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A B S T R A C T   

Background: The current evidence on health effects of long-term exposure to outdoor airborne black carbon (BC) 
exposure remains scarce. 
Objectives: To examine the association between long-term exposure to BC and mortality in a large population- 
based French cohort, with 28 years of follow-up. 
Methods: Data from the GAZEL cohort were collected between 1989 and 2017. Land use regression model with 
temporal extrapolation wa used to estimate yearly BC and PM2.5 exposure at the residential addresses from 1989 
until censoring for 19,906 participants. Time-varying Cox models with attained age as time-scale was used to 
estimate the associations between BC and all-cause and cardiovascular mortality, after adjusting for individual 
and area-level covariates. To handle confounding by PM2.5, we used the residual of BC regressed on PM2.5 as an 
alternate exposure variable. For all-cause mortality, we also examined effect modification by sex, smoking status, 
BMI and fruit/vegetable intake. 
Results: The median of 20-year moving average of BC exposure was 2.02 10− 5/m in study population. We found 
significant associations between BC exposure and all-cause mortality (n = 2357) using both 20-year moving 
average of BC and residual of BC, with corresponding hazard ratios (HR) of 1.14 (95 %CI: 1.07–1.22) and 1.17 
(95 %CI: 1.10–1.24) for an inter-quartile range (IQR) increase (0.86 10− 5/m for BC and 0.57 10− 5/m for residual 
of BC). We found a similar association between BC and cardiovascular mortality (n = 277) with a HR of 1.15 (95 
%CI: 0.95–1.38). The dose–response relationship between BC and all-cause mortality was monotonic but 
nonlinear with a steeper slope at high BC levels. In addition, the effect of BC was higher among never-smokers 
and among those having fruit/vegetables less than twice a week. 
Conclusions: There was a positive association between long-term exposure to BC and increased mortality risk, 
reinforcing the emerging evidence that BC is a harmful component of PM2.5.   

1. Introduction 

It is estimated that fine particulate matter (PM2.5) was responsible 
for 2.9 (95 %CI: 2.5–3.4) million premature deaths and 83.0 (95 %CI: 
71.4–94.3) million disability-adjusted life-years in 2017 (GBD, 2018). 
The underlying mechanisms linking particulate matter and various 

chronic diseases (such as cardiovascular disease, respiratory disease and 
diabetes) include increases in systemic inflammation and oxidative 
stress, endoplasmic reticulum stress, cardiac autonomic nervous system 
dysfunction, and tumor necrosis factor-α and interleukin-6 (Anderson 
et al., 2012). 

As an ubiquitous component of PM, black carbon (BC) is related to 
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incomplete combustion of biomass and fossil fuel and is one of the main 
components of PM hypothesized to play an important role in the adverse 
health impacts of PM (Lin et al., 2016; Yang et al., 2020). Recently, 
studies have specifically focused on the morbidity and mortality risk 
associated with long-term exposure to BC (Beelen et al., 2008; Chung 
et al., 2015; Crouse et al., 2016; Hvidtfeldt et al., 2019; Ljungman et al., 
2019). However, these investigations reported inconsistent results. For 
instance, Crouse et al. (2016) found a significant association between 
long-term exposure to BC and all-cause mortality in 2.4 million adults 
aged 25 years or older in Canada. Lippmann et al. (2013) and Ostro et al. 
(2015) identified a significant association of BC with mortality from 
ischemic heart disease, but not with all-cause mortality. Such discrep-
ancies may be related to differences in study designs, including con-
founders, methodology and time window, population structure and air 
pollutant levels. Further investigations are warranted. 

In the framework of a French cohort with 28 years of follow-up, we 
aimed to investigate the associations between long-term exposure to BC 
and all-cause and cardiovascular mortality, and to identify potential 
effect modifiers (such as sex, BMI, smoking status and the frequency of 
vegetable and fruit intake). 

2. Methods 

2.1. Study design and population 

20,625 participants (15,011 men and 5614 women) in the GAZEL 
cohort were initially enrolled in 1989 from the French national energy 
and distribution company: Électricité de France-Gaz de France (EDF- 
GDF). All participants completed a self-administered comprehensive 
questionnaire at inclusion, and then a new self-administered question-
naire each year. Follow-up questionnaires administered annually during 
1989–2017 achieved response rates greater than 70% and elicited re-
sponses regarding many individual variables. Residential addresses 
were available for every year of follow-up. A more detailed description 
of GAZEL cohort can be found elsewhere (Goldberg et al., 2007; Gold-
berg et al., 2015; Zins et al., 2009). The protocol of GAZEL cohort was 
approved by the French authority for data confidentiality and by the 
Ethics Evaluation Committee of the “Institut National de la Santé et de la 
Recherche Médicale” (INSERM) (IRB0000388, FWA00005831). 

2.2. Outcomes 

The data on the vital status of participants between 1989 and 2017 
were collected from the EDF-GDF company. Less than 1% of the par-
ticipants were lost to follow-up. Causes of death were classified by the 
French national cause-of-death registry based on the international 
classification of diseases (ICD-9 before 1999 and ICD-10 after 1999). We 
considered all-cause mortality and cardiovascular disease (ICD-9: 
400–440; ICD-10: I00-I99). Due to the time needed to process the clas-
sification of death, the cause-specific data were delayed and only 
available from 1989 up to 2014. 

2.3. Exposure assessment 

For each subject, we assigned BC and PM2.5 exposure in each year 
from 1989 to 2015, based on the historic residential addresses linked to 
the estimates from European 100 m × 100 m land use regression (LUR) 
models for the year 2010 (de Hoogh et al., 2018). BC and PM2.5 mea-
surement data were respectively obtained from PM2.5 absorbance in 
samples collected in the European Study of Cohorts for Air Pollution 
Effects (ESCAPE) project (436 sites) (Eeftens et al., 2012), and from 
AirBase regulatory monitoring data maintained by the European Envi-
ronment Agency (543 sites) (EEA, 2015). The LUR models were then 
developed by regressing the concentrations of each measured pollutant 
against a set of predictor variables (such as land-use variables, road 
density, altitude, and satellite-derived and chemical transport modelled 

pollutant estimates); this was followed by universal kriging to explain 
spatial autocorrelation in the residuals. Validation explained 51% and 
66% of the spatial variation in the measured BC and PM2.5 concentra-
tions, respectively. Finally, annual estimates for years 1990–2015 were 
derived using back- and forward- extrapolation of the 2010 estimates, by 
the populated weighted Danish Eulerian Hemispheric Model (DEHM) 
calculating concentrations at the NUTS1 level (“Nomenclature of Ter-
ritorial Units for Statistics” i.e. European-Union-defined administrative 
regions within countries). The rescaling process was based on annual 
mean estimates (1990–2015) from the 26 × 26 km DEHM, and down-
scaled from the original 50 × 50 km resolution using bilinear interpo-
lation (Brandt et al., 2012). In addition, for this analysis, we further 
back-extrapolated PM2.5 and BC exposure to 1989. 

2.4. Covariates 

We controlled for the following covariates a priori as potential con-
founding factors for health effects of long-term exposure to air pollution 
according to previous investigations (Hvidtfeldt et al., 2019; Lequy 
et al., 2019; Liang et al., 2020). Time-invariant covariates included age 
at inception, sex, educational level (9–11 years, 12–13 years, 14–15 
years, other secondary education, or other diploma), occupation (blue- 
collar worker, administrative clerk, foreman/supervisor, or executive/ 
manager), smoking status (smoker or nonsmoker) and deprivation index 
at the municipality level calculated in 2009 (classified using tertiles as 
low, middle, and high; and missing values as a category so as not to lose 
any participant) (Lequy et al., 2019). Time-varying covariates included 
marital status (single or couple), body mass index (BMI), alcohol use 
(abstinent, light drinker, moderate drinker, heavy drinker, or unclear 
pattern), areas of residence (urban, semiurban, or rural), the frequency 
of fruit and vegetable intake (never or less than once per week, once or 
twice per week, more than twice per week but not every day, every day 
or almost every day), and smoking intensity (cumulative pack-years). 

2.5. Statistical analysis 

As the missing rates of some covariates were relatively high (e.g. 
from 15% to 29% for alcohol consumption and BMI variables during the 
follow-up period), we used longitudinal multivariate imputations by 
chained equations with the ‘mice’ and ‘miceadds’ packages (Buuren and 
Groothuis-Oudshoorn, 2010; Robitzsch et al., 2016) in R to impute 
covariates with missing data, with participants identifier as a two-level 
imputation parameter, and a total of 10 complete datasets were gener-
ated. All the main analyses were run on the imputed dataset. 

The extended Cox model was used to estimate the association be-
tween time-varying exposure on attained age as time scale and mortality 
with adjustment of potential covariates. The proportional hazards 
assumption was tested using the cox.zph function of survival package in 
R (Therneau and Lumley, 2014). We calculated the hazard ratio (HR) 
with the corresponding 95% confidence interval (95% CI) associated 
with an interquartile range (IQR) increase in the long-term exposure to 
BC on mortality. Since 20-year moving average of BC produced both 
lowest Akaike information criterion (AIC) and lowest Bayesian infor-
mation criterion (BIC) in the extended Cox models (Table S1), the main 
results were estimated using this time window. 

Given the high correlation between BC and PM2.5, we also assessed 
the mortality risk associated with the residuals of the linear regression 
using BC as dependent variable and PM2.5 level as independent variable 
(Mostofsky et al., 2012). This technique allows for analyzing the effect of 
an increase in BC by holding total PM2.5 constant. The following cova-
riates were considered in the model: age at baseline, sex, areas of resi-
dence, BMI, family status, occupation, education level, vegetable and 
fruit intake, deprivation index, smoking intensity, smoking status, pas-
sive smoking and alcohol consumption. 

Natural cubic spline functions with two to six degrees of freedom (df) 
were utilized to establish the concentration–response association 
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between BC and mortality (Crouse et al., 2012; Liang et al., 2020). The 
final two dfs for natural cubic spline function was selected by AIC and 
BIC. Linearity was evaluated using likelihood ratio χ2 test by comparing 
the goodness of model fit of the linear function versus spline function for 
BC in the extended Cox model. 

Stratified analyses were further performed to identify potential effect 
modifiers of the association between BC and all-cause mortality by sex, 
BMI (<25 kg/m2, 25–30 kg/m2 and ≥30 kg/m2), smoking status, and 
the frequency of vegetable and fruit intake. The statistical difference in 
the effect estimates between two strata (i.e., male and female) was 
examined using a two-sample Z-test (Altman and Bland, 2003; Yang 
et al., 2019). The significance level was corrected by the Bonferroni- 
Holm method (0.05 for two samples and 0.025 for triple-group com-
parisons) (Aickin and Gensler, 1996). 

Sensitivity analyses were conducted to test the robustness of our 
main findings. We assessed the long-term effects of BC on mortality 
using exposure at different time windows (three-year, five-year, 10-year, 
or 15-year moving average of BC). As the cause-specific data were only 
available for the period 1989–2014 and air pollution for the period1989- 
2015, we also performed separated analysis restricting all-cause deaths 
to 1989–2014 to test the consistency of the results. All the data man-
agement and analyses were conducted using R version 3.5.1 (R Foun-
dation for Statistical Computing). 

3. Results 

During the study period (1989–2017), the study population included 
19,906 participants (corresponding to 341,402 person-years) for which 
we could link the geocoded residential addresses with air pollution data 
and available vital status information. A total of 2357 all-cause deaths 
were observed, with 277 cardiovascular deaths during the shorter 
period 1989–2014. In 1989, the study participants were on average 43.8 
(SD 3.5) years old, and 14,445 participants (72.6%) were men. The 
annual mean concentrations of BC and PM2.5 were 2.60 10− 5/m (SD 
0.95) and 29.76 μg/m3 (SD 5.49), respectively. The baseline charac-
teristics of the participants are presented in Table 1. 

Table 2 shows the associations between 20-year moving average of 
BC and all-cause mortality and cardiovascular mortality. The estimated 
HRs with an IQR increase (0.86 10− 5/m) in BC was 1.14 (95 %CI: 
1.07–1.22) for all-cause mortality and 1.15 (95 %CI: 0.95–1.38) for 
cardiovascular mortality, with the corresponding estimates of 1.17 (95 
%CI: 1.10–1.24) and 1.16 (95 %CI: 0.98–1.38) for the residuals of BC 
(IQR: 0.57 10− 5/m). Compared to the first quintile, the estimated HRs of 
BC at second, third, fourth and fifth quintiles on all-cause mortality were 
0.98 (95 %CI: 0.86–1.10), 0.87 (95 %CI: 0.76–1.00), 1.09 (95 %CI: 
0.94–1.26) and 1.18 (95 %CI: 1.00–1.39). 

The exposure–response association between 20-year moving average 
of BC and all-cause mortality was monotonic but nonlinear (likelihood 
ratio test: χ2 = 5.347; P = 0.021), with a much steeper slope at high 
levels of BC, particularly those higher than 4 10− 5/m (the 95th 
percentile) (Fig. 1). However, the association between residuals of BC 
and all-cause mortality was monotonic and linear (χ2 = 0.165; P =
0.685) (Fig. S1). Similar associations between BC and residual of BC 
with cardiovascular mortality were observed in Figs. S2–S3 (χ2 = 7.692, 
P = 0.006; χ2 = 2.227, P = 0.136). 

In the stratified analyses, the association between BC exposure and 
all-cause mortality was not modified by sex, BMI, or frequency of 
vegetable and fruit intake (Table 3). However, the estimated HRs were 
significantly stronger among nonsmokers compared to smokers. Similar 
trends between subgroups were observed for the residuals of BC, with an 
additional significant difference between strata of the frequency of 
vegetable and fruit intake. 

In the sensitivity analyses, the results were very similar using 3 to 15- 
year moving average of exposure, although the associations were 
slightly attenuated in the models with shorter exposure windows 
(Table S2). In addition, when using data during 1989–2014 for all-cause 

Table 1 
Socio-demographic characteristics and exposure to air pollution of GAZEL 
cohort participants at baseline (341,402 person years during the 28-year follow- 
up).  

Variables Total (n =
19,906) 

Alive (n =
17,549) 

Dead (n =
2357) 

P-value 

Age (years) 43.75 
(3.50) 

43.60 
(3.51) 

44.83 
(3.30)  

<0.001 

Gender (male) 14,445 
(72.6%) 

12,465 
(71.0%) 

1980 
(84%)  

<0.001 

BMI 25.67 
(3.63) 

25.61 
(3.58) 

26.11 
(4.00)  

<0.001 

Smoking status     <0.001 
Smoker 3951 

(19.8%) 
3090 
(17.6%) 

861 
(36.5%)  

Nonsmoker 15,955 
(80.2%) 

14,459 
(82.4%) 

1496 
(63.5%)  

Passive smoking (Yes) 11,535 
(57.9%) 

10,119 
(57.7%) 

1416 
(60.1%)  

0.027 

Pack-years among 
smokers 

19.50 
(13.87) 

25.96 
(15.18) 

17.56 
(12.77)  

<0.001 

Vegetable intake (per 
week)     

<0.001 

Never or less than once 174 (0.9%) 124 (0.7%) 50 (2.1%)  
Once or twice 1593 (8%) 1317 

(7.5%) 
276 
(11.7%)  

More than twice but not 
every day 

4705 
(23.6%) 

4067 
(23.2%) 

638 
(27.1%)  

Every or almost every 
day 

13,434 
(67.5%) 

12,041 
(68.6%) 

1393 
(59.1%)  

Alcohol use     <0.001 
Abstinent 2196 (11%) 1911 

(10.9%) 
285 
(12.1%)  

Light drinker 8582 
(43.1%) 

7730 
(44.0%) 

852 
(36.1%)  

Moderate drinker 4544 
(22.8%) 

4000 
(22.8%) 

544 
(23.1%)  

Heavy drinker 2441 
(12.3%) 

2053 
(11.7%) 

388 
(16.5%)  

Unclear 2143 
(10.8%) 

1855 
(10.6%) 

288 
(12.2%)  

Socioeconomic status 
based on occupation     

<0.001 

Blue-collar worker 1214 
(6.1%) 

981 (5.6%) 233 (9.9%)  

Administrative clerk 1487 
(7.5%) 

1291 
(7.4%) 

196 (8.3%)  

Foreman or supervisor 11,130 
(55.9%) 

9818 
(55.9%) 

1312 
(55.7%)  

Executive 6050 
(30.4%) 

5436 (31%) 614 
(26.1%)  

Living in a couple 17,218 
(86.5%) 

15,255 
(86.9%) 

1963 
(83.3%)  

<0.001 

Education level     <0.001 
9–11 years 14,710 

(73.9%) 
12,865 
(73.3%) 

1845 
(78.3%)  

12–13 years 1449 
(7.3%) 

1295 
(7.4%) 

154 (6.5%)  

14–15 years 1136 
(5.7%) 

1028 
(5.9%) 

108 (4.6%)  

Other secondary 
education 

2150 
(10.8%) 

1956 
(11.1%) 

194 (8.2%)  

Other diploma 461 (2.3%) 405 (2.3%) 56 (2.4%)  
Deprivation index     

Low 6702 
(33.7%) 

5894 
(33.6%) 

808 
(34.3%)  

0.593 

Median 6592 
(33.1%) 

5833 
(33.2%) 

759 
(32.2%)  

High 6612 
(33.2%) 

5822 
(33.2%) 

790 
(33.5%)  

Area of residence     0.073 
Urban 7433 

(37.3%) 
6576 
(37.5%) 

857 
(36.4%)  

Semiurban 6723 
(33.8%) 

5958 
(34.0%) 

765 
(32.5%)  

Rural 5702 
(28.6%) 

4973 
(28.3%) 

729 
(30.9%)  

(continued on next page) 
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mortality, HRs were 1.19 (95 %CI: 1.12–1.28) and 1.15 (95 %CI: 
1.08–1.23) respectively per an IQR increase in BC and residuals of BC 
(Table S3), which were similar to the main results (Table S3). Another 
sensitivity analysis based on the complete data set without multiple 
imputations was also performed. The estimate remained relatively 
similar after exclusion of the cases with missing values but with wider 

confidence interval [HR = 1.29 (95 %CI: 1.14–1.47)]. 

4. Discussion 

Our prospective study investigated the associations between long- 
term exposure to BC and all-cause, and cardiovascular mortality in a 
large French cohort, involving 19,906 participants, over a 28-year 
follow-up period. Increased cumulative exposures to BC were associ-
ated with increased risks of all-cause and cardiovascular mortality. The 
risk was stronger among nonsmokers. 

Consistent with previous studies (Aickin and Gensler, 1996; Crouse 
et al., 2016; Gilmour et al., 2006; Goldberg et al., 2007; Hvidtfeldt et al., 
2019; Lipfert et al., 2009; Ostro et al., 2010; Robitzsch et al., 2016), we 
observed a significant association between long-term exposure to BC 
and all-cause mortality. This association was reduced when using 
shorter exposure windows. For example, in this study, the HR was 1.09 
(1.01–1.17) per IQR increase using 3-year moving average of BC, 
compared to HR of 1.14 (1.07–1.22) using a 20-year moving average of 
BC (Table S2). Consistently, previous studies considering shorter expo-
sure windows of BC also reported relatively smaller effect estimates. For 
instance, Ostro et al. (2010) reported a HR of 1.10 (95 %CI: 1.03–1.19) 
per IQR increase of exposure, using the current year exposure to BC, on 
the all-cause mortality in California Teachers Study. Crouse et al. (2016) 
observed a mortality risk of 1.04 (1.03–1.05) per 1 μg/m3 increase in BC 
exposure at the current year, on all-cause mortality in the Canadian 
Census Health and Environment Cohort study. In addition, our study 
revealed a significant nonlinear association between long-term exposure 
to BC and mortality, with more pronounced effect at higher level of BC. 
This evidence indicates that alleviation in concentration of BC in high 
polluted areas (or high polluted period) could lead to considerable 
reduction in the mortality induced by this pollutant. 

There has been very little previous evidence on the effect 

Table 1 (continued ) 

Variables Total (n =
19,906) 

Alive (n =
17,549) 

Dead (n =
2357) 

P-value 

PM2.5 (μg/m3) 29.41 
(5.51) 

29.46 
(5.44) 

29.04 
(5.97)  

0.001 

Black carbon (10− 5/m) 2.58 (0.99) 2.58 (0.99) 2.57 (1.02)  0.638 

Note. The values are mean (sd) for continuous variables and number (percent-
age) for categorical variables. 

Table 2 
Association between 20-year moving average of black carbon and residuals of 
black carbon (quintiles and per IQR increase) on all-cause mortality and car-
diovascular mortality, as hazard ratios (95 %CI).  

Variable All cause Cardiovascular disease 

Black 
carbon 

Residual of black 
carbon 

Black 
carbon 

Residual of black 
carbon 

Quintile 
1 

Ref Ref Ref Ref 

Quintile 
2 

0.98 (0.86, 
1.10) 

1.27 (1.09, 1.47) 0.76 (0.53, 
1.09) 

0.92 (0.61, 1.38) 

Quintile 
3 

0.87 (0.76, 
1.00) 

1.29 (1.11, 1.50) 0.63 (0.42, 
0.95) 

1.03 (0.69, 1.55) 

Quintile 
4 

1.09 (0.94, 
1.26) 

1.30 (1.11, 1.52) 0.67 (0.44, 
1.04) 

1.16 (0.77, 1.74) 

Quintile 
5 

1.18 (1.00, 
1.39) 

1.47 (1.25, 
1.73) 

1.08 (0.69, 
1.68) 

1.13 (0.73, 1.76) 

Per IQR 1.14 (1.07, 
1.22) 

1.17 (1.10, 
1.24) 

1.15 (0.95, 
1.38) 

1.16 (0.98, 1.38) 

Note. The bolded estimates correspond to P-value < 0.05. Covariates included 
age at inception, sex, educational level, occupation, smoking status, smoking 
intensity, deprivation index, marital status, BMI, alcohol use, areas of residence 
and frequency of fruit and vegetable intake. Interquartile range (IQR) of BC and 
residuals of BC was 0.86 10− 5/m and 0.57 10− 5/m, respectively. 

Fig. 1. The dose–response association between 20-year moving average of 
black carbon and all-cause mortality using a natural cubic spline with two 
degrees of freedom. 

Table 3 
Hazard ratio (and 95% confidence interval) for the association between black 
carbon and its residuals (per IQR increase) and mortality, stratified by sex, BMI, 
smoking status and frequency of vegetable and fruit intake.  

Variables Black carbon Residuals of black 
carbon 

Sex   
Male 1.08 

(1.00,1.16) 
1.11(1.04,1.18) 

Female 1.22 
(1.03,1.45) 

1.11(0.95,1.30) 

P for difference test 0.200 0.999 
BMI (kg/m2)   
<25 1.12 

(1.02,1.23) 
1.14(1.05,1.24) 

25–30 1.15 
(1.02,1.28) 

1.08(0.98,1.19) 

≥30 1.01 
(0.76,1.32) 

1.23(1.00,1.51) 

P for difference test (Low vs Median) 0.725 0.407 
P for difference test (Obese vs 

Median) 
0.394 0.263 

Smoking status   
Smokers 1.01 

(0.91,1.12) 
1.03(0.94,1.12) 

Nonsmokers 1.21 
(1.10,1.33) 

1.19(1.10,1.30) 

P for difference test 0.012 0.019 
Vegetable and fruit intake   

Low 1.19 
(1.03,1.39) 

1.28(1.11,1.47) 

High 1.10 
(1.02,1.19) 

1.09(1.02,1.17) 

P for difference test 0.360 0.044 

Note. The low level of vegetable and fruit intake denotes twice or less per week; 
high level denotes more than twice per week; Interquartile range (IQR) of BC and 
residuals of BC was 0.86 10− 5/m and 0.57 10− 5/m, respectively. 
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modification of the association between long-term exposure to BC and 
mortality. In the present study, we observed a stronger association be-
tween BC and mortality among nonsmokers compared to smokers. 
Consistently, a study in China reported stronger associations between 
long-term effect of PM2.5, and cardiovascular incidence and mortality 
among nonsmokers (Liang et al., 2020). It has been hypothesized that 
smoking and air pollutants may act through similar pathways to induce 
health risks, including oxidative stress, inflammation and change in 
circulatory and respiratory functions (Gilmour et al., 2006; Künzli et al., 
2005). Among smokers, a large proportion of diseases is attributable to 
smoking, and therefore proportionately less to air pollutants; by contrast 
a larger proportion of diseases among nonsmokers is attributable to air 
pollutants (Künzli et al., 2005). 

In addition, females (vs. males) and those consuming vegetable or 
fruit less (vs. more) than twice a week showed increased risk of mortality 
associated with BC exposure, although there was considerable overlap in 
the risk estimates between the subgroups. The difference on sex-specific 
risk to air pollution may be explained by occupational and physiological 
differences. Compared with males, females have relatively smaller lungs 
and narrower airways, favoring cumulative adverse effect of air pollu-
tion on health (Yunginger et al., 1992). Regarding dietary intake, veg-
etables and fruits rich in Vitamins C, E and A and polyphenols may help 
to detoxify the harmful impact of air pollution through a variety of 
biological activities, such as anti-tumorigenic, anti-oxidants and anti-
viral actions (Kampa and Castanas, 2008). In addition, more frequent 
fruit-vegetable intake may be associated with a healthier lifestyle 
(Johansson et al., 1999), such as regular leisure physical activities and 
taking protective behaviors, possibly reducing the harmful effects of air 
pollution. 

There are several important strengths in the present study. First, we 
conducted a more in-depth analysis on the relationship between BC 
exposure and mortality compared to previous studies, by analyzing the 
mortality risks not only of BC but also of its residuals after removing the 
influence of total PM2.5 (Mostofsky et al., 2012). Second, this study 
included a very large number of subjects (>19,000) throughout main-
land France over a 28-year follow-up period, with workers from wide- 
ranging occupations and socio-economic conditions. These characteris-
tics could enhance the generalizability of our results. Third, the data 
collection from the company and from the subjects themselves allowed 
us to obtain detailed information on residential histories and a host of 
other relevant covariates. 

Our study has several important public health implications. First, a 
nonlinear association between BC and mortality was observed in the 
present study, with more pronounced effects at the higher levels of BC. 
This result suggests that incremental improvements in air quality will 
contribute to considerable public health benefits, even in countries like 
France with relatively low air pollution levels. In order to substantially 
reduce the burden of disease attributable to traffic-related air pollution, 
stricter regulation and tighter control policies are still warranted to 
reduce the source emissions from vehicles, and encourage the use of 
electric vehicles, but mostly public transport, biking and walking (Faiz 
et al., 1996). Previous studies have advocated that interventions to 
reduce concentrations of particulate matter require a concerted action 
by a host of sectors (environment, transport, energy, health, housing) 
and cooperation from regional and international levels (Kelly and Fus-
sell, 2015; Sanchez et al., 2020). Personal measures, such as reducing 
outdoor activities or using air purifier indoor and wearing face mask are 
recommended for the public during high air pollution episodes (Laum-
bach et al., 2015) 

Several limitations should be noted. First, time-varying covariates 
were collected annually using a self-reported questionnaire survey of 
each participant, which might cause potential information bias. How-
ever, the resulting bias is likely to be random and non-differential. 
Second, certain potentially confounding environmental stressors, such 
as noise, temperature, indoor air pollution, gaseous outdoor air pollut-
ants (e.g., sulfur dioxide and ozone), other particulate matter 

constituents (e.g., organic carbon, sulfate and nitrate), and neighbor-
hood characteristics, such as residential greenness, blue space, and ac-
cess to public health resources (ie, public health service and healthcare) 
were not available in this study. In addition to the environmental fac-
tors, the role of some other factors should not be ignored. For instance, 
the data on time-activity patterns and social engagement were unavai-
lable in this study. However, we have attempted to adjust for as much as 
possible personal and contextual factors in the model, including smok-
ing history, passive smoking and detailed fruit or vegetable intake. 

Furthermore, since the only place at which outdoor air pollution 
could be estimated was the GAZEL participants’ home addresses, and 
since people spend a lot of time indoors or at other outdoor locations, 
our estimates of long-term exposure to BC and PM2.5 certainly involves 
misclassification error. However, after reviewing studies available up to 
2017, Hoek suggested that exposure characterized at the residential 
address only presents a modest bias towards the null effect estimates 
(Hoek, 2017). In addition, the GAZEL cohort study participants were not 
strictly representative of the general population, with unbalanced sex- 
ratio (around 70% of men), thus some caution should be taken 
regarding the generalizability of our findings. As GAZEL is a cohort set in 
an occupational cohort, a part of the participants may have been 
exposed to certain specific occupational exposures. However, previous 
study reported that the profile of mortality and distribution of health 
determinants among GAZEL population and general population are 
quite similar (Poncet et al., 2003). Finally, given the differences in so-
cioeconomic profiles, health conditions and/or air pollution exposure 
between regions of the world, caution should be exercised in general-
izing our results to other populations. 

The underlying biological mechanisms linking ambient BC exposure 
and mortality are not fully understood. It has been suggested that 
exposure to BC may induce reactive oxygen species-mediated DNA 
damage, cause increase in systemic inflammation, oxidative stress, 
platelet activation and atherosclerosis, change in heart rate variability, 
blood pressure and ST-segment depression, and shift in adipose tissue 
macrophage (Bind et al., 2012; Wilker et al., 2010). These responses 
induced by the long-term exposure to BC may cause serious chronic 
health outcomes, such as myocardial infarction, ischemic heart disease, 
asthma, cancers and other conditions that lead to premature mortality. 

5. Conclusions 

This study in the French GAZEL cohort provides important evidence 
that long-term exposure to BC is a significant risk factor for mortality, 
independently of total PM2.5. A non-linear association between BC and 
mortality was observed, with much stronger risk at the higher levels of 
BC. Our findings contribute to the understanding of the chronic health 
effect of air pollution in relatively low air pollution environments. 
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