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Background and Purpose: Cadmium has been associated with risk of cardiovascular events, 

including stroke. Human cadmium exposure occurs primarily through diet and tobacco smoke. 

Recent cohort studies have found an association with stroke, but residual confounding from 

smoking, could not be ruled out. We therefore conducted a case-cohort study to evaluate whether 

cadmium is associated with stroke in never-smokers.

Methods: The Danish Diet Cancer and Health cohort consists of Danes 50-64 years old, recruited 

in 1993-1997. From never-smoking cohort members without previous cancer or stroke we sampled 

a sub-cohort of 1200 persons. We also identified all (n=534) cases in the cohort with a validated 

stroke diagnosis between baseline and 2009. We quantified cadmium and creatinine concentrations 

from baseline urine samples and used cadmium per creatinine as our main exposure metric. We 

used Cox proportional hazards models to estimate hazard ratios (HRs) with age as time scale and 

adjusting for BMI, education and urinary cotinine with and without stratification by sex.

Results: The median urinary cadmium concentration was 0.21 μg cadmium/g creatinine in cases 

and 0.19 μg/g in the sub-cohort. The majority (83%) of stroke cases were diagnosed with ischemic 

stroke. The HR for stroke in the highest quartile of exposure (median 0.44 μg/g creatinine) 

was 1.11 (95% CI: 0.79-1.54) compared with the lowest quartile (median 0.10 μg/g creatinine). 

The HR per inter quartile range (IQR, 0.19 μg/g creatinine) was 1.02 (95% CI: 0.92-1.12). 

Among men, the HR per IQR higher levels of cadmium (0.16 μg/g creatinine) was 1.18 (95% 

CI: 0.92-1.52), and 1.00 (95% CI: 0.89-1.12) among women. Adjusting for creatinine or using 

osmolality instead of creatinine standardization generally attenuated observed relationships.

Conclusions: Our results do not support that low levels of cadmium exposure among never

smokers are strongly associated with risk of stroke, although results varied somewhat by sex and 

method of accounting for urinary dilution.
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Introduction

Stroke is one of the leading causes of morbidity and mortality in the world1. There are 

numerous established risk factors including hypertension, smoking, sedentary lifestyle, diet, 

obesity, diabetes, and air pollution2. Increasing evidence suggests that cadmium (Cd) may 

also pose a risk. Cd is a toxic metal primarily used for battery manufacture3. It is also 

a contaminant of fertilizers and soil from where it is absorbed by plants3. The primary 

source of human non-occupational Cd exposure is via diet and smoking4. Studies have 

found that Cd accumulates in vessel-walls5 and associated Cd with formation of plaques5, 

atherosclerosis6–8, hypertension9, 10, inflammation11, 12 and a recent study found that 

in headache patients, levels of Cd in blood was associated with unruptured intracranial 

aneurysms13. All these factors are associated with risk of stroke2 and epidemiological 

studies assessing Cd from blood or urine have generally indicated an association between 

Cd and stroke 7, 14–20. Smoking is a major source of cadmium as well as an established 

risk factor for stroke2. Levels of urinary cadmium is therefore a marker of smoking and 

associations observed between Cd and stroke may be due to smoking rather than cadmium 
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specifically . The few generally small, prospective studies attempting to resolve t this 

issue through sub-analyses restricted to non-smokers have produced conflicting results, 

ranging from no association to associations found among both smokers and non-smokers 
14, 15, 18, 19. Most epidemiological studies on health effects of Cd have focused on all strokes 
19 or ischemic strokes 18, 19. A recent study from Sweden found an association between 

blood Cd and subarachnoid hemorrhages 21, whereas an earlier Swedish study found no 

association between dietary Cd and hemorrhagic strokes, estimated using a food frequency 

questionnaire 22, 23. However, dietary questionnaires are not ideally suited to estimate long

term Cd exposure 24, 25. Cd accumulates in the kidneys with a half-life of 10-30 years via 

urinary excretion, and spot urine measurements provide an effective biomarker of long-term 

Cd burden26–28.

In the present study, we used urine Cd levels to investigate the relationship between Cd 

exposure and hazard of stroke in a large population of never smokers.

Methods

Data availability

Data from the Diet, Cancer and Health cohort is not publicly available due to Danish 

legislation concerning protection of personal data. Admission to accessing data is based on 

application to the principal investigators Anne Tjønneland and Kim Overvad, through whom 

the application will be distributed to the steering committee of the Diet, Cancer and Health 

cohort, who will then process the application and return to the applicant with a final decision 

regarding access to data. Also, acquisition of data requires compliance with all Danish and 

EU regulations. The e-mail address for Dr. Anne Tjønneland is: AnneT@Cancer.DK The 

email address for Dr. Kim Overvad is: KO@PH.AU.DK

Study population

The Danish Diet Cancer and Health (DCH) cohort consists of 57,053 persons aged 50-64 

years old at enrollment. The cohort is described in detail elsewhere 29. In brief, participants 

were recruited during the years 1993-1997 among residents of the two major urban areas 

in Demark (Aarhus and Copenhagen) and were required to have no diagnosed cancer at 

enrollment (after recruitment 581 cohort members were excluded due to prevalent cancer not 

yet registered at baseline). Participants answered an extensive questionnaire and provided a 

urinary sample at baseline, when a lab technician also took anthropometric measurements. 

By means of a personal identification number, universally applied in Denmark since 

196830, 31, members of the cohort were followed in the extensive nationwide health and 

administrative registers 32. For the present study, persons were excluded for not providing 

a urine sample (n=390) or for not having remaining urine in the biobank (n=772). Persons 

with missing information about smoking status (n=69) were also excluded. Finally, we 

excluded persons reporting to be current (n=19,916) or former smokers (n=15,931) leaving a 

study population for the present study of 19,394 persons.
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Ethics

The DCH study was approved by the research ethics committee for Copenhagen and 

Frederiksberg and all participants provided written informed consent at enrollment.

Cases and subcohort

To obtain a representative subcohort, we randomly selected 600 men and 600 women 

from the DCH cohort. The selection process is illustrated in figure 1. We then identified 

all potential cases of stroke (ICD10: I60, I61, I63, I64) within the DCH cohort until 

November 30th, 2009 by linkage to the Danish National Patient register33, 34. A physician 

with neurological experience reviewed medical records of all potential cases and identified 

45 primary strokes in the subcohort and 489 additional primary strokes within the rest 

of the DCH cohort35. Strokes were defined as cases with rapid onset of focal or global 

neurological deficit of vascular origin. Either MRI/CT scans should suggest stroke as the 

cause of the deficit or the deficit should persist beyond 24 hours and lead to death. The 

identified cases were divided into ischemic and hemorrhagic stroke (further divided into 

cerebral hemorrhage and subarachnoid hemorrhage) by means of records on CT, MRI, 

lumbar punctures, and autopsies. Only the first stroke diagnosis for each patient was counted 

in the present study and only stroke patients diagnosed after baseline were included. Details 

about the adjudication can be found elsewhere 35.

Cadmium and other urinary elements

For all members of the DCH cohort, spot urine samples were collected at baseline using 

trace-metal free methodology and the sample was deposited in a biobank. For each member 

of our subcohort and for all cases, a 1 ml sample was analyzed at RTI International’s 

Trace Metals Laboratory (Research Triangle Park, NC). Urinary samples from cases and 

subcohort members were analyzed in batches mixed and anonymized before shipment to the 

laboratory to ensure completely blinded analysis and to account for potential batch-to-batch 

variation in urine analysis. Details about the analysis of urinary samples as well as quality 

control can be found in the Data Supplement. In brief, we used an iCAP Q ICP-MS system 

(Thermo Scientific, Waltham, MA) equipped with a collision cell to determinate a suite 

of 19 elements including cadmium. The instrument was tuned daily to optimize sensitivity 

across the mass range and mitigate polyatomic interferences through use of the collision 

cell. Multiple isotopes were monitored for most elements to further account for potential 

analytical interferences, such as molybdenum for cadmium.

Urinary cotinine was measured by a cotinine ELISA bioassay kit by Abnova Corporation 

(Taipei, Taiwan). Urinary creatinine was quantified colorimetrically by the Jaffe reaction 

with a Cayman Chemicals (Ann Arbor, MI) Creatinine Assay Kit. Urinary osmolality was 

measured by a Model 3320 Micro-Osmometer by Advanced Instruments, Inc. (Norwood, 

MA).

Covariates

For each participant, we obtained information about potential confounders identified a 
priori. Apart from age and sex, information about hypertension, highest attained educational 

level, secondhand smoke exposure at work or at home, and whether participants participated 
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in sports was self-reported at baseline. For women, we also obtained information about 

parity and menopausal status. At baseline, BMI was calculated for all participants. Finally, 

we obtained information about first diagnosis of diabetes from the Danish diabetes register, 

which holds records on all cases of diabetes in Denmark since 199536.

Statistical analysis

In an unweighted or “Prentice” case-cohort approach, we used Cox proportional hazards 

models, to estimate hazard ratios (HRs) for stroke37 (We tested correlations of event time 

and scaled Schoenfeld residuals using tests adapted to the case-cohort setting,38 we did not 

find sufficient evidence to support deviations from proportional hazards: p-values ≥0.12). 

We used age as the timescale. Subcohort members were followed from baseline (i.e.: date 

of interview) until Nov 30, 2009, death (n=64), or stroke diagnosis, whichever came first 

(median follow-up time (25th, 75th percentile) for subcohort members: 13.5 (12.9, 14.2) 

years).

We calculated HRs for the three upper exposure quartiles with the first quartile as the 

reference, and tested for linear trend in this quartiles analysis assigning observations in each 

quartile of creatinine-standardized cadmium the median concentration of the quartile.

We also calculated HRs per IQR difference in creatinine-standardized Cd concentration. 

To evaluate linearity in this analysis we visually inspected natural cubic spline (knots at 

1st and 2nd tertile) and we used likelihood ratio tests to compare this spline model to a 

linear model interpreting the p-value as the p-value for non-linearity39. The IQR and cut-off 

points for quartiles were calculated among subcohort members. In the primary analysis, 

we calculated the HRs associated with Cd standardized by creatinine concentration (μg/g 

creatinine) in three models: 1) Adjusting for sex and age (time scale), 2) additionally 

adjusting for cotinine (continuous-linear term) and 3) (our primary fully adjusted model) 

with additional adjustment for BMI (continuous-linear term) and education (<8yrs, 8-10yrs 

and >10yrs). We also tested for effect modification by sex and conducted separate analysis 

for men and women with additional adjustment for menopausal status for the latter. Finally, 

we analyzed ischemic and hemorrhagic stroke separately censoring subjects if they had the 

other sub-type of stroke because we only had information about the first stroke.

In sensitivity analyses, we estimated the impact of substituting creatinine standardized 

cadmium concentrations below level of detection (LOD) (Median (25th, 75th) Cd LOD 

across batches= 0.002 (0.0008, 0.003); N< LOD= 28) with LOD/√2. We also conducted 

analyses restricted to the 5-95th percentile of creatinine standardized cadmium concentration 

to avoid potential undue impact of extreme observations.

In further sensitivity analyses, we investigated if the results were robust to different 

ways of accounting for urinary dilution: 1) we adjusted for creatinine; 2) we performed 

covariate-adjusted standardization as suggested by O’Brien et al (2016)40; 3) we adjusted 

for osmolality instead of for creatinine, and 4) we standardized the urinary concentration for 

osmolality, these analyses were also done stratified by sex. Some studies have suggested an 

association between Cd and diabetes which is an established risk factor for stroke. However, 

diabetes and kidney function are also potential intermediaries on the pathway between Cd 
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and stroke. We therefore performed sensitivity analyses, either excluding all participants 

with diabetes or excluding prevalent diabetes cases at baseline and adjusting for diabetes 

diagnosed during follow-up. We also did sensitivity analyses: 1) Adjusting for diabetes, 

hypertension and hypocholesteremia 2) Excluding all participants with urinary cotinine 

≥200ng/ml as these might be current smokers41. 3) Excluding participants with extreme 

creatinine levels (<0.03 g/L or >3g/L).

All analyses were conducted in R version 3.6.2 using the survival package and functions to 

account for the case-cohort study design.

Results:

Compared to subcohort members, cases were slightly older, more likely to be female and 

to have less education (Table 1). Cases had higher BMI, and female cases were less likely 

to be premenopausal. Cases were more likely than subcohort members to report exposure 

to second hand smoke after age 50 and had slightly higher urinary cadmium levels. In 

the subcohort, high levels of creatinine standardized urinary cadmium were associated with 

older age and being female (Table 1 in the data supplement). When comparing to the 1st 

quartile of creatine standardized cadmium levels the HRs for 3rd and 4th quartile were 1.10 

(95% CI: 0.81-1.59) and 1.11 (95% CI: 0.79-1.55) respectively (p-value for trend=0.56) 

(Table 2). The fully adjusted HR for stroke per 0.19 μg/g difference in cadmium levels 

was 1.02 (95% CI: 0.93-1.13). The spline plot provided some indication of elevated HR at 

the highest levels of exposure (Figure 2). All HR estimates, however, had wide confidence 

intervals reaching well above and below the null. HR estimates from the simpler models 1 

and 2 were similar to the fully adjusted estimates.

The p-value for effect modification by sex was 0.01. In analysis stratified by sex, the HR 

for women was close to the null. For men the HR per IQR was 1.18 (95% CI: 0.92-1.52) 

and when comparing the highest quartile of exposure (median=0.44 μg/g creatinine) to the 

lowest quartile (median=0.01 μg/g creatinine) the HR was 1.56 (0.89-2.73) with suggestion 

of dose response across intermediary quartiles (Table 3). Spline plots were also more 

indicative of a positive association in males (Figure 1 in the Data Supplement). However, for 

both men and women most HRs had wide confidence intervals.

The majority of stroke cases were ischemic (cases=445) and results for this group were 

similar to the overall analysis (Table 4, Figure 3). There were only 89 cases of hemorrhagic 

stroke (63 cerebral and 26 subarachnoid hemorrhages), the HR per IQR for these was 1.04 

(95% CI: 0.86-1.26) and categorical analysis and spline plots were generally closer to the 

null.

In sensitivity analysis setting creatinine standardized cadmium values below the limit of 

detection to LOD/√2 42 or excluding extreme values (outside 5-95th percentile) did not 

substantially change HR estimates (Table 2 in the Data Supplement). Alternative ways 

of accounting for urinary dilution produced HR per IQR ranging from 1.00 (95% CI: 

0.89-1.13) when adjusting for creatinine to 1.06 (95% CI: 0.97-1.17) when standardizing 

for osmolality (Table 3 and 4 in the Data Supplement). The categorical estimates when 
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using alternative ways to account for urinary dilution were quite variable and there was little 

evidence of positive dose response. The HRs associated with highest quartile of exposure 

ranged from 0.92 (95% CI: 0.60-1.41) when adjusting for creatinine to 1.08 (95% CI: 

0.65-1.47) when using covariate adjusted creatinine standardization (Table 3 and 4 in the 

Data Supplement). In these sensitivity analyses, all confidence intervals were wide enough 

to be compatible with both our main model and the null.

Sex stratified analysis standardizing for osmolality produced HRs of 1.03 (0.87-1.20) in men 

and 1.09 (0.97-1.21) in women (Table 5 in the Data Supplement).

Finally, we saw similar results when excluding all diabetics or excluding diabetics 

and adjusting for later incident diabetes, or adjusting for diabetes, hypertension and 

hypocholesteremia, or when excluding participants with high levels of urinary cotinine or 

with creatinine levels outside 0.03-3 g/L. (Table 6 and 7 in the Data Supplement).

Discussion

In this large prospective study of never smokers with up to 16 years of follow-up, we found 

little evidence that at low levels of urine Cd higher exposure levels might be associated 

with a higher hazard of stroke. There were weak indications of a moderately higher hazard 

of stroke among males. The evidence of association was attenuated when accounting for 

urinary dilution by other means than creatinine standardization. Due to small number of 

hemorrhagic cases we could not determine with confidence whether findings differed by 

stroke subtype.

Several prior studies have reported positive associations between blood or urinary 

Cd and risk of stroke7, 14–16, 18–20. Many of these studies have adjusted for 

smoking, but could not conclude if the observed associations related to Cd exposure 

independently of smoking7, 16, 20. Few studies have presented results specifically for never 

smokers14, 15, 18, 19, 21.

In a large Chinese case-control study with 1,016 never-smoking cases, Cd concentrations 

measured in plasma (which are not usually used in epidemiological studies, but were 

correlated with concentrations in whole blood) after diagnosis were associated with a 

fourfold (OR 4.08 95% CI: 2.75-6.06, 152 cases) higher risk of ischemic stroke comparing 

the fourth and first quartile14. In the Swedish prospective Malmö Diet and Cancer cohort 

with 111 strokes identified among never-smokers, the HRs for all stroke and ischemic stroke 

were 2.2 (95% CI: 1.0-4.8) and 2.5 (95% CI: 1.0-6.0), respectively, when comparing the 

upper to the lower quartile of blood Cd concentration19. In this Swedish cohort study, Cd 

levels were comparable to the ones observed in the present study, there were, however, only 

seven stroke cases at the highest exposure level, and there was no evidence of elevated 

risk at lower levels of exposure. Two studies in the United States have analyzed urinary 

Cd in never-smokers. Among Native Americans in the prospective Strong Heart Study with 

68 never-smoking stroke cases with high levels of Cd, there was not strong evidence of 

an association between Cd and stroke (HR=0.90 (95% CI: 0.49-1.65) when comparing the 

80th (1.52 μg/g creatinine) and 20th (0.55 μg/g creatinine) percentile of creatinine corrected 
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Cd concentration15, respectively. In the prospective REGARDS case-cohort study with 288 

never-smoking cases, creatinine corrected Cd levels in the third tertile (>0.56μg/g creatinine) 

were compared to the first tertile (<=0.31μg/g creatinine) and yielded a HR for stroke of 

1.27 (95% CI: 0.80-2.03) 18. The wide confidence intervals in these studies span the null 

compatible with the lack of strong association suggested by the present study. Even if some 

bias towards the null occurred due to exposure misclassification, the age of participants and 

the assessment of Cd from urine minimizes the likely impact on our results as discussed 

under strengths and limitations. It should, however, be noted that our categorical results are 

statistically compatible with higher risk as suggested by previous studies, illustrating that the 

limited precision of estimates and differences in methodology to some extent hamper direct 

comparison of studies.

A recent study also using the Malmö Diet and Cancer Cohort reported blood cadmium to 

be associated with a higher risk of subarachnoid hemorrhage 21. This association appeared 

largely attributable to smoking. Among never and former smokers the observed OR was 

1.40 (95% CI: 0.27-7.16) when comparing fourth quartile to the 1st-3rd quartile combined. 

Due to lack of precision, neither this result nor the ones from the present study, allow any 

conclusion regarding whether Cd is a risk factor for hemorrhagic stroke in never-smokers.

In women, creatinine-corrected levels of urinary Cd are generally higher than in men, which 

may be attributable to lower levels of creatinine and iron. In a review of the literature on 

Cd and cardiovascular disease, all individual studies reported positive associations in men 

whereas results were mixed for women but there was no apparent difference between sexes 

in a meta-analysis16. In our data, indications of a potential association with creatinine 

standardized Cd were weak and only apparent in males, and we cannot exclude the 

possibility that this resulted from chance. We are not aware of other studies that have 

investigated sex differences in the association between Cd and stroke among never smokers. 

When including smokers, the Chinese study14 and the American REGARDS18 study did not 

find differences by sex whereas the Strong Heart Study found stronger associations in men15 

and the Swedish Diet and Health Cohort found stronger associations in women19.

In our main model, we controlled for variation in urine density by creatinine standardization 

as this a widely used approach that has shown high within person stability in samples 

collected years apart 28, 43. There is however, no established consensus on how to 

best account for urinary dilution and we therefore also investigated other methods. In 

general these additional approaches produced even weaker indications of an association 

than creatinine standardization, especially in the categorical analyses. We have no good 

explanation for this but cautious interpretation of our main analyses is merited.

Strengths and limitations

It was a major strength of our study that that we could prospectively follow a large 

population consisting exclusively of never-smokers, over many years, in a country with 

high quality registers and free universal health care31, 32. This allowed for almost complete 

follow-up of the cohort as well as identification of incident cases from independent registers 

with little risk of socioeconomic position influencing likelihood of being registered as a 

case. Hospital discharge diagnoses of stroke, particularly for outpatients, have been found 
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to have limited validity. It was therefore a strength that all stroke cases were adjudicated by 

experts 35, which was done independently of the present study and thus blinded to exposure 

status. However, this limited our sample of stroke cases to those diagnosed prior to 2010. We 

also used completely blinded state-of-the-art methodology to quantify Cd in urine, which is 

considered a near ideal proxy for long-term Cd load44.

Furthermore, we accounted for urinary dilution in multiple ways using either creatinine 

or osmolality alerting us to the potential impact of how this was addressed. It was also 

a strength that urine samples were collected before diagnosis and while we only had one 

urinary spot sample for each participant several studies have demonstrated high intraclass 

correlation between Cd levels in samples taken weeks, months or years apart 28, 43, 45. We 

adjusted for urinary cotinine rather than self-reported passive smoking, and even though 

both metrics address exposure around baseline, use of cotinine captures both second- and 

third-hand smoke exposure, is highly sensitive, and is not susceptible to reporting bias46. 

Our study also had some potential limitations. Thirtyfive percent of those invited were 

enrolled into the DCH-cohort. Participants were better educated, had higher incomes and 

were more likely to be married29. We do, however, not expect the biological effect of Cd 

to differ between participants and non-participants. In analysis of ischemic and hemorrhagic 

stroke we had to censor participants when they had the other type of stroke. The other stroke 

type can thus be perceived as a competing risk. The censoring, however, addresses that cases 

are at an increased risk of having another stroke47 and that they may change lifestyle and 

receive medication after a diagnosis of stroke.

Our prospective study has more never-smoking cases than any study published to date, 

however, the precision of our estimates was still limited. It is a potential limitation that 

all questionnaire data were only available at baseline. However, the relatively high age of 

participants at baseline limits the likelihood that participants took up smoking when they 

had never smoked before48. Similarly the majority are unlikely to have changed their dietary 

habits substantially.

The exposure levels in the present study are comparable to or slightly lower than the 

exposure levels observed in non-smokers in the USA49 and our study population was almost 

exclusively Caucasian. Thus, our results can probably be generalized to Caucasian western 

populations.

Conclusion

This large prospective cohort with up to 16 years of follow-up provides little evidence that 

low levels of cadmium may be a risk factor for stroke; although a hint of an association was 

observed among never-smoking men. Further studies are needed as all confidence intervals 

were wide and results were sensitive to how urinary dilution was addressed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Flow chart of the case-cohort sampling procedure.
From recruiting the Diet Cancer and Health Cohort (DCH) until the final sample of all 

never-smoking cases and a random sub cohort.

a: Invitees for the DCH cohort where all cancer free 50-64 year old Danish born residents of 

Copenhagen and Aarhus area, Denmark; 1993-1997.

b: Cancer diagnosed but not recorded in the Danish Cancer Register prior to recruitment.

c: Of the 534 stroke cases in the never smoking DCH members, 45 were also part of the 

randomly sampled subcohort.
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Figure 2. 
Association and 95% confidence interval between Cd (creatinine standardized) and risk of 

stroke, with adjustment for age (underlying time axis), sex, BMI (continuous), education 

(categorical), and cotinine (continuous). Natural cubic splines with three degrees of freedom, 

restricted to subjects with Cd concentration between 5th and 95th percentile of the exposure 

distribution.
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Figure 3. 
Association and 95% confidence interval between Cd (creatinine standardized) and risk of 

ischemic and hemorrhagic stroke, with adjustment for age (underlying time axis), sex, BMI 

(continuous), education (categorical), and cotinine (continuous). Natural cubic splines with 

three degrees of freedom, restricted to subjects with Cd concentration between 5th and 95th 

percentile of the exposure distribution
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