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A B S T R A C T   

Exposure to toxic metals is a global public health threat. Among other adverse effects, exposure to the heavy 
metal cadmium has been associated with greater risk of cardiovascular disease (CVD). Nonetheless, the shape of 
the association between cadmium exposure and CVD risk is not clear. This systematic review summarizes data on 
the association between cadmium exposure and risk of CVD using a dose-response approach. We carried out a 
literature search in PubMed, Web of Science, and Embase from inception to December 30, 2023. Inclusion 
criteria were: studies on adult populations, assessment of cadmium exposure, risk of overall CVD and main CVD 
subgroups as endpoints, and observational study design (cohort, cross-sectional, or case-control). We retrieved 
26 eligible studies published during 2005–2023, measuring cadmium exposure mainly in urine and whole blood. 
In a dose-response meta-analysis using the one-stage method within a random-effects model, we observed a 
positive association between cadmium exposure and risk of overall CVD. When using whole blood cadmium as a 
biomarker, the association with overall CVD risk was linear, yielding a risk ratio (RR) of 2.58 (95 % confidence 
interval-CI 1.78–3.74) at 1 μg/L. When using urinary cadmium as a biomarker, the association was linear until 
0.5 μg/g creatinine (RR = 2.79, 95 % CI 1.26–6.16), after which risk plateaued. We found similar patterns of 
association of cadmium exposure with overall CVD mortality and risks of heart failure, coronary heart disease, 
and overall stroke, whereas for ischemic stroke there was a positive association with mortality only. Overall, our 
results suggest that cadmium exposure, whether measured in urine or whole blood, is associated with increased 
CVD risk, further highlighting the importance of reducing environmental pollution from this heavy metal.   

1. Introduction 

Cardiovascular disease (CVD) is the leading cause of death world
wide, accounting for 32 % of all global deaths corresponding to over 
17.9 million people in 2019 (WHO, 2021). Of these, about 50 % are 
attributed to ischemic heart disease and 34 % to stroke (WHO, 2020). In 
addition, the American Heart Association reported that in 2018, 126.9 
million U.S. adults had CVD, representing the 49.2 % overall (Tsao et al., 
2022). Similarly, despite decreasing rates of CVD mortality in most 
European countries, it remains the leading cause of death, causing 45 % 

of cases in Europe and 37 % in the overall European Union (Timmis 
et al., 2020). Such trends have varied across high-, medium- and 
low-income countries: in the high-income countries, a decline has been 
registered in both coronary heart disease (CHD) and stroke, while 
Eastern Europe and Asia have reported a decline in stroke mortality, but 
not in CHD mortality (Institute of Medicine, 2010). 

Many studies demonstrated that environmental pollution plays an 
important role in human health (Kulick et al., 2023; Tsai et al., 2023), 
particularly CVD, with increased mortality from ischemic heart disease, 
dysrhythmia, heart failure (HF), and cardiac arrest (Ayuso-Alvarez et al., 

Abbreviations: AMI, acute myocardial infarction; CHD, coronary heart disease; CI, confidence interval; CVD, cardiovascular disease; HF, heart failure; IARC, 
International Agency for Research on Cancer; PECOS, population exposure comparator outcomes and study design; PRISMA, preferred reporting items for systematic 
review and meta-analysis; ROBINS-E, risk of bias for non-randomized studies of exposures; RR, risk ratio; WHO, World Health Organization. 
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2022; Pope et al., 2004). Specifically, exposure to toxic heavy metals has 
become a global health concern (Broomandi et al., 2023; Yang et al., 
2020). Cadmium (Cd) is a naturally occurring heavy metal found in a 
wide range of products and environments. It is produced in various in
dustrial processes and most of the cadmium consumed globally was 
thought to be used in Nickel-Cd batteries, but relevant other uses 
included alloys, coatings, pigments, solar cells, and stabilizers (Faroon 
et al., 2012). Contamination has been reported in air, food, water, and 
soil (Mititelu et al., 2023; Rocha et al., 2023). In addition to occupa
tional exposure, smoking is a relevant source of exposure, while food is 
the major source in non-smoking populations (Filippini et al., 2016; Snoj 
Tratnik et al., 2022; Urbano et al., 2023). For what concerns the expo
sure biomarkers, whole blood cadmium is typically regarded as an in
dicator of acute exposure, whereas urinary concentrations are reflective 
of long-term exposure (Adams and Newcomb, 2014; Goumenou et al., 
2021; Julin et al., 2011; Vacchi-Suzzi et al., 2016). 

The World Health Organization (WHO) and the International Agency 
for Research on Cancer (IARC) included cadmium in Group 1 human 
carcinogens (IARC, 2012) and recent studies indicate an increased risk 
of cancers of the lung, kidney, bladder, breast, and endometrium (Fili
ppini et al., 2020a; McElroy and Hunter, 2019; Nawrot et al., 2015). 
Moreover, there are many laboratory and epidemiological findings 
supporting the hypothesis that cadmium exposure increases the risk of 
CVD and its risk factors (Filippini et al., 2022; Liu et al., 2022; Suwazono 
et al., 2021; Tellez-Plaza et al., 2013; Tinkov et al., 2017), although the 
level of exposure leading to detrimental effects is not fully understood. 
In fact, a previous meta-analysis investigated the relation between uri
nary cadmium exposure and CVD mortality and found a strong and 
consistent evidence of such an association (Larsson and Wolk, 2016). 
Similarly, a more recent meta-analysis found a positive association be
tween both urinary and whole blood cadmium levels and CVD mortality 
(Guo et al., 2022), although none of previous reviews performed a 
dose-response meta-analysis on overall CVD risk. 

Our main objective was to review the epidemiological studies that 
have examined the association between cadmium exposure and CVD 
risk. The present report builds on previous meta-analyses by including 
studies examining a broader set of exposure matrices (e.g., urine, whole 
blood, plasma, and diet), by evaluating CVD risk (including prevalence, 
incidence, and mortality) as study endpoints, and by assessing CVD 
overall and according to its subtypes. Finally, this report assesses the 
shape of these associations, which has been only partially explored 
previously. 

2. Methods 

We used the Preferred Reporting Items for Systematic Review and 
Meta-Analysis (PRISMA) 2020 statement (Page et al., 2021) to perform 
this review registered in PROSPERO database (no. CRD42022360751). 

2.1. Study identification and selection 

We configured the research and defined the inclusion criteria ac
cording to the Population, Exposure, Comparator, Outcomes, and Study 
design (PECOS) statement: “What is the shape of the association be
tween exposure to cadmium, assessed through urinary concentrations, 
whole blood concentrations, and dietary intake, and risk of CVD and 
strokes in adults, in observational studies?” (Morgan et al., 2018). 

To find eligible articles, we conducted a systematic literature search 
for publications available from inception up to December 30, 2023, in 
the PubMed/MEDLINE, Web of Science, and Embase databases using 
MeSH terms and keywords linked to “cardiovascular disease”, “coronary 
disease”, “heart failure”, “stroke”, “myocardial infarction” and “cad
mium”. The full search strategies are reported in Supplementary 
Table S1. Moreover, we scanned the reference list of included studies 
and other reviews, as well as we used backward and forward citation 
retrieval to identify possible additional relevant papers. 

We performed a meta-analysis of retrieved observational studies 
assessing disease risk (as prevalence, incidence, or mortality) of the 
following cardiovascular outcomes: CVD, HF, CHD (including acute 
myocardial infarction - AMI), and any stroke (both ischemic and hem
orrhagic). We included only the studies measuring cadmium in whole 
blood, plasma, urine, or dietary intake with specified dose levels divided 
into different quantiles. 

Two authors (PV and TU) reviewed all titles and abstracts indepen
dently. If conflicts occurred, they were resolved with the help of a third 
author (TF). For each included study, we extracted information about 
country, study period, years of follow-up (for cohort studies), measures 
of association (odds ratio, hazard ratio, or relative risk) and their 95 % 
confidence interval (CI) from the most adjusted model, adjustment 
factors, study design, population size and characteristics, method used 
to assess cadmium exposure, dose of exposure, and cardiovascular 
outcomes. 

2.2. Quality assessment 

We evaluated the quality of the included studies using criteria from 
the Risk of Bias for Non-randomized Studies of Exposures (ROBINS-E) 
tool version 2.0 (Morgan et al., 2019). We classified studies as having a 
low, moderate, or high risk of bias according to the following seven 
domains of bias: bias due to confounding; bias in selecting participants 
in the study; bias in exposure classification; bias due to departures from 
intended exposures; bias due to missing data; bias in outcome mea
surement; bias in the selection of reported results. In Supplementary 
Table S2, we reported criteria for risk of bias evaluation performed by 
two authors (PV and TF). In case of disagreement, a third author helped 
in the final decision (MV). Each study was considered at a moderate or 
high risk of bias if at least one domain was judged at moderate or high 
risk, respectively. Otherwise, it was classified as having a low risk of 
bias. 

2.3. Statistical analysis 

We synthesized the evidence through both qualitative and quanti
tative approaches; in the qualitative approach, we used the inclusion 
criteria configured through PECOS criteria. In the quantitative synthesis, 
we compared the different risks in prevalence, incidence and mortality 
of the main cardiovascular outcomes (see section 2.1. Study identification 
and selection) regarding the different levels of cadmium exposure using a 
restricted maximum likelihood random-effects model (Orsini and Spie
gelman, 2021) and whenever possible, we carried out a dose-response 
meta-analysis of risk of the main cardiovascular outcomes according 
to increasing cadmium exposure using a one-stage approach (Crippa 
et al., 2019) as previously implemented in other fields (Filippini et al., 
2019; Veneri et al., 2023b; Vinceti et al., 2021). In particular, we used 
the mean or median value of the intermediate quantile whenever 
available, while for the highest and the lowest exposure categories in 
which the mean/median values were not reported, we defined a value 
20 % higher or lower than the closest cut-point (Filippini et al., 2022; 
Iamandii et al., 2023; Veneri et al., 2023a). To assess potential 
non-linear associations, we used a restricted cubic spline model with 
knots at 3 fixed points (10th, 50th, and 90th percentiles) of cadmium 
exposure (Crippa et al., 2019). The reference for the dose-response 
meta-analysis was set at 0, having no a priori assumptions regarding 
the shape of the association between cadmium exposure and the 
outcome. 

Whenever possible, we carried out additional stratified analyses ac
cording to potential confounders including sex and smoking status. We 
also carried out sensitivity analyses by excluding studies at high risk of 
bias, and whenever possible we restricted them to studies with cohort 
design to evaluate incidence only. We used STATA software (v17.0, 
Stata Corp., College Station, TX, 2021) for all data analyses. 
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3. Results 

3.1. Study selection and characteristics of the included studies 

After removal of duplicates, we retrieved 1383 unique studies from 
which 1270 were excluded after title and abstract screening. We 
assessed 111 full-text articles excluding 87 with reasons: wrong outcome 
(N = 46), insufficient data (N = 19), wrong study design (N = 8), 
overlapping population (N = 7), wrong population (N = 5), and wrong 
publication type (N = 2). We then added two studies after the screening 
of a previous meta-analysis on the same topic (Nawrot et al., 2008), and 
citation chasing (Moon et al., 2023), with a total of 26 eligible studies. 
The PRISMA flow-chart of the literature search is reported in Fig. 1. 

Characteristics of the 26 included studies are summarized in Table 1. 
All the articles were published between 2005 and 2023; most of the 
populations are from the US (N = 12) (Agarwal et al., 2011; Chen et al., 
2018; Everett and Frithsen, 2008; Ferraro et al., 2012; Kong et al., 2023; 
Li et al., 2022; Menke et al., 2009; Moon et al., 2023; Tellez-Plaza et al., 
2013; Tellez-Plaza et al., 2012; Xing et al., 2023; Xu et al., 2021), 
Sweden (N = 5) (Barregard et al., 2016; Borne et al., 2015; Julin et al., 

2013a; Julin et al., 2013b; Tagt et al., 2022), Denmark (N = 3) (Jeong 
et al., 2020; Poulsen et al., 2021; Sears et al., 2022; Sears et al., 2021), 
Japan (N = 2) (Sakurai et al., 2021; Suwazono et al., 2021), South Korea 
(N = 1) (Jeong et al., 2020), Australia (N = 1) (Deering et al., 2018), 
China (N = 1) (Wen et al., 2019), and Spain (N = 1) (Domingo-Relloso 
et al., 2019). 

We included 15 cohort studies (Barregard et al., 2016; Borne et al., 
2015; Deering et al., 2018; Domingo-Relloso et al., 2019; Ferraro et al., 
2012; Julin et al., 2013a; Julin et al., 2013b; Li et al., 2022; Menke et al., 
2009; Moon et al., 2023; Sakurai et al., 2021; Suwazono et al., 2021; 
Tagt et al., 2022; Tellez-Plaza et al., 2013; Tellez-Plaza et al., 2012), 6 
cross-sectional studies (Agarwal et al., 2011; Everett and Frithsen, 2008; 
Jeong et al., 2020; Kong et al., 2023; Xing et al., 2023; Xu et al., 2021), 4 
case-cohort studies (Chen et al., 2018; Poulsen et al., 2021; Sears et al., 
2022; Sears et al., 2021), and 1 case-control study (Wen et al., 2019). 

Cadmium concentrations were measured in urine (N = 13) (Chen 
et al., 2018; Deering et al., 2018; Domingo-Relloso et al., 2019; Everett 
and Frithsen, 2008; Menke et al., 2009; Poulsen et al., 2021; Sakurai 
et al., 2021; Sears et al., 2022; Sears et al., 2021; Suwazono et al., 2021; 
Tagt et al., 2022; Tellez-Plaza et al., 2013; Xu et al., 2021), whole blood 

Fig. 1. Flow-chart of systematic literature search through December 30, 2023.  
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Table 1 
Characteristics of included studies.  

Reference Region Cohort name Study 
design 

Follow- 
up 

Specimen Outcome Risk 
assessment 
(highest- 
lowest) 

Cd levels 
(lowest- 
highest) 

Adjustment factors 

Agarwal et al. 
(2011) 

US NAHNES, 
1999–2000; 
2001–2002; 
2003–2004; 
2005–2006 

Cross- 
sectional 

NA Blood (μg/ 
L) 

CVD OR: 1.44 
(1.07–1.95) 

0.176–0.732 Age, sex, race, education, 
hypertension, diabetes, 
hypercholesterolemia, 
chronic kidney disease, 
BMI, CRP, smoking, serum 
cotinine, and lead 

Barregard et al. 
(2016) 

Sweden Malmö Diet and 
Cancer Study, 
1991–1994 

Cohort Until 
2010 

Blood (μg/ 
L) 

AMI, 
Any stroke, 
Ischemic 
stroke, 
CVD, 
CHD, 
CVD 
mortality 

HR: 1.80 
(1.20–2.80) 
2.10 
(1.30–2.80) 
2.10 
(1.30–2.30) 
1.90 
(1.30–2.80) 
1.90 
(1.20–2.90) 
1.90 
(1.10–3.20) 

0.13–1.20 Sex, smoking, waist 
circumference, low 
education, low physical 
activity, alcohol intake, 
serum triglycerides, 
HbA1c, CRP, 
postmenopausal status, 
hormonal replacement, 
treatment for 
hypertension, diabetes 
mellitus, lipid-lowering 
medication, DBP, LDL-C, 
and HDL-C 

Borne et al. 
(2015) 

Sweden Malmö Diet and 
Cancer Study, 
1991–1996 

Cohort Average 
17 years 

Blood (μg/ 
L) 

HF HR: 
M 3.91 
(1.32–11.54) 
F 1.18 
(0.49–2.82) 

0.12–0.98 Age, SBP, use of blood 
pressure-lowering or 
lipids-lowering 
medications, presence of 
diabetes mellitus, history 
of a coronary event, waist 
circumference, smoking 
status, alcohol intake, 
LDL-C, HDL-C, hs-CRP, 
plasma creatinine, 
marital, and educational 
status 

Chen et al. (2018) US REGARDS, 
2003–2007 

Case- 
cohort 

Until 
2012 

Urine (μg/g 
creatinine) 

Ischemic 
stroke 

HR: 
1.50 
(1.01–2.22) 

0.18–1.03 Age, sex, race, age-sex and 
age-race interactions, 
region, income, BMI, 
smoking status, alcohol 
consumption, physical 
activity, diabetes mellitus, 
HDL-C/LDL-C ratio, CRP, 
serum calcium, and 
urinary arsenic 
concentrations 

Deering et al. 
(2018) 

Australia Australian 
electoral roll, 
1998 

Cohort 15 years Urine (μg/ 
L) 

Any stroke, 
HF, 
CHD, 
Ischemic 
stroke 
mortality, 
HF mortality, 
CHD 
mortality 

HR: 0.90 
(0.61–1.32) 
1.35 
(0.85–2.16) 
0.84 
(0.62–1.16) 
0.78 
(0.44–1.38) 
1.77 
(0.90–3.48) 
0.88 
(0.55–1.41) 

0.092–0.306 Age at baseline, calcium 
treatment, BMI, 
hypertension, eGFR, 
prevalent ASVD, diabetes, 
low dose aspirin use and 
statin use, for urinary 
specific gravity, urinary 
creatine, or ever/never 
smoker and pack-years 
smoked 

Domingo-Relloso 
et al. (2019) 

Spain Hortega Study, 
1997; 1999–2000; 
2001–2003 

Cohort Until 
2015 

Urine (μg/g 
creatinine) 

Any stroke +
CHD, 
CVD, 
HF 

HR: 1.68 
(0.92–3.08) 
2.31 
(1.47–3.65) 
3.68 
(1.54–8.75) 

0.216–0.636 Sex, education, smoking 
status, cumulative 
smoking dose, urine 
cotinine, eGFR, residence, 
HDL-C , total cholesterol, 
dyslipidemia treatment, 
hypertension treatment, 
diabetes mellitus of type 2 
and SBP 

Everett and 
Frithsen (2008) 

US NHANES III, 
1988–1994 

Cross- 
sectional 

NA Urine (μg/g 
creatinine) 

AMI OR: 1.46 
(1.01–2.13) 

0.516–1.056 Age, sex, total cholesterol, 
HDL-C, SBP, hypertension 
medications, smoking 
status, pack-years of 
smoking, race-ethnicity, 
family history of heart 
attack, and diabetes 

Ferraro et al. 
(2012) 

US NHANES, 
1999–2004 

Cohort Until 
2006, an 

Blood (μg/ 
L) 

CVD 
mortality 

HR: 
M 1.34 

0.15–0.84 Age, sex, total cholesterol, 
HDL-C, SBP, hypertension 

(continued on next page) 
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Table 1 (continued ) 

Reference Region Cohort name Study 
design 

Follow- 
up 

Specimen Outcome Risk 
assessment 
(highest- 
lowest) 

Cd levels 
(lowest- 
highest) 

Adjustment factors 

average 
of 57 
months 

(0.62–2.89) 
F 2.83 
(0.78–10.24) 

medications, smoking 
status, pack-years of 
smoking, race-ethnicity, 
family history of heart 
attack, and diabetes 

Jeong et al. 
(2020) 

South 
Korea 

KNHANES, 
2008–2013 and 
2016 

Cross- 
sectional 

NA Blood (μg/ 
L) 

Any stroke, 
CHD 

OR: 2.39 
(1.03–5.56) 
1.12 
(0.56–2.26) 

0.8–2.4 Age, sex, current smoking 
status, education level, 
income level, alcohol 
consumption, BMI, 
glucose level, SBP, survey 
year, regular walking, and 
eGFR 

Julin et al. 
(2013a) 

Sweden The Swedish 
Mammography 
cohort, 
1987–1990 and 
1997 

Cohort Until 
2010 

Food intake 
(μg/day) 

AMI, 
Any stroke, 
Ischemic 
stroke, 
Hemorragic 
stroke, 
CVD 

RR: 1.07 
(0.88–1.29) 
0.90 
(0.76–1.05) 
0.89 
(0.74–1.06) 
1.11 
(0.68–1.80) 
0.96 
(0.85–1.09) 

10–17 Age, postsecondary 
education, family history 
of myocardial infarction 
before the age of 60 years, 
high cholesterol, 
hypertension, ever use of 
postmenopausal 
hormones, ever use of 
aspirin, smoking status, 
BMI, total physical 
activity, alcohol 
consumption, and energy 
intake, consumption of 
vegetables and whole 
grains 

Julin et al. 
(2013b) 

Sweden The cohort of 
Swedish men 
(COSM), 
1997 

Cohort Until 
2010 

Food intake 
(μg/day) 

CVD RR: 0.99 
(0.91–1.09) 

15–23 Age, postsecondary 
education, family history 
of myocardial infarction 
before the age of 60 years, 
high cholesterol, 
hypertension, ever use of 
postmenopausal 
hormones, ever use of 
aspirin, smoking status, 
BMI, total physical 
activity, alcohol 
consumption, and energy 
intake, consumption of 
vegetables and whole 
grains 

Kong et al. (2023) US NHANES 
2007–2018 

Cross- 
sectional 

NA Blood (μg/ 
L) 

CVD, 
CHD 

OR: 1.70 
(1.47–1.97) 
1.74 
(1.47–2.07) 

0.200–0.576 Age, sex, race and 
ethnicity, education, 
income smoking, alcohol 
use, weight status (BMI), 
hypertension, 
hypercholesterolemia, 
and diabetes history 

Li et al. (2022) US NHANES 
1999–2014 

Cohort Median 
9 years 

Blood (μg/ 
L) 

CVD 
mortality 

HR: 1.72 
(1.28–2.30) 

0.14–0.72 Survey cycle, age, race, 
sex, educational level, 
family income-poverty 
ratio, alcohol intake, 
smoking status, marital 
status, BMI, hypertension, 
diabetes, cardiovascular 
disease, and cancer 

Menke et al. 
(2009) 

US NHANES III, 
1988–1994 

Cohort Until 
2000, 
Average 9 
years 
above 
who is 
still alive, 
5.1 years 
above 
who is 
dead 

Urine (μg/g 
creatinine) 

CVD 
mortality, 
CHD 
mortality 

HR: 
M 1.33 
(0.69–2.56) 
F 0.82 
(0.47–1.42) 
M 2.48 
(0.85–7.27) 
F 0.45 
(0.24–0.83) 

M 
0.252–0.576 
F 
0.232–0.816 

Age, race/ethnicity, 
postmenopausal status, 
urban residence, annual 
household income, high 
school education, 
smoking category, tertile 
of pack-years, physical 
activity, diabetes, BMI, 
alcohol consumption, 
CRP, total cholesterol, 
systolic blood pressure, 
blood pressure–lowering 
medication, blood lead, 
and eGFR 

Moon et al. 
(2023) 

US NHANES, 
1999–2018 

Cohort Until 
2019, 

Urine (μg/g 
creatinine) 

CVD 
mortality 

HR: 1.26 
(0.81–1.95) 

0.112–0.576 
0.176–0.720 

Age, sex, race/ethnicity, 
BMI, smoking status, 

(continued on next page) 

P. Verzelloni et al.                                                                                                                                                                                                                              



Environmental Pollution 345 (2024) 123462

6

Table 1 (continued ) 

Reference Region Cohort name Study 
design 

Follow- 
up 

Specimen Outcome Risk 
assessment 
(highest- 
lowest) 

Cd levels 
(lowest- 
highest) 

Adjustment factors 

median 
110 
months 

and Blood 
(μg/L) 

HR: 1.75 
(1.41–2.17) 

alcohol consumption, 
hypertension, diabetes 
mellitus, dyslipidemia, 
history of CVD, and 
history of cancer 

Poulsen et al. 
(2021) 

Denmark Diet, Cancer, and 
Health cohort, 
1993–1997 

Case- 
cohort 

Until 
2009 

Urine (μg/g 
creatinine) 

Any stroke, 
Ischemic 
stroke, 
Hemorragic 
stroke 

HR: 1.11 
(0.79–1.55) 
1.12 
(0.78–1.62) 
1.09 
(0.53–2.24) 

0.098–0.436 Age as time axis and 
adjusted for sex, cotinine, 
BMI, and education 

Sakurai et al. 
(2021) 

Japan Kakehashi River 
basin’s 
inhabitants, 
1981–1996 

Cohort 35 years Urine (μg/g 
creatinine) 

Any stroke 
mortality, 
CHD 
mortality, 
CVD 
mortality, 
HF, 
Hemorrhagic 
stroke 
mortality, 
Ischemic 
stroke 
mortality 

HR: 
M 0.75 
(0.30–1.86) 
F 1.11 
(0.66–1.87) 
M 2.64 
(0.99–7.04) 
F 0.97 
(0.35–2.70) 
M 1.92 
(1.08–3.40) 
F 1.71 
(1.07–2.71) 
M 1.20 
(0.47–3.04) 
F 2.37 
(1.31–4.30) 
M 1.51 
(0.66–3.44) 
F 0.46 
(0.09–2.26) 
M 0.63 
(0.15–2.60) 
F 0.92 
(0.46–1.84) 

4–12 Age 

Sears et al. (2021) Denmark Diet, Cancer, and 
Health cohort, 
1993–1997 

Case- 
cohort 

Until 
2015 

Urine (μg/g 
creatinine) 

AMI HR: 1.16 
(0.86–1.56) 

0.097–0.430 Age as the time scale, sex, 
BMI, education, cotinine, 
menopausal status (for 
women) 

Sears et al. (2022) Denmark Diet, Cancer and 
Health cohort, 
1993–1997 

Case- 
cohort 

Until 
2015 

Urine (μg/g 
creatinine) 

HF HR: 1.30 
(0.95–1.80) 

0.10–0.45 Age as the time scale, sex, 
BMI, education, and 
cotinine 

Suwazono et al. 
(2021) 

Japan Residents in one of 
three regions 
without 
environmental Cd 
pollution, one 
being in the south 
Bosoarea of Chiba 
Prefecture and 
other two in the 
Noto area of 
Ishikawa 
Prefecture, 
1993–1994 

Cohort 19 years Urine (μg/g 
creatinine)  Any stroke 

mortality,  

Ischemic 
stroke 
mortality, 
CVD 
mortality,  

CHD 
mortality 

HR: 
M 1.50 
(0.73–3.10) 
F 1.08 
(0.46–2.52) 
M 2.08 
(0.84–5.12) 
F 1.61 
(0.45–5.77) 
M 1.59 
(0.93–2.71) 
F 1.34 
(0.71–2.53) 
M 2.17 
(0.53–8.85) 
F 4.95 
(0.54–45.65) 

0.896–3.816 Age, BMI, mean arterial 
pressure, present illness of 
hypertension, region of 
residence, and smoking 
and drinking habits 

Tellez-Plaza et al. 
(2012) 

US NHANES, 
1999–2004 

Cohort Until 
2006 

Urine (μg/g 
creatinine) 
and blood 
(μg/L) 

CVD 
mortality, 
CHD 
mortality 
CVD 
mortality 
CHD 
mortality 

HR: 1.74 
(1.07–2.83) 
2.09 
(1.06–4.13) 
HR: 1.69 
(1.03–2.77) 
1.73 
(0.88–3.40) 

0.14–0.57 
0.22–0.80 

Sex, education, annual 
household income, and 
race/ethnicity, 
postmenopausal status for 
women, BMI, blood lead, 
CRP, total cholesterol, 
HDL-C , cholesterol- 
lowering medication use, 
hypertension, diabetes, 
eGFR, smoking status, 
cumulative smoking dose, 
and serum cotinine 

(continued on next page) 
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(N = 8) (Agarwal et al., 2011; Barregard et al., 2016; Borne et al., 2015; 
Ferraro et al., 2012; Jeong et al., 2020; Kong et al., 2023; Li et al., 2022; 
Xing et al., 2023), and plasma (N = 1) (Wen et al., 2019), with two 
studies measuring cadmium in both urine and whole blood (Moon et al., 
2023; Tellez-Plaza et al., 2012). Two studies estimated dietary cadmium 
intake via food frequency questionnaires (Julin et al., 2013a; Julin et al., 
2013b). 

Among the included articles, the prevalence or incidence of each 
outcome was assessed as follows: AMI by four studies using urine 
(Everett and Frithsen, 2008; Sears et al., 2021; Tagt et al., 2022; Xu 
et al., 2021), one using whole blood (Barregard et al., 2016), and one 
using food intake (Julin et al., 2013a); any stroke by four studies using 
urine (Deering et al., 2018; Poulsen et al., 2021; Tellez-Plaza et al., 2013; 
Xu et al., 2021), one whole blood (Jeong et al., 2020), and one dietary 
intake (Julin et al., 2013a); ischemic stroke by three studies using urine 
(Chen et al., 2018; Poulsen et al., 2021; Tagt et al., 2022), one whole 
blood (Barregard et al., 2016), one food intake (Julin et al., 2013a), and 
one through plasma (Wen et al., 2019); hemorrhagic stroke by one study 
using urine (Poulsen et al., 2021), and one food intake (Julin et al., 
2013a); CVD has been studied in three studies through urine (Domi
ngo-Relloso et al., 2019; Tellez-Plaza et al., 2013; Xu et al., 2021), in 
three with whole blood (Agarwal et al., 2011; Barregard et al., 2016; 

Kong et al., 2023), and one food intake (Julin et al., 2013a); HF by seven 
studies using urine (Deering et al., 2018; Domingo-Relloso et al., 2019; 
Sakurai et al., 2021; Sears et al., 2022; Tagt et al., 2022; Tellez-Plaza 
et al., 2013; Xu et al., 2021), and twice whole blood (Borne et al., 2015; 
Xing et al., 2023); CHD was assessed using urine in three studies 
(Deering et al., 2018; Tellez-Plaza et al., 2013; Xu et al., 2021), and 
using whole blood in other three (Barregard et al., 2016; Jeong et al., 
2020; Kong et al., 2023). Regarding the outcome mortality: any stroke 
was evaluated through urine in three studies (Deering et al., 2018; 
Sakurai et al., 2021; Suwazono et al., 2021); ischemic stroke by urine in 
two articles (Sakurai et al., 2021; Suwazono et al., 2021); cardiovascular 
mortality by urine in seven studies (Menke et al., 2009; Moon et al., 
2023; Sakurai et al., 2021; Suwazono et al., 2021; Tagt et al., 2022; 
Tellez-Plaza et al., 2013; Tellez-Plaza et al., 2012), and by whole blood 
in six studies (Barregard et al., 2016; Ferraro et al., 2012; Li et al., 2022; 
Moon et al., 2023; Tellez-Plaza et al., 2012; Xing et al., 2023); HF in two 
studies through urine (Deering et al., 2018; Sakurai et al., 2021); CHD in 
five studies with urine (Deering et al., 2018; Menke et al., 2009; 
Suwazono et al., 2021; Tellez-Plaza et al., 2013; Tellez-Plaza et al., 
2012). 

Overall, included studies that assessed cadmium exposure through 
whole blood used μg/L as the unit of measure, while concerning urine 13 

Table 1 (continued ) 

Reference Region Cohort name Study 
design 

Follow- 
up 

Specimen Outcome Risk 
assessment 
(highest- 
lowest) 

Cd levels 
(lowest- 
highest) 

Adjustment factors 

Tellez-Plaza et al. 
(2013) 

US 13 American 
Indian 
communities in 
Arizona, 
Oklahoma, and 
North and South 
Dakota, 
1989–1991 

Cohort Until 
2008, an 
average 
of 15 
years 

Urine (μg/g 
creatinine) 

Any stroke, 
CVD, 
HF, 
CHD, 
CVD 
mortality, 
CHD 
mortality 

HR: 1.87 
(1.22–2.86) 
1.48 
(1.21–1.80) 
1.61 
(1.10–2.36) 
1.33 
(1.05–1.68) 
1.87 
(1.34–2.60) 
1.51 
(1.04–2.20) 

0.488–1.740 Sex, postmenopausal 
status for women, 
education, BMI, total 
cholesterol, estimated 
LDL-C, hypertension, 
diabetes, eGFR, smoking 
status, and cumulative 
dose of pack years 

Tagt et al. (2022) Sweden Swedish 
Mammography 
Cohort-Clinical, 
2003–2009 

Cohort Until 
2019 

Urine (μg/g 
creatinine) 

AMI, 
Ischemic 
stroke, 
HF, 
CVD 
mortality 

HR: 1.24 
(0.78–1.97) 
0.66 
(0.43–1.02) 
1.40 
(0.93–2.11) 
1.48 
(0.96–2.29) 

0.20–0.54 Age, education, height, 
weight, history of 
diabetes, parity, 
decreased GFR, smoking 
status, physical activity, 
Mediterranean diet score, 
total energy intake, and 
hypercholesterolemia 

Wen et al. (2019) China Shenzhen People’s 
Hospital, 
Shenzhen-China, 
2012–2017 

Case- 
control 

NA Plasma (μg/ 
L) 

Ischemic 
stroke 

OR: 6.98 
(5.09–9.57) 

0.024–0.096 BMI, smoking, alcohol 
drinking, hypertension, 
diabetes, and 
hyperlipidemia 

Xing et al. (2023) US NHANES, 
1999–2000; 
2003–2004; 
2011–2018 

Cross- 
sectional 

NA Blood (μg/ 
L) 

HF, 
CVD 
mortality 

OR: 1.77 
(1.34–2.34) 
1.56 
(1.18–2.06) 

0.192–0.576 Age, sex, race, country of 
birth, education, marital 
status, drinking, current 
smoking, SBP, DBP, pulse, 
total cholesterol, HDL-C, 
BMI, and 
glycohaemoglobin 

Xu et al. (2021) US NHANES, 
1999–2016 

Cross- 
sectional 

NA Urine (μg/ 
L) 

AMI, 
Any stroke, 
CVD, 
HF, 
CHD 

OR: 2.66 
(1.79–3.94) 
1.44 
(0.93–2.23) 
1.83 
(1.36–2.47) 
2.73 
(1.66–4.48) 
1.93 
(1.22–3.05) 

0.104–0.624 Age, sex, race, education 
level, poverty income 
ratio, serum cotinine, 
BMI, total cholesterol, 
alcohol drinking status, 
family history of CVD, 
NHANES cycle, urinary 
creatinine, and 8 other 
heavy metals 

Abbreviations: AMI: acute myocardial infarction; BMI: body mass index; CHD: coronary heart disease; CRP: C-reactive protein; CV: cardiovascular; CVD: cardio
vascular disease; DBP: diastolic blood pressure; eGFR: estimated glomerual filtration rate; F: females; HDL-C: high-density lipoprotein cholesterol: HF: heart failure; 
HR: hazard ratio; LDL-C: low-density lipoprotein cholesterol; M: males; NA: not available; OR: odds ratio; RR: relative risk; SBP: systolic blood pressure. The underlined 
outcomes and specimen indicate that it was assessed in the study but not considered in the analysis due to overlapping populations with other included studies. 

P. Verzelloni et al.                                                                                                                                                                                                                              



Environmental Pollution 345 (2024) 123462

8

studies used μg/g creatinine and two studies used μg/L, although the 
latter included creatinine as a control variable, so it was considered valid 
for the purpose of dose-response analyses. Despite the high accuracy of 
the two types of measurements, because of the formal difference, we 
performed sensitivity analyses by excluding studies that used μg/L. 

3.2. Risk of bias assessment 

Quality assessments of the studies are provided in Supplementary 
Table S3. Overall, we considered three of the included studies at high 
risk of bias (Jeong et al., 2020; Kong et al., 2023; Xu et al., 2021) because 
they used a self-reported questionnaire to assess the outcome. One of 
these three studies (Xu et al., 2021) was considered biased due to >20 % 
missing data. Two articles were considered to have a moderate risk of 
bias regarding confounding due to missing important adjustment fac
tors, namely age (Domingo-Relloso et al., 2019), and smoking (Sakurai 
et al., 2021). Although four studies did not adjust for smoking (Poulsen 
et al., 2021; Sears et al., 2022; Sears et al., 2021; Xu et al., 2021), they 
were still considered at low risk because they adjusted for cotinine, 
which is an indirect method to evaluate smoking status. Of all the arti
cles, only one had a moderate risk of bias in terms of participant selec
tion, as it included a population known to be exposed to cadmium from 
the environment (Sakurai et al., 2021). Nine of the articles were deemed 
to have a moderate risk of bias due to missing data, higher than 10 % 
(Agarwal et al., 2011; Borne et al., 2015; Deering et al., 2018; Everett 
and Frithsen, 2008; Ferraro et al., 2012; Kong et al., 2023; Menke et al., 
2009; Moon et al., 2023; Xing et al., 2023). Two studies were deemed to 
be at moderate risk because the outcome assessment was based on 
self-report through questionnaire data subsequently validated (Agarwal 
et al., 2011; Chen et al., 2018). 

Combining the various sources of bias, we considered three studies at 
high risk of bias (Jeong et al., 2020; Kong et al., 2023; Xu et al., 2021), 
ten at moderate risk (Agarwal et al., 2011; Borne et al., 2015; Chen et al., 
2018; Deering et al., 2018; Everett and Frithsen, 2008; Ferraro et al., 
2012; Menke et al., 2009; Moon et al., 2023; Sakurai et al., 2021; Xing 
et al., 2023), and thirteen at low risk (Barregard et al., 2016; Domi
ngo-Relloso et al., 2019; Julin et al., 2013a; Julin et al., 2013b; Li et al., 
2022; Poulsen et al., 2021; Sears et al., 2022; Sears et al., 2021; Tagt 
et al., 2022; Tellez-Plaza et al., 2013; Tellez-Plaza et al., 2012; Wen 
et al., 2019). 

3.3. Dose-response meta-analysis 

3.3.1. Cardiovascular disease 
Risk of CVD was studied in three included articles with whole blood 

as a biomarker (Agarwal et al., 2011; Barregard et al., 2016; Kong et al., 
2023), in two through food intake (Julin et al., 2013a; Julin et al., 
2013b), and three using urinary concentrations (Domingo-Relloso et al., 
2019; Tellez-Plaza et al., 2013; Xu et al., 2021). 

We performed a dose-response meta-analysis for urine and whole 
blood only because only two studies evaluated dietary intake. The di
etary studies indicated no increased risk comparing the highest versus 
the lowest quartile (Q4 vs. Q1) among both males (with RR = 0.99, 95 % 
CI 0.91–1.09) and females (RR = 0.96, 95 % CI 0.85–1.09) (Table 1). 
Concerning urine, two studies used μg/g creatinine as the unity of 
measure (Domingo-Relloso et al., 2019; Tellez-Plaza et al., 2013), while 
one used μg/L adjusted for creatinine (Xu et al., 2021). We found a 
positive non-linear association with CVD risk reaching a plateau above 
0.5 μg/g creatinine of cadmium exposure, with a RR of 2.79 (95 % CI 
1.26–6.16). The dose-response curve performed using whole blood 
levels showed a positive linear association, reaching a RR of 2.58 (95 % 
CI 1.78–3.74) at 1 μg/L (Fig. 2). Exclusion of studies at high risk of bias 
yielded a positive linear association reaching a RR of 2.33 (95 % CI 
1.63–3.33) at 1 μg/L. In contrast to the previous curve, the slope 
decreased slightly when the concentration was above 0.3 μg/L (Sup
plementary Fig. S1). 

With respect to CVD mortality, we included six articles using whole 
blood concentrations (Barregard et al., 2016; Ferraro et al., 2012; Li 
et al., 2022; Moon et al., 2023; Tellez-Plaza et al., 2012; Xing et al., 
2023), but four have been excluded from the dose-response analysis for 
overlapping populations (Ferraro et al., 2012; Moon et al., 2023; Tell
ez-Plaza et al., 2012; Xing et al., 2023). The dose-response curve showed 
a linear positive association that reach a RR of 2.53 (95 % CI 1.71–3.76) 
at 1 μg/L. Seven articles evaluated CVD mortality using urinary cad
mium concentrations (Menke et al., 2009; Moon et al., 2023; Sakurai 
et al., 2021; Suwazono et al., 2021; Tagt et al., 2022; Tellez-Plaza et al., 
2013; Tellez-Plaza et al., 2012), but one was excluded for overlapping 
populations (Tellez-Plaza et al., 2012). We observed a positive relation 
between urinary cadmium excretion and the risk of CVD mortality, 
although the association was not entirely monotonic and the slope was 
less steep above 3 μg/g creatinine of cadmium exposure, where it 
reached a RR of 2.23 (95 % CI 1.54–3.21), increasing to a RR of 2.86 (95 
% CI 1.91–4.26) at 7 μg/g creatinine (Fig. 3). 

3.3.2. Heart failure 
The risk of HF has been studied as an outcome in two studies that 

measured whole blood concentrations of cadmium (Borne et al., 2015; 
Xing et al., 2023). The dose-response curve showed a slightly positive 
association up to 0.3 μg/L (RR = 1.13, 95 % CI 0.48–2.64) and steeper 
slope thereafter reaching a threshold at approximately 1 μg/L (RR =
2.02, 95 % CI 0.80–5.12) (Fig. 4). Seven articles used urine as a 

Fig. 2. Dose-response curves for cardiovascular disease (CVD) risk and cad
mium exposure measured through blood and urine. Spline curve (solid black 
line) with 95 % confidence limits (gray area). RR: risk ratio. 
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biomarker to evaluate the risk of HF. Of these, five used μg/g creatinine 
as a unit of measurement (Domingo-Relloso et al., 2019; Sakurai et al., 
2021; Sears et al., 2022; Tagt et al., 2022; Tellez-Plaza et al., 2013), 
while two used μg/L (Deering et al., 2018; Xu et al., 2021) adjusting for 
creatinine in the model. The overall analysis including all studies 
showed a positive association between urinary cadmium concentrations 
and risk of HF, with a less steep curve after 3 μg/g creatinine where it 
reaches a RR of 7.70 (95 % CI 2.44–24.25), going up to a RR of 9.83 (95 
% CI 2.67–36.26) at 7 μg/g creatinine (Fig. 4). Sensitivity analysis 
excluding the two studies with different units of measurement, both of 
which were cohort studies, yielded comparable results (Supplementary 
Fig. S2). Regarding the analysis excluding one study with a high risk of 
bias, we found similar shape of the curve as with all studies, reaching a 
RR of 6.97 (%95 CI 1.86–26.04) at 7 μg/g creatinine (Supplementary 
Fig. S3). 

3.3.3. Stroke 
Only two studies evaluated the risk of any stroke through whole 

blood cadmium exposure (Barregard et al., 2016; Jeong et al., 2020), 
reporting an increased risk for the highest compared to the lowest 
exposure, respectively with RRs of 2.10 (95 % CI 1.30–3.30) and 2.39 
(95 % CI 1.03–5.56) (Table 1). Four articles analyzed the association of 
cadmium exposure with risk of stroke using urine as a biomarker: two 
with μg/g creatinine as a unit of measurement (Poulsen et al., 2021; 
Tellez-Plaza et al., 2013), two with μg/L (Deering et al., 2018; Xu et al., 

2021) adjusting the analysis for creatinine. The dose-response curve 
highlighted a slightly positive monotonic association between cadmium 
exposure and the risk of any stroke, with RR of 1.56 (95 % CI 1.12–2.15) 
at 1 μg/g creatinine. When restricted to cohort studies without a high 
risk of bias, there was a positive linear association between urinary 
cadmium concentration and the incidence of stroke with a RR of 1.47 
(95 % CI 0.91–2.36) at 1.0 μg/g creatinine (Supplementary Fig. S4). Any 
stroke mortality was assessed in two studies (Sakurai et al., 2021; 
Suwazono et al., 2021) using urine as a biomarker and μg/g creatinine as 
a unit of measurement. The dose-response curve showed a positive 
non-monotonic association with a plateau at 3.5 μg/g creatinine 
reaching a RR of 1.58 (95 % CI 0.88–2.83) (Fig. 5). 

Ischemic stroke was investigated in six studies with different bio
markers: three through urine (Chen et al., 2018; Poulsen et al., 2021; 
Tagt et al., 2022), one through whole blood (Barregard et al., 2016), one 
using plasma (Wen et al., 2019), and one through dietary intake (Julin 
et al., 2013a). The risk evaluated through whole blood and plasma 
demonstrated an increased risk comparing the highest versus the lowest 
exposure with RRs of 2.10 (95 % CI 1.30–3.30) and 6.98 (95 % CI 
5.09–9.57), respectively. Conversely, dietary cadmium intake, esti
mated through food-frequency questionnaires, showed no association 
with a RR comparing the highest versus the lowest quartile of 0.89 (95 % 
CI 0.74–1.06) (Table 1). We performed the association with a 
dose-response curve only for urine as a biomarker because of the lack of 
enough studies for the other assessments. The figure showed a null 

Fig. 3. Dose-response curves for cardiovascular disease (CVD) mortality and 
cadmium exposure measured through blood and urine. Spline curve (solid black 
line) with 95 % confidence limits (gray area). RR: risk ratio. 

Fig. 4. Dose-response curves for heart failure (HF) risk and cadmium exposure 
measured through blood and urine. Spline curve (solid black line) with 95 % 
confidence limits (gray area). RR: risk ratio. 
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association, with null RR over the entire range of cadmium exposure. 
The association between urinary cadmium concentrations and 

ischemic stroke mortality was evaluated in three articles: two used μg/g 
creatinine as a unity of measurement (Sakurai et al., 2021; Suwazono 
et al., 2021), one μg/L adjusted for creatinine (Deering et al., 2018). The 
figure showed a nonlinear positive association reaching a plateau at 3 
μg/g creatinine (RR = 2.85, 95 % CI 1.26–6.47) (Fig. 6). 

Only two studies analyzed hemorrhagic stroke as an outcome 
through urine: one found a very little increase in incidence (RR = 1.09, 
95 % CI 0.53–2.24) comparing the highest versus the lowest quartile 
(Poulsen et al., 2021) (Table 1). The second study found an inverse 
U-shape relation between urinary cadmium concentrations and risk of 
mortality in females; elevated risk was observed at intermediate expo
sure levels (RR = 2.05, 95 % CI 0.82–5.11) comparing the second versus 
the first tertile, but a lower risk was observed at high exposure levels 
(RR = 0.46, 95 % CI 0.09–2.26) comparing the highest versus the lowest 
tertile, while a RR of 1.51 (95 % CI 0.66–3.44) was reported in males 
comparing the second versus the first tertile (no analysis was done for 
the third tertile) (Sakurai et al., 2021) (Table 1). 

3.3.4. Coronary heart disease 
Three studies evaluated the association between whole blood cad

mium concentrations and risk of CHD (Barregard et al., 2016; Jeong 
et al., 2020; Kong et al., 2023) and the dose-relation curve showed a 
positive linear association with a less steep curve above 0.5 μg/L with a 

RR of 1.99 (95 % CI 1.50–2.63), going up to 2.49 (95 % CI 1.70–3.65) at 
1.0 μg/g creatinine (Fig. 7). Likewise, three studies evaluated urinary 
cadmium concentrations and risk of CHD: one using μg/g creatinine as 

Fig. 5. Dose-response curves for any stroke risk and mortality, and cadmium 
exposure measured through urine. Spline curve (solid black line) with 95 % 
confidence limits (gray area). RR: risk ratio. 

Fig. 6. Dose-response curves for ischemic stroke risk and mortality, and cad
mium exposure measured through urine. Spline curve (solid black line) with 95 
% confidence limits (gray area). RR: risk ratio. 

Fig. 7. Dose-response curves for coronary heart disease (CHD) risk, and cad
mium exposure measured through blood. Spline curve (solid black line) with 
95 % confidence limits (gray area). RR: risk ratio. 
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the unit of measurement (Tellez-Plaza et al., 2013), two using μg/L and 
adjusting for creatinine (Deering et al., 2018; Xu et al., 2021). Three 
additional studies assessed the association between urinary cadmium 
exposure and AMI, which is the main manifestation of CHD; therefore, 
we included these studies in the overall CHD analysis (Everett and 
Frithsen, 2008; Sears et al., 2021; Tagt et al., 2022). The curve showed a 
monotonic positive association with a RR of 1.82 (95 % CI 1.16–2.86) at 
1 μg/g creatinine. (Fig. 8). When we excluded studies that used μg/L as a 
unit of measurement, we found no differences in the shape of the curve, 
with a RR of 1.73 (IC 95 % 1.15–2.62) at 1.0 μg/g creatinine (Supple
mentary Fig. S5). 

In the sensitivity analysis among cohort studies (Deering et al., 2018; 
Sears et al., 2021; Tagt et al., 2022; Tellez-Plaza et al., 2013), we found a 
monotonic positive association between cadmium exposure and CHD 
incidence with a RR of 1.35 (95 % CI 0.91–2.01) at 1.0 μg/g creatinine, 
less steep than the general analysis (Supplementary Fig. S6). When we 
excluded studies that used μg/L as a unit of measurement (Sears et al., 
2021; Tagt et al., 2022; Tellez-Plaza et al., 2013), the shape of the curve 
was similar to the other analysis, with a linear positive association 
reaching a RR of 1.32 (95 % CI 0.96–1.81) at 0.3 μg/g creatinine, above 
which the curve was less steep and reached a RR of 1.60 (95 % CI 
1.09–2.34) at 1.0 μg/g creatinine (Supplementary Fig. S7). Excluding 
the study with a high risk of bias (Xu et al., 2021) yielded a positive 
linear association, with a shape that resembled the general curve 
(Supplementary Fig. S8). 

CHD mortality has been examined using urine as a biomarker in five 
studies: four using μg/g creatinine as a unit of measurement (Menke 
et al., 2009; Sakurai et al., 2021; Suwazono et al., 2021; Tellez-Plaza 
et al., 2013; Tellez-Plaza et al., 2012), and one using μg/L adjusting the 
model for creatinine concentrations (Deering et al., 2018). Only one of 
these studies analyzing CHD mortality also used whole blood as a 
biomarker reporting a RR of 1.73 (95 % CI 0.88–3.40) comparing the 
80th percentile of exposure compared to the 20th (Tellez-Plaza et al., 
2012) (Table 1). The dose-response curve representing the association 
between urinary cadmium concentrations and CHD mortality was per
formed with data from all five studies and showed a monotonic positive 
association with a RR of 1.51 (95 % CI 0.47–4.83) at 1.5 μg/g creatinine 
and 2.84 (95 % CI 0.86–9.37) at 3 μg/g creatinine (Fig. 8). After 
excluding studies that used μg/L as a unit of measurement, we found no 
differences in the shape of the curve, except higher imprecision due to 
the lower number of studies (Supplementary Fig. S5). 

3.3.5. Other outcomes 
Owing to the lack of sufficient data among included studies, it was 

not possible to perform a dose-response meta-analysis for other out
comes, namely acute myocardial infarction, stroke mortality overall or 
by subtype (ischemic vs. hemorrhagic), and HF mortality. 

3.3.6. Stratified analyses 
Overall, thirteen studies stratified by sex (Barregard et al., 2016; 

Borne et al., 2015; Chen et al., 2018; Everett and Frithsen, 2008; Ferraro 
et al., 2012; Menke et al., 2009; Poulsen et al., 2021; Sakurai et al., 2021; 
Sears et al., 2022; Sears et al., 2021; Suwazono et al., 2021; Tellez-Plaza 
et al., 2012; Wen et al., 2019) and eight studies stratified by smoking 
status (Barregard et al., 2016; Chen et al., 2018; Poulsen et al., 2021; 
Sears et al., 2022; Sears et al., 2021; Tagt et al., 2022; Tellez-Plaza et al., 
2012; Wen et al., 2019). However, due to the limited number of studies, 
the dose-response meta-analysis was feasible for studies evaluating 
sex-specific data using urine as a biomarker. In both males and females, 
cadmium exposure was positively related to CVD mortality. At about 
2.0 μg/g creatinine, the curve was less steep, reaching a RR of 2.19 (95 % 
CI 1.00–4.82) in males and 2.13 (95 % CI 0.82–5.53) among females, 
respectively (Supplementary Fig. S9). 

Regarding HF, it was possible to perform an additional analysis only 
in females because of the lack of enough studies for males. This outcome 
showed a slightly positive non-monotonic association with urinary 
cadmium excretion, reaching a plateau at about 0.3 μg/g creatinine of 
urinary cadmium, with a RR of 1.55 (95 % CI 0.99–2.44) (Supplemen
tary Fig. S10). 

For CHD, the sex-stratified analysis – which was feasible among fe
males only – showed a positive and almost linear association above 0.4 
μg/g creatinine of cadmium exposure, reaching a RR of 1.99 (95 % CI 
1.04–3.80) at 1.0 μg/g creatinine (Supplementary Fig. S11). 

4. Discussion 

This meta-analysis found evidence to support strong positive asso
ciations between increasing levels of cadmium and risk of CVD. All dose- 
response curves assessing CVD outcomes through whole blood bio
markers showed a linear positive association. In addition, the associa
tion with urinary cadmium concentrations was positive but not entirely 
linear for almost all investigated outcomes. 

Our results are consistent with previous meta-analyses that revealed 
an increased risk of overall CVD, stroke, and CHD associated with 
exposure to cadmium (Chowdhury et al., 2018; Tinkov et al., 2018), 
although no dose-response analysis was previously feasible for individ
ual outcomes and for both whole blood and urinary cadmium concen
trations. In contrast, the availability of a larger number of studies 
allowed us to assess the shape of the association for both biomarkers and 
CVD subtypes, namely HF and ischemic stroke not previously investi
gated. It is noteworthy that a previous dose-response meta-analysis 

Fig. 8. Dose-response curves for coronary heart disease (CHD) risk and mor
tality, and cadmium exposure measured through urine. Spline curve (solid 
black line) with 95 % confidence limits (gray area). RR: risk ratio. 
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indicated a positive association between cadmium exposure and stroke 
(Bao et al., 2022). Our results confirm such association, adding new 
studies along with specific results divided by any stroke and ischemic 
stroke incidence and mortality, and showed increased risk, with the 
exception of the incidence of ischemic stroke that showed null associa
tion with cadmium exposure. 

In our meta-analysis, both biomarkers of cadmium exposure, whole 
blood and urine, were associated with an increased risk of CVD, though 
with different shape of such association. Despite both biomarkers 
reflecting cumulative exposure to cadmium (Martinez-Morata et al., 
2023; Tellez-Plaza et al., 2012), whole blood cadmium is generally 
considered an indicator of recent exposure (i.e., weeks or months), while 
urinary concentrations reflect long-term exposure (i.e., years or de
cades) (Adams and Newcomb, 2014; Julin et al., 2011; Vacchi-Suzzi 
et al., 2016). These different features of the biomarkers may explain the 
different shape of the relation with CVD. In particular, at low levels of 
exposure, both biomarkers showed linear association, while at higher 
levels, urinary concentrations are likely to be affected by the cadmium 
accumulation and subsequent slow release from kidney with half time 
10–30 years (Jarup and Akesson, 2009). Conversely, it should be noted 
that the two studies assessing cadmium exposure through dietary intake 
found no support for an association with CVD risk (Julin et al., 2013a; 
Julin et al., 2013b). Despite several studies generally reported a good 
correlation between dietary intake and biomarkers (Amzal et al., 2009; 
Julin et al., 2011), we cannot rule out risk of exposure misclassification 
due to changes over time of dietary habits and the ability of dietary 
assessment to accurately evaluate cadmium exposure (Filippini et al., 
2020b). Therefore, possible risk of misclassification of the exposure is 
higher when estimated dietary intake was used compared to biomarkers 
of exposure. In addition, due to the limited number of studies using 
dietary intake, we could not perform a dose-response meta-analysis 
concerning such biomarkers. Especially urinary concentration is 
frequently used in biomonitoring studies for long-term cadmium expo
sure, with a high correlation with total body burden (Akerstrom et al., 
2013; Meliker et al., 2019). 

Whenever possible, we performed stratified analyses by relevant 
effect measure modifiers, in particular by sex. The curves of the dose- 
response analysis showed a similar pattern between males and females 
with a substantial positive association, although some differences can be 
noted. With reference to CHD risk in females, we found a linear positive 
association above 0.4 μg/g creatinine, quite different from the curve of 
both sexes in which the risk starts to increase immediately from zero. 
Concerning the risk of HF, the curve for females shows a positive asso
ciation with a flattening of the curve above 0.3 μg/g creatinine, while in 
the general analysis, the curve is steeper. The differential pattern of 
associations may relate to the higher absorption of cadmium in females 
(Amzal et al., 2009; Berglund et al., 1994; Jarup and Akesson, 2009), 
although the limited number of studies hamper the implementation of 
such analysis for all the outcomes considered and especially 
sex-stratified analysis in both males and females. 

Even if the mechanisms by which cadmium exposure increases the 
risk of CVD are not fully understood, there is a strong biological plau
sibility for cadmium having adverse effects on the cardiovascular sys
tem. Once absorbed by the organism, cadmium is transported to soft 
tissues (specifically, the liver and kidneys) bound to albumin, trans
ferrin, and red blood cell membranes (Genchi et al., 2020; Lamas et al., 
2021). Hence, both free cadmium and protein-bound cadmium are 
released into the circulation or transported to target tissues, potentially 
leading to adverse effects such as mitochondrial damage, cell death, 
inflammation, and fibrosis. Previous studies suggested that cadmium 
affects the vascular system through increased oxidative stress, inflam
mation, and endothelial cell damage (Wu et al., 2016). Specifically, 
cadmium is known to induce DNA and mitochondrial damage, and in
crease oxidative stress, which could lead to cell apoptosis and tissue 
damage (Genchi et al., 2020; Urbano et al., 2022). Several in vivo and in 
vitro studies revealed the toxic effects of cadmium on cardiomyocytes, 

smooth muscle cells, and vascular endothelial cells (Ghosh and Indra, 
2018; Messner et al., 2016; Shen et al., 2018). In a recent animal study, 
cadmium induced cardiomyocyte apoptosis by damaging sarcomeres 
and myofibrils, and caused myocardial fibrosis and focal necrosis in 
mice (Chou et al., 2023). In addition, cadmium has been positively 
associated with atherogenesis via the same mechanisms of increased 
oxidative stress and inflammation, endothelial dysfunction, enhanced 
lipid synthesis, upregulation of adhesion molecules, prostanoid dysba
lance, and altered glycosaminoglycan synthesis (Buha et al., 2018; 
Nakagawa et al., 2006; Tinkov et al., 2018). 

Our study has strengths and limitations. This is the first compre
hensive systematic review and meta-analysis including several 
cardiovascular-related outcomes assessing the shape of the association 
with cadmium exposure. In particular, we performed all dose-response 
analyses using data on cadmium exposure measured through objective 
biomarkers, whole blood and urinary concentrations. Therefore, we 
were able to perform several analyses using for the first time both bio
markers. In addition, our findings were similar when we excluded 
studies at high risk of bias, strengthening the evidence of such 
association. 

Regarding study limitations, due to data incompleteness in some 
studies using urine as a biomarker, we cannot rule out exposure 
misclassification when studies reported exposure using μg/L instead of 
μg/g creatinine, although all studies adjusted for creatinine in the 
multivariable model. In addition, there were insufficient studies to 
perform stratified analyses by sex or smoking status for some relevant 
outcomes (i.e., stroke and CVD incidence). Nonetheless, all but one 
(Sakurai et al., 2021) of the included studies adjusted for smoking or 
cotinine levels. Finally, we were not able to compare specific sources of 
cadmium, e.g., smoking or food (Filippini et al., 2018), limiting our 
ability to recommend remediation strategies to decrease cadmium 
exposure (Li et al., 2023a; Li et al., 2023b), especially in vulnerable 
populations (Lamas et al., 2023; Ouyang et al., 2015). 

In conclusion, our results provide epidemiological evidence that 
cadmium has detrimental effects on cardiovascular health over the 
entire range of exposure with an approximately linear association at low 
exposure levels. Nonetheless, our findings warrant more detailed 
research to define individuals at higher risk and trigger appropriate 
action. 
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