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ABSTRACT

NCRP Report 106 on the effects of hot particles on the skin of pigs, monkeys, and hur.ans
was critically reviewed and reassessed. The analysis of the data of Forbes and Mikhail on
the effects from activated UC, particles, rnnging in diameter from 144 pm to 328 pm, led to
the formulation of a new model to predict both the threshold for acute ulceration and for
ulcer diameter, in this model, a point dose of 27 Oy at a depth of 1.33 mm in tissue will
cause an ulcer with a diameter determined by the radius to which this dose extends.
Application of the model to the Forbes and Mikhail data obtained with raixed fission
product beta particles yielded a * threshold"(5% probabil'ty) of 6 x 10' beta particles from a
point source of high energy (2.25 MeV naximum) beta particles on skin. The above model

8was used to predict ihnt approximately 1.2 x 10 beta particles from Br Y.90 would
produce similar effects, since few Br-00 beta particles reach 1.33 mu depth. These
emissieru correspond to doses at 70-pm depth in tissue of approximately 5.3 to 5.5 Gy
averaged over 1 cm'. respectively.
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EXI:CUTIV10 HUMMAltY

A critical review of NCitp lleport 100 and relatal work on the effects of hot particles on
skin revealed several wenknesses in the anta base, The NCitP recominendation of n 11 nit of
10'" beta particles etnitted froin a point source on the skin was bnsod on results from
fission particle sources pinced on the skin of pigs and n inonkey. In the pig studies, the
datn were combined from studica of Forbes and Mikhall, who usmi particles of two stres
(150 nnd 300 pm diameter). The dose at 'OO pin depth in tismuu was taken na a reference
parnmeter. Data plottml on log coordluntes yieldal a straight ilno when ulcer dinmeter was
plotted vs. number of beta particleu emitted from the sources, llowever, nn wo show, when
the anme data nre plotted on linear coordinates, the datn from the two nires of particles do
not fit a cominon line when n dono at 100.ptu depth in tinnue is considermi. Nunneroun
correlation nnnlysen were nuulo to nearch for an optimum relation no that the datn from tho
two particle ;tres would yield a common threnhold; this was nchieval when the done nt 1.33<

turn depth in tissue wan considered the critical depth (rather than 100 pin). The center lino
or * point" dose that corresponds to a 5% probability of zero diameter ulcor (i.e., no ulcer)
was 27 Gy at 1.33 inta depth in tlanue. This dose is predletal to renuit from o x to' beta
particien from n point source of high energy (2.25 MeV maximutu) botn particles on the 2

1skin, or approximately 1.2 x 10 beta particles from n Hr Y-90 sourco. These omissions
would deposit approxituntely 5.3 Oy nyerage dono over 1 cm' at 70 pm depth in tinsuo for
the former and approximately 5.5 Gy for the intter.

Ilopewell et nl. generated related datn but scormt % incidence of detectablo acuto tinsue
breakdown rather then ulcer diameter. They obtainod dose tenponso dnta which were
extrapointal to a * threshold" defined by two thirds of the 10% incidence level. Since the
end woint scoted wns not uwer dintneter na for the above, the datn from the two nouronn
muav so analyzed separately. The two ween related by calculating the nutuber of bets
pnrtles froin a point source on skin needed to produce the dono at 1,33 tum depth in tlanuo'

that corresponds to the threshold defined for each study.

The llNL review of the studies by llopewell et al. revealed problems in dosimetry which
resultml from the difficulty of using extrapolation chnmber technh uen to determino dosel
from very small sources (o g., < ! nun diameter). In ilopewell's studies, both Tm 170 and
Sr-Y 90 sources were employed. IIN!!a tenssensment of the donimetry for the 1 mm
dintneter Sr Y 90 nource, using radiochrotnic dye film, ylchimt a correction factor of 3.3 for
doso nyerngul over 1.1 mm' nt 10 pm depth (the window thicknean and collection nren of
the extrapolation chamber used in their studies). The renascastnent also yleidml 2.3 times
Inrger ration of dono nyeraged over 1.1 utn' compared to 1 cm' thnn hnd been tuensured
with the extrapolation chninbor. These differences are thought to refloct the source
collimation and distance of tho effective source center froin the chamber window. These
factors and the uncertninty nbout dostmetry for the Tm 170 nources mnko interpretation of
the llopewell data dif ficult, llowever, using the dono dotermined with radiochromic d c
fihn at a depth of 1.33 mm in tinsuo, a point Hr Y-90 nource on skin emitting 3.1 x to{"
beta particles, giving 14 Gy nyernge over 1 cm' at 70-pm depth in tissue, would yield n 5%
probability of detectable ulcers (n practical threshold). The higher threshold value (3,1 x
10* beta particles) deduced from the llopewell et al. dnta inny be due to the colltmntion
and greater offectivo distance from skin of the 1 mm diameter Sr Y 00 source unmi in their
work compared to the UC, particles uhal by Forbes nnd Mikhall.

Questions remain about the prodleted threshohl, the energy dependence of the prodicted,

threshold, the effect of distance from the akin, the persistence of the ulcers produced.
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possible dose-rate dependence, and the truportance of spatial distribution of the done. These
subjects are being studimi at Ilrookhaven National 1.aboratory (IIN!).
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1. INTitODUCTION

Criterin for the radiation protection of the skin have been derived priennrily froin rndlation
therapy experience on exposure arens thnt are relatively Inrge. The Natiotud Council on
Itadintion Protection and Mensurernents (NCitP) reviewed data on the effects of radiation
on the skin, luchnling the effects of very stuall radioactive partich u. Their conclusionn were
published na NCitP lleport 100, li ymlin.etulatbn= w 1,linth of 1:xposure to 'llothttici (t t
otLil ' Ekt!!, (NCllP,19HD). "llot particien" of concern to the nuclenr power liulustry are!! .
n<.tivated corronton, wear nnd fuel particles. The prianary concern for skin exposure in froin
non stochastic effects froin the particle's betn ray etninstonn. The NCILP recornineinintion in
Ilinited to particien less than 1 turn in any dituension in direct contact with skin. There are
few experitnental dntn on nonatochnatic effects that are directly relevant to thlm particle
Blr e.

In Itn lleport 100, the NCitP consider both atochutic nnd nonstochnatic effectn. Connhler-
ntion of the biological effects that can bo produced by sinall" hot particles" led the NCl!P to
choose akin ulceration na the non-stochnatic (ffect to be prevented; the stochutic risk
usocinted with the reconunendml litnit based on ulcer production was conshlered accept-
nbly sinnll. To uness stochnatic effects, the NCitP uhed n data bnau froin hurnans exposed
to low energy x rays (Shore et al.,1984) over arena of the skin that nre large coinpared to
arena exposed by hot particles. The rationnie behltut the unensinent is that stochutto
offecta are directly reinted to the done and to the nuinber of ec11s exposed, which la a
concept widely used tu risk assessinent. For non stochutic ef fects, inout of the Ilinited
expertinental datn were obtnined over the lut doende by n consortitun of iltltinh renentch-
era. They exposed the shaved skin of the live, young pigs to tbree different beta sources,
with different innxituuta energlen, ranging in size froin 0.1-inin dintneter to 40 nun
dinineter. This research ylchied infortuntion on the inechnninins of dninnge to skin (llope-
well,1980) na well u giving specific data relevant to stuall " hot particles." (llopewell et al.,
1986; Peel et al,1984). llefore these studies, expertinents were done in the tlnited Staten
using stnall, fissioned fuel particles for skin exposures. Miniature swine, inico (Forbes and
Mikhnll,1969)3, tuonkeys (Denn et nl.,1986; Denn and I,anghntu,1909), nini a hutunn
subject (Denn et al.,1970) were exposed.

The NCitP relied upon the results of the expertinents with fissioned. fuel particles in the
fortnulation of the recoininendntion in the their lleport. The difference between the results
of the Forbes and Mikhail experlinents and the results of other studies were not fully
resolved, linproveinent of the " hot particle" data bue is nooded to clarify differences
between the results of the various experinnenta niul to verify the infortuntion upon which
the NCHP recoininendation is based.

Pxperinir11 alJiesults onEonstocIn.txtic. liff . ctst t1.1

8ttullen with the uw of different luta sourcea has shown that skin lentons have both n
depth dose and nu nren-dose dependes;ce. Moist desclunnintion in pig skin occurs froin
doses of approxirnately 20 30 Gy at the beni cell Inyer of the epidertnts (depth approxl.
tuntely 100 pm) froin n 20 nun dintneter or larger source. As the source size in reduced,
larger penk dones are required (directly below the particle)in order to have sufficient done
at the perlincter of a critical aren of basal celin to produce n visible effect. Ilowever, at a

Acuto Lesions in Skin Produced by "5Uraniuin-Carbide Microspheres Forbes, P.D. andS

Mikhnll, SX,1989, unpublished due to h$ck of funding to continue the project.
!
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sufficiently Inrge peak dose, cell denth was more rapid thnn for lower doses (llopewell,
1980; Ilopewell et al.,1980); ulceration occurrmi ns a result of the loss of cells and dninage
to capillnries its ilie papillaty dertuts, below tlie based cell Inyer. Such neute ulceration
occurred with peak doses of approx!tuntely 80 Gy or larger in the basal cell layer and

3

papillnry dertnis (llopewell,1980; llopewell et al.,1980). A second rmilation sensitive
region of pig skin is tb vnsculature at the base of the dertuis (depth approxituntely 1.4
uun). Deses (nveraged over 1.1 tmn') greater thnn approximately 20 Gy at this depth can
enuse necrosis and late ulceration when given by sources hnving diansters ; 5 tum.
Ilowever, for very sinnll sources, late ulceration wns not obsertml. For example, n 1 min
dintneter Sr Y-00 cource with a reported' * surface" dose of 670 Uy, approxituntelv 40 to 50
Gy at 1.4 and 1.33 mm depth, respectively, (bnsod on data in Section a below), din not

3 produce lato ulceration (llopewell et al.,1980), nor did any of the 150.pm and 300.ptn
sdinmeter fissionod fuel particles with approximate (calculated) ' surface" doses of 600 Gy

and larger (NCitP,1989), possibly, ently ulecration nnd henling, that includml the
formation of sent tissue, precludml late ulceratiotu alternatively, the dose to the volutne of
tissue at n depth corresponding to the base of the derints, which may be nocessary for such

I a response, may not have been exceeded.

! Studloo with other laborntory nnitnnis, mainly rodents, have shown situllar radiation
responses due to the sensitivity of the basal celllayer of the epiderants which is the'

ituportant tissue for production of desquamation. Ilowever, with smnll sources such an hot'

particles, the donos at which neute and late ulceration effects anny be expected hnvc not
.

*

been adequately quantified. !
1
'

As mentional above, the NCitP's reconunendul limit for hot particles was based on
iexperiments with fissionod fuel particles. Ilowever, Forbes and Mikhnil exposed ininin

ture swine, nnd mice to microspheres with dimensions groupm! closely around 150 pm nnd
300 pm dintncters, including n 25 pm carbon conting. Denn, Langham, and llolland (1970)
similarly exposed the forearm of n human and the skin on the back of a monkey to inlcro-
spheres with diameters approximately 200 pm. The uranium fuel particles were irrndinted
in a nucient renetor for several minutes, then applied to the expertinental skin for timed

"

exposures within several hours of the particle activation. The beta ray spectra of the
fission products were of relatively high energy, and differed from the spectra from fuel-
fragment particles found recently at a few power reactors; nevertheless, they were a.

reasonable model for fission product " hot particles "

Forbes and Mikhnit's data from the swine experiments were uniquely evaluntml with respect I

to ulcer diameter versus exposure magnitude. In their report (1980), exposures were given
as '' point" doses at 100- tu depth either at a point directly below the particle or at n rulini
distance of 4 nun [the so entled Krebs' dose (Krebs 100?)]. In NCitP report 100 (NCitp,
1989), all exposures were converted to nun of botn rt,ys emitted from the source.
Unfortunately, the experimental data did not include exposures that did not cause ulcer-
ntion nor an overlap of exposures for the two particle sizes. These shortcomings cause the
extrapolation to an exposure producing no ulcers to have n greater uncertainty thnu

a

'As mensured with 1.1 nune chninber through a 10 pm thick window of plastic material
(flopewell et al.,1980).

8Forbes and Mikhnil,1989, loc. cit,

!
' Ibid.

2 ,
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otherwise. A linear best fit (on a logarithtnto scale) to particlos was unm1 for the extrapoln-
80tion. The result is 3 x 10 beta particles emittml froin the source, thus supporting the ,

reootumendal limit on exposures from hot particles. Considering self absorption and size .

of the particles, the beta emissions from a point source on the skin nomial to produce the;-

80snino dose at 100 pm depth would be 10 The NCitP report notes that a lower value
,

would be obtainw! from an extrapointion using only the sinnifer einAssion values. The :
cornmittee rejectml this lower value basal on results of Donn, !>nngham, and llolland ;

(1970). A.llernatively, different linent slopos for the two particle stres could havo been
nasutumi, or a nonlinent fit to all the data could have been used. i

i

The datn of Denn et al. (1970) on the tuonkey, to which the report refers in support of their |
extrapolation, include exposures that did not produen ulcers. An approximato interpolation i

value between exposures that produemi ulcers (3.4 x 10'0 beta particles etnittal from the i
80tource) or do not produce utners ('t.2 x 10 beta particles), therefore, is nyn!!able (ulcer ;

sizca were not scored). The interpolation value is in good agreement with the extrapointion |
value. Thus, the experitnents of Denh et al and of Forbes and Mikhnil are complementary; .

however, different experitnental animate viere used. The NCllP document does not argue
for biological similarity but does point out situllnrilles tu terms of the ditnensions of
damage relative to epidertnnt thickness in the apocies. We noted also that Forbes nml !

Mikhnll reported that a small ulcer (n3d turnor!) was observed in the skin of n mouse after i
80exposure to approximately 1.0 x 10 beta particlo emissions. This occurred at one of 44

spots expommt, a much higher tumor freeptency thnn predicted for humans (NCllP,1989).

Ilopewell et al.'s (1980) experiments used a variety of isotope sources that difforod from .

those employmt in the fuel particle experitnents. The biological effect reported was anoist
desqunmntion or acute ulceretion, rather than ulceration. The biological effects wero

,

reportal as n function of measured doses obtained with quito smnil volume extrapolation i
8 'chambers (1,1 mm collecting electrode with 10 pm thick window). The incidence rate for

the effect was deterndtux! rather thnn mensuring the size of the losion, and a statistical
uncertainty was reported. A consequence of the emphnsis on incidence is that in all casos. -

but especially for the amnller sources, a broad transition with increasing dosom was [
obinined, from sero to one hundred percent. For examplo, the 2 nun diameter source of
Tm 170 producal a broad transition extending from a threshold dose of approximately 100
Gy to a 100% incidence of approxituately 400 500 Gy. Such a bromt transition is not
apparent from the linear extrapolation of the data for fissioned fuel particles, j

To suminarize, datn from the NCitP report (their Figure 5.1) have been plotted on an r

expanded scale in Figure 1.1 to include additional comparisons: large and smnd 11ssiotux!
fuel particles (npproximately 150 pm and 300 pm diameters) that producal a rango of ulcer
sizes in swine are plotted; the datn of Dann et al. on the monkey are plottml, along the axes
representing 100% and 0% ulcer incidence; three hutnan exposures are plotted including
one at 0.5 x 10' beta particles that gave n 6m .ll, dry dese.nmntion (Wells,1988); and the
inouse exposure (mentioned above) that gave n sinall ulcer and tumor is shown as a point !

on the 100% incidence axit.. For octoparison, the incidence curves for a 1 unn dintneter
source of Br Y 00 and for 1 mm and smaller sources of Tm 170 are represented na a rnuge

8 88of exposures from 1.5 x 10 " to 1.5 x 10 beta particles that correspond to the change
from zero to 100% incidence. These incidence values are dmiuced from studies described
below. There are only a few datn points less than the demnrention of 3 x 10 " beta8 ,

emisalons, even when the results on the monkey are included, inclusion of the singular ;

positivo results for mouse ulcor and human desqunmntion are within the transition range <

derimxt by the llopewell et al. datn. Tids comparison suggests that thu extrapolation used

'
.
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for the NCitP docutuent is not adequate to arrive at a prte!1tivt llinit, rather it gives of
occurr ence. Statetnents in the NCitP report that prevention of ulceration is intended linply
that 11:nited probability of a mutall transient teston is noceptable, llopewell et al.'s (1980)
studies constitute a much larger set of experituents and data than those used by the
ootntnittee and were originnity interpreted na suggesting n threshold for acute ucelerntion
of approxitantely 1/5tn the NCitP recorninendod value. The purpose of our work is to (n)
critically review the above studies, (b) to understand the reasono for the differences between
the Forbes nnd M:khnll studies and those of Ilopewell et al.. (c) to deterinine any wenk-
nesses en the infortantion, and (d) to suggest research that inny be nooded to strengthen the
data base so that sound, scientifically basod regulatory dociatons anny be turule.

2. FOltllEB AND MIKilAlb DOSIMETitY

Forbes nnd Mikhn11(1909; 1989 draft') used nu extrapolation chntuber na their basto
dostineter. They transformed the resulting snensurernents to obtnin (n) eenterline dose at
100 pin depth in tissue whien they called " point" dose, and (b) a done on the periphery of a
circular field of 4 nun radium and 100 pin depth in tissue (the so-called * Krebs" dose). The
tuensural dosos were transformod using the transudssion degrndation dissipation (TDD)
beta dose model developed at the Naval Itadiological Defense Laboratory (NILDL) (Ulberg
and Kochendorfer,1960). Other snensurements mndo with a 4 pi lontr.ntion chninber were
used to determine the number of fissions per particle. Tin n, knowing the particle dinineter,
activation time, and residence tirne on the nulmal, they computod the dose to n diso nron 1
inch in diameter at a depth of 100 ptn in tissue for direct comparison to the extrapointion
chntnber measurotnents, llosults were generally in agreement within n factor of two for the
exposure tinnes employml.

Forbes and Mikhall's report (Forbes and Mikhn11,1989 draft')indientes that almost all of
the extrapolation curves were straight lines, a fact which increnami their confidence in the
validity of the tuensurernents. Their extrapointion chamber brui an electrode aren of 5.07
cm'. They validated the monsurements with this chnmber by cornparing the dose rates
obtsdnod nt the NHDL with those obtained at the Onk llidge National Laboratory using nn
independently constructed extrnpolation chamber Good agraernent atnong the datn was
nasumed by them to indicate that the apparatus was free of innportant systematic errors.

7This conclusion is supported by recent datn obtainmi by Scanne1 who usod an extrapoln-
tion chninber with n 1-ctn* nren collecting electrode which gave good agroctnent with thin
(5 tng/cm') LIP theranclutninoscent dosimeter mensurements of doses from smnll particles
containing fission fragments or * Co. !!owever, studies nre needed to confirm Scannel's
unpublished work to ensure that he did not have a tuensurement problem similar to that
experienced by the llritish with their very small nren (1.1 nun") electrode extrnpolation
chamber (see Section 5 below). Analytical studios at Brookhaven and experimental studios
at Berkeley Nuclear Laboratory in England nre examining this question.

'Forbes and Mikhnil 1989, loc. cit.

h ' Ibid.

'' Solving Beta Dosimetry Problotus at Nuclear Power Stations," Sennnel, M.J., Presented
at the Detn Dosimetry /Ilot Particle Workshop of the New England Chapter of the IIenith
Physics Society, Lowell, MA. March 27,1990.
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3. ANAI,YSES OF FOHilES AND MIK11All, DATA

,

3.1 hictrial!111!ts_,Jnjintlier Stntjs1Lcal/LPPrPonthe9
-

8in Heport 100, the NCitP based its reconunendation of a 75 microcurle hour (10 " beta
particles) limit partly on a least squares analysis of to data points that were obtained by
Forbes and Mikhnli using particles grouped around 150 and 300 pm dintneter and
containing fission products. The data, plotted on a semi log plot (Figure 5.1 in NCHP,
1980), showed nearly a straight line relation between ulcer diameter and the log of the
nutuber of beta particles emitted'. Using all 19 points, the nualysis yielded an intercept of

83 x 10 beta pnrticles emitted. For this number of beta pert 31es emitted, the prmlicted
diameter of the ulcer would be zero. Ilowever, the report states on page to, *A straight line
that was obtained by 't least squares fit to the 8 points with smallest etnission gave nu inter.

80 10cept of 1.5 x 10 The value of 3 x 10 beta particles was selected nm the best estituate of
threshold because it was believed to give the best fit to the Forbes and Mikhail datn and it
agreed with the data on monkeys (Denn and Lnnghnm,1969; and Denn et al.,1970)." This
factor of 2 difference (1.5 vs 3 x 108 ) was considered more carefully during the present
studies.

Our early unpublished analyses of the Hopewell/ Charles data yielded results that ituplied n |
'

threshold dose for ulceration approximately five times atualler than that obtained from
annlyses of the Forbes and Mikhail data. This differenen la partly explnined by a factor of
approxitnntely 2 to 3.3 discrepancy in the llopewell/ Charles dostmetry that was apparent
from our nnnlyses of their extrapolation chamber data and frotn recent unpublished radio-
chromic dye film dostrnetry (see Sections 4 and 5 bdow for details). Correcting for this i

discrepnney would increase the Hopewell doses. Therefore, there remained a discrepancy of
approximately 2. Because the NCHP report showed a factor of 2 difference between the
threshold value obtained using all 19 data points from the Forbes and Mikhnll study and
the value (1.5 x 108 ) obtained Icom data for 8 points with smallest eminalon, we decided to
do more statistical analyses of Forbes nnd Mikhall's data to better judge the appropriate
intercapt.

3.2 hinear Plots

The data were first plotted using linear coordinates to get a better understanding of the
shape of the plots of dose vs. ulcer diarncter plots. Figure 3.1 shows the results when
number of beta particles, na deduced by NCRP (page 30, NCRP Iteport 100,1989) is plotted
against the diameters of the ulems. The data are remarkable in that the points for 150- m
diameter particles fall on a distinctly different line than those for the 300 ptn diameter
particles. The number of beta particles at the interceptfor the extrapolation from the 150
pin particles was 1.9 x 1080, wherens that for the 300 pm diameter particles was 2 x lo ,ss

Thus, looking only at the large particle data, one might conclude that ulcers of diameter
less than approximately 3.5 mm probably could not be produced by these particles,

sAs discussed in Section 3.3 below, we conclude that the NCRP values for the number of
beta particles emitted should have been stated na "from' the spheres rather than "in" the
spheres for the data plotted in their Figure 5.1.

0
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Figure 3.1 Number of beta particles vs. ulcer diameter from data of Forbes and Mikhail
(1989). O=150 pm particlos; X=300 pm particles. 150 pm particles, (thresh.

*0.28) 11; R : 0.84. 300 m particles.old: (0.491 t.7)E 10; slope: (1.8 E
(threshold: ( 2.110.20)E12; slope: ( 2.1 -0.15)E 12; R*:0.95). See Appendix
A for details on regression analyses.

3.3 Corrections for Self_Abnorption ,

The above results were obtained using the NCRP's determination of the number of beta
particles emitted from the Forbes and Mikhail particles (NCRP,1989). However, the NCRP
Report 100 contains contradictory statements am to whether the etnission values quotal
were "in" (not corrected for self absorption) or "from" (corrected for self absorption) the
particles. For example, the data plotted in Figure 5.1 of the NCitp Report 100 has a
caption stating that the particles are those emitted "in" the souroe. The satne data are
tabulated in their Table H.1 with a title stating that the particlos are emitted *from" the
spheres. Therefore, doses reported at 100 pm depth in tissue by Forbes and Mikhail (1909 .

'

and 1989) were used to estimate the number of beta particles emitted from and in the
spheres for comparison with the NCitP values given in Table D.1 of NCRP lleport 100.

To evaluate self absorption in the particles endtted, we obtained two sets of values for the
fraction of electrons emitted from UC, particles with 3.75 to 240 pm diameter from the
report of Ulberg and Kochondorfor (1900). These results were obtained using (a) their
transmission, degradation and dissipation (TDD) model, and (b) their empirical model. The
former is a sophisticated Monte Carlo typa code and the latter is based on an empirical

7
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equadon developed to fit the experimental dosimetry results obtained on sitnllar particles
analyzed at ORNL (Fish,1960)', These two sets of results were compared to a simple
attenuation model,in which all beta particles are assumed to originate at the center of the
particle which had an inner kernel of UC, and an outer coat of pyrolytto carbon. The
fraction emerging F, was assumed to be:

7, 4 (PrX< + PtqXecy

swhere p, and x, are the density (2.5 g/ctu ) nnd thickness (2.5 x 10'' cm) of the carbon
scoating on the particles, and pue, and XUce are the density (11.3 g/cm ) and radius (ctn) of

the UC, kernels. The data of Ulberg and Kochendorfer (1960) show an average beta energy
8 idecreasing from 1.047 MeV at 10 seconds after shutdown to 0.873 MeV at lo seconds

after shutdown. These average beta energies correspond to tuaxitnum beta energies of
approximately 2.0 and 2.1 MeV, respectively, based on data in Loevinger et nl. (1956). To
test the senaltivity of results to assumed beta particle energy, wo employed tuass attenua-
tion coefficients ( ) of 4.0 cm*/g, obtained from the etnpirical equation of Loevinger et al.
(1950) for a 2.8 MeV maximum energy beta spectrum applicable at 10s scoonds after

8irradiation, or a p of 0.3 ctn /g applicable to a 2.25 MeV mnximum energy which is used as
8an approxtinate average value for the period of exposure to pig skin (approxituately 10

4seconds to 10 seconds) for the Forbes and Mikhail exposures.

The results for the four calculations are shown in Figure 3.2. The Monte Carlo code
- predicted the lenst attenuation, the empirical rnodel of Ulberg and Kochendorfer predicted
the greatest, and the simple attenuation model described last yielded intermediate results.
For this reason, the latter model with absorption coefficient y = 0.3 and 4.0 ctn'/g was
selected and used to estimate the numbers of beta particles emitted from the various
particles employed by Forbec and Mikhall. The data of Forbes and Mikhail are sumtnarired
in columns 1 through 6 of Table 3.1, Based on the point doses at 100 m depth, we
calculated the number of beta particles needed to produce this dose, for a spectrum of 2.25
MeV maxitnum energy, from a point source at the surface of the skin. The conversion
factor employed was 4.5 x 10' beta particles per Oy (1 Oy = 100 rad). This conversion
factor was obtained using the VARSKIN code (Traub et al.,1987), St DO beta particles, and
increasing the result obtained by a factor 1.3 (Cross,1990) to compensate for lack of
backscatter. The results are shown in column 7. For this same number of particles
emitted, we calculated the nu- bor of beta particles emitted in the various particles. .

assuming that the beta partic J came from a point at the center of the UC, particles and
were attenuated by a distance-a ,,ctor and absorption in the sources, in a 10- m thich
plastic tape that covered the so .ces, and in 100 pm of tissue. These results are shown in
column 8; for comparison, column 9 shows the values employed by the NCRP. Note that the
values in colunut 8 are consistently approximately a factor of two larger for the large
particles and a factor 1.5 larger for the stnall particles than the corresponding NCRP values
in column 9. We conclude from this that values employed by the NCRP (both its Figure 5.1
and Table B.1) represent values of beta particles emitted from the spheres. .

" Fish, B.R., Private communication to Ulberg and Kochendorfer,1965 and 1966.
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Figure 3.2 Frnetton of beta particles escaping front UC particles. Values predicteda
ousing Ulberg and Kochendorfor (1900) TDD inodel for entissions at to

seconds after irradiation (x); values for their empirical ntodel (o). Shown for
comparison are solid lines for 2.8 MeV maxitnum energy beta particles ( =

4.6 cm*/g) and for 2.25 MeV maximum energy beta particles (g = 0.20
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3.4 llegr_englon Annipes_of Forks nipt MIhl nil Dntni

Itegression analyses were insule on the dnta of Forbes and Mikhall, suinninrired in NCitP
lleport 100 (1989). In these annlysen various expressions for dose are unmi na the indepen.
dent parntneter. Ihluntions, concepts, and tertulnology used in this type of annlysts are
discussed in Appendix A, along with a clarification of the statistient terius employed.

The results of linear regvession nunlysen using the NCitP values for the nutnber of beta
particles relenmod fron) the sources are shown na itetu 1 A in Table 3.2. Those results
obtained using the nutuber of beta pn'ticles relonsed froin the source, based on the data in
colutnn 4 of Table 3.1 and our corrections for particle self nbsorption, using nn absorption

4coefficient of 0.3 ctn'/g applienble at 10 seconds after reinovnl frotn the reactor, are shown
ns itern til in Table 3.2. Sintilar results obtained using an nbsorption ocefficient of 4.0
etn'/g, npplienble for beta particles relenned fron) the source nt 1000 seconds after reinoval
froin the reactor, are shown na tient 1C.

If the dintneter of the ulcer is deterinined by a critical done at its edge, it would be logical to
nasuine that the nutnber of betn particles that enuse ulcers of various stres should increase
roughly in proportion to the ulcer dintunter nrpinrod, or to the aren of the ulcer. Thus, if
the dinmeter incrensed froin 1 to 2 inin, the nutuber of nasociated beta particles should
inerense by n inctor of 4 nasunting only nn inverse square attenuntion of the beta particles
(no absorption), or sotnewhat inore if absorption is considerod. The regressions for ulcer
aren vs. number of beta particles are shown an itern nutuber 2A in Tablo 3.2. Hitullar results
based on datn in colutun 4 of Table 3.1 and nasuining the absorption charneteristics of beta

eparticles with 2.2fi MeV mnxitnum energy (p = 4.0 cm /g) nre shown na item number 211 in
Table 3.2. These regressions yielded slightly better coefficients (It')'" than those for
regressions of the number of betn particles with ulcer dinineter (itetus 1 A and 111).
Ilowever, once again the intercept for the larger particles was at n inrgo negntivo value (-47
x 10"' beta particles based on NCitP values for number of beta particles emitted from the
source and 07 x 10' beta particles bnami on an attenuntion coefficient of 0.3 cm'/g), while

1the intercepts for the smaller particles woro positivo values (4,4 and n.7) x 10 beta
partic'.es, respectively. Thus, the results from the umnll particien and largo particles ngnin
are inconsistent using ulcer nren as the dependent varinble.

llecnuno Forbes and Mikhall's data on ulcer dinmeter were correlated with centerlino dono
(the so called '' point' dose) at 100 pm depth in NCllP lleport 100, correlations were mnde
using the dintuoter and the aren of the ulcer na the dependent varinble and point dose at
100 pm depth na the independent variable. Itenults for these correlations are shown as
items 3 and 4 in Table 3.2. Ilere again, regression coefficients were reasonable; however,
negative intercepts again were obtained for the 300. pin diameter particles. When regres.
slon waa vs. ulcor diameter, the cotnbined regression using all particles also yielded a
negative inteuept, wherens ngn!nst ulcer aren the combined values gave a positive, but not

6well defined, intercept (0.0871 19) x 10 rnd.

_

* Values of it' can range from rero to 1.0. As it' approaches 1.0, the points fall closer to
the regression line.
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Table 3.2. Dose.llesponse llegressions for Data
of Forbes and Mikhnli(1989)(continued)

Itern 0 Dinut of Particles Independent Dependent it' X Intercept"
put Parnuieters' Variable

1A 150 ##s frotn source Ulcer Dinuteter 0.84 (4.8117) x 10'
1300 NCRP Values 0.95 ( 2.110.20) x 10

All 0.78 ( 5.511.0) x to8 8

1B _ 150 ##s frotn source Ulcer Dintneter 0.84 (7.3125) x 10' |
88300 (4.5 x 10' #/Oy. 0.94 (-4.410.01) x 10 *

88All p = 0.3 ent'/g) 0.78 ( 1.210.34) x 10

10 150 #ps froin source Ulcer Dintnoter 0.84 (0.0i23) x 10' ;

300 (4.5 x 10' #/Gy, 0.04 ( 3.410.50) x 10 '8 '

88-All p = 4.0 can'/g) 0.78 (.9.1 2.0) x 10
802A 150 #ps frotn source Ulcer Aren 0.91 (4.410.88) x 10
88300 NCRP Values 0.98 ( 4.710.98) x 10
88All 0.95 ( 1.110.52) x 10 j

t

8028 150 # s front source Ulcer Aren 0.91 (0.7il.3) x 10
88300 (4.5 x 10' #/Gy 0.97 ( 9.712.3) x 10
88All p = 0.3 cin*/g) 0.95 ( 2.811.1) x 10
4

3 150 Point Dose Ulcer Dintneter 0.82 (3.5113) x 10
300 at 0.88 ( 0.411.3) x 10'
All 100.ptn Depth 0.77 ( 1.210.47) x 10'

4 150 Point Dome Ulect Aron 0.90 (3.3 0.08) x 10' i

300 at 0.91 ( 1.410 67) x 10' .

All 100 ptn Depth 0.01 (0.08711.9) x 10' '

4
O 150 1.1 nun' Aron Ulcer Dlanteter 0.82 (1.114.3) x 10

300 Dose at 0.88 ( 1.010.33) x 10'
All 100-prn Depth 0.75 ( 2.011.2) x 10' |

'O 150 1.1 tnnte Aren Ulcer Aron 0.00 (1.110.22) x 10"
5300 Dose at 0.91 ( 3.011.4) x 10
4All 100 gtn Depth 0.89 (3.415.3) x 10

7A ' 150 Ln(##s) IHoer Aron 0.75 (4.011.0) x 10 ot
88300 front source 0.91 (2.110.28) x 10
80All NCRP Values 0.89 (0.0 0.89) x 10

87D 150 Lu(# a) Ulcer Aren 0.75 (0.9t 1.0) x 10
80300 (4.5 x 10' #/Oy, 0,90 (4.010.01) x 10

80All p = 0.3 ctn*/g) 0.88 (9.1 .1.0) x 10
8

8 - 150 Log (Point Dose Ulcer Dintneter 0.70 (2.410.51) x 10
300 at 100 ptn Depth) 0.88 (1.510.01) x 10'
All 0.93 (2.810.33) x 10'

12
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Table 3.2. Dome.Ilesponse itegresalons for Datn
of Forbes and Mikhnli(1989)(continual)

itern # Dinin of Particles Independent Dependent it' X Intercept"<

pin Parntneterc' Varinblo
;

8;9 150 Log (Point Dono Uloer Area 0.75 (3.510.50) x 10,

300 at 100 ptu 0.80 (0.011.5) x 10s
8All Depth) 0.87 (4.510 58) x 10

10 150 Log (1.1.tnin' Ulcer Dianneter 0.70 (7.711.0) x 104

4300 Aten Dose) 0.88 (3.U11.5) x 10
4All 0.89 (0.111.2) x 10

11 100 Log (1.1. nun' Ulcer Aren 0.75 (1.110.18) x 10'
6300 Area Dome) 0.80 (1,010.37) x 10
8All 0.84 (1.410.18) x 10

12 100 Lu (Dono at Itndius Ulcor Dlatneter 0.0052 (5.1120.4) x 10'
4300 of Ulcer und 0.18 (2.011.0) x 10

All at 1.33 intu Depth) 0.011 851210
8013A 150 Log (##s) Ulcer Dintacter 0.77 (3.110.05) x 10

80300 frorn source 0.04 (4.811,4) x 10
80All NCIll' Values 0.00 (3.210.37) x 10

80
1311 150 Log (##s) Ulect Dintneter 0.78 (4.811.0) x 10,

300 (4.5 x 10' #!Oy. 0.03 (1111.2) x 10'"
All 0.3 etn*/g) 0.00 (4.410.44) x 10'"a

14 150 Dose at !!adius Ulcer Aron 0.38 (1.410.45) x 10',

4
l 300 of Ulcer and 0.010 (4.0113.1) x 10

All 100 ptu Depth 0.20 (1.310.45) x 10"
s

15 150 Point Dose at Uloor Dintneler 0.024 (8.0114.3) x lo
s300 Itadlun of Ulcer and 0.17 (8.514.7) x lo

4All 1.33 min Depth 0.0015 ( 2,2115.3) x 10
s

10 150 Polut Done n5 Uloor Aron 0.027 (0.117.0) x lo
s300 Itadius of Ulcer and 0.19 (5.512.1) x lo

All 1.33 mm Depth 0.00 (.0.11 44.3) x 10'
80

17A 150 Log (# s) Ulcer Dintneter 0.41 (2.411.2) x 10
(First 8 Points) NCitP Values

80
17D 150 Lu(# s) Ulcer Diameter 0.43 (3.012.1) x 10

(First 8 Points) (4.5 x 10* #/Gy.
p = 0.3 cm"/g)

_ - . - _ _ _ . _ _ . . . ._ _ _ , _ . . . _

*Ln n. logarithm to base e; Log a logarithtn to base 10.
" Intercepts are expressed in rad (1 rad = 0.01 Gy) or number of beta particien emitted

from the sources.

13+
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Another set of regressions was run using ulcer dintneter and ulcer aren na the dependent
varinbles correlatal witu dose nierngmi over 1.1 tutu' at a depth of 100 pin. The done wu
entitnated using the approxitnations in Appeinlix A of NCitP lleport 100, whleh usuine a
point souroo with the source located at the center of the particle and attenuntion based on
inverse square attenuntion only; no necount is taken of nbsorption in the particles. This
dose entitunte should be correct to within approxlinntely 20% for the distances involved.
These results, shown na itents 5 and 6 in Table 3.2, yield rensonnble regression coefficients
but negative intercepts for the Irtrger particles, and intercepts bumi on ooinbinod partielo
data that are not significantly different frotn zero. Itetus 71311 of Table 3.2 glvo the results
of other negression nnnlyses using logarithanic (In, or logio) tras.sforinntloits for the
nutuber of beta particles, point dose nt IOO pin depth, or dose nyerngal over 1.1 intn'; in all
enses, there are positive intercepts for both the sinnll and largo particles as in the caso of
the NCitP correlation of ulcer nren with naturni logarithin of nutuber of beta particles (itetu
#7A). The logarithntic transfortnatioits cause the data to fit n straight line; however, they
tend to give greater weight to sinnifer particles.

3.5 Critical Depthbr Hest llegrraa!WLwith Ultrration

Itegression annlyses also were inado using the dono at the ulcer reuilus at various depths na
the independent pararneter and ulcer aren or dinineter as the dependent paranieter (Tablo
3.2, itents 1410 nnd Figure 3.0). The best fit line for the 300-om particles for Figure 3.3 is
n vertical line. This datn pattern tends us to suggest that the dono at the tuntgin of the
ulcer should be the antue for all ulcora at sorno crittent depth. Domes were eniculated at
varying depths on the ntargin of ench ulect using the method described in Section 3.3. The
nyerage dono at the ulcer innrgins for all ulcers should best approxitunto the thre hold dose
when the relative titandard devintion of the averago dose is niinindrod, which ovurs at a
depth of 1.33 nun (Figure 3.4). The average done at this depth is 27 3. o.4 Uy. The
approxituato number of Y 00 beta particles requirmt froin a point source on the skin to

8produce a point done of 27 Gy at 1.33. tutu depth in tissue is entituated nt 2.4 x 10 " bnsmi
on output from the VAILSKIN Codo (Traub et al.,1987), which we dividal t,y a factor of 1.3
(Cross,1900) to correct for backscatter effects which we think are not ndorplately taken
into nocount in VAllSKIN (this point in currently under further study). Approximately 1.0
times this number of beta particles would be needed frotn n Sr Y 90 source to produce this
point doso because few of the lower energy beta particles fron Br 90 would reach this depth
in tissue.

Tests were also m..de of the intercept from n regression with ulcer diameter na the depen-
cent varinble and logarithm of the number of betna na the inclependent varinble using only
the first eight points, na suggested lit NC'tP 1(eport 100. A value of 2.4 x 10* beta
particles was obtained (itein 17A of Tablo 3.1) rather than the value 1.5 x 10* stated on
page 10 of the report.

14-
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3.0 hatn of }!re ba'filterin

Krebs (Krebs,1907) conchuled that 'If the rndlation dose nt the Inargin of a circular field of
4. nun indtus nt a depth of 100 pin below the surface of the skin does not ext emi 1,600 rmis,
develolmsent of 1,evel lit injury within the flehl in linprobable. .," and 'If the indlation dose
at 6he snargin of n circular field of 0 inin rminun at a depth of 1.5 tutu below the surface of
the skin does not exceed 1,500 rada, deveh>1mtent of 1,evel IV injury withlu the field is
improbnble.* lie defined a 1,evel 111 injury na inolst desquamation ntui n 1,evel IV lujury am

linned on his work Forbes and Mikhnil related their exposuren to Krebs' I,evelulceration.
Ill done critorion (point dose at 4.tum radlun and 100.pm depth) as well am the centerline
point done at 100 pin depth. Table 3.1 column 5 shows doses calculatml using Krebs' l evel
111 criterion and reported by Forbes and Mikhail(IDHD draft)'' and doses we calculatod
using Krebs' I,evel IV criterion and the attenuntion coef ficient (p = 4.0 cm'/g) derived na
described nbove. Colutun 3 of Table 3.1 shows that particles la through 20 produced ulcers
even, though the doses shown in column 5 were below the Krebs' I,evel 111 criterion for
molsi riesqunmntion (1,500 rad). As shown in cohitun 0, the doses were below the Krebs'Our resultsI,evel IV criterion for ulcer induction for all particien, but all produced ulcers.
show clently that the Krebs' criterin nre not applienble for predicting thresholds for either
moist desquatuntion or ulcorn after exposures to hot particles.

Using his criterin, Krebs predicted a 1 evel 11 injury (dry desquatuation) for point source
exposuren of 1,280 pCl hr to Y.00 beta particles, n I,evel ill injury for 19.800 pCl hr

155,000 pC1.hr. Theno values are npproximately two to threeexposures, and a 1.evel IV for
orders of tungnitude above the values at which effectn were observed by Forben naul Mikhnli
(1989 drnft)** nnd by liopewell et al (1980)if their dosen are converted to estimated
number of beta particles emitted.

Krebs also predicted that 1.evel 111 and l>evel IV damage would be produced hv much
smnller exposuren if the activity were dihtributed over a circular area with a rad in 20%
larger than the rmlium speelfled for the expected biological ef fect. For example, I,cvel 111
injury was expected by Krebs f rom only 514 pCl-br exposuren to Y-90 beta particles if the
activity was sprend over an aren with a radhin of approxlinntely 9 tum. These predictions
were inconsistent with the findings of both llopewell et al. (1980) niul Forbes and Mikhnli

(1989 draft).

3.7 Conclunings

Frorn our analyses of Forben and Mikhnll's data, we conclude that the best estlinnte for
ulcer threshold la approximately (2.411.1) x 10* beta particles emitted from point sources
on the skin, having effective innxtinutn botn particle energies of 2.25 MeV (e.g., inixed
fission products or Y 90). The uncertainty of 11.1 x 10 " beta particles in i standard

3

devintion, based on the variability of dose required to induce the four smallest ulcers (0.5-
nun dintneter). llecause of the large varintiona in done required to produce nn ulcer of a
given size, it is impossible to specify n true threshold. Therefore, a practical threshold is
arbitrarily defined na 5% probnbility of n detectable ulcer (n range of 1 to 5% was used in

For a normal distribution, a 5% chance is expected that nu ulcer mny beICRP 41,1984).
detocted at (2.4 2 1.1 x 1.05) x 10 beta particien of maximum energy 2 25 MeV, or G x30

_ _ _ _ _ _ _

58Forbes and Mikhall.1989. loc. cit.

'' Ibid.
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Hr.Y.90 beta particles. This latter nutuber of beta
dose at 70 pm depth in tissue ofd

10' Y.90 beta particles, or 1.2 x lo
particles frotn a point source on skin would produce a the VAllSKIN code corrected forroxlinately 830 rad nyerngmii

approxtinately 550 rad nyerngat over 1 cm' (basm onbackscatter). This value enn be compatral with a dose o apprinto to nn ED, of 1.8 x to" betaf

Hr Y Do source of 1 inm diameterover 1 cm' nt 70 ptn depth na the threshold approph

particles for the correctml HopewetVChnrica data for t ef 0.1,0.6, and 1 inin, nanutidsig thethe same tunguttudo ns for the 1

(see Section 6 below) and for the Tm 170 sources odostmetry corrections for these sources are approximntely
rnra Br Y.90 point source. lAMilEll MEASUllE.

HEA8SERSMENT OF Tile ilHITISil EXTilAPOLATION Ci4.
MENTS discrete radionctive particles on {

Hritish scientists made extensive studies of the effects ofdostmetry. Most of thef
pig skin using an extrapolation type h>ntr.ation ohninber orting electrode nnd n 10 pm thickll

rnensurements were made with a 1.2 nan din neter co eci ado with this instrumentt

plastic charnber window. Goveral preliminary mensuremen s ndinmeters were reported by Wellsd
r nt in the ionizat'on ohnmber atusing n variety of sonroe stres and collecting electro e

(Wells,1988). This type of instrutnent mensures the cur ef the vnlues of the current collected na
then innde. If the chamber isvarious spacings of the calkicting electrodes, plots o h provides a

the ordinnte versus che-ode spacing as the abscimen area results will fall on a straight line, the slope of whicIlowever, to obtain this straight
uniformly irrndlated, f

mmutre cf dosa rate averaged over the colh>cting volume.line, the collecting volume must be uniformly irradinted. When a sloniention produced arough-
mall radioactive pastticle

id
is placed none the center of the ionization chamber w n ow,dingly, the plot of current versus
out the chamber is extremely pminifs Corresponbut rather, have a curvature withissa, where curren'. mensuredelectrodo spacing would not be a linear lunction,h b

quadratto or cubic components. At the intercept with t e n acdose rate at the inside surface of thet

is zero, the slope of this non linent function reflec s
ionization chnmher window. h related dostmetry report

The only example of extrapolation chamber data includml in t eomparison to the dinmotor of thei
(Wells,1988) was for n I nque source which was inrge n ci h n simple linent function. 81:n11ar-J

ionization chamber window. Wells fitted these data w th 01 mm diameter and 0.5
ly, we fittal the extrapointion chamber datn obtained using t edies of pigs to a linear function
nun diameter Tm 170 sources employed in llopewell's stu(Figure 4.1). However, reexaminntion of the Tm.170 data aThe data in Table 4.1 were obtainmi byt Brookhnven National Laborn-

from Figure 4.1 since the inbulatedtory revenlod amnll but important non-linearltles.
rending the ordinato nnd abscissa for each plotted pointraw data were not nynilnble. Since the earlier liritish ana yseal additional analyses.

n (Wells,1988) had employedl
f

only linent fits to the data to estimate dose, we per orm

17
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.

Table 4.1
Lxtr%idion Chatuber Dnta Deducedfrntu Plot Suppbd by M. Charles

Current
Thtrode Posittordung)

0.005 Intna trianglo
0.132 nun' hexagor!

O.08
05

75
l 0.09

101
1150.10

i 129
! It,L:

O.11
155

1750.12
170

1980.13
198

230
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First, second, and third degree polynomials were fitted to these data using the Grapher -

software routines (Golden ik)ftware V 1.75, 1987); the results are displayed in Figures 4.1,
4.2 and 4.3, respectively. The 'O.1. nun" source was actually triangular (tri.) in shape and
had an area of 0.0051 mm', whereas the '0.5. nun" source approximated a hexagon (hex.)
with n o.132.mm' area. Slopes of these ntted curves at the intercept on the x axis were

,

obtained by solving each equation to determine the intercept, and then taking the differen. !

tial of each equation to determine the slope at that value of the intercept. The slope ratios ;

for the quadratic to linear, and cubic to linear fits are shown in Table 4.2. These ratios are,
in effect, corrections that snay be needed to correct for the non linear nature of the ,

extrapolation curves for the publisheci data of Ilopewell et al. (1980). An even inrger
correction may result when the Tm.170 doses are re-evaluated, ne suggested by the
f Fowing discussion of the 1. nun Sr.Y.00 source and related dosimetry.

;

250 1

170 Tm

200 -

0 5 mm Source
-

N
]150

--

E -

a

} 0.1 mm Source

$100 - - -

.

50
- -

'

'
0
O 05 0.10 0.15

Electrode Scale Reading ( mm ) .

Figure 4.2. Quadratto fits to Tm.170 extrapolation chmter lx!L.

!
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Figure 4.3 Cubio fits to Tm-170 extrapolation chamber data. j

Table 4.2 Ilesults of Polynomial Fits to Urltish Extrapolation
Chamber Data for Tm 170 Sources

Source Quadratic / Linear Cubic / Linear

O.1 mm (tri.) 4101/2017 = 1.0 5340/2017 = 2.0

0.5 mm (hex.) 4456/2093 = 1.5 7538/2993 = 2,5

P

Results of the quadratio fit to the data show approximately 1.5 and 1.0 times larger doses
than those reported should be attributed to the 0.14 and 0.5 mm sources, respectively. The
cubic fits yield even larger corrections by a factor of approximately 2.0 to 2.5 A theorett-
cal analysis to determine the expected shape of the extrapolation chamber characteristle
curve is in progress at Brookhaven National Laboratory, The findings v.ill be used to judge .
the best function for fitting the above data and similar future data. The sensittvity of -
results to the size of the source and collecting electrode, and to the distance betwoon the
effective center of the source and the extrapolation chamber window will be studied also,

i

The Tm 170 sources used by IIopewell et al. have now decayed; however, additional
dosimetric studies were made on the 1 nim diameter Sr Y 90 source employed in Ilopewell's

20-
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studies to further test the possibility that the datn for this source was also in error. These
studies nre briefly sununarized below and will be reportal in detailin other publica-

; tionai s.14,

5. DOSIMETilY OF BRITISII SOURCES USING ltADIOCilitOMIC DYE FILM

Itadlochromic dye film (Unfchromic)M manufacturmi by GAP Chernicals Corporation
(Wayne, NJ), consists of n colorless, transparent,100 pm thich polyester base, contal with a
very thin layer (=0 pm) of colorless, transparent dye. The film produces n very fine grain,
blue image when expommt to lontring radiation such as electrons and photons. Ilesults
obinined using this technique are thought to be accurate because (n) the film hns a highly
uniform radiochromio dye conting, well catablishmi reproducibility of results from repent
rendings on individunt samples, and dose rate independence (Saylor et al.,1988); (b) dye
nlms exposed to known x rndlation at Herkeley Nuclear Laborntories in Herkeley, England,
at approximately the same time as the Sr Y 90 exposures, confirmal the nocurney and
stability of the system: and (c) there was good agreement between the dye filtn and
extrapolation channber snensurements inado on 170 to 277 pm dintneter C0-00 particles
(McWillintns et al., 1990)88

in collaboration with C. Sontes at the National Institute of Standards and Tent neb 9ty
(NIST) in Onithersburg, Maryland, nnd with M. Charles and P. Darley at flerkeley Nuclear
Lnboratories,1 cm squares of this film were obtnined from NIST, exposed, and subso-
quently evalunted at NIST using n scanning laser denaltomotor with an nutoinntal 033 nm

,

beam set to read out at either 0.12 mm or 0.2 intu incrernents, llocause the film tends to

saturate at doses above approximately 1.5 LGy, both 2 tninute and 4 minute exposures were
made using the British Sr Y 90 2ource employmi in the IIopewell et al. studies (source
number T13510). This is n 1 nun dintueter * point" source manufacturmi by the Amerahnm
Corporation in England. The radioactive materialis incorporated in n 1 mm dinmeter glass
bond and sealed in a 2.0 mm dinmeter welded stainless-steel capsule with n 50 ptn (40

8mg/cm ) thick stainless-steel window. It is typical of small sources usal in applicators in
medical therapy. When the dye flim was exposed, the source had decayed to a nominal domo

8rate of 0.79 Gy/s, nyeraged over 1.1 mm , at the 10 pin depth of the chntuber window, ne
determined from the earlier Hrltish extrapointion chatuber measurements, and the 20.1
year half life of Sr Y 90.

isDarley, P.J., Coley, M., Wells, J., Charles, M.W., Ilart, C.D., " Dosimetry of Planar and
Punctiform Beta Sources Using nn Automated Extrapolation Chamber nnd Radiochromic
Dye Filtnr," Presented at the Workshop on Skin Dositnetry, Radiological Protection Aspects
of Skin irradiation, Dublin, May 13-15, 1991.

**Soares, C.G., Darley, P., Charles. M.W., and Unum, J.W., "llot Particle Dosimetry Using
Extrapolation Chambers and Radiochromic Folls," Presented at the Workshop on Skin
Dosimetry, Radiological Protection Aspects of Skin irradiation Dublin, May 13 15, 1991,

88'' Hot Particle Dostmetry Using Micron Sir.e Co-00 Spheres," McWilliams, P.P., Scannell,
M.J., Chabot, O.E., Lorenzen, W.A., Coursey, D., Sonres C., Mehnughlin, W., and Walker,
M., Presented at the New England Chapter of the IIenith Physics Socio*,y Beta Dosime-
try/ Hot Particlo Workshop, March 27,1990.
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Exposures were perfortnal by p. Darley and M.W. Charles at flerkeley Nuclear 1.nborato-
ries. Figure 5.1 illustrates the arrangernent for irradintion. Five rmitochrotnic dye films,
numbermi n through ti+ 4, were positionmi under the source, separated from it by a 10 ptn
thich aluminizal MylnrE sheet which represental the Mylnrx window niuploynt in the

! extrapolation chamber tuensurements. The alutninutn conting on the Mylart was facing
the dye flhu, sitnulnting exposures in the extrapolation chntnber measurements. Itadio-
chromic dye films were posittoimd with the dye facing upward in each case. A 1-mm thick
PerspexE plastic sheet was placed between dye filtna n+ 2 and n4 3 in order to utensure dose
at deeper dermal depths, and for comparisons with extrapolation chatuber and eniculated ;

; depth dose data. A to. min thick perspext sheet was placed under the last dye flhn to ;
simulate the backscattering present in the extrapolation chatnber measurements. The

I

results frotn these measurements are summarized in Table 6.1. Depths of mensurement
were estimated, asautning that ench film had a 100 pm thick base and n H- m thich dye
conting. The fihn in position n yieldmi values 3.3 times higher than that reported for the
extrapolation charnber. The ratio of dose measured with radiochromio dye filn: nyeraged
over 1.1 utm , compared to that mensurmi over 1 cm* nt an average depth of to pm was a l

e
' '

inctor of 41. This value compared to a factor of 18 na determined from the mensurernents
by the firitish at approxituntely the sarne depth using their extrapointion chamber (Wells,
1988; Charles,1990).

& (

~

4
P[ R5P[X 10 n m

U

ii

20 mrn

*Sr 10 mm OlAMETE R POINT SOURCE

N g 16 pm mylar
50 pm S S s y y

7 . ,

fy n,t i
n.2 Y

DYE NM5 f PERSPEX 1mm {
| n+3 &"

n,4 T
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U

( r'ot to t,cate )

i
Figure 5.1. Experimental arrangement for exposures of Gafchrotniet film to 1 mm

diameter Sr-Y-DO point source.
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Table 5.1. .Results from Haalochromic Dye Film Dosimetry

Study of British 1-mm Sr-Y-90 " Point * Source
+ -

Dye Film. (Relative Dye Film (Relative 19-pm depth,
Film Depth 1.1-mm* to 1-cm* Area to'- (1.1-mm* dose

Position - (pm) Area Extrapolation Average Extrapolation r. te) + (1-cm* dose
Average Chamber *) Dose Rate , Chamber *) rate)"

Dose Rate (Gy/s)
(Gy/s)

_

N 19 2.58 (3.3) 0.0029 (0.079) 41

N+1 125 1.78 (2.3) 0.0549 (0.069) 47

N+2 231 1.35' (1.7) 0.0467 (0.059) 55

N+3 1,337 0.190- (0.33) 0.0237 (0.030) 109

N+4 1.443 0.173 (0.30) 0.0227 (0.029) ' 114

* Extrapolation chamber dose rate at 16-pm depth corrected for decay = 0.79 Gy/s (Personal communication, Charles,1990).

**This ratio provides a factor that may be usad to obtain dose averaged over 1 cm* at various depths from a measurement,

[ obtained with the extrapolation chamber, which measures dose rate averaged over 1.1 mm* at 16-pm depth.

!

i

.

.

E

:
'

, , _ _ _ . .



-

6. REASSESSMENT OF IlOPEWELL ET AL. DATA ON ACUTE ULCEllATION

The results of ',he British studies were summarized recent,y (llopewell,1990; Charles,
1900). Charles analyzed the British biological data and tabulated the doses for 50% (ED,o)
and 10% (ED3o) probability of acute ulceration. Them doses are summartred in columns 2
and 3 of Table 6.1 for the Sr Y 90 and Tm 170 sources s 9 nun in diameter. Charles
suggested establishing a ' practical' thrashold of two-tl ' ds of the ED doses. We calculat-3o
od these doses as shown in column 4 d Table 0.1. To le irl ine the approximate probabill-

; ty of ulceration associated with these doses, normal p1(MMdty distributions were assum*+d
. and differences between the given ED,o and ED doses .ere used to deduce standardw
| deviatiota, and, from these values. ED . and ED, doses were determined. The results forr

_

ED, are shown in column 5 of Table 0.1. The doses for two-thirds of ED n agree well with
the calculated ED, doses for 0.1,0.5 and 1-mm diameter Tm 170 data but differ by
approximately 30% for both the 2-mm diameter Sr Y 90 and Tm 170 sources. Because the

-ED derived dpse has a known statistical basis, we employed it as a more appropriates
practical threshold (than 2/3 of EDm) for the 1-nun diameter Sr Y 90 source. This value,
corrected for radiochromic dye dosimetry (a factor of 3.3), is 210 Gy (63 from Table 6.1 x
3.3 from Table 5.1 then rounded to two significant figures) based on dose at 10 pm depth !
in tissue, averaged over 1,1 nun'; or 1.9 Oy averaged ot er 1 cm" at 1.33 mm depth (210 +
109 from Table 5.1).

The VARSKIN code (Traub et al.,1987) was used to estimate the number of beta particles
required from a point source on skin to produce these doses in tissue. Ilowever, because
the VARSKIN code is based on dosee produced at various depths in an infinite medium, a
correction was app 1hxl to provide a better estimate for the case of a point source with air,
rather than tissue or water, as the backscattering medium. The data of Cross (1990)18
indhate that the dose from a 0.5 to 3 MeV beta particle source at an alr/ tissue interface will
be gproximately 0.74 to 0.76 of that in an infinite condensed medium (e.g., solid). Also,
the plastics employed as absorbers in the dye film studies have a density of approximately
1.2. Therefore, the dose measured at 1.33 mm-depth in plastic was approximately 5 to 10%
lower than would be expected in tissue at the same depth due to the greater density
thickness at this depth (approximately 150 mg/cm" vs.133 mg/cm*). This correction for
density was applied to doses measured at 1.33-mm depth, but it was small (and therefore,
neglected) for doses at the 10- and 125 m depths as shown in Table 0.2. The resulting
conversion factors and predicted threshold doses and beta particle emissions are a strong
function of assumed critical depth, varying from G.6 x 10' beta particles for dose measured
at 10 pm depth to 3.1 x 10* for dose measured at 1.33-mm depth (Table 6.2). The
differences are due to the differences in depth dose patterns for point vs. actual sources
located on or near the skin, respectively.

I

i

1*^Bota-Ray Depth Dose Distributions from Incident Beams and Skin Contamination." Cross, ;
W.G., Wong, P.Y-, and Freedman, N.O., paper presented at the 35th Health Physica Society '

j Annual Meeting, Anaheim,- CA, June 1990.
4
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Table 0.1 Doses Associnted with Selected Probabilities of
Acute Uloeration Based on Data of Ilopewell et al.,1980, and Charles,1990.

Source 1.1 inm* Dose (Gy)* nt 10-pin Depth

(1) (2) (3) (4) (5)
ED ED 2/3 ED ED,3o io 3o

(Uncorrected)

Tm 170

0.1 nim 197 85.7 57 56

0.5 nun 339 147 US 95

1 Inm P02 87.7 58 57

2 ntm 179 77.7 52 68

S r-Y-90

1mm 253 " 104 69 63

2mm 119 82 55 72
m- ..

'The 1-mm dintnoter Sr-Y 90 values need to be ndjusted upward by a factor of 3.3 based on
dye-film studies. Corrections for Tm 170 are likely to be of the same order.

"This value was incorrectly given as 353 in Charles,1990 (Personal communication,
Charles,1991).

4

4

N
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Table 0.2 Threshold Number of 11 eta Particles and Doses Deduced from
llopewell's 1 mm Diarneter Sr-Y-90 Exposures and

Corrected (Dye Film) L)osimetry Hesults.

__.y
Depth in Tissue

19pm 125 pm 1.33 mm

Threshold Dose Avg.
over 1.1 mm8 (Gy) 210 144 15 (17)* *

Beta Particles *
per Gy for 1.1 mm" 1,8 x 10' 5.1 x 10 2.0 x 10'7

Area Dose
--

Threshold No. of
Beta Particles *

Based on 1.1 mm' 3.8 x 10' 7.4 x 10' 3.3 x 10'
Area Dose

Threshold Dose Avg.
over 1 cm* (Oy) 5.1 4.4 1.9 (2.1)* *

Beta Particles * per
8 1Oy for 1 cm* Area Dose 1.3 x 10' 2.8 x 10 1.5 x 10

Threshold No of
8 20 3Beta Particles * Based 0.6 x 10 1.2 x 10 3.1 x 10

on 1 cm* Area Dose

* Number of beta particles from a point source on the skin.
** Doses in parentheses are those estimated from measurements using dye film, lucreased
by 10% for the 1.1-mm* aren dose and by 5% for the 1-cm" area dose to compensate for the
lower density and attenuation of tissue of unit density relative to that of the plastic
materini used in the experimental setup. These tissue doses were then used to estimate
threshold (ED ) number of beta particles.3
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Using doses measured at 19 pm depth, the estimated number of beta particles at the
ulceration threshold for a point source on skin is 3.8 x 10' for dose averaged over 1,1 nun'
(210 Gy), and 0.6 x 10' for dose averaged over 1 cm' (5.1 Oy). However, when the dose
measured at 1,33 mm degth in tissue is used to estimate the threshold, values of approxi-

8mately 3.3 and 3.1 x 10 beta particles are deduced for a point Sr Y 90 source on the skin
8based on doses averaged over 1.1 mm (17 Oy) or 1 cm' (2.1 Oy), respectively (Table 0.2).

These numbers of beta particles are two to three times the value deduced from Forbes and
Mikhall's datac

The 1.1-mm* area average threshold doses at 10 pm reported for Tm 170 sources (see Table
. 6.1) are approximately the same na those for the 1 mm Sr-Y-90 source. This finding implies
that the Tm-170 data are in agreement with the Br-Y-90 dnta, however, the Tm 170 sources
were only 0.1 mm thick and may need significant corrections for dostmetry as discussed in
Section 4. The ratio of dose at 10-pm depth to that at 1.33 mm, and the results from the-

extrapolation chamber measurements, would be very sensitive to the distance of the source
from the skin or from the extrapolation chamber window, especially for the Tm 170
sources. For this reason, we can draw no firm conclusions about the threshold number of

beta particles for induction of ulcers by the Tm 170 rutces until new dosimetry studies
that better define the dose and its spatial distributton anW 1,een completed. Also, the 1 mm
diameter Sr-Y-90 source was not an ideal simulation of a hot particle on the skin because it
was a 1 mm diameter glass bead located in a stainless steel rod having 0.5 mm thick side
walls and a 50-pm thick steel window, The side walls tended to collimate the source, and
the source's effective conter was farther from the skin surface than for a smaller particle on
the skin. These factors may contribute to the apparent differences between predicted

1thresholds from Forbes and Mikha11's data (threshold = 1.2 x 10 " Sr Y-90 beta particles)
1vs. those from Hopewell's data (threshold 3.1 3.3 x 10 " Sr Y 90 beta particles) based on

the dose at 1.33 nun depth criterion.

7. * POINT" DOSE, " AREA" DOSE, AND BETA EMISSION FROM PARTICLES

Dose has been expressed in several different but related ways in various studies reviewed.
This difference has often led to serious misunderstandings. For example. It was stated
before a meeting of the Subcommittee on Occupational and Environmental Protection of the
Advisory Committee on Reactor Safeguards (U.S. NRC,1989) tht,t because ulcers were not
produced in the recent PNL studies funded by EPRI using 3 mm and 11 mm diameter

Ssources with exposures of approximately 3,500 to 3,000 pCl hr (50 x IO #s), or doses of
220 to 430 Gy averaged over 1 cm', no such effects could be expected from smaller sources.
In fact, the opposite is true as was shown at the same meeting by Bnum. That is, smaller

adoses averaged over 1 cm and a smaller number of beta particles are required to produce
ulcers (or acute tissue breakdown) if given by smaller sources (e.g.,0.1- to 1*mm diameter)
than if given by larger (e.g.,3 to 10-mm diameter) sources. The absence of questions,
comments, and discussion on this very important issue, indicated that there may have been
a lack of appreciation or understanding of this apparent contradiction. Therefore, the
following discussion has been included.

The point is clearly illustrated by Figure 7.1 using the Tm-170 data of Hopewell et al.
(1986), as summarized by Charles (1990). The doses are shown that are required to
produce acute tissue breakdown with 10% probability from Tm 170 (0.967 MeV maximum
beta particle energy). As discussed earlier, Charles estimated threshold doses as 2/3 the
dose for 10% probability of effect. Similar data for threshold and 50% probability could be
used. This set of data is convenient because Charles (1990) tabulated the values.
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For the experiments of Hopewell et al., doses were tuensured using the extrapolation
chamber discussed above, with n 10 pm thick window nnd a 1,2 nun dinmeter (1,1-nun'
aren) collecting electrode. For comparisons, central axis (point) doses, doses averaged over
1.1 mm*, and doses nyernged over 1 cm' were calculatml for Tm 170 sources nnd various
diameters using the VARSKIN Code (Traub et al.,1987). This code does not adequately
reflect backscatter (or lack thereof) and applies to infinitely thin disk sources. Thus, the
code does not provide nocurate relations between doses at various depths from sources of
finite volume such those used by Hopewell et al. Nevertheless, the results are adequate to
show the differences in doso vs. source diameter of concern here.

Curve (n) in Figure 7.1 shows the data points for doses nyeraged over 1.1 nun' required for
10% probability of neute ulceration as reported by Hopewell et al., with a visunl, straight-
line fit to this data. Curve (b) shows the central axis (point) dose at 10-pm depth that
corresponds to Curve (n). We note: that curve (b) it is sloping steeply downward from left
to right. These datn suggest much larger polnj doses are required for ulcer production if
sources are small.

The PNL and EPHI representatives at the ACRS meeting (U.S. NRC,1989) expressed their
doses na pCl hr (equivalent to number of beta particles) and dose averaged over 1 cm' nt
70 pm depth as opposed to point doses. The corresponding plots for these are shown as (c)
nnd (d), respectively, in Figure 7.1 Both of these plots have steep slopes upward suggest-
ing that much larger doses or number of beta particles are required as particle dintneters
increnso from 1 mm to 19-nun dinmeter. This finding demonstrates very clently and
decisively that the acute effects being measured niny be produced more readily by smaller

eparticles with much less dose (nveraged over 1 cm ) and with many fewer beta particles --
1/10 to 1/100 ns few.

Finally, it should be pointed out that Hopewell et al. (1986) indicated that moist desquama-
tion is the ently effect scored in their studies fcr Sr-Y 90 and Tm-170 aources with diame-
ters 5 to 40 nun. When doses are approximately ED values (~~ 100% probability of neuteion
tissue breakdown), " .. moist desquamation may progress to ulceration in a proportion of the
irradiated fields.. " (Hamlet et al.,1986). "For doses > 600 Gy all the arens irradiated
develop neute ulceratio.1, the diameter of the ulcers increasing with increasing dose..."
(Hopewell,1990). This 600 Gy dose refers to dose nt 16-pm depth averaged over 1,1 nun".
The corresponding doses averaged over 1 cm' would be approximately 40 Gy for a 3-mm
dinmeter particle and approximately 300 Gy for an 11 mm diameter particle, or perhaps 1.5
to four times these values if extrapolation chamber dosimetry corrections are needed for
these larger sources. Thus, the St-Y-90 doses (250 Gy for 3-mm diameter and 240 Gy for
11-uun diameter so"rces) given in the unpublished PNL study (U.S. NBC,1989) are
expected to produce moist desquanmtion for both source sizes. This event will likely be
followed by the development of ulcers for the 3-mm diameter sources and, possibly, also the
11-ntm diameter sources. However, the equivalent number of beta particles would be
greatly in excess of the number required for ulceration (na opposed to moist desquamation
followed by ulceration) if the beta particles had come from much smaller sources, as can be
seen from Figure 7.1.

8. DISCUSSION

The regression analyser of Forbes and Mikhall's data described above are interpreted by us
as indicating a " threshold" W% probability cf any ulcer) of approximately 6 x 10' fissiou-
product beta particles, basw n regressions of ulcer aren vs. dose at the ulcer radius and
1.33 nun depth in tissue. Because the regressions with dose at 1.33-nun depth yieldal more
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consistent predictions (itern to in Table 3.2) for both 150-pm and 300-pm particlo sizes
than a similar regression at 100 pm depth (item 14 in Table 3.2), it seems likely that'

ulceration may involve damage to vascular dermal lissue lying deeper than 1 mm in tissue.
This conclusion would be consistent with the findings of Moritz and Henriques (1952),in
which ulce-s were produced by medium- to high-energy beta rays but could not be produced
by sulfur-35 beta particles, and those of Ilopewell et al (1986), in which ulcers were
produced by Tm 170 and S Y 00 beta particles, but not by Pm 147 beta particles. The
maximum penetration of sulfur beta particles is approximately 300 pm in unit density
tissue, and that for Pm-147 is approximately 560 pm. In electron beam studies, Albert et al.
(1967) found that the surface dose necessary to produce ulceration in the skin of rats varied
inversely with the electron beam energy. The average maximum depth of the hair follicles
in the at was 0.23 to 0.3 nim. Doses required at this depth below the skin to produce
ulceration were 15 to 20 Gy. The somewhat larger dose (27 Oy) at greater depth (1.33 mm)
in pig skin implied by the above analysis may reflect the greater depth of vascular tissue
and of hair foulcle canals in both human and pig skin. The hstge variability in dose
associated with the induction of small (e.g.,0.5-mm diameter) ulcers, illustrated in Figure
3.3, may reflect the influence of (presence or lack of) hair follicles in the repair process in
the local area irradiated by sman particles, as well as variations in dosimetry, exposure,
and observational factors.

2The threshold deduced from Forbes and Mikhall's data by the NCRP was 3.3 x 10 beta
8particles emitted in the source. This value was reduced to a recommended limit of 10

beta particles for point sources on the skin, which would give approximately the same point
dose at 100-pm depth as produced by a particle located at the center of a 150-pm diameter
sphere emitting 3.3 x 10 particles. The difference was due to the geometric (1/r") factor.1

Self-absorption (~ 20%) in the particle was neglected.

The very sharp drop from 100% probability to zero incidence for the data of Dean et al.
(1970) on the monkey, as shown by the dotted une in Figure 1.1, is in contrast to the more
normal sigmold shape of the response na shown by the solid line in this Figure for the
much larger sets of data of Ilopewell et al. for particles s 1-mm diameter. A broader range
of exposures bracketing the ulcer threshold is needed in order to define an ED, probability
from Forbes and Mikhall's studies.

The llopewell experiments were much more extensive than either that of Forbes and
Mikhail (which included no data points below threshold) or that of Dean et al. In the

|Hopewen studies, approximately 17 exposures were made at each dose level, and dose-
response data were obtained over the entire range of doses from threshold (zero response)
to 100% response. Thus, the ahnrp drop from 100% to zero incidence in the two smaller
studies probably reflects the lack of statistical robustness of the data. - A gradual increase in
probability is also expected based on the variability of the Forbes and Mikhail data shown
in Figure 3.3, which shows a factor of 2.4 spread in dose for the four data points with
smallest ulcer area (0.5-mm diameter). The relative standard deviation of dose or number
of beta particles required to produce 0.5-mm diameter ulcers is 145%. This deviation in '

dose does not indicate a sharp drop to a threshold.

The three data points of Dean et al. from monkeys and the three data points from humans
that show no ulcers provide only very weak indications of the likely lower limit for a
threshold; however, the four sets of data -- and, in particular, those of Hopewell et al. based
on several hundred exposure points and three different energies -- provide reasonable

3assurance that a umit of 75 pCl-hr (10 beta particles) is not Ukely to cause ulcers at
either significant frequencies or of significant size. However, additional studies of
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, dosimetry and radiobiology are needed to better define the probability of ulcer formation by' flaston product beta particles in the range of 10' to 3 x 10 beta particles from point8

sources on skin, and also to normalize both the Forbes and Mikhnll and the llopewell et al.
j studies to better defined dosunetry.
.

If the criterion of point dose (e.g.,27 Uy as dmiuced in section 3.5) at 1.33-nun depth at
ulcer radius is generally applicable, then this criterion expressed in terms of number of,

beta particles should follow the trend vs. beta particle energy shown in Figure 4.1 of NCHP
Report 106. The approximate number of Y-90 beta particles required from a point source
on the skin to produce a point dose of 37 Oy at 1.33-mm depth in tissue is estimated at 3.4
x 10** based on output from the VARSKIN Code (Traub et al.,1987), adjustal by a factor of

881.3 for backscatter effects not ndequately taken into account in VARSKIN. Approximately
1.9 times this number of beta particles would be noeded from n Sr Y 00 source because few

-of the lower energy beta particles from St DO would reach this depth in tissue. As can be
judged from Figure 4.1 of NCRP Report 106, a much larger number of beta particles
endtted would be acceptable at energies below approximately 0.8 MeV maximum beta
particle energy; for photon emitters, there may be a transfer of risk from beta done to that
from photon dose for maximum # particle energies below approximately 0.4 MeV. Thus, n
dose expressed as the number of beta particles from a hot particle, or as beta particle dose,

averaged over 1 cm' at 70-pm depth in tissue, la probably a conservntive criterion regard-
ing ulcer induction for beta particles with maximum energies below 0.8 McV.

The model with 1.33 mm depth in tissue as the relevant point for threshold dose determinn-
tion would prodlet that approximately equal numbers of beta particles would be needed at
threshold front a Sr Y 90 point source or a similar Tm-170 source on the skin. This
similarity results from a predicted absorption at depths in tissue of 1.33 mm of nearly all

. the St DO, only approximately 30% of the Y 90, and approximately 50% of the Tm-170 beta
particles. These attenuation factors are based on tables given by llerger (1971).

9. RESEARCH NEEDS

Our assessments reveal several weaknesses nnd sources of uncertainty in the data on
thresholds for acute effects from hot particles on the skin. In the biological nren, questions
remain on the critical depth for ulcer induction. Is the 1.33-mm depth employed in the
model used here applicable for all beta particle energies? If so, a hot particle emitting beta<

particles with maximum energy of 5 approximately 0.4 MeV should not produce acute:

;
- ulceration, and an emitter such na Rh 100 with a maximum energy of 3.45 MeV may have a
threshold (expressed ns number of beta particles) only a third of that for Sr-Y-90, because
of the greater penetration of the higher energy beta particles. Therefore, tests of the effec-
tiveness of ulcer production vs. maximum beta particle energy are needed to better define4

the threshold and the way in which biological effects vary with particle energy.

It is also important to determine if sources off of the skin, e.g., on clothing or hair, are less
effective per beta particle emitted, as implied by the data plotted in Figure 7.1. Particles off
the skin would tend to sprend absorbed energy over larger areas. This should cause a
response similar to that from a larger aren source with the same emission. Acute tissue
breakdown should then require a greater number of beta endsrlons from the source than
would be needed from a particle on the skin. Experimental verification of this prediction is

- needed.

The depth and persistence of ulcers as a function of dose nro of interest because they relate
, to probability of infection and scarring which may be measures of detriment and may
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influence possible weighting factors for acute ulceration if deterministic and stochastic
risks are to be compared or sununed. Other simliar regulatory issues are the risk related
relations between the dose limits for hot particles and the limits for larger area skin expo-
sures. What is the depth, area, or volume over which dose should be averaged? What are

8the relationships between dose averaged over 1 cm and number of beta particles emitted
from various source geometries and locations (on or off the skin) for the same effect (e.g.
acute ulceration)? Additional attention should also be given to the effects of particles in the
eye, car, nose, throat, gastrointestinal tract, or lung tissues. lion do detriments expected
in these cases compare to those for particles on skin?

The data of Ulberg and Kochendorfer (1966) for UC, particles of 90- to 260- m diameter,
on measured doses at 0.7 nun depth in tissue-equivalent material differ from calculated
values by factors of 4 to 5 for decay times of 250 hours. Additional measurements are
needed to resolve these differences and, if necessary, modify the computer codes used for
calculations in hot particle studies t.nd risk assessments. Additional experimental work is
also needed to resolve the large differences in dose between results from extrapolation
chamber and dye-fthn measurements.

We are continuing to study several of these problems. Specifically, we plan to expose pig
skin on live ardmals to sources of activated UC, spheres having a 250-pm diameter to
validate and extend to lower doses the work of Forbes and Mikhail. Exposures using
particles of Tm 170 are planned for comparison with work of Ilopewell et al. and to study
the energy dependence of the threshold for ulceration. A set of exposures using lower
energy (0.6 to 0.4 MeV) beta particles also is planned to better define the energy depen-
dence of ulcer induction. In addition, experimental studies of the effectiveness of beta
particles emitted by particles (a) separated from skin by 0.4-mm thick denim, and (b)
approximately 1 mm off the skin are plannen.
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APPENDIX A

Biatistical Analysis of Forbes and Mikhail Data

The regression line which fits the data the boat is given by

y = a + bx

where

a = y intercept
b = the slope

The y intercept and alope are calculated using __.

i . . . >

a= E [. x|[y,-[x,[27,
ai . - > .. . - ,u ,

! a a 1

b=En[.xy, - [ x,[ y,
a t ri ri ri ,

e 'a 42

h = n[ x| - [ x,
., .., ,

where

x yt each data point=
3

the number of data pointsn =

-

(Bevington,1909, p.104).
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The standard deviation of the regression, s,is given by

s2: E
n-2

SSE : [(y,-la +bx))' = S,,-bS,
ci

in 12

flea a

S = [ (y,-f)' : [ y| ''' L..

g
s.s s. , n

7a 12

Aa a t

S, = [ (x,-I)2 : { 2| #8 >

*= t e-s n

/a if a i

a- a t lgI

S : [(x,-I)(y,-y) : { xy, - k8 n "I e

y
6I $~s n

The standard deviation of the slope, s . and the y intercept, s,, are calculated usingb

sp* = b
S.

x?
s,* : "' 2s

n s,

(Walpole,1978, pp. 286, 287).

. The standard deviation of the regression, s, and the standard deviation of the regression
slope, s . were calculated using prixtefined functions of the spreadsheet software package,b .

Quattro Pro. The standard deviation of the regression intercept, s , was calculated from
previously given equations using the same spreadsheet.

The independent axis intercept,' z (threshold dose or number of betas), was calculated using

z = 2 or linear regressionsf
b
:t

= e * for naturallog transformed regressions
:!

= 10 * for common log traarformed regressions

The standard deviation of z. s, was determined using the standard error propagation
j formula (Bevington, p.113).
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s' : h s' b*
$1 Nt.

where
equation to detertr.ine the intercept, az =

a, = standard deviation of the paratueter determined by z
data point index! =

thsi. = standard deviation of the i data point
s (assumed)=

yi = y value for the 1"' data point

This formula yields

#
2

E' * 2 E *o * *3 *
g2

for the linear data regression.

The standard deviation of the independent axis intercept for the naturallog transformed
data yielded ,

, 1 3 u

s|= b'h,[x|+22 [ x, + Yn e'#~

b b2,

i

The standard deviation of the independent axis intercept for the conunon log transformed
.

'

- data is sitnilar to that for the natural log transformed data, except that "e"is replaced with
" 10".

The "R*" value in Table 3.2 is also called the " coefficient of determination" and is the square
of the correlation coefficient, p, where

R' : p8: 7

S,,S,,

(14)
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(Ott and Mendenhall, 85, pp. 310 319). This statistle was used to determine which regres-
sion model best fit the data. A zero R' value indicates no predictable linear relationship
between the independent and dependent variables. This was desired in items 12,15, and 16
of Table 3.2 because the dose at the radius of the ulcer should vary randomly about some
mean value (Figure 3.4).

The n' value, as with the correlation coefficient, can not be used to prove or disprove the
model presented, as the ulcer sizes and doses that produced them do not constitute a
bivariate normal distribution, and a causal rel.ationship between the two was known to exist

8(Arni 1971). The R value was used as a tool for determining which model approximated
the data the best.

Repeated Measurements

It should be mentioned that if the errors for each data point are not independent, then
repeated measurements may bias s (Walpoh and Myers,1978, pp. 298 299). If repeated
measurements are made for all data points, then the distribution for each independent
variable point can be estimated. Knowing all the distributions will provide an unbiased
estimate of o. This could not be performed with the Forbes and Mikhail data because some
distributions had only 1 data point, so a standard deviation for those distributions could
not be calculated without additional assumptions being made about the distribution. The
linear regression performed treated each data point as an independent measurement.
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11. ABST R ACT In r. oms er arus

NCRP Report 106 on the effects of hot particles on the skin of pigs, monkeys, and humans'

was critically reviewed and reassessed. The analysis of the data of Forbes and Mikhail or
the effects from activated UC2 Particles, ranging in diameter from 144 1m to 328 1m, led
to the formulation of a new model to predict both che threshold for acute ulceration and
for ulcer diameter. In this model, a point dose of 27 Gy at a depth of 1.33 mm in tissue

- will cause an ulcer with a diameter determined by the radius to which this dose extends.
Application of the model to the Forbes and Mikhail data obtained with mixed fission

9product beta particles yielded a " threshold" (5% probability) of 6 x 10 beta particles
from a point source of high anergy (2.25 MeV maximum) be H particles on skin. The above

10model was used to predic.t that approximately 1.2 x 10 beta particles from Sr-Y-90 would
produce similar effects, since few 'Sr-90 beta particles reach 1.33 mm depth. These
emissions correspond to doses at 70-Im depth in tissue of approximately 5.3 to 5.5 Cy

2averaged over 1 cm , respectively.
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