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ABSTRACT
Background: The healthy worker survivor bias may vary by sex. This study investigated three component associations nec-

essary for this bias to determine the origins of sex differences in this bias among male and female workers.

Methods: We analyzed a data set of 93,918 South Korean diagnostic medical radiation workers registered in the National Dose

Registry from 1996 to 2011, linked with mortality and cancer incidence data. Component associations were assessed using Cox

regression to estimate hazard ratios (HRs) and logistic regression with generalized estimating equations to estimate odds

ratios (ORs).

Results: A significant association between prior cumulative exposure and employment status was observed for all‐cause
mortality in male (HR 1.06, 95% CI 1.02–1.10), whereas an inverse association was noted in female workers (HR 0.82, 95% CI

0.78–0.87). Adjusted ORs for employment status and subsequent exposure for all‐cause mortality, as well as HRs for em-

ployment status and survival time, demonstrated associations in the same direction in both males and females.

Conclusions: Our findings demonstrate that sex‐specific differences in healthy worker survivor bias were primarily driven by

the association between prior exposure and employment status. To improve bias mitigation in occupational cohort studies, sex‐
specific components should be incorporated.

1 | Introduction

The healthy worker survivor bias can be identified through
three component associations using a causal diagram: the
association between prior exposure and employment status
(C1), the association between current employment status and
subsequent exposure (C2), and the association between em-
ployment status and the outcome of interest (C3) (Figure 1) [1].
Several studies have investigated these structural components
to assess evidence of healthy worker survivor bias, including
those conducted on textile manufacturing workers [1], auto-
workers [2], boat building industry workers [3], white‐collar

workers [4], and workers exposed to silica dust [5] or acrylo-
nitrile [6].

While various factors can modify the healthy worker survivor
effect [7], little is known about how this effect differs by sex.
Previous studies have reported a weaker healthy worker effect
among women in the United States [8, 9] and Japan [10].
Conversely, stronger effects have been observed for causes of
death among European female workers compared to male
workers [11]. Recently, we reported an opposite pattern of the
healthy worker survivor effect between men and women for
occupational radiation exposure among radiation workers [12].
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To our knowledge, no study has examined the sources of sex
differences in the healthy worker survivor effect by analyzing
component associations. Moreover, potential differences in the
component associations using incidence data, rather than
mortality or prevalence data, remain underexplored.

This study aims to explore the origins of sex differences in the
healthy worker survivor bias by evaluating component asso-
ciations using both mortality and cancer incidence data in a
cohort of medical radiation workers. Identifying the source of
potential sex differences in the healthy worker survivor bias will
provide deeper insights into the mechanisms underlying the
bias in occupational cohort studies.

2 | Methods

The study population and methods have been described previously
[12]. Briefly, the study population comprised all diagnostic medical
radiation workers enrolled in the National Dose Registry (NDR)
between January 1, 1996 and December 31, 2011 (n=94,379).
Workers with cancer or who had died before enrollment (n=461)
were excluded, resulting in a final analysis of 93,918 workers. This
registry‐based linkage cohort study, which involved no direct con-
tact with participants, was reviewed and approved by the Institu-
tional Review Board of Korea University (KUIRB‐2019‐0092‐08).

Occupational exposure data were obtained from the NDR da-
tabase, maintained by the Korea Disease Control and Preven-
tion Agency since 1996 (https://www.kdca.go.kr/). Cumulative
individual radiation badge doses (measured in Sievert) were
calculated from quarterly badge readings recorded in the NDR
based on Hp (10) measurements [13]. Occupational radiation
exposure was categorized into no exposure (≤ 1mSv) and ex-
posure (> 1mSv) groups based on the time‐dependent cumu-
lative effective dose of up to each year. A 10‐year lag was
applied a priori, considering the latency period between radia-
tion exposure and chronic health outcomes [14]. Employment
status was determined based on continuous badge records from
the first and the last measurement date in the NDR.

Mortality data were obtained through linkage with Statistics
Korea (http://kostat.go.kr/) using personal identification num-
bers. Deaths from all causes (ICD‐10 codes: A00‐Y89) and
cancer deaths (ICD‐10 codes: C00–C99) were identified based

on the underlying cause of death in the International Classifi-
cation of Diseases, 10th Revision (ICD‐10). Cancer incidence
data were obtained from the Korean National Cancer Center
(http://www.ncc.re.kr/) through linkage to the centralized
national cancer registry. Cancer cases were defined as the first
primary malignant tumors (ICD‐10: C00–C99). Person‐years at
risk were calculated from 1996 or the start year of employment
(whichever occurred later) until the earliest of death, cancer
diagnosis, or the end of follow‐up (December 31, 2018, for
cancer; December 31, 2019, for mortality).

Associations for C1 and C3 were assessed using a stratified Cox
regression model and a Cox proportional hazards model for
counting process, respectively, to estimate hazard ratios (HRs)
with 95% confidence intervals (CIs). The stratified model was
applied for C1 due to violation of the proportional hazards
assumption. In the C1 model, the exposure variable was defined
as the dichotomized prior cumulative radiation exposure, and
the outcome was survival time until leaving employment in the
subsequent calendar year after the year of exposure. In the C3
model, the exposure variable was a time‐dependent employ-
ment status indicator, and the outcome was survival time until
all‐cause mortality or cancer incidence. For the C2 model,
logistic regression with generalized estimating equations was
used to estimate odds ratios (ORs), with an independent
working covariance matrix. Here, the exposure variable was
employment status, with employed workers as the reference
group, and the outcome was the dichotomized cumulative
radiation exposure. Covariates included sex, attained age
(continuous), birth year (< 1960, 1960–1969, 1970–1979,
≥ 1980), and employment duration (< 1, 1–4, 5–9, ≥ 10 years).
Model adjustments were determined using deviance and the
Akaike Information Criterion, consistent with previous analy-
ses of the healthy worker effect [12]. An alternative binary ex-
posure definition (i.e., 2 mSv) was applied to assess the
robustness of the main findings. All statistical analyses were
conducted using the survival and geepack packages in R soft-
ware (version 4.3.3; R Foundation for Statistical Computing,
Vienna, Austria).

3 | Results

The association between prior occupational radiation exposure
and time to leaving active employment (Component 1) was
significantly elevated for all‐cause mortality (HR 1.06, 95% CI
1.02‐1.10) and all cancer incidence (HR 1.13, 95% CI 1.09–1.18)
in male workers (Table 1). Conversely, prior radiation exposure
was inversely associated with employment cessation in female
workers (HR 0.82, 95% CI 0.78–0.87 for all‐cause mortality; HR
0.89, 95% CI 0.84‐0.94 for cancer incidence). In both male and
female workers, adjusted ORs for the association between em-
ployment status and radiation exposure (Component 2) were
significantly elevated for all‐cause mortality (OR 5.28, 95% CI
4.95‐5.64 for males, OR 2.41, 95% CI 2.25–2.58 for females).
Similarly, HRs for the association between time‐varying em-
ployment status and survival time (Component 3) were elevated
for all‐cause mortality in both male (HR 1.90, 95% CI 1.64–2.20)
and female workers (HR 1.74, 95% CI 1.04–2.89). However,
employment status exhibited a weak association with survival
time for cancer incidence in both males (HR 0.95, 95% CI

FIGURE 1 | A simplified causal diagram representing the healthy

worker survivor bias. Exposure status is defined as a 10‐year latency

period cumulative dose>mSv at time k (yes/no). Employment status is

a time‐varying confounder indicating whether a worker employed at

time k (yes/no). Health outcome represents death or cancer incidence.

C1, component 1; C2, component 2; C3, component 3.
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0.83–1.08) and female workers (HR 0.89, 95% CI 0.73–1.08).
This pattern persisted when alternative exposure definition was
applied (Supporting Information).

4 | Discussion

Our findings indicate that sex differences in the association
between prior exposure and employment status are the primary
contributor to the observed sex differences in the healthy
worker survivor bias. In contrast, the direction of other com-
ponent associations was consistent between male and female
workers, suggesting that their contribution to sex differences
was limited. Component analysis has been previously applied to
assess evidence of the healthy worker survivor bias. This study
extends its application by demonstrating its value in identifying
the origins of the healthy worker survivor bias. To our knowl-
edge, this is the first study to apply component analysis to
determine the source of sex differences in the healthy worker
survivor bias among radiation workers. Additionally, this study
is strengthened by its linkage to comprehensive national mor-
tality and cancer incidence registry data and the inclusion of all
monitored South Korean male and female medical radiation
workers. Given the substantial differences observed between
male and female workers in component‐specific associations,
sex‐stratified analyses may be essential to ensure accurate es-
timation of exposure‐disease associations in occupational
cohort studies.

The differing patterns of association between prior radiation
exposure and employment status (C1) in male and female
workers can be explained by sex‐specific social and occupa-
tional factors. Among male workers, our finding of an increased
risk of leaving employment following prior occupational ex-
posure is consistent with most previous studies [1–3, 5, 6]. In
contrast, female workers may leave employment for reasons
unrelated to occupational exposure, such as marital status,
household income, and childcare responsibilities [15, 16],
which could weaken the association between prior exposure
and employment status. Additionally, female workers may have
left employment or been reassigned to lower‐exposure jobs due
to a higher risk perception of radiation exposure compared to
men in South Korea [17].

The significant association between employment status and
subsequent exposure (C2), even after applying a 10‐year lagged
exposure variable, supports the presence of the healthy worker
survivor bias in both male and female workers. The difference
in the magnitude of associations between male and female
workers may contribute to sex‐specific differences in the degree
of the healthy worker survivor bias observed in our cohort.
However, since the direction of the association was consistent
across sexes, its role in explaining the reported opposite patterns
of sex differences in the healthy worker survivor bias [12] is
likely limited.

The significant association between current employment and
mortality (C3) observed in both male and female workers aligns
with previous reviews suggesting that poor health is a major
driver of early retirement [18, 19]. However, this pattern was
less pronounced for cancer incidence, which is consistent with

our prior findings indicating a stronger healthy worker survivor
effect for mortality than for cancer incidence [12]. These find-
ings demonstrate that the association between health status and
leaving employment contributes to the healthy worker survivor
bias, but this association had little influence on sex differences,
as similar patterns were observed in both sexes. Since not all
workers with poor health leave employment early, however,
further research is warranted to examine the differentiated roles
of health in the transition from work to retirement [20].

5 | Conclusion

In conclusion, our findings indicate that sex‐specific differences
in the healthy worker survivor bias stem primarily from the
association between prior exposure and employment status
among radiation workers. This study provides evidence for the
origins of sex differences in the healthy worker survivor bias,
utilizing both mortality and cancer incidence data. To better
understand the sources of sex differences in the healthy worker
survivor bias, future studies should incorporate sex‐specific
component associations in occupational studies.
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