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Executive Summary

This Environmenta Management Science Program project has focused on gpplying basic
and applied science methods to improve the following: (1) characterization of plutonium
(Pu)/americium(Am) intake by inhdation; (2) subsequent organ radiation doses, and (3) the
associated hedthrisks. To achieve thisimprovement, traditional but ingppropriate point
estimates have been replaced by more appropriate distributions that relate to uncertainty/
vaiability. The a-risk populations considered are members of the public who could inhde low-
specific-activity, plutonium dioxide (PuO,)-contaminated soil arising from Department of
Energy (DOE) Stes during or after remediation and DOE workers who could inhae pure, highly
radioactive PuO-, eg., related to deactivation and decommissioning (D& D) accidents or other
Pu-related incidents. Our main interest is in the Rocky FHats Environmenta Technology Site
where cleanup of Pu-contaminated soil and D& D of Pu-contaminated facilities pose risks to
DOE workers and where remediation activities and resdud radionuclides in soil after
remediation could pose risks to the public. Radionuclides we have focused on are 2*8pu, 23°py,
240py, 241py, 242py, and the hazardous Pu daughter radionuclide >**Am. For worker exposures
during D& D accidentsinvolving PuO,, very smadl numbers of highly radioactive PuO; particles
could be presented to aworker for inhaation. Aswas demondtrated in a glovebox-related PuO,
incident that occurred in March 2000 at Los Alamos Nationd Laboratory, take in of radioactivity
is stochadtic rather than deterministic when relatively smal numbers of PUO-, particles are
arborne. Exposure scenarios involving relatively smal numbers of airborne PUO-, particles
represent what we cal the stochastic-intake (Stl) paradigm. For the St paradigm, some workers
may tekein (viainhadation) ardatively large amount of radioactivity, while others may tekein
little or no radioactivity. Our research has indicated that when very few highly radioactive PUO,
particles are airborne, continuous air monitors (CAMs) may not darm, while an unlucky worker
may take in viainhaation one or two or S0 highly radioactive particles. In such casesthe annua
limit on intake could be exceeded (especialy for 222Pu05), and the worker could have Pu
isotopes detected in the urine, but with no knowledge of how it got there, as CAM darm
sgnaling would not apply. Our research results related to characterizing the stochagtic intake of
radioactive particles indicate that it would be wise to routindly monitor urine from Pu workers a
Rocky Hats and dsawhere to ensure that unrecognized inhaation intakes of PW/Am have not
occurred while CAMswere slent. We aso recommend improvements in controlling worker
intakes for the St paradigm, based on a probabilistic approach described in detail in this report.
For congderations of possible public exposure to Pu resdud radioactivity in soil efter Ste
remediation, one uses radionuclide soil action levels (RSALS) to provide protection. Associated
with exposure scenario-dependent RSALs are cancer risks for the public. Theserisksare
evauated based on the linear, no-threshold (LNT) modd. Thus, based on this mode, any
amount of radiation (including background radiation) could cause harm. Because of thisview,
sringent and very codtly criteria can be associated with remediation of radionuclide-
contaminated Stes. Our research has questioned the vdidity of the LNT modd. Preiminary
results of our joint Russian Federation/U.S. case-control study of lung cancer induction in
Russian nuclear workers by inhded 2°Pw/?*1Am in combination with cigarette smoke indicate
that cigarette smoking may mask the presence of aradiation dose threshold for lung cancer
induction. Further, our research results indicate that previous low-dose risks estimates for lung
cancer induction based on the Russian Mayak worker population are likely to be overestimated
because of not accounting for the influence of cigarette smoking.



1. Research Objectives

Currently available radiation dosmetry/hedth-risk models for inhdation exposure to
radionuclides are based on deterministic radiation intake and determinigtic radiation doses (loca
and globa). These models are not adequate for brief plutonium (Pu) exposure scenarios related
to Department of Energy (DOE) decontamination/decommissioning (D& D) operations because
such exposures involve the stochastic-intake (St1) paradigm. For this paradigm, smdl or
moderate numbers of airborne, pure, highly radioactive PUO- particles could be inhaled and
deposited in the respiratory tract in unpredictable numbers (stochastic) during D& D incidents.
Probabilistic relationships govern intake via the respiratory tract for the St paradigm. An Sti-
paradigm incident occurred on March 16, 2000, at L os Alamos National Laboratory. It
involved eight workers who inhaed high- specific-activity, apha-emitting (HSA-a E) 22PuO,-
contaminated room air (glovebox-falure incident). Hedth-risk esimation is not trivia for the
Stl-exposure paradigm, especidly for HSA-a E 2Pu0,, as different individuas can have very
different and uncertain radioactivity intakes for the same exposure duration and same incident.
Indeed, this occurred in the Los Alamosincident. Rather than ingppropriate point estimates of
intake, dose, and risk, more appropriate probability distributions are needed. A main objective of
this project has been to devel op a stochastic doametry/risk computer modd for evauating
radioactivity intake (by inhaation) distributions, organ dose distributions, and hedth risk
digtributions for DOE workers who may inhae airborne, dpha-emitting, pure PuO, at DOE sites
such asRocky Fats. Another objective of this project has been to address the deterministic
intake (DI) paradigm where members of the public could inhade, over years, millions and more
resuspended, air-transported, PUO,-contaminated dust particleswhile residing (e.g., farmer) or
working (e.g., office worker) at aremediated DOE ste that contains mainly residua PuO- (and
daughters) in soil.

2. M ethods and Results
2.1 Methods of Modding Radioactivity Intake vialnhdation

Inhding rdaively smdl amounts of PUO, (and daughters) via resuspended PuO.-
contaminated soil could cause lung, liver, and bone cancers in the generd population (e.g., citizens
who live near Rocky Hats). Inhding large amounts of PUO- (and daughters) in the nuclear
workplace could lead to radiation determinigtic effects such as radiation pneumoscleross
(Okladnikova, 1994b). Thus, for years, environmental and workplace exposure to Pu and
associated hedlth risks have been topics of interest to many scientists and clinicians (Altman et dl.,
1992; CDH, 1990; DOE/EPA/CDPHE, 1996; Gilbert et d., 2000; Hoover and Newton, 1993;
Kreishemer et d., 2000; Koshurnikova et ., 2000; Jones and Zhang, 1994; Krey, 1976; NCRP,
1996, 1999; Newton et a., 1986, 1987; Okladnikova and Burak, 1993; Okladnikova et a., 19923,
b, 1993, 19944, b; RSALOP 1999a-d; Scott, 1995; Scott et al., 1990, 1993; Tokarskaya and
Basogolov, 1995; Tokarskaya and Khokhryakov, 1975; Tokarskaya et al., 1995; US DOE, 1996).

This project has involved the conduct of basic and applied research related to developing
improved radiation dosmetry/risk estimates to facilitate environmental management of Pu-
contaminated sites. Our research has focused on the DI and St paradigms: (1) deterministic
inhdation intake of PUO,-contaminated, resuspended, dust particles (up to millions of particles);
and (2) sochadtic inhaation intake of relatively smal numbers of LSA-a E (low-specific-
activity, dpha-emitting) and HSA-a E PuO, particles by DOE workersinvolved in D&D
operations. Examples of HSA-a E particles are 22°Pu0,, 22Pu0,, 2°Pu0,, 2**AmO,, and
242CmO,. Examples of LSA-a E particles are 2°Pu0,, 2*?Pu0,, and 2**PuO, (Scott et d., 1997).
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For the DI paradigm, every person who inhales the radionuclide-contaminated air tekesin
radioactivity. Thereis no issue of whether a person hasintake. In contrast, with the Sti
paradigm, some persons may have intakes, others may not, for the same incident, same duration
of exposure, and same location (e.g., same room). Our research has demondtrated that for the Sti
paradigm, point estimates of radioactivity intake and associated dose are highly unreliable, and
instead should be replaced by digtributions for possible intakes and doses (Scott et a., 1997;
Scott and Fencl, 1999). With the digtribution framework, each possible dose will have an
associated probability reflecting one' s degree of bdief in that dose. Thus, our probabilistic
Characterization is Smilar in interpretation to Bayesan inference.

We have congtructed conditiond PuO, intake (viainhdation) digtributions for adults
engaged in light work-related exercise, using the convolution method summarized below. The
conditiona distributions (e.g., see Tables 1 and 2) can be used to congtruct tables for evauating
unconditiond intake distributions (Scott and Fencl, 1999) for personsinvolved in D&D
accidents. The conditioning relates to the number of particlesinhaled. For example, the
conditioning could be that exactly 10 PUO, particles are inhaled and deposited in the respiratory
tract (or lung or subregion) from airborne PuO; (with a specified particle Sze digribution).
Table 3 givesinformation related to means of intake distributions for the adult population
considered.

Table 1. Percentile leve of the conditional 2*Pu0. intake distribution associated with fixed amounts
of radioactivity intake (Scott and Fencl, 1999)*

Percent Level by Number of Particles Deposited in the Respiratory Tract of Adults®

Intake Number of Particles

(Bg)® 1 2 3 4 5 6 7 8 9 10
100 759 531" 365 223 135 749 398 208 108 054
200 844 676 535 392 289 194 133 860 577 376
300 882 750 633 506 411 303 231 164 124 9.08

400 90.6 80.0 70.3 58.8 50.2 397 314 24.3 19.3 15.
500 924 83.2 75.0 64.9 570 471 38.8 314 259 21.
600 93.6 86.0 78.9 69.6 62.7 53.0 45.7 38.0 321 27.
700 94.6 87.8 82.0 73.5 67.0 585 51.3 43.6 37.7 32.
800 95.3 89.3 84.0 76.7 704 626 55.9 48.8 42.8 37.
900 95.9 90.7 85.8 79.5 739 66.5 59.8 53.0 47.4 4]1.
1000 96.5 91.5 87.2 81.6 76.9 69.6 63.2 57.0 51.5 46.

4
4
0

0
1

8
3

®Based on 10,000 trials for each set (column) of percent-level values. Results conditional on
P(W) = 1. Respiratory tract parameters based on male adults engaged in light, work-related
exercise. Multiply column 1 by S/280 to obtain corresponding Bq for other PUO, particles.

® ntake amount in Bg.

“This number means that 75.9% of the intake via single-particle deposition is £ 100 Bq.

“This number means that 53.1% of the intake via two-particle deposition is £ 100 Bq.



Table 2. Percentiles (in Bq) for the 2*PuO, conditional intake distribution for adults (Scott and
Fendl, 1999)%

Percentile (Bq) by Number of Particles Inhaled and Deposited’

Number of Particles

Level % 1 2 3 4 5 6 7 8 9 10
2.5 0.19° 2.46" 826 197 321 53.9 79.1 108 136 173
5.0 043 447 135 30.1 48.4 80.3 112 152 187 226

50.0 18.9 86.7 174 295 397 547 677 825 %61 1097
95.0 746 1532 1911 2374 2588 2866 3156 3454 3619 3858
975 1244 2239 2523 2889 3150 3351 3729 3993 4252 4449
Other Statistics:
Mean (Bq) 143 306 436 598 718 887 1040 1194 1332 1473
CcVv 255 1.82 1.49 127 115 1.03 0.97 0.91 0.85 0.81
Skewness 4.62 3.19 2.69 227 2.07 1.80 181 1.65 1.49 1.38
Kurtosis 28.2 14.6 11.4 9.55 7.93 6.60 7.23 6.23 5.53 5.14

®Based on 10,000 Monte Carlo trials per data set. Evaluated based on respiratory tract parameters for
adult males engaged in light-work related exercise with P(W) = 1; CV = coefficient of variability;
skewness = coefficient of skewness; kurtosis = coefficient of kurtosis.

PMultiply results by $/280 to obtain corresponding results for other PuO, particles.

“This number means that 2.5% of the intake from single-particle deposition £ 0.19 Bq.
“This number means that 2.5% of the intake from two-particle deposition £ 2.46 Bq

Table 3. Caculated conditional PuO; intake means (Bq) for adults as a function of the number of
particles inhaled and deposited in the respiratory tract (Scott and Fencl, 1999)®

Inhaled®  (Bo) (Bo) (Bo) (Bq) (Bo) (Bg CV?! Skewness’ Kurtoss®

1 0.00015 00327 0511 1.89 143 4341 255 4.62 28.2
2 0.00032 0.0699 109 4.04 306 9280 1.82 3.19 14.6
3 0.00045 0.1 1.56 5.76 436 13236 149 2.69 114
4 0.00062 0.136 213 7.89 597 18123 127 2.27 9.55
5 0.00074 0.164 2.56 9.49 718 21796 115 2.07 7.93
6 0.00092 0.203 3.17 11.7 887 26927 103 1.80 6.60
7 0.00108 0.238 371 13.74 1040 31571 0.97 181 7.23
8 0.00124 0.273 4.26 15.78 1194 36246 091 165 6.23
9 0.00138 0.304 4.76 17.6 1332 40436  0.85 149 553
10 0.00153 0.337 5.261 19.5 1473 44719 081 138 514

*Respiratory tract parameters based on results of adult males engaged in light exercise were obtained
by multiplying results obtained for 2*PuO, by $/280. Results are conditional on P(W) = 1.

®Particles inhaled and deposited in the respiratory tract.

“Not reported as being present at Rocky Flats but included for completeness.

dcV = coefficient of variability; skewness = coefficient of skewness; kurtosis = coefficient of kurtos's.
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2.2 Patide-Asociaed Radioactivity Intake Digtributions
2.21 Sngle-Particle Associated Radioactivity Intake Distributions

Here we summarize our work on characterizing sngle-particle associated, radioactivity
intake digtributions. The ditributions help to evauate radioactivity intake viainhaing multiple
particles during D& D accidents or incidents such as occurred at Los Alamos on March 16, 2000,
where aglovebox failed, rdeasing 2*®PuO; to room air inhaled by eight workers. Scientists at
our Indtitute are participating in characterizing the source term for the Los Alamos incident. The
data to be developed will be used in our project.

We indicated the sngle- particle-associated radioactivity intake distribution as f1(A), where
A isthe radioactivity intake associated with the single particle deposited in the respiratory tract
(or a specific region or subregion) viainhdation. The subscript 1 indicates that the digtribution
gopliesto asngle particle. The digtribution f1(A) depends on the region of the respiratory tract,
the age of the individud, the level of physicd activity, and the particle Size didribution F(d),
where d is the aerodynamic diameter.

The product f1(A)dA givesthe fraction of Sngle-particle associated radioactivity intakes
(viasingle particles) with radioactivity in the very smdl intervd (A, A+dA). Thedidribution
f1(A) does not depend on particle presentation, VW but accounts for particle inhaability, P (d), and
particle deposition probability, Ppep(d) (Scott et al., 1997). In addition, both P, (d) and Ppep(d)
depend on particle density, size, and shape.

The presentation, W is the mean number of particles presented to a human receptor for
inhaation over the period of interest, assuming we are dedling with the StI paradigm. The
number of particles presented for inhalation is assumed to have a Poisson digtribution. We have
used the notation P(n|WW to indicate the Poisson probability that exactly n airborne particles of
interest are presented to an individud for inhaation during the period of interest. P(n|W is
useful for conducting eva uations over many inhdations (breaths) and isrelated to the particle
avalladility, Pa(d), which is associated with a single breath (Scott et al., 1997).

The partide availability, Pa(d), represents the probability that a particle of interest will be
contained in atidd volume of air just before inhaing (Scott et d., 1997). Caculated availability
of monodisperse, LSA-a E, and HSA-a E PuO, aerosolsis presented in Figure 1 as afunction of
particle equivaent-volume diameter, de,, when the air radioactivity concentrationis 1 DAC
(derived air concentration) (Scott et al., 1997). Calculations were based on a 1.3-L tidd volume
and a particle density of 10 g/en? (Kotrappa et a., 1972; Raabe, 1994) and ICRP Publication 30
DACs (ICRP, 1979).

The equivadent volume diameter, dey, iSthe diameter of a sphere with the same density and
mass as the particle of interest. Use of equivaent volume diameter facilitates evauating particle
radioactivity for irregularly shaped particles. We cdculate equivaent volume diameter using
mathematical equations presented in ICRP Publication 66 (ICRP, 1994).

For the stochadtic-intake paradigm, where at most rdatively smal numbers of airborne
particles are inhaed, the particle presentation W and associated Poisson probability, P(n|W), are
important in characterizing the variability of the unconditiond intake or radioactivity (Scott and
Fencl, 1999). Here unconditiona intake means that there is no focus on afixed number of
particles being inhaled.
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Figure 1. Availability PA(d) of airborne, monodisperse, PUO, particles evaluated at the derived air
concentration (Scott et a., 1997).

2.2.2 Convolution Method for Multiple Particle Intakes

The radioactivity intake digtribution for inhaing two particles of interest, sampled by
inhdaion from an arborne particle-sze didribution, F (d), isgiven by f2(A) where
A
f2(A)=Qf :(x) F.(A- x)dx.

0

The radioactivity intake digtribution for inhding three particles of interest, sampled from agiven
particle sze didgribution, F(d), isgiven by f3(A), where

A

f4(A) = OF (X) F (A= Xl

Smilaly, for n+ 1 particles the radioactivity intake distribution is given by
A

far1(A) = OF 1) F(A- X)dx.

We were not able to develop an anaytica solution for f1(A). However, an empirical
digtribution was developed based on particle-9ze-dependent deposition efficiencies (adjusted for
inhalability) associated with the ICRP 66 respiratory tract dosmetry modd (ICRP, 1994). The
convolutions for multiple- particle intake were carried out via the slandard Monte Carlo method
using Crygsd Bal software (Decisoneering, 1996). For multiple- particle intake, separate single-
particle, empirica distributions were used. For example, for atwo-particle inteke, empirica
digtributions cdled One and Two were used. A particle was sampled from distribution One and
its radioactivity caculated viaamacro that accounted for particle shape, mass, etc., and
converted d to the equivadent volume diameter de,. A second particle was sampled from

6
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digribution Two and its radioactivity caculated. Then, both particle radioactivities were added,
and the sum was stored. This procedure was repeated 10,000 times with Crystal Ball Monte
Carlo. The software runsingde of Excd, which facilitates usng Excel macros. This gpproach
yields an empirica intake distribution thet varies soldly because of sampling, viainhdation,
fromadigribution F(d).

Figures 2-5 show calculated digributions f1(A), f5(A), f10(A), and f3o(A) for intake by adults

involved in aD& D accident involving brief loss of respirator protection and brief inhaation
exposure to 228Pu0..
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Figure 2. Conditional radioactivity-intake distribution, f;(A), for asingle ***PuO, particle intake by adults
engaged in light work-related exercise (Scott and Fencl, 1999). The distribution was evaluated
numericaly based on 10,000 Monte Carlo trids, a polydisperse size distribution with an activity median
aerodynamic diameter of 5 mm, and a geometric standard deviation of 2.5.
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Figure 3. Conditiona radioactivity-intake distribution, fs(A), for a five 2**Pu0, particle intake by adults
engaged in light work-related exercise (Scott and Fencl, 1999). The distribution was evaluated
numerically based on 10,000 Monte Carlo trids, a polydisperse size distribution with an activity median
aerodynamic diameter of 5 mm, and a geometric standard deviation of 2.5.
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Figure 4. Conditional radioactivity-intake distribution, f;0(A), for a 10 ***PuO, particle intake by adults
engaged in light work-related exercise (Scott and Fencl, 1999). The distribution was evaluated
numerically based on 10,000 Monte Carlo trias, a polydisperse size distribution with an activity median
aerodynamic diameter of 5 mm, and a geometric standard deviation of 2.5.

023 152 Outliers [~ 232
- 174

=116

Probability
Aouanbaig

1
&

-0
0 2500 5000 7500 10000
Intake (Bq) s
Figure 5. Conditional radioactivity-intake distribution, f30(A), for a30 ***PuO, particle intake by adults
engaged in light work-related exercise (Scott and Fencl, 1999). The distribution was evauated
numericaly based on 10,000 Monte Carlo trias, a polydisperse size distribution with an activity median
aerodynamic diameter of 5 mm, and a geometric standard deviation of 2.5.

2.2.3 Method of Scaling for Different Pu | sotopes

Each possible value for the possible intake of radioactivity has an associated probability
reflecting degree of bdlief in the vdue. Mde and femde differences were judged as negligible
so that calculations based on respiratory tract parameters for adult males are presumed to apply
(to afirgt gpproximation) to adult femaes. Evauations are based on a polydisperse sze
digtribution with an activity median aerodynamic diameter of 5 nm and a geometric standard
deviation of 2.5, as recommended in ICRP Publication 66 (ICRP, 1994) for nuclear workers.
The results clearly indicate that considerable variability in intake by nuclear workers would be
expected when small numbers of the HSA-a E 2%8PuO, particles areinhaled. Here, the variability
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in intake is soldly related to particle polydi?e“sity (i.e, varying Szes). Thedigribution for
238py0, can easly be scaled to 2°PuO,, 24°PuO,, or 2*?PuO,, based on particle relative specific
activity S (Table 4). The relative specific activity has been evaluated relaive to 2>°PuO,.
Particle radioactivity A (in Bq) is evauated using (Scott et. d., 1997)
AinBq = r Sde,’/845. 4
The parameter, 1, is the particle density in g/cn’, and dey again is the equivaent volume
diameter.

Table 4. Relative specific activities for PUO, aerosols (Scott et d., 1997)

Relative Specific Activity S
Type of Particle Spexific Activity Class® (dimensionless)
*?Pu0, LSA-aE 83" 107
*Puo, LSA-aE 1.0°
*°Pu0, HSA-aE 3.7
*Pu0, HSA-aE 28" 107

4_SA-a E = low-spexific-activity, alpha-emitting source; HSA-a E = high-
specific-activity, apha-emitting source.
PCorresponding absolute specific activity = 2.26 ~ 10° MB/g.

2.2.4 Using Conditional Intake Distributions

The conditiond distributions can be used to evauate probabilities for exceeding, via
inhaation, the intake of a pecified amount of radioactivity (e.g., Annud Limit on Intake [ALI]).
One of our recent publications (Scott and Fencl, 1999) shows how to carry out the necessary
cdculaions aswell as how to address mixtures of different apha-emitting plutonium isotopes.

2.25 Deterministic Intake Paradigm: Inhaling PuO, in Resuspended Dust

We have conducted similar evauations for inhaation exposure of members of the public to
PuO,-contaminated soil. However, because of dilution of the radioactivity by the sail, the
specific activity of the contaminated soil is much lower than for pure PuO,. Thus, for inhaing
the same amount of radioactivity as for inhding pure PuO,, large numbers of contaminated dust
particles need to beinhded. We were interested in garting from the stochagtic intake paradigm
and systematicdly increasing the number of particlesinhaed until we crossed the boundary
between the StI and DI paradigms.

Thus, for PUO»-contaminated soil, we evauated conditiona radioactivity intake
digributions. We started from a sngle dust particle and by convolution generated conditiona
intake distributions for up to 5 million dust particles. Again, the numerica convolution approach
was used. For Pu-contaminated soil, we used a density of 2 g/ent and a reference specific
activity of 1 Bg/g (27 pCi/g) for generic PuO,-contaminated dust particles. With this gpproach,
results can be scaled to any Pu isotope of interest of any mixture of Pu isotopesin soil. Note that
the density is considerably less than the 10 g/en density used for pure PUO,. Evauations were
carried out for adults engaged in light exercise based on respiratory tract parameters for maes as



was done for pure PuO,. Thus, again we have neglected what we expect to be smal differences

between maes and females.

Results for 100, 1000, 10,000, 100,000, or 1,000,000 dust particles are presented in Figures

6-10.
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Figure 6. Conditional radioactivity-intake distribution, f100(A), for a 100 PUO,-contaminated dust-particle
intake by adults (Scott et a., 1999) when the contaminated dust has a specific activity of 1Bg/g. The
distribution was evaluated numerically based on 10,000 Monte Carlo trids, a polydisperse size
distribution, an activity median aerodynamic diameter of 1 mm, and a geometric standard deviation of 2.5.
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Figure 7. Conditiona radioactivity-intake distribution, f; o00(A), for 21,000 PUO,-contaminated, dust-particle
intake by adults (Scott et a., 1999) when the contaminated dust has a specific activity of 1 Bg/g. The
distribution was evauated numericaly based on 10,000 Monte Carlo trids, a polydisperse size distribution
with an activity median agrodynamic diameter of 1 mm, and a geometric standard deviation of 2.5.
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Figure 8. Conditiona radioactivity-intake distribution, 1 000(A), for 210,000 PuO,-contaminated, dust-partide
intake by adults (Scott et a., 1999) when the contaminated dust has a specific activity of 1 Bg/g. The
distribution was evauated numerically based on 10,000 Monte Carlo trias, a polydisperse size distribution
with an activity median aerodynamic diameter of 1 mm, and a geometric standard deviation of 2.5.

028 - ~ 139
021 I | L 104
2 -
F- 3
S 014 | —-70 €
E =]
a 2
007 - — 35
.000 - e L ull L0

0.09 0.095 0.10 0.105 0.11

fCi
Figure 9. Conditiona radioactivity-intake distribution, 100 000(A), for a 100,000 PuO,-contaminated, dust-
particle intake by adults (Scott et a., 1999) when the contaminated dust has a specific activity of 1 Bg/g. The
distribution was evauated numericaly based on 10,000 Monte Carlo trids, a polydisperse size distribution
with an activity median aerodynamic diameter of 1 mm, and a geometric standard deviation of 2.5.
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particle intake by adults (Scott et a., 1999) when the contaminated dust has aspecific activity of 1 Bg/g. The
distribution was evauated numericaly based on 10,000 Monte Carlo trids, a polydisperse size distribution

with an activity median aerodynamic diameter of 1 mm, and a geometric standard deviation of 2.5.

The 1,000,000 particle intake distribution is clearly in the determinigtic paradigm as the
variability in intake rdated to particle polydispersity (varying sizes) has dmost vanished. Based
on this research, pecific recommendations were made related to developing find radionuclide
s0il action levels (RSALSs) for the Rocky Flats Site that were placed on our Pu web site
(www.radiation-scott.org) and presented at the 218" American Chemica Society Nationdl
Meeting & Exposition, New Orleans, LA, August 22-26, 1999 (Scott et d., 1999). The
recommendations are presented in Section 3.1.

2.3 Less Emphasis on Particle Breakup

Based on early work at LRRI, we have a good understanding of the importance of particle
breskup for inhaed 2**PuO, (Did and Mewhinney, 1983; Mewhinney and Digl, 1983; Hickman
et a., 1995). The breskup arises from apha decay energy deposited in the 2*8PuO, matrix. The
breakup increases the rate of trandocation of radioactivity from the respiratory tract to liver and
bone. However, this appears to be mainly important for 22®Pu0O, and not so important for 2>°Pu0,
240py0,, 241Pu0, (low-energy beta source), or 2*?PuO,. All of the exposure scenarios we have dedlt
with so far have involved only avery small amount of 2*3PuO, so that particle breskup has not
been an issue. However, regarding the 22Pu incident that recently occurred a Los Alamos where
eght individuas inhaed 2*®Pu- contaminated air, particle breakup may contribute to an incresse in
the bone and liver cancer risks beyond what would be expected without the breakup.

2.4 Other Research Results
24.1 Some Useful Results Related to Microdosimetry

This project has partialy supported moddling research reated to developing a biological
microdosmetry system based on quantd radiation effects data. Assuming biologica variability
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in cdl surviva datato arise mainly from variability in the microdose to the critical genomic

target, and assuming abinomid digtribution of the number of cdlsthat survive agiven
macroscopic dose, we have introduced a new approach to biological microdosimetry (Scott and
Schéllnberger, 2000). This gpproach uses standard Monte Carlo methods so far. Figure 11
shows the empirical microdose distribution generated for a0.5 Gy mean (measured) apha
radiation dose (absorbed dose) to C3H 10T 1/2 cells, based on the cdibration curve presented in
Figure 12 (Scott and Schéllinberger, 2000). The notation E{z} in Figure 11 indicates the mean of
the microdose digtribution. The genomic damage hazard in Figure 12 was obtained by taking the
naturd log of the surviving fraction and multiplying the results by —1.
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Figure 11. Simulated microdose distribution to the critical biological target when C3H 10T1/2 cells are
killed by exposure to a macroscopic adpha radiation dose Ds = 0.5 Gy. Results are based on biological
microdosimetry as applied to cell survival data of Bettega et a. (1990, 1992).
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Figure 12. Application of the linear, no-threshold model to dose-response data for the genomic damage
hazard for killing C3H 10T1/2 cells by aphairradiation. The genomic damage hazard data are based on
cell survival data reported by Bettega et a. (1990, 1992). The dope of thelineis 1.747 + 0.08 Gy *. The
correlaion coefficient (R?) is 0.972.
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Our current results for low apha radiation doses indicate that the empirical microdose
distributions generated are adequately characterized by both the lognormd and gamma
distributions for the in vitro exposures considered. These judgements were based on three
datigtica tests for goodness of fit: Chi-sgquare, Anderson-Darling, and Kolmolgorov-Smirnov
tests. The cited reference (Scott and Schdllnberger, 2000) is a submitted manuscript. We fed
strongly that we can improve on the microdose distribution generated by usng Bayesian
inference implemented via Markov Chain Monte Carlo (MCMC; Carlin and Louis, 1996;
Gamerman, 1997; Gilks et d., 1997; Miller and Inkret, 19963, b). Distributions generated with
our current forward Monte Carlo method could be used as priorsin the MCMC andyses aong
with quanta biologica data of interest (e.g., cell surviva data). Pogterior didtributions generated
would then be used for the fina microdose digtributions (e.g., to the genome).

2.4.2 Results Related to Alpha-radiation Induced Cancer

Research in our Environmenta Science Management Project (EMSP) project has benefited
from other research at our Indtitute that focused on understanding the sequence of eventsin
genatoxicant-induced carcinogeness. The development of cancer can involve multiple steps and
appears to be related to the evolution in a stochastic manner of dysfunctional genes that possess
genomic ingtability induced by genotoxic agents such asionizing radiation. The mgority of
these dysfunctiond genes act by subverting the control of cdl proliferation (Lechner and
Mauderly, 1994).

Age-adjusted human lung cancer incidence data suggest that lung cancer results from three
to sx (or perhgps more) genomic derangements that accumulate over many yearsin progeny of
cdlsinitiated by exposure to agents such as radiation. These derangements are molecular
biologicd markers for genomic ingtability. Asindividua steps are poorly understood in this
carcinogenesis process, the terms promotion and progression have been used to describe the sum
of the dterations.

Molecular biologicd markers of genomic ingability in the lung include activated
oncogenes (e.g., K-ras) and inactivated tumor suppressor genes (e.g., p53) as well as other
molecular markers.

This project has partially supported modeing neoplatic transformation induced by
exposure of cdlsto low- or high-LET radiations. The previoudy published NEOTRANS; model
(Scott, 1997) for high-LET radiation-induced neoplagtic transformation has now been used dong
with MCMC methods (Carlin and Lewis, 1996; Gamerman, 1997; Gilks et d., 1997; Miller and
Inkret 19964, b) to characterize the induction of neoplagticaly transformed cdlls (in vitro). The
MCMC method is a powerful approach to integrating dosimetric, molecular, and cellular effects
and has allowed us to discover what appears to be an ultrafast molecular process related to repair
and misrepair of genomic damage. This process was first observed after evaluating data for
high-LET neutron-induced neoplagtic transformation (Scott, 1997). However, we now have
evidence that ultrafast repair is associated with low-LET irradiation (Scott et a., 2000). The
methods may aso be powerful enough to alow incluson of microdose digributionsto the
genomic target. However, we have not had success in incorporating microdose digtributions as it
causes dready very long computer run times to be multiplied many fold.

With the NEOTRANS; modd, neoplagtic transformation arises from radiation-induced,
persstent problematic, genomic ingability (PPI) that is passed from surviving irradiated parent
cdlsto progeny cdls. Thisingability in the genomeis dso considered to contribute to an
increased risk of cancer for target cdlsin the lung.
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Based on these considerations, we have formulated the following two postul ates that
facilitate quantitative modeling of lung cancer risk associated with radiation exposure:

Pogdtulate 1: Genotoxic agents such asionizing radiation produced PPI in surviving target
cellsthat can be passed to cdl progeny and lead to PPl among the progeny.

Podulate 2: The lung cancer risk will be proportiond to the number of surviving cdlsin
the lungs that carry PH!.

Podtulate 2 is consstent with most plausible mechanistic modes of cancer induction (e.g.,
Armitage and Dall, 1954; Barrett and Wiseman, 1987; Bogen, 1989; Hodl et d., 1983;
Moolgavkar, 1983; Moolgavkar et al., 1990, 1993; Portier, 1987; Portier and Sherman, 1994,
Portier et d., 1990; Tan, 1991; Thordund et d., 1987; Whittemore and Keller, 1978).
Furthermore, for the stochastic-intake paradigm, one is dedling with ardatively smdl number of
cellsbeng irradiated by inhaded a E particlesfor avery large number of cdlsat risk, and for very
low probability events (i.e., tumor induction). Thus, for radiation exposure of the lung, liver, or
skeleton from inhaded Pu, the Poisson risk equation gpplies whereby:

Risk = 1 —exp( - hy), )

wherei=Lu, Li, & for the lung, liver, and skeleton, repectively. Here, h; isthe cumulaive
genomic hazard (i.e., a hazard function) for tumor induction. With the Poisson modd, h;, is
proportiond to the average number of cdlsin the lung with PPI. The averaging is over different
individuals exposed to the same macroscopic absorbed radiation dose, rather than over cdlsina
sngleindividua. With this modd, the doubling dose for cancer induction equas the doubling
dosefor PPI.

2.4.3 Joint Russian Federation/U.S Case-control Sudy of Lung Cancer Induction by 2*°Pu

Here we described results of ajoint Russian Federation/U.S. effort rdated to studying lung
cancer risks from inhded 2°Pu. This study was headed by Dr. Z. B. Tokarskaya of the First
Ingtitute of Biophysics (FIB-1), Ozersk Russa Numerous staff at FIB-1 contributed to the
study. Dr. Scott provided computation support for Monte Carlo evaluations related to
uncertainty characterization and evauation of the nature of interactions.

For radiation-related, cancer risk evauation, it isvery important to assess not only
influences of individud risk factors but aso their interactive effects (e.g. additive, multiplicative,
efc.). We have used amultivariate andyss gpproach to investigate the pair-wise interactions of
previoudy identified three main etiologica factors for lung cancer induction in Russian workers
of the Mayak Production Association (PA) nuclear enterprise. These three factors are asfollows:
(1) body burden of inhaled plutonium-239 (?*°Pu), an influence on absorbed & pha radiation dose;
(2) cumulative, absorbed externd gamma radiation dose to the lung; and (3) leve of cigarette
smoking as indicated by asmoking index (Sl). The Sl represents the cigarettes smoked per day
times years smoking.

Based on a cohort of 4,390 persons (77% male), we conducted a nested, case-control study
of lung cancer induction based on 486 matched cases and controls. Each case was matched to
two controls. Matching was based on five factors: sex, year of birth, year work began,
profession, and workplace. Standard statistical methods were used (Bredow and Day, 1980)
based on discordant pairs.

Three levels of smoking were considered: low (S| = 1t0 499), used as areference levd;
middle (SI = 500 to 900); and high (SI = 901 to 2000). Confidence intervals were generated for
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both additive and multiplicative odds ratios for individua factors based on the variable
Prob=0R/(OR+ 1) having anormd distribution with the mean determined by the observed OR
associated with a given factor and variance according to the reationship Prob,* (1-Proby)/n
where Prob;, isProb evduated at the observed odds ratio OR,, and n is the sum of discordant
parsof typel and typell. Monte Carlo evauations of the distribution of OR involved 10,000
redizations.

For lung cancer induction, a supra-multiplicative association was demongtrated for high
externd gammaray dose (> 2.0 Gy) plus high 2*°Pu intake (body burden > 2.3 kBq). This
observetion is congstent with the hypothesis of a curvilinear dose-response rdaionship for lung
cancer induction.

The interaction between radiation (externa gammarays or Pu-239 body burden) and
cigarette smoke was found to depend on the smoking level. For the middle level of smoking in
combination with gammaradiation (>2Gy) or Pu-239 body burden (>2.3 kBq), an additive effect
could not be ruled out, even though a multiplicative effect was consstent with observations.
However, for the high level of smoking in combination with gammaradiation (> 2Gy) or Pu-239
body burden (> 2.3 kBq), multiplicative effects were demonstrated. These results indicate thet
risk estimates for radiation-induced lung cancer derived without adjusting for the influence of
cigarette smoking could involve alarge systematic error. Further, such error may considerably
distort the shape of the risk vs. dose curve and could hide the presence of a dose threshold for
radiation-induced lung cancer.

3.  Reevance, Impact, and Technology Transfer
3.1 Recommendationsfor Setting Radionuclide Soil Action Levesfor Rocky Hats

Our research results have direct application to Pu-contamination issues related to the DOE
Rocky Flats site. We provide on the web (http:/Amww.radiation scott.org/rockyflats/index.htm) a
PowerPoint presentation that addresses the issues and provides advice related to dedling with the
Pu-contamination. A mgor issue iswhat are scientificaly judtifiable RSALs for Pu and other
isotopesin soil a Rocky Hats. Key findings discussed in the poster related to setting RSAL s for
Rocky Flats soils are summarized below.

In setting find RSALs for the Rocky Hats Ste, al magor uncertaintiesivariability must be
addressed. Use of software such as RESRA D- Probabilistic may facilitate uncertainty/variability
characterization. Key uncertainties/variability to be considered include the following:

Uncertainty about future use of the Ste.

Uncertainty in cancer risks for body organg/tissues where Pu isotopes concentrate (bone,
bone surface, red bone marrow, lung, and liver).

Uncertainty in dose conversion factors used to convert radioactivity intake to dose.

Variability in the amount of Pu-contaminated soil inhaled by different individuas over
years. Thisis predicted to be amgor variability and therefore should not be disregarded.

Vaiability in respiratory tract geometry in a population of peopleislikely to contribute to
variability in inhalation intake over years of airborne Pu. Some progress has been madein
accounting for varying deposition in the respiratory tract due to varying respiratory tract
geometries (Asgharian and Anjilvel, 1994; Balashazy and Hofmann, 1995; Heidtracher et dl.,
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1995; Hofmann, 1996; Hofmann and Koblinger, 1990, 1992; Koblinger and Hofmann, 1985) and
in varying transport rates after deposition (Koblinger and Hofmann, 1990).

3.2 Implicaions of our Research for Worker Exposures at Rocky Flats to PWAmM

Our research results have important implications for worker protection at Rocky Fats and
other DOE facilities where Purrelated work is carried out.  Firstly, our research results indicate
that for circumstances where rdaively smadl numbers of highly radioactive PuO, particles are
arborne, afew workers could have relatively large intakes of PuO, without a CAM darm having
occurred. In such cases, the workers may be unaware of ther reatively large intakes but the
intake occurrence could show up viaaurine bioassay. Also, in other circumstances, a CAM
adarm could occur with little or no worker intakes viainhdation of PuO, by some, relatively
large intakes by others, and no apparent intake by the remaining persons. This could happen
even though the workers were in the same room, for about the same time and inhaed about the
same amount of air. Thistype of exposure scenario is no longer theoretica as such an exposure
occurred at Los Alamosin March of last year rdlated to a glove-box reesse of 22PO,.

3.3 Implications of our Lung Cancer Risk Assessment Research

Our research jointly conducted with scientists a the FIB-1, Ozersk, Russa hasthe
following very important implications to evauating lung cancer risks from inhaed Pu:

Cigarette smoking can influence the overdl lung cancer risk in cases of combined
exposure to radiation and smoke.

The nature of the interaction of radiation and cigarette smoke depends on both the levels of
radiation exposure and cigarette smoking.

Radiation risk estimates for Pu-induced lung cancer in populations that include smokers
may involve large systlemétic error if influences of smoking are not accounted for.

Not accounting for smoking influences on lung cancer risk could digtort the shape or the
radiation dose-response relationship, possibly masking the presence of a dose threshold.

4.  Project Productivity

To date this project has accomplished most of itsinitid gods. Through a 1-year, no-cost
extension of the project and through an approved renewal application, we expect that the
remaining initial goas aong with new goals associated with the renewed project will be
completed within the remaining period for the renewed project.

Because of an unanticipated reduction in staff during the initia funding period, some
project tasks were delayed, leading to requesting and being granted a 1-year no-cost extension.

Two key revisons were made in the work plan. Initialy we had planned to derive new
radiioactivity-to-dose conversion factors for specific apha-emitting radionudides (*8Pu, 2*°Py,
240py, 241py, 242py, 24Py and 2**Am). Later it was decided to use dose conversion factors
presently used internationaly by the scientific community. Their use dlows evauation of upper
bounds on cancer risk. We dso had initidly planned to investigate particle breskup effects on
respiratory tract dos metry for very high specific activity aerosols such of 22PuO,. Alphadecay
energy imparted to the 2*®PuO, matrix causes breakup and more rapid trand ocation from the
lung. However, for red-world exposure scenarios related to PWAmM at places like Rocky Hats,
238y represents only asmall portion of the radiation source radioactivity. For example, mixtures
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of 28puy, 22%py, 240py, 24Py, 242py, and **Amin soil a Rocky Flats contain relatively small
amountsof 2*8pPu. Thus, particle breskup research was de-emphasized.

Monthly project reports have been submitted to the DOE Albuquerque Operations Office
(DOE/AL) on time for more than 3 years (except for one, which was delayed dueto illness for
the project P1). We received severd compliments form DOE/AL for our rather detailed and
informétive reports.

Annud reports to EM SP have aso been made ontime. In addition, key research findings
have been presented at scientific meetings, published in peer-reviewed journds, and are available
on the web.

5.  Personnd Supported

A large number of personnel have contributed to this project. They are listed below under
categories of co-investigator, consultant, and technical support.

Co-invedtigators at LRRI (present and past): Dr. J. H. Did, Dr. M. D. Hoover, Dr. M.
Meénache, Dr. R. E. Neft, Dr. Y. Zhou, Dr. Y.-S. Cheng, and Mr. G. Newton

Co-invedtigators at FIB-1 in Ozersk Russa (via renewed project): Dr. N. D. Okladnikova,
Dr. Z. B. Tokarskaya, and Dr. G. V. Zhuntova,

Conaultant in U.S. (viarenewed project): Dr. S. S. Yaniv

Consultant in Russa (viarenewed project): Dr. S. V. Osovets

Postdoctora participant (2-year participation completed): Dr. H. Schollnberger
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Graduate Student (past participant): William Mulberry
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and the Center for Biophysics and Computational Biology; October 25, 2000.

Smith, S. M., Y. S. Cheng, and H. C. Yeh. “Diffusona deposition of ultrafine particlesin human
tracheobronchia airways,” 1998 International Aerosol Conference, Edinburgh, UK, Sept.
14-18, 1998.

Zhang, Z., X. Wang, and Y .-S. Cheng. “Fow pattern and aerosol deposition in the human ora
airway,” 1998 International Aerosol Conference, Edinburgh, UK, Sept. 14-18, 1998.

7.2  Web Stes (Fully or Partidly Supported by this EMSP Project) Presenting Key Information
Related to Our Research:

Issues Related to Radionuclide Soil Action Levelsfor Rocky Flats (poster):
http:/Aww.radiation scott.org/rockyflatsindex.ntm

Improving Radionuclide Soil Action Levelsfor Rocky Hats (poster):
http:/Avww.radiation-scott.org/rocky

Plutonium-Related Cases: http://www.radiation-scott.org/Cases.htm

Futonium-Induced Hedlth Effects, based on publications on Mayak workers:
http:/Avwwv.radiation-scott.org/hed th.ntm

Other Plutonium-Rdated Web Sites for scientific audiences, sudents:
http:/Aww.radiation-scott.org/other.htm

Deposition of Radioactive Substances in the Respiratory Tract: http:/Aww.radiation-
scott.org/deposition

Radiation Glossary for Students: http:/Aww.Irri.org/radiation/rad.htm. Portrait presented
of Dr. B. R. Scott sketched during ar flight by Bela J. Kovach.

Electronic Borders Dictionary of Hedth Physics: http://Aww.hpinfo.org

8. Trangtions:

Through our EM -supported research, we have assisted the DOE Rocky Flats
Environmenta Technology Site in evauating worker risks from inhaing large quantities of
PWAm for hypothetica accidents associated with D& D operations. The DOE standards require
evaduation at Rocky Hats of the consequences to the immediate worker from hedth effects other
than cancer (eg., determinigtic effects) in order to know the intake level of PW/Am (for specific
mixtures) that corresponds to “seriousinjury” or “prompt deeth..” The isotopic mixtures of
interest relate to wespon'’ s grade Pu and include 28Pu, 22°Pu, 24°py, 24Py, and 2**Amin differing
amounts. Because of our extensive research experience reated to determinigtic radiation effects
from inhaed radionuclides, we were able to do the following:

Convince Rocky Hats scientists that the current definition of “prompt death” was
ingppropriate for Pu and Am isotopes, so that the definition was modified to alow for
delayed non-cancer deaths that may occur severa years after inhdation intake of such
radionuclides. The delayed deeths relate to the late-occurring deterministic effects (e.g.,
pulmonary fibrogs, radiation pneumonitis) of irradiation. Such deaths can ariseup to 5
years after inhding large quantities of dpha-emitting radionudlides.
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Introduce Rocky Flats scientists to a computationa approach developed by Dr. B. R. Scott
for evaluating risk for deterministic effects for the complex dose-rate patterns that arise

from inhaling mixtures of Pu isotopes and americium (Scott et d., 1989). The

computational approach is consdered more reliable than the approaches presently used in
the MACCS and COSEMY computer codes (NRC, 1997), which gpply to nuclear accident
risk assessment.

Provide a Monte Carlo-based scheme to Rocky Hats scientists for including
uncertainty/variability in their risk caculations.

Persuade Rocky Hats scientists to abandon the ingppropriate use of committed effective
dose equivaent when deding with deterministic effects of irradiation. We pointed out the
huge systemétic error that could arise from such usage.

Results of the Rocky Hats/LRRI collaborations indicate that mg quantities of PWAmM need
to be inhaled in order for the risk of death to be significant from determinigtic effectsin the lung
or for serious respiratory dysfunction. Since both death from determinigtic effectsin the lung
and serious morbidity from lung injury occurred in Mayak facility workers in Russawho were
involved in Pu production work, we conclude that those workers likely inhded mg quantities of
239PU/241 AM.

Asareault of this collaboration, a paper was written by Dr. Vern Peterson of Rocky Flats
has written a paper, and the informetion will be presented at a June 17-21, 2001, conferencein
Milwaukee (Energy Facility Contractors Group/Safety Analysis Working Group Conference).
The paper is entitled * Deterministic Hedlth Effects from Plutonium Inhalation.”

9. Patents
No patents were associated with our research.

10. FutureWork

Our future work (largdly related to a renewed application) will mainly focus on the
following tasks:

Continue joint U.S/Russian Federation research related to PWAmM-induced cancer in
Mayak workers.

Deveop abiologica dosmetry system for Pu intake by Mayak workers.
Conduct respirator-penetration studies for Pu aerosols.

Continue to educate DOE taff about the implications of our research for worker and
public protection from radiationassociated harm.

Continue to educate the public via the web about ionizing radiation and its biological
effects.

Thiswork will benefit from our DOE/Science project that deds with understanding
mechanisms associated with low-dose radiation-induced stochastic effects.
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