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}’34GIRRADIATION WITH STATIC PLUTONIUM MICROSPHERES

E. C. Anderson, L. M. Holland, J. R. Prine, and C. R. Richmond

Los Alamos Scientific Labo~atory, University of California

LOB JUamos, New Mxico 87544

A. INTRODUCTION

The question of whether concentrated deposition of radiation dose in a

11.mltadvolum is more or less damaging than diffuse delivery of the sam

quantity of •ner~ has troubled health physicists for many years. It has

recently amumed new pronrlnencewith the potontial risk of expomre of large

populations to PU02 aerosols from prospactiva nuclear powor generation with

breeder raactors. Tha problom la complex, and theoretical calculations baaed

m mlcrodosimctry and assumed singla-coil reeponae ~re of littla help sinc~

this ruponsa la eubjcct to all tha factoro of biological ragulation, control,

rapair,and othar coopmativa reactions charactmistic of titsua. Th* primary

●pptal mut ba to ●parimental data ●t this sta~~ until the limiting rmch-

micma and Intaractiona ●re idantifiad. Hamrer, bccwaa of tha peculiar

raquircumntsof haalth protection, sp~cifically tha ●pplication of tha data to

hm ●poeuru of long duration and th~ du Ira to limit tha probability of

damaga to ●xtrmaly low valuu, ●xtmpolation of ●xparimntal rseult# cannot

b, ●voidad. Extr~polationmust bc made from animal to man, from ehort to lon~

tin. of ●posua and Induction, and from mau.rabla to indat~ctablo probabil-

itiaa. Such cxtrapolatiom will ba convincing in proportion to thalr basia on

mahaniotic datail. Tharafora~ it Is important that ●xparimauts correspond

as elomly aa pos~~blc to tha ●ctual ●itustlon to which they will bo ●ppliad
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and that at the same ti= enough independently controlled variables be avail-

able to test various hypotheses and to identify the controlling factors.

The hot particle studies in hamsters at the Los Alamos Scientific Labor-

atory (USL) are simulation experiments to the extent that the target organ

(the l~g) ad the radioactive sources replicate the exposure to inhalation.of

PU02 aerosols to some extent. However, to facilitate the analysis of the

factors operating, certain unreal constrainta have been introduced. A primary

objective is determination of the minimal conditions of exposure leading to

tmor induction, espt~ciallyin terms of nmber and distribution of irradiation

foci and of volume and distribution of tissue at risk. Thus, ani~ls ●re

exposed by jugular injection to ● precise rider of uniform microsphere which

●re retained quantitatividyand permanently in the capillary bed of the lmg.

The exposure is thezeby limited strictly to the lung itself, no other organ

receiving a significant radiation dose, and the doaimetric paramtars can be

variad in ● controlled manner. Because of the limited epaca available hare,

●xperiumntal nmthcds will be prasented only in outline. For details of proca-

durea and numerical confirmations,the readsr is referred UO our annual raporta

(RICHMOND and VOEXZ, 1972; RICHMOND and VOELZ, 1973; RICHMOND and SULLIVAN,

1974)●

B. EXPERIMENTAL DESIGN

The ●xperlrmntal animal chosen was the Syrian (goldan) hamater. Tha

choica was primarily on the basis of tho popularity of this animal in many

typas of cmcar ●xperimente, both che.mical-and xadiation-induced,which pro-

tide ● large body of ●x~erinmntal data for comparison and Interpretationof

results aa wall u its frcodom fr~m primary lung diseaa,. Tha routs of cxpos um

ie unusual In that larg~ (10-@ micr~ypheras ●ro inject~d into the jugular
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vein (HOLWD et al., 1971) and are trapped in the capillary bed of the lung..—

Siree the range of the alpha particle in the lung permits the traversal of

several alveoli, the location of the source on the blood side of the membrane

is not physically important. The immobility results in significant differences

frcm inhaled aerosols; the local radiation fields are higher in intensity and

more circumscribedin volume than for mobile particles of the same activity.

However, by varying particle number and specific activity, the dose distribution

can be manipulated to study the effects of this parameter.

The ticrospheres used are an inert, insoluble, high-fired ceramic of Zr02

to which PU02 has been added at concentrations chosen to simulate the radio-

●ctivity of respirable particles. They were prepared by generating (with a

vibrating jet) uniform droplets of a Zr02/Pu02 sol Which where than gelled by

dehydration and fired at 1000”C (FULWYL.ER,PERRINGS, and CRAM, 1973). Exten-

sive etudiee wore made of the physical propertiaa of tha spharaa, including

d-tar, mass, density, and radioactivity. Thair uniford ty is indicated by

the coefficientsof variation within ● given batch for volume (bottm than 4%)

and fur plutonium activity (about 2.6%). Tha emer~nt alpha spectra shmmd

tho plutonium to be ●omwhat daploted toward thg c~ntar of tha microsphar8s by

20=40%relative to the outar portions. Sinco the spharas •r~ not lar~;ccom-

pared with the alpha ranga,●argy dagradmion is not ●orioua, tha ●verage

anargy loea being only about 1 hV.

The ranga of plutonium ●ctitity covomd in tha micmpharea lo 0.01 to

S9 pCi/sphere in 12 levels in m ●ppro~matdy gmmetric ●oriea. Ilmaa ●ctiv-

itiaa correspond to puro PU02 particlaa in the diamtar range of 0.06+.9 m

for 238
PU02 and 0.4-S.6 Nm for

239
PU02, thus ●paining tha ran- of reapirabla

sises6 ‘ma ●ctual chemical concmtmtion of PU02 ia Zd)2 ran~]d from 0.04-1.1%

by Waig)lt.
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To facilitate=asuremnt of the injected and retained dose, a low-leve’

tag of
57P
..ohas been added to all batches of spheres. The anly signific=t

radiations from this nuclide are the gamm rays (122 and 136 keV). At a specific

activity of 60 garmnas/hr/sphereand a 3% absorption in the hamster, the calcu-

lated whole-body radiation dose is about 1.3 mR/yr or 1% of natural background,

which iS

The

exposure

activity

About 1%

completely negligible in this experiment.

first experiments were begun in early 1971 using 60 hamsters in each

group and 2000 spheres/animal at eight exposure levels. Microsphere

ranged

of the

fialds were far

from 0.07 to 59 pCi and total lung burden from 0.14 to 119 nCi.

total lung volm was within the radiation fields, =d the

enough apart that thc~z was no overlap. The mdian alpha doee

to the population of cell.a●t riok waa calculated to ranga from 0.8 to 650 k-

rad/yr, while the “averaged dose” from the dapouition of total energy in one gram

of lung ran~d from 13 to 12 0~ rad/yr.

Tho poaalble tumor incidanca from “hot particlasq’has bean calculatai by

DEAN and LANGHAM (1969) mad by GEESAMAN (1968) on the amwption that the rat

skin tmor response curva obscmmd by ALBE~, BURNS, and I131MBACEi(1967) could bc

●pplied to tlm individual calh of *- lung. Such mdsls, whan u-ad with

tha dl.atxibutionof doso ovar the caAl population ●t risk in thio mpor.-nt,

prtdict tmor incidmca par group ranging from 2 at tha lowaat actitity group

to ● maximum of 60 in tho middh group and than daclining to

Tho totalnd~r of tumors pradlctadfor tha 4Kl hmtora ia

●hm, this prodictim i. not cmfimd by thasaaxporlmntoo

O for tho highuto

162. & m shall



particular emphasis on the 10-100 nCi range. LITTLE, GROSSMAN, and O‘TOOLE

(1968, 1973) have shown a very high tumor incidence in hamsters whose lungs

210
were instilled with Po solutions in this range of activity. (We have

recently beg~m experiments duplicating LITTLE’s polonium studies with our h-

nters, but no results are yet available.)

Other experiments are in progress using microsphere loaded with
147m

to provide exposures to the entire lung with low LET radiation from the 225-keV

beta rays. In addition, 115 rats have bcm exposed by the intravenous injec-

tion of 6000 Zlutonlmloaded microsphere per animal (4 pCi/sphere) to give

lung burdens of 25 nCt and to provide evidence from another species.

c. RESULTS

1. Mstribution of Microsphere in the Lung

~asuremnts of distribution were made on hcmters which had received

●pproximately 20 000 spheres of 4.3 pCi activity 4 weeks before sacrifice.

-a counting of the specimens afforded a quick method of sphere counting

57
using the Co tag. The Iunga were inflated with formulin and fixed for 24 hr

bofora analysis. Tha distribution of spheres between the divisions of the

lungs ia oumarlzed in Table 1. The variability is not unexpected in view of<* [

ha differences in blood supply. The range of concentrations (through a fac-

tor of 2) should not affect the interpretation of results, since the actual

●phare contont of s @van lobo can ba datarmined by _ counting.

?ollmin~ tha above ●xperimmnt, tic laft lung was minced by successive

wbdi-ion in halvas. All piacos ware masumd at each leval of ditiaion;

an mrage and s coofficient of variation (CV) waro cdculatad, and the

~ulto ua @van in Tablo 2. ?M constancy of tha avorqa concmtration ~ti %

Mcatca tho mllability of tho m aauremants, and tha CV indicataa the dqzm



af nonuniformitywhich increases with increasing subdivision but which appears

to level out at about 30-40%.

To carry the study to the ultimate level, another lung was cut into 23-~m

thick sections, which were scored visually for number of spheres. An examinat-

ion of 16 sections showed 267 spheres. The CV among sections wae 36Z, of

which 24% was expected from random statistics, leaving 26% for intrinsic vari-

ability. This is in good agreerent with the larger dissection.

I
As a final teat of the small-stale randoumess of the distribution, the

distances r between nearest-neighbor spheres in each section were measured

with an optical micrometer. For a random distribution, the probability P(r)

that the nearest-neighbor to a given sphere lies at a distance r in a section

of thickness d with bulk sphere concentration C is given as (UNDERWOOD, 1970):

2
P(r) = 2m6Cr exp(-w6Cr ) (w. 1)

P From this equation we can calculate A2, the mean value of r, to be

A2 “ r(l.50)/@F- l/2@ (Eqe 2)

(where r gignifies the gamna function), and the variance (man square devtation)

of r with respect to A~ is:

Var =
I - r2 (1.5) = 1 - ~/4

V6c T16c
(Eq. 3)

I The distances obsened between nearest-nei~bors in three dimensions are, of

course, different from those in a 8ection. The nnan in thraa dimanaiona, A3,

is given by:

.

A3 - ro. 33) /3~ZiR (4. 4)

I
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The results of neasurerents of 114 nearest-neighbor distances in the 23- .

M
I

~m sections are shown in Fig. 1 as a histogram compared with the smcoth curve -

given by Eq. 1. While there is a possible suggestion of structure, the general

agreement is good. Statistically, the peak at 0-0.1 nunhas an excess area above

prediction of 2.5 times its standard detiation (SD), and the excess area between

~.~ ad 1.8 ~ is 2.2 ti~s the SDC It is, of course, possible that geome~ric

structure in the capillary bed could produce real effects of this sort. The

variance of the data is 0.177 compared with 0.152 calculated from Eq. 3. It

is concluded that at this level the distribution of spheres within the left

lmg is essentially random and that there is no large degree of clumping or

amociation.

The me-sured A2 was 768 pm in the sections. A contraction tb 61% of orig-

im~ voluu was =asured for a similar left lung from fixation through paraffin

embeddin~. me =asured concentration of 11.6 spheres/mg in the fixed lung,

therefore, corresponds to 19.2 spheres/mm3 in the sections. From this a A9

of 75C ~m is calculated

obsemed. The -asured

was to 0.72 of original

&

using Eq. 2 -- in excellent agreement with the 768 ~m

linear shrinkage from fresh lung to paraffin-embedded

dimensions; therefore, A9 in fresh lung is 1067 ~m.
&

Using the ratio of A3/A2 given by Eq. 4, the =aii three-dimensionalnearest-

neighbor distance in fresh lung is calculated to be 244 w for 24 000 spheres

und 559 p for 2000 spheres.

II. Retention and Excretion

Several -thods have been used to determine retention of the microsphere

in the animals. The nxmt sensitive for short time scales is the direct measure-

smnt of plutonium in the excreta. Results indicate an average rate,cf 0.032

.
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~ 0.006% per day for the first three days and 0.000 ~ 0.005% per day during

the remainder of the first week (see Table 3). These ~asure~nts were made f@L 3

with microsphere of Level 6, the highest specific activity. Total excretion

over the first week masured

A

tunes

tag of

eight)

summary of whole-body

0.096%, corresponding to a half-time of 7000 days.
“,>

retention =asurements is given in Fig. 2 (all %
57C0

are based on in vivo masuremnt of the 120-keV gamma ray from a.—

the microsphere) . The upper curve is for a group of animals (initially

which received intravenous injection of 2000 microJpheres of 60 pCi

238
Pu/sphere. Data extend to 500 days,

sumive. The results give a biological

at which time only three animals

half-time of the order of 7000 days,

correspondingto an excretion rate of 0.01% per day after the initial drop of

5% (whichmay be due to leaching of
57
Co from the surface of the spheres, since

direct ~asurement of plutonium in the excreta did not indicate so large an

initial loss).

The tiddle tune is a similar experiment in which six animals were injected

with 300 000 spheres of 0.4 pCi
239

Pu/sphere. The slope corresponds

O.02% per day or a half-tire of SO= 3500 days. The initial drop is

documented, and there.is a possibility of a calibration shift during

to about

not well

the first

month. It is also possible that, due to the much larger number of spheres

injected, SOIIUJ20% may really have escaped the lung. The constant excretion rates

obse~ed in these experiments indicate that the lungs are sustaining no damage

which wmld cause increased loss of microsphere. The bot~om cu.n?eis for

intratrachealinstillation of 500 ~0 spheres tagg~g with
57Co but without any

plutonimo Twenty-four animals were initially used; six remain (some were sac-

rificed). The half-tire of the tune is 244 days, with no evidence of change

with time.
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Examination of lung sections shows that the intratracheal spheres, which

fete driven into the lung by pulsed saline-jet injection, are found in the

Uveolar spaces often in association with macrophages. Therefore, the

~bsened clearance the is apparently that associated with the deep lung and

ls in agree=nt with the range of

tides in rata (135-289 days), as

[1966).

The data on retention of the

half-times reported for plutcnium and uranium

summarized by the TASK GROUP ON LUNG DYNAMICS

intravenous spheres show that 90-95% of the

hitially retained dose is still in the body after almost 500 days, and =asure-

rnntsof body organs show no significant activity anywhere othe~:than in the

lung. Because of the masured rapid clearance from the alveoli,,it would thus

Ieemthat the intravenous spheres must remain within the capilla~’ bed of the

ltmg. Hwevex, significant numbers appear in histological sections to be out-

~idethe capillary bed and associated with macrophages. The former criterion

s not always rigorous because the extremaly thin alveolar-capillarywall

:ouldbe difficult to &tectB but the latter suggests an alveolar location.

,fthis 10 tr’ue,one must explain the failuze to clez~=the lung as observed

riththe intratracheal spheres. Since the latter contained no plutonium, it

-y be that an alpha activity high enough to cause capillary wall breakage is

Loo high enough to destroy macrophag~s attempting to transport spheres to

ho ciliary escalator. Movement of the spheres which have escaped the capil-

,ary bed could be limited to the dimensions of a small number of alveoli.

Another possibility of sphere movenmt which cannot be directly disproved

s sl~ migration through the capillary bed. The retention data indicate that

h. epheres never escape into the post-capillary veinules; therefore, this

tove~nt would be limited by the diameter of the capillary network units,

stiamted by WEIPEL (1963) as 300-500 ums A dri~t over dist=ces Of a few

-lQ-



mdred microns at velocities of the order of 1 pm/day, therefore, is not in-

sistent with the retentian data. Since the man range of an alpha particle

m the lung of density 0.2 is 200 pm, the cumulation of dose to most of the

~lls at risk would

uch cells would be

be limited to a period of several mnths, and the number of

increased by a factor of several.

The principal effect of both motion within a few alveoli and movement

trough the capillary bed would be to eliminate the extremely high end of the

Pll dose distribution function, which is of little biological significance

B that the comparatively few cells involved are certainly subjected to extreme

werkill and sterilization. The majority of the cells at rjsk lie in the

uter portions of the alpha range and would not be markedly affected by sphere

igration of this sort.

III. Sunival

The fraction of animals surwiving as a function of time is useful as an

ndicator of the health of the population mu as a nonspecific signal of pos-

ible radiation damage. The hamsters used in our experiments generelly =how

nwan survival time (MST) of about 700 days, indica~ing en unusual longevity.

ypical curves for cumulative deaths as @ function of time after tnjection (at
‘t

$
;,3

Se 100 days) are given in Fig. 3 for the original experimental groups receiving ,
\\

000 spheres each with lung burdens of 0.1 to 120 nCi. ‘The numbers at the

eginning of each curve identify the plutonium level in the spheres. The line

abeled “C” is for a control

0“ is for a group receiving

he exponed groups are drawn

group receiting no spheres,and the line labaled

nonradioactive spheres. Only the four extranms of

for comparison. There seems to be no significant

orrelat,ionof MST nor of pattern of deaths with the activity of the particles.
.
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The shortest sufival ti~ is shown by Level 5, while the highest dose level

(cume 6) is indistinguishablefrom the controls. The longest survivals are

shown by Levels 2 and 3. The remaining dose ievels fall within the range of

those plotted. The data suggest that WT values vary by some ~ 100 days under

the condition of our experiments; th~.slarge span is due, in part, to the

small group sizes (60 animals). In many cases, MST c~rves are obtained which

appear to be bimodal with a hiph death rate at around 200 days which later

declines. No specific pathology haa been as~ociated with these early deaths.

xv● Pathological Results

The renpon~e elicited by the prese;lceof the microsphere in the lung

and the relationship of th[~tresponse to carcinugenesis are the end points of

primary interest in this research. The most striking feature of the results

so far is the unobtrusive nature and limited extent of the observed tissue

roactionso

The negative results of the survival time stud+.eswera reported abova.

Blood mtudiea, including white cell counts, abeclute Iynphocyta counto, serum

protein, and eenrm alkaline phosphatase, hav~~bean equally negatlv~. Many

studies in which radioactive matezialo hulrebaan adminirtar~dby inhalation

havo resulted in early and prolonged lymphopenia. II)tha~a cwaa , thera has

usually been an ●ccumulation of radioactive matari?i in tha ragional lymph nodes

M well as in the lung proper. In our studi~s, no activity haa bacn fomd out-

aida tha lung parenchyma, and the iymphopolatic or~an~ hav~ not baan irradiated.

Slnca 50% of tha radiation energy i~ absorbed by the circulatin~ blood, tha

dose rata to that tissue is eotimatad to ranga from 1 to 900 rad/yr in tha

2000-spharc expoourw. Howwar, the hamatopoiatic rnyatamis not irradiated,

and if my circulaiins blood alemento ●rc damaged, they ●ppaar to ba ●daquataly

-12-



replaced from the unaffected ste-cell populations.

Turning to the lung itself, at the histological level the microap?mrsa

are found trapped in the interalveolar eepta in both peripheral and cmtral

locations as well aa in the othar portion~ of the capillary bed. Becauaa of

the extreme thinness of the alveolar-capillarytissue layer, it 1s not ●lways

possible to demonstrate the continuity of the enclosure of the udcroapharc,

but this can usually be inferred from the local morphology. Spharaa hava also

been observed near respiratory bronchioles 00 that ●oma poztion of th, bron-

chiolar epitheliumsin well within rang. of th~ ●lpha particlaa.

The microsphere themuelvas aro chamlcally Inmt and do not ●ppear to

evoke any foreign body reactions aa long as they rmain within tho capillariao.

When mlcrospheree of any radioactivity lwal ara found (aa thay occasionally

●re) extrudad into WI alvaolar ●paca, thorc is an aaoouiatad mild foroi~ body

reoponee with hemosidrin-besringmacrophm~~ ●ccmdation and occaaioaal #ran-

Uloma formation, Tha high-r ●ctitity micrmphorm sam to bc aauociat~dwith

macrophages containing mcra hmosidrkn pigmant. In the ●arly gxpcriumnta,

microphage ●ccumulatic~ wme scan a.fearabout 30 days of ●poouro to Lavol 6

microsphuao (59 pdiisphme). There ootamd to b, ● ptogroa.ionof raoponm

with t imo, and by four mnths post-injactlon,occasional micro-granulomm wara

●m usually clearly ●osociatad with ● microsphaza, In Lavel 5 ●pharaa

(13 pCi/sph~rs), ● similar response waa oba~rved ●t ● later tima.

Near the ●nd of the normal lifa span (1S-20 umntho peat-mcpoaura),

●dditional histological changaa hava baan oboe-a in 8=z animala ●xpoaad

●t th~ thrac highast lQVQIU to ralativaly ●all number.of spharm (2000-6000).

An ●xtmsion of bronchiolar cpithelimm into alvaolm ducts ha. occurrad, and

●lvao~’.bacoma linad with cuboidal or columar ●pithitlialCQIIS. A similar

phanom,non has baan notad with animla ●xpotad to 60 000 ●pharae of 0.9 pCi

-13-



par sphare for only 6 mmths. Theeo changes could ba considered aa precursors

of peripheral ●dencnnaa.

In the experi-nts with comparativaly mall numbers of spheres (a few

percent of tho lung irradiated) of lower epecific activity, no gross involve-

ment of tha lung results, but C1OSO Inepaction dose reveal evidence of dead

end dying colla in thQ midst of seamingly undamaged paranchyma which retaina

its dallcat. architacturt. Even hara ona can not. that ● superficially normal

alveolar wall naar ● sphare, on closgr ●xamination, may prove to bs ischemic

and ●cellular.

With the hi@u t nudars of Gphoraa (100 000-1 000 000), preliminary

observationsdo ●hw mor, ●xtmsive damage similar to ● radiation pnmmonitis.

Spharo dapouition iz often nonmiform, and SO- r@UiO~s Of tha lung @how ●

thousandor wre sphar~a in ● low powr fiald of ● 6-Pm tissue ●cction, whila

othm similar ●reas contain only 10 ●pharss/fiald. Thosa ●re.aawith larg~

ntiara of ●phoraa revual ●pithalizationof alveoli, g:QatIy thi:imied

RIWOM wallu, and incipiant fibrosis. Tha capillaries am davoid of red

co%ls and ●re ofton surromdad by oda~toua connective tiaoua. ~ih tho SpO-

cific ●ctivity of the ●pharea involved 1s lW (0.02-0.07 pCi)~,tho large

ndmr and tandmcy :0 cluatar causa modorataly high local radiation doses

(tree of krad/yr) to gxtmd ovar co~aratively largo voluee of tissuo. Mech-

mical Impairment of tha blood supply to Thuc ●raaa by tha lursa ntiara of

occluding sphorascannot b. owrlookad as a contributing factor to tho fibrotic

reaction●

Thw far, only th~o~animala(outof ●om 1900 total●xposcd)hava died

of naoplaaticdisaasooriginatingin tha lung. Two of thesc wora from tha

originalexperimentalgroup (ad from tha same doss level of 0.4 pCi/oph@r@~

2000 ●pharas/animal). Tho othm lunu tmr was from ● latsr group (59 pCi

-14-



per sphere, 6000 spheres/animal). Oi the two pulmonary tumors in the orig-

hal group, one was a hemangiosarcoma found 9.5 months after injection. This

tumor replaced almost entirely the left lung and severely compressed the

ndjacentnormal lung tissue. ~eye was no evidence of ~tastas~ to fie r-t

>f the llmg or to any other organ. The other tumor from this group was an un-

differentiatedsarcoma found after one year exposure. In this case, there were

nultiplenodules in both lungs. No microsphere were found within the tumor

:iaeuein either case, hut they were obsened in the adjacent normal lung. A

mcinoua adenocarcinomaof the lung was found in a hamster after tw~ years of

~xposureto 600CImicrosphere of the highest specific activity level. Thie

:-r involved one lobe of the right lung and was locally invasive. Micro-

Ipherea were obsemed in adjacant normal lung, showing little if any biological

waponac. Severd adrMA carcinomas have baen seen during the course of the

~erimmte. This is not an unuaud tumor in the hanwter and does not appear

,0ba associated with the microsphar~ expoeuras.

1. CX)NCLUSIONS

Our meults confirm the obsemationa of LITTLE, GROSSMAN, Ud 9tTOOIJ3

1970, 1973) that locally concentrated alpha irradiation is lees danuging in

he ham ter lung than the same amount of anorgy delivered over larger volumes.

210
n their work, Po waa adsorbed onto hematite particles to produce localiza-

tion.
89

Probably 10 -10 particles ware involved for 3 mg hematite compared

36
ith the 10 -10 spheres used in the present experiments. Thus, our expoaureo

cc several orders of magnitude more extra~ in terms of both limited number

md ht@ opocific ●ctivity of the foci.

A number of othar significant diffarancu ●iat between tha two .Xparirmnta,

~clud~ngpolonium vs ~lutonium, mbilo va fixad particles, and axpoeura of



other organs by the polonim, but it seam probable that tha dqra~ of localisa-

tionla the principalvariable. Pa inefficiencyresultingfrom localimtiou

10 ●lreadyevidentin the poloniumresulteand bocms ●xtramly mark~dWIth

the microsphere. Severalfactorsno doubtcontributeto the inefficiencyof

“hot particle” irradiations, including overkill in ths ●xtranly hi@ fialds

close to the spheres, the ability of the tissue to controland repairsuch

localizeddamage,the lack of eynergietic involvomnt of othm or- md oth~r

insults, and the probable importance of cooperative mlti-cell intcrac’ciona

(*ich ~:wld r-ult in a strong nonlinurity of rosponam with reapsct to nuAar

of cclla at zisk).

Our results ue in definite contradiction to all ●iqliscic modala (GEESA-

lw, 1968;DEAN and IAIWIW, 1969)which -mum that tumortiduccifina b.

calculatedsolelyon the Laafluof cellularradiation●xpcaum. TIM indicatim

la thatmch wre complicated mchanism are involved and that tha volme of

tissue irradiated is an important factor. Of tha experluntal cxposur~s, ozaly

the ●arlioat once have been coqlct~d in the sense that tha anluls have ll-izd

out their normal life spans. These involved comparatively smali nboza of

spheres irradiating only a few percent of the total lag maaa. Hwevar,

1142hamsterswere exposedto a total of some 5 7(0 ~0 spharm in thesa●xpar-

imnte, and only tm lung tumrs were obsenmd, wl~ichalraady sots a very lW

limit on the probability of tumor induction per pa~ttel-. !%: =ditional

exparinmnts begun through 1973 will raiao the totals to 1900 animals and

160 000 000 spheres and will greatly increaac the fraction of lag irradiated.

-16-
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TABLE 1

~i~t=ibution of Klcrospheres in Hamster Lung

%letWeight Spheres Conceniration
Entity (w) (nurber) (spheres/mg)

— —— —— — - ......— — —.

Both l~gs

kft 1=8

Rightlung:

Cardiaclobe

titermediats

Rightapical

2844 23 600 8.3

975 11 200 11.6

diaphragmaticlobe 790 5 200 6.6

408 2 300 5.6

iobe 366 1 800 4.8

lobe 305 3 000 9.7

.
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TABLE 2

Distribution of Spheres within the Left Lung

Average (mcentratim-i Coefficient of Variation
‘N~b2i of rieces (spheres/mg) (%)

1 11.6 .

2 11.4 4

4 llel+ J1

8 11.8 15

16 11.6 18

32 13.1 31

64 11.8 39
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TABLE 3

Excretion of Plutonium-238 (% of Injected Dose/Day ~S. L.a)

Day Urine Feces Total

1 0.055 ~o.o13 0.003 fo.ool 0.058 ~ 00013

2 0.011 ~0.008 0.01.1~o.oo6 0.022 + O.O1O

3 0.003 ~ 0.004 0.U13 ~ 0.003 0.016 ~0.005

4 -0.001 ~o.ool -0.004 ~oooo4 -0.005 ~o.oo4

5-7 +0.000~o.oo2 +0.002 ~o.oo2 H.002 fo.oo3

●Average for eight animals with 10 ~0 spheres each. S. E. - standard

error of the mean calculated from the scatter of three determinations

●bout their own man.
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FIG. 1. Observed (histogram) and expected (smooth tune) frequency

distributionof nearest-neighbordistances in lung section.
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FIG. 2. The retention of mi :rospheresas a function of time: (4-)

ntravenous,2000 microsphere; (-A-) intravenous, 300 000 mi.crospheres;

nd (-C-) intratracheal,500 000 microsphere.
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FIG. 3. Sunival curves for hamsters receiving 2000 ndcrospheres intra-

venously. Time is in days post-injection (age = 100 days at i~ection) . The

number of each tune identifies specific activity level: (0) nonradioactive

Ppheres and (C) control group, no spheres.
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