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T HAS PREVIOUSLY been shown, chemi- I cally and au toradiographically, that  
gallium ienters bone a t  a rapid rate, follow- 
ing injaction of the citrate or lactate, 
concentiating in those areas considered to 
have mdrked osteogenic activity (1, 2, 3). 

The plurpose of the present investigation 
was to Qtudy in experimental animals the 
deposition of radiogallium (Ga”) in pro- 
liferating tissues. The  work comprised 
three parts: ( a )  the  quantitative deter- 
minatiolh of the amount of Ga’? deposited 
in normal and growing bone and in healing 
fracture$, ( b )  a pilot study of the degree of 
depositiQn of gallium in certain neoplastic 
conditiohs, (c )  development of technics to  
provide greater detail in the autoradio- 
graphs gf tissue containing Ga’?. 

The i$otopes of gallium which appear to 
have grqatest promise for biological studies 
are Ga’b (14.3 hours half-life, 2.5 mev y, 
3.1 mev /3-) and Ga6; ( i S . 3  hours half-life, 
K captpre, 0.3 me\- y with conversion 
e-). The  GaT2 can be prepared by neu- 
tron bohnbardrnent of magnetically sep- 
arated @ai1 to  produce an initial specific 
activity of about 1.0 mc. Ga”/mg. Ga. By 
deuteroh bombardment (d, 1 2 )  of a zinc tar- 
get in a cyclotron, the isotope Ga6’ can be 
produceg, accompanied by a quantity of 
ZnG5 (2510-day half-life). This and other 
contamipants may be eliminated by ether 
extraction of gallium from a 6 N HC1 
soh  tion, 

The  gtudies described herein were car- 
ried out with Ga7* supplied by the Atomic 
Energy Commission. The  natural element 
(Ga69 + Ga“) was activated by the (n, 7 )  
reaction, and an  initial activity of about 
0.4 mc./mg. G a  was obtained. On ad- 
ministrdtion to animals, the activity was 
- 

reduced by decay to about 0.2 mc./mg. 
Ga. 

METHODS 

Preparation of gallium (Gu’~) citrate: 
Quartz ampules were prepared and suffi- 
cient purified gallium nitrate was added to 
provide 75 mg. gallium (5). These am- 
pules were flame-sealed and irradiated in 
the pile by the Atomic Energy Commis- 
sion. The  initial activity was approsi- 
mately 30 millicuries (mc.) ; when shipped 
by air, the gallium could be administered 
with an activity of 12-15 mc. 

Preparaiioii of !lie gallilsn? for  injection 
was as  follows: 

( a )  Add to the opened ampule 1 C.C. hot  HCI 
(1 :l). Heat gently to facilitate solution of 
the solid. Pour idto a graduate cylinder, 
and  rinse ampule with 2-C.C. portions of 
water . 

( b )  -4dd 1 C.C. of brom-cresol purple indicator. 
(c) -Add 2 C.C. of 20 per cent citric acid solution. 

Mix. 
(d )  . ldd concentrated NaOH solution to a PH of 

G-7. Color should be red-purple. 
(e )  Make to required volume with water. In  our 

work, 20 C.C. was convenient, since this gave 
an  activity of about  1 mc. ’c.c. 

Observe precautions and provide adequate 
shielding ( 5 ,  G ) .  
The solution prepared as described is 

suitable for subcutaneous injection if the 
area is anesthetized, i.e., with procaine. 

Intravenous administration may produce 
acute reactions, often fatal, due to the 
effect of the citrate on blood calcium. This 
effect has been overcome by  the simul- 
taneous administration of 0.5 gm. calcium 
chloride for each 10 C.C. of the  Ga72 citrate 
solution. The  most convenient method of 
intravenous administration is by means 
of glucose-saline infusion with the gallium 
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add calcium being introduced into the 
d b b e r  tube just above the hypodermic 
ndedle. Tile rate of infusion should be I .J mg. 
mpderate, and sufficient of the infusion mg. Ra 

flQid should be allowed to dilute the gal- 
1 9 G 9 X 2 5 3 X O S 4  liutm so that  no localized reaction occurs. 

2.14 x 1.3.‘ Radiometric Jssa!. I n  the determination 
of Gai2 as reported in these studies, the 
qpantitative estimations were carried out 
00 whole fresh tissues, without drying, by Young 
making gamma counts a t  constant georn- rabbits (2.0-25 kg.) were anesthetized and 
earq.. The  end-window Geiger tubes were one foreleg was broken. The leg was then 
shielded with an aluminum absorber of placed in a cast and the animals were 
1,700 mg./cm.’, n-hich absorbed all beta housed in cages for seven to twenty-one 
rqdiation and back-scatter. By this days. At  intervals (seven, fourteen, 
de thod ,  differences due to tissue density twenty-one days) following the fracture, 
aod self absorption were eliminated. Be- rabbits were injected subcutaneously wiLh 
cguse of the high counting rates of samples radiogallium (Ga“) citrate (0.5 mc.,’kg.) 
afid the consistently high counting yield, and sacrificed sixteen hours after the 
tkis assay gives results with an error of less injection. Samples of both normal bone 
tkan =t= 10 per cent. and the healing callus were examined 

In the quantitative determination of GaT2 autoradiographically (3) , and the concen- 
(espressed as mc. of GaT2), samples of the trations of gallium in various portions of 
irbitial citrate solution were compared with the fresh bone were determined by photo- 
standard quantities of radium (1 to  2 mg. graphic densitometric measurements (4), 
i# 0.5 mm. P t  needles) by means of an and by means of radiochemical gamma- 
ionization chamber meter or a quartz fiber counting technics. 
electroscope. The samples were mounted Immediately after completion of the 
a constant distance from the center of the autoradiographs, the bones were cut into 
chamber of the  meter or the electroscope, various fractions by means of a thin abra- 
*ith the Ga72 being shielded by means of a sive wheel. In  this way those areas of 
%mm. brass shield. By this means, the greatest osteogenic activity (callus, epiphy- 
bleta radiation was absorbed and the gamma sis) were obtained relatively free of estra- 
emission of the Ga“ was compared with neous tissue and adjacent cortical or tra- 
glamma emission of a standard radium becular bone. The  weighed fresh samples 
sOurce. were gamma-counted and compared with 

standard solutions containing Gai2. Re- 
sults of these findings are summarized in Slantple Calcirlalioirs: 

1 millicurie (mc.). .\mount of radon in equilib- Table I and Figure 1, A and B. Results 
1 mg. Ra yields at 1 meter 0.84 mr./hr (mil- indicate tha t  in the young rabbit the 

epiphyseal junction absorbs four to five 
1 mc. Ga” yields a t  1 meter 1.32 mr./lir. (cal- times the concentration of gallium de- 

posited in the adjacent bone. The callus 

Electroscope (Lauritsen) 
- -  1.969 mg. Ra a t  50 cxn = 30 division in 2.5; min. 

Ga at  50 cm. = 50 division in 2.14 min. 
time Ra 

= millicuries Ga’2 
Time of Ga X 1.32 

= 1.40 mc. Ga7* 

EXPERIMENTAL 

ConcentratioTz of GaT2 in Bom: 

riurn with 1 1 1 q .  of radium. 

Iiroentgen/hour ). 

culated from data  oi Haynes (9). 
of the healing fracture concentrates gallium 
to a degree two to three times that  found 
in the bone adjacent to the fracture. 

These findings indicate that  gallium 

Ionization chamber meter (Vietoreen 247.4) 
1.9G9 mg. Ra at 1 meter. = 1.G5 mcterreading 
7.5 mg,  Ga (irl 3 c.c.) at 1 meter = 1.9s meter 
reading - 

enters into the processes of normal bone 
growth and repair, with particular affinity 
for those areas where osteogenic activity 

= millicuries Ga7? Ga7Zreadirig X m y .  Ra X 0.84 
Ra readiii: X 1.31’ 

1.99 x 1.069 x 0.s4 = 1, jo mc, Ga’* 
1.65 X 1.32 is greatest. No significant differences .‘- 
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c 
Fig, 1. Prints of autoradiographs of rabbits receiving 0.5mc. Ga7?,'kg. A and B. Healing fractures of 

C. Head of femur, showing 
Cross section of shaft of femur shelving localization of Ga'?. X7. 

foreleg fourteen days after break, showing deposition of Ga'? in callus. X 1. 
area a t  epiphyseal junction. x7. D. 

TABLE I :  COSCESTRATIOS OF GaLL1m.r (GA;?) 13 
G R ~ W I S C  ASD HEALIYG BOSE OF RABBITS 

-1Iicrocurics per Gram of Fresh Bone- 

Dctcriniiicd Dctcrniirictl 
Sa rh ple Autoradio- by  G:unmri 

arai>liicallv Couiiting 

Sorrnal Bloiie 
Epiphy$cnl junction 4 . O  3 .9  
Tra bcc$l:ir 1 . 1  1 .6  
Cortical 0 .8  0 . 9 

:.: . 1 I._ 
$9 c) 

.Vote: Values here :ire the iiieaii of samplcs from four 
animals. Rcfercncc stalld.irds of Ga'? \vere prepared 
and used uo estimate the coiicciitrntioris a t  tinie of death.  

were nolted in the deposition of Ga" in the 
fourteerb to twenty-one days following the 
fracture. At seven days there was a 
diffuse, less ~ w l l  dcfiiied deposition in the 
areas sqrrounding tlic fracture. 

Depo$itioii oJ Gay' I I I  Seoplas t ic  Tissiics: 
:c I n  ordclr to determilie tlie affinity of 631- 
i lium for various ncoplastic growths. a 

group of animals Iiai-ing spontaricous 11011- 

osteogenic neoplasms were injected sub- 
cutaneously with 0.3 mc. Ga"jkg., as the 
citrate, and sacrificed fourteen to sixteen 
hours thereafter. The tissues were re- 
moved and gamma counts made by the 
methods previously described. 
In Table I1 is given a rCsum6 of the re- 

sults of these studies with one strain of rat, 
one strain of mouse, and one dog. It will 
be seen that  no significant localization of 
Ga" occurred in the fibroadenoma or the 
fibrocarcinoma of the rat and mouse or in 
the mixed mammary tumor of a dog. 
While localization in the tumor was always 
greater than tha t  seen in the muscle of the 
corresponding animal, this deposition did 
not approach the concentrations found in 
tlie osteoid structures. 

In order to  deteririirie tlic degree of 
localization of Gai2 in ostcogcriic lesions, a 
transplanted osteogenic sarcoma of the 
nio~ise was introduced subcutaneously on 
the abdominal \Val1 of sei-era1 micc (C,H 
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T.UILE 11 COMP.4RATII.E C O S C E S T R A T I O S S  O F  G.4" I S  SORMAL A S D  S E O P L A S T I C  TISSUES 

-Gamnin Couiits per LIinute per Gram of Fresh Tissue- 

Spccics rlnirn:rls Bone Kidncy Liver Spleen Muscle Tumor Type Tumor 
S o .  of Cornposite 

Albaniy r:it 4 i ,990 6,081 1,113 693 140 313 Fibroadenoma 
hlou$c (C3I-I) '7 620 373 136 106 59 219 Fi b rwrcoma  
Dog 1 2,273 2.S.53 325 111 17 24.5 llised mammary 

:Yq/e: The results shown above are the mean of a t  least duplicate samples taken from the indicated number of 

tumor 

animhls. Counts are corrected for background and are calculated to  time of death. 

strabn). One of these mice was injected 
subtutaneously with 0.5 mc. Ga;'/kg. as 
the citrate, and the tumor was removed 
after sixteen hours. An autoradiograph 
was prepared of the dense tumor tissue, 
which indicated localization of Ga" in this 
mags equivalent to that  found in the 
epidhyseal junction or healing fractures of 
rab$its, namely ;;-5 pc./gm. (microcuries ' 
gradn) of tissue (Fig. 2). 

hdditional serial transplants of this 
tunlor produced a fibrous mass different in 
chatacter from the original tumor. When 
aut$radiographs of these soft masses were 
prepared, i t  was found that  in only a few 
small discrete areas was there any localiz- 
atioln of Gay'. This indicates that ,  while 
the mass of the tumor was fibrous in 
nature, there were centers of osteogenic 
activity still present. 

It is recognized that the number of ani- 
malls hax-ing spontaneous tumors presented 
in khis report is small. However, the 
dificulties of obtaining spontaneous tu- 
moqs in experimental animals on a labora- 
tory basis has not permitted further exten- 
sioa of these studies. The data presented 
mu$t be considered as a pilot study. 
Tha results are given in order to provide 
the+ best available basis for further investi- 
gatlon. 

A zrtoradiograpllic Technics: The degree 
of definition obtainable by autoradio- 
graphic technics applied to  Ga'? is deter- 
mided by the penetration of the beta 
speptrum of this radioactive isotope. Since 
the maximum beta energy is 3.1 mev, there 
appiears in the autoradiograph a somewhat 
indistinct outline caused by the scattering 
of the high-energ?- particles, not only by the 
tissue specimen but also by the emulsion, 

the film, and the slide backing. The sharp- 
ness of the image is also reduced due to  
Brenzstrahlung produced by the accom- 
panying gamma spectrum (max. 2.5 mev). 

Technics have been improved over those 
previously reported (3) and include a 
method which permits the production of a 
more detailed survey type autoradiograph 
from undecalcified bone specimens using the 
short half-life 14.3-hr. isotope, Ga7'. The 
animals were injected subcutaneously with 
1 mc. Ga7*/kg. as the citrate and killed 
four hours after injection, which permitted 
about 75 per cent of the maximum absorp- 
tion of Ga;? to take place in the bone. 
The  animal was then sacrificed and the 
bone specimens were removed and im- 
mediately sectioned to a thickness of 0.10- 
0.12 mm. by means of a self-feeding circu- 
lar saw (7). These sections were mounted 
on microscope slides with a minimum 
amount of warm (40" C.) photographer's 
gelatin. As the gelatin hardened, the 
slides were immersed in 90 per cent and 
then absolute ethanol for fixation and de- 
hydration. Fixing time did not exceed 
fifteen minutes. After drying, the bone 
specimens were placed in direct contact 
with the emulsion of panchromatic fine 
grain film (Weston speed, daylight, 50). 
The film and specimens were held in close 
contact by mounting between two alumi- 
num plates, on each of which were pasted 
two layers of blotting paper, covered with 
black paper. The whole was held tightly 
together by means of two screw clamps 
(C type). The specimens were Ieft in con- 
tact with the film for sixteen hours, after 
which the film was slightly overdeveloped 
in ultra-fine grain developer (Von-L No 
S - 3 3 ;  i minutes a t  20" C.) to bring out 

..L 
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greater detail with minimum grain size. 
I n  Figuqe 1, C and D, are shown enlarged 
( X  7) prlnts of the autoradiograph of sec- 
tions of the head and sliaft of the femur of a 
young rabbit (1.3 kg.). 

A moidification of a technic previously 
described (S) has proved useful in produc- 
ing autofadiographs having good definition. 
A special emulsion ( h s c o ,  autoradio- 

scope slides. The unstained silver-im- 
bedded sections are used for photographic 
reproduction, but microscopic examination 
is best done after staining lightly withhema- 
toxylin-eosin. The autoradiographs in 
Figure 3 ( X  100) were made as described, 
from a bone taken from a mature rabbit 
four hours after intravenous injection of 1 
mc. Ga’?j’kg., as the citrate. 

Fig. 2. A. Roentgenogram showing transplanted osteogenic sar- 
Autoradiograph of tumor sixteen hours after coma in inouse. X I .  

~ ~ b c ~ i t a i i e o u s  injection of 0.5 mc. of Ga’*/kg. X 1. 
B. 

graphic “A”) was obtained in the fresh 
semisoli/d state, melted a t  40’ C., and 
diluted With two volumes of water plus a 
few drbps of a wetting agent. This 
diluted emulsion was used to impregnate 
fresh uqdecalcified bone sections (0.1 mm.) 
cut as described above. The impregnated 
sections were dried a t  3s” C. for thirty 
 minutes^, and were then placed in a light- 
tight cointainer for sixteen to twenty-four 
hours. They were then slightly over- 
developkd in the fine grain developer. 
After fiking in 30 per cent hypo followed 
by acid hardener, the sections were cleared 
in xylol and mounted in balsam on micro- 

These autoradiographic studies estend 
earlier ones (3 ) .  The findings indicate 
that  Gai2 is deposited in the periosteum, 
the endosteum, in the lining of the blood 
vessels, in the haversian canals, and in the 
calcifying cartilage at the ends of the 
diaphysis. The trabeculae of cancellous 
bone are outlined by the Ga;‘, since it is 
presumed to be laid down in the endos- 
teum. The epiphyseal cartilage plate 
appears to contain little or no Gai2, while 
the fine structure of the adjacent epiphysis 
is clearly outlined. The apparent deposi- 
tion of Ga’? throughout cortical bone, as 
suggested by our earlier work, now appears 
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to be due to the deposition of Gay? on the 
periphery of blood vessels and in  the 
haversian calla1 system. The  scattering of 
the energetic beta radiation by t h e  dense 
bone gil-es a11 appearance in the gross 
autoradiographs (3) of a more or less 
homogeneous distribution of Ga;? in the 
shafts of the long bones. 

The difficulties encountered with the 
autoradiographic study of Gai2, particu- 
larly on the cellular lei-el. are those due 
to its short half-life (14.3 lir.), The bone 
sections must be cut while fresh and placed 
in contact with some photographic emul- 
sion within a few hours after the death 
of the animal. Since 70 per cent of the  
activity of tlie Ga'? deposited in the bones 
decays in twenty-four hours, i t  can be seen 
that the usual histologic methods of im- 
bedding and cutting are not applicable. 
Other difficulties were encountered in using 
many types of photographic emulsions, 
since most arc relatively insensitive to the 
gamma rays and beta particles given off 
by Ga'?. Also, in enlarging the contact 
autoradiographs, the size of the developed 
silver granulcs makes extensive magnifica- 
tion impractical. These difficulties have 
in part been overcome by the use of the 
slower fine grain panchromatic films and 
slight over-de\-elopment in a n  ultra-fine 
grain developer. In cases of low intensity 
radiations, tlie use of special developers 
(Von-L, S o .  S-33) or intensifiers ("Hy- 
dram") added to the usual fine grain 
devclopers, lias made possible the bringing 
out of the latent image more strongly. 
I n  general, tlie slower panchromatic emul- 
sions rather than x-ray emulsions have 
given more satisfactorl- results when finer 
detail was desired. 

DISCUSSIOS 

Deposition of Ga'? in bone appears in 
many respects similar to tha t  of other bone 
seekers (Ra. Pu, P3?, SrS'). However, 
gallium is deposited more rapidly than 
many others and the short half-life does not 
offer such clinnce for the production of 
neoplastic growths. Localization of Ga'? 
in the endothelial cells of the skeletal 

structures, and particularly the dep- 
osition of gallium in that zone of osteo- 
genesis betlveen the cartilaginous epipliys- 
ea1 plate and the inetapllysis (i.c., the 
zone of calcifying cartilage), indicates that  
gallium cnters into tlie calcification process 
in a dynamic manner. I t  is these tissues 
which are active in the development of ne\v 
bone and the regeneration of changes of 
the haversian canal system, and it is in 
these areas that the phosphatases are 
believed to be most actively concentrated. 
Therefore, as a working hypothesis, it is 
suggested that the injection of small 
amounts of Gay' citrate, followed by 
preparation of autoradiographs by the 
eniulsion impregnation tecliiiic as described 
above, may provide a means of differential 
staining and localization of Structures 
containing large amounts of the phospha- 
tase enzymes. 

The localization of gallium in osteogenic 
centers makes possible a more or less 
localized irradiation of these sites by means 
of Gai2. This suggests that  radiogallium 
may be useful in the therapy of osteogenic 
neoplasms. Also because of this localiza- 
tion, the in silu irradiation of osteoid struc- 
ture may be useful in certain conditions 
in which whole body roentgen irradiation 
is now an accepted practice. By reason 
of its short half-life (14.3 lir.), repeated 
injections of this isotope would seem to 
offer a means of applying ionizing radiation 
of high intensity, in divided doses, with no 
danger of the residual radiation inherent 
in the use of the longer-life bone seekers. 

In  considering the therapeutic trial of 
, the possible tosicity of the carrier Gai2 

gallium must be anticipated. In  moderate 
doses this element produces nephritis 
followed by albuminuria and glycosuria. 
With an increase of specific activity of 
Ga", tlirougli the magnetic separation of 
Gay', resulting in a reduction of the carrier 
Ga, i t  is believed that experimental clinical 
trials will lie warranted. This is in addi- 
tion to the clinical studies of osteoid 
lesions and metastases with tracer (300 
pc.) qiiantitics of Ga;' now being carried 
out. 

I J l b 2 2 b  



Fig. 3. Photographs ( X  100) of 0.1-mm. bone sections of fcmur from 3.5-kg. rabbit. four hours after injection 
of 4 nic. od radiogallium (G.1::) citrate. Dense black areas :ire silver granules deposited from :I photographic 

and dcvclopcd in the usual way : 

G:I;? content, and finally by the trabcculac of the epiphysis. 
layer of high C h T *  content, with underlyirlg zone of cartilaginous material, 

B. 
C. Epiflhyscal junction. Lower columnar area shoir.5 high content of Ga7*. incrensillg as the cartilaginous 

platc is apIjroached. Thc  wliitc area in this plate is devoid of Ga;?, while above is an area of the epiphysis which 
is very rich in G;17?. 

D. Sutiricnt vessel connccting the periosteal layer :in haversian canal. S o t e  dcnsc localization adjaccnt 
to periostcum. 

Detrjils of Ga7? in thc rrabcculae of thc epiphysis. 

- -- 
a i  ( 



SUAIM.\RS . l S D  CONCLUSIONS 

Radiogallium (Ga’?) has been shown to 
concentrate a t  areas of osteogenic activitJ-, 
ZA. ,  the epiphyseal junction and in the 
callus of healing fractures in rabbits, and in 
osteogenic sarcoma of the mouse. 

In certain fibroadenomas, fibrosarcomas, 
aad  mixed mammary tumor of animals, no 
significant localization of Ga7* occurred. 

Autoradiographic studies of the deposi- 
ti@n of GaT2 in bone, by  impregnation of 
bdne sections with liquid photographic 
evulsion, has made possible more detailed 
loicalization of this element. 

It is suggested that radiogallium citrate 
is worthy of clinical trials in tracer 

a4hounts for diagnostic purposes and a t  
higher levels for possible therapeutic effect. 
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SUlIARIO 

Depdsito de Radiogalio (Ga’?) en 10s Tejidos Proliferantes 
S e g h  se observ6, el radiogalio (Gai2) se pbsito de Gai2 en el hueso, por medio de la 

cmcentra en las zonas de actividad osteb- impregnaci6n de cortes 6seos con emulsibn 
aena, por ej., la uni6n epifisaria y el callo fotogr5fica Iiquida, ha permitido localizar 
de las fracturas en vias de cicatrizaci6n en con mayor precisi6n el elemento mencio- 
10s conejos y el sarcoma oste6geno del nado. 
rzit6n. E n  ciertos fibroadenomas, fibro- SugiPrese que el citrato de radiogalio 
qarcomas y tuxnores mamarios mixtos de (Ga;?) es acreedor a pruebas clinicas, en 
IDS animales, no hubo localizaci6n sig- cantidades indicativas para fines de diag- 
inificativa de Ga’?. n6stico y a dosis mayores por su posible 

efecto terapehtico. Los estudios autorradiogrhficos del de- 


