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BACKGROUND: The general population is ubiquitously exposed to the toxic metal cadmium through the diet and smoking. Cadmium exposure is asso-
ciated with increased morbidity and mortality in myocardial infarction and stroke. Atherosclerosis is the main underlying mechanism of myocardial
infarction. However, associations between cadmium and coronary artery atherosclerosis have not been examined.
OBJECTIVES: Our study sought to examine the hypothesis that blood cadmium (B-Cd) is positively associated with coronary artery calcification, as a
measure of coronary artery atherosclerosis in the population-based Swedish SCAPIS study.

METHODS: Our analysis included 5,627 individuals (51% women), age 50–64 y, enrolled from 2013 to 2018. The coronary artery calcium score
(CACS) was obtained from computed tomography. Blood cadmium was determined by inductively coupled plasma mass spectrometry (ICP-MS).
Associations between B-Cd and coronary artery calcium score (CACS Agatston score) were evaluated using prevalence ratios (PRs) in models
adjusted for sex, age, smoking, hypertension, diabetes, low-density cholesterol/high-density cholesterol ratio, and family history.

RESULTS: The median B-Cd concentration was 0:24 lg=L. The prevalence of positive coronary artery calcium (CACS>0) was 41% and the preva-
lence of CACS≥100 was 13%. Relative to the lowest quartile (Q) of B-Cd (<0:16 lg=L), the highest quartile (median 0:63 lg=L) was associated
with a small but significant increase in CACS>0 (PR 1.1; 95% CI: 1.0, 1.3), and a greater relative increase in CACS≥100 (PR 1.6; 95% CI: 1.3,
2.0). When restricted to 2,446 never-smokers, corresponding PRs were 1.1 (95% CI 0.9, 1.3) for CACS>0 (63 cases in Q4) and 1.7 (95% CI 1.1, 2.7)
for CACS≥100 (17 cases in Q4).
DISCUSSION: Blood cadmium in the highest quartile was associated with CACS in a general population sample with low to moderate cadmium expo-
sure. This supports the hypothesis that atherosclerosis is an important mechanism underlying the associations between cadmium and incident cardio-
vascular disease. The findings suggest that public health measures to reduce cadmium exposure are warranted. https://doi.org/10.1289/EHP8523

Introduction
Cadmium (Cd) is a toxic metal with ubiquitous exposure through
the diet and smoking as the main sources. Cadmium accumulates
mainly in the kidneys and has a half-life of decades, and therefore
it usually increases with age. Exposure and body burden can be
assessed by measuring blood or urine cadmium concentrations
(Nordberg et al. 2015; Akerstrom et al. 2013).

Apart from being a well-known cause of kidney and skeletal
damage, blood or urine cadmium has been reported to be an inde-
pendent risk factor for cardiovascular disease, including coronary
heart disease in several reviews (Tellez-Plaza et al. 2013a;
Chowdhury et al. 2018; Tinkov et al. 2018). This is based on pro-
spective general population studies demonstrating associations

between cadmium biomarkers and cardiovascular mortality as
well as incident cardiovascular disease, in the United States,
Japan, and Europe (Nawrot et al. 2008; Menke et al. 2009; Li
et al. 2011; Tellez-Plaza et al. 2012, 2013b; Barregard et al.
2016). Moreover, the Trial to Assess Chelation Therapy (TACT)
trial, targeting toxic metals, such as cadmium, suggested a strik-
ing protective benefit of chelation therapy on the risk of cardio-
vascular events (Lamas et al. 2016).

Because atherosclerosis is the main cause of cardiovascular dis-
ease, it is also a likely mechanism mediating the association with
cadmium exposure. Atherosclerosis is an inflammatory disease and
cadmium is proinflammatory (Almenara et al. 2013;Olszowski et al.
2012; Fagerberg et al. 2017). Moreover, there is experimental sup-
port for the proatherogenic effects of cadmium in animal studies,
indicating oxidative stress and proinflammatory endothelial dys-
function as important mechanisms (Messner et al. 2009; Knoflach
et al. 2011; Oliveira et al. 2019). Indeed, two epidemiological stud-
ies showed associations between blood cadmium (B-Cd) and athe-
rosclerotic plaque in the carotid artery (Fagerberg et al. 2012, 2015).
Cadmium accumulates in the aortic wall (Abu-Hayyeh et al. 2001),
and the content of cadmium in symptomatic carotid plaques, from
carotid endarterectomy, was found to be 50 times higher than that in
the blood and to be higher in the vulnerable part of the plaque where
rupture often occurs (Bergström et al. 2015a). However, despite the
association reported between cadmium exposure and clinical coro-
nary heart disease, we are not aware of studies on the association
between cadmium and coronary artery atherosclerosis.

Therefore, the aim of the present study was to examine the
hypothesis that B-Cd is positively associated with coronary artery
calcification, as a measure of coronary artery atherosclerosis in
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the large population-based Swedish CArdioPulmonary bioImage
Study (SCAPIS).

Methods

Study Population
The present cross-sectional study was based on individuals from
the SCAPIS project, recruiting 50- to 64-y-old individuals
(N =30,154) randomly selected from the general population of
six Swedish cities (Gothenburg, Linköping, Malmö, Stockholm,
Umeå, and Uppsala) (Bergström et al. 2015b). No exclusion cri-
teria were applied except for the inability to understand written
and spoken Swedish for informed consent. Blood samples for
cadmium analysis were collected from all study participants from
two of the sites during two specified periods 2013–2017 in
Gothenburg and 2017–2018 in Malmö, in total 5,903 participants.
The participation rate was 52% of those invited. The external va-
lidity vs. the target population has been examined in the SCAPIS
pilot study (Bonander et al. 2019) as well as in the total SCAPIS
cohort. Data from Statistics Sweden and the National Patient
Register showed that participants were only marginally different
from nonparticipants with respect to age (difference<1 y) and
sex (difference<1%). A history of cardiovascular disease was
slightly less common in participants (14%) than in nonpartici-
pants (16%) (Bonander et al. 2019). The unweighted prevalence
of any coronary atherosclerosis in the SCAPIS cohort was identi-
cal (42%) with the estimated prevalence (42%) standardized to
the catchment area population 50–64 years of age, using Inverse
Probability of Participation Weighting. Out of the 5,903 partici-
pants, Cd could not be determined in 108 samples (1.8%; too
small a volume, or clotting), and the calcium score was not exam-
ined in 168 of the remaining individuals (2.9%; previous coronary
artery intervention invalidating coronary artery calcium estima-
tion, n=101; technical failures in acquiring or reading images,
n=25; and subject declined computed tomography (CT, n=42).
Thus, the present study was based on 5,627 participants
(Gothenburg: n=4,654 and Malmö: n=973).

Each participant underwent a thorough clinical examination,
including extensive questionnaires on medical history and lifestyle
factors, fasting venous blood sampling, and a physical examina-
tion. Additionally, extensive imaging was performed, including
CT of the heart (Bergström et al. 2015b). Each participant gave
written informed consent to participate in the study, which was
approved by the Ethics ReviewBoard of UmeåUniversity.

Coronary Artery Calcification
At both study sites, coronary artery calcification was assessed in
noncontrast-enhanced images from an identical ECG-gated multi-
slice CT scanner (Siemens, Somatom Definition Flash, Siemens
Healthineers). The calcium content in each coronary artery was
measured using the same protocol at both sites, and summed to pro-
duce a total coronary artery calcification score (CACS; Agatston
score) according to international standards (Agatston et al. 1990;
McCollough et al. 2007). An Agatston score >0 was defined as
positive and ≥100 as “high” (Tota-Maharaj et al. 2014; Greenland
et al. 2018). High reproducibility at repeat readings of images has
been reported in the SCAPIS pilot study (Ekblom-Bak et al. 2018).
In repeat reading of images from 50 randomly selected subjects,
the kappa measure of agreement was 0.91 in identifying subjects
with CACS>0 and 1.00 for CACS>100.

B-Cd
Prior to analysis, the blood samples were diluted 20 times with
an alkaline solution as described previously (Fagerberg et al.

2015). Cadmium concentrations were determined by inductively
coupled plasma mass spectrometry (ICP-MS; Gothenburg:
7700x, Agilent Technologies and Lund: iCAP Q, Thermo Fisher
Scientific, GmbH) equipped with a collision cell with kinetic
energy discrimination and with helium as the collision gas. The
limit of detection was 0:02 lg=L and the method imprecision
was 9.8% (Gothenburg) and 6.2% (Lund). Only two samples had
B-Cd below the detection limit, and for those samples, the meas-
ured values (0:01 lg=L) were used. Analytical accuracy was
verified, using certified reference materials: Seronorm Trace ele-
ments whole blood L-1 and L-2 (SERO AS), and showed good
agreement between obtained and recommended concentrations.
(For details, see Table S1). An interlaboratory comparison
showed good agreement between the two laboratories (n=20,
Pearson r=0:996, slope 0.96).

Covariates
Based on smoking data from the questionnaires, individuals were
categorized as never, former, or current smokers. The smoking
question was phrased “Do you smoke?” with alternatives “No, I
have never smoked,” “Yes, I smoke regularly,” “Yes, I smoke
sometimes,” “No, I stopped smoking,” and “I do not want to/
cannot answer.” Those responding smoking “regularly” or “some-
times”were classified as current smokers, without any requirement
on a specific length of time since start of smoking. All who chose
the alternative “No, I stopped smoking” were classified as former
smokers, and those responding “I do not want to/cannot answer”
were coded as missing. Blood pressurewasmeasured twice in each
arm in the supine position, after 5min of rest, with an automatic de-
vice (Omron M10-IT, Omron Health Care Co.), and the mean of
the measurements was used. Hypertension (yes/no) was based on
an affirmative answer to the question on physician-diagnosed
hypertension in the questionnaire (86% of which reported ongoing
antihypertensive medication), a systolic blood pressure
>140mmHg, or a diastolic blood pressure >90 at the physical ex-
amination. Diabetes mellitus (yes/no) was assessed based onmedi-
cal history (questionnaire and interview; known diagnosis of
diabetes), as well as fasting plasma glucose and HbA1c (either
P-glucose≥7mmol=L, or HbA1c≥ 48mmol=mol; new diagno-
sis). Low-density lipoprotein (LDL), high-density lipoprotein
(HDL), and C-reactive protein (CRP) were analyzed in fasting
blood samples using standard methods at the clinical laboratories
of the university hospitals. Height, weight, and waist circumfer-
ence were measured. The following additional information was
collected from the questionnaire: education [three categories: pri-
mary school or less (low), secondary school (medium), university
(high)]; physical activity during leisure time (classified as “seden-
tary” if mainly sedentary, with walks, cycling, or similar
<2 h=wk), otherwise nonsedentary; country of birth (born in or
outside Sweden); family history of early cardiovascular disease
(“family history of CVD” classified as present if a parent was diag-
nosed with myocardial infarction before age 60 y or stroke before
age 65 y); and regular use of lipid-lowering medications.
Participants listed all medications taken “regularly,” and the
authors selected lipid-loweringmedications among those listed.

Statistical Methods
Cross-sectional associations between B-Cd (in quartiles) and the
CACS were assessed primarily as prevalence ratios (PRs) using
Poisson regression models, but also as odds ratios (ORs) derived
from logistic regression models. Because a positive calcium score
was relatively common, the PRs would reflect the relative risk
better than the ORs, which would be inflated for conditions with
high prevalence (Grant 2014). Confidence intervals (CIs) for the
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Poisson regression models were calculated according to the
method described by Zou (2004), using a robust error variance
procedure known as sandwich estimation, with the REPEATED
statement in the SAS GENMOD procedure (SAS Institute Inc.).
Most previous studies used ORs as the measure of effect size; so
to facilitate comparison with those studies, the results from logis-
tic regression models are also presented.

Potential confounders were assessed from the literature.
Model 1 included only age and sex. Model 2 also included risk
factors for atherosclerosis that were associated with B-Cd, and
changed regression estimates for B-Cd by ≥10%: smoking habits
(3 categories), hypertension (yes/no), diabetes (yes/no), family
history of CVD (yes/no), and LDL/HDL ratio. Because there
were missing data for some covariates, the number of participants
and cases in Model 2 (n=5,295) was somewhat less than in
Model 1 (n=5,627).

Blood cadmium levels are usually higher in women than in
men as reviewed by Nordberg et al. (2015), while atherosclerosis
is more common in men. Therefore, for all the models, sex-
stratified results are also presented. Smoking was adjusted for in
the models, but in addition separate analyses were performed in
never-smokers.

Sensitivity analyses were performed with additional adjust-
ment of Model 2 for the following atherosclerosis risk factors:
waist circumference (continuous), use of lipid-lowering medica-
tions (yes/no), education (low, medium, or high), low leisure
time physical activity (yes/no), born outside Sweden (yes/no),
systolic blood pressure (continuous), and log-transformed CRP.
We also repeated Model 2 with additional adjustment for site
(Gothenburg or Malmö), and with additional adjustment for
smoking pack-years (continuous, in addition to never, former, or
current smoking), and after excluding individuals with B-Cd con-
centrations above the 99.5th percentile (>2:7 lg=L, n=26) and
below the 0.5th percentile (<0:06 lg=L, n=26).

B-Cd was categorized into quartiles (Qs), because associa-
tions with atherosclerosis were assumed not to be found at low
levels of B-Cd. For example studies of peripheral artery disease
(Tellez-Plaza et al. 2010) and carotid artery atherosclerotic pla-
ques (Fagerberg et al. 2015) showed no associations below
0:5 lg=L. We used the same quartile cut points also in models
stratified for gender and in analyses restricted to never-smokers.
The rationale for this is that we can compare the same B-Cd con-
centrations by quartiles when we present results for women, men,
and both sexes combined as well as by smoking category.
However, we also modeled associations with B-Cd as an untrans-
formed continuous variable, and, after excluding the 52 partici-
pants with the highest and lowest B-Cd concentrations, using
unrestricted cubic splines with knots at the 25th, 50th, and 75th
percentiles of B-Cd.

To assess potential effect modification, we used stratified mod-
els, as well as a multiplicative interaction term between B-Cd and
each stratification factor. Stratification was done by covariates in
Model 2: sex, age, smoking, hypertension, diabetes, family history,
and LDL/HDL ratio. The PR estimates were obtained in separate
stratum-specificmodels. The p-values for interaction between B-Cd
(as a continuous variable) and stratification variables were obtained
in separatemodels for each stratification variable.

Statistical analyses were performed using SAS software pack-
age, version 9.4 (SAS Institute Inc.) and Stata/SE (release 16.1;
Stata-Corp LLC). A two-tailed p<0:05 was considered statisti-
cally significant.

Results
As shown in Table 1, the mean age of the participants was 57 y,
51% were women, and 16% were current smokers. The median

B-Cd concentration was 0:24 lg=L, higher in women (0:29 lg=L)
than in men (0:19 lg=L). In never-smokers the median B-Cd was
0:19 lg=L, again higher in women (0:25 lg=L) than in men
(0:15 lg=L). More details on the distribution of B-Cd are shown in
supplemental Table S2.

The prevalence of a positive calcium score (CACS>0) was
41%, and CACS≥100 was found in 13% of the participants.
Outcomes and cardiovascular risk factors, stratified by sex and
B-Cd quartiles, are shown in Table 1.

The PR for positive calcium score (CACS>0) was slightly,
but significantly increased in the highest quartile (Q4) of B-Cd
(PR 1.1; 95% CI 1.0, 1.3) compared with Q1, whereas PRs com-
paring the second and third quartiles with the first were null.
When stratified by gender, associations between categorical B-
Cd and CACS>0 were similar for men and women (Table 2,
Model 2). A 1-ug=L increase in B-Cd was also associated with a
small but significant PR for CACS>0 overall (PR 1.1; 95% CI:
1.1, 1.2), and when stratified by gender. When modeled using
cubic splines (after excluding 52 participants with the highest and
lowest exposures) the overall association was positive for
B-Cd>0:4, close to the 75th percentile cut point for the highest
quartile (Figure S1), whereas associations were positive begin-
ning at slightly higher and lower concentrations for women and
men, respectively (Figure S2).

The association with the highest vs. lowest B-Cd quartile was
stronger for CACS≥100 (PR 1.6; 95% CI: 1.3, 2.0), whereas PRs
for the second and third quartiles remained null. In men, PRs for
CACS≥100 were null for the second and third quartiles relative
to the first, whereas the PR for the highest quartile was 1.5 (95%
CI: 1.1, 1.9). Only 8 women had CACS≥100 among those in the
lowest quartile of B-Cd, resulting in imprecise estimates.
However, although PRs for the second and third quartiles were
not significant, they increased monotonically to a PR of 2.6 (95%
CI: 1.3, 5.5) for the highest vs. lowest quartile comparison. When
B-Cd was modeled as a continuous variable, a 1-ug=L increase
was associated with a significantly higher prevalence of
CACS≥100 overall (PR 1.25; 95% CI: 1.13, 1.38), with very
similar PRs for men and women (p=0:43 for interaction)
(Figure 1). Similar to CACS>0, when B-Cd was modeled using
cubic splines, the association was positive for concentrations near
and above the 75th percentile in men and women combined
(Figure 2) and men only (Figure S3A). In women spline model
estimates for CACS≥100 were imprecise but had a positive
slope throughout the B-Cd exposure distribution (Figure S3B).

The PR for CACS≥100 in association with a 1-ug=L increase
in B-Cd was significantly stronger for participants without hyper-
tension (PR 2.00; 95% CI: 1.64, 2.45) than in those with hyper-
tension (PR 1.08; 95% CI: 0.98, 1.20; p-interaction <0:001)
(Figure 1). Similarly, associations were stronger for participants
without (vs. with) diabetes and without (vs. with) a history of
myocardial infarction <60 y or stroke <65 y in a parent, and in
younger (<57 y) compared with older (≥57 y) participants,
though differences between groups were not significant (interac-
tion p-values 0.17–0.18). The PR for CACS≥100 was closer to
the null for current smokers than never or former smokers, but
estimates were imprecise for never and former smokers, and
interaction p-values were large.

When restricted to never-smokers, there were 2,446 observa-
tions for Model 2, and the median B-Cd concentration was
0:19 lg=L. When evaluated as a categorical variable using the
same quartile cut points as for the total population, the Q4 vs. Q1
comparison was not significant for CACS>0 (PR 1.1; 95% CI:
0.9, 1.3; 63 and 384 cases, respectively), with a similar but less
precise PR for a 1-lg=L increase in B-Cd (PR 1.1; 95% CI: 0.7,
1.6) (Table 3), and a flat exposure–response curve for all but the
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highest exposures when modeled using cubic splines (Figure S4).
Although the Q4 vs. Q1 comparison was significant for
CACS≥100 (PR 1.7; 95% CI: 1.1, 2.7), there were only 17 and
93 cases in the highest and lowest quartiles, respectively. The PR
for CACS≥100 with a 1-lg=L increase in continuous B-Cd was
also positive (PR 2.4; 95% CI: 1.2, 5.4) (Table 3), whereas the
cubic spline model suggested an imprecise but weak positive ex-
posure–response for B-Cd concentrations above approximately
0:2 lg=L (Figure S5).

When stratified by gender (for Model 2, 1,193 observations
and 228 cases in women, 1,253 cases and 620 cases in men) PRs
for CACS>0 in never-smokers were null or close to the null for
all comparisons, with the exception of a weak nonsignificant PR
for a 1-lg=L increase in B-Cd in men (PR 1.3; 95% CI: 0.8, 2.1
vs. PR 0.9; 95% CI: 0.4, 1.7 in women) (Table 3). For
CACS≥100 in female never-smokers (32 cases), there were too
few cases per quartile for meaningful comparisons. The PR for a
1-lg=L increase in B-Cd was positive but imprecise (PR 3.3;

95% CI: 1.5, 7.1) (Table 3). PRs were also imprecise for
CACS≥100 in male never-smokers (168 cases total), and closer
to the null than corresponding PRs for women (e.g., for a 1-lg=L
increase in B-Cd PR 1.5; 95% CI: 0.5, 4.9).

As expected (Grant 2014) ORs were larger than correspond-
ing PRs, but CIs were wider (Table S3). For example, in men and
women combined Model 2 ORs for the highest vs. lowest quartile
of B-Cd were 1.3 (95% CI: 1.1, 1.6) for CACS>0 and 1.9 (95%
CI: 1.4, 2.5) for CACS≥100. ORs were also slightly larger and
less precise than corresponding PRs when the analysis was re-
stricted to never-smokers (Table S4).

Sensitivity Analyses
Additional adjustment of Model 2 for cardiovascular risk factors,
study site, and cigarette pack-years (respectively) had little effect
on associations overall, or when stratified by gender (Table S5).
We also performed sensitivity analyses after excluding 26

Table 1. Characteristics of a Swedish population-based cohort (N =5,627) by quartiles of blood cadmium. Quartiles are mutually exclusive, but cut points in
the column are rounded.

Variable All Women Men

Quartiles of blood cadmium (lg=L)

<0:16 0.16 to 0.24 0.24 to 0.39 0.39 to 8.5

Number of participants 5,627 2,893 2,734 1,407 1,406 1,407 1,407
Blood cadmium, mean (median) 0.38 (0.24) 0.43 (0.29) 0.32 (0.19) 0.12 (0.12) 0.20 (0.20) 0.30 (0.30) 0.89 (0.63)
Age (y), mean±SE 57±0:1 57± 0:1 57± 0:1 57± 0:1 58± 0:1 58± 0:1 58± 0:1
Women [n (%)] 2,893 (51) 355 (25) 678 (48) 939 (67) 921 (65)
Men [n (%)] 2,734 (49) 1,052 (75) 728 (52) 468 (33) 486 (35)
Never smoker [n (%)] 2,520 (46) 1,227 (43) 1,293 (49) 950 (69) 727 (53) 589 (43) 254 (18)
Ex-smoker [n (%)] 2,100 (38) 1,156 (41) 944 (35) 392 (29) 601 (44) 690 (50) 417 (30)
Current smoker [n (%)] 883 (16) 454 (16) 429 (16) 29 (2.1) 45 (3.3) 96 (7.0) 713 (52)
Missing data on smoking category, n 124 56 68 36 33 32 23
Cigarette pack-years, mean±SEa

(missing data as for smoking category)
17± 0:3 16± 0:3 18± 0:4 9:5± 0:4 12± 0:4 15± 0:4 24± 0:4

BMI (kg=m2), mean± SE 27±0:1 26± 0:1 27± 0:1 27± 0:1 27± 0:1 27± 0:1 27± 0:1
Waist (cm), mean±SE
(n missing)

94± 0:2
(1)

89± 0:2
(1)

99± 0:2 97± 0:3 94± 0:3 92± 0:3 93± 0:3
(1)

Hypertension [n (%)]
(n missing)

1,610 (29)
(154)

761 (27)
(63)

849 (32)
(91)

396 (29)
(31)

388 (28)
(26)

372 (27)
(39)

454 (34)
(58)

Diabetes mellitus [n (%)] 376 (6.7) 144 (5.0) 232 (8.5) 88 (6.3) 91 (6.5) 87 (6.2) 110 (7.8)
Lipid lowering treatment [n (%)] 361 (6.4) 154 (5.3) 207 (7.6) 74 (5.3) 92 (6.5) 96 (6.8) 99 (7.0)
Systolic BP (mm Hg), mean± SE
(n missing)

122± 0:2
(3)

118± 0:3
(1)

126± 0:3
(2)

124± 0:4
(3)

122± 0:4 120± 0:4 122± 0:5

Diastolic BP (mm Hg), mean±SE
(n missing)

73± 0:1
(3)

71± 0:2
(1)

74± 0:2
(2)

74± 0:3
(3)

72± 0:3 72± 0:3 73± 0:3

LDL cholesterol (mmol/L), mean± SE
(n missing)

3:7± 0:01
(10)

3:7± 0:02
(4)

3:7± 0:02
(6)

3:7± 0:02
(4)

3:7± 0:03
(1)

3:6± 0:03
(3)

3:7± 0:03
(2)

HDL cholesterol (mmol/L), mean±SE
(n missing)

1:7± 0:01
(10)

1:9± 0:01
(5)

1:4± 0:01
(5)

1:5± 0:01
(3)

1:7± 0:01
(1)

1:8± 0:01
(4)

1:7± 0:01
(2)

LDL/HDL ratio, mean±SE
(n missing)

2:4± 0:01
(11)

2:1± 0:02
(5)

2:7± 0:02
(6)

2:6± 0:03
(4)

2:4± 0:03
(1)

2:2± 0:03
(4)

2:5± 0:03
(2)

CRP (mg/L), mean (median)
(n missing)

2.0 (1.0)
(9)

2.0 (1.0)
(4)

2.0 (1.0)
(5)

1.9 (1.0)
(3)

1.8 (0.9)
(1)

1.9 (0.9)
(3)

2.3 (1.3)
(2)

Family history, AMI or strokeb [n (%)]
(n missing)

592 (11)
(188)

344 (12)
(85)

248 (9.4)
(103)

145 (11)
(46)

140 (10)
(35)

151 (11)
(43)

156 (12)
(63)

Born outside Sweden [n (%)]
(n missing)

1,145 (21)
(99)

592 (21)
(42)

553 (21)
(57)

156 (11)
(21)

225 (16)
(19)

314 (23)
(20)

450 (33)
(39)

Low education level [n (%)] 578 (11) 264 (9.3) 314 (12) 112 (8.1) 128 (9.3) 131 (9.5) 207 (15)
Medium education level [n (%)] 2,460 (45) 1,189 (42) 1,271 (48) 602 (44) 584 (42) 595 (43) 679 (50)
High education level [n (%)] 2,480 (45) 1,392 (49) 1,088 (41) 670 (48) 672 (49) 657 (48) 481 (35)
Missing data on education level, n (109) (48) (61) (23) (22) (24) (40)
Sedentary leisure time [n (%)] 676 (12) 299 (11) 377 (14) 148 (11) 125 (9.1) 159 (12) 244 (19)
Non-sedentary leisure time [n (%)] 4,735 (88) 2,501 (89) 2,234 (86) 1,218 (89) 1,246 (91) 1,199 (88) 1,072 (81)
Missing data on leisure time, n (216) (93) (123) (41) (35) (49) (91)
Calcium score >0, n (%)c 2,301 (41) 781 (27) 1,520 (56) 622 (44) 561 (40) 492 (35) 626 (44)
Calcium score ≥100, n (%)d 705 (13) 181 (6.3) 524 (19) 164 (12) 161 (11) 138 (9.8) 242 (17)

Note: BMI, body mass index; BP, blood pressure; CRP, C-reactive protein; LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol; SE, standard error.
aAmong current or former smokers.
bIf either myocardial infarction at age <60 y, or stroke at age <65 y.
cAgatston score >0, sum of scores in three coronary arteries.
dAgatston score ≥100, sum of scores in three coronary arteries.
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participants with B-Cd below the 0.5th percentile (2 women, 1 of
whom had CACS≥100, and 24 men, including 14 with CACS>0,
2 of whom had CACS≥100), and 26 with B-Cd above the 99.5th
percentile (18 women, including 8 with CACS>0, 5 of whom had
CACS≥100, and 8 men, all of whom had CACS>0, including 4
with CACS≥100). Results were similar to the primary model esti-
mates for CACS>0 and for associations between B-Cd quartiles
and CACS≥100 (Table S5). However, PRs for a 1-lg=L increase
in B-Cdwere stronger for men and women combined (PR 1.7; 95%
CI: 1.4, 2.0 compared with PR 1.3; 95% CI: 1.1, 1.4 before exclud-
ing the 52 individuals) and for women (PR 2.6; 95% CI: 1.8, 3.6
comparedwith PR 1.2; 95%CI: 1.1, 1.4) (Table S5).

Discussion
The present population-based study showed a statistically signifi-
cant positive association between CACS and B-Cd for both cal-
cium score >0 and ≥100 Agatston units. Compared with the
lowest quartile B-Cd, the estimated prevalence of CACS≥100was
60% (95% CI: 30%, 100%) higher for those in the highest quartile
in the main model. The study adjusted for lifestyle habits together
with traditional cardiovascular risk factors in the statistical analy-
ses, and used awell-establishedmeasure of cadmium exposure.

Our findings support the hypothesis that high cadmium expo-
sure is accompanied by increased coronary calcification. To our
knowledge, this is the first study to report on coronary atheroscle-
rosis, measured as coronary artery calcium, in relation to cadmium
exposure. These findings suggest that coronary atherosclerosis is a
mechanism behind the association between blood or urine cad-
mium and incident coronary heart disease found in prospective
population studies (Tellez-Plaza et al. 2013b; Barregard et al.
2016). Associations with cadmium have also been reported for
stroke and cardiovascular mortality (Nawrot et al. 2008; Menke
et al. 2009; Li et al. 2011; Tellez-Plaza et al. 2012, 2013b;
Barregard et al. 2016).

CACS vs. Coronary Artery Plaque
The present study used the Agatston score as a proxy for coro-
nary atherosclerosis. The CACS is widely used both in clinical

risk evaluation as well as in research, and it closely reflects the
occurrence of coronary atherosclerosis, as evidenced by studies
of coronary CT angiography and autopsy reports (Greenland et al.
2007, Mori et al. 2018). Furthermore, CACS provides additional
predictive capacity for cardiovascular disease on top of tradi-
tional risk scores (Elias-Smale et al. 2010; Tota-Maharaj et al.
2014; Greenland et al. 2018). For example, in the Multi-Ethnic
Study of Atherosclerosis (MESA) cohort the risk of future CHD
events was about 12 times higher at CACS>100 compared with
CACS=0 (Tota-Maharaj et al. 2014).

Arterial calcification occurs with increasing age, atherosclero-
sis, and metabolic disorders such as diabetes mellitus (Wu et al.
2013; Heymann et al. 2012). The chronic inflammatory process,
which is a driver of atherosclerosis, activates not only the innate
inflammatory system and immune cells but also vascular cells,
leading to vascular remodeling that includes fibrosis and
calcification.

Cadmium and Proatherosclerotic Mechanisms
Previous clinical studies on the direct proatherosclerotic effect of
cadmium exposure have focused on subclinical as well as symp-
tomatic carotid plaques and peripheral artery disease (Fagerberg
et al. 2012, 2013, 2015; Bergström 2015a; Tellez-Plaza et al.
2010). These studies showed significant cross-sectional associa-
tions between B-Cd and carotid plaques or decreased ankle-
brachial index. In a prospective study, urinary cadmium concen-
tration was associated with the progression of carotid atheroscle-
rosis (Fagerberg 2012).

Atherosclerosis is an inflammatory disease that is induced by
subintimal accumulation of pro-atherogenic lipids (Hansson et al.
2015) and is closely related to aging. At the age of the present study
participants (50–64 y), about half of the men from the United States
and Sweden have coronary atherosclerosis, as assessed by positive
CACS, with lower but still considerable levels in women
(McClelland et al. 2006; Östgren et al. 2020). The high prevalence
makes it obvious that the majority of these plaques do not cause
myocardial infarction or acute coronary syndromes. Transformation
into a vulnerable plaque is a necessary prerequisite before causing

Table 2. Prevalence ratios (95% confidence intervals) for coronary artery calcium score (Agatston score) >0, and ≥100 by sex and blood cadmium concentra-
tion in a Swedish cohort (n=5,627). Quartiles are mutually-exclusive, but cut points in the columns are rounded.

Outcome, group,
and model

Number of
cases/subjects

PR per
1 lg=L

PR (95% CI) and number of cases/total number per quartile of blood cadmium (Q1–Q4) in lg=L

1 2 3 4

<0:16 0.16 to 0.24 0.24 to 0.39 0.39 to 8.5

Calcium score >0
All
Model 1 (age and sex) 2,301/5,627 1.2 (1.1, 1.3) 1.0 (622/1,407) 1.0 (0.9, 1.1) (561/1,406) 1.0 (0.9, 1.1) (492/1,407) 1.3 (1.2, 1.5) 626/1,407)
Model 2a 2,143/5,295 1.1 (1.1, 1.2) 1.0 (574/1,329) 1.0 (0.9, 1.1) (527/1,342) 0.9 (0.9, 1.0) (454/1,320) 1.1 (1.0, 1.3) (588/1,304)

Women
Model 1 (age) 781/2,893 1.2 (1.1, 1.4) 1.0 (82/355) 1.0 (0.8, 1.3) (172/678) 0.9 (0.8, 1.2) (222/939) 1.4 (1.1, 1.7) (305/921)
Model 2a 735/2,745 1.1 (1.0, 1.2) 1.0 (73/338) 1.0 (0.8, 1.3) (164/659) 0.9 (0.7, 1.2) (206/883) 1.2 (0.9, 1.5) (292/865)

Men
Model 1 (age) 1,520/2,734 1.2 (1.1, 1.2) 1.0 (540/1,042) 1.0 (0.9, 1.1) 389/728 1.0 (0.9, 1.1) 270/468 1.3 (1.2, 1.3) 321/486
Model 2a 1,408/2,550 1.1 (1.0, 1.2) 1.0 (501/991) 1.0 (0.9, 1.1) 363/683 1.0 (0.9, 1.1) 248/437 1.2 (1.0, 1.3) 296/439

Calcium score ≥100
All
Model 1 (age and sex) 702/5,627 1.5 (1.4, 1.6) 1.0 (163/1,407) 1.1 (0.9, 1.3) 161/1,406 1.1 (0.9, 1.4) 138/1,407 2.0 (1.7, 2.4) 240/1,407
Model 2a 654/5,295 1.3 (1.1, 1.4) 1.0 (148/1,329) 1.1 (0.9, 1.3) 152/1,342 1.0 (0.8, 1.3) 126/1,320 1.6 (1.3, 2.0) 228/1,304

Women
Model 1 (age) 181/2,893 1.5 (1.3, 1.7) 1.0 (10/355) 1.3 (0.6, 2.6) 28/678 1.6 (0.8, 3.1) 48/939 3.4 (1.8, 6.4) 95/921
Model 2a 170/2,745 1.2 (1.1, 1.4) 1.0 (8/338) 1.4 (0.6, 3.1) 27/659 1.6 (0.7, 3.3) 45/883 2.6 (1.3, 5.5) 90/865

Men
Model 1 (age) 521/2,734 1.5 (1.3, 1.6) 1.0 (153/1,052) 1.1 (0.9, 1.4) 133/728 1.1 (0.9, 1.4) 90/468 1.8 (1.5, 2.2) 145/486
Model 2a 484/2,550 1.2 (1.1, 1.4) 1.0 (140/991) 1.1 (0.9, 1.4) 125/683 1.0 (0.8, 1.3) 81/437 1.5 (1.1, 1.9) 138/439

Note: CI, confidence interval; HDL, high-density lipoprotein; LDL, low-density lipoprotein; PR, prevalence ratio; Q, quartile.
aModel 2: Model 1+smoking (never, former, current), hypertension, diabetes, family history, LDL/HDL ratio.
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thrombosis and blood flow perturbations (Thim et al. 2008). Hence,
an overview of the proatherosclerotic effects of cadmium exposure
should include mechanisms related to both the occurrence and
growth of plaques and the development of plaque vulnerability.

First, observations in humans and experimental studies (in ani-
mals and in vitro) suggest that cadmium exposure is associated
with multiple proatherosclerotic effects, acting simultaneously and
leading to the occurrence of atherosclerosis (as reviewed by
Tinkov et al. 2018). There are experimental studies and population
studies, mainly fromAsian countries, suggesting that cadmium ex-
posure is associated with a proatherosclerotic lipid profile (Tinkov
et al. 2018). In mice models, cadmium accelerates the progression
of atherosclerosis and cause endothelial dysfunction and damage
(Messner et al. 2009; Tinkov et al. 2018). Studies in humans, ani-
mals and cell culture experiments show that cadmium is associated
with hyperlipidemia, lipid retention, LDL cholesterol oxidation,
endothelial dysfunction and damage with migration of inflamma-
tory cells into the arterial wall as reviewed by (Tinkov et al. (2018).
However, the proinflammatory effect of cadmium is still unclear,
and it appears that themost consistent data concerningmechanisms
include increased levels of reactive oxygen species and endothelial
dysfunction (Santos-Gallego and Jialal 2016). A key step in plaque

formation is the trapping of LDL-containing lipoprotein particles
by proteoglycans in the arterial wall. It has been shown in experi-
mental studies that cadmium promotes such retention of athero-
genic lipoproteins (Tinkov et al. 2018).

Second, inflammation is a central feature in plaque vulnerabil-
ity (Tinkov et al. 2018). There are a few observations linking cad-
mium to plaque vulnerability. In endarterectomies from patients
operated on for symptomatic carotid stenosis, the intraplaque
cadmium concentration was highest in the part of the plaque that
is most prone to rupture and the intraplaque concentration of
macrophages in this part of the plaque correlated with the circu-
lating B-Cd levels (Bergström et al. 2015a; Fagerberg et al.
2016).

Smoking
Smoking is a potential confounder because it is a major risk fac-
tor for atherosclerosis and cigarette smoke contributes to cad-
mium exposure. Our results were, however, adjusted for smoking
category, and in a sensitivity analysis we also added the number
of pack-years to the statistical models. Restricting the analyses to
never-smokers reduced the total number of cases with CACS>0

Figure 1. Forest plot of overall and stratified prevalence ratios and 95% confidence intervals for CACS≥100, adjusted for age, sex, smoking, hypertension, dia-
betes mellitus, family history and LDL/HDL ratio (Model 2), in a Swedish population-based cohort, using blood cadmium as continuous variable (lg=L). The
PR estimates were obtained in separate stratum-specific models. The p-values for interaction between blood cadmium (as a continuous variable) and stratifica-
tion variables were obtained in separate models for each stratification variable. The interaction p-values for smoking categories are for comparison with never-
smokers. Some corresponding numerical data are also shown in Table 2. Note: CACS, coronary artery calcium score; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; PR, prevalence ratio.
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by two-thirds and reduced the number of participants in the high-
est quartile by >80%, resulting in imprecise estimates (Table 3).
The positive association between high B-Cd (Q4 vs. Q1) and
CACS≥100 in never-smokers (PR 1.7; 95%CI: 1.1, 2.7) was simi-
lar to the estimated association in all participants (PR 1.6; 95% CI:
1.3, 2.0). However, this was driven by a stronger association in
never smoking women (PR 3.2; 95% CI: 0.9, 11 based on only 11
cases in Q4 and 3 cases in Q1) whereas the corresponding estimate
was close to the null for male never-smokers (PR 1.2; 95% CI: 0.6,
2.3 based on 6 cases in Q4 and 90 in Q1). Additional studies with
larger numbers of observations are needed to confirm associations
overall and in never-smokers specifically, and clarify possible dif-
ferences betweenwomen andmen.

The present study focused on CACS as a measure of coronary
atherosclerosis. When considering coronary heart disease events,
risk estimates for blood or urine cadmium in never-smokers have
been similar to risk estimates based on all smoking categories,
although more imprecise (Tellez-Plaza et al. 2013b; Barregard
et al. 2016). It should be noted that cadmium may at least partly
be responsible for the well-known association between smoking
and atherosclerosis. This issue has been examined using media-
tion analysis of atherosclerotic plaques in the carotid artery in a
cross-sectional study of 4,009 Swedish individuals with varying
smoking habits and blood cadmium concentrations (Andersson
et al. 2018). In summary, the authors estimated that 60%–65% of
the association between smoking and the prevalence of plaque
was mediated by B-Cd.

We used B-Cd as a marker of exposure to this metal. B-Cd is
affected by both current exposure to cadmium, from diet and smok-
ing, and body burden (Akerstrom et al. 2013; Nordberg et al.
2015). Urinary cadmium is commonly used as a marker of body
burden. An analysis from the U.S. National Health and Nutrition
Examination Survey can be used to compare the validity of these

twomeasures in relation to smoking, the largest contributor in indi-
viduals with high cadmium exposure (Hecht et al. 2016). This
study showed that in former smokers, the correlation between
pack-years, as a measure of duration, and amount of smoking, was
higher for B-Cd comparedwith urinary cadmium. In two studies of
atherosclerosis, the associationwith both blood and urine cadmium
can be compared. For peripheral artery disease, the association was
stronger with urinary cadmium in men, whereas in women, the
association was stronger with B-Cd (Tellez-Plaza et al. 2010). In a
study of carotid artery atherosclerosis, associations with blood and
urinary cadmiumwere similar (Fagerberg et al. 2012).

Dose–Response and Effect Modification
As shown in Table 2 and Figure 2, the prevalence of positive
CACS as well as CACS≥100 starts to increase mainly when B-
Cd concentration is higher than 0:4 lg=L, suggesting that there
may be a threshold for the association between B-Cd and CACS.
Apart from CACS≥100 in women, there was little evidence of a
monotonic increase of PRs across the whole range of B-Cd, and
therefore we consider the PR estimates for Q4 more relevant than
those for B-Cd included as a continuous variable. In the present
population age 50–64 y, the median B-Cd was 0:24 lg=L, and
concentrations above 0:4 lg=L were found in about 20% of men
(2.5% in never-smokers) and 30% of women (16% in never-
smokers). B-Cd levels in Sweden are similar to those in the
United States (Miao and Ji 2019) and many European countries
(Meltzer et al. 2010; González-Estecha et al. 2011). The sub-
group analyses suggested that the association between B-Cd and
PR for high CAC score was more pronounced among participants
without hypertension. These results were, however, based on B-
Cd as a continuous variable, and we have no obvious explanation
for this subgroup result.

Figure 2. Adjusted prevalence ratio (solid line) with 95% CI (short dashed lines) for the relation between blood cadmium concentrations (lg=L) and the preva-
lence of CACS≥100 (Model 2, all individuals), in a Swedish population-based cohort. The PRs were modeled using unrestricted cubic splines with three knots
(0.16, 0.24, and 0.38) at blood cadmium percentiles 25%, 50%, and 75%, in a Poisson regression model adjusted for age, sex, smoking, hypertension, diabetes,
family history, and LDL/HDL ratio. The reference value for blood cadmium was 0:12 lg=L (median for Q1). The histogram shows the frequency distribution
of blood cadmium concentrations. Corresponding numerical data are shown in Table 2. Note: CACS, coronary artery calcium score; CI, confidence interval;
HDL, high-density lipoprotein; LDL, low-density lipoprotein; PR, prevalence ratio.
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Study Limitations
The participation rate of 52% is low, but previous estimates in the
SCAPIS-pilot cohort suggested only a small selective participa-
tion bias in estimates of history of cardiovascular disease
(Bonander et al. 2019). B-Cd is usually a good marker of long-
term cadmium exposure, but in participants who recently
changed their smoking habits, B-Cd will only partly reflect long-
term exposure. Although the B-Cd levels are similar to those
found in Europe (Meltzer et al. 2010; González-Estecha et al.
2011) and the United States (Miao and Ji 2019), the findings in
this Swedish cohort are not necessarily relevant for populations
with higher dietary cadmium exposure, as found for example in
many Asian countries (Jeong et al. 2020). Coronary calcification
is a good marker for coronary atherosclerosis in general, but the
calcium score does not provide information on the distribution of
atherosclerosis, the noncalcified portions of atherosclerosis,
degree of stenosis, and other plaque features associated with
high-risk coronary atherosclerosis (Maurovich-Horvat et al.
2014). Consequently, it is a limitation that coronary plaques were
not directly imaged. A valid CAC score could not be determined
for 101 participants who had previously undergone coronary
interventions. Another limitation is the limited samples sizes in
never-smokers, especially when stratified for gender. This was
partly due to the use of quartile cut points for the population as a
whole also when stratifying by gender and when restricting the
analyses to never-smokers. The fact that most covariates in
adjusted models were dichotomous is also a limitation. Finally,
but importantly, this was a cross-sectional study.

Conclusions
B-Cd was positively associated with coronary calcium score in
Swedish middle-aged adults, adding further support to evidence
that Cd has proatherosclerotic effects on coronary arteries. These
results agree well with previous epidemiological studies showing
associations between cadmium exposure and fatal and nonfatal
coronary heart disease. Exposure is mainly via diet and smoking
(Nordberg et al. 2015; Tinkov et al. 2018) and can therefore be

mitigated by implementing public health policies. Lowering the
population level exposure to cadmium has the potential to result
in substantial reductions in cardiovascular disease. This is sup-
ported by the TACT trial suggesting beneficial effects on cardio-
vascular risk of chelation therapy targeting lead and cadmium
burdens (Lamas et al. 2016). Future research should focus on
cadmium exposure and the prevalence and development of athe-
rosclerotic coronary plaques as assessed by direct imaging techni-
ques. A wider goal is to examine whether cadmium exposure is
involved in the transformation of atherosclerotic lesions into vul-
nerable plaques.
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