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ABSTRACT

An anal ysis concerning the effect of environnmental tobacco
smoke (ETS) on estimation of [ifetime risk of radon-induced |ung
cancer is made. Based on the consideration of radon dosinetry as a
function of age, a generalized state-vector model is used to estimte
the total probability of lung cancer due to exposure to both radon
and ETS during a normal (73 year) lifespan. This report suggests
that there is a general tendency of increasing working |evel
concentration of radon progeny and decreasing unattached fraction
of radon progeny RaA (Po-218) with greater anmounts of ETS present
in the home. The initial concentration of anbient aerosols plays an
inportant role in quantifying the effect of ETS on radon exposure.
The conbi ned ETS and radon exposure may either raise or |ower the
risk of lung cancer associated with radon exposure alone, primrily
dependi ng upon the initial aerosol concentration and amounts of

cigarette  smoke.
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1. | NTRODUCTI ON

The health risks related to indoor radon and environnental
tobacco smoke (ETS) are of great public concern. The evidence from
epi dem ol ogi cal studies of uraniummners and from ani nal
experiments suggests that there is a strong association between
exposure to radon and |ung cancer (NRC88). However, the
relationship between ETS and lung cancer is controversial at the
moment. Some studies have concluded that exposure to ETS causes
lung cancer, but others found no significant effect. It is noted that
many previous studies have been conducted to assess each of these
two pollutants associated with [ung cancer separately, but little
attenpt has been made to examne the conbined risk from exposure
to radon and ETS sinultaneously.

The purpose of this study is to estimate the [ifetime risk of
radon-induced ung cancer by considering the effect of ETS on the
tracheobronchial (TB) distribution and dose of radon progeny. In
addition, the issue of radon dosinmetry as a function of age will be
taken into account in calculating the delivered dose to the [ung for
each age.

Chapter 2 explains the theoretical framework for estimating
the lifetine risk of lung cancer attributable to exposure to radon and
ETS, This includes the assumptions, mathematical models, and

1
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solutions for estimting exposure conditions, deposition of radon
progeny, doses to the lung, and the probability of devel oping |ung

cancer .

Chapter 3 discusses the paranmeter values used in estimting
exposure conditions; and, the parameter values used in the state-
vector nodel for estimting the lifetime risk of lung cancer.

Chapter 4 presents the final results, including the effect of ETS
on radon progeny working level (W) concentration and unattached
fraction of progeny RaA; the annual doses under each set of exposure
conditions for each age; and, the different ratios of risks (wth
ETS/snoke free) under each set of exposure conditions.

Chapter 5 discusses the inplications of the results found in this
study, including the relevance to other studies and interpretation for
mtigation  purposes.

Chapter 6 includes further investigations and recomendations

for future research.

1.1. A Brief Review of Radon

Radon is a radioactive gas occurring naturally by al pha decay
of radium226 in rocks and soil. As radon undergoes the radioactive
decays , it deconposes into short-lived decay products called radon
progeny. Radon progeny are chemcally active and believed to
contribute a major portion of the biologically significant doses when
they deposit in the lung. Indoor airborne radon arises principally
fromthe fol lowng sources : the basenent floor under which the

rocks and soil are [located, mny building mterials, and radon-
2 .
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containing water supply. Since radiumcan be found al most
everywhere in the earth's crust, all homes actually contain sone
|evel s of radon. Due to the ubiquity of radon in homes, there is a

growing concern about its associated health risks among the genera
popul ati on.

In the 1988-1989 home surveys in 25 states conducted by the
U S. Environmental Protection Agency (EPA87), homes in many states
have a radon concentration exceeding the action level (4 pG/L) set
by the EPA Among these surveyed states, lowa (71%, North Dakota
(63%, and Mnnesota (46% have the highest percentage. Even
though indoor radon concentration varies fromhome to honme, which
|'s basically dependent on house characteristics and geol ogical areas,
an annual average radon level of 0.83 pG/L or 0.004 working |evel
(W) is used by the EPA for estimating the health risk associated
with radon exposure (EPA 87).

There have been a nunber of investigations of radon-related
heal th risks of underground mners since the United Nations
Scientific Commttee on the Effects of Atomc Radiation (UNSCEAR)
1977 report was issued (NRC90). Because different models and risk
coefficients were used, the risk estimtes due to radon exposure vary
significantly, ranging from130 to 730 deaths out of 10 persons per
working evel month (WM. For exanple, the Biological Effects of
loni zing Radiations (BEIR) Il Conmttee used a constant absol ute
risk model which generated the highest estimate of 730 deaths per
10" person WM The National Council on Radiation Protection and
Measurement (NCRP) used an absol ute risk model with exponentially

lecreasing risks with time after exposure and projected a louest
3
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estimte of 130 deaths per 10" person WM In contrast, the BEIR
|V conmittee used the tine and age dependent relative risk node
which resulted in a moderate estimate of 350 attributable [ung
cancer deaths per 10" person WM Overall, the [ifetime risk of |ung
cancer due to indoor radon exposure is about 400 per mllion persons
per WM and the lifetime exposure dose is approximitely 15 WM
(Lao090).

The EPA estimted a radon-exposed |ung cancer nortality rate
of 5,230 to 20,894 per year in the United States. This inplies that a
probabi ity of 23 to 92 excess |ung cancer deaths for each one mllion
peopl e per year is attributable to indoor radon exposure (Lao90).

1.2. A Brief Review of Environmental Tobacco Snoke

ETS is a conplex substance containing over 4,000 chenicals, which
primarily conmes froma conbination of sidestream (SS) snoke
rel eased fromthe burning end of the cigarettes and exhal ed
mai nstream (MS) snoke emtted fromthe snokers. The SS snoke
contributes the major constituents to ETS. Each mxture, SS, M5, and
ETS, is an aerosol consisting of a particulate phase and a vapor phase.
The concentration of many carcinogeni ¢ and other toxic conpounds
i's higher in SS smoke than in MS snoke. Included are ammonia,
volatile amnes, volatile nitrosamnes, nicotine deconposition
products, and aromatic amnes (NRC86). Many field studies and
mat hematical nodel s have denonstrated that ETS is one of the major
potential sources of indoor air pollutants and contributes a significant

portion of particles to indoor air pollution,
4
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The potentially adverse effects of ETS may range from
irritation or acute respiratory disease to fatal |ung cancer due to
regul ar |ong-termexposure. Since mainstreamsnoke is believed to
cause lung cancer, the possibly qualitative simlarities between ETS
and mai nstream snoke make it reasonable to suspect that |ong-term
exposure to ETS mght increase the risk of developing |ung cancer

The National Research Council (NRC) concluded that
epi dem ol ogi cal studies have denonstrated an association between
| ung cancer in non snokers and ETS exposure, and that |aboratory
experiments provide a biological plausibility for ETS to cause |ung
cancer in human cells (NRC36). Based on the review and anal ysis of
24 epidem ol ogi cal studies, a formal risk assessment done by EPA
concluded that ETSis a Goup A carcinogen known to cause |ung
cancer in human (EPA90). However, a nunber of scientists have
suggested that epidemological studies of ETS are not reliable due to
the possibility of recall bias, msclassification, and other
met hodol ogi cal problens. The risk assessment of ETS based on these
questionabl e studies can not prove the causality between ETS
exposure and increased risk of lung cancer. The difficulty in
identifying ETS effects arises primarily for the followng three
reasons : (1) ETSis a conplex mxture containing over 4,000
conponents whose biol ogi cal effects can not be precisely quantified
given the relatively insensitive techniques available, (2)
epidemology is too blunt a tool to distinguish between "very |ow
risk" and "no risk" of lung cancer fromETS (Roe90), and (3) ETS may
interact with numerous other indoor air pollutants, including radon,

ashestos,  fornal dehyde, and others
5
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11. THEORETI CAL  FRAMEVWORK

To predict the lifetine risk of lung cancer attributable to
exposure to radon and ETS, the risk assessment is broken into the
following analytical steps : (1) estimation of the exposure conditions
for radon with and wthout ETS present, (2) calculation of the
deposition of radon progeny in the tracheobronchial (TB) region of
the lung under each set of exposure conditions, (3) calculation of the
doses to the epithelial cells in each generation of the lung under each
set of exposure conditions, and (4) calculation of the probability of
lung cancer fromthese doses under each set of exposure conditions.

2. 1. Estimation of Exposure Conditions:

In this study, the radon concentration in indoor air is assumed
to remin at a constant value of 1 pGi/L, which is reported as the
approxi mat e average indoor concentration of radon in the U S
(NCRP84) . The indoor progeny derive fromthe radioactive decay of
ai rborne radon in the home and transport through ventilation from
the outside atmosphere. A fraction of the radon progeny exists in a
free formcalled the unattached fraction, while the reminder is
attached to aerosol particles. Free progeny with a positive charge

w |1 undergo one of the followng fates:
6
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(1) They mgrate onto room surfaces to which they are

att ached.

(2) They attach to aerosol particles in the room and are
either inhaled along with the particles, deposited on room
surfaces along with the particles, or released from
particles into a free form again due to recoil during
subsequent  decay.
(3) They remain free in air and eventual [y wll be inhaled.
A bl ock diagramdepicting the general features of the decay,
transport, and attachment of radon progeny is shown in Figure 1.

Several parameters appearing in Figure 1 are defined as
follows: (1) Xi (time-i) is the radioactive decay rate constant for the
ith progeny, (2) Xy (time-i) is the rate of ventilation, (3) X' and X d,a
(time-i) are the rates of deposition onto roomsurfaces for free and
attached progeny, respectively, (4) ai is the fraction of the i*h
attached progeny that release fromattachment to aerosol particles
during subsequent decay, and, finally, (5 Xs (time-i)istherate of
attachnent of free progeny to aerosol particles.

The relation between X and ambient particle conditions is

given in the formof (NRC38):
?is =Njtd2 v/ 4 (1)
Were: N= concentration of particles inair (cm3)
d = medi an dianeter of particles inair (cm
V= mean ion velocity inair (cmsec), enmployed here
to be 1.38 X 104 (Raa69)
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Fromthe flow diagramshown in Figure 1, two differentia
equations in the formof general expressions for the i*h progeny my
be written to describe the rate of change of concentrations of the

progeny which are either free (G,f(t)) inair or attached to aeroso
particles (G ,a(t)) :

---------- =10 H(t) + 0,0 (1) + 20-Tai-1001,a(t) - £ f(1) -
dt 2iva,f(t) - XiG,f(t) - 2isd,f(t) (2)

---------- =m0, gat) + >0, f(1) #XLi(1 - a.0)0.0alt) - .dadalt)
dt 2iiai0,a(t) - 2iva,a(t) - X(I-ai)0,a(t) (3)

Here, the subscript i equal to A represents the progeny RaA
(Po-218), i equal to B represents the progeny RaB (Pb-214), and |
equal to Crepresents the progeny RaC (Bi-214); the subscript f
denotes the free progeny (unattached to aerosol); the subscript o
means the outdoor atnosphere; and, the subscript a stands for the
progeny attached to aerosol particles.

In an undisturbed area with little air circulation, the short-

|ived progeny will come into equilibriumwth the parent radon
(NCRP85). Upon reaching the state of equilibrium the progeny
concentrations will not change with time. This neans that equations
(2) and (3) may be solved at equilibriumby setting dG,f(t)/dt and
0C,a(t)/at equal to zero.  A'so it is assumed that the concentrations
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of indoor radon (C222) and outdoor progeny (G ,o,f and Giho.a) are

constant in tine.

At equilibrium the concentrations of progeny are:

h222 Q222 + '™V CA o, f

Xd,f + ?tv + "A + ?~"s (4)

>d,a + "A + ~v (5)

A Cal + v OB o f +"ACCACAa
Ctif 2
?ld,f + v + "B + s (6)

KCBoa+"s Oi.f +XA(l-aA CAa
, -
>~d,a + "B + ~v (7)

"B CBf + Xv Cof +"BWCBa
Cc, f=-
"d,f + ~v + "C + s (8)

M C,0,a + s Ce,f +XB(I-wh) CBa

In equations (4)-(9), the units of the concentrations are atoms
per liter of air (atoms/L). Fromthe report of the NCRP (NCRP85), the
approximate nunber of atoms per pG is 18,000, 10, 85, and 63 for

a a, a; i 10
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Rn, RaA RaB ,and RaC, respectively. Concentrations in pG/L may be
obtained by dividing the results of equations (4)-(9) by the
appropriate conversion factor fromthe NCRP report.

Wrking level (W) is the common unit enployed in risk
anal yses for radon progeny, originally in uraniumnines but nowin
environmental exposures as well. Numerically, the W is any
combi nation of short-lived progeny inone liter of air that will result
inthe emssion of 1.3 x 10* MV of potential alpha energy (NCRP8S).
It is calculated fromthe followng relation (Ev68):

W = 0.00203 (CAf + CAa) +0.00507 ( CBf +(Ba)

+ 0.00373 ( Cc,f + Cc,a) (10)
In equation (10), all concentrations are expressed in units of pG/L.

The presence of ETSwill influence the concentration of aerosol
particles to which the radon progeny may attach. The results of
measurenents of the mean diameter of particles in SS snoke have
been reported in several studies. The mass nedian aerodynam ¢
diameter (MMAD) for ETS particles was neasured by MCusker et al.
(M83) and ranged from0.37 to 0.52 *m which is simlar to the
resul ts obtained by Keith (Kei60) using a specially nodified
centrifuge. The aging of ETS will reduce the MAD by a factor of 2
to 3 due to the [oss of larger particles by settling (Kei60, W67,
In85). Therefore, the M\/AD for ETS particles is approximtely 0.15
[im whichis consistent with the MAD for ambient indoor aerosols
to which radon progeny norrrally are attached wthout the presence
of ETS. This inplies that the addition of ETS changes the
concentration (N) but not the dianeter (d) of particles inair in

equation (1),
11
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2. 2. Cal culation of Deposition and Doses

Based on the fact that the observed |ung cancers anong
urani ummners appear to occur primarily in the TB region (M80),
the basal cells of the bronchial epitheliumare regarded as the nost
radi osensitive and are the target cells for lung cancer induced by
radiation fromradon progeny. The cal cul ation of deposition
probability in the TB region for radon progeny is determned by the
breathing rate, the size distribution and the unattached fraction of
progeny, and the filtration efficiency of the nasopharyngeal region
(Lao90). Vhile several processes contribute to the deposition of
aerosol particles ina cylindrical tube [ike the lung airway, the three
nost i nportant mechani sns of deposition are inpaction,
sedi mentation, and diffusion. The total probahility, P(n), of a particle
depositing in the n*h generation of the lung is given by (CB87):

Pn) =1-[1-Pi(n ] [1-Ps(n)][1-PoCn)] (11)
where, Pi(n), Ps(n), and PoCn) represent the fractions of particles
whi ch deposit by inpaction, sedinentation, and diffusion,
respectively, inthe n*h  generation

After calculating total deposition in each generation of the |ung
for the radon progeny, the radiation dose is estimted by the
fol lowng steps : (1) mucus flowis nodeled to calculate how the
progeny nmove; (2) this movement is used to estimte the site of
decay for the progeny, yielding decays/cnt in each generation
during a year of exposure; (3) depth-dose curves are developed to
yield dose per decay/cn; and, finally (4) dose to basal cells is

12
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calculated by multiplying the result of (2) and (3). This dose
cal cul ation based on the location of critical cells relative to the site of
decay for progeny takes into account the shielding effect of
mucoci | iary layer, nucus thickness, bronchial morphonetry, and
other factors. The detailed processes for nodeling movement on the
micoci liary blanket, conputing areal density of the radon progeny
on the walls of the generations, and generating depth-dose curves
refer to "Dosimetry" by Crawford-Brown (C B87).

For purposes of this report, deposition of progeny in the
generations of the TB region and dose to hasal cells of the lung were
cal cul ated using the conputer code of Hof mann.

The age-variant doses under each set of exposure conditions

are shown in Tables 5 to 8.

2.3. Ri sk Estination

The generalized state-vector model of radiation carcinogenesis
by Crawford-Brown and Hof mann (C-B90) has been denonstrated to
successful Iy explain patterns found in experinental or
epi dem ol ogi cal studies involving radiation and cancer. The concept
of this model is that a cell nust pass through several distinctive
stages to produce a fatal tumor. Unlike the multistage nodel, the
state-vector nodel specifies the biophysical meaning of each
transition and stage in terms of initiation, promotion, and
progr essi on.

Initiationis triggered when a cell experiences DNA damage and
has undergone a required nunber of divisions.  The whole process of

13
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initiationis characterized by the followng four steps : (1) inception
of a first specific DNA strand break, (2) occurrence of a second |ess
specific DNA strand break, (3) interaction of the above two breaks,
and (4) division-related fixation of this primary damage. Promotion
|'s produced by the loss of contact inhibitionin a focus of cells, which
for radiation occurs due to the loss of proliferative capacity in a
fraction of the cells surrounding an initiated cell (C B90).
Progression is associated with the growth of the pronoted cells into a
frank tumor. This transition is related to the kinetics of growh,
death, and removal of cancer cells.

In the followng risk estimtion, this nodel wll be used to
calculate the [ifetime probability of lung cancer. The lifetime risk of
| ung cancer is assumed to be proportional to the nunber of cells
reaching the state of progression during a normal (73 year) Iifespan.

2.3.1, Description of State-Vector Mdel

The nmodel is designed to describe radiation induced cellular
transformation by assumng that an initially undamaged cell must
pass through 7 states (fromstate 0 to state 6) to yield a colony of
transformed cells, especially for alpha irradiation due to radon

exposure. The features of the model may be found in figure 2 and
the details are discussed bel ow.

State 0 refers to cells in anormal and undamaged state. Cells
in state 0 have not yet experienced any |esion after exposure to

radiation or chemcals starts.

14
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M D) M D) M D) M D)

V V . V - y

koCD) ki CD) |(3(D)’\ k4(D) K
0 o1 1213 o4 > 5
I I I Nk

kd(D) kd(D) k<j (D) k<3(D)

Vhere: Nuperical nunber i (i.e. from0 to 6) represents state |
MD) is the rate of mtosis (day-I)
kd(D) is the rate of cell killing (day-i)

ki(D) is the rate of transition for state i (day-1)
Kis the fraction of cells in state 5 noved to state 6

Figure 2 State - vector Mbdel

15
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State 1 is reached when a cell has experienced a specific DNA
strand break. The transition from states 0 to 1 is assumed to be
characterized by first-order kinetics with a rate constant ko(ﬁ)
which is a function of the dose rate D during each year of exposure.
It is inportant to bear in mnd here and in the remaining discussion
that Dwll vary with age due to changes in breathing characteristics
and lung anatony.

A cel| reaches state 2 when it suffers a second |ess specific DNA
double strand break(C B90). This transition governed by first-order
kinetics with a rate constant ki (D) is also a function of dose rate D.

State 3 represents an interaction between the first and the
second DNA doubl e-stranded breaks, which for alpha irradiation
occurs imediately after a cell has reached state 2.

The transition to state 4 is the result of cell division. During
each division, only a required fraction (P4) of cells in state 3 are

moved into state 4 (C-B90). This transition is referred to as division-
related fixation of primary lesions, with a rate constant k3(D) which
|5 dependent on the rate of mtosis of cells in state 3. This rate of
mtosis is related to D due to stinulation of cell division by
cytotoxicity.

The transition of a cell to state 5is the result of promotion.  As
di scussed earlier, the rate of pronotion k4([» contains a spontaneous
rate and a radiation induced conponent. This radiation-induced
transition occurs when a required fraction of the cells surrounding a
state 4 cell loses proliferative capacity. From histol ogical
consi derations, an epithelial cell is found to be surrounded by six

other contiguous cells. Radiation induced promotion occurs when
16



NEATPAGEINFO:id=654B1E6E-72A3-4226-80AE-544B89F19ADF


four out of these six neighboring cells are killed (CB90). The loss of
proliferative ability of dead cells interrupts cellular inter-
comuni cation within the community to yield an uncontrolled
growh of cells in state 5. This is referred to as contact inhibition
renoval .

Acell in state 6, the final state, has progressed froma
preneopl astic lesion to a frank tumor. The study of atomc bonb
survivors suggests that the |atency period of cancer is not
significantly affected by radiation (Shi90). Based on this informtion,
it is assuned here that a fraction K of state 5 cells are noved to state
6, and that Kis not a function of D. This inplies that any cel
reaching state 5 has an equal chance to produce cancer regardless of
time or dose rate.

Prior to state 5 there are rate constants for cell killing, Kd(D),
and for the mtosis of cells, MD), in each state, respectively. These
two transition rates are assumed to include a spontaneous rate,
which is based on the belief that a natural transition would occur
w thout any delivered dose, and a radiation induced rate, whichis
considered to be governed by linear kinetics (details discussed in the
next chapter). In addition, the spontaneous rate of mtosis is an age-
dependent parameter due to organ growth prior to adulthood. Both
spontaneous rates, therefore, change with age.

To conplete the final risk estimtion, the interaction of ETS and
radon progeny nust be taken into account. A multiplicative model is
used to depict the mechanismof interaction (NRC38). This nodel
assumes that ETS acts as a pronoter in the process of carcinogenesis
induced by radon progeny.  This relationship is givenin the formof;:

17
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RR = RRradon ( 1 + 0.024 n ) (12)
where RRis the final estimate of relative risk of lung cancer, RRradon
s the relative risk fromradiation alone, and nis the rate of
cigarettes smoked (in units of packs per day). Gven a recent report
fromexperinental data (Gi88), the particulate phase of cigarette
snoke is considered to contain the primary carcinogens for nost
i nduced cancers. It is assumed that the mass of respirable
suspended particul ates (RSP) deposited in the TB region is an
appropriate measurenent of carcinogenicity for both M5 smoke and
ETS. Therefore, the conversion fromexposure to M5 snoke to
exposure to ETS is based on the assunption that the total deposition
of RSP in the TB airways is an approximte neasure of equival ence
(NRC86). The total inhaled mass of RSP has been cal cul ated by Wells
(WeSS) to be 240 ny for the active snoker and 3 my for the passive
smoker. Miltiplying these values by the TB deposition fractions (C
B32) yields 36 nmy of total deposited RSP for the active smoker and
0.12 ng of total deposited RSP for the passive smoker. If an active
smoker consumes one pack of cigarettes per day in the hone, the
passive snoker would inhale a mass of RSP equivalent to 0.08
cigarettes per day. Miltiplying this quantity by the excess risk of
smoking mners (i.e. 0.3) yields a value of 0.024. This inplies that
there is an increased risk of 2.4%in the presence of ETS equal to one
pack of cigarettes per day when the pronoting effect of ETSis

considered in the radon-induced carcinogenesis.

2.3.2. Vat hemat i cal For mul ati ons

18


NEATPAGEINFO:id=7539B84B-93B4-421D-A537-B7D90CEA462F


The quantitative characterization of state-vector nodel is
sinply based on the concept that the rate of change of each state is
equal to total rate in mnus total rate out. Let Ni(t) be the nunber of
cells of the lung in statei at timet after exposure to radon starts. In
Figure 2, each box prior to state 5 has a mtotic rate constant MD)
feeding in and a rate constant of cell killing kd(D) flowng out. The
product of Ni(t) and M D) neans the rate of cell increase derived
fromcell division, while the value of Ni(t) tinmes kd(t) represents the
rate of cell loss due to cell killing. Because of the pronpt interaction
between states 2 and 3 for alpha irradiation, this should not be
considered as a distinctive transition. A single box representing both
state 2 and state 3 is used in the state-vector nodel for the present
st udy.

Based on the above  discussion,  the differential  equations

describing this nodel are:

dNA (1)

=MD NQ) - ( KMD) +KMOD) ) N (13)
AN (1)
) k(D) N\(t) + ( MD) - K*D) - k/D) ) N(t) (14)
dNS (1)

K (O Nt) +( MD - k3(D) - k*(D) ) Nat) (19)

dt
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INQ)
= ko@D N(t) +( MD - k3(D) - k(D) ) NCt) (16)

dt

State 5 is given separately by integral equation due to the
constant K independent of dose rate. Thi s means that cells reaching
state 5 will pile up and undergo the transition to state 6 wth a fixed

fraction K
-

N3(t)= JKACD) NI't) dt (17)

But, Ng(t) = K N5(t) (18)

T

Ng(1)= K jkID) NA(t) dt (19)

0]

Therefore, the total probability of [ung cancer is:

PA(D, 1) JKKMD) N() dt (20)

0
2.3.3. Equation  Sol utions

Through repetitive applications of Bernoulli's solution (Kel60),
the above differential equations are solved as fol | ows:
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k"CD) N'CO
(e™-31) +N((0) (25)

D

Wher e:

A= KAD) + KCD) - MD)
B =kMD + k(D - MD)
C=k\D) +K3(D) - MD)
D=kID) +k\CD) - MD)

As discussed earlier, it is assumed that the lifetinme probability
of lung cancer is proportional to the nunber of cells reaching the
state of progression (i.e. state 6) during a normal 73-year exposure.
Meanwhi | e, any cell reaching state 5 will undergo the transition to
state 6 wth a constant fraction regardl ess of age. Based on the
assunption of a 20-year latency period for devel oping |ung cancer
the nunmber of cells reaching state 5 after a 53-year exposure (i.e.
N5(53)) can be a measuring scale proportional to the lifetime risk of
| ung cancer. |

To cal culate the accunul ative probability of |ung cancer, the
met hod of dividing the [ifetime into intervals assumes a constant
annual dose during each year. This nmeans that those dose-
dependent paraneter val ues appearing in equations (21) to (25) are

constant within a given Vyear. The annual  doses are interpolated
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using the spline functions to fit a snooth curve among the given data
shown in Tables 5 to 8. The detailed discussion refers to Appendi x.
The initial condition for calculating the nunber of cells
reaching each state at age 1 is obtained by arbitrarily setting one cel
instate 0 at age 0. Inserting No(0) =1, N(0) = NsCO = N4(0) = NsCO
= 0, and the corresponding paraneter values into equations (21) to
(25) yields the number of cells in each state at age 1. This obtained
vector at age 1 in turn provides the initial condition for calculating
the number of cells reaching each state at age 2. Repeating the sane
conputing process, the number of cells reaching state 5 at age 53 can
be cal cul ated under each set of exposure conditions using conputer
software . The relative risks shown in Table 9 are the results of
dividing the nunber of cells in state 5 with different anounts of ETS
present by that with smoke free for differing initial aeroso

concentrations.
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(I DETERM NATI ON OF PARAMETER VALUES

3. 1. Paraneters in Estimation of Exposure Conditions

The val ues of various paranmeters appearing in equations 4 to 9
mist to be determned to estimte the exposure conditions.

Assuming a rate of one entire air circulation per hour for
typical home conditions, a value of 0.0167 mn-1 for the ventilation
rate is assumed here. The decay rate constants for Rn, RaA RaB, and
RaC are 1.26 x 10-4, 0.227, 0.026, and 0.035 mn-i (NCRP8 8),
respectively. The value of 0.2 mn-" for X d,f is the average of val ues
determned by Rudnick and Maher (Ru86) and the NCRP (NCRP84),
while the value of 0.0167 mn-i for Xd.a is adopted fromthe NCRP
(NCRP84) and is applicable to the deposition of cigarette smoke. The
fraction of decay for attached RaA that results in unattached RaB, aA,
|5 approximately equal to 1/2, but for attached RaB (as) or attached
RaC (ac) is zero (Raa69). Since the MWAD for both natural aerosols
and tobacco snoke particles is approximtely identical, the value of
0.15 *mfor d is used in equation (1).

In solving for Xs, the aerosol density (N), whichis affected by
the presence of tobacco smoke must be specified. Fromthe report of
the NRC  (NRCB6), a consunption of 1 pack of cigarettes per day will
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produce 26 ng of RSP per hour. For a typical hone volume of 400
mB with ventilation rate equal to 1 hr-i, this rate of release will add
an increased aerosol content of 60 [ig/nt. This amount is equival ent
to an increased aerosol density of approximately 2 x 10" ¢cm 3 and
nust be added to the initial particle concentration wthout ETS
present. The same reasoning is applied to snoking rates of 1/2 and
2 packs of cigarettes per day. Therefore, an increased amount equal
to 1 X 10" and 4 x 10" cm” nust be added to the initial aerosol
concentration for 1/2 and 2 packs of cigarettes per day, respectively.
Tabl el provides a detailed list of the values of various

parameters for exposure assessnent inthis study.

3. 2. Parameters in St at e- Vector Model

The values of parameters enployed in the state-vector node
are assumed to contain a spontaneous rate and a radiation-induced

conponent. This yields the followng mathematical formulations:
MD = Ms-1-M(D (26)
kd(D) = kds + kKdAdRD (27)
ko(D) = kos + koR D (28)
ki (D = kis + ki RD (29)
K3( D = M D P4a (30)
ka(D) = k4d4s + k4R(D (31)

Here, subscript s refers to the spontaneous conponent and
subscript R denotes the radiation-induced conponent in each of the

above  equations.
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Table 1 Summary of Paraneter Values Enployed for

Estimation of Exposure Conditions

PARANMEI ER VAL UE
AN 0.0167 mon- i
n222 1.26 X 10-4 m n-i
AA 0.227 m n-i
-] 0. 02 mon-i
Xc 0. 035 mon- i
A, f 0.2 m n-i
A, a 0. 0167 m n-i

A 0.5
ttB 0
oc 0
d 1.5 xIO5 cm
C222 1 pCi/L (18,000 atoms/L)
Caj.o0 0.01 pG/L (0.1 atons/L)
CA a0 0.09 pCG/L (0.9 atoms/L)
(B f,0 0.005 pG /L (0.425 atons/L)
CB,a,0 0.05 pG/L (4.25 atons/L)
C.f.o 0.002 pG/L (0.126 atons/L)
Cc,a,0 0.03 pC /L (1.89 atoms/L)
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3.2.1. Background  Transition Rates:

In the case of a natural transition, cell repair fromstate 1 back
to state 0 occurs. This background rate of repair, 0.13 hr®, is
i ndependent of dose rate (discussed later) and taken fromin-vitro
studies (Ro090). The bl ock diagramfor background transition prior
to state 4 is depicted in figure 3.

The rate constants for hackground transition (kos, kis, k3s) are
determned by the equilibriumvalues of No(t), Ni(t), and N3(t)
wi t hout exposure to radon progeny at t equal to 0. These
equilibriumvalues (Nge, Nie, and Nse) cal cul ated by Crawford-Brown

and Hofmann using in-vitro data are equal to 0.94, 0.06, 0.001
respectively (G B90).

a). Spontaneous Rate of Mtosis (M):

The process of spontaneous mtosis in the [ung occurs mainly in
the basal cells of each generation. The dividing basal cells may
either be lost by sloughing, or differentiate into epithelial cells, which
inturn may be lost by sloughing. The schematic nodel describing
the spontaneous mtosis of the lung is displayed in Figure 4.

The mthematical fornulations are given as follous:
d NB(t)
------------ = MNB(t)-("D+SB)NB(t) (32)
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kRi
N ~ i s N7 (3s
0 -7 213 o4 ax
kds kds kds kds
Vhere: Nunerical number i (i.e. 0, 1, 2, 3, 4) represents state

Ms is the spontaneous rate of mtosis (day-i)

kds is the spontaneous rate of cell killing (day-i)

kM is the rate of cell repair fromstate 1 back to state 0 (day-i)
Kis is the spontaneous rate of transition for state i (day-I)

Figure 3  Mdel for Background Transition
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Wher e

A a> Se
Ad

Sh

B denotes basal cells

¢ denotes epithelial cells

Ms is the spontaneous rate of mtosis (day-i)
Shis the rate of sloughing for basal cells (day-i)
Ad is the rate of differentiation (day-i)

Scis the rate of sloughing for epithelial cells (day-i)

Figure 4 Mdel for Spontaneous Mtosis
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........... = > DNB(t)-Se Ne(t) (33)

dt
Assume that Ng = k No, which neans each dividing basal cel
could differentiate into k epithelial cells. Inserting this relation into

equation (33), M is solved as
Ms = Xd(1 + I/ k) + SB-Se (34)
If k equals 1, then
M =2 Xd + Sh - Se

Inserting Xd = ( M + Sy - Sb )/2 into equation (32) vyields:

1 dNB
M = 2(-----mmmmmn- ) + (SB + Se) (35)
bt

If k equals 2, then
M =2 Xd/3 +Sb - Se
Inserting >d=2( Mjp+Se- Sb )/3into equation (32) yields:

1 dNB
Ms = 3(---cmmmmmmn- ) + (SB + Se) (36)
b dt

A general expression of Ms is :

1 dN
Me=(k+1) (---------- ) + S (37)
N dt
1 dN
Where:---------- Is the fractional rate of change of the lung mass

S equals (Sb + kSe), which is the overall rate of

sl oughing of lung cells
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The value of 2 for k is enployed in this study, since there are

approximately two epithelial cells for each basal cell in the upper

generations of the TB region. Therefore,
1 dN
M = 3(---------- ) + S (38)
N dt

The age dependent val ues of (1/N) (dN dt) are shown in Figure
5, taken froma paper by Crawf ord-Brown (C-B83).

It should be noted that the curve for the whole body is used
here due to the absence of data specific to lung epithelium The age-
dependent values of S are determned by the biological half-life in
humans of i37Cs in the whole body. It is assuned that i37Cs js
retained in the body by attachnent to bionolecules in cells. Wen
cell's are renoved, the contained i "T"g goes with them Based on this
assunption, the half-life of the ~"37Cs in human bodies is considered
to be identical to the half-life for removal of cells. If the mechanism
of excretion is governed by a first-order kinetics, the relation of the
half life (T1/2) and the rate of sloughing (S) is given by:

S = 0. 693 / Ti1 /7 2 (39)

The value of T1/2 as a function of organ mass (fraction of adult
mass) nay be seen from Figure 6 (C-B83). The age dependence of
organ masses in units of percent of adult value for the human nay
be found in Figure 7 (C-B83). Therefore, inserting the data from
Figure 6 and Figure 7 into equation (39), the age-dependent rates of

sl oughing (S) can be obtai ned.
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Figure 5 Age Dependence for Fractional Rate of Change of the
Organ Masses (yr*") for the Human
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Figure 7 Age Dependence of Organ Masses for the Human
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Table 2 provides a |ist of the fractional rate of organ growth,

(I/N)(dN'dt), and the rate of sloughing, S, for each year prior to age
22. Beyond age 22, these rates are constant.

b). Spontaneous Rate of Transition fromState 0 to State 1 (kos):

It is assumed in this analysis that kos is independent of age.
Based on the concept of material balance at equilibrium the rate of
I nput nust be equal to the rate of output for state 0. This
relationship, shown in Figure 3, may be fornulated as fol | ows:

Ms NoE + ki NNE = (kds + kos) No (40)

Therefore, kos = (M - kds ) + k™ (Nie/Nge) (41)

To maintain organ honmeostasis in adults, the background rates
of mtosis and cell killing are approximately equal (i.e. M = kds).
Therefore, the value for kos is 0.2 day-i.

The spontaneous rate of transition fromstate 0 to state 1, kos,
is an input for state 1. Acell in state 1 will undergo one of the
followng three fates: (1) it undergoes further transition to state 2
wth arate of kis; (2) it is removed by background cell killing with a
rate of kds; or (3) it is repaired and goes back to state 0 at a rate of
k 1f.TiETTTTTTE$?eIativer |argé'V§TE§:E?E?=T; the actual rate of
transition fromstate 0 to state 1is significantly offset by cell repair.
Therefore, the fraction of kos that contributes to transitions is equa
to the sumof kg and kig divided by the sumof kg, kis, and k i. The
effective portion of kos, referred to as (kos)eff, is the product of kos
and the fraction of transitions (fromstate 0 to state 1) which avoid

repairing the cells in state 1 back to state 0. This yields :
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Table 2 Age-Dependent Values for the Fractional Rate of Organ
Gowh (I/N(dNdt) and the Rate of Sloughing (S)

per  year
Age flI/N) CINdt» S
0] 0.5 14. 45
1 0. 35 14. 05
2 0.2 12. 05
3 0.12 11.5
4 0. 08 8.43
5 0. 07 7.23
6 0. 085 6. 67
7 0. 09 6. 32
8 0. 095 6. 02
9 0.1 5. 06
10 0.11 4. 60
11 0.11 4. 36
12 0.1 4.08
13 0. 095 3.78
14 0. 085 3.51
15 0. 07 3.24
16 0. 05 3.16
17 0. 04 2.98
18 0. 03 2.81
19 0. 03 2.72
20 0. 03 2. 66
21 0. 03 2.58
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kds + kls

(kos)eff =(-------------------- ) kos (42)
kds + kl's + k7

0.00638 (day-1)
0.23 (year-1)

In fact, ko is a function of dose rate. However, the radiation
conponent is relatively small conpared to the background rate. It is
assuned that ko is not significantly affected by radiation and is
i ndependent of age in this study. The constant value of 0.23 (yr'l)

derived above is applied to each age.

c). Spontaneous Rate of Transition fromState 1 to State 2 (kis):

As with kos, kls is estimted at equilibriumwth D equal to

zero.  This yields

kisNiE + Ms (1-P4) NsE = MSPANSE +kdsN3E (43)

Therefore, kis =[ M (2P4-1) + kds | (Noe/Ne) (44)

P4 is a constant representing the probability per cellular
division that a cell in state 3 will undergo transition to state 4. Its
val ue equals 5 x 10-4, which was determned by Crawford-Brown
and Hof mann (C-B90) using the data of Han et al (Han84). N3E times
P4 is the fraction of cells in state 3 undergoing transition to state 4
during mtosis, while the fraction of cells remaining in state 3 will be
equal to N3E times (I-P4). It is assumed here that My = kds- The

value of kls is obtained as follows :
ki s=2PAME(NSE/ NI BE) (45)
=1.67 XI10" (day-i)
= 0.00006 (yr-i)
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d). Spontaneous Rate of Transition fromState 3 to State 4 (k3s):
The transition from state 3 to state 4 is a division-related

fixation, which is proportional to the mtotic rate with a constant P4.

K3Is = NV Pa (4a6)
=M 5 X 10-4
e). Spontaneous Rate of Transition fromState 4 to State 5 (kds):

Fromin-vitro studies, a lifetime probability of spontaneous
pronotion is determned to be approximtely 0.1 (CB90). This val ue
has been shown to be consistent with [imted in-vivo data. Assum ng
a mean |ife expectancy of 73 years in the U.S. and a 20-year |atency
period of developing a lung cancer, the time interval for pronotion
(neglecting the initiation period) to occur is about 53 years.

Ther ef or e,

J kds dt = 0.1 (47)
kds = 2 X 10-3
3.2.2. Radi ati on I nduced Rates

The val ue of kiR was determined fromin-vitro experinments
(Ro090), and equals 4 x 10-* nrad-1. The rate of mtosis is
stimlated by cell killing due to exposure to radiation, and the rate of
radiation induced mtosis (M) is assumed to equal the rate of cel
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kiIng caused by radiation to maintain the fung mss. — The valug of
kiR I taken here to be 1.67 x 10" nrad'!,

The parameter k4R(D) is a radiation induced rate related to
contact inhibition removal within the cellular comunity during
mtosis. This depends on a specific nunber of dead cells surrounding
acell instate 4 As discussed earlier, the total nunber of cells
conti guous to - epithelial cell 15 six, and at [east four of these six cells

mist be dead to stimulate the transition toward state 5. Assumng
binomal distribution, therefore.

=6 x!I (fy(I-f)"'
(RD) =MD oo e (48)

Here, f 15 the fraction of dead cells in the tissue surrounding
eell instate 4. [t 7S assumed that cells, except those being killed, are
04 dvidng state  These suviving cells are remved from the

organ by 1ysis at rate constant R (GB90).  Therefore, f 15 given by the

fol'l owing relationship :
kd( D)

Were R 1S the rate of remval set equal to 1 dayito be
Consisen Wth the rate of mtosis in heavily damaged organs | G-BoL

! summ,rg of (Para,neler values used In o state-vector mdel of
this study is provided in Table 3.
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Table 3 Summary of Paraneter Values Enployed
in State-Vector Mdel

PARANETER VAL UE

ki R 4 X 10- 5 nrad' |
kdR 1.67 X 10-5 nrad"”
kN 0.13 hr-i

ko 0.23 yr-i
Ki's 0. 0061 yr-i
k4s 0. 002 yr-i
NOE 0.94

Ni E 0. 06

N3E 0. 001

P4 5 X 10- 4

— i A &= N
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V. RESULTS

The influences of different amounts of ETS on the working |evel
(W) concentrations of radon progeny and the unattached fractions
of RaA (fa) under various initial particle concentrations (N) are
presented in Table 4. The initial particle concentrations refer to the
concentrations present before the introduction of ETS.

It is noted that there is a general tendency of increasing
working |evel concentration and decreasing unattached fraction of
RaA with greater amounts of ETS. In addition, the presence of ETS
only slightly raises the working [evel concentration, with a maxi num
increase of a factor of two, but significantly reduces the unattached
fraction of RaA by three orders of magnitude which is the |argest
difference identified. Conparing 2 packs of cigarettes versus smoke
free for aninitial particle concentration of O cm3, the ratio of the
W. concentration is equal to 2 (i.e. 3.78 x 10-3/L89 x 10-3), while
the ratio of the RaA unattached fraction increases to 1.45 x 10" (i.e.
0.63/0.0044). Since the dose per inhaled atomis significantly higher

for unattached progeny than for those attached, the effects of ETS are

nore significant when the initial aerosol concentration is as |ow as
103 or 104cm 3.
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Table 4 A List of the W Concentrations of Radon Progeny and
the RaA Unattached Fractions under Each Set of

Exposure Conditions in the Home

N Anount snoked WL

(particles/c.c.) (packs/day)

103 0 1.89 x 10-3 0. 63
1/ 2 3.73 x 10-3 0. 0172
1 3.76 x 10-3 0. 0087
2 3.78 x 10-3 0. 0044
104 0] 3.29 x 10-3 0. 15
1/ 2 3.74 x 10-3 0. 0158
1 3.77 x 10-3 0. 0084
2 3.78 x 10-3 0. 0043
105 0 3.73 x 10-3 0. 017
1/ 2 3.76 x 10-3 0. 0088
1 3.78 x 10-3 0. 006
2 3.78 x 10-3 0. 0035
106 0 3.79 x 10-3 0. 0018
1/ 2 3.79 x 10-3 0. 0016
1 3.79 x 10-3 0. 0015
2 3.81 x 10-3 0. 0013
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The cal culation of annual doses for different ages with different

anmounts of smoke in the environnent are shown in tables 5 to 8
under each set of initial aerosol concentrations.

Fromthe results shown in Tables 5 to 8, the addition of ETS
tends to | ower the doses of radon progeny to the lung, and an
i ncreased anobunt of snpke in the environnent results in a | ower
dose. This inplies that when the initial concentration is so high that
al nost all the progeny have been attached to particles, the
contribution of aerosol particles fromETS has a mnimal effect on the
cal cul ated progeny doses. In addition, the curve of age-variant doses
reveal s that the subgroup nost sensitive to radon progeny exposure
woul d be children in the ages between 5 and 10.

It is interesting that the doses with ETS present are slightly
higher for N = 10* cm3 than those corresponding doses for Nj = 107
cm3 regardl ess of age and anounts of cigarette snoke. The simlar
relationship remains for the case of conparing the doses when N
raises from10™ up to 10" cm3. But, for the case of conparing the
doses for N = 10" and 10" cm 3, a decreasing tendency of annua
doses is found with higher density of initial aerosols present. This
fluctuating change of annual doses with different initial aeroso
concentrations is the result of many conpeting factors. Due to the
conpl i cated process of dose calculation, it is difficult to pinpoint out a
specific factor responsible for this change. Instead of conparing the
doses anong different values of N, however, a conparison
concerning the relative change of annual doses with and w thout ETS
present for each initial aerosol concentration may provide an indirect

expl anati on.
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The val ue of RaA unattached fraction (fa) for NN = 10" cm 3
Wi thout ETS present is approximtely four times of that for N = 10"
cm3 wthout ETS present (i.e. 0.63 versus 0.15). The presence of
ETS, which will release an amount of particles equal to a magnitude
of five orders per cnB into the anbient air, reduces the f* down to
approximately the same |evel for both N = 103 and 10" cni'3. For al
ages, the addition of ETS equal to 1/2 pack of cigarettes per day
| owers the doses by a factor of four for N0 = 103 cm3 and by a factor
of only 2.5 for N = 10"" cm3. Therefore, the higher doses with ETS
present for Nl = 10" conpared to 103 cm3 niay result fromthe ETS
particles that have nore significant effect on reducing the RaA
unattached fraction for N = 103 cm3 than that for N = 10" cm 3.

The final sensitivity analysis for life-time relative risk of [ung
cancer (i, e. the possibility of lung cancer with ETS present conpared
to that without ETS present) is displayed in Table 9.

If the initial aerosol concentration in the hone is |ess than 10"*
cm3, the addition of ETS equal to less than 1 pack of cigarettes per
day may lower the risk of lung cancer. A general trend indicates
that the relative risk of lung cancer increases as the initial

concentration goes up and nore ETS i s added.
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Table 5 Annual Irradiation Doses for Different Ages and Various

Level s of ETS Present with Initial Aerosol Particles Equal

to 103 cm3

Annual Doses (nrad/year), when N= 103 |

Age Arount Smoked ( packs) |
(yrs) 0 1/ 2 1 2 1
0 260 70 65 65
2 250 63 56 56
5 320 60 75 ]5 1
10 340 65 79 ]g 1
22 150 36 35 by l

Table 6 Annual Irradiation Doses for Different Ages and Various

Level s of ETS Present with Initial Aerosol Particles Equal
to 104 cm 3

Annual Doses (nrad/year), when Ni= 104 |

Age Amount Snmoked ( packs)

(yrs) 0 1/ 2 1 2 1
0 220 64 60 60 1
2 200 11 73 73
5 250 96 91 0 |
10 270 102 96 96
22 120 46 44 Il |
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Table 7 Annual Irradiation Doses for Different Ages and Various

Level s of ETS Present with Initial Aerosol Particles Equal
to 105 cm 3

Annual Doses (nrad/year), when N = 105

Age Amount  Snoked ( packs)

(yrs) 0 1/ 2 1 2
0 77 61 61 61
2 70 56 56 56
5 66 70 70 70
10 95 76 76 76
22 42 34 34 34

Table 8 Annual Irradiation Doses for Different Ages and Various

Levels of ETS Present with Initial Aerosol Particles Equal
to 105 cm3

Annual Doses (nrad/year), v/hen N = 106

Age Amount  Snoked (packs)

(yrs) 0 1/2 | 2
0 66 66 66 66
2 60 60 60 60
5 75 75 75 75
10 61 61 61 61
22 36 36 36 36
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Table 9 Life-time Relative Risks of Lung Cancer under Each Set of

Exposure Conditions in the Home

Initial Aerosol RRETS/ vi t hout ETS

Concentrati on

1/ 2 packs of 1 pack of 2 packs of
(particles/cnB) cigarettes cigarettes cigarettes
of ETS of ETS of ETS
103 0. 693 0. 766 1. 000
104 0. 601 0. 669 1.164
105 1. 060 1.193 1- 560
106 1.115 1. 255 1.641
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DI SCUSSI ON

The analysis in Table 9 inplies that estimting the possibility
of Tung cancer depends on various conpeting factors. The initial
aerosol concentration in the home plays an inportant role in
quantifying the effect of ETS on radon exposure.

For relatively [ow concentrations of aerosol particles (less than
|O'cni ), the presence of ETS [owers the unattached fraction of RaA
and progeny doses dramatically. This may result ina lower risk of
| ung cancer than a smoke free environment. Combining the
pronotional effect of ETS by an increased risk of 2.4 %per pack of
cigarettes, the final results indicate a decreased relative risk of 0.766
for aninitial particle concentration of 10" cm3, and 0.889 for an
initial particle concentration of 10'cm3. Analogously, the smoke
from1/2 pack of cigarettes wll result ina decreased relative risk of
0.693 for aninitial particle concentration of 10° cnt3, and 0.801 for
aninitial particle concentration of 10" cm3.

It I's noted that the influence of ETS on radon induced | ung
cancer 1 related to, but not limted to, the competition of the initia
aerosol concentration and the nagnitude of promotional effect of ETS.
For Towinitial aerosol concentrations in the hone, the particle
density inair has a domnating effect on progeny attachment and

W yreld arelatively Towr risk of fung cancer:  hougver, for high
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initial aerosol concentrations, the pronotional effect outweighs the

reduced radi ati on dose due to the addition of ETS. This will result in

a higher risk of lung cancer.

The results predicted fromthis study are basically consistent
with the results fromani mal experinents. The NRC report (NRC88)
found that respiratory tract tumor incidences

* increase wth the wunattached fraction of radon progeny.

* decrease if cigarette snoking follows conpletion of exposure
to radon progeny, but has no effect if smoking precedes
exposur e.

* decrease if animals are exposed to snoking and radon
progeny alternately on the sane day.

The conbined |ung cancer relative risk of 1.34 fromthe neta-
anal ysis of 13 epideni ol ogi cal studies (NRC86) is nuch higher than
woul d be expected from conparisons of biological markers of snoke
exposure between ETS-exposed people and active snmokers. The
anal ysis of urinary levels of cotinine discussed in the NRC report
(NRCB86) suggested that ETS exposure was roughly equivalent to
smoking 0.1 to 0.2 cigarettes per day, which is approximtely the
range used in the present study (i.e. 0.04 to 0.16 cigarettes per day).
The excess lung cancer risk cal cul ated from epi dem ol ogi cal studies
(34% is about 10 times greater than the excess |ung cancer risk
obt ai ned here using extrapolation from M snoke data to estinmate
the cigarette equival ence inhal ed by the passive smoker (1.2 to
4.8% . The NRC contended that the effects of ETS cannot be precisely
conpared on the basis of biological markers due to the different

conponents between ETS and M5 snoke. Anot her expl anation from
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t he opposite viewpoint stated that the observed association from
epi dem ol ogi cal studies was m sclassification of snokers and ex-
smokers as nonsnokers. This discrepancy raises the controversy of

the association between ETS and |ung cancer renmained to be further

identified.

The most striking conclusion of this study suggests that the
effect of ETS on radon-induced | ung cancer can not be sinply
classified as protective, additive, or synergistic. Wether the
combined risk is less than, equal to, or greater than these two
separate risks primarily depends on the initial aerosol concentration
and the amounts of ETS in the home. Several conpeting factors
influence the effect of ETS on radon progeny, which conplicates the
mtigation schenes.

For the initial particle concentration of 10" or 10" cm3 and the
amount of snoke equal to less than 1 pack of cigarettes per day, the
removal of ETS may not result in the expected lower life-time risk of
| ung cancer. A higher risk is conputed in this study. \Wen the
initial particle concentration exceeds 10" cm”, the removal of ETS
woul d reduce the excess relative risk approximately 60%for 2 packs
of cigarettes per day, 20 to 25%for 1 pack of cigarettes per day, and
5to 10%for 1/2 pack of cigarettes per day, respectively
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VI . RECOMVENDATI ONS FOR FUTURE RESEARCH

As nmentioned in the Introduction, there is sufficient evidence
from epi dem ol ogi cal studies of uraniummners and from ani na
experiments to link lung cancer causally to exposure to radon. There
are al so volum nous studies relating ETS exposure to |ung cancer.
But very little research dealing with exposure to radon and ETS
si mul t aneously has been undertaken. It would be desirable to
conduct further epidem ol ogical studies of the effects of ETS on radon
exposure in the hone.

As far as the state-vector nodel is concerned, several
assunptions remain to be proved or nodified. (1) Even though the
effects of radiation as a function of age are considered in the present
study, the calculation of accumulative life-time risk based on an
assunption of a constant annual dose during each year is untested.
That is, this method of breaking down the lifetime into intervals
assumes that the effect of changing the dose rate within a given year
is negligible. Thus, a better resolution of time for assessing the |ife-
time exposure is needed. (2) The values of the fractional rate of
organ growth and the rate of sloughing for each age which are
required for estimating the spontaneous rate of mtosis are very
approximate. This arises fromthe lack of specific data for the |ung.

(3) The rate constant of transition from the naturally undamaged
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state to the first damaged state (kog) nmay depend on age. This
possibility remains unexplored at this time. (4) In this study, all cells
are assuned to be identical and do not differentiate i nto non-
dividing cells. However, the radiation-related rate of mtosis,
stimulated by cell killing, is associated with the structural features of
the cellular conmmunity. Further study should be nmade on the effect
of cellular inhonogeneity on the mtotic rates. Finally, (5) the
| at ency period of lung cancer varies greatly with the age of exposure.
In the BEIR Il report (NRC80), the assignnent of latency period is:

Exposure at age Latency period (years)

O — A ==
1s5- =2 15- 20

= = — A o

The val ue of background pronotional rate, k4s, is obtained by
assum ng an average | atency period of 20 years at each age in this
study. This suggests that a nore accurate procedure for estimating
k4s shoul d i ncorporate age-dependent changes in the |atency period.
More input is required to determine the |atency period of |ung
cancer related to the exposed age and the dose rate.

The deposition fraction of progeny in the naso-oro-pharyngo-
| aryngeal (NOPL) region nmay be affected by the particles from ETS.
This provides information about the initial condition for calculating
t he deposition fraction in the TB region. A nore precise NOPL
deposition nodel is required to identify the effects of ETS on
deposition of radon progeny above the TB region.

In addition to the effect on the fraction of progeny atons

attached to aer osol particles, ETS  may i nfluence br eat hi ng
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characteristics, airway diameters, nucociliary functions, and
t hi ckness of mucus |ayers (NRC86). Each of these changes will in
turn affect deposition and doses of radon progeny in the lung. A
nodel which estimtes the conbined effect of these factors has been
reported (C-B91 in press), but few experimental results are available
to support these predictions.

Even though the results from animal studies suggested that
radi ati on acts as an "initiator" and tobacco snoke acts as a
“promoter” in the carcinogenic process (ChaSl), a nore direct proof
fromhuman studies is needed to identify the actual role of ETS in
affecting initiation, promotion, and progression of radon-exposed
lung cancer.

The rationality of extrapolating fromMs snoke to ETS, based
on the assunption that carcinogenic potency for both MS smoke and
ETS is proportional to the mass of RSP deposited in the TB region
remains to be further tested. Clearly, considerable work needs to be
done in devel oping a proper nethod to assess dose-response of ETS

exposure.
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APPENDI X

The five age-dependent annual doses under each set of
exposure conditions, shown in Tables 5 to 8, were obtained using
Hof mann's conputer code. Gven these data, a method called spline
s used to fit a snmooth curve through which the annual dose for each
age can be interpol ated under each set of exposure conditions.

Spline provides an approach to approxi mating a continuous and
differentiable function on the interval [ab] in a piecewse fashion
(Ca69). Let the base points be a = xq <xi <..... < Xn-i < Xn=bh, and the
,n A
third-degree polynomal is assumed to approxi mate the true function

corresponding spline functional values he Si(xi), i =0, 1 2 .....

on each subinterval [ xi, xi+ ]. This approxi mting function for each
subinterval Si(x), referred to as the cubic spline function, is givenin
the form
Si(x) =ai +hi (x-X)+0 (x-X)2+d (X-xi )3(50

where ai, bi, G, and di are constants need to be determ ned using the
following boundary conditions.

To be continuous, not only the Si(x) and Si+i(x) but the first and
second derivatives for Si(x) and Si+i(x) nust be equal at x = xi+.

Therefore,
Si(xi+i) = Si+i(xi+i) (51)
Si'(xi+i) = Si+i"(xi+i) (52)
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Si"(xi+i) = Si+i"(xi+i) (53)

Inserting x = x; into equation (50) vyields:

S xi1 ) —= ali (. 54a)
Al'so, inserting x = xi+ into Si+i(x) yields:
Si +Hi (X1 +1 ) = ai +i (55)

The val ues of ai, bj, ci, and di can be solved through application
of the method of Gaussian back elimnation and matrix manipul ations
for equations (51) to (55). The detailed calculation refers to the
"Applied Nunerical Methods" by Carnahan, et al (Ca69).

In the present case, ages 0 to 22 are the interval of concern in
whi ch the base points referred to as xq, xi, X2, X3, and X4 are equal to
0, 2, 5 10, and 22, respectively. Four separate cubic spline functions
are formulated to fit a continuous curve anong each set of five given
annual doses. The conplicated operation of these nunerical
calculations is handled by conputer software. Tables 10 to 13
display the annual doses for each age obtained by fitting the spline
functions under each set of exposure conditions. These age-dose

curves are bhasically consistent with the pattern shown in a paper by
Hof mann et al. (Hof79).
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Table 10 Interpolation of Doses Shown in Table 5 Using
the Spline Functions

Annual Doses (nrad/yr), when N =103 1

Age Amount  Smoked ( packs) 1
(yrs) 0 1/ 2 1 2 1
0] 260 70 65 65

1 256. 4 64.9 59.9 59.9
2 250 63 56 56

3 263. 6 66. 4 61. 4 61. 4
4 291. 4 73.1 66. 1 66. 1
5 320 60 75 75
6 339.4 64.7 79.6 79.6
7 349.2 67.1 61. 6 61.6
6 351.2 67.6 62.0 62.0
9 347.5 66. 6 61.0 61.0
10 340 65 79 79
11 330. 4 62.7 76. 6 76.6
12 319.2 60. 6 73.9 73-9
13 306. 6 76.6 70.9 70.9
14 292.5 73. 4 67.5 67.5
15 277.3 69. 6 64.0 64.0
16 261.1 65. 6 60. 2 60. 2
17 245.9 61. 4 56. 3 56. 3
16 226.0 56.9 52.2 52.2
19 207.5 52.3 46. 0 46.0
20 166. 6 47. 6 43. 7 43. 7
21 169. 4 42. 6 39. 4 39. 4
22 150 36 35 35
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Table 11 Interpolation of Doses Shown in Table 6 Using
the Spline Functions

Annual Doses (mad/yrX when N = 104 1

Age Arount Smoked ( packs) |
(yr S) (0] 1/ 2 1 2 1
0 220 64 60 60 1
1 205. 4 76.6 74.6 74.6

2 200 77 73 73

3 209.9 60. 9 76.6 76.6
4 229.4 66. 3 63-7 63.7
5 250 96 91 91

6 264. 6 101. 3 95.9 95.9
7 272.7 104.0 96. 4 96. 4
6 275.6 104. 6 96. 9 96. 9
9 274. 2 103.9 96. 0 96.0
10 270 102 96 96

11 263. 6 99. 4 93.4 93. 4
12 255.9 96. 3 90. 4 90. 4
13 246.6 92.7 67.0 67.0
14 235.9 66.6 63. 1 63.1
15 224.0 64.1 79.0 79.0
16 211.1 79.3 74.6 74.6
17 197. 3 74.2 69.9 69.9
16 162. 7 66.9 64.9 64.9
19 167.6 63-3 59.9 59.9
20 152.0 57.6 54. 6 54. 6
21 136.1 51.6 49, 3 49. 3
22 120 46 44 44
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Table 12 Interpolation of Doses Shown in Table 7 Using
the Spline Functions

Annual Doses (mrad/yr), when N =105 1

Age Amount  Snoked ( packs) 1
(yrs) 0 12 : [
0 77 61 61 61

1 71.9 57.3 57.3 57.3
2 70 56 56 56
3 73. 4 56.9 56.9 56.9
4 60. 6 64.3 64.3 64. 3
5 66 70 70 70

6 93-2 74.1 74.1 74.1
7 96.1 76. 4 76. 4 76. 4
6 97.1 77.3 77.3 77.3
9 96.5 77.1 77.1 77.1
10 95 76 76 76
11 92.6 74. 4 74. 4 74. 4
12 90.0 72.2 72.2 72.2
13 66. 6 69. 6 69. 6 69. 6
14 62.9 66. 7 66.7 66. 7
15 76.7 63. 4 63. 4 63- 4
16 74.1 59.7 59.7 59.7
17 69.1 559 55.9 55.9
16 64.1 51.7 51.7 51.7
19 56. 7 47.5 47.5 47.5
20 53-2 43.0 43.0 43-0
21 47.7 36.5 36.5 36.5
22 42 34 34 34
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Table 13 Interpolation of Doses Shown in Table 6 Using
the Spline Functions

Annual Doses (mrad/yr), when N =106 |

Age Amount Smoked ( packs) |
(yrs) 0 1/2 1 ) |
0 66 66 66 66 |
1 61.6 61.6 61.6 61.6

2 60 60 60 60

3 63.0 63.0 63.0 63.0
4 65. 6 66. 6 66. 6 66. 6
S 75 75 75 75

6 79.4 79.4 79.4 79. 4
7 61.6 61.6 61.6 61.6
6 62.7 62.7 62.7 62.7
9 62. 3 62.3 62. 3 62. 3
10 61 61 61 61

11 79.1 79.1 79.1 79.1
12 76. 6 76.6 76.6 76.6
15 74.0 74.0 74.0 74.0
14 70. 6 70.6 70.6 70. 6
A5 67. 2 67. 2 67.2 67. 2
16 633 63. 3 63. 3 63. 3
17 59.2 59.2 59.2 59.2
16 54.6 54.6 54.6 54.6
19 50. 3 50. 3 50. 3 50.3
20 45.6 45. 6 45.6 45.6
21 40.6 40.6 40. 6 40. 6
22 36 36 36 36
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