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Abstract. The retrospective assessment of individual exposure in occupational settings often derives
from the association of individual work histories with quantitative and semi-quantitative exposure in-
formation. In absence of information on exposure, researchers commonly employed proxy variables,
but with strong assumptions and some limitations. In the present work, we propose a new method to
estimate the time-varying exposure risk associated to outcomes of interest considering functional re-
gression models and individual work periods. As an illustrating example to understand the potentiality
of the method, we analysed a cohort of dock workers occupationally exposed to asbestos in Italy.

Keywords. retrospective exposure assessment; functional regression; asbestos; dockworkers; mesothe-
lioma.

1 Introduction

The strong relationship between malignant mesothelioma risk and the cumulative asbestos dose is con-
firmed by a wide piece of literature [1, 6, 3]. Unlike mesothelioma, lung cancer (LC) is determined by
smoking habit, but asbestos is a recognized risk factor for LC [5], again in a dose-response relationship
[8]. An excess LC risk at low cumulative asbestos doses has also been observed in never-smoking work-
ers, and meta-analyses suggest that studies with higher-quality exposure assessment provide evidence of
an effect at low doses [4]. The study of the relationship between exposure to asbestos and mortality from
asbestos-related diseases often relied on surrogates of exposure, such as work duration and/or prevalent
job tasks. However, these surrogates may result in misclassification of individual exposure, affecting
risk estimates [11]. The Retrospective Exposure Assessment (REA) is a crucial component for the inter-
pretation of the results derived from epidemiological studies in occupational settings [10]. The REA is
based on the reliability of information on exposure levels, which in occupational settings is often weak
and insufficient to cover the entire occupational window of interest. In fact, in our motivating example,
the concentration of asbestos fibers in the air at work in the Venetian dock is unknown; we only know
the number of ships loaded with asbestos and the amount (in kilograms) of asbestos handled each year



2 METHODS

in this port between 1961 and 1979. In this study, we consider, in addition to standard methods based on
the duration of exposure, a flexible approach based on the functional regression model [9, 7] to estimate
a mortality risk function based on the work periods of each worker. The aim of this paper is to estimate
the excess risk of death from two asbestos-related cancers, pleural cancer (PC) and LC, in a cohort of
dockworkers employed at the Port of Venice, using both traditional mortality methods based on a proxy
variable and risk estimates from a functional regression model.

2 Methods

2.1 The CLP Cohort and follow-up

The unloading of asbestos was carried out exclusively by members of a dock company called “Com-
pagnia Lavoratori Portuali” (CLP). The cohort includes the dockworkers of the CLP as recorded in its
official rosters who i) were employed between January 1, 1960 and December 31, 1992; ii) worked for at
least 6 months. The duration of work during 1969-1977 (Figure 1) was used as a proxy for the intensity
of asbestos exposure. In the study, vital status was followed from enrollment (date of hire or January 1,
1960, whichever was later) to death or end of follow-up (December 31, 2019) using the regional pop-
ulation registry; underlying cause of death for deceased workers was obtained from death certificates
and coded according to the International Classification of Diseases, 9th Revision (ICD-9) until 2007 and
ICD-10 since 2007.
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Figure 1: Total quantity (in tons) of asbestos handled in the harbor of Venice by year.

2.2 Standard analysis with proxy variables

Based on the death records and work histories, we conducted a follow-up cohort study, computing for
each worker’s age, period, and person-years from 1960 to 2018, with a 1-year resolution. The effect
on the mortality of PC and LC was modeled by means of Poisson regressions with offset constant as
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follows:
g (1)
PY;

with the death occurrence Y; ~ Poi (u;), while g() = log() was the canonical link function and PY; in-
dicated the individual person-years of the follow-up duration to model the mortality rate, as an offset
variable. We considered the covariate age A; and period P; as confounders in continuous form, while D;
is the duration in the period 1969-1977 (time window with a peak in the amount of asbestos handled at
the port). The parameter 7y estimated the adjusted risk associated with a work duration longer than five
years. Because of the presence of time-varying duration and the occurrence of LC and PC cases during
the follow-up period, we recalculate the duration variable D; according to the period P; and the temporal
window of interest (a,b) with D;(P) = Y3, [ (Szk o) (t)dt where, each work period k is defined by a

=Bo+PBiAi+ PP+l (D; > 5) (1)

starting time s;; and an ending time e; ;. For the worker w, N,, represents the total number of working
periods. The model with a time-dependent duration variable becomes as follows

g (1)
PY;

= Bo + B1A; + B2 P +YI (D;(P,) > 5) (2)

The results were presented in terms of Mortality Rate Ratios (MRR) by the exponential transformation
of 1y coefficients with its 95% Confidence Interval (95% CI). The computation of the follow-up data and
the multiple splitting for time-dependent variables was performed using the popEpi package of the R
software.

2.3 A functional regression model

The previous approach has some limitations: the cut-off of 5 years was arbitrary, and it does not take
into account possible differences in exposure intensity over time. In our proposal, we substituted the
covariate I (D; > 5) in (1) with a functional covariate D;(¢) in the following way,

g (1)
PY;

b
= Bo + P14 + B2P; +/ ¥(t) Di(r)dt

where D;(t) = ):2’; i (staoeie) (¢) is a rectangular pulse function that identifies N,, work periods for the w-

th worker during the temporal window between (a, b). As previously set, each work period k is defined
by a starting time s;; and an ending time e; ¢, with a < s; < e;x < b. The function Y(#) modulates the
unknown risk exposure function (see Figure 2).

We adopt a flexible specification of () by means of a cubic B-spline basis {0,,(¢),m = 1,...,M},
so that the functional terms can be simplified into a weighted sum of terms, namely

[0 0wa= 3 [ woa= 3 [ 3wt

Sik Sik m=1

—ZZYm/ On(1)dt = Zvaq)lkm

=1m=1 =1m=1

where §; . m = [ @ (t)dt. The model is defined in the following way

( )

= Bo+B1A; +B2Pi + Z Z Yo Qi fem-

k=1m=1
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Figure 2: Graphical representation of the exposure risk function y(¢) (top), the pulse rectangular function
D(t) indicating the working periods (middle), and their combination (bottom) with the grey area that
reports the individual exposure (bottom).

The functional term fab v(t) D;i(t)dt = Zivil YM Ym®ikm can vary according to the exposure working
period; its exponential transformation can be expressed as a functional MRR.

As presented in (2), we considered the time-dependent variant of the functional regressor
Ny M
Y ) vnikms
k=1m=1

recomputing the integral 07, , = [5.%* 0, (1)dt, with ¢}, = max(min(e;z, P;), siz)-
In order to regularize model parameters by shrinking the regression coefficients, we implemented in

the previous model a Ridge penalization procedure [2].

The vector of parameters © =(Bo,B1, B2, Yi,.-..,Yu) Were estimated by minimizing the penalized
log-likelihood

1N
— ) 1 (yi, i) +A|[6] ]2,
& X1 )+

1

—_—

where [ (y;, i;) is the negative Poisson log-likelihood contribution for the i-h observation, identified by
the individual age and period split, while the parameter A is the penalization parameter applied to the
L? norm of the vector of coefficients 8. The value of A was chosen to minimize the Generalized Cross
Validation (GCV) index [12]. The number of splines was set to six in order to cover the entire temporal
temporal window from 1960 to 1990 with equally spaced nodes. 95% CI was obtained by nonparametric
bootstrap resampling of 5000 data sets. We used the R package cubicSplines to compute basis function
integrals, while the package g/mnet implemented the minimization.
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3 Results

The inclusion criteria were met by 1,892 dockworkers, 22.7% of whom were already employed by the
company at the time of enrollment in 1960; the majority were hired in the years just before (63% in
1960-1970) or during the period of peak asbestos unloading in the port of Venice (11% in 1970-1980),
with very few starting employment after (2.5%). A minority of workers stopped working at the port
before 1970 (14%) or during 1970-1980 (11%), while most workers stopped working for the company
after 1980 (75%). Cohort members accumulated a total of 75,082 person-years of follow-up through
December 31, 2019. 1,189 subjects (62.8%) had died by the end of follow-up; the cause of death was
unknown for 44 of these workers (3.7%). The median follow-up was 46 years (IQR: 36-51).

Lung cancer
Work duration in 1969-1977 Deaths,n MRR 95% CI  P-value

No work 24 Ref.
(0, 5) years 26 146 0.82-2.62  0.200
> 5 years 136 1.76  1.05-3.07 0.038

Pleural cancer
Work duration in 1969-1977 Deaths,n MRR 95% CI  P-value
< 5 years 3 Ref.
> 5 years 28 2.50 0.87-10.6  0.136

Table 1: Number of deaths for lung and pleural cancer and adjusted mortality rate ratio (MRR) with 95%
confidence intervals (CI) by length of employment in the period of peak asbestos exposure (1969-1977).

LC mortality showed increased risks with increasing exposure (Table 1). Among PC cases, with a
reference category of <5 years of work in the period 1969-1977, a longer duration was associated with
an increased risk of death from PC, although not statistically significant (MRR: 2.50, 95%CI: 0.87-10.6).

Figure 3: Estimated functional component Y(¢) for lung cancer (left) and pleural cancer (right) by year
of employment (t) (blue) and its relative 95% IC (dotted dark red).

Considering the regression functional model results, the estimated risk function for lung cancer mor-
tality exhibited a peak in the year 1973 (Figure 3 - left): looking at the bootstrap 95% IC, the risk became
statistically significant in the period 1971-1976. Considering the estimated mortality function risk for
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lung cancer, the functional MRR estimated by the model in the time window 1969-1977 was equal to
1.44. A similar pattern was reported by the mortality for pleural cancer (Figure 3 - right), but with higher
risk estimates: the highest MM mortality risk was estimated in 1974 with a 95%CI higher than the null
effect for a period more extended than the LC one which started from 1972 and ended on 1982. The
estimated functional risk function produced an MRR equal to 2.05 for the period 1969-1977.

4 Discussion

Our approach allowed us to estimate the mortality risk of pleural and lung cancer without any a priori
assumptions. We found that the risk exposure curve follows the amount of asbestos handled at the
shipyard for both asbestos-related diseases considered. Further developments are needed to account for
the latency between cumulative exposure and death and to add a spatial layer in the context of spatio-
temporal exposures.
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