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evaluated. In this example some of the concentra-
tions could be zero to cope with a break in exposure,
¢z or cs = 0, or with retirement, c4 = 0. Then the
cumulative dose is given by:

cumulative dose = cit1 + c2(f2 — t1) + c3(ts — t2) +
ca(ta — t3)

This is how the cumulative dose would be evaluated
in practice, but to simplify a more general approach
it may also be written as an integral. Suppose
exposure started at time zero and is to be evaluated
up to time #, and that the concentration at time u is
c(u) for 0 < u < t; again c(u) would be zero during
breaks in exposure or after retirement. Then

t
cumulative dose = j c(u) du
[1]

This measure attaches no more importance to
exposure a long time ago than to recent exposure,
and does not alter after exposure has ended. Both
of these properties are unrealistic for a disease, such
as asbestosis, which is dependent more on early
exposure than on recent exposure and which may
develop after exposure has ended. The simplest way
of allowing for both of these points was given by
Jahr (1974) who suggested that each component
of exposure should be weighted by the time which
has elapsed since the exposure occurred. Thus,
cumulative dose weighted by time since exposure
is given by

J.t (t — u)c(u)du
0

and, in practice, evaluated by summing contributions
of the form

ctz— ) {t — (11 + t2)}

over each period of exposure to a fixed concentration.

The weighting factor could be regarded as the
time that the dust has been in the lungs if elimination
has not taken place. Looking at the measure in this
way, and postulating that elimination does occur,
leads to a generalisation.

Suppose that, over the long term, dust is eliminated
from the lungs at a rate proportional to the amount
in the lungs, and the constant of proportionality is A;
in other words, in the absence of further exposure the
amount of dust in the lungs declines exponentially
at rate A and will be reduced to one half of its level
in time T = In2/A, the half-life time. The actual
amount of dust deposited in the lungs is unknown,
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but is assumed to be proportional to the concentra-
tion. Then the amount of dust in the lungs at time v
is, apart from a constant of proportionality, A(v)
given by:

A@) = jv c(u) e 0-v) dy
0

If it is supposed that each component of dust
which was deposited in the lungs contributes to the
dose for the time it remains in the lungs then the
dose D(t) evaluated at time ¢ is given by:

D(r) = It A() dv
0

]

t v
j I c(u) e 2 v-w du dv
1] (1]

t t
j c(u) j e A v-u) dy du
0 u

- erena

This is the generalised measure which, except for
infinite A, has the properties that, first, it gives more
weight to exposure a long time ago than to recent
exposure and, second, it continues to increase after
exposure has ended. If A tends to infinity then D
tends to zero, but in such a way that AD tends to
cumulative dose. Thus, in effect the cumulative
dose may be considered as a special case of the
generalised dose when elimination of dust from
the lungs takes place very quickly. If A tends to
zero, then D tends to the cumulative dose weighted
by time since exposure which, therefore, is also a
special case of the generalised measure when there
is no elimination of dust from the lungs.

To summarise, the generalised measure consists
of a family of dose measures with each member of the
family defined by the parameter A, or, in an equiva-
lent manner, by the half-life time 7. The full family
is obtained by allowing T to vary from zero to
infinity. The approach followed here is akin to that
of the British Thoracic and Tuberculosis Association
1975).

DOSE-RESPONSE RELATIONSHIPS
If P is the prevalence of a sign at dose D, then a
dose-response relationship is defined by a functional
relationship between P and D, that is, P = f(D).
All the relationships considered are such that P is
zero when D is zero, and as D increases above zero
then so also does P; this excludes relationship


http://oem.bmj.com/
http://group.bmj.com/

Downloaded from oem.bmj.com on February 15, 2012 - Published by group.bmj.com

Asbestosis: a study of dose-response relationships in an asbestos textile factory

with a threshold, i.e. P zero for all values of D below
some non-zero threshold.
The first dose-response relationship is defined by:

In{P/(1 — P)} = a + bln(D)

This is similar to that used previously (British
Occupational Hygiene Society, 1968), which was
based on the assumption that the distribution of
dose at which a sign first occurred is log-normal.
The relationship now being used differs only in
that a logit transformation has been applied to P
instead of a probit transformation. As the logit
and probit transformations are approximately
equivalent, this modification makes negligible
differences to the fitted relationships, and has been
used to simplify the calculations.

An alternative way of looking at the response is
to consider the incidence rate of new cases, /, instead
of the prevalence, P. The incidence and prevalence
are related by:

dp
I= & / (1-P)

It can be shown easily that the logit dose-response
relationship may be written as

I=5bPA/D

where A is the amount of dust in the lungs as defined
earlier.

If, instead of assuming that the distribution of
dose at occurrence of a sign is approximately log-
normal, it is assumed that the incidence of cases is
proportional to the amount of dust in the lungs,
then an alternative dose-response relationship is
obtained:

I=cA
which may also be written in the form:
Ind-P)=—cD

Both the above relationships have equated the
prevalence or incidence of a sign at time # with the
dose evaluated up to time z. This is equivalent to
assuming that the effect of dust deposited in the
lungs may be immediate. This may be unrealistic
and, instead, it could be assumed that there is a lag
period of length w for the development of an
observed effect after the dose responsible has been
attained. The dose-response relationship then has
theform P(t) = f {D(t — w)}.
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FITTING THE DOSE-RESPONSE

RELATIONSHIPS

For a sign, such as crepitations, a man is known
either to have reached time #1 without crepitations
or to have developed crepitations at some time
between 1 and 72, where 71 is the time of the latest
medical examination at which crepitations were not
recorded and ¢z is the first medical examination at
which they were recorded. The log-likelihood of the
observations, L, may be written:

L= 2In{l — P(ty)} + ZIn {P(tz) — P(t1)}

where the first summation is over men without the
sign, and the second summation is over men with
the sign. Substituting for P using the dose-response
relations, L is dependent on the parameters a, b, T, w
or ¢, T, w. An attempt was made to estimate these
parameters by the method of maximum likelihood,
proceeding as follows.

For the logit model with no lag period i.e. w = 0,
and for a fixed value of T, the parameters a and b, or
¢, were estimated iteratively by the Newton Raphson
method. This was repeated over a grid of values of 7,
from zero to infinity, in order to find the maximum
likelihood estimate of 7. For crepitations the log-
likelihood increased as T increased from zero but,
for T greater than 10 years, L was almost constant,
showing a variation of only 0-25 in the range 10 to
infinity. The 959% confidence interval for T was
obtained as the interval in which L was within
1-92 of its maximum, half of the 959 critical value
for a S2? test with one degree of freedom.
This confidence interval was from three years
to infinity, so that it was impossible to estimate
T with any precision.

The alternative model was fitted in a similar
manner but gave a worse fit than the logit model.
This was to be expected, as the alternative model
contains one less parameter than the logit model, but
if the alternative model is considered as satisfactory
as the logit model only if the log-likelihood of the
former is within 2-0 of the latter, then the alternative
model was not satisfactory.

The whole process was repeated with a lag
period of five years. It was still not possible to
estimate 7 with any precision, and its 95 % confidence
inte1 val was from two years to infinity. The alterna-
tive model gave as satisfactory a fit as the logit model,
provided that T was at least five years.

Finally, the same procedure was applied to the
sign of possible asbestosis. A similar pattern of
results was obtained except that, because there were
fewer cases, the confidence intervals for T were even
wider than were those for crepitations.

It was not possible to attempt to estimate the lag
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period by maximum likelihood because of the
sudden changes in the concentrations when a man
changed jobs. This meant that L was not differenti-
able with respect to w and prevented the application
of maximum likelihood theory. However a graphical
comparison of the observed and fitted dose-response
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relationship suggested that there were insufficient
data to discriminate between the model without a
lag period and one with a lag period of five years.
The lag period cannot be much more than five years
as there was one case of possible asbestosis only
7-25 yr after first exposure.
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