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+I. THE

, Ernest'L. Dobson', John W. Gofman, Hardin B. Jones
tola S. Kelly and Leonard J. Walker

".

(From the Division of Medical Physicsa.!I-d the Raq.iation Labora~ory,

Departmen'l~ of Physics, Uliivorsity of California, Berkeley, Calif,)

INTRODUCTION
,

Several workers have shown that certain colloidally disper~ed materials

are removed from the blo()~ 'stream by the liver and spleen. Jones, Wrobel,

. and Lyons l have utilized suspensions of arihYdro~s chromic phosphate for the

selective irradiation of the liver and spl~en with p3 2 beta particles.,

I
Gersh2 ,3 demonstrated that colloidal calcium phosphate is taken up by the

liver and spleen. He stressed the failure of bone marrow phagocytes 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' "refractoriness ll in general of the bono marrow as compared with liver

and 'spleen with respect to the v.ptake of colloidal dyes from the blood stream.

Some histolpgical data4 indicate that ltThorotrast" (a colloidal thorium di-

oxid·e preparation) is deposited iIi the bone marrow as well as in the liver
I

and spleen, but no quantitative data as to the relative distribution are

available.

In the preceding communication (this jour~al P._~_-..,_) the methods

for the preparation of colloids i~corporating radioisotopes of yttrium, 'co­

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

): * This work was supported in part by Contract N6-0RI-Ill-Task Order III,
\..._./ U. 8. Navy, by the A. E. C. (NDP48A Division II), and tho Donner Foun-

dation, Inc. '
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in the spleen and liver, with an analysis lof some of the factors which may
,

be responsible for differences in localization~

A. Selective Localization of Radioisotopes, of Zirconium, Columbium, a.nd
yttrium' intl1'e"-1l.Verand S'pfe.Gi:l;--"-----·-------'~·--..,-·------"-~'--

....._- -~.--_ ..~
Several different colloids have been studied, all of which show the

common prop'~rty of lo,?alizing in the liver and spleen of mice, ra,ts ,and

ra.bbits. In every case the colloids having this distribution are those of c

"relatively large" particle size, sedin+en~ible in: large part in ordinary
,

centrifuges. These sols are turbid, and, produce an intense Tyndall effect"

on, illumination. Further, in general, for the colloids which localize in

the liver and sploen, tho' disappbarance rate of intravenously injected col-

loid from the blood strewm ~s rapid, the blood colloid level decreasing
./

.approximatoly exponentially with time, the half time for blood clearance

(and liVer and sploen uptake) being in the neighborhood of 30 seconds to

1 minute. Representative distribution,' d~'l:;a for the three colloids: (1)

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

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

lactate - in the mouse are given in Table 1. The proparative procedure for

these colloids is given in the preceding communication.

In'bhe case of all of these colloids the blood-disappearance curves

show a small percentage (between'1 and 10%) of morc slowly clearing crnmpo­

nents in addition to that haVing the T1/ 2 of' 30 seconds to 1,mfnute.The

methods of preparation for 'these sols are such that polydispersity of the

sols is expoctpd. Soveral typos of experimental da'l:;a len? support to the

idea that the smaller particles in snch polydisporso'sols are responsible for

the slowly clearing fraction. First, experimonts have been performed, using

the mouse, where a colloid having N 1% of the total acti,vity i.n the slowly

disappearing fraction he,s 'been centrifuged to remove tho larger- particles.
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~['able 1

Distribution of Intravenously Injected Zirconium Colloids of Relatively Large
,

Particle Sizes in Mice (Zr 95 and Cb95 radioisotopes incorporated into colloid)
• I I ,

Zirconium oxide
in dilutE) HN03

(1)

'_~"--'~'-".-~---,-'-'~'--'-1'·---------,1"Zirconium phosphate Zirconium oxide
in dilute NaZHP04 ' in dilute -

, sodium 'lactate/
(2) (3)'

===,.,,__:=1:=::-=-_.=.. ---._.::. .... ':..=.~~=-_~-.::=::, ...
%injected dose

.._........,-_ --.. ...,....-.-..--_ _---~.;_~-,----,~i===

%injeoted dose%injected doseOrgan
.._--_......._.--..~ ....._-_."",...... -_.-_.... -

Liver plus splcen* 97.3 95.0

Lungs 0.6 0.9 included with
oarcass

Blood 0.4 1.8 0.7

" .

Entire remaindor of

~~~~:s S. i_nc ~~_~~~~ ._~ ~_.. ~:. 7I _._••__L~ ... ".~~_~.. ._.. _.~._._ 4.5

(1) Mouse sacrificed 6 minutes after injection.
(2) Mouso sacrificed 3 minutes af'cor injection.
(3 ) Mouse _sacrificed 5 minutes after inje ction.

(
* Data on many animals for sp'leon alone ,show uptakes varying between 1% to

4% of injected dose.

Tho supernatant colloid was the.!h injocted and was shown to have a slowly

di~appoaring fraction of '" 8%. ThesG data appear to support tho idea that

the smaller particles constitute the slowly disappearing fraction. Furyher
;

experiments with a colloid of. zirconium-oxide suspended in sodium lactate. ,

were done in the lJabbit. Figure 1 gives the blood disappearanoe curve. This

particular preparation has an appreciable percentage of slowly clearing com-

. ponentsin additi9n to th,e major fraction of ver'~l rapid blood clearance rt;tte.

At 2 hours after injection (point A), when all the rapidly disappearing

fraction had beon clearod, serum was collected. and the rabbit sacrificod.
,

Tho serum containing the slowly disappear~ng component was injected into ~
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second rabbit. The socond rabbit was sacrificod after its blood had been

cloared, and tho tissue distribution of the colloid was. detormined. The data

are given in Table 2.

Table 2

43.0

Distribution of. zirconium acti­
vity .in animal inject,)d with
serum from initial animal
---~...,._--_.--- _._..-_........--..._._-.__....._..,.--,~ ...,....,.;...- ,_._~-~-....--_.-

9.3

%Injected dose in entire organ %Injected

Distribution of zirconiu'In. co1­
iloid in initial rabbit (inclu­
ding rapidly clearing fraction)

Organ

I-- _._-_ _-_.. ~ ~- _,'- _._ __ .- ,.. ,_.- _._.-'- _._.__ _ _'._._--._-,,-, _.~_ ---_.~~--'-_.-.._---_ .._.__.._.,--

-_..-------_..----_.-,._._-_•..--.-.....-...:-. ._-----
-~.,_ ......__.._- ~'-_._.-._-,._._ ..._._------_._ ..-

I--....;_._~._"._,~. -----..-.---.......---.-..-.,----- ---------

Liver 85.0 23.'0

Sp10en 3.0

uscle 17.0

It is seen that tho livor .rocGived themaj or fraction of the rapidly

clearing colloid , whereas. tho bono plus bone marrow receiveq. tho major frac-

tion of the slowly clearing colloid componont. Thus in all tho exporiments

tab,ulatod (and in several othors for similar colloids),' whore th~ colloidal
<I . \

particles aro rolatively large in size , 'scdimentib1e in large part even with
.' I

or,dinary centrifugQs 1 producing sols that are turbid and demonstrate an in­

'tense Ty'ndall effect, we have found tho blood clearance rate to be ;'ory rapid

(T1/ 2 ::: 3qsecollds - 1 minute) and tho site of uptako of' tho colloid to bo the

liver and sploen primarily. From the magnitudo of tho blood clearance rate

it is certain that much of tho colloid is cleared in a s·ingle passage through
\ ,

the liver, so that for these colloids tho rat6 of b1dod flow through tho l~vor

relative to that through tho bone marrow probably plays a major role in SG­

,curing localization of the colloid in the liver plus sploon rathor than in
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the bone marrow. For chromic phosphate suspensions, also, it is now known

thatthore is association of relativqly largo particle sizo, rapid blood'

clearance, and liver and spleen localization just as with tho abovo-d9s'cribod

zirconium colloids. Tho mochanism rosponsible for tho rapid uptake by the
! .

liver and spleen of relatively large particles is not'yet cloar, nor has tho

'significanco of factors athol' than particlo siz'e alone be.on ovaluated in de-
1_ -

tcrmining ,blood c10arance rate and i sitoof uptake of the' colloids.

B. Selective Localization of Radioisotopes of Zirconium, Co1umb:i.um, and yt·trium
--yan~~ri.q~.:ln..~X~~J?PE_o"j!Jfa~!~?l~~~·:~~d ,§.~~o·ndai:JJ..i"_~. t.~.F SpTeoE ~d Liv~Y::~-"---

As described in the preceding. cOlmnunicat:i.on, anionic colloids of zir-

conium and yttrium may be props.rod of much smaller particle size than those
,

just shown to dGpoSit primarily in tho 1ivor plus spleen. ThesG colloids are

of tho zirconium.-hydroxy-lacta·to and the yttritu!l-hydroxy-citrate type. In

contrast to tho rapid blood cloarance of tho I1ro l e.tive1y largo size" aggro-
I

gates, those latter colloids of intormediate par.ticle size are cleared much

marc slowly'in the rabbi'c, rat, ~D.t, and mouse , showing oxportontialdocay

from t~he blood stream with half-times ,from 30 to 80 minutos (sao B'iguro2),

the colloid romtdning quantitatively in' the plasma until cloarod'/ In the ..

rabbit, cat and rat, the slowly disappoarine; colloids localize primarily in

the bono marrow, with spleen and livor rocoiving tho next highest quantity

( (1..)*all exprossod on specific activitJ:' basis • The distribution data .~n '\:;ho .

rabbit f.or tho zirconium-hydroxy-lactato colloid are given in ~'able 2 e.nd

for yttrium-hydroxy··citrate colloid in Tablo 3. In tho caso of zir.conium

and yttrium colloids which localize primarily 'in the bono marrow we find

, \
associated tno features 1) particle size much smaller Jthan thoso colloids
_, ~ . ~ ~._.,....... ~.__ ....L_._....._..__ ..._.

* In the mouse the livor and spleen take up tho major fraction of thel slowly
disappearil1g colloids, aHhough tho bone marrow uptake is groator than fo'1"
the lilarge particle:' . colloids.
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localizing primarily in tho spleen and livor (loss pronounced Tyndall' effect,

non..centrifugibility with ordinary centrifuges) ,'2) s;Low disappearance from
. ~.- . ,

the blood stream (Tl / 2 ;:: 30 to 80 minutes contrasted with 30 seconds to 1

minute for "liver and spleen" colloids).

As was Sh~wn in the preceding communication,it is possible'to prepare

particles of different ohomical composition (but of tho same size range) by /

altering the final solution pH at a particular metal ion/complexing ion

( ratio in the ytt:rium hydroxide-citrate system. 'With quantitative measure

of ' particle sizes o,fthose typos, it is planned to try to gain'some insight

,I,' into tho possible effect of variations 11'i. chemical composition (at the same

particle size) on, blood stream disappearance rate and sH;e of :uptake of

colloids, and' thus perhaps obtain a clearer idea of tho mechanism operative
I ,I

in selectivo localization in one element or another of the reticulo-endo-

thelial systom. From tho presontdata it is not possible to ~etermino

whethor or not polymorization),of tho slowly disappoaring colloids is a nooes-

sary preliminary to reticulo-endothelial deposition, or wh'cthor tho partj.cles

remain in tho serum at the ori~inal sizo and are slowly removed at this size.

, ,I
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Distribution of Intravenously Injected yttrium-Hydroxy-Citrate Colloid in the
Tissues of tho Rabbit (1IIntormediate"particle size)

(Half-time for Blo9d Stream Clearance = 70 minutes)
(Animal,sacrificod 18 hours after injoction)

(y91 tracer 1.0 ce. injection)
,,--+-_""' . __._.._o_..__._._a_._._. ._.'__..<____ ___._~. .._...._..._ _.~ .......... ~ .....,.__"._...__...,_._._..__

%of Injected %of Injected Dose J
Organ Dose in entire per grmm of tissue

. . - organ (speci~ic activity)
--:-.-;.:::==;:,==-~~==.:=:=~.=::::::.:......=._=.==.=':':""::::-:-=_ '.-=~==:==...=== ... "" --=,~"c-:.'_",:;::,~:=:;:-::::=·_

Bone and Marrow \ 35.0 0.07

)..

"

Bone (rib)*
Bono (femur)*
Marrow (rib)
Marrow (femur) ,

Spleon

Liver

Kidneys

Urino (first 18 hrs. ·after injection

Gastrointestinal tract

Heart

Lymph nodes

Muscle

Testes

Brain

,_..

1.0

45.0

0.12

0.64

0.06

0.02

0.21
0.11
0.45
0.7),.

0.67

, 0.22

0.056

0.013

0.057

0.01

OJ)003

0.006

0.002

..

* It- is difficult mechanically to remove all the marrow, so that bone speci­
fic activities always I tond to bo falsely high whon most of the colloid is
in the marrow.

'.t The specific activity is tho roally significant value for calcuia'l:;ion of
irradiation dose received by a tiS8,UO i'o11owing localization.

,,.
'~.
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I ~

I

. Distribution of Intravonously Injected Zirconium*-Hydroxy-Lactate Colloid in)
tho Tissuos of the Rabbit

(HaU":time for Blood stream Clearance =70 minutes)
,(Animal sacrHiced 24 hours af'ber injection)

- -"-"-'--~:--·--'--~~'··-·-·---·T% 'O-f~;~jo~'t;;D~S~ %f)~ -inj::;6d';;;~
Organ / 1in entire organ peri gram of tissue

. . . (spocific activi'by)
- , - "

==--==-_--:::::::.:;,.-' ._._"::::'--:;=--::::::=:=:;~;:::'':'::.-;=:~=-:--:_.._. '=-.=::::..-:::--=:.:,,::,:::.=-:.:.~'=.r::;=:::::: .:::::.:-.:::::....;;.:;;;...::::::.:::.:::-:::.-:::::::-;::::-:--=:..

Bone and Marrow' 44.0 0.11
"

..

Bone (femur)
Marro'N (femur)

Spleen

Liver

Kidrieys

Heart

Lungs

Urine (first 4 hI'S. aftor injection)

Muscle

I Lymph nodes (IV 60% of total)

Gastrointostinal tract

Thymus \

Pituitary

37.0

0.09

0.04

0,5

3.0

0.025

0,001

0.03
0.84

0.65

0.28

0.15

0.045

0.022

0.0007

0.018

Adrenals

Brain

. I 0,002

0,01

0.1

0.0014

0.014
. . .__-..__ ~__.,__ _-":_"~,,,,,_._'. - ·.~ b.~..,_.__· "'_--"__.-__','~"'_"'••_"' ~ __ ..__._'__.__ _

* A mixture of Zr95 and Cb 95 radioisotopes VIlas used in preparation of this
'colloid. Tho distribution data differed 'in 'no signifi.cant details from
that, foro Z1'89 , a positron omitt,or, the yttrium daughter of which is stable
indicating that tho Cb 95 ' radioisotr)tlC shl:;l.res the mctaboHc fate of tho

,.' .t:,._"_ . l

I zirconium colloid.
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C. Retention of yttrium and Zirconium Colloid.s\ in Tissue Following Initial'
- Upt~ke. .-.----.-...-.-.-.-.---.....-~------.-.--. ---.------.-.-.-----

For s,cveral applications of such colloids in solective irradiation it is

necessary to know to what extont tho colloid~ romain fixed in tissues once de~

positod.

For tho zirconium phosphate cplloids (large particle type) in the mouse,

analysis shows that there i.s at lOz days af.ter injection 96.5~~ of injected

zirconium in liver plus spleen, O. 3% in tho lungs, 'and 3.3% in thq. entire ro-

maindor of thu carcass. Comparison of these data with those for tho. sarno

colloid' in Tablo 1 shows that .no significant loss of activity or change ,in

dlstribution occurs for this colloid ov?r this time.interval.

Similar data for the yttlrium-hydroxy-citrato and zirconium-hydroxy­

lactate llintermediate. particle size" cbllbids are given in Tabl~ '4•.

Excretion data in'tho rabbit show. negligible lossos of yttrium colloid
\

via tho urine after tho first day, while 1/2 to 1% of the injectcddose is

lost daily via the focos~

,
Except for a possible trend toward slow loss of activity f.rom tho liver,

it is seon that tho bulk of, the yttrium and 'zir,conium colloids tend to remainl
\

localized at the site of doposition, at loast for the periods of timer given

in 'Table 4 •
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Table 4

Extent of Rotention of Yttrium-Hydroxy-Citrate and Zirconium-Hydroxy-Lactato
Colloids in Tissues of Deposition in th.e Rabbit*

53.0 .35.0Bone and Marrow

Yttrium-Hydroxy~ Zirconium-Hydroxy-Lactate
Citrate Colloid Colloid

--==::::~. - -;:::::::=::::::r==::_. '.'~=:=::'::::;~:;;;-'-~-:~'==;.::::::::-:.:.~.. ~:::==:=::::::-

Da;y-s after injection 2/3 '. I 11 1/6 " I 1 I 10 I :e2'
I

--H---"-~-'---'--;-------'---

t I
I I I

44.0 I 46.0 I 35.0 34.0

%Injected dose still present in entire organ___~ .._> ...R~·_·..-- ..---.J-,.-.-...--......,--'-......---.------.-..;.--t

;--. - -.- _. .,.. _- ......,....--,..__.__ _-_.._.__.-----~---

1.8 1.1

24.0 22.0'

3.1 2 f 3
.1

0.6 0.3

1.3

37.0

0.41.0

45.0

I 2.9
I I

. /31.0
I

1.2 0.7 2.7 I 2.0

.. ' \ I L .' ,'. "
_~~~. _.L~_O~~__ _.~,_~_._:~.~. 9 _,.;...- _

Liver

Kidneys

,Spleen

I Lun~ _

..

. ,,'. * Data in this table WEre obtained by injecting soparate rl;l.bbits with .the
colloids. and sacrificing the animals a;l:; tho stated Mmo intervals af'Ger
injection.

D. Experimental and Thorapeutic Applications._. r ......... -.. •__• __...

For experimental work requiring$pecific irradiation of tho liver,
, ,

spleen, or bone marrow, or combinations, of these organs, the colloids des-
, '.

cribed arc useful. With the range of' short and lon~lived radioisotopes, of

yttrium, zirconium, and columbium available and with tho evidence presented

that colloids incorporating such isotopes maybe retained lin tissues of do-

position for at least several weeks, it is possible to achieve continuous
, ,

specific irradiation of tissue at any desirod intensity level either for s~lOrt

or long periods of time.

,. In certain neoplastic diseases of the home.topoietic systom, as the

leukemias, myelomas, or othor neoplasms inVolving tho liver or bono marrow,

and in polycythemia, the therapoutic use of yttI'ium or zirconium colloids
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.() seems f'ca:siblo. With these colloids irradiation is localizod in th1'oeti$sues

whilo minimizing tho irradiation of othor tissues. With a ronbe of half'-

lives of bota~emitting isotopes from 17.0 hours to 65 pays, ono may have a

g:r\3at latitude in choosing duration and intonsity of therapeutic irradiation.

A clinical ovaluation of 'I::;heso colloids, with incorporated radioisotopes, is

I ,

now being maCJ.e both with respect to tissuo distributibn in humans and with
\

respect to therapeutic efficacy :i.n polycythemia, tho leukemias and certain

other solected diseases. Whilo no great differences from other forms of
\

radiation thorapy 0.1"0 anticipatod, it is possible that some imprQvemont in

tho managQment of those diseases may resul·b.

..

. '.

..

SUMMARY

1.' Colloids of zirconium of relatively 10.1"&;0 particle size shov! rapid

disappoarance from the blood stre(;UTl (T l / 2 ~ ca. 30 seconds to 1 minute) and

,are deposited mainly in tho liver and spleen.

'2. Colloids of smaller partido size, both of zirconium and y·~triu:m,

dissapoar muchmoro slowly from tho blood strcan: (T l / 2 =30 to 80 minutes)

and arc doposited primarily in the bono marroyv and sploen; soc'ondarily in the

livor -' the liver specific activity being apprOXimately 1/3 th;"t of marrow.

3. Both typos of colloids, onco deposited inthoso org;ans, show no

,significant change in distributionpattorn, at lo~\st over a period of 2 to

4 woeks, and only slow excrotion from ,the bpdy~

.0,

4. Tho distJ:-ibution of the colloids and tho aVt;1.ilabili ty of the is o­
J

• topes of i.J... wide range of nuclear proportics rendor thom suitable for oxperi-

mental studios roquirirJ.£ spocific irradiation and for therapeutic utilizatiOl1/

in 'certain diseases •

(
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BU- 1[) STREAM DISAPPEARANCE FOR I! RELATIVELY -LARGE PARTICLE SIZEII
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,"" .'
(.,- -r-

FIG: 2. "'BLOOD STREAM DISAPPEARANCE FOR INTERMEDIATE PARTICLE SIZE
COLLOID IN THE RABBIT
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FIG. 3. BLOOD STREAM DISAPPEARANCE FOR INTERMEDIATE PAR­
TICLE SIZE COLLOID IN THE RABBIT
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