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Io· THE tlliTABOLIC PROPERTIES OF Pll.~ONim~ 

AND ALLIED MATERIALS 

J o G .. Hamilton 

Project 48A~I 

Radioautographic-Studies 

Radioautographic studies of the long-lived fission products and the 
actinide elements are being continued.. Some excellent radioautographs of actinium 
(Ac227) in adult rats have been obtained following the adequate aging of the bone 
sedtions t? permit the establishment of full equ~l~brium Q~ the actinium with its 
two long-l~ved decay products 9 notably radio-act~n~um (Th2 7) and Ac(X) (Ra223 ) .. 
At the same timeD of course 9 the radioactive atoms of these two descendants of 
actinium which were present in the original solution injected into the animals 11 

had fully decayed when the radioautographs were set upo Thus the radioautographic 
pattern seen after 100 days of aging of t-he specimens is a true picture of the 
distribution of actinium in bone.. As might be predicted both on the basis of 

·:O similarity of chemical properties and certain metabolic· characteristics D deposi= 
tion was confined to the region of the osteoid matrix and in the iwnediate 
vicinity of the small blood vessels of the cortical boneo It will be recalled 
that this characteristic of deposition in the region of the small blood vessels 
of the cortical bone has .. been observed with cerium9 element 61 9 americium/) and 
curium .. 

·-

Earlier and quite unsatisfactory radioautographic studies with zirconhun. 
(Zr95) were repeated using normal adult rats and the distribution of this radio= 
element in bone was observed to be essentiall:v indistin~n:i.shable from that found 
-vf.i.th thorium and plutonium in tha·· deposition was limited exclusively to the super= 
ficial co~ings of the bone and the region of the trabeculae., 2'hcre vnH; no dis= 
cernible degree of deposition about the small blood vessels of the cortical bone 
that has been seen in the group of five elements listed above.. A number of quite 
satisfactory radioautographs of columbium (cb95) have been obtained and here the 
pattern ·appears to be very much like that of zirconium as well as thorium and 
plutonium .. · This finding was not predicted inasmuch as columbium behaves rather 
differently than these other radio=elements in that its deposition in bone is 
not prolonged as compared to yttrium9 zirconium9 the lanthanide rare earths 9 ·and 
all of the actinide series with the exception of uranium.. Unfortunately 0 the 
relatively short half=life of this radio=isotope of columbiUln .does not make 
possible longterm studies to investigate possible changes of its distribution in 
the bone as this radio~element leaves the skeletono 

Vi:e have secured a sample of Eul54 of very high specific activity which 
is to be employed to investigate the distribution of this radio~element in the 

. skeleton by means of the radio~autograph~e techniqueo At the same timeD the ·· 
studies are now undervm.y with yttrium (yoB) in order to secure some satisfactory 
distributionpatt~rns of this substance· in bone o A preparation of- I)a233 for 
radioautographiq experiments is under way., 
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Tracer Studies 

Actinium., The 1 and 4 day intramuscular tracer studies with Ac227 have been 
completeaD the samples having been counted 113 and 126 days respectively after 
the sacrifice of the animals o . Table I.. This was done to permit the radio= 
actinium and Ac(X) present in the injected solutions of actinium at the time of 
administration to decay e~vay and for these two radio-isotopes to grow into full 
equilibrium from the actinium in the various tissues and excretao The signi~ 
ficant observations to be made are that the behavior of actinium following 
parenteral administration is essentially the same as that noted 1Ni th the four 
lanthanide rare earths studied to dateD namely, lanthanum, cerium.; praseodymiumD 
and element 61; and the'lastwfo .members of the actinide series 8 americium and 
curium., These common metabolic properties have also been demonstrated in the 
radio~autographic studies described in the preceding sectionso Absorption from 
the digestive tract of actinium administered as a solution of Acc13 was found to 
be less than .. 01 percent of the dose giveno 

Radio-Zirconium.. The early parenteral studies with carrier-free radio-zirconium 
ha·iT€i1)'Eienrepea·fed in view of the relatively unsatisfactory results obtained in 
the experiments done several years agoo It will be seen that the skeleton is the 
chief organ of accwnulation both on a per gram and per organ basis and that up 
to the 32 day interval 9 there is relatively little loss from that structureo In 
this particular series of experiments the carrierfree preparation of zr95 vms 
prepared with the addition of a small amount of citric acid in order to keep the 
zirconium in solutiono Table IIo 

Technetium. The tracer studies with technetium have been completed., The isotope 
employed for these experiments 1~s the 110 day period, as yet not assigned and 
produced by the deuteron transmutation of molybdenum.. In view of the volatile 
characteristicf:: of most technetium compounds, the short half-life, and the soft 
electron radiation 9 the samples were counted wet using the grumna rays as an index 
of the quantity of technetium present and providing a filter to cut out all of the 
electrons., The 1 9 2 9 and 4 day intramuscular studies and the 4 day stom,'lch tube 
experiments are shovm in Tables III and IV., It will be seen that technetimn is 
excreted vn.th extraordinary speed 9 the kidneys being the cldef channel of excretion 
and that most of the excretion is completed V1ri thin the first 24 hours o The kidne;r 
demonstrates the highest degree of concentration in any of the soft tissuess the 
one high value noted at 2 days in the gastro-intestinal tract was probably due to 
technetium in the feces present in the large intestineo It ·will be noted that 
the material leaves the kidney with a fair degree of rapidity and the 4 day value 
is approximately one-half that on the '1 day valueo The oral administration of. 
technetium is followed by the absorption of the significant fraction .of this 
radio=element.. On the basis of the content in the liver and kidney.o as well as 
the fraction in the urine 9 an estimat~.can be made that somethine of the order 
of 25 per cent to 50 per cent of the administered doso was absorbed by way of 
the digestive tracto · 

Rad:l.o=Rubidiumo Preliminary tracer studies with carrier=frce re.d:J.o=rubidi.cun have 
been undertaken., Rb86 was the isotope employed and it was 'prepared by thE'! Sr=d=~ 
reactiono The distribution of this radio=element at 4 days and 16 days 9 following 
intramuscular injection resembles quite closely the behavior of cesiumo In most 
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TABLE I 

THE METABOLISM. OF Ac227 ·IN THE RAT 1 AND 4 
DAYS FOLLOwtNG THE INTRAMUSCULAR ADMINISTRATION 
OF A SOLUTION OF AcC13 IN ISOTONIC SALINE 

"•--:-.- ·-"" --~-1Day· 4 Days 
~Vp_er. · "- % per % per %per" 

Tissue organ gram . organ _gram 

Heart .,38 .53 .. 16 o18 

Lungs .,34 .,25 .,19 .,13 

Spleen .,09 .,19 .. 14 .,19 

Blood 1.,34 .,09 .14 .,01 

Liver 46o5 6.,46. 46 0 7 60 58 

Kidney 2o87 1.;72 .,64 .,40 

Adrenals <:'oOl <:::::64 .<.,01 <..,4 

Th;yroid <.,01 c:::::o5 ~01 <::o5 

Lymph Gland .,03 .;48 

Pancreas .,06 .,18 .,02 .,03 

Brain .,03 .,01 ....:::-.,01 ....:::;..,01 

Fat .,06 

Stomach o41 o28 ol8 .,08 

Small Intestine lol5 .,22 .,83 .,10 

Large Intestine 1.,09 .,25 .,82 oll 

Bone 26o8 2.,34 34.,7 2o05 

Muscle 7.,52 .,06 4.,40 o03 

Skin 2.,28 .,06 1o77 .,06 

Urine 1.,06 .. 24 

. Feces 7.,86 9.,13 
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TABLE II 
J"'' 

THE METABOLISM IN THE RAT OF CARRIER-FREE Zr
95 

1» 4.~~ AND 32 DAYS FOLLOWING THE INTRAlv...llJSCULAR 
ADMINISTRATION OF A SOLUTION OF ZIRCONIUM IN 

ISOTONIC .. ALINE 

1 Day 4 Days 32 Days 
% per % per % per % per % per % p~r 

Tissue organ ~ organ ~ organ gram 

Heart .. 56 .. 71 .,23 .,32 .15 .21 

Lungs 1.,42 .,90 .,88 .,65 <163 .,33 

Spleen .,43 .,47 o65 .,73 o50 .,58 

Blood 18.,2 1.,46 6.,35 .,45 .. 47 .,04 

Liver 8.,17 .,99 6.,57 .,89 2.,88 .,30 

1..1" Kidney 2.,14 1.,14 4.,31 2.,37 2e34 1 .. 13 

Adrenals .,04 .,54 

Thyroid 
I .,04 .,33 

Pancreas .,16 .. 25 .,15 .,24 .,22 .,22 

Brain .,06 .,04 .,02 .. 02 ~c.Ol ...:::::-.01 

Fat .,15 .,21 .,09 o09 

.G .. I., 9.,97 .,85 3.,52 o16 1.,52 .,12 

Bone 20.,8 1.,39 34.,9 3o53 36.,1 1.,68 

Muscle 16.,5 .18 13.,7 .,13 6.,54 .,06 

·~r 
Skin 14&8 .,46 8o88 .,24 7 .,27 o2l 

!•·..;. Testis 1.,83 .,64 lo99 .,76 1.,63 .,57 
'• 

Urine 2.,70 2.,37 6.,86 

Feces 2.,04 15.,4 32 0 7 
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TABLE III 

THE METABOLISM OF THE 110 HOUR Tc IN THE RAT 
1, 2 AND 4 DAYS FOLLOVUNG, TEE INTRAMUSCULAR 
ADMINISTRATION OF A CHLORIDE SOLUTION OF Tc 

.. IN ISOTONIC SALINE 

:11 D~y 2 Days 4 Days 
c-'% '%per % per % per % per % per <, nper 

Tissue 
,, 

organ ''gram o~gan gram ~ ~ 

Heart .(~004 < .. 007 <oOOl (o002 ~o005 < .. 009 

Lungs o085 .,056 o087 o057 ~074 o049 

Spleen .on oOlO <.o005 <..007 <o005 <:..,005 

Blood ~072 ..,007 o051 .005 <:o009 <oOOl 

Liver o31 o041 o25 o046 ol3 o016 

Kidney o59 ..,35 o47 o33 o32 ol9 

'Adrenals (o002 <.032 <o002 <,030 <'o005 <olO 

Lymph Gland <oOOl .(-.,020 <.c,002 <o040 == 

Pancreas o007 .,008 <o005 (o006 (o005 ('o006 

Brain o005 o003 (o002 <oOOl (.,005 (o003 

Fat o009 o006 .,003 
/ 

Goio o92 .056 6o44 o45 .,097 o006 

Bone ~20 .,008 ol6 o006 o060 o002 

Muscle o21 o003 o27 o003 o082 oOOl 

""'-" Skin o49 o019 ,.,67 ,;026 0 74 ·o026 

Fetus 
\1!1--~ 

o037 .009 
"l 

Urine 83ol '7,9o4 70o9 

Feces 14.0 ... ~ 12o2 27 0 6 



Tissue 

Heart 

Spleen 

Blood 

Liver 

Kidney 

Pancreas 

Brain 

G0 I., 

Bone 

Muscle ) 

Skin 

Urine 

Feces 
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TABLE IV 

THE METABOLISM OF THE llO HOUR Tc IN THE 
RAT ~ DAYS FOLLOWING THE ORAL ADMINISTRATION 
OF A CHLORIDE SOLUTION OF Tc IN ISOTONIC 

SALINE 

%per· % per 
organ gram 

o003 0 003 

.,003 o003 

.. 012 eOOl 

.. 075 .009 

.160 .,087 

o005 .,008 

0 005 .. 009 

.,054 .003 

.,06 o003 

oll oOOl 

,.89 .,.030 

20.7 -
77.2 

UCRL-98 
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chemical properties rubidium and cesium are very much alike and it is to be expected 
that their metabolic characteristics would be similar. The distribution of the 
radio~rubidium following administration by stomach tube was essentially the same as 
was observed for the intramuscular studies at the same time interval. I appears that 
the absorption of rubidium from the digestive tract is essentially 100% of the 
administered radio-element. See Tables V and VI. 

Radio=Germaniumo A rather extensive s.eries of tracer studies have been completed 
with carrier-free radio-germanium which was made by the transmutation of gallium 
by 20 Mev deuterons. The 40 hour Ge71 was the isotope employed for these studiese 
The outstanding characteristic of germanium is its extraordinarily high rate of 
elimination following intramuscular injection there being approximately 75 per cent 
eliminated within 4 hours and with the kidneys acting as the chief channel of 
eliminationo The_only organ to show any appreciable concentration is the kidneys 
and here the retention remained fairly constant between the first and fourth dayso 
The relatively short half~life of the germanium isotopes e~ployed does not make it 
possible to continue the experiments for significantly longer time intervalso It 
is of interest to note that the metabolism of germanium and technetium are very 
much alike although their chemical properties differ to a considerable degree. No 
appreciable absorption of germanium took place from the digestive tract following 
administration of this material by stomach tube and in this regard it behaves very 
differently from technetium. Judging from very low concentration of Ge 71 in the 
kidney following stomach tube administration 9 it would appear that, absorption from 
the digestive tract was less than 1% in this experiment. See Table VII. 

Beryllium. It vrill be recalled that a number of tracer studies vrere done in the 
---·---- 7 past with carrier-free Be • This radio-element is made either by the deuteron or 
proton transmutation of lithium. Due to the fact that Be7 decays by orbital electron 
capture and that only 10 per cent of the total disintegrations result in the release 
of gamma rays 9 the problem of radioactive contaminants is of·a serious nature. It 
should be recalled that the average Geiger counter has about a 1 per cent efficiency 
for counting gamma ra7s as compared to beta radiation and on top of this factor$ only 
10 per cent of the Be disintegrations result in the emission of gamma raysa the 
remaining 90 per cent of the disintegrations are associated with presumed neutrino 
emission and are hence not detectibleG The usual methods for chemical purification 
of beryllium from other elements 9 such as the chloroform extraction of the basic 
acetate~ do not work well with carrier=free berylliumo Hence 9 in the past we 1.~rere 
troubled with unknovm amounts of radioactive contaminants which ob-pously would 
prejudice the result of the experimentso In the last series of Be studies recently 
initiated 9 spectroscopical~y pure lithium metal was bombarded with 10 Mev protons 
instead of deuterons and the target was subjected to a very carefully oxecuted series 
of radio-chemical procedureso The net result of this was isolation of the preparation 
of a specimen of carrier-free Be7 in which a lower limit of 1 per cent of radioactive 

. impurities was estimatedo A decay cur;re gave a figure of 52 ds.ys for ~he half=life 
w:r;~h has been recently quoted as the most exact figure for this value. In addition~> 
abs<>rption curves of the gamma ray-s in lead agreed with published values within 5 
per cent.. Table VIII shows the results of the 1 and 4 day intramuscular studies in 
which it is apparent that roughly one-third of the Be is fixed in the skeletori and 
most of the remainder is rather rapidly eliminated chiefly by way of the urine. In 
complete data at the 16 and 64 day intervc.ls indicates that retention by the 
skeleton of this radio~element is prolongedo 

Cadmium. The results of the carrier=free tracer studies with carrier=free Cd109 arc 
giveriin Table IXo The outstanding characteristics of the metabolism of this 
element in the carrier=free state 9 following intramuscular administration 9 is the 
high degree of localization and prolonged retention in the liver and kidneyo The 
degree of deposition in other soft tissues and the skeleton is considerably less 
but in general retention is also prolongedo It is of interest to note that the 
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Heart 

Lungs 

Spleen 

Blood 

Liver 

Kidney 

Lymph Glands 

Pancreas 

Brain 

Fat 

Teeth 

Stomach 

Small Intestine 

Large Intestine 

Bone 

Muscle 

Skin 

Eyes 

Gonads 

Urine 
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TABLE v 

. TEE lVIETAEOLISM OF CARRIER FREE Rb86 :J:N __ ,~HE. 
RAT FOLLOWING THE INTRAMUSCULAR INJECTION -
OF A SOLUTION OF RbCl IN ISOTONIC SALINE 

4 Days 
% per % per 
organ gram 

.,29 .,34 

.,56 .. 32 

o41 c48 

3.04 .,20 

4.,84 o50 

.. 68 .,35 

.33 .. 77 

.. 29 .19 

--·· 
.. 03 .. 11 

ol4 

3.48 .. 43 

1 .. 20 .,19 

14.,4 .,98 

4.,09' .;10. 

.,06 .,15 

1.,21 .,43 

UCRL-98 

16 Days 
% per % per 
organ ~ 

cl3 .15 

.31 .,15 

.19 o21 

1.47 .,09 

2.,84 .,23 

.36 .,16 

.. 04 .. 21 

.17 .,26 

.. 15 .,10 

.,03 

<.,01 < .. 06 

.41 .06 

1.,02 o10 

.,84 .,08 

7.,90 .,12 

22&5 ol8 

2.73 ,07 

.,02 .,06 

.,66 cl8 

48.,9 

--·- . __ g,o_§j;_ ~-

)~, ::. '-{ 

·~L7b 
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.., 

TABLE VI 

TBE METABOLISM OF CARRIER-FREE'Rb86 

IN THE RAT 4 DAYS FOLLOWING THE ORAL 
ADMINISTRATION OF A SOLUTION OF RbCl 

IN ISOTONIC SALINE 

% per % per 
organ gram 

o30 "o33 

o74 o35 

o58 o51 

3.01 o20 

4.41 o42 

o87 o37 

o39 .45 

o37 o23 

o03 

o04 o14 

o68 o22 

2.,17 o26 

L,74 ol8 

14o9 o81 

41ol o37 

5o79 o13 

.,08 .,19 

lo32 .43 

15o3 

6o03 

UCRL-98 
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TABLE VII 

THE tlliTABOLISM OF CARRIER-FREE Ge 71 IN THE, 
RAT 4 HOURS, 1 DAY 8 AND 4 DAYS FOLLOWING 
TiiE INTRA1rusCULAR ADMINISTRATION OF A SOLU-
TION OF GeCl4 IN ISOTONIC SALINE 

4 Hours • 1 D13-y 4 Days. 
% per % per % per % per %per %per 

Tissue (_) org~ gram· organ ~. organ gram 

Heart ,06 ,06 ,03 ,04 < .,01 < ,01 

Lungs ,17 ,09 ,03 ,02 < .,01 < .. Ol 

Spleen· .,09 .. 12 ~04 ,06 .,02 o03 

Blood ,76 .,04 .,15 .,01 .. 15 .,01 

Liver 2.39 o23 ,81 ,09 .,46 ,05 

Kidney 2,p67 1..16 1.,76 ,86 lo09 o61 

Pancreas .,06 ,12 < ,01 <.,02 < ,01 

Brain .. 04 ,03 <oOl <,01 <.,Ol 

Fat ,03 < .. ol < ,01 

Stomach .,27 .,08 ,17 o08 ,03 ,02 

' Small Intestine 3.,78 .,30 ,63 ,07 o05 ,01 

Large Intestine 1,34 .,33 .,46 ,19 .,04 ,01 

Bone 5.,40 .,27 2 0 73 ,13 .,37 ,01 

Muscle 5,81 ,04 2.,75 .,02 .,50 .,005 
,/ 

'" Skin 2.,49 ~05 ,88 ,02 .,49 o02 
--

Caecum ,.,30 o15 o59 .,21 .,04 ,03 
\ __ .. 

Gonads ,06 .,03 ,02 <,01 o02 < aOl 
'!it· 

Urine 71,2 73,8 90.,1 

Feces 2..,94 15,1 6.,75 



.. 

TABLE VIII 

TIIE METABOLISM OF CARRIER FREE Be 7 ~N THE RAT 1 AND 4 DAYS 
FOLLOViiNG THE INTRJIJviUSCULAR ADMINISTRATION OF A SOLUTION 

OF BeC12 IN ISOTONIC SALI~ 

1 Day 4 Days 
% p~r % per % per 
organ gram.,.· organ 

Helrt .08 &08 .08 

L~~s .,56 .. 20 .,39 

Spleen .. 11 .. 17 .. 23 

Blood 1.,99 ,14 2 .. oo·\ 

Liver 5.04 .,64 9.;58 

Kidney 3.14 1.,65 1.95 

Lymph Gland < .. 01 <o03 .,05 

Pancreas .,08 .,11 .,16 

· Brain < .03 <.,01 .03 

Fat <..01 <.01 .,03 

Stomach .17 .06 .21 

Snall Intestine 1.,12 ol1 .52 

Large Intestine 1.,76 .22 .60 

Bone 29o4 1.,90 32.,0 

Muscle lo88 .,01 2 .. 26 

Skin .,67 .. 01 .,70 

Eyes < .,05 <.2 .,08 

Gonads .. 11 .,06 .. 16 

Urine 112 0 0 38.,0 

Feces 11.,9 10.9 
Ioo .. o 100.0 

UCRL-98 

% per 
gram 

.10 

.,16 

.31 

.13 

1.,09 

.,96 

.,16 

ol3 

.,03 

.,08 

.05 

.,05 

.08 

1 .. 61 

.,02 

.,02 

.,21 

.,05 
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TABLE IX 

THE METABOLISM OF 9ARRIER FREE Cd109 IN THE RAT 
1, 4, 15, AliD 64 DAYS FOLLOYHNG THE INTRAMUSCULAR 
ADMINISTRATION OF A SOLUTION OF CdC12 IN ISOTONIC 

SALililE 

~~- t(da_t /~ 6i£~ 1:, /, ' 
% per % per % per % per %per %per % per %per 
organ ~ organ gr~ organ. gram organ gram 

.. ~. 
Heart .24 .,34 .24 .37 .06 .10 

Lungs .,23 .13 .25 .17 .21 .16- .19 ~15 

Spleen .24 .45 .37 .57 .27 .,44 .,33 .72 

Blood .. 27 .,021 .,86 .,07 .,29 .,024 .10 .,01 

Liver 77 ... 8 10.2 73.5 9.,31 74.,0 10.,2 62.,1 10.,5 

Kidney- 3.,93 2.,50 6.,12' 4.,22 7.,24 4.,76 11.,3 7.97 
.... 

Adrenals .,049 .,96 .,03 . .,60 .,039 .,472 .03 .,65 

Thyroid .on .38 .02 1.,0 .t: .oos <.,25 .,01 .,42 

Lymph Gls. .053 .49 .,07 .,56 o058 .46 .,08 .,79 

Pancreas .,77 ,;98 .81 1.,45 o81 1.30 .97 1o56 

. Brain .019 .,011 .02 .,02 .,023 .013 .02 .o1 

Fat .,041 .,03 .,030 .,03 

Teeth .,019 .,15 .05 .25 

Stomach .,43 .,30 .32 e12 .,44 .16 .21 .,15 
~. 

Sm., Int. 4.,23 .,64 2.,82 .,40 .,98 .,15 .,64- ol3 

Lg. Int. 2.,50 .,56 1.43 .20 .98 .,17 .. 21 .os 

Bone 2.42: .,15 3.,34 .. 10 2.,60 .14 1. 77 .,09 

Muscle 1.00 .,011 1.,38 e02 1.37 .016 1.,49 .,02 

Skin 2.,50 .,092 2.,65 .,08 2.,42 .082 1.,05 .,04 

Ovaries .,073 .,714 ,.07 1,.12 .,044 .,33 .,02 .,33 

Eyes .. on .038 .,011 .034 

n ... ;,~, . -~1 < .1 .,15 .,52 
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content of the radio-cadmium in the blood 9 muscle.~~ brainD and skeJ.eton is very low., 
Excretion is almost entirely by way of the digestive tract and ·vGry possibly the 
liver acts as the source for most of the radio-cadmium excreted. The absorption 
follovring oral administration was observed to be ;o25 percent of the amount given 
by stomach tube., This is not a lower value but is believed to actually represent 
true absorption for this quantity is based on the radio~cadmimn found in the liver 
and kidney in the stomach tube experiments., Toxicological work done in the past 
with cadmium using macroscopic quantities indicates that_the liver and kidneys are 
the principal :>rgans of deposition and retention of this -element. The available 
data is not as complete and also the amounts of cadmium employed approached and 
often exceeded, the toxic level of this very poisonous element. 

other Tracer Studies. Tracer studies with carrier-free radio~vanadium have been 
initiated as well as a series of tracer experiments with carrier-free u230, 
which.h:is been obtained through the cooperation of the Chemistry Division of 
the Argonne National Laboratories, from a thorium target bombarded with 20 Mev 
deuterons at Berkeley., The purpose of this is to obtain data on the distribution 
of uranium at a level which can be considered carrier-free as compared to the studies 
done both here and elsewhere using u233. We now have available a preparation of 
very high specific activity Eul54, which is in the range of 2 to ·5 microcuries per 
microgram and we· plan to do tracer experiments ·with this element shortly., In addi­
tion.~~ we have a ·target of tantalum which has been bombarded with 200 Mev deutEJrons 
from the 184 inch cyclotron., From this sample we hope to isolate sufficient amounts 
of long-lived radioactive isotopes of thulium and lutecium in order to make some 
preliminary tracer studies with these two heavy rare earths in the carrier=free 
state., This is an issue of considerable importance since the chemical and physi-
cal properties of the heavy rare earths are much closer to those of yttrium than 
the lighter members of the rare earth series~ such as lantham.un, cerhun8 praseo~ 

d;ylTciu.m, neodymium 9 and element 61. It will be of interest to see whether the 
metabolic characteristics of the heavy rare earths fail to demonstrate 9 as docs 
yttrium,· the striking and characteristic properties of the lighter members vrhich 
accumulate to such a high degree in the liver and are deposited in the region of 
the small blood vessels of cortical bone., 

Decontamination and Bone Metabolism Studies 

Kinetics of Skeletal Uptake and .Urinary Excretion of Radioactive Strontium., Be­
cause of its long half-life-and ease of absorption from the- inteB-tinal tract, 
radioactive strontium is one of the most dangerous products of fission from the 
point of health hazard0 Because of its close similarity to calciw, in biological 
behavior it provides an excellent tool for studying basic calcium and bone metab­
olism., 

In this experiment 11 the kinetics of skeletal uptake and urinary excre­
tion of radioactive strontium were studied quring the cri teal first hour f'ollowing 
intraperitoneal injection of a carrier-free dose of Sr90., Three groups of rats 
were compared0 

1., Mai::ure adult females = in which skeletal gro11rlh had ceased., 
2. Young normal rats - in which active bone formation was taking place., 
3. Young: rachitic rats ... (reared acco_r-ding to specifications of USP 

XII for standard 1ri tamin D ·.test animals) 

In the rachitic animals nevv organic bone matrix is being formed 9 but 



this matrix does not calcify~ The rats were sacrificed at 5, 10, l5g 30 9 and 60 
minutes follovving injection, and th~ percent of the dose of radioactive strontium 
in bone"' blood., soft tissues 11 urine 1and feces was calculatedc The urine figure 
included ·bladder washings o The average value for .each organ was plotted against 
time following injection to give the radioacti've strontium uptake cu~ves 0 

The skeletal uptake cu:rves for all three groups are shown in Figure lo 
It will be noted that the uptake by adult bone occurs at a slow and steady rate 
throughout the hourG The initial ~ptake by both normal and rachitic young rats 
is very rapid 8 but tapers off sha~ply towards the end of the houre Tangents drawn 
to these curves at the different points give a measure of the rate of radioactive 
strontium uptake at that time., This figure~> divided by the total plasma stronti~, 
at the same time gives a measure of the specific uptake of radio=strontium, expressed 
as percent of the total plasma ttcleared 11 of strontium by the bone per minute.,. These 
specific uptake values are shown 9 plotted against time, in Figure 2& 

The specific uptake by adult bone is almost constant 9 indicating that 
the radioactive strontium is passing steadily from blood into bone during this one 
hour period. This may be explained by a simple adsorption and exchange of strontium 
with the non-radioactive calcium of the bone salto 

. In both the normal and rachitic young animals, the uptake is initially 
very high~ but falls off very rapidly., This may best be explained by a very rapid 
uptake by bone in a labile combination from which radioactive strontium is actively 
released:towards the end of the hour. Since this effect is equally prominent in 
the non=calcifying rachitic rats, it is not-due to calcification per se, but is 
probably associated with the organic osteoid matrix present in both young groups., 
This labile combination with the organic bone matirix may be the first step in 
the normal calcification processo The greater overall uptake by the normal young 
animals is probably due to fixation of the radioactive strontium in the depositing 
bone salt .. 

The ·curves for urinary excretion with time are shown in Figul:"e 3 o VVhen 
the specific excretion is calculated (as above) as percent of the plasma ncleared 11 

by urinary excretion per minute~ it is found that this remains constant in all 
three groups throughout the experiment., The clearance in the rachitic rats vras 
almost ten times as great as that in young and adult normal animals 9 indicating 
a specific effect of rickets on the excretion of radio=strontiume This ten fold· 
increase in excretion rate may be of some interest from the point of view of 
decontamination .. 

Effect of Zirconium Citrate Treatment on the Distribution and Excretion of 
Radioactive Yttri uin, fntraperi toneal injection of ·large-doses-of ztrconium citrate 
has beenfound to increase the urinary excretion and decrease the bone deposition 
of plutonium following intramuscular or intravenous injection. Because of the 
metabolic similarity of plutonium and yttrium$ it was f'elt that a similar effect 
should be obtained with the latter e Re.dioacti ve yttrium is not only an important 
product of nuclear fission 9 but as a beta e:dtter!J it is much easier to measure, 
For both reasons 9 the following experimer,-!:;.s ,,.,-,::re carried out using rad:l.oactive 
yttrium as a 10 stand=in11 for plutonium 0 and the effect of the timing of the treat= 
ment on th.e ef'fect obt~ined was investigated, 

Skeletally mature adult female rats were used 0 They were injected 
intravenously in the right jugular vein with 40 microcuries. of' y90 in isotonic 
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saline at pH 5 - 6. Treaunent consisted of 40 mgo Zr as zirconium citrate complex 
in lo6 cc. administered by intraperitoneal injection either: 

1 •. 48 hours prior to the injection of radio~yttr.ium (pre-treatment) 
2. at the same time as the dose of radio-yttrium (immediate treatment) 
3. 48 hours after the injection of radio-yttriu.m (post-treatment) 
4. controls - no treatment 

·urine and feces were collected daily and the animals were all sacrificed 
after 3 days. The results obtained are given in Table X. 

Treatment with zirconium citrate at the same time as the injection of 
radio~yttrium had a profound effect on the distribution of the yttrium. Urinary 
excretion was increased almost ten fold (from 8.,8 to 68.4 percent), deposition_in 
liver was markedly reduced less than half that of the controls (44.9 to 20.,3 per-qent)., 
This tremendous effect was not produced when the treatment was given 48 hours beforE), 
or following the injection of radio-yttrium., In the latter cases 9 the fir;ures did -­
not differ significantly from those in the pontrol animals. 

This remarkable effect of immediate treatment with zirconium citrate 1nay 
be explained as a 11carriern action of the massive. amount of zirconium citrate com­
plex. Blockage of receptive bone groups by Zr is unlikely, since in that case 
there would be more effect in the pre-treated group. Ionic exchange of Zr with 
radio=yttrium already deposited in bone does not appear to be the main effect, since 
in that case 'more response would be expected from the post-treated group., 

It remains to be seen whether bone resorption oy physiological means may 
free chronic deposits of radio-yttrium or plutonium in bone so that zirconium 
citrate treatment may be effective in removing it from, the body. 

Severe Phosphate Deficiency as a Means of Demineralization. Severe phosphate 
deficiency has been found to be one of the most potent means of producing bone 
resorption, the severity of the deficiency. A method has been developed for puri• 
fying the fibrin used in this diet by iso-electric precipitation so that a syn­
thetic diet is not available containing less than Oo005 percent P. This is less, 
than one third that of the l01·1rest diet hitherto reported. The effects of this 
diet are now being investigated. 

Comparison of the Metabolism of the Alkaline Earth Metals. A comparison of the 
metabolism of calcium, strontium, and barium has been made using the radioactive 
isotopes. All three are quite similar in their general behavior 8 but the excretion 
increases as the atomic weight increases. The general results substantiate the 
similarity of calcium and strontiumll (carri!Sr~free) and the validity of radio~ 
strontium as a 11stand-in11 for calcium., 
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TABLE X 

Eli'FECT OF TIME OF ZIRCONIUM TREATJ'IIlENT UPON THE UPTAKE * 
DISTRIBUTION, AND E.."X:CRETION OF INTRAVENOUSLY INJEC'I'ED y~O 

UCRL-98 

Controls ~ediate Treatment Pre-Treatment Post-Treatment 

Carcass 44 .. 9 20.3 44.,4 43.,0 

Femur 2 .. 1 o .. s 1.,2 2.0 

Liver 28e5 1.,7 29.5 25.,0 

Kidney 2.4 093 2.0 2 .. 0 

Uri11~~ 
0 ... 1 day 8 .. 8 68.,4 7 .. 3 7o7 
1-2 days 2o4 1 .. 6 2 .. 7 2.,5 
2-3 days 1.,3 1 .. 2 1.,7 2.3 

l<'eces 
0-l day 3.7 2.2 469 3 .. 6 
1-2 days 3o5 

' 
2o7 2.,9. 7.,4 

2-3 days 2.,4 0.8 3.4 4.,5 

* Values equated to 100% (actual recovery 89-98%) 

TOTAL EXCRETION 

Urine· Feces· 

Controls 12.,5 9.,6 

Immediate Treatment 71.,2 5.,7 

Pre=treatment 1le7 11.,2 

Post-treatment 12.,5 15.,5 
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Radi:O-Chemioal'Isolation· 

~ Carrier-free yttrium was obtained from a strontium target, following 

·. 

deuteron bombarament~ by a method previously reported. Carrier=free rubidium 
v,ras also· prepared f'rom this target and the strontium activityg though not 
carrier-freeD was obtained free of other contaminants .. 

Following deuteron bombardment on a molybdenum target, carrier-free 
technetium was obtained by a method reported earlier.. A method was developed 
for_ obtaining carrier-free vanadium from a titanium target bombarded with deuterons., 
The titanium powder is dissolved in H2so4 , taken to drynessD and fused with Na2co3 ~ 
Vanadium and scandium are extracted vvi th vvater from the fused mass G Excess salt 
is removed by repeatedly evaporating to a small volume and sa·t;urating the solution 

.with HCl., Sc is removed by extraction wi\;h T.T.A. in benzene at pH 5., Ca is 
removed by extracting with T.T.A. at pH 7a9b using Ca carrier .. As a final precau­
tiono small amounts of SeD Ti, and Ca carriers are added and removed by precipitat­
ing the hydroxides from boiling lN NaOHo It is believed that carrier-free scan­
dium will also be obtained from this target9 though this work has not been completed., 
.The decay of a small amount of Ca activity is being followed., 

Carrier-free radio~silver v~as obtained from.a palladiv~1 target by a 
method previously reported., 

A Cb~Zr solution was received from Oak Ridge ar1d from this solution9 
carrier-free Zr was separatedo The columbium v;as removed by carrying -..vi th l\/Tn02 
in lON HN03s This method was taken from the project literature., During this 
period a. solution of Eu154 was also received from Oak Ridgeo 

Viork is progressing on obtaining carrier=free protoactinium from a 
thorium-target-by methods from the project literatureo Carrier-free germanium 
has been obtained from a gallium target by distillation of the bromide., 

The activity of a Be7 sample is being followed., The half-life 
obtained is about 52 days which agrees closely with the latest reported valuese 
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II. BIOLOGICAL STUDIES OF RADIATION EFFECTS 

J. H. Lawrence - in charge 

Project 48A - II 

The .Radiolo~ical Use of High Energy Deuteron Beams 

by C. A. Tobias, .Hal Anger» P~ Po We~nouth and 
R. Lowry Dobson 
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Introductiono With the completion of the 184 inch cyclotron in Berkeley (1) and the 
successful construction of a deflector system» it wa,s poss ihle to bring the 190 
Mevdeuteron and the 380 Mev alpha beams out into tht-.airi'(2), and to begin a study 
of the effects of these beams by d:i:rect irradiation of biological specimens. The 
direct biological use of deuteron beams was attempted earlier in Berkeley by 
Marshak, MaoLeish, and Walker (3) in 1940o These and other investigators have been 
aware for some time of the potential usefulness of high energy particle beams for 
radio-biological studies and their sui ta.bil:i,;!;y for biological inv-estigations. 
R. Ro Wilson (4) advanced the idea of using,fast proton beams to deliver radiation 
doses to selected deep-lying regions of the animal body without injuring the skin 
and intervening tissues. R. E. Zirkle (5) pointed out that .such particle beams 
may be focused or screened until a. cross-section of thebeam is small enough to 
study effects of irradiation under the microscope on single cells or on parts of 
single cells. 

Outline of Potential Uses of High Energy Particle Beams o It seems vrorthwhile to 
enumeratehe:re-someOfthe physical principles on which expectations are based 
concerning potential use of the cyclotron beams in biology and medicineo These are 
as follows t 

lo Accelerated charged particles from the cyclotron 1nay be focused so. 
that their paths form a parallel ray through a considerable thickness 
of material. Since the number of such particles may be measured with 
ease, parallelism appears to be of advantage in the study of certain 
biological actions of radiation,~~ especially when the target hypothesis 
is involved. 

2. Each particle as it leaves the cyclotron has •fi·:),j_:n close limits the 
same _specific ionization and rate of energy loss :i.n . :r,·:;~;cro The 
ionization me.7 be measured in an ionization chamber quite accurately11 and 
th1.s property together with the one mentioned above enables one to 
deliver accurate doses of particles with uniform ionization. The 
precision afforded by these properties is of value when the dependence 
of biological effects on specific ionization is to be studied 
quantitatively. ·In contrast, when using X~ray beamsp gamma rays.o or 
beta rays to induce biological effects 9 one always deals y'fi th a . 
number of ionizing electrons distribut.eci in random directions and having 
great variations in their specific J.onizationo Thus the relationship 
between specific ionizations number of particles~ and direction of 
narticles is hard to derive in these caseso 
~ ~ 

If the various available beams (proton!) deuteron, alpha 8 carbon ) leave 
the cyclotron with the same speedll their specific ionization will va-.y 

-:-":!::':'"---~:----· -·---·~-·---------·----"ir"--·------- .. -------· .. ··-·---.,;..::,--* The use of carbon has not been attempted in the 184 cyclotron thus faro 
In the 6011 cyclotron weak C[\rbon beams are availableo (11) 
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in proportion tothe square of the charge on their c9mponent particles. 
Thus the ionization ratios of proton to alpha to carbon particles >rill 
be 1 to 4 to 36. 
This affords tests for biological effectiveness at widely varying 
levels of specific ionization. 

3. High energy particle beams produced in the cyclotron are very 
penetrating. For example, the 190 volt deuteron beam now available 
P.~netrates about 17 centimeters of soft tissueo Scattering is of 
much less ~mportance than in the case of X-ray beams or electron beamsp 
and the lil"e!:lr penetration of the beam thus allows one to hit targets 
lying deep tmder the skin quite accurately9 and as will be seen 
below, somewhat selectively. 

4. The rate of energy loss in matter increases as the particles lose 
energy, and reaches a peak just before they stop. This relationship 
is expressed usually with the well known Bragg curve - to be reproduced 
and studied later in this paper. Correspondingly the particles ionize 
JnOre heavily neD.r the end of their range and the dose delivered may be 
greater near the termim:.l end of the beam. This is the property that 
affords selective irradiation of deep-lying tissues. 'rhus highly 
selective irradiation of well defined internal regions of the animal 
body may be possible for the first time without the necessity of 
surgical procedures. 

5o Single particles or a small bundle of particles r.1ay be directed to well 
defined regions of individual cells and the effects of irradiation of 
these regions may be di~ectly observed. 
The above properties show that high energy particle accelerators become 

very versatile tools in the study of the biological effects of radiationso In fact, 
it is hoped that their use might increase our knowledge concerning the. fundamental 
nature of the radiation effects, in addition, they also may become valuable 
experimental therapeutic tools to produce regression of'tnmors and other localized 
therapeutic effects. 

ExJ;:~~iments _£onc~~._I::_ing t~·~:!1ysic~l:_ P~O.l?_~?rties of the Beam. Before the new 184 inch 
cyclotron was put to use for biological experimentation, it was necessary to perfor.m 
a number of tests concerning the physical properties of the beam and to confirm the 
theoretical relations on which some of the previous paragraph vras based.. In order to 
do this, an apparatus·· was constructed to be used in the study of the ionization, 
scattering, and absorption of the partic!l.es. The berun was brought out into the air 
by a COJV-binatipn of ·magn~tic ;f,lnd electro-static dei'Lec;t;ion (2.). The particles emerged 
from the vacuum chamber through a 1/s••: aluminum v'tindow vrell collimated so that their 
divergence was only a few minutes of arc.. Figure 1 shows the arraneement used for 
the ionization and scattering measurements. Various instruments used in this connection 
were mounted on a set of parall,el tracks ~·rhich were aligned ~xactly in the direction 
of"the beam. For e.lignment a special ionizatiqn chamber was used having four segments 
(F'igure 2) o 
On the tracks the following instruments "N0re mountedg 

1. An ionization chamber to monitor beam intensity and ionization., 

2. Absorbers of varying thickness and varying materials .. 

3o An analyzing ionization chamber placed immediately behind the absorbers. 
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The ionization current in this chamber was compared to that of the 
monitoring chamber and plotted in function of the absorber thickness., 

4., A ,Faraday Cage was mounted behind all this equipment in an. evacuated 
box.. This collected the particles of the primary beam and measured 
their fluxo 

5o Photographic plates could be mounted to intercept the beam in 
various positions and angles., 

) 

After the necessary physical measurements were completed, the various 
instruments were removed except for the moni torine; chamber and a. se·t of absorbers 
behind it., A suitable holder was mounted behind these to hold the biological 
specimens. which then could be exposed to the beam., In the particular experiments 
described below mice were exposed., They were confined to a small ,plastic cylinder 
with thin ·walls and this oylinder was held in the beam by mee.ns of a nv~ shaped holder .. 
For schematic details see Figure 3o 

Information was being sought regarding four types of interactions of the 
bemn with matterg 

1., Inelastic collisions. Some of the fast particles interact with the 
nuclei of atoms 1 producing transmute. tions., These .particles are removed 
from the beam, thus decreasing the beam current.. At the same time the 
transmutation products may add some other types of ionizating "particles 
to the beam., 

2o Range straggling. The range of the fast particles produced in the 
cyclotron shows fluctuation al!"ound the mean range's ene·rgy loss in irtatter 
by producing ionization and excitation is a statistical process., 
Measurement of the distribution of ranges is of importance in the 
determination of dosage., 

3., Multiple elastic scattering., Collisions vvi th atomic nuclei result 
in deviation of some of the fast particles from their original direction 
and it pro~uces a widening ofthe beam near the end of the range., 

4., Specific ionization, and specific energy loss in function of the 
particle energy and range. 

~. Good theoretical formulas are available to predict most of the above 
a properties, but they have not been checked experimentally thus far in the 200 Mev 

range. 
Results. The data obtained are preliminary and incomplete. They allowed us however 
to start some biological experimentation and to verif'y some of our hopes as to the 
potential usefulness of the beam,., The best data vre have are in aluminum e.bsorbers 
and in polystyrene., 

Figure 4_~hows one of the Braes curves obtained in aluminumo The mean 
rane;e ~ "' 17 .. 8 g em and the extre.polated ra:nge R0 ::e: 13,1 g cm-2" The mean range 
vras used to evaluate the deuteron energy to be 190 Mevo Range energy tables prepared 
by Serber et al (6) and Smith (7) were used., The root mean square fluctuation of the 
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range is computed from the formula 

R 2 ) 
m 

2 
'" 0,.107 em 
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This may be checked against an approximate formula for the straggling, derived by 
-Wi~~on (8)» from Bethe 0s accurate equations for enerey loss (9), and valid in the 
particular energy regione 

(1) 

where ~ is the mean· range in em,. 

Eo is the rest energy of the deuteron in Mev (1B60 Mev). 

N is the number of atoms per cm3 of absorber., 

z is the atomic number of the absorberc 

7. is the atomic number of the fast particle,. 

For deuterons we get R2 
"" OolO cm2 from the theoretical formula.. 

There is agreement betvveen experimental and theoretical values for the 
• straggling .. Since equation (1) is known to be on sound theoretical basis, this 

result may be taken as an indication that the deuteron energy is homogenous., 

The range energy relationship for aluminum was checked by measu~:t:ng the 
bea.,'Tl current in function of the absorber thickness in the Faraday Cagee ,A typical 
result obtained is shown in Figo 5., Here the charge collected on'· the Faraday cup 
per unit ionization current on the monitoring chamber was plotted in function of 
the aluminum absorber thickness. The observed curve has two components: a~ the 
nbackground 11 effect_, mostl;y· due to electrical leakage and to a small extent to 
ionization of recoil protons from the neutron background; "a" should be subtracted. 
The component ''b''' resembles somewhat the expected curve.. Its straight part is 
sloping slightly corresponding to inelastic collisions and wide angle elastic collisions 
which miss the Faraday cup., The 1tm mean range and 6 R correspond well to the figures 
obtained using the Bragg Curveo The part of the curve that falls off rapidly 
represents the straggling of the range of tJ:le particles., With improved technique 
it is hoped that more exact curves will be obtained in the future~ 

~ From the slope of component b 9 as well as from the deviation of the 
~ 

Bragg curve from the theoretical one.!> the combined cross-section for inelastic 
scattering and wide angle elastic scattering may be estimated. 

In 16 g/cm2 aluminum about 25 percent of the beam was affected due to 
these causes o The overall cross section for the above remge is 

(Aluminum) 
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The theoretical rate of energy loss was checked by comparing 
ionization measurements in the monitoring and detecting chamber to beam current 
measurements., If the beam is on for a time interval t and we have the :p.umber of 
deuteron particles ttntt in the beam from Faraday cage readings, 

n =--~ = Cr A Ef 
ze ze 

where "Qf = total charge collected., 

~ capacity of cage leads to ground., 

change in potential slidebacke 
voltmeter 

ze = charge of particle 

From ionization chamber measurements 

... 
lze t> dE 

dx 

(2) 

(3) 

"iNhere QI "" change collected in saturation current of ion chamber. 

Cr ~ capacity of collecting electrode and leads. 

potenti.al change of slideback voltmeter during exposure. 

dE = 
dx 

effecti~e length of chamber. em of air., 

rate of energy loss of particle per g airo 

density of air·gcm-3 

The agreement between ionization and component b of the beam 
intensity was excellent, confirming the theoretical values of dE within the 
experimental error., di 

Wilson also gave an approximate, expression for the root mean square 
deviation of the particles of the beem from their original straight trajectory due 
to multiple scattering_, _based on 'lNilliamsu calculation of scattering (10). 

Yrms .., 5o7 

1 \ 0 h5 
( Z )~ E .ov 

R -··· ( 2 o ' Eo NZz R J (4) 

\ 
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The theoretical rate of energy loss was checked by comparing 
ionization measurements in the monitoring and detecting chamber to beam current 

"" measurementso If the beam is on for a time interval t and we have the :p.umber of 
deuteron particles un1

• in the beam from Faraday cage readings, 

•.. 

.•. 

n "'-~- = Cf A Er 
ze ze 

where '"Qf = total charge collected., 

= capacity of cage leads to ground., 

change in potential slidebacka 
voltmeter 

ze = charge of particle 

From ionization chamber measurements 

"' lze {> dE 
dx 

(2) 

(3) 

where QI"" change collected in saturation current of ion chamber.· 

Cr ~ capacity of collecting electrode and leads. 

EI = potential change o·f slideback voltmeter during exposure. 

l s effective length of chamber~ em of airo 

dE = 
dx 

rate of energy loss of particle per g air .. 

density of air gcm-3 

The agreement between ionization and component b of the beam 
intensity vres excellentg confirming the theoretical values of dE within the 
experimental error., di 

Wilson also gave an approximate expression for the root mean square 
deviation of the particles o.f the beam from their original straight trajectory due 
to multiple scattering, based on Vifilliams u calculation ·:Jf scattering (10 ). 

Yrms ""' 5o 7 

1 . 

( Z )'2' E > 0.,055 
R---~ ( 2 o, 

Eo NZ'z R 1 (4) 

\ 



UCRL 98 

-26-

This formula was checked by measuring y • Photographic plates were exposed to 
t:Q_e beam and placed behind various thickW~sses of Al absorbers. The density of "l;;he 
plates was measured with a photoelectric cello 

Experimentaliy Yrms = 0.8 em 

Theoretically Y~s = 0.4 em 

The measurements will have to be further refined, and the validity of the 
deviation of the formula. vlill have to be checked further. 

The above measurements were repeated on polysterene. They yielded 
generally the expected results, but will be reported later when more complete data 

.will be available. With the aid of the stopping power s (for tissue and polysterenc, 
a.s compared to air s • 1.06) and with formulas (1) and (4) we have now enough data 
to determine the dose in any depth of animal tissue from ionization measurement 
in the monitoring ion chamber. The dose may be conveniently expressed in 
rep units (1 rep = 83 erg g~1 tissue). Along the center of the beam the dose rate is 

where t = time. 

= ·(I - I 0 ) e S ~) x = c 
laze. f('L ,a.). ( ~) 

dx x 

I = ionization current. 

I
0
= background ionization current. 

E: = energy per ion pair. 

S = stopping power of tissue to air. 

(5) 

= 0 

~ = tissue thickness (variable tissue thickness is denoted by x). 

a = area of beam aperture 

f(~~a) =area correction due to scattering 

·l = effective length of ion chamber 

ze = charge of particle 

~=density of air 

dE 
( ·-~ ) = rate of energy loss in tisc;ue of. the high en.er,'·.,)·y particles at x = o dx x=o ·' ~ 

( dE ) . • measured rate of energy loss (from Bragg curve) in tissue at x .~1: 
dx x="t"' 



.,., 

while the_density of the particles arriving at depth G is given by: 

where 

dP 
dt 

1 
af( Z: _.a) 

(1 "'6t N t;) 

6"t "" cross section for inelastic collisions in tissue., 

N = number of atoms per cm3 in tissue., 
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(6) 
II 

The above results show that even though deuteron beams are suitable 
to deliver a somewhat selective dose. in a deep lying part of tissue, in the case 
of the 190 Mev deuterons 9 the ratio of specific ionization between peak value and 
its value at the skin is not as favorable as vms predicted for protons by Wilson. 
90 Mev protons or 380 Mev alpha particles seem to be more suitable. The dose 
delivered near the end of the particle range may be made relatively large c9mpared 
to the dose received at'the skin by special methods. One might be able. to use a 
conically converging beam wi.th the focus at the peak of the Bragg: curveo This 
method would be expensive however. An alternate method would consist of cross 
firing, that is of irradiating the same spot in the tissue from various direqtions 
by successive exposures or by rocking the biological specimen around the point 
wher~ the dose is to be delivered. The data given above only represent the first 
step in a planned series of measurements in which the properties of proton and alpha 
beams also will be investigated in a more precise manner and in much more detail. 

Lethal Effect of the Deuteron Beam on Mice. A photographic plate was exposed to 
the beam in the spot where the mice were placedo {See Plate I) The circular blackening 
is due to the effect of the beam crossing the plate. The bakelite cylinder holding 
the mice v;as put on the 16Vn shaped holderp indicated in the photograph~ in such a way 
that the deuteron particles crossed the body of the mice longitudinally and the 
density of deuteron particles was about constant throughout the whole cross section 
of the animals., A glance at the range energy curve or the Bragg curve tells us that 
almost all deuteron particles will cross the mice and come out still having a high' 
energy., Thus they were exposed to uniformly high energy particles 11 their average 
energy being about 170 Mev and theJ.r average energy loss per gram tissue being 
about 7.,2,1\IIev g ... 1cm2 .. Because of the high intensity of the deuteron beam, the 
individual exposure time lasted only a few secondso One sho1lld keep in mind 9 however, 
that the cyclotron beam is an intermittent one., Under the conditions used 9 there 
were 90 pulses of particles per secondD each pulse lasting for 10 micro seconds only .. 
Six groups of 25 mice each were exposed to the deuteron beam9 and four weeks 
following bom1JardmentD the animals were examined for radiation effect., Figure 6 
shows the percentage of mice survivJ.ng in function of the dose given in rep., The 
50% w· appears to be 150 t 30 rep and the mean time required for obtaining this dose 
was 15 secondso * Since the LD 50 for the same strain of Bagr~ Albino mice was found 
to be 675 r for 180 kv X~rays when the exposure lostr;d 2 hours .9 one might be tempted 

=l •The mean dose rate was 10 rep sec 9 but the instantaneous dose rate during each 
pulse of beam amounted to about 11 9 000 rep sec=l. 
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to say that the effectiveness of fast deuterons compared to X-rays is 4., In all 
probability this would be erroreous in view of the fact that data obtained with fast 
neutrons by Dobson (12) indicate that in addition to specific ionization effect there 
is ~ time factor involved tooo The average energy of the recoil protons in the 
neutron experiment was 90 million volts even though a considerable number of the 
protons had different energies.. 90 Mev protons have the same ionization as the 180 
million volt deuterons.. With the accurate dose measurement available one >~uld 
expect to get the same lethal dose for protons as for deuterons.. However, the lethal 
dose turned out to be about 675 rep when the bombardment was given in tvvo hours 
and 1300 rep when it was given in 24 hourso If we are to believe these results. 
we have a definite indication that the extent of lethal effect depends·on the length 
of time for bombardment, that is on the rate of dosage.. Zirkle (5) has found that 
fast neutron doses obtained in the pile, using neutrons fror .. uraniu.':ll .fission11 were 
also more effective if the time of exposure was shortero In the light of these 
results one should evaluate the lethal effects caused by deuterons in taking the 
dose rate into account., Figure 7 has the lJ) 50 plotted for Bae;r; Albino mice in 
function of the time of exposure. The results are plotted in a log-log ch&rt and 
it is surprising to see that the three points obtained lie close to a straight line. 

JWaluatine.- the results,. we discover that the dose given is approximately 
proportiona~e to the 4tn root-o~the length of time of bombardme~~ 

1 
ill 50 (t) = constant x t 4 

The weight loss of these c oups of mice was also determined and the 
average weight loss is plotted in Fig .. So 'l'he mean time of death appeared to be loss 
(about six days) than that obtained with LD 50 of X-rays for a tvm hour bombardmen1; 
(12 days)o Blood counts were made on several mice and the dnta available up to now 
indicate that changes observed are very similar to those observed after exposure to 
X-rays or neutronso Gross examination of the animals during the course of the 
experiment revealed that most of them had typical signs of radiation damage., Post 
mortem examinations revealed hemorrhage in some of the animals and this added to our 
belief that they died from radiation injuryo The present facilities permit us to test 
the J1) 50 with the beam up to about two hour exposure time. At this t:i.me the fast 
neutron background becomes lare;e enough to interfere with the results.. Lo Wo Alvarez 
suggested that one might obtain higher dose rates than the ones reported here by 
exposing the mice directly to the internal beam.of the cyclotron., This would probably 
allow one to produae J1) 50 dose in a.1lout 1/10 of a second., 

Discussion The above described experiments signify only the beginning of a long 
range of work that is being taken up using the cyalotron as a biological research tool • 
. One should say at this point that the nevmess of the instruments and techniques make 
the data presented somewhat uncertain and we expect to improve .their nccuracy in the 
futureo ·t 

I 

Summaryg The suitability of the 190 Mev deuteron hefl.m <1.s a source of radiEctlon for 
Producinr? biological effects was jmresti;:catedo There is D. :e:ood indication thc:'c fast b ....... - I_ ........ 

particle beams will become precision tools in the study of the biolocical effects of 
radiation and in expe:r:imental tumor therapy., The lethal c:"foct of the high energy 
deuteron beam on Bagg Albino mice was :rneasuredo The LD 50 vvas 150 rep when the length 



-29-

of exposure vva.s 15 seconds. The LD 50 appeared to change approximately 
proportionately to the fourth root of the length of exposure time. 

It is a pleasure to -thank Doctors John and Ernest Lavvrence, 
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Dr. Robert Thornton and the cyclotron crew for their interest t=J-nr'l ~ollaboration, 
and Dr. Herbert Moffitt, Connie Tregillus, and Jean Luce for their assistance. 
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Analysis of Micro-Composition of Biological Tissue by Means 
01' Induced Radioactivity 

By Cornelius A. Tobias and Rayburn We Dunn 
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The use of radioactive isotopes as tracers promises a wealth of information 
regarding the biochemical role of most clements and their componnds., Usually a 
radioactive sample of the element to be studied is administered to the plant or animal 
in a convenient form, and its distribution and rate of exchane;e are detemined in later 
assays. This technique has, however 1 certain limitations, two of vvhich -will be 
discussed here. 

1., Radioactive isotopes are not generally useful for measurements of the 
concentration of elements in the body or its parts. They can be used only to give 
a measure of the rate of exchange of the elements. There are exceptions to this rule.o 
for example, the measurement of the total body water by the tracer dilution technique (l)c 
Generally speaking, however# to the knowledge of the authors" no method has betm 
described utilizing radioactivity for studying concentrations of elements in tis3ueso 
There are many important problems concerning trace* elements (2) vrhich involve knovdedge 
of their distribution., Some of ·l:;hese elements, such as Fe 11 Cu 11 Zn, e.nd 1Vh, are k11own 
to be essential to life; others, like B, lU, Co, and Br" "l.re knovrn to be prcsont 9 but 
so far very little is kno1.m about their function. Still others a:re poisonous in minute 
quantities; e.,go, Hg, Se, and Cd. One limitation in the study of trace elements is the 
fact that miorocherrucal or spectroscopic analysis is not quantitative for most elements 
below lo-7 g and there are great experimental difficulties in carryi:ne; out identification 
and assay of microquantities or such el"'m~'mts even in the higher :rangeo It would be 
desirable t 0 have methods of analysis which are accurate to wen below 10~7 g,9 .since 
it seems certain that much new information could then be derived eoncerning the\. 
biochemistry of trace elements in animals or plants, in health or diseaseo 

2o The use of radioactive isotopes for tracer experiments requires that 
the radiation dose delivered to the tissue during the experiment should be small in 
order not to disturb normal biolordcal fu.nctionso The safe limit for protection of 
health is considered to be Oo 1 r ~ p per day, but it is not J.ocO\'m -;;vhother or not such 
a dose might produce important biological changes. B'or this reason 9 it is advisable 
to keop the dose delivered by radioactive tracer isotopes below this safe l:imito 
If certain tissues concentrate or selectively absorb the isotope~ it is sometimes hard 
to avoid hi1>;h dose.ge of such tissues durine; a radioactive "tre.ceru experimonto Another 
difficulty is frequently encountered with short-lived radioactive jso-Gopos' if they sere 
to bo used in a 11tracern experimont involving a considerable tjmo interYal 9 the initial 
dose hc..s to be relatively hic;h in ordor that at the end of the expAriment sufficient 
radioactivj·br will be prcsen·l:; for mensuremonto 

The e.bove bvo difficul-\:;j_os encount<H·eu in the study of trace elemen"Gs may 
be removed by using a very simple technique., ioeo 9 the activation techniqueo It was 
employed first for the purpose of microchemical analysis of trGcoc of t;allium in 
iron by Seaborg Li.nd Livingood (3) in l938o The chemical aspects of the subject were 
·"ev··~ .-..i· .... .,.r~·-1 by ('l~>rlr and Overman (4) rrh.,.. '1S"" of th1· s ·:.~e .. ~.-.. '1··,111.· C1"'!l,q ft'1Y' -t·,1o·loF .. ~.J.· .. ~~l ~+.udi~s 
'· .. '"-"'""~ ' ~-"- • • C) '·' "' '·· " ' "... " ....... --- .. • - •. : "- - ., . ·~ 

--· ------------- .. -··---·--·-·-··--··---·-"-·-·----- -·-·-··· ------------------·-.-,·-------
*~'Traco" elements are stable chemiot.:\1 t:::J.ements 11 the nrescncc; of which i:c. small 
quantities is essential for the lives of plants and ~nimalso '''l'racers'·' arc radioactive 
or stable isotopes of elements suitable for study of the biochennical and physiolor,ic:a.l 
:.·ole of' each element or its compovnds e 



UCRL 98 

·*' was begun by us eHrly in 1947 (5)., For biological experimentation the activation 
technique may be used in more than one •Nay.. tn some instances, where determination 
of the amount or concentration o:E' var:".cus type;s of trace elements is desired 9 one 
mir;ht take a sarr:ple .:)f t1:.e tis:;;·.1e or ·c:i.:;sue ~,~tractll proce8s .it in a convenient way9 

for inste.nce, b:-' ushinr;, then. ·: ::10se t:~e samp~e to a source of nuclear particles 
(for exam.ple, .~·,_ ~:d.lo or a cyclc"Lron)o Sevet~a.+~ of the elements present in the sample 
will become radioactive., After exposure, tlj;~;(4amount of each radioactive isotope 
formed may be measured by standard radioohen:ii:oal. techniques.. If one is .inte~ested in 
the radioactilrn isotope A, produced from a t:ra.ce element B which was preseht in the 
orig:inal sample, one may first :i.solate the 'isotope A by adding carrier amounts of 
A, together· wtth smaller amounts of ea"Jh of :phe other elements which were originally 
?resent in trace quantities, and then separateA chemically .. A pure product or 
com;;>ol;.nd of A me..y then be obtained, which call.:'Pe used to measure and identify its 
radioactivity, end to determine its absolute disintegration rateo If the proper 
p:t<ocedure is used, ,tJ-Jese data should conform with the established data for pure 
radioisotope Ao If,' the cross-section f'or the :·nuclear process which produces isotope 
A from stable isotope B is knovmp and furth~:i'more 9 if the narticle flux F 0 the time 
of exposure t, and the time lapsed ~ince th·~-~Z~xposure are ~lso measureQ.0 then the mass 
of ·the element B originally present in the, san1ple may be calculated from the 
formula. 

where:, X = unknown mass . 
A = atomic weight i, 
R =Avogadro vs nUrp.ber 
F = particle fltii/ 
1\.= 
~= 
t = 
(= 

c = 

decP.,y constant' of induced radioactivity: 
cross=sectioil. of tt'Btt to form A 
length of time of exposure to neutrons 
length of time elaps(~d between neutron exposure 
and time of measurement of re.te of disintegrations 
of the chemically -St?parated sample "A" , . 

t f '• • t. t' f 1 1tA··IV d -t-ra o o . o.:t~l.n. egra 10ns o SP.mp e mea,sure a v 

time ... 
isotope t::.bunda,nce of the :Lsotope 
the nuclear-transmutation in B ., .. ,· . 

responsible for 

An alternative procedure involves. the simul tanoous irrad-iation of a 
saJnple containins an lJnknovr.a amount ():[ B and a reference standard containing a knovm 
amount oi~ B., If the constants of irradiation:;{.are the same for the two samples 9 the 
r•:d:;:to of their induced radioactivities 1iri.ll' J:i~ the .same as the ratio of the masses 
of the known and unknown samples o The above .:qoncentration relationships hold only if 
tl:1e tote,l mass of the sample is so small that,_the fraction of partic1es absorbed by 
the sample is ·small compared to the original number of particles in the beamo At 
the present time,p ·t;he most oonv.;mient source,. for sucJ- activation experiments is the 
3low neutron pile9 and the most prominent nuclear reaction is radiative capture of 
tl·.;.~..;rJXlD.l J:t(:.,u:l;ronse 

A slightly different situation arises if one desires to study the 
cl:i.stribution of a particular element or a compound to which the element is firmly 
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attached in the plant or animal body. In some cases it is practicable to adl'llinister 
to the animal a small or "trace'' amount of the substance under study• in its stable 

~· formo After waiting a suitable length of time, one may carry out an aotivat~on 
experiment, as described above. The measurement of the induced re.dioao~ivity will 
be indicative of the distribution o~fo~e element. With the help of the abo~ formula. 
one may then determine the amount of; element c present in each sample. llc)w.""· sinee 
there is usually a small amount of element C present in eacr part of the tissu•• ev.en 
prior to its addition, one should separately determine the original amount ~d subtract 
it. Thus one may obtain the fraction of the trace dose whic:h was present 1~ the sample. 
This second aspect of the activation experiments raises a questio:;:, which is .sometimes 
overlooked in the'study of metabolism by means of radioactive tracers; n~ely, the 
fact that. the distribution of a radioactive tracer depends a r;rnat deal on its <:\ilution 
by the inactive form of the same element originally and either normally or abno~(llly 
present in the body. In the study of the rate of biochemical reactions of an element 
A, radioactive tracers of A are of value only if the amounts of A present in caoh of 
its several chemical compounds are also knovm. This is expanded in a gene~l theorem 
by Sheppard (6) and certain special cases have been treated theore~ically by one of 
us (7).. Thus the method of actiyation analysis has an important role ~n the dynamic 
aspects of tracer biochemistry. 

One of the most attractive features of the method described in ~is 
paper is its extreme sensitivity., The formula indicates the fac~ors infl~encing this 
sensitivity and one may say that the most important of these is the flmt pt neutrons. 
It has beln stated that the flux of slow neutrons in one of the Clinton pi~ea amounts 
to 5 x 10 

1 
neutrons cm-2 sec-1• Assuming this figure, the sensitivity of this method 

appears remarkable, indeed, since for some elements it is about 1,000 ti.-nes grf)ater 
than that of any other kno1~ method. Unfortunately, a number of important elements 
produce radioactive isotopes with too short a half-life to be useful. St~ll• there 
are some 50 whose half-lives, as well as cross-sections, are suitably largo. ~orne 
of these elements are listed in-Table 1, together with the minimum amounta ~¥be 
measured with 10 per cent accuracy. One should emphasize that the metl'l.ocl -t.~ not 
require special techniques for each element, except those of radiochem~stry.· Furthermore 
it is possible to study the concentration of several elements simultaneo~sl1• 

Experimental., In order to test the ideas outlined above, one normal female mouse, age 
six months, was injected in the tail vein with 100 iJ.g of stable r.;old in the t'orm of the 
sodium gold thiosulfate salte On the 30th day after injection, the animal was 
sacrificed. Upon autopsy and dissection, the various organs of the mouse ~r.e found 
by visual inspection to be normal. A group of 19 representative samples wa• 
selected., 

In addi·bion, 20 ml of blood from a leukemic patient were fractioz;~ated 
into plasma, white cells, and red cells, making a total of 22 biological Se.atJ_)lese 
All samples were wet ashed using; aqua regia and hydrogen peroxiae. Precautions 

I were taken to prevent contamination of the samples with fo1 eign elements. 

Each sample was then irradiated by slow neutrons in the E;anfor4 p~le. 
A:Pt.er irradiation and a suitable cooling period. the o.sh was dissolved a.gaiZl in 
aqua. regia. A small portion was used to prepare sernplos for counting. 1'ypical deoay 
curves from the counting of the la~ter are to be four,d in Figure 1. Th~ 9ft'eett.ve 
ha~f~life of.se;eral of the tiss~e ~sh s&~p~e~ w~ found to-~~ between 14 4Dd 15 days, 
wh1ch w·ould 1nd1cate that the pnnc1pa.l aot1 Vl. ty l.S due to I' • By using TJ'le va~ue 
of the counting rates obtained on the fourth day after removal from the pile, the 
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· relative e.cti vi ties of several of the samples were determined. These data for the 
tissues of the mouse are shovl!l in Table 2, where the samples are listed according 
to decreasing radioactivity per mg of wet tissue. Also listed are the activities 
per mg of estimated dry ash. The radioactiYity per unit wet weight is roughly 
proportional to the phosphcrus ;ontent of each ore.;an, while the relative activity 
per mg dry ash weight is almost constant for most orc;ans, indicating that the ash 
has a constant percentage of phosphorus Jrosent. At the end of 60 days the 
radioactivity of phosphorus lecreased sufficiently to make some of the longer life 
components appear. The radioactivity of the blood fractions from a htumm leukemic 
·patient, sholJI.'Il in Table 3 11 indicates an interestine; conclusicm, l'lCJTioly, that tho 
.relative radioactivity induced in the white cells per mg dry ~~sh weight J.s about 10 
·times as high as that induced in red cells, or 50 times as bi;';h as the radioactivity 
induced in the plasma. Our attention is now focused on isolating the different 
radioactive isotopes which are responsible for the white cell radioactivity.. ~1e 
additional sample contained 10 tJ.g of pure gold, as the chloride • and another vve:.s blank .. 
The gold sample was used to monitor the neutron flux of the pile and to furnish a standar 
for the gold distribution studies, while the other sample was used to determine 
whether the impurities which might be dissolved from the walls of the tubes holding 
the samples could influence the results. The disintegration rate obtained in this 
latter sample was negligible compared to the ones obtained in the tissue ash samplcso 
Besides determining the gross radioactivity of the samples, it vms plarillcd to study 
the distribution of gold and the distribution of a number of other radio-isotopes 
which it was suspected would be formed after such irradiation. A guide for this 
work was given by the results of Cur·bis and Teresi (8) 19 who had previously studied 
neutron activated tissue ash with the idea of determining what the importance of 
induced radioactivities might be in the biological effects due to slow neu·brons in 
the animal bodv., The first part of this work, namely, the study of the distribution 
of gold, is now complete.. Oth£'l:r isotopes with longer half-lives are still being 
studied., One reason for choosing gold vms the considerable experience the authors 
gained in the use of these isotopes in studying rheumatoid arthritj.s (9)o One of 
us (R.D.,) devised a simple technique for quantitaroive separation and assay of radioactive 
gold from tissue ash by means of electroplating (lO)o 

Prior to any chemical manipulation, a solution containing 25 tJ.g of each 
of the following elements was added to each of the activated sesnples s Au, Sr, Ba, 
Zn, Cd, Hg, Co, Se, As, Bi, Fe, and Cu. These were to act as carriers for the 
radioactive isoto;JeS present in traee amounts. To bee.;in the separation, silver vvas 
precipitated as Ae;Clo After the removal of Ag, gold was precipitated by adding 
hydroxylamine hydrochloride solution o.nd hcatine;.. Followinc repeated precipitationc 
the gold was electroplated on platinum planchets., Separation of mercury and other 
elements was subsequently carried out.. These data vnll be reported latera 

Table 4 gives the results of the distribution of radioactive tT,oldo These 
parallel somewhat the data ob abed previously, studying the distribution of Au 198, 
which v.ras injeuted intravenously in mice.. 2.3 per cent of the Au i.nj0eted was 

~ recovered. which indinatcs that tho rost of it -;:ras excreted :in tho one month period .. 
An interesting point ·whicl. should br; notedll and one that; clearly illustrn.tes the very 
powerful possibilities which this ti')C:hnique offers • is shovm in Table 5, which lists 
thr::J Au fmJ.:c.d in the blood of a leukomi0 pl,tient. ThE': c;omputations givo 14 [.t-r; of gold 
for the total vJhite cell volume of the l)ody.. To detrJ:r:m.ine this small amount, o;-:,'l neod0d 
only about 10 co of blood.. li..ll of the; .. At·ove data vrere obt;ained in duplicate sampleso 
70 per cent of the determination checked ,.,ithin 10 per cent.. The rest of them checked 
within 20 per cento Each of the samples obtained also showed some Hg 124 and some 
Ar 107 radioactivity.. It will be necessary to check on the half-lives of these samples 
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before the actual values will be reportedo A second group of elements consisting 
of ironD zincD and cobalt is being processed from the same irradiated tissue samples 
at the present timeo All of the above data have been taken from the tissue of a 
single mouse and one persong and it should be clear that the data should not be taken. 
as finale Analysis of a statistically valid set of samples will be necessaryo 

Discussiono The above considerations and experimental data indicate that microanalysis 
of tissue constituents by induced radioactivity is a very suitable technique for the, 
deterniination of ultramicro amounts of a number of elementso It is expected that 
the technique will play an important role not only in tracer bioche~try but in 
plant nutrition, pharmacology. and toxicology as wello 

Summaryo A technique for the analysis of inorganic microcomponents of biological 
tissue by means of induced radioactivity is describedo Theoretical implications of 
this technique and its connections with radioactive tracer methods ~;we discussedo 
Preliminary data on the radioacti\ri ties found in a set of neutron=irradiated tissue 
ash soomple are reported~ · 
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RADIOACTIVE TRACE ANALYSIS BY MEANS OF THE ·(n9 (f ) REACTION 
ASSUI\IlED NEUTRON FLU'..{ 5 x 1011cm-2 sec=1 

----------....-~-- ---...... ·~-------.. -
Element: Starting Abundance of Final Decay x1024 Minimum-Amount 

Isotope Starting. Isotope- Constant Capture or2ss measured g 
I t ·rt sec-1 

(10?~ accuracy) so ope ~o Section em 

--~~-____ _... .. _,,.,. .. ------··-~-~-

11 Na 23 100 24 le3 X 10-5 Oo4 1 X w=9 

'1' 

10='7 12 Mg 26 lle1 27 1o1 X 10-.:> Oe048 4 X 

13 Al 27 100 28 4e7 X 10~3 Oo23 1 X 10"'8 

14 Si 30 4o2 31 6e8 X 10-5 Ooll 2 X 1o""13 

15 p 31 100 32 5o7 X 10-7 Oo23 1 J:: 10 
=9 

16 s 34 4o2' 35 9o5 X 10-8 Oo26 6 X 10=9 

17 Cl 37 24o6 38 Sol X 10-4 0.,61 l X 
10=8 

19 K 41 6o6 42 1.,6 X 10=5. 1o0 l X w=9 

20 Ca. 44 2.,06 45 4.,6 X 10-8 0.,6 1 i w=7 

!r. 
10-9 10=10 21 So 45 100 46 90 7 X 2o8 4 X 

•. 25 Mn 55 100 56 7o4 X 10""5 12o8 1 X 
.
0

=10 l . 

26 Fe 58 0 .. 28 59 1.7 X w-7 0.,32 4 X w=S 

27 Co 59 100 60 4.,1 X 10""9 Oo73 4 X 10=9 

29 Cu. 63 70ol 64 1 .. 5 X 10-5 3.,1 6 X lo""11 

30 Zn 64 50.,9 65 3.3 X 10-8 0.,51 2 X 10""9 

... ! ~ 

10'~10 ~'<I: As 75 100 76 7.,2 10""0 
4o6 4-·i .Jv X X 

35 Br 81 49o4 82 5.6 X 10-6 2.,25 1 X w=9 

~ 
.. 

10-8 w=lO 47 Ag 107 51.,9 108 3o6 X 1~8o3 1 X 

10~6 "0 48 Gd 114 28o0 115 ~}., 5 ~,,. n .. o 1 ,. lO=.Ji,· -·· .n. 

10~4 =0 s.z; I 127 100' 128 -~:o6 " Go3 2 X lo·· . .-
""' 

79 Au 197 100 198 . 3 .. 10...6 24o5 4 X 10=11 



'•· 

~-

d.38-

TABLE II 

RE.Ll\..TIVE RADIOACTIVITY OF IRRADIATED JI.SH 
ONE ·wEEK FOLLOWING EXPOSURE TO THERMAL NEUTRONS 

UCRL 98 

* Relative Activity 
Tissue Wet Weight 9 mg., Estimated Ash Wt., per mg., per mg .. 

mgo wet v.rt., ash vvt., 
Bone------·· 29.,8 7.,9 480 1,800 
Pancreas 179.,6 3..,9 60 2tJ700 
Kidneys 305.,6 3 .. 9 40 3 9 100 
Thymus 61 .. 8 0.,8 39 3,000 
Spleen 14lo4 2.,7 37 21)000 
Liver 1.9458.,8 57 35 900 
Brain 426.,1 6.8 35 2,2DO 
Heart 107 •. 2 le1 32 3~200 

Lung 175.,2 2.,1 32 2tJ700 
Ovaries 21.8 0.,3 27 2g000 
Adrenals 11.,6 Oo2. 25 ln500 
Lymph Nodes 30 .. 8 0,2. 25 3!)000 
Muscle 70 .. 4 Oo9 24 1.!)900 
Red Cells 0.,15 ml., 3 7 350 
Gall Bladder 14.,6 0.1 14 1.~~500 

Skin 101~ 5.,1 13 260' 
Tendon 5.,4 0.4 10 140 
Gut 3D832o7 64 7 440 
Plasma 0.,15 mlo 3 0 .. 4 20 
Control Sample very small very small very small very small 

Tube (empty) 

*Mean of measurements on two samples., 

Tissue 

TABLE III 

RELATIVE FUilliOACTIVITY OF IRRADIATED BLOOD ASH 
I<"'ROM A PATIENT. WITH t"ThU>HOID LEUKEMIA 
(one week after exposure to neutrons) 

Estimated Ash Wt.!J 
mgo used in determination 

--· --------------------------
Red Cells 114 

White Cells** 8 

Plasma 280 

• Mean of measurements on two samples 
•• The white cells were prepared by centrifu.ging with beef albumen.., 

* Relative Activity 
Per mg., ash vvto 

1 

11 

0.,2 
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Monitor Gold 
Sample 

Liver 

Ovary 

'rhymus 

Adrenals 

Lung 

Lymph Nodes 

Spleen 

Kidney 

Heart 

Bone 

Pancreas 

Skin 

Gall Bladder 

Tendon 

Muscle 

Red & VI/hi te Cells 

Brain 

Gut 

Plasma 

Tot~l 

TABLE r'V * 
DISTRIBUTION OF GOLD IN A MOUSE 

Mass of 
Organ in g 

lo458 

0.,022 

Oo062 

0,012 

0,175 

Oo031 

0 .. 141 

0.,306 

0.,107 

2.,600 

0,015 

3ol00 

Oo015 

Oo050 

llo20 

lo05 

0.,502 

3.,6 

1 .. 0 

25o446 

Amount of Au 197 
per g Wet Tissue 

4 4 10-10 g 
o X 

4 3 10
. -10 g 

, X 

3,2 X 10-lO g 

3.,1 X 10""10 g 

2.,6 X 10=10 g 

~10 
2o2 X 10 • g 

1o7 X 10""10 g 

1.,6 X 10=10 
g 

1.,5 X 10-10 
g 

~10 
1.,1 X 10 g 

1ol X 10=10 g 

1o0 X 
10~10 

g 

1.,0 X 10=10 g 

0 7 10~10 n X · g 

0 65 X 10""10 
0 g 

o,65 x w=lO g 

0.,2 x 10=lO g 

Oo09 X w=10 g 

0.,05 x 10=lO g 

*100 micrograms of stable gold administered intravenously to a 

UCRL 98 

T'ota1 Amount of 
Au 197 per Organ in g 

10 X 10-6 g 

640 X 1o=9 g 

9o5 X 10 ... 9 g 

19 X 
lO ... g 

UoO .. - 10-v 
'-• 

46 X 10-9 
g 

6.,8 X 10-9 g 

24 x: w·~9 g 

=9 
49 X 10 g 

16 X 
10~9 

g 

290 X 10=9 g 

1o,6 X 10=9 g 

310 X 10=9 
g 

730 x w=9 g 

69 x io=9 g 

10 X 10=9 g 

32 x w=9 g 

5 X lQ~~g g 

22'76.,5 x w=9 g 
or-""2.,3% of total · 
injected., 

mouse in the form of gold sodium thiosulphateo Mouse sacrificed 30 days after 
administrationll tissues wet ashed and irradiated in the Hanford Pile., Subsequently 
tho gold .ras removed by radio0hmnical methods., its half=1ife and ~- ray energy verified 
and counted in dunlicate samn1es 



Red Cells 

l'Vhi te Ce Us 

Plasma. 

Wet Mass g 
(estimated) 

130 

TABLE Vo 

DISTRIBUTION OF GOLD IN HUMAN BLOOD 
FROM A LEUKEMIC PATIENT 

g of Au197 
per g wet mass 

11 X 10=8 

Oo4 X 10=8 

Oo07 x 10=8 
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Total Au197 
in Circulation 
of Person 

l4o3 X 10=6 g 

l0o3 x 10=6 g 

l8o5 X 10=6 g 



·REPRESENTATIVE DECAY CURVES OF ASHED TISSUE MATERIAL 
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. REPRrS.ENTATIVE DECAY· CURVES OF Au l98 RECOVERED FROM TISSUE 
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The objectives of this program were d1scussed in the previous 
Quarterly Report (UCRL 41) o 

The present report deals with the hematological changes observed in 
patients treated for arthritis l(vith radioactive phosphorus r;~.dministered 
intravenously a 

The radioactive phosphorus used was prepared in the Oak H.idge chain 
reacti):?-~ pile and standardized at the Radiation Laboratory in Berkeleyo Carrier 
free pv 111ras used in these studiess and was made isotonic for intrav-enous 
administration by the addition of stable sodiumchlorideo Specific activities 
varied from 250 m:i.crocuries/cc to 550 microcuries/cco The lower vr::~.lues for 
specific activity reported in this study are due to lapse of time betv.reen 
preparation and use of material o Each preparation vms checked for toxici-ty 
by means of intravenous administration to :ratso 

Total doses used on pat:l.ents varied from 3500 miorocuries to 
8000 microcurieso Individual doses varted from 500 to 2000 micr.ocuries 11 

administered at weekly intervals~ except in three pattents whose treatment 
course had to be prolonged,for clinical reasons» up to 39 9 40 9 and 41 days 
respectivelyo 

Radioactive phosphorus present in the body was calculated as a 
function of t}).e amount introduced plotted e.gainst-e:x:acJ::!etion and decaye The 
vahws obtained by these calculations are called .the 1'radiation level98 which 
has been described in detail by Doctors Bo Vo Ao Low=Beer 0 John Ho Lawrence 0 and 
Robert So Stone in Radiology9 November 1942o Some discrepancy may exist betw·een 
radiation levels reported~Tll this study and those which have been described in 
the ~iteratur~~2 since the.latter ~aYe been ob~ained from e~Jretion.studies w~th 
carrHlr free P'"' o Excret1.on stud1es are now 1n progress w1. th carn.er free p,32 
on some patients included in the pres·ant stud;r"' so the.!;:; the question of the effect of 
carriers on rate of' excretion can be determined., l''rom thi.s information the true 
radiation level for carrier free P32 can 1;:-;e Qalculat.edo Th0 term \'~radiation 
level" expresses the amount of radioactive mat~rial present in the body at 
any particular time., 

Techniques used in these hematological studies are the s8Jlle as 
described in the Pe Po Ro repprt exeept that blood counts .were not made~da.i!r 
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on these patients, Counts were made each weekll just prior to each treatment, 
After the treatment period counts were made once a week for four weeks, then 
every two weeks for two months 11 then once every four weeks unless some marked 
change was observed, in which case counts were made approximately once a 
vreek., 

Of the 21 patients treated, 4 were men and 17 were womene The 
age range was 16 to 67 years. Twelve of the patients were between the ages of 
50 and 67 yearse Twelve patients have been under observation for a sufficiently 
long time to permit analysis of hematological changeso Only 10 of these will 
br- discussed here.., however, as -charts have been prepared for these patients., 
(Table Noe 1), The remaining 11 patients in this group will be discussed in a 
later report., 

Patients Receiving 6000 - 7000 Microcuries of P32 - (Graphs 1 .. 4)_ 

· Total Vll'hi te Count 

Four of the 10 P~zients considered in this report received from 
6000 = 7000 microcuries of P o Two of these patients showed an uabortive rise•• 
of the total leucocytes and neutrophiles after the first dose of P 32 o All 4 of 
the patients showed beginning decrease in total leucocytes, neutrophiles 9 

lymphocytes and monocytes after the second dose, These decreases became marked 
and reached the lowest value at about the 40th day following beginning of 
treatment .. 

Recovery from the leucopenia began between the 50th and 70th days 
after beginning of treatment~ Original values were restored around the 120th = 
140th day after beginning of treatmento ~vo of these patients showed a second 
decrease in total leuocyte count, neutrophiles 9 lymphocytes 9 and monocytes 
around the 200th day after beginning of treatmento In 2' of these patients 
count rose around the 300th day after beginning of treatment to a value slightly 
in excess of the original count., Both the neutrophile and lymphocyte counts 
showed this rise., In all of these 4 patients neutrophiles and .lymphoc;ytes showed 
the same quantitative effectso The effect'on the p10nocytes was irregular in 
the 4 patientso 

Lobe Index 

Three of the patients showed mafk~d decrease of the lobe index 
beginning around the 50th day after beginning of treatment and continuing 
throughout the observation period~ vmich in these patients vro.s from 350 to 
·400 days., O:he ofL. '~;he patients showed a less marked but noticee.ble decrease 
in lobe indexo 

All of the patients showed moderate fluctuation of red cell and 
hemoglobin values during and imflediately following the trca'~ent periodo . 
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No significant changes were observed in the packed cell volume in 
any of the 4 patients~ 

Sedimentation Rate 

No significant .changes were observed in .any of the 4 patients., 

Platelets 

All 4 of the patients showed very marked decrease in platelets 
at around the 60th day after beginning of treatment.., followed by recovery in 
all cases~ 

Prothombin Concentration 

No significant changes in prothrombin concentration wer~ observed 
in any of the 4 patientso 

Cholesterol 

No changes in cholesterol values were noted for any of the 
4 patientsp _ 

. I 

Patients Rec_~eiving 8000 Microcuries P32 ~ (Graphs 5 = 10) -· . 

Total White Co~nt 

Six patients received total doses of 8000 microcuries of r32 
and 

,.;were observed for periods from 230 = 400 days e One of the patients showed a 
slight abortive rise in total leucocyte count after the first dose8 All 6 of 
the patients showed a marked decrease in total leucocyte count vvhich reaches 
its lowest; point at a bout the 60th day after beginning of treatment., The 
neutrophile count followed the total leucocyte count in all of the patients 
while the lymphocyte cpunt in 4 patients was much more sharply decreased than 
the neutrophiles. Monocyte counts showed fluctuations in all patientso 
Recovery of the total leucocyte count 9 the neutrophiles and the lymphocytes 
began about the 70th day and vJas complete about the 160th ·!:;o 200th day 
after beginning of treatment., In 3 patients the leucocyte count after recovery 
exceeded the original count$ At a11out the 280th to 300th day after beginning 
of treatment a second decrease in total leucocytes, neutrophiles and 
lymphocytes was observed in 3 of the patientso These patients have not been 
under observation long enough to determine the full extent of this decrease 
or the time of recoveryo 

Lobe Index 

Three of the patients shovred marked decre<$e in lobe index~ 
beginning during t:he treatment period and continuing ·throughout the period. 
of observationo 

Erythrocytes_and Hemoglobin 

All 6 patients showed moderate fluctuations in erythrocyte count 
and hemoglobin concentration throughout the observation period., No significant 
changes in packed cell volume were observedo 
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Sedimentation Rate 

No significant changes were observed in any of the patients. 

Platelets 

In 4 patients marked decrease in platelet count was observed, 
starting during the treatment period and followed by recovery which began 
around the 60th day after beginning of treatment., Recovery v.ras complete 
around the 240th - 280th day. 

Prothrombin Concentration 

No significant changes were observed in any of the patientso 

Patients Treated with Total Body x ... Ray Irradiation= (Graphsll- 13) 

During the period covered by this progress report, observation 
of 6 patients.previously treated with total hody x-ray irradiation was 
continued. The only noteworthy feature in these patients 8 hematological 
reaction was the fact that in 3 of these patients the lobe indices continned to 
decrease till the last observation on the 500th, 1180th, and 1220th day 9 

respectively., 

In this report period 5 new patients have been started on P32 

treatment.. Excretion studies are being made on each of these patient~., 
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Metabolism and Effects of Radio-Iodine (I131L 

Earl R. Miller. 

From January 1 to March 31.~~ 1948 9 140 millicuries of r13
)
1 

was received each month and was administered to 34 patients as follows~ 

Tracer doses only (250 microcuries or less)oos•••ool6 

Test doses (up to 2000 microcuries per dose)o••••u 5 

Tracer and therapeutic doses ••••••••••••••••••• 8eoel2 

Therapeutic doses alone$eo••••••o•••••••••••••••••o 1 

TOTAL ••••••••• ~ .. 34 

On certain of these patients the following studies were 
made~ 

UCRL 98 

1. In vivo measurement of uptake of 1131 by the thyroid gland 
r as a function of time following administration of the dose., IVIeasurements 

were made several times daily over a period. of 48 hours o 

2 E t . f I d" 131 . .. xcre lOn o o 2ne in the urine over the same period 
of time. 

In addition to the aboye routine studies 9 special measurements 
and procedures were done in selected case's as follov.rs g 

1.., Autoradiographic studies were made on the thyroid glands 
of ten patients- who had received tracer doses of iodine at least 24-hours 
prior to surgery. 

2. Routine blood counts and urinalyses were done on the two 
patients with carcin.oma of the thyroid who had received 25 to 50 millicuries 
of radioactive iodine several months previously. 

3. The amount of radioiodine in the thyroid gland was measured 
just before surgery in six patients who underwent subtotal thy·roidectomy for 
non-toxic nodular goiter.. ~Idiately after operation 9 the removed tissue was 
weighed and its content of I · was measured.. In all but one instance, the 
surgeon was able to estimate the amount of thyroid left in the neck at operation. 
One of the six patients had no measurable uptake of radioiodine in the neck 
preoperatively£> and the specimen :t~emoved likevrise sh.o·;v\3d no activity., In 
another instance the data were inconclusive since only a tin;y noq~lle of tissue 
was removed from the neck;> and the major portion of the ~).and was left intact., 
In only four of the six cases was a satisfactory comparison possible between the 
amount measured in vivo, and that contained in the surgical specimen., 

' 
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Assuming a homogeneous dis~ribution of 1131 in the thyroid~ the 
follovnng relationships will obtains 

I 

Wt. of removed speco 
Total uvte of gland = 

M· • 1131 " . 
l'!~crocun.es 13~_::movev. 1.n spec., 
Microcuries I in total gland 

The total weight of the gland is determined by adding the weight of the removed 
specimen to the estimated weight of 'the tissue remaining in the neck., 

4., 
lo Weight of removed 

specimen~esgramseeoo&~~G$Oe680eeue~GO 22 23* 

2., Estimated vne of 
tis sue left in s i tue •• 0 ••• ~ •• n • 0 ••• 0 0 • 2 2 10.,5 

3~ Estimated total wt. 
of thyroid C) • 0 1!1. 8 0 0 ~ 0 0 0 0 0 • 0 0 0 0 & 0 f) " .., (9 e e Q 24 31 

4o Total microcuries measured 
in neck pre-operatively •••••••••••••• 10 55 52 63 

5o Total microcuries measured 
in removed specimenooooo~············ 8 42 35 24 

6e Predicted microcuries in total 
gland based upon (1)~ (3) 8 & (5) ••••• 8.7 57 53 

7e % error between observed and 
predicted totals 9 (4) & (6) ••••••• ".~ 13 

* The patient's neck vre.s not measured until the second post-operative day e 

and the measurement was corrected for decay to correspond with t.he measurement 
of the specimen 48 hours previously., No studies of urinary excretion were done on 
this patient post=operatively .and it seems reasonable that part of the apparent 
error may have been due to loss of iodine through excretion., 

• The percentage error in.the above data 9 represents in part the error 
inherent in our methods of measuring rl31 i~ the thyroid gland in vivo,~~ and in part 
that due to errors in estimating the weight of tissue left in situ at operation.,· 
'When the amount of tissue remaining in the neck is small~ e:ITors in estimating the 
weight of tissue left in situ at operation_., When the amount of tissue remaining 
in the neck is small 9 errors in estimat:l.r:;~:. :1f tissue we:l.eht are small., On. the 
other hand 9 when the amounts of iodine contained in the total specimen are 
relatively smal:l,~~ a greater percentage error occurs in counting., 

Since the patients used hi this study had nodular goiters 0 it 
is probable that there is an inhomogeneous distribution of radioiodine 
throughout the glands and this fact ~.s demonstrated autoradiographically in 
two cases., However~> the heterogenicity of the iodine distribution in the 
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removed specimen and in that which remained in the thyroid are probably not greatly 
dissimilar. 

It is impossible to draw wide conclus.ions from so small a series of 
cases 9 however, it is intended that the problem be fully appraised after many more 
such observations have been gathered~ 

Physical Studies& 

In the past three months, the counting equipment has been checked daily 
before work is begun., The threshold voltage and plateau characteristics of the GM 
tube are determined~ as are its responses to knovm amounts of Radium and I 31

0 

In addition 9 the following special studies have been carried out& 

1~ The effect of variations in the discriminator setting of the igil~r 
upon the ~umber of counts per minute obtained from various fixed amounts o£' I ·and 
upon plateau characteristics of GM tubeo (The latter observations which at first 
appeared to be of significance.!' were later found to be causGd by defects within the 
tube i tsel£' o) 

2o Alterations of the resistance within the pre-amplifier circuit 
and resultant effects upon number of counts and upon oscilloscopic t!"acings from 
known sources of radiationo 

3.., Studies of the relationship between various volumes of sample 
containing constant amounts of I 131 and their distances from the GM tubeo 

Bottles of four sizes were used 8 13 9 23 9 33.!) and 60 co., Three bottles 
of each size V!Tere employed and contained approximately 1 D 2, and 3 milliouries re­
spectively.. Measurements of each of the twelve bottles were taken a:l:; distances 
of 20,!) 40, 601) and 80 cmo From the data obtained it may be stated, brief'ly 9 thr;.t 
when the various samples are measured at distances of :from 3) to 80 omD it is not 
possible to distinguish the differences in size of the so11rceso However· 9 

' 

preliminary studies done more recently suge:est that there is a significant difference 
in the number of counts obtained from the same qnantity of radi.oiodine contained 
in 13 co and 60 co bottles when measured at a distance of less than 10 em,. It 
may ultimately be possible to estjmate the size of the source by meas,uring; t.he same 
sample at a short (under 10 em) and a relatively long (20 to 80 em) distance., 
Again 9 further study is required and is now in progress., 

/ 4., Absorption curves were prepared under varied circumstances 11 with 
small and large samples 9 mea'sured at short and long distances o The filtration 
effects of several materials were studied as follow;s g lead tJ copper.~ paperD prestwoodo 
The amount· of radiation absorbed by each filter ma.£erial is e. £\motion of mass in 
grams per square cm 9 but this function i.s different for different materials 0 i., eo t> 

materials of lower atomic number ar)sorb les~s per un:i.t mass per sque.re centimeter 
than do materials of high atomic nurn.ber., 

5a StudS of changes in the number of counts per minute obtained from 
a knmrm amount of I 1 1 ViThen a suspended sample is measured in air and measured with 
various amounts of water acting as a backseattering medium and fil tero ' 

6o Determinations of the number of counts per minute lost th:r'ough 
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coincidence.? at various levels of activityo 

'-l 7 o An attempt was made to determine -the effects~ if any of reversing 
positions of two filters» one lead 9 the other aluminumo No demonstrable effects 
were observed in this instance., Since others. have observed such effects 9 this will 
be 'studied furthero 

~~ Preliminary studies were begun on the exposure of film to gross 
sources of I 1 in an effort to determine time necessary to produce detectable 
blackening for variable amounts of iodineo This method is to be studied further 
in an attempt to calibrate it for possible use in dosimetry& 
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IV. HEALTH PHYSICS AND CHEMISTRY 

Project 48. 

Health Chemistry 

NcB .. Garden 

Further progress on the development of equipment and techniques[) whose 
purpose is to accomplish the goal of absolute control and trapping of radioactive 
substances., has taken place during· this quartere Emphasis has been on simplicity 
in design of the equipment with the object in mind of its decontam.ina.tabilityf) 
reproducibility, and universal use., An attempt is being made to eliminate the 
creation of equipment for specific$ isolated performances but to make parts and 
accessories which are interchangea.blee This attempt is illustrated in certain 
aspects of the new lead-shielded gloved hood now under construction., 

Further progress can be seen in the eli.mination of conta:m::l.nation in 
the laboratories due not only to the increased use of gloved boxes but to the 
improvement in the less spectacular, routine techniques, such as in more detailed 
planning i.n the handling of targets and the accessories involved ther>ein9 the 
maldng readily available of small containers, trays, tongs, and other :handling 
equipment ·which all help to eliminate not only the occurrence of eontamination 
but also the receiving of radiation by the personnel involvedQ With the adyen·t of 
less and less need for routine monitoring and surveying .9 more time has 1)€li:}Ome 

available for anticipating the needs of the chemist in the line d' sma:n details D 

which 9 by necessity. because of lack of time and persormel, had to be mo:re or 
l.ess by-passed in former days. 

Dev·eJ.opment during this quarter in addition to tho gloved hoods and 
their accessories has been the accession and readying of a velometer for air= 
flow measurement further spinner column developments, a new target assembly for 
the 60-inch cyclotron, and a high temperature furnace for spectrum analysis of 
radioactive isotopesa 

The collection and disposal of radioactivo waste continued to be 
adequate for the present needs e The contc.minated ma·terial in ·the Army 2001 
Warehouse, Oakland, numbering approximately one hundred forty items and weighi.ng 
individually from one to around ten thousand pounds, has been packaged and is 
being disposed of at sea, four trips being requiredo 

A ceni.;ral stock of currently-unused isotopes is being collected in 
Bldg., 5" v;hich isotopes are avaiJ.able f'or use by anyone desiring them.. In addi= 
t.ion to thit~ stoek 9 records are on hr-:md excd being; i:':at:>t:,:r-ed regarding the p:c0sence 
of other isotopes on the Projects .many o:P t·•)o_.ieh are ava.:llal")le on rf::questo 

The chart of Figure 1 illustrates the ;;;et-up of the Health Che:>:nistr;;.r 
Organization., It illustrates the personnel assigned to eaeh of the tlu·c;e diili= 
sions of activity!'> shov.ring special responsibilities 1'1rithin the groupz an equally 
important fact illustrated is the overlapping ·of duties among the th:r'BG groups & 
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This is of necessity because of the smallness of the group and because of the 
relation of activities and necessity of cooperation amoung the groups e !.' This 

. chart is in no 'llvay official or permanent but merely serves to show what set=up 
~, has taken shape and been in practice with good success for some months and will 

so remain for the present timeo 

• 

I 
( 

Health Physics 

BeJe Moyer 

Aside from routine matters of monitoring areas and personnelD there has 
been a problem of variation of sensitivity among various lots of film used in 
personnel film badgese It has been found necessary to provide with each lot of 
film (all ostensibly the same) a separate calibration curve for the photometer to 
convert densities into readings of dosageo 

Data are being accumulated on the radiation fields of the linear' 
accelerator EJ and -of the cyclotron as its shielding is being augmentede A dis= 
cussion of this may be incorporated in a following quarterly report • 
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