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Stroke is the second leading cause of death and has con-
tributed to increasing disease burden globally.1 The situa-

tion is even worse in China, which had the highest estimated 
lifetime risk of stroke.2 The general populations are syn-
chronously exposed to multiple metals existed in the nat-
ural environment. Consequently, these metals can disturb 
body’s metabolic functions and contribute to adverse health 

effects,3 including stroke. It is essential to explore the asso-
ciations of multiple metal exposures with stroke. A recent 
meta-analysis of 37 studies with different design suggested 
that single metal exposures of arsenic, lead, and copper were 
associated with higher risk of cardiovascular disease (CVD).4 
Several prospective studies have also assessed the associa-
tions between risk of CVD and single metal exposures such as 
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arsenic,5 lead,6,7 and selenium8; however, no firm conclusion 
can be made about the associations of metal exposures with 
stroke risk. A meta-analysis based on 11 longitudinal studies 
observed drinking water arsenic across low-moderate to high 
levels were significantly associated with increased CVD in-
cidence among 408 945 general populations.5 Nevertheless, 
this analysis found no significant association of arsenic expo-
sure with incident stroke.5 A cohort study based on 13 946 US 
adults suggested baseline blood lead concentrations were pro-
spectively associated with greater stroke mortality.6 However, 
a systematic review suggested the positive association of lead 
exposure with stroke was lack of sufficient evidence to deduce 
a causal relationship.7 According to a recent meta-analysis of 
16 prospective studies, circulating selenium levels were asso-
ciated with lower risk of incident CVD within the range of 55 
to 145 μg/L.8 Currently, there is limited information about the 
association of copper exposure with risk of stroke. A prospec-
tive study conducted among 58 646 healthy Japanese revealed 
higher intake of copper from diet was associated with higher 
risk of stroke mortality (median copper intake of 1.21 mg/d 
for men and 1.10 mg/d for women).9

Metals’ mixture is one of the most prevalent pollution 
worldwide and coexisted in the environment.10 Effects of 
metals’ mixture cannot always be evaluated using simple 
additive assumptions; however, previous studies have only 
evaluated the relationship between single metal exposures 
and stroke risk. Prospective evidence on the associations 
of multiple metal exposures with incident stroke remains 
scarce. Therefore, we conducted a nested case-control study 
to prospectively estimate the associations of the concen-
trations of 24 plasma metals with incident stroke among 
Chinese adults.

Methods
The data, analytical methods of this study are available from the cor-
responding author upon reasonable request.

Population and Study Design
The design of DFTJ cohort (Dongfeng-Tongji) has been previously 
described.11 In brief, the DFTJ cohort is an ongoing prospective co-
hort study launched in Hubei Province of China. The cohort enrolled 
27 009 retired employees of Dongfeng Motor Corporation during 
September 2008 and June 2010. In the first follow-up in 2013, the 
cohort newly enrolled 14 120 Dongfeng Motor Corporation retirees. 
Baseline information was collected through questionnaire survey and 
physical examination, and blood samples were drawn when the par-
ticipants joined the cohort.

We conducted a nested case-control study based on the DFTJ 
cohort. Subjects without blood sample for metal detection at base-
line (n=2517) and lost to follow-up (n=709) were excluded from the 
study. We further excluded participants with stroke (n=2500), coro-
nary heart disease (n=5501), and cancer (n=2644) before the date of 
baseline blood sampling. After exclusion, a total of 29 763 partici-
pants were eligible for our analysis. All participants provided writ-
ten informed consent, and the study was approved by the Ethics and 
Human Subject Committees of the Tongji Medical College.

Stroke Cases and Controls
Stroke was diagnosed based on the World Health Organization defi-
nition of stroke12 and imaging results consistent with stroke. Methods 
of determination of incident stroke are shown in the online-only Data 
Supplement. Stroke subtypes were carefully classified by physicians 

according to computerized tomography scan or magnetic resonance 
imaging diagnoses into 2 major categories: (1) ischemic stroke, in-
cluding subtypes of large artery atherosclerosis infarction, lacunar 
infarction, cardioembolic infarction, other demonstrated cause of in-
farction, and undetermined cause of infarction according to the Trial 
of ORG 10172 in Acute Stroke Treatment classification;13 (2) hem-
orrhagic stroke, including subtypes of intracerebral hemorrhage and 
subarachnoid hemorrhage.

During an average of 6.1±2.3 years of follow-up, we identified 
1304 incident stroke cases from the remaining 29 763 participants up 
to the date of December 31, 2016. These strokes included 1035 is-
chemic strokes (382 large artery atherosclerosis infarction, 206 car-
dioembolic infarction, 228 lacunar infarction, and 219 undetermined 
cause of infarction) and 269 hemorrhagic strokes (233 intracerebral 
hemorrhage and 36 subarachnoid hemorrhage). For each incident 
stroke case, we randomly selected a control from the remaining 
29 763 eligible participants who were stroke-free at the time of the 
case event.14 Cases and controls were matched on age (within 1 year), 
sex, and blood sampling date (within 1 month).

Detection of Plasma Metals
The baseline blood samples were drawn in the morning after overnight 
fasting, collected in EDTA tubes, centrifuged, and stored at −80°C 
within 2 hours. We used Agilent 7700x inductively coupled plasma 
mass spectrometer to measure total concentrations of 24 plasma met-
als (aluminum, arsenic, barium, cobalt, copper, lead, manganese, mer-
cury, molybdenum, nickel, rubidium, selenium, strontium, thallium, 
titanium, tungsten, vanadium, zinc) based on the previously described 
methods.15 We added gold into the diluent with the concentration of 
100 μg/L to eliminate the memory effect of mercury.16

We included metals with detection rates above 80.0% in the anal-
ysis. Therefore, antimony, tin, and uranium with low detection rates 
(23.24%, 52.45%, and 21.74% of samples below the limits of detec-
tion, respectively, Table I in the online-only Data Supplement) were 
excluded from further analyses. According to previous metal corre-
lation study and literature review,15 we considered plasma cadmium, 
chromium, and iron might not be reliable biomarkers of exposure 
and excluded them from further analyses. We also previously con-
ducted metal variability study among 138 healthy participants within 
5 years and calculated the intraclass correlation coefficients (ICCs) 
and Pearson correlation coefficients (rs) to assess the reproducibility 
of repeated measurements.15

Details of quality-control methods for metal measurement and 
definition of covariates are shown in the online-only Data Supplement.

Statistical Analyses
Baseline characteristics of cases and controls were compared using t 
tests or Mann-Whitney U tests for continuous variables and χ2 tests 
for categorical variables.

We applied conditional logistic regression models and restricted 
cubic splines to evaluate the associations of each plasma metal con-
centration with incident stroke. The final model was adjusted for 
potential stroke risk factors of body mass index, smoking status, 
drinking status, regular exercise, family history of stroke, hyperlipi-
demia, diabetes mellitus, and hypertension. Sensitivity analyses were 
conducted after excluding stroke events within 1 year after comple-
tion of their baseline survey (143 ischemic strokes and 42 hemor-
rhagic strokes). We further applied conditional logistic regression 
models to evaluate the effect of different metal exposures on sub-
types of stroke. Moreover, we performed cross-sectional analyses to 
explore the associations of metal levels with stroke risk factors, in-
cluded 1268 subjects without incident stroke.

Elastic net regression is a regularized regression combining the 
Lasso and Ridge penalties to avoid overfitting, reduce the occurrence 
of false positives, and improve prediction performance.17 We used 
elastic net regression models with 10-fold cross-validation to select 
stroke-associated metals. The predictive plasma metal scores were cal-
culated as the weighted sum of selected multiple metals with weights 
equal to the regression coefficients according to elastic net model.

https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.119.025060
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We evaluated the associations of predictive plasma metal scores 
with incident stroke by using conditional logistic regression with the 
adjustment of the same covariates. Stratified analyses were further 
conducted according to age, sex, body mass index, ever-smoking, hy-
pertension, and hyperlipidemia. We further computed the area under 
the receiver operating characteristic curve, net reclassification im-
provement, and the integrated discrimination improvement to eval-
uate the improvement of predictive ability for plasma metal scores 
beyond traditional risk factors.

Analyses were performed using SAS version 9.3 (SAS Institute, 
Inc, Cary, NC) and R version 3.4.1.

Results
Characteristics of the Study Population
After 6.1±2.3 years of follow-up, a total of 1304 incident 
stroke cases were identified and classified into 1035 ischemic 
strokes and 269 hemorrhagic strokes. Among the popula-
tion, mean age was 66.55±7.59 years, and 62.1% were men. 
Compared with the controls, we observed elevated body mass 
index, higher prevalence of diabetes mellitus, hypertension, 
and lower rate of stroke family history in the ischemic cases 
(Table II in the online-only Data Supplement). The incident 
hemorrhagic stroke cases were more likely to be hypertensive 
compared with their controls. Ischemic stroke cases also had 
higher concentrations of plasma copper and molybdenum and 
lower levels of plasma selenium at the baseline. Meanwhile, 
concentrations of molybdenum and strontium were higher in 
hemorrhagic stroke cases, whereas plasma mercury, rubidium, 
and selenium were lower.

Metal Exposures and Incident Stroke
Table 1 presents the odds ratios (ORs; 95% CI) for incident 
stroke according to metals associated with incident stroke or 
selected by elastic net model. We observed the plasma concen-
trations of copper, molybdenum, and titanium were associated 
with higher risk of ischemic stroke. The multivariate-adjusted 
ORs (95% CI) for incident stroke per interquartile range in-
crease were 1.29 (1.13–1.46; P trend<0.001) for copper, 1.19 
(1.05–1.35; P trend=0.07) for molybdenum, and 1.30 (1.07–
1.59; P trend=0.006) for titanium. In addition, the associations 
of plasma rubidium and selenium with lower risk of hemor-
rhagic stroke were identified. The multivariate-adjusted ORs 
(95% CI) according to per interquartile range increase were 
0.66 (0.50–0.87; P trend=0.009) for rubidium and 0.68 (0.51–
0.91, P trend=0.015) for selenium. The adjusted ORs (95% 
CI) for incident stroke according to 18 plasma metals were 
presented in Table III in the online-only Data Supplement.

In the spline regression analysis, we observed significant 
positive linear relations between ischemic stroke and copper, 
titanium, and selenium (P<0.001, P=0.011, and P=0.043, re-
spectively), and nonlinear association of molybdenum with 
ischemic stroke (P=0.006; Figure 1). In terms of hemorrhagic 
stroke, the inverse linear relations were identified for rubidium 
and selenium (P=0.001 and P=0.008, respectively; Figure 2). 
The associations did not materially change in the sensitivity 
analyses (Table IV, Figures I and II in the online-only Data 
Supplement).

In the analyses of effects of metal exposures on stroke 
subtypes, we observed plasma copper levels associated with 
higher risk of large artery atherosclerosis infarction (Table V in 

the online-only Data Supplement). We also found that plasma 
titanium concentrations were associated with higher risk of 
lacunar infarction, and plasma molybdenum levels were asso-
ciated with higher risk of undetermined cause of infarction. As 
for hemorrhagic stroke, the associations of plasma rubidium 
and selenium with lower risk of intracerebral hemorrhagic 
were identified. However, there was no significant association 
between plasma metal levels and subarachnoid hemorrhage.

We further observed associations of plasma copper and 
titanium concentrations with higher prevalence of hyperlipi-
demia according to the cross-sectional analyses (Figure III in 
the online-only Data Supplement). Moreover, plasma molyb-
denum concentrations were associated with lower prevalence 
of overweight.

Multiple Metal Exposures and Incident Stroke
Elastic net model selected 3 metals (copper, molybdenum, 
and selenium) for ischemic stroke and 2 metals (rubidium 
and selenium) for hemorrhagic stroke to establish predictive 
plasma metal scores. The multivariate-adjusted ORs (95% CI) 
corresponding to an interquartile range increase in predictive 
plasma metal scores were 1.37 (1.20–1.56; P trend<0.001) 
for ischemic stroke and 1.53 (1.16–2.01; P trend=0.007) 
for hemorrhagic stroke (Table 2). According to the stratified 
analyses, associations of predictive plasma metal scores with 
hemorrhagic stroke were stronger among ever-smokers (P 
trend=0.006; Figure IV in the online-only Data Supplement).

The addition of predictive plasma metal scores signifi-
cantly improved area under the receiver operating character-
istic curve beyond conventional model from 0.602 to 0.616 
for ischemic stroke (P difference =0.025) and from 0.551 to 
0.589 for hemorrhagic stroke (P difference =0.009, Figure 3). 
Compared with the conventional models, the estimated rela-
tive integrated discrimination improvements and net reclas-
sification improvements were 24.53% (P<0.001) and 19.89% 
(P<0.001) for ischemic stroke, whereas 48.76% (P=0.010) 
and 17.23% (P=0.045) for hemorrhagic stroke.

Discussion
This prospective study among Chinese population suggested 
plasma levels of copper, molybdenum, and titanium were 
significantly associated with higher risk of ischemic stroke, 
whereas rubidium and selenium were associated with lower 
risk of hemorrhagic stroke. Moreover, predictive plasma metal 
scores based on selected metals were significantly associated 
with higher risk of both ischemic and hemorrhagic stroke after 
adjusting for confounding factors. To our knowledge, this is 
the first prospective study in China to evaluate the associations 
of internal multiple metal exposures with incident stroke.

As for the metals identified associated with higher risk 
of ischemic stroke, copper is an essential, yet toxic, trace 
element for human body.18 Several prospective studies have 
provided evidence that copper exposure was associated with 
higher risk of CVD mortality.19,20 A cohort study comprising 
4035 middle-aged French participants revealed that serum 
copper was associated with 30% elevation of CVD mortality 
by comparing the extreme quartiles (mean concentration of 
952.5 μg/L).19 Another prospective investigation conducted 
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among 3253 Germans also suggested the association between 
serum copper levels and greater risk of CVD mortality (me-
dian concentration of 1050 μg/L).20 Nevertheless, there is only 
one existing prospective study evaluating the association of 
copper exposure with stroke risk. It was conducted among 
58 646 healthy Japanese, which suggested higher dietary in-
take of copper was associated with greater risk of stroke mor-
tality.9 Copper was primarily distributed into plasma after 
absorption and transported to organs through peripheral cir-
culation.21 Plasma copper levels, which kept a dynamic equi-
librium with organs, are traditionally measured and used to 
reflect copper exposure status.18 The previous variability study 
indicated plasma copper was a reliable biomarker to reflect 
chronic exposure (ICC, 0.74; rs=0.72).15 Comparing with pre-
vious studies,19,20 the median concentration of 963.36 μg/L 
in our control group reflected a moderate level of copper 

exposure. Several investigations confirmed that copper would 
play a role in the development of carotid atherosclerosis,22,23 
which is the main cause of ischemic stroke. Our analyses also 
suggested associations of plasma copper concentrations with 
increased prevalence of hyperlipidemia, which was a major 
carotid atherosclerosis factor.23 However, copper was also re-
lated to the impairment of endothelial function,24 promotion of 
reactive oxygen species production,25 and processes of inflam-
mation,19,26 which may involve in carotid plagues and further 
contribute to cerebral ischemic injury.

The current study identified plasma selenium levels 
were associated with lower risk of hemorrhagic stroke. 
A meta-analysis of 16 prospective studies summarized a 
benefit of selenium within the range of 55 to 145 μg/L on 
CVD risk.8 Another meta-analysis (with 14 cohort studies) 
indicated a linearly inverse association of selenium with 

Table 1.  Adjusted Odds Ratios (95% CI) for Incident Stroke According to Plasma Metals

Plasma Metals

Tertiles of Plasma Metals (μg/L)

P Trend Linear Model*T1 T2 T3

Ischemic stroke

 ��� Copper <892.63 892.63–1025.91 >1025.91   

  ���  N (cases/controls) 299/345 304/345 430/345   

  ���  Model 1† 1.00 1.05 (0.83–1.33) 1.56 (1.24–1.97) <0.001 1.30 (1.15–1.46)

  ���  Model 2‡ 1.00 1.03 (0.81–1.32) 1.53 (1.20–1.96) <0.001 1.29 (1.13–1.46)

 ��� Molybdenum <1.09 1.09–1.48 >1.48   

  ���  N (cases/controls) 337/345 308/345 389/345   

  ���  Model 1† 1.00 0.93 (0.75–1.16) 1.19 (0.95–1.50) 0.10 1.15 (1.02–1.30)

  ���  Model 2‡ 1.00 1.03 (0.82–1.30) 1.24 (0.97–1.57) 0.07 1.19 (1.05–1.35)

 ��� Selenium <60.75 60.75–74.36 >74.36   

  ���  N (cases/controls) 387/344 322/345 326/346   

  ���  Model 1† 1.00 0.81 (0.65–1.01) 0.81 (0.64–1.02) 0.07 0.89 (0.79–1.01)

  ���  Model 2‡ 1.00 0.85 (0.67–1.07) 0.87 (0.68–1.11) 0.25 0.92 (0.82–1.05)

 ��� Titanium <44.48 44.48–53.71 >53.71   

  ���  N (cases/controls) 316/345 325/344 394/346   

  ���  Model 1† 1.00 1.23 (0.93–1.64) 1.63 (1.18–2.26) 0.003 1.34 (1.11–1.62)

  ���  Model 2‡ 1.00 1.25 (0.93–1.68) 1.60 (1.14–2.25) 0.006 1.30 (1.07–1.59)

Hemorrhagic stroke

 ��� Rubidium <331.22 331.22–381.65 >381.65   

  ���  N (cases/controls) 118/90 82/89 69/90   

  ���  Model 1† 1.00 0.66 (0.43–1.01) 0.54 (0.34–0.86) 0.008 0.68 (0.52–0.88)

  ���  Model 2‡ 1.00 0.69 (0.44–1.09) 0.51 (0.31–0.85) 0.009 0.66 (0.50–0.87)

 ��� Selenium <62.31 62.31–75.03 >75.03   

  ���  N (cases/controls) 120/89 74/91 74/89   

  ���  Model 1† 1.00 0.57 (0.37–0.88) 0.54 (0.34–0.86) 0.006 0.70 (0.53–0.91)

  ���  Model 2‡ 1.00 0.51 (0.32–0.81) 0.57 (0.35–0.95) 0.015 0.68 (0.51–0.91)

Metals associated with incident stroke (P trend<0.05) or selected by elastic net model were included.
*Linear model: odds ratios (95% CI) for incident stroke corresponding to an interquartile range increase in plasma metal levels were shown.
†Model 1: crude model without adjustment.
‡Model 2: adjusted for body mass index (kg/m2), smoking status (current, former, never), drinking status (current, former, never), regular 

exercise, family history of stroke, hyperlipidemia, diabetes mellitus, and hypertension.
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coronary heart disease risk throughout the selenium con-
centrations of 35 to 153 μg/L.27 Nevertheless, the associa-
tion of selenium exposure with stroke risk was inconsistent. 

A cohort study of 13 887 US adults found no significant 
association of serum selenium (mean concentration of 
125.6 μg/L) with stroke mortality.28 In a cohort study of 

Figure 1. The restricted cubic spline for the associations of plasma metals with incident ischemic stroke. The restricted cubic spline for the associations of 
plasma copper (A), molybdenum (B), selenium (C), and titanium (D) with ischemic stroke. The bars represent histograms of plasma metal distribution among 
the total population. The lines represent adjusted odds ratios for the log-transformed levels of plasma metals in the conditional regression model. Knots 
were placed at the 20th, 40th, 60th, and 80th percentiles of the plasma metal distribution, and the reference value was set at the percentile of 10th. Models 
were adjusted for body mass index (kg/m2), smoking status (current, former, never), drinking status (current, former, never), regular exercise, family history of 
stroke, hyperlipidemia, diabetes mellitus, and hypertension.

Figure 2. The restricted cubic spline for the associations of plasma metals with incident hemorrhagic stroke. The restricted cubic spline for the associations 
of plasma rubidium (A) and selenium (B) with hemorrhagic stroke. The bars represent histograms of plasma metal distribution among the total population. 
The lines represent adjusted odds ratios for the log-transformed levels of plasma metals in the conditional regression model. Knots were placed at the 20th, 
40th, 60th, and 80th percentiles of the plasma metal distribution, and the reference value was set at the percentile of 10th. Models were adjusted for body 
mass index (kg/m2), smoking status (current, former, never), drinking status (current, former, never), regular exercise, family history of stroke, hyperlipidemia, 
diabetes mellitus, and hypertension.
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1103 Chinese subjects, no association was observed be-
tween stroke mortality and serum selenium (mean con-
centration of 73 μg/L).29 On the contrary, a cross-sectional 
study conducted among 2077 Canadian participants noted 
blood selenium to be associated with lower stroke preva-
lence.30 Plasma selenium was acknowledged as a reliable 
biomarker for chronic selenium exposure (ICC, 0.64; 
rs=0.73).15 Comparing with the reference values for trace 
elements (plasma selenium, 50–120 μg/L),31 the median 
concentration of 67.6 μg/L in our control group reflected 
a relatively low level of selenium exposure. The protective 
effect of selenium on stroke was primarily owing to its anti-
oxidative properties and detoxification effects.32 Selenium 
is presented in antioxidant enzyme glutathione peroxidases 
as a cofactor, which would reduce lipids peroxidation and 
platelet aggregation.32 Selenium also prevent arterioscle-
rosis from metal-induced oxidative damage and formation 

of inactive complexes,33 thus to protect the cardiovascular 
system from cardiotoxic metals.34 Therefore, the associa-
tion of plasma selenium with lower risk of stroke warrants 
further study to confirm the conclusion.

This study indicated a novel association of plasma mo-
lybdenum with higher ischemic stroke risk. Molybdenum is 
an essential element for humans, and molybdenum deficiency 
or excess may be associated with a series of diseases.35 A 
cross-sectional analysis beyond 20 293 US subjects recognized 
elevated urinary molybdenum (mean concentration of 69.10 
µg/L) was associated with higher blood pressure.36 However, a 
cohort study demonstrated the simultaneous supplementation 
of molybdenum would reduce 8% of stroke mortality.37 As the 
molybdenum levels in blood, plasma, and urine are influenced 
by dietary intake, specific biomarker for molybdenum status 
has not been characterized.38 Compared with previous stud-
ies (ranged 0.3–1.1 µg/L),21 the median plasma molybdenum 

Table 2.  Adjusted Odds Ratios (95% CI) for Incident Stroke According to Predictive Plasma Metal Scores

Stroke Type

Tertiles of Predictive Plasma Metal Scores

P Trend Linear Model*T1 T2 T3

Ischemic stroke

 ��� N (cases/controls) 260/344 350/345 422/346   

 ��� Model 1† 1.00 1.40 (1.11–1.75) 1.76 (1.39–2.23) <0.001 1.38 (1.22–1.56)

 ��� Model 2‡ 1.00 1.46 (1.15–1.85) 1.75 (1.37–2.25) <0.001 1.37 (1.20–1.56)

Hemorrhagic stroke

 ��� N (cases/controls) 69/90 77/89 122/90   

 ��� Model 1† 1.00 1.17 (0.74–1.87) 1.92 (1.21–3.04) 0.004 1.50 (1.16–1.95)

 ��� Model 2‡ 1.00 1.30 (0.79–2.14) 1.97 (1.19–3.27) 0.007 1.53 (1.16–2.01)

The predictive plasma metal scores were computed as the weighted sum of all plasma metals with weights equal to the regression 
coefficients calculated by the elastic net regression model with s=λ·1SE.

*Linear model: odds ratios (95% CI) for incident stroke corresponding to an interquartile range increase in plasma metal levels were shown.
†Model 1: crude model without adjustment.
‡Model 2: adjusted for body mass index (kg/m2), smoking status (current, former, never), drinking status (current, former, never), regular 

exercise, family history of stroke, hyperlipidemia, diabetes mellitus, and hypertension.

Figure 3. Receiver operator characteristic curves for prediction of incident stroke. Receiver operator characteristic curves for prediction of ischemic stroke 
(A) and hemorrhagic stroke (B). Blue curve represents conventional model including age, sex, body mass index (kg/m2), smoking status (current, former, 
never), drinking status (current, former, never), regular exercise, family history of stroke, hyperlipidemia, diabetes mellitus, and hypertension; green curve rep-
resents conventional model + metals selected by elastic net model with s=λ·1SE.
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concentration of 1.27 µg/L in the current study was relatively 
high. Further investigations are warranted to explore the bio-
markers for molybdenum status and to elucidate the under-
lying biological mechanisms of molybdenum on stroke.

Our analysis was also the first to reveal that plasma titanium 
concentrations were associated with higher risk of ischemic 
stroke. Titanium is widely used in metallic alloys, pharmaceu-
ticals, and pigments in the forms of titanium compounds and 
is extensively exposed to the public.39 Nevertheless, there are 
scarce studies exploring its potential health effect on human 
health. We previously conducted a nested case-control study 
(1621 pairs) and observed a novel positive association of 
plasma titanium concentrations with incident coronary heart 
disease.15 Animal studies demonstrated that oral inhalation of 
TiO

2
 might be related to inflammatory response and lipid me-

tabolism dysfunction, contributing to the cause of CVD.40 This 
study also showed plasma titanium levels were associated with 
higher prevalence of hyperlipidemia. According to previous 
study, plasma titanium shares good reproducibility over time 
(ICC, 0.56; rs=0.52).15 More studies are required to explore the 
metabolism of titanium and its health effect on stroke.

Our analysis firstly observed significant associations of 
plasma rubidium concentrations with lower hemorrhagic 
stroke risk. Although rubidium was reported to have antican-
cer efficacy,41 few studies have examined the association of 
rubidium with cardiovascular outcome. A recent cross-sec-
tional study among 823 Chinese adults demonstrated urinary 
rubidium (median concentration of 1560 µg/g creatinine) was 
associated with lower risk of hypertension.42 On the contrary, 
an animal study found elevated rubidium concentrations in tis-
sues among hypertensive rats.43 Although the reproducibility 
of plasma rubidium concentrations was satisfactory (ICC, 
0.65; rs=0.51),15 a reliable biomarker for rubidium internal ex-
posure needs to be confirmed.

Given the general populations were widely exposed to 
multiple metals, even a modest increment of stroke risk due to 
metal exposures could have substantial public health implica-
tions. Management of multiple metal exposures could poten-
tially decrease the burden of stroke. Although the deficiency 
status of trace elements was linked to a series of diseases, 
the potential impact of excessive copper and molybdenum 
on human health was not viewed as a primary concern. This 
study implied copper and molybdenum exposures were po-
tential risk factors of stroke, and therefore, it is necessary to 
establish their dietary reference values for stroke prevention. 
The association between selenium exposure and reduction of 
stroke risk indicated more clinical trials were needed to clarify 
the health effects of selenium supplementation. It is neces-
sary to conduct more epidemiological and mechanism studies 
to explore the relation of titanium and rubidium with stroke. 
Moreover, because the general populations were simultane-
ously exposed to multiple metals in the real-world scenario, 
this study suggests a new approach for multiple metals risk 
assessment.

The strength of this study mostly lies on the prospective 
design and considerable sample size. Moreover, this study 
adopted appropriate analytical methods to select stroke-asso-
ciated metals and systematically estimated the associations 
of multiple metal exposures with incident stroke. We also 

evaluated the associations of plasma metal concentrations 
with traditional stroke risk factors, which elucidated the po-
tential biological mechanisms of metal exposures impact on 
stroke. Additionally, incident stroke events were carefully 
confirmed by the physicians following the standard criteria 
and further classified into subtypes; therefore, the potential 
undiagnosed and misdiagnosed cases were minimized.

This study also has potential limitations. First, plasma 
metals may not be appropriate biomarkers for various metal 
exposures. Therefore, we previously summarized plasma met-
als which were not suitable biomarkers of exposure15 and fur-
ther excluded them from analyses. Second, there is no optimal 
approach to simultaneously reflect long-term exposure status 
for all metals, but reproducibility was fair to good for most 
plasma metals according to previous study.15 Finally, although 
we could not explore the sources of metals, circulating metals 
can be viewed as internal biomarkers integrating all sources 
of exposure.

Conclusions
We observed the plasma copper, molybdenum, and titanium 
were associated with higher risk of ischemic stroke, whereas 
plasma rubidium and selenium were associated with lower 
risk of hemorrhagic stroke. Our findings may have significant 
impact on public health, given the ever-increasing burden of 
stroke worldwide.
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