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Time-related factors as potential confounders and effect
modifiers in studies based on an occupational cohort
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PEARCE N, CHECKOWAY H, SHY C. Time-related factors as potential confounders and effect modi-
fiers in studies based on an occupational cohort. Scand J Work Environ Health 12 (1986) 97—107. Time-
related factors which are potential confounders and effect modifiers in studies based on an occupational
cohort are reviewed. The most frequently considered ones include age at first exposure, duration of expo-
sure, interval from exposure to disease recognition, and age at risk. These factors are related to the “‘healthy
worker effect,”” which appears to be more pronounced among workers with the longest durations of
employment and older ages, at date of hire, but weaker with longer length of follow-up and older age
at risk. Hence, use of an internal comparison group may not eliminate bias since confounding will occur
if the exposed and unexposed groups differ in their distributions across these factors. It is also shown,
using the multistage model of carcinogenesis, that these factors may be important effect modifiers.
Fortunately, generally straightforward methods of control exist both for stratified analyses and for the
commonly used mathematical modeling approaches. Although no firm recommendations can be made,
it would appear to be important to control for length of follow-up in the design or analysis of most studies
based on an occupational cohort, and controlling for age at first exposure may also be desirable under
many circumstances.
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effects.

The term “‘time-related factors’ refers to important
determinants of disease risk, or modifiers of the effect
of the main risk factor of interest, which vary as a
person ages (58). The most important time-related fac-
tor is the cumulative dose from the main exposure of
interest but, for simplicity, it is assumed in this paper
that an individual has a fixed lifetime cumulative dose.
The discussion concentrates on other time-related fac-
tors which should be considered in the design and
analysis of occupational cohort studies, or in case-
referent studies based on an occupational cohort. The
factors which have been the most frequently considered
include age at first exposure, duration of exposure, in-
terval from exposure to disease recognition, and age
at risk (ie, the age at which incidence or mortality rates
are computed) (58).

Some redundancy exists in the set of time-related
factors under consideration because age at risk is de-
termined once age at date of hire and length of follow-
up have been specified. Hence it will be necessary, in
some areas of the discussion, to concentrate on only
two of these factors, the third factor being regarded
as a linear function of the other two. In studies in
which the exposure of interest is simply employment
in a particular industry, or in a specific job type with-
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in the industry, it is convenient to use age at hire as
an indicator of age at first exposure and duration of
employment as an indicator of duration of exposure.
These terms have been used interchangeably in the dis-
cussion, depending on the context. The time between
exposure and disease recognition involves the sum of
two terms, ie, the time between exposure onset and dis-
ease onset and the time during which the disease is ‘“la-
tent”’ but not clinically detected. The former period
has been termed the ‘‘induction time”’ (54). It depends
on the stage of the disease process at which the ex-
posure acts and approaches zero for an exposure which
affects the final stage. The overall time between ex-
posure onset and the detection of disease has been
termed the “‘empirical induction time*’ (54). It is also
commonly, but incorrectly, referred to as the ‘‘laten-
cy period.” In occupational cohort studies this time
period is often approximated by the length of follow-
up from first employment to the recognition of dis-
ease.

The principal objective of this paper is to demon-
strate that these time-related factors can be considered
as potential confounders and effect modifiers in studies
based on an occupational cohort. There are many con-
texts in which these phenomena can occur, but the dis-
cussion has concentrated on two. The potential for
confounding by time-related factors has been explored
in an examination of their relationship to the ‘‘healthy
worker effect,”’ and the potential for effect modifica-
tion by time-related factors has been explored in the
context of the Armitage-Doll multistage model of car-
cinogenesis. In general, no distinction has been drawn
between cohort and case-referent studies, as there is
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a straightforward relationship between an occupational
cohort study and a case-referent study involving a
sample of the same study base (3, 40).

Confounding

Confounding may be conceived as a distortion in the
estimate of effect of the exposure(s) of interest due to
the effect of an extraneous factor(s). Several formal
definitions have been presented (42, 43, 56), and it is
not intended to debate their relative merits here. In
most practical situations, a confounder is a factor
which is predictive of disease occurrence or detection
in persons who are not exposed to the main risk fac-
tor(s) of interest and is associated with exposure in
the study base. It is implied that surrogates for con-
founding factors may also be regarded as confounders.
For example, age at risk is strongly predictive of dis-
ease and hence will be a confounder when the age dis-
tributions of the exposed and unexposed populations
differ, even though it is usually just a marker of more
fundamental biological changes or of long-term expo-
sure to a risk factor. The discussion has concentrated,
however, on problems of confounding which are more
specific to studies based on an occupational cohort,
in particular the potential for confounding by the time-
related factors under consideration. The ‘‘healthy
worker effect” is one complex manifestation of these
issues, and it is first reviewed briefly.

Healthy worker effect

The healthy worker effect (12, 22, 33, 37, 38, 39, 47)
commonly occurs in studies which involve a compari-
son of the mortality experience of an occupational
cohort with the pattern that would have been expected
on the basis of national mortality rates, or the mor-
tality rates for the relevant state or county. The typi-
cally lower relative mortality, from all causes com-
bined, in an occupational cohort occurs because rela-
tively healthy individuals are likely to gain employ-
ment, and to remain employed, ie, that ‘“‘membership’’
of the employed population is dependent on health
status (26). At least three factors are involved in the
healthy worker effect (23): (i) the selection of healthy
members from the source population, (ii) the survival
in the industry of healthier men, and (iii) the length
of time the population has been followed up. Hern-
berg (27) has commented that the healthy worker effect
is essentially the result of a trivial ‘‘comparison bias’’
since the general population does not fulfill even the
most elementary criteria for a reference group, espe-
cially if one keeps in mind that such a group should
reflect ‘‘what would have happened in the exposed
cohort had there been no exposure [p 124].”” Further-
more, Tola & Hernberg (59) have commented that, be-
cause of the multifaceted nature of the healthy worker
effect, it is doubtful whether such a crude summary
term is useful at all and that one should perhaps try
to make distinctions between the different underlying
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factors. This statement is particularly relevant in the
current context since the strength of the healthy worker
effect varies across the different levels of the time-
related factors under consideration (62).

Length of follow-up

The mortality of employed persons, relative to that of
the general population, is lowest during the period im-
mediately following the commencement of employ-
ment (38, 59). This phenomenon is illustrated by data
from the two studies presented in table 1. Fox & Col-
lier (23), in a cohort study of polyvinyl chloride pro-
duction workers, found that the all-causes mortality
of men within five years of entering the industry was
as low as 37 % of that expected. For circulatory and
respiratory disease it was as low as 21 %, whereas for
cancer it was 45 %. The effect decreased with length
of time since entry and had almost disappeared after
15 years of follow-up with standardized mortality
ratios of 94, 112, 91, and 93 for all-causes, cancer, cir-
culatory disease, and respiratory disease mortality, re-
spectively. A study by Gilbert (25), which used an
internal comparison, found a similar, but weaker,
pattern (table 1). Delzell & Monson (18), McMichael
(37), Ott et al (50), and Seltzer & Jablon (57) have also
found relatively low standardized mortality ratios for
the early years of follow-up, the ratios slowly ap-
proaching those of the general population as follow-
up continued.

Duration of employment

Although the relative mortality advantage of employed
persons diminishes with length of follow-up, it is the
most pronounced among workers with the longest
duration of employment (31, 63). This latter associa-
tion is attributable to the survival of relatively health-
ier persons in the industry. For example, Gilbert’s
study (25) of workers at the Hanford nuclear facility
demonstrated risks more elevated for all-causes mor-
tality among terminated workers than among em-
ployed workers, and among short-term workers than
among long-term workers (table 2).

In Fox & Collier’s study (23) the survival effect was
measured by separating men who survived 15 years ac-
cording to whether or not they were still in the indus-
try after this period. The mortality rate among those
who left was approximately 50 % higher than those
still in the industry for all causes, cancer, circulatory
disease, and respiratory disease and was approximate-
ly three times higher for lung cancer. Vinni & Haka-
ma’s study (60) of a random sample of 20 000 persons
from the total Finnish population considered associa-
tions between changes in occupations from 1960 to
1970 and mortality during 1971—1975. Those staying
in the same occupational category from 1960 to 1970
had 20 % lower overall mortality than those who did
not. However, the latter group was not homogeneous;
the investigators reported standardized mortality ratios



Table 1. Relative risk for all causes of mortality by length of follow-up.

Follow-up (years)

Type of
Study comparison 0—4 5—9 10—14 =15 Total
Fox & Collier (23) External 0.37 0.63 0.75 0.94 0.75
Gilbert (25)2 Internal 0.63 0.93 1.01 1.03 1.00
2 Follow-up groups do not exactly correspond to those in heading.
Table 2. Relative risk for all causes of mortality by duration of employment.
Study Type of Duration (years)
comparison 0—1 2—4 5—9 10—14 =15 Total
Gilbert (25) Internal 1.15 0.92 0.97 0.94 0.92 1.00
Table 3. Relative risk for all causes of mortality by age at risk.
Age at risk (years)
Study l’gpme g:ison
P <54 55—~64 65—74 =75 Total
Fox & Collier (23) External 0.64 0.79 0.96 0.60 0.75
McMichael (37) External 0.81 0.89 0.95 1.13 0.98
Delzell & Monson (18) External 0.8 0.9 0.9 1.0 0.9
Table 4. Relative risk for all causes of mortality by age at hire.
Study Type of. Age at hire (years)
comparison 2544 45—54 55—64 65—74 Total
Fox & Collier (23)2 External 0.45 0.37 0.32 0.23 0.37

a This paper does not explicitly present relative risks by age at
the first five years of employment.

of 70 for persons changing to another occupational
category between 1960 and 1970, 100 for persons
retiring at the usual age of 65 years during the same
period, and 130 for persons retiring early. Similarly,
a study in Denmark by Olsen & Sabroe (49) found mor-
tality rates to be 65 % higher for persons leaving the
Danish carpenters union than for persons entering the
union, but mortality was much lower for persons
leaving for a higher paid job than it was for persons
leaving for other reasons. Collins & Redmond (13) and
Delzell & Monson (18) also found excess risks among
early retirees, the latter study identifying the greatest
risks in the first year following early retirement.

Hence, the healthy worker effect is strongest during
active employment and rapidly disappears following
the cessation of employment, particularly if employ-
ment ends before the usual retirement age. Wen & Tsai
(63) have thus commented that the healthy worker
effect is more characteristic of ‘‘active’” workers and
would be more accurately addressed as the ‘‘active
worker effect.””

Age at risk
Several investigations have examined the relative mor-
tality advantage of employed persons at different levels

hire. The data represent reiative risks by age at death during

of age at risk (table 3). McMichael (37), in a study
of male rubber workers, found a standardized mor-
tality ratio of 81 for all causes at age 40—54 years,
while that for the age group = 75 years was 113. Sim-
ilar patterns were also observed by Fox & Collier (23),
Delzell & Monson (18), Musk et al (46), and Olsen &
Sabroe (48).

Age at date of hire

Two studies have presented standardized mortality
ratios according to the age of the worker on the date
of hire. Musk et al (46), in a study of mortality among
firefighters, found an all-causes standardized mortality
ratio of 92 for persons hired before age 40 and that
of 88 for persons aged = 40 years at hire. Fox & Col-
lier’s study (23) presented data for the first five years
after hire, with standardized mortality ratios of 45 and
23 for the 25-to-44-year and 65-to-74-year age groups,
respectively (table 4). These results suggest that the
relative mortality advantage of employed persons may
be greater with increasing age at hire — the opposite
pattern to that for age at risk. This hypothesis has plau-
sibility since, if a certain level of health is required to
gain employment, then the proportion of persons at-
taining the required level is likely to be smaller in the
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older age groups. Therefore, gradients of health
between workers and the general population are like-
ly to increase with increasing age at hire.

Implications

From the foregoing it can be stated that all of the time-
related factors under consideration appear to be im-
portant predictors of mortality in studies based on an
occupational cohort. However, it is not possible to iso-
late their biasing effects because most published data
are stratified on one or at most two variables simulta-
neously. For example, Fox & Collier (23) found that
standardized mortality ratios increased with length of
follow-up (table 1) and age at risk (table 3). It could
be expected that, for a fixed length of follow-up, the
pattern for age at hire would parallel that for age at
risk, yet their data suggest the opposite relationship
(table 4). One possible explanation is that the observed
relationship for age at hire may be correct, whereas
that for age at risk may be a confounded effect of
length of follow-up. Further studies, or reanalyses of
previous studies, are needed to examine separately the
effects of these time-related factors.

It is generally recognized that an important method
of minimizing bias in studies based on an occupational
cohort is to make an internal comparison of the mor-
tality experience of workers exposed to the risk factor
of interest and of workers from the same cohort who
have not been exposed or have experienced lower levels
of exposure. It is not so widely recognized, however,
that this procedure does not guarantee an elimination
of bias because the exposure groups may differ in their
distribution across the time-related factors under con-
sideration. For example, if exposure occurs in ‘‘dirty”’
jobs primarily assigned to short-term, transient work-
ers, then bias may occur if the crude mortality rates
for exposed persons are compared with those for a
unexposed workforce with a longer average duration
of employment because the transient workers may have
different base-line disease risks attributable to un-
favorable life-style factors (20). This phenomenon may
be reflected in the findings of a study by Peto et al
(51), of lung cancer in asbestos textile factory workers;
it found the highest relative risks for long-term workers
and for persons who had worked for less than one year.
It might be hypothesized that the former effect was
due to asbestos exposure, whereas the latter might have
been due to confounding related to life-style. In addi-
tion bias could occur if a factory had been ‘‘cleaned
up.”’ The more recently employed workers — who
would have had a lower level of exposure — might have
been followed for a shorter period of time and hence
have had lower mortality rates than those employed
in a previous period.

In other words, the time-related factors under con-
sideration are predictive of disease in occupational
cohorts and will thus be confounders if their distribu-
tions are different in the exposed and unexposed
groups, even when there is no association between ex-
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posure and disease. In the situation where exposure
is associated with disease, the picture is further com-
plicated if persons who develop disease as a result of
exposure may retire early (13, 18, 23, 25, 31, 35, 60),
whereas persons who remain healthy may continue to
accumulate exposure until the normal age of retire-
ment.

Effect modification

Effect modification occurs when the estimate of ef-
fect of the main exposure of interest depends on the
level of another factor. All factors which are predic-
tive of disease modify either the rate ratio or the rate
difference, as uniformity over one measure implies
nonuniformity over the other when the background
disease rates vary across levels of the secondary fac-
tor. Hence, the decision as to whether or not a factor
is an effect modifier depends on the measure of effect
in use. The statistical analogue of this issue is frequent-
ly referred to as a choice of scales, where additive and
multiplicative are the two most obvious options. The
concept of effect modification, in the statistical sense,
is thus distinct from concepts of biological interaction
(55), although biological interrelationships could be ex-
pected to be reflected in the observed patterns for at
least one effect measure.

The Armitage-Doll multistage model

An important example of interaction (effect modifi-
cation) which illustrates the interrelationship of bio-
logical processes, as depicted mathematically, is the
multistage model of carcinogenesis. According to the
Armitage-Doll multistage model of carcinogenesis (2,
19), it is assumed that at least one cell must pass
through £, distinct, heritable changes in a particular
sequence, and that the instantaneous probabilities of
transition may depend on the intensity of exposure to
a particular risk factor. The simplest model assumes
that the background event rate for a particular transi-
tion () is constant, although in more sophisticated
models it may vary with factors such as age, the con-
dition of the neighboring cells, or the time since that
cell suffered its previous change (52).

The theory thus assumes that cellular change j occurs
with background rate R; (independent of age). It is
easily shown (2) that at age ¢ the background incidence
rate B(f) satisfies the following condition:

B(t) ~R,R, . .. R{t—w-!

or
B(1) ~ (1—w)k-,

where w is the time for a fully transformed cell to
develop into a clinically detectable cancer, ie, laten-
c¢y. This approximation may be inaccurate if the tran-
sition rates become sufficiently large (43), but it does
not alter the general patterns being explored.



It is further assumed (17) that cellular change j
occurs in excess with carcinogen-induced rate R; c(?)
that is proportional to dose rate c(¢) at age ¢. Hence,
the transition rate in the exposed population of cells
is:

R*(® =R, + R/ c(d).

The model can be simplified if one assumes that the
time to tumor detection (w) is zero, the dose-rate at
a particular age is either zero or a constant (c), and
that only one of the cellular changes ()) is affected by
the exposure of interest.

Lifetime exposure

One special case is when exposure occurs throughout
life. Then it can be shown (17, 64) that the excess in-
cidence rate E(f) at age ¢ is proportional to *~! for
all j< k. Since the background rate B(¢) is also pro-
portional to ##~1, it follows that the excess rate is pro-
portional to the background rate at all ages, and the
rate ratio is constant throughout life.

Exposure commencing subsequent to birth

Most epidemiologic studies, including those based on
occupational cohorts, are generally more concerned
with exposures which begin at some age subsequent
to birth. To derive the age-specific instantaneous risk
for an exposed individual, we assume that the addi-
tional exposure begins at age #,, remains at constant
level ¢ for time-period d until age ¢, (=¢,+d), and
increases the cellular event rates to R '+ R;"c. The in-
dividual is then observed for a further period. At age
¢t the individual has been followed for period f
(=t- to)-

The model is generally formulated in terms of age
at first exposure (%) and age at risk (£). Age at first
exposure is clearly important since it is associated with
the probability of at least one cell having undergone
the previous j—1 transitions and hence being eligible
for transition j on which the exposure of interest acts.
Age at risk is of indirect importance since it indicates
the probability of a cell having experienced the final
stage transition. However, since these subsequent
stages can only occur following stage j, the relevant
interval is the follow-up period from age at first ex-
posure to age at risk (f = r—1;). Hence, the multi-
stage theory predicts the increase of risk with age as
a reflection of increasing time since exposure, rather
than as an ageing phenomenon (9). This prediction has
been confirmed experimentally (53).

Hence two factors are of primary importance in the
model: age at first exposure (#;), which indicates the
probability of a cell having undergone the previous
J—1 transitions, and length of follow-up (f), which
indicates the probability of a cell having undergone the
subsequent k —1— transitions. It follows intuitively
that age at first exposure will not affect the excess rate
from a first-stage carcinogen, since no prior transitions

are necessary, and that length of follow-up will not
affect the excess rate from a penultimate stage carcin-
ogen since the final transition will not be affected by
exposure and will occur at a constant rate. These ob-
servations are examined more formally later.

It should also be noted that duration of exposure
(d) is important in at least two respects. At a constant
dose rate (¢) duration is a surrogate measure of the
total dose. A longer duration also implies an increased
likelihood that exposure will occur at some time sub-
sequent to the completion of the j— 1 necessary prior
transitions. In this latter situation duration of exposure
acts as a surrogate for effective age at exposure. For
simplicity, duration of exposure will initially be regard-
ed as fixed, and the situation of continuing exposure
will be discussed later.

Fixed duration of exposure

When the stage affected is the last, then the excess rate
is zero immediately following the cessation of expo-
sure (assuming a zero latency period).

When the stage affected is not the last, and a cell
receives an increment of exposure at age ¢, +x, then
the likelihood that the cell is caused to become fully
transformed at age ¢ depends on the following four
factors: (i) the likelihood that the cell has undergone
the j—1 necessary prior transitions by age #,+x [pro-
portional to (z,+ xy '], (ii) the likelihood that the ex-
posure will cause transition j to occur (proportional
to ¢), (iii) the likelihood that the k—1—j subse-
quent transitions will occur by age ¢ {proportional to
[t —(,+x)1F~ 174, (iv) and the likelihood that the final
transition will occur at age ¢ (a constant). Whittemore
(64) has thus derived the following simplified expres-
sion for excess cancer incidence [E(f)]:

E(0) ~c foft—t;—xY=1=i(t,+ xy-! dx. (eq 1)
Substituting f for ¢— ¢, yields:
E@) ~c J'(f—x) ' ~{{ty+xy~1 dx. (eq 2)

The implications of this formulation are illustrated for
the situations j=1 and j=k—1.

When j=1:

E@) ~c [ —x)p2 dx
~ ¢ [fr-1—(f—dy-1.

(eq 3)

Hence, the excess rate increases markedly with length
of follow-up (f) and is independent of age at first ex-
posure (f;). The excess rate ratio is:

EQ/BW®) ~ ¢ [f*'—(f~d-1].
(to+Sp!

It decreases with age at first exposure (¢;) and can be
shown to increase with length of follow-up () for a
relatively long period before eventually beginning to
decrease.

(eq 4)
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When j=k—1I:
E() ~c [ty +x)-2 dx
~ ¢ [(to+dy—1~1s1].

The excess increases with age at first exposure (Z;) and
is independent of length of follow-up (f), for fixed du-
ration. The excess rate ratio is:

(eq 5)

E@)/B(t) ~ ¢ [(to+d)yf1— 1517
(+ !

It decreases with length of follow-up (f). The rela-
tionship with age at first exposure (¢;) depends on the
relative lengths of follow-up and exposure. Day &
Brown (17) have given an example in which the length
of follow-up is much greater than the duration of ex-
posure and, in this situation, the excess rate ratio in-
creased with age at first exposure, for a fixed length
of follow-up. A similar example is illustrated in fig-
ure 1. However, in the situation where exposure is still
continuing, or has just been terminated (ie, f=d), the
excess rate ratio will decrease with age at first expo-
sure.

(eq 6)

Continuing exposure

For continuing exposures, the length of follow-up (f)
is equal to the duration of exposure (d), and the latter
term should be substituted for length of follow-up ()
in the preceding formulas. It can then be shown (8,
17, 64) that, for a fixed duration (follow-up), the
general patterns for age at first exposure are the same
as those already presented. As would be expected,
when duration (follow-up) is permitted to vary, the ex-
cess rate and excess rate ratio increase with duration.
For an early-stage carcinogen E(f) ~d*~!. This pat-
tern was observed by Doll & Peto (21), who found the
incidence of lung cancer in cigarette smokers to be pro-
portional to the fourth or fifth power of duration of
smoking.

Implications

Figures 1 and 2 illustrate the preceding findings for
a hypothetical five-stage carcinogenic process. Figure
1 illustrates the relationship of the rate difference and
excess rate ratio to age at first exposure, given a fixed
duration of employment (five years) and a fixed length
of follow-up (20 years). Figure 2 illustrates the rela-
tionship of the same two effect measures to length of
follow-up, given a fixed duration of employment (five
years) and a fixed age at first exposure (15 years). The
patterns for carcinogens affecting intermediate stages
(not shown) are intermediate to those for first-stage
and penultimate-stage carcinogens.

Figure 1 demonstrates that age at first exposure is
an important potential effect modifier. In particular,
if a carcinogen acts at any stage other than the first,
the rate difference will increase with increasing age at
first exposure since the necessary prior transitions will
be more likely to have occurred. This pattern has been
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observed in studies of solid tumors in heavily irradi-
ated sites (15) and in a study of bladder cancer in dye-
stuff workers (10) although the latter increase was
relatively moderate.

Figure 2 demonstrates that length of follow-up is
also an important potential effect modifier. The ef-
fect of exposure to an early-stage carcinogen will be
small until sufficient time has elapsed for the later-stage
transitions to occur. For example, if the A-bomb sur-
vivor studies had been terminated after about 15 years,
the leukemia effect would have been detécted but not
the solid tumor effect (5); also a study of cancer mor-
tality in vinyl chloride workers found larger standard-
ized mortality ratios when the analysis was restricted
to the period 15 years or more after first exposure (28).
The relative risk for lung cancer associated with
asbestos exposure also remains high for many years
but eventually begins to decrease (61). On the other
hand, the rate difference associated with a carcinogen
affecting the penultimate stage remains approximate-
ly constant after exposure stops. This pattern has been
observed in studies of cigarette smoking (19, 52).

A feature of figures 1 and 2 is that, although pre-
dictable relationships exist for age at exposure and
length of follow-up, it is not possible to derive a con-
sistent relationship for age at risk, which is their sum.
For example, for a carcinogen which acts at the first
stage, the rate difference will be constant across age
at risk when length of follow-up is fixed and age at
first exposure varies (figure 1). However, it will in-
crease with age at risk when age at first exposure is
fixed and length of follow-up varies (figure 2). Hence,
few general conclusions can be drawn. For an early-
stage carcinogen the rate difference will generally be
approximately constant, while the rate ratio will de-
crease with age at risk (16), in populations which have
similar variability for age at exposure and length of
follow-up. For a late-stage carcinogen the rate differ-
ence will generally increase, and the rate ratio will be
approximately constant with age at risk (16). For
example, most radiation-induced cancers, apart from
leukemia, seem to develop proportionally to the cancer
rate for the attained age (5, 16, 29).

It should also be noted that, although the factors
of age at risk and duration of exposure do not enter
directly into the simple formulation of the multistage
model, they can become effect modifiers, independent-
ly of the effects of other time-related factors, if some
of the simplifying assumptions are relaxed. For exam-
ple, if a carcinogen acts at an early or intermediate
stage and one of the later stage transitions generally
occurs at a specific age, then exposed persons will only
develop disease when they become old enough for some
target cells to have undergone the relevant transition
— irrespective of the age at which they were first ex-
posed. In other words, the background transition rate
for the later stage will not be a constant (R)) but will
be a function of age [R(#]. This phenomenon ap-
pears to be rare since cancer does not appear to be a
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Figure 1. Rate difference and excess rate ratio by age (years) at first exposure for a fixed duration of exposure (5 years) and
length of follow-up (20 years), for a hypothetical five-stage carcinogenic process.

natural consequence of ageing (52) but could occur for
some specific hormonally related cancers, or if expo-
sure to an exogenous late stage backgroﬁnd factor
generally occurred at a specific age. Such a phenome-
non has been suggested for breast cancer, for which

radiation appears to have an early stage effect but op-
erates in conjunction with a strong hormonally medi-
ated promoting action (16, 45). In other words, radia-
tion appears to initiate cellular changes that increase
the likelihood that other, age-related events later in life
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Figure 2. Rate difference and excess rate ratio by length of follow-up (years) for a fixed duration of exposure (5 years) and
length of follow-up (20 years), for a hypothetical five-stage carcinogenic process.

result in breast cancer, with excess incidence rates pro- Duration of exposure will be an effect modifier if
portional to the age-specific background incidence  the effect of a given dose depends on the delivery rate,
rates (32). ie, if R* () is not a linear function of c(#). For
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example, a given nonlethal radiation dose may be less
effective — due to the different cellular repair prob-
abilities — if an equivalent dose is delivered in smaller
fractions over a lengthy period than if it is delivered
over a relatively short period (4). On the other hand,
if the overall dose is very large, then it will be less ef-
fective if it is delivered over a relatively short period,
as cell killing may occur (4).

The findings for duration of exposure in the simpler
model are also of importance, as duration is predict-
ed to be of more importance than exposure intensity
for a carcinogen which affects only one or two stages
(21, 52), suggesting that the characterization of dose
as the simple product of intensity and duration may
not be optimal (6). The choice of model for the ex-
pected long-term contribution of exposure is of con-
siderable importance since, when the impact of an in-
tervention is being predicted, it is common for the un-
certainties in temporal extrapolation to be a greater
source of imprecision than the uncertainties in low-dose
extrapolation (58). Rothman has proposed taking the
expected contribution of exposure to be constant over
some “‘window”’ of time and zero outside of it, the
optimal window being chosen by trial and error (54),
and this is the approach which is usually followed in
epidemiologic studies, eg, by ignoring exposure which
occurred within a certain time period of the manifes-
tation of disease. Other effective dose models have
been developed wherein doses received during a work-
er’s period of exposure are assigned weights propor-
tional to the time since occurrence (11). Alternative-
ly, one can assume a log-normal distribution for the
expected excess rate due to exposure (1, 34).

Discussion

Time-related factors are thus important potential con-
founders and effect modifiers in occupation cohort stu-
dies, or case-referent studies nested in an occupational
cohort. Fortunately, generally straightforward meth-
ods of control exist both for simple stratified analy-
ses and for the common multivariate approaches.
Control of time-related factors in the former situa-
tion involves stratifying the data according to speci-
fied levels of these factors (36, 41). The presence of
effect modification can be assessed by a comparison
of the effect estimates for each stratum, and statisti-
cal tests are available to help in such an assessment
(6, 30). The assessment of a time-related factor as a
potential confounder or effect modifier should ideal-
ly be carried out while other such factors are con-
trolled, since one factor (eg, age at risk) may appear
to be a confounder or effect modifier merely because
of an association with other factors (eg, length of
follow-up). This approach will usually encounter com-
putational problems resulting from small numbers, and
hence it may be necessary to use mathematical model-
ing to assess confounding and effect modification. The

major mathematical models used in studies of occu-
pational cohorts include logistic regression (6), the Cox
proportional hazards model (14), and Poisson regres-
sion (24). These models are all closely related (7),
and the principles of control of potential confounders
and the identification of effect modifiers are similar.
The Poisson regression approach involves a grouped
analytic strategy resembling that for a stratified anal-
ysis, whereas the other models, such as the Cox pro-
portional hazards model, can incorporate either
grouped (categorical) or ungrouped (continuous) data
in the analysis.

It is difficult to make firm recommendations on the
optimal analytic approach due to the variety of situa-
tions which can occur. However, some general guide-
lines can be drawn.

Studies involving an external comparison with gen-
eral population mortality or incidence rates, with mor-
tality ratios standardized for age at risk, will continue
to be performed and should continue to be interpret-
ed with caution. Apart from age at risk, the strongest
predictor of disease in such studies appears to be length
of follow-up, and it is thus important to examine the
mortality patterns for each separate stratum of follow-
up. Frequently, the overall standardized mortality ratio
for an exposure-related disease will not be elevated,
but the picture will be quite different if attention is
focused on those persons who have been followed for
the longest time periods. This phenomenon can occur
both because of a decline in the healthy worker effect
with follow-up and because of a long induction time
for exposure-related disease. Duration of employment
is also of importance because short-term workers may
have greatly increased base-line disease risk, and they
should be excluded from most analyses. Specification
of the optimal value for minimum employment dura-
tion is seldom obvious, and trial and error may be
necessitated in the absence of objective guidelines.

Length of follow-up will also be of prime impor-
tance as a potential confounder in studies involving
an internal comparison. Some models, such as the pro-
portional hazards model, implicitly control for length
of follow-up because cases of disease are compared
with the exposure experience over the same follow-up
period of all the persons who were followed for at least
as long but did not experience disease. The same prin-
ciple ideally should be followed in the selection of
referents for a case-referent study nested in an occu-
pational cohort. It may also be necessary to control
for age at first exposure or age at risk, in addition to
length of follow-up — but it is usually not feasible to
control for all three because of the problem of collin-
earity. Traditionally, most studies have controlled for
age at risk since it is an important confounder in other
contexts and relevant information is readily available,
but the preceding discussion suggests that age at first
exposure may be a more fundamental confounding
factor in some situations. Furthermore, the discussion
of the multistage model suggests that length of follow-
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up and age at first exposure are likely to be effect
modifiers in studies of occupational carcinogens and
that age at risk should be regarded as merely the sum
of these two factors. For example, these two factors
are of prime importance in studies of radiation-induced
solid tumors (15), and it will be necessary to consider
these factors in the analysis in order to have sufficient
power to detect increased risks for persons exposed to
low doses of radiation. The same principle generally
applies to other studies of occupational hazards.
Hence, in many studies based on an occupational
cohort, it may be preferable to assess the potential for
effect modification or confounding by length of
follow-up and age at first exposure before considering
the inclusion of other time-related factors in the model.
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