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ABSTRACT
For diseases with more than one risk factor, the sum of probabilistic estimatesmirmber of
cases attributable to each individual factor may exceed the total numbesesf chserved,
especially when uncertainties about exposure and dose-response for someairskisdugh. In
this study we outline a method to bound the fraction of lung cancer fatatitiesgttributed to
specific well-studied causes. Such information serves as a "realiti'tfeattributional
studies of the minor risk factors, and, as such, complements the traditional rigkisn@/ith
lung cancer as our example, we attribute portions of the observed lung cancdityntartanown
causes (such as smoking, residential radon, and asbestos fibers) and desariertainty
surrounding those estimates. The interactions among the risk factorsauguaintified, to the
extent possible. We then infer an upper bound on the residual risk due to "other" causgs, us
coherence constraint on the total number of deaths, the maximum uncertainty priacgtbe
mathematics of imprecise probabilities.
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1. INTRODUCTION

The familiar “front-to-back” procedure for calculating disease or miytakk from
exposure to environmental contaminants (which involves estimating toxic releasésling
environmental and physiological transformations, and employing exposure madealsse-
response functions) works best when the relevant science is well developed. Homee
there are several risk factors and the uncertainty about some of them is latya, maocedure
can lead to estimates for the numbers of cases attributable to the variaars thet, summed,
exceed the total number of cases actually observed.

Morgan argued that methods of bounding analysis could be used in environmental risk
analysis to avoid such absurdities, because, for health endpoints with multipleatxi@uses,
the available knowledge constrains the magnitude of the poorly characterizerismost
risks were known with precision, this would be a simple subtraction problem. Howeveasdise
risks from environmental causes are often estimated from models or inferredtindmas
involving limited numbers of subjects and inconsistent notions of controls or have other
methodological problems that contribute to the uncertainty of the results. It ismoarto see
even the central tendencies of such risk estimates expressed as rangaallgsgeen there are
competing plausible models. Despite this uncertainty, often there is agreenteeatiterature
concerning the general magnitude of the impacts of the best-studied causetn gloamtify and
bound the residual risk, in light of the uncertainty surrounding the relatively wallacterized
risks, is the subject of this paper.

Using lung cancer mortality as a case study, the goal of our analysigenerate an
upper bound on the mortality attributed to the group of poorly characterized factorg canoer
(including cancers of the trachea and bronchus) is the second most common canctr foelo



and women, in terms of incidence (after breast cancer in women and prostateinanea), but
is the leading cause of cancer death in the United Sttesng cancer accounts for about 30%
of all male cancer deaths and 25% of all female cancer deaths (Table 1).

Table I. U.S. Lung Cancer Mortality

Lung Cancer  Estimated Total Lung Cancer Deaths,Projected Lung Cancer

Deaths per 1) U. S. Population, "

for year%OO@’) July 1, 2pOO®4)* 2000 Deaths, 2008
All persons 56.5 281,421,906 159,200 157,200
Male 67.2 138,053,563 92,800 88,400
Female 46.3 143,368,343 66,400 68,800

*estimated undercount of 1.17%
**pased on NCI SEER data and age adjusted to 2000 population

The death rate among the US civilian noninstitutionalized resident population from
malignant neoplasms of the trachea, bronchus, and lung in the year 2000 is estoriebts
per 100,000 (ICD-10 definition), based on death certificate repotting.

In 2000, the crude lung cancer death rate (not age-adjusted) among men of albages w
67.2 per 100,000, and among women, 46.3 per 100,000. NCHS estimates that better than 99.3%
of all death certificates nation-wide were included in the calculation of tradss.

Some of the major environmental risk factors for lung cancer are shown in Tabie |
our method, the observed annual lung cancer mortality is attributed stalysticttie major
causes of lung cancer (smoking, radon and asbestos). In this paper we useditesihites, but
this method is well suited for expert elicitation, as well, which is plannedidkdr work.
Information about the risks from unspecified causes is then inferred using a sob@anstraint
on the total number of deaths, and a principle we term maximum uncertainty.

Table Il. Examples of Environmental Risk Factors for Lung Cancer

Well Characterized Factors Less Well Characterized Factors
Cigarette smoking Occupational exposures

Passive smoking Arsenic

Indoor radon exposures Beryllium

Occupational exposure to inhaled asbestos Chromates

Chloromethyl ethers

Diesel exhaust

Nickel

Silica

Soot

Polycyclic aromatic hydrocarbons (PAHS)
Ambient air pollution

Our method builds upon the work of Wall&Mathematically, this is an application of
Smets' Transferable Belief Mod®] which offers a convenient mathematical framework for
implementing the Shafer Theory of Evidef¢esing matrices. We represent our understanding
of the impacts of a finite set of risk factors for lung cancer mortalgganstraints on a linear



programming problem involving a convex family of probabilities. We then invoke the maxrim
unspecificity criterion in order to estimate the upper bound for the less wellest members of
the set.

2. MATHEMATICAL THEORY

Let N denote the magnitude of the health end-point, in this case, the total annual number
of lung cancer deaths. L€ denote the set of all possible causes of lung cancer deaths. For
exampleQ = {C,R,A, % where C means exposure to tobacco smoke primarily from cigarettes
(we combine active, passive, and former smokifgneans indoor exposure to radénmeans
asbestos, and is the group of all other more poorly understood environmental factors of
interest.

We assume thdt is readily observable and therefore known with precision. While this is
not strictly true in the case of lung canrthe assumption is not limiting, since the results of
the method can be stated in percentage terms and then applied to a range of possibéahumer
values ofN. We also assume exposure to be binary, which is of course not true, but the
assumption is consistent with the exposure definitions used in the supporting epidpaaibolo
studies. With these two assumptions, each death can be linked to zero or more possiklecause
Q. Synergistic cases, in which more than one cause is involved, are allowed.

Figure 1 shows one way to subdivitleby causes that includes synergistic effects. We
denote the number of deaths linked to casiasen(s), wheresis any subset of2. In our example
we consider four possible cause<Inso there could be sixteen¥jdossibles, but to simplify
the analysis and to be consistent with the lung cancer literature, we wilidssrenly the two-
factor interactions involving cigarette smoke.

N
< >

n(®) n(C) n(R) N(CR | n(X) | n(XC) | n(XR | n(Q)

Fig. 1. The basic statistie, showing only risk factor€, R, andX, for simplicity. N is the total
number of lung cancer fatalities.is the number of fatalities attributable to each risk factor or
combination of factors. ) is the background number of lung cancer deaths that would occur
absent all the various risk factorgQ) = n(CRX) and represents the number of cases for which
no risk factor can be excluded.

To adopt a more precise and cautious definitig(s) is the number of cases not exposed
to pollutants not irs. This implies that causes not &are known to be non-contributing to that
lung cancer. For deaths ngs), any cause it may have caused the lung cancer, but which one is
deeply epistemically uncertain and there may have been synergies. The teimesubsets need
more explanation.

The number of lung cancer deaths where all causé€sludve been positively excluded is
n(®) shown to the left of the bar in Figure 1. Cases that could not be linked to any pollut@nt in



are considered spontaneous lung cancer. It is important to underling@atoes not have the
same status a¥X), which will be deduced as a residual.

On the right, the full sem(Q) (a short notation fon(CRAX) corresponds to the situation
when no cause of lung cancer has been excluded because either all risk factdre &
observed to be present, or there is no information about risk factor exposure.

Direct measurement of the basic statistis impossible, since exposure to a pollutant
does not necessarily result in a cancer fatality and because retiigspgedtifetime exposures to
the various carcinogens can only be roughly estimated. For now, let us assuva&igsofmn
are known; a section on attribution of cases to the various causes and the attendaainiycert
follows.

The basic statistio can be used to bound the number of cases attributable to smGldag
follows, wheren (C) andn(C) denote the upper and lower boundsng@), respectively:
» The lower bound is the number of cases attributed only to smoking (we lump both

passive and active smoking togetheC) = n(C).

» The upper bound is the number of cases exposed to smoke and possibly other factors.

That is,n (C) =n(C) + n(XC) + n(CR) + n(XCR + n(CA) + n(XCA) + n(CRA +

N(XCRA or: f(C) = Z n(E) for all E suchthaC O E

E

Figure 2 illustrates this definition of the upper and lower bounds of the number of lung
cancer deaths attributable XoandC. For clarity the figure is drawn showing only two causes,
with Q ={C,X}.

Synergistic effects

n(C) n(CX) n(Xx) n(®)
< >« >
Lower bound orC Upper bound orxX
< > < >
Upper bound orC Lower bound ornX

Fig. 2. Upper and lower bounds on the number of lung cancer deaths attribut&béentbX. For
clarity of illustration, risk factors other thab andX have been excluded from this figure.

In epidemiologists’ terms, the attributable fraction of cas®r example, is the
proportion of all cases that could be avoided if exposui€ teere eliminated, denoteaf(C).
The model suggests the following bounds for smoking attributable fraction:
28 gt <at(©) < " a-ry) (1)
wherergis the background rate of lung cancer mortality. This background rate is the nombe
lung cancer deaths in the unexposed population divided by the unexposed population. The lower



bound onaf accounts for the 1 share of spontaneous lung cancer cases in those cases exposed
to cigarettes. The upper bound attributes all cigarette-exposed deaths tatibis fa

Denotingpc, pr andpa as the exposure probabilities 6fR,A andT as the total
population; assuming independence (meaning that people who smoke are no more onyess like
to be exposed to radon or to asbestos):

fo = D )
@-pc)@-pr)L-pA)T

A geometric interpretation of the space created by the upper and lower bounds on th
individual causes i is shown in Fig. 3, using only factof$, R, andX, for simplicity. Denoting
71a basic statistic that is interaction-free (meaning #&) + 74R) + 7£X) = N — 7{Q)) we sayr
is “compatible” with another basic statistiovhen it falls within the bounds defines. The set of
all interaction-free basic statistics compatible witls denoteden in the figure.

C=N - n(@)
e C=100%

R=N-n(@) Ci i X =N-n(@)
ie. H=100% e X =100%

Fig. 3. Graphical representation of the set of all interaction-freempatible with a specifi®
defined onC, R, andX.

Consider now the bounds on deaths attributed to multiple synergistic causes. Denote
these causes asa subset of2, for examples = CR For the lower bound on the number of
deaths attributable to these causes acting jointly, we continue to adopt the rafrohses
exposed only to these causes, that is:

n(s) =n(s) 3)



and as the upper bound, we continue to adopt the number of cases expssed f@ossibly
other factors, that is:
(s)= ) n(E) (4)
EsOE
This n corresponds to the commonality function in the Transferable Belief Mbd@bunds on
the attributable fraction can be computed as in Equation 1.

One measure of the information containedhiis its unspecificity. Consider these two (of the

three) extreme cases:

» If each death were attributed to exactly one cause, then there would be no umgertai
and all lower bounds would coincide with their upper counterpart. We would h@)et+
n(R) + n(A) + n(X) = N - n(®). Note that since is a positive function that sums up kg
this implies than(s) = 0 for all the subsets with 2 or more elements.

* If no information on cause of cancer were available, each death would be attributed
synergy of all factors. Mathematically, thisnéQ) = N. Note that this constitutes a proper
uninformative distribution: it is not the Bayesian uniform prior probability disition on
Q. Rather, it is the family of all probability distributions that can be definedon

Unspecificity is a numeric indicator that equals one in the first case, and settnd case

equals the number of elementsf It is the expected value of the number of elementswith

respect to the probability distributiom(s) = % , that is:

U = )+ n(R) +n(A) +n(X) +2((CR) +n(RA +..)+ 3.+ 4n(Q) 5)
N
In this paper unspecificity is a kind of generalized cardinality that spescthie number of
alternatives. The reason for using this word is that when a death is attributeslsgrtergy ok
factors, it can be said that the unspecificity of this informatiok See Rocha (1997) for an
extensive discussion of this concept
A lower unspecificity measure corresponds to better information, so a thirenegtcase
needs discussion: unspecificity is zero when and only wigéd = N. In this case, all non-
spontaneous causes®@fhave been positively excluded. It means that all the substanésiia
actually safe (with respect to lung cancer). This is the highest levefafmation achievable, to
the point that it make® irrelevant.
Note how this interpretation hinges on the idea of counting missing datan(¢h This
is an application of a general principle of maximum uncertainty, also known @ladels
principle of “raison insuffisante”. The principle states that one should selestdlhistic that is
the most unspecific, compatible with existing information. This is the principlevikause in the
next section to estimate the bounds on the unknown cause, given information about all others
Quantitative or comparative statements regarding the likely magnitudg)afan be
interpreted as linear constraints onThese constraints determine a Bedf basic statistics. The
most unspecifia in B is chosen according to the maximum uncertainty principle. This amounts
to solving a linear program in a space witft 2dimensions, for which we impose these
additional constraints:
» All n(s) are non-negative, summing upib
» Three-way interactions and higher are not allowed. That(8,= O if shas 3 or more
elements.
To ensure that a solution exists, we impose the condition of coherence arptlogi
attribution:




E(si)+2a_f(sj)slsif(si)+25(sj) for 1<i< @O (6)
j#i j#i

If exposure probabilities are known or assumed, it is possible to also bound theerelativ
risk of s, rr (s). The definition of the relative risk of dying of lung cancer from smoking citjase
rr (C), for example, is the lung cancer rate associated with exposure to tobacco smdid diyi
the lung cancer rate among non-smokers. Given exposure probabilities in the genelati@opu
we will assess the bounds on the relative risk for the various pollutants using thwifual
relationship:

ps (rr(s)-1)

ps (1r(s)=D +1
whereps is the exposure to cause s. The same relationship holds for the lower bound.

This paper's numerical simulations were performed usiktgthematicanotebook. The
code directly implements matrix calculus for belief functions as outlined int$(@601%. This
is the most straightforward method given tiatemains small, but it would not scale well to
tens of carcinogens, since it involves square matrices VfftheRements. For example, 10
pollutants implies storing in memory arrays with°*umbers.

af(s) = for any caussin Q (7)

3.APRIORI ATTRIBUTION OF LUNG CANCER RISK

In our illustrationQ, the set of possible causes of lung cancer, consists attive and
passive smokingR, domestic exposure to radof; occupational exposure to inhaled asbestos;
andX, the group of all other environmental risk factors.

That tobacco smoking is the single most important cause of lung cancer, has been
understood for more than 60 ye&ts For example, a 1983 survey conducted by the World
Health Organization of 160 active members of the International Associatidghdd@tudy of
Lung Cancer found that 97% of the respondents agreed that at least 80% of all leeg cases
were caused by tobac&3) About 98% of European and U. S. male lung cancer patients were
“ever-smokers” (persons who had smoked more than 100 cigarettes in theindifets were
70% to 90% of the women lung cancer patiefts Lung cancer mortality rates are about 23
times higher for current male smokers and 12 times higher for current fesmallkeers than for
never smoker€) For people having smoked more than 100 cigarettes in their lifetimes, the
relative risk of dying of lung cancer is 10 to 15.

The smoking attributable fraction (SAF) of cancers of the lung, trachea, andhusn
(ICD-9 code 162) averaged over the years 1995-1999 was calculated by the CDChesing t
SAMMEC softwar&?. These estimates were derived from relative risks from the American
Cancer Society's Cancer Prevention Study II, CPS-II: 1982-48g@d current and former
cigarette smoking prevalerft® for two age cohorts: persons aged 35 to 64 years and those aged
[ 65 years, according to this formula:

Po + Py(rry) + po(rry)-1 (8)

Po + Py(1ry) + P2 (I75)
wherepgis the percentage of persons who have never smoked 100 or more cigaratiese
percentage of persons who have smoked 100 or more cigarettes and smoke every day or som
days, ang; is the percentage of persons who have smoked more than 100 cigarettes but have
stopped smoking. The relative risks of lung cancer of these three segments of thettipopare

SAF=

! Available on the web at url http://www.andrew.cmu.edu/user/mduong, or upon request, under
the GNU General Public License



rro (which equals 1 by definition)r 1, andrr . Using SAMMEC, the CDC estimated the
following annual smoking attributable mortality figures, shown in Table 111
Table Ill. Smoking-Attributable Mortality (SAM), Cancers of the Traaheung and Bronchus,

1999""
Mortality from Lung Cancer Active & Passive
Neoplasms of Deaths from Smoking
Trachea, Lung, Secondhand Attributable
and Bronchus Smoking'® Fraction
Total deaths 89,337
Males SAM 78,459 1,110
percent 87.8% 89.1%
Total deaths 62,613
Females SAM 44,727 1,890
percent 71.4% 74.4%
Males Total deaths 151,950
and SAM 123,186 3,000 83.0%
Females percent 81.1% 2%

The CDC noted that these figures have some limitations.

SAM figures were derived from smoking rates in 1999 when the actual smoking
attributable deaths were the result of smoking in previous decades, when smo&gg rat
were higher. During periods where smoking prevalence is declining, thieusdtole
fraction methodology will tend to understate the number of deaths caused by smoking
Smoking is currently declining by about 1% a year and between 1993 and 1999, smoking
prevalence among adults declined by 25%.

Relative Risks were adjusted for the effects of age but not for other potential
confounders. This may not be a large problem, as CPS-II data showed that educatio
alcohol, and other confounders had negligible additional impact on SAM estimates for
lung cancer®)

Deaths attributable to cigar and pipe smoking and smokeless tobacco use were not
included.

Although the CPS-II cohort includes over 1.2 million men and women, it is somewhat
more white and middle class than the U. S. population as a whole.

Given both the overwhelming evidence of the importance of this risk factor and teetjabt
for underestimation bias in the calculation of its contribution to overall risk, for tilisutation
we assume the lower bound on attributable risk due to smoking to be 70% and the upper bound,

95%.

Probably the second most important risk factor for lung cancer in the U. S. is radon,

which is a gas emitted from the soil, from water and from building materialsctirabecome
concentrated in homes. Once inhaled into human lungs, radioactive decay of radon and its
radioactive daughters results in the exposure of lung cells to alpha partitlies, ean damage

DNA by ionization. On the basis of studies of health effects in uranium and other undedgro
miners who worked in radon-rich environments, and backed-up by animal exposure and human
epidemiological studies, radioactive radon progeny have been identified aseadung

cancer in humans.
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The annual number of lung cancers in the U. S. caused by residential radon exposure wa
estimated in the BIER VI study (Biological Effects of lonizing Radiatioohducted by the
National Research Coun@. This committee chose to use mathematical models (rather than
population studies), because epidemiological case-control studies of lung canter due
residential radon have not produced clear results. This failure was attrilmudeniimber of
reasons. The risk appears to be very small, and the exposures encountered in most homes are
low. It is difficult to estimate radon exposures that people have received ovelifistaines.

Also, many more lung cancers are caused by smoking than by radon and there i®sidemge
for a synergistic interaction between smoking and radon.

The NRC committee constructed two preferred models, both based on information fro
11 major studies of lung cancer in underground miners together involving 68,000 men with
2,700 lung cancer fataliti€®’ Since radon levels in the mines were in general many times the
levels found in most homes, the assumption was made that risk decreases lindadypoisure
and there is no threshold. There were other problems with this approach, as well. Alhodst
the miners were men, they inhaled dust and other pollutants in the mines, and most were
smokers.

The NRC committee assumed a submultiplicative interaction (more than adolittvess
than multiplicative) between cigarette smoking and radon exposure, consistiewiata from
the miner studies. Another important modeling assumption was that the physical &ogidio
differences between the circumstances of exposures of male minersgyarkderground and of
men, women, and children in their homes lead to the same doses at the same exposures. The
committee used lung cancer mortality data from 1985-1989 and smoking prevateecauid
never smoked) estimates for 1993. Based on the National Residential Radon Surgeyrenkl
distribution for residential radon concentration with a median of 24.3 B¢67 pCiL') and a
geometric standard deviation of 3.1 was assufifedrhe attributable risk was calculated for the
entire US population and for males and females and ever-smokers and neverss(iiakée V)
as 10% to 15% of the total lung cancer mortality (their central estimateéis)ad5% confidence
interval of 2% to 21%. The authors of BIER VI could not find a reason to prefer either the
Exposure-Age-Concentration Model or the Exposure-Age-Duration Model of thesffect
residential exposure to radon on lung cancer so they presented the results of both models.
Consistent with their preference, we adopt the upper and lower bound of the ConstaneRelat
Risk Model.

Table IV. The Fraction of all Lung Cancer Deaths Due to Indoor Radon (AtaiilatRisk) as
Estimated in BIER Vf*"

Model* Central Estimate 95% Confidence Interval
Exposure-Age-Concentration 14% 7-17%
Exposure-Age-Duration 10% 9-25%
Constant Relative Risk** 12% 2-21%

*For central estimate, the NRC prefers the first two models. For confiderneeval, they prefer
the simple constant relative risk model.
*+axposure <0.175 Jhify <50 WLM

In our judgment, the third most important cause of lung cancer is inhaled asbestss fibe

Asbestos refers to a group of 6 naturally occurring fibrous silicate minetaigsotile, amosite,
crocidolite, tremolite asbestos, anthophyllite asbestos, and actinolitd¢@sbEsese minerals are
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made up of long (1 to 100mm), thin fibers that tend to break easily into a dust composed of
inhalable particles, a few microns in length. Asbestos is released into tteaigh the erosion
of natural deposits in asbestos-bearing rocks; through the manufacture andfwkitches and
brakes on cars and trucks; from abraded or corroded building materials such asansakiling
and floor tiles, asbestos-cement pipes, and asbestos roofing materials; ftdmgodemolition;
and from a variety of asbestos-related industries.

Asbestos and all commercial forms of asbestos are considered to be human
carcinogené®. Occupational exposure to chrysotile, amosite, anthophyllite, and mixtures
containing crocidolite has resulted in elevated incidence of lung carcinonmesntheliomas
have been associated with occupational exposure to crocidolite, amosite, and @ay<6til
Asbestos-related medical conditions can occur 15 to 40 years after exposure.

Before the 1970s, an estimated 27 million American workers in high-risk occupations
were exposed to asbestos and an unknown number of workers were exposed in other
occupations. The U. S. Department of Labor estimates that currently 1.3 million yeeplo
could be exposed to asbestos on thé’fdBNorkers in the construction industry face the biggest
risk of exposure, particularly in the removal of asbestos during renovation or demalftold
buildings and the repair of ships. Employees can also be exposed to fibers during the
manufacture of asbestos products (such as textiles, friction products, insulationhand ot
building materials) and during automotive brake and clutch repair work.

With the passage of the Occupational Safety and Health Act in 1970, increasingty
asbestos exposure regulations were adopted. The EPA proposed a ban on all uses sfiasbesto
1986, but the proposed ban was overturned on afifleelowever, some asbestos containing
materials were successfully banned, and no new uses in products that had not Historical
contained asbestos are allowed. A combination of legislation, large clase-agits, and strong
public opposition to asbestos resulted in the reduction of asbestos consumption from its peak a
803,000 metric tons in 1973 to 13,100 metric tons in 280, Asbestos use is presently limited
primarily to roofing products (61%), gaskets (19%), and automobile clutch, break and
transmission components (134

In 1982 Nicholson et al. estimated that in the year 2000 there would be 9,700 workplace
asbestos related lung cancer deaths per year (about 6% of all lungs)abesed on
occupational asbestos exposures from 1940-£979his is not directly verifiable, because
statistics on asbestos-related lung cancer are not collected. However ntieesGer Disease
Control and Prevention collect death certificate data on other asbestos retxasel
(asbestosis and malignant mesothelioma — the latter condition is 70 to 90% as$octht
asbestos exposure). In 1999 there were 2,343 reported mesothelioma deaths, and in 2000, 2,384
These figures, combined with the ratio of mesothelioma to lung cancer moitedigbestos
exposed populations, can be used to estimate the number of asbestos-related lung cancers

In a review of asbestos-related lawsuits from 1991 through 2000, representing over
600,000 individual claimantsthe RAND Institute for Civil Justice found that 3% of these
claims concerned mesothelioma, 7% lung cancer and 89% nonmalignant dieaggesting
that the ratio between lung cancer and mesothelioma in asbestos workers is 7 to 3 2.183 to

2 A large volume of these claims had been initiated through mass screenirgas®action
suits. Though overburdening the courts with unimpaired claimants, this process reduces
sampling bias for our purposes.
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all affected parties suédSome of the mesotheliomas were not caused by asbestos, some the
lung cancers were probably due to factors such as smoking, and there was probably some
diagnosis error. However, we use this ratio to calculate that there were <5 &@fational
asbestos related lung cancers in 2000, representing <3.5% of the 159,000 lung canceafdeaths
2000.

This is compatible with other estimates that attribute 5 to 25% of lung canaeality to
the effects of all occupational carcinogenic exposures combined, coupled with estiimait10
to 20% of occupational lung cancers are due asbestos exposure (which would attrioGeé bt
total lung cancer to asbestd®) VIt is also compatible with the year 2000 population
attributable lung cancer plus mesothelioma risk for asbestos of 5% calcutatedrmark,
Finland, Iceland, Norway, and Swed&h

Though there is no definitive statement of the range of attributable risk of lungrcanc
from asbestos exposure, several methods of estimating this seem to convargege of 1% to
5%. For exposure rate we use 10 times the current occupational exposure rate, to facquast
exposures.

In summary, based on our review of the literature we have constructed a sdyofgats

attributing lung cancer deaths among these causes which imply the folleairsgraintsaf(C)

=0.70,af(C) = 0.95,af(R) = 0.21,af(R) = 0.02,af(A) = 0.05, ancaf(A) = 0.01.

Our method also requires an estimate of the background rate of spontaneous lung cancer
ro (see Equation 2). Background lung cancer mortality means different things eénagiffstudies.
For single risk factor studies, it usually means the cancer rate in the papuhati exposed to
that carcinogen. For this analysis, we have defined the background rate a®thieluag cancer
deaths that occur spontaneously, without exposure to any environmental, dietary tiooalpa
or other carcinogen. The background lung cancer rate in populations not exposed to any
carcinogen cannot be directly calculated because exposure history amongihaeg actims is
poorly known. Instead, we can make some inferences based on lung cancer ratedatigrepu
presumed to have had low carcinogen exposure.

The attempts to define background lung cancer rate for minor carcinogens (anlythi
smoking) can inform order of magnitude estimates of the true background raieskarce, the
Committee on the Health Risks of Exposure to Radon suggested that lung cancdityvatrtiae
beginning of the 26 century, which was 3 to 4 per 100,000 in the 1930s, or contemporary lung
cancer rates among lifetime non-smokers such as Mormon women, about 4 per f60da0d
be used to cautiously bound the impact of radon exposure on lung &hcer

Summarizing 3 studies published between 1968 and 1982, Koo and Ho reported that the
lung cancer rate among non-smoking U.S. females aged 40-74 was 5.8 to 7.5 per 480,000
These rates are not corrected for passive smoking.

Some of the deaths in these cohorts presumably occurred spontaneously (without
exposure to radon or environmental tobacco smoke) so we can claim that thesepratss e
the impact of background occurrengieisradon and perhaps other carcinogen exposures.

% This is comparable to the ratio of lung cancer to mesothelioma deaths among 17,8@6sasbes

insulation workers in the US and Canada from 1967 to 1977, namely 2.77R. &€
"Mesotheliomd' in Asbestos Bibliography (Revise@. S. Department of Health and Human Services, National
Institute for Occupational Safety and Health,, CincinnatD72.9
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If there were no other lung cancer risks than radon exposure in these populations and th
relative risk for radon exposure were 1.2 to 1.5, the background “radon free” rategodduncer
from an observed mortality of 4 per 100,000, would be 3.3 to 3.6 lung cancer deaths per
100,000V

There are 3 major objections to this calculation. In the early part of thisiogrting
cancer was greatly underdiagnosed, often being mistaken for tuberculosis, in theeabike
tissue confirmation. The assumption that radon was the only contributing carirsoigdse.
Finally,the relative risk for radon exposure is linked to dose.

Several authors have studied lung cancer in nonsmoking populations. Axelson et al.
calculated the background lung cancer rate (defined as lung cancer maetgdigmong non-
smokers) as

"

fo Po + PsTs + PpIfp (9)
whererg is the background rate in the non-smoking population that is also not exposed to passive
smoking,r is the total lung cancer mortality among smokers and non-smagbkgissthe percent
not exposed to smoke twenty years before the tinsemeasuredy s andpp are the proportions
of the group who smoke and are exposed to passive smoking, respectively stk relative
risk, with subscripts as fgr. This background rate increased over time in several populations,
presumably with occupational and other environmental carcinogenic exposure Y)able

Alavanja et al., observing that 20% of lung cancers in women from Missouri f@86 1
to 1991 occurred among non-smokers, studied lung cancer among ex-smoking and lifetime
nonsmoking white women from that state. They were able to explain 29% of the lung cancer
incidence in this group by non-smoke related variables (saturated fat (22%}ysewn-
malignant lung disease (10%), occupational exposures to known carcinogens (5%), fami
history of lung cancer (4%), indoor radon concentrations above 4 f@t/ourrent residence
(19%)) and 50% of the risk by those plus past smoking history (17%) and environmentaidobac
smoke (6%). The percentages in parentheses are individual variable attribigkhbereas the
first two percentages refer to groups of variables evaluated togéther.

Table V. Lung Cancer Mortality Rates Not Attributable to SmoKiflg

Year Cohort Rate, deaths
per 100,000
1955 Nonsmoking U. S. women 4.9
1965 Nonsmoking U. S. women 5.7
1975 Nonsmoking U. S. women 4.9
1985 Nonsmoking U. S. women 451t06.13
1978 Nonsmoking Japanese women 3.25
1980-2 Nonsmoking Italian women 6.11t0 8.6
1980-2 Nonsmoking Italian men 10.1t0 10.8

Though it is impossible to calculate a background lung cancer mortality rapeéple
with no exposure to carcinogens, researchers have calculated mort@#yaagroups expected
to have low exposures to carcinogens, especially non-smoking groups. Theseaaeseaaally
[0 10 deaths per 100,000, with a median around 5 or 6. During the latter part of the last century,
probably at least a half of these cancers could be traced to some pasbgarac exposure if the
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patients’ exposure histories were known. Accordingly, we estimate the lmackgjrate to be 3
per 100,000, on(()) = 0.013\.

5. CALCULATION OF UPPER AND LOWER BOUNDS ON ATTRIBUTABLE
FRACTION AND RELATIVE RISK FOR EACH RISK FACTOR

Table VI shows the implications of the most unspecific imprecise probabibtyildution
compatible with these constraints for boundsb&ndrr.
Table VI. Results of Optimization: Upper and Lower Bounds on Attributable Fnastand
Relative Risks of Cancer Risk Factors

C R A X
Upper bound ormaf 95% 21% 5.0% 3.2%
Lower bound oraf 70% 2% 1.0% 0.0%
Exposure probability 45" 5006*%) 592" 50/6**
Upper bound omr 43.2 1.53 2.05 1.66
Lower bound onr 6.19 1.04 1.20 1.00

*The fraction of U. S. homes with radon concentrations at or above 25 Bgm
**our estimate

This result attributes between 0% and 3% of lung cancer deatshe group of
unknown environmental pollutants. For the group of known and suspected lung carcinogens
other than C, A, and R, the risk analyst concludes thate is confident in the bounds assigned
to the well understood risk factgréhe sum of the effects of the other factors accounts for no
more than 3% of total lung cancer mortality.

The implication for judging future risk assessments of membeksisthat, if the
assessments project the lung cancer risk to the U. S. population from these polutaais t
excess of 3% of the annual lung cancer mortality, the assumptions of the modelsshoedd
examined and the upper bound on the resulting estimate constrained.

Two national associations of air quality control offices published a projectioreof th
number of cancers due to exposure to diesel exHauFhey estimated that diesel will be
responsible for 125,110 cancers for all metropolitan and non-metropolitan areas of the U. S
(over 70 year lifetimes) for an annual rate of 1,787 cancers. This figureasvig (4,716
deaths) of the projected 2003 lung cancer mortality rate of 15%26@en without adjusting for
the non-lung cancer mortality inherent in their risk estimate, and thereforestofder, would
pass our plausibility test.

The members oK are a diverse group and probably do not share a common exposure
level. As more is known about the individual members, they would presumably move Xut of
and perhaps the exposure level ¥owill become more tractable. In the absence of some
convincing estimate of this exposure, we offer a sensitivity analysisl¢Nall). Changing the
exposure level does not affect the calculation of the basic statistic; howedees affect the
relative risk (Equation 7).

Table VII. Sensitivity Analysis of Relative Risk of X to Fraction of PopubatiExposed

Px 0.005 0.01 0.05 0.10 0.15 0.20 0.25 0.50 0.75
rm(X) 7.64 4.32 1.66 1.33 1.22 1.17 1.13 1.07 1.04
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6. CONCLUSION

In this paper we have applied the Smets’ Transferable Belief Model to &stiam upper
bound on the fraction of lung cancers caused annually by the group of causes for which
comprehensive longitudinal studies are lacking. Such a result is interestingfrisin
management perspective. For example it might be used to infer the level oblcsffrt these
pollutants deserve.

The bounding was accomplished by attributing a portion of the observed cancersto thre
known causes, smoking, radon, and asbestos, and then deducing information about the residual
using maximum unspecificity. The procedure illustrated here can be readigadpplbound risk
factors for a variety of other health impacts and environmental pollutants. alcaspects of
this procedure are:

1. Uncertainty in the known causes is explicitly stated, using statements onarmgpkwer

bounds.

2. Synergistic effects in the known causes are part of the framework.

3. Consistency between known causes and poorly understood agents is required.

The bounding methodology presented in this paper is amenable both philosophically and
mathematically to coupling with expert elicitation @priori risk attribution§'®, a set of such
elicitations is planned for the next phase of this research. We also plan to fdeteop the
mathematical treatment to remove the constraint on the number of the interaotisn te
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