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by Differential Absorptiometry 
Using Penetrating Isotopic Radiation 

Luther E. Preuss,* 
Franl< P. Boiin,* 
Claudius K. Bugenis* 

T 

The physical principles for determining tissue 
lipid content In vivo by selective radiation at
tenuation have been studied and are compared to 
other methods of body composition analysis. 
Two penetrating photon beams, each mono-
energetic but of differing energies, are simul
taneously passed through the low Z components 
of tissue and the relative beam absorption mea
sured. A mathematical function incorporating the 
unabsorbed and absorbed photon beam inten
sities is applied to determine experimentally the 
relative proportion of fat and lean in the tissue. 
'"Cd is used as the radioactive source of both x-
rays and gamma radiation. Results of experiments 
on low 2 phantom material and in vitro animal 
tissue indicate that the dual photon absorption 
principle provides accurate two-component 
quantitation. The fractional lipid content of in 
vitro mammalian tissue samples has been deter
mined by dual beam photon absorption, with an 
error of less than 2%. In vivo values are re
producible to better than 2%. Skinfold thickness 
was measured simultaneously in vivo with 
adipose tissue content by dual beam ab
sorptiometry. The experimental coefficient of cor
relation between these two measurements was 
.98. 

* Department of Physics & Biophysics, Edsel B. 
Ford Institute for Medical Research 

Address reprint requests to Mr. Preuss at EBFI, 
Henry Ford Hospital, 2799 West Grand Boule
vard, Detroit Ml 48202 

he problem of measuring human body 
composition is an intriguing one and has 
occupied investigators for several decades. 
Such a measurement for the in vivo state is 
especially challenging. Much of such com
position study in the past has centered on 
the determination of bone mineral, lean 
body and adipose mass. The importance of 
accurate assay of soft tissue qualities is 
obvious. 

A number of systems have been tried for 
adipose tissue assay. Clearly, the most 
rigorous analytical method is the direct 
chemical analysis of the soft tissue.^ Excel
lent accuracy is obtained in this manner, 
but the procedure is painstaking. The meth
od, as with all sampling systems, is ob
viously inapplicable to living subjects, but it 
is in the in vivo state that these measure
ments are the most useful. A simple pro
cedure is the mechanical measurement of 
skinfold thickness for the quantitation of 
subcutaneous fat.^ This method is useful 
when applying it to large populations of 
subjects, as in statistical studies, but it does 
not measure infra-muscular fat, is highly 
susceptible to operator fallibilities, and the 
precise relation of skinfold measurements to 
total body fat is not fully equated. Another 
analytical approach is the determination of 
the specific gravity of the human body by 
underwater weighing.^ A value of relative 
leanness or obesity may be obtained by this 
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principle, if certain assumptions about the 
weight of bone and proportion of lean body 
mass are accepted. However, these as
sumptions are not solidly grounded. In ad
dition, underwater weighing is impractical 
for use with bedridden subjects and others 
and is, in any case, clearly inconvenient 
and technically difficult, requiring a mea
surement of lung volume and estimates of 
the volume of abdominal viscera. Placing 
the subject in a nitrogen-rich atmosphere 
and measuring the uptake of the gas" (which 
dissolves more readily in lipid than in other 
tissues) can provide a measure of fat con
tent, but the system is tedious and numer
ous uncertainties are involved. 

A relatively recent field is composition 
analysis through neutron activation analysis 
(NAA).= The in vivo use of NAA on humans, 
however, is still in the experimental state 
and is being applied principally to bone 
density rather than soft tissue. One of the 
reasons for caution in this analytical system 
is that there exists the possibility of inducing 
very significant radiation dosage levels. An
other method assays the natural body radio
activity from ""K." From this information one 
may arrive at a measure of the total body 
potassium and an estimate of the lean body 
mass. The assumption here is that most 
body potassium is concentrated in the lean 
tissue cells, but there are divergent views on 
this subject and further investigation of this 
principle is required.' Some difficulties of 
these latter two approaches are the correc
tion of the data for subject geometry and the 
internal absorption of radiation in the body. 

Photon Absorptiometry 

The particular principle of body composi
tion analysis that has concerned our labora
tory involves the absorption of penetrating 
radioisotopic radiation in tissue.'" We have 
been principally interested in the in vivo 
determinat ion of tissue l ip id content. 
Through the small but differing absorption 
properties for x-rays and low energy gamma 
rays in adipose and lean tissue, one may 

determine the relative proportions of these 
two major tissue components by passing 
two photons of known and unique energies 
through the same path of tissue sample and 
observing the resultant attenuation.^"-" If 
the atomic constituents of the two compo
nents are known, the relative attenuation of 
the two beams may be predicted for the full 
range from 100% protem to 100% lipid. 
Thus, experiment (in vitro) may be checked 
with theoretical prediction. We have uti
lized the 22 keV and the 88 keV radiations 
from the radionuclide '" 'Cd for the deter
mination of fat-lean ratios of both in vitro 
and in vivo tissue samples. Theoretically, a 
third radiation might be added to allow for 
the additional inclusion of a bone mineral 
density determination. The number of radi
ations required wil l equal the number of 
variables for which solutions are sought. If 
the variables are lean, fat, and bone density, 
three monochromatic beams wil l be re
quired. For four variables, four beams are 
required and so on. Certain severe statistical 
problems intrude in the manipulat ions 
when more than two variables are assayed 
in this manner. 

Theory 

The exponential absorption of gamma 
and X radiation is described by the equation 
I = IDC^"" where lo is the incident intensity 
of the x-ray beam, I is the transmitted 
intensity, p. is the mass absorption coeffi
cient*, p is the density, and x is the thick
ness of the sample through which the beam 
passes, p., for any complex substance, is the 
weighted average of the mass absorption 
coefficients of the individual elements com
prising the sample. 

For two monochromatic beams of differ
ent energies and with incident photon in-

V is an indicator of the average absorptive 
capacity per atom of substance; the greater the 
value of p., the more the incident beam is 
absorbed. In addition, p. generally decreases 
with increasing incident beam energy (with 
some predicable exceptions). 
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tensities loi and I02, passing through the 
same sample, one may write the following 
simple expressions: 

h = loie-f ' '™ 

I2 = lo2e -''^px 

(1) 

(2) 

If an absorber, such as tissue, consists of 
two substances, a and b, whose fractional 
proportions are Fa and Eb, then the following 
can be shown to hold,^^ 

R-Rb 

Ra - Rb 
(81 

or 
The p.'s differ because of the different 

energies of the two beams. 

From equations (1) and (2) we obtain the 
ratios: 

I01/I1 = e 

I02/I2 = e 

i-i) 

(4) 

Taking logarithms of the ratios in (3) and 
(4), 

ln(loi/li) = /LAi px 

Indoi/b) = p.2px 

(5) 

(6) 

%Fa 
R-Rb 

Ra- Rb 
X 100 19) 

where Raand Rb are the Rvalues of the pure 
components a and b 

This is applied in the following fashion. 
Supposing that soft tissue is arbitrarily as
sumed composed of the two components, 
fat* and fat-free tissue (EFT)**, then from 
equation (9) one may write 

% lipid 
-RFFT 

X 100 
Rf - RFFT 

(10) 

Division of equation (5) by equation (6) 
results in a key quantity, arbitrarily termed 

R = 
ln( loi/ l i ) 

ln(lo2/l2) (7) 

where Rfis the value for 100% lipid and RFFT 
is the value for 100% fat-free tissue. The 
theoretically predicted values of Rf and RFFT 
are 2.31 and 3.71 respectively for the 22 
keV and 88 keV radiations from '""Cd. ' 
Hence, from (10) 

For the single complex sample, traversed 
by the dual energy beam, density (p) and 
absorber thickness (x) fall out of the expres
sion since they are identical for both beams 
(as would be the case for tissue in a dual 
beam system). The value of R is, thus, 
characteristic of the absorber quality and is 
photon energy dependent; R is independent 
of the thickness of the absorber. Note that 
for any dual combination, R is theoretically 
predicable (from 1x̂ /(12) using the weighted 
mass absorption coefficients. R is also ex
perimentally determinable from the beam 
intensity portion of expression (7). 

3.71 - Rtissue 
% lipid = X 100 

1.40 
(11) 

' For the purpose of this paper, the terms ' l ip id ' 
and ' fat ' may be used interchangeably. 
However, fat or lipid herein does not refer to 
the very small fraction of cellular phospholipid 
which is not ether extractable. 

' The term "fat-free tissue" wi l l be used herein 
in preference to the term " lean" to describe 
that elemental tissue complex exclusive of 
stored extractable lipids. It wi l l be abbreviated 
to EFT. 
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Thus, with R determined from beam inten
sities for any complex sample, the fraction 
of tissue lipid may be obtained from this 
simple linear relation. 

Figure 1 is a graph of equation (11) 
showing the percentage of fat as a linear 
funct ion of the R value (for the i ° 'Cd 
source). 

Experimentally, the R value of tissue is 
determined by means of equation (7) from 
the beam intensity values of loi, l i , I02 and I2 
which may be obtained in a straightforward 
manner. 

The validity of this determination is de
pendent on correctly dividing the compo
nents (fat and FFT) of the sample into their 
constituent elements. For this work, the 
following is considered to be representative 
of the composition of the stored lipid of 
adipose tissue: 77% carbon, 11.5% oxygen, 
11.5% hydrogen.1^ 

The composition of FFT that we have 
assumed is shown in Table 1. Note from the 
table that the higher Z trace elements, 
though present only in small amounts, con
tribute significantly to photon beam at
tenuation because of their larger mass ab
sorption coefficients and correspondingly 
greater absorptive quality. 

Experimental System, 
Source and Procedure 

The electronic arrangement that is em
ployed is shown in block diagram in Figure 
2. A linear amplifier has since been added 
between the preamp and timer. The multi
channel analyzer is utilized principally to 
monitor electronic drift in the overall gain 
of the system and to observe the spectral 
qual i ty of the x-ray beams. The s imul 
taneous emission of the two photons from 
the i^'Cd requires the parallel energy analy
sis of the Nal detector output for the 22 and 
88 keV photons. This is accomplished by 
means of high quality single channel ana
lyzers, each set to pick off the appropriate 
detector voltage pulse. A " ramp" correction 
must be made on the 22 keV beam intensity 

to adjust for the Compton continuum pro
duced in the Nal detector from the higher 
energy 88 keV beam, since detection of the 
two energies must be simultaneous.'"' 

From several candidates for the radio
isotopic photon source, we have chosen 
' " C d . This specific radionuclide is conve
nient for a number of reasons. First, its half 
life is sufficiently long (453 days) to allow a 
single source to be used for more than two 
years before replacement is required. Sec
ond, there is the advantage of having a 
single simultaneous source for both radia
tions. This eliminates problems of geometry 
and timing inherent in a double source. 
Third, filtering with metallic Pd makes pos-
s ib le an a c c e p t a b l e leve l of m o n o -
chromat ic i ty of the 22 keV radiat ion 
through elimination of the K/3x-ray compo
nent. 

^"'Cd decays by electron capture to ' ° 'Ag; 
the transition is to the 87.7 keV excited state 
of '™Ag. The resultant photons of interest 
are the 87.7 keV gamma ray and the char
acteristic K and L shell silver x-rays. The 
characteristic x-rays of interest occur prin
cipally as four radiations Kai, Ka2, K^i, K/32. 
These radiations have energies of 22.162 
keV, 21.988 keV, 24.942 keV and 25.454 
keV respectively. The mass absorption co
efficients of the Kci and K„2 photons are 
sufficiently close, one to the other, so as to 
enable one to ignore the difference and 
consider them as a photon of single energy. 
On the other hand, the mass absorption 
coefficients for the K/31 and K/si x-rays differ 
from the K<, photons to a degree that intro
duces a significant error due to the poly-
chromaticity effect. For this reason, it is 
desirable to reduce the intensities of the Kfn 
and K(i2 radiations. To accomplish this end, 
a 0.1 mm Pd foil filter is applied to the 
beam. This attenuates the K|BI and K/32 
beams by a factor of 770, while the 22 keV 
Ki, beam is decreased by a factor of 4. The 
result is that the Ka 22 keV silver x-rays 
make up 99.9% of the characteristic pho
tons. (The Pd filter attenuates the 87.7 keV 
beam by only 20%.) 
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Figure 1 : 

Linear relationship between R value of tissue and percent fat. Such a standard plot may be used to 
convert experimentally obtained R values to values of percentage fat. This plot is specific only for dual 
beam absorptiometry when using the two radiations (22 and 88 keV) f rom radioactive " " C d . Dual beam 
sources wi th other photon energies wi l l show standard curves wi th differing slope and end point. ' " C d is 
the isotopic source of choice since it has the broadest spread between end points. 

TABLE I 

COMPOSITION OF FAT-FREE TISSUE 
(and associated coefficients for ^"^Cd radiation) 

E L E M E N T % WEIGHT IJL22 

0 77.4 .670 .162 
H 10.0 .366 .301 
C 9.03 .368 .157 
M 2.69 .475 .158 
K .31 8.10 .279 
S .24 4.85 .232 
i= .19 4.00 .209 

CI .08 5.95 .256 
Na .08 1.68 .173 
Mg 0? 2.05 .183 

Composition of fat-free tissue,'^ as defined in these experiments. Theoretical predictions, for dual beam 
absorptiometry, based on these ratios, show good correspondence wi th experiment. 
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Electronic Arrangement 

N Q K T I ) 
Detector 

Preamp 

1 
Timer 

SCA 

Multichannel 
Analyzer 

Figure 2: 

Block diagram of detection equipment and the 
associated electronic system used for analysis of 
soft tissue. SCA represents 'single channel ana
lyzer'. Readouts, manual and automated, but not 
shown, were used for beam intensity data col
lection. 

To f a b r i c a t e t he d u a l b e a m r e s e a r c h 

source, the c a d m i u m isotope is sealed w i t h 

in t h e l u c i t e c y l i n d e r w h i c h in t u r n is 

moun ted inside o f a smal l b lock o f sh ie ld ing 

and co l l ima t i ng tungsten a l loy . A c i rcu lar 

aperture, 3.8 m m in d iameter , in one end o f 

the b lock a l l ows a c o n i c a l , 0.002 steradian 

beam of radiat ion to escape. Together w i t h 

the detector hous ing, the source is r ig id ly 

fixed to a metal base. The base is mechan 

ica l ly l inked to a moto r and w o r m gear in 

such a w a y as to a l l ow the pho ton beam to 

scan across the tissue sample be ing ana

lyzed. ' ^ This is especia l ly desirable w h e n 

d o i n g in v ivo w o r k , s ince the effect o f local 

inhomogenei t ies may be averaged out . 

O n c e a l igned, the system is s imple in 

opera t ion . In v i t ro tissue samples may be 

p laced in h o l l o w luci te cy l inders whose 

ends are sealed w i t h saran. After be ing 

sealed, the cy l inder is exposed to the source 

for approx imate ly 5 to 10 minutes. The 

intensity of the radiat ion in the at tenuated 

beam is recorded by the scalers and these 

intensity values are used to ca lcu la te the R 

va lue, or the percent fat of the sample by 

means of equat ions (7) and (9). The man ip 

ulat ions are carr ied ou t by a s imple c o m p u 

ter p rogram. 

For in v ivo w o r k , a special i m m o b i l i z i n g 

dev ice is used w h i c h holds a human l imb 

stat ionary w h i l e the source scans across the 

chosen area.'^ The current scann ing system 

has a m a x i m u m traverse o f about 12.7 c m . 

The source strength (5 to 15 mCi ) a l lows an 

analysis of t issue hav ing a thickness o f 1 to 

9 c m . Radiat ion dosage is smal l . For e x a m 

ple, a f i ve-minute f i xed-po in t exposure of 

the tr iceps muscle del ivers a dosage of less 

than 1 mrad w h i c h is l im i ted to beam 

d imens ions (about 3 cm^ of arm tissue). 

Scanning reduces the dosage substant ia l ly, 

since a large tissue v o l u m e receives the 

same total energy depos i t ion . 

Exper imenta l Results 

( M a m m a l i a n Tissue and Simula tors) 

A series o f exper iments was carr ied out to 

ascertain whe ther the " " C d dual beam ab-

sorpt iometr ic p r inc ip le c o u l d accurate ly de-

T A B L E II 

T H E O R E T I C A L v s E X P E R I M E N T A L R V A L U E S F O R P H A N T O M S 

S A M P L E 

E X P E R I M E N T A L 
R V A L U E 

T H E O R E T I C A L 
R V A L U E D I F F E R E N C E % D I F F E R E N C E 

Polyethylene 2.063 2.063 0.000 0.0% 

Sugar 3.096 3.101 -0 .005 0.2% 

Water 3.607 3.590 +0.017 0.5% 

Tef lon 4.768 4.805 -0 .037 0.8% 

The theroetical and experimental R values using " "Cd photons for various phantoms are compared. 
Correspondence is good. Theoretical values were obtained from equation (7). The phantoms' R values 
bracket the predicted R values for adipose and lean tissue, thus proving the range of the '" 'Cd dual beam 
system. 
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termine theoretical R values. A group of 
substances (selected for an R value range 
related to tissue) was prepared for examina
tion, and theoretical R values were com
puted using currently published absorption 
coefficient tables. The '" 'Cd dual beam was 
impinged upon each sample to obtain an 
experimental R value. Table II compares 
these two sets of values. A second series of 
experiments was performed similarly on a 
group of lipid substances. The theoretical R 
value for human lipid is predicted to be 
2.308. Table 111 shows that the experimental 
R values of five lipid types agree remarkably 
well with the figure predicted for human 
lipid. It is interesting to note from Table 111 
that the R values are substantially the same 
regardless of whether the lipid sample was 
of animal or vegetable origin, liquid or 
solid. 

compares the lipid content found by ab-
sorptiometric and chemical analysis. All R 
values were averages of at least four differ
ent determinations; the values for the chem
ical analysis are averages of results from 
three ether extractions. Table IV presents 
good correspondence, given the many un
certainties involved (such as lack of com
plete information on the elemental com
position of lean tissue' or inhomogeneities 
in the sample). 

For any one given sample, individual 
measurements of the fat fraction differed 
from the average by no more than 0.01. The 
good results of the dual beam technique 
with beef tissue suggests that in vivo mea
surements on living tissue wil l be highly 
reliable at the site of measurement 

The encouraging results shown in Tables 
11 and III lend credence to the theoretical 
basis of the work and were an important 
feature of our initial experimentation. 

In vitro studies on animal tissues were 
carried out to establish how accurately the 
experimental determination of lipid content 
of a two-component system correlated with 
a determination by chemical analysis. Lean 
and fat beef tissues were mixed and homog
enized in various proportions by laboratory 
blender and, subsequent to lipid determina
tion by differential absorption, an ether 
extraction of the lipid was made. Table IV 

T A B L E III 

EXPERIMENTAL R V A L U E S OF LIPID 

FAT 0.01 

Cod Liver Oil 

Corn Oil 

Olive Oil 

Rendered Lard 

Beef Fat 

2.30 

2.31 

2.30 

2.31 

2.30 

Absorptiometric measurements with ' "Cd on 
various lipid samples give R values which are in 
close correspondence.'^ Theoretical R value for 
lipid is 2.308. 

In Vivo 
Human Tissue Assay 

Our initial in vivo work has been carried 
out on a small number of volunteers. These 
first fat-lean determinations have utilized 
the human triceps muscle of the left arm. To 
bypass difficulties due to local inhomoge
neities, the system has been motorized in 
such a way as to allow it to scan across the 
area of interest. 

The scanning on the upper arm has been 
done in two perpendicular directions. The 
first direction is longitudinal, ie, parallel to 
the bone of the arm. Table V shows the 
results from five subjects. The arm of the 
subject was fixed in place and a point on 
the triceps muscle was selected and marked 
with a pen. Four separate scans were done, 
each 2 cm in length, with the midpoint 
being the marked spot. R values were cal
culated and the mean arrived at. As shown 
on Table V the reproducibility of the R 
value was good, the coefficient of variation 
being less than 2% in all cases. 

There are a number of difficulties pre
sented by longitudinal scanning, however. 
The most important problem is caused by 
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the makeup of the arm. Because of the 
approximately cylindrical symmetry of the 
bone-muscle-fat layer system, the relative 
proportion of muscle and fat in a longitudi
nal section of the arm depends on the 
distance from the bone. As a result, the 
longi tud ina l measurement does not ac
curately reflect the total fat-lean makeup of 
the arm. In addftion, there are difficulties 
with repositioning, since small changes in 
the distance from the bone may cause large 
changes in the fat-lean ratio.' ' 

To elucidate these problems we have also 
initiated scanning in a transverse fashion, 
ie, perpendicular to the longitudinal scan 
and across the bone. Data is taken at dis

crete points along the scan path. Mathe
matical and graphical manipulation of the 
data results in the fat-lean ratio of the entire 
cylindrical section scanned by the trans
verse mot ion." This wil l presumably better 
reflect the true upper arm composition. 
Table VI presents some volunteer data using 
the transverse scan method. Coincidental 
with the scan data, skinfold thickness mea
surements were taken. There is a good (y = 
0.98) correlation between the percent fat 
and the skinfold measurements. This is to be 
expected if the absorptiometric method is 
providing valid measurements. Other stud
ies by this laboratory wil l include further 
scrutiny of the transverse scan procedure. 

T A B L E IV 

ABSORPTIOMETRIC ANALYSIS OF MUSCLE COMPOSITION 

S A M P L E R V A L U E FAT FRACTION 
FROM R 

FAT FRACTION BY 
EXTRACTION 

D I F F E R E N C E % 
D I F F E R E N C E 

1 3.40 .225 .224 .001 0.4% 

2 3.25 .338 .332 .006 1.8% 

3 3.10 .443 .448 .005 1.1% 

4 2.64 .764 .762 .002 0.26% 

5 2.30 1.005 1.000 .005 0.5% 

Percentages of fat of several bovine tissue samples determined by chemical" and absorptiometric 
analyses. 

T A B L E V 

P E R C E N T A G E FAT BY LONGITUDINAL SCANNING 

S U B J E C T MEAN 
R V A L U E % FAT 

STANDARD 
DEVIATION 

COEFFICIENT 
OF VARIATION (%) 

1 3.62 6.6 .036 1 0 

2 3.51 14.9 .039 1.1 

3 3.36 25.7 .064 -.9 

4 3.38 23.6 .027 0 8 

5 3.35 26.0 .050 1.5 

Results of longitudinal scans in the triceps muscles for a fat range of 6% to 26% for five volunteers are 
shown. The standard deviation and coefficient of variation are computed with respect to the R value. 
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T A B L E VI 

% FAT BY TRANSVERSE SCAN COMPARED WITH SKINFOLD THICKNESS 

SUBJECT R VALUE % FAT SKINFOLD (mm) 

3.48 
3.38 
3.28 
2.87 
2.92 

16.6 
25.6 
30.8 
60.0 
56.5 

6.8 

8.4 

14.3 

23.5 

25.1 

Percent fat in the triceps muscle of five volunteers as determined by transverse scanning is compared 
with skinfold thickness measurements in the same area. The coefficient of correlation is .98. 

Summary 

The combination of accuracy, speed, and 
convenience makes the '°'Cd dual beam 
absorptiometric analysis system an interest
ing possibility for the in vivo study of fat-
lean ratios in the human body. The very low 
radiation dosage makes it safe for clinical 
standardization and allows it to be used 
repeatedly on individual subjects during 
experimental trials. The accuracy possible 
with this method promises to be useful In 
resolving some of the more difficult dilem
mas in the study of body composition. In 
addition, the possibility of ufilizing a third 
radiation for the measurement of bone min
eralization, as a third variable, opens the 
door to a number of interesting and valua
ble applications. 

The dual beam principle is simple and 
involves a relatively small electronic instru
mentation package, as compared to some of 
the systems used for compositional analysis. 
Possibilities for application are numerous. 
For instance, specific fat-lean ratios might 
be found to be related to the progression of 

body w a s t i n g , " or the effectiveness of 
diets.'" In addition, the fat-lean ratio and its 
change may be an indicator of the general 
wel lbeingof a patient. Changes in the nor
mal ratio could possibly be an indicator of 
the onset of pathological conditions. 

The absorptiometric method, as with the 
skin caliper approach, measures the fat ratio 
only at a given point and it still remains to 
be seen what true relationship this has to 
the who le body stored l ip id content. 
However, in contrast to the skin pinch, the 
absorpt iometr ic pr inc ip le may be auto
mated and the calculations programmed for 
a small computer. Additionally, an area of 
tissue (for instance, the entire upper arm) 
may be scanned on a point-by-point basis 
and the average lipid fraction calculated for 
this body segment. Further studies on vol
unteers are called for to investigate correla
tions between anthropomorphic measure
ments and fat ratios in normal and disease 
states. 
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