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NORMAL HUMAN SUBJECTS *

By GERSON T. LESSER, WILLIAM PERL anp J. MURRAY STEELE

(From the New York University Research Service, Goldwater Memorial Hospital, and the
Department of Medicine, New York University, New York, N. V.)

(Submitted for publication June 16, 1960; accepted August 11, 1960)

The usefulness of the concept of a “fat-free lean
mass” (FFLM)! has been widely appreciated
(2-6). Such a concept involves a consideration
of the mammalian body as a sum of two major
components: a) the body fat, which varies widely
from individual to individual and which may also
vary in a given individual from time to time de-
pending upon his state of nutrition; and b) the
FFLM which is of relatively constant weight in a
given healthy individual and of relatively constant
composition in the various mammalian species ex-
cept perhaps for the proportion of bone. Since
the concentrations of protein, water and electro-
lytes in the FFLM vary only slightly, it is the dif-
ference in fat content which leads to wide varia-
tions in these concentrations in the whole body.
This observation was made for individual tissues
in 1937 by Hastings and Eichelberger (7).

A knowledge of the relative proportions of these
two major components of the body is of obvious
biological interest. It has been suggested that the
FFLM, rather than body weight or surface area,
should be used as a primary reference standard
for various purposes (8, 9). Similarly, total body
fat would seem to be fundamentally involved in
the action and distribution of various substances

* This work was supported in part by grants from the
United States Public Health Service, Bethesda, Md.
(H-1288), and by the Mona Bronfman Sheckman Foun-
dation.

1“Lean body mass” has been variously defined to in-
clude differing small amounts of “essential” lipids. Since
“essential” lipids are at most a small fraction of this
mass, confusion might be avoided if the term “fat-free
lean mass” is used to describe body weight minus total
body fat. Total body fat is defined as the weight of all
ether-extractable material in the body. It is not to be
confused with “adipose tissue” which, in addition to fat,
contains variable small amounts of water and other
constituents. This definition of FFLM is considered
synonymous with the term “fat-free body” used by Keys
and Brozek (1).

in the body, such as fat-soluble drugs and anes-
thetics. Moreover, in recent years it has become
increasingly apparent that adipose tissues are
metabolically active and knowledge of total body
fat could add significance to various studies in
fat metabolism.

FFLM contains approximately 72 per cent wa-
ter (10-12); the variation in this concentration
is probably small [Keys and Brozek, in a review
article (1), feel the standard deviation is about 3
per cent]. Total body water is subject to direct
measurement by the dilution of antipyrine (13),
deuterium or tritium. From this measurement
and a simple calculation (total body water/0.72),
an estimate of the FFLM can be obtained. If this
value is subtracted from total body weight, the re-
mainder may be assumed to be body fat.

Total body fat measurements have been at-
tempted by various other methods in living ani-
mals (1, 14). In recent years, perhaps that most
widely used for physiologic investigation has been
densitometry, either alone or (14) combined with
body water measurements.

Our fundamental purpose in measuring body
fat has been to provide a means of studying the
water content of the FFLM under conditions of
abnormal hydration or nutrition, and the changes
that may occur with age. Under such abnormal
conditions, the necessary assumptions underlying
calculation of body composition from either densi-
tometry or body water measurements, and prob-
ably also of the combined measurement, are open
to question. It was essential, therefore, to develop
a method that would measure fat more directly
and largely independently of the size or condition
of the FFLM. 1In 1935, Shaw, and Behnke and
their co-workers (15, 16) attempted such an in-
dependent method by washout of dissolved body
nitrogen. Since nitrogen is quite lipid-soluble,
the volume of nitrogen dissolved in body tissues
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is largely a function of the amount of fat present.
However, the method is subject to appreciable
error and is difficult to execute. Ultilizing the
same principle, many of the errors and technical
difficulties of the nitrogen elimination method
might be avoided if a nontoxic, inert foreign gas
with a much greater fat/water solubility ratio is
employed. The widely used and relatively safe
anesthetic gas, cyclopropane, was known to be
highly fat-soluble. Measurement of the volume of
cyclopropane absorbed from a closed respiratory
system proved satisfactory for the determination
of total body fat in living rats [% 5 per cent com-
pared with extraction of dried tissues with ether
(17)]. Cyclopropane absorption in human sub-
jects, however, presents a difficulty. Equilibra-
tion of the gas with body tissues was found to be
considerably slower than in rats. Small amounts
of gas were still being absorbed after eight hours.
It became necessary, therefore, to find some way
to circumvent this problem.

In the normal subjects, a mathematical proce-
dure has been utilized to extrapolate observed ab-
sorption data to obtain equilibrium absorption
values and, from these, reasonably accurate val-
ues for total body fat. The present report in-
cludes experimental observations on a group of
normal subjects. The derived values for fat-free
lean mass are sufficiently accurate to lend them-
selves to use in investigation of changes in this
body compartment.

METHODS

Apparatus and experimental procedure

A circular rubber diaphragm (D) (Figure 1) with a
central aperture somewhat less than collar size was
slipped over the subject’s head and snugly fitted to the
neck just above the larynx. The head was then intro-
duced into a cylindrical Plexiglas helmet (H), the outer
border of the diaphragm being brought over the entire
lower lip of the helmet and made airtight with a large
rubber band (R). Sufficient glycerol was poured into
the helmet through a stopcock (A) to form a coating
and seal over the diaphragm. All stopcocks were then
turned to provide a completely enclosed gas system in-
volving head and neck of the subject, the helmet, a soda
lime container (SL), an airtight pump (P) and a Tis-
sot spirometer (SP) adapted with an additional inlet to
enable a continuous circular flow of gases. All seals
were coated with a glycerol-starch grease, the pump was
lubricated with glycerol, and flexible copper (FCT) or
Compar plastic tubing was used throughout because of
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Fic. 1. DIAGRAM OF CLOSED RESPIRATORY CIRCUIT FOR
STUDIES OF ABSORPTION OF INERT GAS IN MAN. See text
for explanatory details.

the solubility and diffusibility of cyclopropane into and
through rubber (18), most greases and oils and most
commercially available plastics (Lesser and Blumberg,
unpublished data).

The entire system was flushed and filled with pure
oxygen and the Tissot bell brought to the desired level.
Gas volumes of the total system were from 18.5 to 21.0 L
for experiments done at ‘‘small respiratory circuit vol-
ume” and from 160 to 250 L for “large respiratory cir-
cuit volume” experiments. A known small volume of
pure cyclopropane was introduced rapidly from a cali-
brated gas buret through stopcock C and zero time was
assumed to be 30 seconds later (small volume) and 90
seconds later (large volume) than the mid-point of the
addition. The initial concentration (between 1 and 2 per
cent) was well below anesthetic level and no pharmaco-
logic effects were ohserved. At stated time intervals
thereafter samples were taken from stopcock B into gas
burets. Total gas volume of the system and of the
subject’s lungs had been previously measured and was
maintained constant throughout (within 0.2 L) by con-
tinued addition of oxygen through stopcock C.

All gas samples were analyzed for cyclopropane con-
tent by a modification (17) of the method of Robbins
(19, 20). With proper care in the hands of a trained tech-
nician, consistent recoveries (%1 per cent) are obtain-
able.

Description of calculation

The values necessary for the caleulation of body fat
from the amount of cyclopropane absorbed were deter-
mined as follows.



TOTAL BODY FAT DETERMINATION BY INERT GAS ABSORPTION

Gas volume of the closed system including the sub-
ject’s lungs. A method was developed for accurate esti-
mation of this volume and was carried out for each sub-
ject prior to the body fat procedure. It involved flushing
the apparatus with oxygen, noting the spirometer wheel
reading and temperature, sampling the contained gas
and then rapidly adding a large known volume of pure
nitrogen. After mixing of gases had taken place, tem-
perature and spirometer volume readings were again
recorded and samples taken for analysis. “Dead space”
volume was then determined in standard fashion:

initial vol. initial vol. of [ conc. of
reading N: |+] N; N.
+ dead space || conc. added ]| added

final vol. final
= reading N, |
+ dead space || conc.

Since the amounts of nitrogen involved were large (about
60 L), the error due to loss or gain of dissolved body
N. was insignificant. A minor correction for this was
made in the calculation. Repeated volume determinations
with the same subject in the system agreed within 0.2 L,
and agreed closely with the dead space air volume of the
apparatus alone, adding the measured functional residual
air of the subject and subtracting the volume of the sub-
ject’s head and neck. To the “dead space” volume de-
termined in this fashion, the volume of gas in the bell of
the Tissot spirometer was added, the total being termed
the “respiratory circuit volume.”

Volume of cyclopropane added to system at beginning
of experiment. Standard calibrated gas burets were used
throughout. Between 200 and 600 ml of pure cyclopro-
pane was added, depending upon an estimate of the sub-
ject’s fat content and upon the experimental respiratory
circuit volume.

Pressure. The pressures in various portions of the
closed system with a subject in position were measured
on numerous occasions. Due to the action of the pump,
gases contained on the “low pressure” side of the sys-
tem (soda lime container, helmet, subject’s lungs and
connecting tubing) remained at 2.5 mm Hg below atmos-
pheric pressure. Gas in the spirometer was always at
approximately atmospheric pressure, the average pres-
sure for the entire system therefore being approximately
1.5 mm Hg below atmospheric pressure at all times.

Temperature. Temperature of the gases in the respira-
tory system was recorded at each sampling time. Tem-
perature of each sample was recorded when reading of
buret volume was made.

Solubtlity coefficient. The solubility coefficients for
cyclopropane in fat were determined in a Warburg ap-
paratus and corroborated by a tonometer method and
also by extraction of gas from fat samples previously
cquilibrated with pure cyclopropane. The solubility co-
efficients (ml gas STP per g fat) for cyclopropane are
10.84 at 37° and 11.81 at 34° C. These studies were done
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on ether extracts of rat carcasses (21) and have since
been repeated on a few samples of human fat, essentially
similar values being obtained (Nidus and Lesser, unpub-
lished observations).

Since gas solubility varies with temperature, mean
temperature of body fat must be estimated for each
subject. This figure is difficult to obtain with great ac-
curacy, as different portions of the body vary to some
extent (22-24). In smaller animals rectal temperature
is normally 1 to 2° above that of the body as a whole
(23) ; in man, the temperatures of arterial, mixed venous
blood and muscle are 0.5 to 2° below that of the rectum
(22, 24). For the calculation in these experiments a
solubility coefficient of 11.26 ml STP gas per g lipid was
used, corresponding to an average temperature for body
lipids of approximately 36° C. An error of 1° in this
estimate would result in an error of somewhat less than
3 per cent in the total body fat calculation.

Cyclopropane dissolved in nonlipid tissues. A minor
correction must be made in the calculations for cyclopro-
pane contained in body fluids and nonlipid tissues.
From the body habitus of each subject an estimate was
made of the size of the FFLM. The solubility of cyclo-
propane in nonlipid tissues was studied and has been
discussed in some detail in an earlier publication (17).
For purposes of gas solubility, the FFLM was viewed
as a polyphasic system containing 29 g of protein per
100 ml of iso-osmotic saline. From available data, it
has been estimated that at body pH and 36° C such a
system would have a solubility coefficient of about 0.33
ml cyclopropane STP per g of FFLM.

Such estimates give merely an approximation of the
cyclopropane absorbed by nonlipid tissues. However,
due to the high fat/water solubility ratio for cyclopro-
pane under equilibrium conditions, 85 to 95 per cent of
cyclopropane in the normal body is contained in the fat.
An error as great as 30 per cent in estimating the size
and solubility coefficient of nonlipid tissues would there-
fore result in an error of only 2 to 5 per cent in the value
obtained for body fat.

Calculation of total body fat. Observation of the
amount of cyclopropane which remains unabsorbed in
the system when gaseous equilibrium has taken place be-
tween body tissues and the cyclopropane in the system
will be discussed in some detail below.

Once these values have been obtained the calculation
itself is relatively simple:

ml cyclopropane at STP  ml cyclopropane at STP
absorbed by the subject = added to the system at
at equilibrium zero time

ml cyclopropane at STP
remaining in the system
in free gaseous phase

at equilibrium.

Correcting the total volume of cyclopropane in the ani-
mal for that contained in nonlipid tissues:
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ml cyclopropane  ml cyclopropane

at STP absorbed = at STP absorbed — nonlipid tissues at body

by fat by the subject

GERSON T. LESSER, WILLIAM PERL AND J. MURRAY STEELE

solubility coefficient for weight of
X nonlipid
temperature and partial tissues

pressure cyclopropane under

equilibrium conditions

solubility of cyclo- ‘ partial pressure cyclopropane  ml cyclopropane STP
propane per g fat X in subject’s lungs at = per g fat at
at body temperature equilibrium equilibrium

760

ml cyclopropane STP absorbed by fat

Total fat of subject (g) =

Corrections to STP are made throughout. Correction
is also made for the small differences in cyclopropane con-
centration between the lungs and the external portion of
the respiratory circuit, due to differences in water vapor
and nitrogen concentration in these two regions. The
assumption in these calculations that the cyclopropane-
fat system obeys Henry’s law is supported by the results
obtained by various methods of solubility estimation (20,
21).

In calculating fat values for the present experiments,
the preceding equations and corrections were combined
into a single formula, discussed in detail in the Appendix.

OBSERVATIONS

Cyclopropane absorption has been studied in 14
normal subjects by the method described; 26 ex-
periments have been completed. In 11 of these,
absorption was observed over approximately an
8 hour period. The absorption data of these pro-
longed experiments are tabulated (Table I) and
discussed below.

The effect of body fat content on the rate and
extent of absorption is readily apparent in three
subjects of different body weight and habitus,
who were studied over a shorter time period.
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Fi16. 2. ABSORPTION OF CYCLOPROPANE BY THREE SUB-
JECTS OF DIFFERENT BODY WEIGHTS AND HABITUS. Ex-
perimental procedure was the same in all instances.
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Fi16. 3. REPRODUCIBILITY OF CYCLOPROPANE ABSORPTION
IN A SUBJECT AT CONSTANT WEIGHTS. Experimental pro-
cedure was the same in all instances.

After 110 minutes of absorption from a closed sys-
tem a small lean man absorbed 65 per cent, a tall
average man absorbed 75 per cent, and a small,
very obese woman absorbed 95 per cent of the cy-
clopropane initially added (Figure 2).

The absorption curves in a given subject at con-
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Fic. 4 CHANGE IN CYCLOPROPANE ABSORPTION IN A
SUBJECT WITH A SMALL CHANGE IN BODY WEIGHT. Ex-
perimental procedure was the same in both instances.
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TABLE 1

Observed cyclopropane uptake by human shbjects; percentage of Lotal cyclopropane
in system remaining unabsorbed, q(t), at time ¢

Subjects, age and sex

t VL, GK, TJ, FK, EB, PD,
19, F 38, F 32,M 29 M 36. M 30, M

Subjects, age and sex

t VL, GK, TJ, RP, PD,
20, F 39, F 33, M 30, M 31, M

min
A. Normal to moderately obese subjects; small
respiratory circuit volume (18.5 to 21.0 L)

0 100.0 100.0 100.0 100.0 100.0 100.0
12 62.6 61.2 580 555 58.9 61.5
24 * 52.5 451 447 43.9 49.9
36 429 45.7 31.71 374 35.5 40.7
48 383 41.1 326 316 29.6 35.6
60 343 37.2 288 283 24.8 28.2
72 311 35.2 263 249 217 27.3
84 286 32.5 245 226 20.5 24.5
96  26.2 304 226 21.0 17.9 221

108  24.2 29.1 215 19.2 16.7 20.4
120  22.2 279 203 171 15.7 19.1
132 194 260 195 16.8 14.6 18.4
144 t 21.6 188 15.6 14.0 17.4
156 19.3 228 17.8 15.6 12.7 16.2
168 18.6 223 174 13.0 12.6 15.2
180 17.8 219 173 142 12.3 15.2
192 16.8 20.5 163 142 12.0 14.6
204 164 19.9 159 136 11.6 14.0
216  16.0 189 15.7 11.6 13.9
228 t 15.2 134 11.4 13.3
240 146 18.6 15.0 11.1

252 143 154 13.1 11.0 12.5
264 125 18.0 144 10.7 121
276  12.5 140 11.8 10.3 12.0
288 129 17.1 140 10.0 11.5
300 12.6 14.0 119 9.85 11.1
312 10.2 15.8 13.7 8.62 10.8
324 121 13.5 9.1 9.35 104
336 12.3 15.8 13.5 9.58 103
348 11.8 13.1  10.7 9.54 10.2
360 12.0 152 132 9.36 10.1
372 8.62 13.0 10.2 9.49 9.79
384 11.6 14.6 129 9.39 9.52
396 10.7 126 115 8.72 9.24
408 11.0 15.0 127 9.43
420 111 12.7 109 8.79 9.17
432 104 14.1 122 9.10 9.09
444 109 12.1  10.7 8.85 8.92
456 109 13.7 120 8.65 8.66
468 10.6 11.9 107 8.44 8.54
480 10.5 13.8 12.0 8.46 7.85
492 12.0 9.95 8.37 8.49
504 134 11.8 8.39 8.36
516 10.1 8.29 8.29
528 8.30 8.07
540 9.23

564 9.77

588 9.28

612 9.33

min
B. Normal to moderately obese subjects; large
respiratory circuit volume (162.9 to 251.7 L)

0 1000 100.0 100.0 100.0  100.0
12 88.9 88.5 95.6 92.9
24 84.9 87.0 93.2 90.2 91.4
36 83.5 83.9 93.3 82.5
48 82.3 81.1 87.1 82.6 87.3
60 78.5 79.9 86.2 83.0
72 78.3 78.8 t 80.1 84.3
84 71.5 76.9 T 81.5 82.7
96 76.9 75.3 83.7 78.9 81.5

108 74.7 73.2 83.8 73.8 79.9
120 724 72.9 80.6 77.3 79.8
132 72.0 73.1 81.3 78.3 79.5
144 72.1 71.6 78.8 7.7 78.1
156 70.6 70.1 80.0 69.4 76.3
168 70.0 69.3 79.8 74.6 76.1
180 70.8 68.4 774 76.6
192 70.1 68.3 76.8 64.7 74.9
204 70.0 67.3 71.6 73.7
216 68.9 67.1 76.9 73.3 74.3
228 68.1 66.0 744 72.1 73.3
240 67.8 65.6 73.9 69.1 72.2
252 66.9 64.2 68.3 71.5
264 67.2 72.4

276 66.9 62.9 73.3 57.6 72.0
288 65.1 61.5 70.8 63.6 70.7
300 65.2 62.1 71.6 59.9 69.3
312 66.4 61.5 72.3 69.1
324 62.2 59.2

336 63.8 60.2 67.0 67.7
348 62.1 59.5 65.8 67.5
360 61.5 58.2 67.4 50.1 68.1
372 61.8 58.6 67.7 64.0 67.
384 61.2 69.1

396 60.0 58.0 63.4 65.1 65.7
408 59.5 53.9 68.1 63.4 65.2
420 55.9 57.0 61.9 63.4 64.8
432 574 67.2 62.3 64.6
444 66.3

456 60.1 56.7 64.9 64.0 63.4 °
468 57.1 56.2 64.1 61.7 62.8
480 57.5 55.6 62.3 62.4
492 56.7 55.5 61.5 61.8

* Probable experimental error.
t Known experimental error.

stant weight are reproducible within very narrow
limits. For example, one subject, when studied on
three occasions over several months at weights of
449, 45.3 and 45.3 kg, demonstrated variability
of cyclopropane uptake of less than 2 per cent

Blank spaces denote no sample taken.

(Figure 3). A similar degree of reproducibility
was observed in any subject restudied under simi-
lar conditions. Subject JL was also studied at a
slightly higher weight, presumably reflecting in-
creased body fat content. This change appeared
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to be sensitively reflected in the rate of cyclopro-
pane absorption (Figure 4).

However, while gaseous equilibrium had es-
sentially taken place between the environment and
body tissues in the rat in 90 to 120 minutes (17),
all human subjects were still absorbing cyclopro-
pane after an 8 hour period (Table I and Figure
5).

Additional evidence of failure to reach essen-
tial equilibrium may be obtained by comparing the
values obtained for total body fat by cyclopropane
absorption with those for total body fat as calcu-
lated indirectly from total body water measure-
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ment, F(tbw),? in the same subjects. If the ob-
served value at 480 minutes on each absorption
curve is assumed to be the “equilibrium” value
and is used to calculate total body fat for the sub-
ject, F(480), in every instance a smaller estimate
of body fat is made by cyclopropane absorption
than by F(tbw). In normal to moderately obese
subjects, the ratios between the values observed,
F(480) /F (tbw), vary from 0.56 to 0.93 (Table
IT). Similar analysis of these and other “normal”
subjects when absorbing gas from a larger respira-
tory circuit volume showed even greater discrep-
ancy between F(480) and F(tbw) values, indi-
cating that cyclopropane absorption was less com-
plete under these conditions (Table II).

It is therefore evident that an absorption period
of as long as 8 hours is insufficient for gaseous
equilibrium of cyclopropane to occur in human
subjects under these experimental conditions. The
discrepancy is systematic and becomes greater
with larger volumes of the respiratory circuit.
Thus, while ratios of the preceding type may pos-
sibly be useful as correction factors to estimate
average body fat volumes in large groups of sub-

2T avoid repetition of the phrase “total body fat as cal-
culated from total body water” (antipyrine or tritium
space), this value will be denoted as F(tbw). It is obtained
antipyrine (or tritium) space

as F(tbw)=Dbody weight— 0772

TABLE II

Total body fat calculated from ‘“‘last point’ on observed cyclopropane uptake curve compared
with total body fat calculated from total body water

Total Total Resp. W¢(480)
Subject, body body circ.
age, sex Height weight water vol. Wi(tbw)* W:(480)t Wi(tbw)
cm kg L L kg kg

Normal VL, 19 F 161 52.4 28.1 19.6 13.4 12.5 0.93
fat, GK, 38 F 156 53.3 29.3 21.0 12.6 9.6 0.76
small TJ, 32 M 168 70.1 38.7 19.0 16.3 9.7 0.60
resp. FK, 29 M 170 73.3 40.4 18.5 17.1 11.5 0.67
circuit EB, 36 M 183 76.0 39.4 19.7 21.3 15.7 0.74
volume PD, 30 M 177 80.3 38.9 18.6 26.3 14.7 0.56
Mean = 17.83 12.28 0.71
Normal VL,20F 161 51.4 28.1 163.8 12.3 9.0 0.73
fat, GK, 39 F 156 53.6 29.3 162.9 12.9 9.2 0.71
large TJ, 33 M 168 69.4 38.7 196.5 15.6 6.9 0.44
resp. RP, 30 M 166 70.5 38.9 213.3 16.5 9.0 0.55
circuit PD, 31 M 177 80.6 38.9 251.7 26.6 10.5 0.39
volume Mean = 16.78 8.92 0.56

* W(tbw) = total body fat from antipyrine or tritium space (= total body weight — total body water/0.72).
+ W(480) = total body fat calculated from cyclopropane absorption, assuming that the 480 minute uptake value is

equivalent to the equilibrium absorption (q.) value.
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jects, their use to estimate accurately the fat con-
tent of individuals is not justified.

Since absorption studies cannot feasibly be con-
tinued sufficiently long to measure the cyclopro-
pane equilibrium value, g, directly, the problem
arose of calculating this value, necessary for the
calculation of body fat, from the observed finite
portions of the absorption curves actually meas-
ured. Such calculation is possible if a physically
valid mathematical expression is fitted to the ob-
served absorption curve and then extrapolated
for a value of t = o0. A reasonably exact theory
of the dynamics of cyclopropane uptake by hu-
mans leading to manageable mathematical expres-
sions has so far only been approximated.

Various expressions have been tested. The one
utilized to extrapolate the present results con-
forms with generally held hypotheses for inert gas
uptake and transport (25, 26). The quantity of
inert gas in the total system (breathing circuit
plus subject) is assumed to remain constant
throughout. This is supported by evidence that
cyclopropane is not significantly metabolized (17)
or diffused through the skin (27). The enclosed
breathing circuit is assumed to be in contact via
the lungs and the arterial blood with the body tis-
sues. The tissues are considered to be grouped
into absorption “compartments,” each supplied in
parallel by the arterial blood (Figure 6). Each
compartment is characterized by its capacity for ab-
sorbing the particular inert gas (“solubility vol-
ume”) and by a specific blood flow rate. The com-
partments, of which the body adipose tissue may
be identified as one or more, may not be strictly
contiguous anatomical regions, but may be con-
sidered as “cyclopropane spaces.” The few body
tissues which do not conform to such a parallel
arrangement probably absorb only small amounts
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RESPIRATORY EXTERNAL
CIRCUIT VOLUME
VOLUME

“EFFECTIVE" LUNG VOLUME

BODY "COMPARTMENT" |
- v)

BODY "COMPARTMENT" 2
(Vz)

BODY "COMPARTMENT" 3
(Vs)

F16. 6. DIAGRAMMATIC REPRESENTATION OF CYCLOPRO-
PANE UPTAKE BY THE BoDY. The system includes a
“respiratory circuit volume” (external gas volume of
the closed breathing circuit plus an effective lung vol-
ume), and some number of “cyclopropane space” body
compartments. Each compartment can be defined by a
mass, an average solubility coefficient for cyclopropane,
and a blood flow.

of cyclopropane and should affect the over-all ab-
sorption process only slightly.

It is assumed that intratissue diffusion is so
rapid in relation to the relatively slower rate of
perfusion that intratissue mixing may be consid-
ered to be instantaneous, and also that only in-
significant diffusion of the inert gas takes place
across the surface boundaries of the neighboring
tissues. It is further presumed that a steady
physiological state exists throughout the course
of the experiment. These assumptions permit
fitting to the experimental absorption curves an
expression of the form:

q(t) = qu + ae™™t + age™ot 4 agekat ...

where

concentration of cyclopropane in respiratory circuit volume (unabsorbed gas) at time, t

q(t) =

and where q, is the limiting value of q(t) as t ap-
proaches infinity (see Appendix).

Existing graphical methods of fitting sums of
exponential terms to the given curves were found
to be inadequate in the present case. Accordingly,

concentration of cyclopropane in respiratory circuit volume at t = 0

a semigraphical method for such fitting was de-
veloped and used (28).> At each sampling time,
3 After completion of the present work the attention of

the authors was drawn to a paper by Greville (29) in
which decay-type data (glucose tolerance curves) were
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TABLE
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III

Total body fat culculated Srom exponential analysis of vbserved cyclopropane uplake curve compared
with total body fat calculated from total body water

Resp. Total
Subject, circ. body
age, sex vol. weight Qe (tbw)* Qe (exp)t Wi (tbw) Wi (exp) Al
L kg % % kg kg To
Normal VL, 19F 19.6 524 10.05 9.75 13.4 13.9 3.7
fat, GK, 38 F 21.0 53.3 11.1 12.6 12.6 10.7 —15.1
small TJ, 32 M 19.0 70.1 8.05 9.68 16.3 13.0 —20.2
resp. K, 29 M 18.5 73.3 7.46 7.93 17.1 15.9 —-7.0
circuit EB, 36 M 19.7 76.0 6.62 7.30 21.3 189 —-11.3
volume PD, 30 M 18.6 80.3 5.25 6.70 26.3 19.7 —25.1
Mean = 17.83 15.35 13.57
Normal VL, 20 F 163.8 51.4 50.3 $§ 12.3
fat, GK, 39 F 162.9 53.6 48.5 8 129
large TJ, 33 M 196.5 69.4 48.2 § 15.6
resp. RP, 30 M 213.3 70.5 49.2 § 16.5
circuit PD, 31 M 251.7 80.6 42.5 § 26.6
volume

* Calculated from W(tbw), Table II, by Equation [16] in Appendix.

t Extrapolated value by exponential curve-fitting (28).
1A =100 [Wi(exp) — W(tbw)]/We(tbw).

§ Analysis by exponential curve-fitting not possible (see text).

t, the first derivative (i.e., the tangent) of the ob-
served q(t) value may be plotted against the q(t)
value itself. This type of plot permits detailed in-
spection of the experimental data, particularly
with reference to-the possibility of exponential fit-
ting. If at prolonged time, perhaps 4 to 8 hours
of gas absorption, the remaining absorption data
fall along a straight line on this plot, it may be
assumed that the absorption process can be de-
scribed as the decay of a single exponential over

this time period. The straight line can be extra-
polated to the “true” q, value for such a plot.

Deviations from “straightness of fit” indicate either
experimental errors or a process inadequately de-
scribed by the decay of a single exponential term.

A group of six average to moderately obese sub-
jects was studied under low respiratory circuit
volume conditions (18.5 to 21.0 L, Table I, A)
and the cyclopropane absorption curves were sub-
jected to this semigraphical exponential analysis.
After approximately 3 to 4 hours of absorption,
the data in each instance seemed to follow a
straight-line fit of a single remaining exponential
term. In four of the six subjects the fit was very

fitted by a constant plus one exponential by the same
method used here. Of several curve-fitting methods tried,
Greville concluded that for his type of data, which were
similar to those of the present paper, the present method
was the most satisfactory one.

good (example, Figure 7, A), while the other
two subjects demonstrated slight “kinks” or “os-
cillations” of the data about a presumed average

straight line (example, Figure 7, B). The lines
were extrapolated to obtain q, absorption values,

from which total body fat was calculated.

These straight lines yield not only q., but also
a (long) “first” exponential, a,e’®t This “peeling
oft” process was continued, and yielded two fur-
ther exponential terms within the accuracy of the
data.* Three exponential terms were therefore
adequate to represent the observed absorption
curves in each instance. Since the values derived
from these terms were of the same order of mag-
nitude in all subjects, it is felt that the “cyclopro-
pane spaces” and exchange rates implied by these
exponentials may have physiological significance.

Total body fat derived from the extrapolated
values of g, ranged from 10.7 to 19.7 kg with a
mean of 15.4 kg (Table III). These values for

¢ The “third” exponential term with a half-life of only
a few minutes is probably a composite of many very
short exponentials, probably including lung and highly
perfused organ filling rates. The experimental design
permitted only scanty observations over the period re-
quired for definition of this exponential, and its values
are, at best, a gross average approximation of many rates.
In contrast, the much longer “first” exponential term is
observed very carefully over many hours, enabling re-
sults to be interpreted with greater confidence.
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body fat are in the expected range for the size and
habitus of the individual subjects. They may be
compared with the respective body fat values cal-
culated indirectly from total body water [F(tbw),
Table IIT]. In all but one subject, total body fat
from cyclopropane absorption F(exp) was some-
what lower than the F(tbw) value, the mean dif-
ference being 2.5 kg of body fat.

The calculation F(tbw) is an indirect one, in-
volving several numerical assumptions and sub-
traction of two large numbers to yield a small dif-
ference. The error of measurement of total body
water in these subjects by dilution of antipyrine
or tritium is considered to be =5 per cent. In
addition, there is some variation about a 0.72 value
for water content of the FFLM. [Keys and
Brozek (1) estimate a standard deviation of 0.02
to 0.03]. However, there is fairly good evidence
that in most mammalian species the mean FFLM
hydration value is close to 0.72. The estimate of
total body fat from the calculation: body weight —
(body water/0.72) is therefore subject to two
variables, both randomly distributed. Error analy-
sis of this situation in an individual containing 25
per cent body fat indicates a potential error of
about = 20 per cent in the estimation of fat mass
from body water measurement. This error is,
however, of a random nature, rather than the di-
rectional one observed in the present comparison
(27). 1t is likely, therefore, that total body fat
is being somewhat underestimated by cyclopro-
pane absorption under these conditions.

The inability to apply a single exponential fit
closely to the data of large respiratory circuit vol-
ume experiments is understandable on theoretical
grounds. Considerations based on a theoretical
model of gas uptake by the body (Figure 6) and
analysis of the present experimental observations
indicate that the rate at which the body absorbs
cyclopropane from the environment increases as
the volume of the closed respiratory circuit be-
comes smaller. Therefore, the same subject, un-
der identical experimental conditions except for
the respiratory circuit volume, will approach
gaseous equilibrium more slowly at larger volumes.
A change from the “low volume” conditions em-
ployed in the present experiments (18.5 to 21.0 L
respiratory circuit volume) to “high volume” con-
ditions (160 to 250 L volume) should increase the
half-life of cyclopropane absorption in body fat
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about threefold. The addition of fat to the body
will also increase the time necessary for approach
to equilibrium unless the local supply of blood to
body lipids increases approximately proportion-
ately to the increase in lipids. If gas absorption
is assumed to follow an exponential rate, these
considerations and the experimental observations
would indicate the slowest half-life (essentially de-
scribing absorption into the lipids) to be roughly
90 to 180 minutes for average subjects under low
respiratory circuit volume conditions and about
360 minutes for average subjects under large re-
spiratory circuit volume conditions. Therefore,
the normal or slightly obese person studied over
an 8 hour period under low volume conditions,
has completed about 3 or 4 half-lives of absorption
into his “slowest” compartment, minimizing the
effect of any minor deviations from an ideal ex-
ponential description and enabling relatively ac-
curate extrapolation to a q. value.

DISCUSSION

The preceding analysis of the observed experi-
mental data is based upon an idealized compart-
ment model of inert gas uptake by the body. The
exponential analysis follows, with minor modifica-
tion, the generally accepted theories of such ab-
sorption processes (26, 30). Application of this
analysis to the present experimental observations
has led to values for total body fat which are rea-
sonable, but systematically somewhat lower than
expected. In addition, the observed deviations
from ideal exponential rates are often of greater
magnitude than experimental errors, suggesting
that one or more of the assumptions involved in
setting up the model, or in curve-fitting the data,
may not be completely valid. Several of these as-
sumptions may be reviewed.

The steady state. In order to successfully ex-
trapolate a situation such as the present one, the
processes involved must go on in more or less
constant fashion over the period of observation.
In the present instance, we would have to assume
constancy of transmision of cyclopropane from the
external circuit to the alveolar volume and thence
across the pulmonary absorbing surface, con-
stancy of cardiac output and, most particularly,
constancy of perfusion of adipose tissue. We have
been unable to find published information describ-
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ing any shunting of blood or variation of blood
supply to adipose tissues. Gersh and Still (31)
noted only 25 to 50 per cent of local fat capillaries
of rats to be “open” under the conditions of their
study, but whether the “reserve” capillaries are
readily available and whether perfusion may vary
under the conditions prevalent in our experiments
remains speculative. Random changes in blood
supply to one or more large depots of fat during
an observed absorption experiment would lead to
changes in uptake rates of cyclopropane by the tis-
sues involved, and would complicate the mathe-
matical analytical treatment. The “kinks” and
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Fi6. 7. EXAMPLES OF EXPONENTIAL CURVE-FITTING OF
CYCLOPROPANE ABSORPTION DATA ON NORMAL SUBJECTS
(28). At each sampling time, the first derivative (tan-
gent) or — ((t) is plotted on the abscissa against the ob-
served q(t) value itself (ordinate). A final single ex-
ponential value, if present, can be plotted on a straight
line to an equilibrium absorption value (qw). In each
figure the upper points are an enlarged scale of the lower
points, and conform to the inner scale on the ordinate.
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(a) (b)

(c) (d)

(e)

Fic. 8. VARIOUS POSSIBLE SPECTRA OF EQUAL-SIZED
SMALL SEGMENTS OF ADIPOSE TISSUE WITH REFERENCE TO
THEIR BLOOD SUPPLY. In each diagram the abscissa de-
picts Fi/V,, the blood perfusion rate for unit volume of
tissue. The ordinate depicts Ny, the number of segments
so perfused. See text for discussion.

“oscillations” observed in several of the present
exponential analyses could be explained by changes
in rate of perfusion of fatty tissues and would be
difficult to interpret. To our knowledge this prob-
lem has not been seriously considered in the past.
The possibility that the present simplified mathe-
matical analysis contains a systematic error due
to steady state changes cannot be ignored.

Relationship of exponential analysis to perfu-
sion of adipose tissue. The present extrapolation
leading to q. was based upon approximating the
observed absorption data by a single exponential
function at long time (about 4 to 8 hours). The
validity of this approximation must be considered.
The total fatty tissue in the body may be viewed
as a sum of cubes of, for example, 1 cm?® volume.
This size cube is selected, since a rough analysis
suggests that the internal distances are small
enough that diffusion may be considered to be
rapid within the cube, while diffusion of cyclo-
propane from surrounding cubes should be small
in comparison with the cyclopropane taken up from
the cube’s intrinsic blood supply. Thus, the 1 cm?
piece of fatty tissue might be considered as a fun-
damental perfusion unit, in parallel with many
similar units. The relative rate at which the cube
fills with an inert gas from an infinite external vol-
ume may be expressed as:
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volume of blood flow per minute through the 1 cm?® cube (F;)

total cyclopropane necessary to ‘‘fill”’ the cube at infinite
time under conditions of the experiment (volume X average
solubility coefficient for cyclopropane = V;)\;)

As the blood flow increases or the tissue solubility
decreases, the “filling up” time becomes more
rapid. Since solubility can be assumed to be
roughly similar in all cubes, the A; terms are es-
sentially constant and each small segment of fatty
tissue can be compared with other such segments
solely in terms of relative blood flow rates. In
order for all the adipose tissue to absorb cyclo-
propane at the same rate, each unit would have to
be similarly supplied with blood. That this is
probably not the case can be inferred from histo-
logical examination of subcutaneous, omental,
perirenal and other fat depots.

There have been few reports on the blood sup-
ply to fatty tissue and even less information is
available on relative differences in perfusion rates.
If the blood flow to all segments of adipose tissue
throughout the body is the same or varies only
within a narrow range, the uptake of an inert gas
by the total body fat may be described by a single
exponential term (Figure 8, a, b). Another pos-
sible set of circumstances would be the existence
of two or three large groupings of fat units, each
group identified by a certain blood flow rate. The
single long exponential term derived from the ab-
sorption curves of the present experiments would
then represent an average of two, or perhaps sev-
eral, exponential terms which are reasonably
closely spaced (Figure 8, c¢). If the exponential
rates are not too far from one another (i.e., the
values for blood perfusion are not too dissimilar
for the various groups of units) it would be very
difficult to separate the exponential terms and they
may appear as a single term (32). If, in fact,
multiple exponential rates exist for filling of body
fat with cyclopropane, the mistaken single ex-
ponential analysis would alter the value for q, in
the direction necessary to account for the ob-
served systematic discrepancy in body fat values.

Blood perfusion rates of the various segments
of fat throughout the body may not lend them-
selves to grouping about a few values but may in-
stead vary over a wide range (Figure 8, d). Such
a situation could not adequately be described by

one, or even a few, exponential terms, but rather
by a sum of many, or integral of, exponentials
with closely spaced half-lives. Such an integral
can lead to expressions of, for example, the form
1/te.

Diffusion. The assumption has been made that
diffusion of gas from capillary blood through each
tissue is so rapid that it causes negligible limitation
of over-all uptake and also that insignificant dif-
fusion takes place between neighboring tissues.
In contrast with studies on gases with less fat
solubility (26, 30), the conditions present when
a very highly lipid-soluble gas (such as cyclo-
propane) is being absorbed may alter the relative
importance of perfusion and diffusion in delivery
of gas to body lipids. While diffusion of cyclo-
propane in aqueous solutions is apparently rapid
(D=10* to 10 cm? per second), it may be
slower in living tissues (26). Preliminary stud-
ies in this laboratory indicated diffusion constants
for cyclopropane in fatty tissues to be 10-° to 107
cm? per second. Diffusion constants of this mag-
nitude are probably not slow enough to cause sig-
nificant lack of uniformity within an individual
depot of fat. However, consideration must also
be made of possible diffusion of cyclopropane into
fatty tissues from adjacent nonlipid tissues. With-
out accurate values for diffusion constants of the
gas, or for blood perfusion rates, the relative im-
portance of such diffusion cannot be predicted.
The analysis of gas diffusion in solving the ab-
sorption curves and in extrapolating to q, cannot
be carried out by a finite sum of exponential func-
tions. The specific expression to be used would
depend upon the diffusion constants and upon the
geometric relationships of fat and nonfat tissues,
which occur in various shapes and sizes.

Thus, at the present state of knowledge, there
are several possible methods of mathematical
analysis to describe the uptake of a highly fat-
soluble inert gas by body lipids. Each method is
based upon one or more simplifying hypotheses
as to the manner of transport of the gas to the
lipids. More exact analysis must await more
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complete knowledge of the geometric arrangement
of the various depots of fat tissue, of accurate dif-
fusion constants of the gas through fat tissue and
of absolute and relative blood flow rates through
various depots of fat. In addition, the existence of
a “steady state” of blood flow to body fat must be
confirmed, or changes in blood flow measured
before more precise analysis is possible.

Despite these gaps in our knowledge, much in-
formation can be obtained by the techniques em-
ployed. The use of a relatively small respiratory
circuit volume (18.5 to 21.0 L) appreciably speeds
the rate of absorption of inert gases so that over
the 8 hour experimental absorption period a nor-
mal or moderately obese human subject has com-
pleted approximately three to four half-lives of
gas absorption into his “slowest” body compart-
ment. Body fat has therefore taken up 80 to 95
per cent of its potential cyclopropane. It is likely
that modifications of the present technique can
further accelerate gas uptake, leading to even
closer approach to equilibrium gas absorption.
The extent of absorption provides a favorable
analytic situation for extrapolation to the equilib-
rium q, value necessary for calculation of total
body fat. This is confirmed by the good results
obtained in the present experiments carried out
under conditions most favorable for rapid uptake
of the inert gas.

The initial interest in developing a direct method
for estimating total body fat was to obtain inde-
pendent values for, and to observe changes in, the
fat-free lean mass. Since this mass represents
most of the body weight, even moderate error in
direct estimation of total body fat will lead to only
small error in calculation of the FFLM (FFLM =
total body weight — total body fat). The FFLM
values calculated from F(cyclo) agreed closely
with FFLM values obtained by calculation from
total body water (Table IV), the average devia-
tion by the two methods being 2.5 kg, or = 5 per
cent.

It would appear, therefore, that a method is
available for the direct, independent in vivo meas-
urement of total body fat in normal to moderately
obese human subjects with reasonable accuracy.
From this measurement, accurate values can be
derived for FFLM under varying conditions.
The method provides a tool which, in conjunction
with measurements of total body water, should
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TABLE 1V

Fat-free lean mass calculated from total body fat by exponen-
tial curve-fitting analysis compared with fat-free lean
mass calculated from total body water

Subject,
age, sex Wi(tbw)*  Wi(exp)t At
kg kg VZ
Normal VL, 19 F 39.0 38.5 —1.28
fat, GK, 38 F 40.7 12.6 1.67
small TJ,32 M 53.8 57.1 6.13
resp. FK, 29 M 56.1 57.3 2.14
circuit EB, 36 M 54.7 57.1 4.39
volume PD, 30 M 54.0 60.6 12.20
Mean = 49.72 52.20 5.13
Normal VL, 20 F 39.0 N
fat, GK, 39 F 10.7 N
large TJ, 33 M 53.8 §
resp. RP, 30 M 54.0 §
circuit PD, 31 M 54.0 N
volume

7*\\'1(tbw) = fat-free lean mass = total body water/
2

t Wi(exp) = fat-free lean mass = total body weight
— total body fat calculated from exponential analysis of
cyclopropane uptake (see Table I11).

1A =100 [Wi(exp) — Wi(tbw)]/Wi(tbw).

§ Analysis by exponential curve-fitting not possible
(see text).

permit study of the degree of hydration of the
FFLM under normal and certain abnormal con-
ditions and throughout the aging process.

SUMMARY

A method has been presented for measurement
of total body fat in human subjects by absorption
of an inert, highly fat-soluble gas from a closed
respiratory system. Results are highly reproduci-
ble and reflect small changes in fat content. In a
group of normal to moderately obese subjects,
body fat averaged 15.4 kg, about 12 per cent lower
than the fat values for the same subjects calculated
indirectly from total body water. The present gas
absorption procedure and calculation possibly
lead to a systematic underestimation of total body
fat.

Since equilibrium of body tissues with cyclopro-
pane in the respiratory system is prolonged in hu-
man subjects (longer than 8 hours), observed ab-
sorption data were extrapolated to obtain equi-
librium values necessary for the calculation of total
hody fat. Accurate extrapolation requires a math-
ematical formulation which adequately describes
the physiological processes involved. The formu-
lation used here involves a sum of exponential
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terms and coincides with generally accepted theo-
ries of inert gas absorption and transport. Data

obtained from the present experiments suggest,

however, that various aspects of these theories
remain open to question. Further knowledge is
required of the distribution and nature of blood
supply to adipose tissues, of accurate diffusion
constants of gases in living tissues and of possibly
changing conditions within a given subject which
affect the “steady state” before more exact mathe-
matical description (and extrapolation) becomes
possible.

By subtraction of measured total body fat from
body weight, values may be derived for fat-free
lean mass (FFLM). Except for highly obese
subjects, total fat is small in relation to body
weight and FFLM, and the relative error in the
latter calculated value is therefore smaller. Mean
FFLM from body fat was 52.2 kg, FFLM cal-
culated from total body water, 49.7 kg.

By the gas absorption technique, fat is being
measured directly and essentially independently
of the size or condition of the FFLM. It may be
utilized, therefore, in conjunction with measure-
ment of total body water, to study changes in hy-
dration of the FFLM that may occur in pathologi-
cal states and with age.

APPENDIX

Calculation of total body fat. The experimental data are
expressed in terms of the quantity

_ VnCe(t)
Q(t)

in which C,(t) is the measured concentration of cyclopro-
pane in the sample drawn at time t from a region of the
closed respiratory circuit external to the subject (not in-
cluding the lung volume). This velume will be termed the
‘‘external volume’”. Q(t) is the measured initial amount
of cyclopropane introduced into the external volume, minus
the measured amount contained in all the samples drawn
up to the time t, and Vy is the external volume plus an
effective lung volume (defined below). If the experiment
were continued for a length of time sufficient for the body
tissues to equilibrate with the cyclopropane concentration
in the external volume, q(t) would approach an equilibrium
value q. given by

q(t) 1]

_ VsCil)
9= = TQ(=)

in which C¢( ») is defined as the constant concentration of
cyclopropane that would exist at sufficiently long time in
the external volume and Q( =) as the amount of cyclopro-
pane that would exist in the entire system of closed respira-

(2]
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tory circuit and subject at sufficiently long time. In prac-
tice a value for q. is deduced by extrapolation of the q(t)
values measured over a period of approximately 8 hours.
The extrapolation is carried out by curve-fitting exponen-
tial functions to the data (28). Exponential functions are
chosen because they are the mathematical expression of
the general compartment model (32, 33) which is assumed
applicable to the present experiments.

The constant Vy is a measure of the external volume plus
an effective lung volume for containing inert gas. It is
determined by nitrogen dilution (see text) and termed the
“respiratory circuit volume.” The assumption is made
that if this determination were carried out with cyclopro-
pane, the resulting respiratory circuit volume would be the
same as for nitrogen. This assumption, which is plausible
because of the inert nature and comparable molecular
weight of both gases, would be expected, even if not valid,
to result in only a small error in the effective lung volume.
Such an error is well within the over-all error of measure-
ment of the cyclopropane uptake.

In the cyclopropane uptake experiment a conservation
principle using the quantities of Equation [2] can now be
applied. The principle states that the amount of cyclo-
propane initially introduced into the external volume
equals the amount leaving the respiratory circuit volume,
AQjeav, plus the amount finally remaining in the respiratory
circuit volume, or

Q(O) = AQleav + VNCe( °°). [3]

Now AQieav is the amount which goes into the body, AQbody
(the body does not include the effective lung volume), plus
the total amount withdrawn in the samples during the ex-
periment, AQsamp. On the other hand, Q(0) — AQsmp is
the amount remaining in the entire system at long time,
Q( ). Hence, Equation [3] can be written

Q( %) = AQbody + VnCe( ). [4]

Substituting Equation [4] into Equation [2] and re-
arranging terms gives

AQbody _ 1 - (¢ 1%

We(®) — @ (5]

A connection is next sought between the amount of
cyclopropane absorbed by the body, AQpeay, and the
amount of fat contained by the body. To this end, it is
assumed that the body is composed additively of two com-
ponents, a) total body fat and b) everything else, termed
fat-free lean mass. By this statement is meant not only
that the total body weight W may be written as the sum
of a weight of total body fat W¢ plus a weight of fat-free
lean mass W or

(6]

‘ Wi+ W, =W
but also that the amount of cyclopropane absorbed by the
body at long time can be written as the sum of two terms

AQboay = WiCy' () + W,C// () 7]

in which C¢( =), C//( =) are appropriate average concen-
trations of cyclopropane per unit weight of fat and fat-free
lean mass, respectively. (The prime notation denotes per
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unit weight.) Equation [6] can be substantiated, for
example, by identifying Wy with the weight of ether-
extractable material from a body and W, with what is left.
Equation [7] might be substantiated directly by determin-
ing C{(»), C/(=) by biopsy measurements of various
body tissues and using the values Wy, W) obtained inde-
pendently by ether extraction. One could also use the
more indirect consequences of Equation [7] as determined
below to compare with ether-extracted values. Such com-
parison has been made for the rat (17), and indicates the
validity of Equation [7].

The concentrations C¢'( =), C{( ) of cyclopropane in
the body at sufficiently long time, that is, at equilibrium,
are next related to the equilibrium concentration Ce( )
in the external volume. For brevity the notation () is
dropped. All concentrations are assumed to be equilibrium

values. Consider first C{/. Write
CY _C/Ca
G 8]

where Ca is the equilibrium concentration (per unit volume)
of cyclopropane in the alveolar spaces of the lung. The
body fat is assumed to be in thermodynamic equilibrium
with the gases in the alveolar spaces via the mediation of
the circulating blood. Hence, the ratio C¢{/Cs can be
expressed in terms of a solubility coefficient af’ of cyclo-
propane in fat as
’

e (°3
where af is in milliliters STP of cyclopropane per gram of
fat, and Ta is the absolute temperature in the alveolar

volume. The concentration ratio C,’/Ca can be similarly
expressed as T

C/_ | Ta

Cz = «a] 273. [10]

The solubility coefficients af’, «)’ per gram of tissue are
used here instead of the more conventional Bunsen solu-
bility coefficients af, a1 per milliliter of tissue because the
former were measured (17, 21), making knowledge of the
density of the body fat unnecessary.

The concentration of cyclopropane, Cy, in the alveolar
volume, Va4 must next be related to the concentration C,
in the external volume.5 In the alveolar volume Vy, the
temperature Ta and water vapor pressure pya differ slightly
from the corresponding quantities Te, pve in the external
volume V.. Also, the concentration of nitrogen is some-
what greater in the alveolar volume than in the external
volume because the rate of expiration of carbon dioxide is
less than the rate of inspiration of oxygen (the respiratory
quotient effect) (34). It can be shown, using the perfect
gas law, the condition of equal total pressure in external
and alveolar volume, and the approximate value for con-

8 From the standpoint of concentration, the respiratory
dead space volume is a transitional region between the
external volume and the alveolar volume. This dead
space volume may be considered, for the present purposes,
to be suitably divided between the external and alveolar
volumes. Itisincluded in the measurement of respiratory
circuit volume.
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centration ratio of nitrogen between alveolar volume and
external volume [N.Ja/[N:Je = 80/79 that

CA _ g) ’re Pe — DvA
& =pr(h=t ) [11]
Equations [7] to [11] can now be substituted into Equa-
tion [5] to yield

af Wi + ai’W) = o'W [12]

where

1IN 273N Pe — Pv= V[ 1 — Qw
oW = (% ( T, )( Pe — va)( - )VN' (13
The quantity «'W defined by Equation [13] is expressed in
terms of quantities determined by the experiment. The
physical interpretation of this quantity is given by the left
hand side of Equation [12] as the number of milliliters
STP of cyclopropane absorbed by the body if the body is
held in solubility contact with a reservoir at body temper-
ature containing cyclopropane at one atmosphere pressure
(if Wy, W) are expressed in grams and af’, )’ in milliliters
STP cyclo per gram of tissue). Hence, the quantity «’
is an average solubility coefficient for the body as a whole.
The solubility equation [12] can now be solved simul-
taneously with the body weight equation [6] to yield
We¢and Wy Thus,

Wi o —af
\V - a‘l _ all [14J
Wy _el—o
W o —af

The form of Equations [14] and [15] exhibits the analogy
between the solubility method and the densitometric
method (1) of determining total body fat. It is useful,
also, to solve Equations [12] and [13] for qe. The result
is

f15]

Vo
= = V7 Fa/Wi + /' W, [16]
where V|’ is defined as
7 79 273 Pe — Pve ) 7
= = | ————— . 17
W= (@)= v 07

The following solubility coefficients for cyclopropane in
total body fat and in fas-free lean mass, at a temperature
of 36 & 1° C, were used:

af = 11.26 &+ 0.40 L cyclo STP per kg fat®

L cyclo STP \?
L body water

L body water )8
kg fat-free lean mass

w = (0.46 +0.10
(18]

X (0.72 + 0.03

6 This value is an average of measurements made on
pooled rat fat (21). Later results on fat samples from
humans varied only slightly from those on pooled rat fat
(35).

7 Estimated from measurements on various solutions of
water, protein and salts (17).

8 Summary of many experiments critically reviewed by
Keys and Brozek (1).
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or,

@/ = 0.33 £ 0.073 L cyclo STP
per kg fat-free lean mass. [19]

Total body fat W and fat-free lean mass W) were cal-
culated by Equations [14] and [15] for those experiments
in which q. could be derived. The basic data used in the
calculations, aside from the solubility coefficients, Equa-
tions [18] and [19], are given in Tables I, IT and III. In
determining the values of o’ by Equation [13] the follow-
ing temperature and pressure values were used: Te, p.
average temperature and pressure, respectively, in the last
2 hours of each experiment (maximal deviation from these
values less than 1 per cent), pya = 47 mm Hg, pv. = 0.80
X water vapor pressure at temperature Te, (pve = 23 mm
Hg). The results are given in Tables III and IV. The
values of q.(tbw) in Table III were calculated by Equa-
tion [16] using W, = (total body water)/0.72 and Wi
=W - W,

Accuracy of cyclopropane uptake method. The accuracy
of total body fat and fat-free lean mass determination by
the cyclopropane uptake method can be estimated by
Equations [14] and [6]. Consider a case with Wy /W
= 0.2, Wi/W = 0.8, which requires a whole body solubil-
ity coefficient o’ = 2.52 by Equation [12]. An uncer-
tainty of == 15 per cent is assigned to this number, giving
a’ = 2.52 = 0.378. This uncertainty, due essentially to
uncertainty in q. (see Equation [13]), was obtained by
tripling the partial uncertainty in q. estimated in curve-
fitting the experimental q(t) data by a sum of exponential
functions (28). The preceding numbers and those for
af, a yield, in Equation [14],

Wi _ (2.52 £ 0.378) — (0.33 £ 0.073)
W — (11.26 & 0.40) — (0.33 & 0.073)

_ 21940385 _ 2.19(1 £0.176)
= 10.93 = 0.407 _ 10.93 (1 £ 0.0372)
= 0.20 (1 £ 0.180) = 0.20 =+ 0.036 [20]
and, by Equation [6]
Wi _We_
W—-l W =1—0.20 £ 0.036
= 0.80 (1 £0.045). [21]

Thus, for a normal subject the cyclopropane uptake
method in its present state of development gives an esti-
mated uncertainty of =+ 18 per cent for total body fat and
=+ 5 per cent for fat-free lean mass.

The primary source of uncertainty in the cyclopropane
uptake method is the uncertainty of 15 per cent assigned
to o’ and due essentially to a like uncertainty in qe. If
this uncertainty can be reduced to 5 per cent, as is thought
possible, then the uncertainty in the body fat value would
be reduced to about 8 per cent and in fat-free lean mass
value to about 2 per cent. This accuracy would be
achieved despite an uncertainty of about 3.5 per cent in
af' and of the large uncertainty of about 21 per cent in a1’
The latter uncertainty has little influence because oy is
quite small relative to ay.
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More generally, the fractional error in Wy is obtained
from Equation [14] by differentiation and root mean
square addition of random errors as

Wy _ [(aa(/)z + (ber)? | (daf)? + (aal')z]; 0223

Wi o —a))? (af —a)?
and by Equation [6],

Wi _ W,
W, W, W;

(23]

where 8¢’ is the uncertainty in o/, and so forth. Equation
[22] indicates that unless total body fat is less than about
5 per cent of body weight, the main error in the total body
fat is due to uncertainty in o/, i.e., uncertainty in Q.
Below this range, error in )’ becomes important.
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