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ABSTRACT

This report summarizes an inhalation exposure experiment that concerns early and continuing
effects of combined alpha and beta irradfation of the lung of rats. Both moroidity at 18 months
and mortality within 18 months after exposure were examined for rats exposed to the beta-emitter
147pm, the alpha-emitter 238py, or both combined. The results were used to validate
hazard-function models that were developed (1) for pulmonary functiona) morbidity at 18 months and
(2) for lethality from radiation pneumonitis and pulmonary fibrosis within 18 months. Both models
were found to adequately predict the experimenta) observations after combined chronic alpha and
beta irradiation of the lung. A relative biological effectiveness of approximately 7 was obtained
for 238py alpha radiation compared to '47pm beta radiation for both pulmonary functional morbidity
and lethality from radiation pneumonitis and pulmonary fibrosis.
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pulmonary retention of 238py in F344/Cr) rats after (a) inhalation exposure to 238py only,
in fused aluminosilicate particles and after (b) inhalation exposure to mixtures of 238py
147pm in the same fused aluminosilicate particle matrix.

Pulmonary retention of 147pm in the lung of F344/Crl rats after (a) inhalation exposure to
147py only, in fused aluminosilicate particles and after (b) inhalation exposure to mixtures
of 238py + 147py in the same fused aluminosilicate particle matrix.

Fitted two-component exponential curves for calculating, as & function of time afier
inhalation exposure, rads per nCi/g-lung due to 238py initially deposited in the lung
(I1LB). Separate curves are provided for exposure to *238py only* and for exposure to *238py
+ Wpn * To get cumulative rads to the lung at a specified time, multiply the value of the
curve at that time by the initial lung burden for 238Py in nCi/g-lung.

Fitted two-component expouential curves for calculating, as a function of time after
inhalation exposure, rads per uCi/g-lung due to 47Pm initially deposited in the Tung
(1LB). Separate curves are provided for exposure to *147py only* and for exposure to *238py
+ 187pn *  To get cumulative rads to the lung at a specified time, multiply the value of the
curve at that time by the initial lung durden for '47Pm in uCi/g-lung.

Uradjusted (UNADJ) distribution of 1.5 year mortality from all causes of death (except
sacrifices) as a function of exposure Jlevel. Adjusted values (ADJ) to correct for
spontaneous effects are also given and were calculated assuming findependence of
radiation-induced and nonradiation-induced effects.

Survival time for death from all causes except radiation pneumonitis and pulmonary fibrosis
as a function of the intial lung burden of 238py in nCi/g-lung and 47pm in WCi/g-lung.
Time to euthanasia of morbid rats was wused as estimates of time to death from
radiation-induced and natural causes,

Survival time for death from radiation pneumonitis and pulmonary fibrosis. Time to
euthanasia of morbid rats was used as an estimate of time to death from radiation induced
causes.

Average body weight in grams, as a function of the exposure level, evaluated at 3 months
after inhalation exposure; (a) males, (b) females.

Average body weight in grams, as a function of exposure level, evaluated at 6 months after
fnhalation exposure; (a) males, (b) females.

Average body weight in grams, as a function of exposure level, evaluated at 12 months after
inhalation exposure; (a) males, (b) females.



Average value for vital capacity in m), as a function of the exposure level, evaluated at
1.5 years after inhalation exposure; (a) males, (b) females.

Average value for (0 diffusing capacity per kg body weight, as a function of the exposure
leve), at 1.5 years after inhalation exposure, and expressed in m)/min/mmHg/kg; (a) males,
(b) females.

Average value for quasistatic compliance (CQ10), in ml/cmM0, as a function of the exposure
level, at 1.5 years after inhalation exposure; (a) males, (b) females.

Average value for slope of phase IIl of the single breath nitrogen washout curve expressed
In % Np/ml, as a function of the exposure level, at 1.5 years after inhalation exposure; (a)
mcles, (b) females.

Dose-effect surface for F344/Cr) rats for estimating the 1.5-year lethality risk for death
from radiation pneumonitis and pulmenary fibrosis after inhalation exposure to mixtures of
238py + '47pm tinhaled in an insoluble form. Results are based on the hazard-function
mode). ULoses represent }.5-year doses to the Tung.

Dose-effect surface for F344/Cr) rats for estimating the prevalence of respiratory morbidity
at 1.5 years after inhalation exposure to mixtures of 238py + 147pm fnnaled in an insoluble
form. Dozes represent 1.5-year doses tov the lung.
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EXECUTIVE SUMMARY

Although current radiobiological research is largely focused on carcinogenic and genetic
effects, the casualties caused by the recent Chernobyl nuclear power plant accident in the Soviet
Union reemphasized the importance of research on acute radiobiological effects. Recognizing this
need years before the Chernoby)l accident occurred, the Nuclear Regulatory Commission (NRC)
sponsored research on acute and continuing effects of irradiation designed to develop improved
radiobiological health-effects models. This report provides experimental and theoretical results
on lethality and morbidity effects caused by combined chronic alpha and beta irradiation of the

uny, based on research carried out at the Inhalation Toxicology Research Institute (ITRI).

Studying effects of combined alpha and beta irradiation of the Tung is important because the
transport of radioactive materials associated with the nuclear fuel cycle could result in the
accidental or intentional (1.e., by sabotage) release of mixtures of alpha- and beta-emitting
radionuclides into the environment. [f airborne, the radionuc)ides could be inhaled by man and
could lead to large radiation doses to the lung. A large radiation dose to the lung can cause
radiation pneumonitis and pulmonary fibrosis (RPPF) and could prove fatal or lead to impaired
pulmonary function for a survivor.

A hazard-function (HF) mode) was developed at our Institute for predicting the frequency of
death from RPPF after complex patterns of beta-gamma frradiation or after combined alpha and beta
irradiation of the lung. Severa! experiments were conducted to validate the mortality model and
to provide data to develop a similar mode! for pulmonary morbidity.

Results of four experiments using rats to test the mortality mode) for predicting acute
effects of complex patterns of beta-gamma firradiation of the lung are in another report
(NUREG/CR-5025, 1987). The experiment described in this report was carried out to validate the
mode] tor predicting death from RPPF after combined alpha and beta irradiation of the lung and to
provide data for developing and validating a similar mode) for pulmonary morbidity.

Prediction of death from RPPF after combined alpha and beta irradiation of the lung 15 based
on a hazard-function model expressed by the wWeibull-type function

LETHALITY HAZARD = In(2)-xVY,

where ¥V s a positive parameter that determines the shape of the dose-effect relationship. X is
the total alpha plus beta dose in IlBgg uwnits. It s calculated by dividing the initia) lung
burden for the alpha emitter by the median lethal initia) Tung burden (ILBsg) for the alpha
emitter resulting in the alpha dose, X,, in [LBgp wnits for the alpha emitter. A similar
procedure is used to derive a similar dose for the beta emitter, Xp. X is then equal to X; + Xp.

Doses X, Xp, and X can also be defined in terms of the rumulative radiation dose to the
lung cvaluated to a fixed time (e.g., 1.5 year dose). To do s0, the median lethal radiation dose
(Dsp) must be known for both the alpha and the beta emitter, evaluyted to the same fixed time as
the cumylative radiation dose.

The lethality risk is related to the lethality hazard by the expression

RISK = 1-exp(-HAZARD).

The risk for pulmonary morbidity was estimated in a similar way .



To validate the WF model for lethality end to develop and validate a similar model for
morbidity, 395 F344/Cr) rats, approximately 15 weeks of age were exposed via inhalation to 238py
only, '47pm only, or mixtures of both, in insoluble fus:d aluminosilicate particles (FAP).
Contro) animals were exposed to fused aluminosilicate partic’es only.

The alpha emitter selected for the study was 238py pecause of its high specific activity.
This made it possible to use the same FAP aeroso) for bo'h 238py and '47pm, as we)) as permitting
the use of a single radioactive tag, in a single ‘nhalation exposure, thus minimizing the
variability in lung deposition of the radionucides.

Lung tissue content of 238Py and 147pm was dets rmined using both whole-body counting of 2
169yp gamma-emitting tag and radiochemical analyser of tissues from sacrificed rats and those
dying during the study. The radiochemical procedu #: included ashing, dissolution, and counting
by 1iquid scintillation methods.

Biological endpoints monitored on all rats during the study were body weights, histological
changes, and survival time. The probable cause of death was determined for each rat that died
during the 1.5 year followup period. Respiratory function tests were performed on 117 survivors
at 1.5 years after inhalation exposure.

for the 238py-alpha irradiation of the lung, the ILBgg for death within 1.5 years from RPPF
was 123 nCi/g-lung, which corresponds %o a cumylative 1.5 year radiaticn dose of 4500 rad (45 Gy)
to the lung. for 147pm-beta irradiation of the irng, the IlBsp was 160 wCi/g-lung, which
corresponded to a cumylative 1.5 year radiation dose of about 30,000 rac (300 Gy) to the lung.
The shape parameter, Vv, for lethality from RPPF was similar for alpha and beta irradiation of the
lung with an average value of approximately 5.

After review of several respiratory parameters, four were selected and used to determine the
prevalence of pulmonary functiona) morbidity. These parameters were vital capacity, quasistatic
compliance, CO-diffusing capacity per kg body weight, and slope o1 phase 3 of the single-breath Np
washout curve. VYital capacity reflected changes fn lung volume; quasistatic lung compliance
reflected changes in lung elasticity; the slope of phase 3 of the single-breatn Ny washout
reflected the uniformity of gas distribution; and carbon monoxide diffusing capacity per kg body
weight reflected alveolar-capiliary gas exchange efficiency. Individuals having abnormal values
for 3 or more of these 4 functional parameters were judged to have pulmonary morbidity.

for the 238py-alpha irradiation of the lung, the ILBgp for pulmonary morbidity was 30
nCi/g-lung, which corresponded to a 1.5 year cumulative radiation dose of about 1,100 rad (1) Gy)
to the lung. For the '47pm-beta irradiation of the lung, the ILBgp was 40 yCi/g-lung, which
corresponded to a 1.5 year cumulative radiation dose of about 7,500 rad (75 Gy) to the lung. The
shape parameter, ¥V, was assumed to be the same for both morbidity and lethality. A value of 5 was
therefore also used for morbidity.

The results indicate that the same shape parameter can be used for alpha and beta
irradiation of the lung and for mortality and morbidity. MHowever, about four times as much dose
is required for ).S-year lethality from RPPF as is required for morbidity.

After adjusting for er=.iing modes of death, 80 rats were judged at risk for death from
RPPF after combined alpha and beta irredia*tion of the lung. Of these, 43 deaths were expected and
54 were observed. Also, for rats receiving combined alpha and beta ir-adiation of the lung, 2!
out of 24 surviving rats were expected to have pulmonary functional morbidity while 22 cases were
observed. The results indicate that the hazard-function mortality and hazard-function morbidity
models for combined alpha and beta irradiation of the lung should be adequate for reactor accident
risk assessment.



CHAPTER
INTRODUCTION

The transport of radioactive materials associated with the nuclear fuel cycle cruld result
in accidenta) or intentional (i.e., by sabotage) release of mixtures of alpha- and beta-emitting
radionuclides into the environment. |If released, the radioactive substances could become airborne
and be inhaled by people leading to irradiation of critical Sody organs. When radionuc)ides are
inhaled in an insolwhle form, the Jung is the main organ at risk. Zmall doses (hundreds of rad)
to the lung may result in lung cancer, while large doses (thousands of rad) may result in other
morbidity as well as death from radiation pneumonitis and pulmonary fibrosis (RPPF).

The experiment described in this report is the last of a series of inhalation-exposure
experiments carried out at the Inhalation Toxicology Research Institute (ITRI) for the Nuclear
Regulatory Commission (NRC) to validate an acute mortality mode) (Scott et al., 1984, 1986). The
mode! was developed for predicting death from RPPF after inhalation exposure of a population to
mixtures of beta emitting or mixtures of alpha- and beta-emitting radionuclides. The series of
experiments was to also provide morbidity data for developing a similar mode) to predict morbidity
from similar exposures.

The experiment described in this report was carried out to determine if the mortality mode!
adequately predicts lethality from RPPF after comb’ned alpha and beta irradiation of the lung from
radionuc)ides deposited via inhalation. The exgeriment also provided pu'monary function, body
weight, and hematology data to use in an exploratory analysis for morbidity.

Another report (NUREG/CR-5025, 1987) decribes results of inhalation exposure experiments
carried out to (1) determine the affect cf beta energy on the risk of death from RPPF and (2) to
validate model predictions of acute lethalitiy from RPPF after interna) exposure of the lun, to
complex patterns of low )inear energy transfer (LET) radiation from beta-emitting radionuc)ides
deposited in the lung.




CHAPTER 2
METHODS

2.1 Animals

Male and female F344/Cr) rats were obtained from the Lovelace ITR[ breeding colony for use
in the study. The colony is free of known ~at respiratory pathogens and is tested serologically
every three months. The rats were 15 + 2 weeks of age at exposure.
2.2. Housing of Animals

Before the rats were exposed, each was given a unique ear tag for identification. Rats of
each gender were weighed and housed separately (two per polycarbonate cage). The room housing the
rats was maintained at 20 to 22°F. The relative humidity was maintained at 20 to 50%. A
12-hour-on 12-hour-off 1ight cycle was used. Rats were fed Lab Blox (Ailied Mills, Chicago, IL)
and given water ad libitum.
2.3 fxperimenta) Design

fEqual numbers of both genders we.e randomized by body weight into exposure groups as
indicated in Table 2.). Randomization into mortality and hematology groups was constrained such
that average body weights were similar over all exposure concentrations and g-oups for a given
gender. Exposure levels Lg) and Lsg were based on concentrations intended to produce about 1% and
S0% lethality, respectively, from RPPF, for exposure to the alpha-emitter 238py or beta-emitter
47pm only. A gamma-emitting label, '69vb, was incorporated into each of the AP aerosols
containing '47pm and for 238py to make it possible to estimate the initial lung burdens of these
latter two radionuclides by whole-body counting. A uniform distributicn of the initial 1lung
burden (ILB) was assumed for each exposure group. Thirty-six rats were included in each of 9
exposure categories (Lgy, Lsg, for 238py or 147pm, and combinations of both in the same particle)
as indicated in Table 2.1. For example, 36 rats were exposed to the Lg) (alpha) + Lpg) (beta)
combination.

Table 2.1
€30y -Alpha + '47pm-Beta Study Design and ).5-Year
Survivors Among F344/Cr) Rats Expressed by Exposure Level

238

Betas Alphas ("""Py) e
(o) ton ') 50
Loo Mortality Hematology Mortality Mortality
(C)* (1) (A2) (A1)
3/36 0/8 12738 28/36
Loy Mortality Mortality Si..ifice Hematology Mortality
(B2) (AB4) (ABS) (ABS) (AB3)
3/36 21736 50/50 9/22 35/36
Lso Mortality Mortality Mortality
(81) (AB2) (AB1)
18/36 19/36 35/3%

*Items within parentheses represent experimental group desigration. Ratios represent
number dead at 1.5 years over number exposed. A hematology group (C1) of size B at
Lpp + Loo leve) was added after initiation of the study. The hematology group at
Loy + Loy level was taken from animals initially assigned to the sacrifice study.

One rat at qu + Lgg level died at time of exposure. Lg) was intended to be a 1%
affected level. Lgp was intended to be a S0% affected ?evol. Lop represents control
exposure to nonradiocactive fused aluminosilicate particles.

4
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monoxide diffusing capacity per kg body weight reflected alveolar-capillary gas exchange
efficiency.

Hematology was performed only on rats arsigned to the hematology group (Table 2.1).
Measurements were taken at 7, 14, 30, 60, 90, 100, 360 and 540 days after inhalation exposure.
Blood was collected from the retrobulbar sinus in a capillary tube. Blood smears were made and
the blood diluted in Unopettes®. MHematocrit. tota) red and white blood cells and white blood cell
differential counts were determined.

2.5 Aerosol Preparaticn and Gen:raticn

Suspensions for aerosol generation were prepared by cation exchange of 47py, 238py, or
169yp into montmorillonite clay. Tre 238py and '47pm were incorporated into separate batches of
montmorillonite clay suspended i we'er. Appropriate aliguots of each batch were mixed together
to achieve the desired initia) ratios of alpha to beta activity in the exposure aerosol. With
this approach, the initia) ratio of alpha to beta activity was fixed for each exposure aerosol but
differed among them., Polydisperse aerosols were generated with a Lovelace nebulizer and heat
treated by passing through a heating column at 1150°C with a flow rate of 2 lpm. The 169yp gamma -
emitting tag was incorporated into the particles in smal) amounts (Table 2.3) to allow
determination of particle retention in the lung through total-body counting.

The 238py was selected for this study because of its high specific activity. This made it
possible to use the same fused aluminosilicate particle (FAP) aerosols for both 238py and '47pm,
as well as permitting the use of a single radioactive tag in a single inhalation exposure, thus
minimizing the variability in the lung deposition of the radionuciides. Two separate aerosols
would have required two exposures (one for the alpha emitter and one for the beta-emitter) and
would have led to larger variability in the initial lung deposition and in the initial alpha to
beta activity ratio.

2.6 Iotal-Body Counting

Shielded Nal(T)1) crystal counters were used to detect gamma radiation from the 169yp
radioactive tag. Cfach counting unit consisted of three 5 cm by 3 cm sodium fodide crystals with
buiit-in photomultiplier tubes spaced 120° apart around a centrally located sample holder.
Detectors were shielded by 10 cm of lead.

2.1 i fon of Lun i ivi nten

Rat lung specimens were analyzed for 2388y and for '47Pm, as detailed below, after the 163y
had decayed to nondetectable levels, The procedures used included ashing, dissolution, and
counting by liguid scintillation methods (Keough and Powers, 1970). This was a double labe)
procedure that required mathematica) resolution of the sample content of 238py and '47pm.  Quench
correction was by the externa) standard, channels-ratio method,

T'ssue samples awaiting analysis were stored in 10% neutral buffered formalin solution in
glass vials. For analysis, each sample was transfecred to a Pyrex beaker, dried in an oven, dry
ashed in a muffle furnace, and wet ashed with WND3 and %0 to destroy tne organic matrix. The
resulting sample was red'ssolved in 100 m) of 2 M HNG3. A 5 ml aliguot of the clear, coloriess
solution was transferred to a liguid scintillation counting vial, Fifteen m) of Ready-Solv EP
1iquid scintillation cocktail (Beckman Instruments) was added to the vial. A one-day period was
allowed betweecn preparation of a sample and actua) counting to allow the sample to stabilize
chemically.

Quench correction standards were prepared for 238py and 147Pm.  These standards were
necessary for quench correction and mathematical resolution of the 238py and '7pm activity
content in the rat tissues. There were 5 quench correction standards for '47em, 5§ for 238pm, and
§ for standards that contained both 238py and '47pm. Five standards were used to provide a range
of quenching that covered the anticipated range for the lung tissue samples The degree of



Aercsol Concentration

Table 2.3
Aerosol Concentrations, Aercsel Size, Exposure Run Time and
Initial Radionuclide to '69vb Activity Ratios by Experiment Number

Aerosol Sige*

"*%vb to Muciide Ratio

fxperiment 16% ¢y, 238py 147py
Group (nCi/ZY)  (mCi/N)  (wCiN)

Al 12 550 0
A2 178 7.4 0
8) 621 N 132
82 943 NA 73
ABl 661 248 107
ABY 622 1”2 14
AB2 541 794 29
ABS 29 5.4 18.1
ABS 387 e 23.1

AMAD
(m)

b

*AMAD represents activity median aerodynamic

NA = not applicable.

60
10
42
.44
40
21
&2

-45
.49

s

FEEETY

238p,

2.59
9.56
NA
NA
2.61
12.3
1.93
1.2
9.33

Predicted ILB's Run

169y, 238p, 147py  Time

147 pm (nC1)  (nCi) (uCi) (min)
NA 320 230 4] 35
NA 420 40 0 60
0.0047 44) NA 100 60
0.013 4075 NA 40 L ¥4
0.0062 560 210 %0 70
0.0245 450 50 90 60
0.019 380 210 20 59
0.0237 360 40 15 70
0.0167 380 50 20 60

diameter, og represents the geometric standard deviation.






where
0.062 Mev for '47pn
£ = 5.5 Mev for 238py

-
"

A(t) = the activity retained at time t which equals the product of the initia)l lung burden
in wCi and the radionuc)ide-specific lung retention function
f = fractional energy absorption in the lung; 0.97 for '47pm betas and 1 for 238py alphas
(Snipes, 1980)
W(t) = lung weight in g at t days after inhalation exposure

= 0.0050*[Initia) body weight in g + 124*GF(t)], females
= 0.0041*{Inftia) body weight in g + 166%GM(t)), males

where the empirical function GF(t) and GM(t) obtained from an earifer publication (NUREG/CR-5025,
1987) are given by

GF(t) = 1 - exp(-0.0169%¢0.822) 3
and
GM(t) = 1 - exp(-0.0133%t0.938), (8)

This method of evaluating doses was based on the assumption that the lungs continue to grow
in irradiated rats as they do in unirradiated controls. Cumulative radiation doses to the lung
for '47pm betas and 238py alphas were evaluated separ tely at 1, 14, 30, 90, 180, 200, 360, 540,
730 and 1096 days after exposure, for an initial lung burden of | wCi/g-lung for '*7Pm and 1
nCi7g-lung for 238py. ysing numerica) integration with a FORTRAN program. The data obtained for
the cumulative dose in rad were then fitted with a two-component exponential function of the form

Cumylative dose/unit activity/g-lung =
CI*[) - exp(-B1*t)) + C2*[) - exp(-B2*t)), (6)

where the parameters C1, C2, B! and B2 were positive and depended on the type of radiation. A
single set of parameters were determined from the data for exposure to '47pm only; a single set
was obtained for exposure to 238py only, and a single set was obtained for exposure to mixtures of
147pm ang 238py.  The fitted curves for the cumulative dose per wCi '47pm per g-lung or per nCi
238py per g-lung were used to evaluate cumulative rads to the lung at any desired time including
the dose to death. To make this evaluation, the cumulative rads per unit initial lung burden (in
Wi "47pm per g-lung or nCi 238py per g-lung) at the time of interest were multiplied by the
initial Jung burden expressed in activity per gram of lung.












Table 3.3
Dose Accumylation Functions for Calculating Cumulative Rads per nCi/g-Lung or 238py
or per yCi/g-Lung of '47pm Initially Deposited in the Lung (IiB) as a Function of the
Time (t) in Days After inhalation Exposure of F344/Cr) Rats*

Type of Dose Accumylation Function Parameter

Radionyc]ide LExposyre L1 N L2 8
238py 238py only 6.10 0.0268 9.2 0.00285
238p, 238py 4 147py 12.0 0.0176 3.3 0.00109
147pp 147pm only 207 0.083) 186 0.0041)
147py 238py + 47py 30.9 0.0540 283 0.00360

*Dose in rad = C1*()1-exp[-BI*t]) + C2*%(1-exp[-B2*t)).

3.2 11 ribution

The fraction dying from al) causes to about 1.5 years after inhalation exposure is shown in
Figure 3.5 as a function of exposure level, After adjusting for spontaneous deaths, the results
indicate synergistic effects of the alpha and beta radiations for mortality from all causes for
three of the four combinations. Adjustments were made by assuming that radiation induced and
spontaneous effects were independent. A pronounced synergistic effect was observed for the Loy
(alpha) + Lpy (beta) combination. While the Lg; level beta exposure caused no radiation induced
early deaths and the Lp) alpha level caused 27% lethality, a combination of these two levels
caused 54% lethality (a)) based on adjusted results).

MORTALITY

BETA EXPOSURE

UNADJ 008
ADJ 000

teo

UNADJ 008 033
oA 00 o2

Loo Lo Lso
ALPH* EXPOSURE

Figure 3.5 Unadjusted (UNAD)) distribution of 1.5 year mortality from all cavuses of death
(except sacrifices) as a function of exposure level. Adjusted values (ADJ) to
correct for spontaneous effects are also given and were calculated assuming
independence of radiation-induced and nonradiation-induced effects.
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Risk estimators were developed for ).5-year lethality from RPPF after inhalation exposure to
only 238py and to only '47pm when inhaled in fused aluminosilicate particles. Use of the maximum
Tikelihood procedure allowed the analysis of individual data without having to form dose groups.
This eliminated the systematic error associated with grouping of individud)s that had different
initial lung burdens. We have used a Weibui) type risk function for lethality that depends .n the
median lethal dose Dgg and shape parameter ¥ (Scott et al., 1987). With this risk function model,
the lethality hazard W is related to the lethality risk R by

R =1 - exp(=H) (n
whore
W= In(2)*(1L8/1LBgg)". (8)

The variable named ILB is the finitia)l lung burden in wCi/g-lung of '47Pm or nCi/g-lung of 238py,
and [LBgg 1s the median lethal inftial lung burden. Once the ILBsg is known for 238py only or
"47pm only, it can be used to calculate the median lethal dose Do in rads to any specified time
(e.9., 1 year). In this case, the ratio ILB/ILBsy in the above equation car be replaced by 0/0g9
where D is the dose in rads to the time at which the Dgg dose s evaluated.

For 238py, the median lethal initia) lung burden and shape parameter obtained for death from
RPEF within 1.5 years, were 123 & 1.5 nCi/g-lung ard 4.1 + 1.6, respectively. For '47pm, the
corresponding median lethal lung burden and shape parameter estimates were 160 + 190 uCi/zg-lung
and 5.4 ¢ 0.9, respectively. The large uncertainty in the median lethal initial lung burden for
47pm arises because intended initia) lung burdens were not achieved. The rats were underexposed,
leading to only one death attributed to RPPF after exposure to '47Pm only. Twenty-five deaths
were attributed to other causes, primarily pulmonary tumors. The estimete of 160 wli/g-lung for
the median lethal initia) lung burden was identica) to that obtained in an earlier experiment
where there were many deaths attributed to RPPF (NUREG/CR-5025. 1987).

An attempt was made to use the unimods) Weibull model to characterize dose-effect curves for
T-year lethality trom a)) causes. However, because deaths from causes other than RPPF occurred at
doses below the eifective threshuld for death from RPPF, satisfactory fits to the multimodal data
could not be obtalred using the unimoda) mode).

3.3 Expected and (bserved Deatds

Based on the hazard function model for predicting the combined effects of high-LET alpha and
low-LET beta irradiation of the lung, the lethality hazard for death from RPPF can be predicted in
the following way. Oivide the '47Pm initia) lung burden by the IiBsy for '47pm to obiain the beta
dose Xy in units of ihe IlBgp. Also divide the 238py initia) Yung burden by the ILBgy for 238py
to obtain the alpha dise X, in units of the ILBgg. Add K, and Xp to obtain the tota) dose X in
units of the Dgp. MNex! calculate the fraction Fy of the dose X that is due to X,, where

F. - ‘./l
Also calculate the fraction Fy of the dose X that is due to Xy, where

Fp = Xp/k.
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For exposure to the mixture, the shape parameter V can be obtained using the woighted reciprocal
relationship (Scott, 1987; Scott et al., 1986)

TV = FalVy & Fp/Vy (9)

where V, and Yy are the shape parameters for exposure to alphas only and betas only,
respectively. The reciprocal relationship is needed only when ¥V, and vy differ significantly.
When Vv, and Vp are approximately equal, v can be calculated as the average of Vg and Vy. This
latter averaging procedure has been used here because Vy and Vp were found to be approximately the
sam¢.  The reciprocal relationship 13 included for completeness.

Based on the hazard function mode)! of predicting the combined effects of alpha and beta
irraziation of the lung, the lethality hazard is given by

M o= In(2)*xVY, (10)

Knowing the lethality hazard A, one can then calculate the individual risk of dying from RPPF
using the relationship

Individual Risk = 1 - exp(-H). (1)

Adding the individua) risks over the dose distribution for the exposed sample of rats leads
to the expected cases of deaths when al)l other competing risks are eliminated We have used this
method to predict the number of deaths from RPPF occurring within 1.5 years after inhalation
exposure of F344 rats to mixtures of 238py ang '47pm.  A)) rats dying of other competing risks
during the ) S-year interva) were excludet! from the analysis. Only rats that died from RPPF or
survived to 1.5 years were included. The expected and observed numbers of deaths are shown in
Table 3.4 and are in good agreement. This indicates that the hazard-function method of predicting
the combined letha) effects of alpha and beta irradiation of the lung should be adequate for use
in reactor accident consequence modeling.

3.4 Morbidity
3.4.1 Body Weight Changes

A reduced body weight was observed only in rats that died from radiation-indyced injury.
Average body weights by exposure leve)l are given in Figures 3.8-3.10 for 3, 6 and 12 months after
the innalation exposure. Similar results were obtained at a)) other times that body welights were
recorded. An exploratory analysis of ?he data revealed that a reduction in body weight mainly
occurred in rats that accumulated Yetha)l radiation doses.

3.4.2 Hematology

Homatological measurements were made repestedly on the same males and females from the Ig)
(alpha) + Lp) (beta) level and on preselected controls assigned to the rematology group. WMo
significant effects on the pariphera) blood were observed. Data for the radiosensitive
Tymphocytes are given in Table 5.5 where L. and Ly represent the average control and average test
group [Lpy (alpha) + Loy (beta) level) counts at various times after exposure, Sl and Siy
represent standard deviations for L. and Ly, respectively. The expression 10014/l with standard
deviation SO represents the average test counts expressed as a percentage of the average control
value at the specified time, Bised on an assumed normal distribution, no significant departure
from contro)l values cou'd be demonstrated. None of the other hematulogical parameters was
significantly different from control values.
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Table 3.4

Expected and Observed Deaths from Radiation Pneumonitis and rulmonary Fibrosis
Within 1.5 Years After Inhalation Exposure of F344/Cr) Rats to
Mixtures of 238py ang '47pm Inhaled in Fused Aluminosilicate Particles

Average Initia) Risk
—hung Byrden Set
Experiment 238p, 147py Size Expected Observed
Sroup (nCizg) (uCilg) N Deaths** Deaths
AB) 120 + 40 51 ¢+ 20 KV 25+ 2.4 32
AB2 26 + 10 42 + 15 8 1+ 1
AB3 130 + &4 1M+ 4 2 1742 2
AR 26 + 10 14+ § s 0 0

*After elimination of animals dying within 1.5 years from a)) causes other
than radiation pneumonitis.

**Individual risk « ) - EXP(-0.693 x95)
K= Xpy # K
Xpy = [LBpw(wCi/G-LUNG) /1860
Kpy = IlBpy(nCi/G-LUNG)/123
Average risk = (Sum of individual risks)/N
Variance = N*(Average risk)(] - Average risk)
Expected deaths = (Risk set size)*(Average risk)




@

AVERAGE




Table 3.5
Blood Lymphocyte Counts After Inhalation Exposure of Rats to 238py + 147py
Inhaled in Fus*” Aluminosilicate Particles*

Controls by, Ph8 + Logirbets AveroReconerels
Standard Standard Standard
Average Deviation Average De fation Average Deviation
_Rff_ (Lc) (SLc) (Li) (SLt) (lOOLt/lc) (S0)

0 e - - - 100 --
30 7009 1552 1088 2058 101 37
60 71796 1516 9463 4322 121 60
90 7485 2937 6850 1845 92 44

120 7350 2462 749 601 102 60
150 8800 4029 8328 3337 95 58
180 5044 2451 56617 4913 112 12
210 5203 1674 5618 3042 108 68
360** 3002 812 3212 974 109 a4

*L¢ = control group average lymphocyte count (cells/cmm)

Ly = test group (D01 alpha + DO beta level) average lymphocyte counts (cells/cmm)
lsottltc = average lymphocyte count for test group expressed as percent of average

control value at specified time

SLe = standard deviation of L.

SLt = standard deviation of L¢
SO = standard deviation of 100L¢/L

oPL = days after exposure

**_Lymphocyte counts as weli ©s other hematoiogical data had systematic error at 360
days. Data were rnultiplied by correction factor of 2 for sampling volume error
correction to reduce systematic error., Systematic error was eliminated by taking
ratio L¢/le.

3.4.3 Respiratory Function

It is shown in Figures 3.11-3 14 that survivors 1.5 years after {irhalation exposure had a
reduction in wvital capacity (Fig., 3.11), CO diffusing ~apacity (Fig. 3.12), and quasistatic
compliance (Fig. 3.13), and an increase in the slope of phase 3 of the single-breath nitrogen
washout curve (Fig. 3.14). These changes reflected the presence of a restrictive lung disorder
(smaller, <tiffer lungs) with an uneven distribution of lesions (nonuniform gas distribution) and
an impairment of gas exchange. The alterations are characteristic of RPPF from internally
¢eposited alpha and bet: jamma emitters (Mauderly et al., 1980A, 19808).

Pulmonary function data were quantified in the following way to develop risk parameters for
estimating the prevalance of respiratory dysfunction resulting from irradiation of the Tung. Each
irradiated rat having a vital capacity measurement less than the lower 95% confidence interval for
control values was judged to have a reduced lung volume. fach f{rradiated rat having a CO
diffusing capacity (normalized to kg body weight) less than the lower 95% confidence interval for
controis was judged to have abnormal gas exchange in the lung. Ffach firradiated rat having a
qua.istatic compliance less than the lower 95% confidence interval for control values was judged
to have stiffer than norma) lungs. Each rat having a slope of phase 3 of the N washout curve
greater than the uppe- 95% confidence interval for controls was Jjudged to have an abnormal

ventilation distribution in the lung.
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Figure 3.11,
in ml, as a function of the exposure level,
evaluated at 1.5 years after
exposure; (a) males, fb) females.
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Figure 3.13. Average value for quasistatic
compliance (CQ10), in ml/cmH0, as z function
of the exposure level, at 1.5 years after
inhalation exposure; (a) males, (b) females.
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Figure 3.12. Average value for CO diffusing
capacity per kg body weight, as a function of
the exposure level, at 1.5 years after
inhalation exposure, and expressed in
ml/min/mmHg/kq; (a) males, (b) females.
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Curve expressed in % Np/ml, as a function of
the exposure level, at 1.5 years after
inhalation exposure; (a) males, (b) females.



Rats having one or more of these abnormalities were assigned a risk parameter Rj=1;
otherwise, Ry=0; rats having two or more abnormalities were assigned a risk parameter Rp=1;
otherwise, Rp=0, Rats having three or more abnormaiities were assigned a risk parameter R3=1;
otherwise R3=0. Risk parameters R;, Rz, and R3 were examined theoretically to see wnich would
best represent radiation-induced effects.

It is reasonable to assume, for a given gender, that values for the vital capacity, €O
diffusing capacity per kg body weight, quasistatic compliance, and slope of phase IIl of the
single breath Np washout curve each are normally distributed. If so, Ry would be expected to lead
to the wrong conclusion about radiation induced effects about 20% of the time when there are no
radiation induced effects; similarly, the use of Ry would be expected to lead to the wrong
conclusion 1.5% of the time; however, the use of R3 would be expected to lead to the wrong
conclusion only 0.05% of the time. Thus, we selected R3 as the risk parameter to use in defining
the presence or absence of pulmonary functional morbidity after irradiation of the lung. A value
of R3=] was taken to indicate pulmonary functional morbidity due to injury to the lung. A value
of R3=0 was taken to indicate the absence of pulmonary functiona) morbidity.

A modified version of the Weibull mode] was then used to fit the data for the prevalence of
pulmonary functiona) morbidity at 1.5 yerrs after inhalation exposure to 2380y or 147pm. pata for
combined exposure to both radionuclides were not fitted but were reserved for model validation.
The modified model is given by

Prevalence = Ry + (1-Rg)R (12)

where R is the same type of Weibull function as in Equation 7, and R, accounts for effects not due
to irradiation. Use of this form of the Weibull model allows the determination of a shape
parameter V and ILBgg for morbidity even though some rats may have pulmonary morbidity unrelated
to irradiation. Using a maximum likelihood approach so that individua)l datum points could be
used, the ILBgy was estimated for the prevelance of pulmonary morbidity among rats exposed to
238py only or 147pm only. Because of the small sample sizes used, the shape parameter could not
be adequately determined and was therefore assumed to be the same as for lethality from RPPF. For
238py, the ILBgy for pulmonary morbidity was 30 + 3 nCi/g-lung. For '47om, it was 40 + &
wCi/g-lung. Corresponding 0gg values for 238py alphas and '47pm betas, based on cumulative
radiation doses to the lung at 1.5 years arter inhalation exposure, were 1,100 + 110 rad (11 Gy)
and 7,500 4+ 750 rad (75 Gy), respectively. The parameter R, was found to be zero for these data
However, we have retained the modified model so that results can be compared with those obtained
at Pacific Northwest Laboratory (PNL) by Or. R. Filipy and coworkers who are using the same model.

Because the shape parameters for morbidity could not be adequately determined, a value of §
was assumed and used. With the [LBgp's and shape parameter given, doses in units of the ILBsggp
could be calculated for those rats exposed to both alpha and beta radiation; this was achieved by
dividing the initial lung burden of 238py in nCi/g-lung by 30 and dividing the initia)l lung burden
of '47pm by 40 and adding the results to obtain the tota) dose X in units of the ILBsg or Dsp.
The individua) risk for the prevalence of morbidity at 1.5 years was then calculated using

Individual risk = ) - exi[-Hp], (13)
where the morbidi _ hazard Hy is given by
Hm = 10(2)*x5, (14)

for radiatian-induced pulmonary functional morbidity.
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Adding the individual risk for a given ILB distribution over a given exposure level and
dividing by the number of rats in the level gave the average risk for that level and for that ILB
distribution. This average risk can only be used for the specific ILB distribution used to derive
it because of the nonlinear shape of the curves for morbidity. The expected number of morbidity
cases at a given exposure level is equal to the product of the average risk times the number of
rats in the exposure level. Using the same hazard-function approach as was used for mortality
from RPPF, the number of morbid rats at 1.5 years after combined alpha and beta irradiation of the
lung was predicted for experimenta)l groups AB2 and AB4. Predicted and observed values are given
in Table 3.6 and are in good agreement.

Table 3.6
Predicted and Observed Cases of Respiratory Functiona) Morbidity Among F344/Cr) Rats
After Combined Alpha and Beta Irradiation of the Lung from Inhaled '47pm and 238py in
Fused Aluminosilicate Particles*

Number Predicted Predicted Observed

Experiment Surviving se (R e Average Cases of Cases of

Group Rats A pha Beta Risk Morbid Rats Morbid Rats

AB2 19 840 10400 0.97 8.5 % 0.1 18

AB4 5 840 2640 0.54 27 £ 450 4

C 20 0 0 0 0

Al 6 4350 0 1 6 6

A2 19 930 0 0.29 5.5+ 2.0

81 13 0 8780 0.65 8.5 21,7 10

82 16 0 2910 0.04 07+0.8

*Predictions were only made for Groups ABZ and AB4 where rats were exposed to both
alpha and beta radiations. There were no survivors in Group AB! and only one
survivor in Group A83 at 1.5 years. Val.es listed for Groups C, A1, A2, B and B2
are not predictions; data from these groups were fitted with the Weibull dose-
response model to obtain model parameters to use to predict the results for Groups
AB2 and AB4.

**Group average cumulative 1.5 year radiation dose to lung.

In earlier mortality experiments, in which rats were exposed via inhalation to one or more
beta-emitting radionuc)ides (NUREG/CR-5025, 1987), the shape parameter for lethality from RPPF was
'so found to be about S5, and seemed to be independent of beta dose rate. It is shown in Table
3.7 that the IlBgp for acute lethality is about 4 times larger than that for morbidity.
Corresponding doses to 1.5 years after inhalation exposure are given in Table 3.8. These results
suggest that the same model used for acute mortality from beta irradiation to the lung could be
used for morbidity {f the Dgg parameters for mortality are reduced by a factor of 4 for low energy
betas.

A similar analysis of data from previous experiments in which F344/Cr) rats inhaled mainly
90y or an equilibrium mixture of 90sr + 90y 4n fused aluminosilicate particles (NUREG/CR-5025,
1987) did not reveal any significant difference between the median-lethal and median-effective
doses for morbidity. Both 90y anda 90sr are high-energy beta emitters with average energies of
0.935 and 0.196 MeV, respectively; while for '47pm, the average energy is only 0.062 MeV. The



Table 3.7
Median Lethal Lung Burdens for Death* from Radiation Penumonitis and Pulmonary Fibrosis
and Median Effective Lung Burdens for Respiratory Morbidity After Inhalation Exposure
of F344/Cr) Rats to 238py or 147pm [nhaled in Fused Aluminosilicate Particles

Type of
Radiation —Median Lethal Median Effective Ratio**
238py alphas 123 + 7.5 nCi/g-lung 30 + 3 nCi/g-lung 4.1
147pm betas 160 + 190 wCi/g-lung 40 + 4 uCi/g-lung 4.0

Average Ratio = 4.0

*Death within 1.5 years.
**Median letha) divided by median effective burden.

Table 3.8
Median Lethal 1.5 Year Radiation Doses to the Lung for Death Within 1.5 Years
From Radiation Pneumonitis and Pulmonary Fibrosis and Median Effective Doses for
Respiratory Morbidity at 1.5 Years After Inhalation Exposure of F344/Cr) Rats
to 238py or 147pm Inhaled in Fused Aluminosilicate Particles

Median Median
Type of Lethal Effective
Radiation rads)* (rads)* Ratio**
238py alphas 4,500 1,100 4.1
147pm betas 30,000 7,500 4.0
RBEARe 6.7 6.8

*1.5 year dose. Multiply beta dose by 0.88 to get )1-year
dose. Multiply alpha dose by 0.85 to get 1-year dose.

**Median lethal divided by median effective dose.
**%for 1.5 year followup.

results therefore suggest that the factor of 4 derived for comparing lethality and morbidity
(respiratory dysfunction) may be applicable to alpha and low-energy beta radiations only.

Data in Table 3.8 were used to estimate the relative biological effectiveness of 238py
alphas relative to '47pm betas. An RBE of approximately 7 was obtained for both lethality and
morbidity.

Dose-effect surfaces are given in Figures 3.15 and 3.16 for 1.5-year lethality from RPPF and
for the prevalence of pulmonary morbidity at 1.5 years after inhalation exposure to a mixture of
238py + 47pm inhaled in an insoluble form. Although the results are based on stuiies with
F344/Cr) rats, it is assumed that they are also applicable to man.
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Figure 3.16 Dose-effect surface for F344/Crl rats for estimating the prevalence of respir?tory
morbidity at 1.5 years after inhalation exposure to mixtures of 238py 4+ 1dipy
inhaled in an insoluble form. Doses represent 1.5-year dozes to the lung.
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CHAPTER 4
CONCLUSIONS

The experiment described in this document was part of a series of irhalation exposure
experiments carried out at the Inhalation Toxicology Research Institute to validate a mortality
mode] (Scott et al., 1986) developed for predicting deaths from RPPF after inhalation exposure to
mixtures of alpha- and beta-emitting radionuclides. Results of the experiment demonstrated that
the hazard-function model adequately predicted the observed deaths from RPPF that occurred
throughout the 1.5-year observation period.

Hematological evaluations were carried out on rats assigned to the hematology group at
various times after inhalation exposure. However, no significant effects on the peripheral blood
could be demonstrated. The implications are that low energy betas from '47pm and alphas from
238py deposited in the lung do not deliver significant doses to the radiosensitive bone marrow
because of their short range in tissue. In addition, combined alpha and beta irradiation of the
blood traversing the lung does not lead to any significant alterations in the cellularity of the
peripheral blood of rats.

Body weights of all rats were recorded at varfous times after inhalation exposure.
Significant alterations in body weights were observed mainly in rats with letha) doses to the
lung. The results indicate that body weight change is not a good indicator of morbidity among
survivors.

Pulmonary function was evaluated in survivors at 1.5 years after inhalation exposure. It
was demonstrated using pulmonary function measurements for the vita) capacity, CO diffusing
capacity, quasistatic compliance, and slope of phase 3 of the N; washout curve that irradiation of
the lung leads to a reduction in lung volume, a decreased efficiency in gas exchange, a stiffer
lung and an altered intrapulmonary gas distribution in some rats. These changes are all
characteristic of RPPF and occurred at doses approximately one fourth of that required for acute
lethality. A hazard-function mode] was developed for predicting the prevalence of pulmonary
functional morbidity among rats exposed to both alpha and beta radiation. Model predictions were
demonstrated to be in good agreement with experimenta) observations.

Assuming that these results are applicable to man, the implication is that a 239py-alpha
dose to the lung of approximately 1,100 rad (11 Gy) or a '47pm-heta dose of approximately 7,500
rad (75 Gy) could cause pulmonary functional morbidity in one-half of those exposed. In a recent
report by Muggenburg et ai. (1986), it was demonstrated that 23%9pu-alpha doses from 240 to 730 rad
(2.4 to 7.3 Gy) to the lung of doys caused clinical signs and pulmonary function values indicating
RPPF at 7.1 years after inhalation exposure.

Among 19 rats exposed to 238py-alpha doses (1.5 year doses) from 670 to 1,500 rad (6.7 to 15
(y) to the lung, five had pulmonary functiona) morbidity, based on the risk parameter R3. A1l of
these five aiso had septal fibrosis, suc esting that the fibrosis may have been a cause of the
fanctional morbidity.

Among 29 rats that had 1.5 year '47pm-beta doses to the lung from 1,100 to 13,000 rad (1) to
130 Gy), 1) had pulmonary functional morbidity, based on the risk parameter R3. A1l except one of
these 11 rats had septal fibrosis, suggesting that the fibrosis may have been a cause of the
functional morbidity.

Together, the results presented imply that doses required for causing acute lethalit: .rom
RPPF after alpha or low-energy-beta irradiation of the lung are considerably higher than those
required for causing pulmonary functional morbidity. The results also indicate that pulmonary
functiona) morbidity can be prevalent after more than a year of prolonged alpha or low-energy-beta
irradiation of the lung.
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RPPT .
alpha and beta irradiation of the lung, 21 out of 24 surviving rats were expected to have
pulmonary functional morbidity while 22 cases were observed. The results indicate that the
hazard-function mortality and hazard-function morbidity models for combined alpha and beta
irradiation of the lung should be adequate for reactor accident risk assessment.

10.

After adjusting for competin; modes of death, 80 rats were judged at risk for death from
Of thes~, 43 deaths were expected and 54 were observed. Also, for rats receiving combined
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APPENDIX: DATA BASES

Listing of rats exposed to aerosols of alpha- or beta-emitting radionuclides or both in fused
aluminosilicate particlas (FAP).

, 7 Rats exposed to aerosols of 238py FAp, 147pm FAP, or 238py 4 147py in FAP.

2. Pulmonary function measurements 1in rats exposed to aerosols of 238py fFap, 147pp FAP, or
238py + Y47pm in FAP.
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2A. PULMONARY FUNCTION MEASUREMENTS FOR RATS EXPOSED VIA INHALATION TO 238py, '47Pm OR BOTH IN FAP

CAPAC. CAPATITY QUASISTATIC SLOPE

0.19 0.87
0.19 0.80
0.22 0.87

0.23 0.96
0.23 0.81
0.16 0.70
0.22 0.92
0.23 0.79
0.22 0.67
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0.25% 0.77
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0.30 0.74
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0.04 0.23
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0.14 0.65 =
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0.17 C.69
0.18 0.69
c.18 0.70
0.15 0.60
0.21 0.95
0.22 0 83
0.15 v.48
0.3 0.83
0.26 0.72
0.23 0.62
0.27 0.61
0.35 0.87
0.27 0.62
0.21 0.53
0.30 0.68
0.12 0.47
0.14 0.56
0.10 0.39

0.15 0.53
0.18 0.69

0.26 0.67
0.15 0.42
0.27 0.61
0.25 0.58
0.31 0.74

COMPLIANCE PHASE
(ml/cm 9,0) _3
0.81 0.60
0.7% 0.42
0.92 0.69
0.93 0.35
0.86 0.68
0.73 0.51
0.85 0.47
0.89 0.49
1.00 0.52
1.10 0.27
1.03 0.48
1.06 0.5%
1.30 0.48
1.22 0.42
1.2% 0.45
1.29 0.38
1.27 0.28
1.17 0.40
1.26 uv.42
1.13 0.56
0.28 9.01
0.30 8.66
0.32 7.€5
0.27 8.82
0.46 3.20
0.84 0.86
0.67 0.78
0.69 0.58
0.80 0.77
0.50 1.3
0.75% 0.57
0.74 0.e7
0.8 0.48
0.77 0.45
0.84 0.73
0.85 0.39
0.72 0.77
1.13 0.46
0.84 G.64
0.95% 0.30
1.08 0.50
1.10 0.54
1.24 0.36
0.84 0.72
1.19 0.48
0.46 2.22
0.49 0.82
0.37 8.22
0.59 1.08
0.78 0.56
0.83 0.72
0.54 1.66
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2B. PULMONARY FUNCTION MEASUREMENTS FOR RATS EXPOSED VIA INHALATION TO 238Py, '47Pm OR BOTH IN FAP
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