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ABSTRACT ARTICLE HISTORY
Purpose: Heavy metal exposure can cause impaired or reduced pathology in the kidneys, lungs, Received 9 November
liver, and other vital organs. However, the relationship between heavy metal exposure and kidney 2023

stones has not been determined. The goal of this research was to determine the association Revised 26 February 2024
between heavy metal exposure and kidney stones in a population of American adults in general. gggipted 26 February
Materials and methods: We evaluated 29,201 individuals (=20 years) from the National Health

and Nutrition Examination Survey (NHANES). The association between heavy metal exposure and
kidney stones was verified by multiple logistic regression and restricted cubic spline (RCS)
regression. Dose-response curves were generated to analyze the relationship between heavy
metal concentrations and the occurrence of kidney stones. Moreover, we used propensity score
matching (PSM) to exclude the effect of confounding variables.

Results: After a rigorous enrollment screening process, we included 8518 participants. Logistic
regression showed that urinary cadmium (U-Cd) and urinary cobalt (U-Co) concentrations were
significantly different in the kidney stone group before PSM (p < 0.001). Dose-response curves
revealed that the occurrence of kidney stones increased significantly with increasing U-Cd and
U-Co concentrations. After adjustment for covariates, only biomarkers of U-Co were linked to the
occurrence of kidney stones. When the lowest quartile was used as a reference, the 95% confidence
intervals (95% Cls) for kidney stones across the other quartiles were 1.015 (0.767-1.344), 1.409
(1.059-1.875), and 2.013 (1.505-2.693) for U-Cos (p < 0.001).

Conclusion: In the U.S. population, high U-Co levels are positively correlated with the potential
risk of kidney stones.
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Introduction 3.2% in 1976-1980 to 8.8% in 2007-2010 [3]. Kidney stones
can also lead to many serious complications, pain, hematuria,
infection, and decreased kidney function. As a result, kidney
stones are a considerable burden and a problem for the pub-
lic health care system, with total health care expenditures for

kidney stones exceeding $2 billion annually in the United

The formation of kidney stones is the best-known disease of
the urinary tract and constitutes an enormous health care
burden among the working age population. The prevalence
of kidney stones has risen over the past decades, possibly

due to changes in nutritional and lifestyle factors [1].
Moreover, the incidence of this disease appears to be increas-
ing in almost all countries [2]. In the United States, the prev-
alence of self-reported kidney stones nearly tripled, from

States [4].

Epidemiological investigations of kidney stones have
shown that dietary and lifestyle habits may play important
roles [5]. The recognized risk factors for stone formation
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include obesity, diabetes, hypertension, and metabolic syn-
drome [2]. Metals, especially heavy metals, are used in a wide
range of industries, including the medical industry. The gen-
eral routes of exposure to environmental metals include
ingestion of contaminated food and water, inhalation of
ambient air, and dermal contact [6]. Low levels of metal expo-
sure have been epidemiologically reported to potentially
cause impairment of multiple organ functions [7,8]. Several
well-known heavy metals, including arsenic (As), lead (Pb),
and mercury (Hg), are associated with increased risk of cardio-
vascular disease, kidney disease, bone disease, and cancer.
The nephrotoxicity of metals has also been extensively
studied. One of the mechanisms of heavy metal-induced
nephrotoxicity is oxidative stress [9]. Hypercalciuria, impaired
renal function, and proteinuria were observed when urinary
cadmium (U-Cd) concentration exceeded 2.0ug/g creatinine,
blood Pb levels were 5ug/dL or greater, or urinary Hg
exceeded 50 ug/g creatinine [10,11]. However, it is not known
whether low exposure to metals in the general population
enhances the potential hazard of nephrotoxicity [12].
Investigations in normal populations have shown that higher
blood Cd or Pb concentrations or elevated urinary chromium
(Cr) or Pb concentrations [13] are correlated with a lower
estimated glomerular filtration rate (eGFR). However, other
studies have also shown that elevated urinary Cd, Pb, and As
levels are related to elevated eGFR. Kidney stones and ath-
erosclerosis may be common risk factors [9]. Research has
demonstrated that the main mechanism of the potential ath-
erogenic effect of multiple metals, such as Cd and cobalt
(Co), is through the induction of oxidative stress [14].
However, evidence linking Cd and Co exposure to the risk of
kidney stones is scarce. Thus, we hypothesized that nephro-
toxic Cd and Co exposure may be relevant to the incidence
of kidney stones, and the purpose of this research was to
investigate the exposure-response relationships between
biomarkers of Cd and Co in blood and urine and the inci-
dence of kidney stones in the National Health and Nutrition
Examination Survey (NHANES) from 2007 to 2016.

Study design and participants

In this study, all the data were collected from the NHANES,
which is a nationally representative survey program adminis-
tered by the National Center for Health Statistics. The NHANES
primarily reflects civilian non-institutionalized resident popu-
lation information that utilizes a sophisticated stratified mul-
tistage sampling design. The interviews focused on diet and
health-related issues. The study protocol for the project was
endorsed by the NHANES Institutional Review Board. All par-
ticipants provided informed consent while the survey was in
progress.

This research consisted of 29,201 individuals (=20 years)
from the NHANES 2007-2008, 2009-2010, 2011-2012, 2013-
2014, and 2015-2016 cycles. Patients were excluded if they
had any of the following: (1) had no kidney stone informa-
tion (n = 80); (2) had unknown heavy metal exposure
(n = 19,955); (3) had unknown education, marital status, or

body mass index (BMI) (n = 109); (4) had hypertension or
diabetes (n = 11); or (5) had unknown blood creatinine, urine
creatinine, and uric acid levels (n = 528). Finally, 8518 partic-
ipants were included for analysis (Figure 1).

Exposure and outcomes

Urinary Co (U-Co) and U-Cd were the major forecasters in
this research. U-Co and U-Cd concentrations were measured
via inductively coupled plasma dynamic reaction cell mass
spectrometry.

The major outcome of the study was a history of kidney
stones. Based on the answers to the question ‘Have you ever
had kidney stones?;, the participants who answered ‘Yes' to
the question were divided into kidney stone groups; other-
wise, they were divided into non-kidney stone groups.

Covariates determination

Based on previous studies [15,16], relevant covariates were
identified. Continuous variables included age, BMI, blood
urea nitrogen, creatinine, uric acid, and urine creatinine. eGFR
and categorical variables included race (non-Hispanic White/
non-Hispanic Black/Mexican American/other Hispanic/other),
education level (less than high school/high school or equi-
valent/college or above), sex (male/female), marital status
(married/unmarried), hypertension, diabetes, and vigorous
recreational activities.

Figure 1. Schematic flow diagram of inclusion and exclusion criteria for
our study cohort.



Statistical analysis

Continuous variables are presented as the mean + standard
deviation, and weighted t tests for continuous variables and
weighted x> tests for categorical variables were applied to
determine significant differences. Multivariate logistic regression
models were applied to assess the corrected odds ratio (OR)
and corresponding 95% confidence intervals (Cls) to determine
the incidence of kidney stones associated with urinary metals.
In the extended model, Model 1 involved univariate analysis
without adjustment; Model 2 included sex, age, education level,
race, and marital status; Model 3 included BMI, hypertension,
diabetes status, vigorous recreational activities, and moderate
recreational activities; and Model 4 included the same factors as
Model 3 but included additional variables, such as blood urea
nitrogen, creatinine, uric acid, eGFR, and urine creatinine.

The powerful tool restricted cubic spline (RCS) was applied
to describe dose-response relationships between continuous
variables and outcomes [17] and was also utilized in our
research to characterize the dose-response relationships
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among Cd concentrations and Co concentrations and kidney
stone risk adjusted for model variables. All the statistical
analyses were conducted using IBM SPSS version 20.0 soft-
ware (IBM, Armonk, NY) and GraphPad Prism version 8 soft-
ware (GraphPad Software, Inc, La Jolla, CA). p Values less
than 0.05 were considered to indicate statistical significance.

Results
Patient characteristics

A total of 29,201 individuals (=20 years) from the NHANES
(2007-2016) were enrolled. After screening, 8518 participants
met the inclusion criteria (Figure 1). The basic demographic fea-
tures are presented in Table 1. A total of 7699 (90.4%) partici-
pants were stratified into the non-kidney stone group, and 819
(9.6%) participants were distributed into the kidney stone group.
Education level and moderate recreational activity did not signifi-
cantly differ between the two groups (p > 0.05). The other vari-
ables, including urine creatinine concentration, eGFR, uric acid

Table 1. Baseline characteristics of NHANES participants between 2007 and 2016 (n =8518).2

Total None-stone formers Stone formers
Characteristic No. (%) No. (%) No. (%) p Value
Total patients 8518 7699 (90.4) 819 (9.6)
Gender <0.001
Male 4220 (49.5) 3741 (48.6) 479 (58.5)
Female 4298 (50.5) 3958 (51.4) 340 (41.5)
Age <0.001
<50 years 4415 (51.8) 4141 (53.8) 274 (33.5)
=50 years 4103 (48.2) 3558 (46.2) 545 (66.5)
Race <0.001
Non-Hispanic White 3588 (42.1) 3136 (40.7) 452 (55.2)
Non-Hispanic Black 1707 (20.0) 1616 (21.0) 91 (11.1)
Mexican American 1328 (15.6) 1223 (15.9) 105 (12.8)
Other Hispanic 946 (11.1) 842 (10.9) 104 (12.7)
Other 949 (11.1) 882 (11.5) 67 (8.2)
Education level 0.284
Less than high school 2181 (25.6) 1954 (25.4) 227 (27.7)
High school or equivalent 1897 (22.3) 1713 (22.2) 184 (22.5)
College or above 4440 (52.1) 4032 (52.4) 408 (49.8)
Marital status <0.001
Married 4428 (52.0) 3947 (51.3) 481 (58.7)
Unmarried 4090 (48.0) 3752 (48.7) 338 (41.3)
BMI (kg/m?) <0.001
<25.0 2497 (29.3) 2326 (30.2) 171 (20.9)
>25.0 6021 (70.7) 5373 (69.8) 648 (79.1)
Hypertension <0.001
Yes 2977 (34.9) 2573 (33.4) 404 (49.3)
No 5541 (65.1) 5126 (66.6) 415 (50.7)
Diabetes <0.001
Yes 1063 (12.5) 882 (11.5) 181 (22.1)
No 7261 (85.2) 6651 (86.4) 610 (74.5)
Borderline 194 (2.3) 166 (2.2) 28 (3.4)
Vigorous recreational activities <0.001
Yes 1852 (21.7) 1735 (22.5) 117 (14.3)
No 6666 (78.3) 5964 (77.5) 702 (85.7)
Moderate recreational activities 0.242
Yes 3407 (40.0) 3095 (40.2) 312 (38.1)
No 5111 (60.0) 4604 (59.8) 507 (61.9)
Blood urea nitrogen 13.43, 5.74 13.28, 5.60 14.88, 6.76 <0.001
Creatinine 1.02, 0.33 1.01, 0.32 1.05, 0.36 0.007
Uric acid 5.46, 1.47 543, 1.46 5.71, 1.55 <0.001
eGFR 94.48, 23.65 95.37, 23.47 86.14, 23.73 <0.001
Urine creatinine 118.22, 76.90 117.68, 77.23 123.26, 73.59 0.048

3For categorical variables, p values were analyzed by x? tests. For continuous variables, the t-test for slope was used in generalized linear models.

BMI: body mass index; eGFR: estimated glomerular filtration rate.
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concentration, creatinine concentration, blood urea nitrogen Profiles of urinary heavy metals
concentration, vigorous recreational activities, diabetes status,
hypertension status, BMI, marital status, race, age, and sex, were
significantly different between the two groups (p < 0.05).

First, we examined the distribution of urinary heavy metals in
the study population with and without kidney stones in the
NHANES 2007-2016 before propensity score matching (PSM;

Figure 2. Relative risk for kidney stones based on U-Cd and U-Co level before PSM. The shaded areas represent upper and lower 95% Cls. Adjustment
factors are as same as which presented in extended model 4. Restricted cubic spline (RCS) plot of the association between log2-transformed U-Cd/U-Cr
and U-Co/U-Cr levels and kidney stones. The solid and dashed lines represent the odds ratios and 95% confidence intervals. (A) U-Cd; (B) U-Co; (C)
log2-transformed U-Cd/U-Cr; (D) log2-transformed U-Co/U-Cr.



Table S1). We found that U-Cd and U-Co were significantly
increased in the kidney stone group. Spearman’s rank correla-
tion coefficients for urinary heavy metals, creatinine, and
eGFR are shown in Figure S1.

U-Co and U-Cd and kidney stones

The dose-response relationships between U-Co concentra-
tions and U-Cd concentrations and kidney stones are dis-
played in Figure 2(A,B). The multivariate adjusted RCS plot
revealed that there was a nonlinear association between
log2-transformed U-Cd/U-Cr levels and log2-transformed
U-Co/U-Cr levels and the incidence of kidney stones (Figure
2(C,D)). The occurrence of kidney stones increased with
increasing U-Co and U-Cd concentrations. Each urinary metal
concentration was divided into quartiles, with the lowest
quartile (Q1) serving as the reference group. Multivariate
logistic regression analysis of the correlations between
adjusted U-Cd and U-Co concentrations and kidney stones
was carried out with four models (Figure 3, Table 2). When
Q1 was used as a reference in Model 4 (Figure 3(A)), the OR
for Q2 was 1.483 (95% Cl, 1.172-1.878; p < 0.001), the OR for
Q3 was 1.216 (95% Cl, 0.945-1.565; p < 0.001), and the OR
for Q4 was 1.663 (95% Cl, 1.277-2.167; p < 0.001); these val-
ues were consistent with those of the other three models.
The characteristics of the study population by U-Cd level
according to the NHANES (2007-2016) before PSM are shown
in Table S2. We observed that the p values for all covariates
were less than 0.05 in the four models.

For U-Co (Figure 3(B)), the OR for Q2 was 1.196 (95% Cl,
0.959-1.491; p < 0.001), the OR for Q3 was 1.346 (95% Cl,
1.083-1.673; p < 0.001), and the OR for Q4 was 1.748 (95%
Cl, 1.412-2.164; p < 0.001); these values also remained
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consistent with those of the other three models. The demo-
graphic features according to U-Co level before PSM are pre-
sented in Table S3. Education level, vigorous recreational
activities, moderate recreational activities, and blood urea
nitrogen were similar among those models.

Association after PSM

Due to large differences between the non-kidney stone
group and the kidney stone group, we performed PSM on
the participants. The results after PSM are shown in Figure 4
and Figure S2. Moreover, we evaluated the distribution levels
of urinary heavy metals in participants with and without kid-
ney stones (Table S4). However, only U-Co exhibited a signif-
icant difference between the two groups (p < 0.001), and the
p value of U-Cd was 0.786. The demographic features accord-
ing to U-Cd and U-Co levels after PSM are presented in
Tables S5 and S6, respectively.

Spearman’s rank correlation coefficients for urinary heavy
metals, creatinine, and eGFR are presented in Figure S3. The
four models were validated again by multivariate logistic
regression after PSM (Figure S4 and Table S7). When Q1 was
used as a reference in Model 4 (Figure S4(A)), the ORs for Q2,
Q3, and Q4 were 1.147 (0.835-1.574), 0.785 (0.563-1.093),
and 0.870 (0.619-1.221) (p for trend = 0.060), respectively,
and remained consistent with those of the other three mod-
els. For U-Co (Figure S4(B)), the ORs across U-Co quartiles
were 1.015 (0.767-1.344), 1.409 (1.059-1.875), and 2.013
(1.505-2.693) (all p for trend <0.001) and remained consistent
in the other three models. The dose-response risk curve also
suggested that there was a nonlinear relationship between
log2-transformed U-Co levels and the incidence of kidney
stones (Figure 5).

Figure 3. Adjusted odds ratios for associations between the U-Cd and U-Co and the presence of kidney stones in NHANES 2007-2016 before PSM.

(A) U-Cd; (B) U-Co.
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Table 2. Adjusted odds ratios for associations between the heavy metals and the presence of kidney stone in NHANES 2007-2016 before PSM.2

Model 3

Model 4

aOR (95% Cl)

aOR (95% Cl)

Model 1 Model 2
Heavy metals N aOR (95% ClI) aOR (95% CI)
U-Cd
Q1 2127 Reference Reference
Q2 2134 1.732 (1.384-2.167) 1.582 (1.259-1.989)
Q3 2128 1.521 (1.210-1.912) 1.353 (1.069-1.714)
Q4 2129 2.168 (1.745-2.694) 1.862 (1.482-2.341)
p for trend <0.001 <0.001
U-Co
Q1 2133 Reference Reference
Q2 2125 1.219 (0.982-1.513) 1.211 (0.981-1.520)
Q3 2127 1.334 (1.079-1.650) 1.363 (1.098-1.692)
Q4 2133 1.534 (1.246-1.887) 1.770 (1.433-2.188)
p for trend 0.001 <0.001

Reference
1.553 (1.235-1.954)
1.309 (1.033-1.660)
1.863 (1.481-2.343)

<0.001

Reference
1.199 (0.962-1.495)
1.337 (1.075-1.661)
1.742 (1.408-2.156)

<0.001

Reference
1.483 (1.172-1.878)
1.216 (0.945-1.565)
1.663 (1.277-2.167)

<0.001

Reference
1.196 (0.959-1.491)
1.346 (1.083-1.673)
1.748 (1.412-2.164)

<0.001

2Adjusted covariates: Model 1: univariate analysis; Model 2: age, gender, race, education levels, and marital status; Model 3: Model 2 plus BMI, hypertension,
diabetes, vigorous recreational activities, and moderate recreational activities; Model 4: Model 3 plus blood urea nitrogen, creatinine, uric acid, eGFR, and

urine creatinine.

Cl: confidence interval; aOR: adjusted odds ratio; BMI: body mass index; eGFR: estimated glomerular filtration rate; PSM: propensity score matching

Figure 4. Distribution of propensity score before and after matching.

Discussion

The high incidence and recurrence rate of kidney stones
have severe impacts on patients’ lives, simultaneously caus-
ing great social and economic losses. Therefore, it is urgent
to explore the risk factors for kidney stones to reduce social
and economic burdens and to improve the postoperative

recovery of patients. In this study, we assessed the associa-
tion between U-Co and Cd concentrations and kidney stone
odds. First, we searched for urinary heavy metals associated
with kidney stones. We found that the occurrence of kidney
stones increased significantly with increasing U-Cd and U-Co
concentrations. This was also confirmed by the dose-response
curve. To exclude the effects of other variables as much as
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Figure 5. Relative risk for kidney stones based on U-Cd and U-Co level after PSM. The shaded areas represent upper and lower 95% Cls. Adjustment factors
are as same as which presented in extended model 4. Restricted cubic spline (RCS) plot of the association between log2-transformed U-Cd/UCr and U-Co/
UCr levels and kidney stones. The solid and dashed lines represent the odds ratios and 95% confidence intervals. (A) U-Cd; (B) U-Co; (C) log2-transformed
U-Cd/U-Cr; (D) log2-transformed U-Co/U-Cr.

possible, PSM was used in our study. After adjusting for With the development of industry and the aggravation of
covariates, only biomarkers of U-Cos (p < 0.001) were linked environmental pollution, various heavy metal pollutants have
to the occurrence of kidney stones. also received increasing amounts of attention. Increasing
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evidence has shown that long-term exposure to low concen-
trations of heavy metals may lead to a variety of medical con-
ditions. One study demonstrated that urinary thallium intake is
associated with cardiovascular disease [18]. Multiple heavy
metals in the human body have been studied and found to
be associated with dyslipidemia and hypertension [19,20]. In
addition, Pb and Cd suppress or damage endocrine and vas-
cular endothelial functions and may cause atherosclerosis
[21,22]. The formation of kidney stones was also closely related
to heavy metal exposure, especially calcium exposure. A sur-
vey of a large sample of the general population showed that
the nephrotoxic metals Cd, Pb, mercury, and arsenic were
associated with the occurrence of kidney stones [23].

Co is essential for human cellular metabolism as the active
center of a group of coenzymes, which are part of the B12
vitamin family. Thus, it is considered an essential trace mineral
[24]. Glass, paint, and diet are the main sources of Co expo-
sure in the general population, as are occupational exposure
while working in the metal industry [25,26]. High levels of Co
were noted to cause vision changes, peripheral neuropathy,
hearing loss, hypothyroidism, and even cancer. Additionally, Co
causes cardiovascular disease, including cardiomyopathy [27].
An increasing number of studies have shown that the occur-
rence of kidney stones is related to oxidative stress and inflam-
mation. Excess reactive oxygen species induce renal tubular
epithelial cell damage and apoptosis. Apoptosis and changes
in cell membrane structure can result in crystal adhesion and
eventually trigger a cascade of kidney stones [28,29]. Co, a
redox-active metal, can undergo redox cycling reactions and
can generate reactive radicals such as superoxide anion radi-
cals and nitric substances in biological systems [30,31]. Our
study provided preliminary confirmation of the relationship
between U-Co exposure and the incidence of kidney stones.
U-Cos may contribute to the development and progression of
kidney stones through increased oxidative stress.

Conclusion

We examined the associations between U-Co and the occur-
rence of kidney stones while controlling for potential vari-
ables. This study has several limitations. First, because this
was a cross-sectional study, we were not sure about the rela-
tionship between U-Co exposure and kidney stones. However,
further prospective studies are needed to verify its accuracy.
Second, no consideration was given to the relationship
between U-Co and kidney stone type. Third, our study lacked
information on the potential pathological mechanisms under-
lying the correlation between nephrotoxic metal exposure
and kidney stones. Finally, the frequency or extent of partic-
ipants’ exposure to nephrotoxic metals could not be con-
firmed due to data limitations in the NHANES database. Thus,
longitudinal studies are needed to confirm these findings.
Given the severity of the correlation, interventions to reduce
human exposure to Co may have implications for the pri-
mary prevention of kidney stones. However, further studies
are needed to explore the potential underlying mechanisms
involved and to identify causal relationships involved.
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