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Summary and Conclusiozs

MARSEALL BRUCER, M.0., GOULD A. ANDREWS, M.D., and E.D. BRUNER, M.D.:

URING THE YE4RS 1048-31, the staf

of the Medical Division of ORINS
speat a major portion of its effort on a
study of the therapeutic use of gallium’.
This report summarizes the problems which
were encountered, the results obtained, the
studies completed, and the resulting clini-
cal judgments. 4

Since gallium is still a relatively unknown
element and its isotopes are only rarely
used in biology, the studies began with
problems in physics, proceeded through
chemistry, biology, and pharmacology,
and ended with an assessment of clinical
results.

The physical characteristics of the gal-
llum isotopes were restudied. A method
of standardization of activity was estab-
Lished for routine use. Methods were de-
veloped for tissue assay, and a number of
new devices were set up to measure actv-
ity. Protection of personnel was a major
problem. A device for remotely con-
trolled injection of the active material
was designed and built. A urine storage
container was constructed, and a system of
shieiding certain patients was instituted.
During the study, a method of preparing
gross autoradicgrams was developed. Mi-
croscopic autoradiograms were not satis-
factory because of the short half-life of the
isotope and its multiple radiations. Fii-
teen possibly acceptabie compounds of
gallium were investigated, of which the
citrate proved the best.

A number of methods of preparation
were used, both to purify materials for
pile irradiation and for comversion to the
citrate complex for animal and patient use.
A method for stable gallium tissue analysis
was adapted for use in long-term studies.

The toxicity of various compounds was
invesuigated in rats, dogs, swine, and mag__
These studies included checking the oy.
icity of other dyes and reagents going ine
the preparation of the drug as finally useq
in patients.

The distribution and excretion pattems
and some elements of metabolic behavior
were studied in approximately 400 animals
of five different species. Finally, the iso-
tope was used in test doses in 3+ patients
with various types of cancer. Im 2] pa-
tients full therapeutic testing was done.
The main groups of patients had osteo-
genic sarcoma with metastases to the lung,
or extemsive plasmocytoma. The remain-
der had soft-tissue tumors, metastatic to
boze. ‘

The interpretation of the therapeutie
value of gallium’ based upon these data
is as follows:

1. Localization of the Element: When
gallium ctrate in large doses was injected
into the blood stream, it rapidly accumu-
lated in bone and wviscera. About 30 per
cent was excreted by the kidnevs within
the first twenty-four hours. Following
this period, there was either a redistribu-
tion or a differential excretion of the re-
tained material so that at ve to ten days
after injection there was further accentua-
tion of the differential localization in areas
of actively metabolizing bone. There were
specific deposits of material in soft-tissuc
metastases irom osteogenic sarcoma. This
deposition was not uniform; instead.
it was highly variable and appeared to fol-
low not the tumor cells themseives but the
sites of early calcification. Concentra-
tion of the element occurred also in areas
of osteoblastic metastases in plasmocytoma

t From the Medical Divison, Qak Ridge Institute of Nuciear Studies, under contrac: with the United States

Atomic Energy Commission.

The summary was preseated in part at the Thirty-seveatk Annuzl Meeting o

the Radiological Society of North America, Chicago, Dee. 2-7, 1951.
* Present address: Department of Physiology, Emoary University, Atlanta, Ca.
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:':.r ;md in metastases to bone from soft-tissue
% carcinoma. Apparently it was deposited in
~,i the immediately adjacent areas of normal
¢ ae reaction to tumor. This localiza-
s, when uniform, is theoretically excel-
----- 2% lent for therapeutic purposes, but the dif-
x_{mnal coucentration in relation to vis-
-~¢¢ra.1 organs is optimal only at a time which
s many days post-injection.
=9, Localization of"the Radiation: The
@ Tattern of absorption in a tissue of the ra-
diant enmergy from a radioactive isotope
%] does not necessarily follow the pattern of
édepogtzon of the chemical. About two-
ggﬂurds of the total radiation from ga.lhum"
:is in the form of high-energy gamma emis-
a5 sion and, no matter where the chemical is
=deposited within the body, there will be
- jonization produced in distant organs.
¢ It takes about four half-lives for gallium??
T;to segregate significantly into localized
areas of deposition within the tumor. Dur-
mg these first four half-lives, the chemical
.is distributed %7a the blood stream to
nearlv all tissues, but especially to the vis-
--cera. Hence, the pattern of absorption of
™ the radiant energy in tissues will be that of
B 'total body irradiation for an appreciable
" frction of the first half-life and primarily
aral irradiation for the subsequent three
half-lives.
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If the assumptions and conditions of the

familiar Marinelli, Quimby, and Hine for-

"mula are accepted, it is possible 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 gamrma components are
as follows:

Beta Gamma
Total Eanergy Energy
Radiation Component Component
Human-sized

cvlindrical

mass 1009% 26% 4%
12 X 2.5-cm.

cvlindrical

mass 100% 39% 419,
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The localization in the body of that por-
tion of the emergy absorbed due to the
beta component will be similar to the local-
ization of the stable carrier chemical. No
matter where 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
following injection, when most of the iso-
tope decays, the energy released favors uni-
form total-body irradiation. Four half-
lives post-injection, when the stable form
begins to show a higher differential local-
ization in tumor than in abdominal organs,
the beta componeut predominates in the
localized area of the tumor, but there is
stil 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 depost-
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 at which the radioisotope de-
cays. With gallium™, 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-life. Since
therapeutic effectiveness depends, to a large
measure, upon the ratio of rate of chemical
deposition to rate of decay, gallium’ is
therapeutically ineffective.

3. The Toxicity of the Chemical: The
toxicity of gallium citrate is relatively low
in rats, but comparatively high in dogs.
Man is probably somewhere in between.
The knowledge 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 it approached damaging levels.
This patient, who received as much or more



stable gallium than most patients who were
treated with gallium®, showed mild ano-
rexia, malaise, and a significant lowering of
the leukocyte and red cell values. From
estimates of this and the clinical data, it
is guessed that the LD 10 for man is about
20 mg. Ga¥7~/kg. body weight.

4. The Radiation Taxzczt) The clin-
ical picture of gallium’? toxicity usually
began with the third or fourth dose of gal-
Bum'? citrate at dose levels of 1.5 to 3.0
mg. Ga~v7/kg. given twice a week.
There was first anorexia, which progressed
through malaise and vomiting to weight
loss greater than expected from the disease.
Occasionally, especially when lower dosage
was continued over longer periods, there
developed a severe, dry, maculopapular,
desquamating skin rash. The leukocytes
began to decrease in number along with
the development of malaise and progressed
downward with increasing severity follow-
ing each dose. Hemoglobin and hema-
tocrit values showed a severe depression,
but this developed more slowly than the
leukocytopenia. After the gallium™ doses
were discontinued, there was a continued
decrease in the blood values for about one
to two weeks. As the patient began to feel
better, they returned to normal. With the
beginning of a second course of gallium'
therapy, the same general picture was re-
peated, but at an accelerated rate and with
greater severity.

It is difficult to isolate the radiation
toxicity from the stable gallium toxicity,
since both appear to have common features.
From tissue respiration studies in a
\Varburg apparatus and from the clinical
pictures in animals and in man, it is be-
lieved that there was a subacute total-
body irradiation sickness which showed up
early in the course of treatment. This was
accentuated upon the later development of
chemical toxicity. In cases where a major
portion of the bone marrow was relatively
untouched by the disease, the toxicity pic-
ture was reversible. In plasmocytoma,
seriously affecting the bone marrow, tox-
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icity developed more rapidly and wig; a
greater severity and was less likely o be

reversible.

Thus, it appears that there are two fac.
tors contributing to the overall toxicity of
gallium®® used in internmal radiation th,:- K
apy. One is total-body irradiation; the =
other is metal toxicity. The two tOgethgr' :
are synergistic. Superimposed in already
debilitated tissues, these two factors are
sufficdent to make supposed therapquu'c
doses lethal.

The conclusions reached on gallium’? ..}
do not necessarily hold true for gallium*, . ;
Gallium®, when given with a small nop- - |
toxic amount of carrier, may have the - &
same favorable end distribution and has a
very low emergy emission. With a 3.24-
day half-life, the effective radiation may
be spread over a long enmough period to -
effect a significant tumor eradlatlon with-
out overwhelming total-body irradiation.
There will be no chezmcal toxicity to aug-
ment the total- -body irradiation. How- =
ever, for the same reasons that gallium®
may be more effective in tumors, it may be
more lethal to bome marrow. Gallium®
should be regarded as an entirely new
problem, to which little of the knowledge
gained with gallium’*® is applicable.

CONCLUSIONS

The staff of the Medical Division of the
ORINS are of the opinion that gallium’ is
not a therapeutic agent in cancer of bone,
for the following reasons:

1. Although the isotope was highly con-
centrated in many areas of tumor, in every
case areas of low concentration occurred.

2. Because of the short half-life of the
isotope, the relatively high concentration in
tumors develops after most of the radiation
energy has been expended.

3. Undesirable total-body irradiation
effects become prominent at subthera-
peutic dosage levels.

4. Development of chemical gallium
toxicity was a lmiting hazard in long-
continued dosage.
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1. Physics and Radiation Characteristics of Gallium:
MARSHALL BRUCER, M.D,, and H. D. BRUNER, M.D.

1n 148§, Dudley and his co-workers at the
* Naval Medical Research Institute became
;. jnterested in the toxicity of gallium and its
;wmpounds During the course of their
¥ fnvestigations, it was observed that this
Eitement had a predilection for bone.
= Gross autoradiograms, obtained following
%5 trial use of the radioisotope gallium’® in
i tats, showed it to be localized with a high

wing bome. The suggestion was made
by Dudley that gal}ium might be a vehicle
Ffor carrying radiation to bone tumors.

k3
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;mals Much of the previous work of the
7Navy group was repeated, and a search
“was made for more suitable compounds.
“Methods of radiassav and standardiza-
?:Ean were restudied. By early 1930, there
Z%as sufficient evidence for beginning the
fiherapeutic use of radiogallium in man, and
—in May of that vear, the first patient, with
“te aal osteogemic sarcoma, was given
gallium™®.  From May 1950 through the
summer of 1951, 21 patients with meta-
static tumors of a wide variety of types,
mostly involving bome, were treated. An
additional 34 patients were given tracer or
test doses of gallium?2,

e

PHYSICAL NATURE OF GALLIUM

Gallium's first claim to attention was
the fact that it is one of the three elements
whose properties were known before the
elements themselves were discovered. In
1571, it was a blank spot in the periodic
table, but Mendeleef predicted its proper-
ties from its periodic relationships. It
was finally discovered in 1S73 bv Bois-
baudran in a French zinc ore. It is mow
lnown to be widely distributed in the
farth’s crust but always in minute quan-
Uties. There are no large deposits and
Present production is as a by-product of
uminum and zinc processing. Gallium

E 4
r
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7
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Hdegree of specificity in areas of rapidly

ranks fifty-seventh among the elements in
abundance in the earth’s crust and is pres-
ent in a concentration of the order of
10" per cent. This makes it considerably-
less abundant than gold (10~ per cent)
but far more abundant than radium
(1022 per cent).

Gallium is a member of Group III B
mn the periodic table, The two higher Z
members of this group have been relatively
rare until recently and are not important
industrially. Gallium has atomic number
31 and an average atomic weight of 69.72.
In pure form it is a bluish white metal with
a melting point of 29.78° C., and a boiling
point close to 2,000° C. Gallium differs
from the usual metals in that, like water, it
expands upon solidifying; the density of
the liquid 1s 6.093 and of the solid 3.803.

There are at least ten isotopes of gallium,
ranging from 3 Ga® through ;Ga™. Ounly
two of these are stable, 3Ga®, which is
60.2 per cent abundant and 3,Ga™, which
is 39.8 per cent abundant. The isotopes
with weights 72 and 73 are found in minute
amounts in uranium fission products. Of
the eight artificially produced radioactive
1sotopes. four have half-lives measured in
terms of minutes, one five hours, and one
nine hours; all of these are useless thera-
peutically. The experience gzained from
working with 14-hour Ga’* indicates that
a l4-hour half-life is at the lower limit of
practicability for isotopes to be used in
patients. Thus, of all the gallium isotopes.
only the 14.30-hour Ga’® and the 7S-hour
Ga¥ are useful. The preferable Ga¥ iso-
tope can be made with a (p, 2x) reaction
that is efficient only with high-energy pro-
tons, but when this project began no eyclo-
tron was available to us for the production
of protons of this high energy. The Ga*?iso-
tope can be made either with fast or ther-
mal neutrons. The fast neutron reaction
has an unknown, but probably low, cross
section and would demand the use of sep-
arated Ga’*®. Therefore a thermal neutron

o
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The activation equations for the thermal
reaction are as follows, where 4 equals
specific activation, N the number of tar-
get atoms, ¢ the cross section (Th-#), f the
neutron flux, ¢ the irradiation time, and
7 the half life.

A = Nof (1 ~

For 3Ga® as the target,

R :1G369(—‘\r. 7) ;uGa’w" =Ge™? -8~
(60.29%) (¢ = 1.4 X 10-%)

For ..Ga'™ as the target,

:lGaﬂ (‘\T' .Y) ;103.72“-“ 1:G€:: __:_ '3— _:__ ¥
(39.8%) (¢ = 3.4 X 10—

Thus, there will be roughly 1.7 times
more Ga*? formed than Ga™, and within
three hours after removal from the neu-
tron flux, the twenty-minute Ga™ activity
will be less than 1 per cent of the total.

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

5—0.6931>
T
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LWelllV-1rst il rdny ot clCleey v pro-
duction. Its low cross section predicts
that the specific activity will be low. and
under the best present conditions there
is obtained 1 mc. of Ga™ per 4.7 to 3.2 mg.
of stable gallium. Separated Ga'!is avail-
able, and with its use the specific activity
can be increased fourfold, but this is still
insufficient for practical purposes. A higher
neutron flux would greatly improve the
specific activity problem, but such re-
actors are not generally available, and
the low-specific-activity material (1 me..3

mg. Ga®™) had to be used in this proj- -

ect.
Two alternative partial decay schemes
for Ga’® are shown in Figure 1.

The probable dosage rate in terms of

gamma intensity has been calculated for -

the major components of the decay scheme
as shown in Table II.

The pre-
dominant elements of decay as stated by .
Haynes et al. (1) are shown in Table L :;

L

B3y

Obviously a considerable portion of the ;3




cner" 1s discharged as high-energy gamma
emission. Such an isotope, no matter
where located in the body, must vield
considerable total-body irradiation. It
can be calculated that in termms of the radi-
gt - energy absorbed from a uniform dos-

> _hroughout the tissues of man, the
ratio of beta to gamma components would
beiabout 208 to 58y. This relationship
will be reversed in a small animal such as
1he rat.
rect transference of radiation dosimetry
from smaller animals to man.

Bt
Time I: PrEDOMINANT ELEMENTS I DEcAY oF Ga™?
e Predominant Predominant
Beta Rays Gamma Rays
L
f Eoergy Frequency Energy Frequency
i (mev) (%) (mev) (%e)

L 3.15 9.5-20 .31 26

- 2.32 3.0~18.3 2% 3.3

o 0.95 32 7 3

- 0.64 10 39 3

w

(XY

.2

DO D st = I 1D
fO
O
fo]
001 O e 12 = ~1

o
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The beta-ray dosage was calculated
from the formula of Marinelli, Quimby,
and Hine: D8 = 88 ESTC where E equals
the mean energy of the beta rays weighted
by treir frequency, 7 the half-life in dayvs,
anc  the microcuries disintegrating in 1
gram of tissue. By this formula, the beta
dosage was calculated at 20.62 rep mec.
of Ga’? completely decaving in 1 gram of
tssue. Similarly, we used the formula Dy =
K+Cg, where Kv = 1.44t X 10-%, ¢ is the
half-life in hours and g is a calculated geo-
metric factor. Using weighted {requen-
es and mean energies, the gamma-ray dos-
2ge for a standard size man equals 58.41
r me. of Ga®? (complete disintegration) in
| gram of tissue in the center of the body.
T'h.xs roentgen dosage is based upon uni-
form dlstnbutxon of gallium throughout
the body so that the radiation cross-fires
he given gram of tissue in the center of
‘hebody. The same dosages calculated for
he rat are 14.43 r for the gamma compo-
Jent, while the beta dosage remains the
ame as that for man.

”~
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Therefore, there can be po di-

TaBLE I1: RADIATION INTENSITY oF COMPONENTS OF
THE DEcCaY oF Ga™?
[ Iy Contribu-
Gamma ;¥ =~ Per Cent tion to Total
(mev) at 1 .cm Frequency ~-Radiation
Iv X $6/100
2351 11.25 26.0 2.925
2.21 10.23 31.3 3.229
1.87 9.3 7.3 0.697
1.39 8.3 +.3 0.373
1.23 6.9 2.0 0.138
1.05 6.0 4.3 0.270
0.84 4.9 100.0 4.900
0.68 3.1 2.0 0.082
0.63 3.8 18.3 0.703
ToraL 13.317 ¢/-
me.-
hr.
atl
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 values 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-
toxic effects of therapeutic amounts of
Ga™.

STANDARDIZATION OF GALLIUM

A detailed statement of standardization
methods for Ga™® has been published as
ORO-44 by the Technical Information
Service, USAEC (2). Briefly, two meth-
ods were described, an 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

-



Fig. 2. Special intravenous injection system. For
detailed description. see text.
(3). Similar measurements were made on

a source of Ga’? and the calculation based
upon the Iy value computed above from
the incomplete but best available decay
scheme described by Haynes.
A beta calibration against 2 U. S. Bu-
‘reau of Standards Ra DEF standard was
run a number of times as a check on the
electroscope standardization. Beta ab-
sorption curves were run on samples with
constant geometry and all sources of var-
iations kept to a minimum.

HEALTH PHYSICS

The dosages employed in patients were
at first 10 to 20 mc. repeated weekly. After
a time they were increased to 50 to 100 mc.
repeated twice weekly. With the develop-
ment of severe toxic reactions, the dosages.
were reduced to the 40- to 50-mc. range re-~
peated twice weekly. During the entire
period of this studv 12 curies of Ga’* were

107991y
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There were four main sources of radia.
tion hazard which demanded special ap.
tention. - The first was the area surroung. -
ing the chemical preparation of the gallim %
nitrate as it arrived from the reactor. The A
second was during the injection of the ma; & =
terial into the patient. The third wes &
around the patient for the subsequmg &
twenty-four hours, and the fourth was the %
collection of excreta saved for analysis. . o

To reduce radiation dose dunng chgm{.
cal preparation of gallium for patient use, @
special 6-inch lead sh.lelds were constructed %
inside each of two fume hoods which £ Z
were used altermately. The highest total 7 r
body dosages received by the chemists av- f:,
eraged about 35 mr/day, but this low leved .,
was achieved only after considerable re-,,
design of the ‘handling procedures.

Smce it was necessary to inject ga.lhurn s
by the intravenmous route, supratolerance <
dosages were received by personnel untd :.
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 intracavitary or intrave-
nous injections.

The infusion apparatus was designed to
be autoclaved as a unit, set up at the bed-
side, and operated from a distance. A
standard parenteral fluid bottle was fas- .
tened to the board at a slightly higher level :
than the shielded wide-mouth flasks. Tbe *
two flasks drained by gravity into parallel ~
visual drop tubes; these in turn drained !
through a T-tube into the common drop .
tube, which was connected by rubber tub- :
ing to an intravenous needle. Tubing '
clamps were placed so as to control the °
drainage of either flask into the intrave--,
nous needle or to allow the saline to back-3
up into the shielded flask for rinsing. On 3
each tubing clamp there was fitted 2 1/4-%
inch he:agonal nut which fitted a hex spm-“
tight wrench fixed on the end of a 3-foot
wand. .

In operation, the radioactive solution
was kept behirid shielding while the saline
infusion was started. When the infusionZ
was flowing at a slow steadv drip. the radio- "

A'}“!._\ T b,
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outh flask. The usual safe distance
this time on was 3 to 4 meters from
oparatus. By means of the wand,
he rate of mixture of radioactive solution

and the color intensity of mixture in
e common drop tube could be observed
across the room. The usual infu-
n took tem to thirty minutes. When
‘of the radioactive solution had drained
m the shielded flask, the common clamp
as closed and the saline was washed back
y the flask. This rinse and two sub-

ent rinses were allowed to rum into
Fthe vein without further dilution by saline.
=With three rinses, the residual activity in

he shielded flask,and tubing was negligible

m the room. The entire assembly was
washed, reassembled, and sterilized in an
zutoclave as a complete unit ready for the
ext use.
22 With all other methods of injecting ra-
Hdioactive materials, the period of injection
=w: und to be the time of maximum ex-
gposure of nurses and staff. By use of this
S apparatus, the injection exposure became
Sa relatively innocuous procedure.
ig The third area of radiation hazard was
Faround the patient. Measurements of
gthe.ﬁ.?.s mr/hr. isodose lines around the
§ Patient at various times after injection
'gg-ave patterns of which an example is shown
I Figure 3. Immediately after injection
E?( 20 mec. of Ga’? citrate, this isodose line
§1S approximately a circle 4 meters from
ithe center of the patient. Because Ga’?
Ehas a short half-life and is excreted rapidly
;716 the urine, the isodose line rapidly re-
Bresses toward the patient. By two hours
ithe maximum permissible isodose line is
:3 meters from the patient, and by sixteen
Jowrs 1 meter. After two days it is close
1o the surface of the body so that there is
é‘tﬂe hazard to the nursing personnel carry-
g on ordinary hospital routines.
§Since ordinary plaster walls provide al-
%OSt no shielding, all personnel were kept

--
=

™
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GaLLium™: PHYSICS AND RaDLAaTION CHARACTERISTICS

Isodose lines for 6.23 mr/hr. following injec-
tion of 20 mec. gallium®? citrate.

away from adjacent hallways and ward
rooms during the initial period after injec-
tion. Other patients having radioactive
therapy probably received a mnegligible
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 two-
and-one-half-hour operation to remove the
left lung of a patient who had been given a
20-mec. test dose of Ga’*, the surgeon and
his first 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-
lars registered 30 mr. The anesthetist for
this operation received a total-body ex-
posure of 40 mr.

N
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During the chemical preparation of Ga’*
citrate, the exposure to the hands can be
considerable. During the hour required
to prepare + ampules of Ga'? citrate, the
chemist received 530 mr to his right hand
and 355 mr to his left. During autopsies
on patients who had been given radioac-
tive gallium just prior to death, total-body
exposure to the pathologist was as high as

Fig. 4.

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

Omne of the major sources of radiation
hazard was from the area set aside for stor-
age of urine collected from active gallium
patients. During the first twentv-four
hours after injection, up to 30 per cent of"
the injected dose of Ga’? was excreted, so
that twice-weekly collections on as few as
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two or three patients gave a continuousjy
supratolerable level within a radius of §
meters. Inorder to contain this radiation,
a urine storage vault {(Fig. 4) was built,

ASSAY AND SAMPLE COUNTING PROCEDURES

A standard pseudo-wet-ashing procedure
was used to estimate the amount of radio-
galium in tissue samples. A weighed

TUrine storage vault.

amount of tissue was placed in a 10-ml. volu-
metric flask. Concentrated HNO: was
added and heated gently until the tissue
was completely dissolved. TWater was
added to volume and the contents were
then poured directly into the top half of 2
50-mm. standard Petri dish. Previous
studies had indicated that there was 1o
preferential distribution of Ga™ inte fat



globules. A standard survey meter can be
Snced to estimate the amount of activity

ot dﬂutlon is necessary in order to ob-
ain counting rates between 300 and 3,000
minute.

:r‘ hich slid with reproducible geometry be-
P, ath 2 Geiger-Miiller tube mounted in a

': predision of counting plus speed and ease of
zprepa.ratlon of large numbers of samples.
%Only one transfer of a sample was necessary

in this proceditre, and only two pieces of
gla.ssware were exposed to contamination.
The apparatus was easily cleaned with
Dreft or Tide, but not with ordinary soap

%powde.rs
Certain special instruments were de-
g= vised for routine counting procedures. The
e of patients contained large quantities
- ot Ga™ during the first twenty-four hours,

1'3-*.20
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The primary problem in the chemistry
of gallium was related to finding a com-
pound both biologically acceptable and
easily synthesized at high levels of radio-
activity.

BRI LA o

BASIC CHEMISTRY

Because gallium has only recently be-
come available in a pure state, relatively
little is known of the chemistry of this
element. Its chemical properties are quite
similar to those of the more widely known
‘aluminum. Its usual valence is +3, but

Nt i ot Hdnﬁw Iaive

? Present address: Department of Chemistry, Uni-
31ty of Tennessee Medical School, Memphis, Tenn.

“
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so that extreme degrees of dilution were
required for conventiomal counting
methods, and in the process there was ap-
preciable personnel exposure. For this
reason the following system was devised:

A D.C. electrometer for amplification of
ion chamber currents was connected to an
ion chamber especially built for urine meas-
urements by Mr. Floyd M. Glass of the
Instruments Division, ORXNL, Qak Ridge.
The urine was collected in 2-liter machine-
made Pyrex bottles; at the end of the
collection period, water was added and
mixed to the 2,000 c.c.-mark. The bottle
was placed in a lucite rack in constant
geometrical relationship to the ion cham-
ber. The readings of the electrometer at
different range scales were made directly as
millicuries of gallium according to direct
calibration from samples of known milli-
curiage. The range of accurate readings
was 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
glassware. 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 Biclogical Interest
JESSE D. PERKINSON, JR., PH.D.,? JAMES S. ELDRIDGE, B.S., and BETTY M. COOPER, M.D,

stable +2 salts and a +1 oxide are known.
The metal is stable in air but an oxide film
forms in moist air or oxygen. Gallium
is relatively resistant to both alkali and
acid but, when heated with a mixture of
HCl and HNQ,, it 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 as a few organic salts. A sesqui-
oxide is produced by heating a gelatinous
hydroxide of uncertain structure between
900 and 1200°.

Most gallium 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 inorgamic
salts (3).

In choosing a compound suitable for
toxicity 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.

(¢) Low rate of release of gallium ions
after injection of the compound into ani-
mals.

(d) Ability of experimental amimals
and man to metabolize safely the non-
gallium moiety.

(¢) Production of a sterile compound.

(f) Speed of synthesis from gallium
nitrate.

With these criteria, the complexing abil-

ities of several acids and bases were stud-
ied. Hydrochloric, carbomnic, phosphoric,
ascorbic, maleic, tartaric, acetic, salicylic,
oxalic, benzoic, and succinic acids and
ethanolamine and diethanolamine 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 7.2 to 7.6 but were
undesirable otherwise (7).
. 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 GALLIUM CITRATE

All of the stable gallium citrate used in
the accompanying studies was prepared
according to the method of Dudley (8},
with a few unimportant modifications.
Analyses of several batches of this com-
pound gave a gallium content of 23 to 24
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per cent as contrasted with the 23 to 2¢ per
cent value reported by Dudley-.

RADIOGALLIUM CITRATE

Purified gallium 'nitrate was prepared
according to Dudley (8) and sealed ig
quartz ampules, which were scored around
a slightly indented neck. When the bor.
barded material was received, the ampuje
was placed in a plastic holder and the t
was removed by hitting the scored neck g
sharp blow. For each 300 mg. of gallium
as the nitrate, 4 ml. of 6 & HCI was pj-
petted into the ampule. A heat lamp was
placed over the ampule and the solution
was stirred by drawing the material into a
pipette and allowing it to low back. When
the solution appeared complete, the ma-
terial was filtered. Filtration was neces-
sary because quite often one or two small
particles would not dissolve under these
conditions: While the nature of these par-
ticles was not determined, it 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 ml. of water. The washings
were also filtered. The total filtrate was
added to a mixture of 8 ml. of 20 per cent
citric acid solution, 3 ml. of a saturated
water solution of bromecresol purple and
15 ml. of chloretone solution (5 mg. per
ml.). This mixture was agitated by an
air stirrer. A solution of 15 A1 NaOH was
added dropwise until a definite purple color
was produced. A final pH of approxi-
mately 7 was determined by means of
pH paper. The average gallium concen-
tration in the final preparation was ‘.6
mg. per ml. The solutions and glassware
used were carefully cleaned and sterilized
by autoclaving, so that the final product
was aseptic.

When the solutions of this radiogallium
citrate stood for a few days, a definite
Tyndall effect was seen, and it became more
pronounced with prolonged standing. Sev-
eral weeks after preparation, there was 2
definite precipitate. Because of these facts
and the nature of the animal distribution
of the gallium, the possibility that at least



X of the animal and human studies. No
i Lgmpts were made to determine whether
.. - of these small colloidal particles were
aresent in the freshly prepared solutions,
at all indications were that they did exist.

ION-EXCHANGE GALLIUM CITRATE

% The possibility of the formation of col-
A¥nidal particles and the knowledge of the
%;_&se with which gallium is hyd_rolyzed led

1o a study of another method of synthesis
Sof radiogallium citrate (9). As has been
sointed out, the ion-exchange method of

preparatlon was desirable in all respects ex-
E cept that the mol ratio of citric acid to gal-
3.2_ Hum was 5 to 1 as contrasted with a ratio

'-_

of 1.2 to 1 for the simple radiogallium cit-
:g, Z rate preparation. While the dsstnbumon
e

=3- and excretion 3f the ion-exchange complex
was somewhat different from that of the

Since there exists no means of determin-
ing the radiation dosage derived from an
internally administered radioisotope ex-
cept by use of calculations such as those
of Marinelli, Quimby, and Hine (3),
seemed desirable to find some measurable
biological effect of radiation which could
serve as a basis for comparison of the effec-
tiveness of different isotopes and perhaps of
external roentgen irradiation. The re-
sults reported here are from a preliminary
attempt made to determine whether the
inhibition of total tissue respiration, or
oxyvgen consumption, was proportional to
. the amount of internal irradiation that the
: tissue received.

Gallium’® was used as the source of in-
ternal radiation because of the interest in
this isotope as an irradiator of bone tumor.
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simple prepared complex, this difference
might have been due to the greater amount
of citric acid rather than to a difference in
the degree of hydrolysis. Whatever the
reason, the complex formed by iom-ex-
change was impracticable because of the

high citric acid concentration of the solu-
tion.

CHEMICAL GALLIUM DETERMINATION

The method used for the analysis of
gallium in tissues was based on that of
Dudley (10). The original method was
for 3- to 10-gm. samples of tissue, while
the sample size used in obtaining the re-
sults in the accompanying reports was 0.5
to 1.5 gm. The reagents were reduced in
the same proportion. It should be added
that reliable results were obtained only
when the chloroform extractions of gallium

were made by ten minutes of mechanical
shaking.

[0. Effect of Internal Irradiation on Respiration of Rat Liver Slices*

JESSE D. PERKINSON, IR., PH.D., and ROBERT S. INGOLS, PH.D.

Since it had been shown that gallium con-
centrates significantly in the liver (11),
knowledge concerning the effect of the
metal and of radiation from the isotope
was desired. The decay scheme for Ga’™®
is incomplete, so that a true roentgen
equivalent physical (rep) value for radia-
tion dose was impossible (12). The liver
of the rat was used because of the rela-
tively extensive data available concerning
the effect of physiological variables such
as age, weight, and sex on the metabolism
of that tissue. A large accumulation of
data exists concerning distribution of gal-
lium in the liver (13).

Barron (14). in 1946, was apparently the
first to show conclusively that whole-body
roentgen-urradiation of rats inhibited the
oxygen consumption of liver slices and
that some enzymatic systems were more
semsitive than others. Until that time the
literature was quite coniused.

There is a paucity of reports concerning
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the metabolic effect of internally adminis-
tered isotopes. Barrom et al. (13) studied
the effect of intravenously injected pluto-
ninm 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
PuQ,(NO;). per kilogram and were killed
two to ten days later. In other series,
however, the same inhibitions were not
observed. Barron suggested that the
apparent lack of relationship between
radiation dose and degree of metabolic
inhibition might be attributable to an un-
equal distribution of plutonium and to the
relatively shallow penetration of alpha
rays.

ACUTE EXPERIMENTS

Expertmental: Male Wistar-Carworth
strain rats weighing between 200 and 230
gm. received by tail vein either a mixture of
stable gallium and gallium’* citrate or sta-
ble gallium citrate alone, so that all ani-
mals received equal amounts of metal.
Amounts of Ga'™ equivalent to 1.7 me.
per kilogram were injected as accurately as
the solution volumes could be measured
with a tuberculin syringe. The injections
were made with the rats under light ether
anesthesia and just after 0.2 ml. of 10 per
cent calcium gluconate solution was given,
as described in Section IV of this series.?
At two, six, twelve, eighteen, twenty-four,
forty-eight, seventy-two, and ninety-six
hours after injection, one animal which
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., glvcogen and water
content determinations and for histologic
studies and activity measurements. It
was determined that the anesthesia and in-
jection technic did not affect the Qos.
Twelve rats were anesthetized with ether
and injected by tail vein with calcium glu-
conate and saline equal in volume to that
administered to the rats that received gal-
lHum citrate solutions. At six hours after

! Page 331.
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TasLE III: LivER Q02 VALUES FOR UNTREATED Rars
AND THOSE THAT RECEIVED EITHER STABLE Gavurey
Prts Ga’ or ONLY STABLE GaLrrcy.®

(Number of animals used to obtain the average valy
! o
are in parentheses)

———
. Radio-
Time Stable .
(ar) T Qo= F aCQU(:‘ P
2 <0.01 4.9(4) <0.20 35.3(4) <0.01
6 <0.01 35.6(7) <0.02 4.2(7) <o0.01
12 <0.02 6.8(4) <0.04 35.1(4) <0.01
18 <0.01 7.6(4) <0.01 3.0(4) <0.01
24 6.1(12) 5.8(12
4 6.3(4) 6.5(4)
T2 6.7(4) 3.7(4)
a6 5.9(4) 6.2(4)

* Normal Qo = 6.2 av. (22)

injection the liver slice oxygen consumption
was not different from that of the un.
treated normal anmimals.

All rats used ino these studies received a
stock diet of Rockland Checkers ad I154-
tum. ’

One interest in these studies was the pos-
sible application of the results to the use of
Ga™in human beings, so that the rats were
not fasted, as they usually are before Qo,
determinations, since the patients would
not be in a fasting state. It has been
shown that glycogen acts as a metabolicully
inert substance in liver Qo. determinations
(16). In measuring liver Qo. and glycogen
content of 22 untreated rats, it was found
that consistent Qo. values could be ob-
tained by making an empirical correction
for the glycogen content, so that all values
are reported with this correction.

The Qo. determinations were made with
standard Warburg technics, using Krebs-
Ringer phosphate buffer solution in a sat-
urated O. atmosphere. No substrate wus
added. The data from four or five fiasks
with slices from the same liver were aver-
aged for each Qo. value.

Resulis: 1. Qo, Determinations: The
average Qo. for untreated normal rats of
the same age, weight, and sex as the control
and experimental animals was found to be
6.2 pl. of O. per milligram of dry weight
tissue per hour. In Table III, the number
‘of animals killed at each period after injec-
tion is given in parenmtheses together with
the probability values for the statistical

e
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TaBLE IV: QO: VALUES FOR RATS RECEIVING STABLE
AND Rabproactve GALLITM

(q[g./}:g." refers to the average amount of gallium
- t was injected)
2 i Stable i Radiocactive
Hours | Qo (gly) mg. | Qo (gly) ms.
Ga/kg. /kg.
-2 4.9 8 3.3 g
6 5.6 9 4.2 9
12 6.8 9 5.1 9
18 7.8 9 3.0 8
24 6.1 10 3.8 10
- 48 6.3 12 6.5 10
2 N 9 3.7 9
96 3.9 8 6.2 9

EFFECT OF IRRADIATION ON RESPIRATION OF RAT LIVER SLICES

animals. It can be seen that the differ-
ences between the values for the untreated
animals and those receiving either the sta-
ble gallium or Ga’? plus stable gallium are
highly significant through the eighteen-
hour period. The differences between the
stable gallium and the Ga’® plus stable

* gallium values are significant at six, twelve,

and eighteen hours after injection.

The Qo. and radioactivity data summa-
rized in Figure 5 show that the stable gal-
lium alone had an inhibitory efiect on the
oxygen consumption for six to twelve hours

4.0 i " e i A

——=—ACTIVITY
———-STABLE GALLIUM
NORMAL
—RADIOACTIVE GALLIUM

3¢ .

-8 2

HOURS

Fig. 5.

Change in Qo following administration of stable and radioactive galiium.

'ts”" refers to the fact that the activities are those that existed in the liver at the time of

sacrifice.

validity of the differences found. These
probabilities were calculated according to
“Student’s” formula. The left-hand “P”
column refers to the differences be-
tween the Qo.’s for the animals that re-
ceived only stable gallium and the value
for the untreated normal anmimals. The
center column refers to the differences be-
tUveen the stable gallium control animals
and those receiving radioactive plus stable
gallium. The right-hand column refers
to the differences between the rats that re-
ceived radioactive gallium plus stable
gallium and those for the untreated normal

4
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after injection but that the Ga™® plus stable
gallium produced a still greater decrease in
the Qo, and that the inhibition persisted for
eighteen to twenty-four hours. The radio-
activity of the liver samples is expressed as
counts per minute per gram of tissue at the
time the animals were sacrificed. The ob-
vious proportionality between the Qo, and
the activity present at the time of sacrifice
is seen better in Figure 6, were Qo, is ex-
pressed as a function of activities. That
the Qo. differences were not due to different
doses of gallium can be seen in Table IV,
where it is shown that the amounts of gal-



218

TabLe V: GLycocey CoxcenTRATIONS IN LIVER

Forrowing GaLrrvx INJECTION

Per Cent Glycogen

Hours after in Liver
Injection Stable Radicactive plus
Gallium Stable Gallium

2 1.7 2.0

6 .8 0.7
12 1.6 1.9
18 4.1 2.1
24 3.9 2.0
4 2.7 3.1
72 4.8 3.1
96 +.8 1.2

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

2. Histology: There was no evidence
of histologic abnormality in any of the
liver sectious.

3. Glyvcogen and Water Content: In
Table V are shown the average glycogen
concentrations in livers from animals sac-
rificed at the different time intervals. It
can be seen that the glycogen content was
lower in both the irradiated and non-irra-
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 affected the liver glycogen store, the
radiation had an additional effect.

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

CHRONIC EXPERIMENTS

- Expertmental: Since the radiation de-
rived from Ga’*® inhibited the liver oxygen
consumption up to twenty-four hours after
injection, it was important to learn whether
repeated injections of stable and radioac-
tive gallium would have a more permanent
effect. Since such an experiment would
give information as to whether untoward
reactions in patients who received Ga'*
were due to the chemical toxicity of gallium
or to radiation combined with chemical
toxicity, S male Wistar-Carworth rats
weighing between 200 and 250 gm. were
injected by tail vein twice a week for four
weeks with an average single radiation dose
of 1.7 mc./kg. so that they received an av-
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erage total of 14.5 mec. kg. The average
single gallium dose was 9 mg./kg. or an av.
erage total of V3 mg./kg. Eight other
rats were injected according to the same
schedule with equal amounts of stable gal.
lium. All rats had free access to food ang
water. In order to obviate the already
demonstrated twenty-four-hour period of
inhibition of liver oxygen comsumptiog
that resulted from Ga’* radiation. these
rats were sacrificed ninety-six hours ajter
the last injection and the Qo. of sliced liver
sections determined as in the preceding ex-
periments. Stable gallium content of the
same liver lobe was determined for all ani.
mals.

Resulls: The average results of these
repeated doses are presented in Table VT,

TaBLe VI: AvERAGE FINDINGS AFTER REPHATED
GALLIUM INTJECTIONS
. Radioactive plus
Stable Gallium Stable Gallium
On 5.1(4.3-3.8) 3.1(4.66.0
W.B.C. 15.000 (10,000~ 9,800 (7.0~
18,000 13,000
Hb. 13(12-14) 13(11-17)

with the ranges in parentheses. The Qo.
was inhibited to the same significant de-
gree in the animals that received the stubie
gallium as in those receiving Ga‘*® plus sta-
ble galium. The radiation produced no
effect that lasted as long as ninety-six hours
after the last injection, while the accumu-
lated gallium did inhibit respiration at that
time.

As shown in Table VI, the radiation
from Ga’® produced a mild leukopenia.
while the stable gallium was without cf-
fect. The hemoglobin was reduced to tii¢
same degree in both groups of rats, so that
this amount of radiation did not affect
hemoglobin production, while gallium in-
hibited it.

Liver damage could not be
logically.

The irradiated rats lost weight during
the four-week experimental period with

seen histo-

- the exception of one animal that gained 3

total of only 8 gm. The average weight
loss was 26 gm. Five of the stable gallium
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. Fig. 6. Reiationship between Qo. and gallium ac-
tivicy. The activities in counts/min./‘gm. X 10% are
“those that existed in the lvers at the time of sacrifice.

- rats lost weight but the average weight loss
was only 2 gm. In the irradiated rats
diarrhea occurtred an average of sixteen
days aiter the first injection, while in the
stable gallium rats this symptom did not
develop until the twenty-fourth day.

The average gallium content of the stable
gallium rat livers was 2 pgm. per gram
(range, 2-3) and that of the irradiated rat
livers was 4+ ugm. per gram (range 1-7).

DISCUSSION

These experiments were made in an at-
te to learn whether a biological effect of
raqudation might be used as a basis for com-
paring one internally administered radio-
isotope with another. No attempt has
been made to arrive at any physical ex-
pression of radiation dose.

Figure 6 is presented as a general state-
ment of the relation that was found to exist
between the relative amount of radiation
oresent at the time the rats were sacri-
aced and the effect of the radiation on total
oxyvgen consumption by the liver, Several
factors enter into this statement. It is
obvious from Figure 3 that the liver tissue
recovers quickly from the effect of this
amount of radiation, so at all times there is
2 recoverv process which influences the
overall measurement. Since the peak of
zallium concentration is reached sometime
detween two and twelve hours (Fig. 3), the
decrease of gallium content, and therefore
of radiation dose, aiter that time will pro-
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Fig. 7. Biological nalf-life of gallium’ in liver.
The eflective half-life was calculated according to
Marinelli ez g/, (3).

duce less inhibition of the oxygen consump-
tion.

In Figure 7 is shown the physical decay
of the Ga™. Not only is the gallium con-
centration in the liver beginning to decrease
sometime during the six- to twelve-hour
period. but what gallium is there is con-
tributing less radiation per unit weight
from the moment it is injected.

An examination of Figure S shows that
sometime during the eighteen- to twenty-
four-hour interval the decrease in liver ac-
tivity becomes chiefyv a function of the
physical decay of Ga'™. It is interesting
to note that the Qo, inhibition is evident
until this same time.

Considering the fact that the total oxv-
gen consumption is the sum of manyv dii-
ferent metabolic reactions. it is understand-
able that a correlation between amount of
internal radiation and the Qo. svould not be
completely consisteat {rom measurement
to measurement. s Barron has showao.
some enziymazticallv controlled reactions
are more sensitive than others (14) so

I
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Fig. 8. The stability of gallium coancentration in

the liver. The solid line is an expression of the deter-
mined activity in liver at the indicated umes after
injection. The broken Lne was obtained by extra-
polating the constant part of the activity curve. Ac-
uvities calculated by means of the decay constant for
Ga’® are shown 10 be in agreement with the extrapola-
tion.

that it is possible that a single enzyme
system could be more strictly correlated
with the amount of radiation. With this
idea in mind, experiments are being con-
ducted to learn at what level of internal
P32 irradiation lver Qo,'s are minimally
and maximally affected. With this back-
ground, it is planned to study the efiect
of the minimal amount of P?*? radiation
which will afiect different enzyme systems
and to compare these results with the ef-
fects of other internally administered iso-
topes.

It was possible that the radiation from

BetTy M. COOPER, axp DoNaLD J. REHBOCK
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Ga’® might not have produced an inhib;.
tion of oxygen consumption Without the
presence of gallium. In order to test thijg
possibility, Ga¥, with a specific activity of
essentially 100 per cent, is being used in
similar studies. The results so far ob.
tained show that the internal radiation is
effective even when chemically negligible
amounts of gallium are present.

In summary, it has been demonstrated
that internal radiation derived from Ga't
inhibits the oxygen consumption of rat
liver slices and that the degree of inhibi-
tion is related to the dose of radiation.
The Qo. of liver slices from control animals
that received stable gallium was inhibited
slightly during the two- to twelve-hour
period after imjection.

Repeated injections of stable gallium
produced a liver Qo, inhibition which was
apparent ninety-six hours after the last in.-
jection. Repeated injections of Ga™ plus
stable gallium produced no additional
effect.

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

At the levels of radiation and gallium
dosage used, there was no histologic evi-
dence of iver damage during the period of
Qo- 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
H. D. BRUNER; M.D., BETTY M. COOPER, M.D., arnd DONALD . REEBOCK, M.D.

Studies on the toxicity of gallium citrate
in dogs and rats were begun in October
1949 and continued during the following
year. At that time, Dudley and his asso-

¢ Present address:
Angeles, Calif.

79 S. Westake Ave, Los
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ciates (6, 10, 11, 17) had published the
basic data which suggested that radicactive
isotopes of gallium might segregate in 0s-
“seous tissue in amount sufficient to be ther-
apeutically useful against neoplasms of
bome. By virtue of these data and per-
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sopal communication with Commander
Dudley, it was possible to select the gallium
dtrate complex as the most biologically ac-
cep’ “le form of the metal which could be
rap. , Synthesized at the 500-mec. level
'(see Section II of this series).

-ZBecause this radiochemically prepared
“sotution- of galium citrate contained ex-
traneous material not present in solutions
‘of the recrystallized pure complex, both
forms were employed for these toxicity
‘studies, but without mnoticeable difference
in results. Only the intravenous route of
2dministration was used, since radioac-
‘tive gallium can be given to man solely by
“that route. Dudley and Levine (8) showed
‘that gallium was not absorbed from the gut
and only partially from subcutaneous and
mtramuscular deposits. Such unabsorbed
radioactive material would produce severe
radiation damage at the point of injection.
:. Following intravenous injection of the
dtrate complex, the animals exhibited gen-
eralized hyperirritability. 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-~sible for death. Experiments on
rat. .monstrated that calcium given just
prior to the gallium citrate prevented these
acute deaths, and by trial and error it was
established that the minimal effective pro-
phylactic dose was approximately 2 mols
of caldum ions per mol of citrate. This
ratio suggests that much of the citrate was
rapidly mobilized from the complex im-
mediately following injection. Thus,
deaths occurring within twenty-four hours
aiter injection were not regarded as gal-
bum-induced. In view of these observa-
ti.on.s the prophylactic administration of cal-
aum as Calcium Gluconate Injection (U.S.
P.) became an integral part of the adminis-
tration of gallium citrate and was used in
this 2:1 mol ratio preceding all injections
of the citrate into man and animals.

EXPERIMENTAL METHODS

A total of 137 male rats of the Wistar-
Ca.'_x'worth albino strain, weighing 200 to

]
.
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275 gm., were used. After injection they
were caged in pairs and given Checkers
and water ad /ibitum. The injection pro-
cedure is important, since the apparent
toxicity cam be artificially increased by
poor technic. The injections via the tail
vein were made under light ether anesthesia

in the belief that the rat suffered less

trauma from the ether than from the strug-
gle which otherwise takes place; also, such
injections can be made with precision. The
vein was entered with a 26-gauge needle at-
tached by a short length of gum tubing to
a tubercwlin syringe flled with saline.
While the saline was being injected slowly,
the required amount of 10 per cent calcdum
gluconate was given by puncturing through
the gum tubing; after the calcium had
been washed im, the desired amount of
gallium citrate was injected through the
{ubing, 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. All injections were
made very slowly and as aseptically as
possible.

The dogs were healthy mongrels of both
sexes weighing 5 to 14 kg. and caged indi-
vidually. Commercial food was supple-
mented with bones. All injections were
ma 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
II. This, the least pure form, is not taken
through a crystallization stage. The sec-
ond was a recrystallized sample obtained
from Dudley containing 23.05 per cent
Ga. The third and fourth were samples
prepared from 98.54 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 sufficient to give
approximately an 8 per cent solution after
adjustment to pH 7.2-7.4 with NaOH 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 citrate complex.

"By using normal red blood cells as os-
mometers, the filtered solutions were ad-
justed to approximately isosmotic concen-
trations with distilled water or Na(l solu-
tions. In order to be able to administer
the highest doses to rats, 1.5 times isos-
motic solutions were prepared.

RESULTS

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

1. Toxicity of Single Doses 1n Rats: No
deaths due to gallium itself were observed
in rats receiving doses up to 223 mg. Ga/kg.
body weight. After higher doses, deaths
did occur within twenty-four hours, but it
is questionable if they were -the result of
toxicity of the metal. It 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 hyperos-
motic a solution, or unrealistic amounts of
Ca and citrate ions. Thus, it is possible to
state only that the 10-day LD 30 for rats
was greater than 220 mg. 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 af-
fected At the height of the reaction, the
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sections showed mild to moderate repay

tubular damage and lymphoid degenera.
tion. '

2. Toxicily of Single Doses 1n Dog;.
Single injections of one of the above four
samples of gallium citrate were given 1o
50 dogs in doses ranging from 10.6 1o

47.0 mg./kg. body weight. The per cemt
surviving fifteen days later, computed by -

the cumulative method, was linearly re.
lated to the log of the dose. The 10, 59,
and 90 per cent lethal dose values were 10.3,
18.2, and 41.1 mg./kg., respectively,
Many of the animals living beyond fifteen
days were severely debilitated and recov.

ered very slowly; 3 were sacrificed when -
it became obvious that they would not .

recover.

Most dogs vomited soon after the injec-
tion, and all refused food and rapidiyv lost
weight. Nearly every animal suffered
from diarrhea; the stools were foul and
blackish, and gave positive tests for blood.
Those animals which survived exhibited
the least anorexia and gastrointestinal up-
set. Debility and weakness progressed
rapidly in those which died; death was
preceded by coma. There were no out-
standing characteristics in the clinical pic-
ture. Two females in early pregmancy
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 190
and 300 mg. per cent, but was not espe-
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 level
was reduced to as much as 40 per cent of
the control value. In general, the depres-
sion of hemoglobin was proportional to the
degree of debility.

Rigor mortis appeared at once after
death. At autopsy, the gastrointestinal
tract contained ouly a semifinid chocolate
material which gave a positive test for
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-blood, but gross bleeding points were not
Tfound. The kidneys were enlarged and
Yoale. The lymph nodes all over the body
Zy« about three times normal size and
;’Nﬁrm_ Bronchopneumonia was {requent
~znd probably terminal.
Y3 Histologically, the renal damage resem-
¥hled that of mercury poisoning. The tu-
fHular destruction ranged from cloudy swell-

Xing to severe necrosis with sloughing and
“blockade. Practically every section of

5the lymph nodes showed marked nuclear
“fragmentation and necrosis of the lym-

s

Fig. 9.
dving seventy hours after receiving 35 mg./kg. of gallium citrate intravenously.
The nuclear fragmentation and necrosis of the lymphoid elements are quite

prominent.
sections, but is obvious here.
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cept for mild hyperplasia of the lymph
nodes, aplastic changes of the bone mar-
row, and mild to moderate signs of pre-
vious tubular damage. XNevertheless, ac-
cording to chemical analyses, the liver,
spleen, and kidney contained appreciable
amounts of gallium (8§ to 70 pgm./gm. of
wet weight). The bone usually retained
more, while the lymph nodes had least.
Presumably this metal is held in a biolog-
ically inert form.

In apimals which died within forty-
eight hours after administration of the

A part of a follicle and garminal center of the lymph node of a dog

The polymorphonuclear infiltration is much greater in other
Such nodes had a lower content of stable gal-
liurn metal than other tissues such as liver, which showed no damage.

Simi-

lar nodes and sections have been forwarded to the Armed Forces Institute of

Pathology. X430.

phoid elements, with polymorphonuclear
infiltration; in some sections the latter
was so intense as to suggest a purulent re-
action. Figure 9 is a photomicrograph 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 lymphoid
reaction. The liver, pancreas, heart, in-
testine, and bone marrow were negative ex-
cept for hyperemia; in the lung there was
lobular pneumonia of recent origin.
Histologic sections of dogs surviving the
acute phase were essentially negative ex-

4
.
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metal, these changes were only partially de-
veloped. Presumably the metal can cause
acutely lethal biochemical changes in
tissues prior to the more slowly developing
uremic syndrome, which also appears to be
a result of metal poisoning.

3. Toxicity of Repeated Small Doses in
Dogs: Twenty-four dogs, in 3 groups of
8 each, received gallium citrate intrave-
nously in doses of 5.0, 3.3, and 2.5 mg. of
gallium per kilogram of original body
weight twice a week until death. The
immediate reaction by the gastrointestinal
system to these smaller doses was compara-
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tively mild, but the toxicity was otherwise
accentuated. At the 3 mg./kg. dose level,
6 dogs died after the second dose (10 mg./-
~:g. total) and the remaining 2 after the
third. At the 3.6 mg./kg. level, 4 dogs
died after 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, fifth, seventh, and eighth
doses. Dudley (18) has observed this
summative effect at 5 mg./kg. on dogs and
also on rabbits at the 10 mg./kg. level; it
is therefore not a species peculiarity.

Anorexia, debilitation, and weight loss
were of about the same degree as with 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 illmess, but the course became
abruptly worse when the second dose was
given. Granular casts and erythrocytes
were present in large numbers in the urine
following the second dose, and albumin was
present in -~ to -+ -+ - amounts. The
hemoglobin and hematocrit levels de-
creased moderately in the longest surviving
dogs, while the leukocyte count usually in-
creased without particular change in the
differential count.

At death, the blood urea nitrogen values
ranged from 175 to 230 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.

DISCUSSION

These data demonstrated such a widely
different species sensitivity to imtrave-
nously administered gallium citrate that it
was impossible to anticipate the probable
toxicity in man. The cautious trials re-
ported in Section VI of this series indicate
that maun is to be grouped with the dog but
probably is more resistant. MMan with-
stood the twice weekly doses of 2.5 mg./kg.
or more much better than the dog and with
total doses as large as 66.7, 70.2, and 111.6
mg.,/kg. spaced over six to fourteen weeks
failed to show lymphadenopathy or urinary
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changes indicative of renal damage. Nay.
sea, vomiting, anorexia, and debility dig
occur in man, but in relation to the dose
were not mnearly as severe as in dogs,
Various types of skin reactions, leuko.
penia, and/or hemorrhages sigmaled the
discontinuance of therapy. The percent.
age of the dose which was excreted in.
creased as the size of the dose increased,
but in absolute terms increased amounts of
the metal were laid down in the body when
larger total doses were given. This point
is discussed further in Section VII of this
series (pp. 385-390).

Since a single dose of gallium given to
man usually contained between 30 and 73
mc. of Ga™?, these toxic reactions cannot
be ascribed solely to either the radiation
from Ga'? or the metal carrier. In {act, it
1s not unlikely that the two forms of injury
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,
45 mg./kg.; dog and goat, less than 13
mg./kg. In young rats weighing 30 to 1t
gm., a value of 230 mg./kg. was found.
The LD 30 for intravenous administration
in 10 dogs was in the neighborhood of 13
to 20 mg./kg., equaling that reported
above. Experiments with gallium lactate
(8) demonstrate, however, that the intra-
venous route approximately doubles the
apparent toxicity of the metal.

The toxic syndrome described by Dudley
et al. (19) in rabbits which had received
gallium lactate or dtrate subcutaneousiy
agrees in essentials with that observed in
dogs in these experiments. In both species
the immediate cause of death was 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, however.
that the data presently available do not
specify the manner by which gallium in-
trinsically damages cells: The deaths
which occurred twenty-four to forty-eight
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" pours after injection were without out-
® standing histologic lesions, so that the
£ y—nic syndrome is perhaps to be regarded
fgé ae of the effects of the metal that is
Tparticularly prone to kill because of its
frelation to excretion. Other points for
g"i—hich no explanation can be offered are:

%@) the lymph-node reaction, seen chiefly in .

Z'the dog; (b) the large species variability in
Ztoxicity; (¢) the excessive effects of re-
;"f'pmted small doses of the metal.

= The general toxicity experimeuts can be
"summarized as follows:

-

#4: 1. The ten-day lethal dose for rats fol-
¥jowing intravenous administration of gal-
2 Hum citrate was greater than 220 mg. Ga/-
= kg. body weight. Larger amounts could
* not be given for chemical and physiological
reasons.

2. The fifteen-day LD 350 for dogs after
intravenous administration of the same

preparations was 18.2 mg. Ga/kg. The
data plotted as per cent surviving vs. log
of dose fell very close to a straight line.

3. Dogs given fractional doses intra-
venously twice a week succumbed after
smaller total doses of metal. The toxicity
seemed to be accentuated.

4. The clinical syndrome resembled an
acute debilitating disease involving particu-
larly the gastrointestinal tract and termi-
nating by uremia. Histologically, the kid-
neys were chiefly involved as in mercury
poisoning. In dogs, a novel feature was
an acute lymphadenitis with polymorpho-
nuclear reaction to lymphoid degeneration.
These lesions were repaired in animals
which survived.

5. The large species differences made
useless further work for the purpose of esti-
mating the probable toxicity of the metal
for man. o

V. Distribution Studies on Gallium’ in Rats

H. D. BRUNER, M.D., JESSE D, PERKINSON, IR, PH.D,, E, R. KING, M.D.,” GOULD A. ANDREWS, M.D,,
. JOE B. NASH, PH.D.,' and MARSHALL BRUCER, M.D.

The following series of experiments on
r  was carried out preliminary to the use
of Ga™ for the treatment of osteogenic and
related neoplasms in man. The reports by
Dudley and his associates (6, 10, 11, 17, 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
Ga'? tracer method to obtain additional data
(19, 21-23), which in general agree with

those below.
These experiments were planned as

prototypes of the clinical studies. Since

the metal had never been administered to

? Commander, MC, USN. The opinions or com-
clusions in this report are those of the authors and are
Dot to be construed as necessarily reflecting the views
or endorsement of the Navy Department. -

! Present address: Department of Pharmacology,
University of Texas Medical Branch, Galveston, Texas,
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man, these animal experiments were the

sole guide to what might be observed
clinically. It was recognized 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 were 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 animals were
sacrificed at regular intervals to secure a
complete sequence of the changing con-
centrations of metal and isotope in the
various tissues. A total of thirty-four tis-

b
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sues or. parts of organs and the excreta were
analyzed. Special attention was given to
small but vital structures such as the
adrenals, pituitary, and eye, where a com-
paratively low 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 Ga™® will 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 from observations on pa-
tients. On the other hand, the experiments
below supply information which ought not
to come from observations 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 Carworth-Wistar strain,
weighing 240 £ 30 gm. All injections
were given ti¢ a tail vein while the rat was
under light ether anesthesia lasting less
than ten minutes. The possible trauma of
anesthesia was considered preferable to the
struggle or application of force otherwise
necessary.

The following procedure was used for
intravenous injections: A tuberculin
syringe was connected to a 26-gauge needle
by a very short piece of intravenous gum
rubber tubing and filled with sterile saline.
When the needle was in the vein and the
saline flowing in verv slowly, the solution
of isotope in another syringe was added to
the inflowing saline by puncturing the
connecting tubing. When calcium gluco-
nate was used, it was injected prior to the
isotope and washed in with saline. The
injection was made very slowly; three to
five minutes were required to administer
the total volume of 1.5t0 2.0 ml. Because
the solution of isotope was not sterile and
no attempt was made to sterilize the rats’
tails, the procedure should be termed
“clean’” rather than '‘sterile’”; there was
never any evidence of systemic infection in
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these or other similarly injected animals

After injection, the rats lived in a speda}
metabolism cage from which the feces ang
urine could be collected without cross.
contamination (24). They were supplied
with Checkers and water ad [ibiium. At
specified intervals, the rats were slowly
viviperfused with 150 to 200 ml. of heparin-
ized saline under light pentobarbital anes-
thesia. Removal of the blood was neces.
sary because at six and twelve hours after
injection the concentration of Ga'™ was
higher in blood than in many tissues, while
later it was lower. The tissues to be apa-
lyzed, either the whole organ or portions
of it, were weighed, transferred to ~-olu-
metric flasks, dissolved in concentrated

'HNO; with the aid of gentle heat, and made

to volume. What remained of the carcass
was also dissolved and treated like the
samples. The total dose of Ga’® was ob-
tained from the sum of the samples and
the carcass rather than the supposedly
injected dose, which was 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, muscic.
salivary glands, lymph nodes, etc., the
same regions or parts were taken. The
right fermur 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 bome sample.
The four incisor teeth were extracted to-
gether with their pulpy roots; the latter,
according to autoradiographs, were the
most active areas of the entire animal.
The activity 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 (23).

The counting system for Ga’® consisted
of 2 30 mg.’/sq. cm. carbon cathode glass
tube mounted horizontally in a horizontal
lead shield. A plastic carriage holding the
sample in a 3-cm. machine-made Petn
dish moved on a track to a fixed point
beneath the tube. The Petri dishes held 10
cm. of the liquid digest and, where possible,
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&2 10 ml volumetric was used for digesting,
% so that the transfer consisted merelv of
L;ab 1lly pouring its contents into the dish.
i! 2 the efficiency of counting, based on
-miIhc:unage calculated from electroscope

‘measurements related to a NBS radium
e. (Section I), varied between 1.55
15and 1.80 per cent with different tubes. The
?bgc.Lground counting rates ranged from
*§2,7 to 34 counts per minute. The samples
Zwere counted to give standard deviations
-,,of +2 per cent or less except where the
z nct counting rate was only 1 or 2 times
é_’ba.ckground where =5 per cent or less was
a,ccepted

Three different representative chemical
forms of gallium were examined as follows:
> (8) GaCl,, which is an ionized soluble

Tsalt at pH 2.0-2.2 and below; above pH
...2.2 an insoluble hydroxide forms. The
< Ga**¥ ion reacts with nearly every anion
-~ in the blood, including proteinate to form
insoluble precipitates.

(8) Gallium alizarinate, which is an in-
~ soluble but highly dispersed chelate or lake
“at pH 7.4, The exact composition was
indefinite and it was prepared in small
b  1esasneeded.

\; Gallium citrate, which is a stable,
soluble complex at pH 7.4. It reacts with
proteins very slowly, if at all.

Two preparations of the citrate complex
were used, the details of which are given in
Section II: a very pure complex produced
on an ion exchange resin surface having 35
mols of citrate per mol of Ga**+ and a less
purified but rapidly prepared complex hav-
ing ~1.2 mols of citrate per mol of Ga**~,
This form is identified by the term *‘radio-
chemical.”” It was used routinely for the
patients. Apparently the citrate ion was
rapidly mobilized after injection because
the animals went into hypocalcemic tetany
and died unless treated prophy]achcally
with Ca++ as Caldum Gluconate Injec-
tion (U.S.P). By trial and error, the dose
of Ca*+ was found to be 2 mols per mol of
citrate.

Except for.one series, only enough radio-
¢ activity was injected to give suitable count-
- mg rates on the intended day of sacrifice.

s
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This resulted in a corresponding variation
in dose of carrier, 1.e., inert Ga®*!, This
was not a constant variation, since the
specific activity of the gallium was not
constant. The maximum specific activity
was slightly over 1 mc./5 mg., but usually it
was lower due to physical decay dunng
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, ete., two rats
intended for each sacrifice time 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 sacrifice at
each time interval and the dose ranges in
millicuries per kilogram are shown at 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 com-
panion figure. The fotal organ content in
per cent of retained dose indicates the dis-
tribution of gallium 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 skin 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 differential absorption raiio, the
DAR of Marinelli (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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TasLe VII: DISTRIBUTION OF Ga’® IN MALE RATS SACRIFICED AT INTERVALS AFTER INTRAVENOUS INTEcTioN
oF Ga™*-LaBELED GaCl; AT pH 2.0-2.2 ;
{Each value is the average of the number of rats at the top of the column)
e ——
Number of rats 5 5 4 3 D
Time sacrificed (hr.) 6 12 24 48 9%
Dose
mg. Gat++/kg, 0.7-2.6 0.86.8 0.8-3.6 1.58.0 2.4-80
me./kg. 0.02-0.3% 0.02-1.33 0.16~0.80 | 0.41-2.94 0.47-1.62
Per cent of original dose retained 75.8 61.7 59.8 40.9 32.q
Per cent of original dose excreted 24.2 38.3 40.2 680.1 57.1
Fraction in: ~
Urine (%) 99.7 97.1 91.3 93.0 83.9
Feces (%7) 0.3 2.9 7 7.0 1.1
Total organ content in per cent of re- '
tained dose
Blood plasma* 8.9 3.1 3.1 1.1 0.7
Blood cells 0.7 0.3 0.4 0.1 Negligible
Liver 27.9 19.4 23.2 11.8 19.6
Spleen 0.6 1.0 1.2 0.8 1.4
Kidney 1.4 3.0 2.4 5.9 3.7
Skeleton t 29 .4 33.2 30.7 46.2 .7
Remainder 31.2 34.7 39.0 34.1 av.a
Differential absorption ratio
Blood plasma 2.6 1.5 0.9 0.3 0.2
Blood cells 0.2 0.2 0.1 Negligible Negligible
Liver 7.4 3.0 “4.9 3.0 3.8
Spleen 2.6 2.8 3.0 2.9 5.1
Kidney 1.8 3.0 2.7 6.1 3.6
Fermnur 4.2 3.4 5.6 6.4 6.8
Teeth 3.0 4.9 4.6 6.8 12.3
Skeletal muscle 0.2 0.1 g.3 0.2 0.1
Thymus 0.5 0.3 0.4 0.3 0.5
Heart 0.2 0.2 0.2 Q.1 0.2
Lung 0.6 0.3 0.6 0.4 0.6
Skin 0.8 | 0.7 1.1 | 0.3 0.4

* Plasma and blood cells computed as 7.5 per cent of the body weight times the determined hematocrit.
T Skeleton 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 group, as
well as intergroup and interseries com-
parisons. Also, because the roentgen is
defined 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 tablesis the average of
the number of rats at the top of the respec-
tive column. In general, these averages
truly represent the ceatral tendency, but
occasionally a single, or rarely two, high or
low values of unexplained origin threw the
average out of line. The standard devia-
tions of these means adjusted for small
numbers were nearly always within 30 per
cent of the mean; the exceptions were
within 30 per cent. The mean and median
values. nearly always coincided. The use
of larger numbers of rats per group would

have given smaller variances, but the basic
information secured by averaging 4 to 7
rats would not have been essentially im-
proved by doubling the number of animals.

1. The Distribution of GaCls

In interpreting these data, it should be
kept in mind that gallium existed as Ga*~~
in this preparation. On entering the vein,
it 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 GaCls
were prepared in physiological saline at pH
2.0 to 2.2; they contained 2 to 4 mg. of
Ga*++ per milliliter.

The excretion data in Table VII show

“"that most of the excretion took place during

the first twenty-four hours after injection
and that the urinary system carried nearly



gnof theload. Thereafter, the urinary and
ecal excretion were about equal. The
" searance of Ga'? in the six-hour fecal
_Jplﬁ suggests that the metal was ex-

r _separate acute expenments ! Ga™ ap-
= ared in hepatic duct bile within three to

The concentra-

Yract, which was »analy zed i in five sections,
dicates that the duodenal region was the
‘source of the most of the activity in the
2 feces. Because the pancreas and the wall
.of the gut showed low relative concentra-
"t:ons of Ga’, the liver was assumed to be
_the source of the activity. No part of the
Z. genitourinary tfact other than the kdneys
E showed appreciable concentrations of Ga™.
%_. The “biological half-life”” (3) was twenty-
%one hours. The animals which received
= the highest doses of gallium metal excreted
:== a larger fraction of the dose.
;’ Table VII shows that the liver had the
= " hest relative concentration initially;
. .wsequently it decreased more or less in
parallel with the plasma concentration.
= The differential uptakes of the spleen and
" Kidneys at first were relatively low, but
increased with time. The femur (as repre-
sentative bone) had the highest differential
- uptake of the twenty-four-hour samples
. but still only slightly higher than the next
* three tissues. The incisor teeth showed
* the highest absorption ratios; most of the
activity was in the pulpy roots. The re-
maining twenty-nine tissues, including
skin, muscle, glandular, lymphoid, and
nervous tissue, some of which are listed in
Table VII, gave no evidence of segregation.
Figure 10 demonstrates that the liver
and plasma rapidly lost their initial con-
tent, while the spleen, kidney, and skeleton
retained essentially the Ga’* which they
5 had at twenty-four hours. Therefore, the
mcreased differential absorption ratios of
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™~ RaTs 339

PER CENT OF TOTAL DQOSE

Ga Cly

Fig. 10. The percentages of the original total dose
of Ga’? retained by the organs showing the highest
differential absorption ratios. The metal was injected
intravenously as GaCly at pH 2.0 diluted with physit
ological saline solution.

the bone, spleen, and kidney were the re-
sult oot of a continuing uptake of Ga’?, but
of the loss of Ga’? from the liver and soft
tissues such as skin and skeletal muscle.
Comment: Because 683 per cent of the
initial number of radicactive Ga'* atoms
decay during the first twenty-four hours
following injection, that period is relatively
the most important with respect to radia-
tion dose to tissues. Thus, during the
first 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
was comparatively minor and did not com-
pensate for the larger difference 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 was far short
of the five- to ten-fold difference that would
be the minimum for therapeutic purposes.
In addition, the liver and viscera were sub-
jected to a cross-fire of v radiation from the
Ga'? distributed over the trunk; the long
bones of the limbs and the bones of the
head escape much of this cross-fire (c.f.
Marinelli, Quimby and Hine, 3).
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(Each value is the average of the number of rats at the top of the column)

Number of rats 4
Time sacrified (hr.) 6

Dose
mg. Ga*++/kg. Q.
me./kg. 0.050

Per cent of original dose retained
Per cent of original dose excreted 11
Fraction in:
Trine (%) 97
Feces (%)

Total organ content in per cent of re-

tained dose

Blood plasma*

Blood cells

Liver

Spleen

Kidney

Skeletont

Remainder
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® and t See footnotes to Table VII.

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

2. The Distribution of Gallium
Alizarinate'®

The high differential absorption ratios of
the spleen and liver in the GaCl; experi-
ments suggested that particulates had
formed which the reticulo-endothelial tis-
sue of these organs phagocvtized. Thus,
these differentials were the result of
physicochemical properties which resulted
in a non-specific distribution.

To test this possibility, gallium was pre-

¥ These experiments were made by Joe B. Nash.
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pared in a soluble particulate form, a
chelate or lake with alizarine. A 10 per
cent solution of alizarinered in 4 NV NH,OH
was added to a solution of GaCl; on
neutralizing this with 1.66 N acetic acid, a
precipitate formed which was washed
three times, then suspended in water and
put into solution by use of NaHCO; and
heat. The lake was freshly prepared for
each series of rats injected.

The twenty-four-hour data in Table VIII
were completely out of line due to anoma-
lous values from 2 of the 6 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 excretion of Ga’? and its dis-
tribution between the urine and. feces
(Table VIII) were distinctly different than
after injection of GaCl; or gallium citrate.
The excretion was comparatively small
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durmg the first twelve hours after injec-
* tjon, and the total excretion was only about
g,.t-;;-o_t}_m—ds of that in the other e\penments
JI. ‘ticipate the findings in later experi-
mthus, this was not the result of low doses
of carrier metal. The high percentage of
5Ga™t in the feces was a Tesult of the de-
%‘:’&eased urinary excretion, e
absolute amount in the feces was similar
_;_t;o that in the other experiments. No value
#Ecan be given for the biological half-life, but
¥it was more than four days, and by
rgraphxcal extrapolation ~ 10 days.
== == Immediately after injection, the liver
"“showed the highest differential absorption
-—-(Table VIII). The spleen was about half
Zas active, and bone about one-seventh as
- active. As the experiment proceeded, the
3 spleen became the most active tissue, pass-
- ing the hver between twenty-four and
: forty—ewht hours At no time was bone
* more than one-ffth as active as the liver or
spleen. The liver contained nearly half of
the Ga’® which was retained, and the skele-
" ton 20 to 25 per cent. In terms of the
original dose (Fig. 11), 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.
Tuc: plasma was nearly cleared of Ga’? 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 to 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 gallinm was loosely bound to
the alizarine or possibly was liberated by
action of the body metabolic processes. In
the face of this contradiction, these experi-
ments cannot be regarded as 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's

retained by the organs showing the highest differential
absorption ratios. The gallium was injected as the
alizannate at pH 7.4 diluted with physiological saline
solution.

ticulate form does not show a localization
favoring bone. It should be injected in a
form which will minimize 1z viwo precipita-
tion.

3. The Distribution of Gallium Citrate:
Ion Exchange Preparation

Work by Dudley (8) indicated that the
citrate complex was preferable for iatra-
venous use. A number of other orgamic
and inorganic compounds of gallium were
examined chemically (Section II), but none
was found more acceptable than the citrate.
Manufacture-of the pure citrate using Ga'*
was out of the question because of handling
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TasLe IX: DISTRIBUTION oF Ga? rv MALE RaTs SAGRIFICED AT INTERVALS AFTER INTRAVENOUS INyECTION or
Ga’* CrrraTE (PH 7.4) PREPARED ON AN 10N EXCHANGE COLTMY :
(Each value is the average of the number of rats at the top of the column)
‘_'_&
Nurnber of rats 4 4 4 4 4
Time. sacrificed (hr.) 12 24 48 72 9% N
Dosa
mg. Ga*++/kg, 0.2-0.6 0.4-1.4 1.42.3 6.0-6.5 6.0-6.9 -
me./kg. 0.01-0.02 | 0.02-0.06 | 0.06~0.10 | 0.250.27 0.250.29 ..
Per cent of original dose retained 74.4 72.8 46.5 27.7 20.5
Per cent of original dose excreted 25.6 27.2 33.5 72.3 79.5
Fraction in:
Urine (%) 88.6 94.8 91.3 ~30.8 90.6
Feces (%) 11.4 5.2 8.5 9.2 9.4
Total organ content in per cent of re-
tained dose .
Blood plasma*® 8.8 4.2 1.4 1.1 0.3
Blood cells 0.4 0.5 0.4 0.5 Negligible
Liver 10.8 11.5 10.5 4.0 5.8
Spleen 1.1 1.2 1.8 a.35 0.6
Kidney 1.2 1.3 1.4 1.1 1.5
Skeletont 29.3 27 .4 ‘ 33.6 58.5 67.8
Remainder 48 .4 33.9 ! 30.9 34.3 240
Differential absorption ratios
Blood plasma 2.5 1.2 0.4 0.3 g.1
Blood cells 0.1 0.1 0.1 0.2 Negligible
Liver 2.8 3.2 2.7 1.0 1.4
Spleen 4.0 5.2 3.9 2.0 2.6
Kidney 1.5 1.8 1.9 1.6 2.3
Femur 4.3 3.9 8.1 8.7 9.8
Shaft 3.7 3.4 6.1 8.9 9.3
Ends 5.2 4.6 | 8.9 8.5 10.1
Teeth 3.4 4.3 S.1 8.7 11.6
Calvarium 2.4 2.7 4.4 5.0 7.3
Lung 0.8 0.8 0.7 0.7 0.8
Heart- 0.4 0.3 i 0.3 Q.1 0.2

* and t See footnotes to Table VII,

problems and the twenty-four hours neces-
sary 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 administered 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 3 mols of citrate per
mol of gallium. Accordingly 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. As
with GaCl;, excretion of Ga'? proceeded
rapidly during the first twenty-four hours
after injection and tapered off exponen-
Hally. The total excretion was 80 per cent
of the injected dose, in contrast to 60 per
cent for GaCly. Most of the excretion took

10719930
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place by way of the kidney, and it con-
tinued for seventy-two hours instead of
being confined chiefly to the first twenty-
four hours after injection. The fecal ex-
cretion was greatest between twenty-four
and forty-eight hours.

The liver, spleen and bone had about the
same differential absorption ratios twelve
hours after injection (Table IX); at
ninety-six hours, the differential absorption
ratio of the femur was seven times that of
the liver and four times that of the spleen.
This shift in favor of the bome began to
take place between twenty-four and forty-
eight hours. Figure 12 shows that the
differential favoring bone occurred by vir-
tue of the bone losing relatively less of its
initial uptake than did the liver, plasma,

-Iddney, and spleen. In this series of experi-
ments the ends of the bone were somewhat
more active than the shaft; in the other
experiments the shaft was definitely more
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The calvarium, a typical flat bone,
15 less acdve than the femur, but the
anges of differential absorption ratio
Sars eled those of the femur. The mandi-
ble, not shown in Table IX, had a differ-

; absorption ratio about midway

stween the femur and calvarinm.

Comment: In terms of radiation dose,

ffavor of bone occurred after 70 per cent
¥of | the radiation had been expended.

‘Nevertheless, this was an improvement

s
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paYs | 2 3 4

PER CENT OF TOTAL

GaT2 CITRATE  ION EXCHANGE METHOD

Fig. 12. The percentages of the total dose of Ga™
retained by the organs following intravenous injection
of the gallium citrate complex at pH 7.4 and preceded
by calejum gluconate. The citrate was prepared on

an jon exchange column (9) and had 5 mols of citrate
per mol of gallium.

4 Distribution of Gallium Citrate; ‘‘Radio-
chemical” Preparation (Variadle Dose)
The “‘radiochemical” preparation of gal-

lium citrate contained approximately 1.2

mols of citrate per mol of gallium. It was

impure in that NO;™~, C1~, and Nat, 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 mjecnon
of the gallium citrate complex prepared by the ‘“radio-
chemical’” method described in Section II. The solu-
tion contained 1.2 mols of citrate per mol of gallium
at pH 7.4. The dose of carrier gallium increased with
the length of time before sacrifice.

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

Results: As with the jon 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; 77 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
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TaBLE X Dls_ffxuavrxo.\' oF Ga’? 1N MALE RATS SACRIFICED AT INTERVALS AFTER INTRAVENOUS INJECTION of
Ga™ CrrraTE (pH 7.4) UsiNG VARIABLE DOSES OF TEE “RADIOCEEMICAL’ PREPARATION

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

Number of rats |

Time sacrified (hr.)

Dose
mg. Ga***/kg.
me./kg.

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

Urine (%)

Feces (%)

Total organ content in per cent of retained dose
Blood plasma®
Blood cells
Liver |
Spleen !
Kidney
Heart
Skeletont
Remainder

[ 2]
0 OO

we

w

Differential absorption ratios

Blood plasma
Blood cells
Liver
Spleen
Kidney
Femur
Shaft
Ends
Teeth
Calvarium
Heart
Lung
Lymph nodes
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* and t See footnotes to Table VII,

wide variation in the amount of carrier
gallium injected, it 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 liver (Table X).
This difference increased as the experiment
proceeded; at forty-eight, seventy-two,
and ninety-six hours the bone was 6.7, 9.3.
and 14 times more active than the next
highest tissue. As shown in Figure 13, the
soft tissues retained only one-fourth or less
of their initial content, while the bone re-
tained about half. '

10194930

The shaft of the femur was not purely
cortical bone, since the epiphyseal line,
which has a very high uptake according to
autoradiograms (17) (Section IX), re-
mained attached to the shaft. The mar-
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 still more cellular, but less
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 Ga**
to irradiate osteogenic neoplasms in man.
The data indicate that the bone received
four to five times as much radiation as the
jiver and possibly fifteen to twenty times
as much as the soft tissues during the first
twenty-four hours following injection.
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Subsequently, the differential in favor of
+~ge was still larger, but only 30 per cent

the activity remained. However, two
sources of generalized radiation not imme-
diately apparent from the tables tend to re-
T duce the differential. One is the Ga™ ar-
5 culating in the plasma and red cells; this
—iresults in whole-body irradiation, but it
*_ 3pp&rs to be nevhg*lble The other is the
“‘; acnvxty stored in the urinary and gastro-
tstmal tracts prior to excretion; this is

cant in view of the ~ 50 per cent of

-
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_; first day.
E, It is suggested tentatively that gallium
¥ citrate manufactured by this particular
¥ method has a spedial affinity for bone and
Eif little affinity for the viscera. The rela-
= tvely low uptake by the spleen and liver
= probably is associated with the non-par-
= ticulate mature of the complex, and later
. with slow liberation of the metallic ions.
: These observations would seem not to be
= sporadic experimental artifacts, since four
- different batches of the radiochemical
preparation were used.
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Relation of Size of Dose of Gallium to
Amount of Gallvum Excreled

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

TaBLe X1: ExcrRETION OF Ga®® Ix THE URINE OF RATS
v Per CENT OF THE INJECTED DOSE DURING THE FIRST
TweNTY-FOUR HOURS

' Per cent l Urine/
¢ Excreted | feces*
1

10.
22

19.

4
14,
43
32.

6.
11
20.
60.

2

GaCl:
(Result A)

Ion exchange gal-
lium citrate
(Result C)
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Fig. 14. The urinary and total excretion
data of Table X broken down to 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 f{rom 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 low rate of excretion at
the different dose levels; age, sex, and
severity of illness had no apparent relation
to this tendemcy. The last column of
Table XI brings out the fact that relatively
more of the dose was excreted by way 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

A
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Taste XII: DistrieuTiox ofF Ga’™ 1xv Male Rats 30 4
SacrrFICED AT ONE, Two, AND FOUR Davs AFTER
[NTRAVENOTS INjECTION OF GaLirty Citrate (pH
7.4), THE ""RADIOCHEMICAL'' PREPARATION
(E -alue is the average of the number of rats at the
_ bead of the column. Same dose series)
_.Ne. of rats 6 | 7 7 .
- Time sacrificed (hr.)‘ 24 48 96 20 \'\
T mg. Ga*T*/kg. | 28.5 28.5 28.5
me./kg. 1863 | 4.46.1 | 4.46.3 "
Per cent of original A
T dose retained 29.5 26.4 2:1.3 8
Per cent of original
dose excreted 70.5 73.6 5.7 =
Fraction in: = 104
Urine (%) I 840 90.7 90.7 ©
w, Feces (5¢) l 6.0 9.3 9.3 w
- o]
“Total organ content in per cent of retained dose —
< Blood plasma® | 1.2 1.2 0.5 5 LIVER -
Blood cells | 0.2 0.1 0.1 o KIDNEY «
Liver | 8.2 6.7 | 3.5 = T— PLASMA x
Spleen { 0.1 0.3 ! 0.3 59 . SPLEEN o
Kidney L2 1.4 1.0 e G y
Heart 03 ; 03 . 03 pAYS | 2 3 4
Skeletont P72 0 770 79.5 Ga72 CITRATE SAME DOSE SERIES
Remainder 1y 1532 1 12,5 7 128
Diflerential absorption ratios Fig. 13. The same as Fig. 13 except that all animals
Blood plasma ! 0.3 0.3 ! ) received 28.5 mg./kg. of carrier gallium.
Blood cells i Negligible | Negligible | Negligible
Liver b 2.4 1.¢ \ 1.7
.nglcf::y |9 | o b2 pretation. When allowance is made for
. o . < . . -
Femur L 103 | o113 ] 112 the dose-retention effect, Figures 13 and 15
Shaft vo11.6 ; 13.9 13.1 i imil
Ends | ss . sz | gy @requitesimiar
T 4 l 5.3 | T2 71 Comment: The data demonstrate that
ealrrodes 02 g8 23 the size of the dose of metal had negligible
Lung 03 03 | 0.4 effect on its percentage distribution in the
* and t See footnotes to Table VII. rats and its relative concentration in the
various tissues. In terms of weight of
series were slightly higher, and for the metal, however, the gallium retained in the

femur and its components were slightly
lower than those in the 'vamable dose”
series (Table X). The difierential favoring
bone over the next highest tissue was 4 at
twenty-four hours and 8§ at ninety-six
hours; the corresponding ratios in the
variable dose series were 4 and 14, respec-
tively. The distribution among the organs
in per cent of the retained dose was essen-
tially the same as that for the variable dose
series except that the ninety-six-hour value
for the skeleton was lower and the liver
content was consistently slightly higher.
The curves in Figure 15 are flatter and
placed lower on the scale than those in
Figure 13. This {ollows from the higher
retention figures of Table X which, as
pointed out before, are of uncertain mmter-

.
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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
5mg./kg.

The clinical implications of this experi-
ment are: A larger dose of imert carrier
metal would increase the amount of metal
and associated radiation which would pass
through the kidnmeys and urinary tract;
this 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 because of
metal toxicity. This is a serious problem
where the specific activity of the radioiso-
tope is low, as with Ga™.

TWhile this experiment was periormed as
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a control on the effect of dose of carrier
metal, it also partially controlled the
nossibility 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 following intravenous adminis-
tration. When gallium was given as an
insoluble particulate at pH 7.4, the liver
and spleen exhibited the highest relative
concentrations of the metal. When it was
injected as a soluble citrate complex at 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
taking up initially a larger fraction of the
dose and holding it more firmly than the
next three highest tissues, the liver, spleen,
and kidney. TFrom 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 tock up increasing amounts as
the experiment proceeded, regardless of the
liver and other organs.
- The gallium citrate complex prepared by
addition of predetermined amounts 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 500
mec. of an isotope whose half-life is 14.3
hours. The differential absorption ratios
obtained with this complex were good
enough to justify its use in clinical studies.
However, unless a dilute solution of citrate
complex 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 was retained
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as the dose increased froin 0.5 to 28 mg. of
Ga++*/kg.; a similar effect was demon-
strated for man. -This dose effect, however,
apparently was confined to the excretion.

retention processes, since neither the dif-

ferential absorption ratios nor the
centage distribution data were affected.

A secondary result of this primary dose- =
retention effect is that the excretory and
detoxifying mechanisms will be put under =~

stress out of proportion to the increase of
absolute amounts of Ga’® taken up by the
bone. This damage may be automatically
limited, however, in that man probably

cannot tolerate single doses of gallium, as
gallium cditrate, in excess of 10 mg./kg. .

The data here do pot indicate what level
of carrier gallium might be the best com-
promise between absolute retention, rela-
tive retention, and potential toxicity for
man. ot

Because of the short half-life of Ga™?, the
differential radiation dose to bone is greatly
influenced 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 at all. The practical value
of these rat data is that they show that
such a differential 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.

SUMMARY

1. Gallium labeled by Ga’® was injected
intravenously into five different series oi
rats for the purpose of studying the distri-
bution of the metal in animal tissues. The
experiments were designed so as to serve
as a prototype for the subsequent clinical
studies. - ‘ ' A

2. Following the injection of GaCl;. an
acidic (pH 2.0), ionized salt which probably
reacted with the blood constituents, there
~was no distinct differential localization of
the element during the first-day. There-
after, the bone had the highest differential
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absorpt:on ratio, but.this was due to the
S fact that the other tissues retained their
m;txa.l content of gallium less firmly than
bone. The excretion was chiefly via the
uney and exceeded the 50 per cent level
atslightly more than twenty hours after
jujection. Because Ga'? has a 14.3-hour
half-life and the development of the dif-
ferential was slow, the liver and bone re-
L “eeived about the same cumulative radiation
- d_os&s
%3, Gallium alizarinate, a soluble par-
t}_uculate lake or chelate, gave a distribution
Eentirely different from the chloride. The
.spleen and liver had very high differential
*2bsorption ratios; the bone was never more
gtha.n 20 per cent as high. The ten-day
£- total excretion was 30 per cent, with the
Y& urine and feces contributing about equally.
} This distribution appears to be associated
{- with phagocytosis of the particles by the
Ef, reticulo-endotitelial system, but it is prob-
able that some gallium was loosely bound
to the alizarine or some of the lake was
&= broken down by the body metabolic proc-
" esses. The experiment indicates that a
particulate form of gallium or 2 compound
which reacts to give fine particles on injec-
n would not segregate to a sufficiently
- ..gh degree in bone.
) 4. A very pure gallium citrate complex
prepared on an ion exchange resin had 5
mols of citrate 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 hours after
injection, chiefly by way of the urine.
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 all other organs retained
the metal less firmly than bone, its differ-
ential absorption ratio at ninety-six hours
was four and seven times greater than that
of the next two tissues. The tendency
toward a differential favoring bome was
definite, but because it developed so slowly,
the differential radiation dose to bone was
not sufficient for therapeutic purposes.
* 3. Another type of gallium citrate com-
Plex was prepared by adding predetermined

> LT
it W

Myt
l‘f(:‘

T

,'{{;52_(‘{:7'.

R URY

T

s
13

1079942

DISTRIBUTION STUDIES oN GaLLIunM'®

whaa . . e B N P )

¥ RaTs 569
amounts of reagents to the activated Ga™*-
NO;; 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 differential absorption
ratio of the femur was four times that of the
liver and spleen, and at ninmety-six ‘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.

6. 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. Also, 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 differential absorption ratios and the
distribution of the retained fractions.

The dose-excretion relation was respon-
sible for the observation that different aver-
age excretion curves could be obtained
depending on the choice of method of cal-
culation.

7. All rats received the same large dose
(28.5 mg. Gat++*/kg.) of the radiochemi-
cally prepared citrate 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 dif-
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
significant effect on the distribution of the
metal in the tissues, although the excretory
pattern was definitely affected. Concomi-
tant variations in the radiation dose ap-
peared to be un.unportant in causing these
dose effects. ..

8. The rat data md1mte that the radio-



370

* chemical preparation of gallium citrate is
suitable for use in clinical studies. They
do not provide information as to what dose

GouLp A. ANDREWS, SAMUEL W. RooT, axp HERBERT D. KERMAN

.

A O P T S

OCtui,er 195

will give the highest specific uptake in bope
consonant with the least metal toxicity ang
total-body irradiation.

V1. Clinical Studies with Gallium?
GOULD A. ANDREWS, M.D,, SAMUEL W. ROOT, M.D., and HERBERT D. KERMAN, M.D 1t

BACEGROUND OF THE CLINICAL TRIAL
OF GALLIUM

Since radiogallium seemed to have selec-
tive deposition in bone and primarily in
centers of osteogenic activity, it 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 definite attempt
was made to produce a therapeutic effect
with Ga’ treatment. The second group
was composed of patients in whom no
therapeutic attempt was made, but rather
in whom localization or uptake of Ga’® 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 general, in a more advanced
stage of disease and were completely be-
yond even palliation from conventional
formas of therapy. In many instances, the
initial tracer studies helped to determine
whether or not a prolonged therapeutic
attempt would be undertaken. Bomne 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
leukemnia, one of Hodgkin's disease, and a
few other neoplasms without skeletal in-
volvement. ’

n Prs-aﬁt addr&é H Def):rtmen't of Radiolég‘yz Ugi-
versity of Louisville School of Medicine, Louisville, Ky.-
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MODE OF ADMINISTRATION AND DOSAGE
The radioactive gallium was available

only on Mondays and Thursdays, because

of the schedule of the Oak Ridge National
Laboratory Reactor Division. Because of
the 14.3-hour half-life, the isotope was
administered shortly after it was removed
from the reactor. The program of bi-
weekly treatment was believed to be fairly
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 give 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, it would be impossible to estimate
accurately the proper dose. Further, the
toxicity of the stable gallium precluded
giving all of the desired dose at a single
time. Fractional treatments at three- and
four-day intervals appeared to allow for a
reasonable protraction of the treatment
and adjustment of the individual dose; but
it 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 the
gastrointestinal tract, and it 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
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absorbed, the stomach and upper smalil-"-

intestine would receive a high dosage of
radiation. It is obvious that the ratio of
absorption time to half-life is an important
factor in determining the relative amount
of radiation delivered to the stomach and
small intestine as compared with other tis-
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sues of the body; when this ratio is high,
‘as it must be in the case of a very short
“half-life isotope, there is a distinct dis-
,ad :age in the oral route. The intra-
venous route also has the advantage of
asunnc' a known dosage.
“%-Normal tissue and whole- -body tolerances
'for amounts of radiogallium necessary to
produce a significant eﬁect upon malignant
* tissnes were unknown. Preliminary calcu-
“lation and small-animal experiments had
Itndicated that the accepted radiation
s dosimetry as applied to other isotopes
Twould be of little value in calculating radia-
Ition dosage to tissues. It was therefore
“necessary to utilize the hematologic picture
Tto assess the damaging effects “of whole-
_body irradiation, a.nd chmcal and roent-
genographic experience in evaluating a
therapeutic response. In the ““therapeutic”
group, doses which were believed to be
moderate were “given and gradually im-
creased to a toxic level. In 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  apparatus described earlier in this
stuay. The material was poured into
this apparatus from a bottle held with
tongs, and no close handling of the radio-
active gallium was necessary. Doses be-
low 10 mec. were generally given with a 10
c.c. 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 the exact degree of filling
and also because of the residual gallium
which remained in the syringe after injec-
tion.

A

u.

T PROGRAM OF STUDY ,
In all patients-studied the diagnoses

were confirmmed by histologic sections, ex-
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cept for a few with mmalignant plasmo-
cyvtoma and leukemia, in whom the diag-
nosis was based upon cYytologic studies.
The studies in the Medical Division in-
cluded a routine history and physical ex-
amination. Routine 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 were ob-
tained in the patients who were to receive
large amounts of gallium. Additional work
was done as seemed desirable in individual
cases.

Frequent—in some cases daily—hema-
tologic studies were performed. These in-
cluded a white count, differential 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

_effort 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. Thirty-five-milli-
meter colored photographs were also used in
some patients to show comparative sizes of
external lesions.

METHODS OF STUDY OF LOCALIZATION
OF GALLIUM'®

Methods used to determine the localiza-
tion of gallium’? 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, which made
possible rather exact localization. Patients

.. who received very small doses of gallium

could not be studied with this instrument
because of its relative insemsitivity, and
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for these a tube with less directional shield-
ing was used.

Biopsies weré 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. Im 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 serve
as 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
specific 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.

Autopsy 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
at a suitable time before the expected time
of death so that radioassays could be made.
In one patient radioactive phosphorus and
gallium were given sitmultaneously, in
another sulfur and gallium, in an effort to
study comparative distributions. = At the
autopsies, the-usual gross and histologic
studies were carried out, and extensive
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radioassays and autoradiograms were alsq
obtained.

TOXIC MANIFESTATION

One of the chief problems throughout .
this study was the evaluation of the toxic
manifestations which developed. Since
there was no previous human experience B
with stable gallium, the manifestations of
toxicity to the metal were unknown. The
characteristics of total-body irradiation
damage or radiation damage arising pri-
marily from an isotope localized in bone
were quite well kmown; but since there is
no way of measuring the effective dosage to
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 it was not possible
to obtain a high specific activity of Ga's,
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 follow-

ing the intravenous infusion. This drowsi-
ness tended to persist uniformly in indi-
viduals who received many injections.
Patients who received ouly three or four
injections of gallium did not notice delayed
effects. Those who received ‘‘therapeutic”
amounts began to 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 after
each meal. Others refused to eat any
significant amount after they were well
into the course of treatment. Many could
eat breakfast but would not take any other
meal during the day. As the course of
treatment progressed, vomiting immedi-
ately after administration of the dose be-
came prominent. In some individuals
whose personalities did not lead us to be-
Heve that they would be particularly open
to suggestion, a *‘conditioned reflex” vomit-
ing occurred as soon as they saw the gal-

W
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..hum coming into the room. A frequent

ptom was a peculiar metallic taste dur-
?‘mg the period of treatment. The gastro-
#=- stinal symptoms were the most uni-
w..0 manifestations of toxicity with large

gﬁ'fgsa. Two young patients, however, who
z,‘féceived rather large amounts bad only

‘gm

1 sxxt_h injection of gallium or within the
‘second, third, or fourth week of treatment.
Mild degrees of folliculitis were sometimes
, while in otHér instances an extensive
*fxﬁaculopapular rash developed, and in a
& E few cases there was a generalized exfoliative
= dermatitis. Itching was very severe with
~almost all of these lesions. Some of them
?.{_were associated with rather prominent
. edema of the skin and subcutaneous tissue.
$7All of the dermatologic manifestations
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.

* “ematologic changes were prominent
«ud 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 first 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 occur
quite promptly, but the more severe effects
were' delayed and the anemia usually
reached its greatest severity some weeks
after the end of the course of treatment.
Bone marrow studies dome before treat-
ment and during the greatest hematologic
. depression showed that the gallium treat-
i ment caused a profound hypoplasia of all
% the marrow elements.  Red cell precursors,
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Plasma cells, reticulo-endothelial elements,
and a few other primitive cell types were
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the chief nucleated forms persisting in
these very hypoplastic marrows.

Recovery was seen in the hematologic
picture rather soon after cessation of gal-
Hum therapy in most instances. The red
cell regeneration, however, lagged behind
that of the white cells and platelets. Clini-
cal 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-
Sev-
eral patients with bone marrow depression
received blood transfusions during 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, No. 110088, was
given a series of injections of stable gallium
comparable to those in a therapeutic course
of radicactive gallium. A small tracer
amount of radiogallium was administered
with each dose, for measurement purposes.
It was believed that this patient received
too little radiation to be sigmificant clini-
cally. In general, he tolerated the course of
treatment with much less evidence of
toxicity than did the patients who received

a large amount of radiation. He main-
tained his weight, although he had some
nausea and anorexia. During the course of
treatment, he had a viral or fusospirochetal
infection, which was believed to be ina-
dental, but which impaired his general
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health temporarily. His blood picture
failed to show the profound depression
ob- -ved in patients given high doses of
r& Jjon with a sn:mlar total galhum dos-

but he did show a rather prominent

‘znemia and a mild depression of the white

l‘»,i:'v'(;"‘l‘h' Ty t !

R

mimt. A very definite skin rash developed.

# In summary, it appears that the toxic .

mctmns seen in the series of patients
given large doses of gallium can be inter-
preted approximatelv as follows:

' The profound bone marrow depression is
charactensuc of radiation damage and is
probably chiefly caused by radiation,
though an element of stable metal toxicity
‘may also be contributory. The skin rash,
on the other hand, seems undoubtedly a
manifestation of toxicity of stable gallium.
The gastrointestinal symptoms probably
are due both to radiation damage and sta-
ble gallium toxicity.

LABORATORY DATA DURING AND AFTER
THERAPY

Routine urinalysis, performed repeatedly
in all cases, showed no distinct changes
related to the Ga’™. Occasional one- to
th- ~-plus albuminuria was 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
following 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 gallium treatment. Three patients with
carcinoma of the prostate had repeated
blood tests for acid phosphatase and, while
there was considerable fluctuation in levels
for each patient, there was no apparent
relation to the course of gallium therapy.
Liver function, in so far as it was reflected
by thymol turbidity and cephalin choles-
terol flocculation tests, showed no altera-
tHon.

The fact that many of the pahents in

7 this serjes had serious and i mcreasmg meta-
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bolic alterations due to progressive neo-
plastic growth made evaluation of gallium
damage difficult. It appeared clear that
during and immediately after treatment
changes in kidney and liver function, if
present, were slight in comparison with
bone marrow injury.

EXTERNAL RADIATION MEASUREMENTS

In many instances, radiation measure-
ments were made over various 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 at
biopsy or autopsy, but the external count-
ing determinations were relatively insensi-
tive and failed to indicate slight localized
differences in concentration or to show the
true magnitude of pronounced variatiods. -
Even over lesions which showed a local
concentration of manyfold by biopsy or
autopsy assays, it was unusual to obtain
external counting levels more than three
times those of the comparable uninvolved
area. :

GROUP OF PATIENTS SUBJECTED TO TRIAL OF
THERAPY WITH LARGE DOSES OF GALLIUM'?

Table XIII presents a brief summary of
material on 21 patients who were given
significant 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 column 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 general way the severity of
the hematologic depression. The patients
recorded as showing a 3-plus blood change
all bad white cell counts below 1,000 per
cubic millimeter for a significant period of
time. The next column indicates the
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+ L + : T, She was admitte : t thich
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H.D. C? Aagei3 010016
Osiaoqcmc Sarcoma Pulmonary Metastases
H ! Day .
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Fig. 16. Summary of Case No. 010016.

Course: Intravenous gallium citrate was given
with 510 ml. of 10 per cent calcium gluconate intra-
venously before each dose.

Mg. of

Date Dose (mec.) Gallium
8§~18-30 1 9
§-25-30 1 9
8-28-30 1 3
8§-31-30 29 90
9= 5-30 32 184
g~ 7-30 34 179
_ 9-11-30 49 204
) 9-14-30 34 135
9~18-30 36 193
9-21-30 33 199
9-25~350 41 123
9-30-30 22 102
ToraLs 413 14534

External counting studies showed counts over the
lesion in the femur to be about three to four times
the level on the normal side and two to three times
the level over the trunk. No definite localization
of the chest lesions could be shown by external count-
ing. During this treatment, the patient sufiered no
severe nausea or vomiting, though she did complain
of anorexia and malaise. During the period of
greatest depression in the bone marrow, latein August
and early in September, she had a distinct bleeding
tendency, with some oozing from the gums and nose

1019951

She was given Aureomycin and blood trans{usions
during this period.

The lahoratorv findings during treatment were as
shown on the following page.

During the gallium treatment the urine showed
varying amounts of albumin up to 34. On di~-
charge it was negative.

After completion of the course of gallium, the
patient rapidly improved and seemed to feel some-
what better than she had before the beginning of the
treatment. She was discharged on Nov. 10, at
which time the hemoglobin was 9.5 gm., white cell
count 9,130, She was quite well and free from pain
for several weeks. Earlyin 1951, she had increasing
pain in the left femur and her general condition
became poorer. She returned on Feb. 14, 1931.

Another extensive course of gallium®® was give=.
bringing the total dose to 730 me. Pronounced
hemnatologic depression again occurred. Amputation
of the leg with the primary lesion was done after the
first dose of gallium and autograms and assays were
obtained. Histologic sections were characteristic of
a highly cellular osteogenic sarcoma.’* The patient

"died of extensive pulmonary metastases while she

was showing toxic effects from her second course of
gallium. She received 2 small dose of the isotope
shortly before death for tissue radioactivity assays
and autograms. '

- At autopsy there were found multiple putmonary
metastatic nodules, which practically replaced oor-
mal lung; these nodules showed a consxdmblc
amount of calcification. e
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- "Physical Examination:

val. 61 CLINICAL STUDIES WITH GALLITM:? 379
Sept. 23, 1950 Feb. 15, 1951
Aug. 17, 1930 (Duiing gallium (Two aad a balf
treatment) months after ‘l.st
course of Ga™)
R.B.C. 4.17 million 3.00 million 3.48 million
Hemoglobin 13.3 gm. 8.0 gm. 8.5 gm.
Hematocrit 11, 249, 28%
w.B.C. 5,200 1,330 9,250
Differenual count
Band neut. 2.0% 3.09, +.5%
Segmented +.0 +1.0 76.0
Lymphocytes 43.0 5.0 8.0
Monocytes ) 7.0 10.0
Eosinophils 1.0 0 1.5
Basophils ) 0.5 (greatly (shightly
Thrombocytes (slightly increased) decreased) increased)
Red cells N N

Some “irritation’ lym-

Moderate anisocyto-

E]

After Sept. 25,' the white cell count {ell still lower
than on that date, reaching 500 per cu. mm. After
about a week at very low levels, it gradually rose.

Alkaline phosphatase

Acid phosphatase

Cephalin cholesterol flocculation
24 hours
48 hours

Thymol turbidity

phocytes. Neutro- sts, potkilocytosis,
phils with large and hypochromuia.
granules or nuclear Some yourg mono-
fragments cyies

Aug. 26-31, 1930 Oct. 19, 1930

(Before treatment) (After treatment)

6.3 Bodansky units 7.7 Bodansky units
%.6 K.-A. units 2.3 K.-A. units

ke ake st 0
L o
12.3 units 10. 4 umts

Comment: This is a case of osteogenic
sarcoma with extensive pulmonary metas-
tases in a young individual who received
two extensive courses of Ga’*. The pri-
mary lesion and metastases continued to
grow rapidly during and after treatment.

Case II: History: D.H. (No.010012) was a 19-
vear-old colored male whose case is summarized in
Figure 17. He was admitted Aug. 3, 1950. He had
a history of injury to his left femur about one vear
before admission, followed by pain and swelling, and
an x-ray diagnosis of tumor involving the left femur
was made in July 1949. Histologic studies showed
on osteogemic sarcoma. A high thigh amputation
was dome in October 1949. In June 1930, there was
I-ray evidence of anodule in the left lung. This had
enlarged on subsequent x-rayv examination.

Temperature 37° C.,
Tespirations 18, blood pressure 120/80. The patient
was a well nourisked, voung Negro male, who was

.
\

1019952

able to get around quite well with crutches. The leit
leg had been removed at the hip and the amputation
wound was well healed. Phuysical examination re-
vealed no further noteworthy abnormalities.

X-Ray Studies: §-8-50: A postero-anterior chest
film revealed a small rounded density in the left
lower lung field, measuring approximately 1.5 cm. in
greatest diameter, but with no evidence of calcifi-
cation. A very small pneumothorax and pleural
effusion were also seen in the left side.

§-24-30: Re-examination of the chest showed the
previously described nodule in the left lower lung
field to be approximatelv the same size as on the
previous examination. The pneumothorax had in-
creased and there was slightly more fiuid present
than on the previous examination. The heart size
and shape had changed conmsiderably, probably as
the result of the pneumothorax. '

10-3-50: Re-examination revealed some increase
in the size of the nodule, which now measured ap-
proximately 3 cm. in greatest diamueter. There were
sull some puneumothorax and a small amount of
pleural fluid in the left costophrenic angle.



TABLE XIV: Scaovaries oF CAsSEs v WaICH Ga™ Was GIveEx IN TRACER Dosks
(NX.D., No data; 0. None; +, Little; -+, Moderate; -+ -+ -+, Pronounced)

Case, 2 Evidence of Concentration in Tumor
Sex. and Diagnosis , O Per cent External . Additional Data and Remarks
in me. Excreted Autopsy Biopsy
Age Measurement
E.H.N. Plasma-cell myeloma (a) 1.0 49.2 N.D. Autopsy but N.D. Sulfur studies done (S ig yeast)
010018 ) 23.3 24.9 no gallium after Ga'? test doses. Awtopry
Q46 () 23.5 14.7 assay with S3 sssays
T.C.R. Lymphosarcoma () 1.0 8.2 N.D. Autopsy but N.D.  Treated with P32 after trial gallium
010020 no gallium dose. Autopsy P22 studies
042 assay
O.B. Chroaic lymphoeytic (s) 1.9 24.4 0 N.D. N.D. Patient treated with P and cortj.
010021 leukemia (4 20.0 33.3 sooe.  No further gallium stody
743
V.P.W. Lymphosarcoma (8) 1.3 4.6 N.D Autopsy but N.D. Siogiz iracer dose for excretios
010024 no gallium stidies.  Later x-ray therapy,
952 assay Autopsy. No isotope distribo.
tica study
A.G.W. Undifferentiated carci- (a) 1.0 10.5 Autopsy but N.D. Studied chiefly with (13, Given 1
010023 voma of thyroid oo gallium me. gallium for excretion, Tise
70 assay sue assayed for 1133
J.RTU. Chondrosarcoma {a) 2.2 7.4 o] N.D. Biopsy twenty-four hours afrer
010026 th)y 27.9 20.6 27.9 me, Ga'?
56 (e} 22.0 2.0 Tissues cts./Gm. pe.,'Cm
Fat 708 0.00.
Skig 1,736 0.022
- Tumor 8335 Q0.011
Muscle 731 0.00y
Cartilage 3,536 0.071
L.C. Carcinoma of breast. (a) 1.9 6.0 o} N.D N.D, Studied chiefly with Ay, Civen
010027 Lung metastases (b) 22.3 16. 4 1.4 mc gallium for excretion and
Q33 with pleural efusion 22 mc. prior to exterual counting
M.T.V. Plasma-cell myeloma (a) 1.0 12.7 o] N.D N.D. Treated with urethane after gal.
010028 td) 46.9 24.3 lium study
Q66
J.MLS. Neuroblastoma of ad- (a) 10.2 23.2 o} Autopsy but N.D Studied chiefly with P32, Autopey
010029 renal vo gallium distribution studies for 1.
Q3 assay Autopsy bere. Tissue assay inr
p12
M.T.M. Carcinoma of prostate. () 1.3 3.6 ~ - N.D. + <+ Biopsy, trephine twenty-four houss
010030 Bone metastases (3) 48.7 11.2 after 48.7 mc. gallium
62 Tissue  cts./Gm. uc/Cm
Booe metastases 29,000 0.3v3
Normal bone 7.720 0.099
N.J.s. Carciooma of ovary (a) 1.3 2.3 N.D. Autopsy but + 1. Biopsy twenty-four hours
010031 () 23.7 0.42 po gallium after 23.7 me. Ga'?
e8| fe) 20.6 6.8 assay Tissue  cts /Gm. uc./Gm.
(@) 18.0 17.6 Cervieal tumor 13,400 0.172
Normal cervix 1,025 0.013
Sigmoid tumor 9,073 0.117
Normal sigmoid 3,185 0.04!
2. Biopsy twenty-four hours alter
18 me. Ga®? 3 .
Tissue e /Go
Liver 0.17
Fasciz, above umbilicus 0.0+
Tumor, necrotic 0.34
Auscle, rectus 0.02
Tumor retroperitooeal
oode 0.11
Tumor retroperitoneal
ovode 0.13
Fat, from colon 0.10
Abdominal fluid 0.04
- Subcutaneous tissue 0,02 -
Skin 0.03.
) Death three and a half months fol-
lowing €rst biopsy. Autopsy.
Aulst distribution study
380



= TaBLE XIV: (Continued)

Ga’t

Evidence of Concentration in Tumor
External
Measaremeat

Per cent
Excreted

Diagnosis in me. Autopsy Biopsy Additional Data and Remarks

Lymphosarcoma (a) 22.2 14.8 N.D. Autopsy but Q- Biopsy twenty-four bhours after

no gallium
assay

22 me. Ga®?

Tissue

we./ G,

Chest fuid
Skig

Muscle
Lymph node
Lrwph node

0.051
Q.102
0.030
0.08%
0.081

P.H.

4
=

010040

ili'l'
<
o
-

TAMULH,
010041
237

PTILR LY S TS Y

O.D.
010042
40
P.E.
010050
43
N.M
110060
351

C.L.C
110064
<49

i W.B. ' Hodglda's disesse - ~ (a) 2.2

110063

e (“.:...I.‘h;'l ',

Reticulumecell sarcoma  (g) 2.6 “Q.27

Sarcoma  of ischium (a) 22.
and thigh () 2

Carcinoma of urinary (a) 1.3 4.6
bladder J

-

P!uma-cell'myeloma (a)

Plasma-cell myeloma {a)

b
(]
[V X

o

Plasma-cell myeloma fa) 0.7
1.2

&8
-
o

Hodgkin’s disease

-~
)
~
-
w0
w0
o
w0
'S

Small-ceil sarcoma
(Ewing’s tumor) of
sacTum

(a) 20.3

. T e ae

28.4

@) 21.4 71.1

107995

Autopsy but
no gallium
assay

N.D. -

Autopsy but
no gallium
assay

,'.

N.D. N.D.

N.D.

Autopsy five moaths later, with
Aubt distribution study

Studied chiefiy with P12, Autopsy
with P distribution study

Biopsy tweaty-four hours after 22
mc. Ga’?
Tissue cts. /Ga.
Tumor 84.600
Muscle 232
Tumeor 5.723

ue./Gm.
1.040
0.003
0.070

Deatn

Studied chiefly with Auire,
at home., No autopsy

Biopsy tweaty-lour hours after 23
me. Ga®t

Tissue

Skin scar

Fat, subcutaseocus 0
Tumor 0.
Tumor 0.48
Vertedbra with tumor 0
Vertebra without tumer .33
Normal skin 0.05

Disease still respooding to conven-
tional therapy

Patient not treated here,
charged after the
doses of gailivm

Biopsy tweaty-four hours follow-
ing 20 me. Ga’?

Dis-
two tracer

Tissue ue./Gra.

1.627
¢.113

Death one month after biopsy.
Autopsy

Tumor {rom neck
Muscle

Biopsy of lung after 20.5 me. Ga’r

Tissue we./Gm,

0.10
0.16
Q.38
0.02

Tumer
Lung
Rib
Muscle
Plasma 0.13
Skia 0.10

Sudden death from pulmonary
embolus one day after unevent-
{ul lung biopsy. Autopsy assays
showed po sigumificant conceg-
tration of gallium in tumor

g.12 0.10

Patieot admitted for trial of gal-
lium treatmeat but, after
evaluation, it was decided that
x-ray therapy would give bhim a
better chance of improvement,
aud this has been the treatment.



TaBLE XIV: (Continued)

Case, Ga’t Per cent Evidence of Coacestration in Tumor
Sex,and Diagmnosis in me. Ezxcreted External
Age

Autopsy Biopsy Additional Data and Remack,

Measurement

L.S. Plasma-cell myeloma () 1.8 19.0 N.D. Autopsy; no N.D. Rib bispsy fony-ﬁvm -
110068 () 20.6 60.1 assay data 20.6 mec. Ga’? .

g6 Tissue »c./Cem, -
Rib 0.56
Subcutaneous 0.0%

Skin 0.11
Muscie 0.0%
Plasma D.21

Patieat died suddenly, Aglopsy

- Notissue assay for ndjo.m'.h’
G.H. Chrogic |ymphocytic (a) 22.0 33.4 N.D. N.D. Q Biopsy (lymph node) forty ik
110071 leukemia bours after 22 me. of Gal?
967

Tissue uc./Gen,

Lymph node o1

Plasma 0.33

W BC "0 04 i

RBC 0.00
Patieat discharged after this bi-

opsy study. N.ray therapy
advised
Cc.L Plasma-cell myeloma {(a) 1. Biopsy of involved rib lorty-eight
110074 b) 20. . ) hours after 20.5 mec. Ga't
S48

Tissue ue./Gem,

Rib 0.98 k
Muscle 0.0%
Skin and subcutaneous

tissue 0.14
Patient treated with z-rays aod

P2 In fair coadition fve

moanths following biopsy

R.P. Giaot-cell tumor of (a) 2.8
110978 bone involving sa. (3) 22.4
719 crum (e) 38.7

.2 0 N.D. See Biopsy forty-eight hours alter
7
7

assays 20.4 me. Ga’?

Tissue ue. (im

Soft tumor 0.32

Boue and cartilage 0.04

Thin layer of booe adja-
- cent to tumor

Boae and tumor

Muscie

Skia

Plasma .18

RBC .04

Patient discharged for treatment
eisewhere

.2t
.67
.05

04

QOO0 ~1id

E.E.N. Carcinoma of prostate (a) 1.8 11.3 N.D. - N.D. Patient, admitted in terminal cun-
110083 with extensive me- (b) 50.0 Death dition, given Gaftand P! simul-
70 tastases soon : tageously for autogram studies
after at  various stages of decu:.

2nd dose Death five hours after admin-

istration of the two isotopes.

Tissue assays for both isotopes
H.L. Reticulum-cell sarcoma  (a) 21

110094 (b 17.
934 () 21.

33.6 - N.D. + Biopsy of breast lesion forty-eight

bours after 21.9 me. Ga®?
Tissue »c./Gm.
Tumor ~ - 0.57
Skia 0.11
Fat 0.20
Plasma 0.20
RBC 0.07

Biopsy of right ilium forty-eight

Ce - . bours alter 21.2 me. Gat

e Tissue pe. /G

Bone with tamor 2.20

Bone with less tumor 1.39

12 00
o
[
0o

1079955
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TABLE XIV: (Continued)

,.
.

Gai? Per cent _Evidence of Concentration in Tumor
in me. Ezxcreted Exterunal Autopsy Biopsy Additional Data snd Remarks
‘ Measuremest
Normal cortical bone 0.66
Muscie Q.04
Skin 0.17
Plasma 0.22
RBC 0.05
Patient discharged, x-ray therapy
advised here, given near her
home. Feeling fairly well three
and a hall mooths following
biopsy
(¢} 2.4 9.1 Q N.D., N.D. Patieat discharged after excretion
d 21.35 39.9 study and external counting
study had becn dooe and after
he bad been started oa urethane
(¢) 1.8 32.3 N.D. N.D. - Biopsy of abdomigal mass aod ribs
(&) 21.5 47.5 forty-eight hours after 21.5 me.
Ga?:
Tissue we./Cm.
Boae with ? tumor 0.87
Solid tumor §.03
Boaoe with fibrosis 9.9
Boge with tumor 11.63
- R Muscle . 0.06
4 4 Skin 010
. - Fat 4.03,0.02
f ’ Plasma 0.19
§: RBC 0.04
BN Patient discharged on urethane, to
?}{-1 coatinue under care of his per-
¥ sonal physician
¥ 5
? O.M. Chrooic osteomyelitis (a) 20.3 37.7 N.D. N.D. See No definite diagnosis of neoplasm.
'é’ 110 ? Squatous-cell car- assay Biopsy forty-ecight hours after
Z 7 cinoma at site of in. data 20.3 mec. Ga’?
fammation Tissue #e./Gm.
ad Granuiation tissue and 0.18,
N epithelium (2 samples) 0.13
Epithelial, granulation
) tissueand bonespicules 0.31
. Fat and subcutaneous
. tissue 0.42
* Boue with epithelial and
infammatory tissue 0.92
Skin (normul) 0.14
Muscle 0.10
Plasma 0.21
RBC 0.05
Patient discharged. Advised to
bave care elsewhere for osteo-
myelitis. We could not decide
surely about the malignancy of
the hyperplastic epithelium near
the draining sigus
EDM. Roand-cel! sarcoma {(a) 20.4 60.2 Slight  ewvi- N.D. Q Biopsy forty-five hours after 20.4
110111 (Ewing's group) aris- dence of me. Ga'?
34 ing in os calcis copceatra- Tissue we./Gm.
tion inone Bone and tumor of ilium 0.72,
bose e (3 samples) 0.39,
soa 0.97
- Normal bone 0.99
= - “Muscle 0.01
= - - S Skin 0.04
& . ’ Fat 0.03
¥ o0 —- = Plasma 0.07
E . RBC 0.04
=N
E¥ 583
[ .
N \

Lkt ol




AL

canky bl

384 GouLp A. ANDREWS, SaMUEL W. RooT, axp HErBerT D. KERMAN Octones 1.ty
TaBLE XIV: (Continued)
Case, Galt Per cent Evidence of Concentration is Tumor
Sex, and Diagunosis ia me. Excreted External Autopsy Biopsy Additioasl Data and Remargs
Age Measurement '
A.B. Carcinoma of cervix (o) 1.2 7.2 [¢] N.D X.D Patient discharged 3000 after tem
110113 with skeletal metas- (b} 19.1 18.9 doses of gallium. X.ray Lhm;,,
943 tases : sdvised
RUML Plasma-cell myeloma (a) 1.1 10.1 N.D N.D. -+ Biopsy forty-eight hours after 3 35-4
110116 ’ (5 21.2 55.1 me. Ga?
966 Tissue ue. G,
Skin 024
Subcutaneous tissue (UK
Muscle 0.03
Iavolved rib with marrow 1.9y
Invoived rib without
marrow 1.34
Plasma 0.46
RBC Q.12
Patient subsequently treated with
cortisose and urethane.
AA Plasma-cell myeloma (s} 0.93 16.9 N.D \] N.D Patient admitted in termisal coa-
110117 (b)) 21.2 34.3 dition. Deatk soom zafter lau
Q56 () 16.6 13.9 dose of Ca’t  Autopsy aswavy
)  35.7 11.7 showed unusually high levels 1n
(Some lost)

(Died soon alter dose)

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. The pneumothorax and effusion previously
described were not seen on this film.

Course: On Aug. 4, 1950, the patient was given
0.9 mec. of Ga’*. Excretion and external counting
studies were made. These were repeated on Aug. 10,
1930, following an additional 1 mec. dose of Ga?™.
The external counting studies with a2 highlyv colli-
mated Geiger-Miller tube were unsuccessful in
demonstrating localized uptake of activity in the
tumor nodule over the left chest, and survey study
was unsuccessiul in revealing any other areas of
significant selective uptake of activity.

It was believed that the lesion was probably in-
operable, because of the pleural fluid and pneumo-
thorax, indicating probable pleural extemsion and
perhaps implantation, and also because of the prob-
ability of multiple metastases not visualized roent-
genographically rather than the single one shown on
the film. It was decided, however, that if following
the therapeutic trial of Ga*? no significant changes
had occurred, an exploratory thoracotomy would be
attempted and the lesion resected if possible.

The patient was given doses of Ga’® ranging from
20 to 78 mc. at approximately three- or four-dav
intervals until Sept. 23, 1930. At this time he had
received 2 total of 378 mec. During the course of
large doses of Ga‘?, he manifested anorexia ranging
from moderate to severe, with associated nausea and
vomiting. Peripheral blood examinations revealed
a decided drop in the white blood cell count to 2 low
of 630 on Aug. 4, 1950, while the hemoglobin dropped
to a level of 8.6 gm. on that date. The weight on

13199517

admission was 173 pounds; on Oct. 9, it was 138
pounds. There were no manifestations ol skin
eruption, jaundice, or urinarv abnormalites. The
patient was discharged on Oct. 21, 1950, and re-
turned to his home. During his stay there, he
suffered no untoward compiications. He was re-
admitted on Nov. 1, 1950. He was given 26 mc. of
Ga’on Nov. 2, 1950, and twenty-four hours later un
exploratory thoracotomy was done.

The operation was performed by Dr. R. W, Postle-
thwait, of the Medical College of South Carolina. No
pleural implants could be jound. There was ore
nodule about 3 cm. in diameter in the interlobar fis-
sure, partially ia the lingula of the upper lobe. A
second, but much smaller nodule, about 4 or 5 mm.
in diameter, was present in the upper lobe. The
hilus showed no evidence of extension of the disease.
It was decided that a pneumonectomy shouid te
done, and this was accomplished without difficulty.

Gross examnination of the resected lung showed the
larger nodule to be well below the pleural surface.
This lesion consisted of 21 irregular zome of fibrosis
within which was a dark red, firm blood clot.  Two
other similar but smaller lesions were also presenl
On histologic section the nodules were found to con-
sist of a zone of hemorrhage and necrosis.

There were numerous hemosiderin-laden phag0-~ :
cvtes throughout. The periphery was made up of :
proliferating capillaries and fibrocytes. Of real
interest was the presence of several giant pucle
which were mono- or multinucleated, in the so-called
capsule. These had a hyperchromatic appearance,
with clumped chromatin and criteria sufficent to
designate them as malignant cells. ’

The patient had a relatively uneventiul postopera-
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Fig. 17.

tive course and was finally discharged on Nov. 17,
193N, to return to his home. Hematology values
v iormal.

Comment: This patent was thought to
have typical pulmonary metastases from a
primary osteogenic sarcoma. He received
a large course of gallium?, following which
a pulmonary nodule, thought to be meta-
static, first increased and then decreased in
size. The lesions which were removed at
pneumonectomy, instead of being typical
metastases, were not characteristic of any
specific lesion. Spedcific studies in reference
to tuberculosis failed to bring out any sup-
porting evidence for that disease. There
seemed to be three possible explanations
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, which

underwent necrosis because of treatment
with radicactive gallium. If so, this is the
] only example of such an effect in the series,

.
1

1079958

Summary of Case No. 010012,

where there were many opportunities for
it to occur.

3. 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 III: History: W.R.C. (No. 110088), a 27-
vear-old white male, was admitted in June 1951. A
mass in the right leg had appeared in 1947. A
supracondylar amputation was doage in July 1930.
The histologic diagnosis was fibrosarcoma. There
was x-ray evidence of pulmonary metastases in
June 1951. The patient had been asymptomatic
and had not received any x-ray therapy.

Physical Exzamination: Temperature 37.2° C,
pulse 92, respirations 20, blood pressure 145/100.
The patient was moderately overweight, alert, and
ambulatory with the aid of a prosthesis. Examina-
tion revealed no abnormality except for the absence
of the right leg. .

X-Ray Studies: On June 28, 1931, roentgeno-
grams showed multiple nodular areas of increased
density scattered throughout both lung fields. A
complete bone survey showed no evidence of meta-
static bone lesions. On Aug. 6, 1951, the x-ray find-
ings were unchanged.
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Course: The patient was given 2.1 mec. of Ga®?
intravenously on June 21, followed by external count-
ing with a collimated Geiger tube twenty-four hours
later, which revealed no localized areas of increased
uptake. He was given stable gallium citrate intra-
venously with only tracer amounts of Ga™ twice
weekly from Jume 21 through August 6. Approxi-
matelv 250 mg. of stable gallium was given with each
infusion, so that he received a total of 2,785 mg. or
35.8 mg./kg. The total Ga’ received was 13.7 mec.
The stable gallium’ gwen equaled that administered
as carrier to those patients who received Ga’*in large
therapeutic amounts. There were some anorexia
and occasional nausea toward the latter part of the
treatment. Fever and a sore throat with ulcerated
lesions on pharyonx and gums developed midway
through the course of gallium. Similar lesions had
occurred on several occasions in the past. Fever and
mouth Jesions lasted about a week and disappeared
under treatment with Aureomycin. The patient lost
about 12 pounds of weight, but at the time of dis-
charge, Aug. 17, 1931, his appetite was improving
steadily. The eighteen-hour urine conceutration
test showed some change in that he was able to con-
centrate to 1.025 on June 21, but to 1.011 only on
Aug. 16. On one occasion, July 18, there was ++—+
albuminuria, but none after that time; PSP renal
function test, on Aug. 17. showed excretion of 42 per
cent in one hour and 28 per cent in the second hour;
non-protein nitrogen was not elevated.

At home, the patient’s general strength improved,
and he felt as well as before receiving the stable gal-
liumn. He had no cough or chest pain and his appe-
tite was good. X-rav examination of the chest, in
October 1931, showed that the pulmonarv metas-
tases had increased in size.

Laboratory Findings: Hematologic studies before
administration of gallium (June 1951}, those of Aug.
13, eleven days after the last injection of gallium,
showing anemia and slight depression of lympho-
cytes, and those of Oct. 1, two months after gallium
administration, were as shown on the next page.

Comment: This patient was given stable
gallium citrate intravenously with only
tracer amounts of Ga'?, in order to deter-
mine the toxic effects of the metal alone.
The tracer amounts of Ga’? were given in
order to obtain data on excretion.
effects noted were (1) skin rash, (2) ano-
rexia, (3) albuminuria on two occasions, and
(4) decreased kidney function by concen-

GouLp A. ANDREWS, SamueL W. RooT, aAND HERBERT D. KERMAN

Toxic

tration test. . Because of a viral gingivo-
stomatitis occurring during the middle of

‘the course of gallium and lasting about 2
. week, it was difficult to evaluate the gal-

“Hum effects. during that period.”. Nausea

"developed only twice.” There was mild

10799549

Ietone 1,0

fluctuating depression of the white ey
count and a definite depression of red cells,
Thrombocytes were not affected.

DISCUSSION

The patterns of gallium localization were
well demonstrated, especially in autoradio-
graphic records, but the metabolic factors
responsible for these localizations are not
known. In normal bone the gallium was
found to be just beneath the periosteum
in a fine line. In growing bomes, there was
a striking local deposition at the epiphyseal
lines. The lesions of osteogenic sarcoma
showed great ability selectively to with-
draw the gallium from blood. The distri-
bution in these lesions was very uneven
and could not be well correlated with any
particular morphologic characteristic of
the tumor. Two areas of the same lesion
which appeared identical under the micro-
scope sometimes 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 in these lesions. Destructive le-
sions of bones showed a generally low con-
centration of gallium in their central areas,
but sometimes a prominent deposition at
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 2
gallium colloid which was taken out by
reticulo-endothelial cells.
is no evidence as yet for the existence of
such 2 colloidal form of theisotope, and the
facts that rather large amounts were ex-

‘creted in the urine a.nd that the kidneys
_ and endocrine glands showed high levels of

activity are somewhat against” this hy-

‘pothiesis. Highly cellular soft-tissue tumors

which showed no tendency to calcify some-
times had fairly high concentrations of the
1sotope ‘suggesting that it may be involved
in nucleoprotein metabolism.

eh i, .

SRLAE ¢ 40

.
4%

St e

'
“

teotd

LAY 3¢ | .'.".Jl

However, there -



U

ATy ‘

1 e

¥

TEC L@ Crrvicar Stupies wiTH GALLIUM™ 5387
Case No. 110083 June 1951 Aug. 13. 1931 Oct. 1, 1951
g B.C. 6.10 million 3.88 million 5.85 million
B Jemoglobin 16.5 gm. 10.6 gm. 13.9 gm.
jmﬁmt 52% 32% 46%
Corpuscular V olume 8 82 79
n Corpuscular Hemoglobin 27 26 24
m Corpuscula.r Hemoglobin
32 31 30
6,630 5,500 5,730
12 mm. in 1 hour 20 mm. in 1 hour 5mm.in 1bour -
(uncorrected) (corrected) (corrected)
0.5
4 0.5
* : 1.0 10 2.5
72 Sl 351.5 34.5 43
; 31.5 15 30
X 9.0 16.5 4.5
= 6.5 3.5 13.5
&5~ Basophils 0.5 0.3 2.5
'"’ | Atypical cells (resembling lym-
¥>-  phoid plasma cells) 1
t-  Thrombocytes Normal Normal Normal
= “Toxic" granulation ++ +=+ +
£ Red cells Normal Moderate anisocvto- Mild anisocytosis and
= 4 sis and poikilocyto-  poikilocytosis; some
2 : sis anisochromia. Occa-
e A few young lympho- sional  punctate
T cyvtes basophilia of red
¥ Toxic monocytes cells. Reticulocytes
§ slightly increased
== Bone marrtow Cellular, without defi- Essenuially  normal
il ' ' nite abnormality cellular marrow
2 Blood Chemistry
= Acid phosphatase 1.8 King-Arm-
g strong units 0.28 m.m. units
"’f Alkaline phosphatase 8.8 Bodansky 2.1 Bodansky
- umnits unmts
i Thyrmool turbidity 9.4 units 20.8 units
; Cephalin cholesterol floccula-
3 tion 24+ hr. 0 24 hr. 0
48 hr. 0 48 hr. ++4-
Further information about the biochemi- tempted were given maximum amounts of
cal factors which influence the distribution the isotope. Only the hopelessness of their
of gallium may be forthcoming. If so, it prognoses justified a trial of doses so dam-
may be possible to reinterpret the data aging to the hematopoietic tissues. A few
: obtained in the present study and to derive evidences of apparent tramsient sympto-
:  information about the nature of tumors matic benefit were seen in individuals with
involving bone. metastatic carcinoma. In one patient
As the study progressed, we were im- there was definite roentgen evidence of
pressed with the almost complete lack of recalcification of osteolyuc lesions follow-
. any clinical improvement following gallium ing therapy. Patients with primary bone
'_; treatment, even in patients who showed sarcoma showed no evidence whatever of
=  evidence of striking differential localization any slowing of growth of primary or meta-
- % - of gallium in tumor tissue. Most of the_ static lesions, and in several cases lesions
% patients in whom gallium therapy was at-  grew rapidly during high-dosage therapy.
5
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These findings are conmsistent with the
familiar resistance of this neoplasm to con-
ventional x-ray therapy.

In summary, it is our impression that
Ga™ has been given a thorough clinical

VI. Studies of the Urinary

H. D. BRUNER, JoE GRAY, SAMUEL W, RooT, MARSHALL BRUCER

October 1953

trial in many types of neoplasm invoiving
bone and has been found of no therapeutic
value. Gallium may be a valuable ele.
ment for the study of biochemical and
metabolic factors related to bone tumors.

Excretion of Gallium’? in Man

H. D. BRUNER, M.D., JOE GRAY, SAMUEL W. ROOT, M.D., and MARSHALL BRUCER, M.D.

Studies of urinary and fecal excretion of
the isotope were made routinely. FEach
patient was assigned an individual bedpan
and urinal. Voided urine specimens were
transferred to large bottles, and the original
container was rinsed with small amounts of
water. Collections were made over eight-
hour and twenty-four-hour perods, and
each total volume, including rinse water,
was mixed, measured, and an aliquot was
taken for radioassay. During the first
few months of the study, separate eight-
hour collections were made during the

first three days after admimistration and
twenty-four-hour collections subsequently
as long as measurable activity remained or
until the next dose was given. Since the
major excretion was found to occur during
the first twenty-four-hour period, eight-
hour collections were not continued beyond
the first day. Early studies showed minute
fecal excretion of galium® and fecal excre-
tion studies were discontinued. Table
XIV (Section V1) lists the detailed urinary
excretion data obtained from some of the
patients.

TABLE XV: STUDIES OF THE URINARY EXCRETION OF Ga'™ v Max
(**Tracer” dose of about 1 mc.)
l ; Per Cent of Dose Excreted
Pa\t'xocnt Diagnosis (13::‘-3 Date f . First Day Second Third Fourth ! Remarks
0. : ! {in 8 hr. periods) Da Day Day Total |
i , |TIst  2nd  3rd s i
7 Multiple myeloma ' 1.00) 7/31, ° * 1.0 . i 1.0 ;
13 Muitiple myeloma 0.92 | 8/4 i 13.0 3.0 50 " 6.0 3.0 2.0 34.0
18 Multiple myeloma il 1.00!8/31113.0 10.0 3.0 2.0 3.0 55.0
16 Osteogenic sarcoma | 1.00 ; 8/18 ¢ 18.0 3.0 3.0 2.0 26.0 | Pre-\it.Df
.16 Osteogenic sarcoma | 1.00 | 8/28 ! 22.0 19.0 8.0 49.0 | Post-Vit. D
147 Osteogenic sarcoma |} 1.00 | 8/7 20 80 3.0 5.0 2.0 20.0
9 | Osteogenic sarcoma | 1.00 { 7/31 * 8.0 3.0 2.0 6.0 2.0 21.0
8 Osteogenic sarcoma © 1.00 [ 7/31 ' 8.0 3.0 2.0 6.0 2.0 2.0 23.0 | Pre-\it. Dt
8 Osteogenic sarcoma | 1.00 | 8/7 6.0 5.0 2.0 5.0 2.0 20.0 | Post-\it. D
12 QOsteogenic sarcoma l 0.92 ) 8/4 10.0 8.0 5.0 3.0 26.0 1 Pre-Vit. Dt
12 Osteogenic sarcoma ; 1.00 1 8/10  22.0 14.0 1.0 13.0 3.0 33.0 Post-}_'it.D
19 Osteogenic sarcoma | 2.30(9/5 +13.0 3.0 3.0 3.0 3.0 270 Pre-\l_E-Df
19 Osteogenic sarcoma | 1.91 | 9/11 | Less than 19, Total Excretiont = . | Post-Vit. D
23 Osteogenic sarcoma l 1.91{ 9/11 { 19.0 13.0 5.0 5.0 3.0 ' '45.0 | Pre-\it. D
23 | Osteogenic sarcoma ' 1.00 | 9/18 | 13.0 3.0 2.0 2.0 2.0 24.0 | Post-Vit. D
4 Metastatic thyroid | 5 . S
carcinoma ‘'1.00{ 7/17 : 10.0 3.0 6.0 10.0 3.0 6.0 40.0] .
6 Metastatic thyroid |
carcinoma l100)/3) 50 50 20 350 20 19.0
11 Chronic myelogenous ' 1.84 ; 8/4 : 3.0 Lost 6.0 3.0 2.0 1.0 17.0
leukemia i ; :
17 Hodgkin's disease ;. 1.00 ‘ 8/25 ; 13.0 0 2.0 3.0 2.0 23.0
21 Chronic lymphatic | 1.60 ! 9/7 '24.0 8.0 2.0 2.0 3.0 2.0 4.0 .
leukemia i . : .
20 | Lymphosarcoma 1.60|9/7 | 5.0 50 20 3.0 1.0 1.0 17.0j,
* Less than 19,

+ Prior to and after a weeks course of 130,000 I.U. of concentrated Vit. D, t.i.d.

¢ Probably due to injection in subcutaneous tissue.
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;:5 TaBLE XVI: STUDIES OF THE URINARY EXCRETION OF GALLITM IN Max
':_i (Doses larger than 1 me.)
[
gET’-’— lr Dose : Per Cent Excreted of Initial Dose
—a t H
B o« S et Day
51, | Date| Diagmosis TN TN LT ME Mg/ | (in b he peods) Second  Third Fourth o
G | Ga™* kg Ga Kg. T oad  3rd Day Day Day
8/4 Multiple 8.8 0.16 0 1.0 3 2 3 3 2 13
8/7 myeloma | 8.4 0.13 88 1.4 3 2 3 4 2 14
8/10 . 8.0 0.14 103 1.9 2 3 3 3 2 2 19
8/14 10.0 0.17 0 1.0 3 2 3 3 2 2 19
8/18 8.7 0.16 68 1.2 3 3 2 3 3 18
8/21 9.4 0.17 73 1.4 3 6 3 S 1 1 21
8/25 I 9.0 0.16 86 1.4 5 2 8 8 2 23
8/28 8.0 0.14 43 0.8 11 3 3 19
8/31 14.9 0.27 33 1.0 3 6 1 6 2 18
9/5 12.3 0.23 39 0.7 11 3 3 3 22
g/11 49.9 0.92 166 3.1 10 6 3 2 23
147.4 2.51 821 14.9
- 8/28 | Multiple 20.0 0.34 107 1.8 19 4] 3 & 3 37
s 'V 8/31 myeloma : 40.0 0.69- 13 2.6 21 11 3 6 3 3 49
a2 9/3 P 52.7 0.91 184 3.2 23 6 3 6 38
== 9/7 | +#.7 0.77 173 3.0 | 25 11 2 6 3 1 48
=l 9/11 | 20.6 0.36 64 1.1 | Lessthan | per cent excreted by time of death
':"}_* —_— — — fifty-five hours post-injection
5 178.0 3.07 681 11.7
LN ,
& 18 | 9/5 | Myltiple 23.5 0.57 78 1.9 | 19 11 6 5 i1
f 8/7 myeloma 20.3 0.30 80 1.9 6 3 2 10 3 1 23
| 43.8 1.07 138 3.8 |
Ls 17 8/20 | Hodgkin's ! 20.0 0.34 107 1.8 29 3 1 4 2 1 42
= 8/31 disease 31.53 0.83 200 3.3 33 3 3 3 48
1.5 1.17 307 5.1
3/7 ! Osteogenic | 19.6 0.30 10 2.30| 37 3 6 5 2 53
8/10 +  sarcoma 28.6 0.44 250 3.85 42 8 3 2 1 38
8/14 | 30.0 0.80 250 3.85, 40 6 3 6 1 36
. 8/22 37.6 0.38 300 4.60 38 3 6 3 1 33
. 8/25 32.0 0.30 300 4.60 42 s 3 1 >
8/28 20.0 0.30 107 1.63 35 10 2 3 1 3 33
8/31 31.5 0.80 200 3.08 38 8 2 3 1 32
239.3 3.72 1,357 23.93
8 8/10 | Osteogenic 21.3 0.32 170 2.54 27 19 3 + 2 1 36
8/14 sarcoma 30.0 0.73 250 3.73 46 10 3 3 2 1 67
8/23 28.3 0.42 300 4.48 31 6 3 3 2 67
8/28 50.0 0.75 270 4.03 48 6 2 4 60
8/31 51.5 0.77 200 2.98 15 8 3 3 2 1 66
9/5 70.6 1.05 271 4.4 412 6 2 3 33
9/7 | 66.8 1.00 236 3.82 30 Lost 3 3 2 40
1 9/11 l 92.8 1.38 342 5.10: 37 6 3 3 33
' —— ]
| | 431.3 6.44 2,050 30.72 |
-12° | 8/14 | Osteogenic 20.0 0.30 100 1.30 34 10 3 11 1 2 63
8/25 sarcoma 20.0 0.30 190 2.64! 46 5 2 4 2 39
8/31 51.5 0.7 200 2.78 30 8 3 3 2 66
9/5 77.7 1.07 27 3.73 46 6 3 3 58
9/7 7.6 0.66 157 2.18 37 8 3 2 2 >
9/11 72.3 1.00 258 3.58 1 24 3 2 2 33
289.1 4.05 1,175 16.43 !
16 8/31 | Osteogenic 27.5 0.86 90 2.81, 37 3 2 47
8/5 sarcoma 52.0 1.62 8t 5.73! 34 3 3 10
z 9/7 46.3 1.45 179 5.59 ¢ 32 2 3 3 6 46
o e . .49.0 1.33 166 5.19| 30 3 33 C39
= 174.8 5.46 519 19.34 |
o
£ ‘ 559
§ ,
.
P
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From excretion data some gemeral con-
clusions may be drawn. Individual doses
ranged from about 1 me. (4.7 to 5.2 mg.) up
to about 77 mec.

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

2. 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.

3. In some patients there was a tend-

ency for much greater retention of metal, -

regardless of dose, than in other patients.

N arsHALL BRUCER AND OTHERS

October 1323

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 succeeding doses,

5. There was no evidence in the urine of
damage to the genitourinary tract due 1o -
the passage through the kidnmey of large
amounts of either metal or 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 X VI show urinary excre-
tion data for patients receiving about 1
mc. and larger doses, respectively.

VIO. 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 IN AUTOPSY
MEASUREMENTS

In Table XVII there is listed the dif-
ferential absorption ratio to heart of Ga'™ as
it was retained in patients coming to
autopsy. It is difficult to interpret these
autopsy data since many errors are cumu-
lative. The dosages and time of death
could not be planned. The tissues were
not perfused. The short half-life demanded
rapid measurement, and with many sam-
ples to be counted, some with very low
concentration, a simple measuring system
had to be used.

Only small pieces of organs were meas-
ured. When a number of samples from the
same organ were measured, the varation
from sample to sample was considerable.
This is not due to an error of measurement
but represents a true variation in deposi-
tion within the organ. In measuring any
of the gross autoradiograms of slices of tis-
sue, it is easy to see how two 0.5-gm. sam-
ples could be selected from adjacent areas
of the same tissue and give widely differ-
" ent results. In patient 010003, the Jowest"
and the highest tumor assays from samples
taken from the same metastasis read 13

10199563

and 254, different 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 of
most photographic exposure, variations by
a factor of 100 were demonstrated.

In a series of studies on adjacent sam-
ples taken from the femur, the areas were
selected after looking at a thin-slice auto-
radiogram of the bone. The following are
the measurements for 4 of 26 areas:

Corrected Counts

Area of Bone per minute
per gram

Cortical bone 2.8 X 108
Trabecular marrow 7.4 X 104
Epiphyseal line 1.5 X 10¢
Subperiosteum 7.4 X 108

These thin-slice autograms range from
2 to 5 mm. thick, which is large in terms of
the range of beta particles. When even
thinner slices are prepared, the variation
becomes more pronounced.”

Another major error follows from the fact
that all of these patients were in a rapidiy
developing terminal state. The distribu-
tion of the last dose of Ga’ may have little
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Differeatial Absorption Rato to Heart

110054 110061 110083 110073 110117 010023 010063 010013 010016 010041 110079 010049 110064

dose of
> Ca? (mc) 0.5 21.3 7.3 21.3 3.7 35.0 13.0 20.6 17.3 220 3.6 15.9 20.35
last dose
to desth bhour 1.3 3 3 [} 7 13 13 30 40 4+ 51 7 32
- Prostate Osteo  Prostate Ost Plasmo Osteo Osteo Flasmo Osteo Flasmo Breast Kidney Ewing's
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 0.1 4.0
3.4 3.7 3.7 3.8 3.2 1.7 2.9 1.3 1.0 2.0 1.7 3.3
g.6 1.3 Q.8 0.7 0 1 0.7 0.3 1.0 0.9 Q.8 0.0
1.7 0.8 1.0 0.6 0.2 1.0 0.0
1.3 3.1 3.2 11.3 8.5 8.8 §.9 9.2 20.0 4.9 T.2 48.0
0.2 1.1 2.1 0.1 2.3 3.3 16.0 4.7 3.0
Spieen Q.7 2.1 2.3 2.6 4.3 2.4 2.2 7. 3.9 7.0 4.4 3.4 13.35
Castrointestinal
G.9 37.3 3.6 2.3 2.7 3.6 7.0 1.9 1.7 1.1
d 1.1 18.7 3.9 82.1 227.3 15.1 30.2 6.2 26.7 25.0 39.35 16.2 32.3
Lymph pode 2.1 3.9 8.0 3.4 2.9 1.9 1.7 1.0 7.6 34.3
0.8 1.6 2.2 2.4 2.6 1.6 2.3 4.0 2.1 2.7 6.5
2.4 1.2 1.2 4.2 4.7
0.2 3.1 2.7 1.3 1.6 8 45.0 1.4 3.3
0.7 2 1.3 2 3.7 3.4 2.0 2.4 T 3.0 3 7.6 81.0
Testis of ovary T 1.8 1.7 1.4 1.8 7.2
0.1 0.1 0.1 0.7 0.2 1.0 0.3 BG
1.3 2.8 1.2 1.2 1.7 1.8 3.4 8.8
g.2 1.8 3.4 2.6 2.4 13.63% 2.8 .9 6.0 2.8 §.0 17.62
4 1 1.5 3.0 1.6 1.7 2.0 1.6 1.2 .2 3.0 3.1 - 6.4
Bonpe cortex 7 30.1 23.9 51.7 4.45 11,6 4.4 11.33 23.02 20.3 139.0
" Boune meduila 0.5 19.3 33.4 i3.6 6.4 37.8 22.5 5.23 27.3 24.03 16.1 9.4 $1.0
Booe, mixed Q.5 20.2 37.4 30.1 4.3 20.0 7.03 21.0 20.02 12.4 40.3
Bone cartilage 3.8 4.4 3.7 1.7 4.6 2.8 8.0 4.3 3.4 8.5
‘Tumor [ow 1.0 1.6 1.4 1.4 Q0.3 13.0 1.9 8.0 1.4 g.0
Tumor bigh 1.8 6.4 3.6 2.3 35.8 233.7 86.3 34.0 10.2 17.4
*~ Tumor in liver 0.4 2.4 2.0 1.5
* Uareliable count Osteo—Osteogenic sarcoma with pulmonary metastases.
Xy t The blank spaces indicate either an unreiiable count or vo Breast—Carcinoma of the breast with metastases to booe.
:‘:w_.‘ tissue was measured, Kidney-—Carcinoma of the kidney with metastases to boue.
g:ﬁ + Normal tissue mixed with tumor. Plasmo—D>Nlalignant plasmocytoma.
L‘f BG~—Background couat Ewing's—Ewiag's sarcoma.
f % Prostate—Carcinoma of the prostate with metastases to bone.
b
}zqf» or no relation to the distribution of the first TasLe XVIII: RELATIVE AMOUNT OF STABLE AND
a4 - . . - RADIOACTIVE GALLIUM IN TISSUES
'3 dose given weeks earlier. In patients No. (Normalized to Skin Concentration)
F$ 010023 and No. 010013 (Table XVIII), e
= the radiation measurements of the last No. 010023 No. 010013
-~ . Osteogenic Malignant
S dose can be compared'mth- mejasuremﬁ;nts Tissue Carcoma Plasmocytoma
= of the total accumulation of stable gallium Stable Stabie
) : in all doses. Ga' Ga Ga*  Ga
The concentration of stable gallium, %Lm TI.O T1-0 (l)-? Tl.O
although highly influenced by the last dose Liver 'FF To 21 150
In some organs, shows a different distribu- I}_iidney g-g ?-g %é (1).2
; _ T2 ung . . . .
tion than that expected from the Ga Tumor (least) 0.2 2] 1.0 06
tracer on the last dose. In tissues such as Tumor (most) 17.6 16,0 3.3 3.2

~skin and brain, where there seems to be an
early saturation deposit, the stable and liver shows a very high deposition in the
radioactive concentrations are the same. plasmocytoma case, very low in the sar-
In the kidney, the radioactive dose is in the coma case. These differences illustrate the

- excretion phase and is higher, as might be fact that all of the autopsy measurements
expected. The lung appears to accumulate ~are of an element in only the early part of
a significant amount of materal. The its metabolic distribution.

"\
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Only one autopsy case is presented in
detail, that of patient G. P. (010003).

A 14-vear-old white school girl fell in the autumn
of 1949 and scraped the skin of the left leg from the
ankle to kmee. After a few weeks, she noticed pain
and swelling over the left mid-thigh. Following a
diagnosis and a series of twelve x-ray treatments at
a local hospital, she was referred to the Bowman-
Gray School of Medicine in March 1950. There,
after a biopsy and diagnosis of osteogenic sclerosis
sarcoma, a disarticulation of her left leg was done
on April 1, 1950. She was discharged on April 13
in good condition. There were no signs of metas-

A ARSHALL BRUCER AxD OTHERS

October 1953

admission revealed extensive nodular lesions in boty
lung fields, with evidence of calcification in some
The left side was almost obliterated, but there was
an area of probable tumor with calcification just
over the diaphragm. -
Figure 18 shows, in summary form, the patient’s >
general course during the thirty-four days of hog. :
pitalization. As noted in the general progress notes,
there appeared to be a relatively steady and rapid -
decline after the fifteenth day. This is confirmed by
another estimate of general condition—the nurse’s
estimate of the patient's appetite. Following the -
fifteenth day there was a marked apathy toward -
food, with difficulty in eating, and on the twenty.

P S /

tases. fourth day a tube was inserted in the stomach and
T ST
GALLIUM CITRATE ‘ x lL
)
NARCOTIC | i —
DOSAGE l )
ESTIMATE OF -
PAIN -
TOTAL WHITE = == Tamra—. 1§ 5
CELL COUNT m
— - T e § Ty o .
THORACOCENTESIS ‘ \ ‘ l l \ :
RESPIRATORY z i ( ‘ ‘ ( ,
RATE e @ -
- L Ll
PULSE RATE SPLTTTE L TT |Ll IR}
bl I L — 1 1 RuBEN
-
TEMPERATURE o ’ l [ ‘
e
ESTIMATE OF = ' || | ‘ l |
APPETITE — L
ESTIMATE OF ol 1)) L LT l
GENERAL CONDITION |
' [ u n . » ;
DAYS OF HOSPITALIZATION

Fig. 18. Summary chart of Case XNo. 010003.

Onu May 7, 1930, the patient noticed a tight feeling
in the chest, which she described as a deep chest cold.
Readmission examination revealed pleural effusion
and metastatic lesions in both lungs. It was felt
that nothing further could be done with standard
therapy and that because of the rapidiy growing
lesions the patient was a logical candidate for experi-
mental therapy with radiogallium. She was there-
fore referred to the Medical Division of the Oak
Ridge Institute of Nuclear Studies at Oak Ridge.

.~...Gpon admission, the patient was in reasguably -
. good condition. Physical examination showed the:

" findings which would be expected in the presence of
rapidly growing pulmonary metastases and tilateral
pleural eflusion. Chest films obtained just prior to

forced feedings were instituted. Pain of increasinz
severity developed in the region of the left chest.
This was not a typically pleuritic sporadic pain but
was described as steady and annoying and seemed 10
be located especially in the posterior left chest wall.
There was tenderness to pressure over some areas.
The daily estimate of the amount of pain which the
patient seemed to experience is shown in Figure 18.
Along with this is a record of the narcotics used.
their kind, and the number of administrations. The
patient was first given codeine, which was replaced
by Demerol in increasing dosage. Morphine in 8-mg.
doses was started on the nineteenth hospital day and
changed to 6-mg. doses on the twentyv-ninth day.

About midway during hospitalization a mild
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TaBLE NIN: EXCRETION OF RADIOGALLIUM INTO PLETRAL FLUD COMPARED WITH LEVELS IN PLASMA

WITHEDRAWY SIMTLTANEOUSLY
Patient G.P. 010003: Osteogenic Sarcoma (Primary Removed) Metastatic to Lungs

e

1079866

Time of Volume Counts/min./ml. at “0” Time Approximate® pc./ml.

Withdrawal of Withdrawn X 10?2 X 10—

Pleural Fluid (ml.) Pleural Fluid Plasma Pleural Fluid Plasma
750 3,500 8 9,270 21

3 1,200 5 3,200 13

430 800 1 2,120 0.5
120 60 1 139 0.5
500 2,400 8 6,350 21
530 300 4 1,330 11
625 800 3 2,120 8

4 750 1,000 1 2,660 0.5

E_ * Measured 1.7 per cent beta counting efficiency.

= o .

g shortness of breath developed, and it was apparent over soft ussue in general. One area corresponding

iF that pleural fluid was collecting at an increasing rate. to the probably calcified tumor over the left dia-

g A thoracentesis was attempted on the seventeenth phragm showed almost twice the activity of any other

;"g bospital day. Only about 130 c.c. of fluid could be  area.

iz obtained. The ﬁu:d clotted promptly but incom- About six blood samples were taken after each

% pletely. The sediment ' showed many red cells dose for radioassay. The gallium’® curve for dis-

§ but no recognizable meoplastic cells. During the appearance from the blood stream followed an al-

§ pext few davs the patient became progressively most exponential form. Up to about 30 per cent of
= weaker and more dyspneic. On the twentieth the initial level was obtained in twenty-four hours:

i hospital day continuous nasal oxvgen therapy was to 20 per cent in forty-eight hours. After ninety-six

= siarted. Except for a few short periods in a tent, hours the amount was below efficient counting levels.

£ -al oxvgen was continued to death. Weakness All urine samples were assayed. Approximately

4 dvspnea were progressive. Pleural effusion de- 60 per cent of the total dose was excreted via the

~ veloped on the right side. Frequent thoracenteses kidneys. Of this amount, two-thirds was excreted

;  were attempted. The material withdrawn became . during the first eight hours following injection; nine-

= more viscous and, especially on the left, seemed tobe tenths the first day after injection. Aninsignificant

- pocketed in small thick-walled cavities. Because of proportion of the excreted gallium was found in the

- the rapidly increasing respiratory embarrassment feces. Attempts were made to study excretion in

i an attempt was made to discoive the fibrin material sweat and saliva, but the samples were at back-

©  with an enzyme preparation supplied by Lederle ground levels.

. Laboratories. This preparation contained Strepto- An interesting accumulation of gallium occurred in
kinase, 250,000 units, and Streptodormase, 200,000 the pleural fluid. In Table XIX, the pleural fluid
units. Two ampules were injected on the left side counting levels are compared with levels in the plas-
twenty-four hours apart. Beginning on the thirtieth ma withdrawn at about the same time. There
day of hospitalization, within forty-eight hours there <was a significantly greater amount of gallium re-
was a striking change in character of the pleural fluid. tained in the pleural fiuid thanp in the plasma.

It became possible to withdraw a large amount of Autopsy Report: The bodyv appeared exiremely

. hemorrhagic but free flowing fluid. Bevmning on emaciated. There was very little subcutaneous fat.

-  about the twentv-ninth dav the patient became There were no abnormalities in the head, neck,
increasingly moribund. She died early on the abdomen, and extremities. The left leg had been
thirty- -fourth day of hospitalization. remaved by a disarticulation amputation.

Radigtion Data: On the seventh day of hospitali- The right pleural cavity was almost obliterated by
2ation, a 9-me. dose of gallium citrate was injected extensive fibrous adhesions which were readily
mtravenously, preceded by a propbylactic dose of separated. The left pleural cavity contained a large

_ calcium gluconate. This was followed by 153 mec. on  quantity of turbid brown fiuid with many masses of

R the twenty-fourth day, 5.7 mec. on the twenty- fibrin-like material. The right lung was fully ex-

= seventh day, 7.4 mc. on the thirty-first day, and 13 panded but was studded with numerous flat tumor

45 me fifteen hours before death. - Radiation surveys nodules measuring up to 2 cm. in diameter. The

—é with a highty collimated counting system revealed  left lung was collapsed except in the upper third.

£ significant localized deposition of gallium in the The periphery of this upper third was formed by a

=- Pt epiphyseal regions and more activity over bone than thick layer of hard vellow tumor with multiple areas

=
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TABLE XXN: RADIOASSAY OF AUTOPSY SAMPLES.
Patent G.P., 010003

ACT/gm.* DARH? DARCB?

MISCELLANEOUS ORGANS

Thyroid

Pituitary

Right adreaal

Left adrenal

Right ovary

Left ovary

Breast

Uterus

Urinary bladder

Kidneys

Heart

Brain

Larynx

Trachea

Left lung

Right lung

Skeletal muscle

Skin

Spleen

Cervical lymph
node

Mediastinal lymph
node

Small bowel mes-

entery plus nodes

D1GEsSTIVE TRACT
Tongue
Salivary glands
Esophagus
Stomach
Jejunum
[leum
Cecum
Transverse colon
Rectum
Liver
Gallbladder
Pancreas
Bile

BoxEe

Sternum
Fifth left vertebra
Shaft of {emur

Trachanter of femur

Calvarium

Mandible

Distal metaphysis
of femur

Distal epiphysis of
femur

Distal epiphysis
line area, femur

Fatty marrow,
femur

Tooth (1st molar)

Articular cartilage,
distal femur

OSTEOGENIC METASTASES .

Left diaphragm

retropleural
Apex, left lung
Adjacent to left
ai

10169061

3,375 1.62
3,345 1.66
3,431 1.63
4,832 2'35
3,668 1.62
3,953 1,90
21575 124
3.213 134
8,383 428

27 X 10¢ 30.16
2,079 1.00
1,309 0.68
1,333 2,08
1487 216

2.7°% 104 13.00

3.24'% 100 15.58
2,332 1.12
3374 1.67
1,509 221
5,977 2.91
5,600 2.69
3,901 1.88
3,850 1.86
3092 1.49
5,397 2056
2688 1.29

1.08 X 10¢  5.19
8,072 3.88
5212 2.51
1872 2,95
3,119 1.50

1.8 %100 875
6,903 3.36
5,372 2,38
5111 2.6

2.21 X 10¢ 10.64

158 X 100 2232
9.113 138

2.69 x 10* 12.95

1.9 X 10 9.13

3.0 X 10¢ 14,44

2.99 X 10* 14.38

3.38 X 10* 16.26

6.5 % 10¢ 31.29
6,492 3.12°
9,719 1.68
3,330 .71

5.96 X 10¢  25.32

1.85 X 105" 89.24%

527 X 104 253068

1.84 X 105 88.56-

57 %100 13.00

1.24 X 100 5.96

~!
.

W W WLy

October {323

Upper lobe, right

lung 3.24 X 10¢ 13.38 3.5
Bouny nodule, right- .

lung 1.64 X 10* 78.83 18.wo
Bony nodule, right

lung 8.86 X 10¢ 42.62 9.73
Bony nodule, right

lung -1.41 X 10* 67.82 15.48
Bony area, left lung 2.85 X 10* 137.18 31.22
Lefr diaphragm 2.23 X 10* 107.26 24 39

* ACT/gm. Counts per minute per gram tisszz ¢, .
m./g.) with standard corrections,

{ DARH. Radoof c./m./g. tissue to c./m.-g. heang

$ DARCB. Rato of c./m./g. tissue to c¢..m. ;:
cortical bone (shaft of femur). o

of calcification. The lower two-thirds were com.
pletely collapsed and mostly replaced by firm tumer
with patchy areas of calcification. The diaphragm
on the left side was infiltrated with tumor. The
heart appeared normal.

Microscopically the tumor was characterized by
cells of the osteoblastic tvpe interspersed with much
osteoid tissue, There were patchy areas of caleitica-
tion.

The final pathologic diagnosis was osteogenic sar-
coma metastatic fo the lungs, primaryv in the left
femur.

In Table XX a detailed autopsy radio-
assay for this patient is presented. The
distribution 1s remarkably like that shown
in the rat. A few exceptions can be ex-
plained. The very high counts in the lung
are an artifact, since no reallv normal luny
was obtainable. Some tumor was present
even in the very small pieces. The very
high counts in the kidney samples can be
explained on the basis of the time of death
after the last dose. The patient died just
after the' height of the excretory phase.
There is some indirect evidence of excretion
through the liver into bile. The low count
in the stomach, high in the jejunum, and
decreasing down the intestine would suz-
gest the possibility of reabsorption but
probably indicates insufficient time for the
activity to progress down the gastrointesti-
nal tract. The patient was in a terminal
state and normal peristaltic movement
cannot be assumed. :

The wide variations in the bone and
tumor samples do not represent the degree
of variation which may have actually ex-
isted. These samples were taken without

" _reference to gross autoradiograms and may

have missed the areas of lowest and highest
deposition.

;,),;y-;y,l,:&.inu(, '
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Table X VII lists the differential absorp-
‘t  -atiosof various tissues as they are nor-
Tmalized to a heart value. This differential

.oﬂ-a-w: 4

é’—gbsorption ratio (H) value is the only valid

tive figure to use because of the

~ During the clinical studies on gallium™
'3 program of autoradiography was in the
* process of development. This was the first
© 1 Present address Y-12 Health Physics Depart-

ment, Carbide and Carbon Chemical Corporation, Oak
Ridge, Tenn.

RN
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Figs. 19-21. Patient H. D., No. 010016, 12.-ya_.r-c‘>l-d- female. Diagnosis: Osteogenic sarcoma, primary pres-
ent. (Detailed history given in Section VI.) For detailed legends, see following page.

1019908
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lated from the average number of micro-
curies per gram of tissue as estimated from
one to seven samples of similar tissues. The
radiation values were corrected back to a
“0” time, which was defined as the time of
administration of the last dose of Ga®® re-
ceived.

IX. Autoradiographic Studies

JOHN C. GALLIMORE, JR., M.S.,* GEORGE A. BOYD, M.S,, GOULD A, ANDREWS, M.D,,
and MARSHALL BRUCER, M.D.

group of patients on whom the Medical
Division staff had prepared autoradio-
grams, and the methods were undergoing
change during the course of the study.
Consequently, there is a great deal of
variabilitv in the technic used and the re-
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Patient H. D., No. 010016 (see also preceding page).

Fig. 19. Photograph of a gross specimen prepared after a high thigh amputation had been performed.. Theleg..:
was frozen in dry ice and cut with 2 band saw. The specimen is a longitudinal section of the foot 2 mm. thick., .
N: neopla::n or abnormality. The pliofilm which is used to separate the specimen from the film is apparent in the
photograp : . soe T L.

Fig. 20. Roentgenogram of the specimen, showing the normal bone detail in a thin section of the foor.! "~ = ¢

Fig. 21. Autoradiogram prepared from the specimen shown in Fig. 20. The patient was given 22 mc. of Ga**
forty-eight hours before operation. The autoradiogram was exposed for twelve hours. It shows the normal dis-
tribution of gallium in bope. There is a2 prominent co
metatarsal

ocentration at the epiphyseal line at thé'.uppgz:‘ en£1 of the,
Fig.22. Photograph showing a section thr:augh“the thxgh. “This shows the osteogenic sarcoma involving the o
fermur.
For legends of Figs. 2326, see opposite page.” - - " -
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"'sults are not as suitable for a comparative

ig- ‘vsis as they might otherwise have

e -methods for improving the useful-
“of gross autoradiograms are apparent
£ {are now being developed. One of these
be establishment of quantitative data
{%55 that, on the basis of the autoradiogram, =
5t will be possible to determine the amount
“Tal:the isotope in a given small volume of
Ziscue.  The other improvement is a better
S orrelation of the histologic changes with
$the autoradiographic findings.
%g‘o‘fw":? spite of the limitations of these
Fstudies, they have contributed information
“not obtainable by other methods in the gal-
“Hum study. They have shown in detail the
-distribution of gallium in some situations
-in which routine tissue assay methods are
“not sufficiently discriminating. They have : .
“served to emphasize the extremely uneven

distribution of gallium in neoplastic metas- l

1)

o)

5

- ltases.

. The autograms were prepared from 27 t
specimens of tissue a few millimeters thick. ‘, .

Many of these were frozen in dry ice before g 57 pagient H. D, No. 010016, See also
¢ 1g. They were cut by several meth- Figures 19-26. Autoradiogram prepared from the

: group of pulmonary metastases shown in Figs. 23 and
ous.  Most of the bone specumens were cut 26. Thepatient had received 17.3 me. of galliurn’ about

with a band saw. The exposure was made twodays before death. Comparison with the roentgen-
> - v . ogram shows that the gallium distribution parallels

on Kodak x-ray, no-screen film; a she.et of Clcification toa striking degree.

pliofilm was used to separate the tissue :

from the film. specimens, roentgenograms of these speci-
Figures 1949 show photographs of gross — mens, and the autoradiograms.

Patient H. D, No. 010016.
nefiﬁm. Roentgenogram of the specimen shown in Fig. 22, showing the striking abnormal bone formation by the
plasm, . s : -

Fig. 24. Autoradiogram, exposed for twelve hours, and therefore comparable quantitatively with the one of
the foot from the same patient (Fig. 21). Itis apparent that there is 2 heavy concentration of gallium in the neo-
plasm and that the concentration seems largely related to calcification in the tumor. Remnants of the normal
cortex of the femur show very little gallium uptake, as is usual in normal bone. The usual periosteal and endosteal
uptake is absent because of the presence of neoplasm. . : e - s

Patient was subsequently treated with radicactive gailium and died several months later. e
. Fig. 25 shows 2 group of pulmonary metastases which had been separated from the lung parenchyma and ar-
- T2aged for section and autoradiogram.
= Fig. 26 is a roentgenogram of these metastases. In many of them calcification is prominent.-

10799710



i LIS (PR S 1 | GO A I

TR

b
RLVE B

ik

"

dejeaf!

e

1
P

Y
[}

.

28

Figs. 28-30. Patient D. A. (No. 010023), 17-year-old male.
Fig. 8.

Diagnosis: Osteogenic sarcoma. :
Photograph of fernur obtained at autopsy, after a course of gallium treatment.

It does not contain ’
any neoplasm. The patient had pulmonary metastases from a previousy amputated primary lesion of the opposite
femmur. He had a striking pulmonary ostecarthropathy believed to be associated with the metastases.

Fig.29. Roentgenogram of specimen in Fig.28. Periosteal reaction with new bone formation is quite appurcent.
Fig. 30. Autoradiogram from the same specimen. This patient had received 36.0 mec. of Ga’™® approximately

two days before death. The autoradiogram was exposed for twelve hours. There is a striking concentration of
gallium associated with the periosteal proliferation.
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For legéx;&& see top opposite page.
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L5 pigs. 31-34.  Patent ML L. H. (No.010041), 37-year-
?’y wale. Diagoosis:  DMalignant plasmocytoma.
fiD Jter a dose of gallium had been given for excretion

%y 31 Photographshowing the upper end of a femur
|-the bead of the femur which were broken during

y in spite of care in manipulation. It is appar-
%Tﬂ!‘the upper end of the femur is extensively

I

'i ved by the plasmocytoma.
= 22% Roentgenogram of specimen shown in Fig.

35T g 33. Autoradiogram from same specimen.  The
Tt had received 23 mc. of Ga’? approximately two
2. half days before death. The exposure was for
“tweaty hours. There is a2 very distinct concentration
’of the gallium related to the lesion. It appears that the
‘ concrurtration is greatest at the edge of the tumor,
* wrisere there is coatact with residual pormal bone.
5 1. 34. Roentgenogram of skuil, revealing destruc-

LXN N

%

Fig. 35. Autoradiograms from the patient shown in Figs. 31-34. This is re-
produced chiedy for the skull lesion, which appears in the form of a rectangular
specmen at the left.  This was a characteristic “*punched out’ lesion of malignant
plasmocytoma in the siujl. A section of bone was cut so as to include the lesion. -
The center coasisted of well preserved malignant plasmocyde cells. ‘It is appar-
ent that the gallium concentrated at the periphery of the lesion, where normal
bone was inyol\'ed. This specimen was also exposed for twenty hours.

BT
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Fig. 36-38. Patient J. F. (No. 010049), 51-year-old male.
metastases to bone. This patient had destructive bone metastases and died during a course of gallium treatmens.

Fig. 36. Photograph of gross specimens imbedded in plaster for autoradiography. It shows a rib with an ex.
teasive destructive lesion and a section of spine, with a vertebral body invaded by neoplasm.

Fig. 37. Roentgenogram of specimens shown in Fig. 36. The left specimen has been inverted so that it isa
mirror image of the one shown on the preceding photograph. The bone destruction caused by neoplasm and some
hypertrophic lipping of the vertebral bodies are showu.

Fig. 38. Autoradiogram prepared from the same specimens. The patient had received 15.8 me. of gallium
about three days before death. The autograms were exposed for four days. The section of vertebral bodies is oa
the left and the section of rib on the right. The section of rib is in the same position as on the photograph and is
opposite to its position shown in the roentgenogram. The rib shows only a few scattered spots of radicactivity.
The vertebral body shows a distinct concentration of the gallium in the area involved by neoplasm.

Diagnosis: Adenocarcinoma of right kidney with

40

Figs. 39 and 40. Photograph and autoradiogram of
Kidney of patient shown in Figs. 36-38.

Fig. 39. Kidney containing primary lesion. The
more uniform appearing tissue is residual normal kid-

f—lﬁi\“’l“ﬁfl}iw K

[20"
Y

i

e

ney.

Fig. 40. The small amount of gallium present is

almost exclusively in the normal kidney and is absent
in the neoplasm.

Fig. 41. Patient B. D. (No. 110061), lﬁ-ymjold
male. Diagnosis: Osteogenic sarcoma. This pauent
received 21 me. of gallium approximately two days be-
fore death. The above autogram is made from a sec-

tion of normal kidney. It was exposed for three hours.
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gs. 42—4+4.  Patient B. D. (No. 110061), with osteogenic sarcoma.
42. Photograph showing gross specimen of ribs and sbaft of fernur mounted in plaster for autogram prep-

~ Fig. 43. Roentgenograms of specimen showing bone detail.
- Fig. 44. Gross autogram. Exposure was for three hours. There is 2 striling concentration of gallium in the
josteum of the ribs., The femur shows a delicate pattern of gallium along the endosteum, periosteum, and

Figs. 4547. Patient F. T. (No. 110073), 13-year-old male. Diagnosis: Osteogenic sarcoma; lung metastases;
promary present. N :

Fig. 43. Photograph of the gross specimen obtained at amputation. The pliofilm covering is visible. Many
‘::55 autograms were prepared from this patient but the ane presented here is shown to indicate normal bone de-

Fig. 46. Roentgenogram of the specimen shown in Fig. 43.

Fig. 47. Autoradiogram from specimen shown in Figs. 45 and 46. The patient had been given 20.4 me. of
gallium forty-eight hours before amputation. The exposure was for six hours. This shows the concentration
of gallium at the epiphysis in 2 young patient.

F019974
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Figs. 48 and 49. Patient A. A. (No. 110117), 36-year-old female. Diagnosis: Malignant plasmocytoma.

Fig.48. Gross photograph showing section of liver prepared for autoradiography.

Fig. 49. Autoradiogram prepared from the liver slice shown in Fig. 48. The patient had received 5 7 me. of
gallium five and a half hours before death. Exposure was approximately nineteen hours. There is a rather unj-
form distribution of gallium in the lver.

X. Preliminary Data on Gallium¢
H. D. BRUNER, M.D., RAYMOND L, HAYES, PH.D., and JESSE D. PERKINSON, JR., PH.D.

These studies on Ga® were carried out in
the belief that the metal’s bone-seeking
properties had not been fully exploited by
the low specific activity Ga’ available 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 radija-

. 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 could be admin-
istered.

All these very important practical objec-
tions apparently could be circumvented by
use of Ga¥, provided it behaved like Ga’™
in the body. The following basic experi-
ments were designed to check this point,
using for comparison the data reported in
Section V of this serjes.

1. PHYSICAL DATA

Ga¥ is prepared by a (p, 2n) reaction
with very high purity zinc in a 25-mev
cyclotron. Except for Ga®, all of the gal-

10149910

lium radioisotopes also formed are rela-
tively short-lived, so that after ninety-
six hours, with a loss of slightly more
than half the original Ga% content, the
target drops to a radiation level reason-
ably safe for processing. The extraction of
gallium by isopropyl! ether from 7 N HCl 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. Actually, there must have,

been present some stable gallium which
originated from impurities in the target
and from subsidiary nuclear reactions giv-
ing chiefly Ga®. Since 1 me. of Ga®

weighs 1.67 X 107° gm., the total gallium -

content of the solutions was between 2 X

1077 and 2 X 10~® gm. per milliliter.

* The partial decay schemes of Ga® stated

"in source books (27) were inadequate for
. calculating ' the probable tissue radiation

dose:- This necessary datum was provided

by Doctors A. R. Brosi and B. H. Ketelle ™
of the Chemistry Division of the Oak Ridge

g
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¥\ ational Laboratory, who carried out
g = ﬁg’mal studies upon our request. ’I‘hey
ave suggested the decay scheme shown in
50, usmv portions of three of the

B eriments reported below. The scheme
Yond ~values are provisional and subject to
rmodification on pubhcatlon of the complete
%E Fiata, but such revision will be minor and
B§ Fwill not significantly change the values in
1 'report. It will be noted that there is

; ,fper cent of cases For dosage purposes,
is the equlvalent per dzsmtegratwn of

.'matlc mtemil conversion electrons having
=a range of 0.13 mm. Thus, some of the
1cuergy of disintegration is expressed as
“electrons of high specific ionization and
. very short range.

1 The remaining gamma rays are thera-
4 neutically undesirable in that they give
F  ise to a cross-fire effect on distant tissues

which amounts to whole-body irradiation.
Nevertheless, the inverse-square law favors
the deposition of energy in the immediate
vicinity of a local concentration of such a
gamma-ray-emitting isotope.

The half-lives of these four samples of
Ga®* as determined by a liquid counting
system and a bismuth-wall gamma-counter
tube was 3.24 days and ranged between
3.17 and 3.2S days (76.1 to 78.7 hours) by
least-squares computation. This contrasts
with values of 83 hours observed by Dudley
.(18) in samples of Ga¥ produced by (d, =)
and extracted differently. The half-lives

N j‘ﬂiﬂ.ll““.\ Y m‘vg‘t\i;:q.,‘“;gﬂ;,’,}ggyﬁ}.gw#j

1
i

'; W&SS‘M" :

refined instruments.. correspond to - the
seventy-eight-hour half-life. In this report,
the 3.24-day half-life and 4.67-day (112.1
_ hours) mean-life will be used.
.-~ Using . the formulatlons of Mannelh
- Quimby, and’ ‘Hine (3) and the above decay .
£ data, the radiation doses given in Table
; X'XI were calculated on the basis of the

PrRELDMINARY DaTta oN GaLrrou®

| 40% internai

obtained by Brosi and Ketelle with their
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3;GALLIU (3.240)

VAR AV

VA A4

/K /K /K /K (8.6kev)
/29% /47 %/24%/ 0.1%
/ /7S

Conversion of -/ / /
0.094 mev y /7 /7

0.800 mevr

0.180

A simplified decay scheme of Ga® with a
half-life of 3.24 days.

Fig. 30.

TaBLE XXI: RabpiatioN Dosace COMPUTED FOR 1

MicrocURIE OF Ga® or Ga’* CoMpPLETELY DECAYING

1IN 1 Gray oF TISSUE LOCATED AT THE CENTER OF THE
THEORETICAL CYLINDER OF THE Bopv (4)

Total Beta Gamma

Roent- Com- Com-

gens ponent ponent

Ga¥ Man 28.97 9.33 19.+4
(T'/: = 3.24days) Rat 14.47 9.33 1.94
Ga’? Man 79.00 20.60 38.40
(T'/s = 143 hr.) Rat 35.05 20.60 14.45-

roentgens or rep arising from the complete
disintegration of .1 mec. in 1 gm. of tissue.
The analogous data for Ga’ are added for
comparison.

The I gamma value weighted for the fre-
quency and energy of the various gamma-
ray components was computed as 0.973
r/me.-hr.at 1 cm.; thisis 11 per cent of the
8.4 r/mec.-hr. for radium.

2. DISTRIBUTIO\I OF CARRIER-FREE Ga®
©7 IN THE RAT

Procedure: Thirty-two male white rats
weighing 240 = 30 gm. received carrier-
. free Ga¥ by the intravenous route. This
_solution “contained 0.13 mg. of citric adid
per milhhter to insure complexing and was
adjusted to pH 7.4. The original Ga¥ solu-
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TaBLE XXII: DisTRIBUTION oF Ga% IN SELECTED ORGANS OF RATS AT VARIOUS TIMES APTER INTRAVENOLY
ADMINISTRATION OF THE CARRIER-FREE Ga¥% Crnp.rs CoMPLEX
—_—
Day sacrificed 1 3 5 10 15 20 .
Number of rats 6 6 6 3 S 4 B
—_—— -~
Estimated cumulative dose -3
in roentgens 0.22-1.08 | 0.80-2.14 | 1.85-8.10 | 11.12-18.25 | 53.20~144.0 | 165.0-28¢ ¢ =
A. Per cent retained 78.6 65.6 60.7 52.5 48.3 43.1 3:
Per cent excreted 21.4 34.4 39.3 47.5 51.7 3.9 ¥
Fraction in: -
Urine 0.70 0.35 0.52 0.49 0.49 0.48
Feces 0.30 0.45 0.48 0.51 0.51 0.32 .
B. Total organ content in -
per cent of original
dose
Blood plasma 1.56 0.35 0.21 0.10 0.08 0.15
Blood cells 0.15 0.18 0.08 * = .
Liver 21.39 13.97 12.40 4.28 2.78 2.87
Spleen 1.27 1.17 1.19 0.99 0.87 1.3
Kidney 0.89 0.89 0.77 0.66 0.36 0.63
Heart 0.07 0.07 0.07 0.06 0.05 0.05
Femur 1.21 1.12 1.01 0.72 0.91 1.03
Skeietont 26.25 ;. 26.07 25.32 16.19 21.79 23.44
Remainder 25.13 i 21.63 19.67 29.45 21.23 15.69

* Negligible.
t Calculated as 7.06 per cent of the body weight times

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 Ga® as those sacrified on
the twentieth day. Thus, all animals re-
ceived identical injections except for the
content of Ga®, 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

nembutalized, viviperfused with 200 ml. of
saline, and the tissue was analyzed for Ga%
after being digested with HNO;. A bis-
muth-wall Geiger-Miller tube mounted
vertically in a lead shield counted the
gamma rays according to the method de-
scribed . by. Marinelli (28). The samples

. were.counted to obtain a standard devia-
tion of 2 per cent or less, or 5 per cent or

. less when the net count was very low, 1.e.,

. less than twice background..- In other re-

._spects, the expenmental procedu.res were -
..as. de_scnbed in- Sections ITI.and V of this

“series, except.that the prophylactlc dose of

ca.lcnum was omitted. e
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the activity per gram of femur.

Results: At the top of Table XXII are
shown the numbers of animals and the esti-
mated minimum and maximum whole-
body radiation doses accumulated at time
of sacrifice. Below, in order, are: (A) The
average cumulative percentage of the total
dose which was excreted or retained und
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 at the top of the table.
The standard deviations, corrected for the
small samples, ranged between 10 and 30
per cent of their respective means in most_
cases, but the liver and blood-cell fractions
in some instances had standard devxatlons
as much as 50 per cent of their means. In-
contrast, those for the femur were: regularl Vi
about 10 per cent, except for the ten-day o
animals, 2 of which~ unaccountably* ga\'e‘*
dJstmctly lower values to break an- other
wise smooth trend. On the whole, hov:
ever, these means represented’ the- centml*uw'
tendency reasonably well.
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1=~ The data in Table XXII show that the
P fiver lost most of its initial Ga® content,
while the bone and sixteen other organs
<ome. not shown in the table) retained
ost of their initial uptake during the
ty-day period. The continued pres-
ce of small amounts of Ga® in the plasma
ests “that plasma was acting as-a
port-equilibration agent, as it does for

-
g9

ined at each- interval is expressed in
prable XXIII in terms of Marinelli’s dif-
erential absorption ratio (3), which is
mputed as:

Activity per gram of tissue
Total retained activity4+ body weight

—

-This ratio permits inter-comparison of the
elative Ga®} concentrations in the various
tissues of thé different groups of animals by
normalizing initial dose, body weight, ex-
- cretion, and variations of organ weights.
During the first half-life of Ga¥, the first
three days after injection, the liver, spleen,
- and femur showed approximately equal
~ -etention at a level about three times
‘pigher than the next tissue, the kidney.
After the third day, the spleen had the
highest relative concentration, not because
it picked up additional amounts, but be-
cause it lost relatively less than the other

=¥y Taste XXIII: AvERaGES OF THE DIFFERENTIAL
£% AsBsorrriON RATIOS OF TISSUES OF RATS SACRIFICED
&2 AT THE INDICATED TrMES AFTER INTRAVENOUS AD-

E_% MINISTRATION OF CARRIER-FREE GA® CITRATE COMPLEX
§ Day of sacrifice | 1 3 3 10 1 15 20
ir_;’: Number of rats 6 6 6 3 3 4+
% Liver 7.1{58|35]|24{1.7] 1.8
= Spleen 5.116.9(8.1{8.5180]10.3
~-- Kidoey 1.3|1.7)1.5(1.5]1.3] 1.8
Heart 0.3/0.3]0.3/0.3|0.3] 0.4
Lung 0.9}0.7]08|2.1]0.8] 1.7
Lymph nodes 1.411.611.811.8({291{ 1.4
Blood plasma | 0.7]0.2|0.1]0.1)0.1] 0.1
Blood cells 0.1{0.1]0.1{ * * *
Skeletal muscle { 0.3 { 0.2 0.210.5/0.5| 1.0
Skin 0.4/0.310.3|0.3/03| 0.4
Teeth 2.8,4.4/4.9(6.5/6.3] 8.2
Mandible 40{350(+814.7163| 7.4
Ca.lﬂ.rmm' - [2312813.112.6]4.1| 4.2
Femur 1475615944165 7.4
. Shait < |135.0([6.116.214.4]73| 7.7
Epiphyses 43|4.9|5414.5|56} 7.1

* See footnote to Table XXII. -
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Fig. 31. The total and urinary excretion of Ga®
during the first five days after injection of the carrier-
free Ga¥ stabilized at pH 7.4 with 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 was
associated with size of dose and total radiation re-
ceived (Table XXII). The mean 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 low 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 0.735 the spleen value. Of the several
types of osseous tissue analyzed, the incisor
teeth, including the pulpy roots, gave the
highest values, followed closely bv the
shaft of the femur. Sixteen additional tis-
sues (most are omitted from the table)
showed differential absorption ratios of 1.0
or 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 following injection was
2.5 times that in the feces, but thereafter
the feces contained 1.5 to 3.0 times as
much activity as the urine per daily collec-
tion period (Fig. 51). Forty per cent of

.
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the total dose was excreted by the fifth day
and 37 per cent (range 51.9 to 67.3 per
cent) by the twentieth day. The average
30 per cent excretion point, the biological
half-life (3), occurred on the thirteenth day.
The separate average excretion patterns
for the various groups 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,

H. D. BRUNER, RavymoxD L. Haves, axp Jesse D. PEREINSON, JR.

October 1953

ferential absorption ratio of the femur was
about four times greater than that of the
liver, the next most active tissue at twenty-
four hours (3.3 hours beyond the mean-life =2
of Ga’®). At ninety-six hours, the femur
was twelve to fourteen times more active
than the spleen; during that time the Liver
had lost much of its gallium, while the
femur and spleen had not. The cumulative
excretion over ninety-six hours totaled
76 per cent, with the urine contributing 8.5 :

iy
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Fig.52. Histogram of the data of Table XXV, showing the relation 7
of the differential absorption ratio to dose level of carrier gallium i
in milligrams per kilogram. The metal was injected intravenously =

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 sacrificed at twenty-four hours,
but the excretion patterns of the two were
similar.

Discussion: These results differed sig-
nificantly from those in Section V, which

dealt with the distribution of Ga’*-labeled

gallium citrate administered at the mg./kg.
dose level. In those experiments, the dif-
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five days previously as the citrate complex. The two control groups
received calcium plus tracer Ga%, and calcium plus tracer Ga®
plus Na citrate in the amounts used at the 23 mg./kg. dose level.

il 1

times as much as the feces. Also, at this &
mg./kg. level of carrier gallium, a fifty-fold =&
variation in dose of metal produced signifi- ¥:
cant differences in the total amount ex- 3¢
creted during the first twenty-four hours
and in the urine/feces ratio. The above
carrier-free results, therefore, differed in: =
(a) percentage of the dose excreted, (b) o
the pattern of excretion, (c) the absence of E—g
changes in excretion pattern when the
concentration of metal was varied moOreZ%

R
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TastE NXXIV: DiISTRIBUTION OF GALLITM IN THE ORGANS OF RATS SACRIFICED FrvE DAvs AFTER [NTRAVENOUS
ADMINISTRATION OF INCREASING DoSES OF CARRIER GaLLIoM CITRATE COMPLEX TRACED BY Ga®
o= = = - - Ca Ca + Cit
3 . Dse in mg. Gaskg. 0.00 0.0025 | 0.025 0.25 2.5 25.0 | Control | Control
¢ Ngmber of rats 1 4 4 1 4 4 4 4
g 'A.. Per cent retained 56.1 59.2 39.7 47.9 31.1 18.5 62.0 57.4
E . _Per cent excreted 43.9 40.8 40.3 52.1 68.9 81.5 38.0 42.6
LT Fncﬁonm
#2 0.51 0.49 0.32 0.67 0.81 0.91 0.33 0.35
5 0.49 0.31 0.48 0.33 0.19 0.09 0.47 0.45
.Total organ content
< in per cent of orig-
inal dose

.' "Bbod plasma 0.16 0.24 0.18 0.25 0.15 0.07 0.23 0.22
¥ L Blood cells 0.07 0.07 0.05 0.06 * - 0.07 0.03
o0 ] iver 5.81 6.52 6.37 5.88 1.83 0.98 6.64 6.09
;- 1.66 1.46 0.85 1.00 0.31 0.13 1.10 1.86
§X 2 Xidoey 0.92 0.95 0.81 0.83 0.38 0.19 1.10 0.83
Shaa Heart 0.06 0.07 0.06 0.03 * . 0.07 0.06
=T Skeletont 21.57 23.19 23.63 21.38 21.63 15.7 22.14 20:07

_"_ Remainder 25.88 26.7 27.71 18.19 6.78 1.41 30.66 28.23

f'-z:.:--

.‘- absorption ratios of femur, liver, spleen,
¥'and other organs to one another.

:§ === Because of the following additional vari-
1§ ables, it cannot be assumed that the pres-
d .‘c_nce or absence of carrier gallium was solely
. (1) Ga®
Bowas used for the carrier-free expenment
o ¥ Yereas Ga'? acted as the ‘‘tracer”” for the
% able Ga* "', which was unavoidably
s mixed with Ga’®. The conventional as-
;sumption is that body mechanisms cannot
__disting'uish between the isotopes of ele-

S data to the contrary, it should be regarded
£¥- solely as an assumption. (2) The associ-
;&= ated radiation doses differed both as to
é total amount, timing, and, in consequence
- of the different differential absorptions, the
distribution over the body. (3) In the car-
$t rer-free experiments, the total amount of
32 ctrate injected was approximately 10
> k8- and was not preceded by calcium.

&= The following expenment therefore, was
;pla.nned in order to minimize or control
 these variables while bringing together the
f3= Preceding experiments wlnch had dealt

E with the extremes of carrier dosage.

.
\
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stable Ga* !, which was varied by a factor
of 10 over 5 orders of magnitude, holdiny
constant the mol ratio of gallium to citrate
to calcium ions and the total volume of
injections.

Procedure: Thirty-two male white rats
weighing 250 = 20 gm. were divided at
random into eight groups of 4 amimals
each. For each rat a constant amount of
carrier-free Ga® was taken, to which was
added carrier Ga® ! 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 0.0023, 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 vig the tail
vein, as described in detail in Section IV.
The mol ratios of gallium to citrate 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 effects of the
calcdium or the caldum-plus-citrate injec-
tions. One group of 4 rats received calcdum
gluconate followed by carrier-free Ga® and
saline in the amounts used at the 25 mg./
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Taste XXV: AVERAGES OF THE DIFFERENTIAL ABSORPTION RATIOS OF TISSTES oF WHITE RaTs Sacrrricep
Frve DAYS AFTER INTRAVENOUS ADMINISTRATION OF INCREASING AMOUNTS OF CARRIER GavLrroM CrTRATE TRACED

BY Ga¥ .
. < = = = = Ca Ca + Cit
Dose in mg. Ga/kg. 0.00 | 0.00251} 0.025 0.23 2.5 25.0 Control Contral
Plasma 0.08 0.12 0.09 0.14 0.13 0.09 0.20 0.10
Blood cells 0.03 0.03 0.02 0.04 0.02 0.02 0.04 0.02 -
Liver 3.06 3.08 2.76 3.21 1.61 1.40 2.83 3.17 2
Spleen 7.91 9.03 6.66 6.01 3.29 2.17 4.29 9.21 2
Kidney 2.10 | 1.94 | 1.60 | 1.94 | 1.31 1.33 1.98 1.67 :
Heart 0.30 0.33 0.28 0.27 0.15 0.11 0.31 0.27
Femur 545 | 5.35 | 5.3¢ | 6.39 | 9.89 | 12.42. 5.06 5.13
Remainder 0.88 0.86 0.85 0.86 0.92 0.91 0.85 0.87 .
(oL patterns of gallium in the carrier-free and &
“FOWR  low-dose groups (Tables XXIV and XXV) - §
matched the analogous data for rats killed ¥
at five days in the preceding experiment %
Lokg (Tables XXII and XXIII). On the other £
hand, the results for the 2.5 and 25 mg. kg. -3
. - s
groups agreed with the four-day data of the 3
3 Ga' tracer experiments described in Sec- %
- - . . 2
= 1073 tion V. Thus, the metabolic processes of %
£ . - T
2 , the rat apparently were not able to dis- &
£ /x tinguish between Ga® and Ga’® and, hence, %
‘E between Ga® and Ga'!, the stable isotopes. %
£i0F An isotope effect did not appear in these %
5 experiments. =
The distribution of gallium seems not to ™
have been affected by differences in the i
o2 r radiation emitted by these two isotopes.
The differences were both in the absolute
radiation dose, as shown in Table XXI,and "3
in the rate of delivery of the dose to tissues —g
IO-S 1 1 2 L . : 1 i 1 d Sh“’ts -
0025 055 25 >3 >3 due to the dlﬁerence:s in hal‘f life an ?
o about the body relative to time. Thus. the i
) £e9 Dove mam Gollum 7 kg of ooy Wi five-day cumulative whole-body dose for
Fig. 33. The log of the absolute milligrams of gal. the Ga’ rats was estimated to be about 51 *E
liumn retained per gram of spieen, fernur, and liver was b

plotted against the log of the dose in mg./kg. of body
weight.

kg. dose level of carrier gallium. The other
received calcdium gluconate followed by
carrier-free Ga® plus sodium citrate ad-
justed to pH 7.4 and saline in amounts used
for the 23 mg./kg. dose level. All animals
were sacrified 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 were comparable to the
others of the series in all other respects.
Results: . The distribution and excretion
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received more or less exponentially over the
five days, whereas, the 25 mg.-kg. Ga’’
rats received about 80 r exponentially over
the first day. E

With one exception, the data of the two =3
control groups coincided closely with the =¥
corresponding carrier-free and low-carmer-
dose groups (Tables XXIV and XXV and
Fig. 52). The exception, the spleen of the
calcium control, was the result of one :
anomalous low value. Otherwise, the data :
indicate that the calcium alone, or the 3
caldum plus citrate, did not significantly =3
influence the distribution of the element. ¥
On the other hand, because calcum and(__‘

i
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dtrate are present in blood and ussues, a
e  zood experimental control cannot be
obtained until another salt satisfactory for
fiiravenous injection is found. Thus, it
cannot be absolutely denied that calcium
ozicalcum plus citrate was necessary for
‘tas observed changes. Nevertheless, the
abrupt shift within a continuous series
yrxch was designed on constant mol pro-
;amon procedures, identified gallium as
the important variable.
E?_“Figure 52, prepared from the data of
Siable XXV, shows that a change in the
Telative distribution of Ga% occurred when
1X&e amount of carrier Ga®’! exceeded the
0235 mg./kg. level. Above this dose, the
five-day differential absorption ratio of the
“fernur sharply increased. At the same time
‘that of the spleen and liver, and to a lesser
extent that of the lung, heart, and lymph
Todes, decreased sigmificantly. Thus, the
relative concentration of gallium was higher
“in the spleen than in the femur at low car-
‘rier doses, but this relation was inverted
at the high levels. The point of inversion
was between 0.25 and 2.5 mg. of gallium
pe  ‘ogram.

Figure 33 and Table XXIV indicate that
this differential in favor of the femur was
not due to the bone retaining a relatively
larger fraction of the higher doses of gal-
lium; instead, the other organs retained
less. By plotting the log of the absolute
milligrams of gallium retained per gram of a
tissue against the log of the dose in milli-
grams per kilogram of body weight, linear
relationships were obtained. These reten-
tion curves for the spleen and liver were
mflected at the 0.25 mg.,/kg. dose and, in
so far as three points warrant, the slopes
were essentially linear both below and
sbove the point of inflection. The reten-
uon by the femur, on the other hand,
Was essentially linear over five orders of
magnitude on both axes: however, the
somewnat lower value for the femur at the

- 25 mg./kg. dose suggests that this tissue,
1100, was beginning to shade of. Such
;lmear relationships correspond to the
§MLﬂa Y = ¢-X?, butin view of the small
gﬂlmbe.rs of animals no attempt was made

A
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/
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Fig. 4. The jog of the absolute milligrams of gal-

llum per kilogram excreted in the urine or feces, and
the total excretion, was plotted against the log of the
dose of galilum in milligrams per kilogram of body
weight. The urine to feces rauo at the various dose
leveis is given across the top.

to obtain the numerical values of the con-
stants ¢ and b.

The excretory pattern altered as the
dose of carrier gallium increased. As
shown in Table XXIV and at the top of
Figure 54, the urine and feces contributed
about equally to the five-day total excre-
tion at doses of carrier between 0.00 and
0.25 mg./kg. Above this level the urine/-
feces ratio increased, finally reaching 10.5
at the 25 mg./kg. dose. In all instances,
the bulk of the urinary excretion occurred
during the first twenty-four hours after
injection; thereafter, the feces carried as
much or more gallium than the urine per
twenty-four-hour collection period. Figure
5+, which is a log-log plot of the absolute
amount of gallium in the urine and feces
relative to dose of carrier, makes it clear
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that this seeming predominance of the
urinary route was the result of decreased
fecal excretion. Urinary excretion pro-
ceeded linearly over this 10° dosage range,
while the fecal excretion showed a point of
inflection at the 0.25 mg./kg. of carrier
level of the liver and spleen in Figure 33.
The data in Table XXV and Figure 3%
make clear the sequences in the transition
from the carrier-iree pattern in section 2
above to that seen in the large carrier dose
experiments using Ga'* in Section V.

Driscussion: These data show that the
quantity of gallium administered influ-
enced the manner in which the metal was
distributed and excreted by the rat. So far
as is known, this point has not been studied
in detail with reference to a substance
essentially foreign to animal metabolic
processes. A carrier effect 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 pool of the ele-
ment. The added labeled ztoms were,
therefore, competing with the rest of the
pool for the metabolic processes responsible
for the uptake. How successful 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, 5.4 X 10%
compared to the 7 X 10Y in a millicurie of
carrier-free Ca®. The absolute size of the
iodine pool (1.2 X 10*%) is much smaller
than that of the calcium. but still very
large compared with the 3.7 X 10%° I
atoms in a l-me. carrier-free 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 will be metabolized in a partic-
ular way and time.

Gallium presents a different problem in
that it is normally absent from body tissues
except for traces in bome (11), z.e., less than
1 ug. per gramor 1 part per million, the limit
of chemical analysis. However, because
gallium occurs in all materials containing
aluminum and zing, it would be expected
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that some gallium must be present in
blood. The 23, 2.3, and 0.25 m3z./kg.
doses of carrier would produce injtial
average concentrations of 25, 2.5, and 0.23
pg./gm. respectively. Such concentrz-
tions are well above the concentrations
which might normally exst in blood, but
the still lower doses would give concentra-
tions in the same range as blood. A ratio
of injected gallium to normal blood content
of possibly 107! to 107 is, however, quite
different from the ratios for Ca*® and 1'%,
which would be in the range of 10~ to
10~7. Thus, except at the carrier-free dose,
it is difficult to think that the injected gal-
lium competes for the biclogical processes
in the sense that I'?! or Ca* does.

The data in Figures 33 and 34 suggest a
different possibiiity. Such linear relation-
ships on log-log paper, corresponding to
Y = o X’ occur regularly in many vared
physiologic processes and especially in
interspecies relationships (30). Therefore,
it is possible that the metabolic processing
of the injected gallium was orderly and
took place in a physiologic manner. This
need not imply that the mode of retention
was absorption, ion exchange, or other
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 designed to deal with gallium.

Probably only the highest dose of gallium
was in the pharmacologic or toxic range.
The 25 mg. of gallium carrier per kilogram
is about 10 per cent of the beginning of the
lethal dose range, which is not too far above
220 mg. of gallium per kilogram (Section
1V). No chemical signs of toxicity were
observed except that this group of rats re-
mained quiet for a day. Histologic evi-
dence of damage to the viscera was absent.

According to the data on rats given large
doses of gallium labeled with Ga’* (Sectior
V), a rather good differential localization t
bone was obtained by the fourth day aft
injection. The experiments in this repc
demonstrate that the differential was ¢
tained by default of the other organs:
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tissues other than bone reigined rela-

uvdy less of the metal at the higher doses
- Prior to these experiments, it
ad been more or less tacitly assumed that
E'The . -bone exhibited a special metabolic
' ..... for gallium. These data indicate

. .mﬁo\‘!'r(,qaﬂ,r,! .e-‘ i

'7 Jarity of the slopes of liver, Spleen, and
3 {emur at the low dose levels suggests that
L §%the process(es) of uptake, whatever it was,
kD%as not too different in these tissues.
53= Shubert (31) has observed that non-spe-
E dific biochemical reactions occur more fre-
< quently tham is suspected, particularly
% when the material is present in concentra-
;—-_tnons of 107* molar or lower. This may
§ apply to the dptake of gallium.

. While it does not follow that the liver,
spleen, and bone of man will show this car-
rier effect, the regularity of these rat data
. suggests that it is not restricted to the rat
but is a.physiological generality. There-

‘e, the clinical studies must be planned
and conducted with this possibility in
mind. The practical application of these
experiments is that this factor, which may
prove to be of critical importance for suc-
cessful use of Ga¥ in man, would probably
not have been suspected and identified in
even the best clinical study.

In using Ga® to treat osteogenic and re-
lated neoplasms, an additional complica-
tion must be recognized. The neoplasm
may or may not share in this segregating
orocess, and it is possible that a given

umor may -exhibit completely independ-

¢ mechanisms for picking up or rejecting
ium and other substances. :
short, whether Ga®" is differentially
ed by osteogenic neoplasms can be
ined only by assay in patients with
uors, but the assay must be planned
vision for the carrier effect.

4

'

(AT [T m“‘.';?wgw;1&m§.~,wwdn

SUMMARY

ical data necessary for biologi-
ical use of radioactive Ga®
sentéd.
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In a conventional tracer experiment on
32 rats with carrier-free Ga¥, the urine and
feces comtributed about equally to the 39
per cent excreted in five days. The
femur, representative of bone, had a dif-
ferential absorption ratio about 0.75 that
of the spleen, while the liver lost much of
the Ga® activity it had picked up initially.
These data differed in several respects from
those of comparable experiments in which
the rats received milligram amounts of
stable gallium® 7! labeled with Ga (re-
ported in Section V of this series).

In a succeeding experiment, the factor
responsible for these differences was identi-
fied as the quantity of carrier or stable gal-
Hum administered to the animals. By con-
trolling or keeping constant all factors ex-
cept quantity of carrier gallium, it. was
found that the carmer-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. A thera-
peutically desirable part of the latter ex-
periments was a differential absorption
ratio for bone which was ten to fifteen
times higher than the second highest tissue.
This difference was caused by a decreased
percentage retention of the activity 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 Ga*: "! may have to be added to the
carrier-free Ga®% preparations in order to
secure the high differential concentrations
of the radioisotopes in or around osteogenic
neoplastic growth, but the question will
have to be answered by experiments on
patients suffering from such neoplasms.
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SUMARIO
Estudio del Galio

Con todo pormenor preséntase este
minucioso estudio del galio radioactivo
(Ga™), llevado a cabo por el personal
directivo de la Divisién Médica del Insti-
tuto Oak Ridge de Estudios Nucleares, de
Oak Ridge, Tenn., E. U. A.

Estudidronse las caracteristicas fisicas e
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irradiatorias del isotopo e investigdro
cuando poseian valor bioldgico, los asps
quimicos. La hemi-vida es de 14.3 T
que se aproxima al limite imferior
factibilidad para empleo clinico.
una gran cantidad de compuestos, e}

de galio resulté ser el mas ac
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musaronse varias técmicas de preparacién
adaptar el complejo citratado para
leo animal y humano.

experimentos de toxicidad general
Tatas y perros revelaron una sensibilidad
“"""djstmta conforme a especies. La

‘pente a la administracién endovenosa ué

'ae 220 mg. de galio por kilogramo de peso,
Fegmmparado con una DL 350 en quince dias
Fde 18.2 mg. por kilogramo en los perros que
)g‘eahaon las mismas preparaciones.

},;_I,os estudios en las ratas mostraron que
{d estado fisicoquimico del compuesto de
ﬁpho afectaba la distribucién del metal
:{consecutxvamente a la inyeccién intrave-
“Zposa. Al inyectarse en forma de complejo
Fditratado soluble a un pH de 7.4, el hueso
i‘.’revelé la méxima absorcién diferencial,
L= anmentando egto durante un periodo de
-tres dfas. Ese diferencial favorable se
7debi6é a que el hueso absorbié inicialmente
‘una fracciédn mayor de la dosis y la retuvo
.mas firmemente que los tres tejidos que le
¢ ‘eron en absorcién, a saber, el higado,
e1-2azo v el rindn.

Considerése que esas observaciones justi-
ficaban un ensavo clinico del complejo
en el hombre, v mas en particular en los
tumores 6seos, aunque no aportaban in-
formacidn relativa a qué dosis suminis-
traria la absorcién especifica méxima
compatible con la minima toxicidad me-
tdlica e irradiacién orgénica total.

En general, estudidronse dos grupos de
enfermos. En uno, tratése abiertamente
de producir un efecto terapéutico con Ga’?.
En el otro, no se hizo ninguna prueba tera-
péutica, sino que se estudié la localizacién o
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absorcién en los varios tumores o sitios.
El radiogalio fué administrado intravenosa~
mente a varias dosis a plazos de tres o
cuatro dias. Durante el tratamiento y
después se ejecutaron frecuentes estudios
hernatolégicos, se hicleron valoraciones de
la radioactividad, se obtuvieron autorradio-
grafias de los tejidos extirpados en la
biopsia o autopsia y se verificaron los estu-
dios histolégicos de rigor. También se
midié la excrecién de galio en la orina y las
heces.

Las manifestaciones mdés uniformes de
toxicidad se relacionaron con el tubo gas-
trointestinal: anorexia, nduseas y vémito.
Se observé una profunda depresién de la
médula 6sez, debida probablemente a2 la
irradiacién. Las reacciomes cutineas se
imputaron a la toxicidad del estable galio.
La distribucién de éste en las lesiones 4seas
fué desigual, pero parecia existir tendencia
a la localizacidn en zonas de osteoactividad,
va osteobléstica u osteolitica. En general,
aunque se administraron cantidades méxi-
mas del isotopo, hubo falta casi absoluta de
toda mejoria clinica, si bien se observaron
algunos signos de pasajero beneficio sinto-
matico en enfermos que tenian metdstasis
carcinomatosas. No hubo ningin indicio
del menor retardo del desarrollo de los
sarcomas ostedgenos, ya primarios o metas-
taticos.

Acompéiianse relatos de los estudios de
la excrecién urinaria en el hombre y de los
estudios autorradiograficos.

Completa el trabajo una resefia pre-
liminar de los estudios experimentales
realizados con el galio®, que tiene una demi-
vida de 3.17 a 3.28 dias.



