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URLUG TXZ YSXYS 19-lG-31, b e  s*aZ 13, of the Medical Division of ORISS 
vat a major portion of its eEort on a 
study of the therapextic use of 
Tnis report summarizes the problem vi-hich 
were encountered, the results obtained, the 
studies completed, and the resulting cllni- 
cal judebments. 

Since gallium is s f l  a reiarively unknown 
element and i ts  isotopes are only rarely 
used in biology, t\e studies began irit5 
p r o b l a s  in physics, proceeded through 
chernistii, biology, and phmacology,  
and mded with an assessment oi c!inicai 
results. 

The physical characteristics oi  the gal- 
Iium isotopes were restudied. -4 method 
oi standardization of acthiiry was estab- 
lished for routine use. Methods were de- 
veloped for tissue assay, and a number oi 
new devices were set up to measure activ- 
it).. 'Protection o i  personnel was a major 
problex. A detice ior rernoteiy con- 
trolled injection oi the active mateial 
was designed and built. -4 u i i e  storage 
container was constructed, and a system of 
shielding certain patieats was instituted. 
During the study, a method of preparing 
gross autoradiogarns was developed. Mi- 
croscopic autoradiognms mere not satis- 
iactory because of the short half-life of &&e 
isotope and its multiple radiations. Fii- 
teen possibly accep tabie compounds o i  
, d u r n  rrere bves~ga ted ,  of which the 
a t ra te  proved the best. 
-4 nunber of methods of preparation 

were used, both to purify materiais for 
pile irradiation and for conversion to  the 
a t ra te  complex for animal and patieat use. 
X method for  stable gallium tissue analysis 
xas adapted for use in long-term studies. - 

The tosidty oi various corpounds 
hvesdgated in rats, dogs, swine, and mag., 
These studies inciuded c h e c b g  t h e  tax. 
i a ty  of other dyes and reagents going into 
the preparation of the dmg as finailv u~ 
in patients. 

The distribution and excretion pattern 
and some elemezu of metabok behaljor 
were studied in approximately 400 animals 
o i  h e  diEerent species. Fira?ly, the i s  
tope was used in tesi doses in 34 patimu . 
with various types oi ca.nctr. In 21 pa- - 
timts full therapeutic teszing was aonc. 
The main goups of pauents had 0 s ~ ~ -  
geaic sarcoma wirh metastases to the I u q .  
or extensive plasmocytoma. The remain- 
der had soii-tissue tumors, metastati.c to 
bone. 

The interpretation oi the therapeutic 
value oi ga1Iium7? based upon these data 
is as iollows: 

I .  Localizaatwn of tlze E-ienzent: 1 1 7 1 ~ ~  
VaUium citrate in large doses was injected 3 mto the blood st 'ezn, i t  rapidly ac tu ix-  
lated in bone and viscera. I b o u t  50 per 
c s r  was excreted by the kidneys within 
the first tweaty-four hours. Follov-iq 
this period, there was either a redistihu- 
tion or a din'ermtial excretion oi  the rc- 
tained mate+al so that at five to  ten days 
a f l e r  injection there was further accentua- 
tion oi  the  diriermtial localization in areas 
of actively metabolizTkng bone. There w e r e  
spe r i c  deposits o i  material in soft-tiicuc 
metastases from osteogenic sarcoma. This 
de?osition was not uniiorzn; instead. 
it was highly variable and appeared to fol- 
low not the tumor cells themselves but the 
sites of early caldcation. Concentra- 
tion oi the element o c m e d  also in areas 
of osteoblasdc metastases in plasaocytoma 
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-i --.* -- sG md in metastases to bone from'soft-tissue 
i~ a d n o m a .  Apparently i t  r a s  deposited in 

*e immediately adjacent areas of normal 
:4 * l e  reaction to tumor. This localiza- 
ik -- l, r h e n  uniform, is t h e o r e t i d y  excel- 
iz~at for therapeutic purposes, but the dif- 
+&-tiai concentration in relation to vis- 
z 2 - d  organs is optimal only a t  a time which 
%* 

. Localization omhe Radiation: The 
ern of absorption in a tissue of the ra- 
t ener,.y from a radioactive isotope 

oes not necessarily follow the pattern of 
eposition of the chemical. -4bout two- 

thirds of the total radiation from gallium7? 
E& in the form of high-energy gamma emis- 

sion and, no matter where the chemical is 
@&posited within the body, there w i l l  be 
C",. ionization produced in distant organs. 
:+* It takes about four half-lives for gallium;? 
&::to segregate significantly into localized * -,:.areas of deposition within the tumor. Dur- 
+ing these first four half-lives, the chemical 
*2 =. .- is distributed $iu the blood stream to 

'nearly all tissues, but especially to the Vis- 7- 
F! - cera. Hence, the pattern of absorption of 

the radiant energy in tissues w i l l  be that of 
:.. . total-body irradiation for an appreciable 

. f-rtion of the first half-life and primarily 
era1 irradiation for the subsequent three 

half-lives. 
If the assumptions and conditions of the 

familiar Marinelli, Quimby, and Hine for- 
mula are accepted, it is possibIe to calculate 
a first approximation to the radiation lo- 
calization pattern. If the calculations are 
based upon uniform distribution of the iso- 
tope in 1 gram of tissue in the center of a 
small and a large cylinder of tissue, the 
Proportions of energy absorbed due to the 
separated beta and gamma components are 
as follows: 

i '> 

..- 

many days post-injection. 

s-. 

u. 

1 

-- -- 

Beta Gamma 
Total Energy Energy 

Radiation Component Component 
&man-sized 

cylindrical 

The localization in the body of that por- 
tion of the e n e r g  absorbed due to  the 
beta component Kill be similar to the local- 
ization of the stable carrier chemical. SO 
matter There the stable form is localized, 
however, the energy absorbed due to the 
gamma component is in effect a total-body 
irradiation. Thus, during the early hours 
followkg injection, when most of the iso- 
tope decays, the energy released favors d- 
form total-body irradiation. Four  half- 
lives post-injection, when the stable form 
be,oins to  show a higher Merentia1 local- 
ization in tumor than in abdominal organs, 
the beta component predominates in the 
localized area of the tumor, but there is 
s t i l l  a considerable gamma component 
which gives total-body irradiation. Dur- 
ing this period of most favorable deposition 
of the stable chemical, however, over 90 per 
cent of the radioactive atoms have de- 
cayed. 

It appears from the picture of the deposi- 
tion of the chemical and the pattern of 
ionization from the radiation that two 
main features must be coordinated in a 
radioactive chemical used for internal 
therapy: (a) the rate of deposition of the 
carrier chemical into favorable areas, and 
( b )  the rate a t  which the radioisotope de- 
cays. Xiith gallium7*, the relative con- 
centration of the isotope is favorable for 
therapy after about three to five half- 
lives. Iodine, for comparison, is favorably 
localized in less than one half-liie. Since 
therapeutic effectiveness depends, to a large 
m a s u e ,  upon the ratio of rate of chemical 
deposition to rate of decay, is 
therapeutically inefiective. 

3. The Toxicity of the C h u d :  The 
tolildty of gallium citrate is relatively low 
in rats, but comparatively high in dogs. 
>$an is probably somewhere in between. 
The howledge gained from animal work 
iS not transferable to man. One patient 
was given stable gallium in a manner which 
simulated the usual therapeutic trial. The 
dosage was continued until the toxicity 
picture was demonstrated but discontin- 
ued before i t  approached damaging levels. 
This patient, who received as much or more 



stable gallium than most patients who were i a t y  developed more rapidly and 3,e,-lL;i  

treated with gallium-', shored mild a n ~ -  greater severity and was less Ue1:- to *b 

rexia, malaise, and a s i w c a n t  1oLrexing of reversible. 
the leukocyte and red cell values. From Thus, it appears that  there are t - ~ o  fac- 
estimates of this and the clinical datq i t  tors contributing to the overall toxi+ of 
is guessed that the LD 10 for man is about gallium;' used Fd h tema l  radiation ha- 
20 mg. Ga-T-/kg. body weight. apy. One is total-body irradiation; & 

i d  picture of gallium;2 toxkkty usually 
began with the third or fourth dose of gal- 
lium;* citrate a t  dose levels of 1.5 to 5.0 
mg. Ga'--/kg. given m i c e  a week. doses lethal. 

- There was first anorexia, which progressed The conclusions reached on gallium:' 
through malaise and vomiting to weight do not necessady hold true for gfiurnc, G 
loss greater than expected irom the disease. GaLLium", when given with a small nm- ; 
Occasionally, especially when lower dosage toxic amount of carrier, may have the " 

was continued over longer periods, there same favorable end distribution and has a 
developed a severe, dry, maculopapular, very low energy emission. With a 3.24- 
desquamating skin rash. The leukocytes day half-life, the effective radiation m y  -:- 
began to decrease in number along With be spread over a long enough period to - 
the development of malaise and prosessed effect a sigmficant tumor irradiation ivi::~- 
downward with increasing severity folIow- out overwhel&g total-body irradiation. 1 

ing each dose, Hemoglobin and hema- There will be no chemical toxiaty to aug- - ._ 
tocrit values showed a severe depression, m a t  the total-body irradiation. How- - 
but this developed more slowly than the ever, for the same reasons that galliumq . 
leukocytopenia. After the gallium;? doses may be more effective in tumors, i t  may be 
were discontinued, there was a continued more lethal to bone marrow. GalliumC 
decrease in the blood values for about one should be regarded as an entirely n e r  
to two weeks. As the patient began to feel problem, to which Iittle of the Inou-ledge 
better, they returned to normal. With the gained with gallium:' is applicable. 
beginning of a second course of gallium72 
therapy, the same general picture was re- 
peated, but at an accelerated rate and with The staff of the Medical Division of the 
greater severity. ORINS are of the opinion that  gallium" is 

I t  is difficult to isolate the radiation not a therapeutic agent in cancer of bone, 
toxiaty from the stable gallium tosiuty, ior the following reasons: 
since both appear to have common features. Although the isotope was highly con- 
From tissue respiration studies in a centrated in many areas of tumor, in el-eq- 
Warburg apparatus and from the clinical case areas of low concentration occurred. 
pictures in animals and in man, it is be- Because of the short half-life of the 
lieved that there was a subacute total- isotope, the relatively high concentration in 
body irradiation sickness which showed up tumors develops after most of the radiation 
early in the course of treatment. This was ener,gy has been expended. 
accentuated upon the later development of 3. Undesirable total-body irradiation 
chemical toxiaty. In cases where a major effects become prominent a t  subthm- 
portion of the bone m m w  mas relatively 
untouched by the disease, the toxiaty pic- 4. Development of chemical gallium 
ture mas reversible. In plasmocytoma, toxiaty was a limiting hazard in 10%- 
seriously aEecting the bone marrow, tox- 

_ -  

4. Z%.e Radiation Tuxicity: The clin- other is metal toxicity. The two together - 
are synergistic. Superbposed in &ay$$ 
debilitated tissues, these two facton 
sufEdent to make supposed therapLutic- - .  

- *& 

CONCLUSIOXS 

1. 

2. 

peutic dosage levels. 

continued dosage. 
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I. Physics and Radiation Characteristics of Gahum:: 

M A R S W  BRUCER, M.D., and H. D. BRUNER, M.D. 

INS, Dudley and his co-workers a t  the 
.. xaX-d Jfedczl Research Institute became 
:. h t m t e d  in the tosiaty oi gallium and its 
s.-pcrun&. During the course of their 
? ~ ~ a p t i a n s ,  it ras obsen-ed that this 
:+-at had a predilection for bone. 

sa &a use of the radioisotope gallium72 in &&, sho-ired it to be localized nith a high -s+ of speci5city in areas of rapidly 
~ . ~ ~ z n g  bone. The suggestion r a s  made 
2 , ~  Dudley that gallium might be a vehicle 

--- 1%9, the staE of the Nedical Divi- 
ss;On began its investigations of the phar- 
-:.macolo,aical properties of gallium in ani- 
~--d. Xuch oi the preLious work of the 5 F.-Na\-y group was repeated, and a search 

made for more suitable compounds. 
::bfethods of radipassay and standardiza- 
?: tion were restudied. By early 19S0, there 
Ykas sufiicient evidence for be-ng the 
1- . ? -therapeutic use of radiogallium m man, and 
5% ' { a y  of that year, the first patient, r i t h  
'te nal osteogenic sarcoma, 11-as $\-en 
.'gallium''. From May 1950 through the 

summer of 1951, 21  patients r i t h  meta- 
static tumors of a vide variety oi q-pes, 
mostly involving bone, were treated. ,In 
additional 34 patients were given tracer or 
test doses oi gallium;?. 

A 

?& -.  

c.. 2 ~ ' -  autoradiograms, obtained Eolloviing 

- - -  

~ i n g  radiation to bone tumors. 

-- _- 
-.. - ~ 

~. -- 

-.' 
- - .  

-- 
c. 

PHYSIC.= S d T C R E  OF G.ULICJ1 

Gallium's first claim to attention was 
the fact that it is one oi the three elements 
whose propenies were ! m o r n  beiore the 
dements themselves n-ere discovered. In 
ISTl, i t  was a blank spot in the periodic 
bble, but lfendeleei predicted its proper- 
ties from its periodic relationships. It 
=as finally discovered in 1Si3  by Bois- 
baudran in a French zinc ore. It is now 
h o r n  to be xndely distributed in the 
W ' s  crust but alvcays in minute quan- 
tities. There are no large deposits and 
Present production is as a by-product oi 
a l b u m  and zinc processing. Gallium 

ranks fifty-seventh 2mong the elements in 
abundance in the earth's crust and is pres- 
ent in a concentration of the order oi 
lo-" per cent. This makes it considerably 
less abundant than gold ( lo+ per cent) 
but i a r  more abundant than radium 
(10-l2 per cent). 

Gallium is a member oi Group I11 B 
in the periodic table. The two higher I, 
members of t h i s  group have been relatively 
rare until recently and are not important 
industrially. Gallium has atomic number 
31 and an average atomic rceight oi  69.72. 
In pure iorm it is a bluish whte  metal e t h  
a melting point oi 39.18" C.. and a boiling 
point close to 2,000" C. Gallium diners 
from the usual metals Fn that, like viater, i t  
espands upon so1idifl;ing; the density of 
the liquid is 6.093 and oi the solid 5.903. . 

There are at least ten isotopes of galIium. 
ran,ging irom 31Gab4 through 31Ga;3. Only 
two of these are stable, s1GaS9, which is 
60.2 per cent abundant and 31Ga:1, which 
is 39.S per cent abundant. The isotopes 
with weights i 2  and 73 are found in minute 
amounts in uranium fission products. Of 
the eight artificially produced radioacti7-e 
isotopes, four have half-lives measured in 
terms oi minutes, one five hours, and one 
nine hours; all of these are useless thera- 
peutically. The esperience gained from 
working nith 14-hour Ga:: indicaEes chat 
a 14-hour half-liie is a t  the lower limit of 
practicabiIity for isotopes to be used in 
patients. Thus. of all the gallium isotopes. 
only the 14.30-hour Ga-? and the TS-hour 
Ga6; are useiuI. The preierabie Ga" iso- 
tope can be made with a ( p ,  2n) reaction 
that is efiicient only with high-energy pro- 
tons, but irhen this project began no cyclo- 
tron XTas anilable to far the production 
of protons of this high energy. The Ga:'iso- 
tope can be made either nith iast or ther- 
mal neutrons. The iast neutron reaction 
has a n  unknown, but probably l o r ,  cross 
section and would demand the use oi sep- 
arated GaTf. Therefore a thexmal neutron 



31 G A L L I U M  Ga 

14.1 

pKuUUcLIVL1 d~ L l l c  U c g U L l i l l l ~  ut L1Ub proJtcL. 
The activation equations for the thenma1 

reaction are as follows, where -4 equals 
specific actiyation, -1; the number oi tar- 
get atoms, Q the cross section (Th-x),  f the 
neutron flux, t the irradiation time, and 
T the half life. 

For 31Ga6g as the target, 

For ?IGa;l as the target, 

Thus, there will be roughly 1.7 times 
more Ga;' formed than Ga;O, a n d  within 
three hours after removal from the neu- 
tron flux, the twenty-rnbute Ga;O activity 
\rill be less than 1 per cent of the total. 

Of the seventy thermal neutron-pro- 
duced isotopes with half-lives falling be- 

~i\cnL!.-~irb~ in r d i x  UI c111c1e11~~ U' pr,,- 
duction. Its low cross section prcdicu 
that the specific acthit]; will be  lo^, and 
under the best present conditions l i~cre  
is obtained 1 mc. of Gay' per -1.7 to .I.? mg. 
oi  stable gallium. Separated Gay' is a\.ail- 
able, and with its use the specific actitity 
can be increased foun'old, but this is still 
h s u e u e n t  for practical purposes. A higher 
neutron flux would greatly improve the 
specific activity problem, but such rt- 
actors are not generally available, and 
the low--speciiic-acti~-ity material (1 mc.. 5 - 
mg. Ga69,i1) had to be used in this proj- 
ect. 

Two alternative partial decay schemes , 
for Ga;' are shown in Figure 1. 
dominant elements of decay as stated by ..= 
H a p s  ef al. (1) are shoxm in Table I. r; 
The probable dosage rate in terms of: 
gamma intensity has been calculated for -. 
the major components of the decay scheme --. T 

as shown in Table 11. 

The p r e  - 

2- -- - 
. Ob\iously a considerable p o d o n  of the-- 

%? 
%: I- 
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&erc  is discharged high-energy gamma 
-ion. Such an isotope, no matter 
Where located in the body, must yield 
considerable total-body irradiation. I t  

be calculated that in terms of the radi- 
at; . energy absorbed from a d o r m  dos- 

hroughout the tissues of man, the 
&io of beta t o  gamma components would 
&:about 208 to 587. This relationship a be reversed in a small animal such as 
&e rat. Therefore, there can be no di- 
'i.ert transference of radiation dosimetry 
b m  smdler animals to man. 
&i 

?--- 

T m  I: PREWML\;LYT E L E ~ A T S  IS DECAY OF G.4:' 
~ - 

r -..: Predominant Predominant 3;: Beta Rays Gamma Rays 

C . ~ ~ a g g  Frequency Energy Frequency 

:; 3.13 9.5-20 2.51 36 

<. 

:.--(mev) ( 7 G )  (mcv) (5)  

; 0.95 32 1 .s7 .- 0 . a  40 1.59 

' 3.52 s.0-1s. 3 2.21 3 1 . 5  
7 . 5  
4 . 5  

1.35 - Q 

1 . O j  4 . 5  
0 . a  190 

0 .63  18.5 
< 0 63 2 

The beta-ray dosage was calculated 
from the formula of Lhinel l i ,  Quimby, 
and Hine: DB = SS EBTC where I? equals 
the mean energy of the beta rays weighted 
by their frequency, T the half-life in days, 
3 n c  the microcuries disintegrating in 1 
gram of tissue. By this formula, the beta 
dosage was calculated at 30.62 rep..'mc. 
of Ga;' completely decaying in 1 gram of 
tissue. Similarly, we used the formula D y  = 
K-rCg, where Ky = 1,G t X loes, t is the 
half-life in hours and g is a calculated geo- 
metric factor. Using weighted frequen- 
5es and mean energies, the gamma-ray dos- 
l,oe for a standard size man equals 35.41 
r mc. of Ga7' (complete disintegration) in 
1 gram of tissue in the center of the body. 
This roentgen dosage is based upon uni- 
fofm distribution of gallium throughout 
*e body so that  the radiation cross-fires 
*e given gram of tissue in the center of 
:he body. The same dosages calculated for 
%e rat are 14-45 r for the gamma compo- 
Ja t ,  = M e  the beta dosage remains the 
iame as that for man, 

c 

~~~~~ r!mc.-hr, 1 7  Per Cent tion to Total 
at  cm, Frequency -I-Radiation 

I Y  x %/loo 

1.25 6.9 2.0 0.136 
1.05 6.0 4.5 0.270 
0.84 4.9 100.0 4 .goo 
0.68 4 . 1  2 . 0  0 I os2 
0.63 3.8 18.5 0.503 

TOTAL 13.31; r/- 
mc.- 
hr. 
a t  1 
cm. 

Since autoradiographic studies have 
shown that gallium is not uniformly dis- 
tributed even in small volumes of tissue, 
and since the metabolic pattern continu- 
ously undergoes rapid change during dis- 
integration of gallium, these calculations - 
are of limited usefulness and are to be in- 
terpreted as order-of-magnitude \-alues in 
assessing the radiation dosage to tissues. 
Three other methods of estimating radia- 
tion dosage which were based on measure- 
ments external to the body were investi- 
gated, but all were inadequate for the same 
reasons that calculated dosages were in- 
adequate. By default, therefore, the hema- 
tological picture appeared to be the most 
practical method of assessing the radio- 
toxjc effects of therapeutic amounts of 
Ga:? 

ST-LV DARDIZ-ITION 0 F CALLIUJI 

-4 detailed statement of standardization 
methods for Ga;? has been published as 
ORO-44 by the Technical Information 
Smice ,  USAEC (2). Briefly, two meth- 
ods were described, a.n electroscope cal- 
ibration using gamma radiation and a com- 
parison of the beta rays against an Ra DEF 
standard. 

A Lauritsen electroscope was calibrated 
against a known source of radium and con- 
verted to millicuriage by use of specific 
gamma roentgen intensities by methods 
described by Marinelli, Quimby, and Hine 

1 0 1 9 ' 0 1 3  
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There were four main sources of m ~ .  : 

tion hazard mliich demanded spe.cial at- : 
tention.. The lint was the area .:; 
ing the chemical preparation of the g-.g 

terial into the patient. 
around the patient for the mbsequat -== 
twenty-four hours, and the fourth E. 

- collection of excreta saved for analysis. . 5: 
To reduce radiation dose during the-:'% 

special 6-inch lead shields were c o n s h c w  2 
inside each of two fume hoods ~hicfiz 
were used alternately. The highest t oU.2  
body dosages received by the chemists a\*- i. 
eraged about 35 mr/day, but this  lo^ I c ~ d  .; 
i n s  achieved only after considerable r e $ .  

Since i t  waS necessary to inject gallium 
by the intravenous route, supratolerance S 
dosages were received by personnel una 5.. 

a special intravenous injection system was :. 
devised, as shown in Figure 2. This de- : 
vice has since been found practical for use : 
with almost all intracaiitary or intrave- 
nous injections. 

The infusion apparatus was designcd to 
(3). Similar measurements were made on be autodaved as a unit, set up a t  the bed- 
a source of Ga" and the calculation based side, and operated from a distance. -4 
upon the Iy value computed above from standard parenteral fluid bottle was fas- . 

the incomplete but best available decay tened to the board at a slightly higher levd j 
scheme described by Haynes. than the shielded wide-mouth flasks. The " 

A beta calibration against a U. S. Bu- two flasks drained by graiity into pardel 2 
-reau of Standards Ra DEF standard was visual drop tubes; these in turn drained 
run a number of times as a check on the through a T-tube into the common drop 
electroscope standardization. Beta ab- tube, which was connected by mbber t u b  1 
sorption curves were run on samples with ing to  a n  intravenous needle. Tubing 
constant geometry and all sowces of var- clamps were placed so as to control the 
iations kept to a minimum. drainage of either ffask into the intra\-& 

nous needle or to allow the saline to bade-; 
HEALTH PrnSICS up into the shielded ffask for rinsing. on 

The dosages employed in patients were each tubing clamp there was fitted a 
a t  first 10 to 20 mc. repeated weekly. After inch hexagonal nut which fitted a hes Vh-3 
a time they were increased to 50 to 100 mc. tight wrench fixed on the end of a 3 - f d Z  
repeated kite weekly. With the develop- wand. . -_ 
ment of severe toxic reactions, the dosages. In operation, the radioactive ~ O l u u a <  
were reduced to the* to  50-mc range re-- was kept behbid shielding while the 
peas twice weekly. ~ u r i n g  the entire infusion was started-  men the ; O i u ~ ~ ~  
Deriod of this studv 12 curies of Ga7' were 

nitrate as it arrived from the reactor. &-.-.z --- . 
., L . 

second was during the injection of the a i : z  x. 
The third 

. -. 
cal preparation of gallium for patient %.$ . .  

. 

..: 

-- design of the- handling procedures. . .  

Fig. 2. Special intravenous injection system. For 
derailed dewription. see test. 

-5 ... 

was flo-i-ikg a t  a slow steady drip. the r d *  

3 
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flask. The usual safe distance 
time on was 3 to 4 meters from 

By means of the wand, 
mixture of radioactive solution 
was controlIed from 3 feet, and 
as about 5 feet away. Since the 

e fluid mas tinted by a PH hdi- 
rate of flow through each drop 

color intensity of mixture in 
drop tube could be observed 

across the room. The usual infu- 
took ten to tEYrty minutes. When 
the radioactive solution had drained 

the shielded flask, the common clamp 
osed and the saline was washed back 
he flask. This rinse and two sub- 

rinses were allowed t o  run into 
thout further dilution by saline. 

ee rinses, the residual activity in 
shielded flask,and tubing was negligible 
the apparatG could be safely removed 

The entire assembly was 
d, reassembled, and sterilized in a n  
ave as a complete unit ready for the 

ith all other methods of injecting ra- 
oactive materials, the period of injection 

und to be the time of maximum ex- 
*-re of nwses and staff. By use of this 
&qparatus, ar; the injection exposure became 
%a relatively innocuous procedure. 

The third area of radiation hazard was 
Eaound the patient. -Measurements of 
g t h e  6.23 mr/'hr. isodose lines around the 
gptient at  various times after injection 
?gave patterns of which an example is shown 
f m  Fiawe 3. Immediately after injection 

20 mc. of Ga;? citrate, this isodose line 
6;s  approximately a circle -I meters from 
?the center of the patient. Because Ga'? 
Lhas a short half-liie and is excreted rapidly 
Lk the urine, the isodose line rapidly re- 
' grezseS toward the patient. By two hours 
:the maximum permissible isodose line is 
;3 meters from the patient, and by sixteen 

After two days it is close 
20 the surface of the body so that there is be hazard to the nursing personnel can-y- 
W on ordinary hospital routines. 
ksince ordinary plaster walls provide al- 
most no shielding, all pe,rsonnel were kept 

8 

s. 

rn the room. 

i 

1 meter. 

B 9- 

rz 

tw- 

Fig. 3. Isodose lines for 6 2 5  mr/hr. followbg injec- 
tion of 20 mc. gallium:' citrate. 

away from adjacent hallways and ward 
rooms during the initial period after injec- 
tion. Other patients having radioactive 
therapy probably received a negligible 
fraction of their own dosage from exposure 
to a gallium patient, but patients not un- 
der radioactive therapy and staff members 
were shielded from active patients. A de- 
tailed statement of the health physics pre- 
cautions taken for gallium and other iso- 
topes in the Medical Division Hospital has 
been published (4). 

During surgical operations, a radioac- 
tive patient may provide a considerable 
spot dose to personnel who acquire doses 
approaching tolerable limits during their 
routine work. For example, during a tmo- 
and-one-half-hour operation to remove the 
left lung of a patient who had been given a 
20-mc. test dose of Ga;', the surgeon and 
his fkst assistant each received a total of 
400 mr to  their hands as measured on film 
badges placed within the palms of their 
rubber gloves, Badges under their col- 
l a ~ ~  registered 30 mr. The anesthetist for 
this operation received a total-body ex- 
posure of 40 mr. 

3 
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During the chemical preparation of Ga:? two or three patients gave a continuo,+ 
a radius of 4 citrate, the exposure to  the hands can be supratolerable level l ~ t h i n  

considerable. During the hour required meters. In  order to contain this ra&atiq 
to prepare 4 ampules of Ga;' titrate, the a urine storage 1-auit (Fig. 4) rras built. 
chemist received 530 my to  his right hand 

on patients who had been given radioac- A standard pseudo-wet-ashing p r q t p ,  
tive gallium just prior to death, total-body was used to estimate the amount of ra& 
exposure to the pathologist was as hjgh as gallium in tissue samples. -1 weighed 

a d  335 to his left. D-g autopsies -1SS-1T -iSD S-UIPLE COL3TLYG P R O C E D ~  

628 mr over the two- or three-hour proce- 
dure. 

One of the major sources of radiation 
hazard was from the area set aside for stor- 
age of ur ine collected from active gallium 
patients. During the first twenty-four 
hours after injection, up to 30 per cent ofL 
the injected dose of Gai2 was excreted, so 
that twice-weekly colIections on as few as 

amount of tissue 1w.s placed in a 10-ml. ~ o l u -  
metric flaSk;. Concentrated Hisot XIS 
added and heated gently until the tissue 
was completeiy dissolved. n'ater 
added to volume and the contents TWIT 
then poured directly into the top half oi a 
30-mm. standard Petri dish. Previous 
studies had indicated that &-e vas DO 
prekrential distribution of Gai2 into fat 
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es. A standard survey meter can be 
to estimate the amount of acti\ity 

e 10-ml. volumetric fiask in the event 
necessary in order to ob- 

unting rates between 300 and 3,000 

sample mas placed in a carriage 
slid with reproducible geometry be- 

th a Geiger-hliiller tube mounted in a 
ntal lead shield. The tube mas a 

glass envelope carbon cath- 
be sold by Herbach and Rademann, 

tandardiza tion procedures 
to  equate counts per minute to 
. The efficiency of counting was 

en 1.53 and 1.80 per cent. 
aency of counting r a s  sacrificed for 

ting plus speed and ease of 
ation of large numbers of samples. 
ne transfer of a sample was necessary 

d&e, and only two pieces of 
e exposed to contamination. 

The apparatus was easily cleaned with 
Dreft or Tide, but not with ordinary soap 

cia1 instruments were de- 
e counting procedures. The 

9 e of patients contained large quantities 
=i' 01 Ga'? during the first twenty-four hours, 
m 
ILr 
=3- 

- 
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so that extreme degrees of dilution were 
required for conventional counting 
methods, and in the process there mas ap- 
predable personnel exposure. For this 
reason the following system was devised: 
-1 D.C. electrometer for amplification of 

ion chamber currents was connected to  an 
ion chamber especially built for urine meas- 
urements by Mr. Floyd hl.  Glass of the 
Instruments Division, OKXL, Oak Ridge. 
The urine vas collected in %liter machine- 
made Pyrex bottles; a t  the end of the 
collection period, water was added and 
mixed to the 2,000 c.c.-mark. The bottle 
mas placed in a lucite rack in constant 
geometrical relationship to the ion cham- 
ber. The readings of the electrometer a t  
dSerent range scales were made directly as 
millicuries of gallium according to direct 
calibration from samples of h o r n  milli- 
curiage, The range o i  accurate readings 
vias from 10 microcuries to  35 millicuries 
total in 2,000 C.C. The precision was of 
the order =2 per cent. 

The method involved no transfer, no dilu- 
tion, and a minimum contamination of 
giassware. The daily samples could be 
measured in a tenth the time necessary 
with conventional methods, and with negli- 
gible exposure of personnel. 

- 
II. Gallium Chemistry of Biological Interest $2 *- 

-5 I 

g. 
4 

ESSE D. PERKINSON, JR.t PHD.,' JKMES S. ELDRIDGE, B.S., and BETTY M. COOPER, M.D. 

c : The primary problem in the chemistry ' of gallium was related to finding a com- 5 
; .. pound both biologically acceptable and 
t easily synthesized at high le\*els of radio- 
* activity. 
5 
F 
f- BASlC CflEMISTRI' 
'r = Bemuse gallium has only recently be- 
$ come available in a pure state, relatively 
T Xttle is Emom of the chemistq of this 

element. Its &emid properties are quite 

$ to those of the more ridely h o r n  
&a.huninum. Its usual valence is 4-3, but 

= 

!e.- 

stable 4 2  salts and a fl oxide are h o r n .  
The metal is stable in air but an oxide film 
forms in moist air or oxygen. Gallium 
is relatively resistant to both alkali and 
add but, when heated with a mixture of 
HC1 and HXO1, i t  will slowly react to 
form the chloride. Several salts can be 
made by the direct action of halides in the 
presence of heat. The sulfides, sulfates, 
nitrate, and phosphate have been formed, 
as well a s  a few organic salts.  -4 sesqui- 
olcide is produced by heating a gelatinous 
hydroxide oi uncertain structure between 
900 and 1200". 

Most galIium salts are hydrolyzed in 
aqueous solution and can be kept in solu- 
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tion only when strongly acidic or basic. 
This is particularly true of the inorganic 
salts (5) .  

In choosing a compound suitable for 
toxiaty and distribution studies and for 
patient use, the work of Dudley and Le- 
vine (6) was most helpful, although sev- 
eral compounds were studied in addition 
to those prepared by these investigators. 
The criteria used for acceptability of pos- 
sible compounds were : 

(a) Complete solubility in water and 
0.9 per cent NaCl solution at 20 to  42" C. 

(b )  Stability of the solution. 
(c) Low rate of release of gallium ions 

after injection of the compound into ani- 
mals. 

(d) -4bility of experimental animals 
and man to  metabolize safely the non- 
gallium moiety. 

(e) Production of a sterile compound. 
cf) Speed of synthesis from gallium 

nitrate. 
With these criteria, the complexing abil- 

ities of several acids and bases were stud- 
ied. Hydrochloric, carbonic, phosphoric, 
ascorbic, maleic, tartaric, acetic, salicylic, 
oxalic, benzoic, and succinic acids and 
ethanolamine and diethanoIamine were 
unsatisfactory. The complexes formed 
with gluconic, mandelic, and lactic acids 
were suitable in that they remained in so- 
lution at a pH range of i .2  to i . 6  but were 
undesirable otherwise ( i )  . 
. The compound that was decided upon 
for animal and human studies was gallium 
citrate. One of the chief reasons for choos- 
ing this compound was the fact that it 
could be prepared quickly and easily in 
sterile solution. The final solution could 
be administered within two to  three hours 
after the bombarded gallium nitrate was 
removed from the nuclear reactor. 

STABLE G A L L l T i  CITIUTE 

All of the stable gallium citrate used in 
the accompanying studies was prepared 
according to  the method of Dudley ( S f ,  
with a few unimportant modifications. 
linalyses of several batches of this com- 
pound gave a gallium content of 23 to 24 

per cent as contrasted with the 3.5 to 26 pcT 
cent value reported by Dudley. 

EL4DIOG.U.LIUM CITRATE 

Purified gallium 'nitrate mas p r m  
according to Dudley (S) and sealed io 
quartz ampules, which were scored aroUh 
a slightly indented neck. When the born- 
barded material mas received, the mpuk 
was placed in a plastic holder and the top 
mas removed by hitting the scored neck 
sharp blow. For each 300 mg. of mum 
as the nitrate, 4 ml. of 6 LY HCI pi. 
petted into the ampule. 
placed over the ampule and the solution 
was stirred by b a r i n g  the material into a 
pipette and allowing it to flow back. \\hm 
the solution appeared complete, t h e  ma- 
terial was filtered. Filtration was n=- 
s a r y  because quite often one or two small 
particles would not dissolve under t h e x  
conditions: While the nature of these par- 
ticles was not determined, i t  was thought 
that they were small amounts of the rela- 
tively insoluble oxide. The ampule was 
rinsed once with 1 ml. of 6 N HCI and 
twice with 2 mi. of water. The 1vastiin;cs 
were also filtered. The total filtratc was 
added to a mixture of S ml. of 20 per cent 
citric acid solution, 3 ml. of a saturated 
water solution of bromcresol purple and 
15 ml. of chloretone solution (3 mg. per 
rnl.). This mixture was agitated by an 
air stirrer. A solution of 13 i l l  XaOH 
added dropwise until a definite purple color 
was produced. -4 final pH of approsi- 
mately T was determined by means of 
PH paper. The average gallium concen- 
tration in the final preparation n-as !).ti 
mg. per ml. The solutions and glassIrare 
used were carefully cleaned and s t e d d  
by autoclaving, so that  the final product 
was aseptic. 

When the solutions of this radiogallium 
citrate stood for a few days, a definite 
Tyndall &ect was seen, and it became more 
pronounced with prolonged standing. Se\-- 
eral weeks after preparation, there a 
definite precipitate. Because of these facts 
and the nature of the animal distribution 
of the gallium, the possibility that  a t  

A heat lamp 

, 



-+i-;. -+-. p of the gallium citrate was in a colloidal 
continued to be a problem throughout 

.- ',' * of the animal and human studies. S o  
m p t s  were made to  determine whether 

f these small colloidal particles were 
in the freshly prepared solutions, 
&cations were that  they did exist. 

10X'-EXC€LL?GE GALLIVTf CITKtTE 

The possibility of the formation of col- 
particles and the knowledge of the 

Kith which gallium is hydrolyzed led 
a study of another method of synthesis 
radiogallium citrate (9). .b has been 

ted out, the ion-exchange method of 
paration was desirable in all respects ex- 
t that the mol ratio of citric acid to gal- 

hum xas 3 to l as contrasted rrith a ratio 
-'S:'of 1.2 to 1 for the simple radiogallium cit- 
. g i k t e  preparation. While the distribution 
q:.and excretion $f the ion-exchange complex 
. ~ . : o F z  somewhat diEerent from that of the 
. a. ;-;. 4-. I 

-i>Y.+- .sa-: 

simple prepared complex, this difierence 
might have been due to the greater amount 
oi citric acid rather than to a diEerence in 
the degree of hydrolysis. n'hatever the 
reason, the complex iormed by ion-ex- 
change was impracticable because of the 
high citric acid concentration of the solu- 
tion. 

CXEJtIC-U, C . a L I L X  DETEFSIIS.lfIOS 

The method used for the analysis oi 
galhum in tissues xas based on that of 
Dudley (10). The original method  as 
for 5- to  10-,m. samples of tissue, m-hile 
the sample size used in obtaining the re- 
sults in the accompanJing reports was 0.5 
to 1.3 *gin. The reagents were reduced in 
the same proportion. I t  should be added 
that reliable results were obtained only 
when the chloroform extractions oi gallium 
were made by ten minutes of mechanical 
shaking. 

- -- -5; 
1 -  *, III. Effect of Internal Irradiation on Respiration of Rat Liver Slices' .p :a 1 .. . 

ESSE D. PERKINSON, JR., ?H.D., and ROBERT S. INGOLS, i1B.D. 

Since there exists no means of determin- 
ing the radiation dosage d&ved from an 
internally administered radioisotope ex- 
cept by use of calculations such as those 
of Ma-ineUi, Quimby, and Hine (3), it 
seemed desirable to find some measurable 
biological effect of radiation which could 
serve as a basis for comparison of the ei5ec- 
ti\-eness of different isotopes and perhaps oi  
external roentgen irradiation. The re- 
sults reported here are from a preliminaq- 
attempt made to determine 17hether the 
inhibition of total tissue respiration, or 
oxygen consumption, was proportional to 
the amount of internal irradiation that the 
tissue received. 

Gallium;' was used as the  source o i  in- 
ternal radiation because oi the interest in 
this isotope a s  an irradiator of bone tumor. 

Since it had been shown that gallium con- 
centrates si,gnificantiy in the liver (11), 
knowledge concerning the eifect of the 
metal and of radiation from the isotope 
n-as desired. The decay scheme for Ga;: 
is incomplete, so that a true roentgen 
equivalent physical (rep) yalue for radia- 
tion dose was impossible (12). The liver 
of the rat was used because of the rela- 
tively estensil-e data available concerning 
the efiect oi  physiological yariables such 
as age, vieight, and ses on the metabolism 
oi that tissue. -1 large accumulation of 
data exists concerning distribution of gal- 
lium in the liver (13). 

Barron (1-4). in 194G, was apparently the 
first to show conclusively that whole-body 
roentgen-irradiation of rats inhibited the 
osygen consumption of liver slices and 
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the metabolic eEect of internally adminis- 
tered isotopes. Banon et al. (15) studied 
the efiect of intravenously injected pluto- 
nium on the metabolism of several tissues. 
They found that  some phases of Liver me- 
tabolism were inhibited in two series of 
rats that had received either 1 or 2 mg. of 
PuO?(N03)? per kilogram and were brilled 
two to ten days later. In other series, 
however, the same inhibitions =ere not 
observed. Barron suggested that the 
apparent lack of relationship between 
radiation dose and degree of metabolic 
inhibition might be attributable t o  an un- 
equal distribution of plutonium and to the 
relatively shallow penetration of alpha 
rays. 

.%CUTE EXPERINESTS 

Experimental: Male n'istar-Carworth 
strain rats weighing between 200 and 230 

received by tail vein either a mixture oi 
stable gallium and gallium'' citrate or sta- 
ble gallium citrate alone, so that all ani- 
mals received equal amounts of metal. 
Amounts of Ga7? equivalent to  l.T mc. 
per kilogram were injected as accurately as 
the solution volumes could be measured 
with a tuberculin syringe. The injections 
mere made with the rats under light ether 
anesthesia and just after 0.2 rnl. of 10 per 
cent calcium gluconate solution was given, 
as described in Section IV of this sefies.j 
At two, six, twelve, eighteen, twenty-four, 
forty-eight, seventy-two, and ninety-six 
ho& aiter injection, one animal xvhich 
had received Ga;' and its stable gallium 
control were sacrificed and the livers re- 
moved. Portions of the same lobe of each 
liver were used for Qo?, glycogen and water 
content determinations and for histologic 
studies and activity measurements. It 
Fas determined that the anesthesia and in- 
jection technic did not aEect the Qo?. 
Twelve rats r e r e  anesthetized r i t h  ether 
and injected by  tail vein +th calaum glu- 
conate and saline equal in volume t o  that 
administered to the rats that  received gal- 
lium citrate solutions. At six hours after - 

Page 5.51. 

48 
73 
96 . .  

= Sormal Qe = 6.2 av. ( X j  

injection the Liver slice oxygen c o n s ~ m p t j ~  
mas not different from that o i  the un- 
treated normal animals. 

All rats used kt these studies received a 
stock diet of Rockland Checkers ad 1 j j ; -  
turn. 

One interest in these studies was the pos- 
sible application of the results to the use of 
Gay? in human beings, so that the rats w-ere 
not iasted, as *hey usually are beiore 9% 
determinations, since the patients would 
not be in a fasting state. I t  has bcm 
s h o r n  that glycogen acts as a metaboiically 
inert substance in liver Qo2 determinations 
(16). In measuring liver Qo2 and glycogen 
content of 22 untreated rats, it was iound 
that  consistent Qo? values could be ob- 
tained by making an empirical correction 
for the glycogen content, so that all valucu 
are reported 'iGith this correction. 

The Qo? determinations were made with 
standard Warburg technics, using Krebs- 
Ringer phosphate buEer solution in a cat- 
urated O1 atmosphere. Xo substrate u s  
added. The  data from four or five fish 
with slices irom the same liver were aver- 
aged for each Qo? value. 

Reszrlfs: 1. Qo? Deternzin~fio~~s: The 
average Qo? for untreated normal rats O [  

the same age, weight, and ses as the control 
and experimental animals was iound to be 
6.2 PI. of 0: per milligram of drl.- r d g h t  
.tissue per hour. In Table 111, the numb- 
-of animals killed at each period after inis-  
tion is given in parentheses together xith 
the probability values for the s t a t i s t i d  

.,, .,,, .. . I 1  
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stable gallium and the Ga" plus stab!e 
5 . 3  % 
4.3 g gallium values are si@cant a t  six, t r re l~e,  
5.1 9 and eighteen hours after injection. 5.0 8 
5.8 LO The Q* and radioactivity data summa- 
6 . 5  lo rized in Fi,we 5 show that the stable gal- 
5.i 9 
6 . 2  g lium alone had a n  inhibitory d e c t  on the 

raiidity of the differences found. These 
probabilities were calculated according to 
"Student's" formula. The left-hand "P" 
column refers to  the ddTerences be- 
heen the Qo?'s for the animals that  re- 
e ived only stable gallium and the value 
for the untreated normal animals. The 
pate column refers to  the ci5erences be- 
txeen the stable gallium control animals 
a d  those r e e k i n g  radioactive pIus stable 
gallium. The  right-hand colu~nn refers 
to the differences between the rats that re- 
ceived radioactive gallium plus stable 
gallium and those for the untreated normal 
5 - 1 -. - - 
r: 

- 
3 . -2 
t- 

u- 
:c.:;. ..-. - .- .. 

a 0  
-- 

7 0  _ _  

after injection but  that the Gay' plus stable 
gallium produced a still greater decrease in 
the Qzoz and that  '&e inhibition persisted for 
eighteen to twenty-iour hours. The radio- 
activity of the Liver samples is expressed as 
counts per minute per gram of tissue at the 
time the animals were s a d c e d .  The ob- 
vious proportionality between the Qo? and 
the activity present a t  the time oi  sacriiice 
is seen better in Fi,pre 6, re re  Qo- is ex- 
pressed as a function of acti.rities. That 
the Qs difTerenes  ere not due to h-erat 
doses of gallium can be seen in Tzble Tv, 
There it is shorn  that rhe amounts oi gal- 

h -0 
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TABLE v: GLYCOGES COSCE>TR4TIOSS IS LIVER 
FOLLOWISG GALL&= ISJECTIOS 

Per Cent Glycogen 
Hours aiter in Liver 
Injection Stable Radioactire plus 

Gallium Stable Gallium 
9 
I l.T 2.0 
6 0.s 0.7 

12 
18 
24 
+a 2 . ;  3.1 
72 4.s 3.1 
96 4 .S  4 . 2  

1.6 
4 .1  
3 .9  

1.9 
2.1 
2 . 0  

Lium were essentially the same for the ex- 
perimental and control animals. 

2 .  Hislobogy: There was no evidence 
of histologic abnormality in any of the 
liver sections. 

3.  Glycogen and W'ater Conknt: In  
Table V are shown the average glycogen 
concentrations in livers from animals sac- 
rificed at the different time intervals. I t  
can be seen that the glycogen content was 
lower in both the irradiated and non-*a- 
diated livers for the first twelve hours after 
injection, but that  this lower level persisted 
longer in the rats that received the radia- 
tion. While the trauma due to the injec- 
tion procedure and the gallium itself may 
have afiected the liver glycogen store, the 
radiation had an additional efiect. 

There was no measurable efiect of either 
the gallium or the radiation on the water 
content of the liver. 

CHROhTC ESPERI>lESTS 

- Experimenhl: Since the radiation de- 
rived from Gay' inhibited the liver oxygen 
consumption up to twenty-€our hours after 
injection, it was important to learn Khether 
repeated injections of stable and radioac- 
tive gallium would have a more permanent 
effect. Since such an experiment would 
&-e information as to whether untoward 
reactions in patients mho received Ga;? 
mere due to the chemical toxicity of gallium 
or to radiation combined x i th  chemical 
toxiaty, S male Kistar-Canvorth rats 
weighing betreen 200 and 330 ,m. mere 

erage total of 14.5 mc. kg. The ayerag, 
single galIium dose w - a ~  9 mg./kg. or an a\.- 
erage total of ,73 mg./'kg. Eight 0th- 
rats were injected according to the same 
schedule +th equal amounts of stable a. 
lium. All rats had free access to food a d  
water. In order to obviate the already 
demonstrated twenty-four-hour perid of 
inhibition of f i ~ e r  O v g a  consumption 
that resulted from Ga;' radiation. the 
rats were sacrificed ninety-six hours aitm 
the last injection and the Qo2 of sliced Liver 
sections determined as in the preceding a- 
periments. Stable gallium content of the 
same Liver lobe was determined for all 6- 
mals. 

The average results of t h e  
repeated doses are presented in Table 1-1, 

Results: 

TABLE 1.1: .~'.'ERACE FKSDISGS .4.7?ER REPEATED 
GALLILX IS JECTIOSS 

Stable Radioactive pius 
Stable Gallium 

Hb. 13( 12-14) 13( 11-1 7 J 

with the ranges in parentheses. Thc Qo: 
was inhibited to the same si,piiicanr tC. 
g e e  in the animals that received the s u L k  
gallium as in those receiving Ga:' plus sta- 
ble gallium. The radiation produced no  
effect that  lasted as long as ninety-six hours 
aiter the last injection, while the accumu- 
lated gallium did inhibit respiration at tha t  
time. 
.Is shown in Table VI, the radiation 

irom Ga" produced a mild leukopenia. 
while the stable gallium was uithout c i -  
fect. The hemoglobin was reduced to t i i t  
same degee in both groups of rats, so tha t  
this amount of radiation did not affect 
hemogiobin production, vihile gallium in- 
hibited it. 

Liver damage could not be seen histo- 
logically. 

The  irradiated rats lost Keignt during 
the four-week experimental period r i t h  

injected-by tail vein txice a ~ e e k  for four 
r e e k  Rith an average single radiation dose 
Of 1.7 mc.,lk;g. so that they received an ai-- 

the exception oi one animal that gained a 
total of on ly  8 The average weight 
loss r a s  26 gm. Five oi  the stable gallium 

e 1  



, Fig. 6. iieiationship betaem Qs and gallium ac- e ~ .  Tne acuvities in counts/min./gm. X 10' are 
b t  existed in the iive-s a t  the + b e  of s a d c e .  

rats lost weight but the avenge Feight loss 
x35 only 3 *a. In the irradiated rats 
diarrhea occurred an average oi &--Teen 
days aiter the h s t  injection, Th le  in the 
stable gallium rats this sJ-mptom did not 
develop until th? twenty-iourth day. 

The average gAlli7a content of the stable 
gallium rat livers was 2 p p .  per gram 
(range, 2-3) and that oi  the irradiated rat 
livers was 4 pa-. per gram (range 1-7). 

DISCUSSIOS 

These experiments were made in an a[-  
te to learn wnether a biological eEect oi  
racution might be used as a basis for com- 
paring one internally administered radio- 
isotope with another. S o  attempt has 
been made to arrive at any physical ex- 
pression of radiation dose. 

Fi,gure 6 is presented as a general state- 
ment oi the relation that was iound to exist 
between the relati\-e amount of radiation 
present a t  the time the rats were sacri- 
k e d  and the efiect oi the radiation on total 
oxygen consumption by the liver. SeJ-eral 
izctors enter into this statement. It is 
oo\ious irom Fi,ollre 5 that the Liver tissue 
recovers quickly irom rhe eEect oi this 
moun t  oi radiation, so at ail times there is 
2 recoven- process n-hicn iduences che 
o\-eraU measurement. Since the peak oi 
 allium concentration is reached sornetlhe 
'ktrreen tn-o 2nd tn-elve hours (Fig. 5), the 
decrease oi gaUium content, aod thereiore 
o i  radiation dose, aiter That clime rill pro- 

"n \ 

Fig. i. Biologicai 'katf-tife of galiiun:: in l i v z .  
The siecuve half-Ee rts calculated according :o 
Slarinelli e: ci. ( 3 ) .  

duce less inhibition o i  the oxygez consump- 
tion. 

In Fi,we 7 is shov.-n the physical decay 
o i  the Ga". S o t  on1:- is the ~zl l iurn COT,- 

cenrration in the liver be,oinnin,a to  decrease 
sometime during the SLX- to twe!-+-e-hour 
period. but what gailium is there is con- 
tributing less radiation per unit Teight 
from the moment it is injected. 
,In eszmination oi Fi,qre S shows that 

sometime duriny the eighteen- to  tn-enty- 
four-hour ;Jlteri-al the decrease in iiver ac- 
tivity becomes chid?- a iunction of the 
pnr-sical decay oi Ga". It is interestizg 
io  note thzt the Qo.: inhibition is evident 
until this same time. 

Conside+ny the fact That the ~ o t a l  os)-- 
gen consumption is the s u a  o i  =any dii- 
ierent netaboiic reac:ior?s. i t  is u;lders:and- 
able that a correiacion betx-een arnouni of 
h t e n a i  radiation and :he Qoz -,rouid not Le 
complete!? consistat i r o n  ;;leasuiene2i 
t o  measulemeai. -1s 3ar;on has z'no~-:-n. 
some esz~-iaa;ic211~- coztroiled rezcriozs 
are more sensiti-e 9x3 orhers !'I<), 50 
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Fig. S. The srabiLity of gallium concentrauoa in 
the liver. The  solid line is an expression of the d e t u -  
mined activity in liver at  t h e  indicated times after 
injection. The broken Line was obtained by exua- 
polating the constant p a n  of the actiricy curve. Ac- 
tivities calculated by means of the decay constant for Fa': are shown KO be in agreement with the extrapola- 
tion. 

that  it is possible that a single enzyme 
system could be more strictly correlated 
with the amount oiradiation. Xi th  this 
idea in mind, experiments are being con- 
ducted to learn at  what level of internal 
P3? irradiation liver Qo2's are minimally 
and maximally afiected. With this back- 
ground, it is planned to study the effect 
of the minimal amount of P3* radiation 
which dl afiect different enzyme systems 
and to  compare these results with the ef- 
fects of other internally administered iso- 
topes. 

It vas  possible that the radiation from 

Ga:? might not have produced an d i b i _  
tion of oxygen consumption without the 
presence of gallium. In order to test this 
possibility, Gab?, with a specific activity of 
essentially 100 per cent, is being ;a - 
similar studies. The results SO far ob 
tained show that the internal radiation i 
effective even Then chemically negli~ble 
amounts of gallium are present. 
Ln it has been demonstrated 

that internal radiation derived from Ga:! 
inhibits the oxygen consumption of 
liver slices and that the desee  of inhibi- 
tion is related to the dose of radiation 
The Qo? of liver slices from control a- 
that received stable gallium Fas inhibi t4  
slightly during the two- to  tviel\-e-hour 
period after injection. 

Repeated injections of stable gallium 
produced a liver Qo2 inhibition mhich was 
apparent ninet)--siu hours after the last in- 
jection. Repeated injections of Gay' plus 
stable gallium produced no additional 
effect. 

The glycogen content of livers from the 
stable and radioactive gallium rats was l a  
than normal. This decrease persisted 
longer in the irradiated animals. 

-It the levels of radiation and gallium 
dosage used, there was no histolopc e\<- 
dence of liver damage during the period of 
Qe inhibition. 

With repeated injections, leukopenia 
seemed to be the result of radiation, while 
the hemoglobin reduction was due to  the ef- 
fect of stable gallium. Gastrointestinal 
disturbances were produced by both stable 
and radioactive gallium, but appeared 
much sooner in the Ga;? animals. 

IV. Toxicity of Gallium Citrate in Dogs and Rats 
9. D. BRUNER;M.D., BETTY M. COOPER, MD., and DONALD I. REHBOCK, M.D.' 

Studies on the toxicity of gallium citrate ciates (6, 10, 11, 17) had published the 
in dogs and rats r e r e  be,- in October b v i c  data rhich suggested that radioactice 
1949 and continued during the f o l l o ~ g  isotopes of d l i u m  might segregate in os- 
year. -4t that time, Dudley and his asso- -seous tissue 111 amount d c i e n t  to be t h e -  

a p e u t i d y  useful against neoplasm of 
. h g e l a .  calif. bone. By x-irtue of these data and per- 

? 
- 

'Present address: 679 S. Kestlake Ave-, LOS 
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so& communication rrith Commander 
f i d e y ,  it vas possible to select the gallium 
a t e  complex as the most biologically ac- 
ccp* ‘-le form of the metal which could be 
rap, , synthesized at  the 5OO-mc. level 
’(see Section I1 of this series). 
-$;.Because this radiochemically prepared 
-slution, of gallium a t ra te  contained ex- 

material not present in solutions 
of the recrystallized pure complex, both 
fm were employed for these toxicity 
--&a, but Prithout noticeable Merence 
in results. Only the intravenous route of 
‘*-ation was used, since radioac- 
&e galhum can be given to man solely by 
* k t  route. Dudley and Levine (6) showed 
- b t  gallium was not absorbed from the gut 
a d  only partially from subcutaneous and 
intramuscular deposits. Such unabsorbed 
radioactive material mould produce severe 
radiation damage, a t  the point of injection. 
: .- Folloffing intravenous injection of the 
citrate complex, the animals exhibited gen- 
eralized h,yperirritability. If enough of 
the solution were given, they displayed 
opisthotonos and died acutely with re- 
spiratory paralysis. Presumably an acute 
hypocalcemia created by the citrate was 
resr-lsible ior death. Experiments on 
rat. Jmonstrated that calcium given just 
prior to  the gallium citrate prevented these 
acute deaths, and by trial and error it was 
established that the minimal dect ive pro- 
phylactic dose was approximately 2 mofs 
of caldum ions per mol of citrate. This 
ratio suggests that  much of the a t ra te  was 
rapidly mobilized from the complex im- 
mediately following injection. Thus, 
deaths occurring 6 t h  twenty-four hours 
dter injection were not regarded as gal- 
Em-induced. In view of these observa- 
tions the prophylactic administration of cal- 

Calcium Gluconate Injection (US. 
P.1 became an integrd part of the adminis- 
tration of gallium atrate and was used in 
this 2: I mol ratio preceding injections 
of the atrate into man and animals. 

-- 

-_ 

EXPEREEEXTAL METHODS 

A total of 137 male rats of the Wistar- 
b o r t h  albino s t r a i n ,  weighing 200 to  

1 

E 5  gm., were used. -4fter injection they 
Tere caged in pairs and given Checkers 
and vater a& libitum. The injection pro- 
cedure is important, since the apparent 
toxicity cxn be artiiicially increased by 
poor technic. The injections VUZ the tail 
vein were made under light ether anesthesia 
in the belief that the rat s d k r e d  less 
trauma from the ether than from the strug- 
ole which otherwise takes place; also, such ? mjections can be made w i t h  precision. The 
vein was entered with a 26-gauge needle at- 
tached by a short length of gum tubing to 
a tuberculin syringe m e d  with saline. 
While the saline was being injected slowly, 
the required amount of 10 per cent calaum 
gluconate was given by puncturing through 
the owm tubing; after the calcium had 
been washed in, the desired amount of 
gallium citrate was injected through the 
tubing, and it was then washed in with the - 
remaining saline. This procedure was 
used in all rat experiments. It was es- 
pecially advantageous when the gallium 
solutions were highly radioactive, in that  
the operators thus received a minimal 
amount of radiation. -4U injections were 
made very slmvly and as aseptically as  
possible. 

The dogs were healthy mongrels of both 
sexes weighing 3 to 14 kg. and caged indi- 
vidually. Commercial food was supple- 
mented with bones. All injections were 
Uia the external saphenous or basiLic veins 
and without anesthesia. 
Four preparations of the citrate com- 

plex were used. The first was a radio- 
chemical preparation described in Section 
TI. This, the least pure form, is not taken 
through a crystallization stage. The sec- 
ond was a recrystallized sample obtained 
from Dudley containing 23.03 per cent 
Ga. The third and fourth were samples 
prepared from 98.5-i- per cent purity metal, 
differing only in the number of recrystalli- 
zations and analyzed 22.5 per cent Ga. 
The latter ‘three samples were dissolved in 
distilled water in amounts sufildent to give 
approximately an 8 per cent solution after 
adjustment to PH 7.2-7.4 PFith XaOH and 
passage through a No. 42 Whatman filter. 
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Filtration removed approximately 30 per 
cent of the gallium originally present and 
eliminated the initial opalescence of the so- 
lutions. The gallium concentration of the 
solution was then determined by  direct anal- 
ysis. In all cases, the doses have been 
calculated and expressed in terms of gallium 
element, not the gallium atrate complex. 

' B y  using normal red blood cells as os- 
mometers, the atered solutions were ad- 
justed to  approximately isosmotic concen- 
trations with distilled water or XaC1 solu- 
tions. In  order t o  be able to administer 
the highest doses to rats, 1.5 times isos- 
motic solutions were prepared. 

RESULTS 

-4t a given dose level, at  least two and 
usually three of the samples described 
above were used, but because there mere no 
apparent difierences between the prepara- 
tions, the data have been combined. 

1. Toxicity of Single Doses in Ruts: KO 
deaths due to gallium itself were observed 
in rats receiving doses up to 523 mg. Ga/kg. 
body weight. After higher doses, deaths 
did occur within twenty-four hours, but i t  
is questionable if they were .the result of 
toxicity of the metal. I t  proved impossi- 
ble to administer larger amounts of gallium 
citrate without laying the data open to 
challenge on the ground of injecting too 
large a volume of solution, too hy-peros- 
motic a solution, or unrealistic amounts of 
Ca and citrate ions. Thus, it is possible to 
state only that the 10-day LD 50 for rats 
w& s e a t e r  than 520 rng. Ga/kg. body 
weight. 
For the first four to eight days after in- 

jection of the higher doses, the rats ate 
little, ceased to groom themselves, experi- 
enced mild diarrhea, and lost about 13 per 
cent of their body weight. By the twenti- 
eth day, however, they appeared normal, 
and by the thirtieth day had made up the 
initial weight loss. Histologic study of 
such recovered rats showed only mild 
cloudy swelling of the kidneys and increased 
hemosiderin in the spleen. Rats receiving 
lower doses were proportionally less a f -  
fected At the height of the reaction, the 

sections showed mild to  moderate 
tubular damage and lymphoid degc.nCra. 
tion. 

2. Toxicity of Single Doses in L ) ~ ~ ~ :  
Single injections of one of the above four 
samples of gallium citrate were @yen to 
50 dogs in doses ranging from 10.6 to 
47.0 mg./kg. body weight. The p e  . 
surviving fifteen days later, computed by 
the cumulative method, was Linearly rc. 
lated to the log of the dose. The io, jo, 
and 90 per cent lethal dose values v u e  10. j, 
1S.2, and 41.1 mg./kg., resWtiv+., 
Many of the animals living beyond fiftm 
days were severely debilitated and r w v -  
ered very slowly; 
it became obvious that they would not 
recover. 

Most dogs vomited soon after the  in!^^- 
tion, and all refused food and rapidly lost 
weight. Nearly every animal sufiered 
from diarrhea; the stools were foul and 
blackish, and gave positive tests for blood. 
Those animals which survived exhibited 
the l e s t  anorexia and gastrointestinal up 
set. Debility and weakness progressed 
rapidly in those which died; death was 
preceded by coma. There were no 0111- 

standing characteristics in the clinical pic.. 
ture. Two females in early pregnancy 
aborted about twelve hours before death. 

The urine samples always contained 
many red blood cells, granular and hyaline 
casts, and + to ++++ albumin accord- 
ing to the sulfosalicylic test, but no sugar. 
The blood urea nitrogen of animals dying 
after the fourth day ranged between 1%) 
and 300 mg. per cent, but was not e sp -  
cially elevated in dogs dying twenty-four 
to seventy-two hours after injection. 

In some dogs living more than fifteen 
days, the hemoglobin values were essen- 
tially unchanged, while in others the lexd 
was reduced to as much as 40 p u  cent of 
the control value. In general, the depres- 
sion of hemoglobin was proportional to the 
degree of debility. 

Rigor mortis appeared at once a i m  
death. At autopsy, the gastrointestinal 
tract contained ody a semifluid chocolate 
material which gave a positive test for 

3 were sacrificed  ha i., 



- b m ,  but gross bleeding points Kere not 
.-found. The kidneys were enlarged and 

The lymph ;lodes all over the body > %bout three tiins normal size and 
yb Bronchopneumonia was irequent 
&,d probably terminal. 
y&~b3istolo$caLly, the renal damage resem- 
$bkd that of mercury poisoning. The tu -  
:b;lar destruction ranged from cloudy sffell- 
$g to severe necrosis with sloughing and 
Z b w d e .  Practically every section of 
+.-fie lymph nodes showed marked nuclear 
-:fragmentation and necrosis of the Iym- 

.L 

-- 

Fig. 9. I part of a follicle and geminal center cf the Iymph node of a dog 
dving seventy hours after receiving 35 mg./’kg. of gallium citrate intravenously. 
The nuclear fragmentation and necrosis of the lymphoid elements are quite 
prominent. The polymorphonuclear infiltration is much greater in other 
sections. but is obvious here. Such nodes had a lower content of stable gal- 
lium metal than other tissues such as liver, which shox<-ed no damage. Simi- 
lar nodes and sections have been forwarded to the Aimed Forces Jnstitute of 
Pathology. X4jo. 

cept for mild h!-perpluia of the lymph 
nodes, aplastic changes of the bone mar- 
row, and mild t o  moderate signs of pre- 
xious tubular damage. Nevertheless, ac- 
cording to chemical analyses, the liver, 
spleen, and kidney contained appreciable 
amounts of gallium (8 to ’TO pgm.j,p. of 
wet weight). The bone usually retained 
more, while the llmph nodes had least. 
Presumabiy this metal is held in a biolog- 
ically inert form. 
In animals which died n-ithin ion)-- 

eight hours after administration oi the 

phoid elements, xi th  pol?;morphonuclear 
;dltration; in some sections the latter 
~ras so intense as to suggest a purulent re- 
action. Figure 9 is a DhotomicrogTaph of 
a typical reaction. This histologic picture 
seems to have no counterpart so far as hu- 
man pathology- is concerned. The spleen 
showed a milder degree of this l?;mphoid 
reaction. The liver, pancreas, heart, in- 
testine, and bone marrow were negative ex- 
cept for hyperemia; in the lung there r a s  
lobular pneumonia of recent ori,ain. 

Histologic sections of dogs sunriking the 
acute phase were essentially negative ex- 

metal, these changes were only partially de- 
veloped. Presumably the metal can cause 
acutelv lethal biochemical changes in 
tissues prior to the more slowly developing 
uremic s>drome ,  rrhich also appears to be 
a result of metal poisoning. 

3.  Toxicity of Repented Small Doses in 

S ezch, received gallium citrate intrave- 
nously in doses of 5.0, 3.3, and 2.5 mg. of 
gallium per kilogram oi original body 
weight tv-ice a meel; until death. The 
immediate reaction by the gastrointestinal 
system to these smaller doses was compara- 

Dogs: T\venty-iour dogs, in 3 SOUPS of 
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tively mild, but the toxicity ras otherwise 
accentuated. At the 3 mg./kg. dose level, 
6 dogs died after the second dose (10 mg./- 
;g. total) and the r e g  2 after the 
third. At the 3.6 mg./kg. level, 4 dogs 
died aiter the second dose (7.0 mg./kg. 
total) and 2 each after the third and fourth 
doses. At 2.5 mg./kg., 2 dogs each died 
after the third, dfth, seventh, and eighth 
doses. Dudley (1s) has observed this 
summatiye efiect at 3 mg./kg. on dogs and 
also on rabbits at the 10 mg./kg. level; i t  
is thereiore not a species peculiarity. 

Anorexia, debilitation, and weight loss 
were of about the same degree as mith the 
single large dose, but,  being more spread 
out, were not quite so obvious. The first 
dose at these levels produced only a mod- 
erate illness, but the course became 
abruptly worse when the second dose r a s  
given. Granular casts and erythrocytes 
were present in large numbers in the urine 
following the second dose, and albumin was 
present in t 4- to 4- f f -+ amounts. The 
hemoglobin and hematocrit levels de- 
creased moderately in the longest suniv%g 
dogs, while the leukocq-te count usually in- 
creased without particular change in the 
differential count. 

At death, the blood urea nitrogen values 
ranged from 175 to 250 mg. per cent, but 
the histologic sections of the kidney sug- 
gested a milder degree of damage. The 
lymph-node reaction was qualitatively the 
same as in the single dose series, but dis- 
tinctly more moderate in degree. 

DISCUSSIOS 

These data demonstrated such a widely 
diEermt species sensitixity to intrave- 
nously administered gallium citrate that i t  
v a s  impossible to  anticipate the probable 
t o e a @  in man. The cautious trials re- 
ported in Section VI of this series indicate 
that  man is to  be grouped with the dog but 
probably is more resistant. Man with- 
stood the t+ce weekly doses of 2.3 mg./’kg. 
or more much better than the dog and with 
total doses as large as 66.i, 70.2, and 111.6 
mg..,’kg. spaced over six to fourteen weeks 
failed to shorn lymphadenopathy or urinary 

changes indicative of renal damage. Sau- 
sea, vomiting, anorexia, and debility did 
occur in man, but in relation to  the d e  
were not nearly as Severe a s  in dogs. 
Various types of sE;in.reactions, l e G  
penia, and/or hemorrhages signaled the 
discontinuance of therapy. The percent, 
age of the dose xhich was excreted in- 
creased as the size of the dose increased, 
but in absolute terms increased amounts of 
the metal r e r e  laid down in the bod)- x h a  
larger total doses mere given. This po;nt 
is discussed further in Section VI1 of this 
series (pp. 5SS-59Oj. 

Since a single dose of gallium g i x r e n  to 
man usually contained between 30 and 75 
mc. of Ga;?, these toxic reactions cannot 
be ascribed solely to either the radiation 
from Ga‘? or the metal carrier. In iact. it 
is not unlikely that the two forms o i  in jm 
complement one another. 

Dudley, Henry, and Lindsley (19) com- 
pared the toxicity of subcutaneously ad- 
ministered gallium citrate in five species. 
The ten-day LD 30 values were: mouse, 
600 mg. Ga/’kg.; rat, 110 mg./’kg.; rabbit, 
43 mg./kg.; dog and goat, less than 1.5 
mg.,’kg. In young rats weighing 30 to ! r l c l  

grn., a value o i  230 mg./kg. was iourlti. 
The LD SO for intravenous administration 
in 10 dogs was in the neighborhood of 15 
to 20 rng./kg., equaling that reported 
above. Experiments mith gallium lactate 
(6) demonstrate, however, that  the intra- 
venous route approsimately doubles the 
apparent, toxicity of the metal. 

The toxic syndrome described by Dudley 
et al. (19) in rabbits vhich had receivcd 
gallium lactate or citrate subcutaneously 
agrees in essentials xith that observed in 
dogs in these experiments. In both species 
the immediate cause of death r a s  uremia 
secondary to acute damage to the renal 
tubules. The detailed biochemical studies 
of Dudley and his associates, on rabbits, 
supplement the above histologic data on 
dogs. It should be pointed out, horever. 
that the data presenrly available do not 
specify the manner by- which gallium iz1- 
trinsically damages cells. The deaths 
which occurred twenty-four to fom--eight 
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1 hours after injection mere wkhout out- preparations ras lS.2 mg. Ga/kg. The 
1 -ding histologic lesions, so that the data plotted as per cent sUni\ing.z+s. log - L r~---nic syndrome is perhaps to be regarded of dose fell very dose to a straight h e .  
is Je of the d e c t s  of the metal that  is Dogs given fractional doses intra- %* m a l a d y  prone to  kiU because of its venously twice a meek succumbed after 
$&tion to excretion. Other points for smaller total doses of metal. The toxicity 
Z+*ch no explanation can be offered are: seemed to be accentuated. p(&) the lymph-node reaction, seen chiefly in . The cLinical syndrome resembled a n  
5: -- ~ t he  dog; (b)  the large species variability in acute debilitating disease involving particu- 
gbsbty; (c) the excessive d e c k  of re- larly the gastrointestinal tract and termi- 

nating by uremia. Histologically, the kid- e p t e d  = small doses of the metal. 
- m e  general toxicity experiments can be neys were chiefiy involved as in mercury 
2 m a r i z e d  as follows: poisoning. Ln dogs, a novel feature was 
+& 1. The ten-day lethal dose for rats fol- an acute lymphadenitis with polymorpho- 
*kming 4- intravenous arlministration of gal- nuclear reaction to lymphoid degeneration. 
2Ii-u.m citrate was greater than 220 mg. Ga/- These lesions mere repaired in animals 
=T kg. body weight. Larger amounts could which survived. 
- not be given for chemical and physiological The large species Gerences made 
reasons. useless further work for the purpose of esti- 

. 2. The fifteen-day LD SO for dogs after mating the probable toxicity of the metal 
- intravenous adylinistration of the same forman. 

3. 

4.  

-.. 

5:: 

5 .  

V. Diseut ion  Studies on Gallium72 in Rats 
H D. B R W R ,  M.D., ESSE D. PERKTNSON, JR., PH.D., E. R. KING, M.D.,' GOULD A. KNDREWS, MB., 

JOE B. NASH, PHD.,' and MARSHALL BRUCER, M.D. 
, 

The follovhg series of experiments on 
r xas carried out preliminary to the use 
of Ga7? for the treatment of osteogenic and 
related neoplasms in man. The reports by 
Dudley and his associates (6,10, 11,1T, 20) 
established that  the metal had a definite 
affinity for bone and actively metabolizing 
osseous tissues but, because of the tedious- 
ness of the chemical method of assay, their 
data were limited in scope and not adequate 
as a basis for designing clinical procedures. 
Subsequently, and concurrently with the 
experiments reported here, they used the 
Gai2 tracer method to obtain additional data 
(19, 21-23), which in general agree eth 
those below. 

These experiments were planned as 
prototypes of the clinical studies. Since 
the metal had never been administered to 

man, these animal esperiments were the 
sole ,guide to what might be observed 
clinically. It was recobpized that quanti- 
tative data from the rat could not be trans- 
ferred directly to human beings but that 
the general biological relations obtained in 
the rat should hold in man. The objec- 
tions which might be raised to using the 
rat for this purpose would also apply to 
any other species. 

The various compounds of gallium used 
in these experiments mere always injected 
intravenously. This is the only route suit- 
able for clinical administration of the radio- 
active isotope, since incomplete absorption 
from subcutaneous or intramuscular de- 
posits would lead to local necrosis; the 
metal is not absorbed from the gastro- 
intestinal tract (6). 
In these experiments the animds were 

sacrificed a t  regular intervals to secure a 
complete sequence of the changin, Q con- 
centrations of metal and isotope in the 
various tissues. A total of thirty-four tis- 

? 
fi. 

1. 
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sues or parts of organs and the excreta mere 
analyzed. Special attention was given to 
small but vital structures such as the 
adrenals, pituitary, and eye, where a com- 
par-atively lorn concentration of isotope 
might result in a disproportionate amount 
of overall dysfunction. Also, there was 
always the possibility that the metal might 
localize selectively in one of these tissues. 

Whether GaT2 viill selectively localize in 
human osteogenic neoplasms cannot be 
answered by animal experiments. Even if 
there were a comparable experimental 
osteogenic tumor, the final answer would 
have to  come irom observations on pa- 
tients. On the other hand, the experiments 
below supply information which ought not 
to come from obsemations on man or can- 
not on account of the sporadic and uncer- 
tain nature of autopsy material. 

EXPERIMENTAL PROCEDURES 

The rats were randomized healthy adult 
males of the CanvoI-th-JVistar strain, 
weighing 240 k 30 o m .  .All injections 

0 mere $\-en z.ia a tail vem while the rat  was 
under light ether anesthesia lasting less 
than ten minutes. The possible trauma oi 
anesthesia was considered preierable to the 
struggle or application o i  force otherwise 
necessary. 

The iolloving procedure was used ior 
intravenous injections: A tuberculin 
syringe was connected to a “-gauge needle 
bv a very short piece of intravenous gum 
r2bb;er tubing and filled v i th  sterile saline. 
When the needle was in the vein and the 
saline flowing in 1-ery slow-ly, the solution 
of isotope in another syringe was added to 
the inflowing saline by puncturing the 
connecting tubing. When calcium gluco- 
nate  as used, i t  was injected prior to the 
isotope and washed in with saline. The 
injection  ma^ made v e r y  slowly; three to 
five minutes m r e  required to administer 
the total voiume of 1.5 to 2.0 rnl. Because 
the solution of isotope was not sterile and 
no attempt vas made to sterilize the rats’ 
tails, the procedure should be termed 
“clean” rather than “sterile”; there  as 
never  any ex-idence of s>-stemic iniection in 

these or other similarl!- injected animals. 
-4fter injection, the rats lived in a spedal 

metabolism cage from which the feces and 
urine could be collected xithout mDSs- 
contamination (34). They were supplied 
with Checkers and mater ad libitum. -it 
specified intervals, the rats mere slo\rlv 
viviperfused with 150 to 200 ml. of hepa&- 
ized saline under light pentobarbital ant5- 
thesia. Removal of the blood was ne=- 
s a r y  because at six and twelve hours d t e r  
injection the concentrauon of Gai : .wa 
higher in blood than in many tissues, rue 
later i t  was lower. The tissues to be m a -  
lyzed, either the whole organ or portions 
of it ,  mere weighed, transferred to ~ - 0 1 ~ -  
metric flasks, dissolved in concentrated 
HNOJ  with the aid of gentle heat, and maJc 
to volume. %%at remained of the carczss 
was also dissolved and treated like the 
samples. The total dose of Gai2 mas ob- 
tained from the sum of the samples and 
the carcass rather than the supposedly 
injected dose, which  as found to be highly 
unreliable, particularly when small vol- 
umes were given. 

The animals were dissected in a stand- 
ard manner, and in the case of skin, musclc. 
salivary glands, lymph nodes, etc., t h e  
same regions or parts were taken. The 
right femur was dissected out, freed of 
skeletal muscle, and the ends of the femur 
separated from the shaft by oblique ten- 
sion on. the epiphyseal lines. The marrow 
was not removed from any bone sample. 
The four incisor teeth were extracted to- 
gether x v i t h  their pulpy roots; the latter, 
according to autoradiographs, were the 
most active areas of the entire animal. 
The actiyity of the skeleton was computed 
as 7.06 per cent of the body weight times 
the activity of the femur, which was con- 
sidered the average for bone (25).  

The counting system for Ga’? consisted 
of a 30 mg.;sq. cm. carbon cathode glass 
tube mounted horizontally in a horizontal 
lead shield. -1 plastic carriage holding the 
sample in a 5-cm. machine-made Petri 
dish moved on a track t o  a fixed pokr  
beneath the tube. The Petri dishes held 10 
cm. of the liquid digest and, where possible. 
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10 ml. volumetric vas used for digesting, 

;* that  the transfer consisted merely of 
dly pouring its contents into the dish. .&C 

*YX lhe efiiaency of counting, based on 
curiage calculated from electroscope 

mats related to a XBS radium 
e (Section I), varied between 1.55 

cent with different tubes. The 
d counting rates ranged from 

ts per minute. The samples 
g&m counted to give standard deliations 
"-b[ 1 2  per cent or less except where the 2.- gnet counting rate was only 1 or 2 t imes 
& w o u n d  where A5 per cent or less was 

7 Three difrerent representative chemical 
- - forms of gallium were examined as follows: 
7 -.. (a) GaC13, which is an ionized soluble 
.I ' d t  at pH 3.0-2.2 and below; above pH 
. - 2 2  an insoluble hydroxide forms. The 
-* &+fL ion reacts with nearly every anion 
= in the blood, in'cluding proteinate to  form 

insoluble precipitates. 
( b )  Gallium alizarinate, which is an in- 

soluble but highly dispersed chelate or lake 
at PH 7.4. The exact composition was 
indefinite and i t  was prepared in small 
b iesasneeded. 

(6) Gallium citrate, which is a stable, 
soluble complex at PH i .4.  It reacts with 
proteins very slowly, if a t  all. 

Two preparations of the citrate complex 
were used, the details of which are given in 
Section 11: a very pure complex produced 
on an ion exchange resin surface having 5 
mols of a t ra te  per mol of GaT-- and a less 
purified but rapidly prepared complex hav- 
ing -1.2 mols of citrate per mol of GaTTs. 
This form is identified by the term "radio- 
chemical." It was used routinely for the 
patients. Apparently the a t ra te  ion was 
rapidly mobilized after injection because 
the a n i m a l s  went into hypodcemic tetany 
and died unless treated prophylactically 
eth Car+ as Calcium Gluconate Injec- 
tion (L7.S.P). By trial and error, the dose 
of CaTT was found to be 2 mols per mol of 
atrate. 

- Except for one series, only enough radio- 
< acti~ty mas injected to @\-e suitable count- 

~ h g  rates on the intended day of sacrifice. 

?? 

p.accepted. - 
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This resulted in a corresponding variation 
in dose of carrier, Le., inert Gas-". This 
was not a constant variation, since the 
spe&c activity of the gallium was not 
constant. The maximum specijic activity 
was slightly over 1 mc./5 mg., but usually it 
was lower due to  physical decay during 
preparation of the solution. TO minimize 
this "batch effect" and to control varia- 
tions arising from changes in weather, food 
intake, health of the colony, et'c., two rats 
intended for each s a d c e  t h e  over the 
whole experiment were injected from each 
freshly prepared batch. 

RESULTS 

The data from each of the five series of 
experiments were identical in type and are 
presented in similar form. In the tables the 
numbers of rats injected for s a d c e  at 
each time interval and the dose ranges i n  
millicuries per kilogram are shown a t  the 
top of each column. Below are the average 
cumulative percentages of the total dose 
which were retained or excreted, and the 
distribution of the excreted fraction be- 
tween the urine and feces. 

The three most useful ways of presenting 
the distribution data are given in the two 
lower sections of each table and the corn- 
panion fiewe. The tolal organ content in 
per cent of retained dose indicates the dis- 
tribution of galIium present in the animal 
but without reference to the actual amount 
present. This is useful in judging relative 
shifts of gallium content on an organ level. 
Multiplying the retention data by these 
percentages gives the values used to con- 
struct the figures. For brevity, only the 
organs showing an important uptake of 
gallium are shown. The skix and skeletal 
muscle, which comprise about 70 to 75 per 
cent of the rat's weight, contribute most of 
the activity lumped under "Remainder." 

The diferential absorptwn r a w ,  the 
D.4R of Xarinelli (3), is defined as 

Activity per gram of tissue 
Total retained activity/body weight 

By normalizing the gallium content in a 
tissue relative to dose, excretion, and ani- 
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(Each value is the average of the number of rats a t  the top of the column) 

Sumber of rats 
Time sacrificed (hr.) 
Dose 
mg. Ga+++/kg. 
mc./kg. 

Per cent of original dose retained 
Per cent of original dose excreted 
Fraction m: 

Total organ content in per cent of re- 
rained dose 

Blood plasma. 
Blood cells 
Liver 
Spleen 
Kidney 
Skeleton t 
Remainder 

Difierentiai absorption rauo 
Blood piasma 
Blood cells 
Liver 
Spieen 
Kidney 
Femur 
Teeth 
Skeletal muscle 
Thymus 
H a r t  
Lung 
Skin 

5 
6 

0.7-2.6 
0.02-0.56 

i3.8 
24.3 

99.T 
0.3 

-- 

8 . 9  
0 . i  

37.9 
0.6 
1.4 

39.4 
31.2 

2.6 
0 . 2  
7 . 4  
2.6 
1.6 
4 . 2  
3.0 
0.2 
0.5 
0.2 
0.6 
0.8 

5 
13 

O.s-6.8 
0.01-1.35 

61.7 
3s.3 

97.1 
2.9 

3.1 
0.5 

19.4 
1.0 
3 .0  ' 

33.2 
3 4 . i  

1.5 
0.2 
5.0 
1.S 
3.0 
5 . 4  
4.9 
0 . 1  
0.3 
0.2 
0.5 
0.i 

4 
24 

0.8.3.6 
0.160.80 

59.8 
40.2 

91.3 
s.7 

3.1 
0.4 
23.9 

1.3 
2.4 

30.7 
39.0 

0.9 
0.1 

-4.9 
5 .0  
2.7 
5.6 
4.6 
0 . 3  
0.4 
0.2 
0.6 
1.1 

5 
4s 

1.54.0 
0.41-2.94 

40.9 
60.1 

93.0 
7.0 

1.1 
0 . 1  

11 .s 
0.8 
5.9 

46.2 
34.1 

0.3 
Segligible 

3.0 
2 . 9  
6 . 1  
6.4 
6.8 
0.2 
0.3 
0.1 
0.4 
0.3 

2.4-8.0 
0.47-1. 

32.9  
67.1 

S . 9  
11.1 

, 

u.7 
37.9 

0 . 2  
Segiigible 

3.5 
5.1 
5.6 
6.S 

12.3  
0.1 
0.5 
0.1 
0.6 
0.4 

* P!asma and blood cells computed as 7.5 per cent of the body weight times the determined hematocrit. 
i Saeleton computed as 7.06 per cent of the body weight times the activity per gram of femur (11). 

mal size, the DAR greatly facilitates inter- 
comparison of animals within a o~oup,  as 
re11 as intergroup and intersenes com- 
parisons. -Use, because the roentgen is 
dedned in terms of volume, this normalized 
activity per gram bears a direct relation 
to the relative dose of radiation received 
by tissues except in the case of bone. 

Each value in the tables is the average of 
the number of rats at the top of the respec- 
tive column. In general, these averages 
truly represent the central tendency, but 
occasionally a single, or rarely two, high or 
l o r  values of une.lplained ori,O;n threw the 
average out of he. The standard devia- 
tions of these means adjusted for small 
numbers were nearly d r a y s  within 30 per 
cent of the mean; the exceptions r e r e  
within 50 per cent. The m p n  and median 
values nearly always coinaded. The use 
of larger numbers of rats per group T o d d  

9 

have given smaller variances, but the basic 
information secured by averaging 4 to 
rats would not  have been essentially im- 
proved by doubling the number of animals. 

I .  The Distribution of GaC13 
In interpreting these data, it should be 

kept in mind that gallium existed as Ga +- 

in this preparation. On entering the vein. 
i t  probably reacted with several blood 
constituents to form precipitates, but there 
is no information on what these reactions 
are, or on the subsequent history of the 
reaction products. Four batches of GaCL 
mere prepared in physiological saline a t  PH 
2.0 to 3.2; they contained 2 to 4 mg. of 
Ga++ per milliliter. 

The excretion data in Table VII shoK 
-that most of the excretion took place during 
the first twenty-four hours after injection 
and that the urinary sys tem carried nearif 

- 
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&a of the load. Thereafter, the urinary and 
excretion were about equal. The 

w a n c e  of Ga7* in the six-hour fecal 
~ 1 e s  suggests that  the metal wa cx- 

by the mucosa of the large intestine. 
arate acute  experiment^,^ Ga72 ap- 
in hepatic duct bile +thin three to 

tes after intravenous injection of 
aalliurn citrate. The concentra- 

in the bile paralleled the concen- 
on in the plasma, but mas some five 

greater. The progression of maximal 
a7z activity through the gastrointestinal 

hich p~as analyzed Lz five sections, 
s that the duodenal region was the 
of the most of the activity in the 

. Because the pancreas and the wall 
f the gut showed lorr relative concentra- 

s of Gai2, t h e  liver was assumed to  be 
source of the activity. KO part of the 
ourinary &act other than the kidneys 

appreciable concentrations of Ga;?. 
'biological half-life" (3) was twenty- 

-one hours. The animals which received 
@the highest doses of gallium metal evcreted Ea. larger fraction of the dose. * 
5 i 
L1 

Table VI1 shows that the liver had the 
* hest relative concentration initially; 
- Jsequently it decreased more or less in 
parallel wi th  the plasma concentration. 
The diflerential uptakes of the spleen and 
Aidneys at iirst were relativeiy low, but 
increased with time. The femur (as repre- 
-tative bone) had the highest differential 
uptake of the twenty-four-hour samples 
but still only slightly higher than the next 
three tissues. The inasor teeth showed 
the highest absorption ratios; most of the 
activity was in the pulpy roots. The re- 
maining twenty-nine tissues, including 
s b ,  muscle, glandular, lymphoid, and 
rimous tissue, some of which are listed in 
Table VII,' gave no evidence of segregation. 
Figure 10 demonstrates that the fiver 

and plasma rapidly lost their initial con- 
tent, while the spleen, kidney, and skeleton 
retained essentially the Ga'' which they 
had at twenty-four hours. Therefore, thi 

C'bcreased differential absorption ratios oj 
h- 
;-- 
k- ' pafonncd by Dr. J. '3.. -echdeacon 
- 

?A- &$ 

1 

Fig. 10. The percentages of the original total dose 
of Ga7* retained by the organs showing the highest 
difiercntial absorption ratios. The metal was injected 
intravenously as GaCIa a t  pH 2.0 diluted Kith physi: 
ological saline solution. 

the bone, spleen, and kidney were the re- 
sult not of a continuing uptake of GaiZ, but 
of the loss of Ga7? from the liver and soft 
tissues such as skin and skeletal muscle. 

Comment: Because 6SS per cent of the 
initial number of radioactive Ga" atoms 
decay during the fist twenty-four hours 
folloxhg injection, that period is relatively 
the most important with respect to radia- 
tion dose to tissues. Thus, during the 
k s t  twenty-four hours, the liver received 
more radiation per gram of tissue than did 
bone; subsequently, the bone received a 
higher dose than the liver or other tissues, 
but the difference after twenty-four hours 
mas comparatively minor and did not com- 
pensate for the larger dif€erence during the 
first twenty-four hours. In any case, the 
total dose to the bone over the ninety-six 
hour period (6.7 half-lives) was of the same 
order as that to the liver and mas far short 
of the five- to ten-fold difference that would 
be the minimum for therapeutic purposes. 
In addition, the li-c-er and viscera mere sub- 
jected to a cross-fie of y radiation from the 
Gait distributed over the trunk; the long 
bones of the limbs and the bones of t h e  
head escape much of this cross-fire (cy. 
Marinelli, *by and &e, 3).. 



Dose 
mg. Ga+++/kg. 
mc./kg. 

Pa cent of original dose retained 
Per cent of original dose excreted 
Fracrion in: 

Urine (%) 
Feces ( % I  

Total organ content in per cent of re- 
tained d o x  

Blood plasma' 
Bl& cells 
Liver 
Spleen 
Kidney 
Skeleton t 
Remainder 

Difierential absorption ratios 
Blood plasma 
Blood cells 
Liver 
Spleen 
Kidney 
Femur 

Shaft 
Ends 

Heart 

4 
6 

0.2-0.4 
0.05-0.05 

83.2 
11.8 

9i.S 
9 9  -.- 

0.6 
0.1 
55.1 
4.0 
1.5 
14.T 
24.0 
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TABLE 1'111: DISTR~BLTIOS OF Ga7* IS hf.uE RATS SACWICED AT ISTERYALS AFTER IS~~U\-ESOCS 1Spcnm ? 4 
OF Ga;' -4LItULlSATE AT pH 7.4 

(Each value is the average of the number of rats at the top of the column) 

Sumber of rats 
Time sacrified (hr.) 

74.3 ! I 76.8 

25 .7  23.2 

0.4 
0.2 
51.3 
1.7 
4.4 
18.6 
2 3 . 4  

1.1 

14.4 ' 14.4 

2.0 1 5 . 9  

2.2 2.5 

7 . 3  ! 4 . 4  

1.9 j 2.6 

1.3 
0.2 
28.8 
1.9 
6.9 
51 .T 
6.3 

1.9 
0.3 

15.3 
9.5 
7 . 2  
T . 2  
T . 2  
0.4  

- -  
1 . 1  

and t See footnotes to Table YII. 

In summary, gallium given intrave- 
nously as GaC13 was not distributed dif- 
ferentially to any one tissue rapidly 
enough or to a sufiicient degree to suggest 
that this form of gallium ought to be 
administered therapeutically in man. This 
form of gallium, soluble a t  pH 2.0-2.2, or 
below, is pharmacologically undesirable 
for - intravenous purposes because it may 
result in embolism and local irritation. 

2. The Distributwn of Gallitrni 
-4 lizarimteLo 

The high difierential absorption ratios of 
the spleen and liver in the GaC13 experi- 
ments suggested that particulates had 
formed which the reticulo-endothelial tis- 
sue of these organs phagoc)rtized. Thus, 
these difierentials were the resuit of 
physicochemical properties which resulted 
in a non-specific distribution. 

To test this possibility, gallium was pre- - 
I' These experiments were made by Joe B. Sash. 

4 
4s 

0.3-1.2 
0.04-0.2 

65.9 
34.1 

I I .3 
12.T 
-- 

0.3 
0.1 

50.5 
5.5 
2.4 
24.1 
1i.1 

0.3 
0.1 
13.7 
16.1 
3.5 
3.4 
3.i 
3.0 
0.2 

- 
4 

72 

0 . S I . i  
0.07-0.3 

60.7 
39.3 

69.4 
30.6 

0.2 
0.2 
46.8 
4.8 
2.0 
27.7 
19.4 

0.2 
0.2 
11.3 
15.5 
2.8 
3.8 
3.7 
2.9 
0.2 

a- - 1  

Seg'uohie ~ .- 
SegligibL 

13.0 
18.6 

1 .o 
2.9 
3.3 
2.4 
0.2 

pared in a soluble particulate form, a 
chelate or lake with alizarine. A 10 pcr 
cent solution of alizarine red in 4 N SH,OH 
was added to a solution of GaCl,; on 
neutralizing this with 1.66 N acetic acid, a 
precipitate formed which was \Trashed 
three times, then suspended in water and 
put into solution by use of hTaHC03 and 
heat. The lake was freshly prepared for 
each series of rats injected. 

The twenty-four-hour data in Table 1'111 
were completely out of line due to anoma- 
lous values from 2 of the 0 rats sacrificed at  
that  time. The average of the other 4 rats 
would have fitted into the sequence but the 
values on these 2 animals were included 
since 6 other rats which received the same 
preparation for sacrifice at later periods 
did not show anomalous values. 

The total evcretion of Ga;' and its dis- 
tribution between the urine and. feces 

-(Table VIII) were distinctly different than 
after injection of GaCIa or galIium atrate. 
The excretion was comparatively s m d  



e = 
J i  t during &e first twelve hours after kijec- 

tion, and the total excretion r a s  only about 
&@thirds of that in the other esperiments. 
"-Tt tiapate the &dings in later euperi- 
-ma&, this TU not the result of low doses 
of carrier metal. The high percentage of 

k & j x  in the feces =as a result of the de- 
.p&d urinary excretion, because the 
!&)solute amount in the feces mas similar .z% that in the other experiments. S o  value 

be given for the biological half-life, but 
,& was more than four days, and by 
z p p h i c a l  ex-trapolation - 10 days. 
C, m e d i a t e l y  after injection, the liver 
%&owed the highest differential absorption 
z(Table VIII) .  The spleen -ras about half 

active, and bone about one-seventh as 
f -. active. -4s the experiment proceeded, the 
z - spleen became the most active tissue, pass- 

mg the liver between twenty-four and 
- forty-eight hours. At no time was bone 
1- more than one-kfth as active as the fiver or 

spleen. The liver contained nearly half of 
the Ga7? which was retained, and the skele- 
ton 30 to 25 per cent. In terms of the 
original dose (Fig. ll), the liver lost about 
40 per cent of the Ga'? which it had ini- 
tially, while the spleen and bone retained 
t' initial uptake or perhaps added to it. 
TL,, plasma was nearly cleared of GaT2 by 
six hours, in contrast to the forty-eight- 
hour exponential decrease following ad- 
ministration of the other two gallium com- 
pounds. 

Comment: The rapid disappearance of 
the injected material combined with the 
high differential uptakes of the spleen and 
liver point t o  removal of the particulate 
matter by phagocytic action of the reticulo- 
endothelial cells. On the other hand, the 
presence of Ga'' in tissues such as heart 
and red cells (Table VIII) indicates that 
some of the gallium was loosely bound to 
the alizarine or possibly was liberated by 
action of the body metabolic processes. In 
the face of this contradiction, these euperi- 
m a t s  cannot be regarded a s  typifying the 
distribution that would result if an insolu- 
ble, inert colloid formed when the gallium 
was injected intravenously. It is safe to 
conclude, however, that gallium in par- 
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Fig. 11. The percentages of the total dose of Ga': 
retained by the organs showing the highest diiierential 
absorption ratios. T h e  gallium was injected as tbe 
alizarinate at pH 7.4 diluted with physiological saline 
solution. 

ticuiate form does not show a localization 
favoring bone. It should be injected in a 
form which \rill minimize in zFiio precipita- 
tion. 

3. The Distribution of Gallium Cirrak: 
Ion Exchange Preparation 

Work by Dudley (8) indicated that the 
citrate comples =as preferable for intra- 
venous use. -1 number of other organic 
and inorganic compounds of gallium were 
examined chemically (Section II), but none 
was found more acceptable than the atrate. 
Manufacture-of the pure atrate using GaiZ 
mas out of the question because of handling 
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8.5 
9.7 
5.0 
0.7 
0.1 

TABLE 1s: DISTRE~UTIOS- OF Ga’* n- MALE b T S  SACRIFXUD AT IS~ERVALS AFI”ER ~ ~ - r ~ ~ ~ : s O u s  Ispmos 
Ga7* C m w  (PH 7-41 PREPARED os LY 10s EXCELASGH c0~ux.s 

(Each value is the average of the number of rats a t  the top.of the column) 

10.1 
11.6 
7 . 3  
0.8 
0.3. 

Number of rats 
Time sacrificed (hr.) 
DoSe 

mg. Ga+++/kg. 
mc./kg. 

Per c a t  of original dose retained 
Per cent of original dose u n e t e d  
Fraction in: 

TJrine ( % I  
Feces (5%) 

Total organ content in per cent of re- 
tained dose 

Blood plasma. 
Blood cells 
Liver 
Spleen 
Kidney 
Skeleton i 
Remainder 

DiEerential absorption ratios 
Blood plasma 
Blood cells 
Liver 
Spleen 
Kidney 
Femur 

Shaft 
Ends 

Teeth 
Calvarium 
Lung 
Hearr 

4 
12 

0.2-0.6 
0.01-0.02 

74.4 
25.6 

68.6 
11.4 

8.8 
0 . 4  

10.8 
1.1 
1.2 

29.3 
48.4 

2.5 
0.1 
2 . 8  
4.0 
1.5 
4.3 
3.7 
5.2 
3 .4  
2.4 
0.s 
0.4 

4 
24 

0.4-1.4 
0.02-0.06 

72.8 
27.2 

94.8 
5 .2  

4.2 
0.5 
11.5 
1.2 
1.3 

27.4 
53.9 

1.2 
0 . 1  
3.2 
5.2 
1.8 
3.9 
3.4 
4 .6-  
4.3 
2 . i  
0 .8 
0 . 3  

4 
48 

1.5-2.3 
O . ~ . l O  

46.5 
53.5 

91.5 
S.5 

1.4 
0 . 4  

10.5 
1.8 
1.4 

53.6  
30.9 

0 . 4  
0.1 
-2.7 
3.9 
1.9 
s. 1 
6.1 
s.9 
s.l 
4.4 
0 .7  
0.3 

4 4 
72 1 96 y -  

6.0-6.5 
0.25-0.27 

27.7 
72.3 

‘90.8 
9.2 

1.1 
0.5 
4.0 
0.5 
1.1 

33.5 
34.3 

90.6 
9.4 

segligibk 0.3 

0.6 

24 .@ 

j ,a 
6 7 . 3  1.5 

* and t See footnotes to Table 171. 

problems and the twenty-four hours neces- 
s a r y  for the synthesis. An alternate 
method of quickly synthesizing a pure cit- 
rate complex was developed which made 
use of the surface properties of an ion ex- 
change resin (9). The material so pre- 
pafed was never arlministered to patients, 
because, as was learned here, the citrate 
can be rapidly mobilized from the complex 
and is potentially lethal. The best prepa- 
ration had a ratio of 5 mols of citrate per 
mol of gallium. ,4ccordingly Ca++ was 
administered prophylactically in the ratio 
of 2 mols of Ca++ per mol of citrate. 

Results: The data have been sum- 
marized in Table IX and Figure 12. & 
with GaCL, excretion of Ga:* proceeded 
rapidly during the first hventy-four hours 
after injection and tapered off exponen- 
tially. The total excretion was SO per cent 
of the injected dose, in contrast to 60 per 
cent for GaCt. Most of the excretion took 

place by way of the kidney, and it con- 
tinued for seventy-two hours instead of 
being confined chi&y to the first twenty- 
four hours after injection. The fecal ex- 
cretion was greatest between twenty-four 

The liver, spleen and bone had about the 
same differential absorption ratios trelve 
hours a f t e r  injection (Table IX); a t  
ninety-six hours, the differential absorption 
ratio of the femur was seven times that  01 
the liver and four times that of the spleen. 

take place between twenty-four and forty- 
eight hours. Figure 12 shows that the 
differential favoring bone occurred by 7-k- 

tue of the bone losing relatively less of its 
initial uptake than did the liver, plasma, 

-kidney, and spleen. In th is series of esperi- 
m a t s  the ends of the bone were somewhat 
more active than the shaft; in the other 
experbents the shaft was definitely more 

and fofly-eight hours. 

This shiit in favor of the bone be, can to 
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e. The calvarium, a typical flat bone, 
a less active than the femur, but the 

e5 of Werential absorption ratio 
eled those of the femur. The mandi- 

not shorn in Table a, had a a e r -  
absorption ratio about midTay 

In terms of radiation dose, 
bone did not receive a Werential 
ch would be therapeutically useful, 
ce the differential absorption ratio in 

of bone occurred after 70 per cent 
e radiation had been expended. 

eless, this was a n  improvement 

the femur and calvarium. 
ment: 

GaCIJ distribution. 

0 

J 

DAYS I 2 3 4 

Gof2 CllRATE ION EXCHANX METHOD 

Fig. 12. Th e  percentages of the total dose of Gay' 
retlined by the organs following intravenous injection 
of the gallium a=te complex at pH 7.4 and prmded 
by Caldum giuconate The atrate was prepared on 
an ion exchange column (9) and had 5 mols of a t r a t e  
per mol of gallium. 

4 Distribution of GdLium Citrate; "Radia- 
c ~ i d "  Preparation (Variable Dose) 
The "radiochemical" preparation of gal- 

lium atrate contained approximately 1.2 
mols of a t r a t e  per mol of gallium. It was 
impure in that N O 3 ,  C1, and Na+, intro- 
duced during the preparation, were not re- 
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Fig. 13. The percentages of the total dose-of Ga:' 
retained by the organs following intravenous injection 
of the gallium citrate complex prepared by the ' ' r a d 6  
chemical" method described in Section 11. The solu- 
tion contained 12 mok of citrate p a  mol of gallium 
a t  pH 7.4. The dose of carrier gallium inueased with 
the length of time before sauificc. 

moved and the atrate  was not separated 
or crystallized. On the other hand, this 
synthes is  plus an assay of radioactivity 
required less than ninety minutes. Ca'+ 
vas employed in the usual proportion of 2 
mols per mol of atrate. 

Results: As with the ion exchange 
preparation, the most rapid excretion oc- 
curred during the first twenty-four hours 
after injection and continued at a reduced 
rate over the next two days; 7 i  per cent 
of the initial dose was excreted in ninety- 
six hours (Table X). The urine was the 
chief route of excretion, during the early 
observations, but after a longer interval the 
urinary and fecal loads were about equal. 
The biological half-life was 20.6 hours. 

In these experiments, where there was a 



(Each value is the average of the number of rats at the top of the.column) 

x\'umber of rats 
Time sacrified (hr.) 
DOK 
mg. Gn *++/kg. 
mc./kg. 

Per cent of original dose retained 
per cent of original' dose exacted 
Fraction in: 

Urine (%I 
Feces ('3%) 

Blood plasma' 
Blood cells 
Liver 
Spleen 
Kidney 
Heart 
Skeleton t 
Remainder 

Total organ content in per cent of rerained dose 

Differential absorption ratios 
Blood plasma 
Blood cells 
Liver 
Spleen 
Kidney 
FUUW 

Shaft 
Ends 

Teeth 
Calvarium 
Heart 
Lung 
Lymph nodes 

and t See footnotes to Table iX1. 

3 
12 

0.5 
0.08 

65.0 
35.0 

8.5.3 
14.7 

6 . 8  
3.9 

10.4 
1.0 
1.3 
0.1 

5s. 0 
20.5 

1.5  
0 . 1  
2 .1  
3 .1  
1 .7  
8 . 1  

10.2 
6.3 
2.6 
3 .5  
0 .3  
0 . 7  
0.6 

wide variation in the amount of carrier 
gallium injected, i t  became clear that  the 
percentage of the total dose which was ex- 
creted was related to the size of the dose of 
metal: The higher the dose, the larger the 
percentage excreted ; however, in absolute 
milligrams of gallium, more of the metal 
was retained after the larger doses. This 
effect is further discussed below. 

The differential absorption ratio of the 
femur twelve hours after injection was four 
times higher than that of the next highest 
tissues, the spleen and the Ever (Table X). 
This difference increased as the experiment 
proceeded; a t  forty-eight, seventy-two, 
and ninety-six hours the bone was 6.7, 9.3. 
and 1-1 times more active than the next 
highest tissue. As & o m  in Figure 13, the 
soft tissues retained only one-fourth or less 
of their initial content, while the bone re- 
tained about half. 

5 
!?4 

0 .5  
0.11 

59.4 
40.6 

94.2 
5 .8  

3 .6  
3 . 1  
9 .8  
1.1 
1.3 
0 . 1  

65.9 
15.1 

0 . 8  
0 . 1  
2.1 
2.2 
1.5 
9 .3  

11.7 
7 .4  
"7 
4 .4  
0.2 
0 . 5  
0 .7  

5 
4s 

2.1  
0.45 

47.5 
52.5 

9 1 . i  
8 . 3  

1 .o 
2 . 0  
5 . 9  
0 . 8  
1.3 
0.1 

80.6 
8.3 

0 . 3  
0.1 
1.3 
1 .7  
1.4 

11.4 
13.5 
9.5 
5 . 1  
6.1 
0 . 2  
0 . 3  
0.T 

5 
i 2  

6.8 
1.4 

37.5 
62.5 

90.3 
9.7 

0.6 
1.1 
5.3  
0.4 
0.9 
0.1 

73 .8  
17.8 

0 .2  
0 . 1  
1.1 
1.2  
0.9 
11.3 
13.6 
8 .8  
5.6 
5 .6  
0 . 1  
0.4 

. 0.3 

.. . 0 . 5  
0.1 2 
3.9 A- f 

e: 0.3 .- . .  Negligible 0 . 8  7 
-. 89.2 

6 .S 

Segligible 0 . 1  

0.9 -. 1 .o 
0.9 
14.1 
18.2 
10.5 
6.8 
8.7 
0.1 
0.2 
0.3 

The shaft of the femur was not purely 
cortical bone, since the epiphyseal line, 
which has a very high uptake according to 
autoradiograms (1'7) (Section IX), re- 
mained attached to the shaft. The rnar- 
row, which was not removed from the shaft, 
could hardly be the source of the activity, 
since the trabecular bone of the ends of the 
femur was s t i l l  more cellular, but kc.; 
active. The calvarium, composed of tabu- 
lar bone and some marrow, was about half 
as active as the femur. 

Comment: This series, in contrast to the 
preceding, showed differential absorption 
ratios which would support the use of Gay' 
to irradiate osteogenic neoplasms in man. 
The data indicate that the bone r ecehd  
four to  five times as much radiation as the 
liver and possibly fifteen to twenty times 
as much as the soft tissues during the first 
twenty-four hours folloming injection- : 



subsequently, the ~ e r e n t i a l  in favor of 
L -ne K ~ S  s t i l l  larger, but only 30 per cent 

* - &e activity remained. However, two 
3 ,  sauces of generalized radiation not h e -  fi'; duce the apparent difierentkd. from the b e  tables is the tend Ga" to dr- re- 

d t i n g  in the plasma and red cells; this 
in whole-body irradiation, but i t  

Cappears to be negligible. The other is the 
-r&\ity stored in the urinary and gastro- 
Zktestinal tracts prior to excretion; this is 
,-@cant in view of the - 30 per cent of 

dose ~ h i c h  was excreted during the 

I t  is suggested tentatively that gallium 
-citrate manufactured by this particular 
E method has a speaal affinity for bone and 
E- little a f i i t y  for the viscera. The rela- 

probably is associated with the non-par- 
ticulate nature of the complex, and later 
with slow libetation of the metallic ions. f" 

r- These observations would seem not to be 
i -  sporadic experimental artifacts, since four 
p' r' Merent  batches of the radiochemical 
- preparation were used. 

Relation of Size of Dose of Gallium to 
Amount of Gallium Excreted 

- -  The data collected in Table XI were 
taken from sections 1,  .3, and 4 above, to- 

tively l o r  uptake by the spleen and liver 

rz 

- 
=: 
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TABLE SI: EXCX~ETIOS OF Ga:: IS THE URISE OF RATS 
IS PER CEST OF THE ISJECTED DOSE D c x r ~ c  THE FIRST 

TWESN-FOUX H o ~ a s  

! 0.5-3.6 j 36.7  ! 10 .5  
-4) ! 1.5-8.0 53.S ! 22 .0  GaCI: 

I 2.4-8.0 , 52.3 i 19.4 ! ! 

:- 
I 0 . 5  1 35.0 1 6.3 

44.9 I 1l.i 
54.9 ' 20.5 gzilium c i t ra te  1 ' e 1  6.S 

/ 26.0 (Result D )  

"Radicchunical" 1 

a- 

A = total 
8 = urinary 

I I 

DAYS 1 2 3 4 
NiJM6ER o f  
SAMPLES 

5 20 f5 lo 5 

Fig. 14. The urinary and total auct ion 
dam of Table X broken down t o  show the 
relation of dose of metal to per cent excreted. 
See text for discussion. 

gether with one value from Section X, 
the last of this series. They demonstrate 
clearly that an increased dose of gallium 
was associated with an increased percent- 
age of the dose excreted in the urine during 
the first twenty-four hours after adminis- 
tration. Despite this increased percentage 
excretion, the retained milligrams of gal- 
lium per gram of tissue increased as the 
dose increased. Data taken from the 
clinical studies in Section VI show a similar 
relationship. There was a definite tend- 
ency for a given individual to exhibit a 
consistently high or lorn rate of excretion at 
the different dose levels; age, sex, and 
severity of illness had no apparent relation 
to this tendency. The last column of 
Table XI brings out the fact that relatively 
more of the dose was excreted by may of 
the urine as the dose increased. The 
significance of these two relationships is 
not evident, 

Examination of the excretion data of the 
preceding experiment revealed a peculiarity 



-‘Total organ content in per cent of retained dose 
0 

c z 
W 
0 

c 
w c .  

-- Blood plasma’ 1.2 

Soleen I 0 .1  
I ::; Blood cells 

Liver 

UMR * 

K I D N E Y  * .. . PLASMA I 
:- Y L E E N  0 

Sciney I 2 . 4  
H e a n  j 0 . 3  
Skeleton t I 7 2 . i  
Remainder 1 ,  15.2 

Di5erential absorptibn racios 
Blood plasma 0 . 3  
Blood cells 

Kidney 1 . 4  

S e  g ii gi b I e 
Liver I 2 . 4  
Spieen 1 0 . 4  

Femur ! 10 3 

1 . 2  1 0 . 5  
0.1 0 . 1  
6 7  ~ 5 5  

1.4 1.0 
0 . 3  j 0 3 

0 . 3  j 0 3 
79 5 I I . o  

1 2 . 5  ; 12.E 
-- 

0 . 3  0 . 1  
Segiigibie I Segiigibie 

1.9 1 1.7 
1.4 I 1.9 
i . 7  I 1.1 

11.3 I 11.2 
%aft j 11 .6 : 13.9 1 13.1 
Ends s.s ~ s.7 9 . 5  

T ’ . i  i 5 . 3  ~ 7 . 2  j 7 . 1  
. ,>h nodes , 0.3 0 . 3  ’ 0 . 3  
hrdn i 0.1  ~ 0 . 1  ~ 0 1 
Lung 0 3  0 4 I 0 . 4  

and t See footnotes to Table 1-11. 

series were slightly higher, and for the 
iemur and its components were slightly 
lower than those in the “variable dose” 
series (Table S). The Gerent ia l  fzvoring 
bone oi-er the ne-ut highest tissue was 4 a t  
t-xenty-four hours and S at ninety-six 
hours;  the corresponding ratios -in the 
variable dose series were 4 and 14, respec- 

in p w  cent of the retained dose was essen- 
’Lidly the same as that  for the variable dose 
series except that the ninety-six-hour value 
for the skeleton  as lower and the liver 
content ras  consistently slightly higher. 

The m - e s  in Fi,p.re 15 are flatter and 
placed lorrer on the scale than those in 
Fi,gure 13. This iollows from the higher 
retention figures oi  Table X ~ h i c h ,  as 
gointed out beiore, are o i  u~lcp,”ain kter- 

Fig. 15. The same as Fig. 13 except that all animals 
received 2S.5 mg./kg. of carrier gallium. 

pretation. When allowance is made for 
the dose-retention efiect, Figures 13 and 15 
are quite similar. 

Comment: The data demonstrate that 
the size of the dose of metal had negligible 
efiect on its percentage distribution in the 
rats and its relative concentration in the 
various tissues. In terms of weight of 
metal, horever, the gallium retained in the 
body was greater. For example, 50 per 
cent retention of a 2.5 mg./kg. dose would 
be 1.25 mg./kg., in contrast to 20 per cent  
retention of 25.0 mg./kg., which would be 
.J mg./kg. 

The clinical implications oi this experi- 
ment are: A larger dose of inert Carrier 
metal would increase the amount of metal 
and assodated radiation which mould pass 
through the kidneys and Urinary tract; 
t b i s  is undesirable. On the other hand, 
small repeated doses ought to lead to more 
rapid accumulation of metal in the tissues 
and Limit the radiation dose bemuse of 
metal toxicity. This is a serious problem 
There the specific act i4ty of the radioiso- 
tope is l o r ,  as pcith Ga:’. 

T J d e  this experiment r a s  periormed a s  
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a control on the effect of dose of Mnier 
metal, i t  also partially controlled the 
qossibility that  the concomitant dose of 
adiation influenced the results. The 

twenty-four-hour data checked with the 
twenty-four-hour data in Table X from rats 
receiving only about 2 per cent as much 
radiation. The .experiments in Section X 
also agree that the radiation dose was not 
an important factor. 

DISCUSSION 

According to the experiments reported 
here, the physicochemical state of the gal- 
lium compound influenced the distribution 
of the metal follopCing intravenous adminis- 
tration. When gallium Tas given as an 
insoluble particulate a t  PH 7.4, the liver 
and spleen exhibited the highest relative 
concentrations of the metal. When it was 
injected as a soluble citrate complex a t  PH 
7.4, the bone showed the highest differ- 
ential uptake, and this increased during 
the following three days. The differential 
favoring bone was the result of the bone 
tab=ing up initially a larger fraction of the 
dose and holdFng it  more h l y  than the 
next three highest tissues, the liver, spleen, 
and kidney. From the standpoint of 
administering radiation by use of a radio- 
active isotope, this way of achieving a dif- 
ferential uptake is less preferable than if 
the bone took up increasing amounts as 
the experiment proceeded, regardless of the 
liver and other organs. 
- The gallium citrate complex prepared by 
addition of predetermined amouts  of re- 
agents gave the highest differential absorp- 
tion ratios for bone. This was fortunate in 
view of the difficulties of synthesizing a 
chemically pure compound with some 300 
mc of an isotope whose half-life is 14.3 
hours. The Werential absorption ratios 
obtained with this complex mere good 
enough to justify its use in clinical studies. 
However, unless a dilute solution of a t ra te  
compIex is infused very slowly, Ca" as 
Calcium Gluconate Injection (U.S.P.) 
should be injected prophylactically. 

The data clearly show that a smaller 
fraction of the dose of gallium mas retained 

.. 
as the dose increased from 0.5 to 2s mg. of , . 

Ga+++/kg.; a similar effect =as demon- 
strated for man. ,This dose effect, hove\.-, :.l 
apparently was confined to the excretim, .-Tc 
retention processes, since neither the dif- .\?J& 
ferential absorption ratios nor the p e ~ -  .gz 

retention effect is that the excretoq- a d  '.:+ 
detoxifying mechanisms wi l l  be put undm 
stress out of proportion to the increase of : . . Y -- 
absolute amounts of Ga7Z taken up by the . -5 
bone. This damage may be automatically . F 

J; Limited, however, in that  man probably ,% 
cannot tolerate single doses of gallium, . <$ 
g d i u m  atrate,  in excess of 10 mg./!q . <$. 
The data here do not indicate what level ;:. 
of carrier gallium might be the best corn- .?. 
promise between absolute retention, rela- --! 
tive retention, and potential toxicity ior * 

man. 
Because of the short half-life of Ga", the 

Merentia1 radiation dose to bone is greatly 
iduenced by the degree of rapidity with 
which the differential uptake in bone takes 
place. Obviously, the above data on the 
rat gave no clues on how rapidly a practical 
absorption favoring bone will be estab 
lished in man, if a t  all. The practical l-alut- 
of these rat data is that they show th3t  
such a Werential radiation dose can be 
obtained. Only clinical studies on man, 
using biopsy or autopsy material, can give 
the necessary information. Whether osteo- 
genic neoplasms will take up gallium is a 
still further extension. 

- 

centage distribution dab were affected. .-<-e 

A secondary result of this primary d- :f$:2 -.--% 
.. .. 
-.s 

... . - 
x 

. 
- 

SCMhf ARY 

1. Gallium labeled by Gaiz was injected 
intravenously into five different series oi 
rats for the purpose of studying the distri- 
bution of the metal in animal tissues. T h e  
experiments were designed so as t o  serve 
a s  a prototype for the subsequent c h i d  
studies. 

2. Following the injection of CaC4. an 
aadic (PH 2.0), ionized salt which probablv 
reacted with the blood constituents, there - 
was no distinct differentid localization of 
the element during the tirst day. Thwe- 5 -- . -- 
after, the bone had the highest differentia -. 5 
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s--&mrption ratio, but this was due to  the 
%fact that the other tissues retained their 
3 : s ~  content of gallium less m y  than 
3g- bone. The excretion was chiefly Via the 

a e y  and exceeded the 50 per cent level 
slightly more than twenty hours after 

. Because Gay* has a l4.3-hour 
and the development of the dif- 
was slow, the liver and bone re- 

about the same cumulative radiation 

Gallium alizarinate, a soluble par- 
ate lake or chelate, gave a distribution 

erent from the chloride. The 
d liver had very high merentia1 
n ratios ; the bone was never more 

The ten-day 
E t o t a l  excretion was SO per cent, wi th  the 
&urine and feces contributing about equally. 
:. This distribution appears to be associated 

+reticulo-endot&lial system, but i t  is prob- E able that some gallium was loosely bound 
to the alizarine or some of the lake was 

_- L- broken down by the body metabolic proc- 
E- esse~. The experiment indicates that a 

ar 
6-l 

2 --- 

than 20 per cent as high. 

F -with phagocytosis of the particles by the 

z- 

par t ida t e  form of gallium or a compound 
which reacts to give fine particles on injec- 

n would not segregate to a sufficiently 
...g h degree in bone. 

-4. -4 very pure gallium citrate complex 
prepared on a n  ion exchange resin had 3 
mois of a t ra te  per mol of gallium and re- 
quired prophylactic use of Ca++. More 
than 50 per cent of the dose was excreted 
during the first twenty-four h o u s  after 
injection, chiefly by way of the h e .  
The bone at twenty-four hours after injec- 
tion had about the same differential ab- 
sorption ratio as the liver and spleen, but 
due to the fact that a l l  other organs retained 
the metal less M y  than bone, its differ- 
ential absorption ratio at ninety-six hours 
was four and sevm times greater than that 
of the next two tissues. The tendency 
toward a diEermtial favoring bone was 
definite, but because it developed so slowly, 
the diEereutial radiation dose-to bone r a s  
not suEaent for therapeutic purposes. 
- 3. Another type of gallium citrate mm- 

plex was prepared by adding predetermined 
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amounts of reagents to the activated Ga’?- 
SO1; it had 1.2, mols of citrate per mol of 
gallium, but also required a prophylactic 
injection of Ca”. By twenty-four hours 
after injection’ the dif€erential absorption 
ratio of the femur was four times that  of the 
Liver and spleen, and at ninety-* hours 
some fourteen times. As in the previous 
experiment, this increasing differential was 
the result of the bone losing relatively less 
of its initial uptake than did the other tis- 
sues. The cumulative differential radiation 
dose to bone was large enough to warrant 
trial of this preparation of gallium in man. 

An examination of the excretion data 
of the preceding experiments demonstrated 
that the percentage of the dose which was 
excreted increased as the size of the dose 
increased. ,Use, the ratio of urinary to 
fecal excretion increased with the size of the 
dose. The ninety-six-hour urinary excre- 
tion by 62 patients showed a similar rela- 
tion to the dose. These changes in excre- 
tion suggested the possibility of an effect 
of size of dose (metal and/or radiation) on 
the dxerential absorption ratios and the 

6. 

distribution of the retained fractions. 
The dose-excretion relation was respon- 

sible for the obsemation that m e r e n t  aver- 
age excretion curves could be obtained 
depending on the choice of method of cal- 
culation. 

,511 rats received the same large dose 
(2S.3 mg. Ga++*/kg.) of the radiochemi- 
cally prepared atrate  complex regardless 
of the time of sacrifice, The excretion pat- 
tern corresponded to that of animals in the 
preceding series which received similar 
high doses. On the other hand, the dii- 
ferential absorption ratios and the per- 
centage distribution of the retained doses 
were similar to those of animals which had 
received doses only 2 to 3 per cent as large. 
Thus, large doses of carrier gallium had no 
sigdicant &ect on the distribution of the 
metal in the tissues, although the excretorj; 
pattern was definitely afiected. Concomi- 
tant variations in the radiation dose ap- 
peared to be unimportant .. . . .. in causing these 
doseeffects. . _  . *. . 

8. The rat data indicate that the radio- 

7. 

, 



chemical preparation of gallium a t r a t e  is 
suitable for use in clinical studies. They 
do not provide information as to what dose 

mill give the highest specific uptake in bont 
consonant with the least metal tosicit? a d  
total-body irradiation. 

VI. Clinical Studies with Gallium7’ 

GOULD A. ANDREWS, UD., SAMUEL W. ROOT, MD., and HERBERT D. K E R W ,  MD.11 

BACKGROUND OF THE CLINIC4-L TRIAL 
OF GhtLlX3f 

Since radiogallium seemed to have selec- 
tive deposition in bone and prjmarily in 
centers of osteogenic activity, i t  was con- 
sidered worth while to investigate the 
therapeutic possibilities in human tumors 
involving the skeletal system. Since there 
was very little previous clinical experience 
with this isotope, a flexible program was 
started and was continuously modified as 
experience indicated. 

In general, two groups of patients were 
studied. In one group a d e h i t e  attempt 
was made to produce a therapeutic effect 
with Ga72 treatment. The second group 
was composed of patients in whom no 
therapeutic attempt was made, but rather 
in whom localization or uptake of Ga72 in 
the various tumors or sites was studied. 
All the patients in both groups, with one 
exception, had ultimately fatal neoplasms 
not amenable to curative surgery or radio- 
therapy. Those in the “therapeutic” 
group were, in gmeral, in a more advanced 
stage of disease and were completely be- 
yond even palliation from conventional 
f o b s  of therapy. In many instances, the 
initial tracer studies helped to determine 
whether or not a prolonged therapeutic 
attempt would be undertaken. Bone tu- 
mors of all types which were available to 
us, both primary and metastatic, were 
studied, and occasionally tumors of other 
types when opportunity arose. In this lat- 
ter group were three cases of chronic 
leukemia, one of Hodgkin’s disease, and a 
few other neoplasms without skeletal in- 
volvement. . .  . - .  - 

. -  - _  - - 
€’resent a d h :  D e m e n t  of Radiology, Uni- 

versity of LouisPiUe School of Medicine. M e .  Ky. 
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MODE OF ADMD7STKITIOK -LYD D0S.4~13 

The radioactive gallium was available 
only on Mondays and Thursdays, barn r- 
of the schedule of the Oak Ridge X a t i o d  * -  
Laboratory Reactor Division. Because of ’- 
the 14.3-hour half-life, the isotope R= I 
administered shortly after it was removed - 
from the reactor. The program of bi- 
weekly treatment was believed to  be fair]>- 
satisfactory and might have been chosen 
even if the availability of the isotope had 
not been a-determining factor. It would 
be quite impractical to g v e  a therapeutic 
amount in a single dose. Such a dose 
would produce personnel hazards insur- 
mountable at the present time and, be- 
cause of individual sensitivity to radiation 
effect, i t  would be impossible to estimate 
accurately the proper dose. Further, the 
toxicity of the stable gallium precluded 
giving all of the desired dose a t  a single 
time. Fractional treatments a t  three- and 
four-day intervals appeared to allow for a 
reasonable protraction of the treatment 
and adjustment of the individual dose; but 
i t  is pointed out that this was a rather 
arbitrary factor in the experimental trials. 

The gallium was always administered 
intravenously. Very little work has been 
done on the absorption of gallium from thc 
gastrointestinal tract, and i t  might be 
feasible to  give this material orally. How- 
ever, the extremely short half-life makes 
this route of administration undesirable. 
Even if the gallium were very rapidly 
absorbed, the stomach and upper small- .  
intestine would r&ve a high dosage of 
radiation. It is obvious that the  ratio of 
absorption time to half-life is an important 
f%ctor in determining the relative amount 
of radiation delivered to the stomach and 
small intestine as compared with other tis- 

‘ 



me of the body; when this ratio is high, 
e it must be in the case of a very short 

-half-life isotope, there is a distinct dis- 
.a& -age in the oral route. The intra- 
=:;-enous route also has the advantage of 
;&g a h o r n  dosage. 
:: Normal tissue and whole-body tolerances 
ffm-amounts of radiogallium necessary to 
:produce a significant &ect upon malignant 
s-es were &own. Preliminary calcu- 
:lation and small-animal experiments had 
;mdicated that the accepted radiation 
Z d a e k y  as applied to  other isotopes 
f m u l d  be of Little value in calculating radia- 
._ !,,tion dosage to &sues. It mas therefore 
- ~ n e c e s s a r y  to utilize the hematologic picture 
:to assess the damaging effects of mhole- 
.body irradiation, and clinical and roent- 
genographic experience in evaluating a 
therapeutic response. I n  the “therapeutic” 
group, doses which were believed to be 
moderate wereJ,aiven and gradually in- 
creased to a to%c level. I n  two patients 
our estimates of safe dosage limits were in 
error and the radiogallium is believed to 
have hastened death. 

The doses, which ranged from 10 to 100 
mc.. were always given by an intravenous 
dr ipparatus described earlier in this 
stuay. The material was poured into 
this apparatus from a bottle held wi th  
tongs, and no close handling of the radio- 
active gallium was necessary. Doses be- 
low 10 m c  were generally given with a 10 
cc. syringe contained in the metal syringe 
protector which has previously been de- 
scribed. The large doses could be measured 
quite satisfactorily by means of a Lauritsen 
electroscope. The small  doses represented 
fractional volumes of larger samples as- 
sayed by the electroscope, and these small 
doses often were not very satisfactorily 
measured in the syringe, because of bubbles, 
which obscured t h e  exact degree of filling 
and also because of t h e  residual gallium 
which remained in t he  syringe after injec- 
tion, 

i; 
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cept for a few r i t h  malignant plasmo- 
cytoma and leukemia, in whom the diag- 
nosis was based upon cvologic studies. 
The studies in the Medical Di-iision in- 
cluded a routine history and physical ex- 
amination. R o u h e  urinalyses and exten- 
sive x-ray examinations were performed. 
Blood chemistry examinations included 
determinations of serum calcium, phos- 
phorus, alkaline and acid phosphatase. 
Kidney and Liver function tests mere ob- 
tained in the patients who were to receive 
large amounts of gallium. Additional work 
vias done as seemed desirable in individual 
cases. 

Frequent--in some cases daily-hema- 
tologic studies were performed. These in- 
cluded a white count, difserential count, 
chamber eosinophil count, and estimate of 
platelets. At less frequent intervals, hemo- 
globin determinations, hematocrit read- 
ings, and red cell counts were done. The 
bone marrow from many of the patients 
was examined before, during, and after 
therapy. The blood chemistry determina- 
tions, particularly calcium, phosphorus, 
and phosphatase, and the studies of liver 
and kidney function were repeated during 
and after the courses of the therapy in an 
eEort to detect various changes due to 
radiation or stable metal toxicity. Re- 
peated x-ray examinations were probably 
the most important method of evaluating 
the course of the disease. Thuty-five-&- 
meter colored photographs were also used in 
some patients to show comparative sizes of 
external lesions. 

METHODS OF STVDY OF LOCLJ-.IZdTIOS 
OF G A L L m 7 2  

Methods used to determine the Iocaliza- 
tion of gallium7* varied with the individual 
patient, depending upon the type of lesion 
and suitability for biopsy. In many pa- 
tients external radioassays were made. 
Most of these were done with a highly col- 
limated Geiger-Miiller tube, rrhich made 
uossible rather exact localization. Patients 

PROGRAM .--- - ._._ OF _.__ STUDY 
In all patients. studied the diagnoses 

were confirmed by histologic sections, ex- 

.- kho received very small doses of gaLlium 
could not be studied with this instrument 
because of its relative insensitivity, and 



for these a tube with less directional shield- 
ing was used. 

Biopsies were performed upon many 
patients, usually forty-eight hours after 
the last dose of gallium. This time interval 
was rather arbitrarily chosen; it. was be- 
lieved to be long enough to allow differen- 
tial localization and short enough to give 
suitable levels .of activity for study with a 
reasonable dose to the patient. In most 
instances an attempt was made to obtain 
a portion of the neoplastic lesion with an 
area of adjoining normal tissue, which for 
the most part was bone. We also tried to 
obtain skin, muscle, and any other easily 
available, relatively normal tissue to sene  
a s  a basis of comparison. Blood appeared 
to be a most suitable normal tissue for this 
purpose, and blood radioactivity levels 
were obtained simultaneously with the 
biopsies in many cases. In each biopsy 
study, the tissues were carefully studied 
grossly and divided into portions for 
speafic determinations. Radioassays were 
made upon acid digests of tissue, and for 
each type of tissue an  adjacent area was 
saved and labeled for histologic sections. 
Gross and microscopic autograms were also 
prepared on many of the biopsy specimens, 
and some of the tissues from which gross 
autograms were made were subsequently 
studied by histologic sections correspond- 
ing to the various areas of the gross auto- 
gram. Routine histologic sections were 
made on every biopsy, but during the early 
part of the study these were not always 
thosen and labeled in such a way that the 
exact tissue at the points of activity in the 
gross autogram could be identified. - 

-9utopsy material was obtainable for 
11 of the patients who received large 
doses. When feasible, an effort waS made 
to administer a dose of radioactive gallium 
a t  a suitable time before the expected time 
of death so that radioassays could be made. 
In one patient radioactive phosphorus and 
gallium were given simultaneously, in 
another sulfur and gallium, in an eflort to 
study comparative distributions. . At the 
autopsies, the.usual gross and histologic 
studies were carried out, and extensive 

radioassays and autoradiograms were a b  
obtained. 

TOXIC MMTFESTATION 

One of the chief problems throughout ; 
this study was the evaluation of the t o i c  
manifestations which developed. Since . 
there was no previous human experience 
with stable gallium, the madestations of 
toxiaty to t h e  metal were &own. The 
characteristics of total-body irradiation 
damage or radiation damage arising pri- 
marily from an isotope localized in bone 
were quite well h o r n ;  but since there 
no way of measuring the dect ive dosage t o  . 
the bone marrow of this type of radiation, 
there is a lack of quantitative data to 
evaluate chemical versus radiation effects. 
Because of the fact that i t  was not possihlc. 
to obtain a high specific activity of Gay:, 
it was necessary to ,give amounts of stable 
gallium which we believed to be somewhat 
toxic. 

Patients usually tolerated the first one 
or two doses very well and many of them 
said they could not notice any effects what- 
ever from the treatment. Some felt rather 
drowsy during the six or eight hours follov-- 
ing the intravenous infusion. This d r o w i -  
ness tended to persist uniformly in indi- 
viduals who received many injections. 
Patients who received only three or four 
injections of gallium did not notice delayed 
effects. Those who received “therapeutic” 
amounts began t o  notice anorexia after the 
third or fourth dose, and with continued 
treatments severe nausea and vomiting 
developed. Some patients maintained 
good appetites but vomited promptly aiter 
each meal. Others refused to eat an?. 
significant amount after they were well 
into the course of treatment. bfany could 
eat breakfast but would not take any other 
meal during the day. the course of 
treatment progressed, vomiting i m m d -  
ateiy after administration of the dose be- 
came prominent. In some individuals 
whose personalities did not lead us to be- 
lieve that  they would be p a r t i d d y  Open 
to suggestion, a “conditioned refiex” vomit- 
ing  occurred as soon as they saw the gal- 

- 
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Z- coming into the room. A frequent 
& m p t o r n  was a peculiar metallic taste dur- 
=kg the period of treatment. The gastro- 
z z  s.tlnal symptoms were the most mi- 

&,.a madestations of toxiaty with large 
. Two young patients, however, who 

rather large amomts had only 

ent -dermatologic changes were 
any patients, but they were not 

II~ type or predictable in degree. 
usually developed after the tifth or 
injection of gallium or within the 

nd, third, or fourth week of treatment. 
m d  degrees of folliculitis were sometimes L, while in o thE  instances an extensive 

=maculopapular rash developed, and in a 
E f e w  cases there xas a generalized exfoliative 
Lddermatitis. Itching was very severe with 
Ealmost all of these lesions. Some of them 
F w e r e  associated with rather prominent 
Y-edema of the sbfn and subcutaneous tissue. 
C-L ;:-All of the dermatologic manifestations 
Z cleared up within a few days after cessation 
”, of therapy. 
?*: In two patients very small retinal hemor- 
. rhages were noted during the latter part of 

the gallium therapy. 

orexia. 

E- 

-.& 

Yematologic changes were prominent 
d d  were usually of primary importance in 
determining when the treatments should be 
discontinued. After from one to five 
“therapeutic” doses of gallium, depending 
on the dose size,  the changes in the blood 
picture became apparent. The fust of 
these changes was a relative lymphopenia, 
often associated with a prompt decrease in 
the total white cell count  Somewhat later 
the platelets decreased in number. Slight 
changes in the red cell values began to o c c u  
quite promptly, but the more severe d e c t s  
were delayed and the anemia usually 
reached its greatest severity some we& 
after the end of the course of treatment. 
Bone marrow studies done before treat- 
ment and during the greatest hematologic 
depression showed that the gallium treat- 

the chief nucleated forms persisting in 
these very hypoplastic marrows. 

Recovery F F ~ S  seen in the hematologic 
picture rather soon after wsat ion of g d -  
lium therapy in most instances. The red 
cell regeneration, however, lagged behind 
that  of the white cells and platelets. CLini- 
d manifestations of the severe bone mar- 
row depression consisted of a susceptibility 
to infection, particularly pneumonia, and 
in some instances a prominent bleeding 
tendency. Of two patients who died dur- 
ing profound bone marrow depression, one 
had evidences of both bleeding and infec- 
tion, while in the other infection was most 
prominent. These two patients died in 
spite of antibiotics, blood transfusions, and 
toluidine-blue therapy. 
In the other patients, who had milder 

bone marrow depression but prominent 
gastrointestinal symptoms, many types of 
symptomatic therapy were used, including 
pyridoxine, Dramamine, sedatives, anti- 
histaminics, and intravenous fluids. Sev- 
eral patients with bone manow depression 
received blood transfusions d u h g  the 
course of therapy. 

It was difficult to determine to what ex- 
tent the toxic manifestationf could .be 
attributed to radiation alone and to what 
extent they were caused by stable metal 
toxicity. There was little doubt that both 
factors were important, but the relative 
role played by each was difficult to quanti- 
tate. A single patient, So .  110088, was 
given a series of injections of stable gallium 
comparable to those in a therapeutic course 
of radioactive gallium. A s m a l l  tracer 
amount of radiogallium was administered 
with each dose, for measurement purposes. 
It was believed that this patient received 
too little radiation to be si,gtdica.nt clini- 
cally. In  general, he tolerated the course of 
treatment with much less evidence of 
toxiaty than did the patients who received 
a large amount of radiation. He main- 
tained his weight, although he had some 3.1 m k t  caused a profound hypoplasia of all nausea and anorexia. During the course of 

. - the m w  dements. . Red cell precursors, treatment, he had a viral or fusospiroched 
P k  cells, reticuloendothelial elements, infection, which was believed to be _. ind- 
and a few other primitive cell types mere dental, but which impaired his general 
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temporarily. His blood picture 
failed to  show the profound depression 
ob- T e d  in patients gh-en high doses of 
*. i o n  ~ t h  a similar total gallium dos- rfz. 

but he did show a rather prominent 
-*&a and a mild depression of the Thite 
Z t .  A very definite skin rash developed. 
$h summary, i t  appears that the toxic 
reactions seen in the series of patients 
d \ ~ +  large doses of gallium can be inter- 
preted approximately as follows : 
Z n e  profound bone marrow depression is 
*cteristic of radiation damage and is 
probably chiefly caused by radiation, 
though a n  element of stable metal toxicity 
may also be contributory. The skin rash, 
on the other hand, seems undoubtedly a 
manifestation of tosicity of stable gallium. 
The gastrointestinal symptoms probably 
are due both to radiation damage and sta- 
ble gallium toxicify. 

--- 

LABORATORY DATA DURING AND AFTER 
THERAPY 

Routine urinalysis, performed repeatedly 
in all cases, showed no distinct changes 
related to the Gai2. Occasional one- to 
tl-- --plus albuminuria mas seen tran- 
SI .y during or immediately following 
treatment. In only 2 cases did this appear 
to be distinctly related to the Ga'? adminis- 
tration. Blood non-protein nitrogen de- 
terminations showed no change during and 
folloring therapy. A considerable number 
of patients had elevated blood alkaline 
phosphatase levels before treatment. Of 
10 in this group for whom multiple de- 
terminations were available, none showed 
a consistent change which could be related 
to g*um treatment Three patients with 
Wdnoma of the prostate had repeated 
blood tests for add phosphatase and, while 
there mas considerable fluctuation in levels 
for each patient, there was no apparent 
relation to the course of gallium therapy. 
Li1-e function, in so far as i t  mas reflected 
b>- thymol turbidity and cephalin choles- 
terol flocculation tests, showed no altera- 

- The fact that many of the patients in 
.-: - this series had serious and increasing meta- 

t i O R  
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bolic alterations due to progressive neo- 
plastic F o r t h  made evaluation of gallium 
damage difiicult. It appeared clear that 
during and immediately after treatment 
changes in kidney and liver function, if 
present, were slight in comparison nith 
bone marrow injury. 

EXTELVAL R-UIL4TION MEASLEREMEhTS 

In many instances, radiation measure- 
ments were made over \-arious areas of the 
patients' bodies, usually twenty-four or 
forty-eight hours after Ga'? administration. 
The information gained from these studies 
correlated well with radioassays and auto- 
radiographs made upon tissues obtained a t  
biopsy or autopsy, but the external count- 
ing determinations were relatively insensi- 
tive and failed to indicate slight localized 
differences in concentration or to shovr the 
true ma,gnitude of pronounced variations. - 
Even over lesions which showed a local 
concentration of manyfold by biopsy or 
autopsy assays, i t  was unusual to obtain 
external counting Ievels more than three 
times those of the comparable uninvolved 
area. 

GROUP OF PhTIESTS SUBJECTED TO TRI-XL OF 
THEUPY KITH L.UZGE DOSES OF G ~ L L I U M ; ~  

Table XI11 presents a brief summary of 
material on 21 patients who were 5ven  
si,&ficant doses .of radioactive gallium. 
The information is largely self-explanatory. 
The first column gives the patient's initials, 
his hospital number, sex, and age. The 
second colunn is the diagnosis based upon 
histologic or cytologic material. The third 
column includes the dosage of gallium in 
millicuries, total milligrams of gallium 
given, and the milligrams per kilogram of 
body weight. The next column indicates 
the severity of hematologic depression . 

attributed to the gallium injected. The 
symbols +, ++, and +++ were used to 
indicate in a cwwml way the severity of 
the hematologc depression. The patients 
recorded as showing a 3-plus blood change 
all  had white cell counts below 1,OOO per 
cubic minimeter for a si,anificant period of 
time. The next column indicates the 
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severity of anorexia, nausea, and l-omiting, 
as they were attributed to the galiium 
treatment. The column indicating skin 
lesions needs no explanation. The nest 
three columns indicate the degree of local- 
ized gallium uptake in the tumor. The 
concentration of gallium in each tumor is 
compared with that of available normal tis- 
sue. 

PATIEhTS STUDIED WITH TRACER DOSES 
Another, entirely separate g ~ o u p  of pa- 

tients, 31 in number, were studied with 
tracer doses on ly  of Ga'? (Table XIV). 
Some of these patients were being con- 
sidered for a trial of therapy with this iso- 
tope. The remainder were patients ad- 
mitted to  the hospital for other forms of 
study or treatment, to whom it  was possible 
to give the Ga72 tracer dose as an addi- 
tional study. 

THREE CASE REPORTS 

Only the first of the folIowing 3 case re- 
ports is presented as a typical example. It 
is of a patient with osteogenic sarcoma who 
showed concentration of gallium in the 
lesions but who failed to have apparent 
b a & t  from the treatment. The second is 
of a n  unusual case unlike any other in the 
series. The third case is that of the only 
patient given large doses of stable gallium. 

 cis^ I: Hi5fory: H. D. ( S o .  010016) mas a 12- 
year-old colored school girl whose case is summarized 
in Figurr 16. She was admitted on Aug. 23, 1950, 
K i t h  a histon- of pain and swelling of the l d t  thigh 
heginning about one year prior to admission. In 
July 1950, upon the basis of x-ray studies, a diag- 
nosis of osteogenic sarcoma of the femur +th pul- 
monary metaStaSes was made. The patient had re- 
ceived no radiation therapy or surgical treatment 
prior to admission. 

P h + d  Examination: Temperature 3 i "  C., 
pulse i o ,  respirations 22, blood presnue lO-I/iS. 
The patient rras slightly u n d m e i g h t  but appeared 
to be in fairly gaod genual condition. Her lungs 
mere normal on physical examination. There rras a 
large fusiform mass on the left thigh ini-olying the 
distal h&- oi the femur. The circumia-ence oi the 
thigh at the lewd of this mass was 3 i  an., as com- 
pared 37 an. at the corresponding level on th: 
normal side 

~ - * y  studies:-- Fitms *A a characteristic 
picture of ostcogcnic sarcoma of the femur. There 
rere numerous pulmonary nodules 
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Fig. 16. Summary of Case So.  010016. 

Course: Intravenous gallium citrate was given 
with 3-10 ml. of 10 per cent calcium gluconate intra- 
venously before each dose. 

Date 
s-18-50 
s-25-50 
s-2s-50 
s-3 1-50 
9- 5-30 
9- i-50 
9-1 1-50 
9-14-30 
9- 18-50 
9-2 1-50 
!3--95-50 
4-30-50 

TOTALS 

Dose (mc.) 
1 
1 
1 

29 
52 
54 
49 
54 
50 
53 
41 

413 

93 -- - 

Mg. oi 
GalIium 

9 
9 
5 
90 

1E3 
1 i 9  
204 
155 
195 
199 
123 
102 

1454 
- 

External counting studies showed counts over the 
lesion in the iemur to be about three to four times 
the level on the normal side and two to three times 
the level over the trunk. S o  de6nite localization 
of the chest lesions could be shorn  by enunal count- 
ing. During this treatment, the patient sufiered no 
severe nausea or romiring. though she did complain 
of anorexia and malak During the pen'od of 
greatest depression in the bone marrow, latein August 
and early in  Septanber.  she had a distinct bleeding 
tendency, come oozing from the -"urns and no= 

She was given -1ureomycin and blood transfusions 
during this period. 

The laboratory findings during treatment were as 
shown on the foIlowing page. 

During the gallium treatment the urine shonetd 
v q i n g  amounts of albumin up  to 3f. On UI-- 

charge it was negative. 
.Uter completion of the c o u s e  of gallium, the 

patient rapidly improved and seemed to feel somc- 
what better than she had before the beginning of the 
treatment. She \vas discharged on Xov. 10, at 
which time the hemoglobin was 9.5 gm., white cell 
count 9,150. She was quite well and free from pain 
for several weeks. Early in 1951, she had inmeasin: 
pain in the left femur and her general condition 
became poorer. 

.bother extensire cout-se of gallium:* r r a ~  ~1-e:. 
bringing the total dose to 730 mc. Pronounced 
hematologic depression again o c m d .  Amputation 
of the leg with the primary lesior-aas done after the 
first dose of gal l ium and auto& and assays weft 
obtained. Histologic sections were characteristic oi 
a highly cellular asteozenic sarcoma. a The patient 
died of extensire pulmonary metastases while she 
 as showing toxic efiects from her second courx'oi 
gallium. She r e t d r c d  a small dose of the isotope 
shortly before death for tissue radioactivity a s ~ a > - S  
and autograms. 
- At autopsy there were found multiple pulmonary 
metastatic nodules, which practically replaced nor- 
mal lung; these nodules showed a coasiderabk 
a n l o m t  of caldcation, - .  

, 

She returned on Feb. 14,1951. 



Sept. 23, 1930 -lug. 17, 1950 (During gallium (TKO and a hal i  
e.? treatment) m o n k  after 1st 

r; R.B.C. 4.1T million 3.00 million 3 .:S million 
2 .- Hemoglobin 13.3 gm. 6.0 gm. S.5 gm. 

?.: K.B.C. 5,200 1,330 9,250 

f Band neut. 

Feb. 15, 1951 

course of Gay') .- _-  - -  
i -. 
5 -  

g.2 H e m a t k t  41% 2470 B7J 

g- I %,omen ted 44 .0  41.0 1 0 . 0  

E - * .  _\iooocytes i . 3  7.0 10.0 

m-eren tial count 
2 .07,  5.0% 4 . 5 %  -- 

LJm p hocyt es 45.0 45 .0  S . 0  

z- Eosinophils 1.0 0 1 .5  

e=. 
z :  Some "irritation" I!m- >loderate a n i s q t o -  
- ? p h q t e s .  Seutro-  sis, pohiloq-tosis, 
1 phils Ki th  large and hypochromia. 

Some youcg mono- 

T I  

_-A .  
- .  Basophils 0 . 5  (greatly (slightly 

T h r o m b q t e s  (slightly increased) d e c r e e d )  increased) 
Red cells S N 

-.. 

*"- &-- 

c -  2. 

- 
* 

granules or nuclear z 
* ira,Pmen ts cy-:es 

+ - J, 

- 1' 
f than on that date, reaching 500 per cu. m. .liter .lug. 9 - 3 1 ,  1950 Oct. 19, 1950 
5 about a week at ve- low levels. i L  gradually rose. (Before treatment) (.Uter treatment) 

- . k i d  phosphacase 4 . 6  K.--\. units 3 . 3  K.-.l. units 

- .. - 
-. 
- - 

.ifter Sept. ,:,*the white cell count fell still lower 

-_ 
-ilkaIine phosphatase G . 2  Bodansky units 7 . 7  BodansLy units 

Cephalin cholesteroI fiocculation - 

/ I 1  

0 , I ,  --- 24 hours / * I  

4 s  hours 1 8 0 ,  
--- I / , ,  

/ I I  
---- 

ThJmol turbidity 12.5 units 10. i units 

Comment: This is a case of osteogenic 
sarcoma with extensive pulmonzr). metas- 
tases in a young individual who received 
two extensive courses of Ga;?. The pn- 
mary lesion and metastases continued to 
,orow rapidly during 2nd aiter treatment. 

CASE 11: Xisfor?: D. H. (So.  010012) was a 19- 
pzu-old colored male Those case is summarized in 
Figure 17. H e  xas admitted .\ug. 3, 1930. He had 
a history of i a j q  to his leit iequr about one year 
before admission, follon-ed b y  pain and srelling, and 
an x-ray diagnosis of tumor involving the leit femur 
was made in Ju1~- 1%9. Histologic studies showed 
on osteogenic sarcoma. .i high thigh amputation 
r a ~  done in October 1949. In J u n e  1930, there r a s  
x-ray exicience of a nodule in the left lung. This had 
enlarged on subsequent s-ray esaminatioa. 
--Physicnl Esurninatwn: Tempwtlue  37" C., 
rrspLations 15, blood presmre 120/50. The patient 
~ a s  a Kell nourished, young S e g o  male, r h o  xzs 

able to get around quite lvell with crutches. The  left 
leg had been removed a t  the hip and the amputation 
ivound Kas well healed. Physical examination re- 
realed no further noterrorthy abnormalities. 

S - R O ?  Studies: S-S-30: .-? postero-anterior chest 
film reyealed a m a l l  rounded density in the left 
lower lung fieid. measurin5 approximately 1.5 m. in 
gea tes t  diameter. ou t  with no evidence of calcifi- 
cation. -X \-cry small pneumothom. and pleural 
eiiusion \rere also seen in tne ieit side. 

S-24-50: Re-examination oi the chest shon-ed the 
previously described nodule in the left Iorrer lung 
field to be approximately the same size as on the 
preiious examination. The pneumothorax had in- 
creased and there r r a s  slightly more Euid present 
than on the preiious euamination. The heart size 
and shape had changed considerably, probably as 
the result of the pneumothoras. 

10-3-50: Reexamination rei-ealed some increase 
in t13: size of the nodule, xhich n o r  measured ap- 
proximate!?- 3 ab. in greatest diam2ter. There xere  
s t i l l  s o n e  pneumothomx and a sinal l  amount of 
pleural fluid in the  left cmtop'nrmic angle. 



TABLE XIV: S L ~ S  OF CASES IS n ' a r ~ a  Ga': ITAS G n - ~ s  LY TRACER DOSES 
(S.D.. S o  data; 0. Sone;  i, Little; ti. lloderate; ti+. Pronouncrd) 

€EX. 
010018 
0 46 

T.CEL 
OloO?o 
0 12 

O.B. 
010021 
8 43 
v. P. A'. 
01w21 
0 52 

L.C.W. 
010025 
0 70 

J.RU. 
010026 
$56 

Pluma-ecll myeloma (a) 1.0  49.2 
( b )  23.5 24.9 
(c) 23.5 14.7 
(a) 1.0 9.2 

K.D. 

S.D. 

0 

S . D .  

Autopsy but 
no &Gum 
-7 

A u t o p v  but 
no p l l i u m  

S.D. 

N.D. 

K.D. 

S .D.  

S.D. 

~~ 

Sullvr studio done (SI& in ,-) 
aft- Ca" test d a a  h m o q  
with Sl' u u y s  

Trcrted with Pa: after t r i l l  d l i U s  
d- Autopsj. Pi* studiu 

Paticot t r u t e d  with Pa: wad &. 
yloc. S o  further ;allium fid, 

Sinp:e Ira- dose for u- 
x i c i c ~  Later x-raF t b m m .  
AU~OPST.  K O  isotop dinribo. 
ti00 stud7 

Given 1 
m c  pailium for ucretion. r,* 

Biopsy twenty-low h o w l  aftrr 

Tissues ns./Gm. rc.,'Cm 
Fat 708 O.W.4 
Skin 1.736 0.022 
Tumor gi5 0.011 
M u c k  731 0.W 
Cartilage 5,536 0.071 

Studied chiefly with Au"'. Given 
1.1 m c  gallium lor excretion rod 
22 mc prior to uteroal countinc 

Treated with urethane alter cal- 
lium study 

Stua:e i chiefly with :**'. 
sue assayed lor 11'1 

27.9 mc. GaT1 

. -  -- 

Studied chiefly with Pa3. A u w p ?  
distribution studies for I,:.. 
.iutopay here. Tissue assay i..: 
pa: 

Biopsy, trephine twcnt)'-four hours 
after 48.7 m c  gallium 

f i sme cu./Ga &/Cm 

Bone metastases 29.OOO 0.373 
Xormal bone 7.720 0.099 

Lympho-ma 

Chrooic lymphocptic 
Icukemia 

Lymphosarcoma 

(a1 1.9 ?1.1 
( b )  20.0  33.3 

(a) 1.5 4.6 .iutopsy but 
no gallium 

==J 

l u t o p s y  but 
no d l i u m  
-Y 
S.D.  

UndiEerentiatcd carci- 
noma of thyroid 

Chondrourcoma 

( 0 )  1.0 10.5 N.D. 

(a) 2.2 7.4 
f b )  ?7.9 20.6 
(c) 22.0 21.0 

0 

L.C 
010027 
0 35 

X1.T.V. 
010028 
0 66 
J.M.S. 
010029 
9 3  

h1.T.X 
01 0030 
862 

Carcinoma of brusL (a) 1.9 6 . 0  
Lung metastases ( 6 )  32.3 16.4 
with pleural e8usion 

Plwma-cell myeloma ( 0 )  1 . 0  12. i 
( b )  46.9 21.3 

Seuroblastorna or ad- ( 0 )  10.2 2 3 . 2  
renal 

s. D . N.D. 

S.D.  

S. D. 

S.D. 

.lutopsy but 
no pallium 
assay 

. S . D .  Carcinoma ol prostatc. (a) 1.3 3.6 
Bone metastases 0) 48. 7 11.2 

t+ 

N. J.S. 
010031 
0 9  . 

Carcinoma of ovary (a) 1.3 2.3 
( b )  23.7 0.42 
(0 20.6 6.8 
(d) 18.0 17.6 

S.D. Autopsy but 
no pallium 
=Say 

i I. Biopsy twenty-lour hours 

Tissue cts /Gm. rc . /Gm 
after 23.i mc Gar: 

-- 
C w i c a l  tumor 13.400 0.172 
Sormrl cervix 1.023 0 013 
Sirnoid  tumor 9.0i3 0.117 
Sormd sigmoid 3.1E3 0.04: 

2. Biopsy twenty-four h o r n  
18 mc Ga:l - .  

T i e  

L i V V  

Fuda, above u m b i l i w  
Tumor, necroric 
Xllude. Itct,uI 
Tumor rctropcritoocll 

Tumor rctroperitnnerl 

Fat. from colon 
Abdomio..L duid 
spkut~c.alu tissue 
shln 

node 

node 

r r / G m .  
0.17 
0.04 
0.14 
0.02 

0.11 

0.13 
0.10 
0.04 

0.05. 
.. 0.02 - 



e' E p 
&- F TABLE U t - :  (Cmtinued) 

Cs'x Perrrnt 
i n m c  Excreted 

n o  Wlium 

Tissue rC./Gm- 

Chen 6uid 0.051 
Skin 0.102 
l l u r l e  0.030 
L T p h  node 0.089 
Lrmph node 0.081 

Autopsy 6vc  months later. rib 

S.D. Autops? bur S . D .  Studied chiefly r i t h  PI:. Autopsy 

Au"' dinribution study 

no gallium 
assay 

mth Par dhtrinutioo study 

pJ3. Of ischium (a) 2 2 . 0  12.8 0 S.D.  - : Biopsy twenty-four h o u r s  after 22 
mc. Gar' mO[n6 and thigh ( b )  23.5 14.9 

Tissue cts. /Cm. rc./Cm. --- s- 
Tumor 84.600 1.040 

g... J l u x l e  232 0.003 
Tumor 5 .725  0.070 

E ' F . & I .  c S & n O m l  oi urinary (a) 1.3 4 . 6  S.D.  S.D. S . D .  Studied chiefly n t h  Au"'. Death 

-.. 

a t  home. N o  autops?. 01011)O bladder 

U.L.H. Plasma-cell myeloma (a) 1.3 2 .5  
f.  C 6 1  2 

!- 
S.D.  i - : Biopsy twenty-four hours alter 23 

2 "d1 ( b )  23.0 12.4 me. Ca:' 
Tissue re./Gm. 

Skin scar 0.05 
L Fat. subcutaneous 0.03 
T Tumor 0.14 

Tumor 0.48 
Vertebra r i th  tumor 0.80 
Vertebra mthout tumor 0.53 
>-orma1 skin 0 . 0 5  

0 S.D. S.D. Disease Rill responding to conven- O.D. Plisma-ccll myeloma (a) 1.0 1.2 

O l O o I Z  (b )  20.8 12.5 tional therapy 
810 

0 S . D .  K.D. Patient not t reated here. Dir- P . L  Pluma-cd l  myeloma (a) 0.7 20.5 

Olooso ( b )  21.2 6 3 . 4  charged after the t w o  vaccl  
8 4 3  do- of gallium 

' S.X. Hodgkin'sdivc- (a) 19.9 59.4 X.D. Autopsy but  f Biopsy tweoty4our bourr follow- 
in1 20 mc Ca:' lloobo 

1.51 
no gdlium 

1-Y Tissue uc./Grn- - 
Tumor from neck 1.627 
l f u x l e  0.113 

Death one month after biopsp- 

Biopsy ol lung af ter  20.5 mc Cia:= 
Tissue 
Tumor 0.12 0.10 0.10 
Lung 0.16 
Rib 0.36 
Muscle 0.W 
Plasma 0.13 
Skin 0.10 

Sudden death from pulmonlyr  
embolw one da? after unevent- 
ful lun; biopsj. Autopsy srup 
shored DO riei lcrpc cnncm-  

X.D. S.D.  S.D. P a t i a t  admitted for trial of mi- 
(&I 21.4 71.1 lium tretment but. after 

e v d u t i o 8 .  it *U d a d &  Chat 
r-rar therapy mould  +e him L 

and tbir  h u  been the treatment- 

hutop5y 

0 

r c . / G ~ n  - 

. . . .I. I- .- tracion ol rdlirrm in tumor 
wa. .: =dgtio'r di-' :I- - (0) 2.2 28.4 

j 110063 : 4 9 2 . .  .. 

-. 
-. a 
I. 

k r t v  &an= of improvement. ,- - " - 
< 
i 
- 
- .  

581 

I1 I 



Sex .  and Diamosis in mc. Exueted Ext.crnal Autopsy B i o p y  Additiorul D.u and  R- 
A t e  Meuurunent 

.Ita - 
(a) 1 .8  1 9 . 0  N.D. Autopry: no S.D. Rib b i 2 p y  forty-five +- 
( b )  20.6  60.1 -ydata 20.6 m c  Ga'x . 

L.S. 
110068 
0 56 

Plasma41 mydoma 

Tissue rc/c= - 
0.56 

0.11 
0.03 
0.21 

Rib 

Skin 
.Muscle 
Plasma 

Subcutaneous 0 . m  

G.H. 
1 IOOil 
d67 

C. I. 
1 1 O O i 4  
8 4 8  

Chronic l rmphocnic  
leukemia 

Plasma-cell myeloma 

A'. D . S.D. 0 (a )  22.0 53.4 

( 0 )  1 . 5  6.3 B.D. S .D.  0 
( 6 )  2 0 . 5  4 1 . 2  

0 R.P. Giant-cell tumor of (a) 2 . 8  1 3 . 2  
IIC976 bone involving sa- ( b )  2 2 . 1  5 1 . 7  
$19 crum (c) 58.i 58.i 

S.D.  See 
assays 

s. D . - E.E.S. Cuuooma of prostate (a) 1 . 6  1 1 . 3  
110053 with utendve  me- ( b )  50.0 Death 
370 t u t a s c s  

af te r  
2nd  dose 

SO00 

H . L  R c t i d u m 4 l s a r c o m a  (a) 2 1 . 9  5 3 . 6  - 
I looBl ( b )  17.8 18.8 
0 34 (4 2 1 . 2  6.5.8 

. .- 
.- . 

S.D. 

S. D. + 

Tissue uc./Gm. - 
Rib 0.96  

,I 

M w l e  0 .  (rr 

tissue 0 . 1 4  
Skin and subcutaneous 

Patient treated r ich  = - r a p  
pzr. In fair condition Bv. 
months following biopsy 

Biopsy forty-eight hours after 
20.4 mc. GaI1 

Tissue LC. c:m - -. 
S f t  tumor 0.3:' 

0.04 Bone and cartilage 
Thin layer of bone adja- 

? 21 Cent to tumor 
1.67 Bone and tumor 

AIuxIe 0.05  
Skin 0 04 
Plum. 0. IS 
RBC 0.04 
Patient discharped for treatment 

Paticnr. admitted in terminal em- 
dition. given Ca's and P'tsimul. 
taneously for autogram studir- 
at various stages of deed,. 
Death five hours after admm. 
isuatiom of t h e  two isotopes. 
Time assays far both i s a c o m  

Biopsy of breast ledon f o n p e i r h t  
hours after 219 rnc Ca:* 

T i e  rc/Cm. 
0.5; Tumor-. 

Skin 0.Xl 
Far 0.20 
Plasm. 0.20 
R B C  0.0;  

B i o W  of ndt ilium fOrq--&Fht 

eiserhere 

- 

hours after 2 1 2  m e  Ga:: 

Bone with  tumor 2.20 
Bone with I u s  tumor  1.39 

T i  I-=/-= 

I1 I 



SorpUi corcial bone 0.68 
Afurde 0.04 

Pluma 0.22 
RBC 0.05 

Skin 0.17 

Patient discharged. x-ray th-py 
adviiud here. given near hcr 
h o m r  Feeling f&ly =ell three 
and a hair months folloring 
biopsy 

9 . 1  
39.9 

0 S.D. S.D. Patient d i d w e e d  a f t =  excretion 
study and external counting 
study had been done and a f c u  
he had been rtzned on urethane 

Biopsy of abdominal m w  and ribs 
forty-eight hours after 21.5 m c  
Ca’: 

+ 52.5 
4 7 . 5  

S.D.  f;. D . 

K/CU& 
0.S7 
6.03 
9.9 

11.63 
0.06 
0.10 

0.03.0.02 
0 .19  
0 .04  

- Tissue 
Bone rnth ? tumor 
Solid tumor 
Bone r i t h  Bbrosis 
Bone with tumor 
.\luwle 
Skin 
Fat 
Plasma 
RBC 

Patient discharged on urethane. to  
continue under care o f  his p u -  
sonal physician j r ;  

3 
Y 
i 
C 

0.11. Chronic osteomyelitis 
--1110 ? Squamolcmll  caru.  

cinoma at sire of in- 
fllmmation 

7 

.. - 

(0) 20.3  si.? N.D. S.D. See S o  definite diagnosis of neoplasm. 
a l v y  Biopsy forty-eight h o u r  after 
d a t a  

P c. / C m. 
20.3 m c  GaT: 

Tissue 
Granulation tissue and 0.18, 

epithelium (2  samples) 0.13  
Epithelial. granulation 

tirsue.ndhonespicules 0 .51  
Fat and subcutaneous 

0.42 tissue 
Bone with epithelial and 

indammltory tissue 0.92 
0.14 Skin (normal) 
0.10 Z l u r l e  
0 .21  Plasma 

R B C  0.05 

Patient discharged. Advised to 
have c u e  elwrbere for OSKCD. 

myelitis. We could not dedde  
mrelg about the m d i p a n c ) .  of 
the h m l u t i c  epithelium n c u  
the  d-rig sinus 

0 Biopsy forty-Svc hours after 20.4 
m e  ea:: 

Tissue r c / C m  
Bone aod tumor of ilium 0.72. 

0.59, 
0.97 
0.99 
0.01 

(3 samples) 

?\-ormil bone 
1 f d e  
Skin 0.04 
Fat 0.03 

RBC 0.M 
0.07 muma 

ti00 io one 
bone IC- 
don 

. . .  - 
i -  - 

. . . .  
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TABLE XIT': ( C o n f i n d )  

pu Cat Evidence of Concentration in T u m o r  cuc. 
A t e  Xferrurrment 

slr, and Diagnosis in mc. E x u c r d  EnumPl Autopsy Biopsy A l i r l i t i x d  Data and R e m u t .  

L B .  
110113 
0 13 

R b f .  
XI0116 
0 66 

A. h 
110117 
0 56 

CYcinoma ol  (a )  1.2 7.2 
with skeletal metas- ( b )  19.1 18.9 
t e W  

Pluma-ccll myeloma (a) 1.1 10.1 
( b )  21.2 55.1 

Plasma-cell myeloma (a )  0 .93  16.9 
( b )  21.' 54.3 
( c )  16.6 19.9 
( d )  5 . 7  11.7 
(Sorce lost) 
(Died soanaftcrdose) 

0 S.D. S . D .  

X .D.  S . D .  + 

S . D .  0 h.. D . 

Patient d i u b u g d  y x l n  after tsl 

d r m o f  gallium S . r a r  b-,, 
Ddpivd 

Biopsy f o ~ ~ u g h t  hours aft=  z:.: 
mc C.71 

Tissue uc. c.=. - 
Skin 0 24 

0 a; Subcutaneous tiuuc 
M U C I C  0 . G  
Involvedrib r i r h m u r o r  1.94 
Invoived rib without 

m x r o w  1 . 3 4  
Plasma 0 . 4 6  

Patient subsequently truitd rib 
RBC 0.12 

cortirJne and wetbane. 

Patient admitted in trrmind CDO. 

dition. Death saon  slier lrrl 
dose 01 Gay: .  Autopsr. ~ U V I  

showed unusually htgh l e v c i s  ,n 
kidney 

11-2-50: A film of the chest made on re-admission 
showed the nodule to  be approximately 2.5 cm. in 
diameter, definitely smaller than one month previ- 
ously. Th: pneumothorax and effusion previously 
described were not seen on this film. 

On Aug. 1, 1950, the patient was given 
0.9 mc. oi Gay'. Escretion and external counting 
studies were made. These were repeated on .-lug. 10, 
1950, following an additional 1 mc. dose of Ga". 
The external counting studies with a highly colli- 
mated Geiger-Muller tube were unsuccessiul in 
demonstrating localized uptake of activity in the 
tumor nodule over the left chest, and survey study 
was unsuccessful in revealing any other areas of 
si,vificant selective uptake of activity. 

It was believed that the lesion was probably in- 
operable, because oi the pleural fluid and pneumo- 
rhorau, indicating probable pleural extension and 
perhaps implantation, and also becaus- of the proo- 
ability oi multiple metastases not xisualized roent- 
genographically rather than the single one shown on 
the film. I t  r a s  decided, however, that  if follon-ing 
t he  therapeutic trial of Ga;? no significant changes 
had occurred. an exploratoc- thoracotomy would be 
attempted and the lesion resected if possible. 

The patient xas given doses of Gay' ranging from 
30 to 75 mc. a t  approximately three- or four-day 
i n t e n d s  until Sept. 23, 1950. -kt this time he had 
receix-ed a total of 57s mc. During the course of 
large doses of Ga:', he maniiested anorexia ranging 
from moderate to severe, +th associated nausea and 
vomiting; Peripheral blood h a t i o n s  revealed 
a deaded drop in the white blood cell count to a low 
oi 650 on Aug. 4,1930, a h i e  the hemoglobin dropped 
to a level of S.6 gm. on that date. The  weight on 

Course: 

admission was I i 3  pounds; on Oct. 9, it was 1% 
pounds. There were no manifestations or skin 
eruption, jaundice, or Urinq abnormalities. The 
patient was discharged on Oct. 21, 1930, and re- 
turned to his home. During his stay there. be 
suffered no untoward compiications. He Kas rc. 
admitted on SOY. 1, 1950. He was given 26 mc. 01' 

Gay: on Sol-. 2, 1950. and twenty-iour hours later X I  

euploratory thoracotomy was done. 
The operation was performed by Dr. R. IY. Postle- 

thwait, oi the Medical College of Sou th  Carolina. S o  
pleural implants could be iound. There was oce 
nodule about 3 cm. in diameter in the interlobar fis- 
sure, partially in the l i n p l a  of the upper lobe. .\ 
second. bu t  much smaller nodule, about 4 or 5 mm. 
in diameter, \\-as present in the upper lobe. The 
hilus showed no eX4dence of extension of the disease. 
I t  was decided tha t  a pneumonectomy should 'ce 
done, and this xras accomplished without difiiculty. 

Gross exmination of the resected lung shoxed t l ~  
larger nodule to be well belo\r the pleural suriace. 
This lesion consisted of an irregular zone of fibrosis 
within r h i c h  mas a dark red. firm blood clot. Two 
other similar but smaller lesions mere also presenL 
On histologic section the nodules were iound to con- 
sist a i  a zone oi hemorrnage and necrosis. 

There -sere numerous hemosiderin-laden phage  
cytes -&roughout. 
proliferating capillaries and fibroc>-t?es. Of real 
interest w-as the presence oi  several giant nuclei 
virhich were mono- or multinucleated, in the so-called 
c-dpsule. These had a hyperchromatic appearance, 
with clumped chromatin and criteria d a e n t  to  
designate them as malignant cells. 

The patient had a relatirely unerena'ul postopera- 

. 

The p e r i p h q  was made up of 5 



tivc course and \vas finally discharged on Sov.  I T ,  
19.W. to reKUrn to his home. HematoloE- values 
P !ormal. 

This patient was thought to 
have typical pulmonary metastases from a 
primary osteogenic sarcoma. He received 
a large course of ga l l i~m '~ ,  followkg which 
a pulmonary nodule, thought to be meta- 
static, iirst increased and then decreased in 
size. The lesions which were removed a t  
pneumonectomy, instead of being typical 
metastases, were not characteristic of any 
specific lesion. Spedfic studies in reference 
to tuberculosis failed to bring out any sup- 
porting evidence for that disease. There 
seemed to be three possible e-qlanations 
for the pulmonary lesions : 

1. They may have represented pul- 
monary metastases of osteogenic sarcoma, 
which underwent spontaneous infarction 
for some reason. 

2. They may have been pulmonary 
metastases . of osteogenic sarcoma,. ~ h i c h  
underwent necrosis because of treatment 
FFith radioactive gallium. If so, this is the 

; only example of such a n  &ect in the series, 

Contment: 

where there were many opportunities for 
i t  to occur. 

These lesions may represent a pul- 
monary disease entirely unrelated to the 
primary osteogenic sarcoma, such as some 
form of chronic infectious granuloma or 
healing abscess due to aspiration. The 
serial chest films were much more compati- 
ble with the diagnosis of neoplasm. 

CASE 111: Hishry:  K. X. C. (So.  llOOsS), a 2 i -  
year-old white male, was admitted in June 1931. A 
mass in the right leg had appeared in 194i. -\ 
supracondylar amputation m..s done in July 1950. 
The histologic diagnosis was fibrosarcoma. There 
was x-ray evidence of p u l m o n q  metastases in 
June 1951. The patient had been aqrnptomatic 
and had not received any x-ray therapy. 

Physical h m i n o t i o n :  Temperature 37.2" C.. 
p u l x  92, respirations 20, blood pressure l G / I O O .  
The patient xas moderately o v m e i g h t ,  alert, and 
ambulatory mlh the aid oi a prosthesir Examina- 
tion revealed no abnormalit>- except for the absence 
of the right leg. . 
X-Ray Studies: On June 25, 1951, roentgeno- 

grams shoxed multiple nodular areas of increaxd- 
density scattered throughout both lung fields. 1 
complete bone m e r  shosed no evidence of meta- 
static bone lesions. On Aug. 6,  1951, the x-ray find- 
ings -irere unchanged. 

3, 



Corrrse: The patient was given 2.1 mc. of Ga" 
intravenously on June 21. followed by external count- 
ing n-ith a collimated Geiger tube t renc--four  hours 
later. \yhich revealed no localized areas of increased 
uptake. He =as given stable galliurn citrate intra- 
renousll; Kith only tracer amounts of Gay' mice  
weekly from June 21 through -4ugust 6. -Appro&- 
mately 2.50 mg. of stable gallium was given with each 
infusion, so that  he received a total of 2,785 mg. or 
35.8 mp./kg. The total Gayz received was 13.5 mc. 
The stable gallium. given equaled tha t  administered 
as carrier to  those patients who received Ga': in large 
therapeutic amounts. There rrme some anorexia 
and occasional nausea toward the latter part of the 
treatment. Fever and a sore throat with ulcerated 
lesions on p h a q n r  and e"ums developed midray  
through the course of gallium. Similar lesions had 
occurred on several occasions in the past. Fever and 
mouth lesions lasted about a week and disappeared 
under treatment with dureomycin. The patient lost 
about 15 pounds of weight, but a t  the time of dis- 
charge, l u g .  17, 1951, his appetite r a s  improving 
steadily. The eighteen-hour urine concentration 
test showed some change in that he was able to con- 
centrate to  1.025 on June 21, but to 1.011 only on 
.jug. 16. On one occasion, July 18, there was +ti 
albuminuria, but  none after that time; PSP renal 
function test, on -4ug. l i .  showed excretion of 42 per 
cent in one hour and 28 per cent in the second hour; 
non-protein nitrogen was not elevated. 

A t  home, the patient's general strength improved, 
and he felt as well as before receix-ing the stable gal- 
lium. He had no cough or chest pain and his appe- 
tite =as good. X-ray examination of the chest, in 
October 1951. showed that the pulmonar). metas- 
tases had increEed in size. 

Laboratory Findings: Hematologic studies beiore 
administration of gallium (June 195l), those of Aug. 
13, eleven days after the last injection of gallium, 
sho\Fing anemia and slight depression of lympho- 
cl;tes, and those of O c t  1, two months after gallium 
administration, were as shown on the next page. 

'Cmn'ment: This patient was given stable 
gallium citrate intravenously with only 
tracer amounts of Gai2, in order to deter- 
mine the toxic effects of the metal alone. 
The  tracer amounts of Ga7* were given in 
order to. obtain data on excretion. Toxic 
ef€ects noted were (1) skin rash, (2) ano- 
rexia, (3) albuminuria on two occasions, and 
(4) decreased kidney furiction by concen- 
tration. test. - Because of a viral gingivo- 

bution in these lesions was very uneven 
and could not be well correlated v i t h  an\- 
particular morphologic characteristic df 
the tumor. Two areas of the same lesion 
which appeared identical under the micro- 
scope someti& showed a great difference 
in gallium content. However, there was a 
very pronounced tendency for the isotope 
to concentrate in and near areas of calci- 
fication Fn these lesions. Destructive le- 
sions of bones showed a generally low con- 
centration of gallium in their central arms. 
but sometimes a prominent deposition a i  
areas where the neoplasm was invading 
normal bone. Thus there seemed to be 
a distinct tendency for the gallium to local- 
ize in-areas of bone activity either osteo- 
blastic or osteolytic. 

Fairly high levels of radioactivity were 
seen in the normal liver, spleen, and bone 
marrow. It may be that this was in part 
related to the formation in the blood of a 
gallium colloid which was taken out by 
reticulo-endothelial cells. However, therc. 
is no widen= as yet for the dstence oi 
such a colloidal, form of *e isotope, and the 

fluctuating depression of the xhi te   el^ 

Thrombocytes were not affected. 
count and a definite depression of red __, -.. . 

:+ 
The patterns of gallium locdkation R- ,z 

well demonstrated, especially in autoradjo- 2. 
graphic records, but the metabolic facton 2 
responsible for these localizations are not 
h o r n .  In normal bone the gallium 11- 5 
found to be just beneath the periosteum . 

in a fine line. In growing bones, there  as 5 
a str iking local deposition a t  the e p i p h , a  Z. 
hes .  The lesions of osteogenic sarcoma : 
showed great ability selectively to nith- -z 

DISCUSSIOK 

s- 

.* 

-- 

L: 

draw the gallium from blood. The distri- 4-  1 

facts that rather large amounts were es- 
creted in the urine and that th*e kidneys 

. and endocrine gIands showed high levels of 
activity are somewhat against-this hy- 

stomatitis occurring during the middle of 
the course of gallium and lasling about a 

lium effects during that paiocL'- Nausea 
developed o d y  twice- There was mild 

pothe&. . Highly cellular soft-tissue turnon 
which showed no tendency to calcify some- 

- week, it was d3Ecult to  .evaluate the gal- - times had fairly high concentrations of the 
isotope, suggesting that  it may be invoh-ed 
in nucleopmtein metabolism. 



CLISICAL STCDIES TITH 

- Red cells 
: E .* 

Bone marrow --. 
7 Blood Chemistry 
- Acid phosphatase 

: 

* 
i 
- - Xlkaline phosphatase 

- Cephalin cholesterol floccula- 

- Thymol turbidity 

- tion 

6.10  million 
1G.5 gm. 

s5 
2 i  

527c 

32 
6,650 

12 mm. i.n 1 hour 
(uncorrected) 

1 .o 
51.5  
31.5 

9 . 0  
6 .5  
0 . 5  

Xormal 
-54- 

Noma1 

.I few young lympho- 

Toxic r n o n q t e s  

Cellular, without defi- 
nite abnormality 

cytes 

1 . S K i n g - . h -  
svong units 
S .8 Bodansky 

units 
9 .4  units 

24 hr. 0 
4s hr. 0 

hug. 13. 1951 Oct. 1, 1931 

3 . S  million 
10.6 p. 

s2 
20 

32% 

31 

20 mm. in 1 hour 
(corrected) 

5,500 

10 
54.5  
15 
16.5 
3 . 5  
0 . 5  

Xormal ++ 
Moderate anisocyto- 

s is  and poikilocyto- 
sis 

5.G million 
13.9 gm. 
46% 
i9 
24 

30 
5 , Z O  

5 mm. in  1 hour 
(corrected) 

0 .5  
0 . 5  
2 . 5  

45 
30 
4 . 5  

13.5 
2 . 5  

1 
Kormal + 

3 U d  anisocytosis and 
poibriloq-tosis; some 
anisochromia. Occa- 
sional punctate 
basophilia of red 
cells. Reticulocytes 
slightly increased 

Essentially normal 
cellular marrow 

0.2s m.m. units 
2 .1  Bodansky 

unics 
20. S units 

24 hr. 0 
48 hr. ++ 

Further information about the biochemi- 
cal factors which influence the distribution 
of gallium may be forthcoming. If so, i t  
may be possible to reinterpret the data 
obtained in the present study and to derive 
information about the nature of tumors 
hvohing bone. 
-k the study progressed, me mere im- 

pressed with the almost complete lack of 
any clinical improvement following gallium 

: - treatment, even in patients who shored 
f i evidence of striking difiexntial localization 

of galliunx in tumor tissue. Most of the- !&- patients in whom gallium therapy ras at-' 

. 

as-- 

tempted were given maximum amounts of 
the isotope. Only the hopelessness of their 
prognoses justSed a trial of doses so dam- 
aging to the hematopoietic tissues. A f e r  
evidences of apparent transient sympto- 
matic benefit were seen in individuals with 
metastatic carcinoma. In one patient 
there was definite roentgen evidence of 
recaldfication of osteoIytic lesions follow- 
ing therapy. Patients rrith primary bone 
sarcoma showed no evidence whatever of 
any sioning of growth of primary or meta- 
stat ic lesions,'and in several cases'lesions 
grew rapidly during high-dosage therapy. 

. 
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H. D. BRLWER, JOE G R ~ Y ,  SmWEL K. ROOT, ~ L L R S H ~ L L  BRUCER Octo& 19u 3 s  

These iindings are consistent with the trial in many types of neoplasm in\-ol\ing 
familiar resistance of this neoplasm to  con- bone and has been found of no therapeutic $ 
ventional x-ray therapy. value. Gallium may be a valuable el+ :--; 

In s u m m a r y ,  it is our impression that  ment for the study of biochemical and --- 
2 Gay* has been given a thorough clinical metabolic factors related to bone tumors. : - ~ 2  

%: 

..- - 

--- -. - -4 
g-z+ 4 .. W. Studies of the Urinary Excretion of Gallium'* in Man 

H. D. BRUKER, M.D., JOE GRAY, S A M U E L  W. ROOT, M.D., a d  MKRSHKU, BRU-, MI). - L*. 

Studies of urinary and fecal excretion of 
the isotope were made routinely. Each 
patient was assigned an individual bedpan 
and urinal. Voided urine specimens were 
transferred to large bottles, and the ori,@al 
container was rinsed with small amounts of 
water. Collections were made over eight- 
hour and twenty-four-hour periods, and 
each total volume, including r i nse  water, 
was mixed, measured, and a n  aliquot was 
taken for radioassay. During the k s t  
few months of the study, separate eight- 
hour collections were made during the 

--z. - .* ._ 4- 

..ac 
--g k s t  three days dter administration and +- 

twenty-four-hour collections subsequently . .$ 
as long as measurable activity remained or 2.g 
until the next dose was given. Since the :-s 
major excretion was found to occur during _ L  7 
the first twenty-four-hour period, eight- 2 
hour collections were not c o n h u e d  beyond & 
the first day. Early studies showed m i n u t e  $ 
fecal excretion of galliumy2 and fecal excre- 2 * tion studies were discontinued. Table - 
XIV (SectionVI) lists the detailed u r i n q  
excretion data obtained from some of the 
patients. 

- c. 
.e 
- 

TABLE xv: SrUnIES OF THE CRZSARY EXCRETION OF GaTZ IS M A S  
("Tracer" dose of about 1 mc.) 

Patient 
S O .  

- 
I 

13 
1s 
16 

14' 
9 
8 
8 
12 
12 
19 
19 
23 
23 
4 

6 

I1 

17 
21 

20 

-16 

Diagnosis 

~~~~~ 

Multiple myeloma 
Multiple myeloma 
Multiple myeloma 
Zkteogenic sarcoma 
Ckteogenic sarcoma 
Osteogenic sarcoma 
Osteogenic sarcoma 
Osteogenic sarcoma 
Osteogenic sarcoma 
Osteogenic sarcoma 
Osteogenic sarcoma 
Osteogenic sarcoma 
OsIeogaliC sarcoma. 
Osteogenic sarcoma 
Osteogenic Sarcoma 
MetasFtic thyroid 

camnoma 

I Per Cent of Dose Excreted I 
Date 1 First Day I Remark 

I (in 8 hr. periods) sG:;d 2: Total 
1 i 1st 2nd 3rd 

0.91 I s i 4  10.0 
1.00 I 9/10 ' 22.0 

. .  

2.0 
2.0 
2.0 
s.0 
1 .o 
3 .O 

2.0 
2.0 
2.0 
3 .O 

2.0 

5 . 0  
5.0 

21.0 
23.0 
20.0 
26.0 
55.0 
27.0 

14.0 
3.0 
Less than 1 Q/, Total Excretion C, -- 

," - . - - - , - - , 

1.91 i 9/11 j 19.0 13.0 5 .0  5 . 0  3.0 q 45.0 
1.00 I 9/18 j 13.0 5.0 2.0 2.0 2.0 24.0 

I I 
1.00 j 7/17 ! 10.0 3.0 6.0 10.0 5.0 6.0 40.0 

3 . 0  
3.0 
5 . 0  

* 1.0 = 4.0 
0 5 0 5 0 * 6.0 3.0 2.0 34.0 

10.0 5 .0  24.0 3.0 55.0 
3.0 3.0 2 . 0  26.0 

1.00 5/25 a 22.0  19.0 8.0 49.0 
1 00 I 8/i 2 0 S 0 3.0 5 . 0  2.0 20.0 

6 . 0  
6 . 0  
5 . 0  
5 . 0  
13.0 
3.0 

Merstatic thyroid 

ChroPicmyelogenous' 1.M ~ 311 I 5 . 0  Lost 6.0 3.0 2.0 1.0 1i.O 
& O m a  1 1.00 1 Ti31 5 . 0  5 . 0  2.0 5 .0  2.0 19 .a 

- 23.c 
1 

Hd=disease ' 1.00 ' S/3j 13.0 3.0 2.0 3.0 2.0 
c h m n i c i w p b t i c  I 1.60 1 9 / i  24.0 8.0 2.0 2.0 5 .0  2.0 -G.C 

5.0- 2.0 3.0 1.0 1.0 1i.C 

-LesstJLZUl~'o- 
t Prior to and after a weeks coune of 1jo.ooO L.U. of concentrated \it.. D. t i .d.  

Probably due to injection in subcutaneous tissue. 



I /  , 

23.6 0 . U  250 3.85 
19.6 0.30 150 2.30 5 9 53 

42 S 5 3 1 58 
37 3 6 

51.5 0.N 200 3.08 

239.3 3.72 l,55T 23.93 
---- 38 8 2 3 1 52 

50.0 0.75 270 4.03 
51.5 0.77 200 2.9s 
70.6 1.05 271 4.04 
66.S 1.00 256 3.52 

48 6 2 4 60 
45 8 5 5 2 1 66 
42 6 2 3 53 
30 Lost 3 5 2 40 

I1 

(Doses larger than 1 mc.) 

Per Cent Exmeted of Initial Dose 
Dose 

>IC. xc.;- Mg. MgJ- 
Ga;' kg. Ga Kg. 

Diagnosis Date 

- 
814 
8/7 
8/10 
8/14 
8/18 
8/2! 

8/31 
9/5 
9/11 

:g 

~ 

3 2 3  3 2 13 
14 3 2 3  4 

2 5 3  5 2 2 19 
5 2 3  5 3 3 19 
5 3 2  5 3 18 
5 6 3  5 1 1 21 
5 2 8  6 - 23 

19 

3 - 

3 

3 6 1  3 2  6 18 
11 5 

9.7 -- 
23 

8.8 0.16 50 1.0 
8.4 0.15 88 1.4 
8.0 0.14 103 1.9 

hi ul tiple 
myeloma 

10.0 0.17 50 1.0 ~. 

8 . 7  0. i6  & '1.2 -- 9.4 0.17 15 1.4 
9.0 0.16 86 1.4 
8.0 0.14 43 0.8 

14.9 0.27 53 1.0 
12.3 0.23 39 0 . 7  
49.9 0.92 166 3.1 

11 3 3 5 
10 6 5 2 ---- 

147.4 2.51 821 14.9 

20.0 0.34 107 1.8 
40.0 0.69-  153 2.6 

8/18 
8/3 1 
9/5 
919 
9/11 

- 
9/5 
9/i 

7 

8/20 
813 1 

Multiple 
myeloma 

19 6 3 6 3 ST 
21 11 5 6 3 3 49 
23 6 3 6 38 
25 11 2 6 3 1 48 
Less than 1 per cent excreted by time of death 

fifry-five hours post-injection 

52.T 0.91 184 3.2 
U.T 0.77 173 3 . 0  
20.6 0.36 64 1.1 ---- 
178.0 3.07 651 11.7 

23.5 0 .57  78 1.9 
20.3 0.50 50 1.9 

43.8 1 . O i  158 3.8 
---- 

M yltiple 
gRyelorna 

19 11 6 5 41 - 
6 3 2  10 3 1 25 

29 3 1 4 2 1 4 2  
35 5 5 3 48 

Hodgkin's 
disease 

20.0 0.34 107 1.8 
51.5 0.83 200 3.3 

71.5 1.17 307 5.1 
---- 

S / i  ' Osteogenic 
8/10 I sarcoma 
8/14 ' 

! 8/22 I 

i $2 
I 
I 

8 1 8/10 1 Osteoeenic 

\ 8/28 

12 ' 8/14 
8/25 1 8/31 

~ 

Osteogenic 
sarcoma 

259.1 4.05 1.175 16.43 

2 i .5  0.86 90 2.81 i 37 5 2 ' 3  47 

49.0 1.53 166 3.19 1 30 3 3 3 

52.0 1.62 2.4 5.75 ' 34 3 3 40 
46.3 1-45 179 5-59 i 32 2 3 3 6 46 

39 . _ _  - 
174.8 5-46 519 19.34 i 

jS9 



From exmetion data some general con- 
clusions may be drawn. Individual doses 
ranged from about 1 mc. (4.T to 5.2 mg.) up 
to about 77 mc. 

In general there was a tendency for 
higher doses to be associated wi th  a higher 
excretion of gallium in man. This is simi- 
lar to the excretion pattern observed in 
detailed studies of the rat. 

Although a higher proportion of the 
metal was excreted with higher doses, the 
absolute amount of retention of metal was 
far greater with higher doses. 

In some patients there mas a tend- 
ency for much greater retention of metal, 
regardless of dose, than in other patients. 

1. 

2. 

3. 

This fact could not be correlated with the 
disease or other data. 
4. No relationship was demonstrated 

between the sequence of doses. A build-up 
of the metal retained within the body did 
not affect the excretion of flcceeding d- 

There was no evidence in the urine of 
damage to the genitourinary tract due LO 

the passage through the kidney of large 
amounts of either metal ar radiation. 
Such damage did occur and was an out- 
standing feature of the toxicity picture in 
dogs. It was completely absent in man. 

Tables XV and XVI show urinary exae- 
tion data for patients receiving about 1 
mc. and larger doses, respectively. 

5. 

Vm. Autopsy Studies of Distribution of Gallium" 
MARSHALL BRUCER, M.D., GOULD A. ANDREWS, M.D., DONALD J. REHBOCK, M.D., 

SAMUEL W. ROOT, M.D., and JOE GRAY 

ERRORS INHERENT I N  AUTOPSY 
MEASUREMENTS 

rn Table X ~ I  there is listed the dq- 
.ferentia1 absorption ratw to heart of Ga" as 
it was retained in patients coming to 
autopsy, r t  is difficult to interpret these 
2utopsy data since many errors are cumu- 
lative. The dosages and tirne of death 
could not be planned. The tissues were 

perfused. The short half-life demanded 
rapid measurement, and with many 
ples to be counted, some with very low 
concentration, a simple measuring system Corrected Counts 
had to be used. .kea of Bone per minute 

Fer gram Only small pieces of organs were meas- 
2.s x 10, 

Trabecular manon- 7 .4  x 10' 
1.3 x 103 same organ were measured, the variation 

from sample to sample mas considerable. Subperiosteum i . 4  X 10' 
This is not due to a n  error of measurement 
but represents a me variation 
tion within the organ. In measuring any i! to 5 mm. thick, which is large in'terms of 
of the gross autoradiograms of slices of tis- ma even 
sue, it is easy to see how two 0.5-ogm. s a -  thinner S l i c e s  are Prepared, the !-ation 

could be selected from adjacent areas 
of the same tissue and give widely mer- Another major error follows from the fact 

-. ent results. In patient 010003, the lowest- that all of these patients were in a rapid::- 
and the highest tumor assays from samples developing terminal state. The distribu- 
taken from the same metastasis read 13 tion of the Iast dose of Ga;' may have little 

and 234, d3erent by a factor of 20. In  
another study, of samples selected from an 
autoradiogram in which one piece of tissue 
was taken from the area of least photo- 
graphic exposure and one from the area oi 
most photographic exposure, variations 
a factor of 100 were demonstrated. 
In a series of studies on adjacent sam- 

ples taken from the femur, the a r e s  were 
selected after looking a t  a thin-slice auto- 
r a d i q a m  of the bone. The foh\iTlg are 
the measurements for 4 of 26 areas: 

cred. When a number of samples from the Cortical bone 

Epiphyseal line 

&psi-  These thin-SECe aUtO,g== As from 

the -ge of beta P&C~=- 

becomes more Pronounced.-. 

- .  

- 
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0 . 5  21.3 47.5 21.3 5.7 36.0 1 3 . 0  20.6 l i . 3  Z . 0  3 .6  15.9 2 0 . 3  

32 -- i 15 15 30 40 U 51 , A  

Rpasrc O n e 0  Prostate One0 Plamo &eo ostn, F l u m o  One0 Flasmo Brern Gidncy Ering’r 
1 . 0  1.0 1.0 1 . 0  1 . 0  1.0 1.0 1.0 1 . 0  1.0 1 .0  1.0 1.0‘ 
8.2 1 . 3  2 . 0  2.1 2.9 t 1.1 3.0 0.4 0 , l  4.0 

1 . 7  0 . 8  1 .0  0 . 6  0 . 2  1.0 0.0 

3 . 4  5 .7  3 . i  3 .8  3.2 1.; 2.9 1.5 4 . 0  2 . 0  1.7 3.5 
0.6 1 . 3  0 . 8  0 . i  0 . 8  1.1 0 .7  0 .3  1 .0  0 . 9  0 . 6  0.0 

1 . 3  3.1 3.2 11.3 8 . 5  8 . 8  6 . 9  9 . 2  20.0 4.9 7 . 2  48.0  

2 . 1  2 . 3  2 . 6  4 . 3  2 . 4  2 . 2  7.8 5 . 9  7 . 0  4 . 1  3 . 4  1 5 . 5  

37.3  3 . 6  2 .5  2.: 3 . 6  7 . 0  1.9 1 . 7  1 1 . 1  
1 . 1  18.7 3 9  82 .1  227.5 1 5 . 1  30.2 6.2 26.7 25.0 3 9 . 5  16.2 5 2 . 3  

i . 6  2 . 2  2 .4  2.6 1.6 2 . 5  4 . 0  2 . 1  ?.; 6 5 

0.1 2 . 5  3 . 3  16.0 4.7 3 . 0  

3 . 9  6 . 0  3 . 4  2 . 9  1.9 l . i  4 . 0  7.6 3 4 . 3  

2 . 4  1 . 2  1 . 2  4 . 2  4 . 7  
3.1 0.7 4 . 3  1.6 0 S 49 0 1 . 1  3.5 

2 . 0  1 . 5  2 . 6  5.7 3.4  2 . 0  0.: 5 . 7  9 . 0  2 . 3  7 . 6  9 1 0  
1.i 1 . s  1 . 7  1 4 1 . 8  7 . 2  

0 . 1  0 .1  0 . i  0 . 2  1 0  0 . 3  BC 
1 . 5  2 . 8  1 . 2  1 . 2  1.i 1 . 8  5 4 8.8 
1.8  3 4 2 . 6  2 . 4  15.6: ? . 8  1 . 9  6 0 2 . 9  S 0 17 6 :  

T d r  or O V U Y  

/1 5v .e 
~ -5 
-. 
. -- 
- .. 

1 1.1  1 . 5  
30.1 

T!ny-roid 
Boot cortex  : 
h e  meduila 0 . 5  19 .5  
Bone. mired 0 . 5  2 0 . 2  
Bone clrtrlagc 
Tumor l o w  1 . 0  1 . 6  
Tumor hich 1 . s  6 . 4  
Tnmor in liver 0 . 4  

3.0 1 . 6  1 . 7  2 .0  1 . 6  1 . 2  1 .2  3 . 0  3.1- - 6 . 4  
2 3 . 9  3 1 . 7  4.4: 11.6 4 . 4  11.3: 23.0:  2 0 . 5  139.0 
55 .4  4 3 . 6  6 . 4 c 3 7 . 8  22.5  5 . 2 :  2 i . 5  24.0: 16.1 9 . 4  41.0 
3 i . 4  30.1 4.5 20.0 7.0: 21.0 20 0: 1 2 . 4  40.3 

3 . 8  4 . 4  3 . 7  1 . i  4 . 6  2 . 8  8 . 0  4 . 3  3 . 4  8 . 5  
1.9 8 . 0  1 . 4  0.0 

3.6 2 . 3  5 5 . 8  2 5 3 . i  S6.5 34.0  IO.? 1 7 . 4  
2.4 2.0 1.5  

0.5 13.0 1.4 1 , 4  

* Unreliable C O U ~ L  
t T h e  blank spaces lndlcatc e l tne r  an unreiiable count  or 0 0  

i i ~ u e  was mururcd. 
: Sormli ussue nuxcd a i t n  tumor. 
B C a a c k g r o u n d  count Eatng’r-Ewtng’r sarcoma. 
P r o s t a t t C u c l n o m a  01 t b e  prostate arch metastases to bone. 

Osteo-Osteogenic sarcoma with pulmonaq mctasrascs. 
Breast-Carcrnoma ol the breast nrth mctasuscs  to b o o r  
I j d n c y 4 u c m o m a  01 thc kidney wi th  mctastascr to bone 
PIasmo--Slalignant piasmocytoma. 

or no relation to the distribution of the first 
dose given w&s earlier. In patients S o .  
010023 and S o .  010013 (Table XVIII), 
the radiation measurements of the last 
dose can be compared in th  measurements 
of the total  accumuIation of stable gallium 
in all doses. 

The conceztration of stable gallium, 
although highly influenced by the last dose 
in some organs, shows a ciEerent distribu- 
tion than that expected fiom the Ga’? 
tracer on the last dose. In tissues such as 
skin and brain, where there seems to be an 
early saturation deposit, the stable and 
radioactive concentations are the same. 
In the kidney, the radioactive dose is in the 
excretion p h v e  and is higher, as might be 
expected. The lung appears to accumulate 
a s-ignificat amount of material. The 

TABLE XvIII:  RELATI\= AMOUST OF S T A B L E  h S D  
IthDIOACTIVE GALLIVM IS TISSLTS 

(Sormaiized KO Skin Concentration) 

Tissue 

So. 010023 
Osteogenic 
Sarcoma 

Stable 
Ga:* G a  

S o .  010013 
Sfalignant 

Plasrncqqorna 
Stable 

Ga7: Ga 

S h  1.0  1.0 1.0 1.0 
Brain Trace Tract 0.1 Trace 
Liver 2.3 1 . 9  2.4 13.0 
Kidney 4 . 3  0 . 6  2.1 0.6 
Lung 0.8 1.6 1.0 1.6 
Tumor (least) 0.2  2 . 1  1.0 0 6 
Tumor(most) 17.6 16.0 3.3 3.2 

liver s h o m  a very high deposition in the 
plasmoq-toma case, very l o r  in the sar-  
coma case. These dZerences illustrate the 
fact that all  of the autopsy measurements 
are of an element in only the early part of 
its metabolic distribution. 

.. 
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Only one autopsy case is presented admission revealed extensive nodular lesions in & 
lung fields, with e,vidence of calcification in - 
The left side was h o s t  obliterated, but t h a  ru 
an area of probable tumor with calcification jrrrt - %  

Figure lS shorn, in -T form. the pai&i*r < 
general course during the --four days of & . 
pitalization. As noted in Ihe  gen-1 p r o m  not- 
there appeared to be a relatively steady and - 
decline after the fifteenth day. This is c o n h e d  br 
another estimate of general condition-the 
estimate of the patient’s appetite. 
fifteenth day there vas a marked apathy 
food, with d S d Q  in eating, and on the twenv- 
fourth day a tube was inserted in the stomach 4 

detail, that of patient G. P. (010003). 
-A lA-year-oid white school girl fell in the autumn 

ankle to knee After a few weeks, she noticed pain 
and smelling over the left mid-thigh. F o l l o k g  a 
diagnosis and a series of tvielve x-ray treatments a t  
a local hospital, she was referred to the Bowman- 
Gray school of Xedicine in March 1950. There, 
after a biopsy and diagnosis of osteogenic sclerosis 
sarcoma, a disarticulation of her left leg was done 
on -1pd 1. 1930. She xas  discharged on . l p d  13 
in good condition. There were no s i p s  of metas- 
tases. 

-. I of 19-19 and scraped the skin of the left leg from the overthe diaphragm. 
.- 

Following 

Fig. IS. Summary chart of Case SO. 010003. 

On Ma:- 7, 193, the patient noticed a tight feeling forced feedings were instituted. Pain of increask 
in the chest, which she described as a deep chest cold. severity developed in the region of the left chest. 
Readmission &nation revealed pleural &usion This was not a t q i d l y  pleuritic sporadic pain but 
and metastatic lesions in both lungs. It was felt was described as steady and anno?ing and seemed to 
that nothing further could be done with standard be located especially in the posterior left chest wall. 
therapy and that because of the rapidly g r o k g  There was tenderness to pres- orer some ares.  
lesions the patient was a logical candidate for experi- The daily estimate of the amount of pain which the 
meatal thuapy with radiogallium. She was there- patient seaned to experience is shown in Figure 1s- 
fore referred to the M e d i d  Division of the Oak Xong +th this is a record oi the narcotia uxd. 
Ridge Institute of Suclear Studies a t  Oak Ridge thdr kind, and the number of administrations. The 

._ Upon admission. the patient was in reasonably patient was &st given codeine, which was replaced 
good condition, Physical examination showed the - by Danerol in increasing dosagc Morphine in &mg. 

- findings which would be expected in the p r w n c e  of doses was started on the nineteenth hospital day and 
rapidly groffing pulmonary metastases and bilateral changed to 6-mg. doses on the twent>.-ninth da:-- 
p l d  ~EuSion. Chest films obtained just prior to Abciut midway during hospitalization a d d  
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TABLE SIX:  EXCRETIOS OF h-DIOCALLTtN l S T O  F L L ~  COMPhKED n?TH LEVELS IS PLAS3.A 
Lp' 

er 5.7 mc. dose 
13 
0.5 

425 1,200 5 3.200 
4 3  800 1 2,130 
I20 60 1 159 0.5 

ma 7.4 mc. dose 

g. 
& shharmess of breath developed, and it R ~ S  apparent over soft tissue in general. One area corresponding 

z. z 
3 
9, 

=e 
.?s 
+ 

3. 
___ 
i; 

-. -- - - .  
c 

._ .. . 

t.hat pleural fluid xas collecting a t  an increasing rate. 
.\ thoracentesis x a s  attempted on the seventeenth 
hospital da!.. Only about I50 C.C. of fluid could be 
obtained. The fiuid clotted promptly but incorn- 
pleiely. The sediment ' showed many red cells 
but no recognizable neoplastic cells. During the 
nest few days the patient became progressively 
rcakcr and more dyspneic. On the twentieth 
hospital day continuous nasal oxygen therapy was 
started. Except for a few short periods in a tent, 

IVeakness 
Pleural eiiusion de- 

\-eloped on the right side. Frequent thoracenteses 
Kcre attempted. The material withdrawn became 
more \.iscous and. especially on the left, seemed to be 
pocketed in m a l l  thick-walled cavities. Because of 
the rapidly increasing respiratory embarrassment 
an attempt lras made to dissolve the fibrin material 
with an e n q m e  preparation supplied by Lederle 
Laboratories. This preparation contained Strepto- 
kinase, 350,000 units, and Streptodornase, 200,000 
units. TKO ampules n-ere injected oa the left side 
t\venty-iour hours a p a r t  Beginning on the thirtieth 
day oi hospitalization. within forty-eight hours there 
'KG a striking change in character of the pleural fluid. 
I t  became possible to withdraw a large amount of 
hemorrhagic but free doffing fluid. Be,&ing on 
about the nrenty-ninth day the patient became 
increasingly moribund. She died early on the 
&*-fourth day of hospitalization. 

Radktbn Dab: On the sennth da? of hospitali- 
at ion,  a 9-mc. dose of gallium citrate vas injected 
inm~-mousl\-, preceded by a prophylactic dose of 
calcium gluconate. This was followed br 13 mc- on 
the twcat>--fouth day, 5.i m c  on the twenty- 
*-& day, i.4 r n c  on the --first day, and 13 
m'+ fifteen h m  bdm death, .. Radiation -5 
6 t h  a highlr collimated counting spstem d e d  
ggnifichat localized deposition of gallium in the 
* p h j W  regions and more activity over bone than 

a1 oxygen was continued to death. 
dyspnea were progressive. 

, 

to the probably c&fied tumor over the left dia- 
phragm showed almost twice the activity of any other 
area. 

About six blood sample-s were taken after each 
dose for, radioassay. The gallium" curve for dis- 
appearance from the blood stream followed an al- 
most exponential form. Up to about 50 per cent of 
the initial level was obtained in twenty-four hours: 
to 20 per cent in forty-eight hours. -1fter n inev-sk  
hours the amount was below eficient counting levers. 

-1pproximately 
GO per cent of the total dose \vas excreted via the 
kidneys. Of this amount, tlvo-thirds was excreted 
during the first eight hours following injection; nine- 
tenths the first day after injection. - in  insignificant 
proportion of the excreted gallium was found in the 
feces. httempts were made to study excretion in 
s e a t  and saliva, but the samples were a t  back- 
ground levels. 
-b~ interesting accumulation of gallium occurred in 

the pleural fluid. In  Table -XIX, the pleural fluid 
counting levels are compared with levels in the plas- 
ma withdrawn a t  about the Same t h e .  There 
vas  a significantly greater amount of gallium re- 
tained in the pleural h i d  than in the plasma. 

The body appeared uuemeiy  
emaciated. There was v q  little subcutaneous fat. 
There w a e  no abnormalities in the head, neck. 
abdomen, and extremities. The left leg had been 
moved by a disarticulation amputation. 
The right pleural cal-iq- ras almost obliterated b?- 

cstmsive fibrous adhesions which were readil?. 
separated. The !eft pleural cavity contained a large 
quantity of turbid brown fiuid rith many m a x s  of 
fibrin-like mataial. The right lung a fully ex- 
panded but nas studded nith numerous flat tumor 
nodules measuring up to 2 an. in diameta. The 
left lung -as cottapxd except in the upper third. 
The periphq of this upper third was formed by- a 
thick la?= of hard yd0-x tumor nith multiple areas 

.u1 urine samples were assayed. 

Aztfops-y Report: 
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TABLE zx: ~ D ~ O A S S A S  OF hLTOPSY SAMPLES. 
Patient G.P.. 01oo03 

ACT/gm.* DARHt DARCE: 

MISCELLAYEOG~ ORGAYS 
Thyroid 3 ,?7? 
Pituitarp 3 , d a  
Right adrenal 3,431 
Left adrenal 4 . 8 9  
Right ovary 3,668 
Left ovary 3,955 
Breast 2,575 
Uterus 3.213 
Grinary bladder 8.585 
Kidneys 6.27 x 104 
€Teart 2,079 
Brain 1,409 

4,333 
4,4Si Larynx 

Trachea 
Left lung 2 . 7  x 104 
Right lung 3.24 X 10' 
Skeletal muscle 2,332 
Slcin 3,474 
Soleen 4 ,  599 

1.62 
1.66 
1.65 
2.35 
1.62 
1.90 
1.24 
1 . 3  
4.28 
30.16 
1 .oo 
0.68 
2.08 
1.16 
13.00 
15.58 
1.12 
1.67 
2.21 

em-ical lymph 
node 5 . 9 i 7  2.91 

3,lediastinal lymph 
node 5,600 2.69 

Small bowel mes- 
e n r e p  plus nodes 3,901 . 1.8s 

Upper lobe. right 

Bony nodule, right. 
l u g  3.24 X 10' 15.3s 3.x 

1-64 X 10' 78.8s 1S.w lung 

l u g  8.86 X lo4 42.63 9 . 3  . = 
Bony nodule, right 

l u g  - 1.41 X 10' 67.82 1 5 , s  - 
Bonyarea.leftlung 2.85 X 10' 137.18 31.2 _ _  
Left diaphragm 2.23 X 10' 107.26 3 4 . 4 9  --.. 

a ACT/gm. Counts pu +Ute per gram tisyx . c .  . 
t D M .  Rauo of c.im./g. tissue t o  c./'m. ..'g. h w -  

D m C B .  Ratio of c./m./g. tissue to c.:'m.,'t 

Bony nodule, right . .  

m./g.) Kith standard cmecuons. 

conical bone (shaft of femur). 

of calcification. The 1 0 % ~ ~  two-thirds were cam. 
pietell; collap5ed and mostly replaced by firm t u m a  
with patchy areas of calcification. Tine diaphrqm 
on the left side  as infiltrated Kith tumor. & .- 
h e a r t  appeared normal. 

llicroscopically the tumor was characrenzcd I:? 
cells oi the ozteoblastic t!pe inttrspersed with -::rh 
osteoid tissue, There were patchy areas oi calci::ra. . 
tion. 

The finai pathologic diagnosis was osteogenic ur- 
coma metastatic io the lungs, prima? in the left 
iemur. 

In Table ,XX a detailed autopsy radio- Tongue 3, s59 1.86 
Salivary glands 3.092 1.49 assay for this patient is presented. The 

distribution is remarkably Like that s h o w  Esophagus 5,327 2.56 
Stomach 2,688 1.29 
Jejunum 1.0s x 104 5.19 in the rat. -1 few exceptions can be es- 

plained. The very high counts in the lun; Ileum s, 072 3.88 
Cecum 5,212 2.51 
Transverse colon 4,6i2 2.25 are an artifact, since no really norma1 luri, 

was obtainable. Some tumor was present Rectum 3.119 1.50 
Liver 1.S2 X 10' 8.75 
Gallbladder- 6,993 3.36 even in the very small pieces. The yen- 

high counts in the kidney samples can bc Pancreas 5.32 2.53 
Bile 5,111 2.46 

explained on the basis of the time of death 
B O ~ Z  after the last dose. The patient died just 

Sternum 2.21 x 104 io.& 2.42 
Fifth lef t  vertebra 4.68 x 104 22.52 6.14 after the' height of the exaetor\r Phase. 
Shaft of femur 9.113 4.38 1.00 There is Some indirect evidence of esnetion 
Trqchantuoffemur 2.69 X 10' 12.93 2.96 through the liver into bile. The lolT COUnt 
Calvarium 1.9 x 104 9.14 2.09 
hi andible 3.0 x 10' 14.44 3.30 in the stomach, high in the jejunum, and 

2.99 3.28 deaeasing down the intestine would suz- 
Distal metaphysis 
of femur 

Distal epiphysis of gest the possibility of reabsorption but 
3.38 lo' 16-'6 '-" probably indicates i n r u f i c h t  time for the femur 

Distal epiphysis 
line arta. femur 6.5 X lo' 31.29 - -  ; 1.14-*: .-- activity t o  progress d o m  the gastrohtat i -  

rial tract. The patient was in a terminal Fatty marrow, 
femur 6.492 3.12 0.71 

Tooth (1st molar) 9,i19 4-68 -. -.1.01 .. . state and normal peristaltic movement 
rkticular cartilage, 

The wide variations in the bone and 
distal femur 3,550 

tumor samples do not represent the d e s =  
of variation which may have actually ex- 

DIGESTIVE TRACT 

1.71 ?-', 0.39 . -Ot be 
.: -. . - -  . .  _ _ .  

. - - .  .. - .-- .~ , . . 
% 

OSTEOCELSLC ?d€Th.SThSES * ' -  

Leftdiaphragm 5.36 X 10' 25.32 . 5.78 
Thoracicaorcaarca 1.83 x  DL 89.24. 20.37 :. 
T h d a o r t l -  5-22 X l@ 253.68 2257.92 .. These s ~ p ~ ~  mere &tbout : Right t h o ~ ~ ~ .  5 - .  a_. ; 

rc~opitural 1.a x ss;ssl'-: ~:z--c.:-ieference to gross autoradiograms and ma?- -.. : 
.2 % 4 AdjaaPt  to  I& -- 
3 

Apex. left lung 2.7 X 10' 13-00 ' -- 2-97 -. have &sed the a r e s  of ]owat  and highest 
adrenal 1.24 x 104 3-96 - 1-36 deposition. --L 

..  
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Table XVII l ists  the diflerential absorp- 
?‘t atios of various tissues as they are nor- 
$4 to a heart value. 
e m t i o n  ratio (H) value is the only valid 
7 -  . $ - e t i v e  fi,pre to use because of the 
;?--a- . d t i o n  in dosage, time of administration, 
:$&& type of patient The  values were a lm- ceived. :t 

lated from the average number of micro- 
curies per ,oram of tissue as estimated from 

This difkential one to sex-en samples of similar tissues. The 
radiation values mere corrected back to a 
“0” time, which vias defined as the time of 
administration of the last dose of Ga;? re- 

.. 

c.. 

IX. Autoradiographic Studies 
3‘. 

JOHN C. GKLIJMORE, JR., M.S.,” G E O R G E  A. BOP?), M.S., GOULD A. K N D F E W S ,  M.D., 
and MAR= BRUCER, M.D. 

:?<. >- 
-.=l. _- . 
as%- 
:‘%-During the clinical studies on gallium’? group of patients on whom the Medical 
- -  -- a program of autoradiography was Fn the Division staff had prepared autoradio- 

c _  

.. - v -  .__.  

J.CZ 

process of development. This was the first grams, and the methods were undergoing 
c_ change during the course of the study. 

Rjdge, Tenn. variability in the technic used and the re- 
u P r ~ e n t  address y-12 Health Physics Depart- Consequently, there is a great deal of 

ment. Carbide and Carbon Chemical Corporation. Oak 

J, 

21 
‘ -  < . 



2& 

. -  . . .  - 
. . .  , . .- 

3 0  

3'6 

3 8  

-2 i 
1 %  

Patient H. D.. So. 010016 (see also preceding pan). 
Fig. 19. Photograph of a gross s p e d m t n  prepared after a high thigh amputation had becn performed- The leg.. r 

was frozen in dry ice and cut w i t h  a band saw. The specimen is a longitudinal Kction of the foot 2 mp1 thick: 
abnormality. The pli06.h which is used to separate the specimen from the bLm is apparent in +e. , 

Fig. 20. Roentgenogram of the spedmm, showing the normal bone detail in a thin &on of &e foot.': . '-- 
Fig. 21. Autoradiognm prepared from the spedmm show in Fig. #3. The patient ay giva 22 rnd of Ga::-;&- .:I 

fofty-eight hours before opaation. The autoradiogram was upoxd for twelve h- It shows the normal &:, : -e 
tnbution of gallium in bone  Tha-e is a prominent c o n ~ t n t i o a  at the epiphysral line at the-upper end.af thC [. -:;,' 

. .  . ..c J . . . .. . .-- metatarsal 
Fig-22. Photograph showing a section through the thigh. This shows the osteogenic invoi&g the 12 

femur. 

t. <, . . - .  . 
photograph. . . . .  1 

! 

- - .. - . *.. - - 
~ - .- i.. - - . - -  . . . .  , .  

-_ 
-. - 

_ <  - . -  For legends of Figs. 23-26. see opposite page.. - . . .. 
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are not as suitable for a comparative 
' :ir 'vsis as they might otherwise have 
:h -:; 
&*=;." 
==.-methods for improving the useful- 
*--of gross autoradiograms are apparent 

& w < & & E s b & t  of quantitative d a b  !e--. ,= that,'.on the basis of the autoradiogram, . 

. . .  

- . .  

_ _  '.. ., 

. . 
: . d a r e  #'fp now being developed. One of these 

' 

- .- . -- -it fi be possible to determine the & o u t  
-,%-ithe isotope in a given small volume of 

The other improvement is a better 
- ' d a t i o n  of the histologic changes with 
Gthe-autoradiographic findings. 
="-'-spite of the limitations of these 
~*d;es, .- they have contributed information 
?&t obtainable by other methods in the gal- 
; lium study. They have shown in detail the 
-distribution of gallium in some situations 
-in which routine tissue assay methods are 
:not sufficiently djscriminating. They have 
served to emph&ize the extremely uneven 
distribution of gallium in neoplastic metas- 

The autograms were prepared from 
speamens of tissue a few millimeters thick. 
Many of these were frozen in dry ice before 
c ig. They were cut by several meth- 
OCA,. Most of the bone specimens were cut 
rith a band saw. The exposure was made 
on Kodak x-ray, no-screen film; a sheet of 
pliofilm was used to separate the tissue 
from the film. 

4 kd4.= 

-2 .- - .. - ;' 
?s&-:? 

-_ 

- .tases. a 
27J; .G 
Fig. 27. Patient H. D., S o .  010016. See also 

Figures 19-26. Autoradiogram prepared from the 
group of pulmonary metasrases s h o r n  in Figs. 25 and 
26. The patient had received 1T.3 mc. ot gallium:' about 
two days before death. Comparison with the roentgen- 
ogram shows that the gallium distribution parallels 
caldfication to a striking degree. 

specimens, roentgenograms of these speci- 
Figures 1 9 4 9  show photographs of p - s s  - mens, and the autoradiograms. 

Patient H. D.. So. 010016. 
fig-%- Roentgenogram of the specimen shorn in Fig. 22. showing the svilring abnormal bone formation by the 

nmPh= 
Fir. 24. Autoradiognm. upoxd for mdve h m ,  and thaefore comparable quantitatively rith the one of 

h e  foot from the same patient (Fig. 21). It is apparent that there k a bea\T concentcanon of gallium in the nee- 
P h  a d  that the concmvarioa m largeiy rebted to aidfiat ion in the tumor. Remnants of the nOrmal 
EoNI ?f the fcmur show v a y  little gallkun uptake as is usual in normal bone 
UP- IS +t kcur~e of the presence of o e o p k  

-Id for Seaion and a u t d o g r a m  

The usual pcrional and c n d m d  

which had been xparatcd from the lung parcnchpma and ar- ' 

I-_ . -. -A -. - . - . ,  mtnt a~ subsequently trated w i t h  radioactive gallium and died xraal months lata.  
23 shoKt a group of pulmonary 

L - F k -  26 is a roentgenogram thex me- In many of them calcification is prominent 
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Figs. 58-30. Patient D. A. ( S o .  010023). 17-year-old male. Diagnosis: Osteogenic sarcoma. - 
Fig. -38. 

any neoplasm. 
femur. 

Fig. 29. 
Fig. 30. 

Photograph of femur obtained a t  autopsy. after a course of gallium treatment. 

Roentgenogram of specimen in Fig. 28. 
Autoradiogram from the same specimen. 

two days before death. 
gallium associated with the periosteal proliferation. 

It does not conuin 
The  patient had pulmonary m e t a s w e  from a previousy amputated primary lesion of the oppo-irc 

Periosteal reaction with new bone formation is quite apparcz:. 
This patient had received 36.0 mc. of Ga:: approsmattly 

There is a striking concentration of 

He had a srriking pulmonary osteoarthropathy believed to be associated with the metastases. 

The autoradiogram was exposed for twelve hours. 

.^. 
Figs 31-33- For legends. YT top opposite page. 
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@~-3l-&l. Patient 91. L. H. ( SO. 0100-11). 3T-year- 

$f'& Diagnosis: Naiignant plasmocytoma. 
a &ma dose of gallium had been given for c r a e u o n  

-3~-1: PhotographlhoKing the upper end of afemur 

.the upper end of t h e  femur is exrensivdy 

-Rantgrmogram of specimen s h o r n  in Fig. 
- re bone destmction due  to malignant pias- 

Autoradiogram from same speimen. The 
received 23 mc. of Ga;' approximately two 
&.ys More  death. The  exposure was Sor 

T h e e  is a very distinct concentration 
related t o  t h e  lesion. I t  appears tha t  t h e  
is greatest a t  *&e edge of t he  tumor,  
mncact r i t h  residcai n m a l  bone. 

centgenogram of shuil. revealing desmc-  

Y."  ' -  

k r -  . 
E-?<.. '- 

399 
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Fig. 35. . iutoraaiograms from the patient s h o r n  in Figs. 31-34. This is re- 
produced c h e i y  for the skull lesion. xhich ap- in the form of a rKiapgular 
spc&urn at the lefr. This R ~ S  a characteristic "punched uut" ]=.on of mahgnant 
plasmocyroma ~II the s U  A section of bone =as at so as to indude the lesion. 
T n e  ca re r  mnsisted of xe3 p r a m c d  malignant p b o q - c i c  cells. .It is appar- 
e=r * k t  ~e gallium concentrated at the periphery of the lesion, xhere n m a i  
Sone ras inyolvea. This specimen r a s  also exposed for twenty hours. 



Fig. 36-38. 

Fig. 36. 

Fig. 37. 

Patient J. F. ( S o .  010019). 51-year-old male. Diagnosis: Adenocarcinoma of right kidney with 
This patient had destmctive bone metastases and died during a course of gallium treatmrnt 

I t  shows a rib with an U. 

The left specimen has been inverted so that it is a 
The bone destruction caused by neoplasm and so- 

The patient had received 15.8 mc. of gallium 
The section of vertebral Mia is cm 

The section of rib is in the same position as on the photograph and is 
The rib shows only a few scattered spots of radioactivity. 

metastases to bone. 
Photograph of gross specimens imbedded in plaster for autoradiography. 

tensive destructive lesion and a section of spine. with a vertebral body invaded by neoplasm. 
Roentgenogram of specimens shown in Fig. 36. 

mirror image of the one shown on the preceding photograph. 
hypertrophic lipping of the vertebral bodies are shown. 

Autoradiogram prepared from the same specimens. 
about three days before death. 
the left and the section of rib on the right. 
opposite to i t s  position shovn in the roentgenogram. 
The vertebral body shows a distinct concentration of the gallium in the area involved by neoplasm. 

Fig. 38. 
The autograms were exposed for four days. 

39 
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Figs. 39 and 40. Photograph and autoradiogram of 
kidney of patient shou-a in Figs. 36-38. 

m e  uniform appearing tissue is residual normal kid- 
ney. 

The small amount of gallium present is 
almost udusively in the n d  kidney and is a t  
in the neoplasm. 

Fig. 39. E;idney containing primary l a i o n  The 

Fig. M. 

. .  
. .-  

-. 

._ - 

Fig. 41. Patient B. D. (So. 110061). 16yeareld 
male Diagnosis: Osteogenic sarcoma This patient 
m d v e d  31 mc of gallium approximately two days 
fore death  The above autogram is made from a YC- 
Uon of normal kidney. I t  was exposed for three hours. 

. 
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Patient B. D. ( S o .  110061). with osteogenic sarcoma. . 
e>.- Photograph showing gross specimen of ribs and shaft of femur mounted in plaster for autogram p r e p  

. - .  . : 

.--paiasieum of the ribs. -- . .  tr;rbeclllu structures. 

Fig. 4-3. Roentgenograms of specimen showing bone detail. .-_ *I-- Fig. U. Gross autogram. Exposure ras  for three hours. There is a striking concentration of gallium in the 
The  femur shows a delicate pattern of gallium along the endosteum. periosteum. and -.. 

i 3- 

. .. - - .-  - __ 

- - .. . _  . .. . . . . .. . 
: I . . .  
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Figs. 4.547. Patient F. T. (Xo. 1100i3). 13-ymr-old malt Diagnosis: Osteogenic sarcoma; lung metastases; 
Pr imaryprcKnt  

Fig. 45. Photograph of the gross specimen obtained at amputation. The p l i o h  mv&g is risible. ?~I=Y 
0th- J-utograms were prcpared from this patient but the one presented here is shown to indicate normal bone de- 
tail. 

Fig. 46. R o u r t g m o m  of the specimen shoxxn in Fig. 45. 
Fig. 47. Autoradiogram from specimen shown in Figs. 45 and M. The patient had been given 20.4 mc. of 

mlliUm forrp-dght hours beforr amputanon. The t.posure \vas for six hours. This shows the concentmuon 
of gallium at the epiphysis in a young patient 

. 



6002 H. D. BRUXER, R%nrom L. HAYES, JESSE D. PERSIXSOS, JR. o n o ~ l m  

Figs. 48 and 49. 
Fig. 48. 
Fig. 49. 

Patient -4. A. (Xo. 110lli). 36-year-old female 
Gross photograph showing section of liver prepared for autoradiography. 
-4utoradiogram prepared from the Liver slice shorn in Fig. 48. 

Diagnosis: Malignant plasmocytoma. 

The patient had received 5 i mc. d 
There is a ratha uni- gallium five and a half hours before death. 

form distribuuon of gallium in the liver. 
Erposure r a s  approsirnately nineteen hours. 

- 
X. Preliminary Data on Gallium6' 

H. D. BRUNEX, M.D., RAYMOND L. HAYES, PH.D., and JESSE D. PERKINSON, JR., PH.D. 

These studies on Ga6' were canied out in 
the belief that the metal's bone-seeking 
properties had not been fully exploited by 
the low specific activity Ga72 availabie from 
the Oak Ridge reactor. The short half-life 
of Ga'?, 14.3 hours, became a further dis- 
advantage when it developed that the bio- 
chemical processes giving the desired dif- 
ferential localization were slower than the 
physical decay. Thus, much of the radia- 
tion was expended before the isotope had 
been differentially localized. Finally, the 
metal poisoning from the unavoidably 
present stable gallium limited the amount 
of radioactive Ga:? which cpuld be admin- 
istered. 

AII these very important practical objec- 
tions apparently could be circumvented by 
use of Gab', provided i t  behaved like Ga'? 
in the body. The foiloxring basic experi- 
ments xere designed to check this point, 
using for comparison the data reported in 
Section V of this series. 

lium radioisotopes also formed are rela- 
tively short-lived, so that after ninety- 
six hours, PFith a loss of slightly more 
than half the original Gab' content, the 
target drops to a radiation level reason- 
ably safe for processing. The extraction oi 
gallium by isopropyl ether from T L\: HC1 is 
remarkably complete and yields a carrier- 
free preparation (26). The term "carrier- 
free" is used in the sense that the concen- 
tration of the stable gallium isotopes, Ga" 
and Ga", was below the limit of spectro- 
graphic detectability, which was 2 X 10" 
gm. of gallium per milliliter on the instru- 
ment available. hctually, there must haw.  
been present some stable gallium which 
originated from impurities in the target 
and from subsidiary nuclear reactions gk- 
ing chidiy Ga6g. Since 1 - m c  of Gab: 
weighs 1 . 6 i  X lo4 gm., the total gallium 
content of the solutions was between 2 X 
lo-' and 2 X 10+ 

The partial decay schemes of Ga" stated 
in source books (2'7) mere inadequate for 

Gas is prepared by a (p, 2n) reaction dose:--This necessarydatumwasprovided .! 
with X ' q  high purity zinc in a 23-mev by Doctors k R Brosi and B. H. Ketelle-- 
cyclotron. Except for Gab', all of the gal- of the Chemistry Division of the Oak Ridge . 

pe r  milliliter. 

1. PHYSICALDATA . calculating the probable tissue radiation ? 

r. 



o carried out 3 1 G A L L I U M  67 (3.240.) 
pon our request. They 

a, using portions of three of the 

/ / / /  

/ 2 9 % / 4 7 5 n 4 r / O . l X  

decay scheme shorn  in / / / I  

repared for the animal . 4 0 X l n r a n o l  . / / / I  

/K /K /K /K ( 8 . 6 k . r )  

0.094 mer 7 
reported below. The scheme C4nr*'rimo' 

and subject to 

t such revision will be minor and 

be noted that there is 
. 8.6 kev K capture x-ray per d i s -  

tion, followed by a gamma ray, or, 
me cases, a 'cascade of gamma rays. 

a ray, 94 kev, was 

dosage purposes, 
7 disintegration of 

tially monochro- 
electrons having 
us, some of the 
s expressed as 

cabon on publication of the complete 

sigm6cantIy change the values in 

/ I /  

/ / / / / /  
/ / I  
/ / I  

/ / /  

a1 conversion in 40 o,, 

of approximately 3 0  Z I N C 6 7  

Fig. X. -4 simplified decay scheme of Ga" with a 
half-life of 3.24 days. 

ionization and TABLE -xxI: R4DIATION DOSAGE cOacPC7EO FOR 1 
MKROCLXE OF GaG OR Ga7* COMPLETELY DECAYISC 
IS 1 GRAM OF TISSUE LOCATED AT THE CESTER OF THE 

THEORETTUL CYLISDER OF THE BODY (4 )  gamma rays are thera- -- - 
$, wutically undesirable in that they give Total Beta Gamma 
.d. Jy ise to a cross-fire effect on distant tissues Roent- Corn- Com- 

gens ponent ponent 

Gam Man 2 8 . 9 i  9 .53  1 9 . 4  

5 the deposition of energy in the immediate Ga72 LMan 79.00 20.60 58.40 .iz \<&ty of a local concentration of su& a (TI/: = 14.3 hr.) Rat 35.05 20.60 1 4 . 4 5 '  

-t 

which amounts to whole-body irradiation. 
3 Nevertheless, the inverse-square law favors (TI/$ = 3-24 days) Rat 14.47 9 . 3  4.94 

!; gamma-ray-emitting isotope. 
- 1 The half-lives of these four samples of 
5 Y Ga6' as determined by a liquid counting 
' 1 ~  -. system and a bismuth-wall gamma-counter 
i -> tube was 3.24 days and ranged between comparison. 
.r 3-17 and 3.2s days (73.1 to 78.T hours) by 
; least-squares computation. This contrasts 
Z +th values of S3 hours observed by Dudley 
3 c - . (1s) in samples of Ga6; produced by (d,  n) 
- 

-;. z- 
F= the 3.X-day half-life and L6i-day (112.1 Procedure: Thirty-txo male rrhite rats 

weighing 2-10 -L 30 gm. received carrier- r.?2 

This 
by, &d%X&(3) -&d theabove decay 1. &lutioncontained 0.15 mg. of citric acid 
the radiation -doses -given in Table -"per-minilitk to insure cornplexing and was 
were calculated on the basis 'of the adjusted to PH T.4. The ori,&al Ga6; solu- 

-- 1 

roentgens or rep arising from the complete 
disintegration of .1 mc. in 1 gm. of tissue. 
The analogous data for Ga'? are added for 

The I gamma value weighted for the fre- 
quency and ener,gy of the various gamma- 
ray components was computed a s  0.9i3 
r/mc.-hr. a t  1 an. ; this is 11 per cent of the 

.- 

. -- -. and extracted differently. The half-lives S.4 r/mc.-hr. for radium. 
obtained by Brosi and R e t d e  with their . 

sel-enty-eight-hour half-life. Ln this report, 

hours) mean-Iife mill.& used, 

-..: re&ed &mats correspond to .the 2. DISTRIBUTION OF C W E R - F R E E  Gal6' - 
IS TKE Kif . . .- .. 

,..- Using,the fo&&ti& of''hlarinelli,.. free Gas by the.intravenous route. 



Day saai6ced 1 
S u m b e r  of rats 6 

Es.timated cumulativedose 
m roentgens 0 22-1.08 

0.10 * 

A. Percentretained 
Per cent excreted 
Fraction in: 

Urine 
FCCS 

B. Total organ content in 
p u  cent of original 
dose 

Blood plasma 
Blood cells 
Liver 
Spleen 
Kidney 
Heart 
Femur 
Skeletont 
Remainder 

0.08 
I 

78.6 
21.4 

0.70 
0.30 

1.56 
0.15 

21.39 
1.2T 
0.89 
0.07 
1.21 

26.25 
25.15 

3 
6 

0 .80-2.1-I 

63.6 
34.4 

0.55 
0.45 

0.55 
0.18 

13.97 
1.1T 
0.89 
0.07 
1.12 

26. OT 
21.65 

5 
6 

1.85-8.10 

60.7 
39.3 

0.52 
0.48 

0.21 
0.08 

12.40 
1.19 
0.77 
0.07 
1.01 

25.32 
19.67 

10 15 
5 5 

11-12-18.25 55.20-144.0 

52.5 48.3 . 
47.5 51.7 

0.51 0.51 
0.49 I 0.49 

4.28 I 2.76 
0.99 0.87 
0.66 I 0.56 

0.05 

16.19 21.79 
29.45 21.25 

O;l5 

2.87 
, 1.23 
0.63 
0.05 
1 .o: 

2 3 . 4 3  
15.69 

* Segligible. 
t Calculated as 7.06 per cent of the body weight times the  activity per gram of femur. 

tions were diluted with blank citrate of the 
same concentrations and PH, since the rats 
sacrified on the first day required only 
1/130 as much Ga6' as those sacrified on 
the twentieth day. Thus, all animals re- 
ceived identical injections except for the 
content of Ga6', for an excess of radio- 
activity was experimentally undesirable. 
The largest amount of gallium was below 
spectrographic detectability. 

The rats were housed in individual cages 
which permitted collection of urine and 
feces without contamination of each other 
(24). At one, three, five, ten, fifteen, or 
twenty days after injection, the rats were 
nembutafized, +iper€used with 200 ml. of 
saline, and the tissue was analyzed for Ga6' 
after being digested w i t h  HX03. A bis- 
muth-wall Geiger-Miiller tube mounted 
vertically in a lead shield counted the 
gamma rays according to the method de- 
scribed by. Marinelli (25). The samples 
were.co&ted to obtain a standard devia- 
tion of 2 per cent or less, or s per cent or 

. less when the net count was very low, ;.e., 
less th& twice background. - In other re- 

Results: At the top of Table XXII are 
shown the numbers of animals and the esti- 
mated minimurn and maximum whole- 
body radiation doses accumulated a t  time 
of sacrifice. Below, in order, are: (A) The 
average cumulative percentage of the tot31 
dose which was excreted or retained arid 
the partition of the excreted fraction be- 
tween urine and feces; (B) the average 
percentage of the injected dose retained by 
the organs or tissues listed. No great error 
was introduced by neglecting the weight 
of the organs, since the animals were of 
essentially the same size and the dose was 
calculated relative to weight. Each value 
in the table is the average for the number 
of animals indicated a t  the top of the table. 
The standard deviations, corrected for the 
small samples, ranged between 10- and 30 I 

per cent of their respective means in most: 
cases, but the liver and blood-cell fI-dctions.-i 
in some instances had standard deviatiom-! 
as much as 30 per cent of their-meanS. h-. 
contrast, those for the femur wke-iii&mI>-i{ 

, 

about 10 per cent, except for the.t&-dayg 
nnimals, 2 of whi~h'unaccounta.blfp~~< 

speck, the experimental procedures were- distinctly lower values to  break an?thS-- 

3& 
wise smooth trend. 
ever, these means represmted'the;c+@g. 

_ _  calcium was omitted. .. ~ tendency reasonably weIt . ~ -+ ' --- 
-s - ... 

>- .- 
- a  - _ _ - -  .as.d&bed in Sections III-and V of this 
- . series, exceptthat the prophylactic dose of 

On the whole,-hoz 

*...=-. I ,. 

-I - T. -- -_ _- . 2 -  A. 

* -  



PRE~LIS-IRP DATA os G A L L ~ P  

e data in Table XXII show that the 
lost most of its initial GaG content, 

e the bone and sixteen other organs 
.no t  shown in the table) retained 
of their initial uptake during the 

period. The conhued pres- 
amounts of Gag in the plasma 
t plasma was acting as. a 

-equilibration agent, as i t  does for 

w e  distribution of the isotope re- 
a t  each interval is expressed in 

e XXlII in terms of MarineUi's dif- 
absorption ratio (3), which is 

Activity per gram of tissue 
Total retained activity +- body weight ----A 

ratio permits inter-comparison of the 
ve Ga63 concentrations in the various 

of th6 G e r e n t  groups of animals by 
alizing initial dose, body weight, ex- 

and variations of organ weights. 
the first half-life of Gas', the first 
ys after injection, the liver, spleen, 

howed approximately equal 
. -etention at a level about three times 

nigher than the next tissue, the kidney. 
After the third day, the spleen had the 

SS- highest relative concentration, not because 
it picked up additional amounts, but be- 
-use i t  lost relatively less than the other 

- - 
1 
6 

T .  1 
5.1 
1.3 
0.3 
0.9 
1.4 
0.7 
0.1 
0.3 
0.4 
2.8 
4.0 
2.3 
4.7 
5.0 
4.3 

- - 
3 
6 

5.8 
6.9 
1.7 
0.3 
0.7 
1.6 
0.2 
0.1 
0.2 
0.3 
4.4 
5.0 
2.8 
5.6 
6.1 
4.9 

- 

- - 
5 
6 

5.5 
8.1 
1.5 
0.3 
0.8 
1.8 
0.1 
0 . 1  
0 . 2  
0.3 
4.9 
4.8 
3.1 
5.9 
6.2 
5.4 

- 

to Table M I .  

- - 
10 
5 

2.4 
8.5 
1.5 
0.3 
2.1 
1.8 
0.1 

0.5 
0.3 
6.5 
4.7 
2.6 
4.4 
4.4 
4.5 

- 

. 

- 
15 

5 

1.7 
8.0 
1.3 
0.3 
0.8 
2.9 
0.1 

0.5 
0.3 
6.3 
6.5 
4.1 
6.5 
7.3 
5.6 

- - 
20 
4 

1.s 
10.3 
1.8 
0.4 
1.7 
1.4 
0.1 

1.0 
0 .4  
8.2 
7 . 4  
4.2 

i .  1 

- 

z. 2 
( . I  

I O 
M R  o f  s m a z o  

25 25 J 9  19 
"[ SAMRES 

3 1  

I 

DAYS I 2 3 4 5 

Fig. 51. The total and urinarp excretion of Gas: 
during the  &st five days after injection of the carrier- 
free Ga" stabilized at pH i.4 *ith citrate. The aver- 
age values for all groups are shown by the heavy lines. 
The light lines represent the averages of each group 
separated according to time of sacrifice, which iras 
associated with size of dose and total radiauon re- 
ceived (Table XXII). The mea0 excretion values for the 
entire twenty days are shown in the upper right-hand 
box. 

tissues, as can be seen from Table XXII. 
The liver differential absorption ratio de- 
creased sharply between the fifth and fif- 
teenth day and thereafter held a l o r  level 
about equal to the kidney, lung, and lymph 
nodes. The femur showed a mild increase 
after the first day, the figure remaining at 
about O . i 3  the spleen value. Of the several 
t p e s  of osseous tissue analyzed, the incisor 
teeth, including the pulpy roots, gave the 
highest values, followed closely by the 
shaft of the femur. Sixteen additional tis- 
sues (most are omitted from the table) 
showed dSerential absorption ratios of 1.0 
o r  less, although for some tissues a distinct 
trend could be made out, as for the lymph 
nodes in Table XXIII. 

The urinary excretion during the first 
twenty-four hours follorring injection was 
2.5 times that in the feces, but thereafter 
the feces contained' 1.3 to 3.0 times a s  
much activity as the urine per daily collec- 
tion period (Fig. 31). Forty per cent of 

5- 

c. 
, .  
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606 H. D. BRLTER, R i n i o s D  L. H~YES, .am JESSE D. PERW.SOS, JR. & t o b  12a 5 
the total dose was excreted by the fifth day 
and 57 per cent (range 31.9 to 67.3 per 
cent) by the twentieth day. The average 
50 per cent excretion point, the biological 
half-life (3), occurred on the thirteenth day. 
The separate average excretion patterns 
for the various g~oups of rats (Fig. 51) were 
essentially identical, despite the range of 
radiation and metal dosage. Although the 
level of metal dosage is so small that a 
hundredfold variation is not detectable, 

0 
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z 
W 
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SPLEEN 

ferential absorption ratio of the femur 
a b u t  four times greater than that of the 
liver, the next most active tissue a t  twenty- 1; 
four hours (3.3 hours beyond the mean-& 3 
of Ga'7. At ninety-six hours, the fanu 
was twelve to fourteen times more active 
than the spleen; during that h e  the live - 
femur and spleen had not. The cumulative :Z3 
excretion over ninety-six hours totaled 5;- 
76 per cent, with the urine contributing S.5 75 

-. -: 

had lost much of its gallium, whiie the s* g7 

t 

..; Fig. 52. Histogram of the data of Table XXV. showing the relation .. of the di5uenual absorption rat10 to dose level of carrier gallium 
in milligrams per kilogram. The metal was injected intravenously -- 
received calcium plus tracer GaG. and calaum plus 
plus S a  citrate in the amounts used at the 2.5 rng./kg. dose level. 

-. ,. _- 
- .  five days previously a s  the citrate complex. The two control groups - - 

-?I 

Y, 2s 
tracer Gao 

.- * .- 

such a range in radiation dosage might well 
have affected body water-excretion proc- 
esses. For example, the twenty-day rats 
received about 100 times as much radiation 
over the first twenty-four hours as the rats 
which were sacI-ificed at twenty-four hours, 
but the excretion patterns of the two were 
S i m i l a r .  

Discl~ssiOn: These results diflered Sig- 
d c a n t l y  from those in Section VI which 
dealt with the distribution of Ga'*-labeled 
gallium a t ra te  administered at the mg./kg. 
dose level. In those experiments, the dif- 

.- -.. .*. 
times as much as the feces. Also, at  this g .  
mg./kg. level of carrier gallium, a fiftyfold s. -% 
variation in dose of metal produced si@- 3 
cant diflerences in the total amount ex- 
creted during the first twenty-four hours 
and in the urine/feces ratio. The a b =  
carrier-free results, th 
(a) percentage of the d 
the pattern of excretion, 
changes in excretion pa 
concentration of metal 
than a hundredfold, 
changes and inter-relations 

..,..I".̂.." . . 
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0.0025 

4 

59.2 
40.8 

0.49 
0.51 

0.24 
0.07 
6.52 
1.46 
0.95 
0.07 
23.19 
26.73 

0.025 

4 

.Total organ content 
in percurt of orig- 

absorption ratios of femur, liver, spleen, 
other organs to one another. 
m u s e  of the following additional vari- 

Ies, it  cannot be assumed that the pres- 
or absence of carrier gallium was solely 
nsible for these Merences:  (1) Ga6' 
used for the carrier-free experiment, 

hereas Ga'? acted as the "trace;" for the 
,ble GaS9. ' I ,  which was unavoidably 

th Gay?. The conventional as- 
is that  body mechanisms cannot 

ish between the isotopes of ele- 
bove carbon but, in the absence of 

o the contrary, i t  should be regarded 
as an assumption. (2) The assou- 
adiation doses differed both as to 

ount, timing, and, in consequence 
M e r e n t  merent ia1 absorptions, the 
ution over the body. (3) In the car- 

eriments, the total amount of 
atrate injected was approximately 10 
rg. and was not preceded by calcium. 

The folloring experiment, therefore, mas 
Pknned in order to minimize or control 
these variables while brin,Qing together the 
preceding experiments rh ich  had dealt 
*th the extremes of carrier dosage. 

EFFECT OF TRE Q L i X S T X N  OF GALL1L.I 
O S  ITS DISTRIBUTION 

e essential design of this experiment 
to use carrier-free Ga6' to "trace" 

'. 

59.7 
40.3 

0.52 
0.48 

0.18 
0.05 
6.3i 
0.85 
0.81 
0.06 
23.63 
2i. 71 

0.25 1 2.5 1 25.0 

47.9 31.1 18.5 
52.1 68.9 81.5 

0.67 0.81 0.91 
0.33 0.19 0.09 

I 
0.25 I 0.15 0.07 
0.06 
5.88 1.83 0.9s 
1.00 0.31 0.13 
0.85 0.38 0.19 
0.05 
21.58 21.65 15.72 
18.19 6 . 7 s  1.41 

Ca C a i  Cit 
Convol Control 

4 4 

62.0 57.4 
38.0 42.6 

0.53 0 . z  
O.4T 0.45 

0.22 

1.10 
1.10 I 0.83 
0.07 0.06 
42.14 20:OT 
30.66 23.23 

stable Ga69. 'I ,  which was varied by a factor 
of 10 over 3 orders of magnitude, holding 
constant the mol ratio of gallium to citrate 
to calcium ions and the total volume of 
injections. 

Procedure: Thirty-two male white rats 
weighing 230 20 gm. were divided at 
random into eight groups of 4 animals 
each. For each rat a constant amount of 
carrier-free Ga6' was taken, to which was 
added carrier Ga69. citrate in proportion 
to body weight plus saline to make 1 ml. 
The quantity of carrier was adjusted to 
give dose levels of 0.00 and 0.0025, 0.023, 
0.25, 2.5 and 25.0 mg. of gallium per kilo- 
gram of body weight for six of the eight 
groups. These mixtures, preceded by the 
requisite amount of calcium gluconate, 
were injected intravenously viu the tail 
vein, as described in detail in Section IV. 
The mol ratios of gallium to atrate to 
prophylactic calcium ion were maintained 
in all groups at 1.0 to 1.2 to 2.4. Sterile 
physiological saline was used to dilute the 
concentrated solutions appropriately and 
to wash in the injections. 

The two remaining groups served as 
controls against the possible ef€ects of the 
calcium or the calaum-plusutrate hjec-  
tions. One group of 4 rats received calaum 
gluconate followed by canier-free GaG and 
saline in the amounts used a t  the 25 mg./ 



Dox in mg. Ga/kg. 

Plasma 
Blood cells 
Liver 
Spletn 
! G i n e y  
Heart 
Femur 
Remainder 

---~- 

3.17 
9.2 ;  
1 . K  

kg. dose level of carrier gallium. The  other 
received calaum gluconate followed by 
&er-free Ga67 PIUS sodium a t r a t e  ad- 
justed to pH T.4 and saline in amounts used 
for the 23 mg./kg. dose level. -%I1 a n i m a l s  
mere s a d e d  one hundred and twenty 
hours after injection. They were viviper- 
fused, and the activities of the tissues were 
determined as described above (p. 604). 
These experiments mere mmparable to the 
others of the series in all other respects. 

Results: ;The distribution and excretion 
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10-3 
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E 

patterns of gallium in the carrier-free a d  z 
low-dose groups (Tables XXIV and X-v) - 5 
matched the analogous data for rats hilled ' 5  
a t  five days in the preceding esperiment - .  -5 * 

(Tables XYII and XXIII). On the orher .- .E 
hand, the results for the 2.5 and 35 mg. kg. -.; 

groups agreed with the four-day data oi the --:$ 
Ga'? tracer experiments described in k- ..1 *. 
tion V. Thus, the metabolic processes of -.-s 
the rat apparently were not able to dis- -z - 
tinguish between Ga6' and Gai2 and, hence, :.$ - 
between GaS9 and Gail, the stable isotopes. '5 
An isotope eEect did not appear in these 5 - experiments. 

The distribution of gallium seems ncl: to .- 
have been affected by difierences in :;IC I 
radiation emitted by these two isotopes. ;. 
The merences mere both in the absolute 

-I f 
radiation dose, as shorn in Table XSI, and .. :$ 
in the rate of delivery of the dose to  tissues 
due to the difierences in half-life and shifts - %  
about the body relative to  time. Thus. the -:% 
five-day cumulative whole-body dose for &! 
the Gas' rats was estimated to be about 5 r 'fg 
received more or less exponential1)- over the 
five days, whereas, the 33 mg:kg. Ga" . 

rats received about SO r exponentially o w  
the first day. 

With one exception, the data of the m0 
control groups coinaded closely *th the 
corresponding carrier-free and lovr-~&fl- 
dose groups (Tables S X I V  and X S V  and 
Fig. 52). The exception, the spleen of the - 
calcium control,  as the result of one 
anomalous low value. Otherwise, the d3- 
indicate that the calcium alone, or the 
calaum plus atrate,  did not s i & a d Y  
influence the distribution of the e l e m a t  
On the other hand, because calcium and 

T? 

- :* 

- 
.. 2 

, 

:.-if 

- 

- 

- 

- 
X 
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smte are present in blood a d  tissues, a 
;a; pod experimental control cannot be 
,hmed until another salt satisfactory ior 
ir;&venous injection is found. Thus, i t  
h o t  be absolutely denied that calaum 
m~--+&n plus a t r a t e  was necessary for 
: j g b m e d  changes. Xevertheless, the 
'aCmrpt shift piithin a continuous series 
itfrich xas desi,ped on constant mol pro- 

procedures, identdied gallium 2s 

...L._. 

important variable. - 
-4 ;-.Tipre 52, prepared from the data oi 
k&le LXXV, shows that  a change in the 
d t i v e  distribution of Gas' occurred when 
*eF-amount of carrier Ga69-71 exceeded the 
02.3 mg./kg. level. Above this dose, the 
five-day &€ferenda1 absorption ratio o i  the 

-femur sharply increased. At the same time 
eat of the spleen and liver, and to a lesser 
d e n t  that of the lung, heart, and l lmph 
d e s ,  decrease$ si,gniiicantly. Thus, the 
d a t i v e  concentration of gallium was higher 
R the spieen than in the iemur a t  low car- 
.rim doses, but t h i s  relation was inverced 
zt the high le\-els. The point of inversion 
pias bemeen 0.25 and 2.5 mg. oi gallium 
pe ogram. 

l - i p re  53 and Table AXXIV indicate that 
t h i s  differential in favor of the femur LTas 
not due to the bone retaining a relatively 
k g e r  fraction of the higher doses of gal- 
lium; instead, the other organs retained 
l a .  By plotting the log of the absolute 
milligrams of gallium retamed per gram of a 
'&sue against the log of the dose in milli- 
p m s  per kilogram of body weight, linear 
relationships were obtained. These reten- 
tion m e s  for the spleen and liver viere 
a e c t e d  a t  the 0.25 mg./kg. dose and, in 

f a r  as three points warrant, the slopes 
were essentially linear both below and 
L.bove the point of inflection. The reten- 
tion by the iemur, on the other hand, 

essentially linear over five orders oi  
%etude  on both axes; horrever, the 
somewhat lower vdue  for the femur at the 

- 25 mg./kg. dose suggests that  this tissue, 
; & s  beginning to shade 05. Such 
-hear  relationships correspond to the 
3 m u l a  Y = a.Xb, but  in vieF of the small .F p-kn of animals no attempt was made 

% 

_. 

c 

*-- -. -1- 

609 

230 4.43 iQ6 

Fig. 2. The iog of the  absolute  miliigrams of gal- 
lium per kilogram e s a e c e d  in the urine or feces. and  
the total escretion. was plot ted against the  log of t h e  
dose oi galiiurn in milligrams per 'kilogram of b o d y  
weight. The m i n e  to feces r a u o  a t  the  various dose 
leveis is gil-en across t h e  top. 

to obtain the numerical values of the con- 
stants a and b. 

The excretory pattern altered as the 
dose of carrier gallium increased. As 
sho7v-n in Table XXIV and a t  the top of 
Figure 34, the urine and feces contributed 
about equally to the five-day total excre- 
tion at  doses of carrier beween 0.00 and 
0.25 rng.ib-g. Above this level the urine/- 
feces ratio increased, &ally reaching 10.5 
a t  the 23 mg./kg. dose. In all instances, 
the bulk of the Urinary escretion occurred 
during the first trienty-four hours dter 
injection ; thereafter, the feces carried as 
much or more gallium than the urine per 
trrenty-four-hour collection period. Figure 
54, xhich is a log-log plot of the absolute 
amount of gallium in the urine and feces 
ieiztive to dose of carrier, makes it clear 
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! that this seeming predominance of the 
urinarl; route vas the result oi decreased 
fecal excretion. Urinary excretion pro- 
ceeded linearly over this 10j dosage range, 
rrhile the fecal excretion showed a point of 
inflection at the 0.25 mg./kg. of carrier 
level of the liver a d  spleen in Fiewe 53. 
The data in Table -L.XV and Fi,we 54 
make clear the sequences in the transition 
irom the carrier-iree pattern in section 2 
above to that seen in the large camer dose 
experiments using Gay' in Section V. 

These data s h o r  that the 
quantity of gallium administered d u -  
enced the manner in which the metal rras 
distributed and excreted by the rat. So iar 
as is knovm, this point has not been studied 
in detail ni th  reference to a substance 
essentially forei,g to  anima1 metabolic 
processes. .A carrier efiect on iodine uptake 
by the thyroid is now well recognized and 
more recently a carrier effect has been 
described for Ca" (29), but in both in- 
stances the isotopes were added to an 
already existing metabolic pooi of the ele- 
ment. The added labeled atoms were, 
thereiore, competing nith the rest oi the 
pool ior the metaboiic processes responsible 
for the uptake. How successiul they were 
would depend upon the relative number of 
labeled and stable atoms in the pool. In 
the case of calcium, the number of atoms in 
the blood pool is very large, 3.4 X lo*' 
compared to the i X IOii in a millicurie of 
carrier-free Ca;j. The absolute size o i  the 
iodine pool (1.2 X 1OIs )  is much smaller 
than that  of the calcium. but still \-e? 
large compared r i t h  the 3.7 X 10'; I'31 
atoms in a 1-mc. camer-iree dose. The 
addition of carrier has the effect of enlarg- 
ing the pool, diluting the radioisotope, and 
decreasing the chance that a given radio- 
active atom r i l l  be metabolized in a partic- 
ular r a y  and time. 

GalIiunz presents a difierent problem in 
that i t  is normally absent irom body tissues 
except for traces in bone (ll), i.e., less than 
1 pg. per gram or 1 part per million, the Limit 
of chemical analysis. HoLTever, because 
gallium occurs in all materials containiag 
aluminum and zinc, it rou ld  be espected 

Discusswn: 

that  some gallium must be present in 
blood. The 25, 2.5, and 0.25 mg.;kg. 
doses of carrier would produce initial 
average concentrations of 23, 2.5, and 0 . z  
g./p. respectiveiy. Such concmta, 
tions are well above the concentrations 
vhich might normally exist in blood. but 
the still loFer doses would give concenua- 
tions in the same range as blood. A ratio 
oi injected gaUium to normal blood conta t  
of possibly lo-' to 10' is, however, quite 
dBerent from the ratios for CaG and I l f l ,  

which would be in the range of 10-j to  
lo-:. Thus, except a t  the carrier-free dose, 
i t  is difricult to think that the injected gal- 
lium competes for the biological processes 
in the sense that IIJ1 or Cas does. 

The data in Fi,oures 53 and 5-4 suggest a 
different possibiiity. Such linear relation- 
ships on log-log paper, corresponding to 
Y = a ' X b ,  occur regularly in many varied 
Dhysiologic processes and espeaalIy in 
kterspecies relationships (30). Therefore. 
it is possible that the metabolic processing 
of the injected gallium r a s  orderty and 
took place in a physiologic manner. This 
need not imply that the mode of retention 
was absorption, ion exchange, or ot1ir.r 
mechanism, or that the excretion process 
in the kidney involved a renal threshold. 
was a secretory process, or damaged the 
tubules. On the other hand, it is unlikely 
that there are processes in the body spe- 
cifically desi,ped to deal q i th  gallium. 

Probably only the highest dose of gallium 
was in the pharmacologic or toxic range. 
The 33 mg. of gallium camer per kilogram 
is about 10 per cent o i  the begmmng oi the 
lethal dose range, which is not too far abol-e 
220 mg. of gallium per kilogram (Section 
IV). S o  chemical s i p s  of toxicity re re  
obsen-ed except that this goup  of rats re- 
mained quiet for a day. Histologic e+ 
dence of damage to the T-iscera ras absent. 

-Iceording to the data on rats ,Oivex large 
doses oi gallium labeled nith Ga;? (Secuor 
V), a rather good diEerential localization i 
bone r a s  obtained by the fourth day aft 
injection. The e-xperirnents in this repc 
demonstrate that  the differential r;as 
tained by deiault of the other organs: 

. .  
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6  sues other than bone retained rela- 
less of the metal at the higher doses 

. Prior to these experiments, it 
more or less tacitly assumed that 

exhibit& a special metabolic 
r @urn. These data indicate 

e proms(es) responsible for the 
by the Ever, spleen, and similar 
had less capaaty to handle high 

than did that for bone. The simi- 
of the slopes of liver, spleen, and 
at the low dose levels suggests that 

process(es) of uptake, whatever i t  was, 
not too Weren t  in these tissues. 

ubert (31) has observed that non-spe- 
reactions occur more fre- 

than is suspected, particularly 
material is present in concentra- 

molar or lower. This may 
2z apply to the dptake of gallium. 
3' While i t  does not follow that the liver, 3.- 

spleen, and bone of man will show this car- #-- rier efiect, the regularity of these rat  data 
i- suggests that  i t  is not restricted to the rat 3- but is a physiological generaIity. There- 
2 e, the clinical studies must be planned 
f d d  conducted with this possibility in 
: mind. The practical application of these 
I experiments is that this factor, which may 
T prove to be of critical importance for suc- 
6 cessful use of Ga6i in man, would probably 

not have been suspected and identified in 
even the best clinical study. 

In using Gab' to treat osteogenic and re- 
lated neoplasms, an additional complica- 
tion must be recognized. The neoplasm 
may or may not share in this segregating 
-recess, and it is possible that a given 
imor may. exhibit completely independ- 
t. methanisms for picking up or rejecting 

short, whether Ga6' is ciifkentially 
r e d  by osteogenic neoplasms can be 
bed only by assay in patients with 
uors, but  the assay must be planned 

ium and other substances. 

vision for the carrier eEect. 

SCN3uRY 

i d  data necessary for biologi- 
iical use of radioactive GaG 
rented. 'I- 

In a conventional tracer experiment on 
32 rats rith Carrier-free Ga6, the &e and 
feces contributed about equally to the 39 
per cent excreted in five days. The 
femur, representative of bone, had a dif- 
ferential absorption ratio about 0.73 that 
of the spleen, while the liver Iost much of 
the Ga" activity i t  had picked up initially. 
These data difiered in several respects from 
those of comparable experiments in which 
the rats received milligram amounts of 
stable galliumb9* labeled with Ga" (re- 
ported in Section V of this series). 

In a succeeding experiment, the factor 
responsible for these dSerences was identi- 
fied as the quantity of camer or stable gal- 
lium a d s t e r e d  to the animals. By con- 
trolLing or keeping constant all factors ex- 
cept quantity of carrier gallium, it. ?as 
found that the camer-free pattern oc- 
curred when the dose of carrier was below 
0.25 mg. of gallium per kilogram; above 
this level the pattern associated with high 
doses of carrier was obtained. h thera- 
peutically desirable part of the latter ex- 
periments vias a differential absorption 
ratio for bone xhich was ten to fifteen 
times higher than the second highest tissue. 
This difierence was caused by a decreased 
percentage retention of the acti\ity by the 
liver and spleen as the dose was increased, 
while the percentage retention of activity 
by the bone remained approximately con- 
stant. 
Thus, these experiments suggest that  

stable Ga6$* may have to be added to the 
carrier-free Ga6' preparations in order to 
secure the high differential concentrations 
of the radioisotopes in or around osteogenic 
neoplastic growth, but the question rill 
have to be answered by experiments on 
patients suE'ering from such neoplasms. 

I ~ s ~ ; o n x ~ ~ ~ c u ~ x r s :  A large number of persans 
cooperated during the course of these experiments. 
Drs. Dana W. Sance, Robert R. Bigelor, and Paul 
Spray performed most of the surg-* and contributed 
raluable consultant Serrices. Sfany resident physi- 
dans from cooperating medical schools and the 
U.SA.F. participated in t h e  care and study of pa- 
tients. DT. R ~ K  G. Fluharty and Xr. Ralph H. 

. 
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Fermiuhac from the Special Training Division of the 
Institute and personnel from The Oak Ridge 
Kational Laboratories designed, constructed and, 
helped set up  many of the instnunents for radiation 
measurement Valuable technical assistance was 
given by the folloffing persons: hfary Bondurant, 
R'illiam Buher, Edgar Crcss, Betty Ray Gray,  Elmer 
Greene, Mary Gude, Eva Hodgens, X q a n n  
Huddleston, Elmer Lea Keller, Helen Randolph, 
l fe lvin Russ, Robert Sellers, and llary Smyser. 
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SLXARIO 

Estudio del Galio 

Con todo pormenor presbtase este irradiatorias del isotopo e investig&ro 
minucioso estudio del galio radioactivo cuando poseian i-alor biolbgico, 10s aspf 
(Ga''), llevado a cab0 por el personal quimicos. La hemi-tida es de 11.3 k 
directive de la Divisi6n h4Mca del Insti- 
tuto Oak Ridge de Estudios Xucleares, de 
Oak Ridge, Tenn., E. U. A. 

. .. 

que se aproxima al limite inferior 
factibilidad para empleo clinico. 
una gran cantidad de compuestos, el 

Estudiironse las caracteristicas fisicas e de galio result6 ser el snb ac 
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absora6n en 10s -ra.rios tunores o sitios; 
El radiogalio fuC administrado intravenosa- 

animal y humano. mente a \-arias dosis a piazos de tres o 
q e r i m e n t o s  de toxiadad general cuatro dias. Durante el tratamiento y 

os revelaon una sensibilidad despub se ejecutaron frecuentes estudios 
mnforme a espedes. La hematolbgicos, se hicieron valoradones de 

ez dias para ratas consecutiva- la radioactividad, se obtuvieron automdio- 
a la ariministrad6n endovenosa iuC grafias de 10s tejidos extirpados en la 
mg. de galio por kilogram0 de peso, biopsia o autopsia y se verificaron 10s estu- 

-do con una DL 50 en quince dias &os histol6gicos de rigor. Tambib  se 
9 mg. por kilogram0 en 10s perros que midi6 la exned6n de galio en la orina y las 

las mismas preparaciones. heces. 
tudios en las ratas mostraron que Las manifestauones mis  d o m e s  de 

fisicoquimico del compuesto de toxiadad se relacionaron con el tubo gas- 
la distribuci6n del metal trointestinal: anorexia, nLuseas y v6mito. 

zmsecut ivamente a la inyecci6n intrave- Se observd una profunda depresi6n de la 

2 x s ~  ,U inyectarse en forma de complejo mCdula k e a ,  debida probablemente a la 
ca t ra tado  soluble a un pH de i.4, el hueso irradiaci6n. Las reacdones cu theas  se 
L&vel6 la m6xima absorci6n diferencial, imputaron a la toxicidad del estable galio. 
Emmentando e s o  durante un period0 de La distribucidn de b t e  en las lesiones 6seas I = tres dias. Esk diierencial favorable se fuC desigual, per0 parecia edstir tendencia 
f 'debib a que el hueso absorbi6 iniciahente a la localizaci6n en zonas de osteoactividad, 
f una fraccidn mayor de la dosis y la retuvo ya osteoblhstica u osteolitica. En general, 
I m& h e m e n t e  que 10s tres tejidos que le aunque se administraron cantidades mixi- 

i el ,azo y el rifibn. toda mejoria clinica, si bien se observaron 
Considerdse que esas obsen-aciones justi- a1,ounos signos de pasajero beneficio sinto- 

ficaban un ensayo clinic0 del complejo matico en enfermos que t e n i a  methtasis 
en el hombre, y mas en particular e n  10s carcinomatosas. S o  hubo ningin indiao 
turnores dseos, aunque no aportaban in- del menor retardo del desarrollo de 10s 
formacibn relativa a quC dosis suminis- sarcomas ostebgenos, ya primaries o metas- 
traria la absora6n especifica m&xima titicos. 
compatible con la minima toxicidad me- Acomphfmnse relatos de 10s estudios de 
talica e inradiaci6n orghica total. la excrecicjn urinaria en el hombre y de 10s 

En general, estudi6ronse dos o"rupos de estudios autorradiograficos. 
enfennos. En uno, trat6se abiertamente Completa el trabajo una res&a pre- 
de producir un efecto terapeutico con Ga':. 1Fmina.r de 10s estudios experimentales 
En el otro, no se hizo nin,ou~la prueba tera- realizados con el @io6', que time una demi- 
P i U U c a ,  sin0 que se estudi6 la IocaLizacidn o vida de 3.17 a 3.28 dias. 
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\-arias tkcnicas de preparacibn 
adaptar el complejo citratado para 
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i. , . - c 'eron en absorcibn, a saber, el higado, mas del isotopo, hubo falta casi absoluta de 
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