours, the deuterium dilution curve 
becomes essentially "flat" after mixing. Viewed in the 
perspective of several days or weeks, there is a slow 
rate of fall, indicating the rate of total water turnover. 

The total body water method, ~f course, includes 
a measurement of all the water in the body. This 
must be considered as including plasma water, red 
cell water, interstitial water, all the varieties of lymph, 
all the intracellular water, and all the transcellular 
water. Extension of this method to clinical problems 
is in its infancy. 

EXCEA~GEABLE SOD1uM AND POT*SS1uM 

The measurement of solid constituents by the dilu- 
tion principle is directly related to the measurement 
of the fluid volumes (1).There is only the technical 



difference that we ernploy the dilution of an isotope 
in the family of naturally occurring isotopes within 
the body, rather than its dilution within a fluid moiety. 
For example, radioactive potassium is injected into 
the body, and the dilution achieved in the body's 
mixture of potassium isotope is measured and ex-
pressed as the "equilibrium specific activity." From 
this figure the amount of potassium with which the 
isotope is exchanged may be calculated. 

since it is in very dry tissue such as bone cortex, hair, 
nails, and teeth. It is especially difticult to find where 
best to measure exchange. 

I n  the case of both sodium and potassium, the 
plasma surprisingly appears to be the most satisfac- 
tory area in which to measure exchange. Despite the 
h c t  that the elements in plasma exchange with the 
isotopes to the same extent as sodium and potassi~m 
elsewhere, there are still certain areas of slow or in- 

TABLE 2 

BODYCOMPOSITION BY DILUTION HUMANBEING*
A S  MEASURED IN A NORNAL 

Body constituent and method used 

A-Dtrect Meas i i rev~rn ts  

Plasma volume (blue dye) 
Extracellular volume (thiocyanate) 

( I  " (thiosulfate)
Total body water (deuterium) 
" exchangeable sodium (Na") 
$ 6  " potassium (K*) 

B-Deriaed Data 
' (Intracellular'' water (by difference) f 
Extracellular potassium (4.3 mEq/l x thiosulfate space) 
'Intraeellular " potassium (by difference) i 
"hv intracellularP' potassium co~~centratiolit 
Extracellular sodium (142 mEq/l x thiosulfate space) 
''Irltracellular" sodium (by difference)S
' ATT~ n t r n c ~ l l ~ ~ l ? r) ) sodinm concentrationt 

Dilution 
volume % Body Ey surface area 
or mass weight (Per m2)

(liters or mEq) 

3.67 liters 5.1 1.92 liters 
16.8 " 23.5 8.80 " 
13.4 " 18.8 7.03 " 

40.6 r r  57.0 21.3 " 

3075 mEq 43.2 mEq/kg 1610 mEq 
3440 " 48.2 " " 1801 " 

27.2 liters 38.1 14.2 liters 
57.6 mEq 0.81mEq/kg -
3382 " 47.4 " " 

124 mEq/liter 

1903mEq 26.7 " " 

1172 ' r  16.4 (' ' <  

43.2 mEq/liter 

* Subject : D. C. ;male ; age, 32 ;weight, 71.4 kg ; height, 181.5 cm ;surface area, 1.91 ma. 
t Intracellular water and intracellular potassium concentration are dependent on the characteristics of the methods 

used for estimating extracellular fluid volumes and do not represent exact values in any single tissue. ~t is particularly im-
portant to emphasize that the true intracellular water is not obtained merely by subtracting an extracellular dilution vol- 
ume from total body water. The transcellular water-at present unknown-must also be subtracted. 

S This figure for "average intracellular" sodium includes some bone matrix sodium and is an average of all the sodium 
not in solution in extracellular fluid. It  should not be construed as indicating the exact sodium concentration in, for example, 
muscle or liver cells. 

The measurentent of solid constituents by this prin- 
ciple has moved forward in the past five years. Total 
exchangeable potassium has now been measured in a 
sizable group of normal individuals (39). The ex-
changeable potassium in the body seems to be related 
in size to the lean body mass and to creatinine excre- 
tion. Total exchangeable sodium has been measured 
with the short-lived isotope Na2* (40). 

The development of these methods for ifi vivo meas-
urement of the weight of sodium and potassium. in the 
body has pointed u p  the central problem of all such 
measurements when based on isotope dilution. The dis- 
tribution of these ions is heterogeneous, and a "fair 
sample" of the element must be established, which ex- 
hibits an isotope dilution representative of that in the 
body a t  large. 

I n  terms of our analogic beaker, we are here dealing 
with a beaker which contains a solid in solution, and 
we are measuring the weight of the solid rather than 
the volume of fluid in the beaker. Some of the solid 
is in solution in extracellular water, some in muscle 
or liver cells, some in tendon or fascia or skin, and 
some can hardly be referred to as in solution a t  all 
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complete exchange (e.g., for potassium, the red cell; 
for  sodium, bone). For this reason the weight of ele- 
ments measured by isotope dilution is not termed 
"total," but "total exchangeable." I n  Table 1 are 
shown average values for total exchangeable sodium 
and potassium. The mean exchangeable sodium in 
young adult males is 41.4 mEq/kg; in females, 41.0. 
These figures for sodium corroborate the more exten- 
sive data of Forbes and Perley (40). The mean ex-
changeable potassium in young adult males is 46.8 
mEq/kg; in females: 40.7. By differential precipita- 
tion of sodium and potassium from the blood plasma, 
it is now possible to carry out simultaneous isotopic 
measurements of total exchangeable sodium and potas- 
sium in the same individual. 

I n  our communication in 1946 ( I ) , measurements 
were tabulated (as an example of the concept) on 
subject D. C. This helpful person recently returned 
to our laboratory, and we were offered the opportu- 
nity of remeasuring him, with the more refined tech- 
niques and concepts now available. These measure-



ments are appended in Table 2. The 1951 data are in 
interesting contrast to those of 1946. The subject has 
gained 5.4 kg in body weight, and his plasma volume 
has increased significantly as measured by Evans Blue 
dye. The thiocyanate space is essentially the same as 
before; the thiosulfate volume of dilution (not avail- 
able as a method in 1946) gives a significantly lower 
figure. 

The total body water of the previous report (47.8 
liters) is almost certainly in error in consequence of 
our use of the gradient tube for the analytic tech- 
nique. This method, we now realize, was grossly in- 
accurate (in our hands) as compared with the falling 
drop or the mass spectrometer (particularly a t  the 
low deuterium concentrations observed in the human 
studies, as opposed to those studies reported in the 
rabbit, where higher deuterium concentrations could 
be measured with reasonable accuracy in a gradient 
tube). 

The total exchangeable potassium data were in error 
not on technical, but on theoretical grounds; namely, 
in our use of the red blood cell for the measurement 
of specific activity a t  equilibrium. We now know that 
the red blood cell does not reach equilibrium of potas- 
sium exchange early enough to be a useful measure of 
isotope dilution. The specific activity of urine or 
plasma, on the other hand, is valid as a "barometer" 
of exchange and dilution a t  24 hours, as demonstrated 
by tissue studies (39). 

The total exchangeable sodium measurements car-
ried out in 1946 were based on the volume of dilution 
of NaZ4 a t  60 minutes. There is now a wealth of evi- 
dence that this early dilution is not a measure of total 
exchangeable sodium, but that the dilution indicated 
by the plasma specific activity a t  24 hours does meas- 
ure the total exchangeable sodium. This, however, still 
does not measure the total amount of sodium in the 
body because of the lack of exchange of much of the 
sodium in bone. Because 35-40 per cent of the sodium 
in the body is in the skeleton, and half of this is not 
available for exchange and therefore probably not 
available for metabolic emergencies, the isotope meas- 
urement may be of greater clinical interest than the 
theoretically perfect total body sodium measurement. 

The "average intracellular" potassium concentra-
tion, calculated as shown in Table 2, is now seen to be 
significantly lower than the 1946 methods indicated. 
The same is true, though to a lesser extent, in the case 
of sodium. The calculation of intracellular components 
has the shortcoming imposed by the limitation of the 
particular method used for estimating the extracellu- 
lar fluid volume. The tracers for water and electrolytes 
penetrate into many "transcellular" areas such as 
spinal fluid, intestinal fluid, and glandular ducts, 
which are largely impermeable to the molecules used 
for extracellular fluid determinations. Therefore, the 
contents of these extracellular areas will be included 
in "intracellular" estimates. Although this source of 
error is large in determining absolute intracellular 
composition, relative changes should still be amenable 
to study by these methods. 

As a contribution to these studies, the isotopes are 
yielding information on rate problems. This also is 
understandable in terms of our beaker analogy. If we 
drop a tiny amount of salt into the beaker and re-
peatedly sample the water where the salt is added, 
we will find a rapidly decreasing concentration as the 
salt diffuses throughout the beaker. If the beaker is 
boiling, the salt will diffuse more rapidly; if it is 
frozen, more slowly. If there is a cellophane mem- 
brane in the middle of the beaker, the diffusion will 
proceed at a rate determined not only by thermal 
energy but also by membrane permeability, by chein- 
ical forces on the two sides of the membrane, and by 
the geometry of the system. Such factors do indeed 
influence the rate of change of isotope concentration 
in body fluids. For ease of consideration, isotope dis- 
appearance curves are considered to embody three 
phases : pre-equilibrium, equilibrium, and postequi-
librium. 

The pre-equilibvium portion of the isotope disap- 
pearance curve has been analyzed in an attempt to 
gain insight into the internal exchange across rate- 
limiting boundaries for sodium, chloride, and water 
(41-43). The studies on water kinetics indicate an 
unexpectedly rapid rate of penetration of water across 
the capillary membrane. Indeed, in 30 seconds the 
injected D,O has reached a volume of dilution equal 
to, or larger than, the total extracellular fluid phase. 
The two rates evident in the distribution of heavy 
water from this time onward to equilibrium are ap- 
parently due to two widely separated mean velocities 
of penetration into cell areas (42). 

The equilibrium value is that used to calculate dilu- 
tion and the total exchangeable mass of the element 
in cluestion (44). 

The postequilibrium rate of disappearance of the 
isotope is a function of "turnover" by the body of 
the naturally occurring element (45, 46). For in-
stance, the elimination of deuterium from the body 
is a simple exponential function that may be ex-
pressed as the "half-time" of water in the body (9-11 
days) or as '(turnover" rate (3000 ml/day) ( 3 3 ) .  
Plotted semilogarithmically, this fall in deuterium 
concentration becomes a straight line, the slope of 
which is determined by the total rate of water me-
tabolism. Pathological processes produce interesting 
changes-for example, in thyroid disease. I n  thyro- 
toxicosis the slope is "steep," and water turnover 
rapid (46). '(Turnover rate" in the case of nonme-
tabolized substances refers to exchange of the mole- 
cule between the organism and its environment. There 
is a class of molecules such as albumin, urea, etc., 
which is synthesized by the organism, and in these 
cases "turnover rate" is a function of metabolic ac-
tivity (i.e., internal production and degradation or 
excretion) rather than exchange between the organism 
and its environment. 

From tissue studies essential to establish the valid- 
ity of the dilution techniques has come much inter- 



esting information about the physical state of body 
water and solutes, particularly the observation that 
about 55 per cent of the sodium in bone is "bound," 
or "unexchangeable" (40, 47). I t  has also been ob- 
served that among the various body cell areas, the 
red cell is remarkably slow in its exchange of potas- 
sium, reaching equilibrium only after 60 hours (39, 
48). 

When body water measurement is supplemented by 
measurement of the metabolic balance, an accurate 
account of changes in body composition may be made. 
This is based on the interrelationship of fat, water, 
and lean tissue solids (fat-free solids). Pace (49) has 
shown that, when water content of the normal body 
is known, fa t  can be calculated from: 

% water 
0/, Fat = 100 - ----.

0.732 

This is derived from the fact that lean tissue is 73 
per cent water, and that the body consists of water, 
lean tissue solids, and fat. 

F a t  can be calculated from specific gravity, and 
such studies have been carried out by Behnke (50). 
The empirical formula is: 

Measurements of f a t  by this method correlate well 
with calculation of fat  from total body water data 
obtained by deuterium dilution. 

Changes in lean tissue can further be measured by 
nitrogen balance on the basis that: 

AN x 30 = A lean tissue. ( 7 )  
Since lean tissue is 73 per cent water it follows that: 

AN x 21.9 = A lean tissue water. (8)
AN x 8.1 = A lean tissue solid^.^ (9) 

As an example of the application of these methods, 
one or two recent case studies from our laboratories 
might be illustrative. Patient L. S., a 66-year-old man, 
suffered a very complicated course after subtotal gas- 
trectomy for polyploid antral gastritis. Over the 
course of 51 days he was fed largely by the intra- 
venous route and lost 7.0 kg. His body water only 
fell from 32.1 liters to 31.5 liters, indicating a rise 
in the water fraction from 48.3 per cent to 52.8 per 
cent of body weight. By application of the Pace 
formula (normal hydration being present a t  the start 
and end of the study), he lost about 6.0 kg of fat, 
the oxidation of which (at  9 cal/g) would contribute 
54,000 calories, or an average of 1080 calories/day to 
his nutrition. During one 13-day period of acute ill- 
ness this patient lost only 800 g of weight while in- 
creasing body water 1.8 liters. This indicates a loss 

BThis nitrogen coefficient (8.1) for  lean tissue solids is 
representative of total lean tissue solids including bone, 
where a heavy salt component increases the weight of tissue 
solids per unit nitrogen over tha t  found in soft tissues. More 
d a t a  from human tissues such as  muscle, liver, lung, and 
kidney must be experimentally obtained t o  establish a valid 
nitrogen coefficient for use in the interpretation of short-
term metabolic balance studies where soft tissue changes 
predominate. 
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of 2.6 kg of body solids. Metabolic balance demon- 
strated a loss of 44 g of nitrogen, representing 357 g 
of lean tissue solids. The remainder of the solid loss 
(2.2 kg) was therefore fat, utilized for energy a t  an  
average rate, during this acutely ill period, of 170 g 
(1530 cal) /day. 

The largest loss of fa t  we have studied was that of 
a very obese patient, Mrs. M. N., who lost 8.8 kg of 
body weight in 120 days, following the removal of a 
pancreatic islet-cell tumor with associated hyperinsul- 
inism. During this weight loss her body water changed 
only from 35.9 liters to 35.0 liters. This 900 ml of 
water would carry 0.3 kg of lean tissue solids, leav- 
ing 7.6 kg of her weight loss as fat. 

We have observed instances of change in lean tissue 
and in whole tissue, as well as in fat. An example of 
whole tissue gain is to be found in patient E. W., 
who recovered from severe thyrotoxicosis after treat- 
ment with radioiodine. She gained 12 kg during a 
6-month period. During this time her body water in- 
creased 4.6 liters, indicating a gain of 7.4 kg of 
solids. This much water would carry 1.7 kg of lean 
tissue solids, leaving 5.7 k g  as the fa t  redeposited 
during recovery. 

As a further example, the unique problems of 
metabolism in the postoperative patient are being 
elucidated (51). After operation a patient loses 
weight and gains sodium; his nitrogen balance dis- 
closes loss of lean tissue inadequate to account for the 
weight loss. When total body water is also measured, 
one thereby determines the rate a t  which the patient 
utilizes fat  for energy during his brief period of post- 
operative starvation. The metabolic response to sur- 
gery unfolds as a pattern of changing composition 
characterized chiefly by oxidation of fat, degradation 
of protein with excretion of nitrogen, loss of potas- 
sium, probably transfer of sodium into cells, and a 
tendency to increase body water. The endocrine deter- 
minants of this complex adaptation to trauma are 
now under study. 

Although difficult to apply to sick patients, the 
body specific gravity methods of Behnke and Pace 
(49,50) have been of remarkable significance in clari- 
fying concepts of total body composition, particularly 
with reference to body fat, and in rounding out the 
data obtained with isotopes. Direct fa t  methods based 
on the dilution principle may become available on the 
basis of dilution of certain inert gases (52) soluble 
in fat. 

By no means the least important of the advances 
made has been the application of dilution principles 
in the elucidation of "pool" sizes for certain ions and 
organic molecules. The "labile iron pool" has been 
measured by Wintrobe (53). Sprinson and Rittenberg 
(54) developed a technique for estimating the rate 
of protein synthesis (or turnover) and the amount of 
amino acid nitrogen, using N15 as the tracer. A similar 
study of Stetten's group indicates the size of the uric 
acid "pool" and the uric acid turnover rate in the 
human, using N15-labeled uric acid (55). Within a 
short time, studies by these principles of such im- 



portant organic species as albumin, cholesterol, urea, 
thyroxine, etc., may confidently be expected to appear. 

The continuous support of this work, and the sup- 
ply of isotopes furnished to the several laboratories 
by the Atomic Energy Commission, have been grati- 
fying examples of the growth of basic biological in- 
formation under the sponsorship of our national 

atomic energy program. Over the long term, the 
growth of biological knowledge of this type, which 
leads to sound concepts and effective procedures in 
the care of sick patients, may be a more important 
outgrowth of isotope research in the medical sciences 
than the direct application of the isotopes themselves 
to patients as therapeutic or diagnostic devices ( 5 6 ) .  
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new.^ and Notes 

Scientists in the News 

E. D. Adrian, president of the Royal Society, has 
been elected master of Trinity College, Cambridge. 
He is also retiring from the chair of physiology in the 
university, a position he has held since 1937. He will 
be succeeded by B. H. C. Matthews, reader in experi- 
mental physiology in the university since 1946, and 
formerly head of the Physiological Laboratory at 
Farnborough, where he directed research in aviation 
medicine. 

E. C. Auchter, chairman of the Standing Committee 
on Crop Improvement in the Pacific Area, and presi- 
dent and director of the Pineapple Research Institute 
of Hawaii, has been awarded the Wilder Medal for 

outstanding a~hievements in the science of harticulture. 
Awarded by the American Pornological Society, the 
medal has been given to only 18 persons in the U. S. 
and Canada in 80 years. 

Paul M. Cook, senior chemical and radiation en-
gineer and technical director of several Stanford Re- 
search Institute projects for the AEC, will head the 
new radiation engineering staff. J. D. Graves, formerly 
assistant chief of the Physics Branch, Naval Radio- 
logical Defense Laboratory, has joined SRI  as senior 
physicist in the Radiation Engineering Laboratory. 

Alfred Gellhorn, associate professor of medicine a t  
the College of Physicians and Surgeons, Columbia 
University, has been appointed director of the Insti- 


