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Objectives Many potential occupational causes of cancer have been documented. Imputation of an individual
cancer to occupational or other causes is, however, difficult. A method based on the Bayes theorem is proposed
for assessing causal relationships at the individual level.

Methods Causality assessment, dealing with four types of persons defined by exposure and the occurrence of
cancer, was linked with imputation, only dealing with persons who have cancer and were exposed. Imputation
was then formulated using the Bayes theorem, relating epidemiologic information regarding causes, a patient’s
exposure history, and the posterior odds that the cancer was caused by a suspected occupational exposure. Data
needed to apply a Bayesian method were defined in terms of relative risks, proportion of people exposed in
populations, and the frequency of a positive relevant characteristic for persons without cancer. A relevant
characteristic was defined using a formal consensus between experts. The method was then illustrated with cases
of mesothelioma and lung cancer in possible relation to asbestos.

Results Experts defined the relevant characteristics as being qualification of occupational exposure, intensity
of exposure, latency, disease characteristics, and presence of causal agent in the body. Application to mesotheli-
oma and lung cancer cases illustrated the potential usefulness of the method.

Conclusions The importance of occupational exposure in the formulation of imputation underscores the need
for available and reliable data sources on occupational exposures. The proposed method could become a
powerful tool for the expert assessment of causes of cancer cases, provided data become available in individual

files and the literature.

Key terms causality; Bayes theorem; occupational cancer; epidemiologic methods.

Many potential occupational causes of cancer have been
documented in the scientific literature (1-3). Under-
standing these causes requires good cancer epidemiolo-
gy and an understanding of exposures and the suscepti-
bility of those exposed (4). These occupational expo-
sures have major consequences for people who develop
cancer and on insurance bodies who compensate for lost
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revenues and other financial consequences of cancer.
Compensation of a person with cancer cannot, howev-
er, occur before the disease can be imputed to a specif-
ic occupational exposure.

In many countries, recognition of an occupational
cause is based on a set list of diseases and criteria re-
garding exposure (4, 5). In France, for instance, impu-
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tation only takes into account the diagnostic category,
characteristics of exposure, and delay between exposure
and the occurrence of the disease (6). In the United
States and many other countries, expert advice is re-
quested by courts or insurance companies for judging
imputability (7). Without specific methods to assess im-
putability, recognition of a causal relationship for an in-
dividual remains a subjective process, often yielding dis-
agreement between experts (7).

One way to improve an expert judgment may be to
use prediction rules yielding estimates of the probabili-
ty that the disease is due to a specific cause. Such prob-
abilistic methods are currently used for clinical diag-
noses (8) and were proposed for the imputation of ad-
verse reactions to specific drugs (9). In occupational
health, probabilistic methods were developed for calcu-
lating the probability that a cancer might be attributed
to occupational exposure to radiation (10), a context in
which the concept most often used is that of the proba-
bility of causation (10, 11). In this paper, we propose
an extension of existing methods, based on Bayesian
reasoning, the Bayesian imputability method, to com-
pute the odds of causation at the individual level. Our
method provides a more precise means of estimating
probabilities, as it takes into consideration the proba-
bility of exposure. We formulated the imputability of
cancer to a specific occupational exposure using the
Bayes theorem and its link to the epidemiologic assess-
ment of associations. We then had an expert group de-
fine, using formal consensus techniques, which infor-
mation would be relevant for use in the method. Final-
ly, we illustrated the method using cases of mesothelio-
ma or lung cancer for which an occupational exposure
was suspected.
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Bayesian imputability method

Formulation of imputability

In the classical epidemiologic assessment of associations
between an occupational exposure and a given cancer,
the research question is whether the exposure can be the
cause of the cancer. Occupational exposure can be an
occupation (eg, being an insulator) or the exposure to a
substance (eg, asbestos) through an occupation. It is
summarized by a simple 2 x 2 table (lower right corner
of figure 1) from which association measures such as
relative risks and risk or odds ratios are estimated, al-
though the concept of causality is much more complex
(12). Imputability is a clinical question regarding an
exposed cancer case for which the expert must decide
whether the occupational exposure is the major cause
of the cancer. Imputability is therefore characterized by
the fact that all concerned persons have both the cancer
and the occupational exposure (individuals a in fig-
ure 1).

As in any clinical question, a conclusion regarding
imputability can be reached using one or more relevant
characteristics regarding the case. By relevant charac-
teristic, we mean any characteristic of the exposure, the
disease, or the person that modifies the association be-
tween the occupational exposure and the occurrence of
cancer. The value of a relevant characteristic is provid-
ed by its sensitivity (proportion of cancers due to occu-
pational exposure with the relevant characteristic) and
specificity (proportion of other cancers which do not
have the relevant characteristic). The value of the con-
clusion depends, however, on predictive values (posi-
tive, the proportion of cancers with the relevant charac-
teristic that are due to occupational exposure; negative,

Individuals with cancer
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Figure 1. Link between the traditional epidemiologic assessment of associations between occupational exposures and cancers and the question

of imputability.
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the proportion of cancers without the relevant charac-
teristic that are not due to occupational exposure).

Formulation of imputability using odds

Another way to express imputability is the Bayes theo-
rem (13). This theorem compares the likelihood of
reaching a good conclusion to the likelihood of making
an error. For a relevant characteristic, this comparison
is expressed by the posterior odds of imputability, cal-
culated by dividing the positive predictive value by its
complement to one.

Let O* be the fact for a case being due to a given
occupational exposure and /* the fact that a case has a
given relevant characteristic, for instance, the fact that
the level of exposure was high (figure 1). Similarly, let
O~ be the fact for a case not being due to a given occu-
pational exposure and I~ the fact that a case does not
have a given relevant characteristic. The formulation of
imputability can then be summarized by the 2 x 2 table
crossing the presence or absence of the relevant char-
acteristic and the true causal relationship between oc-
cupational exposure and cancer (higher left corner of
figure 1). In that context, the Bayes theorem (posterior
odds = likelihood ratio x prior odds) is reformulated as
the relationship between the posterior odds of the im-
putability of the cancer to the occupational exposure,
the prior odds of the imputability of cancer to that oc-
cupational exposure and the positive likelihood ratio of
the relevant characteristic:

Pr(O*
Pr(O~

Iy Pl
1y Pr(I*

) Pr(0)
o) Pr(O)°

(equation 1)

where Pr indicates a probability and the vertical bar |
means “given that”. Pr(O* | I*) is thus the probability for
a case to be due to the occupational exposure given that
the relevant characteristic / is present. If several rele-
vant characteristics regarding the case, indexed
i=1,2,..., k, are used to build the reasoning, then

Pr(O*|I7, 1+, 17)  Pr(l|07)  Pr;]0Y)

Pr(OT|17, 13, 1))  Pr(IT|07)” Pr(;]0")
Pr(7|0") Pr(I/|0") Pr(0O")

X PO +| - -y+  (equation 2)
Pr(I*|0) P07y Pro)  (©a

Each parameter can be derived from epidemiologic data
as follows (table 1): Pr(O*)/Pr(O") is the probability of
all exposed cases due to the occupational exposure, or
the attributable fraction of those exposed, divided by the
probability of cases not due to the occupational expo-
sure. The attributable fraction of those exposed (AFE)
can be estimated as
arE = RB 1
R

o

R (equation 3)

where RR,, is the relative risk of cancer in people with,
compared with those without, the occupational exposure.

Pr(Z;*| 0*)/Pr(I*| O") is the positive likelihood ratio
of characteristic i (ie, the relative frequency of the rele-
vant characteristic i in cancer cases due or not due to
the occupational exposure). In the absence of a gold
standard test for imputability, these parameters cannot
be directly estimated. However, under the hypothesis
that the frequency of the relevant characteristic for a

Table 1. Definition of the epidemiologic parameters needed for applying the Bayesian imputability method and related possible data

sources.

Parameter Notation Definition Possible data sources

For a given occupational exposure

Attributable fraction AFE Proportion of cancers due to occupational exposure Calculated from the next parameter
among persons exposed to occupational exposure

Relative risk of cancer related to RR, Association measure between occupational expo-  Cohort and case—control studies

occupational exposure
For each relevant characteristic? within an occupational exposure

Frequency of the relevant Pr(l,-*|0+)
characteristic in cases attributable
to occupational exposure
Frequency of the relevant characte-  Pr(/;
ristic in cases not attributable to
occupational exposure

Frequency of occupational exposure  Pr(Occup.)

Frequency of the observation of the ~ Pr(Z;"
relevant characteristic in persons
without cancer

Relative risk of cancer related to the

RR ,, _
presence of the relevant characteristic /1

No cancer) Proportion of persons without cancer for whom
the relevant characteristic is present

Association measure between the presence of the
relevant characteristic and the risk of cancer

sure and risk of cancer

Proportion of cases attributable to occupational expo- Not measurable in the absence of a gold
sure for whom the relevant characteristic is present

standard imputability test; can be esti-
mated from the last three parameters

07) Proportion of cases not attributable to occupation- Not measurable in the absence of a gold
al exposure for whom the relevant characteristic is
present from the next three parameters

Proportion of persons exposed to

occupational exposure

standard imputability test; can be
estimated from the last three parameters
Occupational health surveillance
systems or control series in representa-
tive case—control studies

Control series in representative case—
control studies

Analyses of subgroups in epidemiologic
studies

2 As defined by expert consensus; see the text and table 2 for definitions.
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given occupation should not differ in cancer cases that
are not due to the occupational exposure in question and
in people without cancer, namely, Pr(/; | O)=Pr(I}* | No
cancer), it can be demonstrated that Pr(/* | O*) can be
estimated by

Pr(1 +|No cancer) X RR’+ I

DI+

[Pr(I* (equation 4)

No cancer) X (RR1+ i
where RR,.,, is the relative risk of cancer for people with,
compared with those without, the relevant characteris-
tic within the group of exposed persons (appendix).
Pr(Z* | O*) can be derived directly from the relative risks or
attributable fractions derived from subgroup analyses (14).

Expert consensus

To define characteristics relevant to the application of
a Bayesian method to occupational mesothelioma and
lung cancer, we selected a group of 10 experts from the
following disciplines: occupational health and medicine,
respiratory disease, oncology, pharmacology, and epi-
demiology. Using a postal questionnaire, we asked all
of the experts their opinion regarding the relevance of
information already used in applying Bayesian methods
in other areas, such as the imputability of side effects
of drugs (15). Using a simplified Delphi method (16),
we listed information judged by a group of experts as
being relevant for the imputability of mesothelioma and
lung cancer to occupational exposures. We then com-
piled the initial results into a second postal questionnaire
asking the experts to comment upon all of the respons-
es and modify their list of relevant characteristics, if nec-
essary. The experts were not aware of who the other
members of the group were.

We then convened a meeting of the experts to final-
ize the definition of relevant characteristics. Using a
nominal group method (16), we first asked the experts
to state how they would judge the relevance of a charac-
teristic. Then, using a pairwise comparison method, each
expert applied the definition of relevance to rank relevant
characteristics issued from the Delphi method. Finally, the
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average ranking was used to define a list of relevant char-
acteristics to be considered in the Bayesian method.

Illustration

To test the applicability of the method, we convened a
2-day workshop. We invited the initial group of experts
and nine other experts with similar backgrounds. After
a formal presentation and discussion of the method, we
applied the method to a series of cases abstracted from
files of the occupational medicine department of our
university hospital. In this paper, we report three con-
trasted cases of mesothelioma and lung cancer poten-
tially due to asbestos; when the epidemiologic data need-
ed to apply the method were not available, we used hypo-
thetical data extrapolated from published data that the ex-
perts considered reasonably applicable to these cases.

Results

Expert consensus

Following the nominal group discussion, the experts
reached a consensus on the need for a relevant charac-
teristic (i) to be clearly defined, (ii) to have a rational
scientific basis, (iii) to have an a priori high informa-
tive value, (iv) to correspond to available data, and (v) to
be adaptable to many places, times, and populations.
Using these judgment items, they selected six relevant
characteristics (table 2), from an initial list of eight rel-
evant characteristics resulting from the Delphi question-
naires. Two of the relevant characteristics (duration and
intensity of exposure) were finally grouped, as the ex-
perts considered that quantitative estimates of exposure
should ideally combine both relevant characteristics.

Illustration

Case 1 was a 68-year-old man who worked 33 years
from the age of 20 years as a plumber. He was heavily
exposed to asbestos (mean exposure >10 fibers per cu-
bic centimeter) during all of this period. There was no
interstitial disease in the pulmonary scan. A lung biopsy

Table 2. Definition of five characteristics relevant to the imputation of cancer cases to occupational exposure, resulting from a two-

stage consensus process.

Information Definition

Qualification of exposure

Notion of an exposure to a chemical agent, a family of chemical agents, products, or of a task, a profession, or

circumstances of exposure (nominal or ordinal scale)
Intensity or duration of exposure? Any estimate of the cumulative dose of exposure (quantitative scale)

Presence of agent in body
Latency

Qualification or quantification of the causal agent in the body
Delay between the beginning of exposure and the diagnosis

Characteristics of disease or history® Clinical or laboratory characteristic specific for the cause or notion of another disease potentially due to the same cause

2 The intensity and duration of disease were initially considered separate relevant characteristics.

b [nformation for which consensus was weak.
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confirmed significant retention of asbestos bodies (>10*
asbestos bodies per gram of dry lung tissue). Malignant
mesothelioma was diagnosed 48 years after the begin-
ning of his exposure to asbestos.

Case 2 was a 50-year-old man who worked in many
different industrial settings in which exposure to asbes-
tos was possible; his level of exposure to asbestos was
assessed as being low (ie, <10 fibers per cubic centime-
ter and per year). This person was not diagnosed with
asbestosis and had no asbestos bodies in his lung tissue.
However, he developed a mesothelioma 9 years after
the beginning of his exposure to asbestos.

Case 3 was a 55-year-old man who worked for >10
years as an insulator; his level of exposure to asbestos
was assessed to be high (ie, >10 fibers per cubic cen-
timeter and per year). This person was diagnosed with

asbestosis, had a high content of asbestos bodies (ie,
more than 1000 bodies per gram of dry lung tissue), and
developed lung cancer >10 years after the beginning of
his exposure to asbestos.

The data needed to apply the Bayesian imputability
method to these three cases are provided in table 3. In
France, the estimated probability of exposure to asbes-
tos is 0.20 (17). Given a relative risk of 100 (18), the
proportion of mesothelioma attributable to asbestos in
patients exposed to asbestos is 99.0, or a prior odds of
imputability of 99 to 1. Given a relative risk of 1.2 (18),
the proportion of lung cancer attributable to asbestos in
patients exposed to asbestos is 16.7% or a prior odds of
imputability close to 1 to 5.

For case 1, the likelihood ratio related to available
information was 4.465 for “being a plumber” [proba-

Table 3. Application of the Bayesian imputability method to two mesothelioma cases and a lung cancer case for which imputation to

asbestos was considered.

Characteristic®  Mesothelioma case 1

Mesothelioma case 2

Lung cancer case

Summary Parameter® Summary Parameter® Summary Parameter®
A priori Fraction attributable to ashes- 0.990  Fraction attributable to 0.990 Fraction attributable to asbestos  0.167

tos in people exposed to ashestos in people expos- in people exposed to

asbestos ed to asbestos asbestos

0dds of imputability 99.000  Odds of imputability 99.000  QOdds of imputability 0.200
Qualification Proportion of plumbers among  0.006 Proportion of insulators among 0.01

people without mesothelioma people without lung cancer

Relative risk of mesothelioma 8.500 Relative risk of lung cancer 1.476

(plumbers compared with (insulators compared with

others exposed) others exposed)

Resulting likelihood ratio 1.469

Intensity Proportion highly exposed 0.040  Proportion lightly exposed 0.160 Proportion highly exposed 0.040

among people without meso- among people without meso- among people without lung

thelioma thelioma cancer

Relative risk of mesothelioma 8.500 Relative risk of mesothelioma 0.118 Relative risk of lung cancer 1.339

(highly exposed compared with (lightly exposed compared with (highly exposed compared with

others exposed) others exposed) others exposed)

Resulting likelihood ratio 6.538  Resulting likelihood ratio 0.137 Resulting likelihood ratio 1.321
Presence Proportion with high content of ~ 0.050  Proportion with low content of ~ 0.150 Proportion with high content of ~ 0.050

asbestos bodies among people asbestos bodies among people ashestos bodies in people

without mesothelioma without mesothelioma without lung cancer

Relative risk of mesothelioma 6.667  Relative risk of mesothelioma 0.150 Relative risk of lung cancer 1.352

(people with high content (people with low content (people with high content

compared with others exposed) compared with others exposed) compared to others exposed)

Resulting likelihood ratio 5.195  Resulting likelihood ratio 0172 Resulting likelihood ratio 1.329
Latency Proportion with long exposure ~ 0.100  Proportion with short exposure  0.100 Proportion with long exposure 0.100

delays for people without meso- delays for people without delays among people without

thelioma mesothelioma lung cancer

Relative risk of mesothelioma ~ 99.000  Relative risk of mesothelioma 0.010 Relative risk of lung cancer 1.400

(people with long exposures (people with short exposures (people with long exposures

compared with others exposed) compared with others exposed) compared with others exposed)

Resulting likelihood ratio 9.167  Resulting likelihood ratio 0.011 Resulting likelihood ratio 1.346
Disease Proportion without ashestosis 0.180  Proportion without ashestosis ~ 0.180 Proportion with asbestosis 0.020

among people without mesothe- among people without meso- among people without lung

lioma thelioma cancer

Relative risk of mesothelioma 0.286  Relative risk of mesothelioma 0.286 Relative risk of lung cancer 3.000

(people without ashestosis (people without asbestosis (people with ashestosis compar-

compared with others exposed) compared with others exposed) ed with others exposed)

Resulting likelihood ratio 0.328  Resulting likelihood ratio 0.328 Resulting likelihood ratio 2.885
A posteriori Likelihood ratio of available 102.084 Likelihood ratio of available 0.00009 Likelihood ratio of available 10.018

information information information

Odds of imputability 10106.3  Odds of imputability 0.0086  QOdds of imputability 2.004

2 See tables 1 and 2 for definitions.
b See the text for references.
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bility of exposure derived from reference 19 and rela-
tive risk derived from reference 20], 6.538 for “high lev-
el of exposure” [probability of exposure derived from
reference 21 and relative risk from reference 18], 5.195
for “high content of asbestos bodies” [probability of
exposure derived from reference 22 and relative risk
from reference 23], 9.167 for “long latency” [probabil-
ity of exposure derived from reference 21 and relative
risk from reference 24], and 0.328 for “no asbestosis”
[probability of exposure derived from reference 25 and
relative risk from reference 24]. The total likelihood ra-
tio is 455.767, and the posterior odds is 45 120.887
(45 120 795 to 896), or a posterior probability of 0.999.

For case 2, the likelihood ratio related to available
information was 0.137 for “low level of exposure”
[probability of exposure derived from reference 21 and
relative risk from reference 18], 0.172 for “low content
of asbestos bodies” [probability of exposure derived
from reference 22 and relative risk from reference 23],
0.011 for “short latency” [probability of exposure derived
from reference 21 and relative risk from reference 24],
0.328 for “no asbestosis” [probability of exposure derived
from reference 25 and relative risk from 24]. The total
likelihood ratio is less than 0.0001 and the posterior odds
is 0.0086 (3 to 350), or a posterior probability of 0.008.

For case 3, the likelihood ratio related to available
information was 1.469 for “being an insulator” [proba-
bility of exposure derived from reference 26 and rela-
tive risk from reference 27], 1.321 for “high level of
exposure” [probability of exposure derived from refer-
ence 21 and relative risk from reference 18], 1.329 for
“high content of asbestos bodies” [probability of expo-
sure derived from reference 22 and relative risk from
reference 28], 1.346 for “long latency” [probability of
exposure derived from reference 21 and relative risk
from reference 18], and 2.885 for “asbestosis” [proba-
bility of exposure derived from reference 29 and rela-
tive risk from reference 29]. The total likelihood ratio
is 10.018, and the posterior odds is 2.004 (2 to 1), or a
posterior probability of 0.667.

Discussion

In this study, we have shown how Bayesian reasoning
can be adapted to the important issue of imputing can-
cers to occupational exposures. The two-stage consen-
sus work allowed us to define which relevant charac-
teristics should be used in applying the method. Al-
though the relevant characteristics defined by the ex-
perts is the information usually sought in traditional ex-
pertise on occupational diseases (6, 7), the Bayesian
imputability method provides an explicit way to quan-
tify the causal relationship. The illustration showed the
applicability and potential usefulness of the method in
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strengthening conclusions about imputability, confirm-
ing a strong a priori feeling (case 1) or starting with a
low prior odds (case 3) or excluding it, despite high prior
odds (case 2). The last result can be counterintuitive,
but it illustrates how probabilistic reasoning can modi-
fy the judgment of experts. Indeed, experts primarily use
their prior knowledge of the issue, using epidemiologic
data that are rarely specific enough to be applicable to
a given person (30). Furthermore, these illustrations are
only meant to document the applicability of the meth-
od; a definitive conclusion regarding the cases should
not be reached without a critical appraisal of the stud-
ies used and an analysis testing the sensitivity of final
estimates to the data used. For instance, if we had used
a relative risk of 5.0 instead of 3.0 to assess the effect
of asbestosis in case 3, the resulting likelihood ratio
would have been 16.079, increasing the posterior odds
to 3.216 or approximately 3 to 1.

The use of probabilistic approaches similar to that
developed in this paper is well accepted in other fields.
For instance, in the diagnosis and prognosis of cancer,
many prediction rules are available and currently used
at the bedside (8). The concept of the probability of
causation, discussed for instance by Armstrong & Théri-
ault (11), is a direct expression of the attributable fraction
of the exposed (AFE). The probability of causation is com-
puted from relative risks specific to groups having the
same characteristics (age, smoking, and the like) as the
patient for whom it is computed. Existing methods are
similar to ours, whenever the probability of exposure is
set at 1, which is not reasonable in many instances.

One issue we did not specifically address in devel-
oping and illustrating the method is that of multiple
causes. This issue has been considered in assessments
of the probability of causation by radiation. In the ab-
sence of knowledge about interaction (multiplicative or
additive), it is assumed that the risk at a given age is
the sum of the risks from each exposure (31). Develop-
ments allow for an extension of this approach to any sit-
uation with multiple causes, for instance, for apportion-
ing risk to asbestos and smoking exposures when inter-
action testing for the additivity or multiplicativity of
risks is taken into account (32, 33). To compensate for
the hypothesis of independent exposures, our method
can be extended in two ways. First, a posterior odds of
imputability can be derived for each of the suspected
causes; for instance, a posterior odds of imputability of
the cancer to smoking can be derived from the attribut-
able fraction of smokers and from likelihood ratios of
characteristics of the exposure to smoking. Second, the
fact that the patient smokes can be considered an in-
formative characteristic when the odds for an occupa-
tional exposure are calculated. Although the resulting
posterior odds are not only odds of imputation, but also
odds of developing the cancer, this extension may help
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when rules are defined for the sharing of compensation
when several causes have high posterior odds. This
would be a dramatic change to current systems of com-
pensation in which one has to use a dichotomized dis-
tinction between due or not due to a single cause for
which the claim is made.

Many of the data needed to estimate prior odds are
available from the epidemiologic literature. Indeed, a
demonstration of a causal relationship, at the collective
level, starts with the estimation of the relative risks
needed to compute the prior odds (12). Data on the fre-
quency of exposure is scarcer; in France, for instance,
such data are routinely collected by social security agen-
cies, but they are seldom published. Register data can
be an alternative for use in estimating the impact of oc-
cupational exposures on cancer in a population (34, 35).
Occupation and industry classifications in general pop-
ulation studies could also be used to study risk by job
or to infer exposure to specific agents through job-ex-
posure matrices (36). Some exposure data, furthermore,
can be extracted from case series in representative case—
control studies (37, 38). Data regarding the frequency
of relevant characteristics for a person without cancer
are less accessible. For most occupational exposures,
indeed, data are either missing or issued from weak stud-
ies; the use of such data in applying our method, or any
other probabilistic method, could give a false impres-
sion of precision and objectivity. Therefore, it would be
important when the method is applied with weak data
to provide some measures of uncertainty. At least, in-
stead of using only point estimates, one could use up-
per or lower confidence limits, as suggested for instance
by Armstrong et al (39).

As any measurement tool, our method needs exter-
nal validation. Information defined as relevant by our
expert group may be considered differently in other con-
texts; for instance, the presence of the agent in the body
is not relevant for the imputation of cancer to nontrace-
able agents. The way the method was developed, how-
ever, including the use of consensus techniques to de-
fine the content, can be considered an appropriate first
approach to content validation (40). Obviously, an as-
sessment of criterion validity is impossible, due to the
absence of a gold standard test. Nevertheless, construct
validity should be assessed formally by applying the
method to a set of observations, extracted from nation-
al compensation systems; this assessment should include
both cases for whom the occupational cause has been
accepted and cases for whom it has been rejected. Fur-
thermore, the intra- and interobserver reliability must
be formally tested, as well as the agreement with expert
judgment. The latter study, however, would be more a
study of acceptability than of reliability, as a basic as-
sumption of any prediction rule is that expert judgment
allows for too much variation (40).
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Acceptability of the method will strongly depend on
the familiarity of potential users with epidemiologic
concepts. Most clinicians, occupational health physi-
cians, and researchers who deal with cancer are famil-
iar with the epidemiologic literature and related con-
cepts of relative risk and causality. The fact that cau-
sality reasoning is not limited to estimating a relative
risk is also known (12). Other important concepts, such
as effect modification and likelihood ratios, are more
difficult to grasp. Actually, the literature is poorer with
respect to estimates reflecting the role of these effect
modifiers, as they imply subgroup analyses and are con-
fronted with problems of statistical power and accura-
cy of measurement. For example, the assessment of “in-
tensity or duration of exposure” implies a well-docu-
mented dose-response relationship, available only for
a few exposures such as asbestos (25) or radiation (29).
We have shown that these are the more informative
characteristics. This lack of data adds to the current dif-
ficulty of using epidemiologic information to analyze
individual cases and underscores the need to adapt in-
formation systems to secure the availability of relevant
data (41). The societal acceptability of our method will
depend on the level of acceptability of using probabili-
ties in circumstances of uncertainty. A possible obsta-
cle to the use of probabilistic models might be the diffi-
culty of law courts in accepting uncertainty. In such con-
texts, the expected response to the question of imputa-
bility is a yes or no answer, and the trust in expert opin-
ion is higher than that in explicit rules. Furthermore, the
generalization of our method and its extensions to mul-
tiple causes cannot be considered without the key issue
of how to deal with shared responsibility when a patient
receives compensation.
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Imputation of cancer to occupation

Appendix

Relationship between Pr(l; | 0+), Pr(I: | No cancer), and RR,,

Assume that the 2 x 2 table crossing the presence of the characteristic and imputability of cancer with occupational
exposure (higher left corner of figure 1) is derived from a case—control study. In such an instance, RR.; is estimat-
ed by the odds ratio as:

)

o
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By equivalence:
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Then, according to the hypothesis that the frequency of the relevant characteristic for a given occupation should
not differ in cancer cases that are not due to the occupational exposure in question and for people without cancer
[ie, Pr(J;* | O)=Pr(I} | No cancer)], it can be demonstrated that the latter equality is equivalent to:

0*): ) Pr(] “|No cancer)lx RR . -

Pr( ) lPr(l*|N0 cancer)x (RRﬁ/r 1} +1°
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