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ZIRCONIUM, CO]_U"‘BIUN AND LANTH &NUM

11. THE CONTROLLED SELECTIVE LOCALIZATION OF RADIOISOTOPES‘OF YTTRIUM‘LZ RCA
, NIUM, AND COLUMBIUM IN THR BONE MARROW, LIVER, AND SPLEEN#

' Ernest 'L, Dobson, John W, Gofmen, Hardin B, Jones
" Lola 8. Kelly and Leonard J, Walker

(From the Division of Medical Physics and the Radiation Laboratory,

Department of Physics, University of Califprnia, Berkeley, Calif,)

INTRODUCTION

™,

‘Several workers have shown that certain colloidally‘dispérEedvmaterials

are removed from the blood stream by the liver and spleen, Jones, Wrobel,

“and Lyons1 have utilized suspensioné of anhydrous chromic phosphate fof,the

seloctive irradiation of the liver and spleen with P32 peta particlés;,w

= Y o .
Gersh?»3 gemonstrated that colloidal calcium phosphate is taken up by the

liver and spleen, He stressed the failure of bone marrow phagbcytes to take
up this colloid in rats and dogs (though he referred to possible uptake in

the marrow of rabbits under special conditions), and commented on the rela-

tive- "refractorlnes“" in general of the bone marrow ag compared with liver

~and spleen with respect to the uptake of colloldal dyes from the blood stream.

4

Some hlstolpg;cal data, 1nd10ate that "Thorotrast" (a colloldal thorium d1~

. oxide preparation) is depos1ted in the bone marrow as well as in the liver

end spleen, but no quantitative data as to the relative distribution are
svailable, | | |

Iﬁ the preceding communication (this journal,p. | ) the méthods'
for the preparation of colloids iycorporating radioisoto?es of yttrium;ico~ _

lumbium, and zirconium were given. The present studies' are concerned with

the.localiiation'of such colloids primarily in the bone marrow or primafily

% This work was supnofted in part by Contrasct N6~ORI-111l«Task Order III, - ‘

U. 8, Navy, by the A, D.;C. (NDP 484 Division II), and the Donner Foun-
‘dation, hm. } C !
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in the spleen and 11ver with an analy31s of some of the factors which. mayv‘

be respon91ble for differences in local:zatlon.
N\

A, Selective Locélization‘of Radioisbtopes‘of Zirconium, Columbium, and

Yttrium in the Liver and Spleen,

Several different colloids have been\studied, all of which show the

common propgrty.of'loqalizing in the liver and spleen of mice, raﬁs, and

rabbits. In every case the collo;ds having this distribution are those of |

‘"relatlvely 1arge" particle 31ze, sedlmentlble in large part in ordlnary

centrifuges,  These sols are turbid, and produce an intense Tyndall effect:
on illumination; 'Fufther, in general, for the e¢olloids which localize in
the liver and sploen, the dlsappcarance rate of intravenously 1njocted col~

loid from the blood stream is rapld, the blood colloid level docrea51ng

\approx1matoly exponcntlally wlth tlme, the half time for blood clearance

(and liver and spleen uptake) being in the neighborhood of 30 seconds to
llminﬁte, Representative distribution data for the three colloids: (1)

zirconium oxide peptized in nitric acid, (2) zirconium phosphate peptized

in di-sodium acid phosphate, and (3) zirconium oxide in dilute sodium

“ lactate = in the mouse are given in Teble 1, The preparative procedure for

these colloids is given in the vreceding communication,

In thc case of all bf‘these colloids the bloodudiéappearance curvés'
.show a‘small percentage (betweenfl‘and 10%) of more sléwly clearing compo=- |
nents in ‘addition to that having tho Tl/g of 30 seconds to 1-mimute, ‘The
methods of Preparation fﬁr'thése sols are such that‘polydiSpérsity bfzthe
solé is expectéd‘ Sovoral types of experlmental data lend support to the
idea ‘that the smallcr partlclos in such polydlspersc sols are respons1blc for
the slowly clearlng fractlon. Flrst, experiments have been performed, using
the mouse, where a 001101d having ~ 1% of fhe totél'adtivity in the slcwly{‘

disappearing fraction’haSWbeen ccntrifugod to remove the larger particles.
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Tclb le l

Distribution of Intravenously InJLCtOd eroonlum C01101ds of Relatlvely Large

Particle Sizes in Mice (2r95 and Cb95 radioisotopes 1noorporated_1nto 001101d)

e

Zirconium oxide erconlum phosphate Zirconium oxide |
in dilute HNOg | in dllute NazHPO4 in dilute
' v | sodium lactate”
() @ N
Organ . % injeé%éd dose | % injebted‘dose % injected dose
‘ALiver plus spleemk - 97.3 : 90,8 v: ‘ - 95,0 "
Lungs o , 0.6 0.9 * included with
‘ : ‘ : carcass
[Blood : 0.4 BN S 0.7
Enbire remainder of \
carcass including " 1o '
bones 7 . - L7 . 8.5 4.5

(1) Moﬁso éa6rifioed 6 minutes aftor injection,
(2) Mouse sacrificed 3 minutes after injection,
(3) Mouse sacrificed 5 minutes after injection,

* Data on many animals for Splcen alone show uptakes v arying botweon 1% to
4% of 1n3ectcd dose. :

/

The supernatant colloid was thcn 1n3cctud and was ohown to have a slowly

digappearing fractlon of ~ 8%, Thesc data appear to support tho idea that

the smaller- partlcles constltute the slowly dlsappearlng fracblon. Furﬁher
.-
experiments with a,col}oid of gzirconium-oxide suspcnded in sodium lactate

were done in the rabbit, Figure 1 gives the blood disappoarapée curve, This

particular preparation'has an appreciable peréentage of slowly clearinvkéom-

i

, poncnts in addition to the major fraction of very rapld blood clearance rate,

At 2 hours aftor 1ngectlon (pomnt A), when all the rapldly dlsapncarlng

fractlon had been clcarud, serum was oollectcd and the rabblt sacrlflcod.

Thc serum contalnlng tho slowly dlsappcarlng componcnt wa.s 1nJected 1nto 8.



second rabbitf

clearcd, and the tissue distribution of the colloid was detormined,

-6 -

The second rabbit was sacrifice

\are given in Table 2,

Table 2

S UCKRL 92
d aftor its blood had boon

The data

Distribution of zirconium col=
'‘loid in initial rabbit (irclu-
ding repidly clearing fraction)

Disbribution of zirconium acti-
vity in animal injected with
serum from initial animal

‘Kidney

Organ | % Injocted dose in entire organ| % Injectéd dose in entire origan

Bone\plusd;;;;ow 9.3 : 43,0 |

. \ e
Liver . 85,0 2340 I |
Spleen 8.2 3,0
Musélé' J 1.5 » 17;0
Lungs | 1.0 | J -

0.3 144

e germ

bt s s o it maob . —m

It is seen that the 1iv9f‘roceived'the"major fraction of the rapidly

clearing calloid, whereas.the bone plus bone marrow received the major frac=

‘tion of the slowly clearing colloid componont,

Thus in all thc experlmentu

tabulatcd (and in several others for s1m11ar 001101ds), whore tho onlioidal

partlcles are relatively large in size, ‘sedimentible 1n-1arge part even wath

ordinary centrifuges, producing sols that are turbid and demonstrate an in-

‘tenso Tyndall effecf,‘we have found the blood clesrance rate to be'#ery rapid

(Tl 2 = 50<seconds -1 minﬁte)‘and‘tho site of uptake of the colloid to be the
llvor and spleen prlmarlly. From the magnitude of tho blood clearance rate
it is certaln that much of thc 001101d is c1earod in a S1ngle passage through

tho liver, so that for those colloids tho rato of blood £low through the llver

relative to that through the bone marrow probably plays a major role in se-

curing localization of thc colloid in the liver plus spleen rather than in
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the bone marrow, For chromic phosphate suspensions, also, it is now known

that there 1s association of'relativqu Iarge particle size, fapid'blood‘

clearance, and liver and splecn localization just as with tho above-deseribed
. ! N ! ) -

zirconium colloids, The mechanism responsible for the fapid'uptake by‘tho

liver and splecen of relatively large varticles is not'yét clear, nor has the
significanco of factors other than particle size alone becn ovaluated in de-
i . . { R . .

i

termining blood clearance ratc and' sitc of uptake. of thc colloids.

B, Selective Localization of Radioisotopes of Zirconium, Columbium, and Ytbrium -

Primarily in the Bonc Marrow, and Sccondarily in the Spleon and Liver,

As described in the preceding. communication, anionic colloids of zir-

conium and yttrium‘may be prepercd of much smaller particle size than those
Jjust shown bto deposiﬁ”primarily in the liver plus splecen., Thesc colloids are

of the zirconium-hydroxy-lactate and thc ytﬁriumwhydroxy—citraté type, In
conbrast to the répid blood clearance of the "relatively large size" aggro-
. . : § .

gates, these lattoer cplloids of intermodiate narticle size arc.cloared much

* s . . ' ! . - . () v ‘ N
more slowly\ln the rabbit, rat, cat, and mouse, showing expouncntial decay

from the blood stroam with half»times\from 30 to 80 minuﬁés (soé‘Figure 2),

the colloid remaining quantitatively in the plasma until clearcdql In the.

'rabbit, cat and rat, the slowly disappearing colloids localize primerily in

the bone marrow, withvsploen énd livor recoiving tho noxt highest quentity
(alltexprossed on spé%ific acﬁivity basis)? The distribution data in the -
rabbit for the"zirconiumvhydroxy—lactato'colloid\a?e gi&én in Table 2 ond
for yttriumrhydfoxyncitrato éolloid_in Table 3, \Iﬁ the case of zirconium
and ytfriuﬁ éolloids.which 1oéaiizo primarily}in'the bone marrow we find

associated the features 1) particlc‘size much smaller then those colloids
~ P . \ N . :

. . ) P . o - - .
*¥ In the mouse the liver and spleen take up tho major fraction of the slowly

disappearing colloids, although thc bonc marrow upbake is groater than for

the "large particle" colloids. o : ’

v
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1oca11z1ng brlmarlly in tho splecn énd liver (1oss pronounced Tyndall effect,
non~contr1fug1b111ty with, ordinary centrlfupos), 2) slow dlsappearanco from:
-E I!: the blood stream (Tl/é 30 to 80 mlnutcs contrasted with 50 seconds to 1
“ mlnutc for "liver and sploen“ COllOldS) | |
As was ShOWn in the procedlng communicatlon it 1s poss1ble to preparc
partlclcs of dlfferont chomical compos1t10n (but of the seme size range) by ,
' alterlng the flnal solutlonij at a particulsr metal 1on/bomploxing-1on
" ratioc in tﬁe yttriuﬁ hydrokide—citfate system, With quantitative moaéurc
}; . of -particle sizes:of these typds; it is planned to +ry:t9 gain’ some insight
e into tho possible effceet of varlatlons in chomlcal comp051t10n (at the same

i

partlclo size) on blood stream.dlsappcarancc raue and site of uptake of

)
¢

‘ f' ,‘; COllOldS, and‘thus perhaps obtain a clearor 1dea of the mechanlsm operative

J

o .- in selectlvo locallzatxon 1n one clement or another of thc retlculo-endo-

| thelial system. From the prescnt data it id not pOSSlblG to determine
Whether or notlpolymcrlzatlon»of the slowly d;sappoarlng 001101ds is a ncoos~-
vsary preliminéry %o roticulo—ondothélial.deposition,‘6r whétth'the particles

remain in the serum at the original sizc and are slowly removed at this size,
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Tablo 3
: Dlstrloutlon of Intravcnou>ly Injected YttrlumrHydroxy ~Citrate 001101d in the
Tlssuos of thc Rabbit ("Intcrmodlatc" particle sizc)

)

(Half time for Blood Stream Clearancc = 70 minutes)
(Animal sacrificed 18 hours a;%er 1n300t10n)

‘ (y91 tracer - 1.0 cc, injection)

< E | % of Injected |% of Injccted Dosc /
Organ - .| Dose in entire |per grem of tissue
‘ R ' © organ (specific activity)
o o e L N Rt
Bono and Marrow : ( 35,0 C 0,07 -
Bone (rib)* f S 5
Bone (femur )* S . A0
Merrow (rib) o EECTI . 0.45
Marrow (femur) S -’ o 0,71
| Splecn _ \ R 10 | 0, 67
i : { ’ . .
Liver o ‘ 45,0 | . 0,22
Kidnoys R © 1.2 1 0,086
Urinc (firsﬁ 18 hrs. aftor injection) 3.6  ' -
Gastrointestinal tract : 2.4 B ‘ 0,013
Heart o o \ 0,12 0. 057
Lymph nodes ! - 0,01
"Musclc. | : 0,54 . 0,0QOB
Tostes S 0,05 0,006
Brain L 0,02 0,002
| Lungs S | 0.65 ' | 0.02

* Tb.is difficult m@chanlcally to remove all tho marrow, so thet bone sp901-
fic activities always’ tcnd to be falsoly hlgh when most of tho colloid is
in tho marrow,

/ The sp001f10 activity is the really significant value for calculablon of
irradiation dose rcceived by a tissuc follow1ng localization,

Loy
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) R U eno 4

'Distribution of InLravcnously Injceeted Zirconium*-Hydroxy-Lactate 001101d in/
‘ the qusuos of thc Rabbit ;

(Half-time for Blood Stream Clearance = 70 minutecs)
(Animal sacrificed 24 hours aftor'injection)

|

- st -+ - oy

4 - 9% of Injected Dosc|% of Injoctéd'Dbeo '

‘ B | Organ in entire orgen |per gram of tissue
- S : | ‘ d  o (s?i?iflc actiylby)
Bone and Marrow ' o 44;0 0,11
o S
Bone (femur) | B - e 0,03
Merrow (femur) , ) s R 9.84
Sploon B S o s '\ 0,65
Liver = . ~ | 37,0 | 0.28
o Kidhoys N a1 - 0.15 .
P Hoart - | 0,09 | 0,045
| Lungs , B 0,04' © 0,022
Urine (firstvé hfs.‘aftér injection) | 3,2 - e
- Muscle o ! o 1 , ’1{2 0.0007
«Lymph nodes (® 60%&of'£otal), | :  '6.5 g \_ﬂ
Gastrointostinal tract 5.0 " | 0,018
Thymus 0,025 . | -
| Pituitary o000 | -
Adronals . 0,002 .
| Brain 0,01 . 0.0014
Eycs 0,1 0,014

* A:mixture of 7695 ‘ana p9° radioisotopes was used in'prepafation of this

‘colloid,
that for Zr89,

‘The distribution data differecd in mo significant details from
a p031tron emitter, the ybttrium daughtor of which is stable

1nd10at1n5 that the (b99 radioisotnpe shares the mctabolic fabte of the

j z1rcon1um c01101d.‘
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‘ _ /
C. Rotention of Yttrium and Zirconium Colloids in Tissue Following Initial -

For several applications of such colloids in sclective irradiation it is

neccssary to know to what oxtent the colloids remain fixed in tissues once de-

posited, : - SR . g

. o : . : ’ !
‘For the zirconium phosphate colloids (large particle type) in the mouse,
analysis shows that there is at 10'days éfter‘injoctibn 96,5% of injccted

zirconium in liver plus splcen, 0.3% in the lungs, and 3,3% in the ontire ro-

- mainder of the carcass, Comparison of these data with those for the. same

eolloid in Table 1 shows that no significant loss of activity or change in

“distribution occurs for this Colloid‘ovgr this time interval,

Similar data for the ytﬁriumrhydroxy;citfate and zirconium-hydroxy=
iachate "iﬂtcrmediate_particle size" colloids arc givenlin Tablo ‘4,

Excretion data iﬁ‘tho rabbit shaw‘nogiigible logses of yttrium ooiloidb'
via tho urine aftor the first da&; while 1/2'to 1% of tho injquod dosc is
losﬁ daily via the fecos, |

Except for a possible trond toward slow loss of activity from the Liver,

\if.is seon that the bulk of the yttrium and zirconium colloids ﬁend to remain/

. . ’ . \ :
localized at thc sitc of dcposition, at lcast for the periods of time given.

|



L | .12 -

Table 4

.

Extent of Retention of Yttr1um—Hydroxy~01trato and Alrconlumﬂﬂydroxy—Lactato
Colloids in Tissucs of Dopos¢t10n in thc Rabbit*

% Injected dose still presont in entire organ -
Yhtrium-Hydroxy- Zirconium~Hydroxy~Lactate
B Citrate Colloid #‘ - Colloid
! - ! o ' T ‘ =3
Days after injection| 2/3 , 11 e .., 1, 10 22
, | . .
Organ : ! ! |
—~&£= | ! N . ‘ L
_ Bone and Marrow 35,0 { 53,0 44,0 1 46,0 | 35,0 | 34,0
[ ' { | :
| - Lo
. Spleen L 1,0 0.4 1.5, 2.8 1 L8 | Ll
‘ i |
Liver - ' 45,0 1 29,0 37,0 ‘/31.0' 24,0 | 22,0
- Kidneys ‘ . 1.2 i 0.7 || 2.7 L 2,0 v 3.1 | 2,8
. . ' P T ‘ ! v ' | ) ) :
Lungs 0.5~ , 0.3 0.4 09 06 10,38
' \ | |

* Data in this table were dbtainedvby injecting scparate rabbits with the
colloids. and sacr1f1c1ng the anlmals at the stated time 1nterva1s after
1ngoctlon. s :

D, Experimental and Thcrapeutic Appiications.

\Forlexperimental work requiring §poc;fic irradiation of tho»livor,
splecen, or bone marrow, or_combinafiéns,of those'srgans, the colloids dese
cribed arc useful, With the range of short and 1ong~llvod radlolsotopos of
yttrlum, zlrconlum, and columblum avallable and with the ov1donco presented
that colloids incorporating such isotopes may be retained ‘in tlssues of de-
positioﬁ'for at least se%eral weeks, it is possible to achicve continuous
specifié_irradiatibn of tiﬁsué at.ahy‘deSirod'iﬁtensity.IEQOl either for short
or long péridds of time, | , J

In certain heoplastic diseases of tho hematopoietic system, as the

|
I

loukemias, myelomas, or other neoplasms involving the liver or bone marrow,

and in polycythemia, the therapeutic usé of yttrium or zirconium colloids |

3



‘secms feasible, With these colloids irradiation is localized in three tissues
.y . 3 Y . X . . ' . . ' 11 VJ. . ’ A ) ’
while minimizing the irradiction of othor tissucs, With a range of half-

lives of bota#emitting isotopes from 17,0 hours to 65 days, one may have a
grgat latitude in choosing‘duration and intonsity of therapeutic irradiation, *

A ¢linical oveluation of thesc colloids, with incorporated radioisotopes, is

b f : . . .
now being made both with respect to tissuc distribution in humans and with

. - \ N R . .
respect to thorapeutic efficacy in polycythemie, the leukemias and certain
other selected discases. VWhile no great differences from other forms of

\

radiation therapy arc anticipated, it is possible that some improvemont in

the menagement of these discases may result.
L ' SUMMARY
: , '
1, Colloids of zirconium of relatively large particle size show rapid
éisappo@ranco from the blood stream (Tl/% ;:oa. 30 séconds to 1 minute) and
érg deposited mainiy in the liver end spleon,
| j2. Colléids‘oflsmaller particle size, both of zirconium and yttriﬁm,
'dissaﬁcar much'moro slowly fron;tho blodd streamﬁ(fl/z = 30 to 80 minutes)
and are dopdsited @rimarily in the bone marrow and sploén; secondarily in the
liver - the liver spe§ific activity being approximately 1/3 that ofimarrow,
8, Both types of colloids, once deposited in these organs, sﬁow no
,significant change in distfibution'patﬁern, at least o&er 8 period of Zkto
4: wooks; and:only slow excrction from(fho body.
4, The distribution of tho colioids and the avaiiability‘of the iso=-
topes of & Wid¢ renge of nuclear propertics render thom suitable fgr experi—

mental studics requiring specific irradiation and for therapeutic utilization’

in certain discases.

; . i . s
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- FIG.2. 'BLOOD STREAM DISAPPEARAN&E FOR INTERMEDIATE PARTICLE SIZE
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FIG.3. BLOOD STREAM DISAPPEARANCE FOR INTERMEDIATE PAR-
TICLE SIZE COLLOID IN THE RABBIT
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