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Abstract

American Indian communities are at greater risk of hypertension and cardiovascular disease than 

the general US population and are exposed to greater cadmium levels. However, cadmium's effect 

on blood pressure is unclear. This study assesses the association between baseline urinary 

cadmium and longitudinal changes in blood pressure in American Indian communities. Cadmium 

was measured in 3047 baseline urine samples from Strong Heart Study participants from three 

geographic areas. Longitudinal changes in blood pressure across three study visits (1989–1999) 

were modeled using linear mixed models by baseline log urinary cadmium to creatinine ratio. 

Hypertension risk was evaluated using interval-censored survival analysis. Higher levels of urinary 

cadmium at baseline were associated with faster rates of increase in diastolic and systolic blood 

pressure (P [trend] = .001 and .02, respectively). The estimated change in diastolic and systolic 

blood pressures per year was 0.18 mm Hg (0.05–0.31) and 0.62 mm Hg (0.37–0.87) in the upper 

quintile of cadmium level compared with −0.11 mm Hg (−0.24 to 0.02) and 0.21 mm Hg (−0.04 to 

0.46) in the lowest, respectively. A one-unit increase in log-transformed urinary cadmium was 

associated with 10% greater hypertension risk (95% confidence interval: 1.01-1.20). In conclusion, 

blood pressure of individuals with greater baseline levels of urinary cadmium increased at a faster 

rate relative to those with lower levels.
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Introduction

Since 2000, approximately a quarter of the adult population worldwide had hypertension, 

defined as diastolic blood pressure (DBP) measurement of ≥90 mm Hg or systolic blood 

pressure (SBP) measurements of ≥140 mm Hg.1 The prevalence of hypertension in the 

United States is higher at 29.1%. Hypertension is a leading cause of cardiovascular disease 

(CVD)3 and chronic kidney disease.4 Although smoking, body mass index (BMI), diet, and 

physical inactivity are known to contribute to hypertension, an increasing body of evidence 

supports that metalloids and metals, such as arsenic, lead, and cadmium, may play a role.5,6

Cadmium is a heavy metal known to have a toxic effect on human kidneys and the skeletal 

and respiratory systems.7 Sources of human exposure include active and passive smoking, 

diet, and occupational exposures, including iron and steel production and phosphate 

fertilizers.8,9 Primarily, cadmium accumulates in the kidneys where it has a half-life of 10–

35 years.10 This accumulation can lead to renal tubular dysfunction.11 Cadmium exposure is 

also associated with an increased CVD risk, including peripheral arterial disease,12 heart 

failure,13 stroke,13 and myocardial infarction.14

American Indian communities are exposed to higher cadmium levels than the US 

population.15 Furthermore, they are at greater risk of CVD16 and other metabolic disorders 

including diabetes and obesity, than the general US population,17,18 highlighting these 

individuals as an at-risk population.

Previous studies have identified an adverse effect of metals on blood pressure (BP) and 

hypertension risk, including cadmium.19,20 However, findings have been inconsistent. A 

recent meta-analysis showed a positive association between blood cadmium and BP in 

women, but the study was limited by a small sample of population-based studies.21 Some 

studies have not found evidence of a relationship between cadmium and subsequent BP 

levels,22 whereas ours and other studies have identified an association, but lacked 

temporality due to a cross-sectional design.23,24

Within this context, we studied data collected from American Indian communities from the 

Northern and Southern plains and the Southwest and sought to address the nature of the 

relationship between urinary cadmium, an established biomarker of cadmium exposure,25 

and both longitudinal BP and hypertension risk.

Materials and Methods

Study Population

The Strong Heart Study (SHS) is a prospective cohort study of American Indian men and 

women. The study commenced from 1989 to 1991, recruiting men and women aged 45–75 

years from American Indian communities based in Arizona, Oklahoma, and North and 
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South Dakota. All eligible individuals in the communities in Arizona and Oklahoma were 

invited to participate, whereas a cluster sampling technique was used to invite participants 

from North and South Dakota communities.26 Three thousand five hundred sixteen 

individuals (78% of those invited) consented to take part in the study and were included in 

this analysis, and 468 individuals were excluded as they lacked either a urinary cadmium or 

creatinine measurement. A further 200 individuals were excluded from the BP analysis, and 

183 individuals were excluded from the hypertension analysis, due to missing covariate data 

and either BP measurements or hypertension data, respectively. This resulted in a cohort of 

2853 in the BP analyses and 2865 in the hypertension analyses. All participants provided 

written and oral informed consent. The protocol for the SHS was approved by the 

Institutional Indian Health Service Review Boards, institutional review boards and by the 

participating communities.

Data Collection

Participants reported sociodemographic factors, smoking status, and medical history in a 

baseline questionnaire. A physical examination provided anthropometric measures, 

including height, weight, and BP, with a fasting blood test and spot urine collection. 

Participants were followed up between 1993 and 1995, and between 1998 and 1999. Deaths 

occurring during the follow-up were confirmed through the Indian Health Service or private 

hospital records and through direct contact by study personnel with participants' families or 

other informants, and included medical records, autopsy reports, and informant interviews; 

all materials were independently reviewed by physician members of the SHS study's 

morbidity and mortality committees.27 Fatal coronary heart disease was defined by the 

occurrence of fatal myocardial infarction or sudden death. Other fatal events were classified 

as definitive or possible fatal stroke, or definitive or possible heart failure. Follow-up went 

from 1989 to 1991 through December 31, 2006.

Urinary Cadmium Measurement

The methodology has been described previously.15 Briefly, spot urine samples were 

collected in polypropylene tubes in the morning of the baseline visit and frozen within 2 

hours. After defrosting, dilution, and centrifugation, the cadmium concentration was 

measured using inductively coupled plasma mass spectrometry (Agilent 7700× ICP-MS; 

Agilent Technologies, Waldbronn, Germany). The “Seronorm Trace Elements Urine Blank” 

(SERO AS, Bill-ingstad, Norway) was used for quality control. The limit of detection for 

urinary cadmium was 0.015 μg/L; three samples were below the limit of detection. The 

intra-assay and interassay coefficients of variation for cadmium in the SHS were 1.3% and 

8.7%, respectively.

To account for kidney function differences, automated alkaline picrate methodology was 

used to assay urinary creatinine.26 Creatinine-adjusted urinary cadmium levels were 

calculated from the ratio of urinary cadmium to creatinine. Quintiles of log-transformed 

creatinine-adjusted urinary cadmium were calculated, with the lowest quintile as the 

reference group, and when using continuous measures of cadmium exposure, the logarithm 

was taken to normalize the distribution.

Oliver-Williams et al. Page 3

J Am Soc Hypertens. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



BP Measurement and Hypertension Definition

During the physical examination at each visit, brachial artery BP (first and fifth Korotkoff 

sounds) was measured three consecutive times by a mercury sphygmomanometer (WA 

Baum Co). Participants were seated and rested for five minutes before the measurement. An 

appropriately sized cuff was placed on the right arm, pulse occlusion pressure was 

determined, and the cuff was inflated to 20 mm Hg above that pressure. The mean of the last 

two measurements was used to estimate the BP.

Hypertension was defined as the use of antihypertension medication, or a SBP of 140 mm 

Hg or greater or a DBP of 90 mm Hg or greater. A constant was added to the BP of 

individuals using antihypertensive medication, an established method to adjust for 

medication use, that has less bias and greater power than other methods.28 A 10 mm Hg 

constant was added to SBP and 5 mm Hg was added to DBP.

Covariates

Smoking was defined as ever, never, or current. Current smokers were defined as those who 

reported smoking more than 100 cigarettes in their lifetime and stated they currently 

smoked. BMI was calculated from weight in kilograms divided by the square of height in 

meters. Years of education and physical activity, through walking and leisure activity, were 

self-reported at baseline. From the latter, the metabolic equivalent of the task per week was 

calculated.29

Diabetes was defined by use of diabetic medication, a fasting glucose measurement of ≥126 

mg/dL, or HbA1c measurement of ≥6.5%. Individuals were recorded as having a history of 

prior heart conditions if they reported a previous heart attack, heart failure, heart 

catheterization, or another heart condition.

Triglycerides, total cholesterol and high-density lipoprotein cholesterol (HDL-c), were 

measured from blood samples. The estimated glomerular filtration rate (eGFR) was 

calculated using the Chronic Kidney Disease-Epidemiology Collaboration creatinine 

equation based on serum creatinine, measured by an alkaline picrate rate method, by sex, 

and age.30

Urine arsenic species were used to assess long-term arsenic exposure using thawed urine 

samples, using up to 1 mL of urine, in 2007 (Trace Element Laboratory, Graz University, 

Graz, Austria). The analytical methods and quality control for arsenic analysis have been 

described previously.31 The sum of inorganic and methylated arsenic species concentrations 

were determined by high-performance liquid chromatography linked with inductively 

coupled mass spectrometry.

Statistical Analyses

Participant characteristics were summarized by quintiles of creatinine-adjusted urinary 

cadmium measurement. Continuous variables were presented by median and interquartile 

range and compared by using Kruskal-Wallis tests. Categorical variables were presented as 

number and percentage, and compared by using χ2 tests. SBP, DBP, and pulse pressure (PP), 

adjusted for antihypertensive treatment, were summarized separately for each visit.
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Mixed effects linear models were used to estimate the linear trends over time for SBP, DBP, 

and PP separately in relation to log-transformed creatinine-adjusted cadmium at baseline, 

modeling the exposure both in quintiles and continuously. As less than 5% of individuals 

had missing data on relevant variables, there was minimal data loss, and, as we have no 

reason to believe the missing data are not missing at random, all models were constructed 

using individuals with complete data.

The first model included baseline age, centered at 44 years, the square of that term, 

recruiting center, and an interaction between creatinine-adjusted urinary cadmium in 

quintiles and time (duration since first visit) as fixed effects. The same terms were included 

in the fully adjusted model along with baseline measurements of: eGFR, BMI, duration of 

education, diabetes, smoking history, alcohol consumption status, physical activity during 

the previous week (measured in metabolic equivalent of the task), tri-glycerides, total 

cholesterol, and HDL-c levels. In both models, time was included as a random effect in 

addition to the random intercept for each subject.

The estimated annual changes in SBP, DBP, and PP were calculated separately for each 

quintile, and the mean and 95% confidence interval (CI) predicted at 5-year intervals were 

estimated for each quintile from the mixed linear models and the results displayed 

graphically.

Hypertension was assessed prospectively, and risk was modeled using a Cox regression 

model. Censoring occurred at intervals as hypertension was only ascertained at visits. To 

take into account this censoring, an interval-censored survival analysis program was used. 

The time scale was duration since the first visit, the event of interest was hypertension, and 

individuals were censored at the last visit if they were never hypertensive. Urinary cadmium 

levels were both categorized into quintiles, with the lowest quintile as the reference group, 

and treated continuously using the log-transformed creatinine-adjusted cadmium.

Using individuals with complete data on the relevant covariates, associations with 

hypertension were initially assessed in unadjusted models. A subsequent model (model 1) 

adjusting for sex, age, and center was constructed. Model 2 further adjusted for eGFR, BMI, 

education level, alcohol consumption, diabetes status, triglycerides, total cholesterol, HDL-

c, and physical activity level.

As smoking is a common determinant of both cadmium level and hypertension, in both the 

unadjusted and fully adjusted models, the change in the association with and without 

adjustment for smoking was compared using only individuals with complete data on 

smoking and all relevant covariates from model 2.

Sensitivity analyses were conducted to assess the consistency of the BP findings. The 

analyses were stratified by smoking status, center, and sex. A Bonferroni correction was 

applied to account for multiple sensitivity analyses that were conducted. Five further 

analyses, evaluating (1) BP unadjusted for reported antihypertensive treatment, (2) exclusion 

of individuals with a history of heart conditions, (3) exclusion of individuals with baseline 

hypertension, (4) adjusting for packs per year to reflect the quantity of cigarettes smoked, 
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and (5) adjusting for the sum of inorganic and methylated urinary arsenic, were also 

conducted.

All analyses were conducted on STATA release 14.2 (Stata Corp, College Station, TX, 

USA).

Results

Descriptive Statistics

The characteristics of the 3047 SHS participants are shown by quintile of baseline urinary 

cadmium measurement (Table 1). Several demographic, lifestyle, and clinical characteristics 

varied by quintile of urinary cadmium except for SBP in visit 3, PP in visit 1 and 3, and total 

cholesterol levels. When examining characteristics by visit, we found no evidence that 

duration of education, leisure activity, and the proportion of individuals at each center varied 

over time, although all other characteristics did (eTable 1).

Cadmium and Longitudinal BP

There was little difference in baseline SBP between cadmium quintiles in either the 

minimally or fully adjusted linear mixed models (Figures 1A and B). Over 10 years, SBP 

increased within all quintiles. However, in the fully adjusted model, the increase was 

greatest in the upper quintile of cadmium, with an average increase per year of 0.62 mm Hg 

(0.37–0.87) in SBP, and least in the lowest quintile, 0.21 mm Hg (−0.04 to 0.46) in SBP (P-

value for difference across all quintiles = 0.044) (Table 2). At the end of follow-up, the mean 

SBP for individuals was estimated to be 135.00 mm Hg (132.93–137.07) in the upper 

quintile and 132.54 mm Hg (130.48–134.60) for individuals in the lowest quintile of 

cadmium (Table 3).

When treated continuously, the per unit increase of log-transformed, creatinine-adjusted 

urinary cadmium was associated with an estimated increase of 0.19 mm Hg (0.04–0.34) in 

SBP per year in the fully adjusted model, P = .015.

Baseline DBP measurements were higher for individuals in the lower quintiles, and lower 

for individuals in the upper quintiles of cadmium regardless of adjustment (Figures 2A and 

B). After 10 years of follow-up, estimated DBP was lower for individuals in the lower 

quintile, whereas they increased in the upper quintile of cadmium. In the fully adjusted 

model, the estimated increase in DBP per year in the upper quintile was 0.18 mm Hg (0.05–

0.31), whereas the DBP measurement decreased per year in the lowest quintile, −0.11 mm 

Hg (−0.24 to 0.02) (P-value for difference across all quintiles = 0.001) (Table 2).

At the end of follow-up, the estimated DBP in the lowest quintile was 76.49 mm Hg (75.47–

77.51), and it was 77.31 mm Hg (76.28–78.34) in the upper quintile (Table 3). Consistent 

with this finding, per unit the log-transformed, creatinine-adjusted urinary cadmium was 

associated with an estimated increase in DBP of 0.13 mm Hg per year (0.05–0.21) (P = .

001).
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There were no consistent differences in PP between the quintiles at baseline (Figure 3A and 

B). At the end of the follow-up, the greatest estimated increase in PP was found in the upper 

quintile, 0.42 mm Hg (0.24–0.63), and the smallest change was estimated in the lowest 

quintile of cadmium, 0.31 mm Hg (0.11–0.51) (P = .858) in the fully adjusted model. The 

PP in the lowest quintile was estimated to be 56.02 mm Hg (54.42–57.62) at the end of the 

study, whereas the PP in the upper quintile was 57.60 mm Hg (55.99–59.21). Similarly, no 

evidence of a change in PP was found per year with log-transformed, creatinine-adjusted 

urinary cadmium, 0.06 mm Hg (−0.06 to 0.18) (P = .35).

Cadmium and Hypertension

The hazard ratio (HR) and 95% CI for hypertension per one unit increase in log-transformed 

urinary cadmium in the unadjusted interval-censored Cox regression model was 1.02 (0.95–

1.10). After adjustment for additional covariates, the HR increased and became statistically 

significant, HR = 1.10 (1.01–1.20) (Table 4).

Hypertension risk was greatest in the fourth and fifth quintiles, 1.15 (0.97–1.36) and 1.17 

(0.97–1.40), respectively, relative to the 1st quintile, but none of the HRs were statistically 

significant, which was consistent regardless of adjustment level (Table 4) and there was no 

statistical evidence of differences between quintiles (P = .91 for the test for differences 

across all quintiles). Further adjustment for smoking had minimal impact on the magnitude 

of the association when evaluating cadmium levels either continuously or categorically 

(eTable 2).

Sensitivity Analyses

After applying a Bonferroni correction, there was little evidence that the estimated temporal 

changes in SBP, DBP, and PP varied by sex, center, or smoking status (eFigures 1–3, eTables 

3–5). In addition, exclusion of individuals with a history of heart conditions, those with 

baseline hypertension, conducting the BP analyses unadjusted for hypertension treatment, 

and adjustment for packs per year did not materially alter our findings (eFigures 4 and 5, 

eTables 6–9). Finally, further adjustment for the sum of inorganic and methylated arsenic 

had negligible impact on the results.

Discussion

Main Findings

A positive independent relationship was found between creatinine-adjusted urinary cadmium 

and longitudinal SBP and DBP. Likewise, we found evidence that suggests that the risk of 

hypertension increased with greater levels of urinary cadmium.

SBP increased for individuals in all quintiles, reflecting age-dependent increases in BP. 

Across the 10 years of the study, the average SBP for individuals in the upper quintile 

increased by 6.16 mm Hg. For individuals in the lowest quintile, the increase was smaller, 

2.06 mm Hg. Increased SBP is associated with coronary heart disease events, stroke, and all-

cause mortality. For each 3 mm Hg difference in SBP, it has been estimated that there is a 

5% difference in coronary mortality, an 8% difference in stroke mortality, and a 4% 
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difference in all deaths, while a 5 mm Hg lower SBP lowers mortality by 9% for coronary 

deaths, 14% for stroke deaths, and 7% for all deaths.32 Therefore, the described increases in 

SBP over time in upper quintiles of urinary cadmium are of public health importance.

There was little absolute difference in DBP across the 10 years of the study. DBP in the 

lowest quintile decreased from 77.59 mm Hg (76.62–78.56) to 76.49 mm Hg (75.47– 77.51), 

an average decrease of 1.10 mm Hg. There was a small increase in DBP in the upper 

quintile, from 75.51 mm Hg (74.57–76.46) to 77.31 mm Hg (76.28– 78.34), a change of 

1.80 mm Hg. A reduction in DBP, as occurs in the lower quintiles, has been estimated to 

decrease the prevalence of CVD. A 2 mm Hg reduction in the population average of DBP 

for the white US residents, 35–64 years old, would lead to a 17% reduction in the prevalence 

of hypertension, a 14% reduction in stroke and transient ischemic attacks risk, and a 6% 

reduction in the coronary heart disease risk.33 We did not find significant differences in PP, 

which could occur when SBP increases with minimal changes in DBP.

Interpretation in Light of Other Evidence

Previous studies have reported mixed results; some have found evidence for raised SBP or 

DBP,34–37 whereas other studies have found no association.20,22,38–41 A previous meta-

analysis focusing on occupational exposure found an increased risk of hypertension relative 

to those without occupational exposure, odds ratio = 1.81 (1.03–3.20), and an increase in 

SBP and DBP.19 Similarly, animal models have demonstrated an increased prevalence of 

hypertension on cadmium exposure,42 whereas an ecological study found a negative 

association.43 In addition, in a cross-sectional study, a stronger association was noted in 

women,23 which was not replicated in the current analysis.

The diversity of previous findings may result from differing methodologies, as reflected by 

the large amount of between-study heterogeneity that was noted in the previous meta-

analyses.19,21 Heterogeneity may arise from multiple sources, including the method used to 

measure cadmium exposure. Cadmium can be measured in a range of biological samples 

including, blood, urine, nails, and hair. Null findings have been reported with hair40 and 

toenail measurements,20 but the validity of using toenails as a biomarker has been 

questioned, as in some studies cadmium toenail measurements have not be found to vary by 

smoking status.20

The study populations also differed, ranging from white elderly men20 to preschool 

children41 and the general Korean population.37 Cadmium exposure levels ranged from 

low20 to high.40 Differences in participants' age will also have affected the prevalence of 

hypertension already found in the population as well as the prevalence of other factors that 

affect BP. Participants' age varied from a mean of 72 years20 to a mean of 45 years19 and a 

minimum age of 20 years22 in studies of hypertension.

Importantly, some previous studies only used a single BP measure, rather than taking the 

average of several measures at a single time point,20 which may have resulted in 

nondifferential bias, attenuating any association.
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In spite of the inconsistencies in methodology and findings in previous studies, there are a 

number of mechanisms that may underpin any relationship between cadmium exposure and 

raised BP. Animal studies have provided evidence for cadmium's adverse role in DNA 

methylation,44 oxidative stress,45 inflammation,46 endothelial dysfunction, increased 

vasoconstriction,47 activation of the sympathetic nervous system,47 and reduced coronary 

flow,48 whereas studies of in vitro human cells have provided further evidence for 

endothelial dysfunction,49 renal tubular damage, and sodium retention.11

Strengths and Limitations

This study has a number of strengths. It focuses on an underserved ethnic group of American 

Indians. This is an important population, who have high rates of CVD,50 dia-betes51, and 

chronic kidney disease,52 as well as greater than population average body burden of metals.
53 In addition, this is a population-based study of individuals who are exposed to lower 

levels of metals than individuals with occupational exposure, thus providing a relevant 

public health estimate of risk and evidence that cadmium exposure remains a risk factor for 

hypertension at lower levels.

Methodological strengths include repeat standardized BP measurement. The study also uses 

BP measured longitudinally, ensuing temporality between exposure and outcome. In 

addition, with 10 years of follow-up available and an average recruitment age of 55.2 years, 

the study duration was sufficient to identify hypertension cases. This, combined with a large 

sample size, ensured sufficient power to not only assess the direct relationship but also 

conduct sensitivity analyses by subsections of the population.

This study is limited by a single measure of cadmium obtained at baseline visit, and 

fluctuations may have occurred over the 10 years of the study. However, urinary cadmium 

reflects body burden, and the biological half-life of cadmium in the urine has been estimated 

to be 13.6 years (9.0–28.2) for men and 13.9 years (11.2–19.4) for women, making this less 

of a concern.54

In addition, it was difficult to assess the impact of mortality as a competing interest when 

modeling hypertension risk.

Individuals diagnosed with hypertension after baseline may have altered their behavior, 

changing their dietary habits or smoking status, based on the diagnosis, which may have 

affected BP levels. However, based on the information from multiple visits, the majority of 

individuals diagnosed with hypertension after the study's onset did not alter their smoking 

behavior (10.3% of smokers who reported a diagnosis of hypertension or initiation 

antihypertensives stopped smoking).

It was not possible to evaluate the role of specific sources of cadmium exposure within this 

analysis. Multiple sources of cadmium exposure are thought to be involved in this 

population, including a diet high in processed meat8 and smoking. Although in some 

American Indian communities the prevalence of smoking is higher than the general 

population,55,56 the frequency of smoking is much lower,55 which suggests that smoking is 

unlikely to be sole sources of exposure given the greater levels of cadmium in this 
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population relative to other US ethnic groups. Other studies of American Indian 

communities have suggested that, small-scale motor vehicle repair,57 surface dust in jewelry-

making homes,58 and nearby mining and contaminating factories59,60 may be sources of 

exposure.

Future Research

Given the inconsistency of previous findings, subsequent research needs to evaluate the 

association in large, diverse prospective cohorts to robustly confirm these findings within 

both the larger population, and populations exposed to non-occupational raised cadmium 

levels.

It is also important to assess cadmium exposure in the light of other metals and metalloids. 

Additional adjustment for the sum of inorganic and methylated arsenic, also measured in the 

urine samples of this cohort, had negligible impact on the results. However, the correlation 

between the sum of inorganic and methylated arsenic and creatinine-adjusted cadmium in 

the SHS is low, whereas correlations between cadmium and both zinc and manganese have 

been found in some countries or communities,61 suggesting evaluation of cadmium exposure 

in conjunction with zinc and manganese may be worth investigating further.

Conclusion

We have identified a positive relationship between creatinine-adjusted urinary cadmium and 

longitudinal SBP and DBP in American Indians communities, already at greater risk of 

CVD. Urinary cadmium was also associated with incident hypertension risk, although this 

increased risk was not statistically significant. These findings have important public health 

implications about reducing cadmium exposure in general populations. Further research 

should focus on confirming these findings within the wider population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Estimated systolic blood pressure over time by quintiles of creatinine-adjusted urinary 

cadmium, in the (A) minimally adjusted and (B) fully adjusted models. Minimally adjusted 

for sex, age, age2, center. P-value for change over time: .055. Fully adjusted for sex, age, 

age2, center, estimated glomerular filtration rate, body mass index, smoking status, 

education duration, history of diabetes, triglyceride level, total cholesterol level, high-density 

lipoprotein cholesterol level, alcohol consumption, and physical activity. P-value for change 

over time: .044.
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Figure 2. 
Estimated diastolic blood pressure over time by quintiles of creatinine-adjusted urinary 

cadmium, in the (A) minimally adjusted and (B) fully adjusted models. Minimally adjusted 

for sex, age, age2, center. P-value for change over time: .002. Fully adjusted for sex, age, 

age2, center, estimated glomerular filtration rate, body mass index, smoking status, 

education duration, history of diabetes, triglyceride level, total cholesterol level, high-density 

lipoprotein cholesterol level, alcohol consumption, and physical activity. P-value for change 

over time: .001.
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Figure 3. 
Estimated pulse pressure over time by quintiles of creatinine-adjusted urinary cadmium, in 

the (A) minimally adjusted and (B) fully adjusted models. Minimally adjusted for sex, age, 

age2, center. P-value for change over time: .848. Fully adjusted for sex, age, age2, center, 

estimated glomerular filtration rate, body mass index, smoking status, education duration, 

history of diabetes, triglyceride level, total cholesterol level, high-density lipoprotein 

cholesterol level, alcohol consumption and physical activity. P-value for change over time: .

858.
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Table 4
Hazard ratios and 95% confidence intervals for the association between creatinine-
adjusted urinary cadmium level and risk of hypertension n = 2865

Incident Cases/N Unadjusted Model 1 Model 2

Continuous 626/2865 1.02 (0.95–1.10) 1.09 (1.01–1.19) 1.10 (1.01–1.20)

First quintile 114/564 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Second quintile 132/582 0.99 (0.85–1.15) 1.03 (0.89–1.21) 1.04 (0.89–1.22)

Third quintile 141/583 0.94 (0.81–1.10) 1.02 (0.87–1.20) 1.04 (0.89–1.23)

Fourth quintile 106/580 1.03 (0.88–1.21) 1.12 (0.95–1.32) 1.15 (0.97–1.36)

Fifth quintile 133/556 1.02 (0.87–1.20) 1.15 (0.97–1.37) 1.17 (0.97–1.40)

Model 1: Sex, age, and center.

Model 2: Model 1 + estimated glomerular filtration rate, body mass index, education level, alcohol consumption, diabetes status, triglycerides, total 
cholesterol, high-density lipoprotein cholesterol, physical activity level. 182 individuals excluded due to missing covariates.
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