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A B S T R A C T   

Background: Cadmium (Cd) is a toxic metal, which the non-smoking population is mainly exposed to through 
diet. Current health-based guidance values are based on renal toxicity; however, emerging evidence suggests that 
bone and the cardiovascular system might be more sensitive to Cd exposure. 
Objective: To assess the association of urinary Cd (U-Cd) with incidence of fractures, myocardial infarction, heart 
failure, ischemic stroke and mortality in postmenopausal women. 
Methods: We used data from 4024 women, aged 56–85 in the population-based prospective Swedish 
Mammography Cohort-Clinical. U-Cd was measured by ICP-MS at baseline (2004–2009) and categorized into 
tertiles. Incident cases of the outcomes were ascertained via register linkage through 2019. Multivariable- 
adjusted hazard ratios (HR) and 95% confidence intervals (CI) were estimated using Cox regression. 
Results: The median U-Cd at baseline was 0.33 µg/g creatinine (cr) (5–95 percentiles 0.15–0.77). We ascertained 
the following incident cases: 903 first fracture of any type, 149 myocardial infarction, 174 heart failure, 162 
ischemic stroke and 545 total deaths during the approximately 11 years of follow-up. U-Cd was dose-dependently 
associated with risk of any fracture (HR: 1.20, 95% CI: 1.01 to 1.43, ptrend: 0.04) and all-cause mortality (HR: 
1.38, 95% CI: 1.10 to 1.74, ptrend: <0.01) when comparing the highest tertile of U-Cd (median 0.54 µg/g cr) with 
the lowest (median 0.20 µg/g cr). No clear associations were observed for myocardial infarction, heart failure or 
stroke. 
Discussion: Long-term Cd exposure might be associated with risk of fractures and all-cause mortality at lower 
levels than previously suggested.   

1. Introduction 

Cadmium (Cd) is a toxic metal and a substantial contributor to 
pollution of agricultural soil, both as a natural background and 
increased by atmospheric deposition and phosphate fertilizers, which 
makes plant-based food the main source of exposure (EFSA, 2009; 
Landrigan et al., 2018). The degree of accumulation in plants reflects the 
implicit danger for public health and since tobacco plants are proficient 

in accumulating Cd (EFSA, 2012; Satarug and Moore, 2004), smoking 
becomes a major source of Cd exposure (World Health Organization, 
2019). In non-smoking populations, wheat, rice, vegetables, and po-
tatoes usually account for the main Cd exposure. Low-level long-term Cd 
exposure has been associated with several different adverse health ef-
fects including renal-, skeletal- and cardiovascular disease (CVD) 
(Akesson et al., 2014). The present critical effect considered by the 
European Food Safety Authority (EFSA) is limited to renal toxicity, with 
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an established health-based guidance value of 1 µg Cd/g creatinine (cr) 
adjusted urine (EFSA, 2009). Nevertheless, there are new studies sug-
gesting that Cd’s negative effects on bone (Akesson et al., 2014; Cheng 
et al., 2016) and the cardiovascular system as well as the impact on 
mortality (Chowdhury et al., 2018; Deering et al., 2018; Fagerberg and 
Barregard, 2021; Fagerberg et al., 2013; Tellez-Plaza et al., 2013; Xu 
et al., 2021; Duan et al., 2020) may occur at even lower levels. These 
outcomes have, to the best of our knowledge, not been presented 
together in the same population-based study. 

The aim of this study was to assess the association of long-term Cd 
exposure, measured by urinary Cd (U-Cd) at baseline in 2004–2009, 
with risk of incident fractures, incident CVD and mortality ascertained 
through 2019 via register-linkage, among more than 4000 post-
menopausal women enrolled in the population-based prospective 
Swedish Mammography Cohort Clinical (SMC-C). 

2. Material and method 

2.1. Study population 

The Swedish Mammography Cohort (SMC) is a prospective cohort, 
part of the Swedish Infrastructure for Medical Population-based Life- 
course and Environmental Research (SIMPLER, https://simpler4health. 
se/). The SMC was established in 1987–1990 when all women born 1914 
to 1948 living Uppsala and Västmanland Counties in central Sweden 
were invited to take part in a mammography screening program (n =
90,303). More detailed information about the cohort and data collection 
can be found elsewhere (Harris et al., 2013). 

A clinical sub-cohort, the Swedish Mammography Cohort-Clinical 
(SMC-C) was initiated in 2003 through 2009 when all women of the 
SMC below the age of 85 residing in the city of Uppsala and nearby 
surrounding areas, were invited to participate in a health examination 
(n = 8311). Enclosed with the invitation was a questionnaire updating 
information on diet and lifestyle. At the health examination urine and 
fasting blood samples were collected, and weight and height were also 
measured. The response rate for the questionnaire was 65% while 61% 
(n = 5022) took part in the clinical examination. Written consent was 
obtained from each participant and the study was approved by the 
Regional Ethical Review Board in Stockholm. 

Of the 5022 eligible women, 4479 provided urine samples with 
volumes sufficient for element analysis starting from 2004. We then 
excluded those with very concentrated (>3 g/L) or diluted (<0.3 g/L) 
urine based on creatinine concentrations n = 157) and prevalent cases of 
ischemic heart disease, heart failure and stroke (n = 298), leaving a total 
of 4024 women in the study for assessment of exposure disease re-
lationships (Fig. 1). 

2.2. Exposure assessment and covariates 

2.2.1. Assessment of cadmium biomarker 
U-Cd is the most valid biomarker when assessing the long-term Cd 

exposure in both non-smoking and smoking individuals, and it reflects 
the accumulated dose in the kidney cortex (Adams and Newcomb, 2014; 
Akesson et al., 2014). U-Cd was measured in first voided morning urine 
collected in metal contaminate free cups and stored in polyethylene 
tubes (acid-washed, Sarstedt, Nümbrecht, Germany). Measurement of 
Cd was performed at the Institute of Environmental Medicine; Kar-
olinska Institutet, KI, using inductively coupled plasma mass spec-
trometry (ICPMS; Agilent 7500ce, Agilent Technologies, Tokyo, Japan) 
as described in detail elsewhere (Engström et al., 2011). In short, the 
urine samples were diluted 1:10 with nitric acid (HNO3, Suprapur, 
Merck, Darmstedt, Germany) before the analysis. Cd isotope 111 was 
measured in helium-mode. The mean limit of detection (LOD), defined 
as three times the standard deviation (SD) of mean blank values was 
0.002 µg/L. There were no values in the final population below LOD. 
Quality control of the ICP-MS analyses was ensured by the inclusion of 
four different reference materials; Certified Standard Reference Material 
low and high [National institute of Standards and Technology (NIST), 
Gaithersburg, MD, USA], Seronorm Trace Elements for Urine L-1 and L-2 
(SERO A/S, Billingstad, Norway). Overall, obtained values showed good 
agreement with reference values. Coefficient of variation (CV) for low 
and high samples was 13% and 1,2% (NIST), 4,1% and 8,0% (Sero-
norm), respectively. Two in-house samples were assessed in duplicate 
157 and 135 times, respectively, resulting in the corresponding means 
(±SD) 0.79 (±0.05) and 0.27 (±0.039) µg Cd/L. 

To account for variations in urine dilution, U-Cd concentrations were 
adjusted to the urine creatinine concentrations (µg Cd/g cr). Creatinine 
in urine was measured using an enzymatic method, CREP2 (Roche Di-
agnostics, Germany) at Skåne University Hospital in Lund, Sweden. 

2.2.2. Assessment of covariates 
Self-reported information on education, parity, smoking habits, 

physical activity, diet, and alcohol consumption were obtained from the 
questionnaires completed at baseline (Harris et al., 2013). Adherence to 
a Mediterranean diet was assessed by creating a modified version of the 
Mediterranean diet score, based on the dietary information available in 
the 124-item food frequency questionnaire (FFQ) (Tektonidis et al., 
2015). Self-reported information on prevalent diabetes was com-
plemented with information on history of diabetes from the National 
Diabetes Register and the National Patient Register (NPR) at the Na-
tional Board of Health and Welfare. Total and low-density lipoprotein 
(LDL) cholesterol levels were measured in the blood samples collected at 
the examination. Low density lipoprotein cholesterol ≥4.1 mmol/L and 
total cholesterol ≥5.2 mmol/L indicated hypercholesterolemia (Arnett 

Fig. 1. Flow-chart of recruitment and exclusion steps of the study population.  
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et al., 2019; Mach et al., 2020). Estimated glomerular filtration rate 
(eGFR) in mL/min/1.73 m2 was calculated from creatinine and cystatin 
C as described previously (Inker et al., 2012). 

2.3. Outcome assessment 

2.3.1. Fracture incidence 
Incident cases of any first fracture during follow-up were ascertained 

through a computerized linkage of the cohort to the National Patient 
Registry, which also includes non-hospitalized fracture cases, using a 
personal identification number. The International Classification of Dis-
ease 10th revision codes (ICD-10) used to identify fracture cases were: 
S12, S22, S32, S42, S52, S62, S72, S82 and S92. Accordingly, we did not 
include fractures of the skull (ICD10 code S02) since they often involve 
special injury mechanisms and (in contrast to other types of fractures) 
are unrelated to BMD (Stone et al., 2013). We retained all non-skull 
fractures in the analysis since comparable increases in the risks of low- 
and high-impact trauma fractures have been seen in association with 
decreasing BMD (Cummings and Eastell, 2020). 

2.3.2. CVD specific incidence and all-cause and cause-specific mortality 
Incident cases of myocardial infarction (including out of hospital 

deaths from myocardial infarction – verified by autopsy) were defined 
by the International Classification of Diseases 10th revision (ICD-10) 
diagnostic code I21, and by repair codes FNA-H and FNW, indicating 
coronary revascularization (percutaneous coronary intervention, PCI or 
coronary artery bypass grafting, CABG), in the Swedish National Patient 
Register and Cause of Death Register. For simplicity, we hereafter refer 
to these outcomes as myocardial infarction. Incident cases of heart 
failure and ischemic stroke were defined by the ICD-10 codes, I50 and 
I11.0, and I63-I64, respectively, in the Swedish National Patient Reg-
ister. Information on dates and causes of death were obtained from the 
Cause of Death Register and classified as all-cause mortality and death 
due to cancer or cardiovascular disease. 

2.3.3. Statistical analysis 
To avoid any assumption of predefined thresholds or linearity, par-

ticipants were categorized into tertiles of creatinine adjusted U-Cd. 
Prospective associations with incidence of any first fracture, cardio-
vascular outcomes and mortality were assessed using Cox proportional 
hazard regression with attained age as underlying time scale, generating 
hazard ratios (HR) and corresponding 95% confidence intervals (CI). 
Participants contributed with person time from the date of examination 
until the date of event subject for evaluation, death or end of follow-up 
(31 December 2019), whichever came first. 

In the analyses of fracture incidence, all multivariable regression 
models were adjusted for the following potential confounders, selected 
on the basis of being risk factors for fractures and possibly related to Cd 
exposure: education, height, weight, history of diabetes, parity, eGFR, 
smoking habits, physical activity, Mediterranean diet score and total 
energy intake. Variables included in the models for CVD outcomes and 
mortality were additionally adjusted for hypercholesterolemia. Missing 
values (<2% for all variables, except exercise 9.1%, walk/bike 8.5%, 
Mediterranean diet score 6.6% and total energy intake 4.8%) were 
handled through multiple imputation, using a chained equation tech-
nique and 20 imputations. 

Given that smoking is both a strong predictor of U-Cd and a risk 
factor for the outcomes evaluated, additional analyses including only 
never-smokers were performed in order to reveal any non-smoking 
related impact of Cd exposure (i.e. dietary exposure specifically). In 
addition, it is uncertain how well U-Cd reflects the long-term Cd expo-
sure in older age groups, due to unavoidable kidney deterioration 
(Wallin et al., 2014). Therefore, we finally examined the impact of Cd 
exposure, restricting the analyses to never-smoking women under 70 
years of age. To note, this analysis was compromised by limited power 
and only performed for fractures, but it was considered to best capture 

the association between non-smoking related Cd exposure and the 
outcome. 

The proportional hazard assumption was tested using Schoenfeld’s 
residuals and no departure from the assumption was observed. Test for 
linear trend for each regression model was conducted by assigning each 
participant with the median value of each tertile. STATA version 14 
(Stata corporation inc., Collage station, TX, USA) software was used to 
perform all statistical analysis in which each test was two-sided with the 
level of significance set at 0.05. 

3. Results 

The median U-Cd among the 4024 women, with a mean age 67 years 
(56–85) at baseline, was 0.33 µg/g cr (5–95 percentile 0.15–0.77 µg/g 
cr) and was lower in never-smokers (0.28 µg/g cr) than ever-smokers 
(0.40 µg/g cr). Baseline characteristics by tertiles of creatinine 
adjusted U-Cd are presented in Table 1. No major differences were found 
other than the higher proportion of smokers in the highest tertile of 
creatinine adjusted U-Cd compared with the lowest. 

In the study of fractures, we ascertained 903 cases of any first frac-
ture during an average 10.5 years (42446 person years) of follow-up. 
Creatinine adjusted U-Cd was associated with a 20 % increased risk of 
fractures of any type (HR: 1.20, 95% CI: 1.01 to 1.43, ptrend: 0.04) 
comparing the highest tertile of U-Cd exposure with the lowest 
(Table 2). Similar risk estimates, although with lower precision, were 
observed for never-smokers and for those <70 years who never smoked 
(HR: 1.25, 95% CI: 0.98 to 1.60, ptrend: 0.07, and HR: 1.31, 95% CI: 0.94 
to 1.82, ptrend: 0.12, respectively). 

Table 1 
Baseline characteristics of the 4,024 women of the SMC-C by tertiles of creati-
nine adjusted urinary cadmium (µg/g cr).  

Characteristics T1 
(n = 1,342) 

T2 
(n = 1,341) 

T3 
(n = 1,341) 

U-Cd median 
(5th-95th percentile) 

0.20 
(0.11–0.25) 

0.33 
(0.27–0.40) 

0.54 
(0.42–0.99) 

Age (y) 68 ± 7 67 ± 6 67 ± 6 
Education (%)    
<9 years 

9–12 years 
>12 years 

25 
39 
36 

23 
36 
41 

22 
39 
39 

Height (m) 1.63 ± 6 1.64 ± 6 1.64 ± 6 
Weight (kg) 70 ± 12 69 ± 11 68 ± 12 
History of diabetes (%) 5 4 4 
Parity (%)    

0 children 
1–2 children 
>2 children 

11 
58 
31 

11 
59 
30 

11 
57 
32 

eGFR < 60 (%) 12 8 8 
Smoking status (%)     

Current > 10 cig/day  

Current < 10 cig/day 
Former 
Never 

0 
1 
28 
70 

2 
4 
42 
53 

11 
11 
48 
30 

Physical activity (%)    
Walk/bike ≥ 40 min/day 

Exercise ≥ 1-h/week 
40 
83 

42 
84 

41 
82 

Total energy intake (kCal/day) 1,818 ± 543 1,827 ± 515 1,794 ± 536 
Urinary creatinine (g/L) 0.84 ± 0.4 0.85 ± 0.4 0.84 ± 0.4 
Mediterranean diet score 

adherence (%)    
0–3 

4–6 
7–8 

32 
60 
8 

29 
60 
11 

32 
59 
9 

Hypercholesterolemiaa (%) 24 25 27 

Continuous variables are presented as mean values (±SD) and categorical and 
binary variables as percentages. 

a ≥4.1 mmol/L low density lipoprotein cholesterol and ≥5.2 mmol/L total 
cholesterol, 
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In the CVD and mortality assessments, we ascertained during an 
average of 11.9 years (48099 person years) of follow-up in total 149 
cases of myocardial infarction (of which 6 were CABG and 27 PCI). The 
corresponding number of cases of heart failure and stroke were 174 and 
162 respectively. In total, 545 deaths occurred, out of which 166 were 
due to CVD and 198 were due to cancer. Associations between U-Cd and 
risk of myocardial infarction, heart failure or stroke (Table 3), 
comparing the highest with the lowest tertile, were of moderate preci-
sion and corresponding to HRs: 1.24 (95% CI: 0.78 to 1.97), 1.40 (95% 
CI: 0.93 to 2.11) and 0.66 (95% CI: 0.43 to 1.02), respectively. In rela-
tion to mortality, U-Cd was associated with multivariable adjusted HRs 
of 1.38 (95% CI: 1.10 to 1.74, ptrend: <0.01) and 1.48 (95% CI: 0.96 to 
2.29 and ptrend: 0.10) for all-cause and CVD mortality, respectively. The 
corresponding results for never-smokers were HR: 1.35 (95% CI: 0.99 to 
1.84, ptrend: 0.06) and 1.56 (95% CI: 0.88 to 2.77, p-trend: 0.12) 
(Table 4). U-Cd was not significantly associated with cancer mortality. 

4. Discussion 

To the best of our knowledge, this is the first comprehensive 
population-based prospective assessment of the associations of Cd 
exposure with several incident outcomes of major public health rele-
vance, including fractures, cardiovascular events, and all-cause and 
specific mortality. In postmenopausal-women with long-term low-level 
exposure, we observed a dose-dependent 20% (95% CI: 1–43%) 
increased risk of fractures of any type and 38% (95% CI: 10–74%) 
increased risk of all-cause mortality when comparing the highest tertile 
of U-Cd (median 0.54 µg/g cr) with the lowest (median 0.20 µg/g cr). 
Importantly, similar risk estimates were observed in never-smokers. The 
associations with the CVD outcomes were inconclusive. 

4.1. Fracture incidence 

The 95th percentile of U-Cd concentration in the women of the 
present study was 0.77 µg/g cr, which is below the current European 
health based guidance value of 1 µg/g cr (EFSA, 2009), and represen-
tative of the general population in most of Europe (HBM4EU, 2021). 
Overall, our finding of 20% increased risk of fractures is consistent with 
results from a previous meta-analysis demonstrating a pooled relative 
risk of 1.30 (95% CI 1.13–1.49) when comparing the highest exposure 
category of Cd with lowest (Cheng et al., 2016), although publication 
bias cannot be excluded. Results from a more recent prospective study of 
936 elderly men, found associations between Cd exposure and fractures 
which relate to similar risk estimates as the present study (Wallin et al., 
2016). In contrast, a cohort study of 2920 women, using blood (B)-Cd 
rather than U-Cd, did not observe any association with risk of fracture 
(Moberg et al., 2017). Taking into account slight differences in study 
design, this might indicate disparities between the exposure biomarkers 

Table 2 
Prospective associations between tertiles of creatinine adjusted urinary cad-
mium (µg/g cr) (U-Cd) and incident first fracture at any site.a  

U-Cd 
measurements 

T1 T2 T3 ptrend 

Risk of fracture; hazard ratio (95% confidence interval) 

U-Cd µg/g cr 
median 
(5th-95th 
percentile) 

0.20 
(0.11–0.25) 

0.33 
(0.27–0.40) 

0.54 
(0.42–0.99)  

Any sitea     

Cases/person years 288/ 
14,171 

294/14,326 321/13,950  

Age-adjusted 1 (Ref.) 1.09 (0.93 to 
1.29) 

1.25 (1.06 to 
1.46)  

<0.01 

Multivariable- 
adjustedb 

1 (Ref.) 1.09 (0.92 to 
1.28) 

1.20 (1.01 to 
1.43)  

0.04 

(n = 4024)     
Cases/person years 205/9949 162/7570 100/4138  
Never-smokersb 1 (Ref.) 1.10 (0.89 to 

1.35) 
1.25 (0.98 to 
1.60)  

0.07 

(n = 2053)     
Cases/person years 95/6318 86/5470 58/2964  
Never smokers, 
<70 years oldb 

(n = 1331) 

1 (Ref.) 1.05 (0.78 to 
1.41) 

1.31 (0.94 to 
1.82)  

0.12  

a Involves fracture sites of the neck (S12, n = 14), ribs and chest bone (S22, n 
= 50), lumbar spine and pelvis (S32, n = 74), shoulder and upper arm (S42, n =
135), forearm (S52, n = 272), wrist and hand (S62, n = 58), hip (S72, n = 167), 
lower leg and ankle (S82, n = 105), and foot (S92, n = 28) 

b Adjusted for: age, education (<9 years/9–12 years/>12), height (meters), 
weight (kg), history of diabetes (yes/no), parity (no children/1–2 children/3 or 
more children), decreased GFR (<60 eGFR, yes/no), smoking (>10 cigarettes/ 
day, <10 cigarettes/day, former, never), physical activity (≥1h/w exercise; yes/ 
no, ≥40 min/day walking/biking; yes/no), Mediterranean diet score (0–8) and 
total energy intake (kcal/day). 

Table 3 
Prospective associations between tertiles of creatinine adjusted urinary cad-
mium (µg/g cr) (U-Cd) and risk of myocardial infarction, heart failure and 
stroke.  

U-Cd measurements T1 T2 T3 ptrend 

Risk of cardiovascular disease; hazard ratio (95% confidence 
interval) 

U-Cd µg/g cr 
median 
(5th-95th 
percentile) 

0.20 
(0.11–0.25) 

0.33 
(0.27–0.40) 

0.54 
(0.42–0.99)  

Myocardial 
infarctiona     

Cases/person years 40/15,785 55/15,874 54/15,728  
Age-adjusted 1 (Ref.) 1.48 (0.98 to 

2.23) 
1.52 (1.00 to 
2.29)  

0.07 

Multivariable- 
adjustedb 

1 (Ref.) 1.49 (0.89 to 
2.27) 

1.24 (0.78 to 
1.97)  

0.56 

(n = 4024)     
Cases/person years 29/11,030 26/8457 14/4764  
Never-smokersb 1 (Ref.) 1.40 (0.81 to 

2.41) 
1.40 (0.73 to 
2.70)  

0.28 

(n = 2053)     
Heart failure     
Cases/person years 59/15,759 56/16,015 59/15,812  
Age-adjusted 1 (Ref.) 1.11 (0.77 to 

1.60) 
1.29 (0.90 to 
1.86)  

0.17 

Multivariable- 
adjustedb 

1 (Ref.) 1.21 (0.83 to 
1.76) 

1.40 (0.93 to 
2.11)  

0.11 

(n = 4024)     
Cases/person years 49/10,991 28/8539 14/4803  
Never-smokersb 1 (Ref.) 1.01 (0.62 to 

1.64) 
0.98 (0.53 to 
1.80)  

0.95 

(n = 2053)     
Ischemic strokec     

Cases/person years 68/15,677 48/15,959 46/15,762  
Age-adjusted 1 (Ref.) 0.78 (0.54 to 

1.12) 
0.79 (0.54 to 
1.15)  

0.24 

Multivariable- 
adjustedb 

1 (Ref.) 0.77 (0.53 to 
1.12) 

0.66 (0.43 to 
1.02)  

0.07 

(n = 4024)     
Cases/person years 48/10,983 25/8491 13/4790  
Never-smokersb 1 (Ref.) 0.76 (0.46 to 

1.24) 
0.71 (0.38 to 
1.32)  

0.24 

(n = 2053)      

a Myocardial infarction includes cases of percutaneous coronary intervention 
and coronary artery bypass grafting. 

b Adjusted for age, education (<9 years/9–12 years/>12), height (meters), 
weight (kg), history of diabetes (yes/no), parity (no children/1–2 children/3 or 
more children), decreased GFR (<60 eGFR, yes/no), smoking status (>10 cig-
arettes/day, <10 cigarettes/day, former, never), physical activity (≥1h/w ex-
ercise; yes/no, ≥40 min/day walking/biking; yes/no), Mediterranean diet score 
(0–8), total energy intake (kcal/day) and hypercholesterolemia (≥4.1 mmol/L 
low density lipoprotein cholesterol and ≥5.2 mmol/L total cholesterol, yes/no). 

c Cerebral infarction and unspecified stroke 
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wherein U-Cd may elicit a more relevant measurement of long-term Cd 
exposure than B-Cd (Akesson et al., 2014). 

4.2. CVD specific incidence and total and cause-specific mortality 

In the assessment of the association between U-Cd and incident CVD, 
we observed increased HRs, although non-statistically significant, 
comparing U-Cd tertiles (HR: 1.24, 95% CI: 0.78 to 1.97 for myocardial 
infarction and HR: 1.40, 95% CI: 0.93 to 2.11 for heart failure), which is 
in line with a recent meta-analysis where the summary relative risks for 
all participants, comparing the third tertile of Cd with the first, were 
1.33 (95 %CI: 1.09 to 1.64) for CVD and 1.29 (95% CI: 0.98 to 1.72) for 
coronary heart disease (Chowdhury et al., 2018). A direct link between 
Cd exposure and general outcomes of CVD, was also observed in non- 
smokers (Chowdhury et al., 2018). In addition, prospective studies 
have indicated associations with CVD combined (Domingo-Relloso 
et al., 2019), heart failure (Borné et al., 2015; Deering et al., 2018), 
peripheral artery disease (Fagerberg et al., 2013) as well as the predicted 
10-year risk of a first atherosclerotic CVD (Choi et al., 2020), supported 

by cross-sectional associations with measured coronary artery calcifi-
cation (Barregard et al., 2021). In contrast to the meta-analysis 
(Chowdhury et al., 2018) where summary risk estimate for stroke was 
1.72 (95% CI: 1.29 to 2.38) and the later studies (Borné et al., 2017; 
Chen et al., 2018), the association with stroke in our study was in the 
opposite direction. However, null association with stroke was also 
observed in a recent Danish case-cohort study among never-smokers 
(Poulsen et al., 2021). Other studies that demonstrated no association 
between Cd exposure and total CVD and myocardial infarction (Julin 
et al., 2013a; Julin et al., 2013b; Sears et al., 2021), either assessed only 
dietary Cd exposure or was restricted to never-smokers. 

For all-cause mortality, we observed a dose dependent statistically 
significant association with U-Cd exposure (HR: 1.38, 95% CI: 1.10 to 
1.74, ptrend: <0.01), comparing the highest tertile of exposure with the 
lowest. This association was only slightly attenuated when restricting 
the analysis to never-smokers, despite the reduced number of cases (HR: 
1.35, 95% CI: 0.99 to 1.84). A recent meta-analysis of prospective 
studies on Cd and mortality up to 2015 also observed associations with 
increased mortality at U-Cd levels similar to our study (Larsson and 
Wolk, 2016). Likewise, our results are consistent with several other 
recent studies investigating the association between Cd exposure and 
all-cause-, CVD- and cancer related mortality, at varying Cd exposure 
levels as well (Barregard et al., 2016; Duan et al., 2020; Kim et al., 2019; 
Sakurai et al., 2021; Suwazono et al., 2021; Tonelli et al., 2018). Some 
studies also presented results separate for never-smokers (Barregard 
et al., 2016; Gao et al., 2018; Tellez-Plaza et al., 2013). Barregård et al, 
reported a HR of 2.6 (95% CI: 1.0 to 6.9) for CVD mortality, comparing 
extreme quartiles of B-Cd in never-smokers. 

5. Strengths and limitations 

Our study has several strengths, including the population-based 
prospective design, the long follow-up time, the linkage to several 
high quality registers (Maret-Ouda et al., 2017) that allowed for a 
complete ascertainment of cases, and the use of U-Cd as an exposure 
biomarker. U-Cd is the most relevant biomarker for long-term Cd 
exposure, since B-Cd tend to reflect more short-term exposure due to the 
different half-life of Cd in blood contra urine (Adams and Newcomb, 
2014; Akesson et al., 2014). We focused on women, generally having a 
higher Cd body burden (Akesson et al., 2014) and higher incidence of 
fractures but lower incidence of CVD compared to men of similar age. 
Even though confounding cannot be ruled out in observational studies, 
we had detailed information on relevant confounders which were 
accounted for in the statistical analysis. Misclassification of exposure 
due to old age is a limitation of the study, since old age compromises the 
integrity of the kidneys and therein the use of U-Cd as a biomarker. Yet, 
for the outcome of any fracture which had the highest incidence, such an 
effect could at least be controlled for in the sensitivity analysis. More-
over, although we excluded highly diluted and concentrated urine 
samples based on urinary creatinine, we cannot rule out some misclas-
sification caused by variations in urinary dilutions (O’Brien et al., 2016). 
Despite having fairly large number of cases, some sub-group analyses 
were affected by limited power. Lastly, as previously discussed, the low 
exposure contrast of the studied population might hamper the detection 
of an association with increased risk. Nevertheless, these exposure levels 
seem representative of the exposure in many geographical areas and 
therefore of relevance for assessing general health risks (HBM4EU, 
2021). 
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Table 4 
Prospective associations between tertiles of creatinine adjusted urinary cad-
mium (µg/g cr) (U-Cd) and total and cause-specific mortality.  

U-Cd 
measurements 

1 2 3 ptrend 

Mortality; hazard ratio (95% confidence interval) 

U-Cd µg/g cr 
median 
(5th-95th 
percentile) 

0.20 
(0.11–0.25) 

0.33 
(0.27–0.40) 

0.54 
(0.42–0.99)  

All-cause 
mortality     

Cases/person years 173/ 
15,952 

173/16,152 199/15,995  

Age-adjusted 1 (Ref.) 1.18 (0.95 to 
1.46) 

1.49 (1.21 to 
1.83)  

<0.01 

Multivariable- 
adjusteda 

1 (Ref.) 1.19 (0.96 to 
1.48) 

1.38 (1.10 to 
1.74)  

<0.01 

(n = 4024)     
Cases/person years 130/ 

11,159 
94/8598 62/4846  

Never-smokersa 1 (Ref.) 1.07 (0.82 to 
1.41) 

1.35 (0.99 to 
1.84)  

0.06 

(n = 2053)     
CVD mortality     
Cases/person years 52/15,952 56/16,152 58/15,995  
Age-adjusted 1 (Ref.) 1.35 (0.93 to 

1.97) 
1.59 (1.09 to 
2.32)  

0.02 

Multivariable- 
adjusteda 

1 (Ref.) 1.42 (0.96 to 
2.10) 

1.48 (0.96 to 
2.29)  

0.10 

(n = 4024)     
Cases/person years 39/11,159 30/8598 19/4846  
Never-smokersa 1 (Ref.) 1.27 (0.77 to 

2.08) 
1.56 (0.88 to 
2.77)  

0.12 

(n = 2053)     
Cancer mortality     
Cases/person years 64/15,952 57/16,152 77/15,995  
Age-adjusted 1 (Ref.) 0.94 (0.65 to 

1.34) 
1.33 (0.95 to 
1.85)  

0.06 

Multivariable- 
adjusteda 

1 (Ref.) 0.92 (0.64 to 
1.32) 

1.22 (0.84 to 
1.76)  

0.22 

(n = 4024)     
Cases/person years 44/11,159 26/8598 22/4846  
Never-smokersa 1 (Ref.) 0.82 (0.50 to 

1.34) 
1.27 (0.75 to 
2.15)  

0.40 

(n = 2053)      

a Adjusted for age, education (<9 years/9–12 years/>12), height (meters), 
weight (kg), history of diabetes (yes/no), parity (no children/1–2 children/3 or 
more children), decreased GFR (<60 eGFR, yes/no), smoking status (>10 cig-
arettes/day, <10 cigarettes/day, former, never), physical activity (≥1h/w ex-
ercise; yes/no, ≥40 min/day walking/biking; yes/no), Mediterranean diet score 
(0–8), total energy intake (kcal/day) and hypercholesterolemia (≥4.1 mmol/L 
low density lipoprotein cholesterol and ≥5.2 mmol/L total cholesterol, yes/no). 
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Engström, G., Bergström, G., 2021. Cadmium Exposure and Coronary Artery 
Atherosclerosis: A Cross-Sectional Population-Based Study of Swedish Middle-Aged 
Adults. Environ. Health Perspect. 129, 067007 https://doi.org/10.1289/EHP8523. 
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