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Controling the Healthy Worker Effect in Occupational
Epidemiology
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Summary

The healthy worker effect is an important issue in occupational epidemiology.
We proposed a new statistical method to test the relationship between exposure
and time to death in the presence of the healthy worker effect. In this study, we
considered the healthy worker hire effect to operate as a confounder and the
healthy worker survival effect to operate as a confounder and an intermediate
variable. The basic idea of the proposed method reflects the length bias—sampling
caused by changing one’s employment status. Simulation studies were also carried
out to compare the proposed method with the Cox proportional hazards models.
According to our simulation studies, both the proposed test and the test based on
the Cox model having the change of the employment status as a time-dependent
covariate seem to be satisfactory at an upper 5% significance level. The Cox
models, however, are inadequate with the change, if any, of the employment status
as time-independent covariate. The proposed test is superior in power to the test
based on the Cox model including the time-dependent employment status.
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1. Introduction

In occupational epidemiology, much attention has been paid in explaining the phenomenon of the
healthy worker effect [1,2]. The healthy worker effect can be defined as a phenomenon where the
mortality of individuals exposed to a specific risk is lower than that of a general population. It can
be divided into two important parts, a healthy worker hire effect and a healthy worker survival
effect [3-5]. The former arises from health workers being employed more likely than those who are
relatively less healthy on an initial selection process. The latter refers to a continuing selection
process such that the possibility of an individual still remaining employed in workplace is larger in
healthy workers than that in unhealthy workers. We can consider the healthy worker hire effect as
a confounding effect caused by the difference in health status among individuals at the time of
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employment. It can be easily controlled including the health status of individuals in a model. There
are two major approaches to control the healthy worker survival effect according on how to deal
with the employment status. One approach contains the following: a method to restrict an analysis
to those who have large survival since their initial hire and then stratify them on the employment
status [6]; a method of lagging the exposure up to a predetermined time {7]; a method of involving
current employment status as an indicator variable in a regression model [89]. On the other hand,
Robins [5] explained the healthy worker survival effect as a phenomenon caused by a
time-dependent employment status operating simultaneously as a confounder and an intermediate
variable. He asserted that the standard methods, including Cox model with the time-dependent
employment status, will be biased [10]. Instead, he proposed the so-called G-null set, G-algorithm
and structural nested failure time model (SNFTM), to remove the healthy worker survival effect
[5,11]. Although his algorithms were theoretically well derived, they still have some drawbacks such
as complication in computational process, dependency on given data set, and restriction to checking
the adequacy of proposed methods through simulations under various configurations. On the
contrary, Nam and Zelen [12] have shown that both a logrank test and a stratified logrank test have
very high significance levels in the comparison of two survival distributions with time-dependent
intermediate variable. They propose both a conceptual model and a statistical model to remove the
bias due to the length bias sampling came from a time-dependent intermediate variable.

In this study, we first construct a conceptual model which is able to control the healthy worker
effect and propose a test procedure based on the mode]. We perform simulations to compare the

proposed test with the tests based on Cox model in terms of significance level and power.

2. Score method

The healthy worker effect originates from both the health status of an individual at the time of

employment which operates as a confounder and a time-dependent employment status at time ¢
which operates as a confounder and an intermediate variable. The healthy worker hire effect can be
easily removed by treating the health status as a confounder in a model. The healthy worker
survival effect can be explained with the following model: the exposure amount at ¢ may affect an
employment status at t+1 and reversely the employment status at t+1 may affect an exposure
amount at t+ 2, and so on. To control the healthy worker survival effect in our theoretical model,
we introduce a methodology on the basis of Nam and Zelen [12]. Let define three conceptual times;
survival time (Ty) conditional on that the employment status is not changed, survival time (T7)

conditional on that the employment status has been changed, and waiting time W to the change of
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employment status. Since Ty and T} are conceptual variables and observed survival times may be
truncated according to employment status, the methods using only observed survival times lead to
the biased results. It is reasonable to assume that the change of employment status can be observed
through competing relation between Ty and W.

Let survival functions of To, 71 and W be Q(t) = Pr(Ty > t) , @ (¢t) = Pr(Ty > t) ,
and G(t) = Pr(W>t) , respectively. Let Y{t) be the exposure amount of an individual at ¢
and S(¢) bea pX1 vector of values of time-dependent and/or time-independent covariates at .

Consider a model, for ¢=0,1 ,
Qi(t) = Qy (t)em{ﬂ'y(t)+7'ls(t)}; (1

where Qo is the survival function corresponding to the unknown baseline hazard function
at the exposure amount of 0 and B; and 7V are the unknown regression parameters. The
subscript 2=0,1 indicates with or without the change of the employment status. The

’Yi('i =0, 1) are nuisance parameters and our hypothesis of interest corresponds to
Hy: 3,=08=0uws H :atleast 3 = 0(1=0,1)

i.e., there is no effect of exposure on survival regardless of the employment status. Define
T=(1-2)T,+ ZT,, where Z= I{(W<T,). That is, T="T, if the employment
status of an individual has been changed (Z=1) or T'="Tj otherwise (Z=0) . Assume
that T is subject to censoring and that conditional on covariates the survival and censoring
time are independent. Define a censoring indicator as 0 =1 if a observation is uncensored
or 6 =0 otherwise. The vector (¢,8,w, 2, Y, ) corresponds to the information for a single

observation. Following the arguments of Nam and Zelen [12], we have the log-likelihood
based on a single cbservation as

1O1¢,6,2y,s) = (1—2)[0{Boy(t) +v's(¢)} + exp {Byy (t) 4 7o's (¢)}log Qoo (2)]
+ 2[0{B1y () + 7's (1)} + exp {B1y (¢) + 715 (2)}Hog { Qo (¢)/ Q1o (w)}
+ exp {By (t) + 7o's (¢)}log Qo ()] + Re,
where 0 = (5, 81,7, 71)’ and “Re” denotes the terms not involving By, 81,7 and ;.

Therefore, the log-likelihood for T observations is
ln:Z 1(O] ty, &y, wyy 24, Y Sk)-
k=1

For k=1, ,n, define Nk(t) :I(TkSt;‘Sk:l), Rk(t):I(Tth), and
Z(t) = I(W;<t). Under model (1), the natural estimates of Qo (t)(:=0,1) according

to the arguments of Nam and Zelen {12], are given as
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a2 31— Zu))d(v)
log Quo (t) =— k= ’
’ E {1 — Z,(u)}Ry(u)exp (Boys (u) + vos(u))

t 3 2,(u)dNi(w)

log Quo(t) == [ =
EZA(U)Rk(“)eXP Biye(w) +m Sk(“)

k=1
Define ’)’i(i =0, 1) to be the restricted maximum likelihood estimate of 7; as a solution to

al, _0
=0 or m—
20} 371

from (8) or (9), we may rely on a Newton-Raphson method to do this. Also, define score

=0 subject to Bo= 1 = 0. Since we can not derive explicit form of 7;

statistics ﬁ1 and (72 as follows:
~ ol
U

— [

1= 8/30 |ﬁ0=ﬁ1=0:§0y’;1:[20m Qw

El—Z(u) 1R, (w)exp {yo's; (w)}y;(u)
- E/ ye(u) — 2= 1 — Z(u)dN,(u),

(i3

1= Zy(w))R;(u)exp {yy's;(u))}

i=1

. Al
6ﬂ1 l,@0=ﬁ1=0,:~;‘,,’;,, Quuy Qlo

L

N oo ZZ]‘(“)R]'(“)@XP{’Yllsj(u)}yj(u)
=3 [ fulw) —= Zi(w)dNi(u).
= > 2, (u) Ry (u)exp (v s (u))

j=1

By the standard multivariate theory, the null distribution of score vector, U= (Ul, U2)/,

asymptotically follows a bivariate normal with mean O and variance-covariance matrix

- oy 0
2___ 11 . ’
( 0 022J

where the exact formula of 013 and o 9y in X' are given in Appendix. Based on this result,
we propose a score test statistic for  testing Ho rjo /51 =0 against
H, :at least 5,=0(:¢=0,1) as

X2=UZ"'U=U02/o,,+ 0} [0y, (12)
which, under Ho, asymptotically follows a Xz distribution with two degrees of freedom. We

reject Hy in favor of H, at the significance level @ when X?>x2(2), where X2(2) is
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the 100 X (1 —a) percentile point of the X2 distribution with two degrees of freedom
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