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Appendix

Establishment of Data-Based Criteria
for Radon-Associated Lung Cancer

Introduction
This appendix presenté the scientific basis for suggested revisions of criteria for the
compensation of lung cancer among undeférbund uranium miners from the eligible regions of
the U.S. Radioactive radon (more specifically radon-222, hereafter referred t;) as racjién) is an
inert gas and is a decay product of radium-226, the fifth progeny of uranium-233 véhich is

ubiquitous in the crustal rock of the earth. Radon can migrate f;om soils and rocks and

A
accumulate in enclosed areas, such as homes and underground mines. The carcinogenic

potential of radon derivi:s principally from alpha particles (helium nuclei) emitted during
radioactive decay of the short-lived progeny of radon—222, that is, polonium-218 and
polonium-214.

Since the 1970s, a substantial amount of -résearch, epidemiologic stuc__iies_in'ﬁhumans,
experimental animal studies, and ir vifro cellulaf stu&ies, has been published, that establishes
the causal link between exposure to radon and its decay products and the development of lung

pEx
cancer. Periodically, the body of research material has been reviewed by expert céﬁ]mittees.
Reviews have been conducted by the National Council on Radiation Protection ang .
Measurements (NCRP 1984) and by the International Commission-on Radiation Protection
(ICRP 1987). In 1988, the fourth National Academy of Sciences’ Committee on the

Biological Effects of Ionizing Radiations (BEIR IV) evaluated the scientific literature, and for

the first time, conducted a pooled analysis of original data from four epidemiologic studies of

gy
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miners, including a study of Colorado Plateau uranium miners (NRC 1988). The BEIR IV

Committee reiterated the causal link of radon progeny exposure to lung cancer risk, and
developed a risk model that described the exposure disease relationship. The BEIR IV model
has been the principal model used for the evaluation of radon risks from exposures in mines
and in homes. More recently, buildin% on the work in the BEIR IV Report, scientists of the
U.S. National Cancer Institute in collaboration with principal investigators of all (eleven)
cohort studies of radon-exposed underground miners conducted a pooled analysiéfjof original
data (Lubin et al. 1994; 1995), including recent updates of studies of Colorado Plateau
uranium miners (Hornung and Meinhardt 1987) and New Mexico. uranium miners (Samet et
al. 1991). The pooled analysis included a total of nearly 1.2 million person-years of
observation and over .2,700 lung cancer deaths, nearly eight times the data available to the
BEIR IV Committee.

The BEIR IV analysis and the NCI-led analysis showed that relative risk_‘ ,(RR) of lung
cancer was strongly related to cumulative radon progeny exposure in uillits'ofi Working Ievel
Months' (WLM). The analyses indicated that the exposure-response relationship in the RR
was complicated by a dependence on other factors, notably that the exposuré-régéonse
relationship declined with current age (referreci to as attained age) and time siﬁéé*the exposure

e,

occurred. These patterns indicate that the effects of exposure vary in a complex way as an

e

individual ages. In terms of the RR, the effects of exposure lessen as the age of a miner

increases and with time since cessation of radon progeny exposure. The analyses also found

One Working Level (WL) equals any combination of radon progeny in one liter of air which results in the
emission of 130,000 MeV of energy from alpha particles. WLM is the product of time, in units of 170 hours,
and WL. : '



an inverse exposure-rate effect, that is, for the same total exposure, exposures occurring over
a shorter duration of time (at a higher exposure rate) were less harmful than exposures
occurring over a longer duration (at a lower exposure rate). In the analysis of the Colorado
and New Mexico data which is presented below, the inverse exposure-rate effect was not
statistically significant and will be omitted. The pooled analyses also found that risk from
radon progeny exposure did not depend on éhe age at which a miner wés first exposed.

The procedures used in the BEIR IV and NCI-led pooled analyses:ére the same /_a‘é the
methods used in the analysis presented in this appendix. Specific information is prO\I;ided in
those reports. |

RECA does not establish an entitlement program whereby all lung cancer cases are
compensated, but seeks to establish a program of fairly compensating lung cancer cases for
harm done during the mining of ur.anium. In this regard, the most appropriate basis for
making such a determination is the application of the most relevant data. There have been
two epidemiologic studies of uranium miners in the fqur state region of Arizona, ébldrado,
New Mexico, and Utah. b One study was initiated in the 1960s by the US Public Health
Service and currently is being conducted by the National Institute for Occupational Q%gfety and
Health (Lundin et al. 1971; Hornung and Meinhardt 1987). A second study was initated at
the University of New Mexico (Samet et al. 1991). The study populations constitute a
substantial fraction of all miners eligible for compensation under RECA, and thus are directly
relevant to establishing factors predictivé of lung cancer occurrence. The two studies include
nearly 190,000 person-years of observation and 470 lung cancer cases, and provide the data

used in our evaluation of compensation criteria.




The analyses presented in this appendix use oﬁtcome and exposure information as
provided by study investigators. For comparing the likelihood that an observed lung cancer in
a miner is due to radon progeny exposure using non-WLM-based criteria, we assume that at a
minimum a worker is able to document work history, including calendar years of underground
employment.

This appendix considers five topic.sgre-‘lated to the evaluation‘of whether an observed
lung cancer in a miner is the result of exposure to radon and its deca3} products aqg:iiued
during time as an underground miner.

(1) Pooling data from two studies of uranium miners, risk models\'are developed that reflect
the causal associgtion between radon progeny exposure and luﬁg cancer occurrence.
These models form the basis for recommending new guidelines for cornbensation.
Because the risk model is derived directly from an analysis of a substantial fraction of
all eligible miners, the recommended criteria incorporates a direct evaluatiﬁon of the
likelihood that a lung cancer was the result of exposure to radon progeny.

(2) The scientific basis for the joint association of radon progeny exi)dsure and cigarette use
and the occurrence of lung cancer is reviewed. Based on analysis of avail_g,b@e miner
data, the most appropriate description of the joint RRs can be interpreted tg;gpecifying
eligibility criteria for non-smokers which are less stringent than for smokers. However,
results to date indicate that due to chance alone, the joint RRs are also interpretable as
consistent with using the same compensation criteria for smokers and non-smokers.

(3) Evidence indicates that Native Americans do not smoke or are generally light smokers.

Anecdotal reports suggest that radon progeny exposure may be especially deleterious in




(4)

)

Native Americans. Data are examined and recommendations are suggested.

In response to concerns of the President’s Advisor Panel on Human Radiation
Experimentation on uncertainties associated with the estimation of a worker’s exposure,
an altemati{fe to a WLM-based risk model is developed. This non-WLM based model is
used to recommerid an alternative scheme for establishing compensation eligibility when
information on mine location is rfﬁ!ss'ing or when measu?emeﬁt data are missing or

inadequate for accurate estimation of WLM. _ “ /

s

RECA criteria for compensation require that all exposures occurs prior to 1972, that for

non-smokers total cumulative exposure should equal or gxcee& 200 WLM, and that for
’ A
smokers exposure should equal or exceed 500 WLM or if lung cancer occurs under 45

%

years of age exposure should equal or exceed 300 WLM. Based on current
epidemiologic findings, these criteria do not reflect a scientifically sound attribution of

risk of lung cancer risk from radon progeny exposure, and therefore do not appropriately

discriminate lung cancer cases that are more likely than not due to_radon progeny

w

exposure.

One issue of importance is the requisite “fairness” of the RECA compensation criteria

e

for lung cancers in uranium miners. It is worth considering what is meant by fairness in the

5.

context of lung cancer attributable to radon progeny exposure. Compensation for lung-eancer

is based on whether it was more likely than not due to radon pregeny exposure. This

stipulation can be reflected in the probability of causation (PC), which is a probabilistic

statement of the likelihood that a lung cancer case is due to radon progeny exposure. A PC

equal to or greater than 0.5 indicates that the disease event was more likely than not to have
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been due to the causal agent.

The vélidity of a PC is based on the validity of the model used to describe the
disease-exposure association. If the model omits important factors or misspecifies the
functional form of the relationship, then PCs computed from the model may not measure the
true likelihood of the event being caused by the exposure. With observational data and
without a precise understanding of théflgbi’(“)logical mechanisms of 't'he carcipogenesis process at
the level of the cell and of the organ system, the true risk relationsﬁip, and thus;‘tfle true PC,

can never be determined with absolute certainty. However, a risk model that provides a more

accurate characterization of the observed data will necessarily result in a computed PC which
4

has greater validity.

e

In the view of this Committee; fairness in the compensation criteria is reflected in the
PC. The more accurate the model used to compute PCs the greater fairness there is in the
determination of eligibility. The risk model which is developed below fits the pooled
Colorado and New Mexico miner data signiﬁcanﬂy better than the model imi)iied by the

RECA criteria. Thus, criteria based on the new risk model would iﬁbly a greater fairness
than the RECA criteria. C

Current scientific understanding about the relationship between radon progeny exposure
and lung cancer does not support the RECA criteria, and therefore the RECA criteria should
not be viewed as the benchmark of fairness by which to judgé any new criteria. It is not the
case that new criteria can be fair only if greater numbers of lung cancer cases are
compensated. As a result, using criteria based on a new risk model, some lung cancer cases

may be eligible for compensation who would do not satisfy current RECA criteria.



Conversely, some lung cancer cases who would not be eligible under a new scheme,
indicat_ing that their lung cancer is more likely than not due to factors other than radon
progeny exposure, may be eligible under current RECA criteria.

Finally, true dose to lung tissue from radon and its progeny can never be known with
certainty. WLM estimates in the miner data are approximations and are themseives subject to
uncertainty. Thus, any WLM-based modeii!wflich is developed, whiie having greater validity
than the RECA-based model, cannot be considered as the “gold standard” that identif}és the
true level of risk. | |

- Before proceeding, we briefly review the scientific bésis rfor, the éausal relationship
A

between radon progeny exposure in miners and lung cancer, define the data available for

analysis, and describe the methods of analysis, including the computation of the PC.

Scientific basis for the association of radon progeny exposure and lung cancer
Effects of radon progeny exposure in underground miners .- -

Since the mid-1980s, expert committees have sought to characterizé risk of lung cancer
from exposure to radon and radon progeny. Two early reports, by the National .Cg}%gcil on
Radiation Protection and Measurements (NCRP 1984) and by the International Commission
on Radiation Protection (ICRP 1987), relied on heuristic summarizations of existing results in
the literature. The NCRP committee assumed that the effects of exposure directly added to
the age-specific lung cancer rate in non-exposed workers, and assumed no synergistic effects

of cigarette smoking. In the latter report, the ICRP committee assumed a constant RR model,

whereby the effects of exposure multiple the age-specific lung cancer rate in non-exposed




workers. For exposures in miners, the multiplicative effects were assumed unchanged for all
ages and without regard to years since last exposure. Recent analyses have shown that these
simple characterizations of risk from radon progeny exposure are incorrect. In 1988, the NAS
BEIR IV Committee was the first expert committee to conduct original analyses using modern
statistical methodology. The model linking WLM and lung cancer risk was complex. The
BEIR IV anlaysis showed that over a broaculgra'"nge of exposures RRs )wére generally consistent
with a linear relationship; however, they also showed that the RR relationship was nc}t’
constant, but decreased with cuﬁent age of the individual and with time since the exﬁosure
occurred. These patterns of variation in the exposure-respc;nsé- relatioriship have since been
\

sustained in a pcoled ana;lysis by Lubin et al. (1994; 1995) using data from 11 cohort studies,
including the four in the BEIR IV Report. 4
Effects of smoking on risk of lung cancer due to radon progeny exposure

Cigarette smoking is the major cause of lung cancer. Several investigators have
considered the effects of smoking on the estimates of ;'isk from cxposufe to-radon’ iﬂrdgeny.
Analyses have provided convincing evidence that, although the majority of miners were
smokers, the increased risk with WLM exposure is not due solely to smoking. Bagg__d on
formal analyses, with the Colorado study providing the most complete information, ft has
generally been concluded that there is a synergistic relaﬁonship for WLM and sn_loking, that
is, the lung cancer risk for exposure to both agents is greater than the sum of the risks for
each exioosure individually.

Analyses support a joint association which is most likely intermediate between

multiplicative and additive, although analyses also indicate that the association is consistent




with a multiplicative association. An association which is less than multiplicative implies that
the RR for radon progeny is greater in non-smokers‘than in smokers. In the pooled analysis
of 11 cohort studies, non-smokers had a 3-fold greater exposure-response relationship than
smokers. Because radon progeny exposure multiplies the background disease rate and
because smokers have a much higher lung cancer rate than non-smokers, a “greater than
édditive” association results in a radiogenic é;;cc"éss that is substan,ti’all); éreater ig smokers than
in non-smokers. | . '
:.'[fect of radon progeny exposure in Native Americans
Because of small numbers of study subjects, analyses of Native Afnerican miners have

A
een limited. There have been case reports of lung cancer among Native Americans of the
uthwest, who were involved in mining. * In thé most complete analysis, Samet et al. (1984)
rted on 32 lung cancer cases diagnosed betWeen 1969 and 1982, in which 23 had a
umented history of uranium mining, while none of the 64 matched controls had been

um miners. This suggests a high RR with uranium mining in Native Americans, who

ionally do not smoke or are light smokers. However, results are insufficient for

rt studies of U.S. uranium miners

do Plateau uranium miners | -
- definition and follow-up

he Colorado Plateau uranium miners study was one of the earliest of the modern

ologic studies to document increased lung cancer risk with exposure to radon progeny




(Lundin et al. 1971). Extensions of the follow-up through 1977, 1982, 1987 and 1990 were
subsequently carried out. Initially established by the U.S. Public Health Service (PHS), the
cohort follow-up is now under the auspices of the U.S. National Institute for Occupational
Safety and Health. Work history information was available through 1969; little additional
exposure is thought to have occurred after that time since many workers had retired and many
uranium mines in the Colorado Plateau had closed. In contrast to the pooled‘analysis by
Lubin et al. (1994), we include all miners and all exposures in the analysis. —
The current analysis utilizes the most recent update with follow-up through 1990. A
total of 115 workers, including 12 lung cancer cases, in the Colprado’ cohort qualified for and

4

were included in the cohort study of New Mefcico uranium miners (déﬁned as all underground
miners medically evaluated at the Grants Clinic, Grants, New Mexico). These miners were
included only once in the pooled anatysis.

"‘Members of the Colorado Plateau study cohort included workers in the four States of
Arizona, Colorado, New Mexico, and Utah, who haq completed at least one month of
Ounderground uranium mining, who volunteered for at least one medicai éxamination between
1950 and 1960, and who provided personal and occupational data of sufficient detail for
follow-up and for exposure estimation. Information on follow-up and ascertaimnejlt of vital
status was obtained from records of mining companies, state vital statistics offices, the U:S.
Social Security Administration, the Internal Revenue Service, the* Veteran’s Administration
and, most recently, the National Death Index, and by direct contact. Cause of death was

determined from State death certificates.

Estimation_of radon progenvy exposure

10




01951, only a few measurements of radon were made. During the period

don progeny measurements were made by the PHS, several State agencies and the
‘of Mines. Data were considered representative of areas in which most of the
ked. .After 1960 and untii the latest samples were collected in 1968, most samples
y mine inspectors Between 1951 68, almost 43,000 measurements of radon

;500 mines were obtained. However, as noted by Holaday (NRC 1988, quoted

et al. 1971), most measurements were made for control purposes and mayf'have

‘mines. Measures of exposure to radon progeny were generally collected using
method, which was an area sample based on alpha counts collected using a
éjppar atus. When multiple samples were available in a given mine and year, the
an was used to characterize annual WL levels. When measurements were not
given mine and vear, three different methods were used to asmgn WL levels.
ta for 2 mine were incomplete, the annual average WL was used for the level
Imum of two years from the measured year. (2) When gaps of greaterithan four
or a mine, averages of other mines in the same geographic area were used to
al WL levels. (3) If no data existed in adjacent years or within the gedgraplifc
ates of WL were made based on knowledge of ore bodies, ventilation practices,
tors thought to influence radon progeny levels.

unt of time each miner worked underground was obtained from several sources.

ete collected at the time of the physical examination, one of the defining criteria

11




for enrollment into the cohort. This information was used to provide work histories to that
point in uranium mines, as well as past employment in other hard rock mines. Additiopal

data were collected from mining company records and from an annual census taken by the
PHS and by the Colorado Bureau of Mines.

The number of hours per month underground was taken to be 170. No adjustment was
made for vacations, sick leave, or overtirmie, ‘However, gaps in gmployment histories of one
month or more were recorded and, when available, taken into account m the éxposurg’
estimates. |

When a census identified a miner with no work histc‘r)ryr.:at a particular mine, the miner

A

was assumed to have worked in that mine for a period of six months prior and subsequent to

F

the census date.

A relatively small proportion of the study group had WLM estimates based completely
on measured data. While extrapolafed data may be subject to greater error, the extent of
misspecification depended largely on estimation procedure. An analysis of errorthfound a
coefficient of variation of 112% that included sampl;ing error, counting error, and'.
environmental fluctuations over each year (Hornung 1985). The coefficient of variation in the

Paless

three estimation procedures ranged from 121% to 186%. When all estimation procedures
were averaged over the number of measurements and years worked for each mine: the
coefficient of variation for cumulative WLM was approximately.9/%.

Exposure rates in WL have decreased dramatically over time. Figure 1 shows mean

expdsure rates in WL for 1956-69. The primary factor in the decline was the introduction of

ventilation systems in mines. There is approximately a 20-fold reduction in mean WL for the

12




mines over this time period. Figure 2 shows the number of measurements made in the mines
over this same period of time. The number of measurements peaked in the late 1950s and
early 1960s and declined thereafter. These figures make it clear that if compensation criteria
are based on duration of time spent in underground, as suggested by the Advisory Panel,

calendar period of mining' must also be considered.

i
da

Estimation of other mine exposures
For the present analysis, data were available on years of previous underground l_hard rock

mining, as well as an estimate of WLM accumuléted in these mines. There were ni:; data

available on other specific exposures that may have been encountered in the uranium mines,

A
such as arsenic-containing dusts or silica, or in the previous hard rock mines.

#

Information on tobacco use

Data on smoking were obtained at the annual censuses of miners and from mail
questionnaires, obtained on one to four occasions between 1950 and 1960 and ati'(j_)ther times
between 1963-69 (NRC 1988; Whittemore and McMillan 1983).

New Mexico uranium miners

Cohort definition and follow-up

]

The State of New Mexico was one of the four States included in the Colorado Plateau

uranium miners study of the PHS. In 1977 a separate study cohozt was established by

investigators from the University of New Mexico. The cohort consisted of men who had

undergone a mining-related physical examination at the Grants Clinic in Grants, New Mexico

and who had worked at least one year underground in New Mexico prior to December 31,

13




1976 (Samet et al. 1991). The Grants Clinic opened in 1957 and performed most pre-
empioymenf as well as follow-up examinations for area mines. Although the geographic area
of the New Mexico study was spatially related to the source area of workers for the Colorado
Plateau cohort and although some workers qualified for inclusion in both coborts, the New
Mexico workers had substantially lower mean exposures.

Vital status was determined by search’lﬂg”‘New Mexico Yital _staﬁsﬁcs records, the New
Mexico Tumor Registry and State drivers’ license records. The cohort was also matched
against the records of the Social Security Administration and the U.S. National Death Index.
Death certificates were obtained for the deceased and cause of death ascertained. After

\
excluding men with missing work history, birth year, or follow-up information, vital status of

#

3,469 workers could be ascertained; 390 workers have a verified cause of death.

i

Estimation of radon progeny exposure

Measurements of radon and its progeny were obtained from various sources. Prior to
1968, data on radon progeny came from the State Mine Inspector, the StatemHealth"and
Environment Department, and records from the Colorado Plateau study. These data were in

(/the form of annual estimates for individual mines. .
| From 1967-1985, estimates of WLM exposure were taken from the WLM reports for

individual miners from mining companies in the area, submitted to the U.S. Bureau of Mines

or its successor agencies, the Mining Enforcement and Safety Administration, and the Mine
Safety and Health Administration. Records were generally complete for the larger mining
companies, while generally not available for the smaller companies (Morgan and Samet 1986).

Estimation of other mine exposures

14




For each worker, information from Clinic records was available on whether he
previously worked in a hard rock mine.

Information on tobacco use

Clinic records indicated smoking status; current smoker, former smoker, or never

smoked.

Material and methods of analysis
Pooled miner data

We developed risk models by directly pooling data from the Colorado and New Mexico
studies. In the Colorado and New Mexico studies, there was a total c;f 7,475 miners, who
accrued 187,406 person“fyears of observation and 470 lung cancer deaths. There were 951
Native American miners with a total of 35 lung cancers. For Colorado and New Mexico
miners, mean cumulative exposures among exposed were 681 and 110 WLM, respectively.

Relative risk regression models )
Poisson regression methods (more correctly called piecewise-exponential regression
models) were applied to the pooled data. Methods are based on a RR model whicl}_. 1s linear
in WLM exposure, but allows for variations with other factors. These methods are similar to
and are detailed in the BEIR IV Report and Lubin et al. (1994). The background ;isk of lung
cancer among “non-exposed” miners was specified using factors for study, attained age,
calendar year, previous hard rock mining experience, smoking status, and ethnicity (whites

and Native Americans). These factors were adjusted in the modeling by categorizing the

variables and including stratum-specific parameters.
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RECA criteria and characterization of lung cancer risk

RECA criteria were meant to identify lung cancer cases which were more likely than not
due to radon progeny exposure. This can be restated as a PC greater than or equal to 0.5.
Since a linear model for the RR in WLM is a good first order approximation, RECA criteria
can be re-expressed in terms of the RR of lung cancer for cumulative exposure (w), smoking

status and age. For non-smokers, the speciﬁééttibn of a PC of 0.5 at 200 WLM implies a

linear RR model which is independent of age, namely,
RR (w)= 1+0.005 x w
. , S
For smokers, the specification of a PC of 0.5 at 300 WLM for ages under 45 years and 500
WLM at ages 45 years anzl older implies the following RR modf:ls,
RR e «as(W) = 1 + 0.0033 x w

for under age 45 years, and

RR 5s(w) = 1+ 0.002 x w
for ages 45 years and older.

Direct analysis of data reveals that these RR patterns do not provide an adequa"c‘fc__‘h fit.
Compared to the models developed below, the RECA-based model for the RR is stati;tically
rejected, p<0.001. ’

For current ages 45 years and over (the majority of miners), the 500 WLM criterion
implies that the excess RR of lung cancer increases.0.2% per WLM and that the increase is

constant with age and other factors. The BEIR IV Report (1988) demonstrated conclusively

that a model in which the RR depends only on WLM does not adequatefy describe the
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association between radon progeny exposure and lung cancer. The BEIR 1V analysis
indicated that the RR of lung cancer increases with increasing WLM (as impled in the
RECA-based model), but that the exposure-response relationship decreases with attained age
and time since tﬁe exposure occurred. In the more recent analysis of 11 miner cohorts,
analysis showed that in every cohort examined, a constant relative risk model did not provide
an adequate fit to the data.

Among miners in the pooled Colorado and New Mexico studies, the REbA crigerion that
distinguishes lung cancer events under age 45 years has little impact on eligibility f;)r
compensation. Of the 470 lung cancer deaths in the joint poﬁulation,' 32 lung cancer cases
occurred under age 45 years, with 27 lung cancer cases in smokers. ~:?3&11 five non-smokers
qualify for compensati(:n. Of the 27 s;hokers, twenty qualify. under RECA criteria. All, but
two workers, had exposures above 500 WLM (and thus qualified under the general exposure
criterion). Only two smokers under age 45 had exposures in the 200-300 WLM range.
(Using the model defined below, all 27 smokers would be éligible for corx}per_lsa{ion, since

their disease occurred at such young ages, when lung cancer is usually quite rare.)

Definition of probability of causation

Probability of causation is the chance that an observed lung cancer was due to radon
progeny exposure, i.e., PC is the increase in the probability of lung cancer due to exposure.

Formally, for a lung cancer cases occuring at age a, for an individual with WLM exposure w,

and with other factors z, the PC is defined as

17




_ P(lung cancer given w and z)-P(lung cancer given w=0 and 2)
P(lung cancer given w and z)

PC(w,2)

Dividing the nummerator and denominator by the disease probability in the non-exposed, one

obtains the PC as a function of the RR, namely,

RR(w,2)~1

PC (w,z? = TRRD)

For a given level of exposure w and values for other factors z, thg RR with exﬁosure is
determined by the risk model.
Topic 1: Modeling lung cancer risk and WLM

In modeling risk in miners, we have the benefit of having data 0;1’ a substantial

%

proportion of the population of interest, thus obviating the need for an extreme extrapolation
from one population to another, possibly unrelated, population. Thus, risk levels can be based
directly on relevant epidemiologic data. While the Colbrado study provides limited
information for exposures below 100-200 WLM, there are substantial data f;om Nféw Mexico
study in this range, where exposures were lower. In the New Mexico miners, mean year of
first employment occurred about a decade later, in 1965, after substantial control measures
had been put in place. Patterns of risk with exposure in the Colorado and New Meic?co
studies wefe consistent with patterns found in other popﬁlations of radon-exposed n;;ners. .
This suggests that the observed patterns of risk in the data are not,,artifécts, but likely reflect
underlying biological processes.

It is worth noting that, while there has been considerable advances in recent years in

understanding the nature of the carcinogenic process from exposure to alpha particles,
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knowledge is still incomplete. There are currently no biological markers of disease that can
be used to attribute a particular case to radon progeny exposure, that is, given biological
material from a lung cancer, it cannot be deduced whether the tumor was “caused” by radon
exposure.
Development of risk model

Previous analysis of the Colorado data indicated that the exposdre:response was
non-linear, particularly at high exposures. Analyses also revealed that the expo.sure-reg,ponse
relationship varied with attained age and time siﬂce last exposure. Although our inteﬁt was to
characterize risk as precisely as possible, we made several simﬁlic_ationé to the models to

kY

enhance their usefulness in developing a practical scheme based on PCs.

£

For simplicity, age was categorized into four fevels, <50, 50-59, 60-69 and =70 years of

age, and time since last exposure was categorized into three levels, <10, 10-19 and 220 years
since last exposure. The following RR model along with several variants were fit to the data:
RR = 1+ B x W* Xy, X O B ¢}
where w is cumulative WLM and B the exposure-response parameter, K is a “non-linear”
effect of exposure, ¢, denotes the effects of the three time since last exposure categories,

PRk

0100 D1o.190 Puz0o and O, denotes the effects of the four age categories, 0.0, Os0.500 Ogo60> and

age

ot

0, For identifiability, we set ¢.=1.0 and 0_,,=1.0. Results of the model fitting afe shown
in Table 1. The table shows that the exposure-response relationship was significantly
modified by both age and time since last exposure. These models -were fit assuming a
multiplicative association for radon progeny exposure and smoking status.

Based on model A in Table 1, approximately 77% of lung cancer cases can be attributed
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to radon progeny exposure,
Cohort a’iﬁérences

The populations from the two studies arise from the same mining area of the U.S.,
although different criteria which were used to define entry into the éohort meant that mean
exposure differed substantially. Model (1) was modified to test for cohort differences by
replacing the exposure-response parameter Fi} with study-specific pararheters, Beo and Pum-
The estimates were similar; the exposure-response estimate was about 30% gréater fq_r’ New

Mexico, but a score test revealed that this difference was not statistically significant, p=0.75.

Topic 2: Cigarette smoking and lung cancer risk due to radon

Published analyse: of the Colorade data and the New M:exico indicate that data are
consistent with a multiplicative relationship between smoking and WLM, but that the data are
also statistically consistent with a relationship less than multiplicative. A multiplicative
relationship implies that the proportion of lung cancers due to radon pioge_ny exﬁdsure is same
in smokers and non-smokers. (Because the lung cancer rate is substantially greater in
smokers, the model also implies that the absolute number of lung cancer cases dueyzftlo radon is

P

greater in smokers than non-smokers.) In determining risk, a multiplicative association
suggests that the same model, and therefore the same compensation criteria, shoqlg be applied
to smokers and non-smokers. e

Analyses indicate that the most appropriate model is less than multiplicative. This

implies that the increase in the RR with radon progeny exposﬁre is somewhat greater in

non-smokers that in smokers. The difficulty in applying a sub-multiplicative relationship is
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the limited amount of data on lung cancer risk in non-smokers. This leads to a lack of
adequate pdwer to estimate precisely the nature of the joint association. An estimate of the
“degree of sub-multiplicativeness” depends heavily on the postulated form for the joint
association. Since a multiplicative model is consistent, the difficulty in the estimation of any
particular sub-multiplicative’ model has lead most researchers and expert committees to apply
the same risk model to smokers and non-smiokérs. This is the apgroach taken by the
Environmental Protection Agency in applying miner-bésed risk models in the estimation of
lung cancer risk from residential radon exposure.

Although the precise form for the joint RR is uncertain, cilrrgnt analyses indicate that the

\
absolute risk of lung cancer due to radon progeny exposure and to cigarette smoking do not

simply add. In the generil population the lung cancer rate among smokers is 10-20 fold
greater than the lung cancer rate among non-smokers. An additive RR association for WLM
~ and smoking would imply that the excess rate of lung cancer due to radon is the same in
smokers and in non-smokers. Data indicate that more radon-attributable lung cané;:r cases
occur among smokers than non-smokers. |
In the pooled analysis, Lubin et al. (1994; 1995) separated data into smokers an

PR

non-smokers and found that the exposure-response in non-smokers was about three times the

exposure-response in smoker, indicative of a sub-multiplicative association.
Because there is evidence that Native American miners either did not smoke or were

light smoker, Native American miners with missing data on smoking was classified as a

non-smoker.- In the pooled data, 427 miners, including 6 lung cancer cases, had no

information on smoking, and were omitted from the smoking analysis.
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There were 464 lung cancer cases with information on smoking habits, with 47 cases
among non-smokers. With so few non-smoking lung cancer cases, we could not fit a separate
model for non-smoking miners. To adjust the model for smoking status, model (1) was fit to
all data, Table 1. (Smoking was still included as a stratification factor in the background.)
Parameter values for the effécts of non-linearity (k), age and time since exposure were then
fixed, with only the B parameter free to be ¢stifnated. The model ‘was modified by i'eplacing
the exposure-response parameter § with smoking-specific parameters, Bos .and Bsn;k, thenf,ﬁt to
the data on miners with smoking information. The changes in the B, and By relative; to the
overall § were then applied to thé model for all data (Table 1 column A).

A
In the miners with smoking information, relativ_e to the overall B, the estimate for

smokers was reduced by a factor of 0.8, while the estimate for non-smokers was increase by a
factor of 3.0. For all data combined, the results in Table | column A were modified to reflect

smoking status, an=3.0><0.22=0.66 replaces B for non-smokers and B,,;=0.8x0.22=0.18 for

smokers for the computation of PCs.

Topic 3: Radon risk among Native Americans _
e

As indicated previously, there was little quantitative information that allows comparisons
of lung cancer risk with radon progeny exposure among Native American miners wi:h
non-Native American miners. There was suggestive evidence that among smokers and among
non-smokers the estimated exposure-response for Native American miners was greater than

for non-Native American miners; however, the difference was not statistically significant

(p=0.18). In addition, the relative impact of smoking on the estimated radon
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exposure-response for Native-American miners was less than for non-Native American miners,
i.e., the difference in the exposure-response by smoking status was smaller for Native
American Iﬁiners than for non-Native American miners, suggesting less of a difference
between Native American smokers and non-smokers. Since the data on Native American
miners are too limited to estimate an exposure-response trend specific for ethniticity and since
Native Americans who do smoke are generﬁlly light smokers, we cleis‘sfify all Native American

miners as non-smokers for risk estimation purposes. ’

Topic 4: Risk modeling based on duration of exposure and year first exposed

A
The President’s Advisory Panel voiced concern about the misclassification of exposures

w

and the inability to document exposure rates in miners for individuals seeking compensation.

2

While some estimates of exposures may over-estimate true exposures, there was particular

concern about possible under-estimation of exposures, and the possibility of unfair denial of

compensation. The major source of error in exposure assessment is the uncertainty in

exposure rates for the various mines and tunnels.

The risk models presented in Table 1 were based on the association of WLM and lung

afe 28

cancer risk, with modification by age and time since last exposure. This approach may be

b

termed a science-based approach, in that the goal is to explore the underlying relationship..

between exposure and disease, and provide insights into the carcinegenic process. For the
purpose of compensation, however, the calculation of a miner’s WLM is often problematic

and perceived to be unfair by applicants. An alternative approach relates cancer risk directly

to duration of exposure and calendar year of employment, along with other factors. It would
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be expected that duration of exposure and year could be known and verified with great
accuracy, and therefore subject to less misclassification, and would be preceived to be fairer .
by applicants. The approach has the advantage that the calculation of risk appears more
transparent.

It should be noted that' WLM is not a true measure of lung dose, but is a surrogate of
the true lung dose. Likewise, exposure determined in terms of d_uratiénbf underground
employment (and calendar year of first exposure) is also a surrogate of the true ‘lung dqse.
Because exposure rate is ignored, it must be expected that duration of exposure (and é;ilendax
year of first exposure) may be less adequate than WLM as a surrogate for the true dose.

For simplicity in risk modeling and in risk determination, we use \)“Iear of first exposure,

3

rather than vear of exposure. Since periods of work histories which were free of exposure
constitute a relatively small proportion of total exposure durations, modeling duration and year
exposed, or duration and year first exposed will define similar levels of risk. We defined
three categories for year of first radon progenymexi)osure, <195-54, 1955“59’; and 2h1r-960. The
RR of lung cancer was modeled in duration of exposure (denoted by d), aé follows

RR = 1+ B x d x Yy X Qg X Opge x T e
where in contrast to model (1) p now denotes the duration-response parameter. Tht;
parameters v, denotes three parameters for categories of year of first radon exposu_;;:,
<195-54, 1955-39, _>u.1 960, while ¢, and 6,, represent parameters_for categories of time since
last exposure categories and attained age, and t represents a parameter of the effect of

continuous age minus 60 years. An empirical evaluation indicated that the inclusion of

continuous age significantly improved model fit.
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Results of modeling are shown in Table 2. Non-linearity of the duration-response
relationship‘ is only marginally significant, while year first exposed, time since last exposure,
and attained age are significant modifiers of risk.

Although not directly comparable, the deviance (a measure of model fit) was
substantially smaller using model (1) then model (2); for the “full” models, deviance values
were 2,509.9 on 17,218 degrees of freedom for the WLM-based model; and '2569.9 on 17,216
degrees of freedom for the duration-based model without continuous age and 2;557.7 on
17,215 degrees of freedom for the duration»based- model with continuous age. This Silggests
that model (2) does not fit the data quite as well as model (1). The attributable risk of lung
cancer using the duration-year first exposure model A in Table 2 was tf?:%, similar to the 77%
attributable risk based 01: model (1) using WLM. (Note this is‘ slightly higher than reported in
Lubin et al. (1994), due to the inclusion of all exposure data. Lubin et al. excluded exposures
above 3,200 WLM.)

Modification of the B estimate in the duration-based model (2) for smgking s-tatus was
carried out as for model (1). Model (2) was fit to the miners with smoking information, all
parameters, except B, were fixed. The model then was refit with By, and B, replacigg B.

o

Relative to the overall B, the estimate for smokers was reduced by a factor of 0.9, lwhile the
estimate for non-smokers was increase by a factor of 2.4. For all data combined, thc results
in Table 2 column A were modified to reflect smoking status, B,=2.4 x22.3=54.4 V(With
rounding) replaces B for non-smokers and B, =0.9x22.3=19.0 for smokers for the

computation of PCs.

The President’s Advisory Panel was concerned by the purported difficulty computing an
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accurate WLM for a miner with lung cancer. In response to their concerns, the Committee
developed a risk model based on duration of underground mining and year of first
employment underground, factors which are likely known w1th a high degree of accuracy.
However, another source of uncertainty that has yet to be considered arises from statistical
sampling variability. The (asymptotic) statistical variability is captured in the covariance
matrix of the parameter estimates. Howéi;ref, for the complex models described in Tables 1
and 2, calculating the variance estimate for a given set of covariates (age, ‘tim‘e sincg Jast
exposure, and WLM, or duration of exposure and year of ﬁrét exposure, as well as fsmoking
status) is not a simple matter, since one must account for the variance and covariance in the

A

estimation of all the parameters. As suggested in the BEIR IV Report, a simple informal
approximation is availa;ble, recognizingsthat statistical uncertajnty is only one of many sources
of uncertainty that burden accurate.risk estimation. Stratifying on categories of attained age,
calendar year of follow-up, study, ethnicity, previous fnining experience and smoking status,
we fit a simple constant RR model in WLM, namely, ~

RR=1+Pxw
Although this model does not represent the appropriate RR relationship, the estimate of 3

S !

does represent a kind of average excess risk for the study population as a whole over the
period of observation. Further, the estimate of variance then represents the apprc;);imate‘..
sampling variability for the data. In fitting the constant RR modei in WLM to the data from
the two cohorts, we obtained a multiplicative standard error of 1.25 for the estimate of P.

Thus, to ensure that the computed RR for a miner captures his true level of risk with 80

percent assurance or 90 percent assurance the excess RR in model (1), i.e., RR-1, should be
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multiplied by the factor 1.3=1.25'* or 1.4=1.25"% respectively. Because the approach is an
approximation and the sampling variability is only one of the multiple sources of uncerfainty
in risk estimation, the limits are referred to as levels of assurance rather than levels of
confidence which carries the connotation of a statistical cqnﬁdence interval, which has a
precise sampling interpretatibn and beyond our intended usage.

Model (2) in duration of exposure and year of first exposure'len‘ds; itself to a similar
approximation, using a constant RR model in duration of exposure, as opposed to WLM In
this case, the 80 percent assurance or 90 percent assurance levels are given by multipl.ying the
excess RR in model (2) by the factors 2.2 or 2.8, respectiveiy.

\

Adjusting the compgnsation criteria by a level of assurance decreases the number of
false negative claims, i.e., rejecﬁng claimants deserving of compensation. As a consequence,
however, there is an increase in the number of false positive claims, i.e., compensating
claimants who fails to meet a more likely than not criterion.

Topic 5: Comparisons PCs for data-based risk model and RECA—baséd models

As indicated above, the RECA-based model does not adequately account for pfgerns of
risk, which therefore implies that RECA criteria do not adequately and fairly identify high
risk workers. Using the 470 lung cancer deaths in the Colorado and New Mexico siudies,we
compute PCs using three different approaches: (i) based on the RRs"derived from the RECA
criteria, denoted PCgecy; (ii) based on fitting model (1) which utilizes the relationship of risk

with WLM and other factors, denoted PCy,,; and (iii) based on model (2) which utilizes the

relationship of risk with duration of exposure, calendar year of first exposure and other
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factors, denoted PCy..

While PCy, is computed from what is thought to be the most appropriate model, any
comparisons among these PC values is problematic, since the “true” relationship between
exposure and disease cannot be known precisely.

Figure 3 compares PCrpcs With PCypy- Dotted lines denote a PC value of 0.5. The
PCyyy points follow curved paths of related'\;;al:hes because of the Acatégc;)ricalzrepresentations |
of age and time since last exposure. There were 296 lung cancer cases with botil PCreca and
PCypy greater than or equal to 0.5, termed the “true positives”; 22 cases With PCegca iO.S
and PCyy<0.5, termed the “false positives”, who would be compensate&i under RECA

. A
criteria, but not under the more appropriate risk model; 92 cases with PCrpca<0.5 and

L2

PCyp 0.5, termed “falsé negatives”, who would not be compepsated under RECA criteria,
but would be compensated under the more appropriate risk model; and 60 cases with
PCreca<0.5 and PCyy<0.5, termed “true negatives”, who would not be compensated under
either approach. Out of 388 (296+92) lung cancer cases who would be co_rnpensatéd‘ based on
the more scientifically-based model, 92 or 24% would be ineligible under RECA criteria.

As indicated, the age 45 criterion for smokers has little practical impact on detegpining
compensation. The question might arise whether any single WLM could ever adequately
identify high-risk cases. Figure 4 plots PCyyu based on model (1), by cumﬁlative \;JLM
exposure. As illustrated, a simple criterion based on a single WLM which Would be
represented by a vertical line) is insufficient to seggregate lung cancer cases with high and

low values for PC. For example, several cases with an estimated exposure of over 1,000

WLM had a value for PCyyy of less than 0.5. These cases are individuals over the age of 70
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at lung cancer occurrence and with more than 20 years since last exposure.

The correlation coefficient for PCysy and PCy, was 0.88. Figure 5 shows a plot of
PCyyy and PC,, for the 470 lung cancer cases. (The correlation coefficient for PCyyy and
PCreca is 0.65 énd for PC,,, and PCryca 1 0.57.) PCyrm and PC,,, agree on the compensation
classification of 89% (419/470) of cases. Using PC,, as the sole basis for compensation, 2%
(6/349) of lung cancers would be inappropfidtely compensated, while 45 or 12% (45/388)
would be inappropriatedly rejected. |

The rate of rejecting deserving lung cancer cases under a PC,, scﬁeme could l;e reduced
by lowing the 0.5 criterion for the PC, with the corresponding consequence of increasing the
aumber of non-deserving cases who are compensated. However, as ;ﬁggested by Figure 4, no

kol

obvious and reasonable reduced standard (any vertical line) would capture a large majority of

incorrectly rejected cases without markedly increasing the number of inappropriately

compensated cases.

Development of model-based compensation criteria

The characterization of lung cancer events that are more likely than not due to radon

¢

ragi)

progeny exposure can be re-expressed as PC=20.5, which is equivalent to all cases with a
computed RR>2.0. Based on model (1), this characterization can be defined in t&ﬁs of the
level of WLM exposure for fixed categories of time since last exposure and age by solving
the expression, PC=(RR-1)/RR, for w, ie.,

Tables of exposures for fixed categoriés of time since last exposure and attained age were

computed for RR=2.0. Table 3a shows WLM values for smokers, where By (=0.8xp)
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replaces B from Table 1, and for non-smokers, where B, (=3.0xf) replaces B. The table
illustrates the impact of age at lung cancer and time since last exposure. The older the case
occurs and the more distant in time since t}}e last exposure the less the likelihood that the
observed disease was due to radon progen;f exposure, and therefore the greater the WLM
required to meet the more likely than not criterion. The values of WLM that are reqﬁ;red to
meet the "more likely than not" criterion with 80 percent and 90 percent assurance are shown
in Tables 3b and 3c, respectively. .

A similar approach for adjusting the risk model for smoking status was used with
model (2), using 0.9 and 2.4 as adjustm;nt factors for B for smokers and non-smokers,
respectively. Table 4a sh.ows duration of exposure in years that would be require to meet a
“more likely than not” criterion of lung cancer causality. The values of duratidn that are
required to meet the "more likely than not" criterion with 80 percent and 90 perde;i;t assurance
are shown in Tables 4b and 4c, respectively.

The criteria defined by Tables 3 and 4 were applied to the 470 lung cancer cases
occurring in the pooled Colorado and New Mexico data (Tables 5 and 6). Using model (1)
and the WLM-based approach, 388 (83%) cases would be eligible for compensation, with the
numbers increasing to 401 (85%) or 403 (86%) after accounting .%c;,r a 80 percent or 90
percent level of assurance in the RRs. ‘Under model (2) and the duration/year first
exposed-based approach, 349 (74%) cases would be eligible, with the number increasing to

394 (84%) or 408 (87%) after accounting for the level of assurance.
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