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Abstract-Perhaps die major problem encountered in measuring radioactivity in humam 
thc fundamcntal calibration of thc instrument. In this paper, a proccdwc is dcscribcd by 
which the quantity of in i im radioactivity can be evaluated entirely from theore t id  dah- 
tiom, eliminating the  nccd for obtaining radioactive rtandards necessary in the wual e m p i r i d  
m c t h d  of calibration. Knowing t h e  geometrical source-todetcstor configuration and the 
mass absorption m f i c i c n t  for S a I ,  the number ofgamma-rays emitted from a m&cc that are 
totally absorbed in a known volume of crystal can be calculated. Gamma-rays which are 
putially absorbed by the detcctor arc corrected for by applying the appropriate factor from a 
peak-ta-total ratio plot which has bcen prepared. Ahsorption of the gamm?-rayr in muxle 
and bone can be predicted by u i n g  thc mas9 absorption cotfficientc prwided in the ppa. 
Thus, the gamma-rays found in t h e  pliotopcak of the gamma rpectnun CUI be mevured md 
d to determine the  number of gamma, emitted by the source. 

Although t h e  technique can be applied to any gunma emitter, the reliability of the method 
ir ahown by the Fesultr of administering 'OK, '*& u A r , u M n , l a ~ ,  1 s 7 ~ ,  to human voluntm 
and mururing the  r u p o n x .  Tbc p r o p o d  procedure gave a smaller error than &e CODVUI- 

t i o d  empirical method. 

INTRODUCTION 
PROCEDW for measuring body radioactivity 
have evolved to include many counting con4 
figurations and detector arrangements. Each 
new technique(14) attempts to achieve a 
maximum sensitivity with a minimum of 
uncertainty. The fundamental calibration of 
the counter is the major problem when making 
quantitative in oioo radioactivity mcasurunenu. 
Three effective methods of calibration afe  
currently being used. The first and perhaps 
most widely used k the empirical method':" in 
which the net response of a subject is compared 
with the rcsponse fmm a simulated body-shaped 
standard. Another empirical method") h v o l v u  
the 8 d m ~ t r r t i o n  of known qurntitk of a 
radioactive m a t e d  to a s u n d i u d  sized subject 
who is then oounted by the adopted proctdurc. 

rrgt of king a direct calibration, but has &e 
limitation dnot  bcing applicable to 111 nudida 
m d  d bcing subject to ChULgc with W y  
Usimiltki md autrloatiah A as- 

Thb empirical metbod hu &e obviolu Am-  

dv8nlyc in lb€ cmpiricrl alibrttiar Ltchniquc 

is that some tracers which are used in a Cab 
bration are df icu l t  to obtain. Even when the 
nuclide is available, the waiting period necessary 
to produce the activity is objectionable. A 
third technique utilizes accidental ingation of 
radioactivity in penonnel to calibrate the 
counter. Quantification oftheingested activity u 
accomplished by making masurcments of the 
subject's body radioactivity between auttioxu, 
then by collecting and analyzing all excreta. 

' 

A procedure k proposed to calculate M y  
from the gamma spectrum the quantity of body 
radioactivity. Radioactive standub UT not 
wed for 'calibration in the proposed method; 
thedorr ,  there ue no procurement or rcplrce- 
m a t  problems. 
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FIG. 1 .  L'rircrtai::tics in mcasuring body radioactivity. 

published'" for sodium iodidc as a function of 
gamma energ). giving the  rn t z l  crws section and 
thc fractional cornpnenLC duc to Compion 
absorption, photoelectric absorrlion 3nd pair 
production. The interaction of gamma rays 
with a crystal and the pulse amplitude spectrum 
oblaincd from ihc reaction a r e  discussed by 
many a u t h ~ r s . I ~ - ~ ~ )  Knowing the source-to- 
detector configuration and the mass absorption 
coefficient for NaI,  the number of gamma-rays 
emitted from a wurcc that arc totally absorbed 
in a known volume of crystal can be calculatcd. 
Gamma-rays which are  partially absorbed by 
the detector arc corrected for by applying the 
appropriate factor from a pcak-to-total ratio 
plot which hzu been prepared. Absorption of 
the garnma-ra).s in muscle and bone can be 
predicted by wing the mass absorption co- 
tffrcicnts providd in thb paper.  Thus, the 
n u m b  of gamma-rap found in the photopcak 
of t h e  gamm~ spectrum can bc m e a s d  and 
used to determine t h e  n u m k  of gamma 
emitted by the )om. 
Two u n c a u i n t i a  which must bc coruidcnd 

r h c n  merruring body dOrct i \ . i ty ,  counting 
~ p m c ~ ) .  and A ~ U X - ~ C ~ O C I  in body wuc, .ft 
illurrmtcd in Fig 1 .  Thc fin[ and perhrp tbc 

easisi  to control is counting geometry. A 
subject might have radioactivity anj-whcre 
throughout an  average body thickness of 22 cm. 
By assuming that the radioactivity is located on 
the body centerline the maximum uncenainity 
is the distance from the center of the M y  to 
the surface or I 1  cm. A source uniformly 
distributed in the muscle will eEectivcly bc 
equal to the distance from the detector to the 
body centerline. Even when the radioactivity 
is selectively absorbed into a particular organ, 
uncertainties will be small if the centerline of 
the body is assumed to be the location of the 
activity because most organs lie in the central 
region. When the exact location of radioactivity 
inside a M y  is not known; uncertainties can 
be minimized by having the M y  5&1oOcm 
from the detector. Another technique which c ln  
be used to minimize the geometric uncertrinty 
b to revolve the detectors around the body 
during the Count.") 

gamma-rap emitted from buman bodia ir 
rbmption l a d  rattcring. b t -  d tbc 
p m r c  from tissue hu Iittlc &CU matbe totd 
aK?I)' gunm + (-1 b 8 

The second area of u n c e d n t y  in 

rpmNm. H m u ,  l h c  h.ge dlhc hp 
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0.451 
0.358 
0.149 
0 . i ~ 5 ~  
0.0 I53 
0.0025t 

0.451 
0.356 
0.147 
0.0534 
0.0152 
0.09255 

0.448 
0.352 
0. I43 
0.0523 
0.0150 
0.00254 

0.445 
0.344 
0.137 
0.050 
0.0147 
0.0025 I 

0.433 
0.325 
0.127 
0.0472 
0.0141 
0.00245 

0.407 
0.297 
0.1 13 
0.0328 
0.0130 
0.0023 I 

0.367 
0.2G2 
0.098 
0.0376 
0.01 16 
0.00209 

0.329 
0.23 1 
0.0367 
0.0332 
0.0103 
0.00187 

0.306 
0.2 14 
0.0798 
0.0306 
0.00956 
0.00174 

0.53) 
0.2 12 
0.0790 
0.0304 
0 . W  
0.00 I73 

Disc source with mdiu = 0.250 h a t  o f V t . 1  
i o 0  0.450 0.450 0.44: 0.443 0.431 0.404 0.364 0.326 0.303 0.300 
3 .00 0.356 0.353 0.349 0.341 0.322 0.293 0,258 0.228 0.211 0.209 

10.00 0.147 0.145 0.141 0.135 0.125 0.112 0.0976 0.0858 0.0789 0.07814 
2G.00 0.0536 0.0536 0.0518 0.0501 0.0469 0.042G 0.0374 0.0331 0.0305 0.03019 
4o.w 0.0153 0.0152 0.0150 0.0147 0.0144 0.0130 0.0116 0.0103 0.00954 0.00945 

100.00 0.00256 0.00255 0.0025 0.00251 0.00245 ' 0.00231 0.00210 0.00187 0.00174 0.00172 

Line sourcc wirh Icnghj2 = 0.250 of crystal radius 
1 .00 0.450 0.450 0.447 0.444 0.432 0.405 0.365 0.327 0.304 0.301 

, 3.00 0.356 0.3% 0.350 0.342 0.323 0.294 0.259 0.229 0.212 0.210 
10.00 0.147 0.145 0.142 0.136 0.126 0.112 0.0980 0.0860 0.0792. 0.0784 
20.00 0.0537 0.0531 O.Oj?CI 0.050,1 0.0470 0.0426 0.0375 0.0331 0.0305 0.0302 
'40.00 0.0153 0.0152 O.OI5C 0.0147 0.0140 0.0130 0.0116 0.0103 0.00954 0.00996 
IO.00 0.00,756 0.00?55 0.00254 0.(H12'11 0.00245 0.00231 0.00209 0.00187 0.00174 0.00172 

Disc MUICC kih radius = 0.999 b a t  of crystal 
O.,M 0.43; 0.430 0.424 0.413 0.391 O S 0  0.322 0.290 0267 , 

1.50 0.3bb '0.3% 0.350 0.335 0.319 0.292 0.260 0.233 0214 
. 9.00 0.262 0.279 0.274 0.265 0.2M 0.226 0.200 0.179 O.lb4 

10.00 0.118 0.116 0.114 0.110 0.103 0.0933 0.082 0.0729 O M 6 7  
20.00 0 . W  0.0473 0.ot.X 0.0450 0.0425 0.0388 0.0343 0.0305 0.0279 

continuum is altered by scattering which 
comp!icates evaluation of complex spectra, but 
this alteration docs not prohibit a quantitative 
appraisal. By assuming the location of the 
radioactivity is at the  body centerline, an 
absorption correction can  be made for each 
individual according to his body thickness. 
Thus, a proper absorption correction must be 
applied for tach individual according to his 
body thickness. An empirical calibration nor- 
mally docs not permit individualized corrections. 

gamma reactions has been calculated for the 
most used source-to-detector distances. T h e  
resultant absolute detection efficiency T(E) is 
used to correct for the gamma rays emitted 
by the source which are not detected by the 
scintillation crystal. T(E) for an 8in. x 'fin. 
sodium iodide crystal including the energy 
range of gamma rays u p  to 5.5 MeV arc 
in Table 1 for various configurations. E& 
ciencia for the  most-used configurations have 
been plotted in Figs. 2 and 3. The table lira 
v d u a  for various distances from the detector 

to louTct Of rCtiViV,'h(axl), 1) 8 f U n b  
of pmuna-ray energy. 

Tbc 
T(E) M]ua that  arc listed in Table 1 are OOCZ~CI 
when sourcu uc on tbe &&dd 

B.&#fbn fm a g &  of nrpwrmnh. 

l b c q t p 1 .  I f t b e m i r r t K w e p a i t i o o  
Dotar tht  uFirdtbcm 

Fii. 4. Thac vlrlua.werr obuid by * 
- ~ a + o b ~ - - V d W a  
r b t s t u d ~ u o b a t k a r a d ~  

8-=-- -  
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FIG. 2 .  . 4 b s o l ~ i c  dctcc*;on ruciency for an 8 in. x 4 in. cq-stal. 

crystal surface. A simple efliciency calculation 
is not easily made because of the variable 
thicknas of the detector which is vicwed by a 
point moving along a n  a r c  around the face of 
the crystal. Application of the correction iS 
made according to the facts which are known. 
When the location of thc activity is unknown, 
if the exposure was by inhalation i t  is assumed 
that the activity is located in the thorax region 
of .he M y .  Thosc cases where ingestion is the 
mode of e n w  are calculated assuming the 
activity k in the abdominal region. 
C. Frartion of g a m  in pholopcak. A gamma 

ray travcning a h’d(V) cr).rLd having a given 
volume has a known probability of being 
snnihilaled and giving up its total energy. The 
total encrg). p e a k  will contnin a different h c t i o n  

the lotd gunrnv drlcclcd (peak-tetotd 
L u g e  

c q r l l l s  will tu nurcr unity. Low mam- 
pmma-ra)r h a w  a high pmhabiliy d under- 
going a phoioclccrri~ rr& in w h i c h  Lbc 

rtio) u the volumc of Lhc c q , d  v u i a  

photon gives all its energy to a bound electron. 
As the gamma ra)3 incrcase in energ)., the 
photons give only partial energy to free electrons 
and continue at a different angle and a c a p c  
from the detector. This Compton reaction is the 
predominant mode of interaction at 1 MeV. I n  
large crystals, the original gamma-ray which 
has undergone one Compton reaction has a good 
.probability for having a secondary or tertiary 
reaction and becoming annihilated thus being 
included in the total energy peak. Primary,- 
secondary and  tertiary reactions occur within 
such a short time interval that the light pulses 
are integrated and a single pulse emerga which 
is proportional to the s u m  of the two or three 
reactions. T h e  final mode of interaction of a 
photon is pair production whcrun a photon 
diruppcrn in the fidd of an electron or 8 nucleur 
creating an e l m - p i u o n  p i r .  Pur p- 
duction s u m  at about  I >IC\’ and kcaba lbc 
doaJnrnt mode I t  -& 
Thc pcJ*toul mtiodctamiocd in th i ,8 tdy  





FIG. 5.  Pd- to - to !a l  raiio for an 8 in .  
x 4 in. S a 1  dt-tcctor. 

was obtained using an  8 in. 2: 4 in crystal for 
the gamma rangc from 0.1 to I ' 1  )IC\', and 
is plotted in Fig. 5. Standard sourim of cight 
diflcrtnt nuclides wcre uscd to c a l r . t ~ ! . ~ ~ * -  r h r  
peak-to-total ratio using q u a t i o n  ,-' . j  large 
shidded m o m  \\ i th walls a b o u t  5 fr from thc 
d e m o r  was used 10 minimize thc crror caused 
by gamma xattcring occurring from the walls 
of the shield. T h e  pal;-to-total ratio is uscd in  
calculating thc i n  ~'LW radioactivity by correcting 
for thw events which a r e  dctectc.' but 3rc not 
included in thc photopeah. 

D. Mas absorption C M ~ U  for mwck and 
bow. Gamma-rays are attenuated exponentially 
in matter when only the incident energ?. is 
considered. T h e  intensity 1, transmitted thruugh 
a thickness (d) in centimeters is given by the 
expression 

1.  = I* C X P  - ( P h )  * dP (1) 

where I, U the incident intensity and p / p  is the 
mass absorption coefficient in cm'/g, and dp is 
the Budace density in g/cm2. The density of 
muscle tissue was found to be slightly greater 
than 1 while the green bones had a density of 
8 b U t  1.2. Therefore, the density of body t k u c  
wru taken to  be a 1.1 g/una. Green bones from 
kf cattle of relatively uniform thickness werc 
wed to measure the mas absorption,coefficient 
for bone riauc. Absorption in muscle was 
meuund using bccf steaks stacked to give a 
variation of absorber t h i d m w .  F i p w  6 h a 
plot of Epcton to correct for the a b r p t i o n  of 
gamma-rap in h u e  and b o n a .  

~1~~ , t~;nt,!iry of nlcillod wfls dctr.mjn.;d 
by calcul;;;jj;g tl,c 1,ody rarIioaciivity of ic- 
d i v i J t d s  ~ 1 1 0  llad jngcstcd a k ~ o ~ ~ ~ ~ 1  quantity Of . 
radioactivity. Thc best available information 
'almut tlic location of thc nuclide inside thc b d Y  
was uscd to decidt: upon thc dctcction CfficicncY 
and the corrcction factor for absorption as the 
cited UMn case. When the activity was known 
to bc in the lung, thc distance from the crystal 
to the centcr of lung was approximated. Both 
'J7Cs and arc distributed throughout the 
musclc tissue; and would cffcctivcly average 
to bc at the body centerline. Thercfore, thosc 
cas= where the location of the activity was 
unkndwn the calculations were madc assuming 
the activity was at thc body centerline. 

Grium-  132 txptriwznf 
A supply of lnCs was made by irradiating 

cairn nitrate in a lincar accelerator, (LtLcs(y, 
n; l=Csj .  A 3.5pCi source was administered 
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A r p i - 4  1 r x - i m c n t  
Argon-41 was prcparcd by irradiating 'OAr 

in the Materials Ttsting Rcactor (*OAr(n, 
~ ) ~ * A r l .  Calibrated sources of 41Ar were inhaled 
and held in the lung while a I-min gamma-scan 
was made, and the results arc sho\m in Table 2. 

Tcblt 2. Quwtity a/ ".%r kdrn a d  
drtcmintd 

. 

-__--- - -- - 
U.4r taken UAr found 1)liirrencc 

( O b \  

1 1.33 I .2i, 
2 2.04 1.75 : 1  

3 1 .or 2.05 - 5  
4 2.25 2.62 - 16 

_. - - Expcrirneot ( p a )  b C i )  
~- 

-- - 
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on the h t  two rum t h c  exhaled gaxj were 
collected in baUoolu and ana!)zcd. T h e  fint 
exhalation eliminated ' d c ! ~ ~  of aci-.?:,, the 
rtcond eliminated an additional 20%. No 
detectable activity remain4  in t h e  M y  after 
5 min. 

Pofacsium-42 expcrimmt 
Commercially available UK was dibrated 

and administered orally to a human volunteer. 
Both prompt and delayed whole-body masure- 
menu were m a d e  and t h e  body radioactivity 

Cesium-1 37 orld P o t o ~ s j ~ m - 4 Q  t.vpthcni 
Two individuals were countcd as a . p r t  of- 

irltcr-calibration study of wholc-body cowiten 
throughout the United States. Onc p c m n  had 
an elevated quantity 0fu7Cs in his body wberW, 
the other had a normal body spectrum. A 
calculation was made to detmnint the u7Ch 
and *OK in each man and die resultJ are shown 
in Table 3. 

Mangoruse-54 e x p n i m l  
A I .12 pCi MUTCC of uXln was encapdated 

in polyethylene and taken by a human volun- 
teer.  Several meaJwements weft made whirc 
the capsule w u  moving dong the gas- 
intestinal tract. A calculation to detamiPc the 
quantity of M M n  wiu made at many d X m t  
M y  locations. The reculm arc reportal in 
Table 4. 

UTILLWTION OF TECHNIQUE 
An employet at the hXTS reponed for 8 

whole-body count just before the end of the 
day shirt. His body w a  found to contain 
enough radioactivity that 8 one minute m e u r n  
ment gave filacient counts to 8 
dcsired spectrum. The spectrum showed that 
1UCe and/or * W e  was the major activity present 
yith minor amounts of W r  *Wb and trr# 
quantities of ~ S ~ C S ,  u11 and ~*~*CRU. The 
146 keV 1UCe and 134 keV 1% photo paks  
wue not raoIved in the body count bo 8 sample 

Tablr 3. A cmyhriron ofrk 1 8 7 C I  a d  i°K IC& 

Pr~po+ed method Empirid method 
Resent (rCi) . Found (pCi) Differcnce ("/) Found (pCi) Difference (yo) 

4OK 

0.14Q 0.155 $ 1 1  0.154 + 10 
0.134 +2  0. I32 0 

0.243 - 3  0239 -5. 
0.025 0 0.023 -a 

0.132 
i a r a  - 

0.25 1 
0.025 

i - 
b 
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O T U ~ V C U  was used to determi::. ih(* fractional 
par: of the pbotopcali frcsln CA !. ' b !  * '  '. 8 t I i u m  
&topa.  A caljbratjon had no: 1 1 , '  . Jirdde for 
all of &e nurlida which wcre detected. T h e  
procedure proposcd in this papcr wiu wed to 
determine thc  radioactivity in this individual 
which made it pcsssible IO have a'preliminary 
value to report in a maitcr of minutes. An 
initial whole-body count showcd 3 b Jy burden 
of 36 pCi oflUCc, 21 FCi o f l U G  and 13.5 pCi 
of"Zr BbNb. A rota-scan a u n t  of the individual 
showed the activity H'Z lower in the lung 
region and seemed to bc localized in the ab- 
dominal area. Thus, a lower bowel enema, a 
cathartic and a s t r i a  of injections of diethylene- 
triamine pcntaacetic acid wcre administered. 
At the close of the fourth day his body burdcn 
had dropped to 0.1 pCi of l"-'UCe and 0.1 pCi 
of la7Cs. A calibration by the e m p i r i d  
technique could have been made in a few 
bows if the nuclides which were found in the 
individual had been available in the laboratory. 
However, if the nuclides were not available in 
the hbomtory, the time required to procure the 
radioactivity and then make the calibration 
would have taken days, which would have been 
i a to lmbl t .  "hh typical c a ~ e  ShobT how im- 
portant it is to have the capability of calculating 
the quantity of activity which h detected in a 
body so that the problem can be lgerJed in the 
abortat po&blc time. E u l y  assasrncnc al lom 
tbc phy4c i rn  to t a k e  the n w  s t e p  to 

rcducc the radiation dosc rcceivcd by the 
su bj cc t . 

RESCLTS M ' D  COSCLLSIOSS 

Quan th t ive  auessment of radioactivity in a 
human subject can bc made by intcprating tbe 
area under the total energy peak and calculating 
the disintegration rate from the following 
equation: 

D is the disintegration rate; c, the area under 
the total energy peak in evenu per minute; T, 
the absolute detection efficiency for the distance 
from the source to the detector; P, the peak-to- 
total ratio; A, the absorption correction for 
the person counted; B.R., the ratio of the 
gamma branch for the nuclide being calculated; 
ana  8, the cofrection for angular varbcc  of 
the source from the perpendicular axis of the 
cqrtal .  T h e  proposed procedure gave a r d u  
error in comparison to that obtained using the 
conventional empirical method. T h b  reduction 
in error is possible because more latitude ir 
given to the operator for maldng corrections 
n d c d  to reflect individual differences in body 
oonfiguration. T h e  ad van tag^ o f f d  by this 
method o f d d a t i n g  body daw &odd 




