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ABSTRACT: The exposure−response associations of ambient heavy
metals and persistent organic pollutants (POPs) with mortality in the
general population remain unclear. This cohort study aimed to explore
the long-term effect of exposure to four air pollutants, including lead
(Pb), cadmium (Cd), mercury (Hg), and benzo(a)pyrene [B(a)P] on
all-cause and cause-specific mortality. This study involved 497,056
participants from the UK Biobank cohort. We used the Cox proportional
hazards model to calculate associations. Effects of joint exposure to
heavy metals were estimated using quantile g-computation. Shape of the
exposure−response association was examined by fitting penalty splines,
in both the total population and subpopulations stratified by age, sex,
smoking status, and genetic factors. Modifying effects of age, sex,
smoking status, and genetic factors were also examined. Over a median
follow-up of 13.7 years, we identified 39,530 (8.0%) deaths. Exposure to mixtures of Pb, Cd, and Hg was associated with 1.040−
1.154 times increased risk of all-cause cancer, cardiovascular disease (CVD), stroke, and respiratory disease mortality. Of the specific
causes of mortality, Pb and Cd were most strongly associated with respiratory diseases, including chronic obstructive pulmonary
disease, followed by ischemic heart disease, CVD, and cancer. Hg and B(a)P seemed to exhibit lower toxicity compared with Pb and
Cd. Exposure−response curves demonstrated monotonically increased risk for most mortality outcomes, though Hg was found to be
nonlinearly associated with all-cause and stroke mortality. Age, smoking status, and genetic factors were found to modify the
susceptibility to heavy metals. Our findings suggested that long-term exposure to heavy metals and B(a)P was monotonically
associated with elevated risk of multiple mortality outcomes, indicating there may be no safe threshold for these chemicals.
Substantial benefits to public health could be achieved through stringent environmental regulations and clean air initiatives.
KEYWORDS: heavy metal, persistent organic pollutants, mortality, exposure−response function

■ INTRODUCTION
The escalating industrialization and technological globalization
have led to a substantial increase in the production and release
of a myriad of chemicals into the environment.1 Among the
various chemicals, heavy metals and persistent organic
pollutants (POPs) are of greater public health concern given
their multiorgan toxicity, carcinogenicity, persistent and
nondegradable nature, and the ability of long-range transport
and biomagnification in food chains.2−4 Despite the ban
enacted in the Stockholm Convention in 2001, POPs remain a
critical concern for global health. For example, it was estimated
that 66% of the European population was exposed to
benzo(a)pyrene [B(a)P] concentrations exceeding the WHO
tolerable risk level (0.12 ng/m3) in 2020.5 Heavy metal, as a
byproduct of rapid industrialization and increased vehicular
traffic, has also proliferated globally, particularly in developing
economies.6

Many epidemiological studies have linked chronic exposure
to heavy metals and POPs, whether intended or unintended, to

a wide range of adverse health effects including cancer,
cardiovascular disease (CVD), respiratory disease, and mortal-
ity,3,6−8 with possible mechanisms including generation of
reactive oxygen species, DNA damage, epigenetic modifica-
tions, and activation of receptor pathways (e.g., aryl hydro-
carbon receptor).1,2,9 However, significant gaps in knowledge
still remain. First, previous studies have predominantly
investigated internal biomarkers in bodily fluids (urinary,
blood, and adipose tissue)7,10,11 or external estimations from
diet, water, and soil samples.12−14 However, the exploration of
exposure through inhalation has been less comprehensive.
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Such data insufficiency is especially critical when considering
the distinct health risks posed by inhaled heavy metals and
POPs, and it complicates the characterization of exposure−
response relationships and the refinement of air quality
standards. Moreover, some biomarkers are more indicative of
recent exposure, potentially obscuring the chronic effects of
these substances.15,16 Second, few studies investigated the
modifying effects of other factors, such as lifestyle and genetics,
providing little evidence for identifying susceptible populations
and design of precision intervention strategies.
In this article, we aimed to address current gaps by directly

linking ambient heavy metals and POPs to all-cause and cause-
specific mortality within a large-scale British cohort. We also
examined the exposure−response relationships in both the
total and subpopulations stratified by demographic, lifestyle,
and genetic factors.

■ MATERIALS AND METHODS

Study Population
A subset of 497,056 participants from the UK biobank was included in
the study (see Supplementary methods for detailed description of the
UK biobank in Supporting Information). Exclusions were made for
2578 participants who died of external causes (ICD-codes: S00-Z99),
2511 with a follow-up period ≤2 years, and 224 with missing data on
home location or air pollutants (Supporting Information: Figure S1).
The follow-up period was defined from the date the participants
attended the assessment center to the date of death or loss of follow-
up, or on the censor dates for mortality data defined by the UK
biobank (30 November 2022), whichever came earlier.
Ambient Air Pollution
Annual average concentration data on Pb, Cd, Hg, and B(a)P in
2004−2010 were obtained from the co-operative program for
monitoring and evaluation of the long-range transmission of air
pollutants in Europe (also known as “European Monitoring and
Evaluation Programme”, EMEP, https://emep.int/, Figures S2−S5 in
Supporting Information). We selected these four chemicals primarily
due to data availability. Meanwhile, Pb, Cd, and Hg were among the
three particularly harmful metals according to the United Nations
Economic Commission for Europe (UNECE) Convention;5 B(a)P is
an important marker of polycyclic aromatic hydrocarbons (PAHs)
mixtures and has been commonly found in the air.2,17 EMEP is a
scientifically based and policy-driven program under the Convention
on Long-range Transboundary Air Pollution (CLRTAP) for interna-
tional cooperation to solve transboundary air pollution problems. By
incorporating emission (both regional and global), meteorological,
and geophysical (e.g., land cover) data, concentrations on heavy
metals and B(a)Ps were modeled using the Global EMEP Multi-
Media Modeling System model by the Meteorological Synthesizing
Centre-East.5 In contrast to other heavy metals (Pb and Cd) that are
bound to aerosol particles, Hg is present in the atmosphere mainly in
the gaseous elemental form (Hg0).5 We therefore focused on Hg0 in
the surface layer in this study. For B(a)P, it was in both the gaseous
and particulate phase, with the particulate phase being the dominant
one.5

Outcome Assessment
Mortality information including dates and primary underlying causes
of death was extracted from the death registry data (under Category
100093 in the UK biobank). The underlying causes of death were
determined by the International Statistical Classification of Diseases
and Related Health Problems, Tenth Revision (ICD-10). In this
study, mortality outcomes included all nonaccidental causes [later
referred to as all-cause] (A00-R99), cancer (C00−C97), lung cancer
(C34), colorectal cancer (CRC, C18−C20), CVD (I00−I99),
ischemic heart disease (IHD, I20−I25), stroke (I60−I64), respiratory
disease (J00-J99), chronic obstructive pulmonary disease (COPD,
J41-J44), nervous system disease (G00-G99), and Alzheimer’s disease

(AD, G30). Cancer, CVD, and respiratory and nervous system
diseases were the four leading causes of deaths among the cohort
(http://www.ukbiobank.ac.uk/), with lung cancer, CRC, IHD, stroke,
COPD, and AD as the leading causes within each category.
Covariates
Potential confounding covariates included age, sex, annual household
income, region, current employment status, qualifications, ethnicity,
activity intensity, smoking, drinking, body mass index, and diet quality
(see details in Supplementary methods of Supporting Information).
Beyond the 12 covariates, we additionally adjusted for genetic risks
associated with five mortality outcomes�CVD, IHD, stroke, CRC,
and AD�by utilizing the standard polygenic risk scores (PRS) for
CVD, coronary artery disease, ischemic stroke, bowel cancer, and AD
provided by the UK biobank (see detailed description of PRS
calculation in Supplementary methods of Supporting Information).18

Statistical model
The Cox proportional hazards model was used to estimate
associations. The assessment center entered the model as a strata
variable. We used a 3-year average air pollution level in the baseline
year and two prior years as the main exposure. For example, if a
participant was enrolled in 2006, then long-term exposure was defined
as the average concentrations of 2004−2006. Air pollution data were
aligned with participants’ health records by the geographical
coordinates of their residential addresses at enrollment. Participants’
residential places have a resolution of 1 km, and we used the air
pollution concentration in the nearest grid to represent their exposure.
We acknowledge that using residential address-based concentrations
to estimate individual exposure may introduce some bias (e.g.,
exposure misclassification), but this approach is commonly used in
large-scale epidemiological studies due to its feasibility. To minimize
potential exposure misclassification, we conducted a sensitivity
analysis where we averaged air pollutant concentrations across four
grid cells (approximately a 15 km radius) surrounding each
participant’s residential address (see Supplementary Methods in the
Supporting Information). To address missing data for continuous
covariates, we introduced a dummy variable to delineate participants
with data from those without data. For categorical covariates with
missing data, we established a “Missing” category. Hazard ratios
(HRs) and 95% confidence intervals (CIs) associated with every
interquartile range (IQR) increase in air pollutant measures, which
represented an overall effect, were reported to allow for better
comparisons with previous studies. We trimmed the data at 1%−99%
percentiles of each air pollutant to reduce the bias to HRs from the
scarce data at the two extremes. Exposure−response associations
between long-term exposure and mortality were depicted by fitting a
penalized spline with 2 degrees of freedom (df). For the heavy metal,
we also analyzed the joint effect of Pd, Cd, and Hg by using the
quantile g-computation.19 This method offers a sophisticated
analytical framework for estimating the joint impact of incrementing
all of the exposure levels by one quantile.
To ensure the robustness of the estimated HRs, we performed four

sensitivity analyses for both all-cause and cause-specific mortality (see
details in Supplementary methods of Supporting Information).We
also performed three subgroup analyses for all-cause mortality only
according to age (<median of 58 years and ≥58 years), sex (female
and male), and smoking status (recategorized to binary: nonsmoking
and smoking, with the latter including previous and current smokers).
For the five specific mortality outcomes�CRC, CVD, IHD, stroke,
and AD�we also performed subgroup analyses by genetic risk (i.e.,
low, medium, and high PRS). For all subgroup analyses, statistically
significant differences were tested based on the likelihood ratio tests
comparing models with and without the cross-product multiplicative
interaction term.
R version 3.6.3 (R Foundation for Statistical Computing) was used

in all statistical models. Cox regression models and penalized splines
were constructed using the “survival” package. Quantile g-
computation in a survival setting was fitted using the “qgcomp”
package. A two-sided p value <0.05 was regarded as statistically
significant.
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■ RESULTS

Participants Characteristics
The cohort (n = 497,056) had a median age of 58.0 years at
enrollment and consisted of 45.4% males, predominantly white
adults (94.1%), and a larger proportion of urban residents
(85.3%, Table 1). Median 3-year average concentrations of Pb,
Cd, Hg, and B(a)P at baseline were 8.50 (IQR: 3.96) ng/m3,
0.16 (IQR: 0.05) ng/m3, 1.67 (IQR: 0.03) ng/m3, and 0.07
(IQR: 0.01) ng/m3, respectively. Three of the four air
pollutants including Pb, Cd, and B(a)P showed high
correlation (Spearman correlation coefficient > 0.6), whereas
Hg had a smaller correlation with other air pollutants
(Supporting Information: Figure S6).
Over a median follow-up period of 13.7 years, we identified

8.0% (n = 39,530) deaths, of which 4.0% (n = 19,891) were
from cancer, 1.8% (n = 8706) from CVD, 0.6% (n = 3084)
from respiratory disease, and 0.5% (n = 2669) from nervous
system disease (Supporting Information: Table S1). Among
the cancer deaths, lung cancer led to 3398 deaths and CRC led
to 1990. Of the category of CVD deaths, the majority was from
IHD (n = 4383), followed by stroke (n = 1676). For
respiratory and nervous system diseases, COPD (n = 1218)
and AD (n = 827) were the primary causes of deaths,
respectively.
Association between Heavy Metals and Mortality
Based on the linear Cox regression models, we observed that
both Pb and Cd were positively associated with all-cause (HR
for Pb: 1.164, 95%CI 1.107−1.223; HR for Cd: 1.111, 95%CI
1.073−1.150), cancer (Pb: 1.118, 95%CI 1.042−1.198; Cd:
1.084, 95%CI 1.033−1.138), CVD (Pb: 1.198, 95%CI 1.075−
1.335; Cd: 1.130, 95%CI 1.047−1.220), IHD (Pb: 1.221, 95%
CI 1.046−1.425; Cd: 1.167, 95%CI 1.046−1.301), respiratory
disease (Pb: 1.356, 95%CI 1.133−1.622; Cd: 1.236, 95%CI
1.088−1.404), and COPD (Pb: 1.482, 95%CI 1.112−1.974;
Cd: 1.276, 1.042−1.562) mortality (Supporting Information:
Table S1). The highest HRs were found for mortality from
respiratory diseases and COPD, followed by IHD, CVD, and
cancer. Hg was only positively associated with CRC mortality
(HR: 1.087, 95%CI 1.004−1.178) in the linear Cox regression
model. Exposure to the mixtures of Pb, Cd, and Hg was
associated with increased risk of all-cause (HR: 1.070, 95%CI:
1.040−1.101), cancer (HR: 1.042, 1.002−1.083), CVD (HR:
1.086, 95%CI: 1.022−1.155), stroke (HR: 1.154, 95%CI:
1.003−1.328), and respiratory disease (HR: 1.113, 95%CI:
1.005−1.233) mortality for one quantile increase in concen-
trations of all three heavy metals (Supporting Information:
Table S1).
Exposure−response curves suggested Pb was near linearly

associated with increased risk of all-cause, cancer, CRC, CVD,
IHD, stroke, respiratory disease, and COPD mortality, and
near nonlinearly associated with lung cancer mortality (Figure
1A, Figures 2−4). Cd followed the same pattern but with
relatively smaller HR values. In addition to CRC, our
exposure−response curves suggested Hg was associated with
higher risk of all-cause, cancer, and stroke mortality over
certain concentrations, with all-cause and stroke mortality
showing nonlinear relationships. We did not observe statisti-
cally significant positive exposure−response associations of
heavy metals with nervous system disease including AD.
Sensitivity analyses for all-cause mortality and cause-specific
mortality were broadly consistent with the main results
(Supporting Information: Figures S7−S17).

Table 1. Baseline Characteristics of Included Participantsa

Overall (n = 497,056)

Age, years, median (IQR) 58.00 [51.00, 64.00]
Sex, Male, n (%) 225694 (45.4)
Ethnicity, n (%)

White 467591 (94.1)
Mixed 2924 (0.6)
Chinese 1566 (0.3)
Asian or Asian British 9779 (2.0)
Black or Black British 7969 (1.6)
Missing 7227 (1.5)

Household income, £, n (%)
Less than 18,000 95405 (19.2)
18,000 to 30,999 106988 (21.5)
31,000 to 51,999 109945 (22.1)
Greater than 52,000 108616 (21.9)
Missing 76102 (15.3)

Urban, yes, n (%) 424223 (85.3)
Current employment status, n (%)

In paid employment or self-employed 285031 (57.3)
Looking after home and/or family 13960 (2.8)
Retired 164375 (33.1)
Unemployed 28125 (5.7)
Missing 5565 (1.1)

Qualifications, n (%)
College or University degree 159855 (32.2)
A level/GCSE/CSE or equivalent 185743 (37.4)
NVQ and other professional qualifications 57796 (11.6)
Missing 93662 (18.8)

Activity intensity, n (%)
Moderate/vigorous activity 313129 (63.0)
Others 171962 (34.6)
Missing 11965 (2.4)

Smoking, n (%)
Never 271469 (54.6)
Previous 170782 (34.4)
Current 51930 (10.4)
Missing 2875 (0.6)

Drinking, n (%)
Never 22111 (4.4)
Previous 17698 (3.6)
Current 455643 (91.7)
Missing 1604 (0.3)

BMI, kg/m2, n (%)
<25 163516 (32.9)
25−30 210003 (42.2)
≥30 120558 (24.3)
Missing 2979 (0.6)

Diet quality, good, n (%) 363035 (73.0)
PRS for bowel cancer, mean (SD) 0.22 (1.05)
PRS for coronary artery disease, mean (SD) −0.16 (0.96)
PRS for CVD, mean (SD) −0.11 (0.98)
PRS for ischemic stroke, mean (SD) −0.02 (0.93)
PRS for AD, mean (SD) 0.05 (1.00)
Pb, 3-year average, ng/m3, median (IQR) 8.50 [6.89, 10.85]
Cd, 3-year average, ng/m3, median (IQR) 0.16 [0.14, 0.19]
Hg, 3-year average, ng/m3, median (IQR) 1.67 [1.66, 1.69]
B(a)P, 3-year average, ng/m3, median (IQR) 0.07 [0.06, 0.07]

aIQR, interquartile range. BMI, body mass index. PRS, polygenic risk
score. SD, standard deviation. CVD, cardiovascular disease. AD,
Alzheimer’s disease.
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Our subgroup analyses for all-cause mortality suggested
participants aged <58 years (p for interaction = 0.036 for Hg),
males, smokers (p for interaction = 0.021 for Cd) may be more
susceptible to the negative impact of heavy metals, though the
p values for some interaction were not statistically significant
(Figure 1B−D). For CVD mortality, we also observed
participants with low genetic risk were more susceptible to

the negative impact of Pb (p for interaction = 0.034) and Cd
(p for interaction = 0.051) but less susceptible to the negative
impact of Hg (p for interaction = 0.023) over their high
concentrations (Supporting Information: Figure S18). Similar
patterns were also identified for stroke mortality (p for
interaction = 0.031 for Pb and 0.039 for Cd). On the contrary,
Pb and Cd were less associated with IHD mortality in

Figure 1. Exposure−response relationships between heavy metals and B(a)P and all-cause mortality. (A) Total population, (B) By age, (C) By sex,
(D) By smoking status. Dark lines represent the point hazard ratios and shaded areas represent their 95% confidence intervals. Data were trimmed
from 1% to 99% percentiles of concentration, and the 1% percentile concentration in the UK was set as the reference for each air pollutant. The
histogram represents the concentration distribution of each air pollutant.
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participants with low genetic risk, with p for interaction of
0.046 and 0.093, respectively.
Association between B(a)P and Mortality

Exposure to B(a)P was associated with a 1.063-fold (95%CI:
1.022−1.106) increased risk of all-cause mortality (Supporting
Information: Table S2). No statistically significant associations
were identified with cause-specific mortality based on the linear
Cox regression model; however, the exposure−response curves
additionally identified positive associations of long-term
exposure to B(a)P with the risk of IHD and stroke mortality
(Figure 3). Sensitivity analyses for all-cause mortality and
cause-specific mortality were broadly consistent with the main
results, though for some mortality categories (e.g., AD) B(a)P
became statistically significant when using different exposures
(e.g., air pollutant concentration across four nearest grid cells
to the participants’ residential address or 2-year average
concentrations as exposures, Supporting Information: Figures
S7−S17). No modifying effects of age, sex, or smoking status
were identified for associations of B(a)P with all-cause

mortality (Figure 1). Participants with low genetic risk seemed
to be less susceptible to the negative impact of B(a)P on CRC,
CVD, and AD and more susceptible to the negative impact on
IHD, although none of the interaction p-values were
statistically significant (Supporting Information: Figure S18).

■ DISCUSSION
Although heavy metals and POPs are recognized as a major
environmental risk factor for mortality, their direct impact via
inhalation�a major exposure route alongside ingestion
through water and food and the corresponding exposure−
response associations in the general population�have
remained largely unquantified. In this large-scale prospective
cohort study, we evaluated the direct toxicity of long-term
exposure to ambient heavy metals (Pb, Cd, and Hg) and
B(a)P. Our findings showed that heavy metals were associated
with an increased risk of mortality across all or parts of the
categories: all-cause, cancer, lung cancer, CRC, CVD, IHD,
stroke, respiratory disease, and COPD mortality. For B(a)P,

Figure 2. Exposure−response relationships between heavy metals and B(a)P and cancer-specific mortality. (A) Cancer, (B) Colorectal cancer, (C)
Lung cancer. Dark blue lines represent the point hazard ratios and blue shaded areas represent their 95% confidence intervals. Data were trimmed
from 1% to 99% percentiles of concentration, and the 1% percentile concentration in the UK was set as the reference for each air pollutant. The
histogram represents the concentration distribution of each air pollutant.
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the significant association was limited to all-cause mortality in
the linear model, although exposure−response curves also
suggested positive associations between B(a)P exposure and
the risk of IHD and stroke mortality. Hg and B(a)P seemed to
exhibit lower toxicity compared to Pb and Cd. Exposure−
response curves demonstrated monotonically increased risk for
most mortality outcomes. Age, smoking status, and genetic
factors were found to modify susceptibility to heavy metals.
Our findings are supported by prior epidemiological and
experimental studies elucidating several pathophysiological
mechanisms, such as elevated inflammatory responses and
endothelial oxidative stress, DNA methylation, and mitochon-
drial dysfunction.6,20−28

We found Pb and Cd were associated with 1.111−1.164
times increased risk for all-cause mortality for each IQR
increment in their concentrations. Of the specific causes of
mortality, they were most strongly associated with respiratory
diseases, including COPD, followed by IHD, CVD, and cancer.
Hg was less toxic and was positively associated only with CRC

in the linear model. Our findings align with previous studies
exploring effects of heavy metals in biomaterials,7,29−31 or
bound to ambient PM,32,33 on health consequences. For
instance, a recent meta-analysis of 34 population-based studies
across several regions revealed significant associations of Cd
and Pb levels in blood or urine with all-cause, CVD, and cancer
mortality, whereas the adverse effects of Hg on mortality were
inconclusive.7 A US Medicare cohort study also demonstrated
long-term Pb exposure from PM2.5 was associated with 1.007−
1.038 times increased risk for all causes of deaths, except
COPD and lung cancer mortality, with Pb more strongly
associated with IHD and CVD mortality than respiratory and
cancer mortality.33 The HRs were slighter lower than our
estimates of 1.118−1.482, possibly due to lower Pb
concentrations in PM2.5 (mean ± SD: 2.47 ± 7.12 vs 8.7 ±
2.9 ng/m3) in this study. Compared to an HR of 0.990
(0.983−0.997) in this study, our study suggested Pb was most
associated with COPD mortality (HR: 1.482, 95%CI 1.112−
1.974), although both studies suggested an association

Figure 3. Exposure−response relationships between heavy metals and B(a)P and cardiovascular disease (CVD) mortality. (A) Total CVD, (B)
Ischemic heart disease (IHD), (C) Stroke. Dark blue lines represent the point hazard ratios and blue shaded areas represent their 95% confidence
intervals. Data were trimmed from 1% to 99% percentiles of concentration, and the 1% percentile concentration in the UK was set as the reference
for each air pollutant. The histogram represents the concentration distribution of each air pollutant.
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between Pb and respiratory disease. We observed that nearly
50% of respiratory deaths were due to COPD in both the US
Medicare and the UK biobank cohorts; one possible reason for
the conflicting finding is a potential nonlinear relationship
between Pb and COPD mortality in the US was not captured
by a linear model. In addition, a few studies have also explored

the direct impact of air heavy metals on human health but
primarily focused on cancer. For example, air Cd exposure was
found to be associated with a higher risk of overall and prostate
cancer-specific mortality risk among prostate cancer patients.34

Our study suggested exposure to mixtures of Pb, Cd, and Hg
was associated with 1.040−1.154 times increased risk of all-

Figure 4. Exposure−response relationships between heavy metals and B(a)P and respiratory disease and nervous system disease mortality. (A)
Respiratory disease, (B) Chronic obstructive pulmonary disease (COPD), (C) Nervous system disease, (D) Alzheimer’s disease. Dark blue lines
represent the point hazard ratios and blue shaded areas represent their 95% confidence intervals. Data were trimmed from 1% to 99% percentiles of
concentration, and the 1% percentile concentration in the UK was set as the reference for each air pollutant. The histogram represents the
concentration distribution of each air pollutant.
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cause, cancer, CVD, stroke, and respiratory disease mortality.
Current epidemiological evidence for the joint effect of heavy
metal exposure on mortality is limited.35,36 Studies utilizing
data from the American NHANES survey35 and a Chinese
cohort36 have associated metal mixtures in blood or urine with
an elevated risk of all-cause, cancer, and/or CVD mortality,
with Cd potentially making the largest contribution. Given the
complexity of environmental systems, further research is
needed to understand the joint effects of heavy metals via
various exposure routes.
In addition to all-cause-mortality, we found a positive

association between long-term exposure to B(a)P and the risk
of IHD and stroke mortality, which is partially in line with
earlier studies focusing on occupational exposure.37 As a group
I carcinogen, B(a)P has been linked to multiple cancer
outcomes in previous studies.2 Our study did not identify
positive associations with all- or cause-specific cancer mortality,
which may be because of the low-level exposure during a short
follow-up time. Furthermore, we found that B(a)P was less
toxic than heavy metals, particularly Cd and Pb. This might be
due to their varying emission sources: heavy metals are mainly
emitted from industry and public power introduction, whereas
POPs are from the residential combustion through coal and
wood stoves/boilers in Europe.5,38 Our findings seem to
support that industry-sourced chemicals are more harmful than
those from the residential combustion sector. However, our
study included a limited number of chemicals and requires
validation in future studies.
Our monotonical exposure−response curves for most

mortality outcomes are supported by previous studies using
heavy metal concentrations in blood/urine.39,40 For instance,
the exposure−response curves for all-cause, CVD, IHD
mortality in American adults associated with blood Pb showed
a sublinear trend over 1 to 10 μg/dL.39 In Korean adults, a
significant increase in the risk of nonaccidental and cancer
mortality was also observed at a blood Pb level between 1.5
and 6.0 μg/dL, although the curve flattened out at high
concentrations.41 Additionally, a recent exposure−response
meta-analysis suggested the overall CVD mortality was linearly
or sublinearly associated with blood/urinary Cd.11 Limited
prospective studies have constructed exposure−response
associations of B(a)P with mortality in the general population,
but one ecological study in Jiangsu Province of China found
the cancer mortality risk associated with PM2.5-bound B(a)P
increased steeply below 1 ng/m3 and then rose at a slower
rate.42

Consistent with previous studies, our study suggested
younger participants and smokers may be more susceptible
to heavy metal exposure.33,43 In addition, we observed that
participants with a low genetic risk were more susceptible to
adverse effects of high concentrations of Pb and Cd on
composite CVD and stroke mortality, but these metals were
less associated with IHD mortality in this group. This may
imply, in comparison to the coronary arteries, that the
cerebrovascular system is more susceptible to the toxic effects
of Pb and Cd than to genetic influences. Meanwhile, we found
participants with low genetic risk were less affected by the
negative impact of Hg and B(a)P on CRC, CVD, and/or
stroke mortality, although some interactions did not reach
statistical significance. This finding partially aligns with a
Chinese case-cohort study that indicated higher genetic risk
exacerbated the detrimental effects of B(a)P on lung cancer.44

While our findings are preliminary, they contribute to the

literature by exploring the potential role of genetic modifiers in
the context of heavy metal and POP exposure. Limited studies
have explored the modifying effects of genetic effects, and
further research with larger genetic data sets is needed to
confirm our results. Genome-wide association studies have
shown that an internal dose of heavy metal (e.g., Cd) can be
affected by single nucleotide polymorphisms,45−47 under-
scoring the importance of considering genetic factors in future
investigations.
The strengths of this study lay in its large-scale, longitudinal

design, the breadth of exposures considered, and its ability to
provide novel and actionable evidence that can guide
environmental and public health interventions. Our study
had several limitations. First, we used baseline assessments of
lifestyle, environmental, and socio-economic factors and did
not track their changes over time. Future research would
benefit from incorporating time-varying variables to capture
these dynamics. Meanwhile, the reliance on self-reported
questionnaires to gather data on several covariates could
introduce inaccuracies, recall bias, or misclassification. Second,
the study did not evaluate air pollution exposure in an indoor
environment, which may bias the risk estimates. Third, we
accounted for multiple known confounders, but there may be
residual confounding (e.g., medication use), which could
influence our results. Fourth, the utilization of ICD codes from
death registries to ascertain all-cause and cause-specific
mortality could be prone to a range of potential biases. Fifth,
the study was limited to individuals of white European
ancestry, making it difficult to generalize our findings to other
ethnic groups. Future studies from diverse regions or
populations will help validate our findings.
In conclusion, long-term exposure to heavy metals and B(a)

P was monotonically associated with an elevated risk of
multiple mortality outcomes, indicating there may be no safe
threshold for these chemicals. Substantial benefits in public
health could be achieved through stringent environmental
regulations and clean air initiatives.

■ ASSOCIATED CONTENT
Data Availability Statement
The authors have no right to share the data obtained from the
UK biobank. Air pollution data was publicly available and data
sources have been provided.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/envhealth.4c00191.

Details on study population, covariates, and study
population (Supplementary Methods); linear associa-
tions of air pollutants with all-cause and cause-specific
mortality (Tables S1−S2); and flowchart of participants
selection, distribution plot of air pollutants, Spearman
correlation plot, sensitivity analyses, and stratified
analyses by genetic factors (Figures S1−S18) (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Luxia Zhang − Center for Digital Health and Artificial
Intelligence, Peking University First Hospital, Beijing 100034,
China; National Institute of Health Data Science at Peking
University and Institute of Medical Technology, Peking
University Health Science Center, Beijing 100191, China;

Environment & Health pubs.acs.org/EnvHealth Article

https://doi.org/10.1021/envhealth.4c00191
Environ. Health 2025, 3, 493−503

500

https://pubs.acs.org/doi/10.1021/envhealth.4c00191?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/envhealth.4c00191/suppl_file/eh4c00191_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luxia+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Renal Division, Department of Medicine, Peking University
First Hospital, Peking University Institute of Nephrology,
Beijing 100034, China; Research Units of Diagnosis and
Treatment of Immune-Mediated Kidney Diseases, Chinese
Academy of Medical Sciences, Beijing 100034, China;
Advanced Institute of Information Technology, Peking
University, Hangzhou 311215, China; State Key Laboratory
of Vascular Homeostasis and Remodeling, Peking University,
Beijing 100191, China; Email: zhanglx@bjmu.edu.cn

Authors
Feifei Zhang − Center for Digital Health and Artificial
Intelligence, Peking University First Hospital, Beijing 100034,
China; National Institute of Health Data Science at Peking
University and Institute of Medical Technology, Peking
University Health Science Center, Beijing 100191, China;
orcid.org/0000-0002-3718-243X

Chuan-Guo Guo − Department of Gastroenterology, Beijing
Friendship Hospital, Capital Medical University, Beijing
100050, China

Chao Yang − Center for Digital Health and Artificial
Intelligence, Peking University First Hospital, Beijing 100034,
China; Renal Division, Department of Medicine, Peking
University First Hospital, Peking University Institute of
Nephrology, Beijing 100034, China; Research Units of
Diagnosis and Treatment of Immune-Mediated Kidney
Diseases, Chinese Academy of Medical Sciences, Beijing
100034, China; Advanced Institute of Information
Technology, Peking University, Hangzhou 311215, China;
orcid.org/0000-0002-9864-0510

Fulin Wang − Center for Digital Health and Artificial
Intelligence, Peking University First Hospital, Beijing 100034,
China; National Institute of Health Data Science at Peking
University and Institute of Medical Technology, Peking
University Health Science Center, Beijing 100191, China

Wanzhou Wang − Center for Digital Health and Artificial
Intelligence, Peking University First Hospital, Beijing 100034,
China; National Institute of Health Data Science at Peking
University and Institute of Medical Technology, Peking
University Health Science Center, Beijing 100191, China;
orcid.org/0000-0002-1079-2764

Complete contact information is available at:
https://pubs.acs.org/10.1021/envhealth.4c00191

Author Contributions
F.Z. conceived the study and performed the data analysis. F.Z.
and C.-G.G. drafted the manuscript. C.Y., F.W., W.W., and
L.Z. contributed to interpretation of the data and critically
revised the manuscript. F.Z., C.Y., and L.Z. obtained funding
for the study. L.Z. supervised the study. All authors read the
manuscript and had final responsibility for the decision to
submit for publication.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Funding support is acknowledged from the National Natural
Science Foundation of China (72125009, 82204137,
82003529), National Key R&D Program of the Ministry of
Science and Technology of China (2022YFF1203001), Young
El i te Scient is ts Sponsorship Program by CAST
(2022QNRC001, 2023QNRC001), National High Level

Hospital Clinical Research Funding (“Star of Outlook”
Scientific Research Project of Peking University First Hospital,
2022XW06), CAMS Innovation Fund for Medical Sciences
(2019-I2M-5-046), and PKU-Baidu Fund (2020BD032).

■ REFERENCES
(1) Wahlang, B. Exposure to persistent organic pollutants: impact on
women’s health. Rev. Environ. Health 2018, 33 (4), 331−348.
(2) Bukowska, B.; Mokra, K.; Michałowicz, J. Benzo[a]pyrene�
Environmental Occurrence, Human Exposure, and Mechanisms of
Toxicity. Int. J. Mol. Sci. 2022, 23 (11), 6348.
(3) Akhtar, A. B. T.; Naseem, S.; Yasar, A.; Naseem, Z. Persistent
Organic Pollutants (POPs): Sources, Types, Impacts, and Their
Remediation. In Environmental Pollution and Remediation; Prasad, R.,
Ed.; Springer: Singapore, 2021; pp 213−246.
(4) Fiedler, H. Metadata Analysis of Persistent Organic Pollutants in
National Pools of Human Milk in Support of the Stockholm
Convention Implementation. Environment & Health 2023, 1 (1), 41−
52.
(5) Ilyin, I.; Batrakova, N.; Gusev, A.; Kleimenov, M.; Rozovskaya,
O.; Shatalov, V.; Strizhkina, I.; Travnikov, O.; Vulykh, N.; Knut
Breivik, P. B. N.; Aspmo Pfaffhuber, K.; Aas, W.; et al. Assessment of
heavy metal and POP pollution on global, regional and national scales;
Moscow, Russia, 2022. https://msc-east.org/wp-content/uploads/
2024/08/2022_2.pdf.
(6) Mohankumar, T.; Venugopal, D.; Palaniyappan, J.; Beerappa, R.;
Duraisamy, E.; Velu, S. Environmental exposure to heavy metals in
ambient air and its human health implications. In Spatial Modeling of
Environmental Pollution and Ecological Risk; Elsevier, 2024; pp 41−69.
(7) Guo, X.; Su, W.; Li, N.; Song, Q.; Wang, H.; Liang, Q.; Li, Y.;
Lowe, S.; Bentley, R.; Zhou, Z.; et al. Association of urinary or blood
heavy metals and mortality from all causes, cardiovascular disease, and
cancer in the general population: a systematic review and meta-
analysis of cohort studies. Environ. Sci. Pollut Res. Int. 2022, 29 (45),
67483−67503.
(8) Zhang, Y.; Hu, Q.; Fu, J.; Li, X.; Mao, H.; Wang, T. Influence of
Exposure Pathways on Tissue Distribution and Health Impact of
Polycyclic Aromatic Hydrocarbon Derivatives. Environment & Health
2023, 1 (3), 150−167.
(9) Chen, L.-C.; Maciejczyk, P.; Thurston, G. D. Metals and air
pollution. In Handbook on the Toxicology of Metals; Elsevier, 2022; pp
137−182.
(10) Pérez-Carrascosa, F. M.; Gómez-Peña, C.; Echeverría, R.; Juan
Jiménez Moleón, J.; Manuel Melchor, J.; García-Ruiz, A.; Luis
Navarro-Espigares, J.; Cabeza-Barrera, J.; Martin-Olmedo, P.; Carlos
Ortigosa-García, J.; et al. Historical exposure to persistent organic
pollutants and cardiovascular disease: A 15-year longitudinal analysis
focused on pharmaceutical consumption in primary care. Environ. Int.
2021, 156, No. 106734.
(11) Verzelloni, P.; Urbano, T.; Wise, L. A.; Vinceti, M.; Filippini, T.
Cadmium exposure and cardiovascular disease risk: A systematic
review and dose-response meta-analysis. Environ. Pollut. 2024, 345,
No. 123462.
(12) Marques, C.; Fiolet, T.; Frenoy, P.; Severi, G.; Mancini, F. R.
Association between polycyclic aromatic hydrocarbons (PAH) dietary
exposure and mortality risk in the E3N cohort. Sci. Total Environ.
2022, 840, No. 156626.
(13) Rehman, K.; Fatima, F.; Waheed, I.; Akash, M. S. H. Prevalence
of exposure of heavy metals and their impact on health consequences.
J. Cell Biochem 2018, 119 (1), 157−184.
(14) Nunez, O.; Fernandez-Navarro, P.; Martin-Mendez, I.; Bel-Lan,
A.; Locutura Ruperez, J. F.; Lopez-Abente, G. Association between
heavy metal and metalloid levels in topsoil and cancer mortality in
Spain. Environ. Sci. Pollut Res. Int. 2017, 24 (8), 7413−7421.
(15) Patel, A. P.; Mehta, S. S.; White, A. J.; Niehoff, N. M.; Arroyave,
W. D.; Wang, A.; Lunn, R. M. Urinary polycyclic aromatic
hydrocarbon metabolites and mortality in the United States: A
prospective analysis. PLoS One 2021, 16 (6), No. e0252719.

Environment & Health pubs.acs.org/EnvHealth Article

https://doi.org/10.1021/envhealth.4c00191
Environ. Health 2025, 3, 493−503

501

mailto:zhanglx@bjmu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feifei+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3718-243X
https://orcid.org/0000-0002-3718-243X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chuan-Guo+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chao+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9864-0510
https://orcid.org/0000-0002-9864-0510
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fulin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wanzhou+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1079-2764
https://orcid.org/0000-0002-1079-2764
https://pubs.acs.org/doi/10.1021/envhealth.4c00191?ref=pdf
https://doi.org/10.1515/reveh-2018-0018
https://doi.org/10.1515/reveh-2018-0018
https://doi.org/10.3390/ijms23116348
https://doi.org/10.3390/ijms23116348
https://doi.org/10.3390/ijms23116348
https://doi.org/10.1021/envhealth.3c00020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/envhealth.3c00020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/envhealth.3c00020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://msc-east.org/wp-content/uploads/2024/08/2022_2.pdf
https://msc-east.org/wp-content/uploads/2024/08/2022_2.pdf
https://doi.org/10.1007/s11356-022-22353-w
https://doi.org/10.1007/s11356-022-22353-w
https://doi.org/10.1007/s11356-022-22353-w
https://doi.org/10.1007/s11356-022-22353-w
https://doi.org/10.1021/envhealth.3c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/envhealth.3c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/envhealth.3c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envint.2021.106734
https://doi.org/10.1016/j.envint.2021.106734
https://doi.org/10.1016/j.envint.2021.106734
https://doi.org/10.1016/j.envpol.2024.123462
https://doi.org/10.1016/j.envpol.2024.123462
https://doi.org/10.1016/j.scitotenv.2022.156626
https://doi.org/10.1016/j.scitotenv.2022.156626
https://doi.org/10.1002/jcb.26234
https://doi.org/10.1002/jcb.26234
https://doi.org/10.1007/s11356-017-8418-6
https://doi.org/10.1007/s11356-017-8418-6
https://doi.org/10.1007/s11356-017-8418-6
https://doi.org/10.1371/journal.pone.0252719
https://doi.org/10.1371/journal.pone.0252719
https://doi.org/10.1371/journal.pone.0252719
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(16) Martinez-Morata, I.; Sobel, M.; Tellez-Plaza, M.; Navas-Acien,
A.; Howe, C. G.; Sanchez, T. R. A State-of-the-Science Review on
Metal Biomarkers. Curr. Environ. Health Rep 2023, 10 (3), 215−249.
(17) Miller, B. G.; Doust, E.; Cherrie, J. W.; Hurley, J. F. Lung
cancer mortality and exposure to polycyclic aromatic hydrocarbons in
British coke oven workers. BMC Public Health 2013, 13 (1), 962.
(18) Thompson, D. J.; Wells, D.; Selzam, S.; Peneva, I.; Moore, R.;
Sharp, K.; Tarran, W. A.; Beard, E. J.; Riveros-Mckay, F.; Palmer, D.;
Seth, P.; Harrison, J.; Futema, M.; McVean, G.; Plagnol, V.; Donnelly,
P.; Weale, M. E. UK Biobank release and systematic evaluation of
optimized polygenic risk scores for 53 diseases and quantitative traits.
medRxiv, 2022, DOI: 10.1101/2022.06.16.22276246.
(19) Keil, A. P.; Buckley, J. P.; O’Brien, K. M.; Ferguson, K. K.;
Zhao, S.; White, A. J. A Quantile-Based g-Computation Approach to
Addressing the Effects of Exposure Mixtures. Environ. Health Perspect
2020, 128 (4), 047004.
(20) Zhang, L.; Yang, F.; Li, Y.; Cao, H.; Huang, A.; Zhuang, Y.;
Zhang, C.; Hu, G.; Mao, Y.; Luo, J.; et al. The protection of selenium
against cadmium-induced mitophagy via modulating nuclear xeno-
biotic receptors response and oxidative stress in the liver of rabbits.
Environ. Pollut. 2021, 285, No. 117301.
(21) Wang, C.; Nie, G.; Yang, F.; Chen, J.; Zhuang, Y.; Dai, X.; Liao,
Z.; Yang, Z.; Cao, H.; Xing, C.; et al. Molybdenum and cadmium co-
induce oxidative stress and apoptosis through mitochondria-mediated
pathway in duck renal tubular epithelial cells. J. Hazard Mater. 2020,
383, No. 121157.
(22) Leuthner, T. C.; Benzing, L.; Kohrn, B. F.; Bergemann, C. M.;
Hipp, M. J.; Hershberger, K. A.; Mello, D. F.; Sokolskyi, T.;
Stevenson, K.; Merutka, I. R.; et al. Resistance of mitochondrial DNA
to cadmium and Aflatoxin B1 damage-induced germline mutation
accumulation in C. elegans. Nucleic Acids Res. 2022, 50 (15), 8626−
8642.
(23) Sakurai, M.; Suwazono, Y.; Nishijo, M.; Nogawa, K.; Watanabe,
Y.; Yoneda, K.; Ishizaki, M.; Morikawa, Y.; Kido, T.; Nakagawa, H.
The Relationship between the Urinary Cadmium Concentration and
Cause-Specific Mortality in Subjects without Severe Renal Damage: A
35-Year Follow-Up Study in a Cadmium-Polluted Area of Japan. Int. J.
Environ. Res. Public Health 2021, 18 (15), 7747.
(24) Ben, S.; Li, S.; Gu, D.; Zhao, L.; Xu, S.; Ding, Z.; Chen, S.;
Cheng, Y.; Xin, J.; Du, M.; et al. Benzo [a] pyrene exposure affects
colorectal cancer susceptibility by regulating ERβ-mediated
LINC02977 transcription. Environ. Int. 2024, 184, No. 108443.
(25) Meng, H.; Li, G.; Wei, W.; Bai, Y.; Feng, Y.; Fu, M.; Guan, X.;
Li, M.; Li, H.; Wang, C.; et al. Epigenome-wide DNA methylation
signature of benzo[a]pyrene exposure and their mediation roles in
benzo[a]pyrene-associated lung cancer development. J. Hazard Mater.
2021, 416, No. 125839.
(26) Wong, J. Y.; Hu, W.; Downward, G. S.; Seow, W. J.; Bassig, B.
A.; Ji, B.-T.; Wei, F.; Wu, G.; Li, J.; He, J.; et al. Personal exposure to
fine particulate matter and benzo [a] pyrene from indoor air pollution
and leukocyte mitochondrial DNA copy number in rural China.
Carcinogenesis 2017, 38 (9), 893−899.
(27) Xu, M.; Niu, Z.; Liu, C.; Yan, J.; Peng, B.; Yang, Y. Oxidative
Potential of Metal-Containing Nanoparticles in Coal Fly Ash
Generated from Coal-Fired Power Plants in China. Environment &
Health 2023, 1 (3), 180−190.
(28) Midya, V.; Agrawal, M.; Lane, J. M.; Gennings, C.; Tarassishin,
L.; Torres-Olascoaga, L. A.; Eggers, J.; Gregory, J. K.; Picker, M.;
Peter, I.; et al. Association between Exposure to Metals during
Pregnancy, Childhood Gut Microbiome, and Risk of Intestinal
Inflammation in Late Childhood. Environment & Health 2024, 2 (10),
739−749.
(29) Hu, X. F.; Lowe, M.; Chan, H. M. Mercury exposure,
cardiovascular disease, and mortality: A systematic review and dose-
response meta-analysis. Environ. Res. 2021, 193, No. 110538.
(30) Zhang, A.; Wei, P.; Ding, L.; Zhang, H.; Jiang, Z.; Mi, L.; Yu,
F.; Tang, M. Associations of serum lead, cadmium, and mercury
concentrations with all-cause and cause-specific mortality among

individuals with cardiometabolic multimorbidity. Ecotoxicol Environ.
Saf 2024, 280, No. 116556.
(31) Martinez-Morata, I.; Schilling, K.; Glabonjat, R. A.; Domingo-
Relloso, A.; Mayer, M.; McGraw, K. E.; Galvez Fernandez, M.;
Sanchez, T. R.; Nigra, A. E.; Kaufman, J. D.; et al. Association of
urinary metals with cardiovascular disease incidence and all-cause
mortality in the multi-ethnic study of atherosclerosis (MESA).
Circulation 2024, 150 (10), 758−769.
(32) Guo, L. C.; Lv, Z.; Ma, W.; Xiao, J.; Lin, H.; He, G.; Li, X.;
Zeng, W.; Hu, J.; Zhou, Y.; et al. Contribution of heavy metals in
PM(2.5) to cardiovascular disease mortality risk, a case study in
Guangzhou, China. Chemosphere 2022, 297, No. 134102.
(33) Kazemiparkouhi, F.; Honda, T.; Eum, K. D.; Wang, B.;
Manjourides, J.; Suh, H. H. The impact of Long-Term PM(2.5)
constituents and their sources on specific causes of death in a US
Medicare cohort. Environ. Int. 2022, 159, No. 106988.
(34) McDonald, A. C.; Gernand, J.; Geyer, N. R.; Wu, H.; Yang, Y.;
Wang, M. Ambient air exposures to arsenic and cadmium and overall
and prostate cancer-specific survival among prostate cancer cases in
Pennsylvania, 2004 to 2014. Cancer 2022, 128 (9), 1832−1839.
(35) Duan, W.; Xu, C.; Liu, Q.; Xu, J.; Weng, Z.; Zhang, X.; Basnet,
T. B.; Dahal, M.; Gu, A. Levels of a mixture of heavy metals in blood
and urine and all-cause, cardiovascular disease and cancer mortality: A
population-based cohort study. Environ. Pollut. 2020, 263 (Pt A),
No. 114630.
(36) Shi, L.; Yuan, Y.; Xiao, Y.; Long, P.; Li, W.; Yu, Y.; Liu, Y.; Liu,
K.; Wang, H.; Zhou, L.; et al. Associations of plasma metal
concentrations with the risks of all-cause and cardiovascular disease
mortality in Chinese adults. Environ. Int. 2021, 157, No. 106808.
(37) Burstyn, I.; Kromhout, H.; Partanen, T.; Svane, O.; Langar̊d, S.;
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