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Low-intensity Spectrometry of the Gamma 
Radiation Emitted by Human Beings 

By C. E. Miller * 

Equipment and techniques have been developed 
to study the metabolism of gamma-ray-emitting 
elements in the intact, healthy human body. With 
these techniques i t  has been possible to identify, 
locate and measure less than c of gamma-ray 
emitters in the body and to follow the transport of 
these elements from one organ to another. As a 
result, accurate data have been obtained on the 
elimination rates from the whole body, on clearance 
rates for particular organs such as the lungs and on 
the fraction of the total inhaled quantity retained 
in the various organs. 

Estensive data have been obtained by studying 
individuals who have accidentally inhaled quantities 
well below the Maximum Permissible Level (MPL) 
as set forth in Handbook No. 52, National Bureau 
of Standards.’ These data obtained with healthy 
normal humans are valuable since they provide a 
direct check on the currently accepted elimination 
rates for man, which have been extrapolated from 
animal data. 

The long-term effects+€-radiurtt-in humans are 
under direct investigation by clinical studies on 
individuals who painted watch dials 30 to 40 years 
ago. A body content of c of radium, approxi- 
mately the quantity retained 30 years after an intake 
of the presently accepted MPL of lo-’ c, can be 
measured quickly with the facilities which will be 
discussed in this paper. It is thus possible to select 
for clinical study individuals who contained an 
amount about equivalent to a MPL 30 years ago. 

EQUIPMENT 

Detector 

Since all normal unexposed humans contain a t  
least two radioactive elements, a measurement which 
shows only the total number of gamma rays leaving 
the body per minute without information as to their 
energies (spectrum) is useless. The detector and 
associated electronic circuitry must provide some 
degree of energy discrimination for even a simple 
measurement of a subject’s potassium content. The 
accuracy, sensitivity, and reliability of any measure- 

* Argonne National Laboratory, Ixmont. Illinois : coritri- 
Imtions by I.. D. hlnriiiclli. Argonnc National l-al)oratory. 

ment of the radioactivity of a man increases wit11 
improvement in energy discrimination (resolution) 
since interfering gamma rays are detected. 

A sodium iodide (thallium activated) [NaI(Tl)] 
scintillation crystal, coupled to an appropriate photo- 
multiplier tube, is used as the detector in the Argonne 
facility since it has spectrometric properties far 
superior to those of liquid and plastic scintillators 
of low atomic numbers. One advantage is that gamma 
rays of considerably lower energy can be measured 
with NaI(T1) crystals without using special techniques 
to reduce the phototube noise since the light output 
per thousand electron \Tolts of gamma-ray energy is 
considerably higher. \\!lien measuring the radioactivity 
of the human body, the sensitivity to low energies 
(less than 40 kev) is determined by the internal 
absorption i n  the human body and not by the prop- 
erties of the crj.sta1. 

The physical tlimcnsions of the crystal chosen for 
a particular study tlcpcnd on  t h c  energies of the 
gamma rays to bc mcas;rirccl a i i t l  tlic resolution desired. 
Since the background increases approsimately as 
the volume of the crystal, a crystal thickness is chosen 
which yields the highest ratio of signal to background 
a t  the photopeak. For example, since a crystal 5 mm 
thick totally absorbs GO-kev gamma rays, the use 
of a thicker crystal yields a higher background with 
no increase in signal. I t  is desirable to use a crystal 
of large diameter for all measurements in order to  
intercept as many gamma rays from the body as 
possible. Thin crystals of large diameter coupled to  
phototubes currently available are of questionable 
value if high resolution is required. The photons of 
light liberated in such a crystal are absorbed on the 
adjacent area of the photocathode surface and are 
not diffused uniformly over the entire surface. Thus 
the resolution of a thin crystal for an uncollimated 
source is limited by the nonuniformity of the photo- 
cathode surface of the photomultiplier tube. A number 
of small crystals, each coupled to its own small 
phototube (which possesses more uniform cathode 
response), will yicltl better results. 

Large-diameter crystals may be used when measur- 
ing gamma rays of higher energy. As the thickness 
of the crystal is increased, the light quanta are 
scattered oi’cr larger and larger areas of the photo- 
cattiode surface, and the resultant resolution for 
an uncollimatctI broad beam source becomes the 
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average value for the entire photocathode surface. 
Resolutions are 12.30; for and <).5yo for IC4') 
with a crystal 20 crn in diameter and I O  cm thick 
when optically couplctl to a s i n ~ ~ l c  UuMont phototube 
of 12.5 cni diamctcr (Fig. 1). Ihe resolution, when 
using a single 12.%cm ptiototul,c, drops rapidly as 
the diameter of tlic cr!~tnl is increased beyond 
20 cm. Scvcral phototii\)es must be used on the 
larger crystals i f  I-csoIiitions arc to be acceptable. 
Ho\vc\.ci-, this is done ;it tile espense of convenience 
of cxl i 1 ir;i t io 11. 

Thc spectra result fr-om analyzing the voltage 
pulses ;it thc plat? O [  ttic photomultiplier tube by 
means of a 2.X-cIi:iiinel pulse-height a n a l y ~ e r . ~  
Information on th t .  st.lection of radioactively clean 
components and the mounting of the crystal has 
\xxn published clt;c\vhcre.4 

3 ~ 

Measuring Facility 

111 order to acliic\-c a good signal-to-background 
counting ratc ratio, the detector and subject to be 
counted must be shielded from the gamma rays 
originating in concrete and brick building materials. 
I n  the absence of such shielding, placing a subject 
in front of the crystal decreases the net counting rate 
of a detector because of the shielding provided by 
the subject's body. The measurements under discussion 
were made in an iron-shielded room with internal 
dimensions, of 2.4 x 2.2 x 1.S meters. The walls, floor 
and ceiling are built up to a total thickness of 20 cm 
by iron plates 0.63 cm thick and of various widths 
staggered so that the joints do not coincide. 

In  order to evaluate the attenuation of various 
amounts of shielding, the walls, floor and ceiling were 

K 4 0  Phalopaah 

RESOLUTION* + 100% 

C?37 Pholonroh I i O !  100 n 

Figure 1- S F ' "  'Or K"' and Cs'". demonstrating the resolution 
that may be realized With a single large crystal and the difference 
in amplitude at the lower energies. with respect to the amplitude 
of the photopeak. due to the quantity of internal scattering of a 

large (1 kg) K source VI. a small (1 g) Cs source 
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built up uriiformly to various thicknesses, and gamma 
ray spectra were obtained (Fig. 2) with a NaI(T1) 
crystal 20 cm diameter by 10 cm thick. TO demon- 
strate the pattern of attenuation, thc total background 
expressed in counts per minute in a given band in 
the neighborhood of the photopeak (1.326- 
to 1.575-n'Iev band) is plotted as a function of wall 
thickness (solid line in Fig. 3). This curve is apparently 
composed of two components, the most intense of 
which is considered to arise from natural activity 
originating entirely outside the walls. This fraction 
should decrease exponentially as the thickness of 
the walls is increased. The second component results 
from the activity in the detector, detector mount, 
inner plates of the room and cosmic rays. This 
component should not change appreciably as iron is 
added to the outside of the room. Subtracting 34 clm 
from the background a t  each wall thickness yields 
the straight dashed line, a result consistent with the 
hypothesis that, within this band, 34 c/m originate 
from cosmic rays and internal activity within the 
confines of the rcom and less than 1 clm originates 
outside the room. A similar analysis performed across 
the spectrum indicates that, with 20-cm iron walls, 
about 1 c/m per 50-kev band a t  the low energies 
and 0.2 c/m 5per 0-kev band a t  the higher energies 
originate outside the room. The straight lines obtained 
in the same way a t  other energy bands had slopes 
practically identical to the one above. The mass 
absorption coefficient calculated from the slopes is 
0.045, which is the mass absorption coefficient of 
iron for gamma rays in the region between 1.5 and 
2 MeV. The reason for finding the same mass absorption 
coefficient for the low energy part of the spectrum 
i s  not immediately apparent. I t  could mean that  
most of the low-energy counts observed result from 
the degraded high-energy rays from radium and 
thorium in the surrounding concrete. 

From the above studies, it  seems evident that  95% 
of the background inside the present 20-cm iron room 
is indigenous to the room. Therefore, any practical 
amount of additional shielding on the outside will not 
reduce the background significantly. The low-energy 
background between 75 and 225 kev was reduced 40% 
by lining the inside surfaces of the room with 3 mm 
of lead free of radioactivity. The low-energy rays that 
are absorbed by the lead apparently originate within 
the iron. I t  has not been demonstrated whether these 
counts are due to the interaction of cosmic rays or 
to contamination of the iron plates. 

The data given above demonstrate that  it is illogical 
to build walls thicker than 13 cm until the radioactive 
content of the detector is reduced. It has been found 
that the radium and potassium contents of the 
photomultiplier tube envelope account for about 
35% of the residual background and that the potas- 
sium content of the crystal (10 ppm) accounts for 
an additional 20%. Thus the background in the 
room will be cut in half when phototubes and crystals 
that are free of radioactivity become available. The 
iealistic improvement which will result is discussed 
later. 
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GENERAL TECHNIQUES OF TOTAL BODY 
MEASUREMENTS 

Calibration 

The techniques of analyzing gamma-ray spectra 
obtained from man, such as the standard errors 
involved, all obey the well-known laws of counting 
radioactive materials. The difference between 
measuring the radioactivity in the human body and in 
any inanimate sample is in the method of calibrating 
the sensitivity of the detector. The physical shape 
and size of the ordinary sample can be altered to 
yield a specified geometry with respect to the detector, 
and the sample can be mixed so that the activity 
is distributed throughout a uniform density. Thus the 
counter can be calibrated to yield absolute disinte- 
gration rates by using samples prepared to contain a 
known quantity of the radioelement in the desired 
mass. 

The size and shape of the human cannot be altered ; 
the radioactivity may be distributed throughout the 
body or concentrated in organs of relatively low 
density (such as the lungs) or of high density (such 
as the skeleton). As a result, the internal absorption 
and scattering varies not only because of the size 
of the subject but as a function of the location of 
the radioelement within the body. 

The absolute quantity of any gamma-emitting 
element present in the body can be determined by 
administering an additional known quantity of the 
same radioelement to the htrman. The original quantity 
present is thus found by comparing the original 
counting rate with tlic increase from the kno\vn  
amount. The administered material must be i n  
equilibrium (located in the same organs) wit11 the 

original elements a t  the time of mcasuremcnt, and 
the human must assume the same relative I”)sition 
with respect to the crystal in both counting sit,latior,s. 

This technique is applicable only to those radio- 
elements which have a very short physical haif life 
(K42 for example) or a short biological half tjnlc: 
in the body. The calibration determined for ollc 
material cannot be used for other elements in 
body unless the two elements are metabolized in  
identical fashion and the gamma-ray energies are 
very nearly equal. The calibration determined for 
particular element can, however, be used for the 
same element in another individual of the same 
body build. 

In the case of elements that  have a long biological 
half time in the body, the gamma-ray spectrum from 
a human must be determined with some geometrical 
arrangement which can be calibrated without adminis- 
tering radioisotopes to the subject if quantitative 
answers are to result. In addition, i t  is desirable 
that the amplitude and shape of the spectrum be 
independent of the subject’s build so that the system 
need not be recalibrated for each individual. 

“One-Meter-Arc” Tecknipe.  No single general tech- 
nique can be used for all measurements iiz v ivo .  
Various techniques that are applicable to particular 
types of measurements have been perfected and 
calibrated. One measuring technique, which may be 
calibrated ni th  sources placed i n  a Presdwood phan- 
torn, is called the “one-meter-arc” technique. An 
empirical procedure of ca1il)rating this method has 
1,cen puI,lisIicd cIse\vIicrc ;“ t h c  ”trial and error” 
nlc.tIiocl gii.cii Iic*rc t1oc.s n o t  rcxluiixa any assumptions. 

.flit siibjcct lies 0 1 1  \lis I;iti<* on a thin metal bed 
\vitIi his back or front t ~ i u c h i n ~  &lie inner surface of 

c 3 0 

V .__ . -._ -. - . ... -. 
.. . : - . .  -__-- ._ . 
’._ ‘ . . .  : . .. 

10 

7 61 E n e r g y  (MEV)? 

Figure 2. Reduction in  gamma ray background of Nal  (TI) 
crystal 20 cm in diameter by 10 cm thick when the crystal i s  

shielded with various thicknesses of iron and lead 
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a thin form that has a radius of I mcttbr. TIK,  cr!-.;taI 
is placed a t  the center of cunxturc  of t l w  arc. ~ f l i c  
subject's gamma-ray spectra arc o~itaincd with the 
subject facing both toward and away from the cr-j.sta1, 
and the radioelement prcsent is idcnti ticd by  the 
energies of the photopc&5;. ..I kno\vn (linntity of 
the identified radioclement is tlicn p]acc.d a t  a positiol1 
equivalent to the ccntcr of thc human, and \-arious 
thicknesses of Prcsd\vood arc p \ a c d  i n  fi-ont of and 
behind the source. T l i ~  tI1icknt.ssc.s of I'i-csl\vood 011 

both sides of the source arc varied indcpe11de11tly 
until the shapc of the phantoln spcbctrum fr-om the 
one side matches the spcct r u m  cil~taiiled from the 
front of the human, and tlic pliantom spectrurn from 
the other side matches the subject's back spectrum. 
.4greerncnt between thc t\ro pairs of spectra demon- 
strates the sanir scattcr and absorption in the phantom 
as in  the human. The quantity pi-esel1t in the human 
c;111 thus I X  calculated 

7.8 14 20 0 1.9 3 8 

762  C E N T I M E T E R S  OF IRON 
Figure 3. Plot (solid line) of the area under the gamma ray spectra 
of Fig. 2 from 1.325 to 1.575 Mev ; the straight dashed line resulted 
whcn 34 c/m was subtracted from the total at each thickness 

of shield 

\vcrr measured on the 1-meter arc and wit11 the threc 
cl-ystal positions shown in Fig. 4. Each subject was 
tI1en given 2 pc of 12.4-hr I<42, the excreta were 
collected for 24 hr, and the new gross spectrim was 
oljtained with each configuration. The difference 
spectrum between the first and second runs is thus 
due to the presence of a known quantity of I<42 
distributed throughout the body. The amplitude of 
the spectrum above 500 kev was found to be less 
dependent on body stature i f  the crystal \vas placed 
a t  position 1, which is 42  cm from the seat and back 
of the chair, than when other positions were used. 
The counts per minute per microcurie in the photo- 
peak for this position is practically independent of the 
height and weight of the subject. The total spread 
in counting rate from the smallest to the largest 
subject was only 5%. The counting rate from I<42 
when the crystal was in position 1 was 4.6 times 
the rate observed with the 1-meter arc. 

CHAIR 4RR4NGEMENT * 
Figure 4. Relative position of Nal (TI) crystal and subject under 
study ; B. early position used in many of our studies ; .1 and 2, 
latest positions found most independent of subject's anatomical 

configuration 

However, once calibrated for a particular radio- 
element, the chair arrangement can be used to measure 
the body content of other individuals who contain 
the same element in the same organs of the body. 
The standard chair arrangement that meets the 
requirements of high sensitivity and lack of dependence 
of the calibration on body build cannot be calibrated 
with Presdwood phantoms but must be calibrated 
by measuring a person containing a known quantity 
of radioactive material. Furthermore, the calibration 
is dependent on..thelocation of the radioelement in 
the body. The chair arrangement has been calibrated 
and is used routinely to measure body content .of 
potassium, cesium, radium and thorium. Repeated 
measurements have demonstrated that quantitative 
determinations on new subjects using these cali- 
brations are in error by not more than 5%. 

Activity of the Normal Unexposed Man 

Potassium Coiztent. The potassium content of the 
12 subjects was calculated from data obtained by 
the standard chair technique. The net K42 spectrum of 
each subject was normalized to make the area under 
the I<42 photopeak equal to the area under the subject's 
I<40 photopeak. When these manipulations were 
performed on spectra obtained in the spring of 1955, 
the normalized I<42 spectra and K40 spectra were 
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identical i n  s h a ~ x  and magnitude a t  all energies for 
most individuals, dcmonstrating that the I<42 was 
in equilibrium with the subject's normal potassium 
pool (body content), that thc procedure was valid, 
and that no significant quantity of any other isotope 
\vas prcscnt. 

?'lie potassium content of cach subject was deter- 
mined according to the follo\ving procedure. The 
gamma-ray spectra of a quantity of I<42 equal to  
that in tlic subject diluted in 405 g of distilled H,O in 
the bottle and of 405 g of ordinary ICOH (containing 
235 g of normal potassium) were obtained a t  a distance 
40 cm from the crystal. The counting ratio for the 
IC42 in vivo and the K4?- in 405 g of H,O must also 
apply to the KQo in vivo and to the K40 in the bottle. 
The subject's potassium content was then calculated 
from the equation 

I/ B42 (1) Mass of I< in body = (235 g) -4' ~ 

B40 ' 4 2  

where V40 and I/4z represent the counting rates for 
K40 and IC4,, respectively, in the body and B,, and 
B,, are the counting rates for the 235 g of natural 
potassium and for I<42, respectively, in the bottles. 
In each case the counting rate is the area in a 
250-kev band under the photopeak. 

Each subject's potassium content was calculated at 
all four positions, and agreement was excellent among 
all measurements on a particular subject. I t  is thus 
possible, with the data obtained with these 12 subjects 
in chair position 1, to estimate the potassium content 
of any other subject to within 37; regardless of his 
body build and without administering any radioactive 
tracer. 

An accurate measurement of the body potassium 
content is of medical importance in studying various 
metabolic disturbances, for example, those following 
surgery or induced by disease. Also of medical interest 
is a determination of exchangeable body potassium. 
The fraction that is exchangeable can be determined 
easily. The subject's normal potassium content is 
measured, and then the subject is given a small 
amount of I<42. At any time after 14 hr, the amount 
of I<42 present in the body and the amount of both 
K42 and normal potassium present in the urine are 
measured. The fraction that is exchangeable is then 
calculated from the equation 

Fraction exchangeable 
mass of normal 1< in urine I<" in vivo 
mass of normal I< itr vivo i n  urine ( 2 )  

These measurements have been made on normal 
healthy individuals and are being published 
elsewhere.G 

C S ' ~ ~  Coiztent. I t  was observed i n  March 1955 that 
some individuals contained about c of some 
activity which emitted a gamma ray a t  about 660 kev. 
By September 1855, a photopeak a t  G6l kev could 
be discerned distinctly in all human spectra.; At 
this time, Dr. Jacob Sedlet (Hcad of tlic Bioassay 
Group, Industrial Hygiene and Safety Division, 

- x - 

Ai-gonnc Xationnl 1.nl~orntory) ctie1llically br& 
Cs13' from human ur i i i c .  

Thirteen control sul~jccts 11avc Imn 
periodically sincc that time ; thc cc-sium 
of eight of thcsc is shown in  Fig. 5 .  
content is expressed as micromicrocuria of 0&rm 
per gram of body potassium to afford a dircct cornpa- 
rison between subjects which is indepelldent 01 
musculature. Tlie actual cesium spectra in r&*o hat% 
been obtained for different body builds by subtracting 
the subjects' normalized K42 spectra, determind 8s 
mentioned above, from their total spectra in vivo. ; 

>3?, -;e 

'The 

.- 
ANALYSES OF TYPICAL IN V/VO SPECTRA 

The subject's cesium and potassium spectra mtrst 
be subtracted from the subject's gross spectrum, 
particularly if only a small quantity of the element 
under study is present. The in vivo cesium and 
potassium spectra obtained from the 12 control 
subjects have been used to analyze the spectra of 
other individuals whose normal spectra are unkno\n 
and who have accumulated a body content, either ac- 
cidentally or medically, of other radioactive elements. 

The biological half times of many elements in the 
human body can be determined with small quantities 
(less than the MPL) of an appropriate short-lived 
isotope of the element. Since the amount remaining 
in the body can be measured accurately a t  any timc, 
the true retention curve can be followed for as many 
as ten half times. The ultimate sensitivity of tlicsc 
techniques also permits data of this sort to be obtained 
by studying individuals who have accidentally 
accumulated very small quantities during routine 
operations. Consequently, these data do not suffer 
from the uncertainties involved under experimental 
conditions but represent typical Operational-tYPc 
exposures which will bc encountered in the future. 

Techniques When the Normal Cesium and Potassium 
Coniri butions Can Be Subtracted Directly 

Y- 

h o  patients \vho had ingested tracer amounts 
of 65-day Srs5 (emitter of a 513-kev gamma ray) 
under the care of Dr. R. J. Hasterlik of the Argonne 
Cancer Research Hospital, were measured 300 days 
later. To obtain the net spectrum of SrR5 in the 
body of each subject, the combined spcctrum due 
to I<40 and Cs'37 in his body was subtracted from 
his gross spectrum. Since the patient's nrmnal 
spectrum had not been obtained previous to his 
ingestion of Srs5, the net IC40 and net csl3' spcctra 
of an unexposed normal subject of thc same height 
and \\.eight were used. Thc control subject's nct 
IC40 spectrum, normalized to yield tlic same area 
under the K40 photopeak as undcr tllc patient's K r n  
pliotopeak, \vas subtracted from the patient's gross 
spectrum. The net Csl3' and SrB5 spectnlm Of the 
patient resulted (Fig. G ) .  The net CS'~' s v t m m  
of the control subject was normalized and subtracted 

the Same way to obtain the true ill Z ' i l ' o S r " S s ~ t ~ m  
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Figure 5. Cesium-137 content of eight individuals ; note 
equilibrium attained after spring 1956 

762 1955 1956 1957 

of the patient. The absolutc amount of Sr85 was 
calculated from this spectrum. 

Subject RRI had rcccived 50 pc of SrS5 orally on 
Feb. 15. 1956 and was csamined on Dec. 14, 1956, 
302 days later. This subject contained 121 g 
of potassium, 5.5 x 10-9 c of CS'~', and 9.4 x c 
of Sr85. Subject \VSAI, who had received 10 pc orally 
on Nov. 28, 19535 and was measured on Oct. 25, 
1956, 332 days later, contained 121 g of potassium, 
5.5 x 10-9 c of Cs13' and 1 . 0 ~  c of Srs5. The 
uncertainty in the Sra5 measurement when using a 
50-min counting period would be 2 x 10-lo c if the 
subject's normal spectrum had been determined 
before ingesting the Srs5 tracer. Obtaining the normal 
spectrum before administering the tracer is parti- 
cularly advantageous when the gamma-ray energy 
of the tracer is very close to the energy of either 
cesium or potassium. One advantage is that the 
net in vivo spectrum of the administered isotope 
resulting from a known quantity may be obtained, 
thus calibrating the detector. 

Techniques When t he  Normal Cesium and Potassium 
Contributions Cannot Be Subtracted Directly 

In some instances the subject's cesium or potas- 
sium spectrum cannot be subtracted as discussed 
al)ovc, since the gamma-ray energy of a foreign 
clement may obscure the normal cesium or potassium 
photopeak. This situation occurred in the study of 
two subjects who had accidentally accumulated in 
tlic lung srnall amounts of Te'", which emits three 
gamma rays of 0.4j.5, O.WJ.3 and 1.12 (low intensity) 
Jlev, respvctively. Although the potassium component 
could be subtracted, the O.CiS5-hfev gamma ray 
completcly obscured the O.GGl-.\Iev gamma ray from 
Cs' 37. Tlic assumption that these sub j ec ts contained 
an average :tinotint of Cs13' would have introduced a 
relatively sinall quantitative error in the total amount 
of T C ' ~ ,  yet \ w u l d  lia\.e invalidated the half-time 
determinations. 

I lie subject's pmina-ray spectra tvere obtained 
\\vekly by the 1-lwtc:r-arc and the standard-chair 
techniques. The ~ l c t  spectral differences between 
iveekly runs are the l ~ . ' ~  spectra iic vivo corresponding 
to the fraction eliniinatcd ( h g .  7).  Two approaches 

~. 

may be used to determine the subjcbct's no1 mal 
spectrum from these difference spectra. In the "trial 
and error" method, the net diffcrence spectrum 
\vas multiplied by an empirical factor and subtracted 
from the gross spectrum. The shape of the resultant 
spectrum a t  4GS kev was examined (dotted curve of 
Fig. S), and the empirical factor was varied until 
the resultant energy spectrum showed neither a 
peak nor a dip a t  this energy. The final resultant 
spectrum for each subject was subtracted from his 
gross spectra taken on the various dates to yield 
the Te1= spectra in vivo. The biological half times 
can be determined from the areas under the Te129 
curves without a knowledge of the quantity present. 
The trial and error method can be used to determine 
the biological half time regardless of the position 
used, but the total quantity present is not determined. 

In the second or mathematical approach, a Te129 
source was placed on the 1-meter arc and the physical 
arrangement of the Presdwood phantom enclosing 
it was vaned until the phantom spectra matched the 
T e l a  difference spectra, as discussed above. The 
quantity eliminated during each period could thus 
be deduced and an approximate biological half time 
calculated. With this information the total quantity 
present at the time of the first measurement could 
be calculated. Subtracting the corresponding spectrum 
from the gross spectrum giiyes the subject's normal 
spectrum. 
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containing S P  
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Figure 7. N e t  spectral difference between a subject's Te'29 spectra 
on Nov. 8 and Dec. 14, 1956 

Total body elimination rates are compared to 
excretion rates whenever possible. The two subjects 
submitted complete urine and fecal specimens from 
the 35th through the 39th day, and the activities 
contained were quantitatively determined by gamma- 
ray spectrometry. Approximately 1.25% of their 
total body content was eliminated each day, which 
is equivalent to a metabolic or biological half time 
of 55.1 days. This value combined with the decay 
constant of the isotope (half time=41 days) yields 
an effective half time in vivo of 23.5 days. 

The body burdens of each subject, determined on 
the 32nd, 39th. 46th, 115th and 151st days, fell on 
straight lines on semilog plots with effective half 
times of 22 days for one subject and 22.5 days for 
the second. These two values are in fair agreement 
with the half time of 23.5 days estimated from the 
escretion rates on the 35th through the 39th days, 
and, as in previous tests, support the correctness of 
the measurements in zlivo. 

In these cases, the foreign material was inhaled and 
deposited in the lungs. Hence, the %-day effective 
half life, constant from the 35th through 151st day, 
is representative of inhalation esposures only since 
the lungs acted as a reservoir and released the material 
into the rest of the body. There is reason to suspect 
that tlie inhaled material was not entirely an insoluble 
compound, since 60% of the amount excreted was 
present only in the feces. 

Comparison of the spectra obtained on the arc 
with those obtained with the chair gave a chair-to- 
arc calibration factor. Thus tlie subject's body 
content was followed for at least two half times 
longer with the chair position than was possible 
with the arc. These Te129 spectra i n  vivo may be 
used in the future with the chair arrangement if the 

SPECIAL TECHNIQUES USED TO MEASURE 

THE AMOUNT OF ACTIVITY IN A PARTICULAR 
ORGAN 

Techniques that may be used to determine 
quantity of a radioactive element localized in a parti- 
cular organ of the body have many applications. 
Measuring the radioactive content of the lungs is 
of great concern because of the possibility of inha- 
lation of air-borne contaminants whenever radioactive 
materials are used. In many machining and process- 
ing operations, the individual may unknowingly 
inhale radioactive dust because of an improper 
operation on his part. I t  is impossible to calculate 
the quantity in the lungs of these individuals from 
escretion measurements since the fraction of the 
total lung content eliminated per day depends on 
many unknown factors. Some of these are the meta- 
bolism of the element, the chemical form, the particle 
size and the time elapsed between the intake and 
urine collection. In addition, when the body contains 
only a permissible quantity, the fraction of a permis- 
sible quantity excreted per day may be below detect- 
able levels even if chemical separations are performed 
on the urine specimen. This is true in the case of 
Th232 since only 1 part in IOG of the burden is excreted 
per day. 

Scanning by a Collimated Crystal 

Since its spectrometric properties permit the iden- 
tification of primary rays as distinguished from the 
scattered rays, the collimated NaI(T1) crystal is 
the obvious detector with which to determine the 
distribution of radioactivity i n  tlie intact body. 
\\[hereas the total counting rate without energy 
discrimination (as determined with a plastic scintilla- 
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Figure 8. The spectrum of Fig. 7 was multiplied by the empirical 
facfor 1.62 and subtracted from the spectrum of Nov. 8.  1956 ; 

subject's net C S ' ~ ~  and K40 spectrum resulted (dotted line) 
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Figure 9. A Nal(Tl) crystal can be calibrated for measurement 
of radioactivity in the lungs with a Presdwood phantom using 

the above physical arrangement 

tion counter) changes gradually as the collimated 
field of view is moved at right angles across the site 
of a source in a direction perpendicular to the line of 
sight, there is a rapid change in the counting rate 
under the photopeak (as measured with a NaI(T1) 
crystal spectrometer). Thus the site of the element 
can be determined very accurately even though 
adjacent volumes of the body contain equal quantities 
of other gamma-ray emitters. 

However, the collimated crystal method has two 
disadvantages. First, the actual sensitivity of the 
crystal is poor since only a small fraction of the total 
body content is measured at any one position unless, 
of course, the activity is concentrated in a very small 
area. Secondly, the absolute sensitivity must be 
determined with an appropriate phantom which, 
in practice, necessitates measurements with another 
technique in order to construct the phantom. The 
quantitative uncertainty of a measurement, while 
following the well-known laws of counting, may be 
restricted to less than c of gamma activity if 
suitable counting times are used. Although the long 
time required to complete such a study is a niomcn- 
tary annoyance, valuable detailed data are obtained. 
-4 machinist who inhaled a uranium coinpound 

containing UZz5 during a grinding opcration has 
been measured on four occasions. On the first visit, 
the chest arca of tlic subject \vas scanned u-ith a 
collimated detector to dctcrmine u-hctlicr tlic matc.rial 
was concentrated in any particular arca or was 
uniformly distributcd througliout ttic. Iiings. Sinc 
points on a grid over the chest w r c  mcasurcd. The 
horizontal grid lines were 34, 42 and 50 cm from the 
top of the head, and the vertical grid lines were 
located over the sternum and S cm to thc right and 
to the left of the sternum. The highest readings 
were S cm to  the right and left of the sternum, 34 cm 
from the top of the head. The values on either side 
of the sternum, 42 cm down, were about 20% less. 
The points 50 cm down and S cm right and left were 
about 25% of the top (32-cm line) values. The values 
along the sternum were somewhat lower than those 

on cither side, showing that thc Inatciial was present 
throughout the lungs. Distributions Lvcrc essentially 
the sanic in  those cases in which the individuals had 
inhaled Pa233. 

Large Uncollirnated Crystal Close to the Chest 

Although the total lung content can be determined 
by scanning with the collimated crystal scanner, 
the measurements require too much time to be used 
routinely. Hence, we investigated the feasibility of 
calibrating a large crystal for lung measurements. 
Spectra were obtained with the crystal positioned 
both 1 cm from the chest and 1 cm from the back of 
the U235 subject above, and similar measurements 
were made on an unexposed control subject of the 
same build. The control subject's spectra were sub- 
tracted from the patient's spectra to obtain the net 
spectra due to U235 in the lungs of the patient. A 
100-mg uranium source was then placed in a phantom, 
which was arranged to have approximately the 
same density distribution as the subject's chest 
(Fig. 9). Thicknesses and the position of the source 
were varied until the front and back phantom spectra 
exactly matched those of the subject (Fig. 10). The 
fact that the spectra were identical at all energies 
proved that the absorption and scatter of the phantom 
were identical to those of the subject's thorax. From 
the known activity of the source, the lung content 
was determined. The total amount of uranium in 
the thorax calculated by this technique is given in 
Table 1. 

When plotted on a semilog graph, the first three of 
the above chest measurements fall almost on a straight 
line and indicate a biological half time in the lungs 
of 41.5 days. This is considerably shorter than thc 
125 days usually assumed. However, the valucs from 
the last two determinations (Dcc. 10, l95i and 
hlarch IS. 195s) yield an  average half time of 1 0 0  (lays, 
which approaches the accepted 125 days. 

GAMMA R A Y  SPECTRA 1 "235 
8 0  

> 
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The subject’s excreta wcrc collected and analyzed 
by the employer’s bioassay group. Both quantities 
measured in the excreta and the quantities leaving 
the lungs (as determined by these chest measure- 
ments) arc given in Table 1. These quantities are in 
very good agreement, proving that the total quantity 
in the lungs as determined from the phantom calibra- 
tion is, on the whole, correct. When the phantom 
representing the lungs was constructed by the trial- 
and-error tcchnique, the arrangement of masses to 
match the UZ3j spectrum in vivo was identical with 
that  to  match the Tc129 spectrum in vivo on the 
1-meter arc. 

The standard uncertainty has been calculated for 
a 10-min run used in measurements similar to the 
above and found to be equivalent to 30 pg of UZ35 
in the lungs. This value is considerably below the 
MPL for the lungs. It would thus be practical to 
monitor all employees directly and thereby determine 
the total quantity present without all the above- 
mentioned uncertainties connected with excretion 
measurements. The simultaneous use of two crystals, 
one in front and one behind the subject, would allow 
further reduction of either the uncertainty or the 
counting time. 

The biological half times in the lungs have been 
found for two other elements. The half time of Pa233, 
calculated from data obtained with the techniques 
discussed above from two individuals, is 120 days 
during the period from the 30th through the 90th day 
after esposure. Although the activity could have 
been measured for several additional half times, 
this study was discontinued after the 90th day since 
the individuals being measured were employed 
several hundred miles away from our laboratory and 
had to be flown in for each measurement. 

The biological half time of Telz9, based on 
measurements on two subjects discussed in the 
section entitled “Techniques When the Normal 
Cesium and Potassium Contributions Cannot Be 
Subtracted Directly,” is GG days during the period 
from the 30th through the 151st day after esposure. 
The short physical half life of TelZ9, coupled with 
the small original content, discouraged additional 
measurements although they could have been con- 
tinued for an additional 40 days. 

Marinelli et aZ.8 have studied a group \vho had 

inhaled RaSO,. ?‘hey found an average lldf l i r l l r  
the lungs of about 113 days for ttlc 
7 days until 700 days aftcr tlic incident. frc,lrl 

CONCLUSIONS 

The estreme flesibility of the facility discussed in 
this paper permits many studies wllicll cannot 
carried out with other systenis. By varying the 
position O f  the crystal with respzct to the body or 
by using a collimated crystal, quantities larger tilan 
5 x IO-’’ c of gamma activity present in any volume 
of the body can be determined. On the other hand, 
4x counters and those using fixed arrays of NaI(T1) 
crystals can be Used Only to measure the total radio- 
activity present. 

The time necessary to measure the total body 
activity can be decreased by using additional crystals. 
For example, an array of three or four crystals at the 
appropriate distance in front and a similar row 
behind the subject will undoubtedly yield a -position- 
independent arrangement with which the subject’s 
potassium and cesium contents can be determined 
with high accuracy in a short period of time. In 
addition, the array of several crystals will undoubtedly 
be very valuable for routine monitoring of large 
numbers of employees to determine, for example, the 
lung content of UZ3j as mentioned above. However, 
i t  has not been deemed desirable to use an array of 
crystals for the facility under discussion because of 
the increasc in cost, t!ie added complexity of energy 
calibration and the relatively limited advantage 
obtained. 

A further decrease in the gamma-ray background, 
beyond the 50% reduction, which will be realized 
when phototubes free of radioactivity become 
available, will not result i n  a large improvement in 
sensitivity. Since the background spectrum in the 
Argonne facility is extremely stable and comparable 
in magnitude to a subject’s normal spectrum, the 
uncertainty of an in vivo determination of the amount 
of any gamma-ray cmitter whose energy is below 
1.46 Mev results from the uncertainty of the human’s 
own ptassium cesium spectrum and not from the 
background uncertainty. 

An individual’s potassium content can be r ~ ~ a s u r e d  
with a standard uncertainty of less than 5% by using 

Table 1. Data on Us5 Subject 

~ - -  

0 . 7 4  November 2, I957 . . . . . . .  2.75 0.7 
November 19, 1957 . . . . . .  2.05 0.55 0 . 4 s  

0.77 0.7s  

- 2.05 2.00 

. . . . . .  - December 10, 1957 1 .47  
March 18, 1958 . . . . . . . .  0.7 - - 

Total . . . . . . . .  

1 0 9 9 1 0 0  
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only a 10-rnin run with one large NaI(T1) crystal, 
20 cm diameter by 10 cm thick. If the subject has 
a large I~ody content of some other radioelement. the Sincere acknowledgement is extended to J. E. Rose 
data from the one I O - m i n  standard-chair run suffice and L. D. RIarinelli, Director and Associate Director of 
to jdentify the clement present and, jn jnost casps, the Radiological Physics Division, for their direction 
to detcrniinc the amount. ‘rhus practically any and advice in this work. Competent technical 
desired mca>urcmcnt of the radioacti\-c content of assistance was rendered by J. B. Corcoran and 
the human can be niatlc. 
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