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Abstract
Background Cobalt exposure is recognized as a potential risk factor for cardiovascular disease (CVD). However, the 
impact of cobalt exposure on mortality, particularly concerning CVD-related deaths, in the U.S. remains uncertain.

Methods Data from the National Health and Nutrition Examination Surveys (NHANES) spanning 1999–2018 were 
utilized to assess urinary cobalt levels in participants aged 20 years and older (n = 15,873). For the analysis of blood 
cobalt, data from NHANES covering the years 2015–2018 were considered, limited to participants aged 40 years and 
older (n = 6,692). The follow-up period extended until December 31, 2019.

Results The median values of ln-transformed urinary cobalt (creatinine corrected) and blood cobalt were − 1.10 
ln(µg/g) and − 1.90 ln(µg/L), respectively. For urinary cobalt, during a median follow-up period of 130.0 months 
(interquartile range: 70.25–189.0), 2,304 participants died, with 613 deaths attributed to CVD. After adjusting for 
potential covariates, an increase in urinary cobalt level was significantly associated with a higher risk of all-cause 
mortality and CVD mortality (per 1 ln-unit increment, HR: 1.19, 95% CI: 1.07, 1.32; HR: 1.30, 95% CI: 1.06, 1.60, 
respectively). For blood cobalt, the adjusted HRs were 1.57 (95% CI: 1.15, 2.14) for all-cause mortality and 2.02 (95% CI: 
1.10, 3.72) for CVD mortality.

Conclusions In the U.S., low-level environmental cobalt exposure is a significant risk factor for both all-cause 
mortality and CVD mortality.

Synopsis Cobalt, a metallic element commonly encountered by the general population through food, water, or air 
inhalation, emerges as a novel risk factor for cardiovascular disease mortality.
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Introduction
Cardiovascular disease (CVD) stands as the predomi-
nant cause of mortality in the United States [1]. In the 
year 2019 alone, an astonishing 2.81 million deaths were 
reported among U.S. adults aged 20 and above [2]. Nota-
bly, CVD was the underlying cause of more than 650,000 
of these fatalities, constituting roughly one-fourth of the 
total recorded deaths [2]. 

Cobalt is a metallic element that non-occupationally 
exposed general individuals inevitably encounter in 
their daily lives, primarily through food consumption, 
water intake, or inhalation of air [3, 4]. Additionally, 
certain behaviors and environmental factors, such as 
smoking [5], vitamin B12 supplementation [6, 7], surgi-
cal procedures involving implants [7–9], and residence 
in industrial zones or hazardous waste sites [3], can lead 
to increased cobalt exposure. This heightened expo-
sure to cobalt has been linked to various CVD, includ-
ing hypertension [10–12], heart failure [13], myocardial 
infarct [13], and cardiomyopathy [8, 14]. The potential 
mechanisms underlying cobalt’s cardiac toxicity involv-
ing ferroptosis, oxidative stress, lipid peroxidation, and 
inhibiting glutathione peroxidase 4 activity, along with 
DNA damage [15–17]. 

Indeed, limited evidence to date suggests that cobalt 
is not a risk factor for CVD-related mortality [18–20]. 
Nevertheless, these studies have certain limitations stem-
ming from inappropriate data processing and analysis 
methods. These limitations include mishandling cobalt 
exposure variables (neglecting urine dilution correction) 
[19, 20], failure to simultaneously account for other con-
founding factors associated with CVD mortality (such 
as cadmium and lead) [18, 20], and the use of Poisson 
regression instead of COX regression, which ignores sur-
vival time [19]. Moreover, these studies relied on urinary 
cobalt as the indicator of cobalt exposure [18–20], which 
has limitations, including significant fluctuations influ-
enced by an individual’s hydration status and potential 
unreliability in assessing long-term cobalt exposure. In 
contrast, blood cobalt levels provide a more stable and 
reliable indicator for reflecting long-term cobalt exposure 
levels [7, 21]. As of now, there are no available studies 
that have explored the relationship between blood cobalt 
concentration and mortality, especially in the context of 
CVD mortality.

The aim of this study was to evaluate the impact of low 
level of environmental cobalt exposure, encompassing 
both blood and urine measurements, on both all-cause 
mortality and CVD mortality. Additionally, we calculated 
the burden of mortality attributable to cobalt exposure. 
To achieve this, we analyzed data from National Health 
and Nutrition Examination Survey (NHANES), a pro-
spective and representative cohort of the U.S. general 
population [22]. 

Methods
Study design and population
NHANES is a research program aimed at evaluating the 
health status of both children and adults in the United 
States. This survey is overseen by the National Center for 
Health Statistics (NCHS), and its research protocol has 
received approval from the NCHS Institutional Review 
Board. All participants provide written informed consent, 
and the study strictly adheres to the principles outlined 
in the Helsinki Declaration. The NHANES interviews 
encompass a wide range of topics, including demograph-
ics, socioeconomic status, dietary habits, and health-
related issues. The examination phase includes medical 
and physiological measurements, along with laboratory 
tests conducted by trained healthcare professionals. For 
more detailed information about NHANES, including its 
operation, design, and other pertinent details, please visit  
h t t p  s : /  / w w w  . c  d c .  g o v  / n c h  s /  n h a n e s / i n d e x . h t m.

To investigate the relationship between cobalt exposure 
levels and mortality risk, we conducted a study using data 
from the NHANES dataset. Our study focused on two 
distinct aspects of cobalt exposure: urinary cobalt levels 
and blood cobalt levels. For the analysis of urinary cobalt, 
we included participants aged 20 and older from ten con-
secutive NHANES cycles, spanning from 1999 to 2000 
to 2017–2018. This timeframe was chosen to ensure suf-
ficient follow-up time, enhance sample size, and increase 
statistical power, thereby improving the reliability of our 
findings. Regarding cobalt levels in blood, our analysis 
was limited to participants aged 40 and older from two 
consecutive NHANES cycles, specifically from 2015 to 
2016 to 2017–2018, due to the availability of blood cobalt 
measurements exclusively for this subgroup (Table S1). 
Participants were excluded if they had missing data or 
values exceeding the 99th percentile for cobalt exposure, 
incomplete mortality or follow-up time information, 
died within one year of their cobalt measurement, were 
pregnant or lactating, or had a body mass index below 
18.5  kg/m². In the end, the analysis included a total of 
15,873 participants for the evaluation of cobalt levels in 
urine and 6,692 participants for the assessment of cobalt 
levels in blood. The recruitment process is depicted in 
Figure S1.

Measurement of cobalt exposure
Urinary and whole blood samples were collected at 
mobile examination centers (MEC), processed, appro-
priately stored, and subsequently transported to the 
Laboratory Sciences Branch of the National Center for 
Environmental Health, Centers for Disease Control and 
Prevention, situated in Atlanta, Georgia, for analysis. 
The concentration of cobalt in both urine and whole 
blood samples was directly measured using inductively 
coupled plasma mass spectrometry. All laboratory data 
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underwent standardization as part of the NHANES qual-
ity assurance and quality control procedures. The limit of 
detection and distribution of cobalt exposure level were 
supplemented (see eMethod 1).

Assessment of mortality
The assessment of mortality for each participant was 
determined using publicly available mortality files from 
NHANES [23]. These files contained information on 
probabilistic matches between NHANES records and the 
National Death Index records to ascertain the vital sta-
tus of each eligible NHANES participant up to Decem-
ber 31, 2019. Classification of underlying causes of death 
was based on the International Classification of Diseases, 
Tenth Revision (ICD-10). CVD deaths were defined by 
ICD-10 codes I00-I09, I11, I13, and I20-I51, while can-
cer deaths were defined by ICD-10 codes C00-C97. Fol-
low-up time was calculated as the time interval from the 
examination date to the date of death or to December 31, 
2019, whichever occurred earlier.

Other covariates
Various variables were collected via questionnaires, 
encompassing age, sex, race or ethnicity (categorized as 
non-Hispanic white, non-Hispanic black, Hispanic, or 
other), educational attainment (grouped as college grad-
uate or above, some college or associate’s degree, and 
high school graduate, general educational development 
or less), smoking status (categorized into current, former, 
and never smokers), poverty income ratio (classified as 
< 1.3, 1.3–3.49, and ≥ 3.5), dietary quality (categorized as 
low, moderate, and high), physical activity (categorized 
as inactive, insufficient, and active), alcohol consumption 
(categorized as none, moderate, and heavy drinking), and 
medical histories (including stroke, renal failure, heart 
failure, hypertension, and cardiovascular heart disease). 
At MEC, physical examinations were conducted to mea-
sure height and weight. Similar to cobalt exposure, cad-
mium, and lead exposure (both urine and blood levels), 
and serum cotinine levels were measured in the same 
laboratory. The definitions and details of these and other 
variables are provided in eMethod 2.

Statistical analysis
In all analyses of this study, sample weights, clustering, 
and stratification were taken into account to produce 
nationally representative estimates within the intricate 
sampling framework of NHANES [24]. For the assess-
ment of urinary cobalt, sample weights from the urinary 
metals database were utilized, and for the assessment 
of blood cobalt, sample weights from the MEC exam 
were applied. The normalization of urinary heavy metal 
exposure levels (cobalt, lead, and cadmium) by dividing 
it by urinary creatinine concentration was performed to 

account for variations in urine dilution, ensuring that 
heavy metal levels were adjusted relative to the extent 
of urine dilution or concentration [25]. Given the right-
skewed distribution of heavy metal exposure levels (both 
of blood and urine), a natural logarithmic transforma-
tion (base e) was applied to facilitate subsequent analysis. 
Participants were categorized into three groups of < 20%, 
20 to 79.9%, and ≥ 80% of ln-transformed cobalt expo-
sure levels. The selection of cutoff values at 20% and 80% 
was informed by previous literature [26]. In these three 
groups, continuous variables were presented as weighted 
averages, while categorical variables were displayed as 
weighted percentages (WP), along with the calculation of 
their corresponding confidence intervals (CIs). We used 
the Kruskal-Wallis test to compare continuous variables 
and the chi-square test for categorical variables among 
different cobalt exposure groups.

We employed weighted Cox proportional haz-
ards regression analysis to investigate the associations 
between cobalt exposure and all-cause mortality as well 
as mortality related to specific causes, including CVD 
mortality, cancer-related mortality, and mortality from 
other causes. We progressively adjusted our statistical 
models to assess potential confounding effects of various 
variables. The choice of covariates was informed by prior 
literature and their acknowledged potential to confound 
the associations with CVD mortality [18–20, 26, 27]. 
In Model 1, we adjusted for age (continuous), race, and 
sex. In Model 2, we further adjusted for poverty income 
ratio, education level, smoking status, baseline body 
mass index, predicted lean body mass, physical activity, 
Healthy Eating Index 2015 (HEI-2015) score, and alcohol 
consumption, in addition to the variables in Model (1) In 
Model 3, we extended the adjustment by including his-
tories of hypertension, stroke, renal failure, heart failure, 
hypertension, and cardiovascular heart disease, as well as 
total cholesterol (continuous) and glycated hemoglobin 
(continuous) on top of the variables in Model (2) In these 
models, we evaluated ln-transformed cobalt exposure 
levels as a categorical variable and calculated the hazard 
ratio (HR) and its corresponding 95% CI for the high and 
moderate groups, with the low group as the reference. 
Additionally, we assessed ln-transformed cobalt expo-
sure levels as a continuous variable and calculated the HR 
and corresponding 95% CI for each ln-unit increment in 
cobalt exposure. To examine the dose-response relation-
ship between the ln-transformed cobalt exposure levels 
and mortality, we employed restricted cubic spline analy-
sis with knots at the 10th, 50th (reference), and 90th per-
centiles of the ln-transformed cobalt exposure levels, and 
to investigate whether the relations should be judged lin-
ear. Additionally, we used Schoenfeld residuals to assess 
the proportionality of hazards assumption, and none of 
the models violated this assumption.
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The population attributable fractions (PAF) was esti-
mated to assess the proportion of mortality cases that 
could be prevented if participants with ln-transformed 
cobalt exposure levels above the 80th percentile of the 
distribution were reduced to levels below the 80th per-
centile. We used Levin’s formula to calculate the PAF, 
consistent with prior studies [18], and applied the sub-
stitution method to estimate the corresponding 95% 
CI. [28] The absolute number of deaths was determined 
using data from the US Centers for Disease Control and 
Prevention Wide-ranging ONline Data for Epidemiologic 
Research database for the year 2019 [2]. 

To explore potential effect modification in the relation-
ships between cobalt exposure levels and mortality, we 
performed several interaction and stratified analyses. 
These analyses considered factors such as age, sex, race, 
smoking status, educational attainment, and poverty 
income ratio. We calculated the p-values for the interac-
tion with the Wald test, which can adjust for the survey 
design.

To ensure the robustness of our findings, we conducted 
several sensitivity analyses. Firstly, we utilized an alterna-
tive grouping method by categorizing participants into 
three groups based on tertiles of ln-transformed cobalt 
exposure levels. Subsequently, we examined the associa-
tions between these categories and mortality using mul-
tivariable Cox models. Secondly, to evaluate the potential 
confounding effects of other heavy metals known as risk 
factors for CVD mortality, including cadmium and lead 
[29], we sequentially introduced these heavy metals into 
the fully adjusted multivariable Cox models and assessed 
their impact on cobalt exposure estimates. Specifically, 
to evaluate urinary cobalt, we sequentially incorpo-
rated urinary cadmium and urinary lead into the fully 
adjusted models. For the assessment of blood cobalt, 
we similarly integrated blood cadmium and blood lead 
into the fully adjusted models. Thirdly, individuals who 
smoke may have higher cobalt exposure levels [5]. And 
serum cotinine levels reflect recent smoking behavior 
[30]. Therefore, we extended our analysis by incorporat-
ing serum cotinine levels into fully adjusted multivari-
able Cox models. Fourthly, we performed supplementary 
evaluations of potential confounding factors by consid-
ering different variable forms. For example, in addition 
to including glycated hemoglobin, we further incorpo-
rated a history of diabetes (yes/no). We also adjusted for 
high-density lipoprotein cholesterol (continuous) on top 
of total cholesterol, and in addition to accounting for a 
history of hypertension, we continued to adjust for both 
systolic and diastolic blood pressure (continuous). Fifthly, 
individuals with missing data across the entire data-
set were excluded. Sixthly, individuals with a body mass 
index < 18.5  kg/m² were included. Finally, we selected 
urinary cobalt variables without creatinine correction as 

the indicator for urinary cobalt exposure. For each sen-
sitivity analysis, we independently re-evaluated the asso-
ciations between cobalt exposure and mortality risk using 
adjusted multivariable Cox models.

Missing values for variables ranged from 0.1 to 11.9%, 
except for blood cadmium and blood lead, which had 
a notably higher missing rate of 24.7% (Table S2). To 
address these missing values, imputation was performed 
using median values for numerical data and the most 
frequent value for categorical data. Statistical analysis 
was performed using R software (version 4.3.1, R Core 
Team, Vienna, Austria). All statistical comparisons were 
two-sided, and a significance level of P < 0.05 was used to 
determine statistical significance.

Results
Assessments of urinary cobalt
For assessments of cobalt in urine, the characteristics of 
the 15,873 participants included in the study are summa-
rized in Table 1. Their weighted mean age was 47.1 (95% 
CI: 46.6, 47.6) years, with 7,893 being female (WP, 50.9%, 
95% CI: 49.9%, 51.8%). Participants with higher urinary 
cobalt levels tended to be older, female, have a lower 
body mass index, be non-drinkers, have lower total cho-
lesterol, have a higher HEI-2015 score, were more likely 
to have a history of stroke, heart failure, and cardiovas-
cular heart disease, and had higher levels of urinary cad-
mium and urinary lead (all P < 0.05).

During a median follow-up period of 130.0 months 
(interquartile range: 70.25–189.0), 2,304 participants 
died, of whom 613 deaths were attributed to CVD, 527 
to cancer, and 1,164 to other causes. After adjusting for 
potential covariates, participants in the high urinary 
cobalt group exhibited a significantly increased risk of 
all-cause mortality (HR: 1.26, 95% CI: 1.05, 1.52) and 
CVD mortality (HR: 1.67, 95% CI: 1.15, 2.44) compared 
to the low group. There was no significant difference 
between the moderate and low groups for these end-
points (Table  2). Additionally, models were also devel-
oped using ln-transformed urinary cobalt as a continuous 
covariate, and adjusted HRs and 95% CIs were calculated 
for all-cause mortality and CVD mortality: Per 1 ln-unit 
increment, HR: 1.19 (95% CI: 1.07, 1.32), and 1.30 (95% 
CI: 1.06, 1.60), respectively (Table 2). Figure 1 illustrates 
the dose-response relationship between ln-transformed 
urinary cobalt levels and the risk of all-cause and CVD 
mortality. For all-cause mortality, a nonlinear J-shaped 
association was observed (P-nonlinearity < 0.001), while 
for CVD mortality, a linear relationship was evident 
(P-nonlinearity > 0.05).

The adjusted PAF for participants with ln-transformed 
urinary cobalt levels above the 80th percentile, com-
pared to those with low or intermediate levels (< 80th 
percentile), for all-cause mortality, and CVD mortality 
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Characteristic N Overall, N = 15,873 
(100%)

Low, N = 3396, 
WP = 20.2% (95%CI: 
19.1%, 21.3%)

Moderate, N = 9437, 
WP = 60.5% (95%CI: 
59.4%, 61.6%)

High, N = 3040, 
WP = 19.3% (95%CI: 
18.4%, 20.1%)

P 
Value

Age, years - 47.1 (46.6, 47.6) 43.7 (43.0, 44.3) 47.5 (46.9, 48.1) 49.3 (48.4, 50.2) < 0.001
Sex, % < 0.001
 Female 7,893 50.9% (49.9%, 51.8%) 25.8% (24.1%, 27.7%) 50.2% (48.9%, 51.5%) 79.2% (77.0%, 81.2%)
 Male 7,980 49.1% (48.2%, 50.1%) 74.2% (72.3%, 75.9%) 49.8% (48.5%, 51.1%) 20.8% (18.8%, 23.0%)
Race, % < 0.001
 Non-Hispanic White 6,878 68.3% (66.1%, 70.5%) 61.1% (57.9%, 64.3%) 70.2% (67.9%, 72.3%) 70.1% (67.2%, 72.9%)
 Non-Hispanic Black 3,352 11.2% (10.1%, 12.4%) 20.9% (18.6%, 23.4%) 9.2% (8.3%, 10.3%) 7.2% (6.2%, 8.3%)
 Hispanic 1,344 5.7% (4.8%, 6.7%) 5.8% (4.6%, 7.3%) 5.5% (4.7%, 6.5%) 6.1% (4.7%, 7.8%)
 Other 4,299 14.8% (13.4%, 16.2%) 12.2% (10.6%, 13.9%) 15.1% (13.6%, 16.6%) 16.6% (14.7%, 18.7%)
Education levels, % 0.26
 High school graduate/GED or less 8,079 42.2% (40.6%, 43.8%) 42.5% (40.0%, 45.0%) 42.6% (40.8%, 44.5%) 40.6% (37.9%, 43.3%)
 Some college or associate’s 
degree

4,435 30.5% (29.5%, 31.5%) 31.7% (29.6%, 33.9%) 30.1% (28.9%, 31.2%) 30.6% (28.4%, 33.0%)

 College graduate or above 3,359 27.3% (25.7%, 28.9%) 25.8% (23.6%, 28.2%) 27.3% (25.5%, 29.2%) 28.8% (26.4%, 31.3%)
Poverty income ratio, % 0.004
 Low (< 1.3) 4,390 19.7% (18.6%, 20.9%) 18.6% (17.0%, 20.4%) 19.2% (18.0%, 20.5%) 22.5% (20.6%, 24.4%)
 Middle (1.3 to < 3.5) 6,973 40.9% (39.6%, 42.2%) 40.4% (38.0%, 42.8%) 40.9% (39.4%, 42.5%) 41.3% (39.1%, 43.6%)
 High ( > = 3.5) 4,510 39.4% (37.7%, 41.1%) 41.0% (38.3%, 43.8%) 39.9% (37.9%, 41.8%) 36.2% (33.6%, 38.9%)
Body mass index, kg/m2 < 0.001
 Normal (< 25) 4,469 29.6% (28.4%, 30.7%) 23.9% (22.0%, 26.0%) 30.3% (28.9%, 31.7%) 33.3% (31.2%, 35.6%)
 Overweight (25 to < 30) 5,679 35.3% (34.2%, 36.5%) 36.2% (33.8%, 38.8%) 35.3% (33.9%, 36.7%) 34.5% (32.4%, 36.6%)
 Obese (30 or greater) 5,725 35.1% (33.9%, 36.3%) 39.8% (37.4%, 42.3%) 34.4% (33.0%, 35.9%) 32.2% (30.2%, 34.3%)
Lean body mass, kg < 0.001
 Low (1st tertile) 4,978 27.9% (26.9%, 28.8%) 13.6% (12.2%, 15.0%) 27.9% (26.6%, 29.2%) 42.8% (40.7%, 44.9%)
 Moderate (2nd tertile) 5,877 36.6% (35.6%, 37.6%) 34.9% (32.8%, 37.0%) 37.3% (35.9%, 38.6%) 36.0% (33.9%, 38.2%)
 High (3rd tertile) 5,018 35.6% (34.5%, 36.7%) 51.6% (49.2%, 54.0%) 34.8% (33.5%, 36.2%) 21.2% (19.2%, 23.3%)
Alcohol intake, % < 0.001
 None 12,114 72.4% (71.0%, 73.6%) 68.0% (65.8%, 70.2%) 71.8% (70.2%, 73.4%) 78.6% (76.3%, 80.7%)
 Moderate 1,423 9.6% (9.0%, 10.2%) 10.6% (9.3%, 12.1%) 10.0% (9.3%, 10.8%) 7.2% (6.0%, 8.6%)
 Heavy 2,336 18.1% (17.0%, 19.1%) 21.3% (19.5%, 23.3%) 18.2% (16.9%, 19.5%) 14.2% (12.4%, 16.3%)
Smoking status, % 0.38
 Current 3,273 21.3% (20.3%, 22.3%) 22.3% (20.4%, 24.2%) 21.3% (20.0%, 22.6%) 20.2% (18.4%, 22.1%)
 Former 4,003 25.4% (24.4%, 26.5%) 24.3% (22.3%, 26.3%) 26.0% (24.7%, 27.3%) 25.0% (22.4%, 27.8%)
 Never 8,597 53.3% (52.1%, 54.5%) 53.5% (51.1%, 55.8%) 52.8% (51.1%, 54.4%) 54.9% (52.1%, 57.6%)
Ln-transformed serum cotinine 
(ng/mL), %

< 0.001

 Low (1st tertile) 5,027 32.9% (31.4%, 34.4%) 25.1% (22.7%, 27.5%) 33.5% (31.8%, 35.2%) 39.2% (36.8%, 41.7%)
 Moderate (2nd tertile) 5,847 34.8% (33.8%, 35.9%) 36.3% (34.2%, 38.4%) 35.0% (33.6%, 36.5%) 32.7% (30.7%, 34.9%)
 High (3rd tertile) 4,999 32.3% (31.1%, 33.5%) 38.7% (36.2%, 41.2%) 31.5% (30.2%, 32.9%) 28.1% (25.9%, 30.4%)
Physical activity, % < 0.001
 Inactive 3,786 18.8% (17.9%, 19.8%) 15.2% (13.6%, 16.8%) 18.7% (17.6%, 19.9%) 22.9% (20.8%, 25.2%)
 Insufficient 2,832 17.7% (16.9%, 18.5%) 18.7% (17.1%, 20.4%) 17.3% (16.3%, 18.5%) 17.7% (15.8%, 19.8%)
 Active 9,255 63.5% (62.3%, 64.7%) 66.2% (64.2%, 68.1%) 63.9% (62.4%, 65.4%) 59.4% (56.9%, 61.9%)
Healthy Eating Index–2015 score, 
%

< 0.001

 Low (1st tertile) 4,942 32.7% (31.4%, 33.9%) 35.8% (33.5%, 38.1%) 32.1% (30.7%, 33.6%) 31.0% (28.8%, 33.4%)
 Moderate (2nd tertile) 6,033 37.6% (36.5%, 38.7%) 39.2% (36.9%, 41.5%) 37.5% (36.4%, 38.7%) 36.1% (33.7%, 38.7%)
 High (3rd tertile) 4,898 29.7% (28.6%, 30.9%) 25.1% (23.4%, 26.8%) 30.3% (28.9%, 31.8%) 32.8% (30.6%, 35.1%)
Stroke, % 0.016
 Non 15,272 97.4% (97.1%, 97.7%) 97.8% (97.3%, 98.3%) 97.5% (97.1%, 97.9%) 96.6% (95.8%, 97.3%)
 Yes 601 2.6% (2.3%, 2.9%) 2.2% (1.7%, 2.7%) 2.5% (2.1%, 2.9%) 3.4% (2.7%, 4.2%)

Table 1 Survey-weighted baseline characteristics of the study participants by ln-transformed corrected Cobalt in urine, NHANES 
1999–2018
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were 5.5% (95% CI: 2.1%, 9.1%), and 9.5% (95% CI: 3.4%, 
16.5%), respectively. This corresponds to an estimated 
154,000 (95% CI: 60,000 to 256,000) all-cause deaths, and 
63,000 (95% CI: 22,000 to 108,000) CVD deaths among 
individuals aged 20 and older in the year 2019 (Table 2).

Assessments of blood Cobalt
For assessments of cobalt in blood, the characteristics of 
the 6,692 participants included in the study are summa-
rized in Table S3. Their weighted mean age was 58.6 (95% 
CI: 57.9, 59.3) years, with 3,470 being female (WP, 52.7%, 
95% CI: 51.3%, 54.1%). Participants with higher blood 
cobalt levels tended to be older, female, have a lower 
body mass index, have lower total cholesterol, were more 
likely to have a history of stroke, and heart failure, and 
had a higher level of blood cadmium (all P < 0.05).

During a median follow-up period of 36.0 months 
(interquartile range: 23.8–49.0), 206 participants died, 
of whom 48 deaths were attributed to CVD, 48 to can-
cer, and 110 to other causes. After adjusting for poten-
tial covariates, participants in the high blood cobalt 
group exhibited a significantly increased risk of all-cause 

mortality (HR: 2.20, 95% CI: 1.54, 3.15), and CVD mor-
tality (HR: 2.37, 95% CI: 1.04, 5.40) compared to the low 
group. There was no significant difference between the 
moderate and low groups for these endpoints (Table 3). 
Additionally, models were also constructed using ln-
transformed blood cobalt as a continuous covariate, and 
adjusted HRs and 95% CIs were calculated for all-cause 
mortality, and CVD mortality: Per 1 ln-unit increment, 
HR: 1.57 (95% CI: 1.15, 2.14), and 2.02 (95% CI: 1.10, 
3.72), respectively (Table 3). Figure 1 illustrates the dose-
response relationship between ln-transformed blood 
cobalt levels and the risk of all-cause and CVD mortality, 
all showing a linear correlation (P-nonlinearity > 0.05).

The adjusted PAFs for participants with ln-transformed 
blood cobalt levels above the 80th percentile, compared 
to those with low or intermediate levels (< 80th percen-
tile), for all-cause mortality, and CVD mortality were 
12.8% (95% CI: 2.5%, 25.3%), and 17.1% (95% CI: 1.6%, 
36.7%), respectively. This corresponds to an estimated 
346,000 (95% CI: 66,000 to 683,000) all-cause deaths, and 
135,000 (95% CI: 39,000 to 248,000) CVD deaths among 
individuals aged 40 and older in the year 2019 (Table 3).

Characteristic N Overall, N = 15,873 
(100%)

Low, N = 3396, 
WP = 20.2% (95%CI: 
19.1%, 21.3%)

Moderate, N = 9437, 
WP = 60.5% (95%CI: 
59.4%, 61.6%)

High, N = 3040, 
WP = 19.3% (95%CI: 
18.4%, 20.1%)

P 
Value

Heart failure, % < 0.001
 Non 15,407 97.9% (97.5%, 98.1%) 98.4% (97.8%, 98.8%) 98.0% (97.6%, 98.3%) 96.9% (96.1%, 97.5%)
 Yes 466 2.1% (1.9%, 2.5%) 1.6% (1.2%, 2.2%) 2.0% (1.7%, 2.4%) 3.1% (2.5%, 3.9%)
Cardiovascular heart disease, % < 0.001
 Non 15,246 96.6% (96.2%, 97.1%) 97.7% (97.0%, 98.2%) 96.7% (96.1%, 97.2%) 95.4% (94.3%, 96.3%)
 Yes 627 3.4% (2.9%, 3.8%) 2.3% (1.8%, 3.0%) 3.3% (2.8%, 3.9%) 4.6% (3.7%, 5.7%)
Renal failure, % 0.57
 Non 15,393 97.5% (97.1%, 97.8%) 97.6% (96.8%, 98.1%) 97.6% (97.2%, 98.0%) 97.2% (96.3%, 97.9%)
 Yes 480 2.5% (2.2%, 2.9%) 2.4% (1.9%, 3.2%) 2.4% (2.0%, 2.8%) 2.8% (2.1%, 3.7%)
Hypertension, % 0.16
 Non 10,279 69.6% (68.4%, 70.7%) 71.0% (68.7%, 73.1%) 69.6% (68.3%, 70.9%) 68.1% (65.7%, 70.4%)
 Yes 5,594 30.4% (29.3%, 31.6%) 29.0% (26.9%, 31.3%) 30.4% (29.1%, 31.7%) 31.9% (29.6%, 34.3%)
Systolic blood pressure, mmHg - 123.0 (122.6, 123.4) 122.8 (122.0, 123.6) 122.9 (122.4, 123.4) 123.5 (122.7, 124.3) 0.68
Diastolic blood pressure, mmHg - 71.3 (71.0, 71.7) 72.8 (72.2, 73.3) 71.1 (70.7, 71.6) 70.5 (69.9, 71.0) < 0.001
Diabetes mellitus, % 0.10
 Non 13,915 91.2% (90.7%, 91.7%) 92.0% (91.0%, 92.9%) 91.2% (90.5%, 91.9%) 90.2% (88.7%, 91.4%)
 Yes 1,958 8.8% (8.3%, 9.3%) 8.0% (7.1%, 9.0%) 8.8% (8.1%, 9.5%) 9.8% (8.6%, 11.3%)
Glycosylated hemoglobin, % - 5.6 (5.6, 5.6) 5.5 (5.5, 5.6) 5.6 (5.6, 5.6) 5.6 (5.6, 5.6) 0.007
Total cholesterol, mg/dL - 196.1 (195.2, 197.1) 196.3 (194.2, 198.3) 196.8 (195.7, 197.9) 193.9 (192.0, 195.7) 0.003
High-density lipoprotein choles-
terol, mg/dL

- 52.9 (52.5, 53.3) 49.6 (48.9, 50.3) 52.7 (52.2, 53.2) 56.9 (56.1, 57.6) < 0.001

Ln-transformed corrected cad-
mium in urine*, ln(µg/g)

- -1.5 (-1.5, -1.4) -1.7 (-1.8, -1.7) -1.5 (-1.5, -1.4) -1.2 (-1.3, -1.2) < 0.001

Ln-transformed corrected lead in 
urine*, ln(µg/g)

- -0.6 (-0.6, -0.6) -0.9 (-0.9, -0.8) -0.6 (-0.6, -0.6) -0.4 (-0.4, -0.4) < 0.001

* Cobalt, cadmium, and lead levels in urine (measured in µg/L) were ln-transformed after correcting for urinary creatinine levels (measured in g/L)

The data were presented as weighted percentages or means (with 95% confidence intervals), and the absolute numbers represent unweighted observed values. 
Participants were categorized into three groups based on ln-transformed corrected urinary cobalt levels: <20% (-1.57 ln(µg/g)), 20 to 79.9%, and ≥ 80% (-0.57 
ln(µg/g)). CI: confidence interval; GED: general educational development; WP: weighted percentage

Table 1 (continued) 
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Stratified analysis
Significant interactions were observed between ln-trans-
formed urinary cobalt and race concerning all-cause 
mortality and CVD mortality. The association between 
ln-transformed urinary cobalt and all-cause mortality 
and CVD mortality remained significant among non-
Hispanic White individuals (Per 1 ln-unit increment, 
HR for all-cause mortality: 1.18, 95% CI: 1.08, 1.29; HR 
for CVD mortality: 1.35, 95% CI: 1.13, 1.61), whereas it 
was not significant for individuals of non-Hispanic Black 
(P for interaction < 0.05). No significant interactions were 
observed for other covariates (Table S4).

Sensitivity analysis
We performed sensitivity analyses using an alternative 
grouping method based on tertiles. These analyses con-
sistently supported our initial findings, showing that indi-
viduals with higher cobalt exposure levels had a greater 
risk of all-cause or CVD mortality when compared to 
those with lower levels (Table S5). When we incorporated 
ln-transformed cadmium exposure (continuous), ln-
transformed lead exposure (continuous), ln-transformed 

serum cotinine levels, diabetes (yes/no), both high-den-
sity lipoprotein cholesterol (continuous) and total cho-
lesterol, or both systolic and diastolic blood pressure 
(continuous) into our primary model, there was no sig-
nificant attenuation in the estimates for ln-transformed 
cobalt exposure. Excluding individuals with missing data 
across the entire dataset or including participants with a 
body mass index < 18.5 kg/m² did not alter the HR point 
estimates for ln-transformed cobalt exposure (Table S6).

However, when we used urinary cobalt variables with-
out creatinine correction, we found no significant asso-
ciations with either all-cause or CVD mortality. These 
findings diverge from the primary analysis, which utilized 
urinary cobalt variables corrected for creatinine (Table 
S7).

Discussion
To our knowledge, this study is the first and largest 
investigation into the relationship between cobalt expo-
sure (measured in both blood and urine) and the risk 
of all-cause mortality and CVD mortality. Our analy-
sis of a nationally representative cohort of U.S. adults 

Table 2 Adjusted hazards ratios for the relationship between ln-transformed corrected Cobalt in urine and the risk of mortality, 
NHANES 1999–2018

Ln-transformed corrected cobalt in urine, HR (95% CI) Population attrib-
utable fraction 
(95% CI)

Avoidable deaths 
(95% CI)Low (< 20%) Moderate 

(20-79.9%)
High (≥ 80%) P for 

trend
Per 1 ln-unit 
increment

All-cause mortality
 Deaths, No. 478 1339 487
 Model 1 1 (reference) 1.00 (0.87, 1.15) 1.40 (1.17, 1.68) < 0.001 1.29 (1.17, 1.42)
 Model 2 1 (reference) 0.98 (0.85, 1.13) 1.32 (1.09, 1.60) 0.005 1.24 (1.13, 1.37)
 Model 3 1 (reference) 0.96 (0.83, 1.11) 1.26 (1.05, 1.52) 0.014 1.19 (1.07, 1.32) 5.5% (2.1%, 9.1%) 154,000 (60,000 to 

256,000)
Cardiovascular dis-
ease mortality
 Deaths, No. 121 346 146
 Model 1 1 (reference) 1.17 (0.88, 1.56) 1.89 (1.35, 2.65) < 0.001 1.46 (1.23, 1.75)
 Model 2 1 (reference) 1.19 (0.90, 1.57) 1.87 (1.32, 2.64) < 0.001 1.44 (1.21, 1.72)
 Model 3 1 (reference) 1.16 (0.86, 1.57) 1.67 (1.15, 2.44) 0.003 1.30 (1.06, 1.60) 9.5% (3.4%, 16.5%) 63,000 (22,000 to 

108,000)
Cancer mortality
 Deaths, No. 104 333 90
 Model 1 1 (reference) 1.20 (0.91, 1.57) 1.30 (0.91, 1.87) 0.15 1.19 (0.99, 1.44)
 Model 2 1 (reference) 1.15 (0.87, 1.52) 1.18 (0.82, 1.71) 0.37 1.13 (0.93, 1.37)
 Model 3 1 (reference) 1.18 (0.89, 1.56) 1.21 (0.84, 1.73) 0.37 1.14 (0.94, 1.38) 1.1% (-4.1%, 7.2%) 7,000 (-24,000 to 43,000)
Other mortality
 Deaths, No. 253 660 251
 Model 1 1 (reference) 0.86 (0.71, 1.03) 1.25 (0.96, 1.61) 0.10 1.25 (1.07, 1.46)
 Model 2 1 (reference) 0.84 (0.70, 1.00) 1.17 (0.90, 1.52) 0.24 1.21 (1.04, 1.40)
 Model 3 1 (reference) 0.81 (0.67, 0.97) 1.12 (0.87, 1.45) 0.37 1.16 (0.99, 1.36) 5.5% (1.0%, 10.6%) 86,000 (16,000 to 

166,000)
In Model 1, we adjusted for age (continuous), race, and sex. In Model 2, we further adjusted for poverty income ratio, education level, smoking status, baseline body 
mass index, predicted lean body mass, physical activity, HEI-2015 score, and alcohol consumption, in addition to the variables in Model (1) In Model 3, we extended 
the adjustment by including histories of stroke, heart failure, renal failure, hypertension, and cardiovascular heart disease, as well as total cholesterol (continuous) 
and glycated hemoglobin (continuous) on top of the variables in Model (2) All of the models satisfied the proportionality of hazards assumption. CI: confidence 
interval; HR: hazards ratios
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consistently revealed significant associations between 
cobalt exposure and both all-cause and CVD mortality, 
even after rigorous multivariate adjustments and sensi-
tivity analyses. Importantly, our estimates indicate that a 
substantial number of deaths, especially those related to 
CVD, can be attributed to cobalt exposure. These find-
ings underscore the significant, yet often overlooked, role 

of low-level cobalt exposure as a risk factor for mortality 
in the U.S. general population.

Our findings regarding urinary cobalt differ from pre-
vious research to some extent. For instance, one study 
that used NHANES data from 1999 to 2014 identified 
an association between urinary cobalt concentration 
and all-cause mortality, although it found only a mar-
ginal, statistically nonsignificant association with CVD 

Fig. 1 Dose-response relationships between cobalt exposure and mortality using restricted cubic splines. A, Urinary cobalt and all-cause mortality; B, 
Urinary cobalt and CVD mortality; C, Blood cobalt and all-cause mortality; D, Blood cobalt and CVD mortality. The analyses utilized COX models with 
restricted cubic splines. Hazard ratios (HRs) were calculated using NHANES survey weights. The reference point was set at the weighted median value of 
cobalt exposure [-1.10 ln(µg/g) for urinary cobalt; and − 1.90 ln(µg/L) for blood cobalt]. Solid lines represent HRs, and the lightly shaded areas indicate 95% 
CIs. Abbreviations: CI: Confidence interval; Co: Cobalt; CVD: Cardiovascular disease; HR: Hazard ratio
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mortality [18]. Conversely, another study, also based on 
NHANES data from the same period, did not report a 
significant association between urinary cobalt concen-
tration and either all-cause or CVD mortality [19]. Addi-
tionally, a study using NHANES data from 2011 to 2016 
suggested that elevated urinary cobalt concentration was 
not linked to increased all-cause mortality rates (P for 
trend = 0.769); however, it did not investigate CVD mor-
tality [20]. The inconsistencies in previous study findings 
can be attributed to several factors, including variations 
in the handling of urinary creatinine levels during cobalt 
analysis. The adjustment of urinary cobalt levels for uri-
nary creatinine concentrations helps eliminate variations 
due to urine dilution or concentration, thereby enhanc-
ing the comparability and accuracy of the results [25]. 
For example, Fan et al. applied creatinine correction 
to urinary cobalt levels [18], while Duan et al. utilized 
uncorrected urinary cobalt levels but included creatinine 
adjustments in their models [19]. In contrast, Zhao et al. 
did not account for the influence of creatinine at all [20]. 
Our sensitivity analysis also suggests that the correlation 

between urinary cobalt and mortality may be influenced 
by urinary creatinine. Besides, differences in data analy-
sis methods, such as the use of COX regression [18, 20] 
and Poisson regression [19], the exclusion of specific 
NHANES datasets (e.g., 2015-201818, 19 or 1999-201020), 
and the omission of simultaneous adjustments for poten-
tial heavy metal variables associated with CVD mortal-
ity [18, 20], like cadmium and lead, can also concluded 
different results. In our study, we aimed to address these 
limitations by incorporating the most recent and com-
plete NHANES data, conducting rigorous multivariate 
adjustments, performing multiple sensitivity analyses, 
and analyzing creatinine-corrected urinary cobalt. These 
efforts enabled us to derive more robust conclusions 
regarding its association with mortality.

We present, for the first time, evidence of a signifi-
cant association between blood cobalt levels and both 
all-cause and CVD mortality. In comparison to urinary 
cobalt, whole blood is identified as the superior matrix 
for assessment. This preference is rooted in the fact that 
cobalt concentrations in urine samples tend to exhibit 

Table 3 Adjusted hazards ratios for the relationship between ln-transformed Cobalt in blood and the risk of mortality, NHANES 
2015–2018

Ln-transformed cobalt in blood, HR (95% CI) Population attribut-
able fraction (95% 
CI)

Avoidable 
deaths (95% 
CI)

Low (< 20%) Moderate 
(20-79.9%)

High (≥ 80%) P for 
trend

Per 1 ln-unit 
increment

All-cause mortality
 Deaths, No. 43 94 69
 Model 1 1 (reference) 1.45 (0.84, 2.51) 2.63 (1.83, 3.78) < 0.001 1.75 (1.37, 2.25)
 Model 2 1 (reference) 1.33 (0.78, 2.26) 2.27 (1.53, 3.37) < 0.001 1.60 (1.14, 2.23)
 Model 3 1 (reference) 1.34 (0.75, 2.38) 2.20 (1.54, 3.15) < 0.001 1.57 (1.15, 2.14) 12.8% (2.5%, 25.3%) 346,000 (66,000 

to 683,000)
Cardiovascular 
disease mortality
 Deaths, No. 10 18 20
 Model 1 1 (reference) 1.20 (0.41, 3.53) 2.78 (1.19, 6.50) 0.02 1.92 (1.13, 3.26)
 Model 2 1 (reference) 1.03 (0.38, 2.82) 2.53 (1.08, 5.90) 0.03 2.10 (1.22, 3.62)
 Model 3 1 (reference) 1.01 (0.40, 2.57) 2.37 (1.04, 5.40) 0.04 2.02 (1.10, 3.72) 20.8% (6.0%, 38.1%) 135,000 (39,000 

to 248,000)
Cancer mortality
 Deaths, No. 13 22 13
 Model 1 1 (reference) 1.50 (0.48, 4.68) 2.40 (0.90, 6.41) 0.08 1.58 (1.06, 2.34)
 Model 2 1 (reference) 1.46 (0.46, 4.63) 2.15 (0.71, 6.46) 0.17 1.40 (0.76, 2.57)
 Model 3 1 (reference) 1.45 (0.43, 4.90) 1.92 (0.68, 5.41) 0.21 1.25 (0.77, 2.05) 8.6% (-12.0%, 44.8%) 51,000 (-71,000 

to 264,000)
Other mortality
 Deaths, No. 20 54 36
 Model 1 1 (reference) 1.59 (0.77, 3.26) 2.80 (1.23, 6.37) 0.01 1.73 (1.19, 2.53)
 Model 2 1 (reference) 1.46 (0.72, 2.95) 2.40 (1.04, 5.52) 0.04 1.51 (0.95, 2.39)
 Model 3 1 (reference) 1.46 (0.73, 2.93) 2.28 (0.98, 5.29) 0.05 1.46 (0.92, 2.32) 12.0% (1.2%, 25.3%) 175,000 (17,000 

to 369,000)
In Model 1, we adjusted for age (continuous), race, and sex. In Model 2, we further adjusted for poverty income ratio, education level, smoking status, baseline body 
mass index, predicted lean body mass, physical activity, HEI-2015 score, and alcohol consumption, in addition to the variables in Model (1) In Model 3, we extended 
the adjustment by including histories of stroke, heart failure, renal failure, hypertension, and cardiovascular heart disease, as well as total cholesterol (continuous) 
and glycated hemoglobin (continuous) on top of the variables in Model (2) All of the models satisfied the proportionality of hazards assumption. CI: confidence 
interval; HR: hazards ratios
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greater variability, influenced by the patient’s hydration 
status, and have faster excretion kinetics, primarily suit-
able for monitoring recent exposure levels. In contrast, 
blood cobalt levels offer a more stable indicator and are 
better suited to reflect long-term cobalt exposure lev-
els [7, 21]. The fluctuations in urinary cobalt levels may 
introduce non-differential measurement errors, poten-
tially biasing estimates towards zero in urinary cobalt 
models. For example, Fan et al. observed only a mar-
ginal and statistically nonsignificant association between 
urinary cobalt concentration and CVD mortality [18], 
implying that the risk linked to cobalt exposure may have 
been underestimated when focusing solely on urinary 
cobalt levels. Our data further substantiates this notion, 
as both biomarkers (urinary cobalt and blood cobalt) 
exhibit correlations with all-cause and CVD mortality, 
with a stronger association observed for blood cobalt. 
However, it is essential to exercise caution when inter-
preting our findings regarding blood cobalt and CVD 
mortality. The availability of blood cobalt data is limited 
to the most recent NHANES dataset from 2015 to 2018, 
and the follow-up period only extends until December 
31, 2019, resulting in a relatively short follow-up duration 
and a smaller number of observed CVD-related events. 
This implies that our results require further confirmation 
through larger-scale and longer follow-up studies. None-
theless, our findings align with previous research indicat-
ing that cobalt exposure has been associated with various 
CVD, including hypertension [10–12], heart failure [13], 
myocardial infarct [13], and cardiomyopathy [8, 14]. 

Exposure to cobalt can lead to CVD through the induc-
tion of ferroptosis, a process that involves an increase in 
lipid peroxides and lipid-related radicals, resulting in cell 
death [15]. Cobalt can enter the bloodstream and reach 
the heart, where it induces a ferroptosis-like cell death 
by enhancing intracellular reactive oxygen species lev-
els, increasing cytoplasmic Fe2+ levels, promoting lipid 
peroxidation, and inhibiting glutathione peroxidase 4 
activity. These mechanisms contribute to multi-system 
toxicity symptoms, including CVD [16]. Additionally, 
cobalt can cause CVD by inducing single-strand breaks 
in DNA and inhibiting nucleotide excision DNA repair, 
potentially augmenting DNA damage caused by other 
agents and leading to genomic instability and cellular 
dysfunction [17]. 

Our study has several limitations. Firstly, it is an obser-
vational cohort study, and thus, causal inferences cannot 
be drawn. Secondly, we only have data on cobalt expo-
sure at a single time point, which may underestimate 
the association between cobalt exposure and mortal-
ity due to non-differential measurement errors. Thirdly, 
despite extensive adjustments for multiple covariates, it’s 
important to acknowledge that unmeasured and resid-
ual confounding factors, like air pollution and arsenic, 

established risk factors for CVD mortality [29], could 
potentially exert an influence on our findings. Fourthly, 
the causes of death in this study were obtained from 
death certificates, which might be subject to coding 
errors. Fifthly, the analysis of blood cobalt is limited by 
the relatively small number of CVD-related deaths in this 
study, potentially affecting result reliability, necessitat-
ing further confirmation through larger-scale research. 
Finally, it’s important to note that blood cobalt measure-
ments were specifically conducted on individuals aged 40 
and older, which means that the results for blood cobalt 
may not be applicable to adults aged 20 to 39 in the 
United States.

Conclusions
Our findings emphasize that low-level environmental 
cobalt exposure represents a significant risk factor for 
mortality in the U.S., particularly in the context of CVD 
deaths. However, this risk associated with cobalt expo-
sure has been ignored all along, despite the fact that every 
individual inevitably encounters cobalt in their daily life. 
Reducing cobalt exposure levels could potentially pre-
vent a substantial number of CVD deaths. These research 
findings underscore new perspectives critical for devel-
oping comprehensive strategies to prevent CVD-related 
deaths.
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