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ABSTRACT

Objectives: Animal bioassays have demonstrated inomg evidence of the potential
carcinogenicity to humans of titanium dioxide (E)Cbut limitations in cohort studies have been
identified, among which is the healthy worker suovieffect (HWSE). We aimed to address this

bias in a pooled study of four cohorts of T¥orkers.

Methods: We re-analysed data on respirable: Ti@t exposure and lung cancer mortality among
7341 male workers employed in Ti@roduction in Finland, France, United Kingdom atady
using the parametric g-formula, considering thrggpolthetical interventions: setting annual
exposures at 2.4 (U.S. occupational exposure li@ig (German limit), and 0 mgAfor 25 and

35 years.

Results: The HWSE was evidenced. Taking this ictmant, we observed a positive association
between lagged cumulative exposure tozla@d lung cancer mortality. The estimated number of
lung cancer deaths at each age group decreasess accoeasingly stringent intervention levels.
At age 70 years, the estimated number of lung cattesths expected in the cohort after 35-year
exposure wag93 for exposure set at 2.4 mgin235 for exposure set at 0.3 mginand211 for

exposure set at 0 mgim

Conclusion: This analysis shows that HWSE can hidexposure-response relationship. It also
shows that Ti@ epidemiological data could demonstrate an expesfieets relationship if
analysed appropriately. More epidemiological stediad similar re-analyses of existing cohort
studies are warranted to corroborate the humanncgrenicity of TiQ. This human evidence,
when combined with the animal evidence, strengthiea®verall evidence of carcinogenicity of

TiOo.
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Occupational exposure; g-formula; causal inferenetepspective cohort
INTRODUCTION

There is substantial interest in human evidencarddgg the carcinogenicity of titanium dioxide
(TiO), an odorless white pigment and opacifying ageidely used since the 1920s. i@
classified as possibly carcinogenic to humans byriternational Agency for Research on Cancer
based on sufficient evidence from cancer bioassalies and inadequate evidence from human
cancer studies. Since 2020, Ti®also classified as a suspected human carcinmgarhalation

in the European Union according to Regulation n212308.

Prior large cohorts of Ti©workers reported increased mortality from lungosanbut failed to
observe an exposure—response relationship with latinel exposure to Tig{1l] except in a
French cohort of Ti@workers.[2] One of the key limitations noted ire thccupational cohorts
was the potential healthy worker survivor effecM(BE) which can mask association between
cumulative exposure and lung cancer mortality.[@] iRstance, in the pooled European study of
TiO2 workers, a key study on this topic, no evidencarpfassociation between respirable JIiO
exposure and lung cancer mortality was observegitgethe excess of lung cancer mortality
among male Ti@ workers as compared to the general populatiomndstalised mortality

ratio=1.23; 95% confidence interval (95%CI1)=1.168).[4]

In this study, we re-analysed a subset of the pb&leropean cohort of TgOworkers,[4] to
examine the evidence of HWSE and the exposure-nsgpeelationship between cumulative
exposure to Ti® and lung cancer mortality. We implemented the gyootation algorithm
formula (g-formula) recommended for statistical lgsia of cohort data in the presence of time-
varying confounders affected by prior exposurejdgfpof HWSE.[5] The g-formula has been

proven to be an essential method for estimating dmurhealth effects of exposures and
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interventions on exposures in such scenarios.[gfdfore, we applied it to assess the effect of

three hypothetical interventions of Ti@xposure limitation.
METHODS
Study population

The original pooled European cohort included wask&ho had been employed at least 1 month
in one of 11 Ti@production factories in six European countries Igxd, France, Italy, Norway,
Germany, and the UK).[4] All female workers and enalorkers with missing death certificates
and/or lacking quantitative exposure estimates wrckided from the exposure-response analysis
of this cohort.[4] We used the same criteria ofkeo inclusion/exclusion as in original cohort,
but restricted the study to four countries (Finlafidince, Italy, and the UK), for which data were

still available and ethical approvals obtained.
EXxposure assessment

The factories produced mainly pigment-grade sJi@though TiQ form (e.g., particle size and
crystalline phase) was ignored.[6] Information embgraphic and employment characteristics
was collected from factories’ records describinged# birth, sex, race, and dates of hire, job or
department change, and termination. Estimated atiwal occupational exposure to respirable
TiO2 dust was derived from job title and work histoBy.[Exposure assessments were carried out
at the level of occupational titles for each plamtdiscrete time periods throughout the history of
plant operations. Lists of occupational titles weoenpiled and coded for each factory. Exposure
measurement data were obtained from company fiegavith information such as the area(s) of
the plant where measurements were made, the peesérany local ventilation, the type of the
materials being handled and the purpose of samplingse were then linked to the work history

of each individual in the cohort to provide exp@sastimates.

5
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Statistical analysis

The lengths of follow-up varied between countried eanged from 1950-1972 until 1997-2001.
The primary outcome of interest was death for whioé underlying cause was attributed to

cancers of the trachea, bronchus and lung (ICDed@ d62).

A data tabulation of person-periods and eventsasastructed with one record for each person-
year of observation from date of entry into thelgsia until end of follow-up or administrative
censoring of workers alive at age 90 years. Udiiegabserved data, we fitted logistic regression
models for the probability of the outcome of instrdor the probability of remaining at work, and
for the probability of dying from a competing cauas a function of covariates and estimated
exposure. The cumulative Ti@xposure was 10-year lagged (Supplementary matégale S1

and Technical Appendix 1).

The g-formula was implemented by a Monte Carlo $amon based on the regression model
estimates of the probability of termination of eoyhent and death.[5, 7] Ten Monte Carlo
samples per exposure scenario were drawn randeorty the observed cohort and the estimated
parameters from the parametric models to recré&testudy data for each person in the sample
under specified exposure intervention. Three hygtathl interventions were considered: setting
workers’ annual exposures to 2.4 m@&n0.3 mg/n (the currently recommended TiO
occupational exposure limits in the US [8] and Gamgn[9], respectively), and zero exposure. For
each intervention, we assumed two possible expaiuegions: 25 and 35 years and estimated the
expected lung cancer mortality at 60, 70, 80, ahgenrs of age. The associated 95%-Cls were

calculated using bootstrap samples.

RESULTS
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The cohort included 7341 workegfBable S2). At the end of the follow-up, 139 lungcar deaths
were observed. The presence of the HWSE was eEgnire S1). Being in employment reduced
the risk of lung cancer mortality (OR=0.14, 95%CB&0.22) and the probability of leaving the
employment increased as a function of Jeé®posure (OR=3.55 95%CI|=2.82-4.46) ). The OR of
lung cancer death associated with lagged cumulatipesure to Ti@was estimated at 1.03 per
1 mg/n¥-year (95%CI=0.99-1.07), after adjustment for theplyment status in previous and

current years and employment duration.

G-estimates of lung cancer mortality, derived urtderthree hypothetical interventions, are shown
in Table 1. The estimated number of lung cancethdeat 60, 70, 80, and 90 years of age all

decrease across the three interventions considektor both exposure durations.
DISCUSSION

This re-analysis provides the first evidence ofeaposure-response relationship betweenTiO
cumulative exposure and lung cancer mortality usigparametric g-formula. Adjustment of a
standard regression model for employment statugposeire duration is not sufficient for
complete HWSE correction.[3] However, rank orderarfigung cancer deaths across levels of the
intervention estimated by g-formula is consisteithva positive exposure-response association
between TiQ and lung cancer (3% per 1 md#grear of respiratory Tig).

A limitation of the g-formula is the g-null paradokhe g-formula may be guaranteed some degree
of model misspecification if there is treatmentdoamder feedback and the sharp causal null
hypothesis (i.e., the intervention has no effechoyindividual’s outcome at any time) holds.[10]
To address concern that model misspecification leag to bias, we followed recent guidance

[11] to avoid overly parsimonious models for thenpmnents of the g-formula in this analysis.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

A causal interpretation of the findings requirestaie statistical assumptions, including
consistency, positivity, exchangeability.[12] Thensistency assumption may be challenging
given the complexity of historical exposure coratis and the various Tgdrms, the latter being
insufficiently documented. We nevertheless belignat exposure contrasts are defined here well
enough to support meaningful inference regardin@'$ieffect. The positivity hypothesis (i.e.
observations on exposed and unexposed workersginimyvariate levels) was difficult to confirm
as 82% of workers were exposed. However, the pesitkposure-response relationship based on
continuous cumulative lagged exposure tozI$0pports these assumptions.

The exchangeability assumption (i.e., no unmeasemdounding) is challenging given the
limitations of available data on smoking. The momhplete smoking data were available for the
French cohort and showed no effect of adjustmansiftoking on estimates of Tidung cancer
mortality associations.[2] Moreover, we were ablassess some other occupational co-exposures
that are suspected or known lung carcinogens, dirduasbestos, welding fumes, and other
mineral dusts; adjustment for these exposures batfact on the association with TiO

A confounder typically of concern in occupationahort mortality studies is the HWSE.[3] In the
current study, this source of confounding was ask#é by the g-formula. In prior analyses of
these data using standard multivariable regressiethod, the association was likely masked by
the HWSE and potentially the exposure misclasgifican the early years of follow-up. Prior to
undertaking the g-formula analysis, we assessedhts important HWSE components in these
data and confirmed their presence. Moreover, paports of SMR analyses indicated patterns
consistent with the HWSE[3] and in the analysighaf French cohort, duration of employment
was negatively associated with lung cancer moytf2if These underscore the relevance of g-

methods in these cohorts and future investigatidisO,’s effects on human health.
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The estimates with overlapping CI are likely duethe limited statistical power in this study,
which might be addressed by additional follow-uphase cohorts. More epidemiological studies
and similar re-analyses of updated existing costoidies are warranted to corroborate the human
carcinogenicity of TiQ This human evidence, when combined with the ahievédence,

strengthens the overall evidence of carcinogendfiffjiOo.
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KEY MESSAGES

What is already known about this subject?

Titanium dioxide (TiQ) is classified by the International Agency for Ba<h on Cancer as
possibly carcinogenic to humans. In 2020, the EemopChemicals Agency classified Bitnder

all forms as suspected human carcinogen by inbalatiPrior large cohorts of TgOworkers
reported increased mortality from lung cancer laitefl to observe an exposure—response
relationship with cumulative exposure to Bj@xcept in a French cohort of TiO2 workers. A
concern of potential healthy worker survivor effddWSE) has been raised.

What arethe new findings?

We re-analysed data from the European cohofi©$ workers and found strong evidence of the
HWSE. Taking this into account, a positive expostgsponse relationship with 10-years lagged
cumulative exposure to Tgvas observed. The estimated number of lung caleaghs at each
age group decreased across increasingly stringeosare limits.

How might thisimpact on policy or clinical practicein the foreseeable future?

This analysis shows that HWSE can hide exposummrese relationship. It also shows that FiO

epidemiological data could demonstrate an exposfieets relationship if analysed appropriately.

10
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This human evidence, when combined with the anewiglence, strengthens the overall evidence

of carcinogenicity of TiQ.
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Table 1. Estimated cumulative lung cancer mortalityage 60, 70, 80 and 90 years under three
hypothetical interventions on the TAi@xposure and assuming two durations of this exposu

European Ti@worker cohort, 1955-1990.

Attained Cumulative number of lungancer deatl Cumulative number of lung cancer deaths
age (in (95%CI) assuming 2%ear exposul (95%CIl) assuming 35-year exposure
years) duration duration

exposure to exposure to  exposure to  exposure to exposure to  exposure to

2.4 mg/mM 0.3 mg/m 0.0 mg/m 24 mg/mM 0.3 mg/ni 0.0 mg/m

60 50 (46-55) 38 (33-44) 39 (34-45) 98 (94-102) 79852 74 (68-80)
70 134 (130-139) 105 (97-112) 95 (86-104)293 (28+299) 235 (226-243) 211 (200-223)
80 168 (162-174)128 (12-136) 116 (107-125) 417(407-427) 329 (320-337) 299 (281-316)

90 169 (163-174)129 (12-136) 116 (108-125) 423 (41:-433) 333 (325-342) 303 (286-321)

12
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Figure S1. Directed acyclic graph representingcttinal relationships underlying the healthy

worker survivor effect.

This graph represents the evolution over a workiéesme of his or her employment status (1 if
employed, O if terminated), exposure and mortdhbyn lung cancer (1 if the cause of death is
lung cancer, 0 for any other situation) as wellhespresumed causal links between these factors.
Dashed lines show causal effect of the exposuteB, And C represent relationships necessary to
model for implementation of the g-formula to cohtimr potential confounding bias due to the
healthy worker survival effect.i Eorresponds to exposure to BiGn year i; W corresponds to
employment status and tod health status in year i. Finally, Y denotes tality from lung cancer.
The unmeasured health statusriear i influences employment status in the sgeae and health
status W+l in the next year. Similarly, Mdfluences Eand W+1. Finally, k affects E+1.

Note that this is a simplified directed acyclic gnashowing only two time intervals and omitting

the baseline covariates.

13
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Technical Appendix 1.

Given the objectives of the project, the choicéhef g-formula seemed the most judicious, as it
is the only method allowing the evaluation of tlfile& of hypothetical interventions. To apply
this method we began by modeling the differentyomesd causal associations presented in Figure
S1: the association between employment status amwd/al, the association between previous
exposure to Ti@and current employment status. The third key carepbassociation (i.e., an
association between employment status and subsegxeosure) is considered deterministic,
because the end of employment leads to the enxpokare. For this, the following models were

applied to the observed data in the study populgfooled cohort of four countries, n=7341):

1. Alogistic regression model to predict the piabigy of job termination for a given person-

year (W+1 as a function of Wand B);

2. Alogistic regression model to predict exposarthat year (E-1 as a function of Wand &
when W+1 =1) and a linear regression model to predictosupe level (as a function of

active employment and exposure);

3. Alogistic regression model to predict lung candeath as a function of employment status

and exposure (Y as a function of;E
4. A logistic regression model for other causededth.

The beta coefficients of all variables includedeach of these models are provided in the

technical report of the stulyavailable upon request to the corresponding autho

I lrina Guseva Canu, Alan Gaillen-Guedy, Ahti AmtfiDaniéle Luce, Damien McElvenny, Franco Merl&#ro
Pukkala, Mary Schubauer-Berigan, Kurt Straif, PR¥¢iid, David B. Richardson. Rapport des résulthigrojet
scientifique « RealyTi » Reanalysis of human Ti@2ad Troisieme version. 22 décembre 2020. 66p.
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In a second step, we used the results of theselstmdestimate the potential effect of different
exposure scenarios. The results of this step wgmessed in terms of estimated number of deaths

per attained age for each hypothetical interventiothe exposure.
We considered three hypothetical interventions:
- A first intervention sets the annual respiratéi@. exposure at 2.4 mgfn
- A second intervention sets the annual respirafd®g exposure at 0.3 mgin
- A third intervention sets the exposures of alijeats during their entire career to zero

These first two values correspond to the currendlgommended OELs for TiOfine dust

(respirable fraction) in the USA and Germany, resipely.

The occupational careers, dates of death and dblissg cancer death of the cohort participants
were resampled (Monte Carlo) 10 times for eachatejresulting in 10 pseudo-cohorts for each

scenario.

In practice, we retained information on the baseliariables for each participant (identification
number, year of hire, age at hire, exposure aste of follow-up, center identification code in
each country) and drew, year by year, exposureisstatumulative exposure level fixed by
exposure scenario lung cancer death (yes/no),ifaaollicable, death by another cause of death

(concurrent causes).

Specifically, from year m=1, employment status ssigned using the conditional probability,
estimated from the parametric employment statusendéfdhe person is employed, the exposure
of this person is defined at the specified leveblmew simulation. Then, the probability of lung
cancer and competing causes of death is estimasatilon the joint distribution of exposure and

covariates. A binary indicator for each outcomdrswn from a Bernoulli distribution with the

15
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associated probability. If the individual is stlive at the end of year m, the process is repeated
for m + 1, until death or the end of follow-up dat®ithin each person-year, we assume the
temporal order of the component variables assigoedach person-year as follows: fixed

covariates, employment status, conditional sT&posure, lung cancer death, and death from

another cause.

The final step was to calculate for each simulgbéat pseudo-cohort the number of deaths in

each age group assuming 25 and 35-year exposure.

In order to select the most relevant explanatonabées for each of the four models explained
above, we based ourselves Akaike Information Criterion (AIC). This criterion is based on a
compromise between the quality of the fit and @ glexity of the model. This penalizes models
with a large number of variables to limit the etfeof over-fitting. The model with the lowest
AIC value was therefore considered the best fodipting employment status, exposure status,

cumulative exposure, and lung cancer death andh dieath other causes in year i respectively.

The final risk model for lung cancer death for eaahject in each year is as follows:

logit(cancer)
= ,Bla.ge + .Bzagez + ,83a.gez]1age>65 +,84-agez]1age>70

+ Bs(vear of hire — 1960)? + B cumulative exposure,,, 10
sV 6 g

. 2
+ .87 (CumUIatlve exposurelag 10) + .88]1 active employment

+ .89]1 active employmentiqg 1 + ,Bloemployment duration

+ intercept

16
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with thep coefficients of each variable calculated for thére cohort of four countries.

Table S1 confirms that the selected model simulatdkthe natural course in the joint cohort.

The cumulative exposure variable Lagl0 is the ldggemulative exposure of 10 years. The
application of lag on the cumulative exposure \daaonsists of introducing a lag time between
exposure and cancer occurrence when modeling ltereship between the two. In practice, this
involves deducting from the cumulative exposurealde the annual exposures over the last 10
years preceding the occurrence of cancer. The a0-wyalue is used by convention for solid
cancers, although it is possible to derive otheoramspecific values for a given cancer by

modelling.

17



1 Table S1. Observed and simulated cumulative deatego lung cancer by attained age

Number of deaths

Number of (associated 95-%

Age
observed confidence interval)
(years)
death estimated by
baseline model
50 9 10 (8-12)
60 43 44 (40-49)
7C 99 112 (10&-120;
80 138 139 (133-146)
90 139 140 (133-146)
3
4

18
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Table S2. Characteristics of the cohort of mantium dioxide workers

Characteristics N (%)
Number of workers 7341 (100)
Number of workers exposed to TiO 6019 (82.0)
Vital status at the end of follow-up
Alive 5945 (£1.0)
Deceased 1223 (16.7)
From lung cancer 139 (11.4)
From unknown cau: 13 (11)
Lost to follow-up 173 (2.4)

Number of person-years

Characteristics
Attained age at hire (years)
Attained ag al start of follow-up (years
Attained age at end of follow-up (years)
Employment duration (years)

Exposure to TiQ(respiratory fraction)*

Cumulative (mg/rryears)

Annual average (mg/f

179040 (100)
Mean (Standard deviation)

28.5(9.2)
30.2(9.3

52.0.9)

13.6 (10.1)
Mean (Standard deviation) [ Min-Max]
6.17 (10.47) [0.0003-142.8]

0.47 (0.79) [0.00001-8.0]

*Exposure concentration among exposed workers

19



